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BIIJIUB ACTAKCAHTHUHY HA ITPOAB ITPAMOI'O I 3BOPOTHOI'O
INYXJINHHO-ITHAYKOBAHOT'O EQEKTY CBIIKA

MeTa: focnignMTM B3aEMHMUI BMIMB HA FEHOM MairHi3oBaHMX i HOpManbHUX NimbouuTie nepudepuyHoi KpoBi Nloau-
HW NpK iX CyMiCHOMY KyNbTWBYBAHHi Ta MOXNMBICTb MOAMDiKaLiT edeKTiB Li€T B3aEMOAiT aCTaKCAaHTUMHOM.
MeTtoau. Okpeme Ta CyMiCHO-pO3AinbHe KynbTUBYBaHHA Nimdountie nepudepunyHoi kposi (JIMK) 6 xBopux Ha
XPOHiYHMi1 nimdoumntapHuit neitkos (XJ1J1) Ta 6 ymoBHO 380poBux 0ci6; meTog Comet assay; NoMiHECLEHTHA MiKpoc-
Konis 3 aBTOMaTM30BaHO MPOrpaMolo aHanily pe3ynbTaTie; CTaTUCTUYHI.
Pe3ynbratu. Mpu cymicHO-poO3AinbHOMY KynbTUBYBaHHi niMbouuTiB nepudepuyHoi kposi (JINMK) ymoBHO 350poBuUx
0Ci6 (KniTMHW-cBigKK) Ta KNiTUH KpoBi xBopux Ha XJIJT (KNiTMHM-IHAYKTOPKM) cnocTepirann NposBK AK NPAMOro, TaK i
3BOPOTHOTO MyXJAWHHO-THAYKOBaHUX etekTiB cBifka. [pamMuin edekT xapakTepu3yBaBCcs BUCOKUM PiBHEM KOMET, AKi
BiLNOBIAAITH KNiTUHAM, WO 3HAX0AATLCA HA S-a3i KNITUHHOTO LMKIY, Ta 3POCTAHHAM anoNTUYHOT aKTUBHOCTI B KyJib-
Typax KNiTUH-CBiaKiB. 3BOPOTHMII eDeKT B KyNbTypi KNITUH-THAYKTOPiB NpOABNABCA 30iNbLWEHHS YaCTOTH KNiTUH, AKi
3aTpUManncs Ha S-tasi, SMeHWEeHHAM YaCTKU KNiTUH 3 BUCOKMM piBHEM nowKoaxeHHs LHK, 3HUKEHHAM piBHA KNiTUH
Ha cTapii anonTto3y. l1ia Ai€l0 acTaKCaHTUHY B KynbTypax KNiTUH-CBifKiB 3HauyLLe 3MEHWMUBCS PiBEHb AK KNiTUH Ha S-
dasi, Tak i anonTUYHUX KNiTUH (p < 0,05). Bnane acTakcaHTUHY Ha KNiTUHW-THAYKTOPW OYB NPOTUAEXHUM: cnocTepira-
N0Cb 30iNbWEHHA YaCcTOTW KNiTUH Ha S-dasi Ta 3pocTaHHA anonTUYHoi akTBHOCTI (p < 0,05).
BucHOBOK. BCcTaHOBNEHO MOXAMBICTb MOAMDIKALTT aCTaKCAHTUHOM NPOABIB AK NPAMOrO, TaK i 3BOPOTHOIO NYXUHHO-
iHLyKOBaHUX e(heKTiB CBiAKa.
Knio4oBi cnoBa: acTakCcaHTUH; CyMiCHO-PO3iNbHE KyNbTUBYBAHHA NiMBOLMUTIB NIOAUHN; NPAMUIA Ta 3BOPOTHUIA NyX-
NMHHO-THAYKOBaHI edekTun ceigka; Comet assay; anonTos.
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IMPACT OF ASTAXANTHIN ON MANIFESTATIONS OF THE
DIRECT AND RESCUE TUMOR-INDUCED BYSTANDER EFFECT

Objective: to investigate the reciprocal impact on the genome of malignant and normal human peripheral blood
lymphocytes under their co-culture and the possibility to modify the effects by astaxanthin.

Methods. Separate and joint/separate culturing of peripheral blood lymphocytes (PBL) of the chronic lymphocytic
leukemia (CLL) patients (n = 6) and conditionally healthy individuals (n = 6), Comet assay method, fluorescence
microscopy with automated software for the analysis of results, statistical methods.

Results. Both direct and rescue tumour-induced bystander effects were observed under the joint/separate cultur-
ing of blood lymphocytes of conditionally healthy individuals (the bystander cells) and blood cells from CLL patients
(the inducer cells). The direct effect was characterized by the high level of comets corresponding to the S-phase
cells and increased apoptotic activity in the bystander cell cultures. The rescue effect in the culture of inducer cells
was expressed by the increased frequency of cells retained in S-phase, decreased proportion of cells with a high level
of DNA damage and decreased amount of cells in apoptotic stage. Level of both S-phase cells and apoptotic cells in
the cultures of bystander cells significantly decreased under the impact of astaxanthin (p < 0.05). Effect of astax-
anthin on the inducer cells was the opposite, namely an increased frequency of S-phase cells and increased apop-
totic activity in cultures (p < 0.05) was observed.

Conclusions. Possible modification of manifestations of both direct and rescue tumor-induced bystander effects by

the astaxanthin was established.

Key words: astaxanthin; joint/separate culturing of human lymphocytes; direct and rescue tumor-

induced bystander effects; Comet assay, apoptosis.
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BCTVYII

[NyxnmmHaHO-iHAYKOBaHWI e(eKT cBigka (tumor-induced
bystander effect — TIBE) — ue sBuiie, sike crioctepi-
Ta€ThbCS MPHU B3aEMOZil (HaBiTh BiAmaJleHOI) MaJlirHi30-
BaHMX KJIITMH 3 HOPMAJIbHUMMU: 3J10SIKiCHi KJiTUHU MO-
XKyTh iHIYKYBaTH CTPYKTYPHi Ta (pYHKIIIOHAJIbHI ITOII-
KOJ>KeHHS Anpa (TeHOMY) Ta iHIITUX BHYTPilTHbOKJTITUH-
HUX KOMITOHEHTIB HeTpaHC(hOpMOBaHUX KIiTUH [1-—3].
IcnyBanHst TIBE Oyno miaTBepakeHO B Pi3HOMaHITHUX
eKCIIeprMMeHTax in vitro Ta in vivo [3—5], a came gBuIe
BBaXKAETHCSI «OJHUM i3 TIPOSIBIB YHiBepcaJbHOTO (DEeHO-
MEeHY — BimoBiai cBinka (bystander response), BUKJIUKa-
HOI'0 peakili€lo KJIITMH Ha iHAYKOBAaHWI T€HOTOKCHUY-
HUIA CTpec», BIIOMUM IPUKIIAAOM SIKOTO € pamialliiiHO
iHAyKOBaHUi epekT cBinka (radiation induced bystander
effect — RIBE) [3, 4]. IToniono nposiy RIBE, maHidec-
tauisg TIBE xapakTepu3yeTbcsl 30i1blLIEHHSIM T€eHOMHOIL
HECTaOLIbHOCTI, aKTUBAIIi€r0 MpoJtichepallii Ta IMiaBUIIIe-
HUM piBHEM aIrloNToO3y B HEMAaJIiTHI30BaHUX KJIITUHAX-
cBigkax. Beaxatoth, mo ¢eHomeH TIBE cnpusie pos-

B« Denys A. Kurinnyi, e-mail: kurinnyi.d@gmail.com

INTRODUCTION

The tumor-induced bystander effect (TIBE) is a
phenomenon observed under the interaction
(even remote) of malignant cells with normal ones
when malignant cells can induce structural and
functional damage to the nuclei (genome) and
other intracellular components of untransformed
cells [1—3]. Existence of TIBE has been confirmed
in various in vitro and in vivo experiments [3—5].
It is considered as «one of manifestations of uni-
versal phenomenon i.e. the bystander response
caused by the cellular reaction to the induced
genotoxic stress», and the radiation-induced
bystander effect (RIBE) is a well-known exam-
ple [3, 4]. Similar to RIBE, the manifestation of
TIBE is characterized by an increase in genomic
instability, activation of proliferation, and
increased apoptosis in non-malignant bystander
cells. It is believed that the TIBE contributes to
development of the secondary malignancies in
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BUTKY BTOPMHHMX 3JI0SIKICHUX HOBOYTBOPEHb Y OHKO-
JIOTIYHMX XBOPHUX [6, 7], pU3UK BUHUKHEHHS IKUX MOXKE
1Ie IiABUILNYBaTUCS IiCJAs T€HOTOKCHUYHOI XiMio- 4u
paniotepartii [8—10].

