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CORRECTION OF THE EFFECT OF CADMIUM SALTS BY ZINC 
CITRATE ON THE MORPHOGENESIS OF HEART VESSELS AND 

ATRIO-VENTRICULAR VALVES IN RATS 
 
Abstract. The article presents the results of an experimental study investigating 

the effects of cadmium salts on the development of blood vessels and atrioventricular 
valves (AVV) of the rat heart during isolated administration and under conditions of 
zinc citrate correction. The study evaluated the internal diameters of myocardial and 
subepicardial vessels, the thickness of the AVV cusps, as well as the accumulation of 
cadmium and zinc in the hearts of rat embryos on the 20th day of development. The 
research aimed to examine the morphological changes in the cardiovascular system 
induced by different forms of cadmium salts and to assess the potential modifying 
effect of zinc citrate. 

The analysis of the obtained data revealed that, despite using identical doses of 
different cadmium salts across experimental groups, the results differed significantly 
between the citrate and ionic forms of cadmium. This indicates distinct mechanisms of 
toxic action of these cadmium forms on heart development. Administration of zinc 
citrate reduced the cardiotoxic effects of cadmium salts: the thickness of AVV cusps, 
the internal diameters of myocardial and subepicardial vessels, and the coronary 
arteries approached the values observed in the control group. At the same time, 
combined administration of cadmium and zinc citrates had varying effects on the 
accumulation of cadmium and zinc in the embryonic heart, suggesting complex in vivo 
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interactions of these compounds. Based on the results, zinc citrate can be considered 
an antagonist to cadmium compounds; however, its toxicological profile requires more 
in-depth investigation. Overall, the study confirmed that different forms of cadmium 
differently affect the development of heart vessels and AVVs in rat embryos, while 
zinc citrate administration can partially mitigate the cardiotoxic effects of cadmium. 
These findings highlight the need for further experimental research into the interactions 
of heavy metal compounds in vivo and the evaluation of the potential cardioprotective 
role of microelements against cadmium-induced toxicity. 

Keywords: rats, experiment, morphology, influence, cardiogenesis, cadmium, 
heart, heavy metals, myocardium, cardiovascular system, cardiomyocytes, embryos, 
embryogenesis, zinc, heart vessels, atrioventricular valves. 
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КОРЕКЦІЯ ВПЛИВУ СОЛЕЙ КАДМІЮ ЦИТРАТОМ ЦИНКУ НА 

МОРФОГЕНЕЗ СЕРЦЕВИХ СУДИН ТА ПЕРЕДСЕРДНО-
ШЛУНОЧКОВІ КЛАПАНИ У ЩУРІВ 

 
Анотація. У статті представлені результати експериментального 

дослідження впливу солей кадмію на розвиток судин та атріовентрикулярних 
клапанів (АВК) серця щурів під час ізольованого введення та за умови корекції 
цитратом цинку. В експерименті оцінювали внутрішній діаметр судин, товщину 
стулок АВК, а також накопичення кадмію та цинку в серці ембріонів щурів на 
20-й день розвитку. Дослідження проводилося для встановлення морфологічних 
змін серцево-судинної системи під впливом різних форм солей кадмію та 
потенційного модифікуючого ефекту цинку. Аналіз отриманих даних показав, 
що, незважаючи на використання однакових доз різних солей кадмію у групах, 
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результати для цитратної та йонної форм кадмію суттєво відрізнялися. Це 
свідчить про різний механізм токсичної дії цих форм кадмію на розвиток серця. 
Введення цитрату цинку зменшувало кардіотоксичні властивості солей кадмію: 
товщина стулок АВК, внутрішній діаметр міокардіальних та субепікардіальних 
судин, а також коронарних артерій наближалися до значень контрольної групи. 

Водночас комбіноване введення цитратів цинку та кадмію мало різний 
вплив на накопичення кадмію та цинку в серці ембріонів щурів, що вказує на 
складні взаємодії цих сполук in vivo. На основі отриманих результатів можна 
припустити, що цитрат цинку діє як антагоніст щодо сполук кадмію, проте його 
токсикологічний профіль потребує більш глибокого вивчення. Таким чином, 
дослідження підтвердило, що різні форми кадмію по-різному впливають на 
розвиток судин та АВК серця ембріонів щурів, а використання цитрату цинку 
може частково пом’якшувати кардіотоксичний ефект кадмію. Результати 
підкреслюють необхідність подальших експериментальних досліджень 
механізмів взаємодії важких металів у живому організмі та оцінки потенційної 
кардіозахисної дії мікроелементів. 

