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BIOMAPKEPU PAIIALIIMHO-IHIYKOBAHOI TEHOMHOI
HECTABIJIBHOCTI COMATUYHUX KJIITUH

B ornapi BUCBiTIEHO cyyacHi ysBAEHHS LWOLO MexaHi3MiB opMyBaHHs pajialiliHo-iHaYyKoBaHOT HecTabinbHOCTI reHo-
My. 3a pe3ynbTaTamMu NoWyKy B pedepaTuBHin Meanko-6ionoriuHin 6asi gaHux PubMed/MEDLINE, Google Scholar ta
PYYHOTO NoLWyKy BiANOBiAHUX mKepen iHpopmaLii, NpoaHanizoBaHo Ta y3arajbHEHO LaHi WOoA0 BUKOPUCTAHHS OEAKUX
LMTOTEHETUYHUX T MONIEKYNAPHO-TEHETUYHUX METOAIB IK GioMapKepiB edheKTiB H13bKOJ030BOr0 roCTPOro Ta NPOJIOHTo-
BAHOro onpoMiHeHHs. Po3rmagaeTbcs eeKTUBHICTb 3aCTOCYBAHHA NPUPOAHMX PALioNpoOTEKTOPIB 33 Pi3HMX YMOB On-
poMiHeHHs (aBapiiiHe, npodeciiHe, pagioTepaneBTUYHe TOW). Pe3ynbTaTv NOWyKy NigTBEpAXYOTb LOLiNbHICTb
BOCHI)KEHHSA pafiaLiHO-iHAYKOBAHOTO e(heKTy Ha LUTOreHETUYHOMY, FEHOMHOMY Ta EMiFr€HOMHOMY PiBHSAX, WO Cpu-
ATUME BUPilIEHHI0 BaXN1BOT Nnpobnemu pagiobionorii, pagialiiHoi reHeTUKM Ta paaialiiiHOro 3axXuCTy 3 YAOCKOHANEH-
HA METOAIB OUiHKM, NPOrHO3YBaHHA Ta NPOMiNAKTUKM HEraTUBHUX HACNIAKIB ONPOMiHEHHS ANA 340POB’A NIOAUHM.
KntouoBi cnoBa: ioHi3yloue BUNPOMiHIOBAHHSA; HECTA0INIbHICTb FEHOMY; enireHeTUYHi 3MiHu.

[pobnemu pagiaviiHoi Meanumun Ta pagiotionorii. 2025. Bun. 30. C. 105—125. doi: 10.33145/2304-8336-2025-30-105-125

L. V. Neumerzhytskart«<l, D. A. Kurinnyi, V. V. Talko, M. H. Romanenko

State Institution «National Research Center for Radiation Medicine, Hematology and Oncology of the
National Academy of Medical Sciences of Ukraine», 53 Yuriia Illienka St., Kyiv, 04050, Ukraine

BIOMARKERS OF RADIATION-INDUCED GENOMIC INSTABILITY
IN SOMATIC CELLS

The review highlights current ideas about the mechanisms of radiation-induced genome instability formation.
Based on the results of a search in the abstract medical and biological database PubMed/MEDLINE, Google Scholar
and a manual search of relevant information sources, data on the use of some cytogenetic and molecular genetic
methods as biomarkers of the effects of low-dose acute and prolonged radiation are analyzed and summarized. The
effectiveness of the use of natural radioprotectors under various radiation conditions (emergency, professional,
radiotherapy, etc.) is considered. The search results confirm the feasibility of studying the radiation-induced effect
at the cytogenetic, genomic and epigenomic levels, which will contribute to solving an important problem in radio-
biology, radiation genetics and radiation protection to improve methods for assessing, predicting and preventing the
negative effects of radiation on human health.
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BCTVYII

KpuTtnuHa cutyaliis, 1110 ckjiajacst Y4epe3 HOBHOMACIII-
TaOHE BTOPTHEHHS B YKpaiHy pocCilichKoi (peaepariii,
HeOe3neKka BUHUKHEHHS SAEpHOI KaTtacTpodu Ha
aTOMHUX €JIEKTPOCTAHILIiSIX BHACIiTIOK BOPOXKUX MIilt Ta
MOXJIMBICTh 3aCTOCYBAHHSI TaKTMYHOI SIAEPHOI 30poi
OpU3BeIn A0 IMiIBUILIEHOI 3arpo3u pajialiiiHoro 3a0-
PYIHEHHSI TepuTOpiii YKpaiHu Ta 3a i MeXaMu i, SIK
HACJIiI0K, 3pOCTaHHS HAUITOTYXHIIIIOTO MyTareHHOIO
BIUIMBY i0Hi3yt0uoro BunpomMiHioBaHHs (IB) Ha reHoM
JIIOIVHU.

bararopiuHi gocmimkeHHs Ta KJIiHIYHI cITocTepeskeH-
Hs1, TIpOoBeAeHi micis aBapii Ha YopHoOwibehKih AEC,
BU3HAUYMJIM PaHHI Ta BiaJaJeHi TeHOTOKCUYHI e(heKTH,
cnpuurHeHi BriuBoM IB y cepenHix Ta BUCOKUX 103aX,
3IaTHUX iHILiIOBAaTU PO3BUTOK 3JI0SIKICHUX HOBOYTBO-
peHb Ta BUKJIMKATH BPOXKEHi Baay pO3BUTKY.

OaHak MUTaHHS, Y4 MOXYTb TaKi X HACIiAKA BUHM-
KaTu Micjs BILIMBY HU3bKMX 103 IB goci He BupilieHo i
Jajli 0OrOBOPIOIOTHCS B HAYKOBMX KOJIaX Paslio0iooriB,
TEeHETUKiB, OHKOJIOTiB. AIKe XKUTeJli pagioaKTUBHO 3a0-
PYIHEHUX TEPUTOPIiil, a TAKOX BeIMKa KiJbKiCTh JIIO-
IIel, 1110 CTUKAIOThCS 3 PeHTTEHOAiarHOCTUYHUMU Ta, Y
pasi HeOOXiMHOCTI, pagioTeparieBTUYHMMU MPOoLeAypa-
MM, 3a3HAIOTh BIUIMBY HM3bKOJO30BOIO 30BHIIITHHOTO
Ta BHYTPIilIHLOTO ONpOMiHEeHHS. Jlo Ipyny Takoro pu-
3UKY HaJIeXUTh i MEIUYHUN TepcoHal, 110 Oe3noce-
peaHbO (MOCTIHHO UM TUMYACOBO) MPALIOE i3 JKepena-
MM iOHi3yro4oro BUnpomiHtoBaHHs [1, 2]. [loBrotpuBa-
quii BB IB B HM3BKMX H03aX BHUKIMKAE HECTa-
OUILHICTb T€HOMY B I1HTEPBEHLIMHUX pamioJioriB i
BpEIITi-pellT MPU3BOAUTH A0 PU3UMKY BUHMKHEHHS
HU3KM 3aXBOPIOBaHb, TAKUX SIK KaTapaKTa, po3jaj HEp-
BOBOI CUCTEMU, XBOPOOU KPOBOOOIry, cCepLeBO-CyIUHHI
3aXBOPIOBAHHS Ta 3JIOSIKiCHI HOBOyTBOpeHHS [3]. Ha
ChOTOJIHi BM3HAHO, 110 TpuBaiuii BriuB IB HaBiTh y
HU3bKHUX 103aX IMiABUILYE UMK PO3BUTKY paKky [4—6].

ITomkomxkyoua aist 1B BinOyBaeThcs yepe3 MoriMHe-
HY €Heprilo ioHi3allii, KOTpa MepeBUIIYE eHEePrito BHYT-
PILITHIX MOJEKYISIPHUX 3B’SI3KiB y 0i0JIOTMUHUX CUCTE-
Max. biojloriyHi cucTeMu opraHi3My pearyroTh Ha Jito
IB HeogHaKOBO, OCKiJIbKY 11€ 3yMOBJIEHO iHAMBiayab-
HOIO TEHETMYHOIO iX celu@ivyHIiCTIO — MiABUIIEHOIO
BpPA3JIUBICTIO a00 Pe3UCTEHTHICTIO [7].

HocnimkeHHs B raiay3i MOJIEKYJISIpHOI 0i0JI0Tii Ta K-
TOT€HETUKM ITOKA3yIOTh, 110 3MiHA Ha XPOMOCOMHOMY
piBHI 1 HaBiTh BUSABICHHS CHeUM(PIYHAX MYTalliil, y
0araThboX BUITaJKaxX HE Jal0Th BUYEPITHOI BiAMOBiAi HA
yuikomxywouy fito IB. ITpuurHOIO 1IbOTO € TOCUTH TTO-
IIMpEeHi, ajge HEeAOCTaTHbO, Hapasi, BUBYECHi SBMUILIA
CTPYKTYPHO-(YHKIIIOHAJIBHOI OpraHi3allii XpoMaTUHY

INTRODUCTION

The critical situation that has developed due to the
full-scale invasion of Ukraine by the Russian Fede-
ration, the danger of a nuclear disaster at nuclear
power plants as a result of hostile actions, and the
possibility of using tactical nuclear weapons have led
to an increased threat of radiation contamination of
the territories of Ukraine and beyond and, as a result,
an increase in the most powerful mutagenic effect of
ionizing radiation (IR) on the human genome.

Many years of research and clinical observations
conducted after the Chornobyl accident have identi-
fied early and long-term genotoxic effects caused by
exposure to ionizing radiation (IR) in medium and
high doses, capable of initiating the development of
malignant neoplasms and causing congenital mal-
formations.

However, the question of whether the same conse-
quences can occur after exposure to low doses of IR
has not yet been resolved and is still being discussed
in the scientific circles of radiobiologists, geneticists,
and oncologists. After all, residents of radioactively
contaminated areas, as well as a large number of
people who are exposed to X-ray diagnostic and, if
necessary, radiotherapy procedures, are exposed to
low-dose external and internal radiation. This risk
group also includes medical personnel who directly
(permanently or temporarily) work with sources of
ionizing radiation [1, 2]. Long-term ionizing radia-
tion (IR) in low doses causes genome instability in
interventional radiologists and ultimately leads to
the risk of a number of diseases, such as cataracts,
nervous system disorders, circulatory diseases, car-
diovascular diseases, and malignant neoplasms [3].
Today, it is recognized that long-term exposure to IR,
even in low doses, increases the risk of cancer [4—6].

The damaging effect of IR occurs due to the
absorbed ionization energy, which exceeds the ener-
gy of internal molecular bonds in biological systems.
Biological systems of the body react to the action of
IR differently, since this is due to their individual
genetic specificity - increased vulnerability or resist-
ance [7].

Studies in the field of molecular biology and cytoge-
netics show that changes at the chromosomal level
and even the detection of specific mutations, in many
cases do not provide an exhaustive answer to the dam-
aging effect of IR. The reason for this is the rather
widespread, but currently insufficiently studied phe-
nomena of structural and functional organization of
chromatin in a certain chromosomal locus [8], single-
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B IEBHOMY XPOMOCOMHOMY JIOKYCi [8], 0mHO- Ta ABOJaH-
moropux po3pusiB JIHK Ta miaBuieHoro piBHs KJIiTUH
y cTaHi anonTo3y. Ha enireHeTM4HOMY piBHi MOKa3HU-
KOM TeHOMHOTO ypaxXeHHs € MeTumoBaHHsa JJHK, koT-
pe, 3MiHIOI0YM TeHHY aKTUBHICTh, IIPU3BOJUTH IO XPO-
MOCOMHO1 HecTabinbHOCTI [9]. OTXe, mompu amek-
BaTHICTh JaHMX, OTPMMAHUX METOAOM XPOMOCOMHOTO
aHaJjizy abo MOJIEKYISIPHO-TeHETUYHOTIO Ta eMireHeTHY-
HOTO B YMOBax MOOIMHOKOI'O IXHBOIO BUKOPUCTAHHS,
BUHUKAE 3arpo3a IIOMUIKOBOIO TPaKTYBaHHSI, OCKUJIBKH
4acTOTa XpOMOCOMHUX abepalliii He 3aBX/IU BillIOBiga€e
HassBHOMY piBHIO TiomkomkeHb JJHK, a Takox, He mae
OLIIHKY (PYHKIIIOHATBHOCTI BHYTPilUHBbOKJITUHHUX CUC-
TeM, 30Kpema, MOB’SI3aHUX i3 peryssli€lo KJIiITUHHOTO
LUKy Y KOHTPOJbHUX TOYKAX 32 HOPMAJbHUX YMOB i Yy
pa3i BuHuKHeHHs noimkomkeHs JIHK [10]. Came Tomy,
Ha CbOTOJHI HAMOUIbII JOCTiIXKYBaHOIO MPOOJIEeMOIO 3a-
JIMIIAETHCS MOIIYK 0i0JIOTiYHMX MapKepiB, sKi 0 3acBia-
YyBa/IM BipOTiAHICTh padiovyyTJIMBOCTI ab0 pPE3UCTEHT-
HOCTI OioyioriuHoro 06’ekTa 10 aii IB, a BUB4UeHHS MoJie-
KYJISIPHO-T€HETUYHUX OCHOB iHAMBIAYyaJbHOI pamiouyT-
JIMBOCTI, 110 Ma€ (pyHAaAMEHTaJIbHE i MPUKJIaaHE 3HA-
YEeHHSI, YMOXJIUBUTb CTBOPEHHSI OLIiHIOBaJIbLHOI IL1aT-
(hopmu I IpeIMKATUBHOIO TEHETUYHOI'O TECTYBaHHS i
(bopMyBaHHS TpyIl pU3UKY 3 MIABUIIEHOI PaliovyTIu-
BICTI0, iIXHBOI'O MOAAJBIIOI0 MOHITOPUHTIY i, 3PELITOIO,
nonepeXkeHHsT WMOBIPHOCTI PO3BUTKY IaTOJOTIYHUX
CTaHiB Y BilgajgeHi CTPOKM.

PapjauiiHo-iHAyKOBaHa reHOMHa HeCcTabiNbHICTb
3a UMTOreHeTU4YHUMMU GioMmapkepamm
Tect Ha xpomocomui adepanii (XA). OnHUM i3 KpUTEpiiB
BilTaJleHUX CTOXaCTMYHUX €(MEKTiB ONMPOMiHEHHS JIO-
JIUHU € CTYMNiHb pafialliiHO-iHAyKOBAaHOIO ITOILIKO/-
JKeHHsI TeHOMY Ha BCiX piBHSX fforo opranisaitii. 3 Haii-
OifbII OO €KTUBHUX i AOCUTH PO3POOJEHUX METOIiIB
0ioJI0riuHOI iHAMKALil MyTareHHOIO BIJIMBY iOHi3yI0UO-
ro BUIMIPOMiIHIOBaHHSI Ha OpraHi3M JIIOAWHU € LIUTOT€HE-
TUYHUI aHaJi3, 110 BUSBJLIE CTAaOUIbHI M HecTaOUIbHI
XpoMocoMHi abepatiii (XA) B piMdoiuTax nepudepud-
Hoi kpoBi (JITIK) mogunm [11—13].

biosoriununii edexr BBy 1B HU3bKUX 103 Ha 3/10-
poOB’S NIOAMHU OOTOBOPIOETHCS YIIPOAOBX OaraThbox
POKiB IIPOTe, y CBITOBIil JiTepaTypi JTaHUX LIOAO 3aIeXK-
HOCTi piBHS XA BiIl XpOHiYHOTO OMPOMiIHEHHS B Jiara-
30Hi HM3BKUX 03 3a3BMYail HemocTaTHbO. ITpuuKrHOIO
TOTO € CKJIAJHICTh y BpaxyBaHHiI 0aratbox (paKkTopiB,
30KpeMa, peakilii opraHiaMy Ha XpoHiuHuit BruiuB IB,
HEOIHOPIIHICTh JOCTIIKYBAHUX TPYM, 11O BUBHAYAETh-
¢Sl TEHAEPHUMU I BIKOBUMM O3HAKaMU, HEOJHAKOBICTIO
OTPUMAHOI 031, TPUBAIICTIO OIIPOMiHEHHS (rocTpe abo

and double-stranded DNA breaks and an increased
level of cells in a state of apoptosis. At the epigenet-
ic level, an indicator of genomic damage is DNA
methylation, which, by changing gene activity, leads
to chromosomal instability [9]. Therefore, despite
the adequacy of the data obtained by the method of
chromosomal analysis or molecular genetic and
epigenetic in the conditions of their single use, there
is a threat of erroneous interpretation, since the fre-
quency of chromosomal aberrations does not always
correspond to the existing level of DNA damage,
and also does not provide an assessment of the func-
tionality of intracellular systems, in particular, those
associated with the regulation of the cell cycle at
checkpoints under normal conditions and in the
event of DNA damage [10]. That is why, today the
most studied problem remains the search for bio-
logical markers that would indicate the probability
of radiosensitivity or resistance of a biological object
to the action of IR, and the study of the molecular
genetic basis of individual radiosensitivity, which
has fundamental and applied significance, will
make it possible to create an evaluation platform for
predictive genetic testing and the formation of risk
groups with increased radiosensitivity, their further
monitoring and, ultimately, the prevention of the
likelihood of the development of pathological con-
ditions in the long term.

Radiation-induced genome instability by
cytogenetic biomarkers

Chromosomal aberration (CAs) test. One of the cri-
teria for remote stochastic effects of human radia-
tion exposure is the degree of radiation-induced
damage to the genome at all levels of its organiza-
tion. One of the most objective and well-developed
methods for biological indication of the mutagenic
effect of ionizing radiation on the human body is
cytogenetic analysis, which detects stable and
unstable chromosomal aberrations (CAs) in human
peripheral blood lymphocytes (PBL) [11—13].

The biological effect of low-dose IR exposure on
human health has been discussed for many years,
however, in the world literature, data on the
dependence of the level of (CAs) on chronic radi-
ation in the low-dose range are usually incom-
plete. The reason for this is the difficulty in taking
into account many factors, in particular, the
body’s reaction to chronic exposure to IR, the het-
erogeneity of the studied groups, which is deter-
mined by gender and age characteristics, the dif-
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XpOHiIUHE), CHEKTPOM HAasBHUX PaTiOHYKIiIiB, €KO-
JIOTIYHUM CTAaHOM Y MiCLSIX MPOXMUBAHHS Ta COLiaIb-
HO-€KOHOMIYHUMM CTaTyCOM OOCTEXYBaHUX OCi0.

