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PAHHUE U ITO3JHNE JIYYEBBIE D®DEKTbDI B 3IOPOBbIX
TKAHAX OHKOJOI'MYECKUX BOJIbHBIX ITPA
TEPAIIEBTUYECKOM ObJIYYEHUN

Llenb 0630pa — 0606LieHMe JaHHbIX TUTEPATYPbI, KACAOLMXCA 3aKOHOMEPHOCTEN U MEXaHU3MOB POPMUPOBAHUSA pPaH-
HUX 1 OTHANEHHBIX Nly4eBbIX peaKLnii 30POBbIX KNETOK BCIEACTBUE TepaneBTUYECKOro 06/1y4eHns OHKONOTUYECKUX
6onbHbIX. Ocoboe BHMMaHWE yAeNseTcs COBPEMEHHbIM B3MAAAM HA MONEKYNAPHbIE MEXaHWU3Mbl MPOLECCOB pasnny-
Hbix cuctem penapauuu (DDR, BER, NER, MMR 1 ap.), HeatheKTMBHOCTb KOTOPbIX CBA3aHA C pafuaLMOHHO-UHAYLMPO-
BaHHOI HeCTabMAbHOCTbIO TeHOMa 340POBbIX KNETOK, M 3TUONOTMI BTOPUYHbIX ONyX0Neil paAnaLoOHHOTO reHe3a y OH-
Konornyeckux OONbHbIX BCAEACTBME Ny4eBOW Tepanuu. Pewenue npobnembl MHAWBUAYANbHON pafuUaLMOHHOI
YYBCTBUTENbHOCTM OPraHU3Ma OHKOMOrMYECKNX 60NbHbIX OyAeT CNoCO6CTBOBATL CHUXEHMIO YACTOThl PAHHUX U NO3[-
HUX NIy4eBbIX OCIOXHEHUN.
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Early and late radiation effects in healthy tissues of oncologic patients under
therapeutic irradiations

The objective of the article is summarize the literature regarding on the patterns and mechanisms of the formation
of early and distant radiation reactions of healthy cells due to the therapeutic irradiation of cancer patients.
Particular attention is given to the modern views on the molecular mechanisms of the processes of various repair
systems (DDR, BER, NER, MMR, etc.) whose ineffectiveness is associated with radiation-induced instability of the
genome of healthy cells and the etiology of secondary tumours of radiation genesis in cancer patients as a result of
radiation therapy. Solving the problem of individual radiation sensitivity of an organism of cancer patients will help
to reduce the frequency of early and late radiation complications.
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BBEJIEHUE

3a0071eBa€MOCTh U CMEPTHOCTh OT OHKOJIOTMUECKOM T1aTO-
JIOTMY HEYKJIOHHO BO3pacTaeT BO BCEM MUPE, HECMOTPSI Ha
BHEJIpeH1E HOBBIX METOJIOB M TEXHOJIOTUIA B TMaTHOCTUKY U
MPOTUBOOITYX0JIeBoe JeueHue 00abHbIX. [Tpu 3TOM OHMM
13 OCHOBHBIX U pe3yJIBTaTUBHBIX METOIOB JICUCHUSI OCTACT-
cs JiydyeBas Teparus, Kotopas HasHadaercst B 50—70 %
cIy4yaeB, KaK caMOCTOSITEIbHBIN METO/I MO0 B KOMOMHA-
LUU C XMMUOTEPAIIEBTUUECKIM U XUPYPTUIECKUM METO-
Jamu [1—35]. OrcyTcTBUE €IMHOI KOHLESHUUU U YETKUX
MPaKTUIECKNX PEKOMEHIALNIT OTHOCUTEIbHO CHIKEHUSI
JIO30BOI HAarpy3KU Ha OKPYXaloIue «KPpUTUIECKUE» Op-
raHbl ¥ TKaHW, ITpobsieMa YJIy4IIeHUs] KadecTBa KU3HU
MAIMEHTOB TMOCJIE JIy4eBOI Tepaliy TUKTYIOT HEOOXOIM-
MOCTb UCITOJIb30BaHMSI HOBBIX METOIOB, KOTOPBIE YCOBEP-
1LIEHCTBOBAJIY ObI ITO/IBEICHUE JIeUeOHOI T03bI, CO3MaBaIu
OBl MAKCUMAJIbHYIO KOH(OPMHOCTb OOJTy4eHUS U OOeCTIe-
YMBaJIM JIOKAJIbHBII KOHTPOJIb POCTa omyxoJiei [6].

K BBICOKOTEXHOJIOTMYHBIM METOAMKAM OTHOCSITCS
3D-koH(popMHas ydeBast Teparusi 1 Teparusi ¢ MOIYJIsI-
LMeil MTHTEHCUBHOCTHU 03Bl B COYETAHWU CO CPEICTBAMM
(yHKIIMOHANIBHOTO 0TOOpaXkeHus functional magnetic res-
onance imaging (fMRI), mo3nTpoHHO-3MICCMOHHAS TOMO-
rpadus (PET). Mcnonb3oBaHre KOH(OPMHO JIy4eBOI Te-
paruu JaeT BO3MOXKHOCTb MAaKCUMaJIbHO MPUOIU3UTH 00Ty~
JaeMblii 00beM K KOH(PUTYpaLU OITyXOJIA IIPU JOCTIDKE-
HUU TepareBTIIecKoro 3 @eKTa M CHIDKEHUN PUCKa TTOCT-
JIY4eBBIX OCJIOXKHEHUI B HOPMaJIbHBIX TKAHSIX OOJIbHBIX.

B pamnannoHHO#T OHKOJIOTMH TTOSIBUJIMCH HOBBIE Tep-
MUHBI: «00beM OMOJOrMYECKON MUILIEHU», «IEUTUHI-
IO3bI», METOJI «MOJICKYJIIPHOTO UMUIKITHTa» C UCIIOJIb-
soBanueM '*F-fluorodeoxyglucose (FDG-PET). Iloc-
JIEIHUIA METOJ, TT03BOJISIET HE TOJIbKO YTOYHUTD TPAHUIIBI
o0beMa MMIICHU OOJyYeHMs, HO U BU3yaJIM3UpPOBaTh
Mpolecch Ipoaudepannn, OOCTAaBKU W YTUIA3ALUN
KHCJI0pOAa, SKCIIPECCU T€HOB U PELIENITOPOB, KOTOPhIE
BJIMSTIOT Ha BBIPAXKEHHOCTD JIYUEBBIX PeaKIINii.

HecMmoTpst Ha KIMHUYECKIE YCIIEX B COBPEMEHHOM pa-
IUAIMOHHON OHKOJIOTMH, OMOJIOTMYECKHE MeXaHU3MBbI
pPaHHMX U OTHAJICHHBIX JTy4eBbIX 3((PEKTOB B psifie cayda-
€B HEJOCTATOYHO BbISICHEHBI. [loaTOMYy TepcriekTuBa
JAJTbHEHIIIEro pa3BUTHS PAIUALIMOHHON OHKOJIOTUU CBSI-
3aHa He TOJIbKO C BHEIPEHEM HOBBIX TEXHOJIOTHUI B JIyde-
BYIO IIPAKTHUKY, HO M C UHTEHCHBHBIM Pa3BUTHUEM UCCIIEI0-
BaHMIT B 001aCTU KJIMHUYECKOU pamuoduosoruu. Ipen-
CKa3bIBAIOT, YTO YCOBEPIICHCTBOBAHNE TEXHNIECKIX BO3-
MOXXHOCTEH JIy4EeBOM TepaIllMid MOXKET JOCTUTHYTH IIpeac-
JIa, a CJIeyIOLINI TTPOPBIB MPOM30iAET B 00J1aCTU OUOJIO-
TMYEeCKMX MHHOBALINI, B TOM YHCJIe TIPY MCITOJIb30BAaHUM
aIpeCHBIX MPErapaToB B COUYETAHUM C MPELM3NMOHHBIMU
METOJaMM TTOBEICHUS TO3bI K OITyXO0JIu U Ap. [7, 8].

INTRODUCTION

Morbidity and mortality from cancer pathology is
steadily increasing throughout the world, despite
the introduction of new methods and technologies
in the diagnosis and antitumor treatment of
patients. Radiation therapy, which is prescribed in
50—70% of cases, either as an independent
method or in combination with chemotherapeutic
and surgical methods, remains one of the main
and effective methods of treatment [1-5]. The
lack of a unified concept and clear practical rec-
ommendations for reducing the dose load on sur-
rounding «critical» organs and tissues, the problem
of improving the quality of life of patients after
radiation therapy dictate the need for new meth-
ods that would improve the treatment dose, create
maximum radiation compliance and provide local
control of the growth of tumours [6].

High-tech techniques include 3D-conformal
radiotherapy and dose-modulated therapy com-
bined with functional magnetic resonance imaging
(fMRI), positron emission tomography (PET).
The use of conformal radiation therapy makes it
possible to maximally approximate the irradiated
volume to the tumour configuration with the
achievement of therapeutic effect and the lowering
of post-radiation complications risk in normal tis-
sues of patients.

New terms have appeared in radiation oncology:
«volume of biological target», «payting-dose»,
«molecular imaging» method using '*F-fluo-
rodeoxyglucose (FDG-PET). The latter method
allows not only to clarify the scope of the irradia-
tion target, but also to visualize the processes of
proliferation, oxygen delivery and utilization,
expression of genes and receptors that influence
the severity of radiation reactions.

