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PAJIIAITIMHO-THIYKOBAHUM E®EKT CBIIKA —
MOJIEJIOBAHHS, ITPOSIBU, MEXAHI3MU PO3BUTKY,
MEPCUCTEHLIIA, OHKOJIOTTYHI PU3UKU (orisx jgitepatypn)

Y cTaTTi y3aranbHeHi Ta npoaHanizoBaHi AaHi CBITOBOT HAyKOBOT NiTepaTypu i pe3ynsTat BAACHUX LOCHiAKEHb WOL0
0JHOr0 3 OCHOBHMX HeMilleHeBUX edeKTiB [ii 10Hi3yl4YOro BUNPOMiHIOBaHHS — pajialidHO-iHAYKOBAHOIrO edekTy
ceigka (radiation induced bystander effect — RIBE) — 3gatHOCTi onpoMiHeHNX KNiTUH-MilleHeln iHAYKYBaTU BTOPUHHI
6ionoriyHi 3MiHM B HEOMpPOMiHEeHWUX KNiTMHax-peuunieHTax. BigobpaxeHo icTopito focnigkeHb LbOTO (EHOMEHY,
AKUA Nif pi3HUMM Ha3BaMu onucyBaBca wwe 3 1905 poKy, no4aB BUBYATUCA 3 KiHLA XX CTONITTA, KONK 11 OfepKaB Ha3-
By RIBE, Ta BMKNMKaB 0COGNMBUIA iHTEPEC Y HAYKOBOT CMiNbHOTU B OCTaHHiI gecaTupivyus. lNokasaHo, Wo po3BUTOK
6i0N10riYHOT HayKM i BAOCKOHANEHHS METOAiB [OCHiAXKeHb [O3BOAUAM OTPUMATU HOBi NormubAeHi AaHi Woa0 po3BuT-
Ky RIBE He TinbKku Ha piBHi LinicHOTO OopraHi3my, ane i Ha piBHi reHomy. BUCBiTNIEHO KNOYOBI MOMEHTU YMCIEHHUX
pocnipkenb RIBE, 30kpema — MopgentoBaHHA; METOAMYHI MiAXOAM A0 BUBYEHHs; Knacudikalis; oco6nuBoCTi
B3AEMOAIT MiX ONPOMiHEHUMU TA IHTAKTHUMMU KNiTUHAMKU; POSb iIMYHHOT CMCTEMU, OKCUAATUBHOMO CTpecy, LuUToreHe-
TUYHUX NOPYLLEHb, 3MiHM eKcnpecii reHiB B MexaHi3mi po3BuTtky RIBE; 3BopoTHUMil ebekT cBigka (rescue effect), abe-
konanbHuit edekT (abscopal effect), nepcucrenuis, mogudikauis, meguyni Hacnigku. MNigkpecneHo, Wo, He3Baxauu
Ha 3HauYHuit 06cAr gocnigxeHb heHomeHy bystander response sk yHiBepcanbHoro seuwa 1a RIBE sk ogHoro i3 itoro
NposBiB, lle iCHYE AOCTaTHbO «OiNMX NAAMY» y BM3HAYEHHi MexaHi3MiB cTaHoBneHHs RIBE Ta ouiHui MOXnuBMX
HaCNiAKiB MOro po3BUTKY A8 340POB’A NIOANHU.
Knio4oBi cnoBa: ioHi3yloye BUMNpOMiHIOBAHHSA, HEMilWeHEBT edekTH, paaiauiiHO-1HAYKOBaHUIA edeKT CBifKa, Kna-
cudikadis, mexaHi3amu po3BUTKY, MaHithecTallis, NepCcUCTEHTHICTb, MoaMdiKaLis, HACTiAKN.
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RADIATION-INDUCED BYSTANDER EFFECT — MODELING,
MANIFESTATION, MECHANISMS, PERSISTENCE, CANCER RISKS
(literature review)

The review summarizes and analyzes the data of world scientific literature and the results of the own research con-
cerning one of the main non-targeted effects of ionizing radiation — the radiation induced bystander effect (RIBE) —
the ability of irradiated target cells to induce secondary biological changes in non-irradiated receptor cells. The his-
tory of studies of this phenomenon is presented — it described under various names since 1905, began to study from
the end of the twentieth century when named as RIBE and caused particular interest in the scientific community
during recent decades. It is shown that the development of biological science and the improvement of research
methods allowed to get new in-depth data on the development of RIBE not only at the level of the whole organism,
but even at the genome level. The review highlights the key points of numerous RIBE investigations including mod-
eling; methodological approaches to studying; classification; features of interaction between irradiated and intact
cells; the role of the immune system, oxidative stress, cytogenetic disorders, changes in gene expression in the
mechanism of development of RIBE; rescue effect, abscopal effect, persistence, modification, medical effects. It is
emphasized that despite the considerable amount of research concerning the bystander response as the universal
phenomenon and RIBE as one of its manifestations, there are still enough «white spots» in determining the mech-
anisms of the RIBE formation and assessing the possible consequences of its development for human health.
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TpaﬂI/IHiﬁHa KOHIIETLisT pagio0ioiorii 6a3yeThesl Ha
Teopii MillieHi, sIKa nepeadaydae, 110 BCi 0i0JOriyHi
eeKTu MpU ONMPOMiHEHHi KJIITUHU € HACIIKOM MPSIMO-
ro MOILIKOJKEeHHSI KJIITUH iOHi3yIOUMM BUIIPOMiHIOBaH-
HsM [1]. ITpote, IpOTSITOM IBOX OCTAHHIX AECSITUIITD L5
KJIaCMYHa TTapaJaurMa 3a3Haia 3MiH y 3B’SI3KY 3 BiIKpUT-
TIM HeMillleHeBUX e(eKTiB Oil ioHi3youoi pamialii
[1-3]. 1o HemilleHeBUX eeKTiB Aii iOHi3yl0uo1 paialii
HaJICKWTh palialiifHO-iHIYKOBaHUM e@eKT CBimKa
(radiation induced bystander effect — RIBE) — 3natHicTh
KJIITUH-MillleHe#, MOIIKOMKEHUX 10Hi3YIOUMM BUITPOMi-
HIOBaHHSIM, iHIYKYBaTW BTOPUHHI OiOJIOTiYHi 3MiHU B
HEONPOMiHEHNX KITITUHAX-pelnITieHTax [4—9].

C. Mothersill 3i crriBaBTOpaMu y poboTax, TIpUCBsTUE-
HUX icTopii JocligxeHb e(eKTy CBimkKa, HiMIIIA BUC-
HOBKY, 1110 lieii (hbeHOMEH MiA pi3HUMU Ha3BaMU OITUCY-
BaBcs 11e 3 1905 poky, konu H. Heineke Ta itoro xoieru
BIIEpILIE BUCIOBUJIU TiMOTE3Y, 1110 OMPOMiHEHHS ITyXJIUH
y MUILIEH CTUMYJIIOE B iX OpraHi3Mi JiMOIinHi eleMEeHTH,
a J. B. Murphy T1a J. J. Morton 3BepHyJM yBary Ha Ha-
CJIiIKY, CHPUYMHEHI BBEASHHSIM OMPOMiHEHUX KIIITUH Y
HeoIpoMiHeHU# opraHism TBapuH [9]. ¥V 1954 poui
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he traditional concept of radiobiology is

based on the «target» theory, which assumes
that all biological effects in irradiated cells are the
result of direct cell damage by ionizing radiation
[1]. However, during the last two decades this
classic paradigm has changed due to the discovery
of non-targeted (off-target) effects of ionizing
radiation [1—3]. To non-targeted effects of ioniz-
ing radiation belongs radiation induced bystander
effect (RIBE) — the ability of cells-targets dam-
aged by ionizing radiation to induce secondary
biological changes in non-irradiated cells-recipi-
ents [4—9].

C. Mothersill et al. in the research devoted to the
history of RIBE discovery concluded that this phe-
nomenon has been described under various names
since 1905 when H. Heineke et al. for the first time
expressed the hypothesis that irradiation of tumors
in mice stimulates lymphoid elements in their body;
and J. B. Murphy and J. J. Morton drew attention
to the consequences caused by the introduction of
irradiated cells into the non-irradiated animals [4,
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Parsons W. B. et al. 3apeecTpyBaB siBUIlle BTOPUHHOIO
MOIIKOJXEeHHSI HEONMPOMiHEHNX TKAHWH KiCTKOBOTO
MO3KY y JiTeii, sIKi 3a3Hajli OMNPOMiHEHHS CeJIe3iHKU 3
MeToro JikyBaHHs jerikeMii [10]. IIpore mpuuunHu Ta
MeXaHi3M1 PO3BUTKY WX SBUIL Y Ti YacH 3aJIMIIAJIACH
HEPO3KPUTUMU ¥ OOCHIKeHHS Oynu 3a0yti. Y 1986
poui C. B. Seymour 3i cmiBpoOITHUKAMHM TIPOTSITOM
KiJIbKOX MITOTUYHMX TIOIiJIiB CIIOCTEpiraju JieTaJabHi
MyTallii, SIKi BAHUKJIU de novo B COMaTUYHUX KJIiITUHAX
CCaBLiB, 110 3a3HAJIM il i0HI3yI0YOTrO BUIIPOMiHIOBAHHSI
[11]. byno mokazaHo, 11O MiCJsl ONPOMiHEHHSI BILIUB
MOYaTKOBOI A03M 30epiraBcsl MPOTATOM YChOTO KUTTS
KJIITUHU 1 TTepeaaBaBcs KiIbKOM ITOKOJIiHHSM 11 HaCTyII-
HUKIB.

OnHaK HayKOBOIO CITITHHOTOIO BBaXKAETHCS, 1110 (DEHO-
MEH pajialliifHO-iHAYKOBAHOTO e(eKTy CBiIKa BIIepIle
ornucaHo y 1992 poui H. Nagasawa ta J. Little sk He-
OUiKyBaHe IiABUIICHHS YaCTOTU CECTPUHCHKMX XpOMa-
uaHnX ooMiHiB (CXO) B ANLEKTITUHAX KUTAalChKOTO
XOM’STUKa MicJIsl ONPOMiHEHHS B 103aX, IO He MepeBU-
myBanu 0,31 mIp [12]. Tlpu mpoBemeHHiI LUX 10-
CJiIKeHb ajb(pa-yacTUHKAMU OyJI10 MOLIKOIKEHO JMILE
1 % sinep, Toni sk yacrota CXO 36inbmuiack y 30 %
KJIITUH TIONYJIsii. ABTOpU 3a3HAYalOTh, 110 JJISI TAKOTO
K 3pocTtaHHs yacToTu CXO BHACIIOK pEHTI€HiBChKOTO
OINpoOMiHEeHHs HeobOxigHa Oyna 6 no3a 'y 2,0 Ip. ITonioHi
pesynbraty 0ynm otpuMaHi A. Deshpande 3i criBaBTO-
pamMu TIpU OINPOMiHEHHi anbga-yacTuHKaMu ¢Gidpoo-
JIACTiB JIEreHiB JIOAUHU B Jo3ax Hukuux 3a 50,0 mIp,
KOJIM CEpeAHE YMCIIO TPEKIB Bif aib(pa-4yaCTMHOK Ha sI/1-
po oymo meHmmmM 3a 1 (0,05—0,30) [13]. docaimkeHHS
H. Nagasawa ta J. B. Little moka3zanu, 1110 4acToTa My-
Taliil B HEONMPOMiHEHUX KJIITUHAX-CBiAKaxX, CIIPUYUHE-
HUX MPOXOIXEHHSIM ajbda-dyacTUHKM dYepe3 sapa
KJIITUH-MillIeHe, B 5 pa3iB mepeBulllyBaja OYiKyBaHi
po3paxyHkoBi gaHi [14]. Ha cboromHi icnyBaHHs RIBE
MOBEJEHO TIpU [il IIiTbHOIOHiI3YI0YOro ajbda-BUII-
POMIHIOBAaHHS; PiAKOIOHI3yIOUMX PEHTTEHIBCHKOIO Ta
raMma-BUIIPOMiHIOBaHb B 103ax Bix 5,0 mIp g0 10,0 Ip;
yIbTPadioseTOBOro i HEWTPOHHOTO BUITPOMIHIOBAHHS
[6—8], a came sBMIlEe BBAXKAETHCS «OMHUM i3 IMPOSIBIB
yHiBepcasibHOTrO (peHoMeHy (bystander response), BUK-
JIMKAQHOTO peakli€lo KJiTUH Ha iHAYKOBaHMIA T€HOTOK-
CUYHUI cTpec» [7].

HaiiBaxxuBilli pe3yabraT BUBYEHHS padialliiiHO-iH-
JIIyKOBaHOTo e()eKTy CBiKa OyJM OTpMMaHi B yMOBax in
Vitro IpU BUKOPUCTAHHI KiJIBKOX €KCIIEpUMMEHTaTIbHUX
migxonis [15—17]:
> TIpU il anbda-ornpoMiHEHHST B HU3bKUX J103aX, KOJU
Oe3nocepeHbO pajiallielo IMOLIKOIXKYBajlach He3HAYHa
KIJIBKIiCTb KJIITHH, a pellTa 3ajMllajiach HEOMTPOMiHEHOIO;

9]. In 1954 Parsons W.B. et al. was registered phe-
nomenon of secondary damage of non-irradiated
bone marrow in children who have undergone radi-
ation exposure of spleen for the treatment of
leukemia [10]. However, the causes and mecha-
nisms of the development of these phenomena in
those days remained unsolved and research was for-
gotten. In 1986 C. B. Seymour et al during several
mitotic divisions observed lethal mutations arising
de novo in somatic mammalian cells exposed to ion-
izing radiation [11]. It was shown that after radia-
tion exposure the effect of the initial dose was main-
tained throughout the all life of the cell and passed
on to several generations of its successors.

However, the scientific community believed that
the phenomenon of radiation-induced bystander
effect was first described in 1992 by H. Nagasawa
and J. Little as unexpected increase in the frequen-
cy of sister chromatid exchanges (SCE) in Chinese
hamster ovary cells after irradiation at doses that
did not exceed 0.31 mGy [12]. In conducting these
studies, only 1% of nuclei were damaged by alpha
particles, while the frequency of SCE increased in
30% of cells. The authors note that for the same
increase in the frequency of SCE due to X-ray irra-
diation, a dose of 2 Gy should be required. Similar
results were obtained by A. Deshpande et al. at
irradiation with alpha particles of human lungs
fibroblasts at doses lower than 50 mGy when the
average number of tracks from alpha particles per
nucleus was less than 1 (0.05—0.3) [13]. H. Na-
gasawa and J. B. Little showed that the frequency
of mutations in non-irradiated bystander cells
caused by the passage of the alpha particle through
the nucleus of cells-targets was 5 times higher than
the expected settlement data [14]. To date, the
existence of RIBE has been proved by the action of
dension ionizing alpha radiation; rarely ionizing
X-rays and gamma rays in doses ranging from 5 mGy
to 10 Gy; ultraviolet and neutron radiation [6—S8],
and the phenomenon itself is considered «one of
the manifestation of the universal phenomenon
caused by cellular response to induced genotoxic
stress» [7].

