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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+/1. 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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AHHoTamus. Ka3ipri 3KoJorusiHbIH MiHAETTEPiHIH 0ipi — OnoXxyhenepain OeniMaery
KaOijeTiH Oaranayra MyMKIiHIIK OepeTiH maiia OOJiFaH NaTOJOTHSIIAPIAFhl JKEKEe
TYJIFasIap/IbIH Oy HKIIMOHAJIJIBIK JKaF Ial bIH aHBIKTAYJ1a TOJIBIK O1TIM11 0JIaH 9pi i 1aany
MaKcaTbhIH/]a CBIPTKBI dcepiepre jkayan peTiHJe THMAPOOMOHTTAPIbIH WHIUKATOPIIBIK
peaxknmsIapslH 3epTTey. bysl MoceneHi miemly YIIiH opraHjapjbl, OJapAblH TiHAEpi
MeH jKacyllaJapblHbIH, aran aWTKaHJga OYHPEeKTIH KYPBUIBIMBIH 3epTTeMey MYMKiH
emec. JKYMBICTBIH MakcaTbl — KaJMHHMEH DKCIIEPUMEHTTIK MHTOKCHKALUS Ke3iHHe
ca3aH (TYKbl) ME30HE(PPOCHIH/IAFbI OY3bUTYJIAP/IbIH JaMYbIH 3€PTTEY. 3ePTTECY HbICAHBI
— TykbIMCBI3 TYKbI (Cyprinuscarpiol.), 0,25 mr Cd2+/1 koHIEHTpanusicbl OOMbIHIIA
KaJMUH XJIOPHi KOCBUIFaH Cy aKBapUyMAAPhl. DIEKTPOH IbI-MUKPOCKOIUSUIBIK 3EPTTEY
JKacyIallbIK KypaMbIH aHBIKTaIbl HHTEPCTHIIMH HEeTi31HEeH JISHKOUTTED TY3/i, JOHEKED
TIHIHIH JKacyllaniapbl MEH MUTEITHOIUTTEP OoJbl. JlehkouTTep JIMMGOIMTTEPMEH,
HelTpodungepMer, MakpodarrapMeH jxoHe IIa3MalbIK JKacyliajJapMeH YChIHBLIFaH,
ojapbl CYWEKTI OaJibIKTap YINIH HOpMa Jien caHay Kepek. HHTepcTHinaibibl
e3repicTep KaH aWHaIBIMBIHBIH OY3bUTYBI peTiHae Kepinzi. JKeke OanbikTapaa
Oyiipex karcynanapblablH 20%-Ha JeiiH MBDKBUIFaH, OJNApblH KYbBICBIHIA aKybI3,
KaH IJIa3Machl OaiKaiFaH, KalMULIPJBIK LTMEKTep KaH JJIEeMEHTTepIMEeH OiTenreH.
XKeke kancynanapaa KamwusipaapiblH TONBIK arpodusicel Oaiikanael. Ilmazmanbik
KacymanapblH sSApOJapblHAa TIeTepOXpPOMaTHH allaThlH KOJEeMHIH TeMEeHJeyi
AHBIKTAJIJBl HHTEPCTHIIMHI TYHIPIIIKTI SHJOIUIa3MAIIBIK PETHKYIYM [UCTEPHAIAPbIHBIH
KEHEIIMeH Oip Me3riiie OyJl OlapiblH YbITThI CTPECCTCH TYbIHJAaFaH CHUHTETHKAJIBIK
(YHKIMSCBIHBIH ~ KOFapblUlaybIMEH — OalylaHBICTBI  OONMybl  MYMKiH.  bypanran
TYTIKIIEICPAiIH AIUTEINH KacylaJapblHia MUTOXOHIPUSIIAPIbIH KOOCH01 aHBIKTAJIIbI,
Oyl SHeprusi KaXeTTUIIKTEpPiHIH >KOFapbUIayblH KepceTTi. Kammwuiinin OanbikTapra
YBITTBI dcepi, aram aiTKaH[a, Me30He(PpPOCTarbl eleysi MaToNOTHSUIBIK Oy3bLTyIap
TYpiHIe KopiHeai, OyJI co3¢i3 OHBIH (YHKIHMICHIHBIH OY3bITYbIHA OKEIE/I].