Despite clinical advances in modern radiation
oncology, the biological mechanisms of early and
distant radiation effects have not been sufficiently
elucidated in a number of cases. Therefore, the pros-
pect of further development of radiation oncology is
associated not only with the introduction of new
technologies in radiotherapy, but also with the inten-
sive development of research in the field of clinical
radiobiology. It is predicted that the improvement of
the technical capabilities of radiotherapy can reach
the limit, and the next breakthrough will occur in the
field of biological innovations, including the use of
targeted drugs in combination with precise methods
of dose administration to a tumour, etc. [7, 8].
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B HacTos11ieM 0030pe pacCMOTPEHBI BOITPOCHI, CBSI3aH-
HBIE C PATUOONOIIOTMYECKUMU 3aKOHOMEPHOCTSIMU U Me-
XaHU3MaMK (POPMMUPOBAHUSI PaHHUX U TO3IHUX MO00Y-
HBIX PEAKIIMIA CO CTOPOHBI HOPMAJIbHBIX TKAHEH TIPU Tepa-
MEeBTUYECKOM O0lydeHHU oryxosieil. Ocoboe BHUMaHUeE
YIEJIEeHO MpolieccaM perapanvi paaaaliuoOHHO-UHIYIIN-
poBaHHbIX noBpexaeHuit JIHK, nHrubuposaHue akTus-
HOCTU KOTOPbIX OOYCJIOBIMBAET HECTAOMUJIBHOCTh T€HOMA,
SIBJISTIOILIYIOCST OTHOW M3 KJTIOUYEBBIX TPUYMH BO3HUKHOBE-
HYSI BTOPUYHBIX OIMYXOJIei Y OHKOJIOTMYECKUX OOTbHBIX.

Pannue aydeBnie 3()(heKThI B 30POBbIX TKAHIX
OHKOJIOTHYECKHX 00JIbHBIX
HecMoTpst Ha KOH(POPMHYIO «CTPaTeTUIO» PagualioOH-
HOIi OHKOJIOTMM, B 30HY OOJIyUeHMSI, BKIIOYAIOIIYIO
OITyX0JIb, HEM30EXKHO IOIafal0T KJIETKU HOpPMaJbHbIX
TKaHEeW. DTO TKaHEeBbIC CTPYKTYPHI, PACIIOJIOKEHHBIEC Ha
BXOJI€ 1 BHIXOZIE TePAIleBTUICCKOIO IMyYKa NOHU3UPYIO-
mux nanydenuii (M), KpoBeHOCHBIE COCYIbI, KOTOPEIE
noasepratoTcsa BosaeiicTBruio MU B Takoii ke mo3e, 4To
M OTYXOJib, M, HAKOHEIl, MUKPOCKOITMYECKIEe NH(PUIIBT-
paThl OIYXOJY B 3M0POBBIX TKaHsX [4]. YyacTku nepBo-
HavyaJlbHO HOPMAaJIbHBIX OKPYKAIOIINX OIYXOJIb TKaHEei
MpeTepreBaroT BCISACTBUE TepalleBTUUECKOIo 00JIyde-
HUS psiT U3MEHEHMIA: TTOBpEXXASHNE, peTiapaliys, BocIia-
nerue u ap. [loaTomy o0IydeHHAsI TKaHb K KOHILY Kyp-
ca JIYEHMSI CYIIECTBEHHO OTJIMYACTCS OT HCXOMHOMU
HopMmajibHO TKaHu [9]. Ilpu oOsydeHMM pagnovyB-
CTBUTEJILHBIX (DOPM OITyXOJIel IIPOUCXOAUT UX AECTPYK-
ust 6e3 3HAYMMOTO TTIOBPEXKACHMS OKPYXKAIOIINX 300PO-
BBIX TKaHel (JToxke ormyxoiun). g appeKTMBHOTO BO3-
JNEUCTBUSI HA PaduOPE3UCTEHTHbBIE OIyXOJIU TPEOYIOTCS
no3bl MW, BeI3bIBaOLIME B ONIPeAeIeHHON CTEINeH! pa3-
pYIIeHNE W 300POBBIX TKaHeil. [1oaToMy prCK pa3BUTHUSI
HEOJIarONPUSTHBIX JTYYEBBIX PeaKLNii CO CTOPOHBI HOP-
MaJIbHBIX TKaHeil MOXeT ObITh 1OCTaTOYHO BLICOK [10].
CraHmapTHass cucTeMa KjaaccubUKaUW CTEIeHU
TSIKECTU JIYYEBBIX OCJIOXHEHMI IO3BOIsACT Audde-
pEeHILIMPOBaTh OCIOXHeHUs | crereHn (Jerkume), KOTO-
pble SBISIOTCS OOpaTUMBIMM M TIPOXOMASIT 0e3 Tepa-
MEeBTUYECKOTO BMEIIATEIbLCTBA U MpEepbIBaHUS Kypca
00JiyyeHus ; ocinoxHeHus I1 cteneHu (yMepeHHbIE) —
MU3JeYnBalOTCs B aMOYJIaTOPHBIX YCJIOBUSIX 0€3 CHU-
JKEHUSI 03bl W IpepbIBaHUSI Kypca OOJyYeHMs; OcC-
moxHeHus III crermeHu (TsKenble, ¢ BbIpaXXeHHON
CUMIITOMATHUKOI1), IIpY KOTOPHIX OOJIbHBIE HYKIAIOTCS
B FOCHUTAIM3AlIMM U B MHTEHCUBHON IOIIEPXKIBAIO-
1Iel Teparuu ¢ IpepbiBaHUEM Kypca 00JydeHUs 1100
M3MeHEHMEM H03bI; U ocjioxxHeHus 1V cTenenu, yrpo-
JKalolye XX1U3HU 00JIBHOTO C OTMEHOI JIy4eBOil Tepa-
1.

In this review, we consider issues related to the
radiobiological patterns and mechanisms of for-
mation of early and late adverse reactions from
normal tissues during therapeutic irradiation of
tumours. Particular attention is given to the
processes of repair of radiation-induced DNA
damage, the inhibition of whose activity causes the
instability of the genome, which is one of the key
causes of the emergence of secondary tumours in
cancer patients.

Early radiation effects in healthy tissues

of oncologic patients

Despite the conformal «strategy» of radiation
oncology, cells of normal tissues inevitably enter
the irradiation zone that includes the tumour.
These are tissue structures that are located at the
entry and exit of the therapeutic ionizing radia-
tion beam (IR), blood vessels that are exposed to
the IR at the same dose as the tumour, and final-
ly, microscopic tumour infiltrates in healthy tis-
sues [4]. Sections of initially normal tissues sur-
rounding tumour undergo a number of changes as
a result of the therapeutic irradiation: damage,
repair, inflammation, etc. Therefore, the irradiat-
ed tissue substantially differs from the original
normal tissue by the end of the course of treat-
ment [9].After the irradiation of radiosensitive
forms of tumours, their destruction occurs with-
out significant damage to the surrounding healthy
tissues (the tumour bed). The effective action on
radioresistant tumours requires a dose of IR that
causes a certain degree of destruction of healthy
tissues. Therefore, the risk of developing adverse
radiation reactions from normal tissues can be
quite high [10].

The standard system for the classification of
severity of radiation complications makes it possi-
ble to differentiate the complications of the 1st
degree (light), which are reversible and pass with-
out therapeutic intervention and interruption of
the irradiation course; complications of 11 degree
(moderate) — are cured in outpatient settings with-
out dose reduction and discontinuation of the irra-
diation course; complications of the III degree
(severe, with adverse symptoms), in which patients
need hospitalization and intensive maintenance
therapy with discontinuation of the course of irra-
diation or a change in dose; and complications of
the IV degree, threatening the life of the patient
with the abolition of radiation therapy.
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PanHue nydeBble peaklMy BO3HUKAIOT B TKaHSIX C
OBICTPBIM KJIETOYHBIM OOHOBJIEHMEM, K KOTOPHIM OT-
HOCSTCSI KOXa, KOCTHBIA MO3T, SIMUTEINN XeIyaKa 1
KMIIeYHUKa U ap. PaHHMe peakliuyd 4acTo 00yciIoBIe-
HBI TOBPEXIEHNEM CTBOJIOBBIX KJIETOK 1 KJIETOK-TIpEI-
IIECTBEHHUKOB, IIPUBOISIIMX K BPEMEHHOMY JIHOO
MOCTOSSHHOMY HEIOCTaTKy 3pejbIX (DYHKIMOHATbHBIX
KJIeTOK. B HeKOTOpBIX TKaHSX, HAIpUMep, JUM@OuI-
HBIX U CJIIOHHBIX 3KeJie3, ObIcTpast yObLIb KIETOK 00yC-
JIOBJIeHa MX alomnTo30M. PaHHMe peakuuu TKaHel
(HampuMep, dpUTEMa KOXHW) SIBISIOTCS peakIusIMU
BOCITAJIMTEJbHOIO TUIIA B pe3yJibTaTe U3MEHEHU KJie-
TOYHOI mpoHuIaeMoct [11]. JluHaMuka paguanuoH-
HOTO MOpaXXKeHUsI SHAOTEIMS COCYIOB BaxkHa IJISI BCeX
0e3 uckIwuYeHus TKaHell. B pesynabrate o0iydeHUst
KJIETKU DHIOTENUS TePSIOT CIIOCOOHOCTh K TMpoinde-
panuu, IIPOUCXOINT 3allyCTeBaHUe KalMJUISIPOB, YIHE-
TaeTcsl pOCT HOBBIX cocynoB. K aTtomy moGaBisiorcs
MOBpeKAeHNS TMM@aTnuecKnx cocyaon. Ob1Iee mopa-
JKEHME COCYAUCTON CceTu, KOTopasi MUTaeT pa3iuyHbIe
TKaHH, TIPUBOJUT K pa3BUTHIO (pUOpP0O3a U JTydeBHIX SI3B.
Cpenu paHHUX 3¢ (HEKTOB 00JyYeHUs1, KOTOpbie hop-
MHUPYIOTCSI B OBICTPO MpoJubEepUpYyIOIINX TKaHSX,
KJIIOYEBYIO pOJIb UIpaeT Iumepruia3us KiaeTok. Jlyde-
BbI€ peakilMi CO CTOPOHbBI AMUAEPMUCA, OCOOEHHO Ha
Bxozae nyuka MM, orpaHMIMBaOT UCIIOJIb30BaHKE B pa-
JMALIMOHHO OHKOJIOTUY BBICOKUX J103.