Ключові слова: щури, експеримент, морфологія, вплив, кардіогенез, 
кадмій, серце, важкі метали, міокард, серцево-судинна система, кардіоміоцити, 
ембріони, ембріогенез,  цинк, серцеві судини, атріовентрикулярні клапани. 

 
Formulation of the problem. The growing level of environmental pollution in 

industrialized countries necessitates detailed investigations into the effects of 
ecological factors on human health. Among these, heavy metals represent some of the 
most prevalent and hazardous contaminants. Once introduced into the human body, 
they can induce both acute and long-term complications, disrupt trace element 
homeostasis, alter the course of various diseases and pregnancy, and contribute to the 
development of multiple malformations [1,2,3]. 

Analysis of recent research and publications. Along with lead, mercury, and 
arsenic, cadmium belongs to the group of heavy metals that represent a significant 
threat to human health. Unlike many other trace elements, cadmium is one of the few 
toxic metals with no known physiological role in the body. It is hazardous even at very 
low concentrations and exerts both acute and chronic effects on human health. A 
distinctive feature of cadmium is its lifelong accumulation in human tissues and its 
exceptionally long biological half-life, ranging from 17 to 30 years [4]. Investigating 
the morphological alterations caused by cadmium exposure during both prenatal and 
postnatal ontogenesis remains an important objective for researchers. With advances 
in science and technology, new compounds of heavy metals with unique physical and 
chemical characteristics, such as nanometals, have emerged. Their biological effects 
differ substantially from those of classical ionic forms [8,9,10]. In this context, the 
identification of potential antagonists capable of mitigating cadmium toxicity has 
become a priority direction of modern scientific research [5,6]. 

The purpose of the article. The objective of the study was to examine the 
impact of cadmium salts on the development of blood vessels and atrioventricular 
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valves, as well as their accumulation in the cardiac tissue of rat embryos, both under 
isolated administration and in combination with zinc citrate. 

Materials and methods. To simulate chronic toxicity during cadmium exposure 
throughout pregnancy, female Wistar rats were administered cadmium citrate or 
cadmium chloride on a daily basis per os via the probe in isolation (at a dose of 1.0 
mg/kg) or in combination with zinc citrate. The selected dose of cadmium-containing 
compounds to 1/100 LD50 for cadmium [7]. 

In the experimental model, solutions of cadmium and zinc citrate obtained by 
the aquananotechnological method were used [10]. 

Solutions of citrate forms of metals (cadmium and zinc) were obtained according 
to the agreement on scientific cooperation at the Scientific Research Institute of 
Nanobiotechnology and Resource Conservation of Ukraine (Kyiv). 

Given the pronounced antagonistic properties of zinc-containing compounds 
with respect to cadmium in vivo, it was decided to use the zinc citrate form as a 
potential biological antagonist against cadmium intoxication [11,12,13]. 

In accordance with the requirements of embryonic experiments, pregnant rats 
were provided with a complete nutritional diet, water ad libitum and careful care. Intra-
gastric injection of metal solutions was performed from the first day of pregnancy daily 
at the same time of day (from 9 to 11 hours). 

Female rats with a dated pregnancy were divided into 5 groups:  
1. Control (animals received 0.5 ml of 0.9% NaCl solution). 

