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OCOBEHHOCTHU BUOJIOTNYECKUX DODEKTOB B KVJIBTYPE
KJIIETOK ITP1 KOMBUHUPOBAHHOM JIEMCTBUU
NOHU3UPYIOLIEI'O U3JIYYEHUA 1 NOHOB ME/IN

Llenbio paboTbl cTano nccnegoBaHme oCoOEHHOCTEN OTAENBHOTO U KOMOUMHUPOBAHHOTO [ENCTBMA MOHU3UPYIOLWEro 13-
NYYEHMA W CONeil Mey Ha KM3HeCnocobHOCTb KNeToK in vitro.
Matepuanbl u metoabl. VccnegoBaHuna BbINOAHEHbl HA NePeBUBAEMON KyNnbType KNeTOK AMHUKN Lgzg. MOHBI Meau B
pa3HbIX KOHLEHTpaLUusaxX 106aBsANu B KynbTypanbHyo cpeay yepes 1 yac nocne ux obnyyeHus B gosax 0,5; 5,0 u
10,0 Tp. OueHunBanu CTPYKTYpy NONYNALUKU KNETOK, UX NPONudepaTUBHYIO U MUTOTUYECKYIO aKTUBHOCTb, anonTo3.
Pe3ynbTatbl UCCNEef0BaHUIA U BbIBOADI. [Py MHKYOALMM KNETOK C MOHAMW Meay B Pa3NMYHbIX KOHLEHTpaLMAX Hab-
NIOAANM KaK aKTUBALMIO, TaK U MHTMOMPOBaHME NPOSMGepPaTUBHOM U MUTOTUYECKOI aKTUBHOCTU KNeToK. BbixuBaHue
KNEeTOK M MUTOTUYECKAs aKTUBHOCTb MpW 00/1y4eHUM YMeHbLWAIOTCA C YBEMYEHUEM [03bl, @ UHAEKC NONMKAPUOLUTOB
pacter. [lpy KOMOMHNPOBAHHOM AENCTBUM MOHU3UPYIOLLETO U3YYEHWUSA U MOHOB MEAM Ha KNeTKM in vitro Habnoganu
M3MeHeHUAa MOPMODYHKLMOHANbHBIX CBOWCTB KNETOK, KOTOPbIE NPAMO NPONOPLMUOHANIbHO HE 3aBUCEN HU OT [LO3bI, HU
OT KOHLEHTPaLMUn NOHOB MeaMm.
KnioueBble cnoBa: Taxenble MeTansbl, MOHU3UPYIOLLEE U3NYYEHUE, KYyNbTypa KNEeTOK, BbXXMBaHWe, nponudepayms,
anonTos.
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Features of biological effects in cell culture in the combined exposure to

ionizing radiation and copper ions

The objective of the work was to research the features of mono- and combined impact of ionizing radiation and cop-
per salts on cell viability in vitro.
Materials and methods. The studies were performed on a passaged line Lozg cell culture. Copper ions of different con-
centrations were added to the culture medium 1 hour after exposure to irradiation at doses of 0.5; 5.0 and 10.0 Gy.
There were evaluated the structure of the cell populations, the proliferative and mitotic activity and apoptosis.
Results and conclusions. After incubation of the cells with copper ions of various concentrations there were seen
both the activation and inhibition of proliferative and mitotic activity. Cell survival and mitotic activity were
decreased in exposure to increasing doses of radiation but the polykaryocyte index was increased. After the combined
in vitro exposure to ionizing radiation and copper ions there were seen morphofunctional changes of cell properties,
which were not in direct proportional dependence on the dose or the copper ions concentration.
Key words: heavy metals, ionizing radiation, cell culture, survival, proliferation, apoptosis.
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EKCINMEPUMEHTAJIbHI

AOCNIAXEHHSA

ITocTostHHBIN pOCT MAacIITA00B MCIIOIb30BAHMS XUMUYEC-
KUX BEIEeCTB ¥ UCTOYHUKOB MOHM3UPYIOLIETO U3ITyIeHIS
(UN) B pa3nmaHBIX OTPACIISIX ITPOMBIIIIEHHOCTA, MEIM-
LIMHE, HayKe YBEeJMYMBaeT X BIMUSHME Ha BCE KOMITOHEH-
ThI TIpUpoHOI cpensl [1, 2]. [ToaToOMy Bo3pacTaeT BEposIT-
HOCTb OIHOBPEMEHHOTO BO3ACMCTBUS pagvalliOHHOIO 1
XMMUYECKOro (pakTopoB Ha OMOJIOTMYECKUE OObEKThI, a B
CBSI3U C 3TUM BOIIPOC OCOOEHHOCTE KOMOMHUPOBAHHOTO
JIeCTBUS pa3IMYHBIX 10 CBOEH Mprpo/e (haKTOPOB CTAHO-
BUTCH Bce Oosiee akTyalnbHbIM [3—6]. Hapsany ¢ tpaguim-
OHHBIMM SKCIIEPUMEHTaAMM Ha JJa00paTOPHBIX KUBOTHBIX,
pa3padaThIBAIOTCS aJbTepPHATUBHbIE METOIBI OLIEHKN TOK-
CUYHOCTH KCEHOOMOTUKOB C WCITOb30BAHUEM KYJIBTYPbI
KJIeTOK. MIMeHHO B KJleTKax (pOpMHpYyeTCsl OCHOBA Hapy-
ILIEHNI1, KOTOPBIE MO3Xe MPOSIBIISIIOTCS B BUIE Pa3IMIHbBIX
MaTOJIOTMYECKUX U3MEHEHUI Ha YPOBHE OPraHOB U CUCTEM
opranusMa [7—9]. Hanbosee yacto BcTpeyaroTcs: JaHHbIE O
TOM, 4TO COYETaHHOE JCUCTBME pamdaliii 1 TSDKEJIbIX Me-
tauioB (TM) pUBOIUT K YCWJIEHUIO HETATUBHOTO BIIMSI-
HUSI 3THX (DAKTOPOB Ha OMOJIOTUYECKIE OOBEKTHI, 10 CPaB-
HEHMIO C OTAEJbHBbIM BO3IEMCTBHEM KaxKI0ro U3 HUX [8].

