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Today cadmium is one of the most common pollutants among heavy metals in the Dnipro region. The negative impact
of cadmium on the human cardiovascular system throughout life is generally recognized, however, there are still few results of
research into the chronic impact of cadmium on cardiogenesis and the identification of effective bioantagonists capable of exerting
a modifying effect on cadmium toxicity and restoring standard indicators of heart development. We conducted a study of the effect
of cadmium chloride on cardiogenesis in embryos of “Wistar” rats with chronic isolated administration and in combination with
copper or zinc succinate during the entire period of female pregnancy. The removed embryos and their hearts were weighed, fixed
and embedded in paraplast for further histological studies. The obtained results confirmed the general tendency of the toxic effect
of cadmium on cardiogenesis, which was reflected in the delay in the formation of compact myocardium, endothelial-mesenchymal
transformations and reduction of cardiogel on the 13th day of embryogenesis. On the 20th day of the experiment, an increase in
the thickness of the compact myocardium of the middle part of the ventricles and uneven thickening of the atrial myocardium was
observed, which plays a compensatory role in chronic hypoxia of the myocardium. In the groups of combined administration of
cadmium chloride with copper or zinc succinate, an antagonistic effect of these metals was observed in relation to the cardiotoxicity
of cadmium chloride, which was reflected in the reduction of myocardial hypertrophy, especially in the group of the combination
of cadmium and zinc.
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B.®. lllaTtopua, JL.JI. Jlomura, O.C. llleBueHko

BIIJINB I130JIbOBAHOI'O BBEJAEHHSA XJIOPUAY KAMIIO
TA'Y HOE€JHAHHI 3 CYKIUUMHATOM MIJI ABO IUHKY HA KAPAIOI'EHE3 II1YPIB

Ha cporozmni kaamiif € ofHMM 3 HaWHOIIMPEHIIIMX MONIOTAHTIB Cepel BaXKKHX MeTaliB y J[HINPOBCEKOMY perioHi.
HeraruBHuii BIUIMB KaJMil0 Ha CEPLEBO-CYIHHHY CHCTEMY JIFOJMHH IPOTSITOM XUTTS € 3arajbHOBU3HAHUM, OJHAK 1 OCI Mayo
Ppe3yJbTaTiB JOCIiKEHHSI XPOHIYHOTO BILUTHBY KaJMIIO Ha XiJI KapaioreHely Ta BU3HaueHHsS e(peKTHBHHMX 0i0aHTAaroHICTiB, L0
31aTHI 37ifCHIOBaTH MOIU(]IKy[0dy [0 Ha TOKCHYHICTh KaJMilO i BIIHOBIIIOBATH CTaHAAPTHI MOKa3HUKH PO3BUTKY cepiist. Hamu
MPOBOAMIIOCH JIOCII/KEHHSI BIUTMBY XJIOPUAY KaaAMil0 Ha XiJ KapaioreHely y eMmOpioHiB miypiB JiiHii Wistar npu XpoHiYHOMY
130JIbOBAaHOMY BBEIICHHI Ta Y TIOETHAHHI 3 CYKIIMHATOM Mifi 200 IIMHKY BIIPOIOBX BCHOTO MEPiOAy BariTHOCTI caMullb. Burydeni
eMOpioHH Ta IXHI CepIlsl 3BaXKyBaJIUCh, (DIKCYBAJIUCH Ta 3AJIMBAIUCH y MAparuiacT Uil HOAANBIINX TICTOJIOTTYHHUX OCIIIKEHb.
OtpuMaHi pe3yabTaTH MiATBEPIIIIH 3arajbHy TeHICHIII0 TOKCHYHOTO BIUIMBY KaJMiIo Ha XiJ KapJioreHesy, o BiToOpakanocs y
3aTpuUMIi (HOPMyBaHHS KOMITAKTHOTO MiOKapiy, €HIOTeliaJbHO-ME3eHXIMHHUX IepPeTBOPEHb Ta pefyKIii kapaioremo Ha 13-ty
noby embOpiorenesy. Ha 20-tiii 100i eKCIEpUMEHTY CIOCTEPIraioch 301UIbIICHHS TOBIIMHK KOMIIAKTHOTO MiOKapIy CEepeaHbOl
YaCTHHM LUIYHOYKIB Ta HEPiBHOMIpHE MOTOBLIEHHS MiOKapAay Iepeicepib, IO Bilirpae KOMICHCATOPHY POJb IPU XPOHIYHIi
rimokcii miokapay. Y rpymax KOMOIHOBaHOTO BBEACHHS XJIOPHAY KaaMi0 3 CYKLHHATOM Mifi a0 LMHKY CHOCTEpiraBcs
AQHTArOHICTHYHHUIT e(eKT 3a3HAYCHHX METAaJiB BiHOCHO KapIiOTOKCHYHOCTI XJIOPUAY KaJAMIilo, 110 BioOpaXkaaoch y 3HMKCHHI
rineprpodii Miokapay, 0coOIMBO y TPy MOEAHAHHA KAJAMIIO Ta IIUHKY.

