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DEYVH «DedepanvHbtii HaAy4HbLI YeHMP MEOUKO-NPOPUAAKMULECKUX MEXHOA0UN YNPABAEHUs PUCKAMU 300P0BbI0
Hacenenus», . Ilepmv, Poccus

Pe3iome. Bricokoperynrpyemyio (opMy 3arporpaMMHUPOBAHHON CMEPTH KJIETKM C XapaKTepHBIMU MOP-
donornyeckuMm 1 OMOXMMUYECKMMU MPU3HAKAMU OIPENeISIIoT Kak arnonTto3. PazHooOpa3Hble (hakTopsl,
B TOM 4YHCJIE U MeETaJlJibl, CIOCOOHBI OKa3blBaTh BO3JACHCTBME HA MHTEHCHUBHOCTH IPOTEKAaHMsS pPeaKIIMU
3alporpaMMUPOBAHHON KJIeToOUuHOU rubenu. Lleab paboThl — MOAEIMPOBAHUE B CUCTEME in Vitro aroIlTo-
3a B YCJIOBUSIX 3KCITO3WINM CTAOMIBHBIM cTpoHIIMeM. OOciiemoBain IeTCKOe HaceJleHue, MOoTpeOIsolIee
MUTHEBYIO BOLY C IOBBILICHHBIM comepxXaHueM cTpoHLus (Sr’*) (n = 49). YpoBeHb anonro3a JuM@oLu-
TOB OIPENEIISIIA Ha TMTPOTOYHOM IIUTOMETPE C TMTOMOUIBIO OKPAIIMBAHUS aHHEKCUHOM V, KOHBIOTMPOBaH-
HbIM ¢ FITC (AnnV-FITC), u nponuauym itonunom (PI), onpeaensiiu AnnV-FITC*PI- — panHuii anonros,
AnnV-FITC*PI" — mo3mHuit anmonTo3 1 HeKpo3. JISHKOLMTEI, BhIAEIEHHBIE Y 00CIeayeMOro KOHTUHTEHTA,
MHKYOMpoBaiu co Sr’* B KoHleHTpauuu 7,0 Mr/nm?® (KoHLeHTpaLus, coorBeTcTBylomiast ITIK st Boabl Bo-
ITHBIX 00BEKTOB) B TeueHMe 4 gacoB mnpu 37 °C. Dkcrpeccuto MapkepoB anomnTo3a CD95 u p53 mposoamim
METOIOM IIPOTOYHOI IIUTOMETPUH C MCIIOJIb30BAaHMEM MEUYCHBIX MOHOKJIOHAJIBHBIX aHTUTEI. DKCIIO3UIINS
CTPOHIIMEM in Vitro XxapaKTepru30BaJlaCh JOCTOBEPHBIM CHIDKEHMEM YPOBHS 9KCIIPECCUHN PETYISITOPHBIX (hakK-
TOPOB aronTo3a MeMGopaHHoro Mmapkepa CD95 1 BHYTPUKJIETOYHOTO TPAHCKPUITIIMOHHOTO 6eJika p53 B 1,56
