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BIIJINB ACTAKCAHTHUHY HA PO3BUTOK ITYXJIMHHO-
ITHIYKOBAHUX I PATIALIIMHO-IHAYKOBAHUX
XPOMOCOMHMUX ITOIKO/JZKEHD B JIIM®OLINTAX
INEPU®EPUYHOI KPOBI XBOPUX HA IJTIOBJACTOMY

MeTa: npoBecT# aHania aHomanii XpomMoCOM, CMPUYMHEHUX PO3BUTKOM MyXAUHHO-IHAYKOBAHOTo edekTy CBiaka
(TIBE), Ta ouiHuTi MoxnmeicTb mogudikauii TIBE acTakcaHTMHOM B HEOMPOMiHEHNX Ta ONPOMiHeHUX in vitro nimdo-
uuTax nepudepuyHoi KpoBi ocib 3 miobnactomolo.
MeTtoau. MpoBoannmn KynsTMBYBaHHA NiMdbouuTiB NnepudepnyHoi kposi 30 oci6: 20 xBopux Ha rniobnactomy Ta 10
YMOBHO 3[,0pPOBWX BONIOHTEPiB. YacTUHY 3pa3kiB onpoMiHiOBanu y-kBaHTamu B 1o3i 1,0 [p nepef no4yaTkom KynbTUBY-
BaHHA. ACTaKCaHTWUH B KiHUEBIN KoHUeHTpauii 20,0 MKr/Mn foaasanu 4o KyibTypanbHOrO CEpPefOBUILA [0 MOYATKY
iHKky6auii JINK. MpurotyBaHHA XpOMOCOMHUX NpenapaTiB NpoBOAMAM 3a CTAHAAPTHOI MeTOAUKO. [pU LUTOreHeTnY-
HOMY aHani3i BpaxoByBanu BCi abepallii XxpOMaTUAHOrO Ta XPOMOCOMHOIO TUMiB.
Pe3ynbrartu. Mpu aHani3zi hoOHOBMX LUTOTEHETUYHMX NOKA3HMKIB B HEOMPOMiHeHUX NiMdoLuuTax nepudepmyHoi KpoBi
0cib, xBopux Ha rniobnactomy, GyNo BCTAHOBEHO, WO CepefHbOrpynoBa Yyactota abepaHTHUX MeTadas cknagana
(5,91 + 0,74) %, wo cTaTUCTMYHO 3HAuyle (p < 0,05) nepesuLLyBano BiLNOBIAHMIA NOKA3HWUK rpynu KoHTpomio. Ce-
peaHborpynoBa Yactota abepaliii XpoMocom Npu LboMy fopiBHIoBana 6,21 + 0,87 Ha 100 KNiTWH, WO CBiLYMTbL NPO
po3suTok TIBE. Micns BnauBy ioHi3yto4oi pagiauii piBeHb NOWKOAXKEHb XPOMOCOM TaKOX OYB CTaTUCTUYHO 3HAYyLLE
BULLMM, HIXX B YMOBHO 340pOBUX BONOHTEpiB (p < 0,05). [lis acTakCaHTMHY Ha ONpoMiHeHi Ta HeonpoMiHeHi nimdoum-
TV nepudepuyHoi KpoBi 0cib 3 miobnacTomMoto npu3Bena [o CTaTUCTUYHO 3Havyworo (p < 0,01) 3MeHWeHHsA YacToTy
XPOMOCOMHMX abepauiil, B neply Yepry, 3a paxyHOK 3HUXEHHSA piBHA abepaLiit XpoMOCOMHOTO TUMy. B onpomiHeHux
KynbTypax Nimdouuntie nepudepnyHoi Kposi yactota abepalil XpoOMOCOMHOTo TUNy 3HM3uNack 3 23,99 + 2,24 fo
12,01 + 1,21 Ha 100 KkniTuH no rpyni B cepeaHboMy. Mpu Lbomy 6yno 3athikcoBaHo, WO BNIMB aCTaKCAaHTUHY HE 3MiHUB
piBEHb NOOJUHOKNX ParmMeHTiB.
BMCHOBOK. ACTaKCaHTWUH B KOHUEHTpaLii 20,0 MKI/MA CTaTUCTUYHO 3HAYyLLe 3HUXKYE NPOAB NYXIMHHO-IHLYKOBAHOMO
eeKTy CBiKa Ha LUTOreHETUYHOMY PiBHi B KyNbTypax HEONPOMiHEHMX Ta ONPOMiHEHUX NiMdbouuTie nepudepuyHoi
KpOBi XBOPUX Ha riobnactomy.
KnioyoBi cnoBa: reHeTuka NoANHM; XPOMOCOMHI abepauii; nyxanHHO-iHAYKOBaHUIN edeKT cBiaKa; nimdouunTn nepu-
thepnyHOi KpoBi; riobiacToMa; ioHi3youe BUNPOMiHIOBAHHS.
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EFFECT OF ASTAXANTHIN ON THE DEVELOPMENT OF
TUMOR- AND RADIATION-INDUCED CHROMOSOMAL DAMAGE
IN PERIPHERAL BLOOD LYMPHOCYTES OF GLIOBLASTOMA
PATIENTS

