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мүшесі, Ph.D биохимия және молекулалық генетика саласы бойынша Ұлттық биотехнология орталығының бас 
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биотехнологии (KRIBB), (Дэчон, Корея), H = 34

БЕРСИМБАЕВ Рахметкажи  Искендирович, доктор биологических наук, профессор, академик НАН РК, 
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  АБИЕВ Руфат,  доктор технических наук (биохимия), профессор, заведующий кафедрой «Оптимизация 
химической и биотехнологической аппаратуры», Санкт-Петербургский государственный технологический институт 
(Санкт-Петербург, Россия), H = 14 

ЛОКШИН  Вячеслав Нотанович, доктор медицинских наук, профессор, академик НАН РК, директор 
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СЕМЕНОВ Владимир Григорьевич,  доктор биологических наук, профессор, заслуженный деятель науки 
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бюджетное образовательное учреждение высшего образования «Чувашский государственный аграрный университет» 
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 ФАРУК Асана Дар, профессор Колледжа восточной медицины Хамдарда аль-Маджида, факультет восточной 
медицины Университета Хамдарда (Карачи, Пакистан), H = 21  

ЩЕПЕТКИН Игорь Александрович,  доктор медицинских наук, профессор Университета штата Монтана 
(США),  H = 27

КАЛАНДРА  Пьетро,  доктор философии (Ph.D, физика), профессор Института по изучению нанострукту
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Abstract. One of the tasks of modern ecology is to study the indicator reactions of 
hydrobionts in response to external influences in order to further use the knowledge 
gained in determining the functional state of individuals with emerging pathologies, 
which makes it possible to assess the adaptive ability of biosystems. The solution of 
this problem is not possible without studying the structure of organs, their tissues and 
cells, in particular, kidneys. The aim of the work was to study the development of 
disorders in the mesonephros of carp during experimental cadmium intoxication. The 
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object of the study was mongrel carp (CyprinuscarpioL.) kept in aquariums with water 
to which cadmium chloride was added at a concentration of 0.25 mg Cd2+/l. Electron 
microscopic examination showed that the cellular composition of the interstitium was 
formed mainly by leukocytes, while connective tissue cells and epithelial cells were 
present. Leukocytes were represented by lymphocytes, neutrophils, macrophages and 
plasma cells, which should be considered the norm for bony fish. Interstitial changes 
manifested themselves in the form of circulatory disorders. In individual fish, up to 
20% of the renal capsules were wrinkled, protein and blood plasma were observed 
in their cavities, and capillary loops were clogged with blood elements. Complete 
capillary atrophy was noted in individual capsules. A decrease in the volume occupied 
by heterochromatin in the nuclei of interstitial plasma cells was revealed simultaneously 
with the expansion of the tanks of the granular endoplasmic reticulum, which may 
probably be due to an increase in their synthetic function resulting from toxic stress. An 
increase in the number of mitochondria in the epithelial cells of the convoluted tubules 
was revealed, which indicated an increase in energy requirements. The toxic effect of 
cadmium on fish manifests itself in the form of significant pathological disorders in the 
mesonephros, which inevitably also leads to a violation of its function.

