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36IAHEHWUMA YPAH Y CYYACHIN 3BPOI:

MEXAHI3MU TOKCUYHOI Ali, NOTEHLINHUA PU3UK
019 34OPOB’ 41 BINCLKOBOCJY)XBOBL|IB | HACEJIEHHS
B YMOBAX BIVUHU TA CTPATETIS JIIKYBAHHS YPAXKEHb

PE3IOME. B ocmanni decamunimmsi 00 cy4acHoi 30poi o niosuujenns ii npoousnoi cumu dooacmucs 30ionenuil ypau (3Y), sxuil
MaA€ HU3LKY PadioaKmMueHichb, npome GUCOKY Ximiomokcuunicmy. Huni nio yac necnpoeoxosanoi nognomacumabnoi azpecii Pocii
npomu Yxpainu, esponelicoki ueHi 36epmarnmscs 00 pOMAICLKOCHE MA HAYKOBOT CRINbHOMMU, 8KA3YI0YU HA NOMEHYiliHY Hebe3neKy
30poi 3 euxopucmannam 3Y, nocunaiouucs npu ybomy Ha Hacrioxu eitinu 6 Ipaxy, Kocoso, bocnii ma I'epyecosuni, a maxodic na
inghopmayito npo timosipre gukopucmanua maxoi 30poi 3 60xy ax Pocii, max i nawux napmuepis. Asmopu niokpecuoons, uo ypsao
Ykpainu, neypaoosi epomadcvki opeanizayii ma e4eni nOBUHHI AKOMO2A paniuie dydice ceplo3Ho NOCMABUMUC 00 3a2po3iu HACTIOKIG
sukopucmanus 30poi 3i 3V. Lle donomodice spamyeamu Hcumms ma 300p0o8 s YKpAiHyis, a maxkodt GUKIUKAMU iHmepec 00 y3a2aib-
HeHHs TimepamypHux 0anux npo 3acmocysanns 3Y é cyuachiil 30poi ma tioeo nomeHyitini puzuxu 0 300p08 ' GiliCbKOBUX | HACeneH-
HS 3a0pyOHeHUX mepumopii.

Mema. Y3acanornumu nimepamypui 0awni npo 3acmocysants 3Y 6 cyyacHiil 30poi, MONMCIUGT UATAXU HAOXOONCEHHS 1020 8 OP2AHIZM,
MeXaHizMy moKCUyHoi Oii, nomeHyitiHull pusux 07 300p08 sl GiliCbKOBUX T HACELEHHS Ma CIMPAMe2iio TiKY8AHHS YPANCEHUX.
Mamepianu ma memoou. Ilpoananizoeano ioxpumi O0xcepena nyoniunoi inghopmayii ma Oawni Haykooi aimepamypu 3a memoro
oocridocenns. IIposedeno anarimuunuil 02180 Cy4achux nyonixayii Haykosux on-iaun oioniomex PubMed, MedLine, Elsevier npo
3acmocyeanns 3Y 6 cyvacnitl 30poi, Mexanizmu 1020 MOKCUYHOT Oii, KNIHIUHI NPOABU YpadiceHb ma cmpamezii TiKy8anHs mooel, aKi
3a3HANU 6NIUEY 11020 AepPO30is.

Pesynomamu. B ocmanni poku npudiniaemvcs 3HAYHA Y8aza GUBHEHHIO YUIKOONCEHb 300p08 '8 8 OOL0BUX YMOBAX, CHPUYUHEHUX 80U~
Xauuam aeposonis 3i 3Y. Jlocniooicenns amepukancokux e4enux nokazan, wo 120-minimemposuii cnapsao, axui micmums 3Y 6azoro
npubausHo 4 Ke i 3anywjenutl nooau3y 6i0 8eHMUTLOBAHUX OPOHbOBAHUX Mawun, makux K mauku Abrams, Bradley, inwi 6oiiogi
mawuny, cenepye 900-3100 2 aeposonio 3i 3V.

Ha 000ayy 00 pyiinienoi cunu 36utaiinoi 30poi, XiMiuHa MoKCUYHICHb aepo30io, AKUL YMBOPIOEMbCA Npu uKopucmanui 30poi 3i 3V,
Modxce 3a80a8amu WKoOU 300po8 10, nepedycim, uepe3s opean OUXAHHSA, A0d4ce NeKOPOZUUHHI KOMIOHEHMU NO2TUHAIOMbCA | NOmpPan-
JIAIOMb Y KPO8 i 6HYMpIWHI opeanu, mooi K HeposuuHHi Mikpouacmumnku 3Y ocidaiomyv y ieceHsax i 3anuumaiomvpcs mam npomseom
mpusanoeo yacy. Aepozons 3i 3Y 3a6pyonioc 06 'exmu 006KinaA. Bowcusanns 3aopyonenoi 3V ivxnci ma 600u cnpusie po3sumiy XpoHiyHux
ypaoicenv Hacenenns. Excnepumenmansvii ma KiiHiuHi 0OCTIONCEHHS GUABUIU HEQPOMOKCUYHI, 2eNamMOMOKCUYHI, HeUPOMOKCUYHI,
IMYHOMOKCUYHI egheKmu, MOKCUUHICIb O KICHOK Ma PenpooyKMUGHOL CUCIEMI, d MAKONC MYMA2eHHT Ma KaHyepozeHHi edexmu
3V. Misicnapoone azenmemeo 3 0ocriodcenns paxy kiacugixye 3V ax kanyepozen epynu I 3 obmedcenumu Ha yetl 4ac 00Ka3aMU Kam-
yepozeHHocmi Ha 005X T 008e0eH010 0sl eKChepuUMeHmanbHux meapur. Mexanizm moxcuunoi 0ii 3Y exmouae gopmysanus oxucio-
BAILHOO CIPECY, 63A€MO0II0 3 OLIKAMU, MeMAOONIYHT MA IMYHOMOKCUYHI NOPYUWIEHHS, AKIMUBAYIIO 3ANATbHUX NPOYEC8, 2eHeMUYHUX
nopyuiensb, opMyBaHHA MOKCUYHOT MIMOXOHOPIONAmIi ma akmueayito anonmosy.

Bucnoeku. Ananiz cyvacnux aimepamypHux 0anux npo nomeHyiuni pusuxu 01s 300p08 s GiliCbKOBUX Ma HACEIEHHSA, CHPUYUHEHUX
NepesaxdcHo Ximiunoio moxkcuunicmio 3Y 6 ymoeax 6ilinu, Ha 0CHOBI 3apecCcmpoanux MOHIMOPUH20BUX eniOeMiON02TUHUX Mma 1a60pa-
MOPHUX QOCTIOMNCEHb CEIOUUMb, 1o 3V, MOJHCIUB0, € OOHIEIO 3 NPUUUH MAK 36aH020 «cuHopomy [lepcoroi 3amoxuy y 6emepanis GilHu
6 Ipaxy, na bankanax ma 6 nacenenns 3a0pyoHenux 3Y mepumopiii. Po3sumox yb020 cuHOPOMOKOMAIEKCY NOACHIOIMb HACTIOKOM
NPOOKCUOAHMHUX, 3ANATbHUX NPpoyecis, hopmyeants mokcuyroi mimoxonopionamii ma nowikoodicenns mimoxonopianvnoi JTHK y
Pi3HUX 6udax kuimun i opeanis. ¥ nuzyi podim nopao i3 eniueom 3Y 062060pioemucs yuacmo inwux paxkmopie (cmpec, 6udyxosi 2azu
ma in.). Akyenmyemnvcs Ha HeoOXioHocmi Monimopuney 6iocepedosuty Giticokosux Ha emicm 3V 01 c6ocuacHo20 nposedeHHst demoxK-
cuxayii.

Kniouosi cnosa: 30i0nenuil ypau, XiMiomoKkcuuHicmy, MeXaHizmMy MoKcuuHoi Oii, pusux 011 300po8 s, TiKysauHs ma npoQinakmuxa
YpadxceHb
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DEPLETED URANIUM IN MODERN WEAPONS: MECHANISMS OF TOXIC EFFECT, POTENTIAL RISK
TO THE HEALTH OF THE MILITARY PERSONNEL AND THE POPULATION IN WAR CONDITIONS,
AND STRATEGY FOR DAMAGE TREATMENT

ABSTRACT. In recent decades, the incorporation of depleted uranium (DU) into modern armaments has been motivated by its low
radioactivity and high chemotoxicity, properties which are advantageous in increasing penetration power. Currently, during the unpro-
voked full-scale aggression of Russia against Ukraine, European scientists are addressing the public and the scientific community,
pointing out the potential danger of DU containing munitions, referring to the consequences of the war in Iraq, Kosovo, Bosnia and
Herzegovina, as well as information about the probable use of such munitions by both Russia and our partners. The authors emphasize
that the government of Ukraine, non-governmental public organizations and scientists should take the threat of the consequences of
the use of DU munitions very seriously as soon as possible. This will help save the lives and health of Ukrainians, as well as arouse
interest in generalizing the literature on the use of depleted uranium in modern weapons and its potential risks to the health of the mil-
itary personnel and the population of contaminated territories.

Aim. To summarize the literature on the use of DU in modern weapons, possible routes of its entry into the body, mechanisms of toxic
action, potential risk to the health of the military personnel and the population, and treatment strategies for those affected.
Materials and Methods. Open sources of public information and scientific literature data on the topic of the study were analysed. An
analytical review of modern publications of scientific online libraries PubMed, MedLine, Elsevier on the use of DU in modern
weapons, mechanisms of its toxic action, clinical manifestations of damage and treatment strategies for people exposed to its aerosols
was conducted.

Results. In recent years, considerable attention has been paid to the study of health damage in combat conditions caused by inhalation
of aerosols containing depleted uranium. Studies by American scientists have shown that a DU containing 120-mm projectile weighing
approximately 4 kg and launched near ventilated armoured vehicles, such as Abrams, Bradley tanks, and other combat vehicles, gen-
erates 900-3100 g of aerosol containing depleted uranium.

In addition to the destructive power of conventional weapons, the chemical toxicity of the aerosol generated when using DU containing
munitions can harm health, primarily through the respiratory system, because the easily soluble components are absorbed and enter
the blood and internal organs, while the insoluble microparticles of depleted uranium settle in the lungs and remain there for a long
time. The DU containing aerosol contaminates environmental objects. The consumption of DU contaminated food and water con-
tributes to the development of chronic damage in the population. Experimental and clinical studies have revealed nephrotoxic, hepa-
totoxic, neurotoxic, immunotoxic effects, toxicity to the bones and reproductive system, as well as mutagenic and carcinogenic effects
of depleted uranium. The International Agency for Research on Cancer classifies depleted uranium as a Group I carcinogen with lim-
ited evidence of carcinogenicity in humans and proven for experimental animals. The mechanism of toxic action of depleted uranium
includes the formation of oxidative stress, interaction with proteins, metabolic and immunotoxic disorders, activation of inflammatory
processes, genetic disorders, formation of toxic mitochondriopathy, and activation of apoptosis.

Conclusions. Analysis of current literature data on potential health risks for military personnel and the population, caused mainly by
chemical toxicity of depleted uranium in war conditions, based on registered monitoring epidemiological and laboratory studies, indi-
cates that DU may be one of the causes of the so-called Persian Gulf Syndrome in veterans of the war in Iraq, the Balkans and in the
population of territories contaminated with DU. The development of this syndrome complex is explained by the consequence of pro-oxi-
dant, inflammatory processes, the formation of toxic mitochondriopathy and damage to mitochondrial DNA in various types of cells and
organs. In a number of works, along with the influence of depleted uranium, the impact of other factors (stress, explosive gases, etc.) is
discussed. Emphasis is placed on the need to monitor the military s bio environment for the DU content for timely detoxification.
Keywords: depleted uranium, chemotoxicity, mechanisms of toxic action, health risk, treatment and prevention of damage.

Beryn. 3abpyHeHHST HABKOJHMIITHBOTO Cepe-
nosutia ypanoMm (U) € omHI€r0 3 BOKIIMBHX MPO-
61eM oxopoHu 310poB’si. OCHOBHE HOTO JKepe-
JI0 — TPUPOJHE a00 aHTPOIIOTEHHE, 30KpeMa B
npotieci BUA0OYTKY KOPHCHHUX KOMAajIuH, BUKO-
pHUCTaHHI MiA3EMHUX BOJ, BUPOOHHUIITBI (oc-
¢dopHuX 100pUB, SIEPHUX YCTAHOBOK, Ta BiM-
CBKOBOI misuibHOCTI. HalO1IpI HOTEHIITHUMEI
3 HHX € MPOIECH BUI00YTKY KOPHUCHUX KOTIAJTH
(41,1 %), migzemni Boam (39,7 %), nobpuBa
(7,6 %), snepHi 00’ exTH Ta BICHKOBI i [1, 2, 3].
U wmictute Tpu izotomu: UZ?* (0,0055 %),
U3 (0,7200 %) i U (99,2745 %) 3 myxe
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Introduction. Uranium environmental pol-
lution is a significant health concern. The pri-
mary sources of this phenomenon are natural
or anthropogenic, particularly in the context of
mineral extraction, groundwater utilisation,
phosphate fertiliser production, nuclear facili-
ties, and military activities. The following
processes are considered to have the greatest
potential: mineral extraction processes
(41.1 %), groundwater (39.7 %), fertilisers
(7.6 %), nuclear facilities and military opera-
tions [1, 2, 3]. Uranium (U) contains three iso-
topes: 23U (0.0055 %), 2*U (0.7200 %) and
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JIOBT'MM TIEPiOIOM HamiBpO3Mady: 2,455x10°,
7,038x10% 1 4,468x10° pokis Bigmosigno. Lle
O3Ha4ae, M0 MOT0 PaaiOaKTUBHICTh HAA3BU-
YaifHO HU3bKa B MPUPOJHOMY CEPEHOBHUIIL. Y
3B’A3KYy 3 LUM BBA)KA€ThCS, L0 OCHOBHUU
PHU3HUK JUTSI 3I0POB’ ST OOYMOBITIOE XiMiOTOKCHY-
HicTh U K BaXXKOTO MeTaiy, 3aJie)KHO Bif
XIMIYHOTO BHIY, CTyNeHs 30aradeHHsS Ta
HUIAXYy HaJIXOMKEHHS 10 opraHizmy. Brmus
npupoanoro U Ha 310poB’sl HaceleHHs Big0y-
BAa€THCS MEPEBAXKHO IUISIXOM CIHOKHWBAHHS
BOJM Ta 1XKi, MiCIIS 4OTO MOTO0 HAKOTIMYCHHS Ta
YTPUMAaHHS B OpraHax 1 TKAaHWHAX, HATIPUKJIIa
y HHpKax, HEYiHIl Ta KICTKaX MOXKE TPUBATH
BiJl MICAIIB 10 pOKlB IO CIPHYHMHSE Here-
pendavdyBaHi MIKiATUBI HACTIIKU IS TIOAUHU
Ta TBapHH. AHami3 CKCTICPUMCHTANBHAX T4
1a00paTOPHUX JOCTIIKEHb IO0Ka3aB, mo B
nepury depry U BUKIHKae Hpo6neMH 31 3710-
pOB’sIM uepe3 ypaxkeHHs HUpoOK (36,22 %),
kictok (19,48 %), nmeuinku (17,58 %), penpo-
z[yKTI/IBHo'l' cuctemi (13,90 %), nerens (7,24 %)
1 HepBoBOi cuctemu (5,58 %) [1].