B3aeMogisgs MiX KJIiTMHaMH, 110 iHAYKYIOTHh €(MeKT
CBiJlKa, Ta KJIITUHAMU-CBiIKaMu, € MPOLIECOM IBOCII-
PSIMOBAaHUM: HOpMaJibHi KJIITUHU BIJIMBAIOTh HA KJIiITU-
HU-IHAYKTOpU, aKTUBYIOUM Pi3HOMAaHITHI CUCTEMU pe-
napailii Ta 30iIbIIYIOYM BUXKMBAHICTh IUX KIiTUH. Ta-
KU edeKT Mae Ha3By 3BOPOTHIill edeKkT cBimka abo
«eeKT MopATyHKY» (rescue effect) [11, 12]. He3Baxa-
I0YM Ha CBOIO JAPYTY Ha3BY, 3BOPOTHIH eeKT cBinka Mo-
)K€ MaTW HeraTWUBHI MeIWYHi HACHiaKW, OCKiJbKHU
TITPUMKAa» MYyXJIMHHUX KJIITHH HOPMaJIbHUMU MOXKE
3HAYHO 3HWXKYBAaTH €(PEKTUBHICTh Tepallii OHKOJIOTiv-
HUX XBOPOO.

HesBaxaloun Ha akTMBHE BUBYEHHS MaHidecTarlii
npsimoro Ta 3BopoTtHoro TIBE [13—19], Hu3Ka nMUTaHb
JIOCi 3aJIMILAIOTHCSI BIIKPUTUMU 1 TTOTPEOYIOTh MOAalb-
IIIOTO BUpIllIEeHHs. 30KpeMa, 1Ieé CTOCYEThCS PO3POOKHU
MiAXOMiB JJIs1 AOCHIIXEHHSI OCOOJMBOCTEN B3aeEMOAil
HOPMaJIbHUX KJIITMH 3 MQJIirHi30BAaHUMMU 3 BUKOPUCTAH-
HSIM Pi3HUX ITapaMeTPiB MOIIKOIXKEHHSI TEHOMY, a TaKOX
MOXJIMBOCTI Moauikallii TaKoi B3aEMOIii.

YV nonepeHix JOCTiIXEHHIX 0y10 MOKa3aHOo, 10 3ac-
TOCYBaHHSI PpO3pOOJIEHOI HaMKW CUCTEMMU CITiJIbHO-
pPO3AUIBHOTO KYJABTUBYBAHHSI KIIITMH-iHOAYKTOpiB Ta
KJIITUH-CBIJKiB 3 MOAAJIbIIMM BUKOPUCTAHHSIM METOIY
eJIeKTpodope3y OKPEMUX KJIITUH B HEUTPaIbHUX YMOBaX
o ouiHky noikomxkeHocti JJHK mo3Bonuiao 4itko
BU3HAYUTU IIPOSIBU SIK IIPSIMOTO, Tak i 3BopoTHOro TIBE
MpHY KyJBTUBYBAaHHI KJIITUH KPOBi XBOPUX Ha XPOHIUHUH
JiMmdbonutapHuii eiiko3 (XJIJI) 3 niMmdpouutaMmu ymoB-
HO 3mopoBux AoHopiB [20]. Ockijibku, MeXaHiZMHu
«BiIMOBiIl CBiAKa» IOSICHIOIOTb AKTUBHUM CHUHTE30M
KJIITUHAMU-iHIYKTOpaMU Ta KJITMHAMU-CBiIKaMM CHUT-
HaJIbHUX CTPECOBUX MOJIEKYJI, YACTUHA 3 SIKMX € aKTUB-
Humu okucHukamu (NO, H»O») [5, 13], npupoaHi pedo-
BUHU, 1110 MalOTh aHTMOKCHUIAHTHI BIACTUBOCTI MOXYThb
pO3IIISIAATUCS SIK TIEPCIIeKTUBHI MoaUdikaTopu edeKTy
CBinKa. ACTaKCaHTWH, KapOTUHOI 3 TPy KCAaHTODIiB,
€ OJTHMM 3 TOTYXXKHUX NPUPOJTHUX aHTUOKCUIAHTIB [21].
Hamu pocnigxeHi oro pamgionpoTeKTOPHi, T'€HOIPO-
TEKTOPHI Ta alONTOTeHHi BIaCTUBOCTI [22—25].

META

Hocniguty B3aEMHMI BILIMB Ha T€HOM MalirHizoBa-
HUX Ta HOPMaTbHUX JTiM(MOLUUTIB NepucepuIHOi KPOBi
JIIOAWHU TIPU 1X CYMICHOMY KYyJbTMBYBaHHi Ta MOX-
JIMBiCTh Monudikauii edekTiB L€l B3aeMoAii acTak-
CAaHTUHOM.

cancer patients [6, 7], the risk of which may be fur-
ther increased upon genotoxic chemotherapy or
radiotherapy [8—10].

Interaction between the cells that induce a
bystander effect and bystander cells is a bidirec-
tional process, where normal cells have an effect
on inducer cells, activating various repair systems
and improving the survival of these cells. This
event is called the rescue bystander effect [11, 12].
Despite this name, the rescue bystander effect can
lead to the negative health consequences, as
«maintaining» of tumor cells by normal ones and
might significantly reduce the effectiveness of can-
cer therapy.

In spite of active research of manifestations of
the direct and rescue TIBE [13—19], a range of
issues still remain unsolved and requiried further
solution. In particular, it concerns the develop-
ment of approaches to study the peculiarities of
interaction between normal and malignant cells
using different parameters of genome damage, as
well as a possibility of modifying such interac-
tions.

In previous studies, we have shown that the
application of the developed by us system for
joint/separate cultivation of inducer and bystander
cells with the subsequent use of the Comet assay in
neutral conditions to assess DNA damage made it
possible to clearly determine the manifestations of
both direct and rescue TIBE during cultivation
blood cells of patients with chronic Ilymphocytic
leukemia (CLL) and lymphocytes from condition-
ally healthy donors [20]. Since mechanisms of the
«bystander response» may be explained by active
synthesis of the signal stress molecules by inducer
and bystander cells, some of which are active oxi-
dants (NO, H,0,) [5, 13], the natural substances
with antioxidant properties can be considered as
promising modifiers of the bystander effect.
Astaxanthin (a carotenoid from the xanthophylls
group) is one of the most powerful natural antiox-
idants [21]. In addition, we investigated its radio-
protective, genoprotective and apoptogenic prop-
erties [22—25].

OBJECTIVE

To investigate the reciprocal impact of malignant
and normal human peripheral blood lymphocytes
on the genome under their cocultivation and pos-
sibility to modify the effects of this interaction with
astaxanthin.
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MATEPIAJIM I METOIN

Y gxocti Moaesni OHKOTpaHC(OPMOBAHUX KIITUH
(KT TUHU-THIYKTOPW) 0OpaHo JTiM(MOIUTH TIeprudeprd-
Hoi kpoBi monuHu (JITIK), omep:kaHi Big XBOpUX Ha
XpOoHiuHU# JiMdouunTapHuit aeriko3 (XJIJI), ockiabku
caMe 110 (popmy reMo0J1IaCcTO3iB BiIHOCSTh OO padialliii-
HO-aCOLiiiOBaHOI MAaToJOrii, 3aXBOPIOBAaHICTh Ha SIKY
migBuIIMIach B YKpaiHi BHachimok aBapii Ha YopHo-
ounbebKit AEC [20], a kitiTuH-cBinKiB — iHTakTHI JITTK
YMOBHO 3J0POBUX OCi0.

3pasku nepudepudHoi KpoBi Oy oTpuMaHi y 6 XBO-
pux Ha XJIJI Ta 6 yMOBHO 300pOBUX JOHOPIB, SIKi 3arre-
pedyBajid CBiJOMWII KOHTAKT 3i 3HAHMMHM YU II0-
TeHUIAHUMHN MyTareHaMH, BeJIM BiTHOCHO 3IOpOBUIl
cnocio xxutts. Bei ocodu Oynu 3amydyeHi 10 JoCaigXkeHb
3a YMOB MOiH(MOPMOBaHOI 3TOIU.