Keywords: Volga-Caspian and Ural-Caspian basins, Northern Caspian, cyprinid 
fish, mesonephros, cadmium
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Аннотация. Қазіргі экологияның міндеттерінің бірі – биожүйелердің бейімделу 
қабілетін бағалауға мүмкіндік беретін пайда болған патологиялардағы жеке 
тұлғалардың функционалдық жағдайын анықтауда толық білімді одан әрі пайдалану 
мақсатында сыртқы әсерлерге жауап ретінде гидробионттардың индикаторлық 
реакцияларын зерттеу. Бұл мәселені шешу үшін органдарды, олардың тіндері 
мен жасушаларының, атап айтқанда бүйректің құрылымын зерттемеу мүмкін 
емес. Жұмыстың мақсаты – кадмиймен эксперименттік интоксикация кезінде 
сазан (тұқы) мезонефросындағы бұзылулардың дамуын зерттеу. Зерттеу нысаны 
– тұқымсыз тұқы (CyprinuscarpioL.), 0,25 мг Cd2+/л концентрациясы бойынша 
кадмий хлориді қосылған су аквариумдары. Электронды-микроскопиялық зерттеу 
жасушалық құрамын анықтады интерстиций негізінен лейкоциттер түзді, дәнекер 
тінінің жасушалары мен эпителиоциттер болды. Лейкоциттер лимфоциттермен, 
нейтрофилдермен, макрофагтармен және плазмалық жасушалармен ұсынылған, 
оларды сүйекті балықтар үшін норма деп санау керек. Интерстициальды 
өзгерістер қан айналымының бұзылуы ретінде көрінді. Жеке балықтарда 
бүйрек капсулаларының 20%-на дейін мыжылған, олардың қуысында ақуыз, 
қан плазмасы байқалған, капиллярлық ілмектер қан элементтерімен бітелген. 
Жеке капсулаларда капиллярлардың толық атрофиясы байқалды. Плазмалық 
жасушалардың ядроларында гетерохроматин алатын көлемнің төмендеуі 
анықталды интерстиций түйіршікті эндоплазмалық ретикулум цистерналарының 
кеңеюімен бір мезгілде бұл олардың уытты стресстен туындаған синтетикалық 
функциясының жоғарылауымен байланысты болуы мүмкін. Бұралған 
түтікшелердің эпителий жасушаларында митохондриялардың көбеюі анықталды, 
бұл энергия қажеттіліктерінің жоғарылауын көрсетті. Кадмийдің балықтарға 
уытты әсері, атап айтқанда, мезонефростағы елеулі патологиялық бұзылулар 
түрінде көрінеді, бұл сөзсіз оның функциясының бұзылуына әкеледі.

Түйін сөздер: Еділ-Каспий және Орал-Каспий бассейні, Солтүстік Каспий, 
тұқы балықтары, мезонефрос, кадмий.
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Аннотация. Одной из задач современной экологии является изучение 
индикаторных реакций гидробионтов в ответ на внешние воздействия в целях 
дальнейшего использования полученных знаний в определении функционального 
состояния особей при возникающих патологиях, что позволяет оценить 
адаптивную способность биосистем. Решение данной задачи не представляется 
возможным без изучения структуры органов, их тканей и клеток, в частности, 
почек. Целью работы было изучение развития нарушений в мезонефросе сазана 
(карпа) при экспериментальной интоксикации кадмием. Объектом исследования 
служили беспородные карпы (CyprinuscarpioL.), содержавшиеся в аквариумах 
с водой, в которую был добавлен хлорид кадмия из расчета концентрации 0,25 
мг Cd2+/л. Электронно-микроскопическое исследование показало, что клеточный 
состав интерстиция был сформирован преимущественно лейкоцитами, при этом 
присутствовали клетки соединительной ткани и эпителиоциты. Лейкоциты были 
представлены лимфоцитами, нейтрофилами, макрофагами и плазматическими 
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клетками, что следует считать нормой для костистых рыб. Интерстициальные 
изменения проявлялись в виде расстройства кровообращения. У отдельных рыб 
до 20% почечных капсул были сморщены, в их полости наблюдался белок, плазма 
крови, капиллярные петли были забиты элементами крови. В отдельных капсулах 
отмечалась полная атрофия капилляров. Выявлено уменьшение объёма, занятого 
гетерохроматином в ядрах плазматических клеток интерстиция одновременно 
с расширением цистерн гранулярного эндоплазматического ретикулума что, 
вероятно, может быть связано с усилением их синтетической функции, возникшей 
в результате токсического стресса. Было выявлено увеличение количества 
митохондрий в клетках эпителия извитых канальцев, что указывало на возрастание 
энергетических потребностей. Токсическое действие кадмия на рыб проявляется, 
в частности, в виде существенных патологических нарушений в мезонефросе, что 
неизбежно ведет также и к нарушению его функции.

Ключевые слова: Волго-Каспийский и Урало-Каспийский бассейн, Северный 
Каспий, карповые рыбы, мезонефрос, кадмий.

Introduction. One of the key challenges in modern ecology is the study of indicator 
responses in hydrobionts to external influences, aimed at utilizing the acquired knowledge 
to determine the functional state of individuals during emerging pathologies. This 
approach facilitates the assessment of the adaptive capacity of biosystems. Addressing 
this challenge is not feasible without examining the structure of organs, their tissues, 
and cells, particularly the kidneys.