YucaeHHUMU AOCHIIKEHHSIMHU ITO0Ka3aHo, 1110 Jac-
ToTa XA € 00’€KTUBHUM MMOKA3HUKOM iHIUBinyaabHOL
abo cepeTHbOIONYJISILIMHOT 103U 3a 1BOX yMOB. Ilep-
ma — pafgiamniifHi epeKTr MaloTh OLIIHIOBATHUCS ITiCIIS
OJIHOPA30BOTO OMPOMIHEHHSI; Ipyra — IIUTOreHeTUY-
HE JOCHIiIXeHHSI Ma€e OyTW MpoBeAeHE Yy Meplli JHi
micjisl onpoMiHeHH. SIKIO He DOTPUMYBATUCS LIUMX
JIBOX YMOB, TO IIpaBUJIbHilllE TOBOPUTHU Ipo Oiojio-
riyHy ab0 LIMTOTeHeTUYHY iHIMKAallilo, a He PO JT03U-
MeTpilo omnpomMmiHeHHs. ToMmy aHaJi3 JiTeparypu,
NPUCBAYCHOI IIUTOTCHETUYHMM ITOCTIIKEHHSIM B
YMOBaX IIPOJIOHTOBAHOI'O OIIPOMIiHEHHSI HaCeJIeHHS,
1110 MPOXXMBAE B 3a0pyIHEHUX PANiOHYKIIiZaMU TEPU-
TOpIsSIX Ta TIEPCOHANy, IKWI Mpalloe Ha SIAEPHUX peak-
TOpax, TPYHTYETbCS camMe Ha OioiHAMKALIil TpoMeHe-
BUX ypaxeHb [14, 15]. Knacuuni nipaui TumodeeBa-
PecoBcbKoro — 0MHOTrO 3 BiTOMUX T'eHETUKIB MUHYJIO-
TO CTOJIITTSI, 3aCHOBHUKA pajio0ioJorii Ta pamialiitHol
TEHETUKU, CIPUSUIM PO3YMIHHIO TOTO, IO ITOHSTTS,
SIKi BUKOPHCTOBYIOTBCSI IIJISI «BMCOKUX JI03», HE MO-
KYTh €KCTpaItoJoBaTUCS JIsT aHaji3y OioJIoTiYHUX
e(eKTiB «<HU3bKUX» 103, 1€ aKTUBHICTb MPOIIECY aIloIl-
TO3y i penapaliii B iHAYK1il XA Ma€ CyTTEBE 3HAYCHHS
[16]. 1o Toro k mobpe Bimomo, 1110 IMiaBHILIEeHa YacTo-
ta XA B JITIK noguHu mMoxke po3risgaTUcs SK IOo-
TeHUIMHUN Oi0MOriYHMI iHAMKATOP OHKOTE€HHOIL
TpaHcdopwmariii [17-21].

3araJbHOBM3HAHO, 1110 abepallii XpOMOCOM € Pe3yIIb-
TaTOM HETOYHOI pemnapailii JBOHUTKOBUX PO3PUBIB
JHK, BHacinoK BIUIMBY MyTareHHUX YUHHUKIB, 30K-
pema, ioHi3yrouoi pamiauii [22—25]. Tun XA 3yMoOB-
JIIOEThCs (ha3010 KIIITUHHOTO LIUKIY, Ha SIKOMY 3HaX0-
Junacs KJiTMHA B MOMEHT oIpoMiHeHHs. ToO0To Ha
cragii GO — G1 KITITUHHOTO LMKIIY CITOCTEPIraloThCs
abepallii XpOMOCOMHOTIO TUITY, IOMiX SIKMX € IULIEHT-
puuHi (JIL1) Ta xineuesi xpomocomu (KX). Okpim TO-
ro, 3aJieXXKHO Bif a3y KIIITUMHHOTO LIMKJY TIOLIKOJ-
JKEHHST YCYBaIOThCS PI3HUMM pernapaliiiHUMKU CUCTE-
mamu. Hanpukian, Ha ¢dazax GO ta paHHiit cTagii S
uinicHicTb JIHK BiZHOBIIOETHCS 3aBASIKU TIPOLIECY HE-
romoJioriuHoro 3’egHaHHs KiHLiB (NHEJ). s cucre-
Ma perapauii € HETOYHOM, i 3a HasIBHOCTI BEJIMKOIL
KiUJIBKOCTiI po3puBiB yTBOpIotoThes 11 Ta KX, a Takox
aHOMaJIbHi MOHOLIEHTpUKHM [26, 27].

IInToreHeTMYHMIA aHaJIi3 Ta 00JIiK YacTOTU XA, 0C00-
quBo JIII, yacTtilue BMKOPUCTOBYIOTHCSI SIK O3HAKU
panianiitHoro onpomiHeHHs. BiH nependayae minpaxy-
Hok yactotu J111 i KX y MiToTnaHMX TiMmdonnTax i3 mo-

ference in the dose received, the duration of expo-
sure (acute or chronic), the spectrum of available
radionuclides, the socio-economic status and the
environmental condition in the places of residence
of the examined individuals.

Many studies have shown that the incidence of CAs
is an objective indicator of individual or population
average dose under two conditions. The first is that
radiation effects should be assessed after a single
exposure; the second is that cytogenetic testing
should be performed in the first days after exposure.
If these two conditions are not met, it iS more correct
to speak of biological or cytogenetic indication rather
than radiation dosimetry. Therefore, the analysis of
the literature on cytogenetic studies under conditions
of prolonged exposure of the population living in
radionuclide-contaminated areas and staff working
at nuclear reactors is based on biological indication
of radiation damage [14, 15]. The classic works of
Timofeev-Resovsky, one of the famous geneticists of
the last century, the founder of radiobiology and radi-
ation genetics, contributed to the understanding that
the concepts used for ‘high doses’ cannot be extrap-
olated to analyse the biological effects of ‘low’ doses
where the activity of apoptosis and repair in the
induction of CAs is essential [16]. In addition, it is
well known that the increased frequency of CA in
human peripheral blood lymphocytes (PBL) can be
considered as a potential biological indicator of
oncogenic transformation [17—21].

It is generally accepted that chromosome aberra-
tions are the result of inaccurate repair of DNA dou-
ble-strand breaks due to the impact of mutagenic
factors, in particular, ionising radiation [22—25].
The type of CAs is determined by the phase of the
cell cycle in which the cell was at the time of irradi-
ation. That is, at the GO—GT1 stage of the cell cycle,
chromosomal aberrations are observed, including
dicentric (DCs) and ring chromosomes (RCs). In
addition, depending on the phase of the cell cycle,
the damage is repaired by different repair systems.
For example, in the G0 and early S phases, DNA
integrity is restored through the process of nonho-
mologous end joining (NHEJ). This repair system is
imprecise and, due to the presence of a large number
of breaks, its operation leads to the formation of
dicentrics and ring chromosomes, as well as abnor-
mal monocentrics [26, 27].

Cytogenetic analysis and counting of the frequency
of CAs, especially dicentric chromosomes, is more
often used to indicate radiation exposure. It involves
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JaJbIIM ITIEpETBOPEHHSIM MHOro Ha OIHKY 03K
pagialiifHOro onpomiHeHH:s. 30iUIbIIEHHS YAaCTOTU SIK
HLI, Tak i KX, € crenmgivanM mokasHnkom edexry 1B,
SIKUM J€MOHCTPYE JIiHIMHO-KBaApaTUUHY 3aJeXHICTh
noza-edekrt. Ilpore 1eil MeTox BUKOPUCTOBYETHCS
30e¢0iAbIIOro [J1s BUMIpIOBaHHS OJHOPA30BOrO OIM-
POMiHEHHSI B yMOBax padialliiHMX aBapiil i HabaraTo
pianie 3a MPOJOHTOBAHOTO a00 MPOdECiitHOTO OMpPoMi-
HEHHs B Majux go3ax [28—31]. HectabiibHi XpoMOCOM-
Hi abepauii, Taki gk JLI, mig yac MiTOTUYHOTO MOALTY
COPUYMHSIIOTH 3aTM0eIb KJIITUHU, OOMEXYIOUM BUKO-
PUCTaHHS 1IHOTO OiOJIOTIYHOIO MapKepa uyepe3 KiJibKa
MicsiB micist onpoMiHeHHsT. @oHoBa yactoTa J11 cTa-
HoBUTh 1 Ha 1000 KJTiTUH, HE3aJeXHO Bil BiKy, a UyT-
JIMBICTh TecTy cTaHoBUTE 0,1 Ip, 1110 poOUTH OTO «30-
JIOTUM CTaHIAPTOM» JJIs 0i0JI0TiYHOI J03uMeTpii [32].

B 1mTOreHeTMYHMX MOCIIIKEHHSX, MPOBEICHUX Y
325 yyacHUKIB JIiKBifaLii HacigkiB aBapii Ha YopHo-
ounbcbkoi AEC, gaKxi mepedyBanm Ha MEIUIHOMY 00C-
TEeXEHHI Ta JIiKyBaHHI 4epe3 1—2 poKu ITiciasg om-
poMiHeHHs [33], BCTaHOBJIEHO, 1110 Y MAIli€EHTIB i3 Bi-
JIIOMOIO 103010 OIIPOMIHEHHSI HE 3aBXAU CIIOCTEpi-
Tra€ThCs MO3MTUBHA KOPEJSLisl MiX LATOT€HETUYHM-
MU TOKa3HUKAMU Ta JaHUMM (Di3MYHOI JO3UMETPii.
LlnToreHeTUYHE NOCITIIKEHHSI, SIK IIPABUJIO, BUSIBJISITIO
MEHIY 103y OMPOMiHEHHS. ABTOPU IOB’SI3yIOTh LIE 3
eJliMiHalli€el0 XpOMOCOMHUX MyTalliil y yaci [33].

ITix yac o6cTexkeHHsT 50 MIKOMSAPiB, MOCTIMHUX KU-
TEJIiB pajioaKTUBHO 3a0pyIHEHUX TepuTOopiil Kuto-
mupcbkoi Ta KwuiBchbkoi obGjiacTeid 3 IMiIABMILEHOIO
LIJTBHICTIO 3a0pymHeHHs pamioHykiaimamu 'Cs Tta
13%Cs, 0yJ10 BUSBJIEHO CEPEMIHIO YACTOTY ITOIIKOIKEHUX
metadas y JIIIK, gxa cknamana 2,68 Ha 100 KIiTUH.
I ta KX Bussnsiaucs i3 yactororo 0,22 Ha 100 kii-
TuH. Y rpyni giteit Koseneubkoro paitony YepHiriBch-
Koi obyacTi YkpaiHu, oe 3apeecTpOBaHU ITiIBUILIE-
HUI piBeHb pamioakTUBHOrO iomy "'l, BUsBIEHO Tie-
peBaXHy KiIbKiCTh MOOAMHOKUX AllEHTPUYHUX XPO-
MocoMmHmX (pparMmenTiB. JILI Ta KX He 3apeecTpoBaHo.
OOcTtexeHHs niteit 2ZKNToMupchKoi 00JacTi, sKi 3a3-
HaJIX MPOJIOHIOBAHOTO BIUIMBY pamioHykmiais '’Cs Ta
BT, cymapHa yacrota A1 Ta KX (0,38 Ha 100 xjtiTuH)
maiike B 20 pa3iB ITepeBHIITyBajia KOHTPOJBHUI PiBEHb
(0,02 na 100 xmitun) [34].

Hesnogssi micis aBapii Ha YopHoOuabchKiit AEC Oy-
JIO 3IiiICHEHO MeIUYHEe OOCTEXKECHHSI Ta CIIOCTePEKEH-
HS, sIK€ BKIIOYAJO aHajli3 IIOIIKOIXEHb I'€HOMY Y
JiTei, Ki 3a3HaIM BHYTPIIITHHOTO Ta 30BHIIITHHOTO OTI-
poMiHeHHs. Koropra mUTsS40oro HacejaeHHs cKiaaaia-
csI 3 0Ci0, OIIPOMIHEHMX MPEHATAJIbHO, ITOCTHATAIBHO
(eBaKyiOBaHMX Ta TOCTIMHMX XUTEJIIB pagioaKTUBHO

counting the frequency of DCs and RCs in mitotic
Iymphocytes and then converting it into an estimate
of the radiation dose. An increase in the frequency of
both DCs and RCs is a specific indicator of the IR
effect, which demonstrates a linear-quadratic dose-
effect relationship. However, this method is used
mainly to measure single exposure in radiation acci-
dents and much less frequently for prolonged expo-
sure or occupational exposure at low doses. [28—31].
Unstable chromosomal aberrations, such as DCs dur-
ing mitotic division, cause the cell to die, limiting the
use of this biological marker after several months. The
background frequency of dicentrics is 1 per 1000 cells,
independent of age, and the test has a sensitivity of 0.1
Gy, making it the «gold standard» for biological
dosimetry [32].

Cytogenetic studies were conducted on 325 partic-
ipants in the liquidation of the consequences of the
Chornobyl Nuclear Power Plant accident who under-
went medical examination and treatment 1—2 years
after exposure. It has been established that in
patients with a known radiation dose, a positive cor-
relation between cytogenetic indicators and physical
dosimetry data is not always observed.The cytoge-
netic study usually revealed a lower radiation dose.
The authors attribute this to the elimination of chro-
mosomal mutations over time [33].

During the examination of 50 schoolchildren, per-
manent residents of radioactively contaminated terri-
tories of Zhytomyr and Kyiv regions with an increased
density of contamination by radionuclides ’Cs and
134Cs, the average frequency of damaged metaphases
in the PBL was found, which was 2.68 per 100 cells.
DC and RC were detected with a frequency of 0.22
per 100 cells. In a group of children from the
Kozeletsk district of Chernihiv region of Ukraine,
where an increased level of radioactive iodine "'l was
registered, a predominant number of single acentric
chromosomal fragments were found. DCs and RCs
were not registered. Examination of children from
Zhytomyr region who were exposed to prolonged
exposure to radionuclides '’Cs and "'l showed that
the total frequency of DCs and RCs (0.38 per 100
cells) exceeded the control level by almost 20 times
(0.02 per 100 cells) [34].

Shortly after the Chornobyl accident, a medical
examination and observation was carried out,
which included an analysis of genome damage in
children who had been exposed to internal and
external radiation. The cohort of the child popula-
tion consisted of individuals exposed prenatally,
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3a0pyIHEHUX TEPUTOPilt), HAPOIKEHUX BiJl OIIPOMiHE-
HUX 0aTbKiB — YYaCHMKIB JIiKBifallil HaCiAKiB aBapii
Ta 0aTbKiB, ONPOMiIHEHUX €KOJIOTiUHO. Y BCiX rpymnax
JiTeit BpoaoBxX ocTtaHHiX 30 pokiB, sIKi 3a3HaAIN OIl-
POMiHEHHS B J103aX, 1110 3HAYHO MEPEBULIYBAIN PEKO-
MEHJO0BaHi AJ1s1 3arajibHOI MmoryJsuii 1 M3B Ha pik, Oy-
JIO BUSIBJIEHO TOLIKOJXKEHHSI TeHOMY 3a yacToToro JI L1
ta KX, aneHTpuyHUX (parMeHTiB, TpaHCIOKaLlii i
Mikposaep. HectabiibHiCTh TeHOMY OyJia BUSIBIIEHA B
JliTell eBaKyMOBaHUX Ta B TUX, 11O IOCTIAHO OIMpPOMi-
HI0I0ThCH [35, 36].

3arajbHOBIIOMO, 1110 IKiUTMBUI BIUIMB IB B HU3b-
KMX J03aX € HEMUHYYMM ITiJ] Yac pi3HUX AiarHOCTUYHUX
i TepanmeBTUYHMX PEHTIeHIBCbKUX AOCHiIkKeHb. Jliii-
CHICTh Takoro (hakTy MiNTBEPIKYETHCS UYNCICHHUMU
HayKOBUMU MpallsIMH, A€ MOKa3aHO ITiABUIIEHHS Yac-
totu XA B JITIK MeauuHoro nepcoHainy, sSIKMUii 3a3Ha€
TPUBAJIOrO BILIMBY HU3bK0A030Boro 1B [37—40]. OgHak
pe3yJibTaTu JOCTiIKEHb HE 3aBXIU Y3rOIXKYIOThCS MiX
cobo10. AKI10 y AesIKuX poOoTax BUSIBIIEHA BUIIA Yac-
ToTa XA y TpYyIli pafioyioriB, TOPiBHSIHO 3 KOHTPOJIEM,
TO B iHIIMX HE TOKa3aHO TaKMX BigMiHHOcTe#. Tpeba
3a3HAYMTHU, 110 Li JOCTiIKEeHHSI HEOOHOPIIHI B KiJIbKOX
acrniekTax. 30Kpema, TUMHU ineHTU(iKoBaHUX XA He
3aBXJIM YiTKO BU3HAYeHi, a BiIMiHHa iXHs yacToTa B
pi3HUX JOCIIIKEHHSIX, BOYEBUIb, BimOyBajacsi yepe3
BUKOPUCTAHHS TiIbKA OJHOTO MOKa3HMKa ab0 aHai3y-
Bajiacsl HEIOCTaTHS KilbKicTh MeTada3, MakcuMym 200,
yoro HemoctatHbo [41, 42]. Meng Q. Q. Ta iH. [43]
BUSIBWIM BiIMiHHICTh B XA MiX Pi3HUMM BHUIAMU PO-
001U, TOOTO B IpyMi iHTEpBEHLIMHOI pagioorii yacTo-
Ta 3HAYHO BUIIA, HIiX Yy TPyHi XiaTHOCTUYHOIL
pamiosorii. YacToTa IMLIEHTPUKIB i aLIEHTPUYHUX XPO-
mocoM y JITIK nikapiB simepHOi MEeAULIMHU (1032 OM-
pominenHs Binm 0,25 mo 48 M3B 3a TomepenHii pik Ta
Bim 1,5 10 147 M3B BIPOAOBXK XKUTTS) BUSBUIACS OiJlb-
1100 Y MOPiBHSIHHI 3 KOHTPOJIEM: alleHTpUKiB Ha 100
KJIiTuH Oyno 3,23 + 2,6, npotu 1,28 £ 0,5; BincoTku
nuneHTpukiB — 0,21 mporu 0,04, BigmoimHO [44].
Crin BpaxoByBaTH BIUTMB Pi3HUX YNHHUKIB Ha TeHOM-
HY HecTaliJIbHiCTb: BiK, CTaTbh, IIKiAJIWBI 3BUYKU —
najiHHS, BXXMBaHHS ajakoroJio [45].