IIEJIb PABOTbI

Lleab paboThI cocTOsIa B MCCIIENOBAHUM OCOOEHHOCTEM
OTIEJIBHOTO 1 KOMOMHMPOBAHHOI'O BO3IEICTBHSI MOHM -
3UPYIOIET0 U3TYyISHUS U COSANHEHUI MeIn Ha MOpgo-
(yHKIIMOHAJILHBIE CBOMCTBA KJIETOK in Vitro.

MATEPUAJIBI 1 METO/IbI

DKCIepUMEHTaIbHbIE MCCIICIOBAaHUS BBIITOJHEHBI Ha
KyJIBTYpe KJIETOK JIMHUU Loy, KynbTuBMpOBaHME KIIETOK
OCYIIECTBJISUIM B MOJIHOM muTateabHoil cpene RPMI-
1640 (90 %), >MOpUOHANBHOM TENIYbE CHIBOPOTKU
(10 %) u 40 MKT/MJI reHTaMULIMHA COIJIACHO CTaHAapT-
HBIM MeToaaM paboTHI ¢ KJIETOYHBIMM InTamMmamu [10].
Knetrku BblpaliMBaiu Mpu ITOCTOSIHHOM TeMIlepaType
37 °C Ha TOKpPOBHBIX CTEKJIaX pa3Mepamu 16 x 8 MM, Ha-
XOISIIMXCS Ha OHE CTEeKISIHHBIX (DIaKOHYMKOB, OO
KOH(IYEHTHOTO COCTOSTHUS MOHOCTOS (1—5 cyToK).

B uccnenoBaHusix Obl1a UCITOJIL30BaHA BOIOPACTBOPH -
mas coib anerata meau (Cu(CH3;COOH),). Kontponem
Ha aneraT-aHuMoH Obu1 auerat HaTpust (NaCH3;COOH).
HMonbl Menu n00aBisiiv B KYJIbTYpaJbHYIO Cpely 4yepes
24 yaca mocjie TMmocaaku KiaeTok (4rodnl noHbl TM He
BJIMISIA Ha a[re3MI0 M pacIljlacThIBaHKE KJIETOK Ha CTEK-
JISHHOM MOJJIOXKE) B BUAE BOTHOTO pacTBOpa B KOHIIE-
arpauusax 0,01; 0,10; 1,00 u 10,00 mxmonb/a. Kynsru-
BUPOBaHUE KJIETOK MPOBOAWIM B TEUYEHME 5 CYTOK B
MPUCYTCTBUY MOHOB MEIN.

O06nyyeHne KyJabTyphl KjieTok MW ocyliecTBiIsiu Ha
anmapare “Tepatpon” (ucrtounuk — *°Co 1,2 M»sB,

Continued growth in the use of chemical sub-
stances and sources of ionizing radiation (IR) in
various industries, medicine and science increases
their impact on all components of the environ-
ment [1, 2]. Therefore, the probability of simulta-
neous exposure of biological objects to radiation
and chemical factors is increasing and the related
issue of the features of combined exposure to
intrinsically different factors is becoming more
relevant [3—6]. Along with traditional experiments
on laboratory animals there are being developed
some alternative methods of estimating the toxici-
ty of xenobiotics using cell culture. They are the
cells where the basis of violations is formed. The
violations later result in a variety of pathological
changes at organ and system levels [7—9]. The
most frequent are reports about the combined
exposure to irradiation and heavy metal (HM)
leading to enhanced negative influence of these
factors on biological objects compared with
monoexposure to each of them [8].

OBJECTIVE

To study morphofunctional properties of the
cells exposed to mono- and combined impact of
ionizing radiation and copper compounds in
vitro.

MATERIALS AND METHODS

Experimental studies were performed on line
Loy cell culture. The cells were cultured in the
medium consisting of RPMI-1640 medium
(90%), fetal calf serum (10 %) and antibiotics
according to the standard methods of treating
cell strains [7]. They were cultivated at the
constant temperature of 37 °C on coverslips
(16 x 8 mm) left at the bottom of the glass vial
to the confluent state of the monolayer (1—5
days).

In the studies there was used a water-soluble salt
of copper acetate (Cu(CH;:COOH);). Sodium
acetate (NaCH3;COOH) served as the control for
acetate anion. The copper ions were added to the
culture medium 24 hours after cell passaging (to
prevent HM ions influence on cell adhesion and
cell spreading over a glass substrate) as an aqueous
solution at concentrations of 0.01; 0.10; 1 and
10.00 umol/1. The cells were cultured for 5 days in
the presence of copper ions.