The mesonephros in fish performs several vital functions in maintaining homeostasis 
and serves as an indicator of their condition. One of the essential conditions for the 
survival of a species is its ability to adapt to changing environmental factors. The 
material basis for adaptation lies in morphophysiological restructuring at various levels 
of biological organization.

In ecological studies, pathomorphological changes in the internal organs of fish are 
among the objective criteria for assessing the negative impact of the environment, as 
highlighted in numerous studies (Kryuchkov, et al., 2004), including those focusing on 
the kidneys of fish (Burlakov, et al., 2021).

The objective of this study was to investigate the development of disturbances in the 
mesonephros of the carp (Cyprinus carpio) under experimental cadmium intoxication.

Materials and Methods
The study focused on common carp (Cyprinus carpio L.) that were kept in aquariums 

containing water supplemented with cadmium chloride at a concentration of 0.25 mg 
Cd²⁺/L. After 30 days (and subsequently every 10 days), samples of the body kidney 
were collected. Histological preparations were made using standard techniques: 
fixation in Bouin’s solution, dehydration through increasing concentrations of ethanol, 
embedding in paraffin blocks, and staining with hematoxylin-eosin (Romeis, 1953).

For ultrastructural analysis, the material was fixed in glutaraldehyde in a cacodylate 
buffer (pH 7.3), followed by postfixation in a 1% osmium tetroxide solution in the 
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same buffer. Dehydration was carried out through increasing concentrations of ethanol, 
and the samples were embedded in araldite. Sectionswereanalyzedusing a JEM 100CX 
electronmicroscope.

Results and Discussion
The sections of the mesonephros revealed several key elements: reticular 

hematopoietic tissue, loose connective tissue with numerous blood vessels, renal 
corpuscles connected to convoluted tubules, and collecting ducts. Control sections 
exhibited interstitial reticular tissue, which constituted the main mass of the organ. The 
renal corpuscles had a clear, empty lumen, and the convoluted tubules were lined with a 
single layer of cuboidal epithelium. The cytoplasm of the cells appeared homogeneous, 
with granularity attributed to mitochondria, and the nuclei were well-defined, located at 
the basal part of the cells.

The initial segment of the nephron – the renal corpuscle – had an average diameter 
of 65.9 ± 8.2 µm. The diameter of the capillary tuft within Bowman’s capsule averaged 
52.5 ± 5.6 µm, with an average of 48.3 ± 7.6 cells in the glomerulus. Following the 
renal corpuscle is the convoluted tubule, divided into proximal and distal segments. The 
diameter of the proximal tubule sections was approximately 31.8 ± 0.9 µm, while the 
distal tubule measured 59.4 ± 1.8 µm.

The proximal tubule is formed by epithelial cells resting on a densely stained basement 
membrane. The distal tubule is similarly composed of epithelial cells connected by the 
basement membrane. Under electron microscopy, mitochondria in the epithelial cells 
of both the proximal and distal segments were predominantly located in the basal part 
of the cells and around the nuclei, with the mitochondria generally being large and 
elongated in shape.

Electron microscopy revealed that the cellular composition of the interstitium was 
predominantly formed by leukocytes, along with connective tissue cells and epithelial 
cells (ion-transporting cells). The leukocytes included lymphocytes, neutrophils, 
macrophages, and plasma cells, which is considered normal for bony fish, as similar 
leukocyte representation has been reported (Flyorova, et al., 2020).

Changes in the kidneys induced by cadmium exposure can be categorized into three 
groups: alterations in the interstitial tissue, changes in the convoluted tubules, and 
alterations in the renal corpuscles (Chen, 2023).

Interstitial changes manifested as circulatory disturbances. During the first 30 
days of experimental intoxication, no significant changes compared to controls were 
observed. The first signs of alterations, primarily in the form of stasis phenomena in 
the capillaries, became noticeable after 40 days of experimental toxic exposure. Small 
hemorrhages, primarily along the vessel pathways, were also noted. Subsequently, the 
degree of vascular disturbances increased; in most preparations, many vessels of varying 
calibers were unevenly dilated, with the lumens filled with blood elements.