[lincymoBytoun BuIlieHaBeAeHI (paKTH 1100 XPOMO-
COMHUX abepalliil, Tpeba 3ayBaKUTH, 10 IULIEHTPUK,
KOTpUil € OiOJIOTIYHUM MapKepoM TS TOCTiIKEHHS
HEIaBHHOTO BHCOKOHO30BOTO pamialliifHOTO BILIMBY,
HaJIeXKUTh OO0 HecTaOinmbHMX XA, OCKIJIbBKA TIepion
HariBpo3mnany JiM@OUUTIB KPOBI CTaHOBUTH KijlbKa
MicsLIiB / POKiB 3ayiexkHO Bif cyononysuii [46]. [Tpu-
pOdHA iXHS TMOILIMPEHICTh AyXe HU3bKa (3a3BMYail
0,5—1/1000 xmiTun).

postnatally (evacuees and permanent residents of
radioactively contaminated areas), born to irradiat-
ed parents, participants in the liquidation of the
consequences of the accident, and parents exposed
environmentally. In all groups of children over the
past 30 years who had been exposed to doses signif-
icantly exceeding the recommended for the gener-
al population of 1 mSv per year, genome damage
was detected in terms of the frequency of DC and
RC, acentric fragments, translocations, and micro-
nuclei. Genome instability was detected in children
who had been evacuated and in those who were
constantly exposed [35, 36].

It is well known that the harmful effects of low-
dose IR are inevitable during various diagnostic and
therapeutic X-ray examinations. The validity of this
fact is confirmed by numerous scientific papers
showing an increase in the frequency of CA in the
peripheral blood lymphocytes of medical personnel
exposed to low dose radiation [37-40]. However, the
results of studies are not always consistent with each
other. While some studies found a higher incidence
of CA in the group of radiologists compared to con-
trols, others showed no such differences. It should be
noted that these studies are heterogeneous in several
aspects. In particular, the types of identified CAs are
not always clearly defined, and their different fre-
quency in different studies is likely to be due to the
use of only one indicator or an insufficient number of
metaphases, up to 200, which is not enough [41, 42].
Meng Q. Q. et al. [43] found a difference in CA
between different types of work, which means that
the frequency in the interventional radiology group
is significantly higher than in the diagnostic radiolo-
gy group. The frequency of dicentric and acentric
chromosomes in the PBL of nuclear medicine
physicians (irradiation dose from 0.25 to 48 mSv in
the previous year and from 1.5 to 147 mSv during
life) was higher compared to controls: acentrics per
100 cells were 3.23 + 2.6, versus 1.28 + 0.5; %
dicentrics — 0.21 versus 0.04, respectively [44]. The
influence of various factors on genomic instability
should be taken into account: age, gender, bad
habits, — smoking, alcohol consumption [45].

Summarizing the above facts about chromosomal
aberrations, it should be noted that dicentric,
which is a biological marker for the study of recent
high-dose radiation exposure, belongs to unstable
CHA:s, since the half-life of blood lymphocytes is
several months/years depending on the subpopula-
tion [46].
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AHanmi3 xpomocomuux aOepaniii meromom FISH. Ha
BiIMiHY BiJl AULEHTPUKIB, TpaHCIOKaLlii € CTaOLIbHUMU
XA 1 TOMYy pO3riasiialThbCcsa SIK PEeTPOCIEKTUBHI
6iosnoriuni Mmapkepu BBy IB [47]. Sxmo AL, KX Ta
alleHTpUYHi (parMeHTH He 3aBXIU MepeaaloThbcs B
HU3LI KIITUHHUX MOAIIIB 1 3 4acOM eJIiMiHYIOThCSI, TO
TpaHCJIOKallil He TPU3BOASTH J0 BTPAaTU T€HETUYHOIO
MaTepially, a 0e3MepelIKOJHO MepeaaloThes AOYipHIM
KJIITUHAM Yy MiTO3i Ta KJIacU@iKylOThCs SIK CTaOiIbHi
abepatii. IIpoTe, TpaHcIOKaLlii MiNepyYyTIMBI A0 IHIIUX
¢axTopiB: BiKy, 3BUYKU MaJIiHHS, OCOOJIMBOCTEN Hi€TH
Ta mAii iHIIMX KJacToreHHUX areHTiB [48]. Bce X,
HaNOLIBII MEePCIEKTUBHUM METOJIOM OILIIHKW CTabib-
Hux XA, 110 30epiraloTbCs BIPOJOBX TPUBAJIOTO 4Yacy
(mecsaTKN pOKiB), € MOJIEKYISIPHO-IIUTOTCHETUUHUI Me-
ton FISH (fluorescence in situ hybridization). Bix 3acto-
COBYETBCSI M1 OETEKIIl Ta BU3HAYEHHS MOJOXEHHS
cneuudivynoi nocainosHocti JIHK Ha metadazHux xpo-
MocoMax abo B iHTepda3HuX sapax in situ [49]. 3aBasiku
1LIbOMY METOJY MOXHAa OLIiIHUTHU ITOIJIMHEeHY 103y Oi/IbII
HiX yepe3 20 poKiB Mic/iss ONpOMiHEHHS. 3HOBY X, MOII-
pU Oro HaAilHICTh B AO3UMETPii, BiH € MEHII YyTJIu-
BUM, HIX iHII, OCKIJIbKU Ma€ Oe3/1i4 MIXiHIUBigyalb-
HUX Bapialliii, TpUYOMy BiK € HalBaXJIMBIIIMM Mapa-
METPOM, TOOTO CyO’€KTU OJHOIO BiKYy MOXYTb J€MOH-
CTpyBaTM BeJIMKi Bapiallil B 4acTOTi TpaHcaokauiit [50].
OTxe, HeAOCTATHS YYTIAMUBIiCTh A0 IB B HM3BKMX mo3ax
MoB’s13aHa caMe 3 piBHEM CITOHTAHHUX TpaHCJIOKalliil B
IHOMBiAyanbHill BapiabGenbHOCTi. KpiM Toro, TpaHcio-
Kalii MOXYTb 3HAXOAUTUCHh BCEPEAMHI KIIITUHU Pa3oM 3
HecTaOUIbHUMU XA, HasIBHICTb SIKMX 3MEHIIYE 4acTOTYy
TpaHcJioKaliil 3 yacom. ToMy olliHIOBaTH Tpeba Juiie
KJTITUHU 0e3 Oynb-sIKUX HECTaOUIbHMX MOIIKOIXKEHb
xpomocoM [51-53].

Mikposaepuuii anaaiz. BusHanum GioiHaukatopom 1B
€ TaKOX HaNilHWI i YYTJAMBUKM METOI — MIKPOSIIEPHUI
(M4). Voro BMKOPHUCTOBYIOTb SIK CKPMHiHI-CHCTEMY
JIJISI OLiHKM T€HOTOKCUYHOCTI, SIK XiMiYHUX CITOJIYK, TaK
i IB [54—56]. CyTb MeTomy ToJsirac y (pparMeHTaLiii sii-
pa, gKe He MICTUTh TIOBHOTO TeHOMY, HeOOXimHOTro IJIst
BYDKMBaHHS KITUHU. M moxonsTs i3 (pparMeHTiB Xpo-
MOCOM abo0 LIIUX XPOMOCOM, SIKi MiA yac Moaiay sapa
BicTaloTh Binm aHadas3n Ta He TOIISIOThCS HaIEKHUM
YUHOM Ha sifipa JOYipHiX KJITUH. BOHM 4acTo OTOTOX-
HIOIOTBCS 3 TTOKA3HMKOM iHIYKIii JULIEHTPUUHUX XPO-
MOCOM, 110 BiZoOpaxkae XpOMOCOMHY HEeCTabUIbHICTb, i
MOXYTh PO3IJISIATUCS SIK iHAUKATOP XPOMOCOMHOTIO
MOIIKOKEHHSI, cripuunHeHoro 1B [56].

Djokovic J. ta iH. [57] mpoBoAWAN CKPUHIHT MOCTIilA-
HOTIO BIUIMBY HU3bKUX 103 IB Ha MeAMYHUX MpaLliBHUKIB
SIIEPHOT MEIULIMHU Ta IHTePBEHLIMHOI paaioJIorii 3a 10~

Analysis of chromosomal aberrations by FISH. In
contrast to dicentrics, translocations are stable
CAs and are therefore considered as retrospective
biological markers of the impact of IR [47]. While
DCs, RCs and acentric fragments are not always
transmitted in a number of cell divisions and are
eliminated over time, translocations do not lead to
the loss of genetic material but are freely transmit-
ted to daughter cells in mitosis and are classified as
stable aberrations. However, translocations are
hypersensitive to other factors (e.g., age, smoking
habits, exposure, diet, and other clastogenic agents)
that affect their accumulation and strength [48].
Nevertheless, the most promising method for
assessing stable CAs that persist for a long time
(decades) is the molecular cytogenetic method
FISH (fluorescence in situ hybridisation). It is used
to detect and determine the position of a specific
DNA sequence on metaphase chromosomes or in
interphase nuclei in situ [49]. This method can esti-
mate the absorbed dose more than 20 years after
exposure. Again, despite its reliability in dosimetry,
it is less sensitive than the others. This is because it
has many inter-individual variations, with age
being the most important parameter, i.e. subjects of
the same age can show large variations in transloca-
tion rates [50]. Thus, the lack of sensitivity to low-
dose IR is related to the level of spontaneous
translocations in individual variability. In addition,
translocations may be present in the middle of the
cell along with the presence of unstable CAs, which
reduce the frequency of translocations over time.
Therefore, only cells without any unstable chromo-
some damage should be evaluated [51—53].

Micronuclear analysis. A reliable and sensitive
method, the micronuclear assay (MN), is also a
well-established bioindicator of IR. It is used as a
screening system to assess the genotoxicity of both
chemical compounds and radiation [54-56]. The
method is based on the fragmentation of the nucle-
us, which does not contain the complete genome
necessary for cell survival. Micronuclears from
chromosome fragments or whole chromosomes
that lag behind anaphase during nucleation and do
not divide properly into daughter cell nuclei. They
are often identified with the index of dicentric
chromosome induction, which reflects chromoso-
mal instability and can be considered as an indica-
tor of chromosomal damage caused by IR [56].

Djokovic J. et al. [57] screened for continuous ex-
posure to low doses of IR on medical workers in
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TMIOMOTOIO KiJTbKOX OiofoTiyHuX MapkKepiB. TecTyBaH-
Ha MS 3piticHioBanu 3a metogoM M. Fenech [58].
3rigHO 3 METOIMKOIO, Ticis 72-TOOMMHHOTO KYJIBTH-
ByBaHHg JIITK, orpuMyBanu nBosaepHuii JiMOOLIUT
3 MEBHOIO KUIBKICTIO MiKposiiep y LuToria3mi. Pe-
3yJIbTaT TECTy BU3HABABCS IIO3UTUBHUM, SIKIIO
BKJTIOUaB 25 abo Oinblne MiKposaep, BiIITOBIZHO 0
KOHTPOJbHUX 3HaUYeHb. JlociakeHHs rmoKa3aio, 1110
TecT Ha XA Moxke OyTu OUTbII TPUAATHUM, HixXk M,
IJISI BU3HAYEHHS BIUIMBY HU3bKUX 103 1B Ha 310poB’st
npauiBHUKIB. Pa3oM i3 TuM, € daHi, 110 KiJIbKiCTb
MIiKpOsIIEp € BUILOIO Y JIIOAEH, sIKi 3a3HaIM TOCTPOTO
OINPOMiHEHHS, 3 BUSBICHHIM 3HAUYIIOi KOPEJsIii 3
OTpUMaHOI0 103010 [57]. PiBeHb CIIOHTAHHOI YaCTOTH
M4 Big 0,002 go 0,036 Ha KJIITHHY, BU3HAYAE YYT-
nuBicTh Tecty B 0,25 Ip [58]. [Tompu Te, 110 1Iei TecT
BUKOPUCTOBYETHCSI JOBOJI IUPOKO, €EAUHOI TyMKU
IIOIO IIPIOPUTETHOCTI MOro BUKOPUCTAHHS JIJIsI
OLIIHKM pafialiiiiHOToO onpoMiHeHHs HeMae [59, 60].

Bapro BigzHaunTu, 1o yactora M5 1o6pe kopeioe
3 TOBXWHOIO TeJIOMEP, POJIb SIKUX TTOJISATAE B 3aXMCTi
XPOMOCOM i y4acTi B LIIICHOCTI FTeHETUYHOI CIagKo-
BocTi. Lleit (heHOMeH OyB BimoOpakeHMiT y HAyKOBUX
JIOCITIIKEHHAX [61—64], axi mokaszanu, 1o BB 1B
CIIPUYMHSIE CKOPOYEHHSI TOBXWHU TEJIOMEP B ydac-
HUKIiB JikBigauii aBapii Ha YopHoOuiabchkii AEC i
Hagaji iHililoe KaHueporeHe3. OTe, BUMipIOBaHHS
JOBXUWHU TeJIOMEp y JIoAeH, sIKi 3a3Haiu BILIUBY 1B,
Ma€ MOTEeHIliall K 0OioMapKep pU3UKY PO3BUTKY paKy
Ta IHIIMX BiKOBMX 3aXBOPIOBaHb.

EnireHeTn4Hi mapkepu pagiauiiHor
HecTabiNbHOCTi reHoMYy.

MeToa KOMETHOro aHanisy.

MemumoBannsa JTHK. Ha cboroaHi nocsirHyto 3Hau-
HUX YCITiXiB Y BUBUEHHI eIireHeTUYHUX MeXaHi3MiB
paniaiiiiHoi HecTaOinbHOCTI reHoMmy. OmHUM i3
oiomapkepiB 1B € metumoBanHg JIHK. Ieit ananis
JIOTIOMAara€e BUSIBJISITU €ITiT€HETUYHI 3MiHM, 1110 BIUIM-
BalOTh Ha €KCIIPECilo TeHiB i cTabiIbHICTh TeHOMY. 3a
TinepMEeTUIIOBaHHS BiIOyBa€TbCSd TMPUTHIYEHHS
@KCITpecii reHiB, 0coOJIMBO TUX, 1110 BiAMNOBiIalOTh 3a
penapauiro JJHK i KOHTpoJib KIITMHHOIO IIMKILY,
CIIPUUYMHSIOYM, TaKUM YMHOM, MyTallil Ta XpOMO-
coMHi abepatiii. KpiM Toro, HagMipHe MeTUIIOBaHHS
€ OIHMM i3 OCHOBHMX MEXaHi3MiB eMireHeTUYHUX
3MiH, SIKi MOXYTb MepeaaBaTUCS 3 TTOKOJIiHHS B MO-
KOJIiHHSI, 110 BiIOMBA€ETHCS Ha 3M0pPOB’i HAIAAKiB.
l'inoMeTuII0BaHHS MPU3BOAUTH N0 aKTUBALIil OHKO-
TEHiB, CIPUSIOYU PO3BUTKY 3JI0SKICHOI TpaHCHOp-
Mallil pakoBHMX 3axBoproBaHb. HemoctaTHe MeTWITIO-

nuclear medicine and interventional radiology using
several biological markers. Testing of MN was per-
formed according to the method of M. Fenech [58].
According to the method, after 72 hours of cultivation
of peripheral blood lymphocytes, a binuclear lympho-
cyte with a certain number of micronuclei in the cyto-
plasm was obtained. The test result was considered pos-
itive if it included 25 or more micronuclei, in accor-
dance with the control values. The study showed that
the CA test may be more suitable than the MN to deter-
mine the impact of low doses of IR on workers’ health.
At the same time, there is information that the number
of micronuclei is higher in people exposed to acute
radiation, with a significant correlation with the dose
received [57]. The level of spontaneous nuclei frequen-
cy from 0.002 to 0.036 per cell determines the sensitivi-
ty of the test at 0.25 Gy [58]. Despite the fact that this
test is widely used, there is no consensus on the priority
of its use for assessing radiation exposure [59, 60].

It is important to note that the frequency of MNs
correlates well with telomere length, which plays a
role in protecting chromosomes and contributing to
the integrity of genetic heredity. This phenomenon
was reflected in scientific studies [61—64], which
showed that exposure to IR causes a reduction in
telomere length in participants in the liquidation of
the Chornobyl accident and subsequently initiates
carcinogenesis. Thus, measuring telomere length in
people exposed to IR has the potential to be a bio-
marker of cancer risk and other age-related diseases.

Epigenetic markers of genome radiation
instability.

Method of comet assay.

DNA methylation. Nowadays, significant progress has
been made in studying the epigenetic mechanisms of
radiation-induced genomic instability. DNA methy-
lation is one of the biomarkers of IR. This analysis
helps to identify epigenetic changes that affect gene
expression and genome stability. Hypermethylation
inhibits the expression of genes, especially those
responsible for DNA repair and cell cycle control,
thus causing mutations and chromosomal aberra-
tions. In addition, excessive methylation is one of the
main mechanisms of epigenetic changes that can be
transmitted from generation to generation, which
affects the health of offspring. Hypomethylation leads
to the activation of oncogenes, contributing to the
development of cancer. Insufficient methylation
causes mutations and chromosomal aberrations, as
well as affects the regulation of the cell cycle and
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BaHHS CIIPUUYMHSIE MOSIBY MyTallilif i XpOMOCOMHUX abe-
palliif, a TaKOX BIUTMBAE HA PETYJISILII0 KJIITUHHOTO LIUK-
JIy Ta aIllomnTo3y, 110 MOXE IIPOBOKYBAaTU HEKOHTPOJIHO-
BaHMUU MoAin KiuiThuH. JIo TOro K, eIlireHeTUYHi Me-
XaHi3MM 3a0e3MeuytoTh (PYHKIIii [IEHTPOMEp i aroInTo3,
SIKi HeOOXiHi 1JI1s1 CTa0iIbHOCTI TEHOMY.