pa3au B 1,68 paza coorBeTcTBeHHO. OTHOBPEMEHHO OTMEUYEHO JOCTOBEPHOE YMEHbIIeHKE B 4,68 pa3a KoIu-
yectBa AnnV-FITC*PI- kieTok, a Tak:ke CTaTUCTUYECKU 3HAYMMOE MOBBIIIeHMEe B 1,35 pa3a IMpOoLeHTHOTO
cogepxanust AnnV-FITC*PI* kietok. Kpome Toro, Bo Bcex npobdax koanyectBo AnnV-FITC*PI- numdo-
IIUTOB OBLJIO HVXXE (DU3UOJIOTMIECKO HOPMBI U KOHTPOJILHBIX 3HAYEHU, a KOJIMYECTBO MPoO, Tie coaep-
xanue AnnV-FITC*PI* itmM@oumToB npeBhIIago yCTAHOBJIIEHHBIE HOPMATUBBI 1 KOHTPOJIbHBIE 3HAUCHUS,
cocTtaBisuio 30,8%. Takum 00pa3oM, 3KCIIEPUMEHTAJIBHO J0KAa3aHO, YTO CTPOHLIMI B KOHIIEHTPALIMM, COOT-
BercTBytolueit ITIK nj1st BOmHbIX OOBEKTOB, C BLICOKOM CTEIEHbIO JOCTOBEPHOCTU MHTMOUPYET rMOeJIb KIeT-
KM TI0 IIYTH aronTo3a ¢ IIePeKITI0YeHNEM Ha pealM3alnio KISTOUHOM THOeI IMyTeM HeKpo3a M0 KpUTSPHUIo
coaepxaHus pocdaruauiiceprua, BISIBISIEMOro B TecTe ¢ aHHeKCMHOM V. IlojlydyeHHbIe TaHHBIE BBISIBUINA
CIOCOOHOCTDH CTPOHIIMS OKa3bIBaTh CYIIECTBEHHOE BO3IEMCTBUE Ha IMOKAa3aTeIU PETYISILIAM U TTOAIePXKaAHUS
KJIETOYHOTO TOMeOoCTa3a, BT HAa MHTEHCUBHOCTH TIPOTEKAHMS TIpoIlecca aroITo3a CMellleHneM daraHca
B CTOPOHY pean3alliy KJICTOYHOM TMOeIN ITyTeM HeKpo3a 1 CHIDKAs SKCIIPECCHUIO PETyISITOPHBIX (haKTOPOB.
PesynbraThl McceI0BaHUSI MOTYT MCITOJIb30BaThCs A1 UACHTU(DUKAIIUY 1 OOOCHOBaHUSI MapKePHBIX MOKa-
3aTesieil HapyleHWit UMMYHHOTO OTBETa MPU OlIEHKE BHEITHECPETOBOTO BO3NEUCTBUS CTPOHIINS Ha 3I0PO-
BbE HACEJICHUS B YCIOBUSIX CITEIIM(PIISCKOTO (haKTOPHOTO OKPYKEHUSI.