KynsruByBaHHS JiM(OLUTIB 3MiCHIOBAIM BIIPOAOBXK
48 rox 3a MoaudiKOBaHMM HaMM CTaHAAPTHUM MiKpO-
meTtonoMm [23, 25]. st cyMiCHO-pO3IiTbHOTO KyJIBTUBY-
BaHHS BUKOPHUCTOBYBAJIM PO3pPO0OJIEHY HAMM CHCTEMY,
sika CTaHOBMUTb COOOI0 NBi KYJIbTypaJdbHi €MHOCTI,
po3aisieHi MixX cobo0 MeMOpaHolo 3 mopaMu 1 MKM. Y
YaCcTUHY KYJIBTYp JOJAaBaJiM acTaKCaHTMH B KOHIICHT-
paiii (20 MKr/Mi1), sika OyJja BU3HaY€Ha I1iJ Yac HalllMX
MonepeaHiX AoCTiKeHb [22—25]. s oLiHKMA BigHOC-
Horo piBHs nowkoakeHHs1 JIHK BuUkopucToByBaiu Me-
Tox, enekTpodope3y okpemux KiitnH (Comet assay) B
HeWTpaabHUX YyMoBax [26]. KynbrypajibHy CyMilll LIEHT-
pudyrysaau 10 xB npu 1000 06/xB. 3HiManu BepxHiil
IIap KJITAH HaJ epUTPOLIUTAPHUM OCAZOM Ta IIPOBOAM-
I BUIINEHHS JIM@OINTIB y Tpagi€HTiI IIiIAbHOCTI
Histopaque 1077 (Sigma, USA) 3rinHo 3 NpOTOKOJOM
BupoOHuKa. CycrieH3ito KIiTuH 3mimryBaau 3 1 % ner-
KormiaBkolo araposolo (Sigma, USA) npu 37 °C. I1puro-
TyBaHHS ClaidiB, Ji3UC KJIITUH Ta IMPOBEIEHHSI HEMUT-
PaJIbHOTO KOMETHOTO eJIeKTpo(ope3y NpoBOAWIM 3a 3a-
rajapHOMNpuitHATOI0 MeToaukoro [27]. ITicias enekTpodo-
pe3y mpenapatu ¢apoysamu DAPI (4°,6-diamidino-2-
phenylindole) B KoHILIEHTpallil 2 MKT/MJI Ta aHaJli3yBaJIn
ITiJ1 TIOMiHECLIEHTHUM MiKPOCKOITOM 3 TIpUETHAHO0 (hO-
tokameporo Canon D1000. 11 KoXXHOro BapiaHTy po-
OWJIM He MEHIlIe TPhOX MOBTOPiB Ta (poTorpadyBanu He
MeH1e 100 BUTTamKOBO 00OpaHUX «KOMET» JIJTIST KOXKHOTO
nmosTopy (puc. 1).

300pakeHHsI aHaJli3yBaJIM 3a JOMOMOTOI0 MpOoTrpaMu
Image J (imagej.nih.gov) 3 BUMKOpPUCTAHHSIM ILIATiHY
OpenComet [26, 27]. Ik mapaMerp mis BU3HAYEHHSI
BimHOCHOrO piBHA TowmKomkeHHs JJHK Bukopucrony-
Basin nmoka3HuK «Tail Moment» (TM) [27], akuit Bupa-
XOBYETBCSI SIK JOOYTOK HOBXUHU <«XBOCTa» KoMmeTu (Y
MKkM) i1 gactkn JJHK y xBocTi. JIns1 OiHKMA ITOBXUHMN

MATERIALS AND METHODS

Human peripheral blood lymphocytes (PBL)
obtained from CLL patients were chosen as a
model of oncotransformed cells (inducer cells)
since this form of hemoblastosis is considered as a
radiation-associated disease, the morbidity of
which increased in Ukraine as a result of the
Chornobyl NPP accident [20]. The intact PBL
from the conditionally healthy individuals were
used as bystander cells.

Peripheral blood samples were obtained from
CLL patients (n = 6) and conditionally healthy
volunteers (n = 6) who denied any conscious expo-
sure to the known or potential mutagens and had
followed a relatively healthy lifestyle. All subjects
were involved on the basis of informed consent.

Lymphocytes were cultured for 48 hours accord-
ing to our modified standard micro method
[23,25]. For the joint/separate cultivation, we used
the system developed by us, which consists of two
culture tubes separated by a 1 ?m membrane.
Astaxanthin was added into culture medium in
final concentrations 20 ?g/ml that was determined
during our previous studies [22—25]. The method
of the single cell electrophoresis (Comet assay)
under neutral conditions was used to analyze the
relative level of DNA damage [26]. The culture
mixture was centrifuged for 10 minutes at 1000
rpm. The upper layer of cells above the erythrocyte
sediment was removed and lymphocytes were iso-
lated in a density gradient Histopaque 1077
(Sigma, USA) according to the manufacturer’s
protocol. The cell suspension was mixed with 1%
low-meltpoint agarose (Sigma, USA) at 37 °C.
Slide preparation, cell lysis, and neutral comet
electrophoresis were performed according to the
conventional method [27]. After electrophoresis,
the preparations were stained with DAPI (4°,6-
diamidino-2-phenylindole) at a 2 ?g/ml concen-
tration and analyzed under a fluorescence micro-
scope with attached Canon D1000 camera. At
least three replicates were made for each variant
and at least 100 randomly selected ’comets’ were
photographed for each repeat (Figure 1).

Images were analyzed with the Image J
(imagej.nih.gov) application using the
OpenComet plugin [26, 27]. The «Tail Moment»
(TM) parameter [27] was used to determine the
relative level of DNA damage, calculated as the
product of comet’s tail length (in um) and part of
DNA in the tail. To estimate the length of tail and

(1) 216



ISSN 2304-8336. pobnemu paniauiiiHoi Meguunkm Ta pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2024. Iss. 29.

EXPERIMENTAL

RESEARCH

PucyHoK 1. Mpuknaau «craupaptux» (A) Ta «atunoBux» komert (b)

Figure 1. Examples of «standard» (A) and «aberrant» comets (B)

xBocTa Ta TM y MikpoMeTpax BUKOPUCTOBYBaIu (po-
Torpagiio TpernapaTa-MiKpoMeTpa Ha TOMY 3K 30iJIb-
LIeHHi, 10 i npu ¢oTtorpadyBaHHi ciaiaiB. Takum
YUHOM, OyJIO BCTAHOBJICHO BiAIMOBIAHICTb KiJbKOCTi
mikcesiB Ha ¢doTtorpadii peaabHill HJOBXWHI y MiKpO-
MeTpax. «ATUIIOBi KOMETH», SIKi YTBOPIOIOThCS 3 KJTi-
TMH 3 BUCOKUM piBHeM (parMmeHTauii JJTHK, aHamizy-
BaJIi OKpPEMO.

CraTUCTUYHUI aHAJi3 JTaHUX IIPOBOIMIIN 3a 3arajib-
HOTIpUITHITUMU MeTogamu [28].

PE3VYJIBTATU TA OBI'OBOPEHHS

ITpu okpemomy kyasruByBaHHi JITIK ymoBHO 310p0-
BUX JOHOPiB 3HaueHHs1 TM KouBanucs Big 0 MKM 10
49,13 MM, 3 cepeaHim (3,95 £ 0,15) MKM Ta MeiaHOIO
2,71 MxMm (Tab. 1). BBeaeHHS acTaKCaHTUHY HE TIPU3-
BEJIO IO cTaTUCTUYHO 3Hauymwmx (p > 0,05) 3min TM B
LIi{ rpyIi, 110 BiAIIOBiAa€ pe3yJibTaTaM HalIMX IOIe-
penHiX JociaKeHb [24, 25].

Taoauuya 1

TM in micrometers the photo of the specimen
micrometer was used at the same magnification as
when taking photos of the slides. In this way, the cor-
respondence between the number of pixels in the
photo and the actual length in micrometers was
established. The «atypical comets» (AC), formed
from cells with a high level of DNA fragmentation,
were analyzed separately.

Statistical data processing was performed accord-
ing to generally accepted methods [28].

RESULTS AND DISCUSSION

In separate culturing of PBL from provisionally heal-
thy donors the TM values ranged from 0 to 49.13 um
with a mean of (3.95 = 0.15) um and a median of
2.71 um (Table 1). Adding of astaxanthin led to no
statistically significant (p>0.05) changes in TM in
this group, being consistent with results of our previ-
ous research [24, 25].