Came KOMETHMI aHaJli3 — METOA Ha OCHOBI eJIeKTPO-
(opesy B rejii, MoxXe BUSIBISATU 3MiHU B €IIr€HETUUHUX
Mmapkepax. BiH yHiBepcaJibHUI, MOPiBHSIHO MPOCTUI Y
BUKOHAHHI Ta Ma€ BUCOKY YyTIUBIicTh. [IIMpoKO BUKO-
PUCTOBYETBCS B JOCJiIXKEHHSIX BIIMBY IB y HU3bKMX Ta
BUCOKUX J103aX, IK B YMOBaXx in vivo, Tax i in vitro [65—67].
Moaudikaliii bOro MeTOAy HaloTh 3MOTY BUSIBIISTU
nBosiaHuorosi po3pusu JITHK, MOIIKOMXEHHS OCHOB,
CTYIiHb METWJIIOBAaHHS Ta allONTOTUYHY aKTUBHICTb S -
pa [68]. KpiM Toro, BiH Ma€ BUCOKMIA CTYIiHb KOPEJSILil
pe3y/bTaTiB Bi3yaJbHOTO i MporpaMHO-anapaTHOTO Me-
toniB aHanizy JJHK-komer [69].

Raj J.S. ta in. [70] BUKOpMCTOBYBaIMU aHaji3 HEWT-
paabHOI KOMETU IJis1 OUiHKM ToimkomkeHHs JIHK
BHACJIiTOK OMIPOMiHEHHS JiM(OLIMTIB YMOBHO 3I0POBUX
BOJIOHTEpIB in vitro B go3ax Big 0 go 35 Ip. Kputepiem
nomkomkenb JAHK 6ymu: % JJHK xBocra, TL — noBxu-
Ha xBocta i TM — MoMeHT xBocTa. [ pyHTyIOUnCh Ha Ja-
HUX PO3IOALTY OKPEeMUX KIIITUH, OYJIO BUSIBJIEHO, 110 %
xBoctoBoi JIHK mMoxke OyTu onTUMalbHUM BUOOPOM LIS
ouiHku nowmkomxeHHs1 JIHK npu onpomiHeHHi y BUCO-
KMX J03aX. ABTOPH OiMIIJIM BUCHOBKY, 110 aHAJIi3 HEWUT-
pajbHOT KOMETH MOXe OYTH MOTEHLIMHUM iHCTpYMEH-
TOM JJ1s oliHKK nomkoakeHHs1 JIHK Big BUCOKMX 103
10Hi3yl04oro BUNpomiHwoBaHHs — noHaf S Ip. Xoua ge-
SIKi aBTOPU BBaXKaloOTh, 1110 KOMETHUI aHaJli3 MOXe OyTH
OiJIbII KOPUCHUM [JIsI BUMIipIOBaHHS ITOIIKOIKEHHS
Biapasy micjsi ONpOMiHEHHSI, HixX 1JIS1 OLLIHKW XPOHIYHO-
ro TipodeciifHoro ormpoMiHneHHd [43].

Khisroon M. Ta iH. [71] ob6cTexXyBaiu MEIUYHUI TIep-
COHaJi, poboTa, IKOro rnop’s3aHa 3 mkepeaamu IB. 3pas-
KM KPOBi U151 aHajli3y Oy/u 3i0paHi B 74 eKCITOHOBAHMUX i
70 KOHTPOJBLHUX 0ci0 i3 cepenHiMm Bikom 35,2 + 8,5 i
36,2 = 13,2 pokiB, BimznoBigHo. B mociimkyBaHiii rpyiri
11 oci6 Oynm KypussMH, y KOHTPOJIbHIA — yCi HEKYpIIi.
HeyimikomxeHi KJIiTUHU Majiyd iHTaKTHE siIpo 0€3 XBOCTa,
a MOIIKO/KEHI — BUIJISII KOMETH. AHaII3 ITOKa3aB, 1110
3HauHoO Oinbire momkomkeHb JJHK crocrepiraetbes y
TMepCcoHaly PadioJIOTIYHUX BiTiJIEHb, HiXK Y KOHTPOJI:
129,8 + 17,2 mpotu 53,0 £ 25,0; p <0,001.

AHai3 Iy>XkKHOi KOMETH TOCUTH MOIN(DIKOBAHWIT METO/I;
BiH JIy:K€ IIBUAKWIA, THYYKUI i UyTJUBUI METOM, SIKWM
MOXHa aanTyBaTH ISl Pi3HUX YMOB BITJIMBY Ta 3aCTOCO-
BYBaTM MaifXe MO BCiX TUIIIB TKAHMH i KJTiTUH. JIy>KHa
BepcCist BUSIBIISIE MpsiMi Hacaigku noikomxeHHs JJHK

apoptosis, which can trigger uncontrolled cell
division. In addition, epigenetic mechanisms
ensure centromere function and apoptosis, which
are essential for genome stability.

It is comet analysis, a method based on gel elec-
trophoresis, that can detect changes in epigenetic
markers. It is versatile, relatively easy to perform,
and highly sensitive. It is widely used in studies of
the effects of low- and high-dose ionising radia-
tion, both in vivo and in vitro [65—67]. Modifi-
cations of this method allow detection of DNA
double-strand breaks, base damage, methylation
level, and apoptotic activity of the nucleus [68]. In
addition, it has a high degree of correlation
between the results of visual and software and
hardware methods of DNA comet analysis [69].

Raj J.S. et al. [70] used the neutral comet assay to
assess DNA damage caused by in vitro irradiation
of lymphocytes of conditionally healthy volunteers
from 0 to 35 Gy: % tail DNA, TL - tail length and
TM — tail moment. Based on the distribution data
of individual cells, it was found that % tail DNA
could be the best choice for assessing DNA dam-
age for high doses of ionising radiation. The
authors concluded that the neutral comet assay
could be a potential tool for assessing DNA dam-
age from high doses of ionising radiation above 5
Gy. Although some authors believe that the comet
assay may be more useful for measuring damage
immediately after exposure than for assessing
chronic professional exposure [43].

Khisroon M. et al. [71] examined medical per-
sonnel whose work is related to IR. Blood samples
for analysis were collected from 74 exposed and 70
control subjects with an average age of 35.2 + 8.5
and 36.2 * 13.2 years, respectively. Among the
exposed group, 11 were smokers, while the control
group was made up of non-smokers. The intact
cells had an intact nucleus without a tail, while the
damaged cells had a comet-like form. The analysis
showed that significantly more DNA damage was
observed in radiological personnel than in con-
trols: 129.8 = 17.2 vs 53.0 £ 25.0, p < 0.001.

The alkaline comet assay is a highly modified
method: it is a very fast, flexible and sensitive
method that can be adapted to different exposure
conditions and applied to almost all types of tissues
and cells. The alkaline version detects the direct
effects of DNA damage by chemicals or radical-
forming ionising radiation, alkylating agents, but
has not been widely used to detect low doses of
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XiMiYHUMM PEYOBMHAMM a0O0 iOHI3yIOUMM BUIIPOMiHIO-
BaHHSIM, 1110 YTBOPIOE paJuKaid, aJKiTlOBATbHUMM arcH-
TaMM, OHAK He HaOyJ1a IIPOKOTO 3aCTOCYBAaHHSI [JI51 BU-
SIBIGHHST HU3BKUX 03 MpodeciiiHOTo onmpoMiHeHHS [45].
Surniyantoro Ta iH. [72] 3aBAsgKM aHaTi3y JY>)KHOI KOMETU
JOCTiAWAM 1IKiJJIMBUIA BIUIMB i0Hi3ylO4oi pajdiauii Ha
JHK y MeguyHoro mnepcoHaiy, poboTa sKoro Oynaa
noB’s3aHa 3 mKepenamu IB. JlocimkeHHs mokas3ao, 110
cepeHi 3HaUeHH:I 3a JOBXMHOIO XBOCTa B €KCIIOHOBAHii
IpyIli He MEepeBUIIYBAIM MTOKAa3HUKIB KOHTPOJIbHOI, TOi
SIK BIACOTOK HOOBrOXBOCTUX siiep OyB 3HAYHO BMUILUM B
€KCIIOHOBAaHIi IPyIli MMOPiBHSHO 3 KOHTPOJIbHOIO. Takoxk
OLIiHIOBABCSl B3aEMO3B 30K MiXK 3MiHAMU METUIIOBAHHS
JHK, cipyunHeHMX pafialii€to, 3 yTBopeHHsIM XA. byno
BCTAaHOBJIEHO, IO TIpodeciiiHe OMpoOMiHEHHS HU3bKUMU
Jo3aMM pafiallii BIuIMBa€ Ha piBeHb MeTumoBaHHs [JHK,
a 3minu MetwmoBaHHs JTHK kopentoroth i3 XA.

Hapasi BrimMB HU3bKMX 103 MpodeciitHoro pagialiitHo-
ro ornpoMiHeHHs1, Ha piBeHb MeTumoBaHHs JIHK Bce 11e
3IMIIAETHCS CIIpHUM. B momyasiiiiiHuX TOoCiIKeHHSIX,
BUSIBJISIIOUM aCOLIIATUBHMI 3B’SI30K MiX TpodeciitHuM
pagialiiHUM OMPOMiHEHHSIM Ta 3MiHAMM METUJIIOBAHHS
JAHK, 3 BuBHauUeHHSIM 3aJ1e>KHOCTI 03U paiallii Ta piBHS
metumoBaHHs JJHK y ekcrioHoBaHUX pafiallieto JTiKapis,
OyJ0 BCTaHOBJIEHO, 1110 TpodeciiiHe pamiauiiiHe or-
POMiHEHHS Ma€ MEeBHUI BILIUB HA €KCIPECiIO CIOPiaHEe-
Hux depMmeHTiB y mpoueci MetwmoBaHHs HHK, gk i
OKHCJIIOBaJIbHE ITOLIKOMXEHHs, cripuuuHeHe 1B [73].
TobT1o0, He Oy/10 MEPEeKOHJIMBUX TOKa3iB TOTO, 11O J030BE
HaBaHTaXKeHHS Mpo@eciiiHOro ONnpoMiHEHHS IOB’s3aHe
came 3i 3MiHOIO piBHS MeTutoBaHHS JIHK, ockinbku He
3’SICOBAHO, SIKi BiAMiHHOCTI CITIOCTEpIiraloThbcsl MixX eheK-
TaMy, COPUYMHEHVMMH palialli€elo Ta OKHUCIIOBAJIbHUM
MOIIKOIXKEHHSIM. J10 TOro x BCTaHOBJIEHO, 1110 edekTu 1B
Ha reHOM JIIOIMHU 3aJieXXaTh Bij BiKy i cTati. JlociakeH-
HS1 3 BAKOPUCTaHHSIM KOMETHOIO aHaJli3y BUSIBUIU CYT-
TEBY BiIMiHHICTb 3a piBHeM nowkomkeHHs JJHK B neii-
KOLIMTaX YOJIOBIKiB i 3KiHOK pi3HUX BiKOBUX I'PYII, 1€ CTy-
niHb po3puBiB JIHK 1o3UTHBHO KOPETIOE 3 BIKOM i CTaT-
TIO, TIPUYOMY B YOJIOBIKiB BiH BUIIMIA, HiX Y XiHOK [74].
OkpiM TOrO, BiK i CTaTh BIUTMBATUMYTh Ha PiBEHb PO3PU-
By jaHiora JIHK 4yepe3 yMHHUKM CITOCOOY XKUTTS i ce-
30HHUMX KOJIMBaHb, 110 HEOOXiIHO BpaXOBYBAaTH Mil 4yac
MPOBENEHHST KOTOPTHOTO IocimkeHHs [75—77].

OCKUTBKM KOMETHMI aHali3 BUMIipIOE CTYITiHb ITOIII-
komkeHHs1 JIHK y kJiTwHi, BapTO 3a3HA4YUTH, L0 1Ii
MOIIKOMXEHHSI MOXYTb ITi3HillIe OYyTU penapoBaHi Ta He
CIPUATUMYTD MOJANBIIUM OiojIoriYHUM edekTam. Me-
TOJ Y CBOilt HeMoau(diKOBaHilt Bepcii TaKOX He 37aTHUM
PO3PI3HATH TUIIM MOILIKOIKEHb — MEHII HeOe3MeyHi —
OIHOJIAHITIOTOBI pO3pMBM (CIIPUYMHEHI YacTillle HU3b-

occupational exposure [45]. Surniyantoro et al. [72]
used alkaline comet assay to investigate the harm-
ful effects of IR on DNA in medical workers whose
work was related to IR. The study showed that the
average values of tail length were not higher in the
exposed group compared to the control group,
while the percentage of long-tailed nuclei was sig-
nificantly higher in the exposed group compared
to the control group. The relationship between
radiation-induced DNA methylation changes and
chromosomal aberrations was also assessed, where
it was found that low-dose professional exposure
to radiation affects DNA methylation levels, and
DNA methylation changes correlate with chromo-
somal aberrations.

Currently, the impact of low doses of profession-
al radiation exposure on DNA methylation levels
is still controversial. In population-based studies
identifying an association between occupational
radiation exposure and changes in DNA methyla-
tion, and determining the relationship between
radiation dose and DNA methylation in radiation-
exposed physicians, it was found that occupation-
al radiation exposure has a certain effect on the
expression of related enzymes in the process of
DNA methylation, while oxidative damage caused
by ionising radiation also has a certain effect on
DNA methylation [73]. In other words, there was
no convincing evidence that occupational radia-
tion dose is associated with changes in DNA
methylation, as it is not clear what differences are
observed between the effects caused by radiation
and oxidative damage. In addition, it has been
established that the impact of radiation on the
human genome depends on age and gender.
Studies using comet analysis have revealed a signif-
icant difference in the level of DNA damage in
leukocytes of men and women of different age
groups, where the level of DNA breaks is positive-
ly related to age and gender, with men having a
higher level than women [74]. In addition, age and
gender will affect the level of DNA breaks due to
lifestyle factors and seasonal fluctuations, which
should be taken into account when conducting a
cohort study [75—77].

Since the comet assay measures the level of
DNA damage in a cell, it is worth noting that this
damage can be repaired later and will not con-
tribute to further biological effects. The method
in its unmodified version is also unable to differ-
entiate between the types of damage — less dan-
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KOJO30BUM OMNPOMiHEHHSM) i Oinbll HeOe3rmeuyHi —
KOMILIEKCHIi Ta KJIACTEPHi IMOIIKOMXKEHHS abo IBOJaH-
IIOTOBi pO3pWBU (CIIPUUYMHEHI TIepeBasKHO BUCOKOI030-
BUM oOIlpoMiHeHHsIM). OTXe, KOMETHUI aHaji3 MoXke
OyTH OibIII KOPUCHUM IJII BUMipIOBaHHS MOIIKOIKEH -
HS Biapa3y IIicasi ONPOMIiHEHHS, HiX [JISI OLIIHKH
XPOHIYHOTO TTpodheCiiiHOTO OTTPOMIiHEHHSI.

Cryninb anonTo3y B reHOMHili HecTa0lIbHOCTI. SIK OyJ10
3a3HaY€HO BHUIIE, HEJIOCTAaTHE METUJIIOBAHHS BIUIMBAE
Ha peryjsiiilo KIITUHHOTO LMKy Ta alloITo3y, CIIPUsIIO-
YU 10 HEKOHTPOJIbOBAHOIO IOy KJIITUHM, 1 Hagali, 10
OHKOTpaHc(opMallii. AMONTO3 — BaXXJIMBUN MeXaHi3M
MiATPUMKM CTaJOCTi T€HOMY, 3a AOIMOMOIOI0 SKOTO
BiIOYBa€THCS eliMiHaLlisl KJIITUH i3 BUCOKMM PiBHEM Te-
HOMHMX ITOIIKOMIXEHb. ITOKa3HMKOM amoNTUYHOI aK-
TUBHOCTI B KYJIBTYDi JIiM(OLIUTIB 32 KOMETHUM aHAII30M
€ YacToTa aTUIOBMX KOMET, 10 XapaKTePU3YEThCS IO-
JTOBXEHOIO0 XBOCTOBOIO YACTMHOIO 3 (hparMeHTalli€lo.

PeuoBuHU, 1110 OepyTh yyacThb y peryJisillil aromTo3y,
K OpaBWIo, L€ OiUIKKM, CMHTE3 SIKUX KOHTPOJIOETHCS
BiamoBigHUMU reHamu. CaMe aKTUBaLlisl reHa p53 B yMO-
Bax CTPECOBOrO CUTHaly 3aIlyCKa€ amoIlTo3: 3YIUHSE
KITUHHUNA LMK, 100 JAaTW MOXJIMBICTH BiITHOBUTHU
nomkomkeny JHK, abo cripusie amonTosy, 1106 3aro-
oirtu nposidepanii KiIiThH i3 momkomxeHorwo JTHK [78].
3arubenb KAITMH, iHAYKOBaHY pajiali€lo, 3a3BUYail
KiacudikyoTh gK iHTepdasHy abo TmporidpepaTUBHY
cMmepTh. Lle o3Hauvae, 1o iHTepdasHi KIITUHU Mics
pagialiifHOTO ypaXXeHHsI TUHYTh MPOTSITOM KiJIbKOX I'O-
nuH. IlponidepatuBHa 3arubesib BigOYBA€ThCs Uepes
HaKonM4eHHs XA BHACJiIOK NOMUJIKOBOTO BiTHOBJIEH-
Hs aBoJiaHiorosoro po3puBy JHK. ITicas omHoro a6o
JEKITbKOX HUKIIiB MOAUTY KJIITUHU BTpavyaroTh 3MaTHICTh
IO PO3MHOXEHHS i MmoYyuHarTb TUuHYTU [79, 80].
Bimpi3HsioTs nmexinbka (GopM peryaboBaHOi 3armbenri
KJIITUHU, SIKi 3aJiexXaTh BiJ 0e3/iui (hakTopiB, BKIIIOYAI0-
YUY TUT KJIITUH, 103y Ta BUuA 1B, 1OCTYyIHiCTb KMCHIO, (ha-
3y MIiTOTUYHOIO LUKIY, CTaTyc Oijaka p53, 34aTHICTh 10
BigHOBNeHHs [JHK i Te, uu € KJliTHHA HOPMabHOIO, YU
3no0sKicHo1o [81].