Objective: to investigate chromosome abnormalities resulting from the tumor-induced bystander effect (TIBE) and
to assess the ability of astaxanthin to modify TIBE in non-irradiated and in vitro irradiated peripheral blood lym-
phocytes of glioblastoma patients.
Methods. Peripheral blood lymphocytes (PBLs) from 30 individuals (20 glioblastoma patients and 10 healthy volunteers)
were cultured. Some samples were exposed to y-rays at a dose of 1.0 Gy prior to cultivation. Astaxanthin was added to
the culture medium at a final concentration of 20.0 pug/ml before PBL incubation. Chromosomal preparations were
obtained using standard protocols. Cytogenetic analysis included both chromatid- and chromosome-type aberrations.
Results. In the analysis of baseline cytogenetic parameters in non-irradiated peripheral blood lymphocytes of
glioblastoma patients, the mean frequency of aberrant metaphases was (5.91 + 0.74) %, which was statistically sig-
nificantly higher than that of the control group (p < 0.05). The mean frequency of chromosome aberrations was
6.21 +0.87 per 100 cells, indicating the presence of TIBE. Following exposure to ionizing radiation, the level of chro-
mosomal damage was also significantly higher in glioblastoma patients compared with healthy volunteers (p < 0.05).
Treatment with astaxanthin in both irradiated and non-irradiated peripheral blood lymphocytes resulted in a signif-
icant reduction in the frequency of chromosome aberrations (p<0.01), primarily due to a decrease in chromosome-
type aberrations. In irradiated cultures, the frequency of chromosomal aberrations decreased from 23.99 + 2.24 to
12.01 + 1.21 per 100 cells on average. Notably, astaxanthin did not affect the frequency of single fragments.
Conclusion. Astaxanthin at a concentration of 20.0 pg/ml significantly reduces the manifestation of the tumor-
induced bystander effect at the cytogenetic level in cultures of both non-irradiated and irradiated peripheral blood
lymphocytes from glioblastoma patients.
Key words: human genetics; chromosomal aberrations; tumor-induced bystander effect; peripheral blood lympho-
cytes; glioblastoma; ionizing radiation.
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BCTVYII INTRODUCTION

Iiobnacroma (ricronoriudi kogu MKB-0-3 9440, 9441,  Glioblastoma (ICD-O-3 histological codes 9440,
9442 /3) € HailOiIbII MOIIMPEHOIO Ta arpecMBHOIO MepBUH- 9441, 9442/3) is the most common and aggressive
HOIO MYXJIMHOIO TOJJOBHOTO MO3KY Y JOPOCJIOro HacejeH-  primary brain tumor in adults [1]. According to
Ha [1]. Ha ocroBi CBTRUS (Cratuctiunmii 3BiT Llent-  the Central Brain Tumor Registry of the United
panbHOTO peecTpy ImyxiauH ronoBHoro Mmo3Ky CIIIA), naii-  States (CBTRUS), the largest population-based
OibIIIOrO0 MOMYJSIIIHOTO pEeeECTpy, OopieHTOBaHOTrO BUK-  registry focused exclusively on the analysis of
JIIOUHO Ha aHaJli3 YaCTOTH IIEpBUMHHUX IyXJIMH ToJIoBHOTO  incidence of primary brain tumors registered in
MO3KY, SIKi Oy1o 3agikcoBano y CIIA, 6ymo cpopmoBano  the USA, the «CBTRUS Statistical Report:
«Cratuctuynmii 3Bitr CBTRUS: IlepBunni myxiuau 1ta  Primary Tumors and Other Central Nervous
IHIII MyXJIMHU LEHTPaIbHOI HEPBOBOI cUcTeMU, miarHoc-  System Tumors Diagnosed in the United States
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toBaHi B CIIIA B 2015—2019 pp.», Ae BinMiyeHO, 110 I1i00-
JJacTOMA € HaOiTbII PO3MOBCIOMKEHOIO 3JI0SKICHOIO My XJIU-
HOIO TOJIOBHOTO MO3KY cepes iHmmx ricronaTosoriit LIHC
(14,2 % ycix myxsmH 1a 50,1 % ycix 37108KiCHUX TyXJIMH) [2].

ATpecUBHUIA PO3BUTOK TIJTi00JIACTOMM CYMPOBOIKYETHCS
npouecaMu, §Ki BIUIMBAIOTh Ha OpraHizaM B LijaoMmy. B op-
TaHi3Mi OHKOJIOTIYHO XBOPHX ITAlli€HTIB HeTpaHC(POPMOBaHi
KJIITMHU 3HAXOISThCS Il MEepMaHEHTHUM HeTaTMBHUM
BIUIMBOM TpaHC(OPMOBAHUX KJIITHMH, IO MOB’SI3aHO 3 BU-
KMIOM Yy MiIXKIITMHHMIA TIPOCTip a00 KPOBOHOCHE PYCJIO
unToKiHiB (30kpema, TGF- , TNF-a, IL-8, IL-6), a Takox
BTOpUHHUX cTpec-meceHmkepiB (NO, H,0,), 6e3KTiTHHHUX
xpomaTuHOBUX 4YacTMHOK (cfCh) Ta JIHK, 1o BuBiIbHS-
IOTbCSl BHACIAOK HEKPO3y MaTirHi30BaHUX KJITUH [3—3].

Lleit koMOiHOBaHMIA BIUIUMB IIPU3BOAUTD JO PO3BUTKY B HET-
paHchopMoBaHUX KITITHUHAX (KJITITHHAX-CBiIKax) 3MiH, SKi
HarajayroTh Ti, 1110 BiIOYBaIOThCS IIiT Yac peastizallii pamiariiii-
Ho-iHayKoBaHoro edekrty cBinka (RIBE). IToaioHo mposiBy
RIBE, BB nyxJIMHU XapaKTEPU3YETHCS 301IbILIEHHSIM Te-
HOMHOI HeCcTabiIbHOCTI, aKTUBALIE€IO TTposTidepallii Ta MmiaBu-
ILIEHUM piBHEM aroIlTO3y B HEMaJlirHi30BaHUX KJIiTUHAX-
cBinkax [6—8]. IcHyBaHHS IMyXJIMHHO-IHIYKOBAHOIO e(heKTy
cBigka (tumor-induced bystander effect — TIBE) 0Oyimo
MiITBepIKEHO B Pi3HOMAHITHUX eKCIIepUMEHTAX in Vitro Ta in
vivo [8—11]. BBaxatots, 110 (peHomeH TIBE cnipusie po3BuT-
Ky BTOPMHHMX 3JI0SKiCHUX HOBOYTBOPEHBb Y OHKOJIOTIUHMX
xBopux [12, 13], py3UK BUHUKHEHHS SKINX MOXeE TTiIBUIIyBa-
THC TiCJISI TEHOTOKCUYHOI XiMio- uM pamioTeparrii [ 14—16].

IIpoGaema B3aemMoOii HEOMPOMIHEHUX UM OIMPOMiHEHUX
OHKOTPaHC(POPMOBAHUX KIITHH JIOAWHU 3 HOPMaJIbHUMM
KJIITUHAMM iHILIOro TUITYy CTHUMYJIIOBajla HayKOBiI poOOTU B
LIbOMY HanpsamMky [17—20].