The most important results from the study of the
radiation-induced bystander effect were obtained
in vitro using several experimental approaches
[15—17]:
> under the influence of alpha-radiation in low do-
ses, when a small amount of cells were damaged di-
rectly by radiation and the rest remained unradiated;
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> MpU OINPOMIHEHHI KJIITUH MiKpOITydKaMu (TOJIOB-
HUM YHMHOM, ajb(a-4acTUHOK), IUIOIIA SIKUX Oyia
MEHIIIO0 3a PO3MipH s1ipa, BHACiIOK YOTO BOHU BILJIU-
BaJld Ha OKpeMi AiUISHKM KJIITUHM, HE MOIIKOIXKYIOUN
1H11I1;

> MPU 3aCTOCYBaHHI 3aXMCHUX MiKPOPELLITOK JJISI eKpa-
HYBaHHS$ YaCTUHM KJIITUH B MOMEHT [Iil padiallii;

> TIpM iHKYOYBaHHI iHTAKTHUX KJIiTUH B KYJIbTYpaJbHO-
My CepeloBUILli, OTPUMAHOMY MiCJIsl BATPUMKU B HBOMY
MPOTITOM TEBHOTO 4Yacy (6—8 TromwH) ONmpoMiHEHMX
KJTITUH.

BuBueHHs edeKTy cBinmKa 3[iiiCHIOBAJIOCh, TOTOBHUM
YUHOM, Ha 3MilllaHUX MiXBHMIOBUX KYJIbTypaX KJITUH
CCaBIIiB (BKJIIOYAIOYM COMATHUYHI KIITWUHW JIIOOWHU) i
OyJIO cnpsIMOBaHE Ha AOCJIiIXKEHHSI TIPOLIECIB aIlloITO3Y,
nudepeHiiiallii, npodjidepailii, TpaHchopmaliii KIITHH,
MyTalLiiHUX 3MiH i iX ¢iKcallii, 3MiH TeHHOi eKCIpecii B
HEOMpPOMiHEHUX KJIITUHAX, L0 MEXYIOTh 3 ONpPOMiHe-
HOIO «MilleHHI0» [7—9, 15—17]. JlocmimkeHHSIMU ITOKa-
3aHO, 10 MaHi(ecrauis epeKTy CBiIKa IPOSIBISIETHCS
TMOCUJIEHHSIM YTBOPEHHS BUIBHUX paauKasliB, 3MiHAMM
(MIBUIIEHHSIM YU 3HUXEHHSIM) EKCIpPecii OKpeMUX
reHiB i CUHTe3y Oi/IKiB, KJIITUHHO 3aruoesuiio (anonTo-
30M YU HEKpO30M), mpoiidepaliiero, audepeHiialiero,
aJanTUBHOIO BIiAIMOBIAIIO, KIITUHHOK TpaHchop-
Malli€lo, CTapiHHSIM; iHOYKLi€0 TeHHUX MYTalliii, Xpo-
MocoMHux abeparriit, CXO, mikposaep [17—20].

BcTtaHoBneHo, 1110 HEOTIPOMiHEHI KJTITUHM-CBIiIKY, SIKi
MEXKYIOTh 3 OIIPOMiHEHUMU KJIITUHAMM -MIlLIEHSIMUA, MO-
KyTb HaOyBaTH paaialliflHO-iHAyKOBaHOI HECTabIbHOC-
Ti FEHOMY Ha BCiX piBHSIX MIOr0 OpraHizallii, 1110 peeCcTpy-
€ThCS 3a JOIOMOIOIO BiAIMOBIZHUX OiOJOTIYHUX Map-
KepiB, BKJIOYarO4YM LUTOreHeTuuHi [21-24]. Hocnin-
JKEHHS palialliiiHO-iHAyKOBaHOIO e(heKTy CBilKa Ha LI1-
TOTEHETUYHOMY piBHi, 30KpemMa, Ha JiM(poInTax KpoBi
JIIOAVHU, TPOBOAMIIMCS JOCUTh OOMEXEHO i MepeBaXkKHO
Mpy ONPOMiHEHHi in vivo. 1le 3yMOBIOBaIOCH METOANY -
HUMU TPYIHOLIAMM B HEOOXiTHOCTi OMPOMiHEHHS MEB-
HOI YaCTUMHU KJIITUH Ta HACTYIIHOMY PO3pPi3HEHHI MOITy-
JISLiH ONTpOMiHEHUX i HEOTIPOMiHEHUX JTiM(OLIUTIB MpHU
IIUTOT€HETUYHOMY aHai3i. 3a3BUYail 10 HEOINpOMiHe-
HOI KYJIBTYpU JiM(bOLUTIB A0AaBaIU T1JIa3My KPOBi 0Ci0,
gKi 3a3HanM Oii ioHi3yrouoi pamiamii. Tak, G. S. Pant i
N. Kamada BcTaHOBUJIM KJIACTOTeHHY aKTUBHICTb T1J1a3-
MU KpOBi 0cCi0, mocTpaxkaajaux BHACTIIOK aTOMHOTO
obomMbapnyBaHHs B AnoHii [25], a I. Emerit 3apeecTtpyBa-
Jla KJIaCTOTe€HHY aKTHUBHICTb MJa3MU KpPOBi IMepCcoOHaly
YopHobunbchbkoi atoMHoi enekTpocTtaniii (YAEC) Ta
NiTel, SKi 3a3Halyd BIUIMBY iOHI3yIOUOTO BUITPOMiHIO-
BaHHs BHachigok aBapii Ha YAEC [26, 27]. H. O. Mas-

> under the irradiation of cells by microbundles
(mainly of alpha particles), the area of which was
smaller than the size of the nucleus, as a result of
that they affected only some parts of the cell, with-
out damaging others;

> under applying protective micro-gratings to shield
the part of cells at the time of radiation exposure;

> under the incubation of intact cells in the cul-
ture medium obtained after previously incubation
in it irradiated cells within a certain time (6—8
hours).

The study of bystander effect was carried out
mainly on mixed interspecies cell cultures of
mammals (including human somatic cells) and
was aimed at the research of apoptosis, differenti-
ation, proliferation, cell transformation, muta-
tional changes and their fixation, changes in gene
expression in unirradiated cells bordering with
irradiated «target» [7—9, 15—17].

Research has shown that bystander effect is
manifested by increased formation of free radicals,
changes (increase or decrease) the expression of
certain genes and protein synthesis, cell death
(apoptosis or necrosis), proliferation, differentia-
tion, cell transformation, adaptive response, aging;
induction of gene mutations, chromosomal aber-
rations, SCE, micronuclei [17—20].

It has been established that non-irradiated
bystander cells bordering with irradiated target cells
may acquire radiation-induced genomic instability
at all levels of its organization, which is recorded
using appropriate biological markers, including
cytogenetics [21—24].The study of radiation-in-
duced bystander effect at cytogenetic level held quite
limited, particularly on human blood lymphocytes
preferably under irradiation in vivo. This was due to
methodological difficulties in the need of radiation
exposure only the certain part of cells and subse-
quent differentiation of irradiated and non-irradia-
ted lymphocytes populations under cytogenetic
analysis. Usually to unirradiated lymphocytes cul-
ture blood plasma of persons exposed to ionizing
radiation was added. So, G. Pant and N. Kamada
established the clastogenic activity of the blood plas-
ma from the victims of the atomic bombing in Japan
[25], and 1. Emerit registered the clastogenic activi-
ty of the blood plasma from the personnel of the
Chornobyl nuclear power plant and children
exposed to ionizing radiation due to Chornobyl
accident [26, 27]. N. Maznyk and colleagues evalu-
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HUK 3i CHiBaBTOpaMM HOCJIIKYBadd LIMTOTC€HETUYHI
edekTu B JiM@OoLMTaX KPOBi JOHOpaA 4YOJOBIYOI CTaTi
OpU KyJbTUBYBaHHI 3 TJIa3MOIO KPOBi XKiHOK, XBOPUX Ha
pak Tiza mMatku [28]. ABTOpM BCTaHOBWIM, IO ITiCJISI
MPOMEHEBOI Tepallii Mmia3Ma KpoBi MalliEHTOK CIPUYM-
HsUTa B JiM@onuTax JOHOpPa CTAaTUCTUYHO TOCTOBipHE
MiABUIIIEHHS YacTOTH XPOMaTUAHUX OOMIiHIB, ¢par-
MEHTIB Ta i30XpOMAaTUIHUX AeJeliii MOPiBHIHO 3 Bil-
MOBiIHUMU LIUTOTEHETUUHUMMU MOKA3HUKAMU A0 OIMPO-
MiHeHHd. A. B. €pmakoB 3 KojeraMM CIIOCTepiraiu
TPaHCHO3UI1Iil0 JIOKYCiB XpOMOCOM Big MeMOpaHU B ce-
peouHy siapa BHACHIIOK iHAYKIIiT e(peKTy CBigKa B HEOIT-
POMiHEHUX KJiTUHAX ITiCJIsI ONMPOMiHEHHS JIiM(MOIUTIB
KpoBi JtoauHu in vitro B 103i 100,0 mIp [29]. 1. €. Bo-
poO1oBa 3i cIiBaBTOpaMy 3 BUKOPUCTAaHHSIM JTiM(pO-
LIMTiB KPOBi IIOAWHU AOCTiIXKyBana pagialiiilHO-iHIYKO-
BaHMI edeKT cBiIKa 3 MOMACTIOBAHHSM aJarTHUBHOIL
Biamosiai [30]. ITpu uboMy BCTaHOBJIEHO, IO SIK MOIIE-
peIHBO OIPOMiHEHi, TaK i HeoNmpoMiHEeHi JiM(pOIUTH
CTaJIM CTIMKIIMMU A0 Aii orpomiHeHHs B no3i 1,0 Ip Ha
craznii G1 kiiTuHHOTO UKIY. B cepii eKCriepuMeHTiB in
vitro 1iM(OLMTH KPOBi JIIOAWHU OYJIM BUKOPUCTAHI Ipy-
noto aBtopiB (O. I1. Bacunenko, O. B. IIponina, C. P.
Py1ikoBchbKMit) i 9K KIITUHU-IHAYKTOPH, i IK KJTITUHU-
CBiIKM TIPH X CYMiCHOMY KYJIbTMBYBaHHi 3 X-OIpPOMiHe-
HUMU a00 HeornpoMiHeHUMU Apixmkamu (5. Cerevisiae)
JIJTS HOCHTiIKEHHS KJTACUYHOTO (TTPSIMOTO) Ta 3BOPOTHO-
ro edekTiB cBinka [31, 32].

Takum 4MHOM, Yyepe3 METOOUYHY CKJIaJAHiCTh BUKO-
pUCTaHHS KYyJbTYpU JiM(MOUMTIB KPOBi MPU MOAETIO-
BaHHI padiallilHO-iHIYKOBaHOTO eMeKTy CBiaKa JOK-
JlalHe BUBYEHHS LIMTOI€HETUYHUX aCIIEKTiB MOro po3-
BUTKY B COMAaTMYHUX KJIiITMHAX JIOAWHU HE MPOBOAU-
Jiock. Pazom 3 TuM, came maii T-niMbounT KpoBi Ma-
10Th 0€3yMOBHI IlepeBaru, NOpPiBHSIHO 3 iHIIMMU COMa-
TUYHUMU KIITUHAMU, MIPU JOCTIIXKEHHI BIUIMBY MyTa-
TeHHUX YMHHMKIB Ha CTaliIbHICTh XxpoMocoM. Lle piB-
HOMIipHMIA pO3MOILT i HMPKYJISILiS AiMPOLUTIB MO BChO-
My Tijly, IpOoCTOTa ¥ JOCTYITHICTb OTPUMAHHS Ma-
Tepiay, yHiikallis MpOTOKOIY AOCTiIKeHb, HU3bKUM i
BiIHOCHO CTa0iNbHUI piBeHb CHOHTAHHUX abepauiit
XpOMOCOM, TPUPOJHA CUHXPOHi3alisl, MOXJIUBICTb
3HaXO/XXEHHS TIOLIKOJIXEeHb XPOMOCOM YV BiggaieHi
TepMiHU micasg ompoMiHeHHs. Tomy T-nmimdouutu
KpOBi € OCHOBHOI0, 100pe anpoOOBaHOIO, JOCTYITHOIO
TecT-cucreMolo, pekomeHaoBaHoo BO3 i MATATE
JUIST OLIIHKM TIOLIKOMXYIYO1 Ail i0Hi3yHo4oro BMII-
POMIHIOBaHHSI Ha XpOMOCOMMU JTIIOJWHMU in Vivo Ta in vitro
[33, 34].

InTeHcu@ikaliii focniakeHb pagialliiHO-iHAYKOBaHOTO
edexTy cBimka crpusuio BukoHaHHs y 2006—2010 pp.

ated cytogenetic effects in blood lymphocytes of
male donor co-cultivated with blood plasma of
women with cancer of the uterus body [28]. The
authors note that after radiotherapy blood plasma of
patients caused statistically significant increase in
the frequency of chromatid exchanges, fragments
and isochromatid deletions as compared with the
corresponding cytogenetic parameters before radia-
tion exposure. A. Yermakov and colleagues observed
transposition of chromosomal loci from the mem-
brane to the inside the nucleus due to the induction
of bystander effect in non-irradiated cells after irra-
diation of human blood lymphocytes in vitro in a
dose of 100 mGy [29]. I. Vorobtsova and co-authors
with the use of human blood lymphocytes studied
radiation-induced cytogenetic bystander effect for
the modeling of the adaptive response. It was found
that both previously irradiated and non-irradiated
lymphocytes became more resistant to radiation
exposure in a dose of 1,0 Gy at the G1 stage of the
cell cycle [30]. In a series of experiments in vitro
human blood lymphocytes have been used by a
group of scientists (Vasilenko O.P., Pronina O.V.,
Rushkovsky S.R.) both as cells-inductors as well as
cells-recipients under their co-cultivation with X-
irradiated or non-irradiated yeast (S. Cerevisiae) to
study the classical (direct) and reverse (rescue)
bystander effects [31, 32].

Thus, due to methodically complexity caused by
using human blood lymphocytes culture in mode-
ling of radiation-induced bystander effect, a detailed
study of cytogenetic aspects of RIBE development
in human somatic cells was not carried out.
However, namely the small blood T lymphocytes
have absolute advantages compared with other
somatic cells in the study of the influence of muta-
genic factors on the chromosomes stability. This is
the uniform distribution and circulation of lympho-
cytes throughout in the body, the simplicity and
availability of material receiving, the unification of
the research protocol, the low and relatively stable
level of spontaneous chromosomal aberrations, na-
tural synchronization, the possibility of finding
chromosomal injuries in the delayed terms after irra-
diation. Therefore, the culture of blood T lympho-
cytes are the basic, well-tested, available test system
recommended by WHO and the IAEA to evaluate
the damaging effects of ionizing radiation on human
chromosomes in vivo and in vitro |33, 34].

