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The influence of environmental factors on the population's health is a biological, medical and social problem
that is constantly in the field of view of scientists worldwide. The literature review is devoted to identifying the main
mechanisms of the toxic effect of cadmium (Cd) on living organisms. Despite the presence of antioxidant protection
in the body (enzymes, proteins, vitamins), toxicants, including heavy metals such as cadmium (Cd), induce hyperpro-
duction of reactive oxygen species (ROS), which leads to a failure of the antioxidant system and is accompanied by
the development oxidative stress (0OS). Cd generates OS due to damage to electron transport chains in mitochondria,
increasing the activity of nitrogen oxides and the concentration of redox metals, due to which the production of ROS
increases, which increases the formation of radical hydroxyls. ROS cause oxidative damage to essential macromol-
ecules, proteins, DNA, lipids, and phospholipid cell membranes. Cd-induced OS disrupts oxidative phosphorylation,
which reduces the energy potential of cells, and damage to the antioxidant system changes the enzyme topography
underlying its catalytic function. OS has been described as one of the causes of cadmium-induced pathologies such
as nephrotoxicity, hepatotoxicity and cancer. One of the environmental sources of the negative impact of cadmium
on the population is tobacco, which affects the state of organs and bone tissue and contributes to the emergence
of pathological changes. The literature review shows that the primary mechanism of cadmium toxicity is the hyper-
production of ROS with a cascading effect on essential chains of biochemical reactions and genetic processes, which

changes the structure and functions of proteins and contributes to the emergence of various diseases.
Key words: cadmium, reactive oxygen species, oxidative stress, organ pathology.

Connection of the publication with planned re-
search works.

This work is a fragment of the scientific topic of the
Department of Medical Biology: "Development and
morphofunctional state of organs and tissues of experi-
mental animals and humans in normal, ontogeny under
the influence of external factors" (state registration
number 0111U009598).

Introduction.

Environmental pollution by production waste is di-
rectly related to the state of health of the population,
and toxic metals play a special role in this. One of them
is Cd, as it is widely used in various industries and, at
one time, it was considered a metal of the future in
connection with the development of microtechnology
[1]. Research in recent years has shown that this metal
has high toxicity for living beings and is one of the most
common in the environment. Interest in it is constantly
growing in connection with the role of cadmium in the
occurrence of various human diseases [2, 3]. The long
half-life of 15-20 years and slow elimination from the
body make Cd a cumulative toxin, so its previous expo-
sure leads to harmful consequences during the subse-
quent life of people [4, 5].

The aim of the study.

Analysis of modern foreign research to identify the
primary mechanism of cadmium toxicity.

Research results and their discussion.

The primary sources of cadmium entering the
human body are water, food and polluted air. However,
tobacco use is another environmental source of cadmi-
um exposure to the population [6]. The effects of cad-
mium in cigarette smoking may vary depending on the
type of cigarette. One cigarette contains 1-2 mcg of cad-
mium, and a person who smokes 20 cigarettes daily ab-
sorbs 1-2 mcg of this metal. About 10% is inhaled with
a 40-50% absorption rate in the lungs. Its inhalation is

associated with chronic lung diseases and the develop-
ment of lung cancer. A significant increase in cadmium
was found in the serum and urine of smokers. There
was also an increase in the percentage of people with
bone pain in smokers compared to non-smokers (95%
vs. 37.7%). Smoking causes cadmium accumulation in
the body since tobacco plants accumulate it in high con-
centrations, especially in the leaves [7]. It is noted that
long-term exposure to cadmium can have an osteotoxic
effect, leading to bone loss, and inhalation of vapours
can lead to death [8].

Cd generates oxidative stress (OS) through indirect
mechanisms by which it increases the accumulation of
reactive oxygen species (ROS) by damaging electron
transport chains in mitochondria, increasing the activ-
ity of nitrogen oxides (N20, NO) and the concentration
of redox metals, e.g. iron Fe2+. Cd replaces Fe3+ in the
structure of some cytoplasmic and membrane proteins,
such as ferritin and apoferritin, causing an increase in
the concentration of the free Fe3+ ion. Being an active
redox metal, Fe3+ participates in the Fenton reaction,
causing an increase in the production of ROS, which en-
hances the formation of radical hydroxyls. Furthermore,
Cd can disrupt the function of NADPH oxidase, which
leads to the formation of an additional source of ROS.
At the same time, ROS cause oxidative damage to es-
sential macromolecules, primarily proteins, DNA, lipids
and phospholipids of cell membranes. In addition, by
reducing the potential of mitochondrial membranes, Cd
disrupts the process of oxidative phosphorylation and
ATP synthesis [9].

Another important mechanism by which Cd gen-
erates OS is the reduction of antioxidant defences,
achieved through direct and indirect interactions. The
concentration of glutathione (GSH) and the activity of
the antioxidant enzymes GSH-reductase and GSH-perox-
idase during the development of OS show a general ten-
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dency to decrease [10]. At the same time, glutathione
reduction occurs due to cadmium’s affinity to the thiol
group of GSH. A further glutathione deficiency causes
changes in the redox state, contributing to the prolonga-
tion and strengthening of OS. Cd also negatively affects
the activity of other antioxidant enzymes, such as super-
oxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx). Damage to these enzymes by cadmi-
um is because it can change the enzymatic topography
underlying their catalytic function, replace the metals
that are part of their active centres or deplete the co-
factors necessary for their functioning [11]. In addition,
Cd indirectly reduces the concentration of antioxidant
enzymes by changing the expression of Nrf2, the main
switch of the cellular defence system, the activation of
which leads to an increase in the synthesis of cell pro-
tective enzymes [12, 13, 14].

