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Features of Apoptosis, Induced by Temperature Reduction

Pecbepat: B pabote 0606LleHbl 1 MpoaHanNM3MpoBaHbl 3KCMEepYMeHTanbHble faHHble O BKMaze anonto3a B NoBpexAeHus
KNeToK, Bbl3BaHHbIE OTKMOHEHWeM Temnepatypbl OT duanonorndeckon Hopmbl (Hwke 37°C). Joka3aHo yyacTue B anonTtose, UHAY-
LUMPOBaHHOM YMEPEHHbIM OXnaxaeHvWem KneTok, Kacnas, nof AeNCTBMEM KOTOPbIX MPOWCXOAMT pacluensieHne aHTManonTo3HbIX
6enkoB cemelictBa Bcl-2 1 npoteonus uHrnbutopa OHK-a3bl, oTBeTcTBEHHON 3a dparmeHTaumo OHK. CyliecTBeHHyto pornb B
MexaHu3ame xornopoBoy agantauuu urpaet PHK-cesisbiBatowmin 6enok (cold-inducible RNA-binding protein, CIRP), cnocobHbii
npepoTepalate pasBuUTUe anontosa, MHAYLMPOBAHHOrO OKUCMUTENbHbIM cTpeccoM. B paboTe npuBeaeHbl AaHHble, NOATBEPXK-
fatoolwme yyactue B npoueccax anonTo3a W XOnoJOoBON adanTtauuu akTUBHbIX DOPM KUCIOpoAa M aHTUOKCUAAHTHbBIX KIETOYHbIX
KOMMOHEHTOB: CynepoKCcMAANCMyTasbl U NepokcMpeaokcuHa 1 Yenoseka.

KnioyeBble cnoBa: anonTos, runotepmusi, KneTouHble KynbTypbl, MHAYKLUUS anonTo3a, Kacnasbl, OKUCNUTENbHbIA CTpecc,
aHTUOKCHAAHTHas cucTema.

Pecpepat: Y poboTi y3aranbHeHo i npoaHanisoBaHO eKcrnepvMeHTarnbHi AaHi WoAo BHECKY anonTo3y B MOLUKOMKEHHS KMiTWH,
BUKNUKaHI BiOXMneHHAM TemnepaTtypu Big disionoriyHoi Hopmu (Huxde 3a 37°C). [oBegeHo yyacTb B anonTos3i, iHQyKOBaHOMY
NMOMIPHUM OXONOZXEHHSIM KNiTUH, Kacnas, nig Aieto skux BiabyBaeTbCs PO3LUENSIeHHss aHTUManonToTu4HUX GinkiB poauHu Bcl 2 Ta
npoTeonis iHribitopa OHK-a3un, sika Bignosigae 3a dpparmenTtauito OHK. IcToTHY ponb y MexaHi3ami xonogosoi agantauii Bigirpae PHK-
3B’aA3ytounii 6inok (cold-inducible Rna-binding protein, CIRP), 3gatHui 3anobirat po3BuTKy amnonTo30Bi, iHAYKOBAHOMY OKWCHHO-
BanbHUM cTpecoMm. Y poboTi BUkNadeHo AaHi, sKi NiATBEpPOXXYHTb y4acTb Yy Npoueci anonTo3y Ta XOnoAoBoi aganTauii akTUBHUX
OPM KUCHIO | aHTUOKCUAAHTHUX KIITUHHUX KOMMOHEHTIB: CynepoKCUAANCMYTa3n i NepoKCMPeaoKCUHY 1 MauHN.

KnrouyoBi cnoBa: anonTos, rinoTepMisi, KNiTUHHI KynbTYpW, iHAYKLiS anonTo3dy, Kacnasun, OKUCHIOBaNbHUIN CTpec, aHTUoKcuaauiiHa
cuctema.

Abstract: We summarised and analysed here the findings on apoptosis contribution into the cell damages, caused by temperature
deviation from the physiological norm (below 37°C). The participation of the caspases, causing the disintegration of anti-apoptotic Bcl-
2 family proteins and proteolysis of the DNAase inhibitor, responsible for DNA fragmentation in the apoptosis, induced by a moderate
cell cooling, was shown. An important role in cold adaptation mechanism belongs to the RNA-binding protein (cold-inducible RNA-
binding protein, CIRP), which is capable to prevent the oxidative stress-induced apoptosis development. We reported here the data,
confirming the participation of reactive oxygen species and antioxidant cell components: superoxide dismutase and human peroxire-
doxin 1 in apoptosis and cold adaptation.

Key words: apoptosis, hypothermia, cell cultures, apoptosis induction, caspases, oxidative stress, antioxidant system.

ATIOINTO3 — PEryIupyeMblil MPOLECC 3amporpam-
MHUPOBAHHOW TMOENN KIETOK, KOTOPBIi CBOMCTBEHEH
BCEM DYKapHOTaM HauWHas OT OJHOKJIETOYHBIX MTPOC-
TEHNIMX W BIUIOTH JIO BBICIIUX OPTaHU3MOB. DTOT
MPOoIIeCcC COMPOBOXKIACTCS TUITMYHBIME MOP(OIOTH-
YECKMMHU M OMOXUMHUYECKUMH U3MEHEHUSIMH BO BCEX
KIIETOYHBIX CTPYKTYpax: IUTOILIa3Me, SIIpe, IPyThuX
OopraHesuiax, MIa3sMaTnyecKoid 1 MUTOXOHIPUAIbHOM
MeMOpaHnax (puc. 1). OnHO# U3 OCHOBHBIX (DyHKIINH
aronTo3a SIBJIACTCS yHHITOXKEHNE Ae(EKTHBIX (TTOBPEK-
JCHHBIX, MyTaHTHBIX, MHOUIUPOBAHHBIX ) KJIETOK. B
MHOTOKJICTOUHBIX OPraHU3Max arornTo3 TaKKe 3a1ei-
CTBOBaH B Tpoueccax tuddepeHunanuu 1 Mopgore-
He3a, MOICPKaHUH KJIIETOYHOTI0 ToMeocTasa, odecrie-
YCHUHU BaXKHBIX 3BEHHCB UMMYHOPECAKTHBHOCTH.
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Apoptosis is a controlled process of program-
med cell death, being inherent to all eukaryotes,
starting from the one-celled protozoa up to the higher
organisms. This process is accompanied by typical
morphological and biochemical changes in all the cell
structures: cytoplasm, nucleus, other organelles, plas-
ma and mitochondrial membranes (Fig. 1). One of the
main functions of apoptosis is the destruction of de-
fective (damaged, mutant, infected) cells. In multicel-
lular organisms the apoptosis is also involved into dif-
ferentiation and morphogenesis, maintenance of cell
homeostasis and providing the essential components
of immunoreactivity.

For many years the attention of researchers has
been focused on the problem of triggering and features
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Puc. 1. Cxema mexaHM3ma anonToasa.

Fig. 1. Mechanism of apoptosis.

OTMEYeHa Jake MOoCcie yMme-
PEHHOTO XOJOAOBOTO CTpecca
(25...35°C). Ilpu aTom criemyeT
OTMETHUTh, YTO ANONTOTHYECKUE U3MEHEHHs Pa3BH-
BAIOTCS TOJIBKO Yepe3 OIpeIeIeHHOE BpeMs (HECKOIIb-
KO YacoB) MOCJIE BO3BPALLIECHHUS KJIETOK B ONITUMAJIb-
HbIE TeMIIepaTypHbIe yCIoBUS [7].