The cell cultures were exposed to ionizing radiation
using “Teratron” device (source — ®°Co 1.2 MeV,
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MOIIHOCTb 3KCIO3ULIMOHHOM 10361 4,3 x 10 Ku1/(Kr X ¢)
paccrostHue 1o oobekTa 80 cM) B 1o3ax 0,5; 5,0 u 10,0 Ip
yepe3 24 gaca 1mociie mocagku. MoHsl Menu 100aBiIsIv B
KyJIBTYPBI KJIETOK Uyepe3 1 yac mocie ux ooydeHus.
ITpomdepaTnBHYI0 aKTUBHOCTD KJIETOK OLIEHUBAJIM 110
KMHETHUKE pOCTa: II0J ONTUYECKUM MMKPOCKOIIOM
“Axioscop” (West Germany) ripu yBemuenuu B 1000 pa3 B
npenesax ceTku momanpio 0,05 MM? TOICYUTHIBAIA 00-
11ee KOJTMYECTBO KJIETOK, KOJTMYECTBO MUTO30B U KOJINYe-
CTBO MHOTOSIAEPHBIX (2 U Oosee siaep) KiIeToK. MUTOTH-
YECKUI MHIEKC Y MHAEKC ITOJIMKAPUOLIMTOB PaCcCUMTHIBA-
Jvch Ha 1 000 kieTok (%o0). POTO TOJYYEHBI C TOMOIIbIO
mudposoii kamepbl DIGITAL CAMERA for Microscope
ScienceLLab DCM320(USB 2.0), Resolution 3.5 Mpixels.
B Tex ke Kynbrypax KIeTOK, B KOTOPBIX MCCIIEIOBAIN
rnoxasaTejii UX KU3HECIIOCOOHOCTH, OIIPEAeIsId KO-
YECTBO aloNTUYECKMUX KJIETOK. AHAIu3 MPOBOAWIM Ha
npotouHoM uuTodaoopumerpe FACStar Plus ¢pupmbl
“Becton Dickinson” (CILIA) [11, 12]. AonTo3 ¢puKcH-
poBaiu 1o runoauruionaHomy JHK-nuky, KoTopsiit
YeTKO OTACSJICS OT HOPMaJbHOTO (AMITIOMAHOIO)
JAHK-nuka. OueHuBaau KpacHYO (QIyopecLeHIUIO
(FL — 2) nponuauyM ioanna ¢ IJIMHOM BOJIHBI A 595 HM
He MeHee, yeM 171 10 000 kieTok.
DKcIepuMeHTaIbHbIE JaHHbIE 00padaThIBaIU OOIIEIT-
PUHSITBIMUA CTATUCTUYECKMMHM METOIAMU C MCITOJIb30Ba-
HueM t-kputepus CTbIOJEHTa M C IIOMOIIbBIO ITAKETOB
NpUKJIagHbIX porpamMM Microsoft Excel u Biostat.

PE3VYIJIBTATBI 1 OBCYXK/JIEHUE

HccnenoBanus MpoBOAMINM HAa MOIEIM II€PMAaHEHTHO
npoandepupyroIInX KIeToK — JUHUS Lgy. B KoHTpose
KJIETKH O0O0pa30BBIBAJIA TUIOTHBI MOHOCJIONM M3 TUITAY-
HbIX (UOPOOIACTONMOIOOHBIX KJIETOK BEPETEHOBUAHOMN
U TIOJIUTOHAJIBHON (POpMBI. BOIBIIMHCTBO KJIETOK MMe-
Ju orpocTku. llurommaszma 3THUX KJIETOK coaepzKasa
CBETJIbIE BaKyOJIM M MaJeHbKUE TpaHyJbl. Slapa KieTok
OTHOCHUTEJILHO OOJIBIIINE, BCTPEUAJIUCh IBYX- M TPEXs-
IepHbIe KJIETKU. B 1mone 3peHust BUAHBI KJIIETKHA Ha pa3-
HBIX cTanusx aeneHus (puc. 1, A).

HccnenoBanne KWHETUKM POCTa KOHTPOJIBHBIX KYJIBTYD
kieTok (puc. 1, b) mokaszano, 4To sl HUX XapaKTepHO
yBeIMIeHNEe IpoandepaTUBHON aKTUBHOCTU B TEUCHUE
1—5 cyTok KynbsTuBHpoBaHUs ((pasza JorapupmMuIecKkoro
pocta). B 3T0 BpeMsl MI0THOCTb MOHOCJIOS KJIETOK 10CTa-
TOYHO BEICOKAsl. MaKCUMyM MUTOTUYECKOI aKTUBHOCTH
Ha0JII0aJICs Ha TPEeThU CYTKU KYJBTUBUPOBaHUS. B nanb-
HEHUIIeM MUTOTUYECKUI WHAEKC YMEHBIIAJICSA 3a CYET
KOHTaKTHOTI'O MHTMOMPOBAHMUS MUTO3a U KOH(PIYEHTHOTO
COCTOSTHMSI KYJIBTYPBI KJIETOK. MHIEKC TUTaHTCKUX MHO-
rosiIEpHBIX KJIETOK B KOHTpPOJie cocTaBist 9—17 %.

the exposure dose — 4.3 x 10 C / (kg x sec) the
object distance — 80 cm) at doses of 0.5; 5.0; 10.0
Gy 24 hours after passaging. Copper ions were
added to the cell cultures 1 hour after irradiation.

The proliferative activity of the cells was evaluat-
ed by the growth kinetics: total cell number as well
as number of mitosis and multinucleated (two or
more nuclei) cells were counted under “Axioscop”
optical microscope (West Germany) at x 1,000
magnification using a 0.01 mm? grid. The mitotic
and polykaryocyte indices were calculated per
1000 cells (%0). Photo images were taken at the
DIGITAL CAMERA for Microscope SciencelLab
DCM320(USB 2.0), Resolution 3.5 Mpixels.