The critical role of ROS in a healthy body is promi-
nent — they control several processes, such as inflam-
mation, proliferation and death (apoptosis) of cells. ROS
are oxygen-containing products and are formed during
the cellular oxidative metabolism of mitochondria, in-
cluding superoxide anion (02-), hydroxyl radical (OH-),
hydrogen peroxide (H202) and nitric oxide (NO). Despite
the presence of antioxidant protection (enzymes, pro-
teins and vitamins), the hyperproduction of ROS caused
by cadmium leads to a failure of the antioxidant system.
OS preservation is accompanied by oxidative damage,
which is understood as damage to the chemical struc-
tures (oxidative modifications) of nucleic acids, proteins,
lipids, and carbohydrates [15, 16]. A key role in these
processes is played by cadmium-induced dysfunction of
mitochondria, which are the first intracellular targets.
The molecular mechanisms underlying mitochondrial
dysfunction lead to stunted growth and development,
abnormal physiological and biochemical changes, exces-
sive gene expression, altered behaviour, and a series of
toxic effects, including reduced metabolism. Along with
generating an increased amount of ROS, Cd changes
the permeability of mitochondrial membranes and the
structure and function of antioxidant enzymes, inhibit-
ing their activity. Disruption of the mitochondrial com-
munication network by cadmium is a key event in many
human diseases, including ageing, cancer, immune re-
sponse, impaired apoptosis, and metabolic disorders
[17]. Damage to mitochondria and an increase in the
level of ROS are accompanied by a decrease in ATP pro-
duction, which disrupts the energy balance in cells [15,
18, 19, 20]. Absorbed Cd binds to metallothionein pro-
teins with high affinity, but cellular toxicity is caused by
that which is not associated with it [21]. Free Cd can af-
fect various cell organelles and cause mitochondrial dys-
function, cell death, apoptosis, and necrosis [22].

They studied the levels of cadmium in the tissues
of dead people exposed to it for ten years. The lowest
accumulation was in the brain (0.02 ug/g). High con-
centrations were found in the kidneys (16.0 ug/g) and
liver (1.5 pg/g) since this metal is mainly distributed in
these organs [23]. The liver and kidneys are susceptible
to its toxic effects. It may be due to the ability of these
tissues to synthesize metallothioneins, which are Cd-in-
duced proteins that protect the cell by strongly binding
toxic cadmium ions. However, strongly increased levels
of cadmium lead to an increase in the free state of the
metal, which determines its toxicity [24]. The kidneys

easily absorb Cd bound to metallothioneins, but this
complex can be very toxic to the kidneys. Involvement in
chronic nephrotoxicity occurs when Cd becomes able to
mimic the function and behaviour of other metals (calci-
um, iron, copper, zinc, molybdenum, etc.). For example,
like zinc, Cd binds to albumin in blood plasma, disrupt-
ing the homeostasis of calcium, zinc, and iron [25, 26].

Osteoporosis and bone fracture are often seen as a
result of cadmium toxicity. A comparative study of resi-
dents of a cadmium-contaminated area with a control
population showed a link between osteoporosis and a
high level of cadmium absorption. Similar trends were
observed in men and women, but the changes were
more significant in the female population [27]. Osteo-
toxic effects are also associated with a decrease in the
level of serum parathyroid hormone at a high body load
with cadmium, which, in turn, causes the release of cal-
cium from bone tissue, that is, the relationship between
osteoporosis and the amount of cadmium in the body is
revealed [28]. The concentration of this metal in urine is
used to assess toxic exposure. A relationship between
the prevalence of renal dysfunction and lung function
deficiency with urinary cadmium levels has also been re-
ported. There is a dose-response relationship, with uri-
nary beta-2-microglobulin being considered a valuable
marker of tubular proteinuria, particularly in assessing
cadmium-induced nephrotoxicity [29].

Cd interferes with essential biometals such as zinc,
magnesium, selenium, calcium and iron, altering their
homeostasis and disrupting biological functions. The ab-
sorption of this metal in the gastrointestinal tract is de-
termined by the content of these essential elements in
the diet, as well as vitamins, polyphenols, antioxidants
and other active biomolecules that constitute the main
antioxidant barrier. Increased consumption of some bio-
elements can prevent the absorption and toxic effects of
cadmium; at the same time, the deficiency of some of
these biologically active substances can increase gastro-
intestinal absorption and its accumulation in the body
[30].

RNAs are more susceptible to oxidative damage than
DNA and proteins [31]. Matrix RNAs in OS are not able
to be translated correctly, which leads to a violation of
protein synthesis and its subsequent functions [32]. Oxi-
dative modification of ribosomal RNA is present in Al-
zheimer’s disease [33].

Exposure to cancer cells of cadmium and its com-
pounds is associated with developing more malignant
phenotypes, thereby promoting tumour progression
[34, 35]. Therefore, the International Agency for Re-
search on Cancer has classified it as a group 1 human
carcinogen [36]. Thus, the main carcinogenic mecha-
nisms induced by cadmium include initiating inflamma-
tory processes, hyperproduction of ROS, OS, disruption
of apoptosis, DNA damage, decreased ability to repair
DNA, changes in gene expression, cell proliferation,
and aberrant DNA methylation. Cadmium-induced OS
promotes tumorigenesis through mutagenesis and cell
cycle effects. A functional DNA repair system eliminates
errors caused by altered metabolism and environmental
carcinogens; however, inadequate repair mechanisms
allow the accumulation of damaged DNA, contribut-
ing to cancer development. Cd can inhibit DNA repair,
including the excision of nucleotides and nitrogenous
bases. The loss of the DNA repair mechanism leads to
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the accumulation of cells with damaged DNA, which
after cell division, causes oncogenic mutations [37].

Conclusions.

The primary mechanism of cadmium toxicity is the
hyperproduction of reactive oxygen species, which
causes the oxidation of biomolecules, which leads to
disruption of energy metabolism, DNA damage, reduced
ability to repair it, changes in gene expression, cell pro-
liferation, apoptosis disorders, as well as changes in the

work of other metals, which leads to osteoporosis, ma-
lignant neoplasms and other diseases.

Prospects for further research.