KurouoBi ciioBa: cepiie, KapaioreHes, Miokap/, KaaMii, UHK, Mijib, Iy PH, CKCIICPHMEHT.

The work is a fragment of the research project “Biological bases of morphogenesis of organs and animals under the
influence of microelements and ultramicroelements in the experiment”, state registration No. 0118U006635.

Cardiovascular discases are still the leading cause of death worldwide (ischemic heart disease —
13 % and the first place among all causes of death, stroke — 10 % and the third place) [13], in European
countries the part of deaths from cardiovascular diseases is 42.5 %annually [8], in Ukraine the statistics are
even more disappointing — 64.3 % of deaths are caused by cardiovascular diseases and this is one of the
highest indicators among the countries of the world [3]. Over the decades, basic clinical, morphological,
biological and statistical studies have identified age, heredity, sex, bad habits (smoking and excessive
alcohol consumption), stress, nutrition, hypodynamism, obesity, diabetes and environmental pollution.
Some studies have established that particles in the air, which contain an increased amount of heavy metals,
are potentially dangerous for the cardiovascular system [7].

Cadmium is one of the most dangerous toxicants, as it is almost impossible to eliminate it from the
environment, therefore it mostly accumulates in soils and enters the body of animals and humans through
trophic chains [4]. With a half-life and elimination period of 10 to 30 years, cadmium has been classified
as a Class I carcinogen (International Agency for Research on Cancer, 2012) and its using is restricted by
international law. As a result of absorption of cadmium by the body, it is widely transported and distributed
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in tissues and organs. Even in low doses, cadmium has a toxic effect on the body's immune response [9],
reproductive system [1], cardiovascular system [14], etc.

A number of studies confirm the negative effect of cadmium on embryogenesis of humans and
experimental animals [2, 5, 11], while there is less data on the effect of cadmium on cardiogenesis. Previous
studies of the influence of cadmium on the development of the heart and blood vessels during
embryogenesis have shown that different chambers of the heart react differently to the introduction of
cadmium salts. Since the right side of the heart does not carry a large hemodynamic load during
embryogenesis, the pulmonary blood circulation does not work at full strength, the effect of cadmium on
the myocardium of this part of the heart is weakly expressed, while the left side, which is connected to the
large blood circulation, has obvious damage. Cadmium chloride led to an increase in the layer of compact
myocardium of all chambers of the heart and interventricular septum. In the same experiment, the combined
effect of cadmium salts in combination with citrates of trace elements (germanium, cerium, and
iodinetsulfur composite) was investigated as possible bioantagonists of cadmium toxicity. In these
research groups the parameters of the compact myocardium were restored, which indicates the antagonistic
nature of the effect of the studied substances on the cardiotoxicity of cadmium [5].