Pacimipenne pannoOMoiorMyecKux 3HaAHUR O MoJie-
KYJISIpDHBIX Mpolieccax MaToreHesa pajavalloOHHOIO I0-
paxkeHUs TT03BOJISIET IIPOrHO3UPOBATH CTETICHD TSLKECTH
JIy4€BOTO BO3IECHCTBHUS Ha 300POBbIC TKAHU. YCIICIIHbIS
pe3yabTaThl MOJyYeHbl MPU HCIIOJIb30BAaHUU METOAO0B
JNEeTEKIIMA OTHOHYKJIeOTUAHOro nomuMopdusma (SNP)
B T€HaX, KOTOpPbIe KOHTPOJUPYIOT PaglOYyBCTBUTEIIb-
HOCTB 300pOBBIX TKaHelt [12, 13]. Hapsmy ¢ SNP u3syua-
1oTcs Bo3MoxkHocTu KonuitHoctu JJHK 1 xapakrepa ee
METUJIMPOBAHMUSI, UYTO MOXKET IMOBBICUTh TOYHOCTh ITPOT-
HOCTHMYECKNX IoKa3aTeieil. Ilpodunp 3Kcmpeccun
JTUM@OLUTOB OOJBHBIX, OOJYUEHHBIX ex Vivo, ToKasal
MPUCYTCTBUE T€HHBIX CUTHATYP, KOTOPbIE KOPPETUPYIOT
CO CTETICHBIO TSLKECTH MOBPEXKICHUS 300POBBIX TKaHEH
[14]. XoTs npu MCNOAb30BAHUU COBPEMEHHOI BBICOKO-
TEXHOJIOTUYECKON paguoTEPparieBTUYECKON annapaTyphl
pacripeneneHue Boicokux 103 MU B obiyyaeMom o0be-
Me€ 3a4acTylO JOCTUTAETCS P MUHUMAIbHOM ITOBPEXK-
JIIEHUH 3I0POBBIX TKaHE, B IIEPBYIO OYepeIb SIMUIACPMU-
ca, paHHMEe MOoOO0YHBIe 3(PPEKTHI MPOJOILKAIOT UTPATh
CBOIO HeraTuBHYIO poib. [1o manHbIM [15], Ha mIaugap-
Me paHHUX 3¢ @PEKTOB MOTYT pa3BUBAThCSI MMO3THUE JTy-
YeBbIC TOPAKCHHUSI.

Early radiation reactions occur in tissues with
rapid cellular renewal, which include the skin,
bone marrow, epithelium of the stomach and
intestines, etc. Early reactions are often caused
by the damage to stem cells and predecessor cells
that lead to a temporary or permanent lack of
mature functional cells. In some tissues, for
example, lymphoid and salivary glands, the rapid
loss of cells is due to their apoptosis. Early tissue
reactions (e. g., skin erythema) are inflammato-
ry responses as a result of changes in cell perme-
ability [11]. The dynamics of radiation damage
to the vascular endothelium is important for all
tissues without exception. As a result of irradia-
tion, the endothelial cells lose the ability to pro-
liferate, the capillaries become desolated, the
growth of new vessels is inhibited. To this are
added damages of lymphatic vessels. The com-
mon defeat of the vascular network, which nour-
ishes various tissues, leads to the development of
fibrosis and radiation ulcers. Among the early
effects of irradiation, which are formed in rapid-
ly proliferating tissues, a key role is played by cell
hyperplasia. Radiation reactions from the side of
the epidermis, especially at the entrance of the
beam of IR, limit the use of high doses in radia-
tion oncology.

Expanding the radiobiological knowledge of
the molecular processes of the pathogenesis of
radiation damage allows us to predict the severi-
ty of radiation effect on healthy tissues.
Successful results were obtained using single
nucleotide polymorphism (SNP) detection
methods in genes that control the radio sensitiv-
ity of healthy tissues [12, 13]. Along with SNP,
the possibility of DNA duplication and the
nature of its methylation is explored, which can
improve the accuracy of prognostic indicators.
The expression profile of lymphocytes in patients
irradiated ex vivo showed the presence of gene
signatures that correlate with the severity of
damage to healthy tissues [14]. While using mod-
ern high-tech radiotherapy equipment, the dis-
tribution of high doses of IR in the irradiated
volume is often achieved with the minimal dam-
age to healthy tissues, primarily the epidermis;
however, early side effects continue to play a
negative role. According to the data of [15], late
radiation damage can develop on the bridgehead
of early effects.
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ITo3anue aydenbie 3¢ eKThI B 310POBBIX TKAHAX
OHKOJIOTHYECKHX 00JIbHBIX
ITo3gHue nydeBble NOCAEACTBUSI HOCIT HEOOPATUMBIN 1
MPOrpecCUpPYIOINA XapaKTep 1 CBSI3aHbl C UTHTEHCUBHBIM
OTBETOM KJIETOK MapeHXUMbI, SHIOTEIUSI COCYA0B, (h1d-
pobJacToB, MakpoaroB 1 APYTUX TUIIOB KJIETOK. Beien-
CTBME B3aMMOAEHCTBUS TUX KJIETOK ITOJ BIUSHUEM I~
TOKMHOB U (haKTOPOB POCTa HACTYHAIOT IIPOrpecCUupyro-
1€ U3MEHEeHUs TTapeHXMMBI OpraHa ¢ moc/eayolei yT-
paroii KanmwuIIpHOU ceTh U (PYHKUMOHAJbHOM aKTUB-
HOCTH 00JIydeHHOro oobema TKaHu. Puopo3, KOTOPLIit
SIBJISIETCSI YaCTOM OTHAJICHHOM TKAHEBOM peaKIe Ha JIy-
YEBYIO TepaITnio, BHI3BIBACTCS YCKOPEHHOM ITOCTMHUTOTH-
yeckoil auddepeHIMalnueld 00ay4eHHbIX ME3eHXUMAalb-
HBIX KJIeTOK ((pmOpodIacTel, MUODUOPOOIACTHI, TIAATKO-
MBbIIIEYHbIE KJIETKU), TPUBOJISIILIEH K YPE3MEPHON BbIpa-
0OTKe KoJIJIareHa, a Takxke rmoebio KIeTok [16].
[J1aBHBIM KpUTEpUEM pa3BUTHUS OTHAJICHHBIX CTOXaCTH-
YECKHUX, B TOM YMCJIe KaHIIEPOI€HHBIX, ITOCIEACTBUI 00-
JIY4EHMSI CUUTAETCsI BEPOSITHOCTh COXPAHEHUS Y BbIKUB-
Il KJIETKM HepenaprupOBaHHBIX OBPEXICHUI TeHOMa.
[TosToMy KiTtOYeBast pojib B IIPEIOTBPAICHUN Pa3BUTHS
OTIAJICHHBIX JIy4eBbIX 3(PDEKTOB MPUHAIICKUT IIPOLIEC-
cam penapauuu. PagmoOuosnorust pacrojaraeT HEOCITO-
PUMBIMHA 3KCIEPUMEHTAIBHBIMU [TOKA3aTeILCTBAMU B
MOJIb3y TOTO, YTO OCHOBHOI MMIIIEHBIO, OTBETCTBEHHOI
3a paguallOHHO-MHIYLIMPOBAHHYIO THOEIb KIIETOK, SIB-
nsercsa JAHK. ITocrmemoBaTeabHOCTM HYKJIEOTUIOB B
HHK ompenensiioT xapakTep TeéHeTMYecKoi WHdopMa-
L1, a CIIOCOOHOCTh €€ K CaMOYIBOSHHUIO 00eCTIcurBaeT
TEHETUYECKYIO MPEeMCTBEHHOCTh MOKojJeHMuit. O0ayde-
HUe B 03¢ 2 Ip BeI3BIBAET yTpaTy CIIOCOOHOCTU K Heorpa-
HrYeHHOMY nesteHnio y 10—90 % kieTok (¢ yueToM Bapu-
a0eIPHOCTH PAadMOYyBCTBUTEILHOCTH KIIETOK HOpMaslb-
HBIX TKaHEeW M 3J0Ka4eCTBEHHBIX HOBOOOPA30BaHWUIA).
ITpu s1oit no3e B IHK omHO#t KIeTKM MOBpeXXIaroTcs
okosio 1000 ocHoBaHuii, 06pa3zyroTcsa 2000 ofHOHUTEBBIX
pa3pbiBoB (OP) 1 80 nByHUTEBBIX pa3pbiBoB (IP), a Tak-
ke dopmupyorcss 300 cumBok ¢ 6enkom. [TpoBeneHbI
OpUTMHAJIbHbIE UCCIeI0BaHUS TIPY O0JTyYeHUU UHIUBU-
JyaJIbHBIX KJIETOK O-4aCTHUIIAMU C TOMOIIbIO MTOJIOHUE-
BbIX MuKpoura [17]. ITnazmMatnyeckue MeMOpaHbl U L1~
TOILIa3Ma BBIAEpKaIu OO0JIydeHHEe B BBICOKHUX /103aX, KO-
TOpOe He TIPUBOAWIO K ThbOenun kieTku. OgHako, Koraa
MMKPOUTJTY pa3Meliajv TaKuM 00pa3oM, 4To B SIpO MO-
Mamajayd OIHA WIM IBE O(-4aCTHUILIBI, KJIETKa IToruoaia.
Hedextol JIHK, gpasiroimuecs: ciieicTBUeM OLLIMO0Y-
HOU penapalyy, HaKaIUIMBAaIOTCS U CIYKAT MPUYUHON
3J10Ka4eCTBEHHOI TpaHchopMaluu Kietok. Kputnuec-
KMMH pagdalliOHHO-UHAYLIMPOBAHHBIMU ITOBPEXKICHN -
sIMH, KOTOpBIE BeAyT K (OPMHUPOBAHUIO abeppalinii Xpo-

Late radiation effects in healthy tissues

of oncologic patients

Late radiation effects are irreversible and progres-
sive and are associated with an intensive response
of parenchyma cells, vascular endothelium,
fibroblasts, macrophages and other cell types. Due
to the interaction of these cells under the influence
of cytokines and growth factors, there are progres-
sive changes in the organ parenchyma followed by
a loss of the capillary network and the functional
activity of the irradiated tissue volume. Fibrosis,
which is a frequent long-term tissue reaction to
radiation therapy, is caused by accelerated post-
mitotic differentiation of irradiated mesenchymal
cells (fibroblasts, myofibroblasts, smooth muscle
cells), leading to excessive collagen production,
and cell death [16].