It is finding methods to remove and neutralize cad-
mium in the environment and current and emerging
mitigation measures that can reduce exposure to cad-
mium entering the body through the respiratory and
digestive systems.
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Brnaue ¢hakmopie HABKOAUWHbB020 cepedosuw,a Ha 300p08’a HaceneHHs € bioano2iYHo, MeOUYHOH i COUianbHOH
npobnemoro, AKa NocmitiHo 3Haxo0umbCA 8 Mos1i 30py HayKoauie eacbo2o cgimy. 0240 nimepamypu npucea4yeHul
BUAB/ECHHIO OCHOBHUX MeXaHi3mie moKcu4Hoi Oii kadmito (Cd) Ha »cuei opeaHizmu. Heszeaxarouu Ha HasABHICMb
QHMUOKCUOAHMHOR20 3axucmy 8 op2aHiami (chepmeHmis, binkie, 8iMamiHie), MOKCUKAGHMU, y MOMY YUCAI, BAMKI
memasu, maki ak kaomili (Cd), iHOykyrome 2ineprnpodyKuito akmugHux gopm KucHio (A®K), wo npuzsodums 00
3600 8 AHMUOKCUOAHMHIl cucmemi ma cynpo8oOXyeEMbCA PO38UMKOM OKucHoz2o cmpecy (OC). Cd eeHepye OC
Yyepe3 MOWKOOMEHHA eNeKMPOHHO-MPAHCIOPMHUX /AAHYK2I8 Y MIMOXOHOPIAX, Mi08UWYE AKMUBHICMb OKcudie
a30my ma KOHYeHmMpauito oKUCHO-8i0HOBHUX Memasie, 3a805KU AKUM 36inbwyemsca npodykuyis A®K, wo nocuntoe
YMBOPEHHSA paduKasnbHUX 2i0pokcunie. AOK BUKAUKAOMb OKUCHE MOUKOOMEHHSA 8aMX(UBUX MAKPOMOEKY, bisnkKis,
JIHK, ninidie ma ¢pocghoninioHux kaimuHHUX membpaH. Cd-iHOykosaHuli OC nopyulye OKucHe hochopusno8aHHS, W0
3MEHWYE eHepaemu4HUll NoOMeHYian KAimuH, a YyWKOOKEHHA GHMUOKCUOAHMHOI cucmemu 3MiHIOE (hepMeHMHY
monozpaghito, W0 nexcums 8 ocHo8I i kKamanimuyHoi ¢hyHKYii. OC 6ye onucaHuli AK 00HA 3 MPUYUH namosoeid,
BUKAUKAHUX KAOMIEM, MAKUX AK HEDPOMOKCUYHICMb, 2eMAMOMOKCUYHICMb ma pak. OOHUM 3 eKoo2iuHUX Oxcepen
He2amueHo20 8r1/1uU8y KAOMIK HO HACENEHHA € 8HUBAHHA MIOMIOHY, WO B8M/AUBAE HO CMAH OP2aHI8, KiCMKOo8oi
MKAHUHU Ma CrPUAE BUHUKHEHHIO amoso2iyHuUX 3mMiH. B 02aa0i nimepamypu noka3aHo, uyo OCHOBHUM MexaHi3MOM
MOKCcU4YHOCMi Kaomito € 2inepnpodykyisa AOK 3 KACKAOHUM 8M/AUBOM HA 8aXAU8I AaHYt02U bioximiyHux peakuili ma

2eHeMmMUYHUX MPoyecie, W0 3MiHKOE CMPYKmMypy ma yHKUii binKie i Cipuse 8UHUKHEHHIO Pi3HUX 30X80PHBAHb.

Knrovoei cnoea: Kaomill, akmusHi hopmu KUCHIO, OKUCHUL cmpec, mamosozis op2aHis.

3B'A30K ny6niKauii i3 n1aHOBUMM HayKOBO-AoCAiA-
HUMMK poboTamu.

[JaHa poboTa € ¢pparmeHTom HAP Kadeapun meamy-
HoT Bionorii: «Po3BUTOK i MOpdOdYHKLiOHANbHUIA CTaH
OpraHiB i TKAHWH eKCnepMMeHTaIbHUX TBAPWH i tofei B
HOpPMiI, B OHTOreHesi nig, BNAMBOM 30BHILLHIX GaKTOpiB»
(Ne nepskpeectpauii 0111U009598).

Bctyn.

3abpyagHeHHs [0BKiNAA Bigxoaamu BUPobGHMUTBA
6e3nocepeHbO NOB’A3aHO 3i CTAaHOM 340pOB’A Hace-
NeHHA i 0cobMBY POAb LIbOMY BiflirpatoTb TOKCUYHI Me-
Tanun. OaHMM 3 HUX € Cd, OCKiNbKM BiH LLMPOKO 3aCTOCO-
BYETbCA B PI3HUX rasy3ax NPOMMUCAOBOCTI i, CBOroO 4acy,
MOro BBaXKasM MeTasioM MabyTHbOrO y 3B’A3KY 3 pPO3-
BUTKOM MiKpoTexHosorii [1]. [ocnigseHHa oCTaHHiX
POKiB NMOKa3anu, Wo Lei meTan Ma€e BUCOKY TOKCUYHICTb
O1A KUBUX ICTOT 1 € OAHWMM 3 HAWMOLIMPEHILLMX Y Ha-
BKOJIMLIHbOMY CepefoBULLI. IHTEpeC A0 HbOrO NOCTINHO
3POCTAE Y 3B'A3KY 3 PONINIO KAAMItO Y BUHUKHEHHI Pi3HUX
xBopob6 ntoauHu [2, 3]. Tpuanui nepiog Hanispo3naay,
Wwo craHoBuTb 15-20 pokiB, i NoOBibHE BMBEAEHHA 3
opraHiamy, pobnate Cd KyMynsiTUBHUM TOKCUHOM,
TOMy nonepegHiv Moro BNAWB NPU3BOANUTL A0 3ryBHMX
HaCcNigKiB NPOTArOM HaCTYMHOrO KUTTA ntogel [4, 5].

MeTta gocnigkeHHs.

AHani3 cydyacHux 3apybiXHUX AocnigxKeHb No BUAB-
JIEHHIO OCHOBHOIO MeXaHi3My peanisaLii TOKCMYHOCTI
Kagmito.