Knrouesoie croea: ummyrHblll cmamyc, KAemouHblil MapKep, anonmos, CaduabHbLil CMPOHUUIL, IKCNePUMEHMANbHOe
modeaupoearue, NPOMOYHAS UUMOMEMPUs]
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EXPERIMENTAL MODELING OF APOPTOSIS UNDER
CONDITIONS OF STABLE STRONTIUM EXPOSURE

Dolgikh 0.V, Zaitseva N.V,, Dianova D.G., Krivtsov A.V.,
Starkova K.D., Otavina E.A.

Federal Research Center for Medical and Preventive Health Risk Management Technologies, Perm, Russian Federation

Abstract. Apoptosis is defined as a highly regulated form of programmed cell death with typical
morphological and biochemical features. A variety of factors, including heavy metals, may influence the
intensity of programmed cell death. The aim of the work was to simulate apoptosis in an in vitro system under
the conditions of stable strontium exposure. The children’s population consuming drinking water with high
strontium (Sr?**) content (n = 49) was observed. The level of lymphocyte apoptosis was determined with flow
cytometry technique, by means of labeled annexin V-FITC conjugate (AnnV-FITC) and propidium iodide
(PI) staining. AnnV-FITC*PI- cells were regarded as early apoptotic forms, whereas late apoptotic and/or
necrotic cells were AnnV-FITC*PI*. The isolated leukocytes were incubated with Sr?* at a concentration of
7.0 mg/l1, the maximal permitted concentration (MPC) for water of aqueous objects, for 4 hours at 37 °C.
Expression of CD95 and p53 apoptosis markers was performed by flow cytometry using labeled monoclonal
antibodies. In vitro exposure to strontium was associated with significantly decreased expression of apoptosis-
regulating factors, i.e., membrane marker CD95 and intracellular transcription protein p53, 1.56- and 1.68-fold,
respectively. Meanwhile, we revealed a significantly (4.68-fold) decreased amounts of AnnV-FITC*PI- -cells,
as well as a statistically significant (1.35-fold) increase of the AnnV-FITC*PI* -cells. Moreover, the amounts
of AnnV-FITC*PI- -lymphocytes in all samples were below the physiological ranges and control values. The
number of samples with higher contents of AnnV-FITC*PI* -lymphocyte exceeding the established standards
and control values, was 30.8%. Thus, it has been experimentally proven that strontium, at a concentration
corresponding to MPC for water objects may significantly inhibit cell death along apoptotic pathways, with
switching to necrotic cell death mechanisms, according to phosphatidylserine contents, as detected by annexin
V binding test. The data have revealed an ability of strontium to have a significant effect upon the parameters
of regulation and maintenance of cellular homeostasis, by influencing the apoptosis intensity, due to shifting a
balance towards necrosis and reducing expression of apoptosis-regulating factors. The results of this study may
be used in order to identify some marker indexes of immune disorders potentially induced by external influence
of strontium upon human health under specific environmental factors.

Keywords: immune status, cell markers, apoptosis, stable strontium, experimental modeling, flow cytometry

He6naronpustHoe BimstHHE (DaKTOPOB OKpYXKa-
IOlEe cpeabl Ha 300POBbE HACEJEHMST OIpencsi-
eTcsl B TOM 4mcie M (PyHKUNOHAIBHBIMUA CIBUTAMU
B CHUCTeM€ MMMYHHON PE3UCTEHTHOCTH OpraHus3Mma,
WTPAroIIeil KITIOYEBYIO POJIb B peaTu3alliyl CTPATeTUN
ajanTalury K ITOCTOSIHHO MEHSIoIIMMCS (hakTopaMm
BHYTPeHHEW M BHEIIHEU cpemsl [2, 5]. M3meHeHUs
MMMYHHBIX peakiIdil 3arpsI3HUTEISIMU OKpYKarolei
Cpeabl MOTYT IIPUBOIUTH K ITOBBIIIICHUIO pYICKa pa3BHU-
TUS psiga 3abojieBaHUI, MPUYMHAMU KOTOPBIX 4acTo
SIBJISTFOTCSI HApYIICHUSI, CBSI3aHHBIC C TCHETUIECKU JIe-
TepMUHUPOBAHHOM KJIETOYHOI rubebio [6, 7, 8].

BricokoperynupyeMyto ¢opMy 3aliporpaMMHpO-
BaHHOM CMEPTU KJIETKM C XapaKTepHbIMU MOpPGhOJIO-
TUICCKUMU U OMOXUMUICCKUMU IIPU3HAKAMU OTIpe-
JIenstoT Kak anonTto3 [3]. PazHooOpa3Hble (hakTophl
CIIOCOOHBI MHAYIIMPOBATH alIOIITO3 IV IIPETISITCTBO-
BaTh eMy. MeTaJsljibl, B TOM YKCJIe ¥ CTPOHIIMM, TaKXKe
MOTYT OKa3bIBaTh BO3ICHCTBHE Ha WHTCHCHBHOCTH
MpPOTEeKaHUs peaKluu 3arporpaMMUPOBaHHON Kiie-
TouHOU TMOenu [1, 4, 9], MoaTOMYy HCClIenOBaHUE
0COOEHHOCTEe! 3amycka, U3MEHEHUS U PeryIssiuuu
TpoIiecca aloITo3a B YCIIOBUSIX XMMUIECKOM TpaHC-

dopmanu cpeabl OOMTAHUS TIPEICTABISICTCS aKTy-
QJIbHOU 3a1a4yeit.

Ilens pabdoThl — MoOAEIMpPOBaHUE B CHUCTEME
in vitro aTrionTo3a B YCIOBUSIX SKCITO3UIINH CTAOWIIb-
HBIM CTPOHIIEM.