The main criterion for the development of dis-
tant stochastic, including carcinogenic, effects
of irradiation is the probability of preserving the
non — repaired lesions of the genome in surviving
cells. Therefore, a key role in the prevention of the
development of distant radiation effects belongs to
the processes of repair. Radiobiology has undeni-
able experimental evidence in favour of the fact
that the main target responsible for radiation-
induced cell death is DNA. Sequences of
nucleotides in DNA determine the nature of
genetic information, and its ability to duplicate
itself provides genetic continuity of generations.
Irradiation in a dose of 2 Gy causes a loss of the
ability to unrestricted division in 10—90 % of the
cells (taking into account the variability of the
radio sensitivity of cells of normal tissues and
malignant neoplasms). At this dose, about 1000
bases are damaged in the DNA of one cell, 2000
single-strand breaks (SSB) and 80 double-strand
breaks (DSB) are formed, and 300 crosslinks are
formed with the protein. An original study was car-
ried out during the irradiation of individual cells
with o-particles using polonium microneedles
[17]. Plasma membranes and cytoplasm survived
high-dose irradiation, which did not lead to the
cell death. However, when the microneedle was
placed in such a way that one or two o.-particles fell
into the nucleus, the cell died.

Defects of DNA, which are the result of erro-
neous repair, accumulate and cause malignant
transformation of cells. Critical radiation-
induced lesions that lead to the formation of chro-
mosome aberrations are recognised as double-
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MOCOM, TMpU3HaHbI AByHUTeBbIe pa3pbiBbl JJHK. O0y-
YeHHEe B MHTEPBaJjie MaJIbIX 103 BEI3BIBACT JOCTOBEPHOE
yBeJIMYEHMEe YacTOTHl abeppallrii XpOMOCOM, UTO BIIOC-
JISACTBUM MOXET CTaTh IIPUYMHOM pa3BUTUS paaualiv-
OHHOTO KaHIIepoTeHe3a.

K pammannoHHO-MHAYLIUPYEMBIM ITOBPEXKICHUSIM
JAHK otHocarca OP, JIP, Mmogudukanms ocHOBaHUWIA B
Buae noBpexaeHuit uau yrpat, ciuBku JHK-JIHK n
HHK-6emno0k [18]. Boznukaromnue B JIHK nmoBpexneHust
ocHoBaHuil 1 OP konauuecTtBeHHO mpeBocxoadat AP u
obOpasytorcs B 50 pa3 yamie. [loBpexxneHne OCHOBaHUM U
obpazoBanue OP mpoucxoaut He TOJBKO MpU JECTBUU
paavalyu, HO U TIPU OCYIIECTBICHUM TTPOIIECCOB MeTa-
o6oausma. [ToacunTaHo, 4TO €XKeAHEBHO B KaXKI0M KJIET-
Ke obpasyercs mopsaka 100 Teic. Takux medekroB. OP
MPUBOMAT K Aerpagalinu oqnuHouHbIX TseKelt JIHK, u pe-
MapupyIOTCsI, BOCHOBHOM, Ha MPOTSZKEHUN HECKOJBKIX
MUHYT TIOCJe OOJIydeHMsI, X TOJIbKO He3HAuMTeJIbHas
YacThb — Ha TIPOTSKEHUM HECKOJNBbKMX JacoB [19, 20].
JomyckaroT, 4To mpu 00JIydeHUU BO3HUKAIOT HE TOJBKO
OP, ananoruyHble CMOHTaHHBIM, HO JOIMOJHUTEIBLHO
MOTYT 00pa30BBIBATHCS «KOMILJIEKCHBIC», TIPH KOTOPHIX
B «ckenete» JJHK psgoM HaxomsiTCss HECKOJbKO pa3op-
BaHHBIX KOHLOB. Takume OP penapupyiloTcs ropasno
TPpyIHEE MO CPAaBHEHWIO CO CIIOHTAHHBIMU. YCTaHOBJIE-
HO, YTO HamOoJiee PamrOYyBCTBUTECIbHBIMU SIBJISIOTCSI
NUPUMHUAMHOBBIE OCHOBAHUS, PaaMOJU3 KOTOPBHIX B
pacTBopax oOycioBleH aTakoil pamukaiaoB OH* Ha
JIIBOIMHYIO CBSI3b MEXIY YETBEPTHIM U ITSITHIM aTOMaMU
yriaepona. B KyJIBTUBHUPYEeMBIX KJIETKaX MJIEKOITMTAIO-
mux okoso 70 % OP ynanisiorcst Bo BpeMst OBICTPOIL pe-
napamnuu B TeyeHue 3—5 MuH nHKyOauuu npu 37 °C, B
TO BpeMsl KakK ocTajibHbie OP BoccoenuHSIOTCS B Teue-
Hue 90 mMuH. TUMOLUTHI, JUM@POLUTHI U TeIMaTOLMTHI,
00JIyuUeHHBIE B COCTaBe 1IEJIOCTHOIO OpraHM3Ma, pera-
pupytoT OP ¢ 6osee HU3KOI ckopocThio. Hapsimy ¢ pe-
napauueir OP ycTtaHOBJI€Ha BO3MOXHOCTb perapaniu
AP JTHK. ITpu obaydyeHuu omHa yacth P sBusercs
CIIeICTBUEM OIHOBPEMEHHOI'O pa3pbiBa IBYX HUTEHU
JHK B onHOM MecTe 1 BOBHMKHOBEHME TaKUX Pa3pbIBOB
MPOMOPUUOHATBHO 03¢ paauaiuu. OopazoBaHue 00-
nee 90 % takux JIP xapakTepHO npu 00Jy4eHUU B qua-
naszoHe Maibix 103. dpyras yacts JIP obpasyercs Bciie-
JICTBUE TIomagaHust AByx HedaBucumbix OP B ompene-
JieHHyto oonactsb JIHK; yrcio pa3pbIBOB B JAHHOM CJTy-
yae BO3pacTaeT IPONOPLINOHAIBHO KBagpaTy T03bI 00-
JIy4eHUSI ¥ XapaKTEePHO IS IeMCTBUS OOJIbIINX 103 pa-
JHUALMU.

B Hacrosiiee BpeMst TPOMCXOAUT TIEPEOPUEHTALIUS UC-
CJIeIOBaHUIA OT T'eHa KO BceMy reHoMy. Takue MHoromnapa-
METpUYECKHE UCCIIeA0BaHUS obecrneyaT yriyoJeHHOe U3y-

strand breaks of DNA. Irradiation in the small
dose range causes a significant increase in the fre-
quency of chromosome aberrations, which can
subsequently lead to the development of radiation
carcinogenesis.

Radiation-induced damage to DNA includes
SSB, DSB, modification of bases in the form of
damage or loss, DNA-DNA cross-linking and
DNA-protein [18]. Damage to the bases and SSB
in the DNA is quantitatively superior to DSB and
is formed 50 times more often. Damage to the
bases and the formation of the SSB occurs not only
with the action of radiation, but also during the
process of metabolism. It is estimated that about
100,000 such defects are formed every day in every
cell. SSBs lead to the degradation of single strands
of DNA, and are repaired, mainly, for several min-
utes after irradiation, and only a small part — for
several hours [19, 20]. It is assumed that upon irra-
diation, not only SSBs appear, analogous to spon-
taneous ones, but in addition «complex» ones can
arise, in which there are several broken ends in the
«skeleton» of DNA. Such SSBs are much more
difficult to repair than spontaneous ones. It has
been established that the most radiosensitive are
pyrimidine bases whose radiolysis in solutions is
caused by the attack of OH * radicals on the dou-
ble bond between the fourth and fifth carbon
atoms. In cultured mammalian cells, about 70 %
of the SSB is removed during a rapid repair within
3—5 min of incubation at 37 °C, while the remain-
ing SSBs are reconnected within 90 minutes.
Thymocytes, lymphocytes and hepatocytes, which
are irradiated in the whole organism, repair the
SSB at a lower rate. Along with the SSB repair, the
possibility of DNA DSB repair is established.
When irradiated, one part of the DSB is a conse-
quence of the simultaneous rupture of two DNA
strands in one place and the occurrence of such
ruptures is proportional to the dose of radiation.
The formation of more than 90 % of such DSBs is
characteristic for irradiation in the range of small
doses. Another part of the DSB is formed due to
the entry of two independent SSBs into a specific
region of the DNA; the number of ruptures in this
case increases in proportion to the square of the
dose of irradiation and is typical for the action of
large doses of radiation.