Numerous hemorrhages were observed in the reticular stroma of the kidney (Fig. 
1A), and in some cases, significant plasmorrhages were present in the stroma of the 
mesonephros. Alongside alterations in the rheological properties of the blood, edema of 
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the interstitium was detected by the end of the experiment, manifested as an enlarged 
peritubular space around the tubules (Fig. 2B).

5

membrane. Under electron microscopy, mitochondria in the epithelial cells of both the proximal 
and distal segments were predominantly located in the basal part of the cells and around the 
nuclei, with the mitochondria generally being large and elongated in shape.

Electron microscopy revealed that the cellular composition of the interstitium was 
predominantly formed by leukocytes, along with connective tissue cells and epithelial cells (ion-
transporting cells). The leukocytes included lymphocytes, neutrophils, macrophages, and plasma 
cells, which is considered normal for bony fish, as similar leukocyte representation has been 
reported (Flyorova, et al., 2020).

Changes in the kidneys induced by cadmium exposure can be categorized into three groups: 
alterations in the interstitial tissue, changes in the convoluted tubules, and alterations in the renal 
corpuscles (Chen, 2023).

Interstitial changes manifested as circulatory disturbances. During the first 30 days of 
experimental intoxication, no significant changes compared to controls were observed. The first 
signs of alterations, primarily in the form of stasis phenomena in the capillaries, became 
noticeable after 40 days of experimental toxic exposure. Small hemorrhages, primarily along the 
vessel pathways, were also noted. Subsequently, the degree of vascular disturbances increased; in 
most preparations, many vessels of varying calibers were unevenly dilated, with the lumens filled 
with blood elements.

Numerous hemorrhages were observed in the reticular stroma of the kidney (Fig. 1A), and 
in some cases, significant plasmorrhages were present in the stroma of the mesonephros. 
Alongside alterations in the rheological properties of the blood, edema of the interstitium was 
detected by the end of the experiment, manifested as an enlarged peritubular space around the 
tubules (Fig. 2B).

Figure 1.A – Kidney of the carp. Objective 20. Hematoxylin-eosin. Hemorrhages in the 
interstitium. Pronounced peritubular space around certain convoluted tubules.B – Kidney of the 

carp. Objective 100. Semi-thin section. Toluidine blue
Membranoproliferative changes in the capillary tuft were characterized by pronounced 

proliferation of mesangial cells, resulting in the narrowing of capillary lumens. The capillary tuft 
filled the entire cavity of the renal capsule, with an expansion of the mesangial zone and 
narrowing observed in the majority of the capillaries.

In most cases, the epithelium of the tubules was preserved. However, polymorphism of the 
cuboidal and columnar epithelial cells of the convoluted tubules was observed, with varying cell 
sizes. The cell borders were not always clearly defined, and some cells were devoid of nuclei. 
Vacuolization was noted in the cytoplasm of the convoluted tubule epithelium in some areas. 
Longitudinal and cross-sections revealed a homogeneous, weakly stained content in the lumens of 
the convoluted tubules, presumably protein; however, in most cases, the lumen of the tubules 
remained clear.

Figure 1.A – Kidney of the carp. Objective 20. Hematoxylin-eosin. Hemorrhages in the interstitium. 
Pronounced peritubular space around certain convoluted tubules.B – Kidney of the carp. Objective 100. 

Semi-thin section. Toluidine blue

Membranoproliferative changes in the capillary tuft were characterized by 
pronounced proliferation of mesangial cells, resulting in the narrowing of capillary 
lumens. The capillary tuft filled the entire cavity of the renal capsule, with an expansion 
of the mesangial zone and narrowing observed in the majority of the capillaries.

In most cases, the epithelium of the tubules was preserved. However, polymorphism 
of the cuboidal and columnar epithelial cells of the convoluted tubules was observed, 
with varying cell sizes. The cell borders were not always clearly defined, and some cells 
were devoid of nuclei. Vacuolization was noted in the cytoplasm of the convoluted tubule 
epithelium in some areas. Longitudinal and cross-sections revealed a homogeneous, 
weakly stained content in the lumens of the convoluted tubules, presumably protein; 
however, in most cases, the lumen of the tubules remained clear.