The number of apoptotic cells was determined
in the cell cultures investigated for the viability.
The analysis was performed by flow cytometry
on FACStar Plus (Becton Dickinson, USA)
[11, 12]. Apoptosis was fixed by hypodiploid
DNA peak, which was clearly separated from
normal (diploid) DNA peak. The red fluores-
cence (FL - 2) of propidium iodide with a
wavelength of A 595 nm was assayed for at least
10,000 cells.

The experimental data were processed by con-
ventional statistical methods using the Student t-
test, Microsoft Excel and Biostat software pack-
ages.

RESULTS AND DISCUSSION

The investigations were carried out on the model
of permanently proliferating cells — line Lo.
Control cells formed a dense monolayer of typical
fibroblast-like, spindle- and polygonal-shaped
cells. Most cells had processes. The cytoplasm of
the cells contained light vacuoles and small gran-
ules. The cell nuclei were relatively large; there
were seen bi- and trinuclear cells. In the field of
view there were cells at different stages of division.
(Fig. 1, A).

Investigation of the growth kinetics in control
cell cultures (Fig. 1, B) shows that they are charac-
terized by an increase in proliferative activity with-
in 1-5 days of culturing (logarithmic growth
phase). At this time, the density of the cell mono-
layer is quite high. Maximum mitotic activity is
seen on the third day of cultivation. Later, the
mitotic index decreases due to contact inhibition
of mitosis and confluent state of the cell culture.
Giant multinucleated cells index is 9—24 % in the
control.
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PucyHoK 1. Kynbrypa knetok nuuum Lg29 B KOHTpoe.

A - 5-e CyTKM KynbTUBMPOBaHMA. DPopma KNETOK BepeTeHOBMAHAA U MONUrOHaNbHasA, OBaNbHOE AAPO C
YeTKUMMU AAPBILWKAMU, 3HAYMTENIbHOE KONMYECTBO MUTOTMYECKUX KneTok (6enble ctpenku). Okpacka

reMaToKCMNMHOM U 303MHOM. YBenuyenune x 1000. KuHetuka pocta MHTaKTHbIX KneTtok (B).

Figure 1. Line Lo2g cell culture in the control.

A - at 5 day of cultivation. The cells are polygonal- and spindle-shaped; the nucleus is oval with distinct
nucleoli; there is seen a significant number of mitotic cells (white arrows). H & E stain. x 1,000 magnifica-

tion. Growth kinetics of intact cells (B).

Kak n3BecTHO, Meb — OJIMH 13 BaxKHEMIIINX HE3aMEeHU -
MBIX M 3CCEHIMAIbHBIX 3JIEMEHTOB, HEOOXOAUMBIX IJISI
opranusma [1, 13]. HegocrtatrouHoe KOJIMYECTBO MeAu
MOXET HapyIlIUTh O0allaHC MPaKTUYeCKU BCEX OOMEHHbBIX
MPOLIECCOB B OpraHU3Me, IOCKOJIbKY OHa YJ4acTBYeT B Ou-
OXMMMYECKMX IIpolieccaXx KaK COCTaBHAsl 4YacTh 3JIEK-
TPOHIIEPEHOCHBIX OEJIKOB, OCYIISCTBIISTIOIINX PeaKIN
OKUCJICHUSI OPTraHMYECKUX CyOCTpPaTOB MOJIEKY/ISIPHBIM
KHMCIOPOIOM, a TaKKe B OMOCUHTE3€e reMOIJIO0MHA, 3J1ac-
THHA, KaTaja3bl, IepOKCHUIA3bl, HEOOXoaMa JJIs1 CO3pe-
BaHUSI PETUKYJOLUTOB B 3PUTPOLUTHE. MoOHBI Memm
Y4YacTBYIOT B IIpOlIeccax TPAaHCIOPTa aMMHOKKUCIIOT U Ta-
K1M 00pa3oM BIUSIOT Ha CKOPOCTh OeTKoBOro oomeHa. K
nosiBJIeHNIO U30bITKa Cu?" MpUBOIAT HAPYILIEHUS BbIIE-
JINTEJIbHOM (DYHKIIMKM JM30COM B pe3yibrare aeeKTOB
MeMOpaH min muTockeseTa. CiaemyeT OTMETUTh, YTO JIIO-
0as1 3amepkKa BbIICJACHUSI MeI U3 KJIETKM MPUBOAUT K
VHAYKIIUA OMOCUHTE3a METaUIOTUOHEWMHOB, ITOBpEXKIIE-
HUI0O MeMOpaHBI M ILIMTOCKEJIETa, YTO B CBOIO OYepedb
conpoBoxaaercsa HakoruienueM Cu®™ B kieTke.

Mnkybanus KJIeToOK ¢ MOHAMU MEAU Pa3IMYHON KOH-
neHTtpanuu (puc. 2, A—I') BeI3Basia USMEHEHUST UX MOP-
(podyHKIIMOHATBEHBIX XapaKTepuCcTUK. CTaTHUCTUYCCKU
JIIOCTOBEPHOE YMEHBIIICHNE IUIOTHOCTU KJIETOYHOM ITO-
MNyJISIHUM M, COOTBETCTBEHHO, BBIKMBAEMOCTH KJIETOK
HabJoIaIM NpyU KOHUEHTpalusax noHoB Meau 1,00 u
10,00 mxMomb/n1. B To e BpeMsT MHKYOaIusl KJIETOK C
MOHAMM MEIM BBI3bIBajla CTATUCTUYECKM ITOCTOBEPHYIO