Pe3ynbTatv gocnig)KeHHA Ta ix 06roBopeHHs.

foNoBHUMUK AyKepenammn HaLXOAKEHHA Kaamito A0
OpraHiamy NOANHU € BOAQ, NMPOAYKTM XapyyBaHHA Ta
3abpyaHeHe nogiTpA. MpoTe Wwe oAHMM EeKOMOFYHUM
O)Kepesom BMNAMBY KagMilo HA HaceNleHHA € BXMBaHHA
TIoTIOHY [6]. [lia Kaamito nig vac KypiHHA cUrapeT MoxKe
BiAPI3HATUCA 3aneHo Big, Tuny curapetr. OgHa cura-
peTa micTUTb 1-2 MKr KaZaMmito, i I0AMHA, AKA BUKYPIOE
20 curapeT Ha AeHb, NOMMHAE 1-2 MKr LbOro MeTasny.
Bansbko 10% BAMXaETbCA 3i WBMAKICTIO abcopbuii 40-
50% y nereHsax. Moro BayxaHHA nos’A3aHe 3 XPOHiy-
HUMW 33aXBOPIOBAHHAMM JiereHb, a TAKOXK PO3BUTKOM
paKy nereHb. BuABNeHO 3HA4yHe NiABMULLEHHA KaaMito
Yy cupoBaTyi Ta cedi Kypui. CnocTepiranoca TaKoOX
36i/NblUEHHSA BiACOTKa Ntoaen 3 6onAmMM B KiCTKax y Kyp-
LiB B NOPIBHAHHI 3 Hekypuamu (95% npotu 37,7%).
KypiHHA BMKAMKA€E HAKOMWYEHHA B OPraHiami Kaamito,
OCKIi/IbKM TIOTIOHOBI POC/IMHWU aKYMY/ItOIOTb MOFO Y BUCO-
KMX KOHLEHTpaLiax, ocobanso y nuctax [7]. 3asHaueHo,
LLLO TPMBANNI BNANB KaZMit0 MOXKE MATU OCTEOTOKCUY-
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HUI edeKT, Lo NPU3BOAUTL A0 BTPATU KiCTKOBOT TKaHK-
HU, a BAMXaHHSA NapiB MOXKe NPMU3BECTU A0 CMepTi [8].

Cd reHepye okucHuii ctpec (OC) yepes HenpaAMi
MexaHi3MK1, 33 [0MNOMOrol fKMX 36iabllye HaKonu-
YEeHHs aKTUMBHMX ¢Gopm KucHio (ADK), wnaxom no-
LWKOAMKEHHA  €/IeKTPOHHO-TPAHCMNOPTHUX  JTAHLOTIB
Y MITOXOHAPIAX, NiABULLYKOYM aAKTUBHICTb OKCMAIB
asoty (N20, NO) Ta KOHLEHTpaL,ito OKMCHO-BiAHOBHMX
MeTaniB, Hanpuknag, 3anisa Fe2+. Cd 3amiHioe Fe3+ y
CTPYKTYpPi AEAKUX LMTOMNA3MATUYHUX Ta MeMBpaHHMUX
6inkKiB, TakKNX AK GepUTUH Ta anoPepUTUH, BUKIMKAOYM
36iNblIEHHA KOHUEHTpaLii BinbHOro ioHy Fe3+. byay-
YU aKTUBHUM OKMCHO-BiAHOBHUM meTanom, Fe3+ 6epe
y4yacTb y peakuii deHToHa, BUKAMKAOUYM 36inblUeHHA
npoaykuii AOK, o nocmatoe yTBOpeHHA pagnKanbHUX
rigpokcunis. Cd moxke nopywysatn ¢yHKuito HAOOH-
OKCMAasu, Wo npusBoguTb A0 GOpMyBaHHA [o[aT-
koBoro mxepena A®PK. BogHouyac ADPK BUKAMKAIOTb
OKWUCHE MOLUKOAMKEHHA BaX/IMBUX MAKPOMONEKY/, B
nepwy uvepry, 6inkis, AHK, ninigis Ta ¢ocdoniniais
KNITUHHUX MeMbpaH. Kpim Toro, 3HMXKytoUM noTeHuian
MiTOXOHApPianbHMX MembpaH, Cd nopywye npouec
OKWCHOro pochopunioBaHHsA Ta cmHTe3 ATO [9].

[HWKWM  Ba*KNIMBUM MeXaHi3MOM, 33 A0MOMOroH
AKoro Cd reHepye OC, € 3HUKEHHA aHTUOKCUAAHTHOTO 3a-
XWCTY, WO AOCATAETLCA AK MPAMOLO, TaK i HENPAMOLO B3a-
emogieto. KoHueHTpauia raytatioHy (GSH) Ta akTUBHICTb
AHTUOKCMAAHTHUX depmeHTiB GSH-peayKkTasmn 1a GSH-
nepokcmnaasu npu po3sutky OC LeMOHCTPYHOTb 3araib-
HY TeHAeHUilo A0 3HuXeHHA [10], npu ubomy 3MeH-
WeHHA rnyTaTioHy BiAbyBaeTbCA Yepes3 crnopigHeHicTb
Kagmito o Tionosoi rpynu GSH. Moganbwunii gediumt
TNYTaTiOHY BUK/IMKAE 3MiHM OKUCHO-BIAHOBHOMO CTaHy
i, OTXKe, CNpPUAE NPONOHTYBaHHIO Ta nocuneHHo OC. Cd
TAKOX HEraTMBHO BMNJ/IMBAE HA aKTMBHICTb iHLIMX aHTU-
OKCUAAHTHUX GEepPMEHTIB, TaKMUX AIK CyNepoKcUaaMCMY-
Tasa (SOD), kaTanasa (CAT) Ta rnyTaTioHnepokcuaasa
(GPx). YwKoarKeHHsA umnx depmeHTiB Kagmiem obymoBs-
JIEHO TUM, WO BiH MOXe 3MiHIBaTU GepMeHTaTUBHY
Tonorpadito, WO NEeXUTb B OCHOBI iXHbOI KaTaniTU4YHOI
JYHKUIT, 3amiWwaTtv meTanu, WO BXOAATb A0 CKagy
X aKTUBHUX LEHTpiB abo BUCHaXKyBaTW KodaKTopw,
HeobxigHi ans ixHboro pyHKuUioHyBaHHA [11]. Kpim Toro,
Cd onocepefiKOBaHO 3HWM}KYE KOHLLEHTPAL,ito aHTUOKCK-
AaHTHUX depmeHTiB, 3miHtotouK ekcnipecito Nrf2, ronos-
HOrO BUMMKAYa KNITUHHOTO 3aXUCTY CUCTEMM, aKTMBALLiA
AKOrO NPU3BOAUTL A0 36iNblUEHHA CUHTE3Y 3aXUCHUX
depmeHTiB KiTnHM [12, 13, 14].