OpHUM i3 aKTyaJIbHUX HAIIPSIMKIB € TTOIITYK PEYOBUH, BILIUB
SIKMX TIPSIMO Y OTIOCEPEIKOBAHO MOXKE IMPU3BECTH 0 OCIIa0-
JIeHHsI, i1 6710KyBaHHs po3BUTKY TIBE. 3 MeTo10 yHMKHEHHST
JIOJATKOBOI'O HEraTMBHOIO HABAaHTAXXEHHSI HA OpraHi3M OHKO-
JIOTIYHO XBOPUX MaLli€HTiB, 115t Moaudikatii TIBE HeobximHO
BUKOPHCTOBYBAaTH PEYOBMHM 3 HU3BKOIO BJIACHOIO TOK-
CUYHICTIO, 0akaHO MPUPOAHBOrO MOXOMkKeHHs. o cronyk,
SIKi BUSIBJISIIOTD 3aXMCHY JIil0 11010 MyTareHHUX i KAaHLIEPOTeH-
HUX e(eKTiB, HajexaTb KapOTMHOIAW, HANTMOTYXHIlLIMM 3
SIKMX 32 aHTUOKCHIAHTHUMM BJIACTUBOCTSIMU BBaXKAETHCST ac-
TaKCaHTUH — pPEYOBMHA IIPUPOTHOIO IIOXOIKEHHS, sKa
BIIIOBiga€e BCiM BUMOTaM, 1110 TIpe.1 IBISTIOTHCS 10 aHTUMYTa-
TeHiB i pagionpoOTeKTOPiB: HU3bKA TOKCUYHICTh, BUCOKA aHTU -
panuKajabHa Ta aHTMOKCUIAHTHA aKTUBHICTh, 30aTHICTh IIPO-
XOIUTHU KPi3b KJIITMHHY MeMOpaHy i J0CSraTu reHETUYHOIO
ariapary B siipi KitituHu [21—24]. BkazaHi BIaCTMBOCTI IOSIC-
HIOIOTb CITPOMOXKHICTh aCTAKCAaHTUHY 3MiHIOBaTH PEaKIIilo re-
HOMa JIIOIVHM Ha TOIIKOMIKYBAJIbHY il0 MyTareHHUX (pak-
TOpiB, B TOMY UMCJIi i0OHi3yl0UOTrO BUTIPOMiHIOBaHHSI.

in 2015—-2019» was issued indicating that
glioblastoma is the most common malignant
brain tumor among CNS histopathologies,
accounting for 14.2 % of all tumors and 50.1 %
of all malignant tumors [2].

The aggressive progression of glioblastoma is
accompanied by processes that affect the
entire body. In cancer patients, non-trans-
formed cells are continuously unfavorably
influenced by malignant cells through the
release of cytokines (e.g., TGF-B, TNF-q,
IL-8, IL-6), secondary stress messengers
(NO, H»0,), cell-free chromatin (cfCh), and
DNA fragments released during necrosis of
tumor cells [3—5].

This combined influence induces in non-
transformed bystander cells changes similar to
those seen in the radiation-induced bystander
effect (RIBE), including increased genomic
instability, enhanced proliferation, and ele-
vated apoptosis [6—8]. The tumor-induced
bystander effect (TIBE) has been demonstrat-
ed in both in vitro and in vivo studies [§—11].
It is believed that TIBE contributes to the
development of secondary malignancies in
cancer patients [12, 13], with risks further
elevated by genotoxic chemotherapy or radio-
therapy [14—16].

The interaction of irradiated or non-irradiat-
ed oncotransformed cells with normal human
cells has therefore become an active area of
research [17—20].

One promising direction is the search for
substances capable of attenuating or block-
ing the TIBE. To minimize additional bur-
den on cancer patients, such agents should
have low intrinsic toxicity and preferably be
of natural origin. Carotenoids represent a
class of compounds with protective effects
against mutagenic and carcinogenic agents.
Among them, astaxanthin is considered the
most potent antioxidant. It fulfills key crite-
ria for antimutagenic and radioprotective
agents: low toxicity, strong free radical-scav-
enging and antioxidant activity, and the abil-
ity to penetrate cell membranes and reach
nuclear DNA [21-24]. These properties
enable astaxanthin to modulate the genomic
response to mutagenic stressors, including
ionizing radiation.
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YV Hammx A0CTiKeHHSIX 0YJ10 IMTOKa3aHO €(PEKTUBHICTh
3aCTOCYBaHHS acTaKCaHTUHY, sk Ojokatopa TIBE npu
CHJIbHOMY KYJBTUBYBaHHI KPOBi XBOPUX HA XPOHIYHU
nimM@obaacTHUI NefiKo3 i3 diMpounTaMu nepudepud-
HOI KPOBi YMOBHO 310poBUX 0cCi0 [8]. 3Baxxarouu Ha Te,
1110 Miclie JoKaJi3allii IiaJbHUX MyXJIWH 3aXUILEeHO Te-
MaToeHIedaTigyHuM 6ap’epoM, IO 3HAYHO YCKIIATHIOE
JIIKyBaHHsI, 0COOJIMBY yBary IpuBepTae 34aTHICTh aCTaK-
CaHTUHY IIPOXOAUTHU KPi3b HHOTO i OTPAILJISATA B KIIiTH -
HU TOJIOBHOTO MO3KY [26, 27].

META

ITpoBectu aHaji3 CTPYKTYPHUX 3MiH XpOMOCOM, CIIpH-
YUHEHUX PO3BUTKOM NYXJIMHHO-iHIYKOBAHOTO e(PeKTy
cinka (TIBE), Ta ouiHuT! MOXIMBICTH Momudikarii
TIBE acrakcaHTMHOM B HEOIPOMiHEHHUX Ta OMPOMiHe-
HUX in vitro nimdoluTax neprudepruyHoi KpoBi ocid 3
J1i00J1aCTOMOIO.