Copper is known to be one of the most important
essential elements necessary for the body [1].
Insufficient amount of copper can disrupt the bal-
ance of virtually all metabolic processes in the
body, as it is involved in the biochemical processes
as part of electron-transferring proteins enabling
the oxidation of organic substrates with molecular
oxygen, as well as in the biosynthesis of hemoglo-
bin, elastin, catalase, peroxidase required for mat-
uration of reticulocytes to erythrocytes. Copper
ions are involved in amino acids transportation
and thus influence the rate of protein metabolism.
Excess of Cu®* results from defects in the mem-
brane or cytoskeleton causing violation of excreto-
ry function of lysosomes. It should be noted that
any delay in the release of copper from cells results
in the induction of metallothioneins biosynthesis,
damage to the membrane and cytoskeleton,
which, in turn, is accompanied by accumulation of
Cu?" in cells.

Incubation of cells at various concentrations of
copper ions (Fig. 2, A—D) caused changes of the
morphological and functional characteristics.
Statistically significant decreased cell density of
the population and, respectively, cell survival were
seen at copper ions concentrations of 1 and 10
pumol/1. At the same time, incubation of the cells
with copper ions caused a statistically significant
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PucyHOK 2. Kynbtypa Knetok nuHum Lg29 Ha 5-e CYTKM KyNbTUBMPOBAHUA NPU MHKYOALMKU C NOHAMU MeAy B
KoHueHTpauuax 0,01 mkmonb/n (A), 1,00 mkmonb/n (B), 10,00 mkmonb/n (B). KneTkn npenmyuiectBeHHo no-
nuroHanbHow ¢opmbl, pexxe — BepeTeHOBMAHOW, AAPA — OBaNbHbIE, CTPe/IKaM1 0603HaueHbl TUraHTCKUE MHO-
rospepHble KneTku. OKpacka reMaToKCMAMHOM U 303MHOM, yBenuyeHue x1000. Mokasarenu xu3HecnocobHoc-
TV KneTok npu Bo3aeictBun noHos meau (). Ha ocu abcumcc — KOHUEHTPALUA MUKPO3NEMEHTa, MKMOAb/ .
MpumeyaHue. * — cTaTUCTUYECKU AOCTOBEPHOE OTNUYME OT KOHTpons, p < 0,05.

Figure 2. CLine Lo29 cell culture on the 5% day of cultivation after incubation with copper ions at the con-
centration of 0.01 pmol/L (A), 1 pmol/L (B), 10 pmol /L (C). The cells are predominantly polygonal-shaped,
rarely - spindle-shaped, the nucleus is oval, the arrows show giant multinucleated cells. H & E stain, x1,000
magnification. Cell viability indices when exposed to copper ions (D). On the x-axis there is shown the con-

centration of the trace element (pmol/l).
Note. * — significant difference vs. control, p < 0.05.

CTUMYJISIIIAIO MUTOTUYECKOM aKTUBHOCTH, KOTOpasl yBe-
Juuuiaach B 3 pasa Mo CpaBHEHUIO ¢ KOHTpoJjeM (p <
0,05) ipu konuentpauuu meau 0,01 mxmons/n. Crneny-
€T TaKXKe OTMETUTh 10303aBUCUMOE HapacTaHUe B KYJIb-
Type KJIETOK KOJUYeCTBa IMOJUKapuouuToB (B 8,5 pasa
1O CPAaBHEHUIO C KOHTPOJIEM) B MPUCYTCTBUU MUKPOD-
JleMeHTa B KojudecTBe 1,00 MKMOIB/JI, YTO CBUIETE/Ib-
CTBYET O BBICOKOM I'€HOTOKCHYECKOM JIeMICTBUU MOHOB
MEeIM B 3TOM KOHIEHTPAIIUMN.

[To pesynbrataMm sKCIEepUMEHTATbHBIX UCCIeI0BAHUI
or1a paccuntana CES0, kotopast cocraBisiia 1 Kiie-
TOK JIUHUU Lozg 8,44 MKMOJIB/1I.

KombOuHupoBaHHOE AeiCTBUE OOJIyYeHUs B MaJloi
(0,5 Ip), cpenneneranbHoit (5,0 Ip) m cybaeTanbHOMU
(10,0 I'p) mo3ax ¥ MIOHOB MEAY B Pa3IMYHBLIX KOHIIEHTpa-

stimulation of mitotic activity, which was 3-fold
increased compared to the control (p < 0.05) at
copper concentration of 0.01 umol/l. It is also
worth noting dose-dependent increase in polikari-
otcytes number (by 8.5 times compared to the
control) in the presence of 1 umol/L of the trace
element, which is indicative of a high genotoxic
effect of copper ions at this concentration.

According to the results of experimental studies
there was calculated the average effective concen-
tration (AE50), which amounted to 8.44 pmol/L
for the cell line Loy.

The combined effect of low irradiation (0.5 Gy),
average lethal (5.0 Gy) and sublethal (10.0 Gy)
doses and different concentrations of copper ions
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PucyHoK 3. MopdodyHKUMOHaANbHbIE CBOICTBA KAETOK NUHUM Lg29 HA 5-e CYTKU KyNbTUBUPOBAHUA MpU
KOMOMHMPOBAHHOM AEeCTBUM PAafUALUU B PA3HbIX A03aX U UOHOB MeAU B PA3NINYHbIX KOHLEHTPALUAX.
A - KonuuecTBO KneToK, b — MUTOTMYeCKaa aKTMBHOCTb U B — KonmuyecTBO MHOrosAepHbix Knetok. Ha ocax

abcumcc — KOHUEHTpaUUA MOHOB MeAU, MKMOJIb/ 1.