Currently, there is a reorientation of research
from the gene to the entire genome. Such multi-
parameter studies will provide an in-depth study
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YeHNe MeXaHU3MOB (hOPMUPOBAHUST paTUallMOHHO-MHIIY-
LIMPOBAaHHBIX TTOBPEKIEHUI B 3M0POBLIX TKaHIX. Ha cMe-
HY YIOPOIIEHHBIM IIPEICTABICHMSIM O IIpolieccax perapa-
LA OBUIM OTKPBITHI MOJIEKY/ISIpHbIe MexaHu3Mbl DNA
damage response system (DDR), base excision repair
(BER), nucleotide excision repair (NER), mismatch repair
(MMR) n np. 3HaHMe 3TUX MEeXaHN3MOB ITO3BOJISIET MC-
CJe10BaTh 3aKOHOMEPHOCTU (hOPMMPOBAHUST MHIVIBUILY-
aJbHOM pPagVallMOHHOI YYBCTBMTEJIBHOCTH OpraHM3Ma
onyxosneHocutesst. [IpusHaHo, 4TO cTAOUIBLHOCTH TEHOMA
obecrnieunBaeTcst 3(PHEKTUBHOCTHIO (DYHKIIMOHUPOBAHUS
B KJIETKE TaK Ha3bIBA€MOM «CUCTEMbI OTBETA Ha ITOBPEXKIE-
Hue JHK» (DNA damage response system, DDR). Bto
YHUBepCaJlbHasl CCTEMa BOCCTAHOBJICHUST TTOBPEXKICHUI
TeHOMa KJIETKM, BO3HUKAIOIIMX KaK B Pe3y/IbTaTe 9HIOIeH-
HBIX TTPOLIECCOB (HarpuMep, TPy OIINOKAX PerIMKalnm),
TaK 1 IIPY BO3AEICTBUY BHEIIHUX CTPECCOBBIX (haKTOPOB,
B T.U. MOHM3UPYIOIIEH paguannu. Pemapamus moBpexie-
auii JIHK (DDR) mpencraBisgeT coboil Leyio Tpyriy
CUTHAJIbHBIX TECHO CBSI3aHHBIX MEXTY COOOIi ITPOIIECCOB,
KaXKIBI 113 KOTOPBIX KOHTPOJIMPYET OIpeAesicCHHOE 3BEHO
BHYTPUKJICTOYHOTO MeTaboimm3Mma. Cucrema perapaiuu
BKJIIOYAET JBa HA0Opa KOMIIOHEHTOB: CEHCOPHI ITOBPEKIe-
nuit IHK u acpdexTopsl penmapatuBHbBIX mporieccoB. CeH-
COpBbI COCTOSIT M3 TPYI OEJKOB, KOTOpbIE MOCTOSIHHO
«00CenyI0T» TeHOM B MOoMcKax IroBpexaeHuii. ITocae 06-
HapyKeHUs TTOBPEXXICHUI OCJIKM Tal0T CUTHAI TPEM OC-
HOBHBIM 3(P(PEKTOPHBIM TIpyIIiaM, OTBETCTBEHHBLIM 3a
cyap0y 00ydeHHOI KiieTky. K 3TuM rpyrmnaM OTHOCST:

> MpPOILECChl MPOrpaMMUPOBAHHOI THOENIM, OCYIIeC-
TBJISIIOIINE BHIOPAKOBKY MOBPEXKICHHBIX KJIETOK;

> npouecchl pernapauuu JAHK, ycrpansioniye nedekThbl
(pa3pbIBhI);

> IIPOLIECCHI, BBI3BIBAIOIINE 00K IMPOABYKEHMST KIIET-
KM 110 IIMKJIY — KOHTPOJIbHBIE TOUKU.

VYnakoBka JIHK u KommakTHasi CTpyKTypa XpOMOCOM
CO3M1AI0T MPOo0JIeMyY JUIS OCYIIECTBIEHNS TTPOLIECCOB peria-
paLuu B oJIHOM oobeMe. COOTBETCTBYIOILIME OEIKN AOIK-
HBI OBITh TIPEACTABICHBI OOJIBIIMM KOJIMYECTBOM KO U
00J1a1aTh JOCTATOYHOW MOOMIIBHOCTBIO JIJIs1 OOHAPYKEHUS
MOBPEXACHNI B TeUeHUE HECKOJIbKMX CEKYHII MM MUHYT
nociie ero nosieeHust. CTpyKTypa XpoMaTHHA JOJDKHA 13-
MEHMTHCSI, TIOCKOJIBKY OH JIOJDKEH CTaTh 00JIee pelaKCupo-
BaHHBIM JIJ1s1 00eCTIeueHMSI TOCTyTIa OSIKOB pernapariu.

IIpoliecchl pa3NMMUHBIX TUIIOB pellapalyuyd yCTPaHSIOT
noBpexaeHust JHK, nHayuupoBaHHbIE MOM JAEHCTBUEM
BHYTPY- M BHEKJIETOYHBIX, B TOM YMCJI€ MOHU3UPYIOIIEH
paguauuu, akropos [21]. 3HaunUTeILHAS YaCTh paguali-
OHHO-UHAyLIMpoBaHHbIX moBpexneHnit JIHK moxeTt cor-
pOBOXIATbCs MoTepeld KoaupyeMoil uHdopmauuu [22].
[IpuBenemM mpruMepsl HEKOTOPHIX CUCTEM Perapaliii.

of the mechanisms of formation of radiation-
induced damages in healthy tissues. The molecu-
lar mechanisms of the DNA damage response sys-
tem (DDR), base excision repair (BER),
nucleotide excision repair (NER), mismatch
repair (MMR), etc. have replaced the simplified
notions of repair processes. Knowledge of these
mechanisms makes it possible to investigate the
patterns of the formation of an individual radia-
tion sensitivity of the organism of the tumour car-
rier. It is recognized that the stability of the
genome is ensured by the efficiency of functioning
in the cell of the so-called «DNA damage
response system» (DNA DDR). This is a univer-
sal system for restoring damage to the cell’s
genome, resulting both from endogenous process-
es (for example, replication errors), and under the
influence of external stress factors, incl. ionizing
radiation. DNA DDR is a whole group of sig-
nalling closely related processes, each of which
controls a specific link of intracellular metabo-
lism. The repair system includes two sets of com-
ponents: DNA damage sensors and effectors of
reparative processes. The sensors consist of groups
of proteins that are constantly «examined» by the
genome in search of damage. After the detection
of lesions, the proteins give a signal to the three
main effector groups responsible for the fate of the
irradiated cell. These groups include:
> processes of programmed death, carrying out
the culling of damaged cells;
> DNA repair processes that eliminate defects
(ruptures);

> processes that cause the block to advance of
the cells along the cycle — control points.

Packing DNA and a compact structure of chro-
mosomes pose a problem for carrying out repair
processes in full. The corresponding proteins must
be represented by a large number of copies and
have sufficient mobility to detect damage within a
few seconds or minutes after its appearance. The
structure of the chromatin should change, as it
should become more relaxed to provide access to
repair proteins.

The processes of various types of repair eliminate
the DNA damage induced by intra- and extracel-
lular, including ionizing radiation, factors [21]. A
significant portion of radiation-induced DNA
damage can be accompanied by the loss of encod-
ed information [22]. We give examples of some
repair systems.
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IArcyuszuyuonnas penapauus ocHosanuii (Base Excision
Repair; BER). 310 penapauuss mNoOBpeXAEHUS OJHOTO
HYKJICOTHAA, CBSI3aHHASI C OKMCJICHUEM, aJKUJIPOBAHM-
€M, TUIPOJM30M WU JAe3aMuHHpoBaHueM. Ilpu sTom
MOBPEXAEHHOE OCHOBAHME PACIIO3HAETCS TIIMKO3UJ1a30id,
yaassieTcsi, a 3aTeM 3aMellaeTcsl ¢ TTIOMOIIIbIO pernapaTrB-
Horo cuHre3a mpu ygactnn JHK-auraser [23]. Ot dep-
MEHTBI He3aMeHUMBI B mpouecce pernapauuu JHK u pern-
JINKALWMK, a UX 1eULINT U MHTHOMpPOBaHME aKTUBHOC-
TU NPUBOAAT K HakoruieHuIo pa3pbiBoB JITHK [24]. YcTa-
HOBJIEHO, YTO KJIETKM MJIEKOITMTAIOIIMX coaepxaT 11 riu-
KO31Jj1a3, KOTOPbIe PACIIO3HAIOT IMOBPEXIECHUS HYKJICOTH -
JIOB ¥ OTLICIUISIOT MOAM(PUIIMPOBAaHHBIE OCHOBAaHUS OT
Ie30KCUpHO03hI, 00pa3ysl aIypuHO/amupUMUINHOBBII
caiiT. HexoTopsie rmko3mia3bl MOTYT TaKKe PacIIeILISITh
yriaeBoaHo-(ochaTHylo Lenb. Ecau ke rmmko3uiasa He
o0ylamaeT TakoW aKTMBHOCTHIO, TO (ocdo-muadpupHas
cBsa3b ¢ 5’-koHna [JHK pa3spesaeTcst alrypuHO/anipuMu-
JMHOBOI HJOHYK/Iea30il. B 0O0pazoBaHHbII pa3pbiB BXO-
nut caenytouuii Komrieke: JJHK nmonumepasza-f3, JHK
Juraza I11 u 6enok XRCCI, KOoTOpbIil yaep:KMBaeT yKa3aH-
HbIe (PepMEHTHI B 30HE OCYIIIECTBIICHUS TIPOLIECCOB perna-
panuu. Pa3pbiB B HyKJIICOTMIHON LIEM CIIMBAaeT JIMIrasa
I1I [25]. HepaBHo uzyuyensl JIHK-n1ura3sl B kKauecTBe mo-
TEHIIMAJbHBIX TIPOTUBOOIMYXOJIEBBIX MMIIeHe# [26, 27].
MHrubutopsl 3TUX (PEpMEHTOB, KaK U CJIEA0BAO OXKMU-
JaTh, XapaKTepU3YIOTCS IIUTOTOKCUUECKUM JCHCTBUEM, a
TakKe ycuianBaloT HuToTokcmyHocTh JIHK-moBpexnaro-
IIMX ar€HTOB.

Drcyuzuonnas penapauus Hykaeomudoe (Nucleotide
Excision Repair; NER) ocymectBisgercs Ha yposHe 2—30
HykneotunoB [28]. Pasznuyator 2 tuna NER: rimob6anbHoe
BoccTaHoBieHHe reHoMa (Global Genome Repair — GGR-
NER) u BoccTaHOB/IEHKE, aCCOLIMUPOBAHHOE C TPAHCKPUII-
uueit (Transcription-Coopled Repair — TCR-NER) [29].