CHmKeHUe TeMIepaTypbl MOXET IPUBOIUTH KaK
K CTUMYJISIIIUY, TaK M 3a/IepKKe amonro3a [25]. Ham-
pumep, KyiasTuBrpoBanue npu 30°C nHAYIHMpPOBaIo
aronTo3 B KPBICUHBIX TUCTHOIUTaX JrHnn BC-8 [11].
Kiretkn BC-8 Ob11r 0Ty 4eHBI B pe3ybTaTe KIOHUPO-
BaHUsS CIMHCTBEHHOMN KIETKH JIMHUH OITyXOJIEBBIX
ketok AK-5. OHuM XapakTepu3yroTcs HU3KOH dKCIpec-
cueil antnanontoTuyeckoro oenka Bel-2 — npencra-
BUTEJIS] CEMEHCTBA SBOJIFOLIMOHHO POJICTBEHHBIX OCJIKOB,
KOTOpBIE KOHTPOJIMPYIOT epMeaOHIN3alnio BHELIHEH
MeMOpaHbl MUTOXOHIpUH (mitochondrial outer memb-
rane permeabilization, MOMP) n MoryT ObITh IpoamnoI-
totrmdecknmu (Bax, BAD, Bak, Bok u ip.) nnn antuna-
norrrotraeckumu (Bel-2, Bel-xL, Bel-w n ip.). B kinetkax
JMAHHOW JIMHUU TIocje KyabTuBUpoBaHus mnpu 30°C
YCTaHOBJICHBI TUITMYHBIC IPU3HAKY aIloNTo3a: HapyIIe-
HHUE MOP(OIOTHUECKON CTPYKTYPbI; KOHJICHCAITHSI XPO-
martuHa; pparmenraruu JJHK; BEICBOOOK IeHIE IINTO-
xpoma C; rosiBIieHIe CIenM(pHIECcKOro Oenka aronTo3a
ASP (apoptosis specific protein); akTuBaLusi TpaHc-
KPHITLMOHHOTO (haKTopa p53 ¢ alonTOTHIECKOM aKTHB-
HOCTBIO; MTOBBIIICHUE COICPKAaHMS POATIONI TOTHYEC-

R

of apoptosis development under the temperature below
physiological one, since a deviation from its optimal
values may cause a programmed cell death. Numerous
data demonstrate the apoptosis to be a typical reaction
of the most cells to hypothermia and subsequent war-
ming [20, 24]. The apoptosis manifestation level, as
well as the survival of different cell types depend on
cold exposure duration, magnitude and rate of tem-
perature shift, and other factors as well. For example,
in mammalian cells the activation of apoptotic prog-
ram was even noted after moderate cold stress (25...
35°C). Herewith it should be noted that the apoptotic
changes develop only after a certain period (several
hours) of cell returning back to optimal temperature
conditions [6].

A temperature decrease may result either in sti-
mulation or delay of apoptosis [25]. For example, the
culture at 30°C induced apoptosis in rat BC-8 his-
tiocytes [11]. The BC-8 cells were derived by cloning
a single cell of AK-5 tumor cell line. They are cha-
racterised by a low expression of anti-apoptotic pro-
tein Bcl-2, a member of the family of evolutionarily
related proteins, controlling the mitochondrial outer
membrane permeabilization (MOMP) and may be
pro-apoptotic (Bax, BAD, Bak, Bok, etc.) or anti-apop-
totic (Bcl-2, Bel-xL, Bel-w efc.). In cells of this line
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KOro TpaHcMeMOpaHHOro Oeska Mutoxonapuii Bel-X,
Oenka Bax u 1p. A. Khar u coasr. [ 11] npennonoxuinm,
YTO OITYXOJIH CO CHIDKEHHOH dKcrpeccrelt Bel-2 uyBcTu-
TENBHBI K XOJI0I0OBOMY IIIOKY, [I03TOMY THIIOTEPMHUSI SIB-
JISIETCS MHAYKTOPOM arornTo3a B TaKUX OITYXOJIEBBIX
knetkax. [1o manaeiv R. Grand u coaBr. [8] ASP moxer
OBITH MapKepPOM aroITo3a, MOCKOIbKY OH KOJIOKAIIN-
3yeTcsl C HEMBIIICUHBIM aKTHHOM. [IpruueM OHOXHUMH-
geckast dKeTpakims ASP ocyIecTBUMa TOIBKO TIPH YCIT0-
BHH COMFOOMITM3AIINY ITUTOCKENIETA, @ 3TO 03HAYAET, YTO
JaHHBIH OeJI0K 00pa3yeT yCTOHYMBBIE CBS3U C MOAU(HU-
LUPOBAHHBIM LIUTOCKEIETOM, CELH(DUIHBIM AJISI AIloTI-
TOTHUYECKUX KIIETOK.

Wunykuust anontosa nociie MHKyOauy KJIeTOK IpH
temmeparype 16...21°C xapakTepHa Takke U 1151 mmo-
UTOB nepudepuueckoil KpoBHu uenoseka [1]. bouto
YCTaHOBIICHO, YTO B PE3yJIbTaTe CHIKEHUS TeMIIepa-
TYpBI Ha TPaA/TyC KOJMYECTBO alTONTOTHYECKUX KIIETOK
(ompezeneHo ¢ MOMOIIbI0 KOMOMHIPOBAHHOTO OKpa-
[IMBAHUS aKPUMHOBBIM OPAHIKEBBIM U ATUIAHYMOPO-
MHJIOM) B Tedenue 4,5-5 4 yBenmuuuBaercs Ha (2,1 +
+ 0,44)%. PerpeccnoHHbBIN aHAN3 TIOKAa3al, 9TO Tpa-
HUYHOE 3HaYCHHUE TEMIIEPATyPhl, HIKE KOTOPOTO aKTH-
BHpPYETCs amnornro3, coorBercTByet (22,4 + 0,54)°C.
[1o MHEHHIO aBTOPOB, B yCIOBUAX JJTUTENBHOTO NEpe-
OXJIXKJCHHUS i1 ViVO MOXKET TaK)Ke IIPOUCXOANT CTH-
MYIISAIHS anonTo3a JUM(OIUTOB MepudeprudecKon
KPOBH, YTO MOXKET BIHTH HA OOIIYI0 PEaKTUBHOCTD
HMMYHHOH CHCTEMBI.

B genoBeueckux nerounsx pudpodIacTax IMHAN
WI26 nocne xpanenus npu 25°C B Te4eHHE 5 CYyTOK
HaOIIONaTUCh MOPQOTOTHIECKIEC N3MEHEHHUS, KOTO-
pBIE COXPAHSIINCH U Yepe3 CYyTKH MOCIe OTOrpeBa 10
37°C [20]. Knetkn umenu okpyriyio GpopMmy U He
MPUKPETUISUIACH K MOUIOKKE, YTO CBUACTEIBLCTBYET
00 nHayKuuu anonTtosa. [1o J7aHHBIM KOTMYeCTBEHHOTO
ananusa JIHK u Bxmroyenuto [*H]-tumuauna ycra-
HOBJICHO, 4TO THOENb KJIETOK MPOUCXOANIA HE MPH
25°C, anocine ux BO3BPALIEHHS B YCIOBUS HOPMOTEP-
MuH. YpoBeHb hochopunupoBanus knHazel ERK1/2
(curnanpubiil myTh ERK nmpuauMaet ydactue B goc-
(hopunmpoBanny p53) B mpornecce xpaneHus mpu 25°C
CHIKAJICS, HO uepe3 1—2 4 mociie 0TorpeBa BO3pacTall
B 6—8 pa3. B ycnoBusix xynsruBrpoBanus npu 25°C B
YeN0BEYECKUX TPaHC(HOPMHUPOBAHHBIX (hHOpobIacTax
muar WI26 skcnpeccHst Kak aHTHAONTOTHYECKOTO
(Bcl-2), Tak u mpoanonrornyeckoro Oenka (Bax) cau-
JaJlach U 0CTaBajach Ha TAKOM XK€ YPOBHE B TEUCHHE
HECKOJIBKHMX 9acOB MOCJIE€ BO3BPAILIEHHSI KIIETOK K HOp-
Motepmun. OHaKo cooTHomeHue Bax/Bcl-2 Bo Bpemst
XOJIOIOBOTO MIOKA M BCKOpE MOCI]IE OTOTpeBa ObLIO
MTOBBIIIIEHO, YTO YKA3hIBAJIO HA Pa3BUTHE anonTo3a. B
pe3yabpTare X0JI0I0BOTO II0Ka o0IIiee coaepKaHue B
kietkax MPHK TpancmemOpanHoro 6erka MUTOXOH-
npuii Bel-X 3naunTensHo yBennuusanocs. [1pu 25°C
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the typical signs of apoptosis were established af-
ter culturing at 30°C such as a disorder in morpholo-
gical structure; chromatin condensation; DNA frag-
mentation; cytochrome C release; appearance of apop-
tosis specific protein ASP; activation of transcription
factor p53 with apoptotic activity; an increased con-
tent of pro-apoptotic transmembrane protein of mi-
tochondria Bcel-X, Bax protein etc. A. Kharet al. [11]
suggested the tumours with a reduced expression of
Bcl-2 to be sensitive to cold shock, i. e. the hypo-
thermia is the apoptosis inducer in these tumour
cells. According to the findings of R. Grand ef al. [§]
the ASP may be the apoptosis marker, as it is coloca-
lized with non-muscle actin. Moreover, a bioche-
mical extraction of ASP is possible only after cytos-
keleton solubilisation, i. e. this protein forms stable
bonds with modified cytoskeleton, specific for apop-
totic cells.