For intensification of research the RIBE phe-
nomenon contributed the implementation of the
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MiXHapoaHoro npoekTy «HewmimeHeBi ehekTr ioHi3ylo-
yoro BunpoMiHioBaHHs» («Nontargeted Effects of Ionizing
Radiation» — NOTE), axe mpoBoamiocs min erigoio €B-
porneiicbkoi Kowmicii Ta €BpoaTomy 3a yyacTio 20 HayKo-
BO-JIOCTiMHUX opraHizauii €sporu i Kanagu [35]. ITpu
BUKOHaHHi 11boro npoekty E. Wright 3anporoHysaB Kia-
cudikariro pamialiifHo-iHIyKOBaHOTO e(eKTy CBiaKa, 110
Oa3yBajlacs Ha BpaxyBaHHi BiZOMOIo Ha TOM 4Yac Me-
XaHi3My fioro po3BUTKY [36, 37]. 3rinHo 3 Li€lo Kinacudi-
Kalli€lo, po3pi3HSIOTh €(DEKT CBiaKa, 110 iHAYKYETHCS MPU
oro MoIeTioBaHHI B yMoBax in vitro (bystander effects) ta
in vivo (bystander-type effects) (puc. 1). [las mepimoro
npuTaMaHHa TpsMa B3aEMOiSI MiXXK OMPOMIHEHUMM Ta
HEONPOMiHEHMMHN KIIITMHAMM, [UISI IPYTOro — BTOPUHHA
reHepallisi CUTHaJbHUX MOJIEKYJ $K IIOCJiJIOBHICTb
BiIMOBIiAi TKAaHWH Ha MEePBUHHE TOLIKOMKEeHH. /1o mo-
1IKoKeHb bystander-type effects BimHeceHo niio Ki1acTo-
reHHUX (QakTopiB (MPOAYKTIB MEPEKUCHOTO OKMCICHHS
JIIMiAiB, UMTOKIHIB Ta iHIIMX OKCUIAHTIB Y IJ1a3Mi KPOBi
micns mil pamiariii) Ta edekT cBigka Ha Bimmami (abscopal
effects) — omocepeakoBaH1ii iMyHOJIOTIYUHUMU YMHHUKA-
MU, Makpodaramu 4u JimdouuTaMu eheKkT BIUIMBY Ha
HEONpOMiHeHI TKAHMHU (PaKTOpiB, 110 BUHUKAIOTh B pe-
3y/JbTaTi ONPOMiHEHHS iHIIIOT TKAHUHM OpraHi3My.

international project «Nontargeted Effects of
Ionizing Radiation» (NOTE) conducted in 2006—
2010 by 20 scientific-research organizations from
Europe and Canada under the auspices of the
European Commission and Euroatom [35]. When
doing this project E. Wright proposed the classifi-
cation of RIBE, based on the known at that time
mechanism of its development [36]. According to
this classification RIBE which occurs under its
modeling in vitro (bystander effects) or in vivo
(bystander-type effects) is distinguished (Fig. 1).
For the first one the direct interaction between
irradiated and non-irradiated cells is characteris-
tic, for the second — the secondary generation of
signaling molecules as a sequence of tissue
response to initial damage. Bystander-type effects
include effects of clastogenic factors (products of
lipids peroxidation, cytokines and other oxidants
in blood plasma after radiation) and bystander
effects on the distance (abscopal effects) — effects
in non-irradiated tissue mediated by immunologi-
cal factors, macrophages or lymphocytes which
arise as a result of irradiation of another tissue of
the body [37].

EdekKTt cBigKa in vitro
Bystander effects in vitro

KnacTtoreHHi ¢aktopu
Clastogenic factors

PALIALINHO-IHOYKOBAHUM EDEKT CBIAKA
RIBE

EdeKT cBigKa in vivo
Bystander-type effects in vivo

EdekTn Ha Bigpani (abscopal effects)
Effects on the distance (abscopal effects)

PucyHoK 1. Knacudikauis pagiauiiHo-iHaykoBaHoro egekry cBigka 3rigHo 3 E. Wright, 2010 [37]
Figure 1. Classification of the radiation-induced bystander effect according to E. Wright, 2010 [37]
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MexaHi3M pO3BUTKY palialliiiHO-iHIYKOBaHOTO
e(eKTy CBigKa J0Ci € He IIOBHICTIO 3’SICOBAHUM
npoliecoM, Xxoua 6arato (pakTopiB, sIKi 0epyTb B HbO-
My yyacTb, BxXe Binkputo. Ille Ha mouartky
JOCIiIKeHb LIbOro (heHOMEeHY 0YyJI0 3p00JIeHO MpHU-
MOYILEHHS, 1110 YMUHHUK iHAYKLii e(DeKTy CBiaKa BU-
poOJISIETHCST Oe3MocepeIHbO ONTPOMiIHEHUMU KJIITH-
HaMM i IepeJaeTbCcsl HEONPOMiHEHUM KJIITMHAM,
BUKJIMKAIOYM B HUX TeBHi OiojioriyHi 3miHu [38].
OnpoMiHeHHsI KYJbTYpaJbHOIO CcepeaoBUIA 3a
BIiZICYTHOCTI KJTITUH HE CIIPUYMHSIIO iHIYKIIIi epeK-
Ty CBiJKa, ajie¢ MOro PO3BUTOK 3ajeXKaB Bil KiJlb-
KOCTi ONMpPOMiHEHUX KJIITWH, IO MiATBEPIKyBajlo
y4acTh KJITUHHOTO YMHHUKA B Mepenadi IOIIKOI -
Kytouoro curHany [39]. Hapasi B iHaykiii ehexry
CBiZKa pO3pi3HSIOTH ABA OKPEMUX, TTPOTe TOB’s3a-
HUX MixX cobo1o, eTanu. [lepiuunii BKItoyae nepena-
yy bystander curHajy Bil ONpOMiHEHOI KIJIITUHU-
MillleHi 1O HEONpOMiHEHOI KJIITMHU-CBiIKa, ApY-
Ml — peaxilii BcepeauHi HEOMPOMiHEHUX KIITUH
MpU OTPUMaHHI CUTHAJTY BiJl OMPOMiHEHMX CYCiTHIX
KJIiTUH [2].

[TommpeHHs MOIIKOMXYIOUOr0 CUTHAIY HaBKO-
JIO OIIPOMiHEHOI KJIITUHU YaCTKOBO OOMEXYETHCS
Iudy3HOI BiACTaHHIO LIbOoro curHany. Tomy BBa-
JKAETHCH, 1110 ePeKT CBiaKa MoXxe OyTH HaCJIiIKOM
JIBOX OKpEMUX LIJISIXiB IePEHOCY MOILIKOIXEHb BiJl
OMPOMiIHEHUX KJITUH 10 HeompowmiHeHux. Ilep-
LM 3 HUX MA€ Miclie B TKAHWHAX 3 BUCOKUM CTY-
MeHeM B3aEMOii MixX KJIiTUHaMMU. JJ1s1 HbOTO Mpu-
TaMaHHEe BUKOPUCTAHHS MIXKIITUHHUX 3B’SI3KiB
po3puB—3’egHaHHAa (gap junction intercellular
communication — GJIC), mo € MyJIbTUMEPHUMU
OLJIKOBUMM KaHajaMu, siKi 3a0e3IeuyIoTh repeaa-
Yy CHUTHAJILHUX MOJIEKYN MiX KiitnHamu [40].
ITpu TakoMy 3’€IHAHHI CITOMY4YHi 01K (KOHHEK-
CUHM) YTBOPIOIOTh TeMi-KaHaiu B MeMOpaHax
CYCigHiX B3aEMOJilOUMX MiX CO00I0 KIiTWH, 3JIU-
BalOUYMCh 3 YTBOPEHHSIM pO3puBiB. SK npaBuio, i
MOpU JO3BOJISIIOTH MPOXOAUTU MOJEKYJaM pO3-
mipom 1,000—1,500 1a. OCHOBHUMM ioOHAMMU i Me-
taboiTamu, ki nepenaiotbes uyepe3 GJIC, € Ca*,
Hykjeotuau, nentuau. E. I. Azzam 3 kKoneramu
JIIST BCTAHOBJIEHHS POJIi MIXKKIIITUHHUX 3B’ 3KiB y
MeXaHi3Mi PO3BUTKY €(eKTy CBiiKka MNpoBeIU
JOCTII)KEHHSI 3 BUKOPMCTAHHSM KYJbTYPMU -
njaoigHuXx (idbpobaacTiB JOAMHU 1 HU3BKUX 103
anbda-BunpoMiHoBaHHa. [lokazaHo, 1o Tpu
MOIIKOMXEHHI 5 % KIiTUH anbda-4yacTUHKaAMU
CIOCTEpPIraeTbcsl 3arajbHe 3pOCTaHHS PiBHS pS3
npoteiny ta ioro mimeHi CDKNIA (p21wafl) B

The mechanism of development of radiation-induced
bystander effect is still not fully elucidated, although
many of the factors involved in it are already open. Even
at the beginning of the research of this phenomenon, it
was assumed that the factor of induction of the effect of
the witness is produced directly by irradiated cells and
transmitted to non-irradiated cells, causing them certain
biological changes [38]. Even at the beginning of the
research of this phenomenon it was assumed that factor of
RIBE induction is produced directly by irradiated cells
and transmitted to non-irradiated cells causing in them
certain biological changes [38]. Irradiation of the culture
medium without cells did not induce bystander effect, but
its development depended on the amount of irradiated
cells that confirmed the participation of the cellular factor
in the transmission of the damaging signal [39]. For now
in the induction of bystander effect two separate, but
interconnected stages were distinguished. The first one
involves the transmission of bystander signal from the
irradiated targeted cell to the bystander cell, the second —
the reaction inside the non-irradiated cells when
receiving a signal from irradiated neighboring cells [2].

Distribution of the spatial damaging signal around the
irradiated cell is partially limited by the diffuse distance of
this signal. Therefore, it is believed that the bystander effect
can be the result of two separate ways of transferring da-
mage from irradiated to non-irradiated cells. The first one
is in tissues with a high degree of interaction between the
cells. For it the use of intercellular bonds is a gap—junction
intercellular communication (GJIC), which is a multime-
ric protein channels that allows signal molecules to be
transmitted between cells [40]. In such connection binding
proteins (connexins) form a hemi-channels in the mem-
branes of adjacent cells interact with each other, merging to
form gaps. As a rule, these pores allow to pass molecules in
the size of 1,000—1,500 Da. The major ions and metabo-
lites transmitted through the GJIC are Ca?", nucleotides,
peptides. Much of the research on the role of GJIC in the
development of the radiation-induced bystander effect was
made using human fibroblasts that sharing, capable of
forming monoshares. In this case irradiation by alpha par-
ticle was used, allowing the individual cells to be exposed to
radiation, and fixing the tracks from the passage of indivi-
dual charged particles. E. I. Azzam and colleagues con-
ducted a study using the culture of diploid human fibrob-
lasts and low doses of alpha radiation in order to establish
the role of intercellular connections in the mechanism of
development of the bystander effect. It was shown that
when 5 % of cells were damaged by alpha particles, a ge-
neral increase was observed both in the level of p53 protein
and its target CDKNIA (p2lwafl) in 3—4 times. The
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3—4 pa3u. 30inbplIeHNIT piBEHb EKCIIPECii 3MEHIITYBaBCsI
JIMIIIE Micjsl 0OpoOKM KJIITUH iHIiOiTOpaMM MiXKKJITiITUH-
HUX 3B’43KiB [41]. 3acTocyBaHHS TaKoro migxomy (ITo-
pYIIEHHS 3B’I3KiB MiXX KJIITUHAMM BHACIIiIOK 3aCTOCY-
BaHHSI OKTAHOJIY) JO3BOJMJIO 3apeecTpyBaTu 3MEH-
IIeHHS e(eKTy CBijKa B JOCJiIXKEHHSX 3 ONPOMiHEH-
HsM 10 % momyisuii KITUH anbda-4acTUMHKAMU, 110
MiATBEPANUIO POJIb MIXKKITITUHHOI B3a€EMOIi1 B iHAYKIIil
1IbOT0 (DeHOMEHY.

S. M. de Toledo 3 koneramy BHBYQIW BIUIMB THUITY
MIXKITITUHHUX 3B’S3KiB pO3pUB-3’€IHAHHSI Ha HeEC-
TaOIJIbHICTh TEHOMY Y BiJajleHOMY MOTOMCTBi KJTITMH-
cBinkiB [42]. BcraHoBIIeHO, 11O MiXKKJIITUHHI 3B’S13KH,
SIKi CKJIafaloThCs 3 KOHHEKCUHY 26 (Cx26) a60 KOHHEK-
cuny 43 (Cx43), onocepenKoByBadl iHAYKIIO e(eKTy
CBiIKa MPOTATOM 5 TOJ CITiIIBHOTO KyJBTUBYBAaHHS OII-
poMiHeHuX (pinkoioHi3ytoue y-ompomiHeHHs Bim “'Cs,
1LIJIbHOIOHI3Yyl0U€e OMPOMiHEHHS Bill ({-4aCTUHOK, €HEp-
TETUYHUX iOHIB 3aji3a a00 KpeMHii0) i HeOIMPOMiHEHMX
kiitiH. Ilpu 11bOMy B KJIITMHAX-CBigKaxX CIOCTepiraiu
OKUCJTIOBAJIbHI 3MiHH i MiABUILEHY YaCTOTY (hOPMYBaHHS
Mikposiaep. MiXKIITUHHI 3B’$13KW, 10 CKJIagaluch 3
KoHHeKcuHy 32 (Cx32), omocepenKoBYBalM 3aXMCHI
edextn. BigmanmeHe mMOTOMCTBO KIIITMH-CBIAKIB (4epe3
20—25 KJIITUHHUX TOIJTiB) I€MOHCTPYBAJIO MiIBUIIEHU
piBeHb MiKposIIep, 110 TAKOX 3aJIexKaB Bill TUIY CHOJIYyY-
HHUX KaHaJliB MiK KJIiTUHAMU-MILLIEHSIMU Ta KJIITUHAMU-
CBimKaMM. Y TIOTOMCTBA KJIITMH-CBIIKIB, SIKi €KCIIpecy-
Basin Cx26 a6o Cx43, nowmkomkeHHs JJHK BusiBieHo He
OyJ10, TOMi SIK B KJIITUHAX, 1110 eKcrpecyBain Cx32 Bcra-
HOBJIEHO 30iJbllIeHHsI yacToTu mnoumkomkeHHs JHK.
ABTOpM I BUCHOBKY, 110 KIJIITMHU-CBiIKM, TIOIII-
KOJIKEHi TT0YaTKOBOIO CHiJIBHOIO KYJIBTYPOIO (3’ € THAHHS
Cx26 abo Cx43), 3aruHyIM 44 3a3Hald 3YIMUHKU
nporidepallii, ToIi K Yy TOTOMCTBI KJIiTUH-CBIJIKiB, 11O
Oynu crmoyaTky 3axuileHi (3’egHanHs Cx32), yacToTa
nomkomkeHHs1 JIHK 3pocTtana 3i 30i1bIIeHHSIM IMacaxis.