MATEPIAJIN 1 METOJIN
B nmocnimxeHHiI BUKOPUCTOBYBAIW KYJIBTYpU JiMpO-
uutiB nepugepudHoi Kposi (JITIK) 30 oci6 (20 xBopux
Ha rriobiactoMy Ta 10 yMOBHO 370pOBUX BOJIOHTEPIB).
CepenHiii Bik XxBopux ckjiaB 54,5 poky (27—68). B ycix Bu-
naakax giarHos riaiodnactoma (IV grade WHO) Oyno na-
TOMOPGOJI0TiYHO BeprU(iKOBAHO ITiC/s XipypriyHOIO BU-
JaJieHHs MyxJIMH. XipypriuHe JiKyBaHHSI XBOPUX IPOBO-
nunochk B 1Y «IHctuTyT Hefipoxipyprii im. akan. A. I1. Po-
monmaHoBa HAMH VYkpainu», ag’ioBaHTHE JTiKyBaHHS
(ximio- Ta mpoMeHeBa Teparlil) XBOpUM He IMTPOBOAUIOCH.
Kyasrypu JITIK, omepxani Big 10 yMOBHO 300pOBUX
BoJIOHTEPIB (7 XiHOK Ta 3 YOJIOBIKiB), CepeHiii Bik — 46
pokiB (32—54), gKi 3anepedyyBajii CBiIOMUI KOHTAKT 3i
3HAHUMHU YU MMOTEHLIMHUMM MyTareHaMu, BEJIM 300pPO-
BUI CIIOCIO XXUTTSI, OyJIM BUKOPUCTAHI B IKOCTi KOHTPO-
mo. JocmimxeHHs MPOBOAWIMCH 3TiTHO 3 €TUYHUMU
HOpMaMU, IPUMHIATUMHA YKPaTHCbKIM 3aKOHOIABCTBOM.
Bci ocobu Oynu 3anydeHi B 1OCTiIKEHHS 32 YMOBU Ha-
JaHHsg iHdopMmoBaHoi 3rogu. KymsruByBaHHS JiMpO-
LIMTiB MPOBOAWIU MPOTATOM 48 rox 3a MOIAU(iKOBAaHUM
HaMM CTaHIApTHUM MikpomeTonoMm [24, 28]. YacTuHy
3pa3KiB OIMPOMIHIOBAIN Y-KBAaHTAaMU (BUIIPOMiHIOBAY
IBL-237C, nmoryxHictb 2,34 Ip/xB) B no3i 1,0 Ip Ha 0-i1
roavHi KynabTuByBaHHs. [Ipu mocTaHOBLI eKcrepu-
MEHTIiB BUKOPUCTOBYBaIU acTakcaHTUH (Sigma, USA),
KW JofaBajil OO KYJIBTypaJdbHOIO CepeloBHUINA B
KiHIeBili koHueHTpalii 20,0 MKr/mj, BU3HAuYCHIN Min
yac BJIACHUX IMOMNEPeaHiX AoCHiIkeHb [29], 10 moyaTKy
iHKyOallii JJiMmpo1nTiB IeprudeprudHoi KpoBi. 3a 2-3 ron
0 KiHLM iHKyOalii KyJbTypu OOpOOJsIM PO3UMHOM
komeMiny (Sigma, USA) 3 po3paxyHKy 0,5 MKT/m1.

Our previous studies demonstrated the effica-
cy of astaxanthin in suppressing the TIBE in co-
cultures of blood from patients with chronic
lymphocytic leukemia and peripheral blood lym-
phocytes from healthy donors [8]. Given that
glial tumors are shielded by the blood—brain
barrier, which significantly complicates treat-
ment, the ability of astaxanthin to cross this bar-
rier and reach brain tissue is of particular impor-
tance [26, 27].

OBJECTIVE

To investigate chromosome abnormalities result-
ing from the tumor-induced bystander effect
(TIBE) and to assess the ability of astaxanthin to
modify TIBE in non-irradiated and in vitro irradi-
ated peripheral blood lymphocytes of glioblastoma
patients.

MATERIALS AND METHODS

In this study, cultures of peripheral blood lympho-
cytes (PBLs) were obtained from 30 individuals
(20 patients with glioblastoma and 10 healthy vol-
unteers). The mean age of the patients was 54.5
years (range: 27—68). In all cases, the diagnosis of
glioblastoma (WHO grade IV) was histopathologi-
cally confirmed following surgical tumor removal.
Surgical treatment was performed at the Romoda-
nov Neurosurgery Institute of the National
Academy of Medical Sciences of Ukraine, and pa-
tients did not receive adjuvant therapy
(chemotherapy or radiotherapy).

PBL cultures from 10 healthy volunteers (7 wo-
men and 3 men, mean age 46 years, range 32—54),
who reported no known or potential exposure to
mutagens and maintained a healthy lifestyle, were
used as controls. The study was conducted in accor-
dance with ethical standards established by
Ukrainian legislation, and all participants provided
informed consent. Lymphocytes were cultured for
48 hours using a modified standard micromethod
developed by our team [24, 28]. Some samples were
irradiated with y-rays (IBL-237C emitter, dose rate
2.34 Gy/min) at a dose of 1.0 Gy before the start of
cultivation. Astaxanthin (Sigma, USA) was added
to the culture medium at a final concentration of
20.0 ug/ml, as determined in our previous stud-
ies [29], prior to the initiation of PBL incubation.
Two to three hours before the end of incubation,
cultures were treated with colcemid solution
(Sigma, USA) at a concentration of 0.5 pg/ml.
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IIpu nuTOreHeTMYHOMY aHaJli3i BpaxoBYBaJIu BCi abe-
pauii XxpoMaTuAHOTO (OAWHOYHI (pparMeHTH, Xpoma-
TUAHI OOMiHM) Ta XpOMOCOMHOTO (BiJIbHI TTapHi par-
MEHTH, alleHTPUYHI KiJbLs, OIULEHTPUYHI Ta KilbleBi
XpPOMOCOMH, aHOMaJbHi MOHOIIEHTPUKH, SIKi (popMmy-
IOThCSl 3a pPaxyHOK TpaHCJOKalliid, iHBepciii, iHcepLiit)
TUIIIB, SIKi BIpOTiIHO MOXHAa PO3Ii3HATU MPU IPYIIOBOMY
KapioTUIyBaHHI Ha piBHOMipHO nodapboBaHUX Tpera-
patax MeTada3zHUX XPOMOCOM.