The apoptosis induction after cell incubation at
16...21°C is also characteristic for human periphe-
ral blood lymphocytes [7]. It was found that due to a
temperature decrease by one degree, a number of
apoptotic cells (determined by a double staining with
acridine orange and ethidium bromide) increased by
(2.1 £0.44)% for 4.5-5 hrs. The regression analysis
allowed to estimate the threshold value of tempera-
ture below which the apoptosis was activated, and
it was (22.4 £ 0.54)°C. The authors believed that
the stimulation of apoptosis of peripheral blood lym-
phocyte might also occur in vivo under a long-term
cooling, thereby possibly affecting the total immune
reactivity.

In human lung fibroblast cell line WI26 after
storage at 25°C for 5 days the morphological chan-
ges were observed, which were preserved even a day
after warming back to 37°C [20]. The cells had a
rounded shape and did not attach to the substrate,
which testified to apoptosis induction. Quantitative
DNA analysis and [*H]-thymidine inclusion sho-
wed that the cell death occurred not at 25°C, but
after their return back to normothermic conditions.
The level of ERK1/2 kinase phosphorylation (the
ERK signal pathway is involved in phosphoryla-
tion of p53) decreased during storage at 25°C, and
increased 6—8 times in 1-2 hrs after warming. Under
culture at 25°C the expression of both anti-apoptotic
(Bcl-2) and pro-apoptotic (Bax) proteins in human
fibroblast cell lines WI26 decreased and remained
at the same level within several hours after cell re-
turning back to normothermia. However, the Bax/Bcl-
2 ratio during cold shock and soon after warming was
increased, thereby indicating the apoptosis develop-
ment. Due to a cold shock the total content of trans-
membrane mitochondrial protein Bel-X in mRNA cells
was significantly increased. The shift toward a short
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HaOJIOaJICs CABUT B CTOPOHY KOPOTKOHM MPOANONTO-
TH4ecKoil popmbl Bel-X, KOTOpBIiA coxpaHsiics B Teue-
HUE § 4 IocJie BO3BpallleHus KJIeToK B yciosus 37°C
[20]. ITo MHEHUMTO aBTOPOB, KITFOUYEBYO HHIHOHPYHOIILYEO
POJb B Pa3BUTHH aronTo3a urpait 6ermok Akt (mporens-
kuHa3a B wm PKB), smrstroruiicst cepruH/TpeoHHH-CIIe-
UUUECKON MPOTEHHKMHA301. Uepes CyTKu TocIe Xo-
JIOIOBOH 3KCITO3HIINH YPOBEeHb (hochoprmmpoBanust Akt
CHIDKAJICS, 3aT€M BO3BpAIIaJiCsl K HAJaJbHBIM 3HAYe-
HUsAM. Ha ocHOBaHWMM MTONy4YeHHBIX JAHHBIX aBTOPHI
CZeNaN! BBIBOJ, YTO MPU TUIOTEPMHHM 3aITyCKAIOTCS
MIPOANONTOTUYECKHE 1 aHTUAIIONTOTHYECKUE TIPOLIEC-
cbl. [Ipu 5TOM OoJTbIIAs YacTh KIETOK Iorudana myTem
aronTo3a B TeueHue 24 4 moclie OTorpesa, 4To ObUIo
MOATBEPKICHO pe3ynbTraTaMiu (a30BOKOHTPACTHOM
MHUKpPOCKONUH (pHc. 1) 1 ucciienoBaHUSIMH Ha KIIETOU-
HOM copTepe C aKTHBaIuel ¢uryopeceHnu. AHa-
JIOTHYHBIE PE3yJIBTaThl, CBUIETEILCTBYIOMINE 00 MH-
JTYKIIMH arloTIT03a, aBTOPHI ITOIYUHIIH TIPH MTPOBEICHIN
9KCIIEPIMEHTOB Ha YeJIOBEYECKUX OCTE00IacTax oc-
TeocapkoMbl TuHIA MG-63 [20]. DTOT hakT yKasbl-
BaeT Ha TO, YTO aITONTO3 SBISAETCS OOITNM KIIETOUYHBIM
OTBETOM Ha TMITIOTEPMUIO U MOCIEYIOINUNA OTOTPEB.

OTHOCHTENBHO aHTHAIIOTITOTHYECKOTO OTBETA, CBS-
3aHHOT'O C TUTIOTEPMHUEH, CIIeyeT OTMETHTB, UTO y pa3-
HBIX KJIIETOYHBIX JINHUH OH IMEET CBOU OTIMYHUTEIbHBIE
ocobennoctu. Tax, mpu cABHUTe TEMIIEPATYPhI KYJIbTH-
BupoBanus oT 37 10 30°C B Teuenue 48 u 87 % keTok
CHO (xy1eTKH STIHUKOB KUTaNCKOTO XoMsTuKka, Chinese
hamster ovary) mpekpaiai pocT Ha cTaguu (a3bl
G1, 1 anonToTHYECKNE N3MEHEHN Y HUX HAUMHAIIUCh
3HAYUTEIBHO MO3%KE 10 CPAaBHEHHIO C KIIETKaMH, Ha-
xoausimumucs npu 37°C [19]. Ilo MHeHHIO aBTOPOB,
3ajiepKKa aronTo3a npu xonogoBoMm Imoke (30°C,
48 1) He 00yCITOBIICHA OOIIMM CHIYKEHHEM KIIETOYHOTO
MeTaboIM3Ma, MMOCKOJIBKY TP TeMIeparype, Oln3Kon
k 30°C, sHepreTuyuecKue 3arnachl KJIETOK He YMEHBIIAI0T-
Csl, CIIEIOBATENIHHO, B 3TOM ITPOIIECCE MOTYT OBITH 3a-
JeficTBOBaHbI O0JIee coKHbIe MexaHu3MBbI. [lo nan-
HbIM Z. Matijasevic u coasr. [ 18], uccienoBaBmmx Mexa-
HU3M MHAYLUPOBAHHOTO XOJIOJOM aromnTo3a, Takas
OCTaHOBKa KJIETOYHOT'O LIMKJIA CBA3aHa C aKTHBaLUen
P53. DT0T GENOK SIBIsETCS TPAHCKPUILIMOHHBIM (hakTo-
POM, KOTOPBIN peryaupyeT KJISTOUHBIN UK Y MHOTO-
KJIETOYHBIX OPTaHU3MOB U 00J1aJJaeT aoNTOTHYECKOM
aktuBHOCTHIO [28]. Chen S.J. u coasr. [3], Ohnishi n
c0aBT. [22] Taroke OblJIa OTMEYEHa aKTUBAIS P53 mpu
XOJIOIOBOM IITOKE.

BeposiTHO, X0710/10BO# IIIOK MOYKET 3aITyCKaTh aror-
TO3 KJIETOK HECKOJNBKUMHU MyTAMH. B xietkax ¢ nedu-
LIUTOM CBSI3aHHON C KHHETOXOPOM CEPHH/TPEOHHH-
npotenHKruHa36l BUB1 X071010BBIH ITTOK BBI3BIBAJ Kac-
MA30HE3aBUCUMYI0 MUTOTHYECKYIO THOENb KJIETOK
(caspase-independent mitotic death, CIMD) [13]. Un-
nykuus CIMD mpoucXoauT B YCIOBUSIX aKTHBAILUU
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pro-apoptotic form of Bcl-X was observed at 25°C,
and kept for 8 hrs after cell returning back to 37°C
conditions [20]. The authors believed that the Akt
protein (protein kinase B or PKB), being the serine/
threonine-specific protein kinase, played the key inhi-
bitory role in apoptosis development. A day after the
cold exposure the Akt phosphorylation level decrea-
sed, then returned back to the initial values. Based
on data obtained the authors concluded the proapop-
totic and anti-apoptotic processes to be initiated du-
ring hypothermia. Herewith most of cells died as a result
of apoptosis within 24 hrs after warming, and this was
confirmed by the data obtained with phase contrast
microscopy and fluorescence-activated cell sorter. The
experiments in human MG-63 osteosarcoma osteoblast
cells gave the similar results, testifying to apoptosis
induction [20]. This fact suggests the apoptosis to be a
general cell response to hypothermia and following
warming.

As for the hypothermia-associated anti-apopto-
tic response, it should be noted that in different cell
lines it has its own distinctive features. For example,
when the culture temperature was shifted from 37
to 30°C within 48 hrs, 87% of Chinese hamster ovary
cells (CHO cells) terminated their growth at the G1
phase and the apoptotic changes in them were found
much later as compared to the cells, being at 37°C
[19]. The authors supposed the apoptosis delay un-
der cold shock (30°C, 48 hrs) as not stipulated by a
total decrease in cell metabolism, since at the tem-
perature close to 30°C, the energy reserves of cells
did not reduce, and more complicated mechanisms
might be therefore involved into this process. As repor-
ted by Z. Matijasevic et al. [18], who investigated the
mechanism of cold-induced apoptosis, this stop of
cell cycle was associated with the activation of p53.
This protein is a transcription factor, regulating cell
cycle in multicellular organisms and possessing an
apoptotic activity [28]. Chen S.J. ef al. [2], Ohnishi
et al. [22] have also noted the p53 activation following
cold shock.