HGCHpI/IHTJ'II/IBl e(l)eKTI/I Ha 3710POB’s JIOMH-
HU Ta JOBKULIS 3I1HCHIOE HE TUTBKU MPUPO-
HUH, ane i 30iqHeHni ypaH (3Y). 3Y € «Biaxo-
namu» 30aradeHHs npupoxaHoro U, HeoOXin-
HOTO U151 (GyHKLIOHYBaHHS aTOMHUX €JICKTPO-
CTaHLiN Ta BHPOOHMIITBA AAEPHOI 30poi. Ille B
1970 p. IleHTaron moBigOMHB, IO paI[HHCBKl
BifICbKOBI pPO3pOOMIN OpOHIO [Js TaHKIB
Bapmascwkoro gorosopy (T-72 Ta iH.), SIKy HE
MOXYTh mpoOutu Ooempumacu HATO. V
[leHTaroni mouyanu TOUIYKH Marepiainy ajs
BUTOTOBJICHHSI OiBIN IIIIFHUX OpOHEOIHHUX
cHapsamiB Ta 3ynmuHuauch Ha 3Y [1, 3].

Bumict U 1a U?® y 3V Hmxkuuii, HiX y
IPUPOLHOMY, pamoaKTI/IBmCTL Ha 40 %
HIDKYAa 1 TOMY HOTo Ha3HBaIOTh «301THEHUM
ypanom» [1]. BaxnuBow mnepeBarowo 3Y
MOPIBHSHO 31 CBHHIIEM a00 BOJIB(PPAMOM € Te,
110 BiH qy>Ke miinbaui (19,3 r/em?), Homy mpu-
TaMaHHAa 3Ha4HAa MPOOMBHA CHJA, TOMY BiH
BUKOPHUCTOBYETBCS B OCTAaHHI AECATUIITTA
OaraThbMa KpaiHaMH B Pi3HUX BHUIAX 030pO€EH-
HSI, BKJIFOYHO 3 YTaMKOBO-(YTaCHUMHU CHaps-
JamMu Ta 60MOaMu, MPOTUTAHKOBUMHU OO€ETPH-
nacamMu, OpOHEI0 TaHKIB, a TaKOX NEIKUMHU
TUMIaMH pakeT Ta NPOTUBAraMH JITaKiB.
[HImuMM cnoBaMu, cy4acHi mojisi OMTB 3aBaH-
taxkeHi 3Y [1, 4].

daxiBenb 3 OpoHeTaHkoBOi ramy3i M. Ca-
namaxa [7] Bim3Havae, mo 3Y Mae myke BHCO-

PROBLEMATIC TOPICS

VKPATHCBKHU X YPHAJT CYYACHHUX TTPOBJIEM TOKCHUKOJIOTTI /
UKRAINIAN JOURNAL OF MODERN PROBLEMS OF TOXICOLOGY 2/2025

238U (99.2745 %) with very long half-lives:
2.455x10°, 7.038x10% and 4.468x10° years
respectively. This indicates that its radioactiv-
ity is minimal in its natural environment. In
this regard, it is believed that the primary
health risk is attributable to the chemotoxicity
of uranium as a heavy metal, contingent on the
chemical species, the degree of enrichment,
and the route of entry into the body. The
impact of natural uranium on human health is
primarily through the ingestion of water and
food, after which the substance accumulates
and is retained in organs and tissues, such as
the kidneys, liver and bones. This process can
take months to years and can result in harmful
consequences for humans and animals that are
difficult to predict. A comprehensive review of
available experimental and laboratory studies
has revealed that uranium primarily induces
health complications through its detrimental
impact on the kidneys (36.22 %), bones
(19.48 %), liver (17.58 %), reproductive sys-
tem (13.90 %), lungs (7.24 %), and nervous
system (5.58 %) [1].

Adverse effects on human health and the
environment are caused not only by natural,
but also by depleted uranium (DU). DU is a
‘waste’ of the natural uranium enrichment
processes, necessary for the operation of
nuclear power plants and the production of
nuclear weapons. Back in 1970, the Pentagon
reported that the Soviet military had developed
armour for Warsaw Pact tanks (T-72, etc.) that
could not be penetrated by NATO ammunition.
The Pentagon began searching for a material
for the manufacture of denser armour-piercing
shells and settled on DU [1, 3].

The content of 23U and ***U in the DU is
lower than in natural uranium; the radioactivi-
ty is 40% lower and is therefore it is called
depleted uranium [1]. An important advantage
of DU compared to lead or tungsten is that it is
very dense (19.3 g / cm?), it has a significant
penetrating power, so it has been used in
recent decades by many countries in various
types of weapons, including high-explosive
fragmentation shells and bombs, anti-tank
ammunition, tank armour and anti-tank shells,
as well as some types of missiles and aircraft
counterweights. In other words, modern bat-
tlefields are loaded with DU [1, 4].

Armoured vehicles expert M. Salamakha
[7] notes that the DU has a very high hardness
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Ky TBEPHICTh Ta MUTOMY IIUIbHICTh HA PIBHI 3
BoJIb(ppamoM. Y OpoHeOIHHUX MiKaTIOepHUX
CHapsilax BUKOPUCTOBYIOThCS Ocepas 3 KapOi-
1y Bolib(ppamy, 11e gopora pid. Sk ioro 3amin-
HUK BUKOpPUCTOBYETbCS 3Y, 3a OpoHEnpoOuB-
HOIO 3/IaTHICTIO CHaps] MPUOJIM3HO OFHAKO-
BUH 3 BosIb(PpaMoM, aiie 301ITHEHUN ypaH — 11e
BIIXOJM BHUPOOHUIITBA SIIEPHOI E€HEPIETHUKU
[7]. ABTOp 3a3Hayae, 0 HAM iX MEPEAAOTH
KpaiHU-TIapTHEPH — 11 JyKe 100pe. 3a CBOEIO
OpoHEnpPOOUBHOIO 3JATHICTIO 3aX1/IHI CHAPSIN
HabaraTo Kparii 3a poCiiicbKi, OTXke, ePeKTHB-
HUM IHCTPYMEHT MPOTU OPOHETAHKOBOI TEXHi-
KU pocisH. Taki cHapsau, K1 MU OIEPKY€EMO
BiJl mapTHepiB, Ha 10—15 % kparwi, HIX cHaps-
I 3 oceplsMm 3 KapOiny Boibdpamy. Lle He
Jy’K€ BEJMKUN MPOPUB, ajie 3arajioM eHepre-
ThKa 3axigHux rapmar Ha 30 % Ounbmia 3a
paasiHCbKI Ta pociiicbki. Y Pocii Taki cHapsau
BUIYCKaIOTh A0 125-MM m1agKOCTBOIBHOI Tap-
matu 2A46 1 2A46M. BoHu BUKOPUCTOBYIOTh-
csl 3 OpoHEOIMHUM MiIKaIIOEpHUM OCepAsM 31
3V. IX MOXyTh BUKOPHCTOBYBaTH yCi NiHiHKH
taHkiB: T-72b, T-80b, T-90A Ta ixmi moaudi-
kamii. [{i caapsimu B Pocii — 3bM32 1 3BM33,
Ko/ioBa Ha3Ba «Baut», ne ocepas — 3V.

Takox 3Y mpuramanHa BHcCOKa mipodop-
HICTh (3AATHICTH MiJ] Yac yaapy 3analtoBaTHCh
3 MiABMUIEHHSAM Temieparypu no 2000—
3000°), a TakoX 31aTHICTh HE CIUIIOLLYBaTHUCS
IpU MOTPAIJISTHHI B 1[1J1b, @ HATOMICTH CaMO3a-
TOCTPIOBATHCS IiJl Yac MPOXOPKEHHS Kpi3b
oposro [1, 4]. Lle BinOyBaeThCs TOMY, 1110 KOJIH
cHapsi 31 3Y mpOHUKAE B LIUJIb, HOTO 30BHIII-
HIM [Iap 3aropsieThCs, YTBOPIOIOUU pajio-
aKTUBHUU MUJI, KU MO CYTI 3MaIlly€e CHapsi,
JIOTIOMararoud MoMy MNPOHUKHYTH IinuOIIe.
Kpim Toro, marepianu 31 3Y nepeaarorbes mij-
PUEMCTBAM BIMCHKOBOI IMPOMMCIIOBOCTI 3a
JTy’K€ HU3BKOIO IIHOK HaKOMUYyBadaMHu (1HO1
O€3KOIITOBHO), OCKUIBKH 11€ 3BUIBHSE 1X BiJl
BIJIMOBITAJILHOCT1 3a 30epiraHHs Ta yTUJIi3a-
miro. Tomy BuHaxig 3Y cTaB pEeBONIIOIIEIO Y
BilicbKOBIM mpomucioBocti [4]. M. Eslami at
all. [4] BiA3Ha4arOTh, 1110 B OCTAHHI POKHU apTH-
JepiichbKi cHapsaau 31 3Y — HalOUIbII BUKOPH-
cToBYyI0ThCsI, ocobmuBo B CIIA, Pocii Ta
BenukoOpurasnii.

30pos 31 3Y Moxe aTaKkyBaTH pi3Hi BIHCHKO-
Bl 1IUJII B IIMPOKOMY JIiara3oHl MoJiB 000 Ta
IeHEepPYBAaTH BEJIMKY KUIbKICTh HOpPAHEHUX 31
CKJIQJHUMH YIIKO/DKEHHSIMHU, Y TOMY 4YHCII
ypaxkeHux 3Y. Psjg aBTopiB MOBILAOMIISIE TPO
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and specific density on a par with tungsten. In
the context of armour-piercing subcaliber
shells, the utilisation of tungsten carbide cores
is a prevalent practice, though this material
incurs a substantial financial cost. As an alter-
native, depleted uranium (DU) is utilised. The
armour-piercing capability of the shell is
approximately equivalent to that of tungsten;
however, depleted uranium is a by-product of
nuclear energy production [7]. The author
notes that partner countries transfer them to us,
which is very good. In comparison to Russian
armour, Western shells demonstrate superior
armour-piercing capabilities, rendering them
an effective weapon against Russian armoured
vehicles. The shells received from partners
have been found to be 10—-15 % more effective
than tungsten carbide cored shells. This is not
a significant breakthrough, but the overall
energy of Western guns is 30 % greater than
that of Soviet and Russian guns. In Russia,
such shells are produced for the 125-mm
smoothbore gun 2A46 and 2A46M. They are
used with a DU armour-piercing subcaliber
core. They can be used by all lines of tanks:
T-72B, T-80B, T-90A and other modifications.
These shells in Russia are 3BM32 and
3BM33, codenamed Vant, where the core is
depleted uranium.

The DU also has a high pyrophoric nature
(the ability to ignite upon impact with a tem-
perature increase of up to 2000-3000°), as
well as the ability not to flatten when hitting a
target, but instead to self-sharpen when pass-
ing through armour [1, 4]. This phenomenon
occurs because, upon penetrating a target, a
DU projectile ignites its outer layer, thereby
forming radioactive dust. This, in turn, lubri-
cates the projectile, facilitating its deeper pen-
etration. Furthermore, DU materials are trans-
ferred to military industry enterprises at a very
low cost by storages (sometimes free of
charge), thus relieving them of the responsibil-
ity for handling and disposing of the materials.
It is evident that the advent of the DU has pre-
cipitated a paradigm shift within the domain of
military industry [4]. M. Eslami et al. [4] note
that in recent years, DU containing artillery
shells are the most widely used, especially in
the USA, Russia and the UK.

DU containing weapons can attack various
military targets in a wide range of battlefields
and generate a large number of casualties with
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HMOBIpHE BUKOpPHCTaHHS 30poi 31 3Y pociid-
CbKUMH BilicbkaMH y BiliHI 3 YKpaiHolo,
ocKinbku pokamu 3Y OyB YAaCTHHOIO iXHBOTO
apcenany [4-6]. MixHapoaHa Koaniuiﬂ i3
3a60p0HH YpaHOBOi 36poi (ICBUW) mocminu-
Jla POCIHCHKOMOBHI TyOmiKailii Ta BHABHIA,
1o 6arato neHeTpaToplB SK1, SIK CTBEP/I)KYBaB
pociiicbknil ypsia, Oynu BOJ'IL(i)paMOBI/IMI/I
HACTIpaBJli Oy/IN CILTABAMH, B SIKHX 3MILITYBAIIH
Bosib(ppam i 3V, Brirouatoun cBuHelb-2 (3bM-
70) Ta iH. [5, 6]. [Ipo iMOBipHE BUKOPHCTAHHS
Pociero B Ykpaini 30poi 3i 3Y moBiIOMIISIOTH
i i aBropu [7-10]. Kpim Toro, 30pos, sKy
MOCTA4arTh OO0 YKpaiHu KpalHI/I HATO,
TaKOX MICTUTH 3Y, PO L0 MOBIAOMIISETHCS B
U3l nyomikamii [4-8]. Eslami M. at all [4]
BBAKAIOTE, 1[0 CyYacHa 30pos, AKY BHKOpH-
CTOBYIOTh B POCIHCHKO-yKpaiHCBKii BiiiHI, €
peHecancom 3V.