OO6cnenoBanu JEeTCKOE HaceJaeHue, IOTpeOIIsTIo-
Imee MUTHEBYIO BOAY C ITOBBIIICHHBIM COAEp>KaHU-
eM ctpoHuMs (Sr**) (n = 49). [leTeKuio amorTo3a
MpoBOAMIIM Ha mpoToyHoM 1tmToMeTpe FACSCalibur
dupmbr Becton Dickinson (BD, CIIA). YposeHb
anonTo3a JUMMOILIMTOB OIPEACISUIA C ITOMOIIBIO
OKpaIllMBaHUSI aHHEKCUHOM V, KOHBIOTMPOBAaHHBIM
¢ FITC (AnnV-FITC), u nponuauym fionuaom (PI)
COTIJIaCHO TIPOTOKONY upMbI-TiponsBoguTesis (BD,
CIIA). Omnpenensmn AnnV-FITCYPI- — panHwmii
aronTto3, AnnV-FITC*PI*" — no3mHuii aronTo3 1 He-
Kpo3. st n3ydyeHuss BIUSTHUS Sr’* Ha BKJTIOYEHHE
KJIETOK B arioNTO3 CYCIICH3UIO JICHKOIIMTOB, BHIAC-
JIEHHBIX Y 00CJIeIyeMOTO0 KOHTUHIEeHTa, WHKYOUpO-
Basin co Sr’" B KoHUeHTpauuu 7,0 Mr/om? (KOHIIEH-
Tpauus, cooTBeTcTBytomas [TJIK mjis Boagbl BOZHBIX
00BeKTOB) B TeueHue 4 yacos npu 37 °C (orbITHas
npo6a). ITocie maKy6armu 100 MKII KJIETOUHOI Cy-
CIICH3WM TEPEHOCWIN B IPOOMPKMU U ITOABEPTraind
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Modeling of apoptosis by strontium exposure

TABIALIA 1. XAPAKTEPUCTUKA NOKA3ATENEW ANONTO3A NENKOLIMTOB KPOBW OBCNENOBAHHbIX AETEW
C YYETOM KOHTAMUHAHTHOW HATPY3KN CTPOHLIVEM, n = 49, Me (Q;5Q, 75)

TABLE 1. CHARACTERISTICS OF BLOOD LEUKOCYTE APOPTOSIS INDICATORS OF CHILDREN, TESTED WITH THE

CONTAMINANT LOAD BY STRONTIUM, n =49, Me (Q,2-Qq 75)

Mpo6a 6e3 no6aBneHus Mpo6a c no6aBneHnem
MokasaTtenb CTPOHUMS Sr?* (KOHTPOSb) CTPOHUMSA Sr?* (onbIT)
Index Sample without addition of strontium | Sample with the addition of strontium P
Sr?* (control) Sr?* (experience)
CD95 % 12,5 (11,0-14,0) 8,0 (7,10-11,0) 0,001
p53, % 0,42 (0,40-0,62) 0,25 (0,15-0,40) 0,00001
Annexin V-FITC*PI-, % 0,89 (0,60-1,19) 0,19 (0,18, 0,35) 0,00003
Annexin V-FITC*PI*, % 9,16 (8,47-10,98) 12,33 (10,42-15,01) 0,02092

MpumeuyaHne. p — pasnuume MeXay KOHTPOJIbHOW M OMbITHOW Npo6oii no U-kputepuio MaHHa—YUTHMU.

Note. p, the difference between the control and experimental sample according to the Mann-Whitney U-test.