Probably, a cold shock may initiate the cell apop-
tosis by several ways. In the cells with a deficient
kinetochore-bound serine/threonine-protein kinase
Bubl, a cold shock caused the caspase-independent
mitotic death (CIMD) of cells [13]. The CIMD induc-
tion occurs under the spindle checkpoint activation
and depends on p73 protein: a homologue of p53, but
not on the latter. The CIMD effectors include the apop-
tosis-inducing factor (AIF), a flavoprotein, regula-
ting the permeability of mitochondrial membranes,
and causing DNA fragmentation and chromatin con-
densation [10], and the mitochondrial endonuclease G
(Endo G), which migrates into apoptotic cell nucleus
during activation and performs nucleosomal DNA
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KOHTPOJIBHOW TOYKHM BEpETEeHa JENIEHUS U 3aBUCUT OT
Oenka p73 —romonora p53, HO He OT mocieaHero. D¢-
¢exropamu CIMD siBiisitoTest pakTOp MHITYKLIUH ATIOI-
To3a (apoptosis-inducing factor, AIF) — pnaBonporeunt,
PETYIHPYIOMINN TPOHNUIIAEMOCTb MUTOXOHIPHAJIHHBIX
MeMOpaH, BeibIBatomii pparmentanuro JJHK u xon-
neHcaruio xpomaruHa [ 10], a Takke METOXOHApUATTH-
Has sHAoHyKIea3a G (Endo G), kotopas mpu akTHBaIim
MUTPHPYET B SI/IPO AITONITOTHYECKHIX KIIETOK 1 OCYIIECTB-
JIIeT HyKJIeocoManbHyI0 (hparmenTaruio JJHK [15].
[Ipu momHOM oTcyTeTBrM npotenHkrHa3sl BUB1 CIMD
He UHIyLIUPYyeTCs U, Kak CIEICTBUE, Pa3BUBAETCS aHe-
YIUIOUAMSI. ABTOPBI cllenaly MPEANONOoKEHUE, YTO
CIMD MoeT ObITh MEXaHU3MOM, IIPEIOTBPAILAIOLINM
AHEYTIJIONIUIO KJIETOK C HETIPaBUIIbHOM cerperanueil
XPOMOCOM IyTeM HHAYKLIUH UX THOEIH.

Bruto otmedeno, uro B ycnousax 0. .. 10°C anomnTo-
THUYECKHE N3MEHEHHS B KIIETKaX Pa3BUBAIOTCS ropasio
OpIcTpee, ueM npyu 00JIee BHICOKHIX THITOTEPMHYECKIX
temreparypax [7]. Xoao0moBo# IIOK, CO3/1aBaEMBIi
ITyTEM MTOMETICHHUS 00pa3IIoB B JICISHYIO OaH0 Ha 2 1,
BBI3BIBAJI allONTO3 MBIIIHHBIX MHEIOUIHBIX KIETOK
rpanyinountapHoro psaa junuu 32Dcl3, kotopsrii
nposiBisuics B TedueHue 30-90 MuH mocnie ux Bo3Bpa-
menus B ycnosust 37°C. B atot nepuon 80-90% kie-
TOK JIEMOHCTPHUPOBAIIN ITPU3HAKU PAHHETO aAIlONTO3a.
MHTEeHCUBHOCTH TaHHOTO MpoLEcca ONPEAEIsIn Mo
OKpAILIMBAaHUIO KIETOK aHHEKCUHOM V W MPONMUANN
wogumaoM. Kpome Toro, ¢ momMompio dnekTpodopesa
B arapo3HoM rese u (payopecreHTHOW MUKPOCKOTITHH
¢ npumererrem JIHK-kpacurtenst DAPI onennBanu
crenierb noBpexaenus JJHK. Uepes 20 mua ipu 37°C
OTMEYAJINCh CKATHE KIETOK, KOHJEHCAIHS IEPHOTO
MaTepHasa 1 aonTOTHYECKHE ITy3bIPbKHU Ha KJIETOY-
HOU noBepxHOCTH. Pa3BuTHe anonTo3a ObI10 OITBEPIK-
JIEHO pe3yJIbTaTaMH TeCTa C OKpaIllMBaHUEM aHHEKCH-
HOM V, KOTOpPBIH CBSA3bIBAaETCS € HOCaATHIUICCPHHOM
HCKJIIOYUTETILHO Ha HApYXHOM cllioe MeMOpaHbl. B
HOpPME 3TOT (POCQOIHITUIL COACPKUTCSI TOJIBKO BO BHYT-
pEHHEM CJI0€ JINITHTHOTO padhTa MEMOPAHBI, TOITOMY
€ro MPHUCYTCTBUE B HAPYKHOM CJIO€ ABIISIETCS OHUM
13 MPU3HAKOB paHHEH cTaawu amonTo3a. KomOuHu-
pOBaHHOE OKpaIlIMBaHUE AaHHEKCUHOM V U MPOIUIAN
HOJTUAOM TIO3BOJISIET BBISBIATH KJIETKH HE TOJIBKO Ha
paHHUX, HO ¥ Ha TIO3JJHAX CTA/IMSAX arloITo3a, 9To aeT
BO3MOXHOCTB CYIUTh O Pa3BUTHH JAHHOTO ITpOLIECcCa.
[IpumeuaTesnbHO, YTO ATH U3MEHEHUS OBbLIN BBISIBIIC-
HbI NIPAKTUYECKH OJHOBPEMEHHO BO BCEX KJIETKaX
10CJIe MX BO3BpAILEHHs B yCIOBUsS HOpMOTepMUH. Tak,
B Ha4aJie nepuoa ororpena npakruuecku 100% kie-
TOK HE OKpAIIMBAJIUCh HU OAHUM U3 KpacuTesel, HO
yxe gepes 30 mua npu 37°C 82% kneTok ObLTH OKpa-
IIeHBI aHHEKCHHOM V, 9TO CBHIETEIHCTBOBAJIO O 3a-
mycke mporecca aronTo3a. Yepes 90 mun mpu 37°C
KOJIMYECTBO AHHEKCHH V-TIOJIOXHUTEIHHBIX KIETOK
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fragmentation [15]. If protein kinase BUBI is absent,
the CIMD is not induced and, as a consequence, the
aneuploidy develops. The authors assumed, that CIMD
could underlie the preventing aneuploidy of cells with
failed chromosome segregation through inducing their
death.