Hpyruii msx nepeaadi MOLIKOIKEHb Bifl OMPOMiHe-
HUX 10 HEOIIPOMIHEHMX KJITHH IpUTAMAaHHUIA IS TKa-
HUH, B SKUX KJIITUHU HE MalOTh Oe3MmocepeIHbOI KIIITUH-
HO-KJIITUHHOI B3aEMO/Iii, a TAKOX [IJIsI Tiepeaadi CUTHay
JIO KJIiITWH, 110 3HAXOASIThCS AAJEKO BiJ OMPOMiHEHOI Mi-
IIeHi — Ipy iHayKii eekTy cBinka Ha Bigmami (abcKo-
najabHoro edekrty) [43, 44]. I1pu LILOMY 3 OIMPOMiIHEHUX
KJIITUH B OTOYYIOU€E CepeAOBUILE MOTPAILISIOTh PO3UYUHHI
MeaiaTopu (KJIaCTOreHHi (pakTopH), 110 30iIbLIYIOTh pi-
BEHb AaKTMBHOTI'O KMCHIO B HEOITPOMiHEHUX KJIITUHAX.

Hocnimkennsamu C. Mothersill Ta C. B. Seymour BcTa-
HOBJIEHO, 110 KJIACTOT€HHI YMHHUKHU, SIKi iHIYKYIOThCS
ONPOMIHEHUMHM KJITHMHAMU, MOXYTh mpoxomutu 600—
700 MKM y TIOKWBHOMY CE€pPEIOBUIILi, € TEPMOJIAOITHHM -

increased level of such expression decreased only after
treatment of cells by inhibitors of intercellular com-
munication [41]. The application of such approach
(violation of the relationship between cells due to the
use of octanol) allowed to establish reduction of the
bystander effect in studies with irradiation of 10 % of
the cell population by alpha particles, which con-
firmed the role of intercellular interaction in inducing
of this phenomenon.

S. M. De Toledo et al. studied the influence of
the GJIC type on the genome instability in the
remote offspring of the bystander cells [42]. It was
found that intercellular connections which consist
of connexin 26 (Cx26) or connexin 43 (Cx43)
were mediated induction of bystander effect du-
ring 5 hours joint cultivation of irradiated (sparsely
ionizing —"¥'Cs y-rays or densely ionizing — o-par-
ticles, iron or silicon ions) radiations) and non-
irradiated cells. At the same time in the bystander
cells observed oxidative changes and increased
frequency of micronuclei formation. Intercellular
communications composed of connexin 32
(Cx32) mediated protective effects. The delayed
progeny of bystander cells (20—25 cell divisions)
showed an elevated micronuclei level which also
depended on the type of connecting channels
between the target and bystander cells. In the
progeny of bystander cells expressed Cx26 or
Cx43 DNA damage was not detected, whereas in
bystander cells expressed Cx32 the DNA damage
was increased. The authors concluded that
bystander cells damaged by the initial compatible
culture (compound Cx26 or Cx43) died or suf-
fered from stop of proliferation, whereas in the
bystander cells which were originally protected
(compound Cx32) the damage of the DNA
increased with increasing of passages.

The second way of transmitting damage from
irradiated to non-irradiated cells is inherent to tis-
sues in which cells do not have direct cell-cell
interactions, as well as for transmission signal to
cells that are far from an irradiated target when
bystander effect induced at the distance (abscopal
effect). In these cases from irradiated cells into
surrounding medium enter soluble mediators
(clastogenic factors) that increase the level of
active oxygen in un-irradiated cells [43, 44].

C. Mothersill and C. B. Seymour established
that clastogenic factors induced by irradiated cells
can pass from 600 to 700 microns in the nutrient
medium, are thermo-labile, denatured at 70° C
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MU, neHaTypyroTees pu 70 °C, BUTpUMYIOTh 3aMOPOXKY-
BaHHS-PO3MOpOXyBaHHs [45]. ITHayKig edekTy cBigka
3a MocepeaHMUITBA (haKTOPIB, IO CEKPETYIOTHCS B KYJIb-
Typy, Oyna npogemoHcTpoBaHa B. E. Lehnert 3i criiBaB-
TOopaMu sK 3pocTaHHs 4yacToTu CXO B HEONMPOMiHEHUX
JiereHeBUX (hibpobacTax JOIUMHU, SIKi BATPUMYBAJIUCh
B CEpPEHOBUIILI, OTPUMAHOMY ITiCJIs aib(a-oImpoMiHEHHS
KJIITUH B HU3bKMX A03aX. EdekT cBimka crioctepiraim
MPOTSITOM 24 TOJI TTic/Ist OIpOMiHEeHHS [46].

Jlo 4MHHMKIB, SKi MOXYTb OpaTW y4yacTb B iHIYKIIil
edeKTy cBinKa, BimHeceHO IUTOKIHM, mocepenHnKr ROS,
TGF-B, TNF-a, IL-8, IL-6, 1110 BUPOOJISIIOTHCS ONPOMi-
HeHUMU KJliTuHamu [47—49]. B nochimkennsix I. Mittra 3i
criBaBTOpaMHy IOKa3aHO, 110 HOBUM KjacoM ¢i3ziono-
rYHUX MOOLUIbHUX TeHETUYHUX €JIEMEHTIB € HYKJICTHOBI
KUCJIOTH, BUBLIbHEHI SIK 3i 30POBMX, TaK i 3 MOILIKOMIXe-
HUX (Y TOMY YMCJi, paKOBUX YW OMPOMIHEHUX) KIIITUH
[50, 51]. S. Kirolikar 3 xojeramMyd BCTAHOBJIEHO, IO
oe3kimiTnHHI XxpoMaTHOBI (cfCh) yacTMHKM, BUBITbHEHI
BHacnigok anonrto3y Jurkat kimituHamu (1imMmgpobaacTHOL
JIeiKeMii JTIOAUHM ), oTipoMiHeHUMU B 103i 15,0 Ip, iHTer-
PYBaJIMCh B TEHOMM OTOUYIOUMX iHTaKTHUX (hiOpo0OaacTiB
mumr (NIH3T3 ximitmH) Ta iHOyKyBaiu B HUX €(EKT
cBinka (akruBaiis H2AX, kacnasu-3, NFxB i IL-6 ) npu
CIIUJTBbHIN iHKYOalii mpoTsroM 24 rox [52].

A. B. €pmakoBuM 3i cniBaBTOpaMu Ha ITiACTaBi cepii
IOCJIIKEeHb 3allpOIIOHOBaHA CXeMa PO3BUTKY €(PEeKTy
cBigka 3a mocepenHuuTBa mno3akiaiTuHHOI JHK, 1o
BUBLUIBHIOETHCS BHACJIJOK arloNTo3y paaioyyTIMBUX
KJIITUH-MIIIeHeH, CIIPUYMHEHOTO IIEPBUHHUM OKMCJIIO-
BaJIbHUM CTpPeCcOM IpUu Oe3IocepeaHbOMY OIPOMiHEHHI
KIiTuH [53—55]. ABTOpM BBaXkawTbh, 10 (parMeHTH
JHK anonTUYHUX KJIiTUH BUAUISIIOThCS B MIXKKJTITUHHE
cepenoBullle Ta B3aemomitoTsh 3 JIHK-3B’sa3ytounmu pe-
LenTopaMu KIiTUH-CBiAKiB. LIs1 B3aeEMoist B CBOIO Uepry
aKTUBYE B JIiM(POLMTAX-CBiAKAaX CUHTE3 aKTUBHUX (hOPM
KMCHIO Ta a30Ty, TOOTO iHillil0€ BTOPMHHMIA OKCUJATUB-
HUI cTpec, 110 MOXe iHAYKYBaTU e(EeKT CBiIKa B HEOII-
POMiHEHUX KJIITUHAX 1 3HOBY CYIIPOBOIXKYETHCS allONTO-
30M YaCTUMHU KJIiTUH.

AOGcKomayibHi HeMillleHeBi e(heKTH IHIYKYIOThCS Ha Be-
JIMKii BiACTaHi Big MiclLisl OMpOMiHEHHS (HampUKJamd,
MIpY JIOKAJIbHOMY OTIPOMiHEHHIi rpyaHmux 3ayo3). Po3Bu-
TOK aOCKOMaIbHOTO e(heKTy MOXe MPU3BECTH 0 3aru-
OeJi, TpaHcopMallii a00 BUXKMBAHHS KIiTUH. Pe3ynbra-
™™, otpuMaHi I. Koturbash 3i cniBaBTOpamu, rnoxkasaiu,
1110 PEHTIeHiBChbKE OMPOMiHEHHS JIISTHKU LIKipYU MUILLIEIA
inmykyBano niomkomkeHHs JAHK Ha Bigcrani, OGinbliiit
3a CaHTMMETp Bim ompoMiHeHoro Micus [56]. J. Tam-
minga 3 KoJieraMyd BCTAaHOBUWJIM, 1O ONPOMiHEHHS Mi-
JISHKW TOJIOBU y MMILENW iHAYKyBajio aOcKomaJbHUM

and withstand freezing and defrosting [45].
Induction of bystander effect via the mediation by
factors secreted into the culture was demonstrated
by B. E. Lehnert et al. as the increase in the fre-
quency of SCE in non-irradiated human lung
fibroblasts which were kept into the medium
obtained after alpha irradiation of cells in low
doses. The bystander effect was observed within 24
hours after irradiation [46].

The factors that may be involved in the induction
of the bystander effect include cytokines, interme-
diates ROS, RNA, TGF-B, TNF-a, IL-8, IL-6
produced by irradiated cells [47—49]. Studies ful-
filled by I. Mittra show that the new class of phys-
iological mobile genetic elements is nucleic acids
released from both healthy and damaged (inclu-
ding cancer / irradiated) cells [50, 51]. S. Kirolikar
et al. found that such non-cellular chromatin
(cfCh) particles released due to the apoptosis of
Jurkat cells (human lymphoblastic leukemia) irra-
diated at 15,0 Gy were integrated into the genomes
of surrounding intact mouse fibroblasts (NIH3T3
cells) and induced in them bystander effect (acti-
vation of H2AX, caspase-3, NFxB and IL-6)
under joint incubation for 24 hours [52].

A.V. Yermakov et al. proposed scheme for the
development of the bystander effect via the medi-
ation of extracellular DNA released due to the
apoptosis of radiosensitive target cells caused by
primary oxidative stress under direct irradiation of
targeted cells [53—55]. The authors believe that
DNA fragments of apoptotic cells secreted into the
intercellular medium and interact with the DNA-
binding receptor of the bystander cells. Such inter-
action in turn activates in the bystander lympho-
cytes the synthesis of active forms of oxygen and
nitrogen that triggers the secondary oxidative stress
which can induce bystander effect in un-irradiated
cells and again accompanied by apoptosis in the
part of the cells.

Abscopal non-targeted effects are induced at a
large distance from the irradiation site (for exam-
ple, under local irradiation of the mammary
glands). The development of the abscopal effects
can lead to the death, transformation or survival of
cells. The results obtained by I. Koturbash et al.
showed that X-ray irradiation of the skin area in
mice induced DNA damage at a distance greater
than one santymetr from the irradiated site [56].
J. Tamminga et al. found that irradiation of the
head area in mice induced an abscopal effect — an
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eeKT — 30ibIIEHHS YaCTOTH TMOIIKOIXKEHb B XpOMOCO-
Max CIepMaTo30i1MiB, a TAKOX 3HUXEHHS PiBHS METUJTY-
BanHg JIHK y nmokycax CCGG B geukax i criepmi [57].
Ha nymxy A. L. Brooks, Maji 1031 i0Hi3yl04Oro BUII-
POMiHIOBaHHS B YMOBaX $IK in Vifro, TaK i in vivo iHIyKy-
0T €(DEKT CBiIKa JIUIIIE B MeXKaxX OIPOMiHEHOTO OpTaHy
[58]. Bracmimoxk mii pamiaiiii y BUCOKMUX J03aX MTPOLYKY-
IOThCSl KJIACTOTeHHi (paKTopH, 110 BUXOAATH B KpoB. Lle
MOXe CIPUYMHUTU ITTOLIKOKEHHSI OpraHiB, Oe3Itoce-
peIHbO HE OMPOMiHEHMX iOHi3YI0UOI0 pafdialli€lo, Ta Mo-
BMHHO OOOB’SI3KOBO BpPaXOBYBaTUCh IIPU PO3PaXYHKY
pagialiiiHuX pu3uKiB [58].

B nocnimxkenHsx J. Ventura 3 KojieraMu oka3aHo po3-
BUTOK abCKOMaabHOro eekTy (KIaCTepHMUX YIIKOIXKEHb
JHK, noasiiiHux po3pusiB JIHK, armontosy, 3MiH KOH1Ie-
Hrpauiii umrtokinis, IL10, TIMP1, VEGE TGFI1 i
TGFP2 y mna3mi KpoBi), a TaKOX CUCTEMHUX iMYHHUX
Binmosigei (3MiH KibKOCTi MakpodariB, HeHTpodiniB,
T-niMpouuTiB) y HEOMPOMIHEHI YaCTWHI Tila MUIIEH
qinii C57BL/6, 1m0 Oyau JOKaJdbHO OINPOMIHEHI PeHT-
TeHIBCHKMMU ITPOMEHSIMHU 3 BUKOPUCTAHHSIM MEIMIHOTO
cunxpotpoHny [59]. G. Stephan 3i cniBaBTOpamMu 3apee-
CTpyBaJIU TiABUILEHUN piBEeHb XpOMAaTUIHUX PO3PUBIB B
JiMdouuTax KpoBi MalLi€HTIB, sIKi OTPUMYBAIM JIiIKyBaH-
HSI aHKiJIO3YI0UOTO CIIOHIWIITY OnpoMiHeHHsSM 224Ra,
1110 MOXKe OyTH HacjiakoM edekTy cBinka [60, 61].

YucneHHMMU eKCIIePUMEHTAIbHUMUA JOCIIKEHHSIMM
BCTAHOBJIEHO, 110 Y MeXaHi3Mi pO3BUTKY pamialliliHO-
iHAYKOBaHOTO e(heKTy CBilKa MoxXe OyTH 3amissHa
BiAMOBiAb IMyHHOI CUCTEMM Ha Ail0 iOHi3yI0YOI'O BMII-
poMiHIOBaHHs [62]. HaiiBaxXauBillMMK YMHHUKAMU
iMYHHOI CUCTEeMH, 1110 OEpyTh y4acThb B iHAYKIIii e(PeKTy
cBigka, € gimMpouutu Ta Makpodaru [63]. lonizyioue
BUINPOMiHIOBAHHS, CTUMYJIIOIOYH 1i KJIITUHU, TTiABUILYE
npoaykuiro Humu uurokinis (IL-1, I1L-2, 1L-6, 1L-8,
TNFo i TGFp, siki 6epyTb yuyacTtb y npodidepariii Ta qu-
(bepeH1IitOBaHHI CTOBOYPOBUX KJIITWUH, PO3BUTKY BTO-
PUHHMX PaaiOreHHUX MOYXJIMH ITiCJas MPOMEHEBOI Te-
pariii) i TakoX BIUIMBAlOTb HAa HEOIPOMiHEHi KJIITUMHU
[64, 65]. B nocnimkenusix V. L. Calveley et al. mpu yacr-
KOBOMY ONpPOMiHEHHi JiereHb IIypiB 3apeecTPOBaHO
30U/IbIIIEHHSI TaKMX LMATOKIHIB y 3aXMIIEeHik Bim il
pagiawii ginsgHuUi ereHs [66]. [TinBuiLeHHST BUPOOIECHHS
LIMTOKiHIB CTUMYJIIOE TIPOAYKYBAHHSI OKCHUIY a30TY, 1110
MPU3BOAUTH 10 PO3BUTKY OKCUIATUBHOIO CTpecy i, SIK
HaCJIiIOK, MyTareHHUX 3MiH B T€HETMYHOMY MaTepiai
HEONPOMIHEHUX KJIITHH Ta iX aronTo3y [67]. 3Baxaioun
Ha y4acTh LIMTOKiHIB, aKTUBHUX (DOPM KHCHIO Ta a30TYy B
nepenayi MOIIKOIKYIOUOro CUTHAITY Bijl 6e3MmocepeTHbO
OMPOMiIHEHUX A0 HEOINMPOMIHEHUX KIiTUH, PO3BUTOK
pamialiifHO-1HAYKOBAHOTO e(PeKTy CBigKa MOPIiBHIOETh-

increase in the frequency of damage in sperm
chromosomes and a decrease in the level of DNA
methylation in CCGG loci in testicles and sperm
[57]. According to A.L. Brooks small doses of ion-
izing radiation induce bystander effect only within
the limits of the irradiated organ both in vitro and
in vivo [58]. Due to the exposure of high radiation
doses clastogenic factors produced and enter into
the bloodstream. It can cause damage to organs
that are not directly irradiated by ionizing radia-
tion and must be taken into account in the calcu-
lation of radiation risks [58].