The purpose of the study was to determine the chronic effect of cadmium chloride on the early
histo- and morphogenesis of the heart of rat embryos when administered isolated and in combination with
copper or zinc succinate.

Materials and methods. The research was conducted on female ‘Wistar’ rats, which were kept in
the vivarium of the State Medical University in accordance with the norms of the “European Convention
for the Protection of Vertebrate Animals Used in Experiments and Other Educational Purposes”
(Strasbourg, 18.03.1986), the principles of the Declaration of Helsinki, the General Assembly of the World
Medical Association (2000), the Council of Europe Convention on Human Rights and Biomedicine (1997),
the relevant provisions of the WHO, the “General Ethical Principles of Experiments on Animals”, approved
by the First National Congress of bioethics (Kyiv, 2001).

All pregnant female rats were divided into 4 groups and received the appropriate solutions daily
intragastrically (through a probe): Group I — control (a physiological solution of the appropriate volume
was administered; Group II — isolated administration of a solution of cadmium chloride at a dose of 2.0
mg/kg; Il group — combined administration of cadmium chloride solution at a dose of 2.0 mg/kg and zinc
succinate solution at a dose of 5 mg/kg; IV group — combined administration of cadmium chloride solution
at a dose of 2.0 mg/kg and copper succinate at a dose of 0.1 mg/kg. 16 females in each group. Operative
slaughter and collection of embryonic material took place on the 13th and 20th day of embryogenesis. Rats
were removed from the uterus, weighed, photographed and fixed in 10 % neutral formalin solution for
subsequent embedding in paraffin and preparation of histological preparations. Fixed embryos and hearts
were embedded in paraplast and serial histological sections were made, which were stained with
histological dyes, and a ZEISS Axiocam ERc 5s light microscopy camera with a P95-C 1/2" 0.5x adapter
attached to the ZEISS Primo Star microscope was used to obtain digital images. In accordance with the
tasks of the experiment, the main anatomical and morphological indicators of cardiogenesis were observed,
described and measured on the 13th day, namely, the thickness of the myocardium of the ventricles, atria
and trabeculae, their compactness, the presence of cardiogel, etc.; and the 20th day of the experiment — the
thickness of the myocardium of the middle part of the ventricles, the thickness of the myocardium of the
atria, to calculate the cardiofetal index (%), the weight indicators of the embryo as a whole were measured
(mg), M+m; weight indicators of the isolated embryo heart (mg), M+m, which was calculated according
to the formula: KFI=m/M *100 %, where KFI is the cardiofetal index, m — the mass of the embryo heart
(mg), M — the mass of the rat embryo (mg).

Statistical analysis was carried out according to generally accepted methods using licensed
statistical analysis programs Statistica v.6.1 (StatSoft Inc., serial number AGAR909E415822FA) and
Microsoft Excel. Statistically significant differences between mean values in experimental groups were
evaluated using ANOVA variance analysis. Differences between groups were considered significant at a
value of p<0.05.