Onuiero 3 Hebesnek 3Y € Woro 34aTHICTH
npu yaapi 3 U0 GOpMyBaTH TOKCHYHHIMA
TyMaH. [Ipu 31TKHEHHI TaKoro CHapsy 3 TBEp-
JI0I0 [IULTIO (Hampukiaa, OpOHHOBAaHUM TaH-
KOM) yTBOPIOETHCS XMapa YaCTHHOK OKCHAY
ypaHy pi3HOi pO3YMHHOCTI, BIACTHBOCTEH Ta
nipodoprocrti [1, 2, 11]. [licna BauxanHs Ta
abcopOwii YACTHHOK OKCHY YpaHY B JICTCHSIX,
PO3YMHHI YACTHHKHM BCMOKTYIOTECS 1 TMOTpart-
JAI0Th Y KPOB, 1€ MeTa6OJ'I13}IIOTI>C}I 70 i0HiB
ypaHily, fKi JIeTKO 3B'SI3yIOTbCA 3 IHIIMMU
MOJICKY/TaMH, BKIIOYai0un OLIKK Ta iHuI Gio-
JIraHay i TPaHCTIOPTYIOTECA MO BChOMY Opra-
HI3My IIJISXOM CHCTEMHOI LUPKYJIALIi.
Hepozunnni dactuHku 3Y 3amumiaioTees B
JIeTeHsX Ha A0Bri poku [1-3].

HuHi, y poku HeCTIpOBOKOBaHOI TOBHOMAC-
mTabHO1 arpeci'l' Pocii mpotu Ykpainu, €Bpo-
neiceki BueHi [4, 5] 3BEPTAIOTECA JIO IPO-
MaJChKOCTI Ta HAyKOBOi CHIJBHOTH HAalIol
JICPIKABH, BKA3yIOUH Ha MOTCHILiHY HeOese-
Ky 30poi 31 3V mis BiliChKOBOCIYKOOBLIB,
JIOBKIIIA T4 LMBUTBHHX OCI0, MOCHIIAI0YNCH
Ha HaCJIJIKK BiitHU B Ipaky, KOCOBO, BocHii i
['eprieroBuHI Ta NaHi PO WMOBIpHE BUKOPH-
ctanHs 30poi 31 3Y sk 3 O6oky Pocii, Tak i
HaIINX TapTHEPIB. ABTOpI/I 3aCTepiFaIOTL BiJl
penecancy 3V y BiiiHi B YKpaiHi Ta miakpec-
TOKOTh, IO yPAA YKpaiHH, HEYpsIoBi Ipo-
MaJICbKi Oprasizaiii Ta BY€HI MOBHUHHI IyXe
CepHO3HO TIOCTABUTHUCS JI0 3arpO3U HACTIAKIB
BUKOPHUCTaHHs 30poi 31 3V, 10 10IOMOXKe BPS-
TYBAaTH JKUTTS Ta 37J0POB’sl YKpaiHIiB. ABTOpHU
3aKJIMKAIOTh HE MOBTOPIOBATH MOMUIIOK YPSAY
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complex injuries, including those cauased by
depleted uranium exposure. A number of
authors report on the probable use of DU con-
taining weapons by Russian forces in the war
with Ukraine, as DU has been part of their
arsenal for years [4-6]. The International
Coalition to Ban Uranium Weapons (ICBUW)
examined Russian-language publications and
found that many penetrators, which the
Russian government claimed were tungsten,
were in fact alloys in which tungsten and DU
were mixed, including Svinets-2 (3BM-70),
etc. [5, 6]. The probable use of DU weapons
by Russia in Ukraine has also been reported by
other authors [7-10]. In addition, weapons
supplied to Ukraine by NATO countries also
contain DU, as reported in a number of publi-
cations [4—8]. Eslami M. et al. [4] believe that
the modern weapons used in the Russian-
Ukrainian war are a renaissance of the DU.

A salient danger associated with the use of
depleted uranium is its potential to generate a
toxic fog upon impact with a target. In the
event of a projectile colliding with a solid tar-
get (for example, an armoured tank), a cloud
of uranium oxide particles of varying solubili-
ty, properties and pyrophoricity is formed [1,
2, 11]. After inhalation and absorption of ura-
nium oxide particles in the lungs, soluble par-
ticles are absorbed and enter the blood, where
they are metabolized to uranyl ions, which
easily bind to other molecules, including pro-
teins and other bioligands and are transported
throughout the body through systemic circula-
tion. Insoluble DU particles remain in the
lungs for many years [1-3].

In the present moment, as a result of
Russia’s unprovoked full-scale aggression
against Ukraine, European scientists [4, 5] are
conveying their concerns to the public and the
scientific community of our country. They are
drawing attention to the potential danger to
military personnel, the environment and civil-
ians by weapons containing depleted uranium,
referring to the consequences of the war in
Irag, Kosovo, Bosnia and Herzegovina and
data on the probable use of DU containing
weapons by both Russia and our partners. The
authors warn against the renaissance of DU
containing weapons in the war in Ukraine and
emphasize that the government of Ukraine,
non-governmental organizations and scientists
should take the threat of the consequences of
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Ta BYCHUX TUX KpaiH, /i€ paHille BUKOPUCTO-
ByBasiacs 30pos 31 3V, iHpopMyBaTu cBO€vac-
HO BIMCHKOBHUX 1 IMBUIBHUX MPO HOro HeOe3-
MeKy, PEKOMEHAYIOTh PEeCTpyBaTH, MapKyBa-
TH, 32 MOXJIHMBOCTI, OUMIITyBaTH 3a0pynHeH1
HUM TEPHUTOPIi, HPOBOTH MOHITOPHHT Oioce-
peaoBHUIl 1 370poB’s 0cCi0, sKI Migganucs
BIUTUBY aepo30iio 31 3Y, a TakoXK BKUBATH
KOMILJIEKC 3aXOJlIB 13 MPOQUIAKTUKU Ta JIKY-
BaHHS TOKCUYHUX YpPaXKE€Hb.

V 3B’513Ky 3 IIUM, BUHUKA€E THTEPEC y3aralib-
HUTHU JITEpaTypHi JaHl NpPO BUIU Cy4acCHOI
30poi, sika MicTUTh 3Y Ta BUKOPUCTOBYETHCS B
pPOCIMCBKO-YKpPAaIHCBKIM  BIlifHI, MeXaHI3MHU
HOro TOKCHMYHOI Jii Ta MOTEHUIMHUNA PHU3MK
TS 37I0POB’ ST BINCHKOBUX 1 HACEJICHHS 3a0py/I-
HeHUX Teputopiil. OcoOnuBUil IHTEpEC BUKIIU-
KalOTh Cy4acHI NMPUHIMIHN KOHTPOIIO 3a0py-
HEHUX 00’€KTIB HABKOJHUIIHBOTO CEPEIOBUIIA
Ta peaduniTauii mocTpaxaanux.

Mera. Y3araabHUTH JIiT€paTypHi JaHl PO
3actocyBaHHs 3Y B cyyacHid 30poi, MOXKJIMBI
HUISIXM MOT0 HAJIXOMKEHHS 1O OpraHizmy,
MEXaH13MH TOKCUYHOT 111, TOTeHIIMHUI pU3HK
JUIsL 3I0pOB’sl BIMCHKOBUX 1 HAcEJEHHS Ta
CTpATErito JIKyBaHHS ypaXKeHHX.

Marepianu Ta MeToaH. AHATITHYHUN
OIJISAJ] JIITepaTypyu BUKOHAHUNA 3 BUKOPUCTAH-
HAM JKEpel nyOmiyHoi iHGopMalii Ta JaHUX
HAYKOBOI JITEPATypPU 33 TEMOKO JI0CITiKCHH.
[IpoBeneHO aHANITUYHUM OMNISLA CydyacHUX
nyOsiKaniii HayKOBHX OHJAWH 010110TeK
PubMed, MedLine, Elsevier npo MeXaHI3MH
TOKCUYHOT i 3Y, MOTEHIIWHUNA pPU3UK IJIS
310pOB’sl BIICPKOBUX 1 HACENCHHS, CTpaTerii
npo(dUTaKTUKH Ta JIIKYBaHHSA 0C10, K1 3a3HAIH
BITUBY MOTr0 TOKCUYHUX a€pO30JIiB.

Pesyavbraru. Illnaxu naoxooxncenna 3y 0o
Op2aunizmy ma 1020 OiOKiHemu4HUil npoyec.
B ocranHi poku NpUALISETbCS 3HAYHA yBara
BHUBYEHHIO TOCTPUX TPaBM y OOMOBUX YMOBAX,
CIIPUYMHEHHUX BJIHUXaHHSIM aepo3omiB 3Y.
[Tokazano, mo 120-miniMmeTpoBuil cHaps,
AKUM MICTUTH 3Y Baroro NpuoOIn3HO 4 KT, 3aIty-
HIEHUH MOOIM3y BEHTHJILO- BaHMX OpPOHbOBA-
HUX MallliH, TaKuX K TaHKd Abrams, Bradley,
iHI OoitoBi mammeM, reHepye 900-3100 r
aeposzoso 31 3Y [1].

Ha nonauy no pyiHIiBHOI CHJIM 3BHUYaiHOT
30poi, XiMI4HAa TOKCHYHICTh aepo30JIt0, SKHi
CTBOPIOETHCA MPU BUKOpPUCTaHHI 30poi 31 3V,
MOJKE 3aBJaBaTy HIKOAM 30POB’I0 MEPEIyCIM
yepe3 opranu auxanss [1-3]. [Ipu npomy ner-
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the use of DU containing weapons very seri-
ously, which will help save the lives and health
of Ukrainians. The authors urge not to repeat
the mistakes made by governments and scien-
tists in countries where DU containing
weapons were previously used, to inform the
military and civilians about its dangers in a
timely manner, and recommend registering,
marking, and, if possible, cleaning up contam-
inated areas, monitoring bio environments and
the health of individuals exposed to DU
aerosol, as well as taking a set of measures to
prevent and treat toxic damage.

In this regard, there is an interest in summa-
rizing the literature on the types of modern
weapons containing depleted uranium and used
in the Russian-Ukrainian war, the mechanisms
of their toxic action and the potential risk to the
health of the military personnel and the popu-
lation of contaminated territories. Of particular
interest are modern principles of control of
contaminated environmental objects and reha-
bilitation of victims.

Aim: To summarize the literature on the use
of DU in modern weapons, possible routes of
its entry into the body, mechanisms of toxic
action, potential risk to the health of the mem-
bers of armed forces and the population, and
treatment strategies for those affected.

Materials and Methods. Analytical review
of the literature was performed using sources
of public information and data from scientific
literature on the topic of the study. An analyti-
cal review of modern publications of scientific
online libraries PubMed, MedLine, Elsevier
on the mechanisms of toxic action of DU, the
potential risk to the health of the military per-
sonnel and the population, prevention strate-
gies and treatment of individuals exposed to its
toxic aerosols was conducted.

Results. DU routes of entry into the body
and its bio kinetic process. In recent years,
considerable attention has been paid to the
study of acute injuries in combat conditions
caused by inhalation of DU aerosols. It has
been shown that a DU containing 120-mm
projectile weighing approximately 4 kg,
launched near ventilated armoured vehicles,
such as Abrams, Bradley tanks, and other com-
bat vehicles, generates 900-3100 g of DU
aerosol [1].

In addition to the destructive power of con-
ventional weapons, the chemical toxicity of
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KOPO3YMHHI KOMIIOHEHTH TMOTJIMHAIOTHCS 1
TMOTPAIISIOTE Y KPOB, TOAI SIK HEPO3YHHCHHM
3V ocinae B IereHsx i 3aIMIIA€TCS TaM IPOTA-
rOM TPUBAJOro yacy. [HransauiiHui nuisx Haja-
XomxkeHHsT 3Y 70 OpraniaMy s OUIBIIOCTI
JrOAEH, SIKi 3a3HATU HOTO BILJIMBY, € OCHOBHHM.
Kpim Toro, wmikpoyactTuHku 3Y MOXYTh
MOTPAIJISTH A0 POTOBOI MOPOKHUHH, 3BIIKU 31
CIIMHOIO TPOKOBTYIOTHCSA, Ta A0 TMOPOKHUHU
HOCA, MTOTIM Kpi3b 0JIb(haKTOPHHIA HEPB MOTpaI-
JS10Th Y MO30K. Hagxomkenns 3Y moxe Bif0y-
BaTHCS 4epe3 IIKipy, 0COOIUBO TIPH 11 MOIIKOI-
KCHHI, a TakoX 3 ¢parmeHTamMu 30poi (Kyri,
HIpanHenb, yJIaMKHd Ta I1HIII T[pPeAMETH).
[TormmuuayTHii Yepe3 jnereHi 3Y KPOBOHOCHUM
TMOTOKOM TOTPAILISE B MEUiHKY, HUPKH, MO3OK,
KICTKH, CEpIE, THMYC, CENE3IHKY, KICTKOBHM
MO30K Ta i opranu. Kpim Toro, aepo3zoni 3i
BMicTOM 3Y Takox 3a6pyz[H1010TL 00’ eKTH
MOBKiIA (BOAY, IPYHT, POCIHMHH, TBapuHH),
MOTPAIISIOTE 10 OpraHismy 3 Diero. HasBHicTs
B OpraHismi MiKpOYaCTHHOK CIIPHSIE PO3BUTKOBI
XPOHIYHHUX yPakeHb BiliChKOBOCIYKOOBLIB y
00I10BHX 30HAX 1 HACEJEHHs, IO MPOXKUBAE HA
3a0pynHeHuX Teputopiax [1-3, 11] OCO6J'II/IBy
HEOE3MeKy HecyTh OTPUMAHHI B PISHHX JiIH-
Kax Tia ymamku 36poi 3i 3V, 36ip 3a0pyaueHo-
ro MeTaJI06pyXTy 0e3 cremiagsbHUX 3ac00iB
3aXHCTY, 4 TAKOXK {Oro 30epiraHHs Ta yTHIIi3a-
Llist, IPOKMBAHHS TOPYY 3 MICLIIMH 30€piraHHs
YIIKOPKEHOI TeXHIKH Ta 30poi.