As the pathology progressed, all of the aforementioned changes intensified. The 
convoluted tubules became narrowed and filled with protein, and a wide peritubular 
space was observed between the epithelium and the interstitium, whereas in control 
sections, this space was minimal. Protein and blood plasma were present in the 
lumens of the tubules. In some tubules, the nuclei of epithelial cells showed signs of 
pyknosis. Tubules filled with homogeneous, weakly stained exudate were also noted. 
With the further progression of pathological processes, the lumens of most convoluted 
tubules remained narrowed, and the epithelium of many exhibited dystrophic changes, 
predominantly hydropic degeneration, characterized by the presence of atypical 
vacuoles in the cytoplasm.
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Figure 2. Ultrastructure of the nephron in carp:A – Renal corpuscle, magnification 2000x;B –
Renal corpuscle, magnification 7200x. The basal membrane of the parietal epithelium is 

unevenly thickened, with an endothelial cell situated upon it. Within the renal corpuscle, a 
capillary is clearly visible, with distinct processes of podocytes. However, the integrity of the 

capillary epithelium is compromised;C – Distal segment of the proximal tubule of the 
mesonephros.

Figure 2. Ultrastructure of the nephron in carp:A – Renal corpuscle, magnification 2000x;B – Renal 
corpuscle, magnification 7200x. The basal membrane of the parietal epithelium is unevenly thickened, 
with an endothelial cell situated upon it. Within the renal corpuscle, a capillary is clearly visible, with 
distinct processes of podocytes. However, the integrity of the capillary epithelium is compromised;C – 

Distal segment of the proximal tubule of the mesonephros.

Magnification  of  9600×. Expanded lateral spaces between epithelial cells. Altered cell 
morphology. Vacuoles in the basal portion of the cells. The nucleus exhibits prominent 
heterochromatin; G – section of the proximal tubule of the mesonephros. Magnification 
of 9600×. Type II epithelial cells. Minimal heterochromatin. Mitochondria are located 
in the basal part of the cell and around the nucleus. Cells are closely packed together, 
with narrow lateral spaces; D – section of the proximal tubule of the mesonephros. 
Magnification of 9000×. Type I epithelial cells at the beginning of the proximal tubule. 
Epithelial cell vacuolization. E – renal corpuscle, magnification of 20000×. Symptoms 
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of glomerulonephritis presented as «minimal changes» , with uneven thickening of the 
basement membrane and vacuolization of the endothelium. BM – basement membrane, 
V – vacuole, C – capillary, LP – lateral space, M – mitochondrion, MP – urinary space, 
P – podocyte, SG – secretory granules, EC – endothelial cell, BR – brush border, N – 
nucleus.

Changes in renal corpuscles. Renal corpuscles varied widely in size, ranging from 26 
to 130 micrometers or more. The average capsule size during this period was 74.6 ± 8.54 
micrometers (CV = 25.5%). Enlarged renal corpuscles were observed, characterized 
by mesangial-endothelial proliferation of glomerular capillaries, where capillary loops 
completely filled the entire space of the renal capsule, and the urinary space was absent 
(Fig. 1B). In another variant, “collapsed” capillary loops only adhered to one side of the 
renal capsule, leaving the remaining part of the capsule free.

There were also transformations of renal corpuscles into areas of destructured tissue. 
Epithelial proliferation of the capsule was noted, although it was generally expressed to 
a minor extent. A single case of capsule epithelial proliferation in the form of crescents 
was observed, which is characteristic, for example, of kidney damage in rapidly 
progressive glomerulonephritis in humans (Shulutko, 1983). In some fish, up to 20% of 
renal capsules were shriveled, with protein and plasma observed in their cavities, and 
capillary loops were clogged with blood elements. In certain capsules, complete atrophy 
of the capillaries was noted. Overall, it can be concluded that after 30 days from the 
onset of intoxication, the experimental crucians developed symptoms of hemorrhagic 
glomerulonephritis.

After any damaging, including toxic, impact on the organism, one of the most 
important questions is the prognosis, which depends on the potential for further repair 
or compensation for the damage.