Results of the study and their discussion. In our experiment all females survived, remained
active, consumed food well, and their fur was shiny and clean. On the 13th day the first part of the pregnant
females was surgically removed. Embryos were removed from the uterus, carefully examined, the
correspondence of the stage of development to the term of pregnancy was determined according to the
classical international criteria of Hamburger end Hamilton (HH). 13-day-old embryos were subject to
fixation with subsequent pouring into the paraplast for histological examination of the early embryonic
heart.
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The heart is one of the first organs that is laid during early embryogenesis, therefore the influence
of environmental factors on the physiological state of the mother's body is extremely important for the
normal development of the cardiovascular system during embryogenesis and postnatal development. The
rat heart is formed from the mesoderm on the 9—10th day (11th stage of embryogenesis according to the
HH) in the form of two hollow lateral tubes, which are modified very quickly: they merge into one, shift
to a medial position and take the form of a simple endothelial tube, which begins abbreviation. Areas of
splanchnotomes adjacent to the endothelial lining of the heart turn into myoepicardial plates, from which
the myocardium and epicardium will be formed in the future. Due to increased growth in length, the heart
forms bends (S-shaped heart stage), which give rise to the formation of the atrium and ventricle. The
posterior end of the tube expands and forms a venous sinus and is separated from the anterior narrowed
end — the arterial trunk — by a transverse band. Large veins flow into the venous sinus, and the abdominal
aorta originates from the arterial trunk. Gradually, the venous sinus shifts cranially, covers the arterial cone
and lays the formation of the atria, while the arterial trunk shifts caudally, actively grows and lays the
formation of the ventricles of the heart. After the formation of sagittal partitions, the heart becomes four-
chambered, trabeculae are formed in the ventricles. The heart and liver form a well-visible cardio-hepatic
tubercle in the embryo, and at the 16th stage of development, which corresponds to the 13th day of rat
embryogenesis, a four-chambered heart is normally observed (Fig. 1).

Such complex locational and histological
transformations cause a high level of
vulnerability and affectivity of cardiogenesis to
the influence of negative environmental factors,
especially in regions with a significant
industrial load. Research in recent decades has
proven that heavy metals, even in small
concentrations, are able to cross the placental
barrier, accumulate in the tissues and organs of
the mother and fetus, cause hypoxia and have a
distant impact on postnatal development.

Analysis of histological sections of rat
embryos on the 13th day of development
revealed differences in indicators of embryonic
heart development in different groups.

Thus, the average value of the thickness of

Fig. 1. Microphotograph of the heart-hepatic tubercle of a
scour embryo fixed in preparation on the 13th day of the experiment. > . .
Magnification 4x10. A — embryonic atrium, B — embryonic ventricle, the ventricular myocardium in the group of

C —liver, D — tongue anlage, E — diaphragm anlagen. isolated introduction of cadmium chloride was

13.46+0.40 um, which was statistically significantly different from the same indicator in the control group,
in which the average thickness of the myocardium was 21.49+1.03 um. That is a significant decrease in
the thickness of the myocardium of the ventricles of the embryonic heart was observed. At the same time,
in the groups of combined administration of cadmium chloride in combination with zinc succinate or
copper, the formation of a ventricular myocardium layer with an average thickness of 22.10=1.09 pm in
the group of cadmium chloride in combination with zinc succinate and 24.13+£1.16 pm in the group was
noted cadmium chloride in combination with copper succinate. These indicators had statistically significant
differences in comparison with the group of isolated introduction of cadmium chloride.

Comparison of these parameters with the control group showed the mean value of ventricular
myocardium thickness in the group of combined administration of cadmium chloride with copper
succinate was statistically significantly higher than in the control group, and the average values of
ventricular myocardium thickness in the group of combined administration of cadmium chloride with
zinc succinate compared to controls did not have such a difference. Thus, on the 13th day of the
experiment, the mediated isolated effect of cadmium chloride led to the thinning of the myocardium
thickness of the ventricles of the heart of the embryos, the delay of cardiogenesis, which indicates the
toxic effect of cadmium. And the combined administration of copper and zinc succinates with cadmium
restored the investigated parameters of the heart. That is zinc succinate and copper succinate have a
modifying effect on the cardiotoxicity of cadmium chloride in the specified doses and method of
administration in an experiment on rats.