J. Ventura shown the development of abscopal
effect (clustered DNA damage, double DNA
breaks, apoptosis, changes in IL10, TIMPI,
VEGE TGFp1 i TGFB2 cytokine concentrations
in blood plasma), as well as systemic immune
responses (changes in the number of macrophages,
neutrophils, T lymphocytes) in the non-irradiated
part of the body of the C57BL/6 mice locally
exposed to X-rays using a medical synchrotron
[59]. G. Stephan et al. recorded the elevated level
of chromatid breaks in blood lymphocytes of
patients treated the ankylosing spondylitis by
exposure to 224Ra, which may be the result of
bystander effect [60, 61].

Numerous experimental studies established
that in the mechanism of development of radia-
tion-induced bystander effect the response of the
immune system to radiation exposure may be
involved [62]. The most important factors of the
immune system involved into the induction of
bystander effect are lymphocytes and macro-
phages [63]. Ionizing radiation by stimulating
these cells increases the production of cytokines
(IL-1, IL-2, IL-6, IL-8, TNFo and TGF which
take part in the proliferation and differentiation
of stem cells and in the development of secondary
radiogenic tumors after radiotherapy) that, in
turn, affect non-irradiated cells [64, 65]. In stu-
dies of V. L. Calveley et al. under partial irradiation
of rat’s lungs an increase of these cytokines only
in the radiation-protected lung area has been
found [66]. Increased production of cytokines
stimulates the production of nitric oxide, leading
to the development of oxidative stress and, conse-
quently, to mutagenic changes in the genetic
material of non-irradiated cells and their apopto-
sis [67]. In connection with the participation of
cytokines, active forms of oxygen and nitrogen in
the transmission of a damaging signal from
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Ccd 3 PO3BUTKOM peaklliii 3amajeHHs], 110 ITiaATBEep/I-
KYETbCSI 1 3MiHOIO €KCHpECii TeHiB, SKi OepyTh y4acThb
SIK Y PO3BUTKY 3allajbHUX IIPOLECiB, TaK i B iHAYKIIil
edexry cBinka [68, 69].

OnHUM i3 cTOCO0iIB PO3KPUTTS MEXAHI3MiB PO3BUTKY
panialiiiHO-iHAyKOBaHOro e(eKTy CBilKa € AOCJil-
KEHHSI BIJIMBY Ha MOTr0 ONposiB pi3HUX MOAU}iKaTOPiB.
I. IT. Mocce 3i ciBaBTOpaMu mpoBeJIM MoIM(iKallito pa-
JialliifHO-iHAYKOBAHOTo €(eKTy CBiAKa 3 BUKOPUCTaH-
HSIM MeJIaHiHYy Ta MeJIaTOHiHY, 1110 MalOThb BUCOKY aHTHU-
pagnKaiabHy akTUBHICTE [70]. JlomaBaHHS IIUX pedyOBUH
3MeHInyBasio TposiB ¢eHomeHy RIBE i moxpairyBaio
BYDKMBaHHS KepatnHoluTiB mtoguHu HPV-G, o6pobite-
HUX CepelOBUILIEM Bill KIiTUH, ONMPOMiHEHUX B 103ax 0,5
ta 1,0 Ip.

Ha nymky M. Konopacka, B MexaHi3Mi PO3BUTKY
pamialiiHO-iHAYKOBAaHOTO €(eKTYy CBiKa BaXXJIMBUM
Moxke O0ytu noiukoakeHHs1 JIHK BHaciinok po3BUTKY
B HEOINPOMiHEHUX KJITUHAX-CBiIKaX OKCHUAATUBHOIO
cTpecy, NP IKOMY 30iJbIITYETHCS MPOAYKYBAHHS Bijlb-
HUX paaMKaliB Ta iHAKTUBYETbCS aHTUOKCUIAHTHUN
3aXUCT KAiTUH [71, 72]. JIasg HopMaibHOro (hyHKIIiO-
HYBaHHSl OpTaHi3My MNpuUTaMaHHUIA HU3bKUU piBEeHb
MpOAYKYyBaHHS paaMKasiB-iHilliaTopiB i 30ajlaHCOBaHa
cucTeMa aHTUOKCUIAHTHOTO 3axucTy. BHaciizok
BIUIMBY iOHi3ylIOUOro BUIIPOMIiHIOBAHHS lieii OajiaHC
MOPYIIYETHCS, 3pOCTAa€ e(MEKTUBHICTD iHilliallii Bijb-
HOpaauKalbHUX peakiiii 3a paxyHOK 30iJblIeHHS
MPONYKYBaHHSI aKTUBHUX ¢GopM KucHio [62, 73].
BinbHi pamukany MarTh 3aHAATO KOPOTKUIA TEpMiH
iCHYBaHHS MiCJsl YTBOPEHHSI B OIIPOMiHEHUX KJIITHU-
Hax, IO 3YMOBIIIOE IX HE3JATHICTh JOCATATH iHIIMX
KJIITUH, BHACJIiOK YOr0 BOHM HE MOXYTb pO3TJIsIAaTH -
¢Sl IK YMHHUK MOIIKOIKEHHS HEOIPOMiHeHUX KJIiTHH.
IIpoTe BiJIbHI pagrKaay B IPUCYTHOCTI KUCHIO MOXYTb
OyTHU MepeTBOPEHi B JOBTOXMUBYUi Tiepokcuau [73], mo
JoroMara€ iM MOPOXOAUTU MOBINI LUISXW 1034 OIl-
POMiIHEHMMMU KIIITUHAMU i CIIPUYMHSITU MOLIKOIKEH-
HsI HEONIPOMiHEHUX KJiTUH. B ekcnepuMeHTax in vitro
M. Konopacka 3 koneramMmu nokasaju, 1110 pO3IIeIIo-
Bayi BIIBHUX paJuKaIiB i MEpPOKCUAIB (HAMpUKIIAI,
AMCO, Bitamin C), 3HUXYIOTb YaCTOTY PO3PHUBiB XpO-
MOCOM, amoIlTO3y Ta MiKposiiep Y HEeOINPOMiHEHUX
KJIiTuHax-cBiakax [71, 72].

VYTBOpeHHS BiTbHUX paJuKasiB i CyMepOKCUIB y KITi-
TMHAX 3HAYHO 3aJIEXKUTh Bill MiTOXOHpiaJIbHOI aKTUB-
HocTi [48, 74—76]. BctaHoBjIEHO, 1O CyIpecis KJITUH-
HUX AUXAJIbHUX ILUISAXiB MITOXOHApPiii, MOTTMHAHHS
KaJIbIIif0 MIiTOXOHApPISIMUA 1 BHUCHaXEHHS KJIITUH 3
Mt HK 3HauHO 3HM>KYBaIM piBEHb XPOMOCOMHMX YILIKO/I-
JKeHb, 1HAYKOBaHMX eeKTOM cBinka [76].

directly irradiated to non-irradiated cells, the
development of the radiation-induced bystander
effect compared with the development of inflam-
matory reactions [68, 69].

One way of disclosing mechanisms of discovery
of radiation-induced bystander effect is a study of
the impact on its manifestation of various modi-
fiers. I. Mosse et al. conducted modification of
radiation-induced bystander effect using melanin
and melatonin which have high antiradical activi-
ty [70]. The usage of these antioxidants diminished
the manifestation of the RIBE phenomenon and
improved the survival of human keratinocytes
HPV-G treated with medium where cultured the
cells irradiated at doses of 0.5 and 1.0 Gy.

It is believed that in the mechanism of develop-
ment of the radiation-induced bystander effect
damage of DNA can be decisive due to the deve-
lopment of oxidative stress in non-irradiated
bystander cells which increases the production of
free radicals and inactivates antioxidant defense
of cells [71, 72]. For normal functioning of the
organism a low level of production of radical-ini-
tiators and balanced antioxidant defense system
is inherent. As the result of ionizing radiation
exposure this balance is violated, the effectiveness
of the initiation of free radical reactions increases
due to the elevation the production of active
forms of oxygen [62, 73]. Free radicals have an
extremely short lifetime after formation in irradi-
ated cells resulting in their inability to reach
intact cells and therefore they can not be consi-
dered as a factor of damage non-irradiated cells
[72]. However, free radicals in the presence of
oxygen can be converted into long-lived perox-
ides, which can have more than twenty hours of
half-life which helps them to travel longer paths
outside of the irradiated cells and cause damage
to non-irradiated cells. Konopacka M. et al. in
the in vitro experiments shown that interceptors
of free radicals and peroxides (for example,
DMSO, vitamin C), reduce the frequency of
chromosomal breaks, apoptosis and micronuclei
in non-irradiated bystander cells [71, 72].

The production of free radicals and superoxides in
cells strongly depends on mitochondrial activity [48,
74—76]. It was found that suppression of the cellular
respiratory tract of mitochondria, calcium absorp-
tion by mitochondria, and depletion of cells from
mtDNA significantly reduced the level of chromo-
somal damages induced by the bystander effect [76].
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barato nmocimimkeHb IIOAO0 MEXaHi3MiB PO3BUTKY
pajialiiiHO-iHIyKOBaHOTO e(peKTy CBinKa Oyiau 30cepe-
KEHi Ha BUSIBJIEHHI MOIIKOJXEHb T€HOMY Ha pPi3HUX
piBHsAX #toro opranizaiii. [TokazaHo, 110 TIpU PO3BUTKY
edeKTy cBimKa i ITOIIKOIKEHHSI MOXYTh CITPUUMHSITHUCS
HE TUIbKM TeHOTOKCUYHUMU YMHHUKAMMU, ajie 1 ellireHe-
TUYHUMU MOAYJISITOpaMU (3MiHa METWIIOBaHHS Ta
MikpoPHK) y HeonmpoMiHeHMX KJTiTUHAX-CBiIKaXx, 1110 MO-
3Ke MPU3BOIUTH 10 3MiHM eKcrpecii reHis [9, 62, 77]. Haii-
BAXJIMBILLIA POJIb Y LIbOMY HAJIEKUThb METWUJIbHIM TPYIIi.
CKOpOYEHHSI METWJIBHUX TPyH y IPOMOTOPHIN MiJISTHII
TeHiB 30iJIbIIIYE iX eKcrpecito [78]. Brpara MmeTuiyBaHHS €
03HAKOI0 PaKOBUX KJIiTWH, IO 30iJbLIYE YaCTOTy PO3-
pugiB JIHK, cripusie iHmyKIlil MyTalliil i pO3BUTKY F€eHOM-
HOi HecTabLIbHOCTI [79]. BcTaHOBIEHO, 110 TOCTPE PEHT-
TeHiBChbKE Ta TaMMa-OIIPOMiHEHHS CIIPUYMHSIOTH MOAIOH
edexTn BHaciigmok rimomerwmioBaHHsa JHK wmiisxom
3MiHu ekcnpecii JIHK Merunrpanchepas (DNMT3a Tta
DNMT3b) B Oe3mocepeqHbO OINMPOMIHEHNX TKAHWHAX
[80]. TTokazaHo, 1110 B HEONMPOMiHEHUX KJIiTUHAX, SIKi 3HA-
XOIWINCH HETTOAAJIIK Bill OMMPOMiHEHUX KITITUH-MIlIEHEH,
TakoX 3MeHIlyBajgoch MetuiyBaHHs JIHK, mo cripuun-
HSIJI0 BUHUKHEHHSI ITOIIKOMIKEHb XPOMATUIHOIO i XpOMO-
COMHOI'O TUIIIB, 30UIbIIIEHHSI TEHOMHOI HEeCTaOLIbHOCTI,
PO3BUTKY aIronTo3y Ta 3aruoesti KiiTuH [81].

Y npouecax MiXXKIITUHHOT KOMYHiKallil 0epyTh TaKOX
ygacth MikpoPHK [82]. Bonn HeBenuki 3a po3mipom,
BiTHOCHO CTabiJIbHI i 3MaTHI MPOXOAUTH Uyepe3 KIITUHU
BeJuKi BimctaHi. [IpsiMa nist i0OHiI3yl0UOro BUIIPOMiHIO-
BaHHS 3MiH1O€ ekchpecito MikpoPHK, BoHM MOXYyTb
BUXOAUTU 3 OMNPOMiIHEHOI TKAHWHM 1 BIJIMBATU Ha
eKCITpecilo TeHiB y BiggaleHUX TKaHWHAX, 1110 J03BOJISIE
iM OpaTu yJacTh B iHAYKIIil eDeKTy CBilKa Ha BiACTaHi. S.
Xu 3i criBaBTOpaMu nmokasaiu, 1o MikpoPHK (miR-21)
MOXe OyTHU IepeHeceHa BiJl OMPOMiHEHUX KJIITUH B MO-
3aKJIITUHHE CepeloBMIIE, a MOTIM IO HEONPOMiHEHUX
KJIITUH-CBIiJIKiB 3a ITOCepPeNHMULITBA eK30CcoM [83].