PE3VYJIBTATU TA OBI'OBOPEHHS

3 MeTo0 BM3HAYEHHSI PO3BUTKY MYXJIMHHO-iHIyKOBa-
Horo e(ekTy CBilKa, Ha TeplioMy eTari poOdoTu OyJo
BCTAaHOBJICHO Ta IIPOBEIECHO MOPIBHSIHHS (POHOBUX IIV-
TOTEHETUYHNX MOKA3HUKIB B HEOTIPOMIiHEHUX JTiM(OIIN-
Tax rneprudepruyHOi KPOBi yMOBHO 300POBUX OCi0 Ta 0cCi0,
y SIKMX OyJIO AiarHOCTOBAaHO TJ1i00IacTOMY.

Byno BcTaHOBIIEHO, 110 CepeAHBOIPYITOBA YacTOTa abe-
paHTHMX MeTada3 B YMOBHO 3IOpPOBHMX OCiO cKiamasa
(1,61 +0,22) % 3 MiXXiHIUBITyaTbHUMU KOJIUBAHHSIMMU BiJl
0,67 % 10 2,31 %, o cratucTUYHO 3Hauyiue (p > 0,05) He
MepPEeBUIIYBAJIO CepeIHbONONYJIALiiHMIA piBeHb 1,50 %,
KUt Bapiroe B Mexax Bin 1,00 % no 3,00 %, Ta craTucTy-
HO 3HAYyIlle HE BilPi3HSIETbCS Bill ITOKA3HUKIB BJIACHOTO
icropmynoro koHrpomo — (1,32 = 0,19) %, 0—2,00 %.
[NomKkomKeHHSI XxpOMOCOM B OCHOBHOMY OYJIM TIpeICTaB-
JIeHi abepalisiMyi XpOMaTHUAHOTO TUITY, SIKi 3yCTpiYaancCh i3
cepenHbolo yactororo 1,23 + 0,28 Ha 100 metacdas. Abe-
pauiii xpomocomHoro tuity 0,37 + 0,22 na 100 metacas Oy-
JIA TIpEACTaBJICHI MPOCTUMU ALlCHTPUKAMM — BUIbHUMU
napHnMu ¢pparmeHTaMu. OTprMaHi pe3yIbTaTh CBimuaTh
MpO BiACYTHICTh MPOSIBIB pafialliiiHOro BIUIMBY y 00CTe-
JKEHHUX 0Ci0 B IUTOreHETUYHO 3HAYYIIMX J03aX.

ITpu aHani3i GOHOBUX LUTOTEHETUYHMX MOKA3HUKIB B
HeonpoMmiHeHux JITTK oci6, xBopux Ha I1ioGJaacToMmy,
OyJ1I0 BCTAaHOBJICHO, 1110 CepeIHbOTPYIOBa YacToTa abe-
paHTHUX MeTada3 ckiagana (5,91 £ 0,74) %, wo cra-
tucTuyHO 3Hauye (p < 0,005) mepeBullyBago BiAo-
BiIHUI MOKa3HUK I'pynu KOHTpo0. CepenHborpyoBa
yacToTa XpOMOCOMHUX abepalliii mpy LbOMY JOPiBHIO-
Basia 6,21 £ 0,87 na 100 xiIiTUH, 1110 MOB’S3aHO 3 HasB-
HICTIO MyJIbTMA0EpaHTHUX KJIITHUH (puc. 1).

Cepen BUSIBJICHUX XPOMOCOMHUX ITOIIKOMXEHD IIepe-
BaxKayin abepailii xpomocoMHoro Tuiy 4,81 £ 0,86 Ha
100 xyiTWH, IKi B OCHOBHOMY OYyJI TIPEJCTaBJICH] BiJlb-
HUMHM MOapHUMU (parMeHTaMH i3 CepeIHbOIPYIIOBOIO
yacrortolo 3,82 £ 0,60 Ha 100 meTtadas. 3adikcoBaHuit
piBeHb IULIEHTPUYHUX XPOMOCOM i aHOMaJTbHUX MOHO-
neHTpukiB ckiagas 0,65 £ 0,30 Ta 0,34 = 0,17 Ha 100
KJITUH B CEpeaHbOMY IO TpyIli, BiamosimHo. YacToTa
abepalliii XxpoMaTuaHOTO TUITY cKiamama 1,35 £ 0,17 Ha

Cytogenetic analysis included all chromatid-
type aberrations (single fragments, chromatid
exchanges) and chromosome-type aberrations
(free double fragments, acentric rings, dicentric
and ring chromosomes, abnormal monocentrics
formed due to translocations, inversions, or inser-
tions) that could be reliably identified during
group karyotyping of uniformly stained metaphase
chromosome preparations.

RESULTS AND DISCUSSION

To evaluate the development of the tumor-induced
bystander effect, the first stage of the study
involved determining and comparing baseline
cytogenetic parameters in non-irradiated periph-
eral blood lymphocytes (PBLs) from healthy vol-
unteers and patients diagnosed with glioblastoma.

In healthy volunteers, the mean frequency of
aberrant metaphases was (1.61 £ 0.22)) %, with
interindividual variation ranging from 0.67 % to
2.31 %. This did not significantly exceed the aver-
age population level of 1.50 % (range 1.00—3.00 %)
and did not differ significantly from our historical
control data ((1.32 + 0.19) %, range 0—2.00 %).
Chromosomal damage was primarily represented
by chromatid-type aberrations, occurring at an
average frequency of 1.23 * 0.28 per 100
metaphases. Chromosome-type aberrations
(0.37 = 0.22 per 100 metaphases) were mainly
simple acentric fragments (free doubled frag-
ments). These results indicate the absence of cyto-
genetically significant radiation exposure in the
examined individuals.