CTaHJAPTHOM mMpolieaype OKpallWuBaHUSI C TIOMO-
1po aHHekcuHa V u PI. PacTtBop cTpoHLIMS roTO-
BIWIN N3 «JOCcymapcTBEHHOro CTaHIapTHOTO obpasia
cocTaBa pacTBopa MOHOB cTpoHuus» 'CO 7145-95
(000 «Bkoman», Poccms). B kadecTBe KOHTpO-
JISI UCTIOb30BaJIU JICHKOLIMTapHbBIE KJIETKU 0€3 IO-
GaBjeHUsT Sr**, KOTOpble MHKYOUPOBAJIM IIPU TaAKMX
Ke yciaoBusix. McciienoBaHue aKCIpeccu MapKepoB
aronto3da CD95 u p53 nmpoBoAMJIM METOAOM IIPO-
TOYHOW ITUTOMETPUM C UCIOJH30BAHUEM MEYEHBIX
MOHOKJIOHAJIbHBIX aHTUTEJ COTJIACHO TPOTOKOIY
dupmei-tipousBogutens (BD, CIIIA).

CTaTuCTUYECKYIO 00paboTKy MOJIyYEHHBIX
MaHHBIX OCYIIECTBISUIM C IOMOILBIO IIPOrpaMMbl
Statistica 6.0 (StatSoft, CIIIA). Iy1st oLieHKH 3HAYU-
MOCTH MEXTPYMITIOBBIX Pa3INYUil B cilydae OTKJIOHEe-
HUST OT HOPMaJILHOTO pacIipee/ieHUsT UCTIOTb30BaIn
HenapaMeTpuueckuii U-kputepuii MaHHa—YUTHU.
PesynbraTel mpeactaBiieHbl B BUAe MeauaHbl (Me)
n npoueHTmen (Q,,s-Q,75). Bo Bcex mpouemypax
CTAaTUCTUYSCKOTO aHaINW3a PaCCUMUTBHIBAJICS ITOCTUT-
HYTBIHA YPOBEHb 3HAYNMOCTH (P), TIPU 3TOM YPOBEHb
3HAYMMOCTHU ITpuHUMascs paBHbIM 0,05.

JU1st u3ydyeHust BO3AEMCTBUS CTPOHIIMS B DKCIIe-
pUMeHTe in Vitro mojiydaqu oOpaslibl KpOBU y JIET-
CKOTO HaceJIeHUs, TOCTOSTHHO TTPOXKUBAOIIETO B YC-
JIOBUSIX TIOBBIIIIEHHOTO COMIEPKaHUSI METaJljia B BOJIE
XO3STACTBEHHO-OBITOBOTO BOOOCHAOXEHUS (CTPOH-
noueBass TEOXMMUYECKasT IIPOBUHIIMS). OKCIIepH-
MEHTAJIbHO JOKa3aHO, YTO CTPOHIIMI B KOHIICHTpA-
uu 7 mr/am3, coorBerctBytomei ITJIK nis BogHbIX
OOBEKTOB, C BBICOKOW CTENEHbIO TOCTOBEPHOCTHU
(p <0,05) uHrMOUpPyeT rudesb KJIETKU MO MyTH aror-
TO3a C MEePeKITIOYeHUEM Ha peain3alivuio KJIETOYHOMI
rube MyTeM HeKpo3a MO KPUTEPUIO CONEpPKaHUS
dochaTuauiicepruHa, BhISIBISIEMOTO B TECTE C aHHEK-
cuHOM V (Taodm. 1).

DKCNo3uLUsI CTPOHILIMEM in Vitro XapakKTepru30Ba-
JIach CTaTUCTUYECKU 3HAYMMBIM CHMKEHHEM YPOB-
HsI BKCIIPECCUU PETYISITOPHBIX (haKTOPOB aroITo3a
MeMOpaHHoro Mapkepa CD95 u BHYTpMKJIETOUYHO-
ro TpaHCKPUMILIMOHHOro 6enka p53 B 1,56 paza u B
1,68 pasza coorBerctBeHHO (p < 0,05). OmHoBpe-
MEHHO OTMEUYEHO JOCTOBepHOE YMEeHbIlleHue B 4,68