MpumeyaHue. * — cTaTUCTUYECKU AOCTOBEPHOE OTNUYME OT KOHTpons, p < 0,05.

Figure 3. Morphological and functional properties of line Lg29 cells on the 5th day of culture at the combined
exposure to various doses of radiation and copper ions. A — the number of cells, B - mitotic activity, C - the
number of multinucleated cells. On the x axes there are shown concentrations of copper ions, pmol/L.

Note. * — significant difference vs. control, p < 0.05.

nusx Ha MOp(dOPYHKIMOHAIbHBIE CBOMCTBAa KJIETOK
npeacTaBieHo Ha puc. 3, A—B.

O6ayuenue kinetok y-ksantamu *°Co B mose 0,5 Ip
MPUBEJIO K YBEIMYSCHNIO KOJINYSCTBA KJIETOK Y MX MUTO-
TUYEeCKON akKTUBHOCTU. OOJIydeHMe KJIETOK M MHKyOa-
1S MX ¢ MIOHAMU Meau B KoHueHTpauu 0,01 MKMoJb/J
BBI3BAJIO ellle OOJIBIIYI0 aKTMBU3ALWIO Mpojudepanuu
KJIeTOK B KyjabType. Ilpu mampHelimmeM yBeIMYeHUM
KOHIIEHTPAllMM MUKPOD3JIEMEHTa B IMTATEIbHOM cperie
BBDKMBAaEMOCTb OOJIyUEHHBIX KJIETOK HE OTJIMYajiach OT
KOHTpOJII Ha (pOHE ITOBBIIIEHHONH MUTOTUYECKOI aK-
TUBHOCTH. BMecTe ¢ TeM, clieayeT OTMETUTh, YTO MHAEKC
MOJIMKApUOLMTOB IIpu KoHUeHTpauuu 10,00 MKMOJIb/T
ObLT CYILLIECTBEHHO MeHbIe (0ojee YeM B TPHU pasa) 1o
CPaBHEHMUIO C JeHCTBUEM TOJILKO MOHOB Meau. T. e. 00-
JIydeHre B MaJIoM J03¢ KaK Obl CHMMAaeT TOKCHUYECKOe
IeCTBAE N30BITKA MOHOB MEIN.

O6nyuenue kietok B go3e 5,0 Ip mpuseno (puc. 3) K
MHTUOUPOBAHUIO MPOJU(MEPATUBHON M MUTOTUYECKOI
aKTUBHOCTU B 1,7 pa3a II0 CpaBHEHUIO C KOHTPOJIEM.
JlobGaBieHue B MUTATEIbHYIO Cpely MOHOB MeAU B KOH-
meHtpauuu 0,01 u 0,10 MKMoOIb/1 K mpeaBapUTEIbHO
001yyeHHBIM B 103e 5,0 Ip KieTkam npuBeso K BoccTa-
HOBJICHHMIO ITIOKa3aTejiell XXU3HEIESITCIbHOCTH KYJBTYD
KJIETOK MO CPaBHEHUIO C OOJIYYEHHBIMM KYJBTYpaMMU.
[ToBbllIeHME cofepKaHUsI MIOHOB MEIU B Cpele KyIbTH-
pupoBanust 1o 1,00 u 10,00 MKMOJIBb/71 BEI3BAJIO yTHETE-
HUe npoardepaury 001y4YeHHBIX KJIETOK. 3aMETHO, YTO
MIpH BCeX KOHIIEHTPALMSIX MUKPO3JIEMEHTa ITocjie 00JTy-

on the morphofunctional cell characteristics is
shown in Fig. 3, A—C.

Irradiation of cell by y-rays of ®’Co at a dose of 0.5
Gy led to an increase in cell number and mitotic
activity. Irradiation of cells and incubating them
with copper ions at a concentration of 0.01 umol/L
caused a greater activation of cell proliferation in
the culture. Further increase in the concentration of
the trace elements in the medium did not affect sur-
vival rate of the irradiated cells which did not differ
from controls against the background of increased
mitotic activity. However, it should be noted that the
index of polikariocytes at a concentration of 10.00
umol/ L was significantly lower (by more than three
times) in comparison with monoexposure to copper
ions. In other words, low doses of irradiation seem
to diminish the toxic effects of copper ions excess.

Irradiation of cells at a dose of 5.0 Gy resulted in
inhibition of the proliferative and mitotic activity
by 1.7 times compared to the control (Fig. 3).
Adding copper ions (0.01 and 0.10 pmol/L) to
the pre-irradiated cells at of a dose of 5.0 Gy led
to restoration of vital signs of the cell cultures
compared to irradiated ones. Elevation of copper
ions levels in the culture medium to 1.00 and
10.00 pmol/L caused inhibition of irradiated
cells proliferation. It is noticeable that at all con-
centrations of the trace element after irradiation
with 5.0 Gy there was seen 2—5-fold increased
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yeHus B 103e 5,0 Ip Bo3pacTan ypoBeHb MHOTOSIIEPHBIX
KJIETOK B 2—5 pa3 Mo CpaBHEHUIO C KOHTPOJIEM.

[eiicTBre Ha KJIETKU Y-paauallii B CyOJIETAIbHON 10-
3¢ 10,0 Ip (puc. 3) BBI3BIBAJIO YTHETEHNE MX BHIKIBae-
MOCTH U MUTOTUYECKOI aKTUBHOCTH o4t Ha 70 %, Ko-
JINYECTBO ITOJIMKAPUOLIMTOB IIPY 3TOM YBEJINIMBAIOCH B
5 pa3 1o CpaBHEHUIO C UHTAKTHBIMM KYJIBTypaMU KJIETOK.