Also on the 13th day of cardiogenesis, we determined a different degree of formation and
development of trabeculae in the ventricles of the heart of rat embryos and their formation was almost

193



ISSN 2079-8334. Céim meouyunu ma odionozii. 2025. Ne 1 (91)

absent in the atria. The different number of layers of cardiomyocytes in the structure of trabeculae and
the density of their placement led to sufficient variability in their thickness and length indicators. The
average value of the trabeculae thickness in the group of isolated exposure to cadmium chloride was
9.5440.24 um, which has a statistically significant difference from the average thickness of the trabeculae
in the control group — 11.5240.42 pum. In the groups of combined administration, the thickness of
trabeculae was 10.84+1.15 um when combining cadmium with zinc succinate, which has no statistically
significant difference compared to the group of isolated administration of cadmium chloride and differs
from the control group; and 13.92+1.12 um in the group of combined administration of cadmium chloride
with copper succinate, which, on the contrary, has a statistically significant difference in comparison
with the group of isolated exposure to cadmium chloride and does not have such a difference with the
control group.

Thus, it can be concluded that copper succinate and zinc succinate have pronounced
bioantagonistic properties in relation to the negative effect of cadmium chloride on the formation of the
trabecular myocardium of the heart of rat embryos in the experiment. However, the combined
administration of cadmium with copper succinate leads to thickening of the wall and the thickness of the
trabeculae of the embryonic heart on the 13th day of the experiment.

Comparison of the average values of atrial myocardium thickness indicates statistically significant
differences in groups and, at the same time, does not have such a wide range of indicators as in ventricular
myocardium, which is quite logical. Thus, in the control group, the average thickness of the atrial
myocardium was 9.14+0.20 um, while in the group of isolated exposure to cadmium chloride, this indicator
was statistically significantly lower and was 8.00+0.27 um. A significant difference was also observed
between the indicators of the thickness of the atrial myocardium in the control group and the group of
combined administration of cadmium chloride in combination with zinc succinate, since in the group of
combined administration the thickness of the atrial myocardium increased to 12.66+0.45 um. At the same
time, when comparing the indicators of this parameter of the control group and the group of combined
administration of cadmium with copper succinate, no statistically significant differences were observed,
since the average value of the thickness of the atrial myocardium was 8.87+0.46 um.

Thus, the influence of copper succinate and zinc succinate in combination with cadmium chloride
had a rather pronounced multidirectional effect on the development of different chambers of the heart of
rat embryos in the experiment. If in the ventricles of the embryonic heart in the group of combined exposure
with zinc, the investigated indicators (thickness of the ventricles and thickness of the trabeculae) were
restored towards the control ones, then in the atria a significant thickening of the myocardium was
determined. And in the group of combined administration of cadmium with copper succinate, on the
contrary, the indicators of the thickness of the wall of the atria of the embryonic heart were restored, and
the thickness of the ventricles and the thickness of the trabeculae was the highest among all experimental
groups on the 13th day of the experimental study.

Comparison of the average values of atrial myocardium thickness indicates statistically significant
differences in groups and, at the same time, does not have such a wide range of indicators as in ventricular
myocardium, which is quite logical. Thus, in the control group the average thickness of the atrial
myocardium was 9.14+0.20 pm, while in the group of isolated exposure to cadmium chloride, this indicator
was statistically significantly lower and was 8.00£0.27 um. A significant difference was also observed
between the indicators of the thickness of the atrial myocardium in the control group and the group of
combined administration of cadmium chloride in combination with zinc succinate, since in the group of
combined administration the thickness of the atrial myocardium increased to 12.66+0.45 um. At the same
time, when comparing the indicators of this parameter of the control group and the group of combined
administration of cadmium with copper succinate, no statistically significant differences were observed,
since the average value of the thickness of the atrial myocardium was 8.87+0.46 um.

Thus, the influence of copper succinate and zinc succinate in combination with cadmium chloride
had a rather pronounced multidirectional effect on the development of different chambers of the heart of
rat embryos in the experiment. If in the ventricles of the embryonic heart in the group of combined exposure
with zinc, the investigated indicators (thickness of the ventricles and thickness of the trabeculae) were
restored towards the control ones, then in the atria a significant thickening of the myocardium was
determined. And in the group of combined administration of cadmium with copper succinate, on the
contrary, the indicators of the thickness of the wall of the atria of the embryonic heart were restored, and
the thickness of the ventricles and the thickness of the trabeculae was the highest among all experimental
groups on the 13th day of the experimental study.