Ponb enireHeTUUHMUX YMHHUKIB B iHAYKIIii Ta ITepCUC-
TeHIIi1 e(peKTy CBiKa B YMOBAX in Vivo ITOCIiIKeHa Tpy-
nmamu pocainHukiB (I. Koturbash et al., J. Tamminga et
al., J. N. Filkowski et al.) mpu orpomiHeHHi MuILeii |56,
57, 84—86]. BcTaHoBieHO, IO pamialiiiHa eKCIIO3UIIis
yeperna TBapuUH MOpPU3BOAMJIA 10 IiJABUILEHHSI PiBHS
exkcrpecii MikpoPHK, sakuii 36epiraBcst mpoTIroM Kijb-
KOX MicsauiB micisg onpoMmiHeHHs. TTokazaHo, 110 3MiHU
METWIyBaHHSI 3aJieXKa/IM Bil BUIYy TKAHMHU — OIIPOMi-
HEHHS Yeperna CIPUUYMHSIIO TPUBAJIE TiMOMETUIIOBAHHS
B CeJIe3iHlli, TOMi SIK Y LIKipi TiMOMeTUII0OBaHHS OYJI0 KO-
poTKkoyacHUM. BcTaHOBEHO, 1110 Y HEOITPOMiHEHOTO IMO-
TOMCTBA OMMPOMIHEHUX MUILIEH 3MEHIIYBaIUCh PiBHiI Me-
trnyBanHs JIHK i aktusnicTs dpepmentiB JHK-meTnin-

Many studies on the mechanisms of radiation-
induced bystander effect have focused on identi-
fying the inductors of genomic damages.
According generalizations made by M. Najafi et
al. these damages can be caused not only by geno-
toxic factors, but also by epigenetic modulators
(change in methylation and miRNA) in non-irra-
diated bystander cells that may lead to changes in
gene expression [9, 62, 77]. The most important
role in this belongs to the methyl group. The
reduction of methyl groups in the promoter region
of genes increases their expression [78]. Loss of
methylation is a sign of cancer cells which
increases the frequency of DNA lesions, promotes
the induction of mutations and the development
of genomic instability [79]. Similar effects were
induced by acute X-ray and gamma-radiation
exposure owing to DNA hypomethylation by
altering the expression of DNA methyltransferas-
es (DNMT3a and DNMT3b) in directly irradiat-
ed tissues [80]. In non-irradiated bystander cells
closed to irradiated targets reduced DNA methy-
lation, chromatid and chromosome breaks,
increased genomic instability, apoptosis and cell
death also were established [81].

In the processes of intercellular communication,
microRNAs are also involved [82]. They are small,
relatively stable and able to pass through the cell
long distance. Direct action of ionizing radiation
changes the expression of miRNA, they can come
from irradiated tissue and affect the expression of
genes in distant tissues, which allows them to par-
ticipate in inducing bystander effect at a distance.
S. Xu et al. showed that microRNA (miR-21) can
be transferred from irradiated cells in the extracel-
lular medium and then to non-irradiated
bystander cells through exosomes [83].

The role of epigenetic factors in induction and
persistence of bystander effect in vivo was investi-
gated by researchers groups (I. Koturbash et al.,
J. Tamminga et al., J. N. Filkowski et al.) with
irradiated mice [56, 57, 84—86]. It was established
that the radiation exposure of the skull of animals
led to increased expression of microRNAs, which
persisted for several months after exposure. These
changes of methylation depended on the type of
tissue — the irradiation of the skull led to pro-
longed hypometylation in the spleen, whereas in
the skin the hypomethylation was short-lived. In
non-irradiated offspring of irradiated mice levels
of DNA methylation and activity of DNA-

) 76



ISSN 2304-8336. pobnemu paniauiiinoi Meouunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2019. Bun. 24.

REVIEWS

TpaHcdhepa3u y TUMYCi, CeJIe3iHIli Ta KiCTKOBOMY MO3-
Ky, ajle BKa3aHUX 3MiH He 0YyJI0 3apeeCTPOBAHO B MEYiH-
ui. BusiBaeno migBuieHy ekcrpecito miRNA-29a i
miRNA-29b y kJiTuHax 3apojika Ta TKaHMHAX HAaCTYII-
HUX TOKOJiHb OIMPOMIHEHUX MMIIEH, 110 3MEHILUIO
piBeHb MetwayBaHHs JITHK. Takum umHOM, emireHe-
TWUYHI 3MiHM, iHAYKOBaHi iOHI3ylOUMM BUIIPOMiHIOBaH-
HSM y KJIITUHAX-CBigKaX, MOXYTb MepelaBaTUCs Hac-
TYHUM TIOKOJiHHAM LMX KJITUH, YAM MiATPUMYIOTh
noJaiblly MEePCUCTEHIIII0 B HUX padialiliHO-iHIyKOBa-
HOTO e(EeKTy CBigKa.

TpuBaiicTh MEepPCUCTEHIIl pafialliiHO-iHIYKOBaHOIO
edeKTy CBifKa OlliHI0BaIach 3a pe3yJbTaTaMU MEIUIHUX
00cTexXeHb ONMPOMiHEHHUX OCi0 y BimgaseHi CTPOKHU Micst
JIi1 ioHi3yrouol papdiallii, a TaKOX IIpU BUKOHAHHI Lije-
CIIPSIMOBAHUX €KCIIEPUMEHTATbHUX TOCiIKEeHb B YMO-
Bax in vitro Ta in vivo.

G. S. Pant i N. Kamada BusBUIM KJIACTOr€HHY aK-
TUBHICTb IIJIa3MU KPOBI STOHIIB, SIKi ITepexXUId aTOMHE
ooMOapnyBaHHsA B Xipocimi, yepe3 31 pik micis orIl-
poMmineHHs [25]. I. Emerit 3 Kojeramu 3apeecTpyBajiv
KJIACTOT€HHY aKTUBHICTh IJIa3MM KPOBi y MHepcoHaly
YopHOOUIBCHKOT aTOMHOI eJIEKTPOCTaHLIi1 uepe3 7 poKiB
nicnst YopHoOubebKoi aBapii [26]. Ha nymky 1. Emerit,
MEPCUCTEHLIis1 Y KPOBi KJIACTOT€HHUX YMHHMKIB MPOTSI-
roM 0araThbOX pOKiB ITiCJIsI OMMPOMiHEHHST MOXE MOSICHIO-
BaTUCS YTBOPEHHSIM MPOIYKTIB IIEPEKMUCHOTO OKMCIICH-
HsI JTiMiJiB i CYyIIepoKCUIiB Ta 3CYyBOM ITPOOKCUIAHTHOTO
i aHTUOKCHAAHTHOIO OajlaHCy B OIPOMiHEHOMY Op-
ra”iami. Take OpuUIyLIEHHS MOiATBEPIKEHO MNPSIMUM
0iOXiMiYHMM JOCJIIXEHHSIM CTaHy OKMCIIOBaJbHUX
MpolieciB B yYaCHMKIB JIiKBifallil HacJligKiB aBapii Ha
YAEC, BukoHanum JI. M. OBCSIHHIKOBOIO 3i CITiBaBTO-
pamu [87, 88]. MOHITOPMHT, 1110 TPOBOAMBCI HUMHU MPO-
TITOM 24 POKIB ITiC/sT aBapii, 3apeecTpyBaB PO3BUTOK
XPOHIYHOI'O OKHCJIIOBAJIbHOIO CTPECY 3 HAKOIMYEHHSIM
LIUTOTOKCUYHUX TMPOAYKTIB MEPEKUCHOIO OKMUCIEHHS
JIiMiAiB i OKMCIIOBaJIbHY MoaMikalilo OinKiB y IXHii
KpoBi. BkazaHe migTBepAXXy€e€ MOXJIUBICTb TpUBaIOl
MEePCUCTEHLIi1 B OpraHi3Mi JIIOAWHU KJIACTOTeHHUX YMH-
HUKIB MICJs1 ONMPOMiHEHHS Ta PO3BUTKY F€HOMHOI He-
CTabUILHOCTI BHACHIAOK iHAYKLii edekTy cBigka [89].
Pazom 3 Tmm, H. O. Ma3HUK 3i crtiBaBTOpaMy HE BUSIBU -
JIN TEeHOTOKCUYHOTO BIUIMBY ITJIa3MU KPOBIi Ialli€EHTOK,
SIKi OTPUMYBaJIW TIPOMEHEBY Teparlito, Ha HEOMTPOMiHEHi
JiM(pOLIMTH KPOBi 3M0POBOr0 YOJOBiKa Yepe3 OJAUH PiK
ITicast onmpoMiHeHHS [28].

e y 1998 p. nocnimkxenHsimu S. A. Lorimore 3i criiBaB-
TOpaMU MOKa3aHo, 1110 TEMOITOETUYHI CTOBOYPOBi KITITHHU
MMUILIEH, MOILIKOMXKEHI BHACIAOK e(heKTy CBiIKa Micus
anbda-ornpoMiHeHHS KiCTKOBOTO MO3KY, 3IaTHi BIDKMBATH

methyltransferase in the thymus, spleen, and bone
marrow decreased, but such changes were not
detected in the liver. Found high expression of
miRNA-29a and miRNA-29b in embryonic cells
and tissues of subsequent generations of irradiated
mice which reduced the level of DNA methyla-
tion. Thus, the epigenetic changes induced by
ionizing radiation in the bystander cells can be
transmitted to next generations of these cells
which support in them the further persistence of
radiation-induced bystander effect.

The duration of the RIBE persistence was eva-
luated based on the results of medical observation
of irradiated persons in the delayed terms follow-
ing radiation exposure, as well as when perform-
ing purposeful experimental research in vivo and
in vitro.

G. S Pant. and N. Kamada discovered clasto-
genic activity of blood plasma from Japanese sur-
vivors of atomic bombing in Hiroshima through 31
years after irradiation [25]. I. Emerit et al. regis-
tered the clastogenic activity of blood plasma from
the personnel of the Chornobyl nuclear power sta-
tion 7 years after the Chornobyl accident [26].
According to I. Emerit, persistence of clastogenic
factors in the blood over many years after radiation
exposure may be explained by the formation of
lipid peroxidation products and superoxides and
the shift of the prooxidant and antioxidant balance
in the irradiated organism. This assumption was
confirmed by a direct biochemical investigation of
the status of oxidative processes in the liquidators of
the Chornobyl accident, performed by L. M. Ov-
syannikova with co-authors [87, 88]. The monitor-
ing carried out by them within 24 years after the
accident recorded the development of chronic
oxidative stress with the accumulation in their
blood the cytotoxic products of lipid peroxidation
and oxidative modification of proteins. These
results confirm the possibility of long-term persist-
ence in human body the clastogenic factors after
radiation exposure and the development of genom-
ic instability due to induction of bystander effect
[89]. However, N. Maznik et al. did not reveal the
genotoxic effect of blood plasma from female
patients received radiation therapy on intact cells of
healthy man one year after irradiation [28].

Even in 1998 S.A. Lorimore and co-authored
show that haematopoietic stem cells of mice dam-
aged as a result of bystander effect after alpha-
irradiation of bone marrow can survive and trans-

77 ®



ornsaaosi CTATTI

ISSN 2304-8336. [Npobnemu pagiaviiiHol meauunHn Ta pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2019. Bun. 24.

i mepeJaBaTW TeHETUYHi 3MiHM 0araTboM IOKOJiHHSIM
kiituH [90]. B po6oti A. H. OcumnoBa 1npu BUBYEHHi
BiggaaeHUX HacaigkiB Oil pagiauii B eKCIIEpUMEHTI 3
CYMiCHUM KYJIBTUBYBaHHSIM HEOINPOMIiHEHUX KJITUH 3
KiniTiHaMu, ornpoMineHuMu B 103i 1,0 Ip (10 % uum 30 %
CyMillli), BCTAHOBJIEHO CTaTUCTUYHO IOCTOBipHE 30iJb-
IIeHHS BMIiCTy aKTMBHUX (POPM KHMCHIO, CTYIIeHs par-
MeHTauil JIHK Ta yacTku anonTuyHMX KJIiTHUH Ha 9-Ty Ta
11-Ty moOy eKCHeprMEHTY, 110 aBTOP BBaXKa€ ITPOSIBOM
HEeCTabiTbHOCTI T€HOMY, iHAYKOBAaHOI e(eKTOM CBiaka
[91]. B mocnimkennsix N. Autsavapromporn 3 KoJjieraMu
JIOBENEHO, 1110 MolurpeHHs bystander effect y HacTymHux
reHepauisx KJITUH-CBiIKiB 3ajieXXUTh Bif SKOCTI
(yHKIIOHYBAaHHS MiXKKJTITUHHMX 3B’SI13KiB 1 BUIY iOHi3yIO0-
yoro BumIpoMiHioBaHHs [92, 93]. B mpoBeaeHoMy HUMM
eKCIepruMeHTi (pidpobmacTu MIKipU JIOAWHU TTiggaBaiv
BIUIMBY pajiallil 3 pi3HUM JiHIAHUM MEPeHOCOM E€HEpTil
(pentreniBcbkuM 3 LET ~6 keV/um, nporonamu 3 LET
~11 keV/um ta ionamu Byrieio 3 LET ~103 keV/um )
npu cepeaHix abcopboBaHux pgozax 0,4 Ip, kouu
0,036—0,400 % xuiTiH Gyu 6e3nocepeaHbO MOLIKOIKEH]
pamiauieto. Ilicng 20 mominiB KITMHU 30Upanvd Ta
aHajizyBaiu. BUSIBUIM MPUCYTHICTh CTIMKOIO OKUCIIIO-
BaJIbLHOTO CTPECy y TTOTOMCTBA KJIITUH-CBiJKiB, OITPOMiHe-
HUX PEHTICHIBCHKMMM IIPOMEHSIMHU Ta IPOTOHAMMU, IIO
KOpetoBaB 3i 30UIbLICHHSIM YacTOTU MIKpOsAEp i My-
TaIli€l0 B JIOKYCi TilTOKCAaHTUH-TyaHiH-(pochoprnoOo3miI-
tpaHcdepasu (HPRT). Takux edekrtiB He criocTepiranu
nicisg orpoMiHeHHs (pidpobacTiB ioHamu Byrieito (LET
3103 keV/um). 3MeHIleHHsI TIepCUCTEHLT pamialliiiHO-
IHIYKOBaHOTO e(PEKTY CBiIKa BCTAHOBJIEHO TAKOX B KYJIb-
Typax, 110 IMiJIaBaIu BIUIMBY IPOTOHIB 200 iOHIB BYTJICLIIO
B YyMOBaX MPUTHIYEHHS MIXKIITUHHUX 3B’sI3KiB. OmgHaK
et ecekT He OYB BUSIBJICHUIA TPU OMPOMiHEHHI KYJIBTYpHU
($ibpo06IaCTIB PEHTIeHIBCHKUMU ITPOMEHSIMM.

IIpouecu, 110 BigOyBarOTLCS B HEOMPOMIHEHUX KITiTHU-
Hax IpU PO3BUTKY e(eKTy CBiAKa, MOXYThb BIUIMBATU Ha
peaiizalilo MeIMYHUX HACIAKIB OINPOMiHEHHSI B Op-
ra”i3mi oguan. BBazkaeThbcs, 1110 CTOXacTMYHA i HECTO-
XaCTWYHA TaTOJIOTisl B 0Ci0, AKi 3a3HaIM Hii ioHi3ytouoi
pagialii (3 JTikyBaJbHOIO METOI0, MPU MpodeciitHil disib-
HOCTi, B aBapiliHUX CUTYallisIX), MOXe OYyTH 3yMOBJICHA He
JIMIIEe TIPSIMUM padialliiHUM YIIKOJIXKEHHSIM KJIITHUH-
MillleHe#l, a I BTOpUHHUMU 3MiHAMHU B HEOIIPOMiHEHMX
KJIiTUHAX-CBinKax [6, 94]. Pa3om 3 ThM, iHIyKIIis epekTy
CBiIKa MoXe OyTM 3aXMCHUM MEXaHi3MOM, 3MEHIIYIOUMU
KiJIBKICTh MOIIKOIXKEHUX KJIITUH LLJISIXOM aroITo3y abo
yepe3 HEMOKJIMBICTh KJIITUH 3i 3HAYHUMM TTOLIKOIKEH-
HSIMU MPONTU MITOTUYHUI TToAin [8, 9].