Number of females - n= 8; number of embryos - n = 71 
2. Cadmium chloride (dose 1.0 mg/kg). Number of female rats 

- n = 8; number of embryos - n = 62 
3. Cadmium citrate (dose 1.0 mg/kg). Number of female rats - 

n = 8; number of embryos - n = 68 
4. Cadmium chloride and zinc citrate (received doses of 1.0 

mg/kg and 1.5 mg/kg, respectively). Number of female rats - n = 8; 
number of embryos - n = 72 

5. Cadmium citrate and zinc citrate (received doses of 1.0 
mg/kg and 1.5 mg/kg, respectively). Number of female rats - n = 8; 
number of embryos - n = 69 

For embryonic studies, female rats with a dated term of pregnancy were 
obtained. On the 20th day of pregnancy, female rats were. The embryos were removed 
from the uterus, tested for a “live-dead”, weighed, photographed and fixed in 10% 
formalin solution for further histological examination. After fixation of 20-day-old 
embryos, the hearts of embryo rats were separated from body. From isolated hearts, 
sections of 4-6 microns thick (hematoxylin-eosin staining) were made using standard 
histological methods for further morphometric studies. 

Part of the 20-day-old embryos of all the experimental groups were frozen to 
measure cadmium and zinc accumulation in the thoracic organ complexes using the 
atomic emission method with electric arc atomization. The study was conducted at the 
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State Enterprise "Ukrainian Research Institute of Transport Medicine" of the Ministry 
of Health of Ukraine (Odessa) according to the agreement on scientific and technical 
cooperation (2018). 

ZEISS Axiocam ERc 5s light microscopy camera with P95-C 1/2 "0.5x adapter 
was used to obtain digital images with subsequent structure size calculations. 

The size of the heart structures was determined using the ZEN 2.0 software, 
which is software for ZEISS's Primo Star series of light microscopes. We used software 
tools to measure the linear dimensions of structures. 

On histological sections of the heart of the rat embryos of the 20th day of 
development   

in all groups we measured: average width of the atrioventricular valve (AVV) 
flaps in the middle third (μm), M ± m; average internal diameters of subepicardial 
vessels and myocardial vessels of compact myocardium in the middle part of both 
ventricles on identical sections of embryonic heart; average internal diameter of the 
coronary arteries in the proximal part (μm), M ± m; Statistical processing and analysis 
of results were performed according to conventional methods using the licensed 
statistical programs Statistica v.6.1 and Microsoft Excel. The reliability of the 
statistical surveys was performed using the Student's t-test. A level of р < 0.05 was 
considered to be statistically significant. Animal studies were conducted in accordance 
with the "General Ethical Principles for Animal Experiments" (Kyiv, 2001), which are 
consistent with the European Convention for the Protection of Experimental Animals 
(Strasbourg, 1985). 

Results and discussion. All the female rats in the experiment survived. Defects 
of embryonic development were absent. Isolated exposure to cadmium chloride leads 
to a decrease in the internal diameter of the vessels of the myocardium against the 
background of thickening of the walls of the vessels and pronounced perivascular 
edema. Subepicardial vessels were dilated (see Table 1). 

In the ventricles of the heart of embryos of the cadmium citrate influence group, 
the tortuosity of the subepicardial vessels was determined. Also in this group we 
observed a large number of subepicardial vessels, among which there were single 
vessels with increased internal diameter and with increased blood filling compared 
with the control group and a large number of vessels of small diameter. 

To find out the compensatory potential of zinc citrate in relation to cadmium 
salts, we compared the groups of combined exposure with the respective groups of 
isolated exposure and control. The results obtained for the cadmium chloride + zinc 
citrate group were compared with the control and isolated administration of cadmium 
chloride groups. In the cadmium chloride group, there was a significant increase in the 
average internal diameter of the subepicardial vessels by 1.54 and 1.83 times in the left 
and right ventricles, respectively, compared to the control group (p <0.001). In the 
cadmium citrate group, there was a significant decrease in the average internal diameter 
of the subepicardial vessels by 1.43 (p <0.001) and 1.33 times (p <0.01), respectively, 
in the left and right ventricles compared to the control group. 
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In the cadmium chloride group, there was a significant decrease in the mean 
diameter of the myocardial vessels by 1.4 times (p <0.001) and 16% (p <0.05) in the 
left and right ventricles, respectively, compared to the control group. In the cadmium 
citrate group, the mean diameter of the myocardial vessels was 22% less than that of 
the control group in the left ventricle (p <0.001). The mean internal diameter of the 
right ventricular myocardial vessels was significantly greater by almost 1.5 times that 
of the same group (p <0.001). Also, myocardial vessels of the right ventricle of the 
cadmium citrate group were 22% larger than the control group (p <0.01) and 1.42 times 
larger compared to the 

cadmium chloride group (p <0.001). 
 