3HauyeHHAa TM (MKM) nicnsa okpemoro Ta cyMiCHO-pO3AiNbHOrO KYNbTMBYBAHHA KNiTUH KPOBi 340pOBUX OHOPiB

i xBopux Ha XJIJl npu foaaBaHHi acTaKCaHTUHY
Table 1

TM values (um) after separate and co-culture of blood cells from healthy donors and CLL patients with the
addition of astaxanthin

CTaTMCTMYHI NOKa3HUKK K/C K+A/C+A XJ/CLL  XJUI+A C/B C+A/B+A  XJ-1 XJ-+A
Statistical indices CLL+A CLL-I CLL-I+A
Min—Max 0-49,13 0-36,19 0-66,45 0-24,12 0-65,42 0-76,67 0-50,18 0-66,45
CepepnHe / Mean 395+0,15 4,01+0,16 7,05+0,53* 451 £0,25** 3,11 +£0,44 543 +0,29* 4,44 +0,33** 4,13 +0,30**
MepiaHa / Median 2,71 2,73 2,33 2,92 2,00 2,44 1,44** 0,76**

Mpumitkn. K — KOHTPONb (OKpeme KynbTuByBaHHs!); K+A — kOHTposb + 20 MKT/MA aCTakCaHTUHY (Okpeme KynbTuByBaHHs); XJIJT — knituhm xBopux Ha XJ1JT (Okpeme KyNnbTUBYBaHHS);
XIJ+A — knituHm xBopux Ha XJ1JT+20 MKr/MA acTakCaHTUHY (OKpeme KyNbTuByBaHHS); C — KIITMHKM-CBIKM (CYMICHO-PO3LinbHE KyNbTVBYBaHHS); C+A — KiiTHW-CBigku+20 MKr/mMn
ACTAKCAHTUHY (CYMICHO-po3pinbHe KynbTuByBaHHs); X/JT-1 — iHgykTop (knitnHm xBopux Ha XJ1J1, CyMiCHO-po3ginbHe KynbTuByBaHHS); XJJT-1+A — iHgykTop+ 20 MKr/MA acTakCaHTUHY
(cymicHo-po3ainbHe kynbTuByBaHHs); *p < 0,05 BigHOCHO KoHTpOna, **p < 0,05 BigHocHo X/J1

Notes. C — control (separate cultivation); C+A — control+20 pg/ml astaxanthin (separate cultivation); CLL — cells of CLL patients (separate cultivation); CLL+A — cells of CLL patients
+ 20 pg/ml astaxanthin (separate cultivation); B — bystander cells (co-culture); B+A — bystander cells + 20 pg/ml astaxanthin (co-culture); CLL-I — inducer (CLL patients' cells,
co-culture); CLL-1+A — inducer + 20 pg/ml astaxanthin (co-culture); *p < 0.05 vs. control, **p < 0.05 vs. CLL
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Cepenne 3HayeHHd TM mpu oKpeMoMy KYJIbTUBY-
BaHHi KJIiTUH XBopux Ha XJIJI BUSIBUIOCSI 3HAYHO OiJib-
M, HixX y KoHTpoai ((7,05 = 0,53) mxm Ta (3,95 £
0,15) Mxm BignosigHo, p < 0,05), 110 CBiTYUTHL PO BU-
cokuii piBeHb moiukomkeHHs JIHK B kiiTuHax Kposi
xBopux Ha XJIJI. JogaBaHHSI acTaKCaHTUHY ITPU3BEJIO
JI0 3HAYyIIOro 3HUKeHHS piBHSI TM B KyJbTypax KpoBi
xBopux Ha XJIJI (p < 0,05).

IIpu cymicHO-pO3IiTbHOMY KYJBTUBYBaHHI B KYJIbTY-
pax KJIiTUH-CBiAKiIB cepeaHe 3HaueHHS TM B KynbTypax
KJIITUH-CBiJKiB CTATUCTUYHO 3HAUYIlle HE BiIpi3HSIIOCH
Big koHTposbHOTO (p > 0,05). JlomaBaHHSI 1O CUCTEMU
aCTaKCaHTUHY MTPU3BEJIO 10 3pOCTaHHS CEPEeTHbOIO 3Ha-
yeHHs1 TM B KyJibTypax KaiTUH-cBiaKiB (p < 0,05).

Jns KIiTUH-IHAYKTOPiB MpPU CYMiCHO-PO3ILJILHOMY
KyJIBTUBYBaHHiI cepefHi piBHi TM Ta itoro MeniaHHi 3Ha-
YeHHSI OyJIM CTATUCTUYHO 3HAYYILe MEHILi MOPiBHSIHO 3i
3HAYEHHSIM B OKpeMuX KyabTypax Kposi XJIJI (p < 0,05),
10, WMOBIPHO, € TIPOSIBOM 3BOPOTHOTO €(PEKTy CBigKa.
BapianTtu mocnigy 6e3 acTakCaHTUHY Ta 3 JOJaBaHHSIM
aCTaKCaHTUHY, 3a cepeaHiMu MokazHukamu TM cratuc-
TUYHO HE BIiApi3HSUIMCS, Xouya MeJiaHHI 3HaYeHHS
CYTTEBO BiAPi3HSIIOTLCS SIK MPU MOPIBHSIHHI 3 JaHUMU
OKpPEeMOro KyJBTUBYBaHHS KJIITUH xBopux Ha XJIJI, Tak i
MiX co0oro: 2,33 HM — OKpeMe KYyJBTUBYBaHHS KJIITUH
nauieHTiB, xBopux Ha XJIJI, 1,44 HM — iHmyKTOp O€3 10-
JaBaHHs acTakcaHTUHY, 0,76 — iIHAYKTOp 3 AOJaBaHHSIM
aCTaKCaHTUHY.

Juist 6inbIn 1eTaJbHOrO aHadizy OyJio MpOBEAeHO J0-
CJIIIXKEHHSI 4YaCTOTHOTO PO3MOATY OKPEMMX KITHH 3a
BimHOCHUM TToKa3HuKoM nommkomkeHocti JJHK (TM). 3a
piBHsMH TM BubipKa «koMeT» y KOHTpOJIi OyJia rmofisieHa
Ha 10 rpyn (meueniB) mo 10 % kinituH y KoxHiil. Bera-
HOBJICHI TpaHWYHi 3HAYE€HHS OELUWJiB JOPiBHIOBAJIM:
0,57 mxm; 0,95 Mxm; 1,55 mMm; 2,15 mxm; 2,71 MKM (Me-
niaHHe 3HaueHHs TM); 3,36 MxM; 4,15 MxM; 5,27 MKM Ta
7,98 MxM. Lli 3HaueHHs1 Oyau oOpaHi Tpy (HOpMyBaHHI
JeCSITy Tpyn Mia yac po3paxyHKy yactoTr TM 3a maHumu
IHIIMX BapiaHTIB ekcnepuMeHTy. Akuio piBeHb TM no-
PiBHIOBAaB I'PaHUYHOMY, «<KOMETY» BiTHOCWJIM IO HACTYII-
Hoi rpynu. Ak Oyji0 o6roBopeHo Hamu paHiiie [24], no
rpynu 1 BiTHOCSITbCSI «<KOMETH» 3 MiHIMaJIbLHUM BUXOJOM
JAHK, Kk yTBOPIOIOTBCS 3 KJIITUH, IO 3yITMHWIMCS Ha S
cTafii KINTUHHOTO LUKy, y Tpyry 10 BXOAATb KIIITUTUHU
3 eKCTpeMaJbHO BUCOKMM piBHeM molukomkeHHs [JTHK,
o rpyn 2—5 (nomeniaHHi 3HauyeHHs TM) BimHOCSTbCS
KJIITUHU 110 MalOTh HU3bKUIA a00 TMOMipHU piBeHb MOII -
komxkeHHocTi AHK, mo rpyn 6—9 — KiniThnHM, 1110 MalOTh
BimHOCHO Bucokuit ctyninb JIHK nmomkomkeHb.

IIpu aHamizi po3nompiny «KoMeT» Mo Ipynax Ipu OKpe-
MOMY KYJBTMBYBaHHi KJIITUH KpoBi xBopux Ha XJIJI

The mean value of TM in individual cell cultures
of CLL patients was significantly higher compared
to the control group ((7.05 £ 0.53) um and (3.95 *
0.15) wm, respectively, p < 0.05), indicating a high
level of DNA damage in blood cells of CLL
patients. The addition of astaxanthin led to a sig-
nificant decrease in the level of TM in blood cul-
tures of CLL patients (p < 0.05).