Analysis of baseline cytogenetic parameters in
non-irradiated PBLs from glioblastoma patients
revealed a mean frequency of aberrant metaphases
of (5.91 £ 0.74) %, which was significantly higher
than that in the control group (p < 0.005). The
mean group frequency of chromosomal aberra-
tions was 6.21 + 0.87 per 100 cells, reflecting the
presence of multi-aberrant cells (Fig. 1).

Among the detected chromosomal damages, chro-
mosome-type aberrations prevailed (4.81 £ 0.86 per
100 cells), primarily represented by free double frag-
ments, with a mean frequency of 3.82 % 0.60 per 100
metaphases. The observed levels of dicentric chromo-
somes and abnormal monocentrics were 0.65 & 0.30
and 0.34 = 0.17 per 100 cells, respectively. The fre-
quency of chromatid-type aberrations was 1.35 + 0.17
per 100 metaphases, consisting of single fragments
(1.09 £ 0.38 per 100 metaphases) and chromatid
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JINK ymoBHO 3g0poBuX 0Ci6

PBL of relatively healthy individuals

JINK yMOBHO 340pOBMX 0OCI6 + acT aKCaHTUH

PBL of relatively healthy individuals + astaxanthin
JINK xBopux Ha rnio6nactomy

PBL of glioblastoma patients i
JINK xBopux Ha mio6nacToMy + acTakCaHTUH
PBL of glioblastoma patients + astaxanthin

% aHoMasiih XpoMocom
% chromosome abnormalities
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abepaHTHi MeTadasu abepallii XxpoMocoM abepallii xpomMaTugHoro Tuny abepallii XxpOMOCOMHOro THNy
aberrant metaphases aberrant chromosomes chromatid-type aberrations chromosome-type aberrations

PUCYHOK 1. Bnnus acTakcaHTUHY B KOHUeHTpauii 20,0 MKr/mMn Ha piBeHb XpOMOCOMHMX abepauii B Heonpo-
miHeHux Kynbtypax JIMK ymoBHO 310poBuX 0Ci6 Ta XBOpUX HAa rnio6nacTomy

Figure 1. Effect of astaxanthin at a concentration of 20.0

ug/ml on the level of chromosomal aberrations in

non-irradiated peripheral blood lymphocyte cultures from healthy volunteers and glioblastoma patients

100 metacas. Abepailii Oyau TpeacTaBieHi OAUHOYHU-
mu ¢pparmeHTamu (1,09 + 0,38 na 100 meTtadas) Ta xpo-
MmatugHuMu odominamu (0,26 + 0,16 Ha 100 metadas).
Taxkum yHOM, HaMU OYB 3a(iKCOBAHUI YiTKMII MPOSIB
TIBE B kynwerypax HeompoMineHux JIITK xBopux Ha
riio6sacToMmy.

BBenenHs acrakcaHTUHY B KoHIeHTpaii 20,0 MKT/MI
B HeonpoMmiHeHi Kyasrypu JITTK yMoBHO 300poBuUX 0cCiO
He TIPU3BEJIO OO0 CTAaTUCTUYHO 3HAYYIIMX 3MiH 4acCTOTHU
Ta CIEKTPY XpPOMOCOMHUX abepaliiii. B Toit e yac B He-
onpoMmiHeHii Kynerypi JITIK xBopux Ha riiodiactomy
BIUIMB acTaKCaHTUHY B KoHHeHTpamii 20,0 MKr/mi
MPU3BIB J0 CTaTUCTUYHO 3HauyIux (p < 0,05) 3MmiH yac-
TOTH Ta CIIEKTPY XpPOMOCOMHMUX abepaliit (puc. 2).

CepenHbOIPYNOBUM piBeHb aOEPaHTHUX XPOMOCOM
3HM3uBCed 3 6,21 £ 0,87 Ha 100 KIiTUH B Ky/abTypax 6e3
acrakcanTuHy 10 3,07 = 0,51 na 100 KJTiTUH B KyJIBTypax
micnst BBeAeHHs actakcaHTUHY (p < 0,05). 3HMXeHHS
3arajbHOro piBHS abepaliil XxpoMOCOM BigOYyBa1OCh Ie-
pEeBaXXHO 3a paxyHOK abepalliii XpOMOCOMHOIO THITY,
yacToTa SIKMX 3MeHImiach 3 4,81 £ 0,86 nHa 100 xrituH
B iHTaKTHIl KyaeTypi 1o 2,42 £ 0,54 Ha 100 K1iTUH micas
BBEJICHHSI acTaKCaHTUHY. 3MiHU 4acTOT abepalliii Xpo-
matugHoro tuny y JITIK, mo KynsTuByBaiucs 3 acTak-
CAaHTMHOM OYJIM CTATUCTUYHO He3HauymuMmu (p > 0,05).

AHanizyloun OoTprMMaHi JdaHi, MOXHa JilTH BHUCHOBKY,
10 [ist aCTaKCAaHTUHY B KOHHeHTpaii 20,0 MKT/MJI Ipu-
3Beja 10 MaAiHHSI PiBHSI XPOMOCOMHMX MOpYIIEHb B

exchanges (0.26 = 0.16 per 100 metaphases). These
results clearly indicate the manifestation of the
tumor-induced bystander effect (TIBE) in non-
irradiated PBL cultures from glioblastoma patients.

The addition of astaxanthin at a concentration of
20.0 pug/ml to non-irradiated PBL cultures from
healthy volunteers did not result in statistically sig-
nificant changes in the frequency or spectrum of
chromosomal aberrations. In contrast, in non-
irradiated PBL cultures from glioblastoma pa-
tients, treatment with astaxanthin at the same con-
centration led to statistically significant changes in
both the frequency and spectrum of chromosomal
aberrations (p < 0.05; Fig. 2).

The mean frequency of aberrant chromosomes
decreased from 6.21 £ 0.87 per 100 cells in untreat-
ed cultures to 3.07 £ 0.51 per 100 cells following
treatment with astaxanthin (p < 0.05). The reduc-
tion in total chromosomal aberrations was mainly
due to a decrease in chromosome-type aberrations,
which declined from 4.81 + 0.86 in untreated cul-
tures to 2.42 * 0.54 per 100 cells after astaxanthin
treatment. Changes in the frequency of chromatid-
type aberrations in PBLs cultured with astaxanthin
were not statistically significant (p> 0.05).