Benuka yBara mnpuaiisieTbCsl MpoOJieMi PO3BUTKY
pamiamiifHO-iHAYKOBAaHOTO e(eKTy CBigKa Tpu MpoMe-

mit genetic changes to many next generations of
cell [90]. A. N. Osipov in the study of the long-
term radiation exposure in an experiment with
compatible cultivation of non-irradiated cells
with cells irradiated in a dose of 1.0 Gy (10 or
30 % of the mixture), a statistically significant
increase of the active forms of oxygen, degree of
DNA fragmentation and the apoptotic cells on
the 9" and 11" days of the experiment, which the
author considers the manifestation of the genom-
ic instability induced by the bystander effect [91].
N. Autsavapromporn et al. proved that RIBE in
subsequent generations of bystander cells depends
on the quality of the intercellular connections and
the type of ionizing radiation [92, 93]. In their
experiment, human skin fibroblasts were exposed
to radiation with different linear energy transport
(X-ray with LET ~6 keV /um, LET ~11 keV /um
protons and LET ~103 keV /um carbon ions) at
mean absorbed doses of 0.4 Gy when
0.036—0.400% of cells were directly irradiated.
After 20 cell divisions the presence of persistent
oxidative stress was observed in the progeny of x-
ray and proton-irradiated cells correlated with
increasing micronuclei frequency and mutation in
the hypoxanthine guanine phosphorybosyl trans-
ferase (HPRT) locus. Such effects were not
observed after irradiation of fibroblasts with car-
bon ions (LET 3103 keV/um). Reducing the per-
sistence of the radiation-induced bystander effect
was also established in cultures exposed to protons
or carbon ions under conditions of inhibition of
intercellular connections. However, this effect was
not detected when irradiating the culture of
fibroblasts with X-rays.

Processes occurring in non-irradiated bystander
cells under the development of RIBE may affect on
the implementation of the health effects of radiation
exposure in humans. It is believed that stochastic and
non-stochastic pathology in individuals exposed to
ionizing radiation (for medical purposes, under pro-
fessional contact, in emergency situations) may be
due not only to direct radiation damage of targeted
cells but also to secondary changes in non-irradiated
bystander cells [6, 94]. However, the induction of the
bystander effect can be a protective mechanism,
reducing the number of damaged cells by apoptosis
or because of the inability of cells with significant
damage to undergo mitotic division [8, 9].

Much attention is paid to the problem of RIBE
development in radiation therapy of cancer and
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HEBill Tepallii OHKOJOTiYHUX 3aXBOPIOBAHb i OLLHII pH-
3UKY BTOpMHHOTO KaHueporeHesy [95—101]. ITporHo3y-
BaHHS e(PEKTUBHOCTI Ta MOOIYHUX e(PEKTiB TPOMEHEBOL
Teparlii 3aJIeXXUTh BiJl BCTAHOBJIEHHS B3aEMO3B’SI3KY J10-
3a—e(EeKT MiX 103010 ONMPOMiIHEHHS i peakllisiMU TKa-
HuH. IIpu mpoBedeHHI MPOMEHEBOI Tepamii MyXJIMHU
OMNPOMIHIOIOTh y BUCOKHMX a03ax. Peakilisi myXJaMHHOI
TKaHMHU Ha TaKe OIPOMiHEHHS HaJleXKUTh JO HECToXac-
TUYHUX e(EeKTiB pafiallii, MiABUIILYETbCS 31 301IbIIEH-
HSIM TOTJIMHYTOI J031 OMPOMiHEHHS i MOXe OYyTH OMu-
caHa 3a JOITOMOTO0I0 MaTeMaTUIHUX Mojesieit (JIiHIHO1,
JIIHIMHO-KBaApaTUYHOI), 1110 BiZOOpaxkKaloTh 3HUIIEHHS
OiMbIIOCTI pagiope3UCTEHTHUX KJIOHOTEHHUX 3J10-
SIKICHUX KJIITMH, MPUCYTHIX B myxJuHi [102, 103].

Ha Binminy Bim mpssmMux edekTiB pamialiiinoi mii (Har-
puknan, nomkomkeHHsa JJHK), ingykiiia edpekry cBigka
He € CTPOro J10303aeXHUM siBuIIeM. Moro po3BuTok
npuTaMaHHUN HacamIiepel [Jsi HU3bKUX 103 BUII-
POMIHIOBAaHHS i HAaCMUYEHHST e(EeKTy BiZOYBa€eTbCS BXKe
npu noporosux po3ax 0,2—0,3 Ip [102] (puc. 2). ITinBu-
ILIEHHS A03U OMPOMiHEHHSI KJIITUH-MillleHel He 30i1b-
ILIY€ KiIbKOCTi ypaxkeHUX HEOMPOMiHEHHUX KJIITUH B MO-
mynsii [103, 104]. M. B. Sowa 3i crriBaBTOpaMu IToKa3a-
HO, 1O iHOYKUis e(eKTy CBigKa He 3aJeXUTh Bil A03U
OINPOMiHEHHS KJIITUH-MillleHel B Aiama3oHi Bix 0,5 mo
5,0 Ip [105].

Iim yac ikyBaHHS ITyXJTMH (OCOOIMBO MPH 3aCTOCYBaHHI
iHTEHCMBHO-MO/YJIbOBAHOI ITPOMEHEBOI Teparlii, TOMO-Te-
pariii Ta Tepariii 3 BUKOPUCTAHHSIM BaXXKUX iOHiB) HEMyX-
JIMHHI TKAHWHU, pO3TAIlIOBaHi Ha Kpalo IOJIsI OIIPOMiHEH-
Hs1, a00 Ha MeXi IT'pafi€HTIB 1031, MOXKYTb 3a3HaBaTU BILIK-
BY iOHi3y1040T0 BUIIPOMiHIOBAaHHSI caMeé B HU3BbKUX J03aX
(0,1—0,2 Ip), BHACIIZOK YOro B HUX MOXKE PO3BUBATUCS
panialiiiHO-iHAyKOBaHUM edeKT CBiaKa, 1110 CIIPUYMHSIE
MOIIKOMXKEHHST TeHOMY 1 IiIBUIIYE YaCTOTY BUHMKHEH-
HsI KaHIIeporeHe3y y BimmajaeHux TKaHuHax [9]. Ilpote
M. Tomita i M. Maeda, nipoaHajizyBaBIIM 3HAYHY KiJlb-

A
EdekTtn cBigka / Bystander effects /

[fo3a / Dose

0,2Ip/ Gy

assessment of the risk of secondary carcinogene-
sis [95—101]. The prediction of efficacy and side
effects of radiation therapy depends on establish-
ing a dose / effect relationship between the dose
of irradiation and tissue responses. When con-
ducting radiotherapy tumors are irradiated in
high doses. The reaction of tumor tissue to such
exposure relates to non-stochastic effects of
radiation, increases with increasing absorbed
radiation dose and can be described by mathe-
matical models (linear, linear-quadratic),
reflecting the destruction of most radio-resistant
clonogenic malignant cells which present in the
tumor [102, 103].

In contrast to the direct effects of radiation expo-
sure (e.g., DNA damage), induction of bystander
effect is not strictly dose-dependent phenomenon.
Its development is inherent first of all for low doses
of radiation and saturation of this effect already
occurs at a threshold dose of 0.2—0.3 Gy [102]
(Fig. 2). Increasing the radiation dose of target cells
does not increase the number of affected non-irra-
diated bystander cells in the population [103, 104].
M. B. Sowa et al. had shown that induction of by-
stander effect did not depend on the radiation doses
for target cells in the range of 0.5 to 5.0 Gy [105].

During treating tumors (especially with inten-
sive-modulated radiation therapy, tomo- therapy
and heavy ion therapy), non-tumor tissues located
at the edge of the irradiation field or at the limit of
dose gradients may be exposed to ionizing radia-
tion in low doses (0.1-0.2 Gy), as a result of
which the radiation-induced bystander effect may
develop in them, causing damage to the genome
and increases the incidence of carcinogenesis in
distant tissues [9, 106]. However M. Tomita and
M. Maeda analyzed a large number of RIBE

PUCYHOK 2. MopiBHAHHA KpUBUX «p03a-
edekT» npu npamin pii ioHisyoyoro Bu-
npomiHIOBaHHA i po3BUTKY eeKTy cBigka [102]
Figure 2. Comparison of the «dose-effect»

curves in the direct action of ionizing radiation
and development of the bystander effect [102]
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KicTb pOOIT 3 JOCHiIKEHHs paaialiiiHO-iHIyKOBAaHOTO
eekTy cBiIKa B pi3HMX TKAHMHAX i €KCIePUMEHTATbHUX
MOJIEJISIX, I BUCHOBKY, 1110 iHAYKLIisI e(DEKTy CBigKa Ta
a0CKOMAIBLHOTO e(heKTy MPU HU3BKMX 103aX PEHTTeHiBCHKO-
ro i ramMa-ornpomiHeHHs (Bix 1,2 MIp no 2,0 Ip) He cnipu-
YMHSLIM TTOPYILEHHSI TOMEOCTa3y B TKAHWHAX i OpraHizmax,
TOOTO HEe CIPUSIIN iHAYKIIii B HUX KaHIeporeHesy |[3].

S. Kirolikar 3 KojieramMu TpoBeIn €KCIIEPUMEHT 3 OIT-
POMiIHEHHSIM MYTMOYHOI 001acTi MUILIEeH aiamMmeTpoM 1 cM B
n03i 2000 cIp 3 BUKOpUCTaHHSIM TIaTGOpPMU [JISI TTPOME-
HeBoi Teparii Varian/BrainLAB Novalis Tx™ i gorpumaH-
HSIM YMOB, IO BUKJIIOUWJIM PO3CIIOBaHHS Jil04oi J03U
pamiartii [52]. I1Tpu 11boMy B HEOITPOMiHEHUX KJIiITUHAX TO-
JIOBHOTO MO3Ky MMUIIEN OyJI0 3apeecTpOBaHO iHAYKIIiO
eekTy cBimKa, IO TPOSBIISUIACh V ITABUINEHHI PiBHIiB
YH2AX, Caspase-3, NFxB, IL-6. byio noka3aHo iHrioy-
BaHHS e(eKTy CBilka BHACiZOK BBEACHHS MMIIaM
areHTIB, 110 iIHAKTUBYBaIM O0e3KIiTHHHMI XpoMaTtuH cfCh
(BUIIISETHCS BHACTIIOK aITONTUYHOI 3arM0elTi OorpoMiHe-
HUX KJIITHH), 1110 JO3BOJUJIO aBTOpaM 3pOOUTU BUCHOBOK
npo ydactb yacTuHOK cfCh B iHmyKIlii aOGCcKOIaabHOTo
edexTy (IISIXOM pO3MOBCIOIXKEHHS MO OpraHi3My TBapu-
HU 3 TOKOM KpOBi) i 3pOOMTH 3acTepeskeHHSI CTOCOBHO
MOXJIMBOI yyacTi edeKTy CBiika B iHIYKIlii BTOPUHHMX
MyXJIMH TTicJIs1 MPOMEHEBOI Teparlii paKy.

B Garatbox mOCHTIIKEHHSX MOKAa3aHO, 110 BTOPUHHI
pagioreHHi MyXJIMHU MOXYTh YTBOPIOBATUCH 3a MOCEpe/I-
HULITBA iIMYHHUX YMHHUKIB BHACJIIOK PO3BUTKY a0OCKO-
najbHOTrO eheKTy IMpU MPOMEHEBiil Tepallii epBUHHUX
OyxJiuH. 30KpeMa, MiATBEPIKEHO BUCOKUA PiBEHb 3aXBO-
PIOBAHOCTI Ha pak JIETeHiB y MAalli€EHTIB ITiC/Is1 TPOMEHEBOI
Teparii peKTaJbHOIO paky, paKy IIMHAKA MaTKMU i paky
sseqHuKiB [106—109]. Io OHKOJIOTIYHOI MaTOJIOTi1, 1110 MO-
K€ 3YMOBJIIOBATUCH paliallifHO-iHAYKOBaHUM e(eKTOM
CBiKa, BiIHOCSITb PAKOBI 3aXBOPIOBAaHHSI JIEreHiB i
OpOHXiB, MEJTAaHOMH Ta CAPKOMMU TTicJIs1 IPOMEHEBOI Tepartii
paky mpoctati [110]. Pusuk mosiBU BTOPMHHMX pakiB
30epira€ThCs MPOTSATrOM O6araThoX POKiB IMiC/Is1 MPOMEHEBOI
teparrii [110].

¥ Honogini HaykoBoro komitety OOH 3 BruinBy aToM-
Hoi pagiauii (UNSCEAR) 3a3HavaeTbesl, 1110 B HAyKOBIil
CMiJIHOTI J0Ci HEMAa€E KOHCEHCYCY 1100 TOTO, Yu 30iJ1b-
1IIy€/3MEHIIIYE iHIYKIIisT €(PEeKTy CBimKa pU3UK PO3BUTKY
OHKOJIOTIUHOI TTAaTOJIOTii MPU Mii HU3bKMX 103 i0Hi3yI0U0-
ro BUMPOMIHIOBaHHS, amxke Kpim mnoiukomkeHb JHK i
MOXJIMBOIO PO3BUTKY TF€HOMHOI HeCTabiIbHOCTI Lei
MPOLEC CYMPOBOIKYETHCS 30iAbLIEHHSIM YaCTOTH alloM-
TO3iB, BHACJIZOK YOT0O MOIIKOMKEHI KIITUHU eiMiHy-
oTbes [111].

KpiM Toro, BcTaHOBJIEHO, 1110 CTabiii3allil reHOMY B Op-
raHi3Mi, SIKMiA 3a3HaB [Iii 10Hi3yIOUOro BUITPOMiHIOBaHHSI,

studies in various tissues and experimental models
and concluded that the induction of bystander and
abscopal effects at low doses of X-ray and gamma
irradiation (from 1.2 mGy to 2.0 Gy) did not cause
a violation of homeostasis in tissues and organ-
isms, that is they did not contribute to the induc-
tion of carcinogenesis in them [3].

S. Kirolikar et al. conducted an experiment with
the irradiation of the mice umbilical region dia-
meter of 1 cm at a dose of 2000 cGy using platform
for radiotherapy Varian/BrainLAB Novalis Tx™
and adhering to the conditions excluded disper-
sion of the active doses of radiation [52]. In the
non-irradiated brain cells of mice induction of
bystander effect was recorded which was manifest-
ed in increasing levels of yYH2AX, Caspase-3,
NFxB, IL-6. Inhibition of bystander effect was
shown due to introduction to mice the agents that
inactivated cell-free chromatin cfCh (released as a
result of apoptotic death of irradiated cells), which
allowed authors to conclude that the particles of
¢fCh were involved in the inducing of the abscopal
effect (by spreading with blood flow) and make
reservations concerning the possible participation
of bystander effect in the induction of secondary
tumors after radiation therapy of cancer.