Ocnoéni mexamnizmu XiMiOmoKcu4Hoi Oii

30i0Heno020 ypany. Aepo3odi 31 3Y Tak camo sIK
1 IPUPOAHOTO ypaHy, BiIrpatoTh OCHOBHY POJIb
y MeXaHi3MaX XiMi9HOT TOKCUYHOCTI, OCKUIBKH
HOTO pamioakTUBHICTh JOBOMI HU3bKaA [1-3, 15,
16]. Tlpu 1HOMY NOBITOMIISIETBCS, IO TICIHIA
BIUTUBY aepo30itto 31 3Y HalOUIbII HOTro piBHI
HAKOMUYYIOThCS B JIETCHSX, HUPKAX, CTETHOBUX
KiCTKaX, MO3Ky Ta TUMYCi, 3aCBIUyIOUH, IO IIi
OpraHd € OCHOBHHUMH HOTO MOTEHUIMHUMHU
MimeHsaMHu. Bin3HauaeTnses, 110 MeXaHi3MH TOK-
CUYHOI JTii mpupoaHOTOo ypany Ta 3Y iIeHTHYHI.
Y GionoriyHuX piguHax po3dyuHHUN 3Y aKTHB-
HO YTBOPIOE KOMIUIEKCH 3 OikapOOHATOM, ITUT-
parom, Oikam#u Ta iHIUMHE Oloirangamu [1-3].
[Tpotsirom nepuoro TvxkHA 80-90 % crioxuToro
po3unHHOrOo 3Y MIBHAKO BHUBOIUTHCS Yepe3
HUPKH 3 CEYEI0, a YaCTUHA HOT0 yTPUMYETHCS Y
(dopMi IIECTUBAIEHTHOTO ypaHiTy. ABTOpH Bij-
3HAYa0Th, IO Pi3HI KOMIUIEKCH ypaHiTiB iCTOT-
HO BIJPI3HAIOTHCS 32 O100CTYITHICTIO Ta IUTO-
TOKCUYHICTIO. TOKCHUKOJIOTIYHI TOCIIIKEHHS 1n
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the aerosol created when using DU contain-
ing weapons can harm health primarily
through the respiratory system [1-3]. In this
case, easily soluble components are
absorbed and enter the blood, while undis-
solved DU settles in the lungs and remains
there for a long time. The inhalation route of
DU into the body for most people exposed to
it is the main one. In addition, DU micropar-
ticles can enter the oral cavity, from where
they are swallowed with saliva, and the nasal
cavity, from where they enter the brain
through the olfactory nerve. The entry of DU
can occur through the skin, especially when
it is damaged, as well as with fragments of
weapons (bullets, shrapnel, debris and other
objects). Absorbed through the lungs, DU
enters the bloodstream into the liver, kid-
neys, brain, bones, heart, thymus, spleen,
bone marrow and other organs. In addition,
aerosols containing DU also contaminate
environmental objects (water, soil, plants,
animals), enter the body with food. The pres-
ence of microparticles in the body con-
tributes to the development of chronic dam-
age of military personnel in combat zones
and the population living in contaminated
areas [1-3, 11]. Of particular danger are the
fragments of DU containing weapons in var-
ious parts of the body, the collection of con-
taminated scrap metal without special means
of protection, as well as its storage and dis-
posal, and living near storage sites of dam-
aged equipment and weapons.

Main mechanisms of chemotoxic action
of depleted uranium. Aerosols with DU, as
well as natural uranium, play a major role in
the mechanisms of chemical toxicity, since
its radioactivity is quite low [1-3, 15, 16]. It
is reported that after exposure to an aerosol
with DU, its highest levels accumulate in the
lungs, kidneys, femurs, brain and thymus,
indicating that these organs are its main
potential targets. It is noted that the mecha-
nisms of toxic action of natural uranium and
DU are identical. In biological fluids, soluble
form of DU exhibits an inherent propensity
to form complexes with bicarbonate, citrate,
proteins and other bioligands [1-3]. During
the first week, 80-90 % of the consumed sol-
uble DU is rapidly excreted through the kid-
neys with urine, and part of it is retained in
the form of hexavalent uranyl. The authors
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Vitro mokasalji, 10 YpaHUIUTPAT OUIbLI TOK-
CUYHUU I KJIITUH HUPOK, HIXK ypaHi10ikapOo-
HaTHi komruiekcu [1, 3, 12, 13]. Po3uunH1 KOM-
noHeHTH 3Y HAJXOJATh Y KPOB 1 3r0/IOM — Y TKa-
HUHH Ta OPTaHH BCHOTO opranizmy. Maitxe 47
HOro BiJICOTKIB YTBOPIOIOTh CHONYKH 3 Tizpo-
kapOoHaroM, 32 % 3B’s3ylOThCS 3 OUIKaMu 1
20 % — 3 eputpouutamu [1].

OmHuM 13 BaXXJIUBUX MEXaHI3MIB TOKCHYHOIL
nii 3Y € nopyiuieHHs KIITUHHUX Ta MOJEKYISIp-
HUX IPOLIECIB Y 3B A3KY 3 MOr0 aKTUBHOIO B3ae-
MOJIIEI0 3 KapOOKCUIBHUMH, (POCHOPUIBLHUMHI
Ta aMiHUMH IrpynamMu B OLIKOBUX MOJEKYaXx,
10 MPU3BOJIUTH IO YTBOPEHHS YPAHUIOUIKOBUX
KOMILJIEKCIB 13 CTPYKTYPHUMU Ta MOJIEKYJISIPHU-
mu 3miHamu [1, 12, 13]. Tak, y cuposariii KpoBi
monunu nonax 30 % 10HIB ypaHily MOB’A3aHi 3
OUIKaMM, TakKUMHU SIK (EpUTHH, TpaHC(HEpHH,
anbOyMiH, ¢eryin-A, C-peakTUBHUN OLIOK,
cynepokcuagucmyrtaza (CO/), meranorioHeiH
(Mt) Ta in. [Ipu upomy B3aemonis 3 pepuTUHOM
1 TpaHC(hEpUHOM NEPELIKOIHPKAE HOPMAIBHOMY
MeTaboIi3My 3aii3a Ta IPU3BOJUTH 10 aHEeMil.
B3aemozis 3 aHTHOKCUIAaHTHUMU (hepMEeHTaMu
(CO/, karanaszoro, mmorarioHoM) 1 Mt mocu-
JII0€ OKUCHUHM CTpeC Ta METa0OoJIYHI MOPYIIEH-
Hi. DeryiH-A — 1e 1€ OIMH ypaHIJIOBHUI 4OB-
HUK Y KpPOBI, SIKHH MOXE MEPEHOCUTHU MOHAJ
80 % cHpOBaTKOBOIO ypaHUTy Ta TPAHCIOPTY-
BaTH MOro 70 KICTOK 3 MOJJIBIINM HaKOIUYEH-
HsM. KpiM TOro, 10HM ypaHiUTy MOXYTb B3a€EMO-
JUATH 3 OUTKaMu, 10 OepyTh ydacTh y peakiii
3 iomamu Ca?", takumu sK C-peakTHBHHI
010K Ta ocTeonoHTHH. lle cBITUUTH, IO SIK
NPUPOIHIN ypaH, Tak 1 3Y Moke BIUIMBATH TaK
camo i Ha Ca?"-3anexni Gionoriyni mpouecu
1,12, 13].

VYTBOpeHHs ypaHUIOUIKOBUX KOMIUIEKCIB 31
CTPYKTYPHHUMH Ta MOJEKYJSIPHUMHU 3MIHAMHU
CHpus€ IXHbOMY €HJOLIMTO3Y B KIITUHU PI3HUX
oprasiB (JIereHb, HUPOK, MIEY1HKH, KICTOK Ta 1H.),
JIe BOHH YTPUMYIOThCSI BiJl JEKIJIBKOX JIHIB JI0
POKIB, 1110 CIIPUYUHSE IIKIJIUBI HACTIIKH JIsI
37I0pOB’s Ta TOKCHUHI e(eKTH uepe3 popMyBaH-
HSl OKMCIIIOBAJIBHOTO CTpECy, B3a€EMOJII0 3 OLfI-
KaMH, METaOOIIYHUN po37aj, 3arudenb KIITHH
(armonTo3, MipoNTO3), TEHETUYHI MOIIKOKEHHS
Ta 3ananenHs [1, 15, 16]. Ilpu npomy pi3Hi ypa-
HIJIOBI KOMIUJIEKCH 3HAYyHO BIJIPI3HAIOTHCA 3a
0107J0CTYITHICTIO Ta [IUTOTOKCUYHICTIO.

JloBeaeHo, 110 cepel MeEXaHi3MiB TOKCUYHO-
ro BIuBy 3V, 0co0auBO npu HOro XpoHIYHIH
nii, BaXJIMBY pOJib Biairpae ¢GopMyBaHHS
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note that different uranyl complexes differ
significantly in bioavailability and cytotoxic-
ity. In vitro toxicological studies have shown
that uranyl citrate is more toxic to kidney
cells than uranyl bicarbonate complexes [1,
3, 12, 13]. Soluble components of DU enter
the blood and subsequently — tissues and
organs of the whole body. Almost 47 percent
of it forms compounds with hydrocarbonate,
32 % binds to proteins and 20 % — to ery-
throcytes [1].

One of the important mechanisms of the
toxic action of DU is the disruption of cellu-
lar and molecular processes due to its active
interaction with carboxyl, phosphoryl and
amide groups in protein molecules, which
leads to the formation of uranyl-protein com-
plexes with structural and molecular changes
[1, 12, 13]. Thus, in human blood serum,
more than 30 % of uranyl ions are associated
with proteins such as ferritin, transferrin,
albumin, fetuin-A, C-reactive protein, super-
oxide dismutase (SOD), metallothionein
(MT) and others. In these circumstances, the
interaction with ferritin and transferrin inter-
feres with normal iron metabolism and leads
to anaemia. The interaction with antioxidant
enzymes (SOD, catalase, glutathione) and MT
increases oxidative stress and metabolic disor-
ders. Fetuin-A is another uranyl shuttle in the
blood that can carry more than 80 % of serum
uranyl and transport it to the bones for subse-
quent accumulation. In addition, uranyl ions
can interact with proteins involved in the reac-
tion with Ca®" ions, such as C-reactive protein
and osteopontin. This suggests that both natu-
ral uranium and DU can also affect Ca®"
dependent biological processes [1, 12, 13].

The formation of uranyl-protein complex-
es with structural and molecular changes pro-
motes their endocytosis into cells of various
organs (lungs, kidneys, liver, bones, etc.),
where they are retained for several days to
years, causing harmful health consequences
and toxic effects due to the formation of
oxidative stress, interaction with proteins,
metabolic disorders, cell death (apoptosis,
pyroptosis), genetic damage and inflamma-
tion [1, 15, 16]. At the same time, different
uranyl complexes differ significantly in
bioavailability and cytotoxicity.

It has been proven that among the mecha-
nisms of toxic effects of DU, especially under
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3amaJbHUX MPOLECiB y pI3HUX OpraHax, y
TepIry Yepry, B JICTCHSX Ta HUPKAX, y Pe3yib-
TaTi OKUCIIOBAJILHOTO CTpecy Ta Monaugikarii
3amanbHUX CHUrHaNbHUX HUIAXiB. Ilpu mpomy
BiIMiY€HE TIABUIICHHS 1HAYKIIT cekperii ak-
Topy Hekpo3y myximHH-0. (TNF-0), moisxis
MITOT€HAaKTUBOBaHOI mpoTteinkinasu p-38 (P-38
MAPK), 1 RI3K-Akt curHaJpbHMX IIIAXIB, a
TaKoX uepe3 MiABHUILEHHS eKcrpecii mpo3a-
najJbHUX IMTOKIHIB, Takux sk TNF-a, iHTEep-
neiikiniB 1-B, 6, 10, C-peaktuBHOTO OinKa Ta
aKTUBAIlll TAKUX 3alajJbHUX JAHIIOTIB K Nrf2,
NF-kappa B, migBumieHss ekcrpecii 3anaibHUX
rediB TNF-a, iNOS ta COX-2 [1, 3, 17-20].
[Topsiz 13 akTHUBALI€IO TpO3aNaTbHUX MPOIle-
ciB 3Y npuramMaHHa iIMyHOTOKCHYHA JIis i1 Vitro
Ta in vivo IpA KOPOTKOUACHOMY Ta JOBTOTPH-
BajoMy BIUTMBOBI [21-23]. V Hu3II ekcrepu-
MEHTAJIbHUX Ta KITHIYHAX ,Z[OCJ'IiIL)KeHB noKasa-
HO, 110 SIK IPUPOJHUHM, Tak 1 3Y mpu rocTpomy
1 XpOHIYHOMY BIUTMBOBI HE JIUIIE BUKIUKAIOTH
dopmyBaHHs akTuBHHX (popm kucHio (ADK),
aKTUBAIII0 TIEPEKUCHOTO OKHUCHEHHS JIMifiB
(ITOJI) 1 mpurHidYeHHS MOKa3HUKIB aHTHOKCH-
JAHTHOI CHCTEMH 31 3aJy4eHHSM CUTHAIBbHHUX
HUISAXIB KTITHH, ajle i CIPUYUHSAIOTH TOPYIICH-
HSl GHEPTeTUYHOTO TOMEOCTa3y 3 (OpMyBaHHIM
OKHCIIIOBAIBHOTO CTPECy B 130JIbOBAaHHX MITO-
XOH/IPISIX MO3KYy, HUPOK, TMEYIHKH Ta IHIIUX
oprasax i3 ¢opMyBaHHSIM TOKCHYHOI MiTOXOH/I-
piomarii [1, 3, 17, 24]. Bigomo, 1110 MiTOXOHAPI-
allbHE JTUXaHHS CKJIAaNa€eTbcs 3 TPHOX CTafiil:
OKHUCJICHHS TipyBaTy Ha piBHI | KoMIUIEKcy,
OPUTHIYEHHS IUKIY JUMOHHOI KHUCJIOTH Ha
piBHi Il koMmmiekcy Ta AWXambHOTO JIAHIIOTA
(BimOMOTO SIK IIUKI OKUCHOTO (hochopritoBan-
Hs). BusBneHo, mo B 130IbOBaHUX MITOXOHJ-
pisiX HUPOK IIypiB, OMYAYMX CEepACHb 1 KIITH-
HaX MPOKCHMAaJIbHUX KaHAJbI[iB HUPOK JIIONUHU
3a il ypaHiJIiB MPUTHIYY€EThCS aKTHBHICTH [ 1 11
KOMIUIEKCIB, a TaKOX aKTHUBHICTh OYHILEHOTO
KOMIUIEKCY  JuxXajbHOoro  janmmpra [V
(muTOXpOoM-c-oKcHaa3a) 1 komruiekcy V (ATO-
CHHTa3a), IO Ie OUIbIIe TMiJABUINYE PiBEHb
A®DK. Ile BukanKae HaOPSIK MITOXOHJPiH, 3HU-
Ky€e€ MeMOpaHHHIA TOTEHITial, 3MEHIITYE BUPOO-
HANTBO AT® Ta mopyIrye nepeaady eneKTpo-
HIB y TMXaTbHOMY JIAHII031, 10 popMye eHep-
roz[e(bluHT [3, 17, 24] 1 1 1o, HMOBIPHO, JIC)KHUTh
B OCHOBI CHH/IPOMY XPOHIYHOI BTOMH y BeTepa-
HiB BiiiHH, siKi 3a3Ha1u Aii 3Y. B ocHOBI hopmy-
BaHHA TOKCHUYHOI MITOXOHJIpPIOMAaTii JIeKUTh
1HTI0Iis TIMTOXpOM-C-OKcuaazu 1a AT®D-cun-
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its chronic action, an important role is played
by the formation of inflammatory processes
in various organs, primarily in the lungs and
kidneys, as a result of oxidative stress and
modification of inflammatory signalling
pathways. In this case, an increase in the
induction of the secretion of tumour necrosis
factor-a (TNF-a), the mitogen-activated pro-
tein kinase p-38 (P-38 MAPK) pathways and
RI3K-Akt signalling pathways was noted, as
well as due to an increase in the expression of
pro-inflammatory cytokines, such as TNF-q,
interleukins 1-B, 6, 10, C-reactive protein and
activation of such inflammatory chains as
Nrf2, NF-kappa B, increased expression of
inflammatory genes TNF-q, iNOS and COX-2
was noted [1, 3, 17-20].