Table 1 
The average inner diameter of the vessels of the rat embryos heart on the 

20th day of embryonic development, (μm), M ± m 
Control group Left ventricle Right ventricle 
Subepicardial vessels 47.31 ± 3,17 48.73 ± 2.61 
Myocardial vessels 38.83 ± 2,19 38.69 ± 2.06 
   
Cadmium chloride Left ventricle Right ventricle 
Subepicardial vessels 72.84 ± 2.89 *** 89.22 ± 3.49 *** 
Myocardial vessels 27.83 ± 1.71 *** 33.32 ± 1.66 * 
   
Cadmium citrate Left ventricle Right ventricle 
Subepicardial vessels 33.06 ± 2.06***,### 36.51 ± 2.84 **, ### 
Myocardial vessels 31.83 ± 2.07 * 47.28 ± 1.9 **, ### 
   
Cadmium chloride + 
zinc citrate 

Left ventricle Right ventricle 

Subepicardial vessels 59.09 ± 2.58 **, ### 68.9 ± 2.85 ***, ### 
Myocardial vessels 33.9 ± 1.1 *, ## 37.68 ± 1.37 # 
   
Cadmium citrate + zinc 
citrate 

Left ventricle Right ventricle 

Subepicardial vessels 42.74 ± 1.53 @@@ 43.9 ± 1.9 @ 
Myocardial vessels 36.71 ± 1.34 @ 40.31 ± 1.37 @@ 

Notes: * - p <0.05; ** - p <0.01; *** - p <0.001; in relation to control. # - p <0.05; ## - p 
<0.01; ### - p <0.001 in relation to the cadmium chloride group. @ - p <0.05; @@ - p <0.01; 

@@@ - p <0.001; in relation to the cadmium citrate group. 
 
In the CdCl2 + Zn citrate group, a 23.3% reduction in the diameter of 

subepicardial vessels was observed compared to the cadmium chloride group (p 
<0.001). In the control group, the inner diameter of the subepicardial vessels was 
24.9% less than in the CdCl2 + Zn citrate group. A similar result was obtained in the 
CdCl2 + Zn citrate group for the inner diameter of the subepicardial vessels of the right 
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ventricle, namely: the latter was 29.5% less than in the cadmium chloride group (p 
<0.001), and 41.4% greater than in the control group (p <0.001). In the Cd citrate + Zn 
citrate group, an increase in the internal diameter of the subepicardial vessels was 
obtained by 29.3% (p <0.001) and 20.2% (p <0.05) for the left and right ventricles 
respectively compared to the cadmium citrate group. 

Comparing the internal diameters of the myocardial vessels of the cadmium 
chloride + zinc citrate group with the isolated cadmium chloride administration group, 
the latter increased by 21.8% (p <0.01) and 13.1% (p <0.05) for the left and the right 
ventricle, respectively. Zinc citrate in the combination with cadmium citrate showed 
an increase in the internal diameter of myocardial vessels by 15.3% (p <0.05) for the 
left ventricle and a decrease by 17.3% (p <0.01) for the right ventricle compared with 
group of cadmium citrate. In the cadmium chloride group, wall thickening and 
perivascular coronary artery edema were registered. In the cadmium citrate group, the 
primitive media of the coronary vessels was also significantly distinguished in the 
histological examination compared to the control group. 

A statistical comparison of the inner diameters of the coronary vessels of the rat 
embryos of the 20th day of development in the groups of combined and isolated 
administration is given in Table 2. 

 
Table 2 

The average internal diameter of the coronary arteries of rat embryos on 
the 20th day of embryonic development, (μm), M ± m 

Group Right Left 
Control 47.62 ± 2.07 45.56 ± 2.01 
Cadmium chloride 55.56 ± 2.3 * 56.45 ± 2.25 *** 
Cadmium citrate 46.82 ± 1.86 ## 51.14 ± 1.8 * 
Cadmium chloride + 
zinc citrate 

49.73 ±1.47 # 49.8 ± 1.76 # 

Cadmium citrate + zinc 
citrate 

48.49 ± 1.46 45.12 ± 1.65 @ 

Notes: * - p <0.05; ** - p <0.01; *** - p <0.001; in relation to control. # - p <0.05; ## - p 
<0.01; ### - p <0.001 in relation to the cadmium chloride group. @ - p <0.05; @@ - p <0.01; 

@@@ - p <0.001; in relation to the cadmium citrate group. 
 