These results indicate that astaxanthin at a con-
centration of 20.0 pg/ml reduces chromosomal
damage in PBLs from glioblastoma patients,
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single fragments
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PBL of patients + astaxanthin
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double fragments

DMLEHTPUKY
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PuUcyHOK 2. BnauB acTaKcaHTUHY B KOHUeHTpauii 20,0 MKr/mn Ha YactoTy i cnektp abepauin xpomocom y
HeonpomiHeHux Ta onpomiHeHux KynbTypax JIMK xBopux Ha rnio6nacromy

Figure 2. Effect of astaxanthin at a concentration of 20.0 Li,g/ml on the frequency and spectrum of chromosomal
aberrations in non-irradiated and irradiated peripheral blood lymphocyte cultures from glioblastoma patients

JITTK xBopux Ha I1i00J1acTOMY, 110 BKa3y€ Ha 3MEHILIEHHS
MaHiecTallil MyXJIMHHO-1HIyKOBaHOTO e(heKTy CBiAKa.

BB ioHi3yrouoro BumpomiHioBaHHS B jo03i 1,0 Ip
MPU3BIB 10 OYiKyBAaHOI'O 3POCTAaHHS PiBHSI XPOMOCOMHUX
abepauiit B JITTK nauieHTiB MOPiBHSIHO 3 IXHIMU iHTAaKTHU-
mu kyaerypamu (p < 0,05). Ilicag mpoBemeHHS OIT-
pomiHeHHs KynbTyp JITTK ocib 3 ri1iobiactoMoro cepeTHb-
OrpyIroBa yacTtoTa abepaHTHUX MeTada3 ckianana (19,89 +
1,55) % 3 mixinauBigyanpHUMHU Bapiaisimu Bim (12,01 £
1,88) % mo (34,50 £ 2,74) %. CepenHborpymnoBa yacTtota
abepalliii xpoMocoM ckianana 23,99 + 2,24 Ha 100 kiiTuH
i kommBasacs Bin (12,01 + 1,88) % mo (48,9 £ 2,89) %.

PagioinagykoBaHi TOLIKOIXEHHSI XpOMOCOM Oyiu
npejcTaBieHi B OCHOBHOMY HeCTaOUIbHUMU abepalli-
SIMA XPOMOCOMHOTIO THUITY: MapHUMHU (parMeHTaMu i3
CyMapHOIO cepeaHborpymnonow yacrtototo 11,01 £ 1,30
Ha 100 KIiTUH Ta AMUEHTPUYHUMU XPOMOCOMaMU 3 Ce-
peaHboro yactoroo 9,67 £ 0,97 na 100 xiitud. Byno
3aikcoBaHO CTabiJIbHI pajioreHHi Mapkepu — aHo-
MaJIbHi MOHOLIEHTPUKM 3 CEPEIHBOIPYIIOBOIO YaCTOTOIO
1,48 = 0,38 na 100 metacdas.

JlomaBaHHSI aCTAaKCAaHTUHY B KyJIETYPY OIIPOMiHEHUX B
no3i 1,0 Ip JITIK oci6 3 rimio6gacToMo0 MPU3BEIO 10
CTaTUCTUYHO 3Hauylioro 3HuwxkeHHs (p < 0,01) gk yac-
ToTU abepaHTHUX MeTadas (mo (11,45 = 1,01) %), Tak i
abepariit xpomocom (12,01 = 1,21 wa 100 kmitnH). byno
3a(hiKCOBaHO 3HIKEHHS YaCTOTU KJIACUYHUX HECTa0iIb-
HUX LIMTOIeHETUYHUX MapKepiB pafdiallifHOTO BIUIUBY —
TULIEHTPUIHUX XpoMocoM — 39,67 + 0,97 mo 4,50 £+ 0,62
Ha 100 metadas (p < 0,05). BinmiueHO 3MeHIIIEHHS ce-

reflecting a decrease in the manifestation of the
tumor-induced bystander effect.

Exposure to ionizing radiation at a dose of 1.0
Gy led to the expected increase in chromosomal
aberrations in PBLs from patients compared to
their intact cultures (p < 0.05). After irradiation,
the mean frequency of aberrant metaphases in
glioblastoma patients’ PBLs was (19.89 £ 1.55) %,
with interindividual variation ranging from
(12.01 + 1.88) % to (34.50 + 2.74) %. The mean
frequency of chromosomal aberrations was 23.99 +
2.24 per 100 cells, ranging from (12.01 + 1.88) %
to (48.9 £ 2.89) %.

Radiation-induced chromosomal damage was
predominantly represented by unstable chromo-
some-type aberrations: double fragments with a
mean frequency of 11.01 = 1.30 per 100 cells and
dicentric chromosomes at 9.67 = 0.97 per 100
cells. Stable radiation markers — abnormal mono-
centrics — were observed at a mean frequency of
1.48 £ 0.38 per 100 metaphases.

The addition of astaxanthin to PBL cultures
irradiated at 1.0 Gy led to a statistically signifi-
cant reduction (p < 0.01) in both the frequency of
aberrant metaphases (to (11.45 = 1.01) %) and
chromosomal aberrations (12.01 * 1.21 per 100
cells). A significant decrease was also observed in
classical unstable cytogenetic markers of radia-
tion exposure: dicentric chromosomes decreased
from 9.67 * 0.97 to 4.50 = 0.62 per 100
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PEAHBOTPYIIOBOI CYMapHOI YaCTOTU MapHUX (pparMeHTiB
(mo 5,46 = 0,68 na 100 metadas, p < 0,05) Ta cTabiIbLHUX
LUTOreHETUUHUX MapKepiB Ail i0HI3yI0UOT0 BUIIPOMiHIO-
BaHHSI — aHOMaJIbHUX MOHOILIEHTpUKiB (1m0 0,41 £ 0,17
Ha 100 xmituH, p < 0,05). PiBeHb ogmHOYHUX (ppar-
MEHTIB 1 XpOMaTUAHMX OOMiHiB He 3MiHMBCS Ta He
BiIpi3HABCS Hi B (POHOBUX 3HAYEHb, Hi Bif] iXHiX 4aCTOT
MpY OKpeMiii J1ii i0Hi3yI0UOoro BUITPOMiHIOBAaHHSI.