Penapayusa owubouno cnapennsvix Hykaeomudos (Mismatch
Repair; MMR) ucnpapisieT ommmoky o0pa30BaHUsT HYKJIEO-
tuaHbIX Map B JIHK. MexaHu3M penapaiyy BKJIIOYaeT STarbl
y3HaBaHUS, SKCIIN3WUN, peCUHTe3a 1 aurasupoaHus [30].

Penapayus /[P IHK — HanboJjiee KpUTUUECKUE TTOBPEXK-
JIEHUS Ul KJIETKU, O0ycaBIMBalolIe MepecTpOiKy re-
HOMa ¥ PEIIPOIYKTUBHYIO TMOE/Ib KJIETOK; SIBJISIIOTCSI HaWl-
0oJiee paHHUMU U3 TIpeIKaHLIEPOreHHbIX COObITHI. Beco-
MbIM apTYMEHTOM B 110J1b3y Beayiiei poau JIP JIHK B mpo-
1eccax oOpa3oBaHUsI abeppalMii XPOMOCOM SIBJISIETCS
cxoactBo Beixona JIP JIHK u abeppaiimii xpomocoM B 3a-
BUCUMOCTH OT JIMHEIHOro riepeHoca sHepruu (JINTD) U
(B 00oux ciayyasx HaOI0JaeTcsl MakCMMyM B 00JacTv
100—200 kaB/MKM) 1 ctaauu KjieTouHoro nukia. [Togo6-
HBIX KOppEIsILUi LI ApyruX TUNoB noBpexaeHuin JIHK
He HaOmopaercs. B penapalivu noBpeXxaeHuit 3Toro Tuna

Base Excision Repair (BER). This is a repair of
the damage of one nucleotide, associated with
oxidation, alkylation, hydrolysis or deamination.
In this case, the damaged base is recognized by
glycosylase, then it is removed and replaced by
reparative synthesis with DNA ligase [23]. These
enzymes are indispensable in the process of
DNA repair and replication, and their deficien-
cy or inhibition of their activity leads to the
accumulation of DNA breaks [24]. It has been
established that mammalian cells contain 11 gly-
cosylases that recognize nucleotide damage and
cleave modified bases from deoxyribose to form
an apurino / apyrrimidine site. Some glycosy-
lases can also cleave a carbohydrate-phosphate
chain. If glycosylase does not have such activity,
then the phospho-diester linkage from the 5’-end
of the DNA is cut by the apurino / apyrrimidine
endonuclease. The formed breakage includes the
following complex: DNA polymerase-f§, DNA
ligase III and XRCCI protein, which retains
these enzymes in the area of repair processes.
The rupture in the nucleotide chain cross-link
ligase II1 [25]. Recently, DNA ligases have been
studied as potential antitumor targets [26, 27].
The inhibitors of these enzymes, as might be
expected, are characterized by a cytotoxic effect,
and also enhance the cytotoxicity of DNA-dam-
aging agents.

Nucleotide Excision Repair (NER) is carried
out at a level of 2—30 nucleotides [28]. There
are 2 types of NER: global genome repair
(NER) and transcription-coopled repair (TCR-
NER) [29].

Mismatch Repair (MMR) corrects errors in
the formation of nucleotide pairs in DNA.
This mechanism of reparation includes the
stages of recognition, excision, resynthesis and
ligation [30].

Repair DR DNA repair is the most critical dam-
age to the cell, causing the genome rearrange-
ment and cell death; it is the earliest of the pre —
carcinogenic events. A significant argument in
favour of the leading role of DR DNA in the
processes of formation of chromosome aberra-
tions is the similarity of the yield of DR DNA
and chromosome aberrations as a function of
linear energy transfer (LET) of IR (in both cases
a maximum in the region of 100—200 keV / um
is observed) and the cell cycle stage. Similar cor-
relations for other types of DNA damage are not
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MPUHUMAIOT yJacTUe IBa MeXaHW3Ma — TOMOJIOTMYHAast
pekombOuHanus (homologous recombination; HR) u coe-
JWMHEHNE HETrOMOJOTMYHBIX KOHIIOB (non-homologous
end joining; NHEJ) [31]. O6a mexaHu3Ma OTJIMYAIOTCS
JIPYT OT Apyra Mo CBOMCTBAM I'eéHOB, KOAUPYIOIINUX COOT-
BETCTBYIOIIME OSIKH, TI0 MECTY, 3aHMMaeMOMY B KJICTOU-
HOM LIMKJIE, a TaKXe 110 CKOPOCTU U 0e301IMO0YHOCTU
penapauuun. s ocymectsinenust HR B kauectBe matpu-
LbI CIYKUT roMmojiornyHas nHtaktHas JJHK. Mexanuzm
HR gsnsercs 6e301MO0YHBIM U MPOXOIUT C ydacTUEM
Takux TeHOB KaK RADS5IB, RAD5SIC, RAD5SID, XRCC2 n
XRCC3. OtcyTCcTBHME UM MYTallUM 3TUX T€HOB OJIOKUPY-
1oT nporecckl HR. Hapsiny ¢ ykazaHHbIMU reHaMu B pe-
Mnapaiyy y4acTBYIOT ellle IBa CeMeiicTBa TeHOB, HapyIle-
HUe (QYHKIMI KOTOPHIX BBI3BIBAET Ne(EKTHl permapaiin
JHK B xnetkax yenoBeka: BRCAI n BRCA2. Xapaktep-
HOIT ocobeHHOCThI0O MexaHu3ma penapauuu P JITHK mo
MyTU TOMOJIOTUYHOM PeKOMOMHAILINK SIBJISICTCST UCIIOJIb-
30BaHME IIOC/IEI0BATEIbHOCTEI MHTAKTHBIX CECTPUHC-
KMX XpOMAaTUJ1 B KAY€CTBE MaTPUIIbI.

ITo cpaBHenuto ¢ HR, penapauus tuna NHEJ, npu
kortopoii JIP JIHK BoccoennHsoTcst 6€3 yuacTusi roMO-
JIOTMYHBIX IIOCJIEA0BATENbHOCTEH, SIBISIETCS Ooiee
OBICTPBIM, HO MEHEe TOUYHBIM IPOLIECCOM. 3a4acTyio B
OTpenaprpOBaHHBIX caliTax OOHAPYKUBAIOTCS JAeIeIUU
WIM MHCepUUM ocHoBaHUI. OOBIMHO HepelaphpOBaH-
Hoie JIP JIHK oka3zbiBaloTCs JieTaabHBIMU U3-3a OTEPb
Y4aCTKOB XpOMOCOM B ITOCJIEAYIOIIEM MUTO3€E, YTO 00yC-
JIOBJIMBAET yTPaTy AECSATKOB JIMOO COTeH reHoB. HeboJ1b-
1mas yactb reHomMHoi JIHK BkitouaeT Kogupyrouue re-
HBI WK PETYJISITOPHBIE YIaCTKHU U II0O3TOMY BEPOSITHOCTD
BO3HMKHOBEHUSI pa3pbIBOB B HUX Maia. K ToMy Xe aTu
YJ4aCTKM MOTYT OKa3aThCsl HEaKTMBHBIMU (HE 3KCIIpec-
CHpPOBAThCsI) U/WJIA WIPaTh HECYIIECTBEHHYIO DPOJIb B
¢yukmmnonupoBanun reHoma. NHEJ, mo oOpasnomy
BhIpaxkeHUI0 [4], ABasIeTCS «OBICTPHIM U HEPSILIMBBIM
MEXaHMU3MOM pellapalyi» , KOTOPBI IIPeIoCTaBIIsieT 00-
JIy4eHHBIM KJIETKAM MaKCUMAaJIbHBII IIIAHC BBIKUTD.

HR npowucxomut B mo3nHux S/Gr-mieprogax KJieTou-
Horo nukiaa, NHEJ — B G-niepuoge [32, 33], a mo gaH-
HbIM [4] — BO Bcex nepuoaax KiaeToyHoro mukia. Iloc-
kosbky NHEJ 3auactyio conpoBoXaaeTcss COKpalleHN-
€M KOHIIOB HYKJICOTUIHOM LIeTIN W APYTUMU OIIMOKaMU
penapanun, aHR obecnieunBaer 6e3011ndb0YHOE BOCCTA-
HoBiaeHue naByHuteBoili JITHK, To reHoTokcuueckoe
IeCTBUE MOHM3UPYIOLIEH pagdaliy HamOoJiee BhIpa-
JK€HO B KJIETKaX, KOTOPbIE B MOMEHT 00JTy4eHMST HaXOI1-
mmch B Gi-niepuone. Beioop Mmexanusma pemapaunu /P B
JHK onpenensiercst HecKoJbkuMu akTopamu. ITonara-
10T [34], 4TO CEHCOpHBbIE OEJIKY KOHKYPUPYIOT 3a CBSI3bI-
BaHue ¢ koHuamu JIHK, yto oTuactu onpenesier BLIOOP

observed. Two mechanisms — homologous recom-
bination (HR) and the non-homologous end join-
ing (NHEJ) — take part in the repair of damages of
this type [31].Both mechanisms differ from each
other in the properties of genes encoding the cor-
responding proteins, in the place occupied in the
cell cycle, as well as in the speed and error of
repair. Homologous intact DNA serves as the tem-
plate for the realization of HR. The mechanism of
HR is error-free and involves such genes as
RADSIB, RADSIC, RADSID, XRCC2 and XRCC3.
The absence or mutations of these genes block the
HR processes. Along with these genes, two fami-
lies of genes are involved in the repair process;
the violation of their functions causes DNA re-
pair defects in human cells: BRCAI and BRCA2.
A characteristic feature of the mechanism of DNA
DR repair along the path of homologous recombi-
nation is the use of sequences of intact sister chro-
matids as a matrix.