Along with the activation of pro-inflam-
matory processes, depleted uranium has an
inherent immunotoxic effect in vitro and
in vivo under short-term and long-term expo-
sure [21-23]. A number of experimental and
clinical studies have shown that both natural
and depleted uranium, at acute and chronic
exposure, not only cause the formation of
reactive oxygen species (ROS), activation of
lipid peroxidation (LPO), and suppression of
antioxidant system indicators with the
involvement of cell signalling pathways, but
also cause disruption of energy homeostasis
with the formation of oxidative stress in iso-
lated mitochondria of the brain, kidneys,
liver, and other organs with the formation of
toxic mitochondriopathy [1, 3, 17, 24]. It is
known that mitochondrial respiration consists
of three stages: oxidation of pyruvate at the
level of complex I, inhibition of the citric
acid cycle at the level of complex II and the
respiratory chain (known as the oxidative
phosphorylation cycle). It has been found that
in isolated rat kidney mitochondria, bovine
hearts, and human renal proximal tubule
cells, uranyl inhibits the activity of complex-
es [ and II, as well as the activity of purified
respiratory chain complex IV (cytochrome c
oxidase) and complex V (ATP synthase),
which further increases the level of ROS.
This causes mitochondrial swelling, lowers
membrane potential, reduces ATP production,
and disrupts electron transfer in the respirato-
ry chain, which creates an energy deficit [3,
17, 24] and is likely to underlie chronic
fatigue syndrome in war veterans exposed to

15



INPOBJIEMHI TEMHA

tasu [24]. [Ilpu 1pboMy 3HA4YHO 3OLIBIITYETHCS
IIBUJIKICTh YTBOPEHHS MITOXOHIPIaJbHOTO
nepekucy BoaHio (H,O,), miarpumyBaHOro
cykuuHatoMm (cyoctpar kommuiekcy III), sk
MOKa3aHO Ha PUCYHKY.

VY cBOIO Yepry TOKCMYHA MITOXOHJpiomarist
IIPU3BOAUTH 10 TopylueHb crpykrypu JIHK.
JlocnipkeHHS in vivo Ta in Vvitro TIOKa3ald, 10
3V MOXe BUKJIMKAaTH '€HOMHY HECTaOUIbHICTb
Ta T€HOTOKCUYHICTh, 30UIBIIIYE TMOIIKOIKECHHS
XpOMOCOM 1 MyTallii, IHAyKy€ yTBOPEHHS MiK-
posizep, nepepuBae KINTHHHMNA muki [1, 18, 24,
25]. MonekynsipHi Ta KJIIITUHHI TOIIKO/KEHHS 3
NOpYIIEHHSAM (PyHKLIA CUTHAJIBHUX HUIAXIB 3a
y4acTi IPOOKCUJAHTHHUX, 3alajbHUX, KIACTO-
FeHHUX Ta FTeHOTOKCUYHUX MEXaH13MiB MPU3BO-
JTh 0 ypaskeHHs miToxouapit ta JIHK, mro
MPOBOKY€E MEpeayacHy 3arubenb KITHH [26,
27]. Tlepemycim, amomTo3 CIOCTEPIracThCsl B
JIETEHEBUX Makpoarax, siki yTUII3yl0Th pO34H-
HEHl MIKpOYacTUHKH 3Y, KIITUHAX MPOKCHMAIIb-
HUX KaHaJIbLIB HUPOK, @ TAKOK KJIITHHAX MO3KY Ta
TIEYIHKH, SIK1 € OCHOBHUMH MIILICHSIMU ITPUPOTHOTO
ta 3Y [1, 3]. BaxnuBy posib y MexaHI3MaX TOK-
CUYHOCTI XpOHIYHOTO BIUIMBY 3Y BIIBOISATH
NOPYIIEHHSAM (DYHKLIT SIIEPHUX PELeNTOPIB KJIi-
tuH (PXR Ta CAR). Anonro3y Ta miponTto3y B
KJIITUHAX CHpUSE BIUIUB aKTUBHUX (POPM KHCHIO,
CTpPeC EHJOIUIa3MaTHYHOIO PETUKYIyMY IpH
iHri0inii  curnanpHux nuisixie  (PISK/AKT/
mTOR) 13 3anmyuennsim curnaniBe NLRP3/kacna-
3u-1[1, 26-28].

ExcriepuMeHTalIbHI JOCTIIKEHHSI TTOKa3aJIH,
[0 BKa3zaHl MexaHi3MHh TokcuuHoi aii 3Y
CHPUSIIOTH (POPMYBAHHIO MOJIIOPTaHHOI ATOJIO-
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DU. The formation of toxic mitochondriopa-
thy is based on the inhibition of Cytochrome
c oxidase and ATP synthase [24]. At the same
time, the rate of formation of mitochondrial
hydrogen peroxide (H,O,), supported by suc-
cinate (substrate of complex III), significant-
ly increases, as shown in the figure.

In turn, toxic mitochondriopathy leads to
DNA structure disorders. /n vivo and in vitro
studies have shown that DU can cause
genomic instability and genotoxicity,
increase chromosome damage and mutations,
induce the formation of micronuclei, and
interrupt the cell cycle [1, 18, 24, 25].
Molecular and cellular damage with impaired
signalling pathways involving prooxidant,
inflammatory, clastogenic, and genotoxic
mechanisms lead to mitochondrial and DNA
damage, which provokes premature cell
death [26, 27]. First of all, apoptosis is
observed in pulmonary macrophages, which
utilize dissolved DU microparticles, renal
proximal tubule cells, as well as brain and
liver cells, which are the main targets of nat-
ural and depleted uranium [1, 3]. An impor-
tant role in the mechanisms of toxicity of
chronic DU exposure is attributed to
impaired function of nuclear cell receptors
(PXR and CAR). Apoptosis and pyroptosis in
cells are promoted by the influence of reac-
tive oxygen species, endoplasmic reticulum
stress with inhibition of signalling pathways
(RISK/AKT/mTOR) involving NLRP3/cas-
pase-1 signals [1, 26-28].

Experimental studies have shown that the

( uranyl ion \

U022¢

plex I C
cytochron

Puc. Ypaninionn iHTiIOYIOTh MITOXOHAPIaTbHY ITUTOXPOM-c-0KkcHma3y (IV xomrmiekc) Ta ATD-cuHTazy
(V xoMIUIeKC AuXaapHOTO JIAHITIOTa), 110 JISKHUTh B OCHOBI TOKcHYHOI MiToxoHApionarii (Yu L., et all,

2021) [24]

Fig. Uranyl ions inhibit mitochondrial Cytochrome c oxidase (complex IV) and ATP synthase (complex V
of the respiratory chain), which underlies toxic mitochondriopathy (Yu L., et al., 2021) [24]
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rii 3 ypaKCHHSM JITCHb K OCHOBHOTO Opra-
Ha-MIIICH] TIC/Is BAMXAHHS HOro HEpo3uMH-
HUX MIKPOYAaCTHHOK, TaK 1 HHUPOK, sIKi BBa-
’KAIOTbCs HAUOLIBII Bpa3IMBUMHU OpraHaMH /10
PO3YMHHUX CHOIYK 3Y Ta MPUPOTHOTO ypaHy,
a TaKoX JJIsI MO3KY, MEYiHKH, KICTOK, Perpo-
JQYKTUBHOI Ta €HJOKpUHHOI cuctemu. llepen-
ycim, ripu BILTUBOBI 3Y (popMyroThCs 3amaibHi
IpoLleCH B JIETeHAX Ta MPOKCUMAJIbHUX
KaHaJbIIX HUpOK [1-3, 17, 19, 26-28] i3 po3-
BUTKOM MOPYIIEHHS (PyHKIIT HUPOK MPH BUCO-
kux koHneHtpaiisx 3Y [1, 3, 17]. XpoHiuawmii
BITMB 3Y crHpuse 10303aJeKHUM O0i0XiMid-
HUM Ta TiCTOMATOJOTIYHUM MOPYLIEHHSIM |3,
17, 30]. YpaxkeHHS HUPOK CYNPOBOIKYETHCS
MIBUIIICHHSIM KOHIICHTpAIlii ypaHy B cedi Ta
BHYTPIIIIHbOHUPKOBUM HAKOMHUYEHHSIM MiKpO-
YacTUHOK ypaHy [28]. MacoBa yactka 3V B
HHUpKax ToHaj 50 MKI/T Moxke MpPU3BECTU IO
roCTpOi HUPKOBOI HEOCTATHOCTI. BHYTpilIHbO-
KITHHUN 3Y MOpyIIye JAHIIOT EPEHECEeHHS
€JIEKTPOHIB, IO MPHU3BOAUTH 10 YTBOPEHHS
A®K, axrusarii [10JI, okucneHHs TIyTaTioHy
Ta TIOUIKO/DKCHb MITOXOHJIpIiH, IO AaKTHUBYE
aronTo3, 0COOIUBO B MPOKCUMAIBHUX KaHAIIb-
usax HUpok [3, 17, 26-28, 30]. JloBrorpuBanuii
BIUMB 3Y Ha UIypiB IHAYKYy€ HUPKOBY AMC-
¢yskrito [3, 17]. Kpim Toro, TokcuuHe ypa-
’KEHHSI HUPOK HEPIJKO CYTPOBOMKY€ETHCS (hop-
MyBaHHSM peHalbHOI aHemii [1, 3, 17].

Y PO3BHTKY TOCTpPOi IeNaTOTOKCHYHOCT
npu 1ii 3Y ocHOBHa poib BiABOAUTHCS (hop-
MYBaHHIO OKHCHOTO CTpecy 3 iHTi0yBaHHSIM
AHTHOKCHJAHTHHX T4 AHTHATONTHYHHMX CHT-
HAJlB, TIPH LBOMY CIIOCTEPIra€ThCs MPOTEK-
TOPHHI e(PeKT MalMX 103 TiAPOreHy Cymbdiny
[31, 32]. HCI/IPOTOKCI/I‘-IHICTB sk 3Y, Tak 1 npu-
POZIHOTO ypaHy, MOB’SI3YIOTh SIK 3 IXHBOIO
CHCTEMHOI0 Ji€l0, TaK 1 3 IHTpaHa3aJbHUM
NPOHUKHEHHSIM MIKPOYAaCTUHOK Y MO30K
gyepe3 oNb(PaKkTOpHUIN HEPB [1]. B eKCIIepH-
MCHTAJIbHUX TBAPUH HCHPOTOKCHYHI eeKTH
CYIPOBOKYIOTHCSI TTOBEIHKOBUMH Ta KOTHi-
THBHUMH TOPYICHHAMH. Binznauero miasu-
IEHHS PIBHS HEMPOJCTeHEPaLii 1o Mipi 3011b-
meHHs 1034 ypaHitiB [33]. [lpurnideHHs Kiii-
TUHHOI modideparii Ta O3HAKM KIITHHHOI
CMEpTi B TOJOBHOMY MO3KY ONHCAHO MiCIs
NPEHATAJbHOTO Ta IOCTHATAJIBHOTO BILIUBY
ypaHiiB [34]. YpakeHHS HEPBOBOI CHCTEMH 3
pEeeCTpali€l0o KOTHITUBHUX TMOPYIICHb Ta
3aMajbHUX TPOIIECIB CIIOCTEPIraloThes 1y
BeTepaHiB BiliHU [35].
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abovementioned mechanisms of toxic action
of DU contribute to the formation of multior-
gan pathology with damage to the lungs as the
main target organ after inhalation of its insol-
uble microparticles, and the kidneys, which
are considered the most vulnerable organs to
soluble DU compounds and natural uranium,
as well as to the brain, liver, bones, reproduc-
tive and endocrine systems. First of all, when
exposed to DU, inflammatory processes are
formed in the lungs and proximal tubules of
the kidneys [1-3, 17, 19, 26-28] with the
development of renal dysfunction at high DU
concentrations [1, 3, 17]. Chronic exposure to
DU contributes to dose-dependent biochemi-
cal and histopathological disorders [3, 17, 30].
Kidney damage is accompanied by an
increase in the concentration of uranium in
the urine and intrarenal accumulation of ura-
nium microparticles [28]. The mass fraction
of DU in the kidneys above 50 ng / g can lead
to acute renal failure. Intracellular DU dis-
rupts the electron transport chain, which leads
to the formation of ROS, activation of lipid
peroxidation, oxidation of glutathione and
damage to mitochondria, which activates
apoptosis, especially in the proximal tubules
of the kidneys [3, 17, 26-28, 30]. Long-term
exposure to DU in rats induces renal dysfunc-
tion [3, 17]. In addition, toxic kidney damage
is often accompanied by the formation of
renal anaemia [1, 3, 17].