It was noted that under 0...10°C the apoptotic chan-
ges in cells developed much rapidly than at higher
hypothermic temperatures [6]. The cold shock as a
result of placing samples into an ice bath for 2 hrs
caused apoptosis of murine myeloid cell of 32Dcl3
line, and it was manifested within 30-90 min after
their return back to 37°C conditions. Within this period
80-90% of cells showed signs of early apoptosis. The
process intensity was assessed by cell staining with
annexin V and propidium iodide. In addition, the DNA
damage rate was assessed by agarose gel electro-
phoresis and fluorescence microscopy using a DAPI
DNA stain. The cell shrinkage, nuclear content con-
densation and apoptotic vesicles appearance on cell
surface were observed 20 min later at 37°C. The apop-
tosis development was confirmed by the Annexin V
staining, which bound phosphatidylserine exclusively
on the outer membrane layer. Normally this phospho-
lipid is located only in inner layer of membrane li-
pid raft, therefore its presence in an outer one is one
of the signs of early stage of apoptosis. A combined
staining with Annexin V and propidium iodide ena-
bles detecting the cells not only at early, but at late
stages of apoptosis as well, that makes possible to
estimate the process development. Of note is the fact,
that these changes were revealed almost simulta-
neously in all the cells after their return back to nor-
mothermic conditions. In particular, at the beginning
of warming period, almost 100% of cells were not
stained with any of dyes, but 30 min later at 37°C
82% of cells were stained with Annexin V, thereby
testifying to the apoptosis initiation. The amount of
Annexin V* cells was 92% in 90 min at 37°C, but they
were still propidium iodi-denegative. In 5 hrs after
warming the nuclei of 37% of cells were stained
with propidium iodide, which was capable to penet-
rate only into the cells, being at the late apoptosis
stage, and 24 hrs later at 37°C 98% of cells were at
late apoptosis/secondary necrosis stage (Annexin V-
positive/propidium iodide-positive). An internucleo-
somal cleavage of chromatin and caspase activation
also indicated the apoptosis induction after a cold
shock. In this case a fluorochrome-labelled inhibi-
tor of caspases (FLICA) was used to investigate the
pathway of apoptosis realisation. After a 60-min long
warming the caspase activation was observed in 75%
of cells, thereby indicating a caspase-dependent na-
ture of cold-induced apoptosis. This was confirmed
by the fact that in 2, 4 and 24 hrs after warming there
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coctaBisiio 92%, HO elle OcTaBauCh MPONUANNA Ho-
IUI-0TpULATEIbHBIMU. Uepes 5 u mocie oTorpesa y
37% KIJIETOK siipa OKpAMBAINCH TPONUANN HOANIOM,
KOTOPBIN CITOCOOEH MPOHUKATH JIUIIIb B KJIETKH, HAXO0-
JISATITAECS] Ha TIO3THUX CTaIUsX allonTo3a, a uepes3 24 4
nipu 37°C Ha cTauy MO3IHETO aIoNTO3a/BTOPHYHOTO
HEKpo3a Haxoauirch 98% kieTok (aHHEeKCHH V-T10J10-
YKUTEITHHBIS/ TIPOTAINYM HOUI-TIOIOKUTEITHHBIC ). MeK-
HYKJICOCOMHOE PaCIICTICHUE XPOMATHHA U aKTHBAITHSI
Kacmas3bl TakKe yKa3bIBAIM HA WHIYKIIMIO alloNTo3a
MocJe X0JIOAOBOro moka. B nannoMm cinyuae ang uc-
CJIeTIOBaHMsI Iy TH PeaTU3alliy aronTo3a ObLT IpruMe-
HEH KOHBIOTUPOBAHHEIH C PIIyOpPOXPOMOM HHIHOUTOP
kacmas (metont FLICA). [Tociie 60-MuHYTHOTO OTOT-
peBa aKTUBAIUIO Kaca3 HaOmonamu y 75% KIeToxk,
YTO CBUIECTEIHCTBOBAJIO O KACMa303aBUCUMOM XapaK-
Tepe UHAYITUPOBAHHOTO XOJIOIOM aroITo3a. ITOT (haKT
MTOATBEPKIACTCS TeM, 4TO depe3 2, 4 u 24 49 moce
oTorpeBa B 00pasiax ¢ J00aBIeHHEM HHTHOUTOpa Kacrias
anoNTOTHYECKUE KIIETKH oTcyTcTBOBaNM. AHamu3 JIHK,
BBIZICJICHHOM U3 MBIITIHBIX MUETIOUIHBIX KJICTOK JIMTHIH
32Dcl3, mogBepskeHHBIX X0JI00BOMY BO3IACHCTBHUIO U
MOCJENYIOIEMY OTOTPEBY, MOKA3aJl, YTO MEKHYKJIICO-
COMHOE pacllIeIIeHUe XPOMaTHHA IPOUCXOAUIIO YKe
yepes 2 4 ocie Hayaiga oTorpena [7]. AHaJIOTUYHBIC
PE3yIBTaThI OBLTH ITOTYYSHBI ITPY HCCIISIOBAHUH KIIETOK
HelipoOnacTombl MbiH [26]. Ananus JIHK mocie
4acoBOI MHKYOau 00pa31oB Ha JieITHON OaHe Moa-
TBEPAWJI pa3BUTHE anornrTo3a. He HCkitoueHo, 9To Xo-
JIOJTOBOH IIOK MOYKET MHIYITUPOBATH 3alIpOrpaMMH-
POBaHHYIO THOEIb ITOTO THITA KJIETOK HECKOIHKUMH
MyTSMU. Pe3ynbrarel aHaan3a TOKa3aTellsi BEDKUBAcC-
MOCTH, YPOBHS 3KCIIPECCHUH Kacmas3bl 3 (yCTaHOB-
JICHHOTO MeToJIoM BectepH-OmorTrHTa) 1 pparmMen-
tarun JIHK (nannbie ananusza JIHK-mamnepa), mpose-
nennoro D. Carpenter u coaBr. [2], Takye MOATBEPAIH
XOJIO/I-UHYTUPOBAHHBIN XapaKTep aronTo3a KIeTOK
MbIIMHOM HewpoOiaactomel Jinauu C1300. Cnenyet
OTMETHUTh, YTO MPHU MPOBEICHUU IKCIECPUMEHTOB HA
JIPYTHX KJIETOYHBIX JIUHUSX (T€NaTOUUTHI U YHIOTEIH-
aIbHBIC KJICTKU TICUYCeHN) OBUTH TIOTYYCHBI TIOJ00HBIC
PE3YIIBTATHI, HO C MEHBITICH BOCIIPON3BOAMMOCTEIO [24].
B 90-x romax U. Rauen u coaBt. [24] mokasaiu, 9To
TIpH XpaHeHUH B TeueHue 48 4 mpu 4°C anmonTo3sy mo/i-
Bepraiuch (90 + 5)% renatonnuToB U SHAOTETHATEHBIX
KJIETOK neueHu. [Ipu aToM ycTaHOBIIEHO, UTO YacTOTa
U CTENEHb MHIYIHPOBAHHOTO XOJIOIOM aIoITo3a in
Vitro 3aBUCENH OT JUTUTEIILHOCTH MPEObIBAHUS KJle-
TOK B yCIIOBUSIX OXJaxJeHUs. Tak, BBIXOJ JIaKTaT/Ie-
ruaporenassl (JIJAI') u3 renatouuToB nocie 6 4 xpaHe-
HUS B XOJIOZI€ COCTaBIIsLT 0KoJio 20% U yBETMUUBAJICS
110 40% mocrie BO3BpAIeHNs KIIETOK B YCIIOBHS HOPMO-
TepMun. B oOpasmax, moaBeprayTeix 12-gacoBomy
XpaHEHUIO, TAHHBIN TTOKa3aTens ObuT Ha ypoBHE 40%
u noBbImancs g0 70% mocie oTorpesa, a yepes 24 4
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were no apoptotic cells in the caspase inhibitor-
supplemented samples. The analysis of DNA iso-
lated from the murine myeloid cell of 32Dcl3 line,
subjected to cold exposure and subsequent warming
showed an occurrence of internucleosomal cleavage
of chromatin already in 2 hrs after warming [6]. The
similar observations were made in the murine neuro-
blastoma cells [26]. The DNA analysis after 1-hour
incubation of the samples in an ice bath confirmed
the apoptosis development. It is not possible that a
cold shock may induce a programmed death in this
type of cells through several pathways. The findings
of D. Carpenter ef al. on the survival index, caspase 3
expression level (revealed by the Western blotting
procedure) and DNA fragmentation (DNA ladder
analysis data), have also confirmed the cold-induced
character of apoptosis in mouse neuroblastoma C1300
cells [1]. It should be noted that the experiments in
other cell lines (hepatocytes and liver endothelial cells)
[24] gave the similar results, but with lower repro-
ducibility. In the 1990s U. Rauen et al. [24] showed
that (90 + 5)% of hepatocytes and liver endothelial
cells underwent apoptosis during storage for 48 hrs at
4°C. Herewith the frequency and degree of cold-
induced apoptosis in vitro depended on duration of
cell stay under cooling. In particular, the lactate de-
hydrogenase (LDH) release from hepatocytes af-
ter 6-hour-long storage in cold was about 20% and
increased up to 40% after the cells returned back to
normothermic conditions. In the samples, underwent
a 12-hour storage, this index was at 40% level, and
increased up to 70% after warming, and in 24 hrs in
the warmed cells it made 80-90% [23]. Of note is the
fact that after warming the cells, stored hypother-
mically, the manifestation of apoptosis increased.
According to the data of U. Rauen et al. [24] the same
pattern was observed for liver endothelial cells as well:
the LDH release after a 24-hour cell incubation at 4°C
was about 40%, and after their warming up to37°C it
was 75%. The described changes were accompanied
by the appeared cytomorphological features, charac-
teristic of apoptosis, such as formation of apoptotic
bodies and chromatin condensation [24]. An increa-
sed content of hydroxyl radicals and other reactive
oxygen species due to disorders in oxidative phospho-
rylation processes was established to be one of the
causes in cell damage under hypothermic storage. In
all the cells exposed to hypothermia and warming, a
number of reactive oxygen species gradually increased
and an oxidative stress developed, that was supposed
by L. Nicoletti et al. [21] as a reason of DNA damage
and apoptosis initiation. The similar findings were
obtained by another group of scientists [27], who stu-
died an anti-apoptotic effect of Bcl-2 after its intro-
duction as an exogenous antioxidant to the HL-60
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Y OTOTPETBIX KJIETOK OH cocTaBisa 80-90% [23]. Cre-
JyeT OTMETUTB, YTO MOCIIE OTOIPEBA KJIETOK, XPAHHB-
LIMXCS B YCIOBUSX TUIIOTEPMUH, CTETIEHb IPOSBICHUS
anonTo3a yBenuuuBanack. [lo nanueim U. Rauen u
COaBT. [24] Takas e 3aKOHOMEPHOCTh ObLIa OTMEUeHa
W JUTS DHIO0TEINaIbHBIX KJIETOK nedeHu: Boixom JIJI
rociie 24-4acoBoit nHKyOanmu kineTok mpu 4°C coctas-
115171 okoJ10 40%, a mocite ux ororpesa mpu 37°C — 75%.
OnwucanHbIe U3MEHEHHS COMIPOBOXKIATIICH TIOSBICHUEM
XapaKTepHBIX /IS arlonTo3a MUTOMOP(OIOTHYECKIX
MIPU3HAKOB: 00pa30BaHUE AMONTOTHYCCKUX TeJel U
KOHJeHcalus xpoMaTuHa [24]. YcTaHOBIEHO, UTO O/~
HOM M3 NPUYMH NMOBPEKIEHUS KIETOK IPU TUIOTEP-
MHUYECKOM XPaHEHHH SIBISIETCS YBEINYEHNE KOJTMUYECTBA
THIPOKCUIIBHBIX PaIMKaIOB U JPYTHX aKTHBHBIX (hOpM
KHCIIOpO/ia BCJIEJCTBHE HApYIIEHNH TPOIIECCOB OKHC-
JUTETRHOTO (ocopunupoBanms. Bo Bcex KIeTKax,
TTOJIBEP’KEHHBIX BO3JCHCTBHIO THTIOTEPMUHU-OTOTPERY,
MTOCTETICHHO YBEJIUYHBAIOCH KOJIMYECTBO aKTHBHBIX
(hopM KuCITIOpO/Ia M pa3BHUBAJICS OKUCIUTENBHBIN CTpecC,
KOTOPBIiA, 10 ipeanonoxenuio [. Nicoletti n coasr. [21],
npuBOUT K oBpexieHnto JIHK u nnuimanum anonro-
3a. [lomoOHbIe pe3ynbTaThl ObUIM TOTYYEHBI U APYTOH
IpyNMoi y4eHsIX [27], KoTopble U3y4yaal aHTHAIOI-
Totnueckoe aerictsue Bel-2 mocne ero nobasieHus
B KaUeCTBE 9K30I€HHOT0 aHTHOKCUAAHTA K KyJIbTHBH-
PYEMBIM ITPY KOMHATHOM TeMIEPAType MPOMHUEIIOIH-
TapHBIM JIelikeMudueckuM kineTkam auHuu HL-60.
J.H. Kim u coaBr. [12] moka3amnm, 9To OIuH U3 OCHOB-
HBIX aHTHOKCHIAHTOB — ITEPOKCUPEIOKCHH | "emoBeka
(hPrx1) — nposiBisin aktTuBHOCTE PHK-1m1anepona n
WHTHOMPOBAJ KaK aronTo3, MHAYITUPOBAHHbIN ONOXH-
Mu4ecknumMy arenTamu (Harpumep, aFAS, TNF-or), Tax
1 aronTo3, BBI3BAHHBIM CHI)KEHHEM TEMIIEpPaTypBhl.
A. Khar u coasr. [11] Obu1a BBIsSIBICHa CIOCOOHOCTH
hPrx1 k neTokcukanuu nepokcuaoB. B ycnoBusx in
vitro hPrx1 ces3eiBaercs ¢ PHK u JIHK u packpyuu-
BaeT AYIJIEKCh HYKIEMHOBBIX KUCIOT. [Tpn noHmxennn
TemiiepaTypsl obiee conepkanue hPrx1 B kierke He
YBEIIMYMBAETCA, a B siApe moBbiaercs. Kpome toro,
TIPH XOJIOIOBOM IIIOKE M30BITOTHAS SKCTIpeccust hPrx1
CIOCOOCTBYET TOBBIIICHUIO MMOKA3aTeNsl BBIKUBAE-
MOCTH KJIETOK, B TO BpeMs Kak HOKnayH reaa hPrx1 B
ITHX K€ YCIOBHAX CYIIECTBEHHO €r0 CHIKAET.