Compared to HR, NHEJ repair, in which DR
DNA is reunited without the participation of
homologous sequences, is a faster but less accurate
process. Often, in repaired sites, deletions or inser-
tions of bases are detected. Usually unrepaired DR
DNAs are lethal due to the loss of chromosome
regions in subsequent mitosis, which causes the
loss of tens or hundreds of genes. A small portion
of the genomic DNA includes the coding genes or
regulatory regions, and therefore the probability of
rupture in them is small. In addition, these sites
may be inactive (not expressed) and/or play an
insignificant role in the functioning of the genome.
NHEJ, according to the figurative expression [4],
is a «fast and sloppy mechanism of repair», which
gives irradiated cells a maximum chance to sur-
vive.

HR occurs in the late S/G,-periods of the cell
cycle, NHEJ — in the G)-period [32, 33], and
according to [4] — in all periods of the cell cycle.
Since NHE]J is often accompanied by a shorten-
ing of the nucleotide chain ends and other repair
errors, and HR provides an unmistakable recov-
ery of double-stranded DNA, the genotoxic
effect of ionizing radiation is most pronounced in
cells that were in the G period at the time of irra-
diation. The choice of the mechanism of DR
repair in DNA is determined by several factors. It
is believed [34] that sensory proteins compete for
binding to the ends of DNA, which in part deter-
mines the choice of the mechanism of repair.
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MeXaHM3Ma perapanuy. DTo TaK Ha3bIBacMasl ITaCCUBHAasI
KoHKypeHLus1. CyllecTByeT MpeacTaBieHue O PO 10C-
TYIMMHOCTA MaTpulibl. JUTs OCyIlIeCTBIEHUS] TOMOJIOTUY-
HOI peKOMOMHALIMKA HEOOXOAMMO HaJIU4YKie TOMOJIOT Y-
Horo yyactka JIHK, koTopblit HAaXOOUTCsI Ha CECTPUHC-
Koi1 xpomatuze B S- unu G-daszax KJIeTOYHOTro IINKIIA.

Panee mokazaHo, yTo KjieTKU yejoBeka (T-nmumboru-
THI TIepr(epUIeCcKOil KpOBH) IPOSIBIISIIOT HAUOOJIBIITYIO
PagroOpe3UCTEHTHOCTh B MO3OHEM S-IIepuome, B TOM
YyCJie MPU AeHCTBUU IUIOTHOMOHU3UPYIOIINX HU3JIyde-
HUi1 (OBICTPBIX HENMTPOHOB) [35]. HokayT wiu cHuzkeHue
akTuBHOCTU reHoB HR cHuMaeT heHOMEH paauoycToii-
YUBOCTU B YKa3aHHOM TOYKE KJIETOUHOro Hukia [36].
Ha ocHoBaHMM 3TOro 3akJI04aroT, YTO MHITMOMPOBaHUE
cucteMbl NHEJ uMeet mwis KiteTok 60J1ee TsoKesble oc-
JIACTBUSI, 4YeM yrHeTeHue cucteMbl HR.

Cucremnl penapanuu JHK crmrocoOHB MUHUMU3UPO-
BaTh KJIETOYHYIO TMOEIb, YacTOTy MYTaluii, OIINOKHN
peIuIMKaluy U HeCTaOUIbHOCTh TeHoMa. I1oaTomy 3Ha-
HUEe MexaHM3MOB penapauuu mnoBpexaeHuin JTHK B
KJIeTKaX 3J0POBBIX TKAHEH OHKOJIOTHYECKMX OOJIbHBIX,
MOJBEPTLINXCS OOJYYEHUIO, TTO3BOJISIET paccMaTpUBaTh
MOJIEKYJIIPHbBIE CUCTEMBbI, 00eCIIeUnBaloIIe 3TOT IPO-
mecc, Kak MOTeHIMAJbHbIC MUIICHU IJIsI MX 3alIUThI 1
MpeIyIpeXIeHNUsT pa3BUTUSI BTOPUIHBIX OITyXOJICA.

OnHoli 13 aKTUBHO pa3padaThIBaeMbIX B HACTOSIIIIEE BpPe-
MsI ITpo0JIeM paMOOMOIOT UM SIBJISIETCST paluallMOHHO-WH-
IyurpoBaHHas HecTtabuibHOCTh TeHoma (PUTHT), compsi-
JKeHHasI C 3TUOJIOTHME JIydeBoro KaHieporeHe3a. OCHOB-
HBIM (peHOoTUIIMYecKMM TiposiBieHneM PUHI u 3mokayve-
CTBEHHOI TpaHCHOpMalM KJIETOK SIBJISIETCSI XPOMOCOM-
Hast HecTabuibHOCTD. 1o maHHBIM padoThI [37], perucTpu-
pyeMblIe MOBBIIICHHBIE YPOBHA XPOMOCOMHBIX a0eppalnii
B TMM@oLMTaX nepudeprdeckoii KPOBU 00TydeHHBIX JIUIL
MOTYT OBbITh O0YCJIOBJIECHBI CASAYIOIIMMU MPOLIECCAMMU:
> TIPSIMBIM TIOITaJaHMEM KBaHTA WJIM YaCTULIbI HOHU3H-
PYIOIIEro N3TyYeHNsI B TeHOM (sIIpo) TuMMOInTa, IIUp-
KyJIUPYIOILIET0 B KPOBSIHOM pycJiie B cranuu Go;
> MOCTYIUIEHHMEM OIIpeNeIeHHON 10U abeppaHTHBIX
KJICTOK 13 OOJTyYEHHBIX CTBOJIOBBIX ITPEIIIeCTBEHHUKOB
B epuGepuIeCcKyIo KPOBb;
> UHAYKLKENH XpOMOCOMHOM HECTAOMIbHOCTU B IOTOM-
Kax MHOTOKPaTHO MOAEIUBIINXCS 00JIydeHHBIX KJIETOK.

Bricokas pagroyyBCTBUTEIBHOCTD UMMYHHOI CHCTEMBI
[38] u WIMTEIHLHO COXpaHSIONINECST paIlalliOHHO-MHIIY-
LIMPOBaHHbIE XPOMOCOMHEIE abeppaliiy B UMMYHOKOMIIE-
TeHTHBIX (T-1uMmpormTax) kinerkax [39] sBasItOTCS OMHOMN
W3 IPUYMH HapylleHUs QYHKIIMA UMMYHHOTO Haa30pa v
passutug omyxoneit [40]. B HacTosiee BpemMsT IOTy4eHO
JOCTaTOYHO MHOTO JAaHHBIX, B TOM 4HucJieB padore [41],
CBUIETEILCTBYIOIIMX O B3aMOCBSI3U MyTareHe3a B coMa-

This is the so-called passive competition. There is
an understanding of the role of matrix availabili-
ty. To carry out homologous recombination, a
homologous region of DNA that is on the sister
chromatid in the S or G; phases of the cell cycle
is required.

It has been proved that human cells (peripheral
T-lymphocytes) show the greatest radio resistance
in the late S-period, including during the action of
dense ionizing radiation (fast neutrons) [35].
Knockout or a decrease in the activity of HR genes
removes the phenomenon of radio-resistance at a
given point in the cell cycle [36]. Based on this, it
is concluded that the inhibition of the NHEJ sys-
tem has more severe consequences for cells than
the inhibition of the HR system.

DNA repair systems can minimize cell death,
mutation frequency, replication errors and
genome instability. Therefore, knowledge of the
mechanisms of DNA damage repair in healthy
tissue cells of oncology patients exposed to radia-
tion allows us to consider the molecular systems
that provide this process as potential targets for
their protection and prevention of secondary
tumours.

One of the most actively developed problems of
radiobiology is the radiation-induced instability of
the genome (RIIG), coupled with the etiology of
radiation carcinogenesis. The main phenotypic
manifestation of RIIG and malignant transforma-
tion of cells is chromosomal instability. According
to the data of [37], the recorded elevated levels of
chromosomal aberrations in peripheral blood lym-
phocytes of irradiated individuals can be caused by
the following processes:
> a direct hit of a quantum or a particle of ionizing
radiation into the genome (nucleus) of a lympho-
cyte circulating in the bloodstream in the Gy stage;
> receipt of a certain proportion of aberrant cells
from irradiated stem progenitors into peripheral
blood;
> by induction of chromosomal instability in
descendants of repeatedly irradiated cells.

The high radiosensitivity of the immune sys-
tem [38] and the long-term radiation-induced
chromosomal aberrations in immunocompetent
(T-lymphocytes) cells [39] are one of the causes of
impaired immune surveillance and tumour devel-
opment [40]. At the present time, a lot of data have
been obtained, including [41], which testify to the
interrelation between mutagenesis in human
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REVIEWS

TUYECKUX KJIeTKaX YeJoBeKa ¢ KaHLIEPOreHE30M, UTO 103~
BOJISIET <«IIPABOMEPHO KCITOJIb30BaTh 1IUTOTEHETUYECKUE
nokazarenu T-1uM@OoInTOB B KaUeCTBE IIPOTHOCTUYECKIX
MapKepoB pa3BuTusi oHkonatonoruu». PUHI Hemocpen-
CTBEHHO CB$I13aHa C 00Iy4eHMEM 30POBBIX OPIraHOB U TKa-
Heil B Ipoliecce JIy4eBOl Teparii 10 IIOBOAY IIEPBUYHOTO
paka u npuMepHo B 10 % ciyyaeB MOXET ObITb IPUIMHOMI
pa3BUTUSL paIvallMOHHOIO KaHIIEpOreHe3a — BTOPUYHBIX
onyxoJeit [4, 42, 43]. B reueHnue nepsoix 10 et mocue j1y-
YeBOTO (XMMHUOJIyYEBOT0) JICUSHNST pa3BUBAIOTCS, B OCHOB-
HOM, JICHIKO3BI; B 00Jjiee OTHAJIEHHbIE CPOKM — COJIMIHBIC
OITYXOJIM, YaCTOTa KOTOPBIX MOBBIIIIAETCS IO MEPe YBEJIM-
YeHUs MPOAODKUTETBbHOCTU KU3HU 0071bHBIX. OCOOEHHO
BBICOKHIT PUCK Pa3BUTHS BTOPUIHOTO paKa I'PYIHOM JKeJle-
3bI OTMEUAETCS Y IeBOYEK, MPOIIESIIINIX KypPC JIydeBO Te-
paruu 1o TOBOAY IMePBUYHOTIO paka [44].