CouetanHoe neiictBue obaydeHus B mose 10,0 Ip u
pa3HBIX KOHILICHTPALIMiI MOHOB MeAU MPAaKTUIECKU HE
M3MEHWIO TUIOTHOCTHU KJIETOYHOM MOIYJISIIUY U AeIe-
HUSI KJIETOK IO CpaBHEHMIO ¢ obOjgydeHumeM. OmHako
0o0pa3oBaHue B KYJbTYype aTMIIMYHBIX MHOTOSIIEPHBIX
KJIETOK BO3pOCJio ITouTH B 10 pa3, 4To CBUIAETEILCTBY-
€T 0 TCHOTOKCUYECKOM BIMSHUU pagvallii U MOHOB
MEIu.

OO0111eM3BECTHO, YTO aroITO3 MPU (PU3MOTOTUIECKUX
YCJIOBUSIX — 3TO KOHTPOJMPYEMbIil Tpoliecc, HalpaB-
JICHHBII Ha TToJ/IepKaHe TOMeocTa3a TKaHei. ATIONTo3
VHULIMUPYETCS TP AEHCTBUU SKCTPEMaIbHBIX (haKTo-
pOB, TaKUX KaK MOHM3Mpylowasa paguauus [11, 12]. B
3TOM cJlydae poJib aronTo3a B MoAep>KaHU1 FOMeocTa-
3a TKaHe SIBJIsIeTCs] MeHee BBEIpaXKeHHOM, OJHAKO MpeI-
roJiaraeTcsl, 4To IepBOOYEPENHOE 3HAUYCHUE Iprodpe-
TaeT CeJEeKTUBHOE yaaJleHHe KJIeTOK, BbBKMBaHUE KOTO-
PBIX yrpoxarolee ISl 11eJ0ro opraHu3ma.

HccnenoBanre OMOXUMIYECKMX MEXaHIU3MOB aITOIITO-
3a Ha MOJICKYJIIPHOM YPOBHE IT0KAa3aj0, YTO paavaliys
HE CTOJIbKO IMOJABJISIET MPoudepaliio KJIETOK, CKOJIb-
KO CEJIEKTUBHO JEMCTBYET Ha 3KCIPECCUIO OMpeaecH-
HBIX TCHOB, TaK Ha3bIBacMBIX T€HOB paHHETO OTBETa, KO-
TOpPBIE OTBEUYAIOT 32 CUHTE3 OHKOI'€HOB, IIMTOKNHOB, KN~
Ha3 W JIPYTUX PEryJsTOPOB IMPOBEIEHUS CUTHAJIOB B
KJIeTKe, a TakXe 0eJIKOB, KOTOPbIE PEryJIMPYyIOT ITPOX0OXK-
JieHre KJICTOYHOTO IMKJIa ¥ Pa3BUTHE aIlOITO3a.

Pesynbrathl aKcneprMMeHTaIbHBIX UCCIeI0BAaHUI T10-
Kazanu, yto MM uHayuupoBaso amorTo3 B KYJILType
KJIeToK (puc. 4), mpuyeM KOJIMYECTBO AMONTHYCCKMX
KJICTOK BO3pacTayio IIPpY MOBHIIIEHUN 1036l pagvallui 1
CTaTUCTUYECKU JOCTOBEPHO OTINYATIOCh OT KOHTPOJIS.

MHKy0Oa1us KJIeToK ¢ MIOHaMM MeIM BbI3bIBajia CTaTHUC-
TUYECKM TOCTOBEPHOE YBEIMYECHUE aIrlorTo3a TOJbKO MTPU
Hu3KuX KoHneHTpanusx — 0,01 u 0,10 MkMonb/71, a mpu
BBICOKMX KOHIIEHTpALMSIX HA0Jt01a1ach TOJIbKO TeHACH-
uusg K yBenumdyeHuto. [Ipm KoMOMHUPOBAHHOM BO3METi-
CTBUM Ha KJIETKA MOHOB MENIU U Y-paaualvuy Habonaiu
VHAYKIINIO arlonTo3a, B OCHOBHOM, TP HU3KMUX KOHIIE-
HTpaLMsIX MUKpoasieMeHTa. [Ipy BBICOKMX KOHIIEHTpa-
LMSIX CTAaTUCTUYECKU TOCTOBEPHOE YBEJIMUEHUE YPOBHSI
aronTUYeCKHX KJIETOK HaOI0AaIM MTPU O0JIyYeHUHU B 10-
3ax 0,5 1 10,0 Ip. YuursiBas 1o, yro Cu’" gBigercs HeoO-
XOIVMMbBIM MUKPO3JIEMEHTOM, TaKKe (QIyKTyallii YPOBHSI

multinucleated cells level compared to the con-
trol.

Exposure of cells to sublethal dose of 10.0 Gy of
v-radiation (Fig. 3) caused inhibition of survival
and mitotic activity by almost 70 %, while the
number of polikariotcytes increased by 5 times
compared with intact cell cultures.

The combined exposure to irradiation (10 Gy)
and various concentrations of copper ions hardly
ever changed density of the cell population and cell
division as compared with monoexposure to irradi-
ation. However, the formation of atypical multinu-
cleated cells in the culture increased almost 10-
fold, which is indicative of the genotoxic effects of
radiation and copper ions.