194



ISSN 2079-8334. Ceéim meouyunu ma odionozii. 2025. Ne 1 (91)

In addition to the quantitative indicators, the difference in the density of the myocardium and the
level of the extracellular matrix (cardiogel) residues drew attention. Cardiogel is an extremely important
substance in the embryonic development of the heart of birds and mammals. Cardiogel contains
glycosaminoglycans, which ensure the transport of cells formed by epithelial-mesenchymal
transformations and are a substrate for the development of tissues of the early embryonic heart and its
valvular apparatus. At the later stages of cardiogenesis, cardiogel is reduced and the degree of its reduction
is one of the parameters of normal heart development. Thus, on the 13th day of the experiment in the group
of isolated exposure to cadmium chloride, we observed a looser structure of the myocardium of the
ventricles and trabeculae, as well as significant remnants of cardiogel around the trabecular structures in
comparison with the control group, where cardiogel was visually observed only around the central
trabeculae. In addition, the number of trabeculae in the group of isolated exposure to cadmium chloride
was significantly lower than in the control group.

Taking into account the tendency to decrease the thickness of the ventricular myocardium and the
delay in the reduction of the cardiogel, it can be assumed that cadmium chloride slows the growth and
development of the heart in early embryogenesis with chronic exposure in the indicated dose and method
of administration in rats.

In order to achieve the set purpose and fulfill the tasks of experimental research, we studied and
calculated heart parameters at the end of embryogenesis of experimental animals. At the time of the birth
of rat pups, their heart does not have a definitive state, because the structures of the valve apparatus and
the septa of the chambers are not finally formed. Therefore, one of the most indicative parameters is the
calculation of the cardiofetal index, which is the ratio of the weight of the heart to the weight of the
embryo. For this purpose, on the 20th day of the experiment, we removed, weighed and prepared embryos
in all experimental groups, removed the heart-lung complex, and inspected for signs of normal
development. We then isolated the heart and weighed it on a torsion balance and fixed it for further
histological studies.

Calculation of the cardiofetal index revealed the following trends. As the analysis and comparison
of the obtained results showed, the isolated chronic exposure to cadmium chloride on a pregnant female
leads to a decrease in the weight indicators of the weight of the heart of the embryos on the 20th day of the
study. This difference is significant in comparison to the control group. In the group of combined exposure
with copper succinate, heart mass was restored and had no significant difference from the control. When
exposed to zinc succinate in combination with cadmium, the weight parameters of the heart were unreliably
lower than the parameters of the group exposed to cadmium alone (Fig. 2).

To further investigate the isolated
effect of cadmium chloride and in

12 combination with copper or zinc
succinates, we conducted histological

' = Control group studies of the obtained samples of rat

0.8 embryonic heart. As the analysis of
06 Cadmium chloride|  higtological studies showed, in contrast
) to the results of the measurement of the
0.4 + ® Cadmiumeopper | thickness of the myocardium of the
02 | embryonic heart on the 13th day of the

= Cadmium+zinc experiment in the group of isolated
exposure to cadmium chloride, on the
20th day of the experiment we noted a
Fig. 2. Cardiofetal index of rat embryos on the 20th day of significant increase in the thickness of
embryogenesis in all experimental groups. the myocardium of the ventricles relative
to the indicators of the control group. Thus, on the 20th day of embryogenesis, the thickness of the
myocardium of the left ventricle in the group exposed to cadmium was 361.51+3.66 um, while in the
control group the average thickness of the myocardium was only 314.77+7.39 pm.

In the group of combined administration of cadmium chloride in combination with copper
succinate we observed a statistically significant decrease in the thickness of the myocardium of the left
ventricle not only in relation to the group of isolated administration, but also to the control group, and this
indicator was 301.17+£2.06 um, while in in the group of combined administration with zinc succinate, the
thickness of the myocardium reached 341.71£3.12 pum, which was statistically lower than the isolated
injection group, and the indicator approached the control data.