The average value of TM in bystander cell cul-
tures (when cultured joint/separately) was not sig-
nificantly different from the control (p>0.05).
Adding of astaxanthin to the system led to increase
in the mean TM value in the cultures of bystander
cells (p < 0.05).

The mean TM levels and its median values for
the inducer cells in the joint/separate culturing
were significantly lower than those in individual
CLL blood cultures (p < 0.05), which was proba-
bly a manifestation of a rescue effect. Options with
no astaxanthin and with astaxanthin adding were
not statistically different in terms of the mean TM
values, although median values were significantly
different either when compared with data from
separate culturing of the CLL patients’ cells or
with each other featuring 2.33 nm in separate cul-
tivation of the CLL patients’ cells, 1.44 nm in case
of inducer cells without astaxanthin, and 0.76 nm
for inducer cells with astaxanthin.

For a more detailed analysis, a study of the fre-
quency distribution of individual cells according to
the relative index of DNA damage (TM) was car-
ried out. According to TM levels, the sample of
«comets» in the control was divided into 10 groups
(decels) of 10 % cells in each. The limit values of
deciles were equal to: 0.57 um; 0.95 um; 1.55 um;
2.15 wm; 2.71 um (median TM value); 3.36 um;
4.15 um; 5.27 um and 7.98 um. These values were
chosen when forming ten groups for the calculation
of TM frequencies based on the data of other vari-
ants of the experiment. If the level of TM was equal
to the limit, the «comet» was assigned to the next
group. As we discussed earlier [24], group 1 includes
«comets» with minimal DNA yield, which are
formed from cells that have stopped at the S stage of
the cell cycle, group 10 includes cells with an
extremely high level of DNA damage, groups 2—5
(premedian values of TM) include cells with a low
or moderate level of DNA damage, groups 6—9 —
cells with a relatively high degree of DNA damage.

When analyzing the distribution of comets into
groups upon separate cultivation of blood cells
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PUCYHOK 2. YacToTHui1 po3noain «KkoMeT» 3a 3HaYeHHAMM TM npu oKpeMOMy KyNbTUBYBAHHi KNiTUH KpoBi

xBopux Ha XJ1J1 6e3 gopaBaHHA Ta 3 foaaBaHHAM 20.0 MKr/mn actakcaHTuny (XJU1 + A)
Mo oci abcumc — rpynn «komeT»; 10 % (MapkoBaHO NMYHKTUPHOIO NiHIEI0) € KOHTPOJIbHUM 3HAYEHHSM A1 BCiX rpyn

Figure 2. Frequency distribution of «comets» by TM values in separate cultivation of blood cells of CLL

patients without addition (CLL) and with addition of 20.0 pg/ml astaxanthin (CLL+A)
On the abscissa axis are groups of «<comets»; 10 % (marked with a dotted line) is the control value for all groups

BCTaHOBJIEHO cTaTucTU4HO 3Hauyle (p < 0,05) 3poc-
TaHHS BiTHOCHOI KiJILKOCTi KOMET 3 MOMipHUM piB-
HeM nomikomkeHHs JJHK (rpynu 2, 3) Ta 3 HaliBUIITUM
piBHeM nomkomkeHHs1 JIHK (rpyma 10) (puc. 2).

ITicis cymicHO-po3ainbHOro KyiastuByBaHHs JITIK
YMOBHO 3J0pOBUX 0Ci0 (KIIITMHU-CBIAKN) Ta XBOPUX
Ha XJUI (K1iTHHU-1HAYKTOPU) YaCTOTHUM aHaJli3 a-
HUX J1aB 3MOTY OiJIbII YiTKO BU3HAYMTU OCOOIMUBOCTI
nposiBy edekxrty cBigka (puc. 3). Tak, B KyJabTypax
KJIITUH-CBIJKiB COCTEPIraJoch CTAaTUCTUYHO 3HAUYy-
11Ie 3pOCTaHHS YacTOTHU KJIITUH, SIKi 3YITMHUJINCS Ha
S-dasi kinituHHOTO LMKy (rpyma 1; (29,48 +1,97) %,
p <0,01), a TakoX 30iIbLIEHHS BiIHOCHOI KiJIbKOCTI
KJIITWH 3 BUCOKUM piBHeM nomkokeHHsT JIHK (rpy-
ma 10; (23,13 £ 1,82) %, p < 0,05).

OTpuMaHi JaHi BKa3ylOTb Ha BUCOKHWI piBeHb Te-
HOMHOI HecTa0iIbHOCTI B KJIiTUHAX XxBopux Ha XJIJI.
ITicnst nogaBaHHS aCTaKCAHTUHY CIOCTEPIrajocs 3po-
cTraHHs KiabkocTi KomeT rpynu 1 (p < 0,01). Ockinb-
KM BiIOMO, 110 TP HEATPaTbHOMY BapiaHTi «KOMET-
HOT0» eJleKTpodope3y y KIITUH, SIKi 3HAXOIIThCSA Y S
¢asi, 3rauHo 3HMXKYyeThcs Buxin JJHK, To Taka cuty-
alisg CBiZYUTH TIPO HASBHICTh 3HAYHOI KiJbKOCTi
MOIIKOIKEHUX KJIITHH, Y IKMX aCTAKCAHTUH aKTUBYE
YeKITOMHT Ha S (pasi KJIITUHHOIO LUKJTY, 1110 OYJIO MOo-
Ka3aHo B HAIIIMX TTOMepeaHIX JociimkeHHIX [25]. Ca-
M€ IIMM MOXHa IIOSICHUTU 3HAayHe 3HUXKEHHsS ce-
peaHboro piBHSI TM y KyapTypax KJIITUH KPOBi XBO-
pux Ha XJIJI npu nogaBaHHI acCTaKCaHTUHY B OOpaHii
KOHILEHTpAaLlil.

from the CLL patients the relative number of comets
in the groups with moderate level of DNA damage i.e.
groups 2 and 3 and in the group with highest level of
DNA damage i. e. group 10 was increased significant-
ly (p <0.05) (Fig. 2)

After the joint/separate culturing of blood cells from
provisionally healthy individuals (the bystander cells)
and CCL patients (the inducer cells), the frequency
analysis of data allowed a more clear defining of the
bystander effect pattern (Fig. 3). Specifically, a signif-
icant frequency increase of cells stopped at a S-phase
of cell cycle was observed (group 1; (29.48 = 1.97) %,
p <0.01), as well as increase in the relative number of
cells with a high level of DNA damage (group 10;
(23.13 £ 1.82) %, p < 0.05) in the cultures of
bystander cells.

The data obtained indicate a high level of genomic
instability in the cells from CLL patients. Increased
number of comets of the first group was observed after
adding the astaxanthin (p < 0.01). Since it is known
that the neutral variant of ‘comet’ electrophoresis sig-
nificantly reduces DNA yield in the cells in S-phase,
this pattern indicates the presence of a significant
number of damaged cells in which astaxanthin acti-
vated the checkpoint in S-phase of cell cycle, as it was
shown in our previous studies [25]. Just this sugges-
tion can explain a significant decrease in the mean
level of TM in blood cell cultures of CLL patients
when astaxanthin was added at the specific concen-
tration.
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PUCYHOK 3. YacToTHUIM po3nofin «KoMeT» 3a 3HaYeHHAMMU TM B KyNbTypax KNiTUH-CBIAKIB Npu cyMicHO-po3-

AinbHOMY KyNnbTUBYBaHHi 6e3 poaaBaHHA (CBifoK) Ta 3 poaaBaHHAM 20,0 MKr/mn actakcanTuHy (CBigok + A)
Mo oci abcumc — rpynn «omeT»; 10 % (MapkoBaHO NMYHKTUPHOLO JliHIEID) € KOHTPOJIbHUM 3HAYEHHSIM OJ151 BCIX rpyn

Figure 3. Frequency distribution of «comets» by TM values in bystander cell cultures during co-separated

cultivation without addition (Bystander) and with addition of 20.0 pg/ml astaxanthin (Bystander + A)
On the abscissa axis are groups of «<comets»; 10 % (marked with a dotted line) is the control value for all groups

BrnnuB acrakcaHTMHY MNpU peajtizallii MyXJIMHHO-
iHAYKOBaHOTO e(eKTy CBigKa IIPOSIBUBCS 3MEHIIICH-
HSIM PiBHS KJIiTUH-cBiaKiB rpynu 1 ((20,19 £ 1,49) %,
p <0,05) (puc. 3), 110 MOXKe CBITYUTU PO MOcaabIeH-
HsI HETaTUBHOTO BIUIMBY e€(eKTYy CBiaKa.