It should be noted that after the removal of the toxic exposure, the condition of the 
mesonephros in the experimental fish did not improve over the course of two weeks; 
instead, a worsening of pathological changes was observed. Blood vessels, especially 
capillaries, remained dilated, and microcirculation was impaired (stasis). Multiple 
hemorrhages of various sizes and ages were present in the interstitium. Edema around 
the epithelial cells of the convoluted tubules persisted. Various-sized vacuoles were 
found in the cytoplasm of the cells. The renal corpuscles were enlarged, with capillary 
loops completely filling their cavities. Erythrocytes were present in the renal capsules.

After 30 days of the experimental fish being in clean water, some renal corpuscles 
were enlarged, while others remained unchanged, resembling the control sections of the 
mesonephros. The average size of the renal corpuscles was 70.22 ± 7.2 micrometers, 
with a significant reduction in variability of the corpuscle sizes (CV = 9.86). Atrophied 
renal corpuscles were observed, with diameters not exceeding 25-26 micrometers, and 
the cavities of these corpuscles were almost devoid of capillaries, being filled with 
protein.

Based on the dynamics of the changes in the structure of the renal tubules throughout 
the experiment, this atrophy developed as a result of cadmium’s toxic action, and the 
pathological process continued despite the transfer of the fish to clean water. In this 
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case, residual effects of intoxication were observed, leading to irreversible damage 
at the tissue level. Edema of the epithelial cells of the convoluted tubules persisted. 
Nevertheless, the condition of the cells approached normal. Hemorrhages were present 
in the intertubular tissue. The characteristics of the hemorrhages changed compared 
to previous observations; the color of the hemorrhages became characteristic of dying 
erythrocytes (due to the presence of hemosiderin).

It should be noted that adaptive processes at the cellular level were observed 
alongside pathological changes. For instance, a reduction in the volume occupied 
by heterochromatin in the nuclei of plasma cells in the interstitium was identified, 
coinciding with the expansion of the cisternae of the granular endoplasmic reticulum, 
which is likely associated with an enhancement of their synthetic function resulting 
from toxic stress. An increase in the number of mitochondria in the epithelial cells of the 
convoluted tubules was also observed, indicating an increase in energy demands. The 
reduction in the volume of heterochromatin in the nuclei of epithelial cells is another 
indicator of cellular activation (Ama-Abasi, et al., 2022).

Discussion
Cadmium is one of the most toxic metals lacking biological function and is capable 

of accumulating in the bodies of aquatic organisms. Previous studies have shown that 
even low concentrations of this metal induce hepatic, nephrological, and hematological 
effects in freshwater fish (Pereira, et al., 2016). The kidneys are a target organ, and it 
has been repeatedly demonstrated that cadmium causes kidney damage even at low 
concentrations, with cadmium-induced renal damage potentially progressing rapidly to 
chronic kidney disease (Hernández-Cruz, et al., 2022; Kryuchkov et al., 1992). It has 
been shown that cadmium intoxication develops over an extended period, with threshold 
concentrations being very low, leading to cytological damage at both structural and 
ultrastructural levels in tubular cells and the brush border (Avallone, et al., 2017).

The observed signs of necrosis and disintegration of the renal corpuscles are 
consistent with data obtained by (Al-Zahaby et al. 1998), who described vacuolization 
and disintegration of the epithelium in the distal segments of the mesonephric tubules. It 
is noted that changes in the tubules are primarily associated with impaired reabsorption 
or secretion of substances (Avallone, et al. 2007). 

These types of damage are accompanied by a weakening of the protective mechanisms 
of the cells, further increasing the sensitivity of fish to metal exposure (Mela, et al., 
2007), (Mochizuki, 2005).

Our studies noted mitochondrial responses to cadmium intoxication. Mitochondria 
play a fundamental role in the nephrotoxicity of cadmium. Cadmium ions, penetrating 
the mitochondria, affect the electron transport chain, increasing the production of 
reactive oxygen species and altering mitochondrial dynamics, which leads to autophagy 
and inevitable apoptosis (Hernández-Cruz, et al., 2022; Kryuchkov, et al., 2022).

Thus, the toxic effects of cadmium on fish manifest, in particular, as significant 
pathological disturbances in the mesonephros, which inevitably also leads to dysfunction 
of this organ. Residual effects of toxic damage to the kidneys persist for at least thirty days.
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