Cardiofetal index
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The parameters of the wall thickness of the right ventricle differed from those of the left ventricle
for groups of combined administration. If in the left ventricle with combined administration we observed
a decrease in the thickness of the myocardium, then in the right ventricle this indicator did not have a
statistically significant difference with the group of isolated administration of cadmium chloride and was
221.5244.79 um, in the group of administration of cadmium chloride — 218.54 +£4.92 um. In the control
group the thickness of the myocardium of the right ventricle was 183.50+11.26 um, which indicates a
significant difference both with the group of isolated introduction of cadmium chloride and in combination
with copper succinate. In the group of combined exposure to cadmium chloride and zinc succinate, the
thickness of the myocardium of the right ventricle decreased to the control indicators and was
194.85+£3.07 um.

Histological studies of the thickness of the atrial walls showed quite unexpected results, although
the trend for both the left and right atria is quite distinct (Fig. 3).

25 40
35
20 m Control
30 group
15 - I 25 Cadmium
20 - chloride
10 - 15 - ® Cadmium
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s 10 -
> ® Cadmium
5 .
+zinc
0 A 0 B

Fig. 3. Average thickness of the myocardium of the left (A) and right (B) atrium of the heart of rat embryos in all experimental
groups on the 20th day of embryogenesis.

Simultaneous administration of cadmium chloride with copper succinate increased the tendency to
thicken the myocardium of the left atrium, while the combination of cadmium chloride with zinc succinate,
on the contrary, reduced this indicator to the level of the control group.

Thus, analyzing the quantitative indicators of the development of the myocardium of different
chambers of the heart of rats at the final stage of embryogenesis, it can be assumed that zinc succinate has
a more pronounced modifying effect on the cardiotoxicity of cadmium chloride, while no pronounced
bioantagonistic properties were observed with the combined administration of cadmium and copper in a
chronic experiment.

In addition to determining the quantitative parameters of the embryonic heart on the 20th day of
the experiment we conducted a detailed study of structural changes in the myocardium and blood vessels.
On histological preparations, a high level of blood filling of the cavities of the chambers of the heart and
blood vessels was visually determined in the group of isolated exposure to cadmium chloride compared to
the control. We explain this fact by the hypoxic state of heart structures, which provokes chronic exposure
to cadmium. As a reactive response of the organ to hypoxia, the diameter of blood vessels expands, their
level of blood filling increases, which is reflected in the photo.

According to the results of histological studies, we determined the expansion of the diameter of
subepicardial vessels with a high level of blood filling, which is a peculiar marker of the hypoxic state
of the embryo. Since the establishment and development of these vessels occurs in parallel with
compaction of the compact myocardium, the degree of their blood supply is a certain criterion for
assessing the functional state of the ventricles and indicates an increased level of blood circulation in the
embryonic heart. In both groups of the combined effect of succinates with cadmium chloride on the 20th
day of embryogenesis, a high level of blood filling of vessels and chambers of the heart was also
observed, an increase in the diameter of subepicardial vessels was determined, which indicates that the
myocardium is suffering from hypoxia. We explain this condition of the walls of the heart by the
continuation of the negative effect of cadmium chloride upon combined administration in a chronic
experiment on rats.

Thus, experimental studies proved that both the isolated chronic exposure to cadmium chloride and
the combined administration of cadmium with copper and zinc succinates provoke a hypoxic state of the
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myocardium of the ventricles, which is manifested by the expansion of blood vessels and a high level of
their blood filling.

The results obtained during the experiment confirm the general trend regarding the cardiotoxic
effect of cadmium chloride during the embryogenesis of rats, which was already reflected in a number
of publications [5, 11, 12]. It was confirmed that chronic intragastric administration of cadmium chloride
to pregnant female rats slows down the development of the myocardium during early embryogenesis, as
well as hypertrophy of the walls of the embryonic heart at the final stage of development. This indicates
a significant hypoxic effect of cadmium and the presence of compensatory mechanisms during
cardiogenesis.