Tyiiin ce3nep: Enin-Kacnmii sxone Opan-Kacrmit 6acceitni, Contycrik Kacrmit,
TYKBI OaJIBIKTaphl, Me30He(poc, KaaMHid.
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Annorauus. OgHOM W3 3amad COBPEMEHHOW DKOJIOTHH SIBIISIETCS W3yYCHUE
WHIWKATOPHBIX PEAKIUi TUAPOOMOHTOB B OTBET HA BHEIIHWE BO3ACUCTBUS B ILEIIX
JIAJIbHEHIIIETO UCITOJIb30BaHMSI TIOJYYCHHBIX 3HAHUN B OTIPE/ICTICHUN (PYHKIIMOHATIBLHOTO
COCTOSIHMSL 0COOel TMpH BO3HUKAIONIMX MATOJIOTHUAX, YTO IO3BOJISICT OLICHHUTH
aIaNTHBHYIO CMIOCOOHOCTh OMocHcTeM. PerieHne MaHHOM 3a/aud HE TIPEICTaBISETCS
BO3MOXKHBIM 0€3 M3Y4CHHUs CTPYKTYpbl OPTaHOB, UX TKaHEW M KJICTOK, B YaCTHOCTH,
novek. Llenpro paboThl OBUIO M3yUYeHHE Pa3BUTHUSI HAPYIICHHH B Me30oHe(dpoce ca3zaHa
(kapria) mpy PKCIEPUMEHTAILHOW MHTOKCHKAIMU KajMueM. OObeKTOM HCCIICIOBaHMSI
cnyxuian Oecrioponnbie kaprbl (Cyprinuscarpiol.), comepikaBivecss B akBapuymax
C BOJIOH, B KOTOPYIO ObUT TOOABIICH XJIOPHUA KaaMUS U3 pacuera KoHieHtparuu 0,25
mr Cd**/n. DraeKTpOHHO-MUKPOCKOITHYECKOE HCCIIEIOBAHUE TTOKA3aI0, YTO KIETOYHBIH
COCTaB UHTEPCTHIIUS ObUT CPOPMHUPOBAH MPEUMYIIICCTBEHHO JICHKOIIMTAMU, IIPH ITOM
MPUCYTCTBOBAIM KJIETKH COSIUHUTEIILHOW TKAHU U SIUTEIUOUUTHI. JICHKOIUTHI ObLITH
npeacTaBieHbl TuMdonTamMu, HeHTpoduiaaMu, MakpoaraMu M IUIa3MaTHYECKUMH
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KJIETKaMH, 4TO CJIEAyeT CUUTAaTh HOPMOH IS KOCTHUCTHIX pbiO. MHTepcTUIMaIbHbIE
W3MEHEHUS MPOSIBIISUIMCH B BUJIE PacCTPOMCTBA KPOBOOOpAIeHHs. Y OTAENbHBIX PHIO
710 20% moueyHBIX Karcyl ObIJIM CMOPIIEHBI, B MX MTOJIOCTH Habmonacs Oelok, miazma
KPOBH, KAMMJUIAPHBIE IETJIN ObLTH 3a0UTHI SJIEMEHTaMU KPOBH. B OTJeNbHBIX Karcynax
oTMevasach MojHast aTpous KanuuIIpoB. BeIsBIeHO yMeHblLIeHne 00bEMa, 3aHATOTO
reTepoXpoOMaTHHOM B s/ipax MJIa3MaTHYEeCKUX KJIETOK HWHTEPCTHUIMS OJHOBPEMEHHO
C pacHIMpeHHEeM LUCTEPH TpaHyJISIpHOIO 3HIOMIA3MaTHYECKOro PEeTHKYJIyMma 4To,
BEPOSITHO, MOXKET OBITH CBA3aHO C YCHJICHHEM UX CHHTETHUECKOH (DYHKIMH, BO3HUKILEH
B pE3ylbTare TOKCHYECKOTro CTpecca. DBbUIO BBHISBIEHO YBEJIWYEHHE KOJIMYECTBA
MUTOXOHJIPUH B KJIETKaX AMUTEIMSI U3BUTHIX KaHAJbIIEB, YTO YKa3bIBAJIO HA BO3pacTaHne
SHEpPreTHYeCcKNX NoTpedHocTel. Tokcnueckoe AeCTBHE KaJAMUS Ha PbIO TPOSBISIETCS,
B YAaCTHOCTH, B BUJIE€ CYILIECTBEHHBIX ATOIOTUYECKUX HapYLICHUH B Me30oHe(dpoce, uTo
HEn30€KHO BEAET TaK)Ke U K HAPYILIECHHIO ero (yHKLNH.

KiroueBslie ciioBa: Bonro-Kacnmiickuit n Ypano-Kacnuiickuii 6acceiin, CeBepHbIit
Kacnuii, kaprioBeie pbIObI, ME30HEPPOC, KaAMUI.

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
Cd>"/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 um. The diameter of the capillary tuft within Bowman’s capsule averaged
52.5 = 5.6 um, 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 pm, while the
distal tubule measured 59.4 £ 1.8 pm.

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).

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.

Magnification of 9600x. 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 9600x. 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 9000x. 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 (Hernandez-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 (Hernandez-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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