Qin X. Ta iH. [82] moka3anau, 110 paaioTepaneBTUUYHE
OINMPOMiHEHHS BIUIMBA€E K Ha IMyXJIWHHI, TaK i HaA HOp-
MaJIbHi KJITMHU LUIIXOM iHAYKLil BUpoOneHHss ADK i
nomkomkeHHs JJHK, koTpe npu3BoauTs A0 arnornTosy.
Tomy € HeoOXimHiCTh y PO3pOOLI i MOLIYKY 3ac00iB, sIKi
BUSBJISIIOTH PagioNpPOTEKTOPHI BAACTUBOCTI ITiCJIS BILJIM-
By Ha opradism IB. Bitamin C — oguH i3 Halimo-
TY>XKHIIIIMX aHTUOKCUAAHTIB, 3IaTHUI 3amo0iraTu iHay-
koBaHoMy IB nomkomxkenHio JJHK [83].

Jang S. S. a iH. [84], mopiBHIOIOUM IHIYKOBaHY iHTEH-
CUBHICTb aIlonTo3y B olpoMiHeHux IB kjiTuHax i B Ta-

gerous sparse breaks (caused more often by low-
dose radiation) and more dangerous complex and
cluster damage (caused mainly by high-dose radi-
ation). Thus, comet analysis may be more useful
for measuring damage immediately after expo-
sure than for assessing chronic occupational
exposure.

The degree of apoptosis in genomic instability. As
discussed above, insufficient methylation affects
the regulation of the cell cycle and apoptosis, con-
tributing to uncontrolled cell division and, subse-
quently, to cancer transformation. Apoptosis is
one of the main and important mechanisms for
maintaining genome stability, which is used to
eliminate cells with a high level of genomic dam-
age. An indicator of apoptotic activity in lympho-
cyte culture by comet analysis is the frequency of
atypical comets characterised by an elongated tail
with fragmentation.

The compounds involved in the regulation of
apoptosis are usually proteins whose synthesis is
controlled by the corresponding genes. It is the
activation of the p53 gene under stressful condi-
tions that triggers apoptosis: it stops the cell cycle
to allow repair of damaged DNA or promotes
apoptosis to prevent the proliferation of cells with
damaged DNA [78]. Radiation-induced cell death
is usually classified as interphase or proliferative
death. This means that interphase cells die within
a few hours after radiation damage. Proliferative
death occurs due to the accumulation of CA, as a
result of the incorrect repair of a double-stranded
DNA break. After one or more cycles of division,
cells lose their ability to reproduce and begin to die
[79, 80]. No wonder there are several forms of reg-
ulated cell death, which depend on many factors,
including cell type, dose and type of IR, oxygen
availability, mitotic cycle phase, p353 protein status,
DNA repair capacity, and whether the cell is nor-
mal or malignant [81].

Qin X. et al. [82] showed that radiotherapy radi-
ation affects both tumour and normal cells by
inducing ROS production and DNA damage,
which leads to apoptosis. Therefore, there is a
need to develop and search for agents that exhibit
radioprotective properties after exposure to ionis-
ing radiation. Vitamin C is one of the most power-
ful antioxidants, capable of preventing UV-in-
duced DNA damage [83].

Jang S.S. et al. [84], comparing the induced
intensity of apoptosis in IR-irradiated cells and in
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KHX 3Ke, ajie 00p0o0IeHUX MeJIaTOHIHOM, BUSIBUJIN 3aXKC-
HY aHTUOKCUJIQHTHY POJib OoCcTaHHbOro. CymicHa iHKY-
Oallist ONMPOMiHEHMX KJITUH pa3oM 3 MEJaTOHiIHOM
crpusijia 3HUXKEHHIO eKcrpecii reHa p53 i 3MeHIIMIa
CTYMiHb iIHAYKOBAHOTO pajialli€lo alonTo3y.

Kypinnwmii . A. Ta iH. [85] Ha onpoMiHEHilA KyJIbTypi
JIIMQOIINTIB JIIOAWHU ITOCITIIUIN MOINMIKOBaHY JIif0 ac-
TaKCaHTUHY (KapOTWUHOINY), SKa MpOosBIsIacs iHTEH-
CHUBHICTIO alIONTUYHUX IO, 3aBASKN YOMY 3MEHIIIYBa-
Jlacsl MomyJisiist TiM(POLUTIB 3 MOIIKOAXEHUM F€HOMOM.
[1Tpu oMy, BaxKJIMBO Te, 1110 MOAM(IiKOBaHa JIis acTaK-
CAHTUHY MpPOSIBJIsIa cede BiAINOBINHO O CTamil KITITUH-
Horo unkKity. @eHoMeH, Ae MATBEPIKYEThCS 3aIeKHICTh
3arubeJi KIiTuH, cipuyrHeHoi 1B, Big (heHOTUITY KITiTH-
HU Ta (a3 KIITUHHOTO UKITY, JOCITiIKYBaIOCS B iHIIIMX
poboTtax. Ha ixHio 1ymMKYy, HaliGiiblla 4yTIMBICTh XapaK-
TepHa ISl KJIITUH, 1110 BCTYIWJINA B MiTO3, a HaliBUIIA pe-
3UCTEHTHICTh MPUIIAJAa€ Ha KiHelb S-nepiomy (M>>S).
ABTOpU CTBEpPIXYIOTb, IO pPadiOuyTIUBICTh CIIe-
udivyHa: BOHA 3aJIEXKUTD Bif 103U, HABITh IS iIeHTUY-
HUX KJIITUH, 1110 BKa3ye Ha Te, 1O pafiallisl 3 pi3HOIO Be-
JIMYMHOIO 103U BiAIOBiAA€ Pi3HUM CHOCOOAM KJIIITUHHOL
cMepTi. JliMmpouTH, 10 LMPKYIIOIOTh, BUSIBISIOTHCS
OiBII pagiouyTAMBUMU, HiXX HEUUPKYIIo4di. B-KiiTH-
HU BUSBJISIIOTHCS OLTBII pagiovyyTAMBUMM, HixX T-KITiTH-
a1, a NK-Kk1iTiHM € Haiibinbw criikumu |86, 87].

3HaYHMI iHTEepec CTAHOBIIATH JaHi 1010 TTPOMITIO KITi-
TUHHOTO LIMKJTY onipoMiHeHMX KJIiTuH. [Iupoko npuiiHs-
Ta IyMKa ITOJISITAE€ B TOMY, 110 KJIITMHM ITiJIaf0ThCS aIloll-
TO3y nepeBaxHo i yac daszu Gi/S a6o G,/M KIiTUHHO-
ro mukiy. OKpiM TOTO, MOJICKYJISIDHUI MeXaHi3M, aKTH-
BOBAHUI OIIPOMiHEHHSIM, 3aJIeXKUTh HE JIMILE Bil MPUPO-
IIU JKepesa OMPOMiHEHHS, a i Bil KOHKPETHOTO KJTITUH-
HOTO KOHTEKCTY. X04a B IeSIKMX TUIIaX KJIITUH OOWH IIUISIX
€ CYTTEBUM 1 HEOOXiTHUM U151 3arM0eJi KJIIITUH, BUKJIUKA-
HOI OIPOMiHEHHSIM, B iHIIUX — aJbTePHATUBHI Ta KOM-
TEHCATOPHI IUISIXA MOXYTh BUKOPUCTOBYBATHUCS IS TIe-
penadi pagialiiiHoi YyTaMBOCTi [88—92].

3araipbHOBIIOMO, IO e(deKT BiIJaJeHWX HAaCHiIKiB
KaHIIEpOreHHOro i MyTareHHoro BIUIMBY IB 3amexuthb
BiJ iHAMBIAYaJbHUX OCOOJMBOCTEI OpraHizMy, a MiaBU-
ILIEHU I piBEHb XPOMOCOMHO1 HECTA0ILHOCTI, iHIyKOBa-
HUI di€ro pagianii, € MapkepoM paaiouyTiauBocTi. I1po-
T€, YU MPOSIBISETbCS AKICTh pafiallii Ha pagiovyTiau-
BOCTI 1 SIK JOBr'O MOXKYTb 30epiraTucs MOIIKOIKEHHS Te-
HOMY a00, UM 3MiHIOETbCS 3AATHICTh KJIITUH OO BiIHOB-
neHHs1 JIHK 3 yacowm micis BIiMBY pafdiallil, OqHAM Me-
TOAOM IIUTOT€HETUYHOIO aHali3y BUPIIUTU HEMOXKJII-
BO. BUKOpHCTOBYIOUM METOI IIUTOr€HETUIHOTO aHaJIi3y
XA IS BUSIBJEHHSI T€HOTOKCUYHOCTI 1 BigmameHMX
HacaigkiB 1B, He BIaeTbCsl BUACHO YHUKHYTU XUOHO MO-

the same cells treated with melatonin, revealed the
protective antioxidant role of the latter. Co-incu-
bation of irradiated cells with melatonin reduced
the expression of the p53 gene and decreased the
degree of radiation-induced apoptosis.

Kurinny D.A. et al. [85] studied the modified
effect of astaxanthin on irradiated human lympho-
cyte culture, which was manifested by the intensi-
ty of apoptotic events, thereby reducing the popu-
lation of lymphocytes with damaged genome. It is
important to note that the modified effect of astax-
anthin manifested itself in accordance with the
stage of the cell cycle. The phenomenon, which
confirms the dependence of IP-induced cell death
on cell phenotype and cell cycle stages, has been
studied in other works. In their opinion, the great-
est sensitivity is characteristic of cells that have
entered mitosis, and the greatest resistance is at the
end of the S-period (M>>S). The authors argue
that radiosensitivity is specific; it is dose-depend-
ent, even for identical cells, indicating that radia-
tion at different doses corresponds to different
modes of cell death. Also, circulating lymphocytes
are more radiosensitive than those that do not cir-
culate. B cells are more radiosensitive than T cells,
and NK cells are the most resistant [86, 87].

The knowledge of the cell cycle profiles of irradi-
ated cells is of considerable interest. It is widely
accepted that cells predominantly undergo apop-
tosis during the G;/S or G»/M phase of the cell
cycle. In addition, the molecular mechanism acti-
vated by radiation depends not only on the nature
of the radiation source but also on the specific cel-
lular context. While in some cell types, one path-
way is essential and necessary for radiation-
induced cell death, in others, alternative and com-
pensatory pathways can be used to transmit radia-
tion sensitivity [88—92].

It is well known that the effect of long-term con-
sequences of carcinogenic and mutagenic effects
of IR depends on the individual characteristics of
the organism, and the increased level of chromo-
somal instability induced by radiation is a marker
of radiosensitivity. However, whether the quality of
radiation is manifested in radiosensitivity and how
long genome damage can persist or whether the
ability of cells to repair DNA changes with time
after radiation exposure cannot be decided by
cytogenetic analysis alone. Using the cytogenetic
analysis method of CA to detect genotoxicity and
long-term consequences of IR, it is not possible to
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3UTUBHUX YM XMOHO HETaTMBHUX ITOMUJIOK, OCKIJIBKH
yacToTa XA He 3aBXIU BiIMOBiJa€ PiBHIO NOIIKOIKEHb
JHK. ToOGTo 3HauHa KiJIbKiCThb HepenapoBaHUX PO3-
pusiB JHK nHe TpancdopmyeTbest B XA. J1o Toro X, 3HU-
’K€Ha aKTUBHICTh cucteM pemapauii JHK, Bucokwuii
piBeHb eJliMiHallil 3aBASIKM alloIlTO3y, 3aTpUMKa ITOII-
KOMXXEHMX KIIITHH ITiJl 9ac IMPOXOIKEHHSI KOHTPOJIbHMUX
TOYOK KJIITUHHOTO LMKy HE BiIOBiJalOTh aleKBATHUM
pe3yiabTaTaM XpOMOCOMHOTO aHamidy. Hampukian,
BHACJIiIOK MOMMJIKOBOI penapalii po3pusiB JIHK 3a-
rajibHe 3HUXXEHHSI MOJIEKYISIPHUX MOLIKOMXEHb 30i/1b-
mye piBeHb XA. A SIKIII0 BHACTIIOK 3MiH T€HHOI aKTUB-
HocTi pernapauis JIHK BigOyBa€eThcsi HOBUJILHO, TO LIUTO-
TeHEeTUYHI MapKepyd MOXYTb He MHpOosIBUTHCS. IHakie
Kaxyuu, 3arajibHa pagiovyyTJMBICTb KIITUH 3aJIeXXUTh
Bil e(eKTUBHOCTI BiAMOBigaJbHUX 3a CTAOIILHICTH Te-
HOMY CHUCTEM i MEXaHi3MiB BUOOPY LIUISIXiB BiTHOBIECHHS
nowmkomkeHux AiasHoK JJHK, cnpyunnenux IB, — cuc-
TeM KOHTPOJIIO PEryJsiiii KIITUHHOIO LUK, alloITOo3Y,
CTaHy XpOMaTHHY Ta PEryJIsITOPHUX MEXaHi3MiB IILISIXiB
penapauii. Ciig 3a3HaYMTU TaKOX, 1O IOPYLIEHHS
Oynb-SIKOTO 3 MEXaHi3MiB perapalii Mpu3BOIUTH OO0
3pOCTaHHSI PaJiouyTIUBOCTI KOHKPETHOI KJIIITUHU Ta Op-
raHi3My B LIJIOMY i Besie 10 (DOpMYBaHHS CTaHY T€HETUY -
HO1 HEeCTaOTBHOCTI.

OuiHOBaHHSI T€HOMHOI1 HEeCTaOUIbHOCTI 3aJUIIAETh-
csl HAA3BMYAHO aKTyaJbHMM 3aBHaHHSM Cy4acHOI
panioGiojiorii Ta MeauMuuHU. KoMIieKCHUM miaxin, mo
MOEIHYE aHaJli3 XpOMOCOMHUX abepaliil i3 MeTomom
eJekTpodope3y OKpeMUX KJIiTHUH, BiIKpUBA€ HOBI
MOXJIMBOCTI [JIs1 TIMOLIOTO PO3YMiHHSI MEXaHi3MiB pe-
napauii MoIKOAXKeHb TeHOMY, CIIPUYMHEHUX 10Hi3YI0-
YUM BMIIPOMIHIOBAaHHSIM, Ha Pi3HMX PiBHSAX HOro op-
radisauii. 3 mMpakKTUYHOI TOUYKH 30pY, BUBHAYEHHS KpPU-
TepiiB, 3a IKUMU OLIHIOETHCS padialliiHO-iHAyKOBaHa
reHeTUYHa HECTaOiIbHICTb, € KJIIOYOBUM €TarioM y
BCTAHOBJIEHHI iHAMBiAyabHOI 4yTiuBOCTi no IB. Ile
Ma€ BaXJIMBE 3HAYCHHS IJISI IIPOrHO3YBAaHHSI peakilii
Mali€eHTIB HAa TPOMEHEBY Tepallilo, a TAKOX JJISI OLIHKH!
PM3UKIB y TpalliBHUMKIB aTOMHUX €JIEKTPOCTaHIIili Ta
MEIUYHOTO MepCoHay, sIKi peryjsipHo KOHTaKTYIOTb i3
mxepenamu IB.

BUCHOBOK

BuBueHHST reHOMHOI HeCTaOIbHOCTI JO3BOJISIE OLIHUTUA
JTOBrOCTPOKOBI HACIiIKM BIUIMBY pafialiii Ha 310pOB’s
HaceJIeHHS, BKITIOYAIOUM PU3NKUA PO3BUTKY 3JIOSIKiCHUX
HOBOYTBOPEHb Ta iHIIMX FEHETUYHUX MMOPYIIEeHb. 3aBis-
KM KOMIUIEKCHOMY JOCiAXXEHHIO IUTOTeHETUUHUX, MO-
JIEKYJISIPHO-TEHETUUHUX Ta EIIreHeTUYHUX KPUTEpiiB
OLIIHKM T€HOMHOI HeCTabiIbHOCTI COMAaTUYHMX KJIITUH

prevent false positive or false negative errors in
time, since the frequency of CA does not always
correspond to the level of DNA damage. That is, a
large number of unrepaired DNA breaks are not
transformed into CA. In addition, the reduced
activity of DNA repair systems, the high level of
elimination due to apoptosis, and the delay of
damaged cells during the passage of cell cycle
checkpoints do not correspond to adequate results
of chromosomal analysis. For example, due to
erroneous repair of DNA breaks, the overall
decrease in molecular damage increases the level
of HA. And if DNA repair is slow due to changes
in gene activity, then cytogenetic markers may not
appear. In other words, the overall radiosensitivity
of cells depends on the efficiency of the systems
responsible for genome stability and the mecha-
nisms for selecting pathways for repairing damaged
DNA sites caused by IR — the systems for control-
ling the regulation of the cell cycle, apoptosis,
chromatin state and regulatory mechanisms of
repair pathways. It should also be noted that the
violation of any of the repair mechanisms leads to
an increase in the radiosensitivity of a particular
cell and the organism as a whole and leads to the
formation of a state of genetic instability.

Assessing genome instability remains a highly
relevant task in modern biomedicine. A compre-
hensive approach that combines chromosomal
aberration analysis with the single-cell gel elec-
trophoresis (comet assay) method offers new
opportunities to better understand the mecha-
nisms of genome repair following damage induced
by ionizing radiation (IR) at various levels of its
organization. From a practical standpoint, identi-
fying criteria that characterize radiation-induced
genetic instability is a crucial step toward deter-
mining individual sensitivity to IR. This is particu-
larly important for predicting patient responses to
radiotherapy, as well as for evaluating risks among
nuclear power plant workers and medical person-
nel who are regularly exposed to IR sources.