The combined administration of cadmium chloride with copper or zinc indicated the
bioantagonistic nature of the interaction between cadmium and zinc, which was also recorded in previous
studies [6, 10]. Unfortunately, it is currently quite difficult to compare the results obtained by us on the
modifying effect of copper on the course of cardiogenesis during chronic exposure to cadmium chloride,
since there is lack of data on the simultaneous effect of these metals on cardiogenesis in experimental
animals. In addition, the concentrations, duration, and methods of administration of cadmium, zinc, and
copper varied significantly.

Conclusions

The results obtained by us allow us to draw the following conclusions and generalizations:

1. Cadmium chloride in a dose of 2 mg/kg with chronic isolated administration slows down the
development of the heart during early embryogenesis, which is characterized by a decrease in the thickness
of the myocardium of the ventricles and distinct remnants of cardiogel on the 13th day of the experiment.
At the final stages of embryogenesis, cadmium chloride increases the thickness of the myocardium of all
heart chambers and has a hypoxic effect on the walls and vessels of the embryonic heart.

2. The combined administration of cadmium chloride in a dose of 2 mg/kg with copper succinate
0.1 mg/kg had a multidirectional effect on the development of the heart of rat embryos: on the 13th day of
the experiment, the index of the thickness of the myocardium of the atria and trabeculae approached the
control group and had a statistically significant difference with the isolated exposure group. At the same
time, the thickness of the myocardium of the ventricles of the embryonic heart at this stage of cardiogenesis
exceeded the indicator of both the isolated injection group and the control group. On the 20th day of the
experiment, we observed the opposite effect: in the left and right atria, the highest myocardial thickness
indicators were recorded in the group of simultaneous administration of cadmium chloride and copper
succinate, where the myocardial thickness indicators significantly exceeded this indicator in both the
isolated administration group and the control group. The comparison of the average values of the thickness
of the myocardium of the left and right ventricles in the group of combined administration of cadmium and
copper to the groups of isolated exposure and control group was unexpected. We observed a tendency to
restore the indicator in the right ventricle to the control indicators, and in the left ventricle a significant
decrease of this indicator relative not only to the group of isolated introduction of cadmium chloride, but
also to the control group.

3. The combined administration of cadmium chloride at a dose of 2 mg/kg and zinc succinate at a
dose of 5 mg/kg showed the following results: during early cardiogenesis in this group, a tendency to
decrease the negative effect of cadmium chloride was observed, as the thickness of the ventricular
myocardium approached the control indicators and was statistically significant in relation to the group of
isolated introduction. At the same time, the thickness of the trabecular myocardium was lower than the
control values, but higher than the group of isolated exposure, the thickness of the atrial myocardium, on
the contrary, statistically exceeded the control values. On the 20th day of cardiogenesis we observed the
modifying effect of zinc succinate on the formation of the myocardium of all chambers of the rat heart,
because the indicators of wall thickness were statistically significantly lower than the group of isolated
exposure and approached the control values.

4. Analyzing the modifying effect of copper and zinc succinate on the cardiotoxic effect of
cadmium chloride, it can be noted that both metals have bioantagonistic properties in relation to cadmium
and cause a corrective effect on rat cardiogenesis both in early and late embryogenesis. Particular attention
was paid to the indicators of the thickness of the myocardium on the 20th day of the experiment when
cadmium chloride was combined with zinc succinate in the indicated doses, since the indicators of this
group approached the corresponding indicators in the control group.

Prospects for further research. In our opinion, studies on the accumulation of cadmium in embryos
of different groups and immunohistochemical studies of basic histogenetic processes in the heart of the
embryo and their changes during embryonic development are promising.
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