In the development of acute hepatotoxicity
under the action of depleted uranium, the main
role is assigned to the formation of oxidative
stress with inhibition of antioxidant and anti-
apoptotic signals, while a protective effect of
small doses of hydrogen sulphide is observed
[31, 32]. Neurotoxicity of DU and natural ura-
nium is associated with both their systemic
action and intranasal penetration of micropar-
ticles into the brain through the olfactory nerve
[1]. In experimental animals, neurotoxic
effects are accompanied by behavioural and
cognitive disorders. An increase in the level of
neurodegeneration has been noted with
increasing doses of uranyls [33]. Inhibition of
cell proliferation and signs of cell death in the
brain have been described after prenatal and
postnatal exposure to uranyls [34]. Damage to
the nervous system with registration of cogni-
tive disorders and inflammatory processes is
also observed in war veterans [35].
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VY ynCIeHHUX eKCTIIEPUMEHTAIbHUX J0CTI-
KEHHSIX BHSBJICHO PENpPONYKTUBHY TOKCHY-
HicTh 3Y 1 NPUPOJHBOTO YPaHy SK IIPU FoCTPo-
My BIUIMBOBI, TaK 1 NMPU XPOHIYHIN Ali MaluX
no3 [1, 3, 36]. Ilpu ubomy BiOyBarOThCs TOp-
MOHAJIbHI 3CYyBH 3 MOPYILIEHHSIM CHUHTE3Y CTa-
TEBUX TOPMOHIB, 3MEHIIICHHSI KOHIIEHTpaIlil Ta
PYXJIMBOCTI CIIEPMATO30i/1iB, OCOOIMBO MpHU
BUOYXOBIH IMIUIaHTAIl B TUIO YJIaMKiB 30poi,
sk mictate 3Y [1, 37, 38]. 3 BukopucTaHHAM
TOKCUKOKIHETUYHO-TOKCUKOJIMHAMIYHOT MOJIe-
JI1 eKCTIOHYBaHHS pi3HuX 103 3Y B AadHii, onu-
CaHl TpaHCreHepalliiiHi NOPYLIeHHs 3 MPUTHi-
YeHHSM IpolieciB penapauii [38, 39].

VY HM3L1 10CHIIKEHb MOKa3aHO TOKCUYHUMN
BIUIUB 3Y Ha KICTKH, SIK OCHOBHOTO OpraHy
TPUBAJIOTO HAKOMHUYEHHS ypaHy. OCKIJIbKHU
BOHH (YHKUIOHYIOTh SIK METalO0CXOBHIIE,
ypaH TMiciisi HAaKOMHYEHHS B KICTKax Oe3re-
PEPBHO BHUBUIBHSETHCA 3 HUX MPOTATOM KiJIb-
KOX MICAIIB a00 KIJIbKOX POKIB JO 1HIIMX
OpraHiB Ta CHUCTEM OpraHi3My, HaBIThb HICIIA
npunuHenHs BriuBy U [1-3]. 3V 1 npupoanwmii
U BKOpOUy€ KICTKH, 3MIHIOIOYU CTPYKTYpYy
iXHbOT TpabeKylIsipHOI 30HHU, CIPUSIIOYU
pe3opO1ii Ta MPUTHIYYIOUU IXHE (HOpMYyBaHHS
[1-3,]. TpuBane HaKOMUYEHHS YPAHLIIB Y KICT-
Kax MOX€ CIPUYMHHUTH MPSME MOLIKOKEHHS
0CTe00J1acTiB, MIHEPAJIbHOI CTPYKTYpH Ta 010-
MEXaHIYHUX BiacTHUBOCTeW KicTku [1, 40], a
TaKOXX BIUIMBA€ Ha PO3BUTOK OCTEO0JACTIB,
neperkopkae Mmerabonizmy Bitaminy D, npu-
THIYYE OCTEOreHe3 Xpslla Ta OKICTs, BIUIMBAE
Ha (POPMYBAHHSI, PEKOHCTPYKLIIIO KiCTKH Ta Ha
picT 1 po3BuTOK TBapuH. McDiarmid M.A et al.
[41] moka3anu, 110 B €eKCIOHOBaHUX 3Y BeTe-
paHiB BIMHM CIIOCTEPITa€ThCI MepeayacHe
30UTBIIIEHHS IMUTBHOCTI KICTKOBO1 CTPYKTYPH.

Oco0nMMBO AUCKYCIHHUM € TIHMTaHHS 1070
kaHieporeHHocti 3Y. JloBenaeHo, IO BIUIUB
aepo3oiio 3Y Ha TBapUH BUKIMKAE MyTarcHHI
ta kanueporenHi edekru [1-3]. Mller A.C. O.K.
3 IncTuTyTy pazioOioNOriuyHuX AOCHIHKEHb
30poinux cun CIHA (AFRRI) onpumognuna
JIOCJIJIKCHHSI, SIKI BKa3ylOTb Ha HETaTUBHHU
BIUIMB 3Y Ha KIITHHHI KYJBTYpPH JIIOAWHHU Ta
TBapUH Ta WA BUCHOBKY, IO Il JOCIIJI-
JKEHHS 1n Vitro Ta in vivo He TUTbKU TPOIEMOH-
CTpyBaJIU 3/1aTHICTh /10 HEOIUIACTUYHOI TPaHC-
dopmaii, ane i cBigyare Mpo WOro MyTarcH-
HICTh Ta TEHOTOKCUYHICTH [42]. ABTOp CTBEp-
KY€, U0 XPOHIYHUHM IHraJsidHuk abo nepo-
pabHUI BIUIUB 3Y € JIGMKEMOT€HHUM — BUKJIU-
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Numerous experimental studies have
revealed the reproductive toxicity of DU and
natural uranium both in acute exposure and in
chronic exposure to low doses [1, 3, 36]. In
this case, hormonal shifts occur with impaired
synthesis of sex hormones, a decrease in the
concentration and mobility of spermatozoa,
especially when explosively implanted into
the body of fragments of weapons containing
DU [1, 37, 38]. Using a toxicokinetic-toxico-
dynamic model of exposure to different doses
of DU in daphnia, transgenerational disorders
with inhibition of repair have been described
[38, 39].

A number of studies have shown the toxic
effect of DU on bones, as the main organ of
long-term accumulation of uranium. Since they
function as a metal storage, uranium, after
accumulation in bones, is continuously
released from them for several months or sev-
eral years into other organs and systems of the
body, even after the cessation of exposure to
uranium [1-3]. DU and natural uranium short-
en bones, changing the structure of their tra-
becular zone, promoting resorption and sup-
pressing their formation [1-3,]. Long-term
accumulation of uranyls in bones can cause
direct damage to osteoblasts, mineral structure
and biomechanical properties of bone [1, 40],
and also affects the development of
osteoblasts, interferes with vitamin D metabo-
lism, inhibits osteogenesis of cartilage and
periosteum, affects the formation, reconstruc-
tion of bone and the growth and development
of animals. McDiarmid M.A. et al. [41]
showed that in war veterans exposed to DU, a
premature increase in bone density is observed.

The question of carcinogenicity of DU is
particularly controversial. It has been proven
that exposure to ZU aerosol on animals causes
mutagenic and carcinogenic effects [1-3].
Miller A.C. from the US Armed Forces
Radiobiology Research Institute (AFRRI)
published studies indicating the negative
effects of DU on human and animal cell cul-
tures and concluded that these in vitro and in
vivo studies not only demonstrated the ability
to neoplastic transformation, but also indicated
its mutagenicity and genotoxicity [42]. The
author claims that chronic inhalation or oral
exposure to DU is leukemogenic — it causes
leukemic transformation of hematopoietic
cells in mice and neoplastic transformation of
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Kae JIeHKeMIYHy TpaHCHOpPMAIIII0 TeMaToroe-
TUYHUX KIITHH y MHIIEH Ta HEOIIaCTUYHY
TpaHc(OopMaIlito JISTEHEBUX CIiTeNiaTbHAX KITi-
TUH moauHu. ImminanTamis ¢parmeHTiBs 3Y
BHUKJIMKAaE capkoMy M’si3iB y mypiB [41].
Kanneporennicts 3Y 11t TBapuH JOBEICHO B
YUCJACHHUX JOCHIDKeHHSX [1-3], xowa s
JIOTMHU JI0 LBOTO Hacy JIMIIAETECS CyNepedin-
Bo10. Omrcano HIZ[BI/IHleHy 9aCTOTY PaKy PI3HHX
OpraHiB SIK y BeTepaHiB BiifHH, TaK i B HACETICHHS
micisa BiiHM B Ipaky Ta Ha bankanax [43-49].
[Tpu nboMy XBOpPHUM Ha pak BeTepaHaM BiliHU B
ItTanii Ta CkaHOUHABCHKHX KpaiHaxX HaBiTh
BUIUTaYyBaJIach KomreHcarlisi [48, 49]. Ane B
HU3II JOCIHIIKeHb aBTOPU HE 3HAXOIAThH Iepe-
KOHIIMBHX J0Ka31B PO KAHLEPOreHHICTh 3Y 1t
JHOIIHH [51, 52]. I[0c1 (bchyIOTbc;[ l'Il,Z[BI/IH_[eHl
PiBHi ypaHy B KPOBI B marlieHTiB Ipaky, ski XBO-
pitoTh Ha pak [50]. Takum 4ymHOM, 3a OCTaHHI
POKH OIyOJIIKOBAaHO BEMKY KUIBKICTh PE3YJIbTa-
TIB EKCIICPUMCHTAJIBHUX Ta CIiAeMIiONIOTIYHUX
JOCHIKEHb PO HECHPUSTINBUYN BIUB 3Y Ha
JOBKULIS Ta TBapWH, sKi CBig4arh MpoO HOTro
MyTbMOTOKCUYHICTh, HE(PPOTOKCHYHICTh, HEH-
pOTOKCI/I‘-IHiCTI) reNnaTOTOKCUYHICTh, a TaKOX
HOr0 CHIOKPMHHO IHM3PANTOPHI, TCHOTOKCHUH,
MyTareHHi Ta KaHLeporeHHi edekru. Humi
MixxHapoZHe areHTCTBO 3 JAOCIHIIKEHHS pPaKy
kmacupikye 3Y Ak KaHueporeH rpymu I, imo
BU3HAYAETHCA K «OOMEXKEH1 JOKa3u Ha JHOISX 1
JOCTaTHI JOKA31 HA EKCIIEPUMEHTAJILHUX TBAPH-
Hax» [1, 53].

Cyuacni yaenennsa npo enaue 3Y na eiii-
CbKOGUX [ HACeNeHHA 6 YM08ax GIilHU.
IIpoTsirom OCTaHHIX AECATHINTE y HPEC aKTHB-
HO 06FOBOpIO€TI>C}I CTymiHb HeOe3MeKu Ta
NOTEHIIIMHUX pU3uKiB 3Y I OopraHi3My Biii-
ChbKOBHX 1 HaceneHHs. OcoOIUBO BEJIMKA Killb-
KicTh myOumikariii mpo BB 3Y Ha JIONUHY
micis BiiHM B Ilepchkiil 3aTolli Ta BOEHHOTO
kOH(DIIKTY Ha bankaHax micias YHUCICHHUX
00CTEXEHb SIK 00’€KTIB HABKOJHUIIIHHOTO Cepe-
JIOBUINA, TaK i BeTepaHiB Biam [1-4, 53, 56].
Sxmo ipakchki Ta OaJKaHCBKI JOCIiTHUKH
aKIEHTYIOTh yBary Ha 3HaYHUX MOPYIICHHSX B
OpraHi3mi JIFOMWHUA 1 TBapWH IIICJS BIUIUBY
aepo3oiio 3Y B yMOBax BiliHH, TO B He3aJexk-
Hux BueHHX CIIA i €Bpocoro3y aymMKu pi3-
HATHCS, OJHI BUSIBUJIH TTOJIIOPTaHHI MOPYIIICHHS
[50, 53, 55, 56], inm1i BigMI4aloTh, 1110 BILIMB Ha
ocobucte 3710poB’st Bing Ooempunacis 31 3Y He
JOCTaTHHO JOBEACHUH, a00 MOB’s3aHUI 3 HUM
Ta iHmuMu (hakropamu [54, 57].
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human lung epithelial cells. Implantation of
DU fragments causes muscle sarcoma in rats
[41]. The carcinogenicity of DU for animals
has been proven in numerous studies [1-3],
although for humans it still remains contro-
versial. An increased incidence of cancer of
various organs has been described both in
war veterans and in the population after the
war in Iraq and in the Balkans [43—49]. At the
same time, war veterans with cancer in Italy
and the Scandinavian countries were even
paid compensation [48, 49]. However, in a
number of studies, the authors do not find
convincing evidence of the carcinogenicity of
DU for humans [51, 52]. Elevated levels of
uranium in the blood of patients with cancer
in Iraq are still recorded [50]. Thus, in recent
years, a large number of results of experi-
mental and epidemiological studies on the
adverse effects of DU on the environment
and animals have been published, which indi-
cate its pulmotoxicity, nephrotoxicity, neuro-
toxicity, hepatotoxicity, as well as its
endocrine disrupting, genotoxic, mutagenic
and carcinogenic effects. Currently, the
International Agency for Research on Cancer
classifies DU as a Group I carcinogen, which
is defined as “limited evidence in humans
and sufficient evidence in experimental ani-
mals” [1, 53].

Modern concepts on the impact of DU on
the military and the population in war con-
ditions. Over the past decades, the degree of
danger and potential risks of DU for the mil-
itary and the population have been actively
discussed in the press. There are a particular-
ly large number of publications on the impact
of DU on humans after the Gulf War and the
military conflict in the Balkans after numer-
ous examinations of both environmental
objects and war veterans [1-4, 53, 56]. If
Iraqi and Balkan researchers focus on signif-
icant disorders in the human and animal body
after exposure to DU aerosol in war condi-
tions, then independent scientists from the
USA and the European Union have different
opinions, some have found multi-organ disor-
ders [50, 53, 55, 56], others note that the
impact on personal health from DU muni-
tions is not sufficiently proven, or is associat-
ed with it and other factors [54, 57].