BaxxnuBolo cKJ1aoBOWO iHAYKIT edeKkTy cBiakKa €
MiABUIIEHHST B KJIITMHAX-CBiZKax reHepalii BiTbHUX
paaukaiB KUcHIO [29]. OKcuaaTUBHUN CTpeC IPU3BO-
JIUTh 10 HaKomnuueHHs nomkoakeHb JHK, B pe3yib-
TaTi YOro 3yMUHSIETHCS PEIUIiKallisl 1 aKTUBYETHCS YEK-
MOMHT Ha S-¢a3zi kiaitnHHOro mukiay [30]. ActakcaH-
TUH € TIOTYKHUM IIPUPOIHUM aHTHMOKCHUIAHTOM, i
3HSTTS HUM HACHiIKiB OKCUAATUBHOIO CTPECY MOXE
CHPUSITA 3MEHILIEHHIO KIJIbKOCTi KJIITUH, HOMIN SIKHMX
OyB 3ynuHeHU Ha S-da3i.

ITpu nocnigxeHHi piBHs noimkomkeHb JJHK B kitiTu-
Hax-iHAYKTOpaxX BCTAHOBJEHO, 1110 B MOMYJISLIil MaJIir-
Hi30BaHUX FreMOIOETUYHMX KJIITUH, SIKi OyJIM onepxKaHi
Bim xBopux Ha XJIJI, mpu cymicHOMY KyJIBTUBYBaHHi 3
KJIITUHAMU 3J0POBUX OCi0 TAKOX JOMiHYBaIu KIiTUHMU,
gKi Hanexanu no rpynu 1 (puc. 4). IlopiBHsIHO 3 pe-
3yJlbBTaTaMy, OTPUMAHMMU IIPU OKPEMOMY KYJIBTUBY-
BaHHi, ix yacTtora 3poca 10 (30,54 £+ 6,33) %, (p < 0,01).
BoaHouac crioctepira€Tbcsl 3SMEHILEHHS KiJTbKOCTI «KO-
MeT», 110 Hajiexathb 1o rpynu 10: (25,53 £ 2,01) % —
Npu OKpeMoMY KyJbTuBYyBaHHi, (14,84 * 4,88) % —
npu crniabHo-posaiabHoMy, p < 0,05. IlpencrasiaeHi
pe3yJibTaTu CBigyaTh MPO HASIBHICTb «IMO3UTUBHOIO»
3BOPOTHOTO e(heKTy CBilKa, IIPU IKOMY aKTUBYIOThCS
cucremu pemapauii JIHK (akTuBamis yekmnoiinTa Ha S-

The impact of astaxanthin on bystander cells in
realization of the tumour-induced bystander effect
appeared as a decreased level of cells in the first
group — (20.19 £+ 1.49) %, p < 0.05, (Fig. 3), which
may indicate a weakened negative impact of the
bystander effect.

Increased generation of the oxygen free radicals in
bystander cells is an important component of induc-
tion of the bystander effect [29]. Oxidative stress
leads to accumulation of DNA damages, resulting in
replication arrest and checkpoint activation in the S-
phase of cell cycle [30]. Astaxanthin is known to be
a powerful natural antioxidant and removal of the
effects of oxidative stress under its impact can help
reduce the number of cells whose division has been
stopped in S-phase.

Studying the level of DNA damage in the inducer
cells it was found that in population of malignant hae-
matopoietic cells obtained from CLL patients, when
co-cultured with cell from healthy individuals, the
cells from the first group also dominated (Fig. 4).
Compared to results obtained in a separate cultiva-
tion, their frequency increased to (30.54 £ 6.33) %,
p < 0.01. At the same time, there was a decrease in
the number of ‘comets’ belonging to group 10,
namely (25.53 = 2.01) % in separate cultivation and
(14.84 +4.88) % in joint/separate cultivation (p < 0.05).
The presented results indicate to a «positive» rescue
effect, in which the DNA repair systems are activated
featuring a checkpoint activation in S-phase of the cell
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PUCYHOK 4. Po3nogin «KomeT» no rpynax 3a 3HayeHHAMM TM nicna oKpemoro KynbTMBYBAHHA KNiTUH KpPoOBi
xBopux Ha XJU1 Ta nicna cymicHO-po3AinbHOro KynbTUBYBAHHA 3 NiMounTaMM YMOBHO 3[40pOBUX OCi6 6e3

AopaBaHHA (IHpykTop) i3 fopaBaHHAM 20,0 MKr/mn actakcaHTuHy (IHAYKTOp + A)
Mo oci abcumc — rpynn «komeT»; 10 % (MapkoBaHO NMYHKTUPHOIO NiHIEI0) € KOHTPOJIbHUM 3HAYEHHSIM A1 BCiX rpyn

Figure 4. Division of «comets» into groups by TM values after separate cultivation of blood cells from CLL
patients and after co-culture with lymphocytes from healthy individuals without addition (Inducer) and with

addition of 20.0 pg/ml astaxanthin (Inducer + A)

On the abscissa axis are groups of «<comets»; 10 % (marked with a dotted line) is the control value for all groups

(asi KIITUHHOrO LMKIY), L0 MOXE MNPU3BOAUTHU 1O
3MEHIIEHHS KiIbKOCTi KJIITUH 3 BUCOKMM pPiBHEM piB-
HeM nomkomkeHHs JTHK.

IIpu crinbHO-PO3a1ILHOMY KY/JIBTUBYBaHHI 3 OMEepe/ -
HiM BBEJIEHHSIM aCTaKCAaHTUHY B KYJIBTYPHU KIJIITUH KPOBI
xBopux Ha XJIJI BigOyBaeTbcs CTATUCTUYHO 3HAUYIIE
30LIbIICHHS YaCTOTU «KoMeT» rpynu 1 ((45,33 = 1,65) %,
p < 0,05), gxa BigIoBiga€ KIiTUHAM, TTOIIJT TKUX 3yITH-
HeHU# Ha S-cTafii KIITUHHOTO LMKIY. 3BepTae Ha cebe
yBary, 1o nmpu Moaudikailii 3B0OpOTHOTO eheKTy CBilKa
aCTaKCAHTUH Ji€ NPOTUJICXKHUM YMHOM, HixK B CUTYallil,
Ky CIIOCTepiraqy mpu MaHidecTallii IpsIMoro e@exTy.
ImoBipHO, 11 peanizanii 3BOpOTHOTO e(PEeKTy CBiIKa OK-
CUIATUBHUI CTpeC B KIIITUHAX-IHIYKTOpax HE € BaXKJIu-
BUM, i TOCUJIEHHS aCTAKCAHTUHOM MPOSIBY 3BOPOTHOTO
eeKTy CBigKa NMOBIpHO BiZOYBAaE€THCS IIISIXOM ITOCH-
JIEHHS MPOLIeCiB penapallii B KIIiITUHAX-iHAYKTOpax 3 BU-
COKuM piBHeM noikomxkeHHs JJTHK.

Bimomo, 1110 ogHUM i3 TIposIBiB eDeKTy CBigKa (B TOMY
YUCJI MyXJIMHHO-1HIYKOBAHOI0), € 3pOCTaHHS YaCTOTU
aroNTUYHUX KJIiTUH [29]. 3a HallIMMu ToIepeIHiMU pe-
3yJIbTaTMU, PaJiONPOTEKTOPHI BJIACTUBOCTI aCTaKCAHTH -
HY YaCTKOBO TTOSICHIOIOThCS IOTO 3IaTHICTIO aKTUBYBATU
anonTo3 B KJIITMHAaX i3 cy0JeTalbHOI KiJIbKICTIO IOLI-
komxeHb JJHK [25]. Tomy nogaTkoBo HaMu OyB IpOBe-
NeHWI aHaji3 amoNTUYHOI aKTMBHOCTI B KYJbTypax
KJIITMH KPOBIi 310poBUX 0cid Ta xBopux Ha XJIJI mpu ok-
peMOMY Ta CYMiCHO-PO3AiIbHOMY KYJBTUBYBAHHi.

cycle, which can lead to a decreased number of cells
with a high level of DNA damage.