Baxknmea ponb APK y 340poBOMY OpraHiami odve-
BMAHA — BOHW KOHTPO/IIOKOTb LYy HWU3KY MNPOLECIB,
TAKWX AK 3anasneHHs, nponidepavia Ta 3arnbenb (anon-
TO3) KNiTUH. ADK € KMCHEBMICHMMM NPOAYKTaMU i yT-
BOPIOIOTLCA B XOAi KAITMHHOTO OKMCHOro meTaboniamy
MITOXOHAPIN, BKAOYAOTb, B TOMY YMCAi, CynepoKcua-
HUI aHioH (02-), rigpoKkcunbHuii paankan (OH-), nepe-
Kuc BogHo (H202) i okuc asoty (NO). Hessakatouu
Ha HasABHICTb aHTUOKCUAAHTHOrO 3axucty (pepmeHTis,
6inKiB Ta BiTamiHiB), rinepnpoaykuis A®K, BUKAUKa-
Ha KagMiem, NpU3BoAUTb A0 36010 B aHTUMOKCUMAAHTHIN
cuctemi. 36epexkeHHa OC cynpoBOAKYETbCS OKUC/tO-
Ba/IbHUM YLUKOAXKEHHAM, Mif, AKUM PO3YMilOTb YLIKOA-
YKEHHSA XIMIYHUX CTPYKTYP (OKMCAtoBanbHI moamdiKauii)
HYK/IeTHOBMX KMCNOT, 6inkis, ninigis Ta Byrnesogis [15,
16]. KntoyoBy posib B LMX NpoLEcax rpatoTb BUKAUKaHI
KagMiem nopyleHHA yHKUii MiTOXoHAPIN, AKi € nep-

WWMM  BHYTPILWHBOKAITUHHUMM  MiweHAMU. Moneky-
NAPHI MexaHi3Mu, WO SeXKaTb B OCHOBI NOPYyLIEHb MiTO-
XOHAPIW, NPU3BOAATL 40 3aTPUMKM POCTY Ta PO3BUTKY
opraHiamy, aHomanbHUX ¢isionorivHmx Ta BioximiuHMX
3MiH, HagMipHOI eKcnpecii reHis, 3miHeHOI NoBeAiHKM
Ta [0 cepii TOKCMYHUX ePEeKTIB, BKAKOUAOUMN SHUKEHUN
meTaboniam. NMopsag, i3 reHepaLieto NigBULLEHOT KinbKOC-
Ti A®K, Cd 3MiHIOE MPOHUKHICTE MeMbBPaH MITOXOHAPIN,
CTPYKTYPY Ta OYHKLiI0 aHTMOKCUAAHTHUX GEepMeHTiB,
NPUrHIYYOYM IXHIO aKTUBHICTb. lOpyWweHHA Kagmiem
KOMYHiKaLiMHOT MepesKi MiTOXOHAPIV € KNHOYOBOO Nog,i-
€10 NpuY 6araTbOx 3aXBOPIOBAHHAX JIOAMHW, BKNHOYAOUN
CTapiHHA, paK, iIMyHHY BiAMNOBiAb, NOPYLEHHA anonTo3y
Ta meTaboniyHi 3axBoptoBaHHsA [17]. MowKoaKeEHHA Mi-
TOXOHAPIN i NnigBuLeHHA piBHA ADK, cynpoBoaKyeTbCA
3HUKEHHAM BUPO6aeHHA ATD, Lo nopyLUye eHepreTny-
HUI 6anaHc y KnituHax [15, 18, 19, 20]. 3 BMcoKoto cno-
pigHeHicTio normnHeHni Cd 3B’A3yeTbeA 3 6ikamu me-
TaNOTIOHEIHY, ane KNITUHHY TOKCUYHICTb BUKIMKAE Came
TOW, WO He noB’A3aHuii 3 HUM [21]. BinbHuit Cd moxke
BMNAMBATM HA Pi3Hi KNITUHHI OpraHenn Ta BUKAMKATK Mi-
TOXOHApianbHy AncdYHKLUitO, 3arnbenb KAITMH, anonTo3
Ta Hekpos [22].

LocnigKyBanu piBHI Kagmito y TKAHMHAX NOMepanX
Nofen, AKi 32 KUTTA NPOTArOM AEeCATU POKIB 3a3HaBanm
1oro BnamBy. HalHUXKYe HaKonNuYeHHsA 6yno y roNoBHO-
My Mo3Ky (0,02 MKr/r). BUCOKiI KOHLEeHTpaLii BUAB/EHI
B HUpKax (16,0 mkr/r) Ta nediHui (1,5 MKr/r), ocKinbKu
el meTan, B OCHOBHOMY, PO3MOAINAETHCA CaMe B LMX
opraHax [23]. MeyiHKa Ta HUPKU HAA3BUYANHO YYTAU-
Bi 10 MOro TOKCUYHOI gji. Lle moxke 6yTn nos’sizaHo 3i
3[aTHICTIO LMX TKAaHUH CUHTE3yBaTM METAsIOTIOHEIHN,
AKki € Cd-iHaykoBaHUMM Binkamu, WO 3aXULLAIOTb KAi-
TUHY, MiLHO 3B’A3YIOUYM TOKCUYHI ioHM Kagmito. OgHak
CUABbHO NiABULLEHI pPiBHI Kaamito nNpu3BOgATb A0
36iNbLUEHHA BiNIbHOTO CTaHy MeTany, Wo obymoB/toe
11oro TokcuyHicTb [24]. Cd, nos’a3aHnii 3 meTanoTioHe-
THamK, Nerko 3aCBOMETbCA HUPKaMM, NpoTe Lel KoM-
NAEeKC MOXKe BYyTU AyXKe TOKCMYHMM SR HUPOK. 3any-
YeHHA [10 XPOHiYHOI HePPOTOKCUYHOCTI BiAOYBAETLCA B
TUX BUNaAKax, Konu Cd cTae 34aTHUM iMiTyBaTU QYHK-
Liit0 Ta MOBeAiHKY iHWKWX MeTanis (KanbLii, 3a1i30, Mifb,
LUMHK, MoNibaeH Towwo). Hanpuknag, nogibHo [0 UUHKY,
Cd 3B’A3y€eTbCsa 3 abbyMiHOM Y Na3Mi KpOBi, WO nopy-
LLYE rOMeOoCTas Ka/blito, LMHKY Ta 3ani3a [25, 26].