CONCLUSIONS

The study of genomic instability makes it possible
to assess the long-term effects of radiation expo-
sure on human health, including the risks of
developing cancer and other genetic disorders. A
comprehensive study of cytogenetic, molecular
genetic and epigenetic criteria for assessing
genomic instability in human somatic cells can
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JIIOIWHU, MOXKHA YHUKHYTH PU3UKY ITOMUJIKOBOTO TpaK-
TYBaHHSI padialliifHOTO HaBaHTaXKEHHSI, 3BaXKar0uu Ha Te,
1110 3aCTOCYBaHHSI OJTHOTO METOY He BigoOpazkae IMOBHOI
KapTUHU IIKOIU CITPUUYMHEHO] i0Hi3yI0UMM BUITPOMiHIO-
BaHHSIM. Pe3ynbraTy Takux JOCHiIKeHb MOXYTh Bifirpa-
BaTH IEPIIOPSIHY POJIb Y CKIAMHUX MiaTHOCTUYHUX BU-
najkax 3 ypaxyBaHHSIM iHAMBIAYaJIbHOI paliouyTIMBOCTI,
KOJIX HEOOXiTHO MiATBEpAUTH MpodeCciiiHy MPUpoIy 3ax-
BOPIOBaHHS, iHillilOBaHy iOHi3yIOUMM BMITPOMiHIOBaH-
HsIM.. POo3yMiHHSI MeXaHi3MiB T€HOMHOI HeCTabiTbHOCTI
MOXKE CHOPUSITA PO3pOOLIi HOBUX METO/IB JiKyBaHHSI Ta
npodiTakKTUKK 3aXBOPIOBaHb, OB’ I3aHUX 3 TEHETUYHU -
MU MYTaLisSIMH, 110 BUHUKAIOTh Y CTPECOBUX YMOBAX.
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avoid the risk of misinterpretation of radiation
exposure, given that the use of a single method
does not reflect the full picture of the damage
caused by radiation. The results of such studies
can play a crucial role in complex diagnostic
cases, taking into account individual radiosensi-
tivity, when it is necessary to confirm the occupa-
tional nature of the disease that developed.
Understanding the mechanisms of genomic insta-
bility may help to develop new methods of treat-
ment and prevention of diseases associated with
genetic mutations arising under stressful condi-
tions.

REFERENCES
1. Kreuzer M, Auvinen A, Cardis E, Durante M, Harms-Ringdahl M,

Jourdain JR et al. Multidisciplinary European Low Dose Initiative
(MELQODI): strategic research agenda for low dose radiation risk
research. Radiat Environ Biophys. 2017;57(1):5-15. doi: 10.1007/
s00411-017-0726-1.

IAEA. Radiation protection and safety in medical uses of ionizing radi-
ation. International Atomic Energy Agency; 2018. 318 p.

Kochanova D, Gulati S, Durdik M, Jakl L, Kosik P, Skorvaga M et al.
Effects of low-dose ionizing radiation on genomic instability in inter-
ventional radiology workers. Sci Rep. 2023;13(1). doi: 10.1038/
541598-023-42139-5.

Ruhm W, Laurier D, Wakeford R. Cancer risk following low doses of
ionising radiation: current epidemiological evidence and implications
for radiological protection. Mutat Res Genet Toxicol Environ Mutagen.
2022;873:503436. doi: 10.1016/j.mrgentox.2021.503436.

Tao SM, Wang LL, Li MD, Wang J, Gu HM, Zhang LJ. Cancer risk
associated with low-dose ionizing radiation: a systematic review of
epidemiological and biological evidence. Mutat Res Rev Mutat Res.
2024:794:108517. doi: 10.1016/j.mrrev.2024.108517.

6. Averbeck D, Salomaa S, Bouffler S, Ottolenghi A, Smyth V, Sabatier L.

Progress in low dose health risk research. Mutat Res Rev Mutat Res.
2018;776:46-69. doi: 10.1016/j.mrrev.2018.04.001.

Berrington de Gonzalez A, Daniels RD, Cardis E, Cullings HM, Gilbert
E, Hauptmann M et al. Epidemiological studies of low-dose ionizing
radiation and cancer: Rationale and framework for the monograph
and overview of eligible studies. JNCI Monogr. 2020;2020(56):97-
113. doi: 10.1093/jncimonographs/lgaa009.

Heylmann D, Ponath V, Kindler T, Kaina B. Comparison of DNA repair
and radiosensitivity of different blood cell populations. Sci Rep.
2021;11(1). doi: 10.1038/s41598-021-81058-1

Reis AHO, Vargas FR, Lemos B. Biomarkers of genome instability and
cancer epigenetics. Tumor Biol. 2016;37(10):13029-38. doi: 10.
1007/s13277-016-5278-5.

10. Smith HL, Southgate H, Tweddle DA, Curtin NJ. DNA damage

checkpoint kinases in cancer. Expert Rev Mol Med. 2020;22. doi:
10.1017/erm.2020.3.

(1) 118



ISSN 2304-8336. pobnemu pagiauiiivoi Meguunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Iss. 30.

REVIEWS

1.

12.

13.

15.

16.

20.

21.

22.

23.

Cytogenetic biodosimetry using the blood lymphocytes of astro-
nauts / K. A. George, J. Rhone, J. Lori et al. Acta Astronautica.
2013. Vol. 92, no. 1. P. 97-102. DOI: 0.1016/j.actaastr0.2012.
05.001.

Milacic S. Chromosomal aberrations like biomarkers of exposition
to ionizing radiation. Acta Clinica. 2005. Vol. 5. P. 64-71.
Biological dosimetry: chromosomal aberration analysis for dose
assessment. / ed. by I. A. E. Agency. Vienna : International Atomic
Energy Agency, 1986. 69 p.

. The radiological conseguences of the Chernobyl accident / D.

Lloyd, A. Edwards, A. Sevankaev et al. Proc. I Int. Conf. (Minsk,
18-20 March 1996) / ed. A. Karaoglou, G. Desment, D. N. Kelly,
H. G. Mitnzel. Minsk, 1996. P. 965-975.

Assessment of the impact of low-dose ionizing radiation exposure
on health care workers: a study of methods used from a scoping
review / A. De Giorgi, A. Bongiovanni, S. De Sio et al. Health
Physics. 2023. Vol. 25, no. 2. P. 102-108. DOI: 10.1097/HP.
0000000000001693.

Timofeeff-Ressovsky N. W., Luchnik N. V. Cytological and biophys-
ical basis of radiostimulation in plants (in Russian). Proc. Inst. Biol.
Ural Br. Sci. Acad. USSR. 1960. P. 5-17.

. Radiation-related genomic profile of papillary thyroid carcinoma

after the Chernobyl accident / L. M. Morton, D. M. Karyadi, C. Ste-
wart et al. Science. 2021. Vol. 372 (6543). DOI: 10.1126/sci-
ence.abg2538.

. Chromosomal damage in peripheral blood lymphocytes of newly

diagnosed cancer patients and healthy controls / P. Vodicka, Z. Po-
livkova, S. Sytarova et al. Carcinogenesis. 2010. Vol. 31, no. 7. P.
1238-1241. DOI: 10.1093/carcin/bgq056.

. Chromosomal aberrations and cancer risk: results of a cohort

study from Central Europe / P. Boffetta, V. Hel, H. Norppa et al.
Am. J. Epidemiol. 2006. Vol. 165, no. 1. P. 36-43. DOI: 10.1093/
aje/kw;j367.

Chromosomal aberration frequency in lymphocytes predicts the
risk of cancer: results from a pooled cohort study of 22 358 sub-
jects in 11 countries / S. Bonassi, H. Norppa, M. Ceppi et al. Ca-
reinogenesis. 2008. Vol. 29, no. 6. P. 1178-1183. DOI: 10.1093/
carcin/bgn075.

Chromosome damage in relation to recent radiation exposure and
radiation quality in nuclear power plant workers /Y. J. Kim, J. W. Lee,
Y. H. Cho et al. Toxics. 2022. Vol. 10, no. 2. P. 94. DOI: 10.3390/
toxics10020094.

Radiation-induced changes in DNA methylation and their relation-
ship to chromosome aberrations in nuclear power plant workers /
Y. Lee, Y. J. Kim, Y. J. Choi et al. Int. J. Radiat. Biol. 2015. Vol.
91, no. 2. P. 142-149. DOI: 10.3109/09553002.2015.969847.
The meta-analysis of cytogenetic biomarkers as an assessment of
occupational risk for healthcare workers exposed to antineoplastic
drugs / H. Huang, Y. Gu, S. Liu et al. Int. Arch. Occup. Environ.
Health. 2023. Vol. 96, no. 6. P. 785-796. DOI: 10.1007/s00420-
023-01969-6.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

George KA, Rhone J, Chappell LJ, Cucinotta FA. Cytogenetic bio-
dosimetry using the blood lymphocytes of astronauts. Acta Astro-
naut. 2013;92(1):97-102. doi: 10.1016/j.actaastr0.2012.05.001.
Milacic S. Chromosomal aberrations like biomarkers of exposition
to ionizing radiation. Acta Clinica. 2005;5:64-71. doi:10.1556/hmj.
2.2008.3.5.

Agency 1A, editor. Biological dosimetry: Chromosomal aberration
analysis for dose assessment. Vienna: International Atomic Energy
Agency; 1986. 69 p.

Lloyd D, Edwards A, Sevankaev A, et al. The radiological con-
seguences of the Chernobyl accident. In: Proc. | Int. Conf, 2020
Mar 18-20; Minsk; 1996.

De Giorgi A, Bongiovanni A, De Sio S, Sernia S, Adamo G, La Torre
G. Assessment of the impact of low-dose ionizing radiation expo-
sure on health care workers: A study of methods used from a scop-
ing review. Health Phys. 2023;25(2);102-8.. doi: 10.1097/hp.
0000000000001693.

Timofeeff-Ressovsky N. W., Luchnik N. V. [Cytological and biophys-
ical basis of radiostimulation in plants]. Proc. Inst. Biol. Ural Br. Sci.
Acad. USSR. 1960;5-17. Russian.

Morton LM, Karyadi DM, Stewart C, Bogdanova Tl, Dawson ET,
Steinberg MK et al. Radiation-related genomic profile of papillary
thyroid carcinoma after the Chernobyl accident. Science. 2021;
14(372):6543. doi: 10.1126/science.abg2538.

Vodicka P, Polivkova Z, Sytarova S, Demova H, Kucerova M,
Vodickova L et al. Chromosomal damage in peripheral blood lym-
phocytes of newly diagnosed cancer patients and healthy controls.
Carcinogenesis. 2010;31(7):1238-41. doi: 10.1093/carcin/bgg056.
Boffetta P, van der Hel O, Norppa H, Fabianova E, Fucic A, Gundy
S et al. Chromosomal aberrations and cancer risk: results of a
cohort study from Central Europe. Am J Epidemiology. 2006;
165(1):36-43. doi: 10.1093/aje/kwj367.

Bonassi S, Norppa H, Ceppi M, Stromberg U, Vermeulen R, Znaor
A et al. Chromosomal aberration frequency in lymphocytes predicts
the risk of cancer: results from a pooled cohort study of 22 358
subjects in 11 countries. Carcinogenesis. 2008;29(6):1178-1183.
doi: 10.1093/carcin/bgn075.

Kim YJ, Lee JW, Cho YH, Choi YJ, Lee Y, Chung HW. Chromosome
damage in relation to recent radiation exposure and radiation qual-
ity in nuclear power plant workers. Toxics. 2022;10(2):94. doi: 10.
3390/toxics 10020094,

Lee Y, Kim YJ, Choi YJ, Lee JW, Lee S, Cho YH, Chung HW.
Radiation-induced changes in DNA methylation and their relation-
ship to chromosome aberrations in nuclear power plant workers. Int
J Radiat Biol. 2015;91(2):142-9. doi: 10.3109/09553002.2015.
969847.

Huang H, Gu Y, Liu S, Hu S, Zhong X, Huang Y et al. The meta-
analysis of cytogenetic biomarkers as an assessment of occupa-
tional risk for healthcare workers exposed to antineoplastic drugs.
Int Arch Occup Environ Health. 2023;96(6):785-796. doi: 10.1007/
s00420-023-01969-6.

119 &



ornsaaosi CTATTI

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

@

ISSN 2304-8336. [po6nemu pagiauiiHoi meguunxy 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Bun. 30.

lonizing radiation biomarkers in epidemiological studies / J. Hall, P.
A. Jeggo, C. West et al. Mutat. Res. Rev. Mutat. Res. 2017.Vol. 771.
P. 59-84. DOI: 10.1016/j.mrrev.2017.01.001.

Schipler A., lliakis G. DNA double-strand-break complexity levels and
their possible contributions to the probability for error-prone pro-
cessing and repair pathway choice. Nucleic Acids Research. 2013.
Vol. 41, no. 16. P. 7589-7605. DOI: 10.1093/nar/gkt556.

lliakis G., Mladenov E., Mladenova V. Necessities in the processing
of DNA double strand breaks and their effects on genomic instability
and cancer. Cancers. 2019. Vol. 11, no. 11. P. 1671. DOI: 10.3390/
cancers11111671.

Krenning L., van den Berg J., Medema R. H. Life or death after a
break: what determines the choice? Mol. Cell. 2019. Vol. 76, no. 2.
P. 346-358. DOI: 10.1016/j.molcel.2019.08.023.

Setiaputra D., Durocher D. Shieldin — the protector of DNA ends.
EMBO reports. 2019. Vol. 20, no. 5. DOI: 10.15252/embr.
201847560.

DNA double-strand break repair-pathway choice in somatic mam-
malian cells / R. Scully, A. Panday, R. Elango et al. Nat. Rev. Mol.
Cell Biol. 2019. Vol. 20, no. 11. P. 698-714. DOI: 10.1038/s41580-
019-0152-0.

Foundations of identifying individual chromosomes by imaging flow
cytometry with applications in radiation biodosimetry / L. A. Beaton-
Green, M. A. Rodrigues, S. Lachapelle et al. Methods. 2017. Vol.
112. P. 18-24. DOI: 10.1016/j.ymeth.2016.08.006.

International Atomic Energy Agency. Cytogenetic dosimetry: applica-
tions to radiation emergency preparedness and response. Vienna,
Austria : International Atomic Energy Agency, 2011. P. 59-79.
BrisiBneHne MynbTnabeppaHTHbIX TMMGOLIMTOB MPK LMTOTEHETUHEC-
KoM 00C/ef10BaHNM Pa3NMYHbIX TPYNM, KOHTAKTUPYIOLMX C MyTareH-
HbiMu aktopamm / M. A. Mununckas, A. M. Wewmety, C. C. [bibe-
Kuin n ap. Lntonornsa n reHetnka. 1994. Ne 3. C. 27-32.
LintoreHetnueckmnin apdekT B COMaTUYECKMX KNETKAX nLL, NOABEpr-
LUMXCS paamMaLMOHHOMY BO3AECTBMIO B CBSA3M C aBapueii Ha YepHo-
obinbekoit A3C / M. A. MunuHckas, A. M. LemeTyH, A. 10. Boraaps,
C. C. Obibekuin. BectHuk AMH CCCP. 1991. Ne 8. C. 40-45.
Mikhalevich L. S., De Zwart F. A., Perepetskaya G. L. Radiation ef-
fects in lymphocytes of children living in a Chernobyl contaminated
region of Belarus. Int. J. Rad. Biol. 2000. Vol. 76, no. 10. P. 1377-
1385. DOI: 10.1080/09553000050151655.

Follow-up studies on genome damage in children after Chernobyl
nuclear power plant accident / A. Fucic, A. Aghajanyan, V. Druzhinin
et al. Arch.Toxicol. 2016. Vol. 90, no. 9. P. 2147-2159. DOI:
10.1007/s00204-016-1766-z.

Cytogenetic analysis of peripheral blood lymphocytes of hospital staff
occupationally exposed to low doses of ionizing radiation / A. Eken,
A. Aydin, O. Erdem et al. Toxicol. Industr. Health. 2010. Vol. 26, no.
5. P. 273-280. DOI: 10.1177/0748233710365693.

Cytogenetic status of interventional radiology unit workers occupa-
tionally exposed to low-dose ionizing radiation: A pilot study / M. Ge-
ric, J. Popic, G. Gajski et al. Mutat. Res. Genet. Toxicol. Environ.

120

24. Hall J, Jeggo PA, West C, Gomolka M, Quintens R, Badie C et al.
lonizing radiation biomarkers in epidemiological studies - an
update. Mutat Res Rev Mutat Res. 2017;771:59-84. doi: 10.
1016/j.mrrev.2017.01.001.

25. Schipler A, lliakis G. DNA double-strand-break complexity levels
and their possible contributions to the probability for error-prone
processing and repair pathway choice. Nucleic Acids Res. 2013;
41(16):7589-605. doi: 10.1093/nar/gkt556.

26. lliakis G, Mladenov E, Mladenova V. Necessities in the process-
ing of dna double strand breaks and their effects on genomic
instability and cancer. Cancers. 2019;11(11):1671. doi: 10.
3390/cancers11111671.

27. Krenning L, van den Berg J, Medema RH. Life or death after a
break: what determines the choice? Mol Cell. 2019;76(2):346-
58. doi: 10.1016/j.molcel.2019.08.023.

28. Setiaputra D, Durocher D. Shieldin — the protector of DNA ends.
EMBO Rep. 2019;20(5). doi: 10.15252/embr.201847560.

29. Scully R, Panday A, Elango R, Willis NA. DNA double-strand break
repair-pathway choice in somatic mammalian cells. Nat Rev Mol
Cell Biol. 2019;20(11):698-714. doi: 10.1038/s41580-019-
0152-0.

30. Beaton-Green LA, Rodrigues MA, Lachapelle S, Wilkins RC.
Foundations of identifying individual chromosomes by imaging
flow cytometry with applications in radiation biodosimetry.
Methods. 2017;112:18-24. doi: 10.1016/j.ymeth.2016.08.006.

31. International Atomic Energy Agency. Cytogenetic dosimetry: appli-
cations to radiation emergency preparedness and response. Vien-
na, Austria: International Atomic Energy Agency. 2011. P. 59-79.

32. Pylinskaya MA, Shemetun AM, Dybsky SS, et al. [Detection of
multiaberrant lymphocytes during cytogenetic examination of
various groups in contact with mutagenic factors]. Cytology and
genetics. 1994;3:27-32. Russian.

33. Pylinskaya MA, Shemetun AM, Bondar AYu, Dybsky SS. [Cytoge-
netic effect in somatic cells of persons exposed to radiation due
to the accident at the Chernobyl NPP]. Bulletin of the Academy
of Medical Sciences of the USSR. 1991;8:40-45. Russian.

34. Mikhalevich LS, De Zwart FA, Perepetskaya GA, Chebotareva NV,
Mikhalevich EA, Tates AD. Radiation effects in lymphocytes of
children living in a Chernobyl contaminated region of Belarus. Int
J Radiat Biol. 2000;76(10):1377-85. doi: 10.1080/
09553000050151655.

35. Fucic A, Aghajanyan A, Druzhinin V, Minina V, Neronova E.
Follow-up studies on genome damage in children after Chernobyl
nuclear power plant accident. Arch Toxicol. 2016;90(9):2147-59.
doi: 10.1007/s00204-016-1766-z.