There was a significant increase in the frequency
of group 1 «comets» ((45.33 = 1.65) %, p < 0.05),
which corresponded to the cells which division was
stopped at the S-stage of the cell cycle when the
blood cell cultures from CLL patients were joint-
ly/separately cultured with preliminary adminis-
tration of astaxanthin. It is notably that when
modifying the rescue effect the astaxanthin acted
in an opposite way than it was observed in manifes-
tation of the direct effect. Oxidative stress in the
inducer cells is probably not essential for realiza-
tion of bystander effect, thus astaxanthin en-
hanced the manifestation of bystander effect likely
by intensification of the repair processes in the
inducer cells with a high level of DNA damage.

It is known that increased frequency of apoptot-
ic cells is one of the manifestations of bystander
effect, including the tumor-induced one [29].
According to our previous data, the radioprotec-
tive properties of astaxanthin are in a part
explained by its ability to activate apoptosis in the
cells with sublethal amounts of DNA damage [25].
Therefore, there was conducted an additional
analysis of apoptotic activity in the blood cell cul-
tures of healthy individuals and CLL patients in a
separate and a joint/separate culturing.

221 ‘&



EKCINEPUMEHTAJIbHI

AOCNIAXKEHHA

ISSN 2304-8336. [pobnemu pagiauiiHoi meguuynxy 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2024. Bun. 29.

25

e

CBIfIOK
bystander

KOHTPO/b
control

X1/ CLL

iHoyKTOp
inductor

OcKiJIbKY B KJTITWHI ITifl Yac peatizallii MpoLECiB aromnTo-
3y BiIOYyBa€eThCs TOTalbHa pparMeHTauiss reHomHoi JTHK,
TO MICJISI TPOBEIEHHSI KOMETHOIO €JIEKTpoope3y CIoc-
TepiraeTbes MacoBuii Buxina ¢pparmenTis JIHK B arapo3uumit
reqb. ToMy JUIS OLIHKA iHTEHCUBHOCTI allONTUYHUX TTPO-
LIECiB MPOBOAMBCS aHAJTi3 YACTOTU «aTUMOBUX» KOMET.

JlaHi 110J0 aIoOITOreéHHOI aKTUBHOCTI B KYJIBTypax
KIIITUH KpPOBi MJISI Pi3HUX BapiaHTIiB e€KCIEepPUMEHTY
MpeacTaBieHi Ha puc. 5.

ITpu BU3HAUEHHI alONTUYHOI aKTUBHOCTI B OKPEMUX
Kyaesrypax JITIK yMOBHO 310p0oBUX OCi0 OYyJ10 BCTAHOB-
JIEHO, 110 YacTOTa KJIITUH B CTaHi allonTo3y JOPiBHIOE
(2,12 £ 0,39) %. JonaBaHHSI aCTAKCAHTUHY He MPU3BE-
JIO 10 CYTTEBOI 3MiHM AMONTUYHOI aKTUBHOCTI B KYJIb-
Typi KiiTuH 3nopoBux ocio ((1,67 £ 017) %, p > 0,05),
1110 BiAIMOBifa€ HAIIIUM HOIEpeaHiM TaHuM [25].

YacroTta KJIITUH B cTaHi amonrto3dy B Kyabrypi JITTK
KpoBi xBopux Ha XJIJI mpu oKpeMOMy KyJbTUBYBaHHi
OyJia CTATUCTUYHO 3Hauyllle BUILOO, MOPiBHSIHO 3 IO-
Ka3HukoM y KyaeTypax JITTK ymMoBHO 310poBUX 0Ci0, i
nopisHioBana (4,36 £ 0,74) %, (p < 0,05). BiporigHoi
3MiHM alONTUYHOI aKTUBHOCTI KYyJIBTYp Mif Ii€10 acTak-
CaHTUHY HE CIOCTepiraaocsl.

ITicas cninbHO-pO3MiAbHOTO KYJbTUBYBAHHS KIITUH
KpoBi, ogepxaHux Bia xsopux Ha XJIJI ta JITIK ymoB-
HO 3J0pOBHUX OCi0 BiAMiU€HO CTATMCTUYHO 3Hauyllle
(p < 0,01) 3pocTaHHs 9aCTOTH KJIITUH B CTaHi alloOITO-
3y B KYJBTypax KJITMH-CBiIKiB 3 (2,12 = 0,39) % no
(19,72 £ 2,23) %, mo xapakrepHo misi MaHidecrarii
npsiMoro edexty cBigka. Oco0auBY yBary mpuUBEpTae
TOM (pakT, 1110 B KyJIbTypax KJiTUH-iHIYKTOPiB, HABIaKu,
CIIOCTEPIrajJoch CyTTEBE 3HMKEHHS allONTUYHOI aKTUB-
HOCTI, TMOPIBHSIHO 3 OKPEMOIO KYJIBTYPOIO JIiM(MOIUTIB
xBopux Ha XJIJI 3 (4,36 £ 0,74) % no (1,69 £ 0,68) %,
(p < 0,05). Lle MoxxHa TTIOSICHUTY a00 aKTUBAIli€IO CUC-

PUCYHOK 5. Bnnue acTaKCaHTMHY Ha YacCTOTY KNITUH Y CTaHi
anonTto3y npu okpemomy (KoHTponb Ta XJUI) Ta cninbHomy
KynbTuByBaHHi (CBinoK Ta IHAyKTOP) KNiTMH XBOpUX Ha XJIJI

Ta YMOBHO 3[,0pOBUX 0Ci6
-A — kynbTypu 6€3 AoaaBaHHs acTakCaHTUHY, +A — KybTypu 3
nopasaHHam 20.0 Mkr/mn acTakCaHTUHY

Figure 5. The impact of astaxanthin on the frequency of
cells in apoptosis in separate (control and CLL) and co-cul-
tured (Bystander and Inductor) cells of CLL patients and

healthy subjects
-A — culture without addition of astaxanthin, +A — culture with addi-
tion of 20.0 pg/ml astaxanthin

Since total fragmentation of genomic DNA
occurs in the cell during apoptosis, a massive
release of DNA fragments into the agarose gel was
observed upon comet electrophoresis. Therefore,
to assess the intensity of apoptotic processes, the
frequency of «atypical» comets was analyzed.

Data on apoptogenic activity in the blood cell
cultures for a range of experimental variants are
shown in Fig. 5.

While assaying the apoptotic activity in individual
PBL cultures of healthy subjects, it was found that
the frequency of cells in the state of apoptosis was
(2.12 + 0.39) %. Adding of astaxanthin led to no
significant change in apoptotic activity in the cell
culture of healthy individuals (1.67 = 017) %, (p >
0.05), which correlated with our previous data [25].

Frequency of cells in the state of apoptosis in the
PBL culture of CLL patients in separate culturing
was significantly higher ((4.36 £0.74) %, p < 0.05)
compared to the PBL cultures of provisionally
healthy individuals. No significant changes in
apoptotic activity of cultures under the impact of
astaxanthin were observed.

Upon joint/separate cultivation of blood cells
obtained from CLL patients and provisionally
healthy volunteers, there was a statistically signifi-
cant (p < 0.01) increase in the frequency of apop-
totic cells in bystander cell cultures, namely from
(2.12 £ 0.39) % to (19.72 £ 2.23) %, which was
typical for the presentation of a direct bystander
effect. Particular attention was drawn to the fact
that in cultures of inducer cells, conversely, a sig-
nificant decrease in apoptotic activity was observ-
ed compared to a separate culture of lymphocytes
from CLL patients i. e. from (4.36 = 0.74) % to
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TeM pernapallii, i, BiIMOBiAHO, 3HUXKXEHHS MYy KJIiTHUH,
SIKi TIOBUHHI CTaTU Ha LLJISIX alloNTo3y, 800 OJIOKyBaH-
HSM TIPOATIONTUYHUX CUTHAJIIB (paKTOpaMHU, SIKi BUITi-
JISIIOTh KIIITUHU-CBigKku. [1poTe 1ie mpumnyiieHHs MoT-
pedye momaabIInX A0CTiTKEHb.