OcTeonopos Ta nepenom KiCTOK yacto
CMOCTEepPIraloTbCA AK Pe3ynbTaT TOKCUYHOCTI Kaamito. Y
NOpPiBHANbHOMY AOCNIAXKEHHI }KUTENiB palloHy, 3abpya-
HEHMM KaZMIiEM, 3 KOHTPOJIbHUM, NOKA3aHO 3B’A30K MiXK
OCTEOMOPO30M Ta BUCOKMM PiBHEM MOr0 MOFIMHAHHA.
Y YONOBIKIB Ta }KiHOK CNOCTEPIrasMcA CXOXi TeHAeHL,i,
ane y KiHOYOro HaceneHHs 3MiHW 6yan binbw 3HAY-
HUMM [27]. OCTeOTOKCMYHI edeKTn NoB’A3aHi TaKoX i3
3HUXKEHHAM PiBHA CMPOBATKOBOrO MapaTtropMoOHy Mpu
BMCOKOMY HaBAHTA)XEHHi OpraHiamy KagMmiem, LWo, y
CBOIO Yepry, BUKIMKAE BUBINIbHEHHA Ka/bLiito 3 KiCTKOBOI
TKaHWHU, TOOTO BUABNEHWNI 3B’A30K MiXK OCTEONOPO30OM
Ta KiNbKIiCTIO Kagmito B opraHiami [28]. KoHueHTpauina
LbOro MeTany y cedvi BUMKOPWUCTOBYETbCA [A/1A OLHKM
TOKCMYHOTO BMAMBY. [lOBIAOMANAETBCA TaKOXK MNpo
B33aEMO3B’A30K MiXK NOLIMPEHICTIO HUPKOBOI ANCHYHKLT
Ta gediumTom dYHKLIT nereHb 3 piBHAMM KagMmito y ceui.
ICHYe 3ane)HicTb Ao03a-peakuis, npu ubomy 6eTa-2-
MIKPOr06YiH y cevi po3rnafaeTbca AK KOPUCHUIN map-
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Kep KaHa/bLeBOl npoTeiHypii, 0cob6/MBO Npu OLHL
HedpPOTOKCUYHOCTI, iHAYyKoBaHOI Kagmiem [29].

Cd 3aBaae OCHOBHUM BiomeTanam, TaKUM fIK LUHK,
MarHil, ceneH, Kanbliii Ta 3a1i30, 3MiHIOO4YM iX romeoc-
Tas, a TaKOX NopyLytoum ix bionorivyHi GyHKLii. Bcmok-
TYBaHHA LbOro MeTasy Y LUNYHKOBO-KULIKOBOMY TPAKTI
BM3HAYAETbCA BMICTOM B pPaLiOHi LMX eCeHLuiabHUX
€/IeMeHTIB, a TaKOX BiTaMiHiB, monipeHoniB, aHTUOK-
CUAAHTIB Ta iHWWX aKTUBHUX BIOMONEKYN, WO CTaHOB-
NATb OCHOBHUIM aHTUOKCUAAHTHWUI b6ap’ep. MigsulieHe
CNOXMBaAHHA AesAkux bioenemeHTiB MoXe 3anobirtm
abcopbuii Ta TOKCMYHOI Aji KagMmito; B TOM e Yac aeodi-
LUMT OefAKUX 3 LMX BioN0riyHO aKTUBHUX PEYOBUH MOXKe
36i/bLUYBaTU LTYHKOBO-KULLKOBY abcopbLito Ta Hako-
NUYeHHs 1oro B opraHismi [30].

PHK 6inbw BpasnuBi [0 OKWCHOrO MOLIKOAMKEH-
HA, HiXX OHK Ta 6inkn [31]. MaTtpuuHi PHK npu OC He
CNPOMOXKHi MPaBUAbHO TPAHC/IOBATUCA, WO 3YMOB/IHOE
NopyLeHHA CMHTEe3Y BiNKiB Ta MOro HacTyNHUX QYHKLUIA
[32]. OkucHa moamdikauis pubocomHux PHK npucytHa
npu xBopobi Anbureimepa [33].

BnanB Ha pakoBi KNITMHWM Kaamito Ta MOro Cnonyk
NnoB’A3aHWUI i3 PO3BUTKOM BiNbLL 310AKICHUX heHOoTUNIB,
TUM CaMUM CMPUAIOYM NMPUCKOPEHHIO MYX/IMHHOI MPO-
rpecii [34, 35], i Tomy BiH 6yB KnacudikoBaHnin MixKHa-
POAHMUM areHTCTBOM 3 BMBYEHHA PaKy AK KaHUeporeH
ons nguHn y tpyni 1 [36]. Tak, OCHOBHI KaHLeporeH-
Hi MeXaHi3MM, iHAYKOBaHI KaaMIEM, BKAKOYAIOTb iHiLLi-
auito 3amanbHUX npouecis, rinepnpoaykuito A®K, OC,
nopyLweHHA anonTo3y, nowkoaxeHHA OHK, 3HuxeHHA

3p4aTHOCTI Ao BiaHoBneHHA OHK, 3miHy ekcnpecii reHis,
nposidepauii KNiTMH Ta abepaHTHe meTuatoBaHHA OHK.
OC, iHAYKOBaHMN KagMieEM, CNPUAE PO3BUTKY MyXJAUHU
3a [OMOMOro0 MyTareHe3sy Ta BRAAMBY Ha KAITUHHWUN
uMkn. PyHKUioHanbHa cucTema penapauii AHK ycysae
NMOMMU/KM, CMPUYMHEHI 3MiHeHUM meTabonisamom Ta
KaHLLeporeHamMn HaBKOIMLLHBOTO CepefoBMLLa; MpoTe
HeaZeKBaTHI MexaHi3aMK penapauii 4OoNyCKaloTb Ha-
KOMu4yeHHA nowkogeHoi AHK, wo cnpuae po3sBuTKy
paky. Cd mose iHribysaTu penapauito AHK, BKkatovato-
4YM BUPI3aHHA HYKNEOTUAIB Ta a30TUCTUX OCHOB. BTpaTa
mexaHismy penapauii AHK npnssogntb 40 HaKONUYeEH-
HA KNITWH i3 nowkKoaxeHot AHK, wo nicna KNiTMHHOTo
noAiNy BUKAMKAE OHKOreHHi myTauii [37].