ITopapnsitoniee OOJBIIMHCTBO BTOPUYHBIX OITyXoJeit
pa3BUBaeTCsI B TKAHSIX M OpraHax, KOTOpbIE 3a4acTyi0 He
SKPAHUPYIOTCS (HAIpUMeEp, TOJOBHOM MO3T), a TaKXke
BO3HUKAIOT B TKAHSIX, PACIIOJIOXEHHBIX B 00beMe, O0JIy-
YEHHOM B BBICOKOI1 J103€; B HEKOTOPBIX CIIydastX OHU MO-
TYT JJOKaJIU30BaThCsl B 00J1acTU ¢ OoJjiee HU3KOM T030BOM
Harpy3koit (MeHee 2,0 Ip) [45]. Bo3HukHOBeHME BTOPUY-
HBIX OITyXOJel mocye oOJydyeHUsl paka IpeacTaTe/ibHOMU
xKejie3bl MeTonoM IMRT oOBSICHSIIOT UCIHOJb30BaHUEM
OOJIBIIIOTO KOJIMIECTBA IT0JICH OOIyUeHMS 1 JIMHEHHBIX yC-
KopuTeeii ¢ 0osiee BbICOKOM MOILIHOCTBIO, UTO YBEJINYU-
BaeT KOJUIMMAaTOpHOe 1 (paHTOMHOE paccenBaHue 4, 42].

O0603HaY€HO IO MEHBIIEH Mepe TPU Pa3TUIHBIX MeXa-
HU3Ma Pa3BUTHSI B OTIAJICHHBIC CPOKU TIOCIIC TeParieBTH-
YeCKOro OOJIyueHHUsI paadallMiOHHOTO KaHIIEpPOTeHesa,
KOTOpBI€ 3aBUCSIT OT IIPOCTPAHCTBEHHO-BPEMEHHOIO
pacnpenesieHus 103bl M Bo3pacTa 00JbHbIX [4]. Hanbonee
JIeTAIbHO Mpo0bjieMa pa3BUTHSI BTOPMYHOTO paKa paaua-
LIMOHHOTO TeHe3a paccMoTpeHa B pabote [46]. ABTOpbI
PEKOMEHIYIOT MPU ITPOBEACHUM JTy4eBOM Tepariu MUHU -
MU3UPOBaTh PUCK Pa3BUTHS paguallIOHHOIO KaHIIepore-
He3a «3a CUeT CHIDKEHUS J030BOI HAarpy3KK Ha 3I0POBLIC
TKaHM, OKPYKaIOIIKe 00JIy4aeMyI0 OITyXOJIb-MUIIIEHb, 10
0,05 Ip». CrnenyeT yduThIBaTh, YTO HEKOTOPbIE MOIUDU-
nupylomne GakTopbl, B TOM YKCJIe KypeHHE, MOTYT Cy-
ILIECTBEHHO YXYIIINUTh 3(PHEKTUBHOCTD JIyIeBOI TepaIriiu
1 CITOCOOCTBOBATH Pa3BUTUIO BTOPUYHOTO paka [47]. Mo-
JIUULUUPYOIIM (HAaKTOPOM, BIUSIOIIUM Ha pa3BUTHE
MO3IHUX JIYYeBBIX peakluii, siBisieTcsl rotHocth M.
Pemapanust moTeHIIMANIBHO JIETAJBHBIX IOBPEXICHUI
YMEHBIIAETCS C YBEJIMUYCHUEM JIMHEHHOU ITOTEPU DHEP-
ruu usnydyeHus. Kak ciencrsue, oTHoCUTeIbHAsT OMOJIO-
rudeckas apdexkrnBHOCTh (OB3D) OBICTPHIX HEUTPOHOB
YBEIMYMBAETCS C YMEHBIIEHUEM 03Bl Ha (Ppakiuio u
CTAHOBUTCSI MOCTOSHHOM BEJIMYMHOM TIpU [103aX MEHEe

somatic cells and carcinogenesis, which makes it
possible to «rightfully use cytogenetic indices of T-
lymphocytes as prognostic markers for the devel-
opment of oncopathology.» RIIG is directly relat-
ed to the irradiation of healthy organs and tissues
during radiotherapy for primary cancer and
approximately 10 % of cases may be the cause of
the development of radiation carcinogenesis —
secondary tumours [4, 42, 43]. During the first 10
years after radiation (chemoradiation) treatment,
mainly leukemia develops; in more distant terms —
solid tumours, the frequency of which increases
with increasing life expectancy of patients. A par-
ticularly high risk of developing secondary breast
cancer is observed in girls who underwent radia-
tion therapy for primary cancer [44].

The vast majority of secondary tumours develop
in tissues and organs, which are often not screened
(for example, the brain), and also occur in tissues
located in a volume irradiated in a high dose; In
some cases they can be localized in a region with
a lower dose load (less than 2.0 Gy) [45]. The
emergence of secondary tumours after irradiation
of prostate cancer by the IMRT method is
explained by the use of a large number of irradia-
tion fields and linear accelerators with a higher
power, which increases collimating and phantom
scattering [4, 42].

At least three different mechanisms of develop-
ment are identified at a later time after the thera-
peutic irradiation of radiation carcinogenesis,
which depend on the spatial-temporal distribution
of the dose and the age of the patients [4]. The
most detailed problem of the development of sec-
ondary cancer of radiation origin was considered
in [46]. The authors recommend to minimize the
risk of developing radiation carcinogenesis during
radiation therapy «by reducing the dose load on
healthy tissues surrounding the irradiated target
tumour to 0.05 Gy». It should be borne in mind
that some modifying factors, including smoking,
can significantly worsen the effectiveness of radio-
therapy and promote the development of second-
ary cancer [47]. The modifying factor that influ-
ences the development of late radiation reactions
is the density of the IR. The repair of potentially
lethal lesions decreases with increasing linear loss
of radiation energy. As a result, the relative biolog-
ical efficiency (RBE) of fast neutrons increases
with decreasing dose per fraction and becomes
constant at doses less than 0.5 Gy and low dose

33 @



ornsaaosi CTATTI

ISSN 2304-8336. pobnemn pagiauiiinoi Meouunkm Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2017. Bun. 22.

0,5 I ¥ HU3KUX MOIIIHOCTSIX 103, Koraa 3(h¢heKTUBHBI O/~
HoyaapHble coObiTusi [11]. bojee BbicOoKue 3HAYECHUS
OBD OBICTPBIX HENTPOHOB XapaKTePHBI I WHIYKIIAN
MO3IHUX peaKiuii (CO CTOPOHbBI, HAIIPUMEP, TOJIOBHOI'O U
CIIMHHOTO MO3Ta) MO CPAaBHEHUIO C PAHHUMU PeaKLUsIMU
(remoroa3). B opraHax 1 TKaHsX, B KOTOPbIX MpeobJiaaa-
0T MEIJICHHO BOCCTaHABJIMBAIOIIMECS KJICTKW (HaIlpu-
Mep, JIeTKUe, TIeYeHb), PUCK Pa3BUTHUSI OTIAJICHHBIX JIyde-
BBIX TTOCJIEACTBUM TTOBBIIIAeTCS [48].

ITo MHEHMIO HEKOTOPBIX CIIELIMAIMCTOB B 00JIACTU pa-
JUAIMOHHON OHKOJIOTUM [4], «ITOKa He CYIIeCTBYeT Ha-
JIEXKHBIX 1 OBICTPBIX TECTOB, ITO3BOJISIOIIMX OLIEHUTDb PUCK
Pa3BUTUST TSKEIBIX MOCAEACTBUIN OOJydeHUs 3I0POBbIX
TKaHei». OgHaKo B MocjieaHee BpeMsl BHUMaHUE paaua-
LIMOHHBIX OHKOJIOTOB M KIMHUYECKUX PaaroOHOJIOroB
KOHIIEHTPUPYETCS Ha IMpoOJjieMe OLEHKU WHAUBUIYaIb-
Hoil panrouyBcTBUTENBbHOCTH (MPY) oprannaMa oHKoJ10-
TMYECKUX 0OJbHBIX, BO3pacTaeT moHuManue poinu MPY B
nepcoHnduKaLmy jgydyeBoi tepanuun [49—52 u ap.]. Mbl
rnojlaraéM, 4YTO pelleHrde yKa3aHHOM ITpoOJieMbl OynmeT
CIMOCOOCTBOBATh CHMUXKEHMIO YACTOThHI MOOOYHBIX PeaKIii
CO CTOPOHbI 3I0POBbIX TKAHEW MPU TeparneBTUIECKOM 00-
JIYYCHUM OMYXOJIEH pa3IMYHOM JIOKAIMU3ALWN, B TOM YHC-
Jie BTOPUYHBIX OMyXOJIel paarallMOHHOIO Ir'eHesa.
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rates when single-impact events are effective [11].
Higher values of RBE of fast neutrons are charac-
teristic for the induction of late reactions (from
the side, for example, of brain and spinal cord) in
comparison with early reactions (hemopoiesis).
In organs and tissues, in which slow-recovering
cells predominate (for example, lungs, liver), the
risk of developing long-term radiation effects
increases [48].

According to some specialists in the field of radi-
ation oncology [4], «there is no reliable and fast
test yet, which allows to assess the risk of develop-
ment of severe consequences of the irradiation of
healthy tissues». However, recently the attention of
radiation oncologists and clinical radiobiologists
has been concentrated on the problem of assessing
the individual radiosensitivity (IRS) of the body of
cancer patients, the understanding of the role of
IRS in the personification of radiotherapy [49-52,
etc.]. We believe that solving this problem will help
to reduce the frequency of adverse reactions from
healthy tissues during therapeutic irradiation of
tumours of various locations, including secondary
tumours of radiation origin.
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