BrniuB actakcaHTMHY Ha piBeHb alONTUYHOI aK-
TUBHICTb B KYJIBTypaX KJITUH-CBiAKiB Ta KJiTUH-
iHIYKTOPIiB XapaKTepu3yBaBCS PIi3HOIO CIIPSIMO-
BaHicTiO. [logaBaHHS acTaKCaHTUHY B OOpaHiii KOHLIe-
HTpaLlii 10 KYyJAbTYpU KJIiTUH-CBiAKiB MPU3BOAUIO A0
CTaTUCTUYHO 3HAYYIIIOTO 3HMKEHHSI YaCTOTU KJIITUH B
ctaHi anontosy 1o (14,27 + 1,62) %, (p <0,05). Le Ta-
KOX TMiATBEPAXKYE Hallle MPUIMYILIEHHs, 110 acTaKCaH-
TUH 3JaT€H «I1OJIETIYBAaTHU» HETATUBHI HACTIAKA TIPsI-
MOro e(eKTy CBiIKa 3a paxyHOK 3HIMKEHHS OKCHIa-
TUBHOI'O CTPeCy B KJIITMHAX-CBigKax Ta aKTUBALIil pe-
napauifHux cucteM. Y KyJabTypaxX KJIITUH-iHIyKTOPiB
aCTaKCAaHTUH 30iJbIIyBaB amoONTUYHY aKTUBHICTb 3
(1,69 £ 0,68) % nmo (12,53 £ 1,11) %, (p < 0,05). ITosic-
HIOIOUM 3MiHU PO3IIOIiTy KOMET IO IpyIiax IpH Jii ac-
TaKCaHTUHY Ha KJIITUHU-IHAYKTOPU, MU MPUITYCTUIIH,
1110 KapOTUHOII MOAUMDIKY€E MPOSIB 3BOPOTHOTO eheK-
Ty CBiKa 3a paxyHOK JOJaTKOBOI CTUMYJISILII perna-
paliifHuX cUCTeM, SIKi BXXe € aKTUBHUMM ITiJI BIJIUBOM
JITTK HOpMaibHUX KJTITUH. JIOTiYHO MPUITYCTUTH, 11O
JMIOJAaTKOBA aKTUBALlisl TEHHOI €KCIIPeCii MOXKe CTOCyBa-
TUCSl HE TiIbKM Oe3IocepeqHbO pernapauiiHuX CUC-
TeM, ajie i MoXe MPU3BECTHU 10 3aIlycKy paHillle 320710~
KOBaHMX B TpaHC(HOPMOBAHUX KJIITMHAX LIJISIXiB aIloI-
TO3Y.

BUCHOBKU

1. BcTraHoBiieHO, 110 aCTaKCaHTWH BILUIMBA€E HA PO3BU-
TOK SIK TIPSIMOTO, TaK i 3BOPOTHOTO IMYXJIMHHO-1HIYKO-
BaHOTO e(PEeKTiB CBiJKa.

2. Ilpu cymicHO-pO3diNbHOMY KYJIBTUBYBaHHI JiMpO-
LIUTIB TTepU(eprUIHOi KPOBi YMOBHO 3I0POBUX OCi0 (KJTi-
TUHU-CBIIKN) 1 KJITUH KpoBi XxBopux Ha XJUJI (ktiTuHm-
IHIYKTOPM) CIIOCTEPIratoThCsl IIPOSIBU SIK TIPSIMOTO, TakK i
3BOPOTHOI'O MyXJIMHHO-iHAYKOBaHMX e(DeKTiB CBilIKa.

3. ITpsamuii ecbekT XapaKTepU3y€ETHCS BUCOKHUM PiBHEM
KOMET, SKi BiANMOBiAAIOTb KIITUHAM, 110 3HAXOASAThCS
Ha S-(a3si, Ta 3pOCTaHHIM aIlOTITUYHOI aKTUBHOCTI B
KyJIBTypaX KJIiTUH-CBIiIKiB.

4. 3BOpoTHUU e(heKT B KyJbTYpi KIITUH-iHIYKTOPIB
MOPOSIBSIBCS SIK 30UIbIIEHHS YaCTOTH KJIITHH, $SIKi 3aT-
puManucgd Ha S-dasi, 3MEeHIIeHHS YaCcTKW KIITWUH 3
BUCOKUM piBHeM mnomkomkeHHss JHK i 3HmkeHHS
PiBHS KJIITMH Ha CTajil arloITo3sy.

5. ITix niero acTakCaHTUHY B KYJIbTypax KJIITUH-CBiIKiB
3HaUyIlIe 3MEHIIMBCS piBeHb K KJIITUH Ha S-(da3si, TaKk

(1.69 £ 0.68) %, (p < 0.05). It can be explained
either by activation of the repair systems, and,
accordingly, a decrease in the pool of cells that
should enter the pathway of apoptosis, or by the
blocking of proapoptotic signals by factors secreted
by the bystander cells. However, this suggestion
requires further research.

Impact of astaxanthin on the level of apoptotic
activity in the cultures of bystander cells and inducer
cells was multidirectional. Adding of astaxanthin in
specific concentration to the culture of bystander cells
led to a significant decrease in frequency of apoptotic
cells, namely down to (14.27 = 1.62) %, (p < 0.05).
This also confirmed our assumption that astaxanthin
can «alleviate» the negative consequences of the
direct bystander effect by reducing the oxidative
stress in bystander cells and activating the repair sys-
tems. In cultures of inducer cells astaxanthin in-
creased the apoptotic activity from (1.69 £ 0.68) %
to (12.53 £ 1.11) % (p < 0.05). To explain the
changes in distribution of comets by groups under
the impact of astaxanthin on the inducer cells, we
assumed that the carotenoid modifies the manifesta-
tion of rescue effect by additional stimulation of
repair systems being already active under the influ-
ence of normal PBLs [30]. It is logical to assume that
the additional activation of gene expression may not
only directly affect the repair systems, but may also
lead to the launch of apoptosis pathways previously
blocked in the transformed cells.

CONCLUSIONS

1. Astaxanthin has been found to influence the
development of both direct and rescue tumor-
induced bystander effects.

2. Under joint/separate culturing of peripheral
blood lymphocytes of provisionally healthy individ-
uals (the bystander cells) and blood cells of CLL
patients (the inducer cells) the manifestations of
both direct and rescue tumor-induced bystander
effects were observed.

3. The direct effect was characterized by a high level of
comets, corresponding to the cells in S-phase, and in-
creased apoptotic activity in the control cell cultures.
4. The rescue effect in the culture of inducer cells
was manifested as the increased frequency of cells
stopped in S-phase, decreased proportion of cells
with a high level of DNA damage, and decreased
level of cells in apoptosis.

5. Under the impact of astaxanthin the level of both
S-phase cells and apoptotic cells in the cultures of
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i amontuyHux KJithH (p < 0,05). BriiuB acTakcaHTUHY
Ha KJIITUHU-IHAYKTOPU OYB MPOTUJIEKHUM: CIIOCTepira-
JIOCHh 30iJBIIEHHS YacTOTH KJITWUH Ha S-dasi Ta 3poc-
TaHHS allONTUYHOI aKTUBHOCTI B KyJbTypax (p < 0,05).
6. 3’sicyBaHHST MOJICKYJIIPHUX MeXaHi3MiB Moaudikarrii
ACTaKCAaHTUHOM TIPSIMOTO Ta 3BOPOTHOTO MYXJIUHO-1HIY-
KOBAHOTO e(PeKTiB CBiKa, a TAKOX BCTAHOBJICHHS MOX-
JIMBUX TTO3UTUBHUX UM HEraTUBHUX HACJIIKIB Ili€i MO-
nudikaiii 3 TOUKA 30py MPOrHO3YBaHHS Ta JIIKyBaHHS
OHKOJIOTIYHUX 3aXBOPIOBaHb MOTPEOYIOTh TMOJATBIINAX
TIOCTIIXKEHbB.

IHndpopmauia npo ¢piHaHCyBaHHSA

DinancyBaHHS BUOaTKaMu JepxaBHOTro OIOMXKeTy YK-
paiHu.

PobGota BukoHaHa B pamkax ruiaHoBoi HIP «ocmia-
>KeHHS Mopaudikallil pamialliiiHO-iHAYKOBaHUX Ta MyX-
JIMHHO-1HAYKOBaHUX MOIIKOIXEHb TeHOMa B JTiM(oLI1-
Tax mepudepruyHoi KpoBi ocib 3 rriodmacToMoio», No
nepxpeecrpauii: 0123U101591, mmdp podotu Ne 642

KoHdnikT iHTepecis
ABTOpHM 3asIBASIOTH PO BiICYTHICTH KOHQIIIKTY iHTE-
peciB.
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control cells significantly decreased (p < 0.05).
Effect of astaxanthin on inducer cells was the
opposite, featuring an increase in frequency of
cells in S-phase and an increase in apoptotic activ-
ity in cultures (p < 0.05).

6. Elucidation of molecular mechanisms of the
direct and rescue tumor-induced bystander effects
modification by astaxanthin, as well as establishing
of possible positive or negative consequences of
this modification in a view of prognosis and treat-
ment of cancer require further research.
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