R. Grand u coasr. [§] moka3zaiu, 910 SKCITO3HIINS KJTe-
Tok TuMpombl bepkutTa ipu 4°C BbI3bIBaIA IKCTIPEC-
curo crienuduueckoro 6enka arnonrto3za ASP u compo-
Bokaanack (parmentanuer JJHK, BeicBoOOKICHNEM
uutoxpoma C. [1pu moMoriu 1a3epHoil CKaHUpPYyIoLeH
KOH()OKaTbHOI MUKPOCKOINH AaHHBIH OEJIOK ObLIT BBISIB-
JIEH B IUTOILIAa3Me KJIETOK C THITMYHBIMHU JIJIsI allONITO3a
MpU3HAKaMU — KOHJACHCAnusd U (pparMeHTanus xXpo-
MatrHa. [ [pr 3TOM B KHU3HECTIOCOOHBIX 1 TTACCHBHO YMH-
paroMx KJiIeTKax Mmocie MpoIoKUTELHOM X0I010BOM
AKCTIO3UIINH ITyTeM Hekpo3a, ASP He o0OHapyKuBaJICSL.
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promyelocytic leukemia cells, cultured at room tem-
perature. J.H. Kim et al. [12] showed one of the main
antioxidants, i. e. human peroxiredoxin 1 (hPrxl)
to manifest the RNA-chaperone activity and inhibit
both biochemical agents-induced apoptosis (e. g.
aFAS, TNF-o), and that caused by temperature de-
crease. A. Khar et al. [11] revealed the capability of
hPrx1 to detoxify peroxides. Under in vitro condi-
tions the hPrx1 binds to RNA and DNA and untwists
nucleic acid duplexes. Under temperature decrease
no rise in the total hPrx1 content in cell occurs, but its
increase in nucleus is present. In addition, cold shock
is accompanied with an excessive expression of hPrx1
promoting an increase in cell survival rate, while the
hPrx1 gene knockdown significantly reduces it under
the same conditions.

R. Grand et al. [8] showed an exposure of Burkitt’s
lymphoma cells at 4°C to cause the expression of an
apoptotic specific protein ASP and being accompanied
by DNA fragmentation and cytochrome C release.
Using laser scanning confocal microscopy this protein
was detected in cytoplasm of cells with characteristic
signs of apoptosis such as chromatin condensation
and fragmentation. Herewith in viable cells and those,
passively dying after a prolonged cold exposure through
necrosis, no ASP was revealed.

Z. Zhang et al. [30] reported about the expres-
sion of the Bcl-2 anti-apoptotic protein in rat hippo-
campal neurons, subjected to a 10-min forebrain is-
chemia, under normothermia (37°C) and moderate
hypothermia (33°C). A number of Bcl-2-positive neu-
rons was higher in the rats, ischemized at 33°C, as
compared to those, ischemized at 37°C and in the
intact animals. The expression level of apoptosis-in-
ducing Bax, which binds to Bcl-2 and thereby blocks
the action of the latter, did not differ in brain neu-
rons of rats from the intact group and those subjected
to moderate hypothermia, and in the rats under nor-
mothermic conditions it was significantly lower. Un-
der moderate hypothermia the neuron survival af-
ter ischemia was significantly higher than that after
37°C ischemia (90 vs. 53%, respectively). The results
of electron microscopy also confirmed the presence
of a greater number of apoptotic cells in the rats under-
went cerebral ischemia at 37°C.