36. Eken A, Aydin A, Erdem O, Akay C, Sanal HT, Soykut B et al. Cyto-
genetic analysis of peripheral blood lymphocytes of hospital staff
occupationally exposed to low doses of ionizing radiation. Toxicol
Ind Health. 2010;26(5):273-80. doi: 10.1177/0748233710365693.

37. Geric M, Popic J, Gajski G, Garaj-Vrhovac V. Cytogenetic status of
interventional radiology unit workers occupationally exposed to low-




ISSN 2304-8336. pobnemu pagiauiiivoi Meguunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Iss. 30.

REVIEWS

38.

Mutagenesis. 2019. Vol. 843. P. 46-51. DOI: 10.1016/j.mrgen-
tox.2018.10.001.

Persons chronically exposed to low doses of ionizing radiation: A cy-
togenetic dosimetry study / O. Cherednichenko, A. Pilyugina, S.
Nuraliev et al. Mutat. Res. Genet. Toxicol. Environ. Mutagenesis.
2024. Vol. 894. P. 503728. DOI: 10.1016/j.mrgentox.2024.503728.

39. Cytogenetic endpoints and xenobiotic gene polymorphism in lympho-

40.

41.

cytes of hospital workers chronically exposed to ionizing radiation in
cardiology, radiology and orthopedic laboratories / B. Vellingiri, S.
Shanmugam, M. D. Subramaniam et al. Ecotoxicol. Environ. Saf.
2014. Vol. 100. P. 266-274. DOI: 10.1016/j.ecoenv.2013.09.036.
Santovito A., Cervella P., Delpero M. Increased frequency of chro-
mosomal aberrations and sister chromatid exchanges in peripheral
lymphocytes of radiology technicians chronically exposed to low
levels of ionizing radiations. Environ. Toxicol. Pharmacol. 2014. Vol.
37, no. 1. P. 396-403. DOI: 10.1016/j.etap.2013.12.009.
International Atomic Energy Agency (IAEA), Cytogenetic Dosimetry:
Applications in Preparedness for and Response to Radiation
Emergencies, 2011.

42. Analysis of chromosome aberrations in peripheral blood lymphocyte

of medical radiation workers in a tertiary hospital / Q. Q. Meng, Z.
X. Zhang, Y. Ren et al. Zhonghua Lao Dong Wei Sheng Zhi Ye Bing
Za Zhi. 2023. Vol. 41, no. 8. P. 611-616. DOI: 10.3760/cma.].
cn121094-20220411-00198

43. Zakeri F., Hirobe T. A cytogenetic approach to the effects of low lev-

45.

46.

47.

48.

49.

els of ionizing radiations on occupationally exposed individuals. Eur.
J. Radiol. 2010. Vol. 73, no. 1. P. 191-195. DOI: 10.1016/j.ejrad.
2008.10.015.

. Use of biological dosimetry for monitoring medical workers occupa-

tionally exposed to ionizing radiation / I. Piotrowski, A. Dawid, A.
Kulcenty et al. Radiation. 2021. Vol. 1, no. 2. P. 95-115. DOI;
10.3390/radiation1020009.

Biomarkers of genotoxicity in medical workers exposed to low-dose
ionizing radiation: systematic review and meta-analyses / C. Bau-
din, M. O. Bernier, D. Klokov et al. Int. J. Mol. Sci. 2021. Vol. 22,
no. 14. P. 7504. DOI: 10.3390/ijms22147504.

Tucker J. Low-dose ionizing radiation and chromosome transloca-
tions: A review of the major considerations for human biological do-
simetry. Mutat. Res. Rev. Mutat. Res. 2008. Vol. 659, no. 3. P. 211-
220. DOI: 10.1016/j.mrrev.2008.04.001.

Munuuckaa M. A. TMocnegrne 0OCTUXEHWS PaaMaLMOHHON LUTOre-
HETUKM B CBSI3W C OTKPbITUEM MeToAa (JyOPECLEHTHOI rnbpuan-
3aumn in situ MetadasHbX XPOMOCOM YesioBeka W 3KCMepUMeH-
TanbHbIX X1BOTHbIX ¢ JHK-30Hmamu (FISH). Lntonorns n renetn-
ka. 1996. T. 30, Ne4. C. 70-85.

Twenty years of FISH-based translocation analysis for retrospective
ionizing radiation biodosimetry / E. Gregoire, L. Roy, V. Buard et al.
Int. J. Radiat. Biol. 2018. Vol. 94, no. 3. P. 248-258. DOI: 10.1080/
09553002.2018.1427903.

International study of factors affecting human chromosome translo-
cations / A. J. Sigurdson, M. Ha, M. Hauptmann et al. Mutat. Res.

38.

39.

40.

41.

42,

dose ionising radiation; A pilot study. Mutat Res Genet Toxicol Environ
Mutagen. 2019;843:46-51. doi: 10.1016/j.mrgentox.2018.10.001.
Cherednichenko O, Pilyugina A, Nuraliev S, Azizbekova D. Persons
chronically exposed to low doses of ionizing radiation: a cytogenet-
ic dosimetry study. Mutat Res Genet Toxicol Environ Mutagen.
2024;894:503728. doi: 10.1016/j.mrgentox.2024.503728.
Vellingiri B, Shanmugam S, Subramaniam MD, Balasubramanian
B, Meyyazhagan A, Alagamuthu K et al. Cytogenetic endpoints and
xenobiotic gene polymorphism in lymphocytes of hospital workers
chronically exposed to ionizing radiation in cardiology, radiology
and orthopedic laboratories. Ecotoxicol Environ Saf. 2014;100:
266-74. doi: 10.1016/j.ecoenv.2013.09.036.

Santovito A, Cervella P, Delpero M. Increased frequency of chro-
mosomal aberrations and sister chromatid exchanges in peripher-
al lymphocytes of radiology technicians chronically exposed to low
levels of ionizing radiations. Environ Toxicol Pharmacol. 2014,
37(1):396-403. doi: 10.1016/j.etap.2013.12.009.

International Atomic Energy Agency (IAEA), Cytogenetic Dosimetry:
Applications in Preparedness for and Response to Radiation
Emergencies, 2011.

Meng Q. Q., Zhang Z. X., Ren Y et al. Analysis of chromosome
aberrations in peripheral blood lymphocyte of medical radiation
workers in a tertiary hospital. Zhonghua Lao Dong Wei Sheng Zhi
Ye Bing Za Zhi. 2023;41(8):611-6. doi: 10.3760/cma.j.cn121094-
20220411-00198.

43. Zakeri F, Hirobe T. A cytogenetic approach to the effects of low lev-

els of ionizing radiations on occupationally exposed individuals. Eur
J Radiol. 2010;73(1):191-5. doi: 10.1016/j.ejrad.2008.10.015.

. Piotrowski |, Dawid A, Kulcenty K, Suchorska WM. Use of biologi-

cal dosimetry for monitoring medical workers occupationally
exposed to ionizing radiation. Radiation. 2021;1(2):95-115. doi:
10.3390/radiation1020009.

. Baudin C, Bernier MO, Klokov D, Andreassi MG. Biomarkers of

genotoxicity in medical workers exposed to low-dose ionizing radi-
ation: Systematic review and meta-analyses. Int J Mol Sci. 2021;
22(14):7504. doi: 10.3390/ijms22147504.

46. Tucker J. Low-dose ionizing radiation and chromosome transloca-

47.

48.

49.

tions: A review of the major considerations for human biological
dosimetry. Mutat Res Rev Mutat Res. 2008;659(3):211-20. doi:
10.1016/j.mrrev.2008.04.001.

Pylinskaya MA. [The latest advances in radiation cytogenetics due
to the discovery of the method of fluorescence in situ hybridization
of metaphase human and experimental animal chromosomes with
DNA probes (FISH)]. Cytology and genetics. 1996;30(4):70-85.
Russian.

Gregoire E, Roy L, Buard V, Delbos M, Durand V, Martin-Bodiot C
et al. Twenty years of FISH-based translocation analysis for retro-
spective ionizing radiation biodosimetry. Int J Radiat Biol. 2018;
94(3):248-58. doi: 10.1080/09553002.2018.1427903.

Sigurdson AJ, Ha M, Hauptmann M, Bhatti P, Sram RJ, Beskid O
et al. International study of factors affecting human chromosome

121 ‘&



ornsaaosi CTATTI

50.

51

52.

53.

54.

95.

56.

57.

58.

59.

60.

61.

62.

) 122

ISSN 2304-8336. [po6nemu pagiauiiHoi meguunxy 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Bun. 30.

Genet. Toxicol. Environ. Mutagenesis. 2008. Vol. 652, no. 2. P. 112-
121. DOI: 10.1016/j.mrgentox.2008.01.005.

Herate C., Sabatier L. Retrospective biodosimetry techniques: Focus
on cytogenetics assays for individuals exposed to ionizing radiation.
Mutat. Res. Rev. Mutat. Res. 2020. Vol. 783. P. 108287. DOI:
10.1016/j.mrrev.2019.108287.
The various aspects of genetic and epigenetic toxicology: testing me-
thods and clinical applications / N. Ren, M. Atyah, W. Y. Chen et al.
J. Transl. Med. 2017. Vol. 15, no. 1. P. 110. DOI: 10.1186/512967-
017-1218-4.

Kislyak S., Dugan 0., Yalovenko O. Systems for genetic assessment
of the impact of environmental factors. /Innov. Biosys. Bioeng. 2024.
Vol. 8, no. 2. P. 3-27. DOI: 10.20535/ibb.2024.8.2.288127. Innov
Biosyst Bioeng

The in vitro micronucleus assay using imaging flow cytometry and
deep learning / M. A. Rodrigues, C. E. Probst, A. Zayats et al. NPJ
Systems Biology and Applications. 2021. Vol. 7, no. 1. P. 20. DOI:
10.1038/s41540-021-00179-5.

lonizing radiation or mitomycin-induced micronuclei in lymphocytes
of BRCA1 or BRCA2 mutation carriers / S. Gutierrez-Enriquez, T. Ra-
mon, C. Alonso et al. Breast Cancer Res. Treat. 2010. Vol. 127, no.
3. P.611-622. DOI: 10.1007/5s10549-010-1017-6.
Vral A., Fenech M., Thierens H. The micronucleus assay as a biolog-
ical dosimeter of in vivo ionizing radiation exposure. Mutagenesis.
2010. Vol. 26, no. 1. P. 11-17. DOI: 10.1093/mutage/geq078.
Djokovic J., Jankovic S., Milovanovic A., Bulat P. Chromosomal aber-
rations, micronuclei, blood parameters and received doses in work-
ers exposed to ionizing radiation. Med. Lav. 2023. Vol. 114, no. 4.
DOI: 10.23749/mdl.v114i4.14280.

Fenech M. Optimization of micronucleus assays for biological
dosimetry. Prog. Clin. Biol. Res. 1991. Vol. 372. P. 373-386.
Analysis of chromosomal aberrations frequency, haematological
parameters and received doses by nuclear medicine professionals /
J. Djokovic-Davidovic, A. Milovanovic, J. Milovanovic et al. J. BUON.
2016. Vol. 21, no. 5. P. 1307-1315.

Gnanasekaran T. S. Cytogenetic biological dosimetry assays: recent
developments and updates. Radiat. Oncol. J. 2021.Vol. 39, no. 3. P.
159-166. DOI: 10.3857/r0j.2021.00339.

Radiation dose estimation by completely automated interpretation of
the dicentric chromosome assay /Y. Li, B. C. Shirley, R. C. Wilkins
et al. Rad. Prot. Dosimetry. 2019. Vol. 186, no. 1. P. 42-47. DOl
10.1093/rpd/ncy282.

Chronic low dose exposure of hospital workers to ionizing radiation
leads to increased micronuclei frequency and reduced antioxidants in
their peripheral blood lymphocytes / Z. Siama, M. Zosang-Zuali, A.
Vanlalruati et al. Int. J. Radiat. Biol. 2019. Vol. 95, no. 6. P. 697-709.
DOI: 10.1080/09553002.2019.1571255.

Telomere length in Chernobyl accident recovery workers in the late
period after the disaster / J. Reste, G. Zvigule, T. Zvagule et al. J.
Radiat. Res. 2014. Vol. 55, no. 6. P. 1089-1100. DOI: 10.1093/jrr/
rru060.

50.

51

52.

53.

54.

95.

56.

57.

58.

59.

60.

61.

62.

translocations. Mutat Res Genet Toxicol Environ Mutagen.
2008;652(2):112-21. doi: 10.1016/j.mrgentox.2008.01.005.
Herate C, Sabatier L. Retrospective biodosimetry techniques:
Focus on cytogenetics assays for individuals exposed to ionizing
radiation. Mutat Res Rev Mutat Res. 2020;783:108287. doi:
10.1016/j.mrrev.2019.108287.

Ren N, Atyah M, Chen WY, Zhou CH. The various aspects of
genetic and epigenetic toxicology: testing methods and clinical
applications. J Transl Med. 2017;15(1):110. doi: 10.1186/
$12967-017-1218-4.

Kislyak S, Dugan O, Yalovenko O. Systems for genetic assess-
ment of the impact of environmental factors. Innov Biosyst
Bioeng. 2024;8(2):3-27. doi: 10.20535/ibb.2024.8.2.288127.
Rodrigues MA, Probst CE, Zayats A, Davidson B, Riedel M, Li Y,
Venkatachalam V. The in vitro micronucleus assay using imaging
flow cytometry and deep learning. NPJ Syst Biol Appl. 2021;7(1).
doi: 10.1038/s41540-021-00179-5.

Gutierrez-Enriquez S, Ramon y Cajal T, Alonso C, Corral A,
Carrasco P, Cornet M et al. lonizing radiation or mitomycin-
induced micronuclei in lymphocytes of BRCA1 or BRCA2 muta-
tion carriers. Breast Cancer Res Treat. 2010;127(3):611-22. doi:
10.1007/s10549-010-1017-6.

Vral A, Fenech M, Thierens H. The micronucleus assay as a bio-
logical dosimeter of in vivo ionising radiation exposure. Muta-
genesis. 2010;26(1):11-17. doi: 10.1093/mutage/geq078.
Djokovic J., Jankovic S., Milovanovic A., Bulat P. Chromosomal
aberrations, micronuclei, blood parameters and received doses
in workers exposed to ionizing radiation. Med Lav. 2023;114(4).
doi: 10.23749/mdl.v114i4.14280.

Fenech M. Optimisation of micronucleus assays for biological
dosimetry. Prog Clin Biol Res. 1991;372:373-386.
Djokovic-Davidovic J, Milovanovic A, Milovanovic J et al.Analysis
of chromosomalberrations frequency, haematological parameters
and received doses by nuclear medicine professionals. J BUON.
2016;21(5):1307-1315.

Gnanasekaran TS. Cytogenetic biological dosimetry assays:
recent developments and updates. Radiat Oncol J. 2021. doi:
10.3857/r0j.2021.00339.

Li Y, Shirley BC, Wilkins RC, Norton F, Knoll JH, Rogan PK. Ra-
diation dose estimation by completely automated interpretation
of the dicentric chromosome assay. Radiat Prot Dosim. 2019.
doi: 10.1093/rpd/ncy282.

Siama Z, Zosang-Zuali M, Vanlalruati A, Jagetia GC, Pau KS, Kumar
NS. Chronic low dose exposure of hospital workers to ionizing radi-
ation leads to increased micronuclei frequency and reduced antiox-
idants in their peripheral blood lymphocytes. Int J Radiat Biol.
2019;95(6):697-709. doi: 10.1080/09553002.2019.1571255.
Reste J, Zvigule G, Zvagule T, Kurjane N, Eglite M, Gabruseva N
et al. Telomere length in Chernobyl accident recovery workers in
the late period after the disaster. J Radiat Res. 2014;55(6):1089-
1100. doi: 10.1093/jrr/rru060.




ISSN 2304-8336. pobnemu pagiauiiivoi Meguunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Iss. 30.

REVIEWS

63.

HeratuHa perynsuis noBxuHu Tenomep reHamu TERF1 Ta TERF2
MpY KOrHITMBHOMY AediumTi y BifnaneHoMy nepiogi nicns onpomi-
HeHHa y manmux gosax / [l. A. basuka, I. M. InbeHko, K. M. Jlora-
HOBCbKWIA Ta iH. Mpobnemu pagiauiiHoi MeauLmHn 1a pagiobio-
Jsiorii. 2014. Bun. 19. C. 170-185.

64. Gnanasekaran T. S. Cytogenetic biological dosimetry assays: recent

65.

66.

67.

68.

developments and updates. Radiat. Oncol. J. 2021. Vol. 39(3).
P. 159-166. doi: 10.3857/r0j.2021.00339.

Evaluation of the comet assay for assessing the dose-response rela-
tionship of DNA damage induced by ionizing radiation / Y. Wang, C.
Xu, L. Q. Du et al. International Journal of Molecular Sciences. 2013.
Vol. 14, no. 11. P. 22449-22461. DOI: 10.3390/ijms141122449.
Worldwide interest in the comet assay: a bibliometric study / M.
Neri, D. Milazzo, D. Ugolini et al. Mutagenesis. 2014. Vol. 30, no.
1. P. 155-163. DOI: 10.1093/mutage/geu061.

Radiation-induced changes in DNA methylation and their relation-
ship to chromosome aberrations in nuclear power plant workers /
Y. Lee, Y. J. Kim, Y. J. Choi et al. Int. J. Radiat. Biol. 2015. Vol. 91,
no. 2. P. 142-149. DOI: 10.3109/09553002.2015.969847.
Minimum information for reporting on the comet assay (MIRCA):
recommendations for describing comet assay procedures and
results / P. Moller, A. Azqueta, Boutet-Robinet et al. Nat. Prot. 2020.
Vol. 15, no. 12. P. 3817-3826. DOI: 10.1038/s41596-020-0398-1.

69. Application of the comet assay in human biomonitoring: An hCOMET

70.

7.

72.

73.

74.

75.

perspective / A. Azqueta, C. Ladeira, L. Giovannelli et al. Mutat.
Res. Rev. Mutat. Res. 2020. Vol. 783. P. 108288. DOI: 10.1016/j.
mrrev.2019.108288.

Evaluation of deoxyribonucleic acid damage using neutral comet
assay for high radiation doses: a feasibility study / J. S. Raj, J. Su-
ganthy, BST. Peace et al. J. Med. Phys. 2023. Vol. 48, no. 2. P.
146-153. DOI: 10.4103/jmp.jmp_25 23.