More than 20 years after the fighting in
Kosovo, the arguments about the chemotoxic-
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Yepez monan 20 pokiB Mmicisi 3BEPILIECHHS
ooroBux a1 y KocoBo aprymeHTu mnpo ximio-
TOKCUYHICTh 3Y Juine 3minaumcs [4, 5, 45, 47,
55]. Hocnimxenns yuacHukiB «bypi B mycremi»
nokasasno, 1o Ha noiui 6ot Oyno 700 000 Biii-
CHKOBHX IEPEBaXHO aMEPUKAHCBKUX COJJAT 3
Koasiuiero 3 35 KpaiH, IpU L[bOMY «CHHIPOM
BiliHU B [lepchKiil 3aT0111» BUSBICHUN Y 3HAUYHOL
ix vactunu [2, 3, 50, 55]. Cunapomonoriy-Hui
KOMIUIEKC KJIIHIYHHUX IPOSBIB XPOHIYHOI MaTo-
Jorii y BeTepaHiB BiiiHM, O3HAYEHHUH SK «CHUH-
apoMm Ilepcekoi 3aTokm», BKIIOYAE PpO3Tagu
BEreTaTUBHOI HEPBOBOI CUCTEMH 3 IIOPYILLIEHHAM
CHY, PO3BHUTKOM BEreTO-CyIMHHOI JMCTOHII 3
CYIMHHUMHU KpU3aMH, 3 TMOPYLICHHAM DPUTMY
cepus, KOTHITUBHUMHM MOPYLIEHHSIMH, 3
HAsIBHUM CHHAPOMOM XPOHIYHOi BTOMH, IICUXO-
(b1310JI0TTYHUM JUCTPEC-CUHIPOMOM Ta IiJIBU-
IIEHUM PIBHEM XPOHIYHOI COMAaTUYHOI 3aXBO-
proBanocti [1-3, 53, 55]. CnocrepexxeHHs 3a
BETEpaHaMU BIWHU, SIKI 3a3HANU BIUIMBY 3Y
MPOBOJUIIOCH 3a MPOTOKOJIOM MOHITOPHUHTY,
SIKUH BKJTIOYAB OIIHKY 130TOMHUX KOHIIEHTpAII1i
U B kpoBi, ceul i criepMmi Ta BCEOIUHUNA OIS
HACJIIAKIB JUIsl 370pOB’s, a TAaKOX BKJIIOYAB
OLIIHKY IMOKa3HUKIB KICTKOBOI'O METaboIi3My Ta
BHU3HAYEHHSI MIHEPAJbHOI HIUIBHOCTI KICTKOBOL
tkannan (MIKT) [53-55]. BuBuenHs kicTko-
Boro merabomizmy ta Bu3HaueHHs MIIKT y
BeTepaHiB BiiiHU B [lepchkiii 3aTo1, K1 3a3HaIn
BILUTUBY 3Y, MOKa3ajo MiJABUIICHHS MOKa3HUKA
pe3opOi1ii KICTKOBOT TKAHUHU — N-TeJIoNnenTHY,
0COOJIMBO B MIArpyMi 3 BUCOKUM piBHEM 3V B
cedi Ta B WIEHIB KOTOPTU 3 OTPUMaHUMH OCKOJI-
kamu 3Y. ABTOpH B1I3HAYAIOTh, 1110 MICJISI TOHAT
25 poKiB BiJl IepUIOro KOHTAakKTy 31 3Y crapitoda
rpyna BIHCHKOBUX BETEpPaHIB IMPOJOBKYE
JIEMOHCTPYBAaTH IMOMIpHI BIUIMBH Ha 370POB’f,
noB’s3aHi 31 3Y, y BIIOMHUX OpraHax-MilIEeHsIX
HOro TOKCHYHOCTI (JIETeHSIX, HUPKAX, TMEYiHII],
HEpPBOBIM CHCTEMI), a TaKOX MOPYILIECHHS
MIIKT, mo cBiguuTh Mpo HEOOXITHICTH Maii-
OyTHIX HaIIAJOBHX OLIHOK L€l KOroptu. Y
BETEPaHIB BIMHU Ta HACEJICHHS, SKE MPOXKUBAE
Ha 3a0pyaHeHux 3Y TepUTOpIsLX, CHOCTEpi-
rarOThCsl MPOTATOM JIBOX-TPHOX JECATUPIY TiJ-
BUIIIEHI piBHI BUIUIeHHS 3Y 13 ceyero Ta BMi-
CcTOM y KpoBi Ta criepmi [50, 56, 57]. Haii6inbim
BUCOKI KOHULEeHTpauli 3Y — y 4JieHIB KOTOpTH 3
yJIamMKaMu 30poi B TiJll, @ TAKOXK y XBOPHUX 3 JIEH-
keMiero [58]. 3 BUKOPUCTAHHSIM Mac-CIIEKTPO-
MeTpii 3 IHAYKTUBHO-3B’s13aHO0 1a3moro (ICP-
MS) BusiBneni Bucoki piBHi U B criepmi, 0co0-
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ity of DU have only strengthened [4, 5, 45, 47,
55]. A study of the participants of Desert
Storm showed that there were 700,000 sol-
diers on the battlefield, mainly American sol-
diers in a coalition of 35 countries, and the
Gulf War Syndrome was detected in a signifi-
cant part of them [2, 3, 50, 55]. The syndrome
complex of clinical manifestations of chronic
pathology in war veterans, designated as
Persian Gulf Syndrome, includes disorders of
the autonomic nervous system with sleep dis-
turbance, the development of vegetative-vas-
cular dystonia with vascular crises, with heart
rhythm disturbances, cognitive disorders, with
the presence of chronic fatigue syndrome,
psychophysiological distress syndrome and an
increased level of chronic somatic morbidity
[1-3, 53, 55]. The surveillance of war veterans
exposed to DU was conducted according to a
monitoring protocol that included the assess-
ment of uranium isotope concentrations in
blood, urine, and semen and a comprehensive
review of health consequences, as well as the
assessment of bone metabolism and bone
mineral density (BMD) [53-55]. The study of
bone metabolism and BMD in Gulf War vet-
erans exposed to DU showed an increase in
the bone resorption marker N-telopeptide,
especially in the subgroup with high urinary
DU levels and in the cohort with DU frag-
ments. The authors note that after more than
25 years from the first exposure to DU, an
aging group of military veterans continues to
demonstrate moderate DU-related health
effects in known target organs of toxicity
(lungs, kidneys, liver, nervous system), as
well as impaired BMD, suggesting the need
for future surveillance assessments of this
cohort. War veterans and the population living
in DU contaminated areas have been observed
to have elevated levels of DU excretion in
urine and in blood and semen content for two
to three decades [50, 56, 57]. The highest con-
centrations of DU are found in members of the
cohort with weapon fragments in the body, as
well as in patients with leukaemia [58]. Using
inductively coupled plasma mass spectrome-
try (ICP-MS), high levels of uranium in
semen were found, especially in war veterans
with prostate pathology (from 0.8 pg/g to
3350 pg/g, with an average of 1860 pg/g),
while in healthy individuals its average level
was 2.9 pg/g [56].
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JIMBO Y BETEPaHiB BIHU 13 TIATOJIOTIEIO MPOCTA-
1 (Bix 0,8 nr/r mo 3350 nr/r, B cepeaHpoMy —
1860 mr/r), Tomi SK y 3MO0POBHX OCIO HOTO
CepeHii piBeHb cTaHOBHB 2,9 mir/T [56].

3a nmanumu Ipakcekoi pamu 3 60pOTL6H 3
OHKOJIONYHUMH 3aXBOPIOBAHHSMH IIiCIIS BiHHN
B Ilepcepkiii 3aroui B Ipaky crocrepirazocs
30UTBIIEHHS KiJTBKOCTI BI/IHa,Z[KlB paky [50].
[lepeBaskHO ypakaJIMCh MIKIpa, CEYOBHIA MIXyD,
TUXAIBHI IIUISIXY Ta Jeredi. BussieHo 3pOCTaH-
HSl 3aXBOPIOBAHOCTI Ha PaK IUTYHKY Y YOJIOBI-
KiB 1 paKk MOJIOYHHX 3aJI03 y >KIHOK pazom i3
3aradbHUM 30UTHIICHHSM BHIMAJKIB JEHKeMIl.
[Tonan 30000 xBopux Ha pak OTPUMYBAJH JIKY-
BaHHs B Ipaky 3 2015 poky. [licns BiliHU cro-
CTepirajnch YWCICHHI BUMAAKU BPOIHKEHUX
BaJl PO3BUTKY B HOBOHAPOPKCHHX Y MiBICHHIN
JacTHHi Ipaky, 1e BUKOPHCTOBYBaIack 30post 3i
3V. BuBuenns kinbkicHoro piBHs U 3 BuUkopu-
CTaHHSIM TBEPAOTLILHOTO SIIEPHOTO TPEKOBOIO
nerekropa CR-39 B 3paskax KpOBI XBOPHX Ha
pax, 310paHuXx 13 pi3HUX perioHiB Ipaky, moka3za-
70 [58], mo miana3zon koHuentpariii U B 35 310-
poBux mroner ctaHoBuB 0,56-2,26 MKr/m, Tomi
AK y 49 xBopux neiikemiero piBHi U KOTUBAINCH
Bix 1,47 no 4,57 Mxr/n. Skimo cepeaHiii piBeHb
koHLeHTpauii U y XBOpUX Nali€eHTiB csras 2,85
+ 0,70 mkr/m, To B 3m0poBHX 0ci6 — 0,81 + 0,62
MKkr/i (p < 0,001).

binbm Bucoki piBHi BMiCTy U manu micue y
XBOPHX Ha JICHKEMil0 HOplBHSIHO 3 piBHsimMu U B
KPOBI 3/J0POBHX JIIOLCH, SIKi IPOXUBAIOTH Yy
3a6pyﬂHeHI/1x 3V perionax Ipaky [59]. Huska
JOCIIITHUKIB TOBIIOMIISIFOTE TIPO TPEH POCTY
3MIOSIKICHUX 3aXBOPIOBaHb, 3arajibHOCOMaTHY-
HOI I1aTOJIOT1I B HACEJIEHHs, a TAKOK 301/IbIIEH-
HS BPO/DKEHUX Baj y MiTel Ha bamkaHax micis
BOEHHOTO KOHIIIKTY [43-45, 60], y TOIi ke yac
Oyno BiACYTHE (hIHAHCYBaHHS IPOEKTIB, SKI
crocytoThes 3Y. 3BepTaiounch 10 BUCHUX 1 TPO-
MaJChKOCTI YKpaiHH, BUEHI MOBIIOMIISIOTH [4,
5], mo YkpaiHa He MOBUHHA p061/1T1/1 MTOMUJIKY,
CKOPOUYIOUH (1)1HchyBaHH;1 JIOCITIUKCHB LIO/0
3V, ykpailHCbKUil ypsiZ| 1 HEYPsIOBI opraH13au11
Ta YHIBEpCUTETH NOBHHHI IyXE€ CEpHO3HO
MOCTaBUTUCH JI0 3arpo3u 3V.

Jlikyeannsa ma npoginakmuka mokcuyHux
ypasxcenv, 00ymosienux 3Y. Bauxanss aeposo-
JI0 € OCHOBHUM IUISXOM MOTparvistHHS 3Y 10
OpraHi3My JIFOJIMHU MiJ 4ac BiiHM [2, 3]. 3Y mae
MEpPEeBaAKHO XIMIYHY 1 HEBUCOKY pajialiiHy
TOKCHYHICTh. [Ipy MOTparuisiHHI 10 OpraHizmy
JIOIMHU BIH BHUKJIMKA€E TOIIKOIKCHHS JICTEHb,
HUPOK, MO3KY, KICTOK Ta IHIOUX OpraHiB. Y
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According to the Iraqi Cancer Council,
there has been an increase in cancer cases in
Iraq since the Gulf War [50]. The most com-
mon cancers are the skin, bladder, respiratory
tract, and lungs. There has been an increase in
the incidence of stomach cancer in men and
breast cancer in women, along with an over-
all increase in leukaemia. More than 30,000
cancer patients have been treated in Iraq
since 2015. After the war, there have been
numerous cases of birth defects in southern
Iragq, where DU containing munitions were
used. A study of the quantitative level of ura-
nium in blood samples from cancer patients
collected from different regions of Iraq using
a solid-state nuclear track detector CR-39
showed [58] that the range of uranium con-
centration in 35 healthy people was 0.56—
2.26 png / L, while in 49 leukaemia patients
the uranium levels ranged from 1.47 to 4.57
pg / L. While the average uranium concentra-
tion in sick patients reached 2.85 £ 0.70 pug /
L, in healthy individuals it was 0.81 + 0.62 g
/L (p <0.001).

Higher levels of uranium were found in
leukaemia patients compared to uranium lev-
els in the blood of healthy people living in the
DU contaminated regions of Iraq [59]. A
number of researchers report a trend of in-
creasing malignant diseases, general somatic
pathology in the population, as well as an
increase in congenital malformations in chil-
dren in the Balkans after the military conflict
[43—-45, 60], at the same time there was a lack
of funding for projects related to DU.
Appealing to scientists and the general public
of Ukraine, scientists report [4, 5] that
Ukraine should not make the mistake of
reducing funding for DU research, the
Ukrainian government, non-governmental
organizations and universities should take the
threat of DU very seriously .

Treatment and prevention of toxic dam-
age caused by DU. Inhalation of aerosol is
the main route of DU entering the human
body during war [2, 3]. DU has mainly chem-
ical and low radiation toxicity. When entering
the human body, it causes damage to the
lungs, kidneys, brain, bones and other organs.
In the first hours, victims indicate heartburn
in the nasopharynx, trachea and bronchi.
When inhaling the aerosol, undissolved DU
is deposited in the lungs and remains there for
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nepin roauHu micis i 3Y mocTpakiani BKa-
3yIOTh Ha Ie4il0 B HOCOMIOTLI, Tpaxei Ta OpoH-
xax. [Ipy BauxaHH1 aepo30JH0 HEPO3IUMHEHUI
3V BIAKIIAJAETHCA B JIETEHSX 1 3aIMIIAETHCS TaM
MPOTSITOM TPUBAJIOTO Yacy, TOMY JiKyBaHHS TOK-
CUYHHUX ypaK€Hb NOYMHAETHCS 3 OYUIICHHS
JIereHb METOJIOM BJIMBAaHHS CTEPUIIBHOTO (pi310-
JIOTIYHOTO PO3YMHY 3a JOMOMOTOI0 OPOHXOCKO-
ny (WLL) 1 BUMHBaHHSI MIKPOYaCTUHOK HEPO3-
yrHeHoro 3Y 13 OpouxiB 1 anbBeodn [53]. [opsizg
13 (p1310JI0TTUHUM PO3YHMHOM BUKOPHUCTOBYETHCS
0,5 % po3uun OikapOoHaTy Harpito. XOpOIIHiA
edexT ouMileHHs JiereHb Bl 3Y oTpuMaHMii
npu iXHOMY MPOMHUBAHHI Y CO0aK PO3YHHOM,
110 MICTUTh METOKCHUIOJIETHJIEHIIIIKONb 4- (3,
4-nurigpokcudentunamin) [61, 62]. Po3unnni
KOMIIOHEHTH aepo30i0 3Y NoTparisioTh 3
JIETe€Hb y KPOB 1 3T0JIOM HAIXOJTh Y TKAHUHH Ta
opranu opranizmy. Hakonnuenns 3V 3HHKYIOTb
HUISIXOM 30UTBIIEHHS WOro eiMiHallii 3a J10Mo-
MOTOJO XeJaTylounx areHtis [53, 61]. Ixui pos-
YHMHU MOXYTh 3MEHIIMTH BiaknaaeHHs 3Y B
OpraHax i IPHUCKOPUTH HOT0 BHBEICHHS 3 HUP-
KOBOI CHCTeMH. Y JaHMIi Yac [ AeKopriopanii
3Y BUKOPHUCTOBYIOThCS XeHaToyTBOpIOBa'-Il B
OCHOBHOMY OiKapOOHAT HaTpiio, €TUJICH 1aMiH-
terpaonroBa kucinora (EDTA), xarexon -3-6-
0ic (metumitTuroaionToBa kuciora (CBMIIA)
ta 3, 4, 3-LI (1, 2-rigpoxcunipuaun) (3, 4, 3-LI
(1, 2-HOPO). Ocranniii BBaxaeTbcs HaOLIbII
MEPCIIEKTUBHUM XEJIaTOyTBOPIOIOYUM areHTOM 3
HU3bKOIO TOKCHUYHICTIO Ta XOPOLIOI NEPOpaIb-
HOKO 01070CTYIHICTIO (CXBAICHHIT YIpaBIIiH-
HSAM 3 XapyoBHX NPOIYKTIB 1 MEIUKAMEHTIB
CIIA). Ha nonarok 1o xenaryBaHHs 3V, OJ10Ky-
BaHHS 1UIAXy in vivo 3Y Ta 3MEHIIEHHS
IMOIIKO/UKEHHS B TKAHMHAX 1 KJIITUHAX Ha JaHUH
yac B EKCIIEPUMEHTI Ha TBapUHAX 3HaWJEH1
nesiki npenaparu [3]. JlocnimkeHHs mokazan,
IO IIMHK, METAJOTIOHETHH Ta HU3bKI KOHIIEHT-
pailii CIpKOBOAHIO MOXYTh OyTH €(EeKTUBHUMHU
JUISL TIOTIEPEKEHHS Ta JIKYBaHHS CHPUYUHEHOT
3V¥ HedpoTokcHUHOCTI. [ perniH MoXKe MoJIerIm-
TH MOIIKO/KEHHS KICTOK, IIMHK MOKE MPUTHIYY-
BaTH 1HAyKoBaHui 3Y amonros. Ilpodinakruka
TOKCUYHUX YPaKE€Hb 3Y BKIIIOYA€ BUKOPUCTAH-
HS 3aco0iB 3aXMCTy, MOHITOPUHI TEPHUTOPIiil
OooBux il Ta OlocepeloBHIL BiCHKOBUX,
IXHE OUYHUILICHHS.