BucHoBKM.

OCHOBHMM MEXaHI3MOM TOKCMYHOCTI KaaMmito € Ti-
NepnpoAyKLia akTUBHUX GOPM KUCHIO, AKA BUKJIMKAE
OKWUCHEHHA 6iomonekyn, Wo NpmM3BoaAUTb 40 MOPYLUEH-
HA eHepreTMyHoro obmiHy, nowkogkeHHa AHK, 3Hu-
YKEHHA 34aTHOCTI 40 ii BigHOBNEHHA, 3MiHM eKcnpecii
reHis, nponidepauii KniTMH, nNopylweHb anonTosy, a
TaKOX [0 3MiH PO6OTH iHLIMX MeTaniB, Wo NPU3BoAUTb
[0 OCTeonoposy, 3/10AKICHUX HOBOYTBOPEHb Ta iHLUIMX
3aXBOPOBAHb.

MepcnekTMBM NOAANBLUNX [OCNIAMKEHD.

MowyK meToAiB BUAANEHHA i 3HELWKOAKEHHA Kapg-
Mit0 B HaBKOIMLLUHbOMY CEPELOBMULLI, @ TAKOXK MOTOYHUX
Ta HOBMX 3aXOAiB LWOAO NOM’ AKLIEHHS HacnigKis, AKi
MOYTb 3HU3UTU BMNJIMB KagMito, LLLO MOTPanse B opra-
Hi3M 4Yepes AMXanbHy Ta TPAaBHY CUCTEMMU.
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rMNEPNPOOYKLIA AKTUBHUX ®OPM KUCHIO IK OCHOBHUIN MEXAHI3M PEAJI3ALLIT TOKCUYHOCTI KAL-
MIKO (ornag iHo3eMHOI niTepatypm)

OctposcbKa C. C., bypera I. 0., MucbmeHeubKa I. 10., KoHoBanosa O. C., KoBTyHeHKo P. B., Yo6itok /1. O.

Pestome. B ornagi npoaHanisoBaHO CyyacCHi HAayKOBi AOCNIAMEHHA WOAO BNIMBY BAaXKKOro MeTasly KaaMmito Ha
PO3BUTOK MATOJIOFIYHUX 3MiH B OpraHi3mi.

Mema docnioreHHA. HaykoBuMiA aHani3 cyyacHoi 3apybixKHOI niTepaTypu ANa BUABAEHHA OCHOBHOIO MeXaHi3my
TOKCMYHOCTI Kagmito.

Pesynomamu 0ocniowceHHA. OCHOBHUMW AXKepenamu HaAXOAMKEHHS KaaMmitlo [0 opraHismy AOAWHW € BOAQ,
NPOAYKTU XapyyBaHHA Ta 3abpyaHeHe nosiTpA. O4HUM 3 UMX AxKepen € TIOTIOHOMANiHHA.. BOHO BUKAMKAE HaKo-
NMUYEHHA B OpPraHiaMi 3HaYHUX PiBHIB KagMito, OCKIZIbKM POC/IMHU THOTIOHY aKyMY/HOHTb BUCOKI MOro KOHLEeHTpau,i,
0coba1BO y AncTax. NacuBHe i aKTUBHE Oro BAMXAHHA NOB’A3aHe 3 Pi3HMMM XBOPOHaMM, B TOMY YUMC/Ti 3 paKom ne-
reHb. TPUBANNM BMNIMB KaZMit0o MOXKE MAaTN OCTEOTOKCUYHWIN ePEKT, L0 NPU3BOAUTb A0 BTPATU KiCTKOBOT TKAHMHM, a
BAMXaHHA Y BUCOKMX KOHLLEHTPALLiAX MOXKe npu3BecTu Ao cmepTi. Cd reHepye OKMCHWUI CTpec, Yepes Npami i Henpami
MexaHi3MK, 32 AOMOMOrOH0 AIKMX 36iNbLUYETHCA NPOAYKLIA aKTUBHUX GOPM KUCHIO, B pe3ynbTaTi Yoro BiadyBaeTbeA
NOLUKOAXKEHHA €NEeKTPOHHO-TPAHCNOPTHUX NAHLLIOTIB B MITOXOHAPIAX, NiABULLEHHA aKTUBHOCTI OKCUAIB a30TY i KOH-
LeHTpaL,ii OKUCHO-BIAHOBHMX MeTanis. OKUCHUIA cTpec MoxKe nopywysaTh GyHKuito HAOPH-okecnaasm, wo npmsso-
ONTb [0 Lle OAHOTO AXKepena akTUBHUX GOPM KMCHIO. PaKTUYHO iX HAZIMLWIOK € HioMapKepoM OKMCHOTO CTpecy, Npu
AKOMY OKMCHE YLUKOAMKEHHA PO3rNALAETLCA AK 06’ €AHYIOUMIA MeXaHi3M, LLO IeXKUTb B OCHOBI HaraTbox 3axBopto-
BaHb. BiH CynpoBOAMKYETLCA MPOLLECOM, Mif AKMUM PO3YMIOTb YLIKOAMKEHHA XiMIYHMX CTPYKTYP (OKMCAtOBaNbHI MO-
andikauii) HyRneiHoBUX KUCAOT, BinKiB, ninigis, Byrnesoais, dpocdoninigis KNITMHHUX MembpaH. BogHouac, 3HUXKY-
I0YM noTeHLian miToxoHapianbHUX membpaH, Cd nopyLye okucHe pochopuatoBaHHA Ta cUHTE3 ATD, LLLO 3MEHLUYE
eHepreTMYHUM NoTeHLian KNITUH. [HWKMM BaXKIMBUM MeXaHi3MOM, 33 onomoroto Akoro Cd reHepye OKUCHUI cTpec,
€ 3HWMKEHHA aHTUOKCUMAAHTHOrO 3axmcTy. MolWKoaKeHHs depmeHTiB 0bymoBieHo TUM, Wo Cd moxke 3miHIOBATH
bepmeHTaTMBHY TOMOrpadito, WO NEXUTb B OCHOBI iXHbOT KaTaniTMYHOI GyHKLi, 3amilLaT meTanu, Wo BXOAATb A0
CKNagy iX akKTUBHUX LLeHTPiB abo BUCHaXKyBaTW KodaKTopu, HeobxiaHi ana dyHKuUioHyBaHHA. Cd 3 BUCOKOO cnopif-
HEHiCTI0 3B’A3YETHCA 3 METANOTIOHETHAMM, MOM’SIKLIYHOUM CBili BNUB, A€ KAITUHHY TOKCUYHICTb BUK/IMKAE Came TOM,
Lo He NoB’A3aHui 3 HUMK. Komnaeke Cd — meTanoTioHeiH moxe ByTu 3a/1ly4eHNM A0 XPOHIYHOT HeDPOTOKCUUYHOCTI B
TOMY BUMAAKY, KOJIM BiH iMITye GYHKL,it0 Ta NOBEAiHKY iHWMX MeTaniB (Kanblii, 3a/1i30, Mifb, LUHK, MOIOAEH TOLLO).
OcTeonopos Ta Nepesiom KiCTOK 4acTo CNOCTepiratoTbCA AK pe3ynbTaT MOro TOKCUYHOCTI. Bnane Kagmito Ta ioro crno-
JIYK Ha PaKoBi KAITUHM NOB’A3aHWI 3 PO3BUTKOM BinbLL 310AKICHUX GEHOTMNIB, TUM CAMUM CIPUAIOYN MPUCKOPEHHIO
NyXJIMHHOT nporpecii, i Tomy BiH byB KnacudikoBaHnin MixKHapOAHMM areHTCTBOM BMBYEHHS PaKy fK KaHLEeporeH
ana noanHu B rpyni 1.