Analysis of the results showed a significant increase in the internal diameter of 

the coronary arteries in the cadmium chloride group by 16.7% (p <0.05) and by 23.9% 
(p <0.001) for the left and right arteries, respectively, compared with the control group. 

In the Cd group of citrate + Zn citrate, a significant reduction of the internal 
diameter of the right coronary artery by 13.3% (p <0.05) was obtained compared to the 
cadmium citrate group. With the combined administration of cadmium chloride with 
zinc citrate, we observed a decrease in the diameter of the coronary vessels by 11.7% 
(p <0.05) and 13.4% (p <0.05) for the left and right coronary arteries, respectively, 
compared with the isolated group introduction of CdCl2. 
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The results of the obtained measurements of the middle part of the valves of the 
atrioventricular (PSC) valves and their statistical analysis are shown below (Table 3). 

Analyzing the data obtained and comparing them with isolated exposure groups, 
we received reliable differences. In the combined groups of cadmium and zinc 
introduction, positive dynamics was obtained in relation to the parameter of the average 
thickness of the cusps of atrioventricular valves. Isolated administration of cadmium 
chloride led to a significant decrease in this parameter, and in the cadmium citrate 
group the opposite result was obtained - the average thickness of the leaflets of the 
atrioventricular valves increased reliably. In the CdCl2 + Zn citrate group, this 
indicator was 36.4% less than in the control group (p<0.001) and almost twice greater 
the same as that of the cadmium chloride group (p<0.001) for the mitral valve and 25% 
less than in the control group (p<0.05) and 44.5% greater than the cadmium chloride 
group (p<0.001) for the tricuspid valve. The obtained data indicate a positive effect of 
zinc citrate on the index of thickness of the flaps of atrioventricular valves on the 
background of intoxication with cadmium chloride. 

 
Table 3 

The average thickness of the middle part of the inner flaps of the mitral 
and tricuspid valves of the heart of rat embryos on the 20th day of embryonic 

development in the experiment, (μm), M ± m 
Group Mitral valve Tricuspid valve 
Control 52.58 ± 3.01 43.84 ± 2.82 
Cadmium chloride 19.18 ± 1.46 *** 24.26 ± 2.04 *** 
Cadmium citrate 69.87 ± 4.28 **,### 59.72 ± 3.46 ***,### 
Cadmium chloride + zinc 
citrate 

38.55 ± 1.91 ***, ### 35.06 ± 1.93 *, ### 

Cadmium citrate + zinc 
citrate 

59.51 ± 2.96 @ 51.2 ± 2.53@ 

Notes: * - p <0.05; ** - p <0.01; *** - p <0.001; in relation to control. # - p <0.05; ## - p<0.01; 
### - p <0.001 in relation to the cadmium chloride group. @ - p <0.05; @@ - p <0.01; @@@ - p 
<0.001; in relation to the cadmium citrate group. 

 
In the Cd citrate + Zn citrate group, the thickness of the AVV flaps was non-

reliably greater (13.2% for the mitral valve (p=0.1) and 16.8% for the right PNC 
(p=0.053)) than in the control group, and reliably less (17.4% for the mitral valve 
(p<0.05) and 16.6% for the right AVV (p<0.05)) than in the cadmium citrate alone 
group. This fact also indicates the positive effect of zinc citrate on the thickness of the 
AVV cusps on the background of cadmium citrate intoxication. 