It is generally known that under physiological
conditions apoptosis is a controlled process aimed
at maintaining tissue homeostasis. Apoptosis is
triggered by the exposure to such extreme factors
as ionizing radiation [11, 12]. In this case, the role
of apoptosis in the maintenance of tissue home-
ostasis is less pronounced, but it is assumed that
the selective elimination of the cells threatening to
the survival of the whole body acquires the highest
priority.

Study of the biochemical mechanisms of apop-
tosis at the molecular level showed that the radia-
tion not only inhibits proliferation of the cells but
selectively impacts on the expression of certain
genes, the so-called early genes responsible for the
synthesis of oncogenes, cytokines, kinases and
other regulators of cell signaling, as well as proteins
that regulate cell cycle progression and the devel-
opment of apoptosis.

The results of the experimental studies show that
ionizing irradiation induces apoptosis in cultured
cells (Fig. 4), the number of apoptotic cells
increases with the rise in doses of radiation and is
significantly different from the control.

Incubation of the cells with copper ions causes a
statistically significant increase in apoptosis only at
low concentrations — 0.01 and 0.10 pmol/L,
whereas at higher concentrations there was seen
only a tendency to an increase. Under the com-
bined exposure of the cells to copper ions and y-rays
induction of apoptosis was seen mainly at low con-
centrations of the trace element. At high concen-
trations, a statistically significant increase in apop-
totic cells was observed upon irradiation at doses of
0.5 Gy and 10.0 Gy. Given that Cu?* is an essential
trace mineral, such fluctuations in the level of

cb) 404



ISSN 2304-8336. pobnemu pagiauiitHoi Meauumky Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2014. Bun. 19.

EKCMNMEPUMEHTAJIbHI

AOCNIAXKEHHA

KonuuectBOo aHeynnonaHbIX KNeTokK (%)
oT 06L1ero KoiMyecTBa KJIeTok
Number of aneuploid cell, %

(=)}

0 0,01 0,1
KoHueHTpaumst MIOHOB Mean, MKMOJb/N
Concentration of cooper ions, pmol/L

12
I orp/Gy
10 I 05rp/Gy
8 [ 5.0mp/Gy
[ 100mp/Gy

1 10

PucyHOK 4. AnonTo3 B KynbType KNeToK AuHUU Lo29 Ha 5-e CYTKU KYNbTUBUPOBAHMA NPU KOMOUHMPOBAHHOM
AeVNCTBUM Y-PaAUALUM B Pa3HbIX A03aX U UOHOB MeAU B Pa3sINYHbIX KOHLLEHTPALMUAX. .

Figure 4. Apoptosis in line Lo2g cell culture on the 5% day of cultivation under the combined exposure to
various doses of y-radiation and various copper ion concentrations.

aronTo3a B KyJIBTYPe KJIETOK MOTYT CBUIETEILCTBOBATD O
MOIKIIOYeHNH KOMIICHCATOPHBIX MEXaHU3MOB, ITOBBIIIIA-
FOIINX BEKUBAEMOCTh KJTeTok (5,0 Ip) mim o6 ambrepHa-
TUBHBIX MexaHu3Max rnoenu kiietok (10,0 Ip).

BbIBO/IbI

Takum o0pa3zoM, 3KcHepuMeEHTalIbHbIe HCCAeI0BaHUSI
LIUTOTOKCUMYHOCTU MOHOB MeI U KOMOMHUPOBAHHOTO
WX IEMCTBUSI C MOHU3UPYIOIINM U3JTyIYeHUEM Ha KJIETKHU
in vitro roxkasajuu, 4To MHKyOAal1s KJIETOK C MOHAMU Me-
1 B pa3HO#1 KOHIICHTPALIMK BhI3BajIa pa3HOHAIIPABICH-
Hble U3MEHEHMST UX MOP(POGYHKIIMOHAIBHBIX XapaKTe-
puctuk. KoMOMHUpOBaHHOE AeHCTBUE MOHU3UPYIOLLE-
T0 U3JTYYCHUS U MIOHOB MEIY ITPUBOAMIIO K IOBBIIICHUIO
rnoxasarejiel >KM3HECIIOCOOHOCTH KJIETOK B KYJBTYpe
(mpondepaTUBHON M MUTOTUYECKON aKTUBHOCTU) IO
CPaBHEHUIO C OTACJbHBIM AEUCTBUMEM paaualuu, OJl-
HOBPEMEHHO YPOBEHb IOJMKAPUOLMTOB OCTABaJICSl Ha
JMIOCTaTOYHO BHICOKOM YPOBHE. YBEJIWUCHHUE aIloNTo3a B
KYJIBTYpE KJIETOK (DMKCHUPOBAIM IIPU OTAEIBHOM U COUe-
TaHHOM JEMCTBUM paavalliid U MOHOB MEIMN.
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apoptosis in cultured cells may be indicative of the
triggering compensatory mechanisms that en-
hance cell survival (5.0 Gy) or alternative mecha-
nisms of cell death (10.0 Gy).

CONCLUSIONS

To summarize, the experimental studies of cyto-
toxicity of copper ions and in vitro combined
exposure of cells to ionizing radiation showed
that incubation of the cells at different concen-
trations of copper ions caused divergent changes
in their morphological and functional charac-
teristics. Combined effects of ionizing radiation
and copper ions resulted in the increased rates
of cell viability in the culture (proliferative and
mitotic activity) as compared with monoexpo-
sure to ionizing radiation, simultaneously
polikariocyte level remained quite high.
Increased apoptosis in cultured cells was seen
both in mono- and combined exposure to irradi-
ation and copper ions.
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