Many studies have shown that secondary radi-
ogenic tumors can be formed through the media-
tion of immune factors as a result of the develop-
ment of the abscopal effect during radiation thera-
py of primary tumors. In particular, a high inci-
dence of lung cancer in patients after radiation
therapy for rectal cancer, cervical cancer and ova-
rian cancer has been confirmed [106—109]. To the
oncological pathology that can be caused by RIBE
include cancers of lungs and bronchies, melanoma
and sarcoma after radiation therapy for prostate
cancer [110]. The risk of these secondary cancers
persists for many years after radiotherapy.

The report of the UN Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) states that
there is still no consensus in the scientific community
as to whether the induction of the RIBE increa-
ses/decreases the risk of developing cancer under the
influence of low doses of ionizing radiation, because
in addition to DNA damage and the possible develop-
ment of genomic instability this process is accompa-
nied by an increase in the frequency of apoptosis,
resulting in damaged cells being eliminated [111].

In addition, it has been found that to stabiliza-
tion of the genome in organism exposed to ioniz-
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CIIpUSIE 30ATHICTh HEONPOMIHEHUX HOPMAJbHUX KIIITUH
BIUIMBATU HA TOLIKOMXEHI OMPOMiHEHHSIM KJIITWUHU, IO
JIiCTajio Ha3By 3BOPOTHOIro e(PeKTy CBifKa, a00 psTyBaslb-
Horo edekty (mutual bystander response, rescue effect,
protective bystander cross-talk). 3BopoTHUIt eeKT cBimka
OIIMCYE SIBUILIE, IIPU IKOMY OIIPOMiHEHi KJIITMHU 3a3HAI0Th
BIUIMBY BiJ, OTOYYIOUMX IX HEOINPOMiHEHUX KJITUH
BHACJIIIOK PO3BUTKY CUTHAJIIB 3BOPOTHOTIO 3B’SI3KY, pe-
3yJIbTaTOM YOT'0 MOXe OyTU 3MEHILEeHHS YaCTOTU iHIYKO-
BaHMX pagiauiero nowmkomkeHb IHK B ompoMiHeHUX
KJIITUHAX, 110 PO3LIHIOETHCS SIK <«ITO3UTUBHUI» BIUIMB
[112—115]. Pa3oM 3 TuM, iHAYKIIisl 3BOPOTHOTO €(eKTy
CBiKa MOXe€ 3HMXXYBaTU Ta HaBiTh HiBe/JIOBAaTU TepareB-
TUYHY e(EeKTHUBHICTb IMPOMEHEBOI Teparlii OHKOJOTIYHUX
3aXBOPIOBaHb. 3a3HAaYCHE CIIOHYKAE HAYKOBY CITLUIBHOTY 10
MOJAIBIIOr0 BCEOIYHOrO BUBYEHHS LILOTO (DEHOMEHY.

TakuM 4MHOM, y3arajibHeHi i mpoaHali3oBaHi HAMU pe-
3yJIbTaTU HAyKOBUX JIOCJIIKEHb CTOCOBHO pajialliliHO-
iHAYKOBAHOTO e(eKTy CBilKa MiATBEpIXKYIOThb, 1110 i0Hi3Y-
[o4e BUMIPOMIiHIOBaHHSI iHAYKY€E He TiJTbKU MillleHeBi epek-
TU B 0Oe3mocepeaHbO OIMPOMiIHEHUX KIIiTMHAX, aje u
HeMillleHeBi ePeKTH B iHTAaKTHMX KJIITUHAX. ¥ MeXaHi3Mi
PO3BUTKY pamiallifHO-iHAyKOBaHOTO e€(eKTy CBiIKa Mo-
JKyTb OyTH 3afisiHi Pi3Hi IIPOLIECU — OKCUIATUBHMIA CTpecC,
3MiHa eKcIpecii N'eHiB BHACTIAOK Ail ermireHeTUYHUX YMH-
HUKiB, BilMOBiAb iMYHHOI CHUCTeMM Ha OIPOMiHEHHS,
BHACJIIOK YOro BMHMKAIOTh JIOKAJAbHI YM BidJajeHi Bil
MicCIIs OTIPOMiHEHHSI YIIKOIKEHHST KTITUH.

He3Baxaroun Ha 3HAYHUI 0OCAT JOCTIIKEHD 11010 de-
HOMeHY bystander response sIK YHiBepCaJIbHOTO SIBUIIIA Ta
radiation induced bystander effect 3okpema, 111e icHy€e m0C-
TaTHBO «OiTMX TIJIIM» Y BUBHAYEHHI MeXaHi3MiB 10ro cTa-
HOBJIEHHS Ta OLHLI MOXJIMBMX HACTiAKiB ST 300POB’S
JIIOIUHU.

ABTOpamu orisiny OyJiM BU3HAUY€HI LIMTOTEHETHUYHI ac-
MEKTU PO3BUTKY padialliiiHO-iHIYKOBAHOTO eeKTy CBiIKa
B COMaTUYHUX KJIITUHAX JIOAMHU (OCOOJIMBOCTI HOro Mo-
JeAoBaHH, iHAYKIl, MaHidecTalii, MepcUCcTeHLii, MO-
mngikarii) mUIIXoM TOCTiIKEHHS XpPOMOCOMHOI Hec-
TaOiILHOCTI B HEOMPOMiHEHUX Ta OMPOMiHEHMX JTiM(POLIN-
Tax KpOBi JIIOAMHU 3 BUKOPUCTAHHSAM aHajlidy aude-
peHuiitHo GTG-3abapBieHrx MeTagpa3HUX XPOMOCOM.

B pesynbraTi npoBeieHUX JOCIiIKEHb BIEpIle 3alporno-
HOBaHO, PO3pPO0JIEHO Ta anpOOOBAHO MOICJBLHY CUCTEMY
JUTST BUBUEHHSI pajliallifHO-iHIyKOBaHOTO e(heKTy CBiaKa 3
BUKOPUCTAHHSIM 3MillIaHOI KYJIBTYPU ONPOMIHEHUX M Vitro
YU in vivo i HEOTTPOMIHEHMX JiM(OIINTIB KPOBi JTIOAWHMU,
SIKi pO3PI3HSIOTHCS 3a ILIMTOTEHETMYHUMU MapKepamu
CTaTi, 110 AO3BOJMIO BCTAHOBUTU OCHOBHI 3aKOHOMIp-
HOCTi PO3BUTKY LIbOTO (PEHOMEHY Ha LIMTOICHETUIHOMY
piBHi. JloBeaeHO, 1110 PO3BUTKY padialliiiHO-iHIyKOBAaHOTO

ing radiation contributes the ability of non-irradi-
ated normal cells to affect damaged by radiation
targeted cells, so-called the reverse bystander
effect (mutual bystander response, rescue effect,
protective bystander cross-talk). This effect
describes the phenomenon in which directly irra-
diated cells received from the non-irradiated
bystander cells the feedback signals, the result of
which may be decrease in the frequency of radia-
tion-induced DNA damages in irradiated cells,
which considered as «positive» effect [112—115].
At the same time, the induction of rescue effect
can decrease and even reduce the therapeutic
effectiveness of radiation therapy for cancer. This
prompts the scientific community to further com-
prehensively study of this phenomenon.

Thus, the generalized and analyzed by us results
of research on the radiation-induced bystander
effect confirm that ionizing radiation induces not
only targeted effects in directly irradiated cells, but
also non-targeted effects in the intact cells. In the
mechanism of RIBE can be involved different
processes — oxidative stress, changes in gene
expression causing by the epigenetic factors, the
response of the immune system to radiation expo-
sure — as a result of which arise local or remote
from the site of irradiation damages of cells.

In spite of a significant amount of research on
the phenomenon of bystander response as a uni-
versal phenomenon and radiation induced
bystander effect, in particular, there are still
enough «white spots» in determining the mecha-
nisms of its formation and the assessment of its
possible consequences for human health.

The reviewers identified the cytogenetic aspects
of the development of RIBE in somatic human
cells (peculiarities of its modeling, induction, man-
ifestation, persistence, modification) by studying
chromosomal instability in non-irradiated and irra-
diated human blood lymphocytes using the analy-
sis of differential GTG-stained metaphase chro-
mosomes.

As a result of our research for the first time a model
system for the study of radiation-induced bystander
effect using the mixed culture from irradiated in vitro
or in vivo and intact human blood lymphocytes differ-
ing in cytogenetic markers of gender (X, XY) was pro-
posed, developed and tested, which allowed to estab-
lish the basic patterns of this phenomenon at the cyto-
genetic level. It was proved that for the development of
radiation-induced bystander effect was inherent the
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eekTy cBilKa NpuTaMaHHa MiABUILEHA iHIYKIIis IUTOre-
HETUYHUX MapKepiB TeHOMHOI HeCTa0iIbHOCTI — abepalliit
XpOMaTUIHOTO TUIIY, YaCTOTa SIKMX He 3aJIeXKUTh Bil J03U
OINPOMiIHEHHS KIIITUH-MillleHel i Moxe OyTu TiepenaHa
HACTYITHUM TOKOJIIHHSIM KJITUH-CBIAKIB in Vvivo/in vitro.
BusiBneHo MixXiHAMBIAYya/IbHi i BIKOBI BIIMiHHOCTI Yy 3/1aT-
HOCTi O PO3BUTKY pamialliiiHO-iHIyKOBAHOIO LIUTOreHe-
TAYHOTIO e(PeKTy B KITUHAX-CBiAKaX, SIKi MOXYTb OYTH Ie-
HETUYHO JETePMiHOBAaHUMU, CHPUYMHEHWMM iHIWBITY-
ATBbHUMHM OCOOJIMBOCTSIMU CTaHY IIPO- 1 aHTUOKCHIAHTHIX
CHUCTEM YU BUKIMKAHUMU JI€I0 iHIIMX F€HOTOKCUKAHTIB.
ITokazaHo, 110 pO3BUTOK e(EeKTy CBiIKa MoOxXe OyTh
HACJTiZIKOM CTPECOBOI BiIITOBi/li OpraHi3My Ha BIUIUB F€HO-
TOKCMYHMX areHTiB HepamialiifHoi MpUpoAu, 10 IPOsIB-
JISIETBCS MiIBUILIEHO (POHOBOIO YacTOTOIO abepalliit Xpo-
MaTUIHOTO TUITY, sIKa HE 3MIiHIOEThCS TIpU pamialliiiHOMY
BIUIMBI. BcTaHOBIEHO, 1110 JTIM(OLIMTH KPOBi JTIOANHU, OII-
POMiHEHi in vivo B INIMPOKOMY Jiana3oHi 103, iHAYKYIOTb
bystander-type effect B iHTaKTHMX KITiTHHAX-CBiIKAX HABITh
y BiIgasieHi TepMiHU ITicJIsl BIUIUBY iOHI3YI0UO1 pafiallii, 1110
MiATBEPIXYE WOro 3MaTHICTh 10 TPUBAJIOI MEPCUCTEHIIIi B
OpraHiami JIIOOIMHMU. 3apeeECTPOBAHO 3BOPOTHUI edeKT
CBilIKa, 110 COPUYMHSIE 3HMXKEHHS pafialliiiHO-iHIyKOoBa-
HOI 4acTOTU abepalliii XpOMOCOM B KJIITMHAX-MillICHSIX.
BcraHoBeHO MiaBUILEHY YacTOTy abepalliii XpoMaTUIHO-
ro TUITy BHACIiZOK PO3BUTKY aOCKOMAJIBHOIO e(eKTy Yy
0ci0, ki 3a3Hamu BBy 'l BHaciimok aBapii Ha YHAEC.
ITokazaHo, 1110 pPO3BUTOK padialliiiHO-iHIYKOBaHOIO
edexTy cBimka Moxe OyTM MoaudikoBaHUI (HiBeIbOBA-
HUIT) aHTUOKCUIAHTHUMU TIpeIiapaTaMi, sIKi 3aXUIIAIOTh
KJIITUHU-CBIIKM BiJ TMOILIKOIXYHOYOI il BUIbHMX paiu-
KaJiB i akTUBHUX (opM KucHIo. [linTBepmkeHo, 1Mo 1Ist
OiosoriyHOI iHAWKALT i JO3UMETpIi y BilgaJieHi TepMiHU
MicJIsl ONPOMiHEHHS TIOAWHU KOPEKTHUM € 00JTiK YaCTOTH
TIJIBKY CTaOLIbHUX IUTOTEHETUYHUX MapKepiB Iii paialiii,
a He TaKMX MOKA3HUKIB SIK «4aCcTOTa a0epaHTHUX KITIITUH» i
«piBeHb abepalliii XxpOMOCOM», III0 MOXE 3aBUIIYBaTH pe-
3yJIbTaTH 32 PaXyHOK adepalliii XpoMaTUIHOIO TUIY, iHAYy-
KOBaHUX B pe3ynbraTi bystander-type effect. OcHOBHI pe-
3yJIBTaTU BKa3aHUX JOCTIIKeHb BUKJIAACHI B MyOJTiKallisxX
[116—122].
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tion paradigms. Mutat. Res. 2010. Vol. 687. P. 13—16. DOI:
https://doi.org/ 10.1016/j.mrfmmm.2010.01.006.

2. Djordjevic B. Bystander effects: a concept in need of clarification.
Bioessays. 2000. Vol. 22. P. 286—290. DOI: https://doi.org/10.1002/
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3. Tomita M., Maeda M. Mechanisms and biological importance of photon-
induced bystander responses: do they have an impact on low-dose radi-

increased induction of cytogenetic markers of
genomic instability — chromatid type aberrations the
frequency of which is independent from radiation
dose of targeted cells and can be passed on to subse-
quent generations of bystander cells in vivo and in
vitro. Inter-individual and age differences in the abili-
ty to develop radiation-induced cytogenetic effect in
the bystander cells, which can be genetically deter-
mined, caused by individual peculiarities of the state
of pro- and anti-oxidant systems or by the impact of
other genotoxicants were revealed. It was shown that
the development of bystander effect can be conse-
quence of the stress response of the organism to the
influence of genotoxic agents of non-radiation
nature, which was manifested by an increased back-
ground frequency of chromatid aberrations and did
not change under radiation exposure. It was estab-
lished that human blood lymphocytes irradiated in
vivo over a wide range of doses induced bystander-
type effect in non-irradiated cells even during the long
term after radiation exposure, confirming its ability to
long-term persistence in the human body. The rescue
effect was registered causing decrease in the frequen-
¢y of radiation-induced chromosomal aberrations in
the target cells. The elevated level of chromatid type
aberrations was established due to the development of
the abscopal effect in persons exposed to *'I as a result
of the Chornobyl accident. It was shown that the
development of radiation-induced bystander effect
can be modified (levelled) by antioxidants that protect
the bystander cells from the damaging impact of free
radicals and active forms of oxygen. It was confirmed
that for biological indication and dosimetry of human
irradiation in the delayed terms following exposure, it
is correct to record only the frequency of stable cyto-
genetic radiation markers, but not such indicators as
«frequency of aberrant cells» and «level of chromo-
some aberrations» which can overvalue the results due
to chromatid type aberrations induced by the
bystander-type effect. The main results of these stu-
dies are presented in our publications [116—122].
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