Nowadays the mammalian nerve cells were es-
tablished to contain a special cold-inducible RNA-
binding protein (CIRP), being expressed in response
to a moderate cooling (30...32°C). It is capable to pre-
vent the oxidative stress-induced apoptosis develop-
ment due to hypothermic effect on cells [14, 17]. The
CIRP protein is of interest of the scientists mainly in
terms of its protective effect in oxidative stress, since
opening the prospect of its use as a new neuropro-
tective agent in neurology [17]. The findings on a pro-
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Z. Zhang u coasr. [30] cooburmmm 00 3KcTpeccuu
B ycioBusix Hopmotepmut (37°C) 1 yMepeHHOH THIo-
tepmuu (33°C) anTranontoruyeckoro oenka Bel-2 B
HeHpOoHaxX THIIOKaMIIa KpbIC, HOABEPTrHYTHIX 10-Mu-
HYTHOM MIIEMUU NIEPEIHETO MO3ra. Y KpbIC, HIIEMU-
3upoBaHHbIX 1pu 33°C, Bcl-2-1103uTHBHBIX HEHPOHOB
05110 OoupIe, yeM B ycroBusAx 37°C U y HHTAaKTHBIX
JKUBOTHBIX. YPOBEHb DKCIPECCHN WHIYIHUPYIOIIETO
aronto3 Bax, KoTopbli, CBI3bIBasiCh ¢ Bcl-2, 610ku-
pYeT AeiicTBHE TOCIeIHero, B HeHpOHaX MO3ra KpbIC
WMHTaKTHOM IPYIIIBI ¥ KPBIC, TOABEPTHYTHIX YMEPEHHON
TUIOTEPMUH, HE OTIINYAJICS, @ Y KPbIC, HAXOJUBIINXCS
B YCIIOBHSAX HOPMOTEPMHH, OH OBUI 3HAUUMO HIKE.
[Ipu ymepeHHOM rUMOTepMHUN BEKMBAEMOCTH HEHPOHOB
MoCJie UIIEMHUH ObliIa 3HAYUTEIIHLHO BBIIIE, UM MOCTIe
nmemun npu Temmneparype 37°C (90 npotus 53%
COOTBETCTBEHHO). Pe3ysIbTaThl 2JIeKTPOHHONH MUKPOC-
KOTIMH TaKKe TIOATBEPANITH, YTO y KPBIC, TIO/IBEPTaB-
muxcsl umeMun mMo3ra mpu 37°C, mpuCcyTCTBOBAIIO
OospIiee KOJTMYECTBO AMONTOTUYECKUX KIIETOK.

B Hacrosiiiee Bpemst yCTaHOBIIEHO, YTO HEPBHBIE KIIET-
KM MJIEKOITUTAIOIINX CONEPIKaT OCOOBIN XOIOA-NH/TY-
nubenpHbii PHK-cBs3pIBatonmuit 6enox (cold-indu-
cible RNA-binding protein, CIRP), sxkcnipeccupyrormuiics
B oTBeT Ha yMepenHoe oxnaxzaeHue (30...32°C). On
CrocoOeH NPe0TBPALIaTh PA3BUTHE aTIONTO3a, HHTYIIU-
POBAHHOTO OKHCIUTENBHBIM CTPECCOM BCIIE/ICTBHUE T'H-
MOTEePMHUYECKOro Bo3aekcTBuUs Ha kiieTku [14, 17]. be-
nok CIRP mHTEepecyeT y4eHbIX MPEeUMYIIECTBEHHO B
acTieKTe ero 3aIUTHOTO d((heKTa MPH OKUCIUTETHHOM
cTpecce, MOCKOIBKY 3TO OTKPHIBAET MEPCIIEKTHBY €r0
MIPUMEHEHHS B HEBPOJIOTHUH B Kaue€CTBE HOBOTO HEHPO-
npotekTopa [17]. Pe3ymsTaTs! ncciaenoBaHnui 3amnT-
noro neiictBus CIRP MoryT ObITh IpUMEHEHBI U B 00-
JaCcTH KprOOMOJIOTHH, TaK KaK HAKOIIICHUE B KIIETKAX
aKTUBHBIX (OPM KHCIOPOJa SBISIETCS OJHON U3 IPH-
YUH pa3BUTHA aloNTo3a NPy TMIOTEPMUIECKOM BO3-
neiicrBuu. [lonbiTky onpenenuts poss CIRP B pery-
JISILMY aroNTo3a HEHPOHOB MTPH IMITOTEPMUM MTPETIPH-
vsuti S. Li u coaBt. [16]. C 3To# 11e/1bI0 IEpBUYHEBIE
KOPTHUKaJIbHbIE HEHPOHBI KPBIC TPAHCAYLUPOBAIH
JICHTUBUPYCHBIM BekTOpoM, HecymuM TeH CIRP, u
kynsTuBHpOBany mpu 32°C (korTposns — mpu 37°C).
[lepexucpro Boopoia B KJIETKaX MHAYLIXPOBAJIN aIloll-
TO3, IIOCJIE YETr0 ONPEAEISIN €r0 YPOBEHb METOIOM
MPOTOYHOH (PIIyOpPOMETPHH C UCIIOIB30BaHHEM Map-
kepoB Hoechst 33342 u Annexcun V-FITC/mpo-
nuaArnyM OPOMUJL, @ TAKXKE 0 aKTUBHOCTH Kacmasbl 3.
Meto10M BeCTepH-0JIOTTHHTA OBIJIO YCTaHOBJICHO, YTO
ypoBeHb CIRP B kopTHKaIbHBIX HEHPOHAX MOCIIE UH-
KyOaru nipu 32°C ObLT 3HAYUTEIBHO BBILIE, 8 SKCIIPEC-
CHsl aKTMBHPOBAHHOH Kaclasbl 3 HIDKE, YeM KIIETKaX,
HMHKYOMPOBAaHbBIX B YCJIOBUAX HOPMOTEPMHUHU. YPOBEHb
aIrro1To3a HEPOHOB, KYJIETUBUPOBAHHKIX 1pH 32°C, OBIT
HIDKE 10 CPaBHEHHMIO C KJIETKaMHU, KyJIbTHBUPOBAHHBIMH
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tective effect of CIRP may be also applied in cryo-
biology, since the accumulation of reactive oxygen
species in cells is one of the reasons of apoptosis
development under hypothermic exposure. S. Li et
al. [16] studied the role of CIRP in regulating apop-
tosis of neurons under hypothermia. For this purpose
the rat primary cortical neurons were transduced with
a lentiviral vector, bearing CIRP gene and cultu-
red at 32°C (37°C for the control). The apoptosis in
cells was induced by hydrogen peroxide, then its le-
vel was determined using flow cytometry with the
Hoechst 33342 and Annexin V-FITC/propidium
bromide dyes, as well as by caspase 3 activity. Using
the Western blotting procedure the CIRP level in
cortical neurons after 32°C incubation was establi-
shed to be significantly higher, but the expression
of activated caspase 3 was lower, than in the cells
incubated under normothermia. The apoptosis le-
vel in the neurons, cultured at 32°C was lower as
compared to the cells cultured at 37°C ((4.5 £ 0.8)
vs. (53.5 £ 1.7)%). Thus, under hypothermia the
CIRP caused a neuroprotective effect. The authors
established the murine neuroblastoma cells after
2-hour incubation with CIRP to be more resistant
to subsequent treatment with hydrogen peroxide as
compared to the CIRP-free incubated cells and to
have a higher viability within 24 hrs. In addition, the
preincubation of cultured murine neuroblastoma cells
with CIRP promoted an accelerated development of
cell cycle from S to G2/M phase and an increased
amount of phosphorylated Akt, involved in apopto-
sis inhibiting. J. Li et al. [14] have studied the me-
chanism of a protective effect of CIRP. For this pur-
pose the cells of the standard culture of rat hippocam-
pal neurons, the CIRP overexpressed neurons and
CIRP knockdowned cells were cultured under mode-
rate hypothermia (32°C). Then the level of apoptosis
was assessed by annexin V-FITC/propidium iodi-
de staining as well as redox metabolism estimated
(superoxide dismutase (SOD) activity, malonic dial-
dehyde (MDA) and hydroperoxides (HP) contents,
total antioxidant activity) were. The findings showed
the CIRP content under hypothermia in the standard
culture cells and in those with CIRP overexpression
to be significantly higher, and the apoptosis level to
be significantly lower as compared to the control cells,
cultured at 37°C. In the CIRP knockdowned cells the
level of apoptosis under hypothermia was higher as
compared to the standard culture. The authors estab-
lished the SOD activity, HP content and total anti-
oxidant capacity to be significantly higher in the stan-
dard culture and the cells with overexpressed CIRP
under hypothermia (32°C), than in the standard cul-
ture cells under normothermia (37°C), but in the CIRP
knockdown cells these values were lower both at 32
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nipu 37°C ((4,5+0,8) mpotus (53,5 £ 1,7)%). Takum oOpa-
30M, B ycioBusix runorepmun CIRP okassiBan Helipo-
3alIUTHOE IeHCTBUE. ABTOPHI YCTAaHOBUIIH, YTO KIETKH
HEHpOoOIaCTOMBI MBILIH [TOCTIE 2-4aCOBOM HHKYOAIHs
¢ CIRP ObLim Oosiee yCTOHUHMBHI K ITOCIIEAYOILECH 00pa-
00TKe TIepEeKNChIO0 BOIOPO/IA TI0 CPABHEHUIO C KIIET-
kamu, nHKyouposanubiMu 0e3 CIRP, n nmenu 6omnee
BBICOKYIO JKH3HECTTOCOOHOCTH B TedeHne 24 4. Kpome
TOTO, IPEBIHKY OIS KYJIFTUBHPYEMBIX KJIETOK HEHPO-
6mactomsbl Mbimn ¢ CIRP cmocoGcTBOBaa ycKopeH-
HOMY Pa3BUTHIO KJIETOYHOTO IMKIa OT S 710 G2/M dasbl
U yBEJIMUYCHHIO KoJduuecTBa (HochHOpUIMpOBaHHOTO
Akt, ygacTByoIero B HHTHOMPOBAaHUHU Tpolecca
anorito3a. J. Li u coaBr. [14] uccnenoBanu MeXaHU3M
3amutHOro aeiicreust CIRP. [l aToro kieTku ctaH-
JAPTHOM KyJIbTYpbl HEHPOHOB THIIIOKAMITA KPBICHI,
Helipoas! co cBepxakcnupeccueir CIRP u CIRP-HOK-
JlayH-KJIETKN KyJTETHBHPOBAIIN B yCIIOBUSAX YMEPEHHOU
runorepmuu (32°C). 3aTeM ¢ TOMOIIIBIO OKpPAITUBAHUS
apaekcuHoM V-FITC/mpornumuit HoaumIoM orpe e s
YPOBEHB aronTo3a, a TAKXKe YPOBEHb OKUCIUTEIBHO-
BOCCTaHOBHTEIILHOTO METa00IM3Ma (AKTHBHOCTH CyTIep-
okcuyiemyTasbl (CO/L), conepkaHne MaJIOHOBOTO 11~
anpreruna (M/1A) u runponepexuceii (I'T1), oomas
MOIITHOCTh aHTHOKCUAAHTHOM cHcTeMBl). Pesynbrarsl
HCCIIEI0BaHNH TIOKA3aJId, 4TO ITPHU TMITOTEPMUU COAEP-
xanue CIRP B kieTkax cTaHmapTHOM KyJIbTYphI U
KIeTkax co cBepxakcnpeccueit CIRP Obuio craruc-
THYECKH 3HAYMMO BBIIIE, a yPOBEHH alloNTO3a — 3Ha-
YUMO HWKE TI0 CPaBHEHHIO C KOHTPOJIBHBIMHU KJIET-
kamu, KyiasTuBupyembiMu nipu 37°C. B CIRP-HOK-
JlayH-KJIETKaX YPOBEHb arlorTo3a MPH TMIOTEPMHN ObLT
BBIIIE TI0O CPABHEHHUIO CO CTAHJIAPTHOW KYyJIBTYPOM.
ABTOpaMH yCTaHOBJICHO, YTO B CTaHAAPTHOW KyJIb-
Type U KJleTKax co cBepxakcipeccueid CIRP mpu rumo-
tepmun (32°C) axruHocTh CO/l, conepkanue [Tl n
00111ast MOIIHOCTh AaHTUOKCHIAHTHOM CHCTEMBI ObLIN
3HAYUTENBHO BBIIIE, YEM Y KJIETOK CTaHAapPTHOM KyJIb-
Typsl ipu HopMoTepmuu (37°C), a y CIRP-nokaayn
KJICTOK 9TH TTOKa3aTeu ObutH HIbKe Kak mpu 32°C,
Tak u mpu 37°C. B T0 e BpeMs KOHIICHTPAITHs MaJIo-
HOBOTO JTHAJTB/IETH/Ia — O/THOTO U3 OCHOBHBIX MapKEPOB
MTepEKUCHOTO OKuCIeHMs JIUTH0B — Y CIRP-HOKmayH
KJIETOK W KJIETOK CTaHAApTHOH KyIbTypsl Tipu 37°C
OblIa CYIIECTBEHHO BBIIIE, YTO CBUIETEIHCTBOBAIO
0 pa3BUTHUH OKCHUIATHBHOIO cTpecca. Ha ocHoBaHun
MOJTyYCHHBIX PE3yIbTAaTOB aBTOPHI 3aKIIOUMIN, YTO
CIRP criocob6eH MHrHOHpOBaTh AONTO3 HEHPOHOB I'HII-
[MOKaMIIa KpbIC ITOCPEICTBOM TOAaBICHHS 00pa30oBa-
HUS CBOOOHBIX PaIUKaJIOB KUCIOPO/a IPH TUIOTEp-
muu [ 14]. Kpome Toro Beickazano npeamnosnoxenue [29],
YTO TAHHBIHN XOJIO-MH Ty TNOETTHHBII OSTOK ITPH HI3KUX
TeMIeparypax CIoCOOCTBYET DKCIIPECCHH CIIe(U-
geckux OeNlkoB (Hampumep, THopenokcuaa TRX),
IPEIOTBPAIIAIOIINX Pa3BUTHE OKUCIUTEIBHOTO CTPEC-
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and 37°C. At the same time, the concentration of
malonic dialdehyde, one of the main markers of lipid
peroxidation, in CIRP knockdown cells and those
of the standard culture at 37°C was significantly hig-
her, thereby indicating the oxidative stress develop-
ment. Based on the data obtained the authors con-
cluded the CIRP as capable to inhibit apoptosis of
rat hippocampal neurons by suppressing the free oxy-
gen radical formation under hypothermia [14]. In
addition, there was suggested [29] that this cold-in-
ducible protein at low temperatures promoted the ex-
pression of specific proteins (e. g. thioredoxin TRX),
preventing oxidative stress development and inhibi-
ting signalling pathways of apoptosis, which ensured
arapid adaptation of cells to changing environmental
conditions.