BucnoBku
— CyuacHa 30post (cHapsnu, Kyii, OomOu,
paKeTu) IS TIABUINCHHS MPOHUKAKOYOT
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a long time, so the treatment of toxic lesions
begins with cleaning the lungs by infusing
sterile saline solution using a bronchoscope
(WLL) and washing out microparticles of
undissolved DU from the bronchi and alveoli
[53]. Along with saline, a 0.5 % sodium
bicarbonate solution is used. A good effect of
lung cleansing from DU was obtained in dogs
at washing out with a solution containing
methoxypolyethylene glycol 4- (3, 4-dihy-
droxyphenethylamine) [61, 62]. Soluble
components of the DU aerosol enter the
blood from the lungs and subsequently enter
the tissues and organs of the body. The accu-
mulation of DU is reduced by increasing its
elimination using chelating agents [53, 61,
62]. Their solutions can reduce DU deposi-
tion in organs and accelerate its excretion
from the renal system. Currently, chelating
agents are used for DU decorporation, mainly
sodium bicarbonate, ethylenediaminete-
traacetic acid (EDTA), catechol-3,6-bis
(methyleneiminodoacetic acid (CBMIDA)
and 3,4,3-LI (1,2-hydroxypyridine)(3,4,3-LI
(1,2-HOPO). The latter is considered the
most promising chelating agent with low tox-
icity and good oral bioavailability (approved
by the US Food and Drug Administration). In
addition to DU chelating, blocking the DU in
vivo pathway and reducing damage in tissues
and cells, some drugs have been found in ani-
mal experiments [3]. Studies have shown that
zinc, metallothioneins and low concentra-
tions of hydrogen sulphide may be effective
in preventing and treating DU-induced
nephrotoxicity. Ghrelin can alleviate bone
damage; zinc can inhibit the DU-induced
apoptosis. Prevention of DU toxic damage
includes the use of protective equipment,
monitoring of combat areas and military bio
environments, and their cleaning.

Conclusions

— The utilisation of depleted uranium in
modern armaments, such as shells, bullets,
bombs and missiles, has recently become
prevalent. This material is distinguished
by its high chemical toxicity and low
radioactivity. The incorporation of deplet-
ed uranium in munitions has been found to
enhance penetration and pyrophoricity, i.e.
the propensity to ignite upon impact. In
addition, DU is utilised for the purpose of
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371aTHOCTI Ta nipoq)opMHOCTi (cmranmaxyBaH- reinforcing the armour of tanks and
Hs1) B OCTaHHI POKH MICTSTH 3Y, SIKOMY TIpH- armoured vehicles. Inhalation of DU
TaMaHHAa BHCOKAa XiMi4Ha TOKCHYHICTh Ta aerosol has been proven to cause damage
HU3bKa Pali0aKTUBHICTh. 3Y TaKOK BUKOPHU- to the lungs, kidneys, brain, bones,
CTOBYETHCS NJIsl YKPIIUICHHS OpPOHI TaHKIB 1 endocrine and reproductive systems. It is
OponemamuH. Bnuxanas aepozomo 3V evident that the toxic action of depleted
MOXK€ BUKJIMKATH YpaK€HHS JIET€Hb, HUPOK, uranium is multifaceted, involving various
MO3KY, KiCTOK, €HJOKPHHHOI Ta penponyx- mechanisms. Among these are the forma-
TUBHOI cucteM. Cepen MeXaHi3MiB TOKCHY- tion of oxidative stress, binding to body
Hoi nii 3Y mepeBakaroTh POPMYBAHHS OKHU- proteins, disruption of metabolism and
CIIFOBAJILHOTO CTpPECY, 3B’SI30K 3 OiIKamMu immune system functions, and the forma-
OpraHiaMmy, TMOpYIICHHS MeTa0omi3My 1 tion of toxic mitochondriopathy. In addi-
GYHKIIH iIMyHHOI cucTeMHd 3 (GOpMYyBaHHIM tion, there is activation of apoptosis and
TOKCHYHOI MIiTOXOHApiomaTii, akTuUBaIii the development of energy deficiency.
armonTo3y Ta PO3BUTKY eHeproaeinuTy. — DU aerosol causes mutagenic and carcino-
— Aepo3zonb 3Y y TBapyH BUKJIMKAE MyTareHH1 genic effects in animals. The trend of
Ta KaHreporeHHi edekrtu. lllupoko omwmca- increase in malignant diseases in veterans
HUW TPEHII POCTY 3JIOSAKICHUX 3aXBOPIOBAHb of the Gulf War, in the Balkans and in the
y BerepaHiB BiliHM B Ilepchkiii 3atorli, Ha population living in DU contaminated
bankaHax Ta B HaceJlCHHs, SKE MPOKHUBAE Ha areas has been widely described. Currently,
3a0pynHenux 3Y Tepuropisx. CtaHoM Ha the International Agency for Research on
3apa3 MikHapoJHEe areHTCTBO 3 AO0CIIHKCH- Cancer classifies DU as a group 1 carcino-
Hi paky kiacudikye 3Y sk KaHIEporeH gen, which is defined as “limited evidence
rpynu 1, 10 BU3HAYAETHCSA SIK «OOMEKEHI in humans and sufficient evidence in
OKa3M Ha JIIOISAX 1 JOCTATHI JOKAa3M HA €KC- experimental animals”. A significant part
NEepUMEHTAJbHUX TBapuUHAX». Y 3HAYHOL of veterans of the war in Iraq and in the
YaCTMHHM BETEpaHiB BiiiHM B Ipaky Ta Ha Balkans has been found to have Gulf War
bankanax BUSBICHO «CHHIPOM BiHHH B Syndrome, which is characterized by disor-
[lepchkili 3arorli», SKUH XapaKTEePH3YEThCS ders of the autonomic nervous system with
po3JaaMu BEreTaTUBHOI HEPBOBOI CUCTEMH sleep disturbance, development of vegeta-
3 MOPYLIEHHSM CHY, PO3BUTKOM BETreTO- tive-vascular dystonia, with vascular
CYIMHHOI TUCTOHIi, 3 CyIMHHUMH KPH3aMH, crises, heart rhythm disturbances, cogni-
MOPYIICHHSM PUTMY CepIlsl, KOTHITHBHUMU tive disorders with the presence of chronic
po3iazaMu 3 HasBHICTIO CHHAPOMY XPOHidY- fatigue syndrome, psychophysiological
HOI BTOMH, HCHXO(blSlonorquoro JMCTpec- distress syndrome and an increased level of
CHUHIPOMY 1 MiJBUIIEHOTO plBH}I XPOHIYHOT chronic somatic morbidity.
COMaTHYHOI 3aXBOPIOBAHOCTI. — Health monitoring of veterans and the
— MOoHITOpHHT 3a 3I0pOB’SM BETEPaHIB Ta population of DU contaminated areas
HaceleHHs 3a0pyaHeHux 3Y TepuTopii includes assessment of uranium isotope
BKJIIOYAE ouiHKy 130TONMHUX KOHIeHTpariid U concentrations in blood, urine and semen,
B KpOBl ceui Ta cnele BCeOIUHMI OITIsI L a comprehensive review of health effects,
HACIIJKIB ISl 3A0POB’S, a TaKOX OIIHKY and assessment of bone metabolism and
MOKAa3HHUKIB KICTKOBOTO MeTaboJi3My Ta bone mineral density (BMD) indices,
MiHEpaJIbHOI MIUTBHOCTI KICTKOBOi TKaHWHU which have shown increased uranium con-
(MIIKT), mo moka3ajgo MiJBHINCHI KOH- centrations in bio environments, especially
nenTpaii U B 6iocepeaoBHIax, 0CoOIMBO B in individuals with malignant diseases and
0ci0 31 370AKICHUMH XBOPOOAMH Ta iHKOPIIO- incorporated into the body by shrapnel
POBaHMMH B T1JIO YACTUHKAMM IIIPAITHEI] BiJl particles from DU containing bullets, as
KyJIb, SIKI MICTATH 3Y, a TaKoX ITiIBUICHHS well as increased BMD indices. Despite
noka3zHukiBe MILIKT. He3Bakaroun Ha Bin- the differences in epidemiological data,
MIHHOCTI eMiJIEMiOJIOTIYHUX NTaHUX, PEeKo- ongoing surveillance of individuals
MEHIYEThCS TIOCTIHE CIOCTEPEKCHHS 3a exposed to DU is recommended, which
ocobamu, SIKi 3a3HaNIN BIUIUBY 3Y, SIKE MOXE can contribute to the study of DU toxicity.
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3pOOUTH BHECOK y JIOCIHIKEHHS TOKCMuHO- — Treatment of DU toxic damage should
cti 3V. include clearing the lungs of insoluble
— JlikyBaHHS TOKCHYHHX YpaxkeHb 3Y Mae microparticles of DU by instillation of ster-
BKJTIOYATH OYMILICHHS JICTeHb BiJl HEPO3YUH- ile saline or sodium bicarbonate solution
HMX MIiKpo4acTUHOK 3V 3a J0IOMOIOI0 BJIH- into the lungs using a bronchoscope.
BaHHsI CTEPWIBHOTO (i310JIOTIYHOTO PO3YH- Elimination of soluble components of the
Hy a00 po3unHy 0ikapOOHATy HATPiiO B Jere- DU aerosol is performed with the use of a
Hi 3 BHMKOPHUCTAaHHAM OpoOHXOCKoOmy. Ei- number of chelating agents, the most prom-
MiHaIlisl PO3YMHHUX KOMITIOHEHTIB aepO30JIr0 ising of WhiCh is 3, 4:_ 3-LI (1, 2'HOPO)-
3Y BUKOHYETBCSI 3 BUKOPUCTAHHSM pSay The findings Qf experlmenta}l Smdle? sug-
XeJIaTYIOYMX AreHTIB, HAMOUIBII IepCIIeK- gest that there is an increase in the elimina-

THBHUM i3 sIKuX € 3, 4, 3-LI (1, 2 — HOPO). tion of DU when combining chelating ther-
apy with certain drugs. These include ghre-
lin, zinc, metallothionein and low doses of
hydrogen sulphide. Further research is
required in order to establish a strategy for
the treatment of toxic damage. In order to
prevent damage to personnel from depleted
uranium (DU) toxicity, it is essential to
employ personal protective equipment, to
monitor the area of combat operations, and
to cleanse contaminated areas, equipment,
and scrap metal from DU. European scien-
tists have expressed a view that the threat
posed by DU should not be overestimated,
but nor should it be underestimated. It is
vital to approach the issue with the utmost
seriousness from the outset of the ongoing
military engagement, which has now been
in progress for 3.5 years. This approach is
instrumental in ensuring the preservation of

ExcriepumenTanbHi JTOCTIPKCHHS CBiTYaTh
npo mniABUIleHHS eniMmidanii 3V  npu
MOEIHAHHI XEeJaTylodoi Teparii 3 HHU3KOI0
IpernapariB: TpeliHy, IUHKY, MeTajaTioHei-
HY Ta HU3BbKHUX J103 cipkoBomHI0. CTpareris
JIKYBaHHSI TOKCHYHUX YpaxXe€Hb MOTpedye
MoJaNbIIUX AOCHimkeHb. [IpodimakTuka
TOKCUYHHX ypakeHb 3Y MOBUHHA BKIIOYATH
BUKOPHUCTAaHHS 3ac00iB 1HIMUBIIYyaJbHOTO
3aXHUCTY, MOHITOPUHI TepUTOpii OOHOBHUX
Jii Ta ounmeHHs Big 3Y 3a0pygHEHUX
TEPUTOPil, TEXHIKH Ta METAIOOPYyXTY.
€BpomnelchbKi BUYCHI MOMEPEIHKAIOTh, M0
3arpo3y, fKy sBJsi€ coooro 3Y He ciig nepe-
OITIHIOBAaTH, aJiec HE BapTO i HEJIOOI[IHIOBATH.
Cepito3He cTaBJeHHS 10 TPOOJIEeMHU Bif
caMOTO TIOYaTKy BiliHU, SIKa TPUBA€E BXKE
3,5 poku, MOKe BpATYBATH )KUTTS YKPATHLIB

Y MaiOyTHbOMY. Ukrainian lives in the future.
Kondikt inTepeciB. ABTOpH 3asBIAIOTH Conflict of interest. The authors declare
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