IIpu anHamizi JaHUX 1WOAO BIUIMBY acTaKCaAaHTUMHY Ha
HeonpoMiHeHi Ta omnpoMiHeHi KyasTypu JITTK ocio 3
r1i00JJaCTOMOI0 Hallly yBary IpUBEpHYJa BiICYTHICTb
3HMKEHHST abepalliii XpoOMaTUIHOTO THUITY ITiJl BIJIMBOM
KapoTuHoiny. Bitomo, 1110 KapoTUHOIA € ONHUM i3 Hali-
CIJIBHIIINX BiTOMMX aHTMOKCUIAHTIB IIPUPOIHBOTO IT0-
XOIKEHHSI. AKTUBHiI (hOpMU KUCHIO € MPUUYUHOI BU-
HUKHEHHSI XPOMOCOMHUX MOIIKOIKEHb, SIKi BHACIIIOK
MOMMJIOK perapalii TpaHCHOPMYIOThCSI B XPOMOCOMHI
abepauii. OgHaK noJaBaHHS aCTaKCAaHTUHY HE MPU3BETIO
IO 3MiHM YacTOTM IIPOCTUX abepalii — OJAMHOYHUX
¢parmMeHTiB. BogHOUYaC MU BiAMIiTUIM CTATUCTUYHO 3HA-
yyllle 3HUKEHHS PiBHS CKJIAIHUX XPOMOCOMHUX Tepe-
Oya0B Mif BILIMBOM KapOTUHOIY.

Mu Moxemo 3poOUTH NPUITYLLIEHHS, 110 OCHOBHUM
€JIEMEHTOM BILUIMBY aCTaKCaHTUHY € He OJIOKYBaHHS OK-
CUJATUBHOIO CTpeCy B KIITHUHAX, a CTUMYJIOBaHHS
BHYTPIIUHbOKJIITUHHUX CUCTEM KOHTpPOJIIO. Y TIIOIe-
peIHiX JOCHiAXeHHsIX HaMu OyJI0 MOKa3aHOo, 1110 BILUIUB
aCTaKCaHTUHY, 3MiHIOYHN piBeHb MeTuaoBaHHS JHK,
MPU3BOAUTH 10 reHHoi akTuBalii [30]. 3MeHIIeHHs Jac-
TOTH KJIITMH, $IKi MOTEHUIMHO MalOTh KPUTUYHUIA (CyO-
JIeTaJIbHUI) PiBeHb ITOIIKOMXKEHb I'€HOMa, MOXKJIMBO
MOB’s13aHE 3 10JaTKOBOIO aKTHBALIi€IO il BIUIMBOM Ka-
POTHHOINY, CUCTEM KIITUHHOIO KOHTpPOJIIO, pernapauii
nowkomkeHb JTHK Ta cucrem amonrosy. Lle mpury-
LLIEHHS TTOTpe0y€e JOAATKOBOI MePEBipKU.

BUCHOBOK

AcTakcaHTHH B KoHLIeHTpa1ii 20,0 MKT/MJI CTaTUCTUIHO
3HAYYIIEe 3HIKYE TPOSIB MyXJIMHHO-iHAYKOBAHOTO e(eK-
Ty CBiJIKa HA IMTOT€HETUYHOMY PiBHi B KYJIETypax HEOIT-
POMiHEHUX Ta OMPOMiHEHUX JiM(OILUTIB nepudepnuy-
HOI KPOBi XBOpUX Ha I1i00JIaCTOMY.

IHdopmauisa npo dpiHaHCyBaHHA

®inaHcyBaHHs BugaTtkamu JlepskaBHoro OromxeTy YK-
painu. Pobora BuMKOHaHa B pamkax mjaaHoBoi HJIP
«JlochimkenHs momudikalii pamialliifHO-iHIAYKOBaHUX
Ta MYXJIMHHO-iHAYKOBaHMX ITOIIKOIXE€Hb I'€eHOMa B
JimMdoruTax nepudepudHoi KpoBi ocid 3 riobyacto-
Moto» (Ne mepxpeectpamii: 0123U101591, mmdpp pobdo-
™ Ne 642).

metaphases (p < 0.05), and the mean frequency
of paired fragments declined to 5.46 £ 0.68 per
100 metaphases (p < 0.05). Stable cytogenetic
markers, such as abnormal monocentrics, were
reduced to 0.41 = 0.17 per 100 cells (p < 0.05).
The frequency of single fragments and chromatid
exchanges remained unchanged and did not dif-
fer from baseline or from values observed after
radiation alone.

Analysis of the effects of astaxanthin on non-
irradiated and irradiated PBL cultures from
glioblastoma patients highlighted the absence of a
reduction in chromatid-type aberrations under
carotenoid treatment. Carotenoids are known as
one of the most potent natural antioxidants.
Reactive oxygen species (ROS) are a primary
cause of chromosomal damage, which can trans-
form into chromosomal aberrations due to errors
in repair. However, astaxanthin did not alter the
frequency of simple aberrations (single fragments)
while significantly reducing complex chromoso-
mal rearrangements.

We assume that the main mechanism of astaxan-
thin’s action is not merely the blocking of oxida-
tive stress, but the stimulation of intracellular con-
trol systems. Previous studies by our group demon-
strated that astaxanthin, by modulating DNA
methylation, leads to gene activation [30]. The
observed reduction in the frequency of cells poten-
tially carrying critical (sublethal) genomic damage
may be associated with additional activation,
under carotenoid influence, of cellular control sys-
tems, DNA repair mechanisms, and apoptotic
pathways. This hypothesis requires further experi-
mental validation.

CONCLUSION

Astaxanthin at a concentration of 20.0 ?g/ml signifi-
cantly reduces the manifestation of the tumor-
induced bystander effect at the cytogenetic level in
cultures of both non-irradiated and irradiated peri-
pheral blood lymphocytes from glioblastoma patients.
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