Evaluation of DNA damage in lymphocytes of radiology personnel
by comet assay / M. Khisroon, A. Khan, M. Naseem et al. J. Occup.
Health. 2015. Vol. 57, no. 3. P. 268-274. DOI: 10.1539/joh.14-
0154-0a.

Surniyantoro H. N. E., Darlina, Rahardjo T. Alkaline comet assay as
a predictor of DNA damage in medical radiation workers. J. Phys:
Conf. Series. 2020. Vol. 1436. P. 012023. DOI: 10.1088/1742-
6596/1436/1/012023.

The relationship among occupational irradiation, DNA methylation
status, and oxidative damage in interventional physicians / B. Chen,
Qi Dai, Q. Zhang et al. Medicine. 2019. Vol. 98, no. 39. P. e17373.
DOI: 10.1097/md.0000000000017373.

Moller P. Effect of age and sex on the level of DNA strand breaks
and oxidatively damaged DNA in human blood cells. Mutat. Res.
Genet. Toxicol. Environ. Mutagenesis. 2019. Vol. 838. P. 16-21.
DOI: 10.1016/j.mrgentox.2018.11.010.

Assessment of genomic instability in medical workers exposed to
chronic low-dose X-rays in Northern China / L. Fang, J. Li, W. Li et al.
Dose-Response. 2019. Vol. 17, no. 4. P. 155932581989137. DOI:
10.1177/1559325819891378.

63.

64.

65.

66.

67.

68.

69.

70.

1.

T2.

73.

74.

5.

Bazyka DA, llyenko IM, Loganovsky KN, Benotmane MA, Chumak
SA. TERF1 and TERF2 downregulate telomere length in cognitive
deficit at the late period after low-dose exposure. Probl Radiac
Med Radiobiol. 2014 Sep;19:170-185.

Gnanasekaran TS. Cytogenetic biological dosimetry assays: recent
developments and updates. Radiat Oncol J. 2021;39(3):159-166.
doi: 10.3857/r0j.2021.00339.

Wang Y, Xu C, Du L, Cao J, Liu J, Su X et al. Evaluation of the
comet assay for assessing the dose-response relationship of dna
damage induced by ionizing radiation. /nt J Mol Sci. 2013;14(11):
22449-22461. doi: 10.3390/ijms141122449.

Neri M, Milazzo D, Ugolini D, Milic M, Campolongo A, Pasqualetti P,
Bonassi S. Worldwide interest in the comet assay: a bibliometric
study. Mutagenesis. 2014;30(1):155-163. doi: 10.1093/mutage/
geu061.

Lee Y, Kim YJ, Choi YJ, Lee JW, Lee S, Cho YH, Chung HW. Radia-
tion-induced changes in DNA methylation and their relationship to
chromosome aberrations in nuclear power plant workers. Int J Radliat
Biol. 2015;91(2):142-149. doi: 10.3109/09553002.2015.969847.
Moller P, Azqueta A, Boutet-Robinet E, Koppen G, Bonassi S, Milic
M et al. Minimum information for reporting on the comet assay
(MIRCA): recommendations for describing comet assay proce-
dures and results. Nat Protoc. 2020;15(12):3817-3826. doi:
10.1038/s41596-020-0398-1.

Azqueta A, Ladeira C, Giovannelli L, Boutet-Robinet E, Bonassi S,
Neri M et al. Application of the comet assay in human biomonitor-
ing: An hCOMET perspective. Mutat Res Rev Mutat Res. 2020;783:
108288. doi: 10.1016/j.mrrev.2019.108288.

Raj JS, Suganthy J, Peace BS, Backianathan S, Singh IR, Karup-
pusami R et al. Evaluation of deoxyribonucleic acid damage using
neutral comet assay for high radiation doses: a feasibility study.
J Med Phys. 2023;48(2):146-153. doi: 10.4103/jmp.jmp_25 23.
Khisroon M, Khan A, Naseem M, Ali N, Khan S, Rasheed SB.
Evaluation of DNA damage in lymphocytes of radiology personnel
by comet assay. J Occup Health. 2015;57(3):268-274. doi: 10.
1539/joh.14-0154-0a.

Surniyantoro HN, Darlina, Rahardjo T. Alkaline comet assay as a
predictor of dna damage in medical radiation workers. J Phys.
2020;1436:012023. doi: 10.1088/1742-6596/1436/1/012023.
Chen B, Dai Q, Zhang Q, Yan P, Wang A, Qu L et al. The relation-
ship among occupational irradiation, DNA methylation status, and
oxidative damage in interventional physicians. Medicine. 2019;
98(39):e17373. doi: 10.1097/md.0000000000017373.

Moller P. Effect of age and sex on the level of DNA strand breaks
and oxidatively damaged DNA in human blood cells. Mutat Res
Genet Toxicol Environ Mutagen. 2019;838:16-21. doi: 10.1016/j.
mrgentox.2018.11.010.

Fang L, Li J, LiW, Mao X, MaY, Hou D et al. Assessment of genom-
ic instability in medical workers exposed to chronic low-dose x-rays
in Northern China. Dose Response. 2019;17(4):155932581989137.
doi: 10.1177/1559325819891378.

123 &



ornsaaosi CTATTI

76.

ISSN 2304-8336. [po6nemu pagiauiiHoi meguunxy 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Bun. 30.

Seasonal variations as predictive factors of the comet assay param-
eters: a retrospective study / M. Geric, G. Gajski, V. Orescanin et
al. Mutagenesis. 2017. Vol. 33, no. 1. P. 53-60. DOI: 10.1093/
mutage/gex023.

. Feroz W., Sheikh A. M. A. Exploring the multiple roles of guardian

of the genome: P53. Egypt. J. Med. Hum. Genet. 2020. Vol. 21, no.
1. Art. 49. DOI: 10.1186/543042-020-00089-x.

78. The role of radiation induced oxidative stress as a regulator of radio-

79.

80.

81.

82.

83.

84.

85.

adaptive responses / M. Sisakht, M. Darabian, A. Mahmoodzadeh
et al. Int. J. Radiat. Biol. 2020. Vol. 96, no. 5. P. 561-576. DOI:
10.1080/09553002.2020.1721597.

Melatonin as a regulator of apoptosis in leukaemia: molecular
mechanism and therapeutic perspectives / A. Mafi, H. Rismanchi,
Y. Gholinezhad et al. Front. Pharmacol. 2023. Vol. 14. P. 1224151,
DOI: 10.3389/fphar.2023.1224151.

Molecular mechanisms of cell death: recommendations of the
Nomenclature Committee on Cell Death 2018 / L. Galluzzi, 1. Vitale,
S. A. Aaronson et al. Cell Death & Differentiation. 2018. Vol. 25, no.
3. P. 486-541. DOI: 10.1038/s41418-017-0012-4.

Philchenkov A. Radiation-induced cell death: signaling and pharma-
cological modulation. Crit. Rev. Oncog. 2018. Vol. 23, no. 1-2. P.
13-37. DOI: 10.1615/critrevoncog.2018026148.

Cell-derived biogenetic gold nanoparticles for sensitizing radiother-
apy and boosting immune response against cancer / X. Qin, C. Yang,
H. Xu et al. Small. 2021. Vol. 17, no. 50. P. 2103984. DOI: 10.
1002/smll.202103984.

lonizing radiation-induced oxidative stress in computed tomogra-
phy-effect of vitamin C on prevention of DNA damage: PREVIR-C
randomized controlled trial study protocol / C. G. Sotomayor, C.
Gonzalez, M. Soto et al. J. Clin. Med. 2024. Vol. 13, no. 13. P.
3866. DOI: 10.3390/jcm13133866.

Jang S. S., KimW. D., Park W.-Y. Melatonin exerts differential ac-
tions on X-ray radiation-induced apoptosis in normal mice spleno-
cytes and Jurkat leukemia cells. J. Pineal Res. 2009. Vol. 47, no. 2.
P. 147-155. DOI: 10.1111/j.1600-079x.2009.00694.x.

Kurinnyi D. A., Rushkovsky S. R., Pilinska M. A. The lack of modi-
fying effect of astaxanthin on cytogenetic effects in irradiated in
vitro human peripheral blood lymphocytes on stage G2 of the cell
cycle. Reports of the National Academy of Sciences of Ukraine.
2017. no. 4. P. 91-95. DOI: 10.15407/dopovidi2017.04.091.

86. Jiao Y., Cao F., Liu H. Radiation-induced cell death and its mecha-

87.

88.

nisms. Health Phys. 2022. Vol. 123, no. 5. P. 376-378. DOl
10.1097/hp.0000000000001601.

Paganetti H. A review on lymphocyte radiosensitivity and its impact
on radiotherapy. Front. Oncol. 2023. Vol. 13. P. 1201500. DOI:
10.3389/fonc.2023.1201500.

Liu D. X., Greene L. A. Neuronal apoptosis at the G1/S cell cycle
checkpoint. Cell and Tissue Research. 2001. Vol. 305, no. 2. P. 217-
228. DOI: 10.1007/s004410100396.

89. Pucci B., Kasten M., Giordano A. Cell Cycle and Apoptosis. Neoplasia.

) 124

2000. Vol. 2, no. 4. P. 291-299. DOI: 10.1038/sj.ne0.7900101.

76.

7.

8.

79.

80.

81.

82.

83.

Geric M, Gajski G, Orescanin V, Garaj-Vrhovac V. Seasonal varia-
tions as predictive factors of the comet assay parameters: a retro-
spective study. Mutagenesis. 2017;33(1):53-60. doi: 10.1093/
mutage/gex023.

Feroz W, Sheikh AM. Exploring the multiple roles of guardian of the
genome: P53. Egypt J Med Hum Genet. 2020;21(1):49. doi: 10.
1186/543042-020-00089-x.

Sisakht M, Darabian M, Mahmoodzadeh A, Bazi A, Shafiee SM,
Mokarram P, Khoshdel Z. The role of radiation induced oxidative
stress as a regulator of radio-adaptive responses. Int J Radiat Biol.
2020;96(5):561-576. doi: 10.1080/09553002.2020.1721597.

Mafi A, Rismanchi H, Gholinezhad Y, Mohammadi MM, Mousavi V,
Hosseini SA et al. Melatonin as a regulator of apoptosis in leukae-
mia: molecular mechanism and therapeutic perspectives. Front
Pharmacol. 2023;14:1224151. doi: 10.3389/fphar.2023.1224151.
Galluzzi L, Vitale 1, Aaronson SA, Abrams JM, Adam D, Agostinis P
et al. Molecular mechanisms of cell death: recommendations of
the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018;25(3):486-541. doi: 10.1038/s41418-017-0012-4.
Philchenkov A. Radiation-induced cell death: Signaling and phar-
macological modulation. Crit Rev Oncog. 2018;23(1-2):13-37.
doi: 10.1615/critrevoncog.2018026148.

Qin X, Yang C, Xu H, Zhang R, Zhang D, Tu J et al. Cell-derived
biogenetic gold nanoparticles for sensitizing radiotherapy and
boosting immune response against cancer. Small. 2021;17(50):
2103984. doi: 10.1002/smll.202103984.

Sotomayor CG, Gonzalez C, Soto M, Moreno-Bertero N, Opazo C,
Ramos B et al. lonizing radiation-induced oxidative stress in com-
puted tomography - effect of vitamin C on prevention of dna dam-
age: PREVIR-C randomized controlled trial study protocol. J Clin
Med. 2024;13(13):3866. doi: 10.3390/jcm13133866.

84. Jang SS, Kim WD, Park WY. Melatonin exerts differential actions on

85.

86.

87.

88.

89.

X-ray radiation-induced apoptosis in normal mice splenocytes and
Jurkat leukemia cells. J Pineal Res. 2009;47(2):147-55. doi:
10.1111/j.1600-079x.2009.00694.x.

Kurinnyi DA, Rushkovsky SR, Pilinska MA. The lack of modifying
effect of astaxanthin on cytogenetic effects in irradiated in vitro
human peripheral blood lymphocytes on stage G2 of the cell cycle.
Rep National Acad Sci Ukr. 2017;(4):91-5. doi: 10.15407/dopovi-
di2017.04.091.

Jiao Y, Cao F, Liu H. Radiation-induced cell death and its mecha-
nisms. Health Phys. 2022;123(5):376-378. doi: 10.1097/hp.
0000000000001601.

Paganetti H. A review on lymphocyte radiosensitivity and its impact
on radiotherapy. Front Oncol. 2023;13. doi: 10.3389/fonc.2023.
1201500.

Liu DX, Greene LA. Neuronal apoptosis at the G1/S cell cycle
checkpoint. Cell Tissue Res. 2001;305(2):217-228. doi: 10.1007/
s004410100396.

Pucci B, Kasten M, Giordano A. Cell cycle and apoptosis. Neo-
plasia. 2000;2(4):291-299. doi: 10.1038/sj.ne0.7900101.




ISSN 2304-8336. pobnemu pagiauiiivoi Meguunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Iss. 30.

REVIEWS

90. Zhou L. Molecular mechanisms of irradiation-induced apoptosis.
Front. Biosci. 2003. Vol. 8, no. 4. P. 9-19. DOI: 10.2741/927.

91. Dose-rate effects for apoptosis and micronucleus formation in
gamma-irradiated human lymphocytes / D. R. Boreham, J. A. Dol-
ling, S. R. Maves et al. Radiat. Res. 2000. Vol. 153, no. 5. P. 579-
586. DOI: 10.1667/0033-7587(2000)153[0579:drefaa]2.0.co;2.

92. Kaina B. DNA damage-triggered apoptosis: critical role of DNA
repair, double-strand breaks, cell proliferation and signaling. Bio-
chemical Pharmacology. 2003. Vol. 66, no. 8. P. 1547-1554. DOI;
10.1016/50006-2952(03)00510-0.

IHOOPMALIA NPO ABTOPIB

Heymepxuubka Jlio6os BonopgumupisHa, kaHguaat 6io-
NIOFiYHKUX HayK, NPOBifHMI HayKoBMIA CNiBpOGiTHUK Nabopa-
TOpii MyTareHesy i aHTUMyTareHesy, Biffin MeLUYHOT reHe-
TUKY, IHCTUTYT ekcnepuMeHTanbHOi pagionorii, 0¥ «Hauio-
HaNbHWIA HaYKOBMWIA LeHTp pagiauiiHoi meguuuHK, remaro-
norii Ta onkonorii HAMH YkpaiHuy, Kuis, YkpaiHa

ORCID ID: https://orcid.org/0000-0002-8284-4260
KypinHuit leHnc ApkaainoBuy, KaHamaar 6ionoriyHux Ha-
VK, 3aBiflyBay nabopatopii reHeTMYHUXx Ta enireHeTUYHUX
JAOCiAKeHb, BifAin MefnUyHoT reHeTukn, IHCTUTYT ekcnepu-
MeHTanbHoi pagionorii, 1Y «HauioHanbHMit HayKOBUI LiEHTP
pagiauiiiHoi MeanunHK, rematonorii Ta oHkonorii HAMH Yk-
painuy, Kunis, YkpaiHa

ORCID ID: https://orcid.org/0000-0001-9976-6898
Tanbko BikTopia BacuniBHa, LOKTOpP MeaMUHUX HayK, Mpo-
decop, 3aBigysay Bigainy pagiobionorii, aupektop IHCTUTY-
Ty eKcnepumeHTanbHoi pagionorii HHLPMIO, m. Kuis, Yk-
paiHa

ORCID ID: https://orcid.org/0000-0003-2073-8427
PomaHeHko MapuHa leHHapiiBHA, Monofwuii HayKoBUiA
cniBpobiTHUK nabopaTopii MyTareHesy i aHTUMyTareHesy,
BifAiN MefuyHOT reHeTukW, IHCTUTYT eKcnepumeHTanbHOT
pagionorii 1Y «HauioHanbHuU HayKOBMIA LEHTP paaiauiinHoi
MefuuMHK, rematonorii Ta oHkonorii HAMH Ykpainuy», Kuis,
YkpaiHa

ORCID ID: https://orcid.org/0009-0008-4389-4389

90. Zhou L. Molecular mechanisms of irradiation-induced apoptosis.
Front Biosci. 2003;8(4):d9-19. doi: 10.2741/927.

91. Boreham DR, Dolling JA, Maves SR, Siwarungsun N, Mitchel RE.
Dose-rate effects for apoptosis and micronucleus formation in
gamma-irradiated human lymphocytes. Radiat Res. 2000;153(5):
579-586. doi: 10.1667/0033-7587(2000)153 [0579:drefaa]2.0.co;2.

92. Kaina B. DNA damage-triggered apoptosis: critical role of DNA
repair, double-strand breaks, cell proliferation and signaling. Bio-
chem Pharmacol. 2003;66(8):1547-54. doi: 10.1016/ s0006-
2952(03)00510-0.

INFORMATION ABOUT AUTHORS

Liubov V. Neumerzhytska, Candidate of Biological Sci-
ences, Leading Researcher, Laboratory of Mutagenesis and
Antimutagenesis, Department of Medical Genetics, Insti-
tute of Experimental Radiology, State Institute «National
Research Center for Radiation Medicine, Hematology and
Oncology of the National Academy of Sciences of Ukrainey,
Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0002-8284-426

Denys A. Kurinnyi, Candidate of Biological Sciences, Head
of Laboratory, Laboratory of Genetic and Epigenetic Re-
search, Department of Medical Genetics, Institute of Experi-
mental Radiology, State Institute «National Research Center
for Radiation Medicine, Hematology and Oncology of the
National Academy of Sciences of Ukraine, Kyiv, Ukraine
ORCID ID: https://orcid.org/0000-0001-9976-6898
Victoria V. Talko, Doctor of Medical Sciences, Professor,
Head of the Department of Radiobiology, Director of the
Experimental Radiology Institute, NRCRMHO, Kyiv, Ukraine
ORCID ID: https://orcid.org/0000-0003-2073-8427
Maryna G. Romanenko, Junior Researcher, Laboratory of
Mutagenesis and Antimutagenesis, Department of Medical
Genetics, Institute of Experimental Radiology, State
Institute «National Research Center for Radiation
Medicine, Hematology and Oncology of the National
Academy of Sciences of Ukraine», Kyiv, Ukraine

ORCID ID: https://orcid.org/0009-0008-4389-4389

Cmamms Haditiwna do pedakuii 16.10.2024

Received: 16.10.2024

125 &




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