BucHo80K. OCHOBHUM YLUKOZKYOUYMM MEXaHI3MOM Npu Aii KaAMito € rinepnpoayKLis akTUBHUX GOPM KUCHIO,
LLLO BN/IMBAE HA AY*Ke BAXK/AMBI NAHLOMM BIOXIMIYHMX peaKLii Ta reHeTUYHMX NPOLLECiB, Pe3ybTaTOM YOro € NosABa
aHOMa bHUX BiNKiB 3 BUHUMKHEHHAM NaTONOMYHNX NPOLLECIB B OpraHiami, B TOMy YMCAi i NOABOO 3/10AKICHUX HOBO-
YTBOPEHb.

Knto4oBi cnoBa: KagMmiii, akTUBHI GOPMM KMCHIO, OKMCHUI CTPEC, NaTO/IONIYHI 3MiHM B OpraHax.

HYPERPRODUCTION OF ACTIVE OXYGEN FORMS AS THE MAIN MECHANISM OF CADMIUM TOXICITY
(review of foreign literature)
Ostrovska S. S., Burega I. Yu., Pismenetska I. Yu., Konovalova O. S., Kovtunenko R. V., Chobitok L. O.
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Abstract. This review analyzes modern scientific research on the influence of the heavy metal cadmium on the
development of pathological changes in the body.

The aim of the study. Scientific analysis of modern foreign literature to identify the main mechanism of cadmium
toxicity.

Research results. The main sources of cadmium intake in the human body are water, food, and polluted air. One
of these sources is tobacco smoking. It causes the accumulation of significant levels of cadmium in the body, as
tobacco plants accumulate high concentrations, especially in the leaves. Passive and active inhalation is associated
with various diseases, including lung cancer. Prolonged exposure to cadmium can have an osteotoxic effect, leading
to bone loss, and inhalation in high concentrations can lead to death. Cadmium generates oxidative stress through
direct and indirect mechanisms that increase the production of reactive oxygen species, resulting in damage to
electron transport chains in mitochondria, increased activity of nitrogen oxides and concentrations of redox metals.
Oxidative stress can disrupt the function of NADPH oxidase, which leads to another source of reactive oxygen
species. In fact, their excess is a biomarker of oxidative stress, in which oxidative damage is considered a unifying
mechanism underlying many diseases. It is accompanied by a process that is understood as damage to the chemical
structures (oxidative modifications) of nucleic acids, proteins, lipids, carbohydrates, and phospholipids of cell
membranes. At the same time, by reducing the potential of mitochondrial membranes, cadmium disrupts oxidative
phosphorylation and ATP synthesis, which reduces the energy potential of cells. Another important mechanism by
which cadmium generates oxidative stress is the reduction of antioxidant protection. Damage to enzymes is caused
by the fact that cadmium can change the enzymatic topography underlying their catalytic function, replace metals
that are part of their active sites, or deplete cofactors necessary for functioning. Cadmium binds with high affinity
to metallothioneins, mitigating its effects, but it is the unbound cadmium that causes cellular toxicity. The cadmium-
metallothionein complex may be involved in chronic nephrotoxicity when it mimics the function and behavior of
other metals (calcium, iron, copper, zinc, molybdenum, etc.). Osteoporosis and bone fractures are often observed as
a result of its toxicity. The effect of cadmium and its compounds on cancer cells is associated with the development
of more malignant phenotypes, thereby accelerating tumor progression, and therefore it has been classified by the
International Agency for Research on Cancer as a Group 1 human carcinogen.

Conclusion. The main damaging mechanism under the influence of cadmium is the hyperproduction of reactive
oxygen species, which affects very important chains of biochemical reactions and genetic processes, resulting in
the appearance of abnormal proteins with the occurrence of pathological processes in the body, including the
appearance of malignant tumors.

Key words: cadmium, reactive oxygen species, oxidative stress, pathological changes in organs.
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