paza konnuectBa AnnV-FITC PI- knetok, a Takxke
CTaTUCTUYECKM 3HAUYMMOeE MoBbIlIeHue B 1,35 pasa
npoieHTHoro conepxanusi AnnV-FITC*PI* kietok
(p < 0,05). KpoMe Toro, ycTaHOBJIEHO, UTO BO BCeX
npobax koaudyectBo AnnV-FITC*PI- numdouutoB
ObUIO HIKE (usnoorndeckoir Hopmbl (1,5-2,5%)
¥ KOHTPOJILHBIX 3HAYCHMIA, a KOJIMIECTBO IIpO0, Tue
comgepxanue AnnV-FITC*PI* numdormToB mpe-
BBIIIAJIO YCTaHOBJeHHBbIe HopmaTubl (7,0-11,0%)
Y KOHTPOJIbHbIE 3HaYeHus1, cocTaBiisuio 30,8%. Cne-
IIyeT OTMETUTD, YTO BO BCEX aHAJIN3UPYEMBIX IIPO0ax
ocJie BHECEHUSI CTPOHIINS B CYCIICH3UIO JICUKOIIM-
TOB OTMEUAJIOCh IIOBBIICHUE comepXaHUsI AnnV-
FITC*PI" knetok Ha 10-50% OT MCXOIHOIO YPOBHSI.

TakuM o0Opa3oMm, HpOBeACHHOE WCCICIOBaHNE
OCOOCHHOCTEl peryJIsIuuy  IIpollecca  amomnTo3a
Yy IETCKOTO HaceJIeHUSI, SKCIIOHUPOBAHHOIO CTPOH-
oUeM, B YCJIOBUSIX SKCIIEPUMEHTAIILHOTO BO3Ieii-
CTBUS METAJJIOM in Vitro TIOKa3ajo:

1) cHUKeHUE dKCIpeccur MeMOpaHHBIX U BHY-
TPUKJIETOYHBIX PETYIITOPHBIX MapKepoB aronTo3a
(CD95, p53);

2) yMeHblIEHME KOJMYECTBa  BCTYMalOIIUX
B arnonto3 AnnV-FITC*PI- knetok u Bo3pactaHue
AnnV-FITC*PI" itmumM@ouunTOB ¢ NpOsIBIECHUEM MPU-
3HAKOB HEKpoO3a.

ITosyyeHHBIe HaHHBIE BBISIBWIM CIOCOOHOCTH
CTPOHIIMSI OKa3bIBaTh CYIIIECTBEHHOE BO3IEHCTBUE
Ha IToKa3aTeJIM PEerysiuuU U MOoAIepKaHUsl KJIeTou-
HOro romeocTasa, BUsSISI Ha WHTEHCHUBHOCTb IpPO-
TeKaHMs TIpollecca aroIrTo3a CMellleHrueM OajaHca
B CTOPOHY peaju3aluu KJICTOYHOW THMOen MyTeM
HEKpo3a U1 CHMXasi 3KCIPECCUI0 PeTyJISITOPHBIX
¢$akTOpoOB. DKCIEPUMEHTATBHO YCTAHOBJIEHO, 4YTO
CTaOMJIBHBIA CTPOHLIMI B KOHIIEHTPALIUH, COOT-
BETCTBYIOIIEH MPeAcIbHO JOMYCTUMOM TSI BOTHBIX
OOBEKTOB, WHTUOUpYET TUOEIb KIETKA MO IyTU
arnornito3a. Pe3ynbraTel McCClEeqOBaHUS MOTYT WC-
MOJIb30BAThCS IUIST MACHTU(DUKAIINYA 1 00OCHOBAHUS
MapKepHBIX ToKa3aTeJae HapymieHU WMMYHHO-
ro OTBEeTa IIPM OICHKE BHEITHECPEIOBOTO BO3IEi-
CTBUSI CTPOHIINS Ha 3M0POBhE HACEJICHUS B YCIIOBHUSIX
cnenuduIecKoro (pakKTOPHOTO OKPYKCHMSI.
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