Studying the accumulation of cadmium and zinc in the hearts of embryos by the 
method of atomic emission with electric arc atomization revealed changes in the 
accumulation of the trace elements under study (see Table 4). 
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Table 4 
Accumulation of cadmium and zinc in rat embryos hearts at the 20th day 

of embryogenesis in the experiment (µg/g) 
Group Zinc Cadmium 
Control 6.04±0.27 0.00046±0.000024 
Cadmium chloride 14.36±0.43*** 0.00096±0.000047*** 
Cadmium citrate 4.62±0.35 **,### 0.,0052±0.00033 ***,### 
Cadmium chloride + zinc 
citrate 

9.21±0.63 ***,### 0.00049±0.000035 ### 

Cadmium citrate + zinc 
citrate 

7.05±0.25 **,###,@@@ 0.00162±0.000039 **,@@@ 

Notes: * - p <0.05; ** - p <0.01; *** - p <0.001; in relation to control. # - p <0.05; ## - p<0.01; 
### - p <0.001 in relation to the cadmium chloride group. @ - p <0.05; @@ - p <0.01; @@@ - p 
<0.001; in relation to the cadmium citrate group. 

 
In the cadmium chloride group, the average cadmium accumulation was 

0.00096±0.000047 µg/g, ie, twice higher than in the control group (p <0.001). The 
introduction of cadmium chloride increased the average zinc content to 14.36±0.43 
µg/g (p<0.001) in the heart embryos of rats of the 20th day of development. Isolated 
administration of cadmium citrate led to an increase in cadmium accumulation in the 
rat embryo heart to 0.0052 ± 0.00033 µg/g, which was 11.3 times higher than in the 
control values (p <0.001). In the combined exposure group of cadmium chloride + zinc 
citrate, the content of cadmium in the hearts of embryos of the 20th day of development 
was 0.00049±0.000035 µg/g, that is, there was no statistically significant difference 
with the control (0.00046±0.000047 µg/g). These results suggest a modifying effect of 
zinc citrate on the ability of cadmium chloride to accumulate in embryonic tissues and 
to overcome the placental barrier. The level of zinc in the same group exceeded the 
control values by 1.5 times and amounted to 9.21±0.63 µg/g (p<0.001). In the group 
of cadmium citrate combination with zinc citrate, the level of cadmium accumulation 
was 0.00162±0.000039 µg/g, which is 3.2 times less than the isolated cadmium citrate 
administration group (p<0.001). It is interesting to note that in the cadmium and zinc 
combined administration groups, we obtained the above cadmium accumulation level 
without significantly increasing the zinc accumulation level observed in the cadmium 
chloride isolated administration group. With high cadmium accumulation, we observed 
a slight increase in zinc compared to the control group (16.7% (p<0.01)) and a 
significantly lower (2.04 times (p<0.001)) zinc accumulation level compared to of the 
cadmium chloride group and 1.53 times higher than in the cadmium citrate group (p 
<0.001). 

Thus, it should be noted that the simultaneous use of cadmium citrate and zinc 
citrate leads to a decrease in cadmium accumulation and increased zinc accumulation, 
however, when comparing the cadmium chloride groups and cadmium citrate and 
cadmium citrate + zinc citrate, the zinc level is much higher in the group of the isolated 
administration of cadmium, despite the fact that no additional zinc was administered 
to the female rats during pregnancy. It also makes sense that zinc exhibits high 
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antagonistic activity against cadmium, which is not inconsistent with literature data 
and has also been confirmed in our experiment [11, 13]. 

The interaction of heavy metal citrate forms exhibiting antagonistic properties 
requires further investigation. In our opinion, the mechanism of accumulation of citrate 
forms of cadmium and zinc differs from their ionic forms. 

Conclusions.  
In summary, the findings suggest that although identical doses of different 

cadmium salts were administered across experimental groups, their toxic effects varied. 
The citrate and ionic forms of cadmium produced distinct outcomes, reflecting 
fundamental differences in their mechanisms of toxic action. Administration of zinc 
citrate attenuated the cardiotoxic effects of cadmium salts: the thickness of AVV cusps 
and the internal diameters of myocardial, subepicardial vessels, and coronary arteries 
approached the values observed in the control group. Nevertheless, the combined 
administration of zinc and cadmium citrates demonstrated a divergent influence on the 
accumulation of cadmium and zinc in embryonic rat hearts. These results indicate that 
the interactions of citrate forms of heavy metals in vivo require further investigation. 
Zinc citrate may act as an antagonist to cadmium compounds; however, its 
toxicological characteristics warrant more detailed evaluation. 
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