Studying the cold induction mechanism of apop-
tosis revealed the new evidence that both anti- and
pro-apoptotic factors were involved in this process. For
example, A.L. Ferry et al. [3] induced the skeletal
myoblast apoptosis with staurosporin and showed the
overexpression of cold shock protein RBM3 (RNA-
binding motif protein 3) due to cold effect or tempo-
rary transfection as correlating with a decrease in
morphological change rate, preventing membrane
potential collapse and increasing the cell viability rate.
Under RBM3 overexpression the activity of caspases
3,8 and 9, increased due to the staurosporin treatment
returned back to the norm.

D. Fisher and A. McLennan [4], investigated the
role of pro-apoptotic fragile histidine triad protein (Fhit):
enzyme of purine metabolism in cold-induced apop-
tosis development in HEK293 cancer cell line, showed
a correlation between the apoptosis intensity and the
diadenosine triphosphate content, being the Fhit sub-
strate.

Guedez et al. [9] established the cold shock-indu-
ced apoptosis development to be possibly suppressed
by tissue inhibitor of metalloproteinases (TIMP-1). The
Burkitt’s lymphoma cell lines, expressing TIMP-1, are
resistant to cold shock apoptosis. In addition, the ac-
tivation of TIMP-1 resulted in induction of Bcl-XL
expression (but not Bcl-2) and a decreased activity of
universal transcription factor NF-kB as compared to
the control.

Obviously, the survival of cold-resistant organisms
under hypothermia is determined by the capability
of their cells to resist the cold-induced apoptosis.
C.C. Fleck et al. [5] obtained the data indicating an
increased expression of anti-apoptotic proteins in hi-
bernating ground squirrels, which ensured the survival
of enterocytes in apoptosis-inducing oxidative envi-
ronment [5]. No ‘ladder’ pattern, characteristic of
apoptosis was found using DNA electrophoresis of
mucosal cells. In cell nuclei of hibernating ground
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ca M MHT'MOMPYIOLMX CUTHAJIBHBIE Y TH aIloITo3a, 4TOo
o0ecrieynBaeT OBICTPYIO aJaNTALUIO KJIETOK K U3Me-
HEHUSM yCIIOBUI OKpPY KaroIlel Cpeibl.

[Ipu u3ydyeHnn mexaHu3Ma MHIYKIHUH aronTo3a
XOJIOZIOM OBIIH TTOJTyYEeHBI HOBBIE TOKA3aTeThCTBA ydac-
THS B 9TOM IIPOIECCE KaK aHTHU-, TAK ¥ TIPOATIONITOTH-
yeckux (axrtopoB. Tak A.L. Ferry u coasr. [4] unny-
LIMPOBAJIM aIONTO3 CKEJIETHBIX MHOOIACTOB CTAypO-
CIIOPHHOM H TIOKa3alii, 4YTO CBEpXIKCIpeccus Oemka
xononmoBoro moka RBM3 (RNA-binding motif pro-
tein 3) B pe3ynbrare ACHCTBUS X0I0a 1M BPEMEHHON
TpaHc(eKIun KOppeIupoBaita ¢ yMEHbIIEHHEM CTe-
MeHU MOP(OJIOTHIECKUX U3MEHEHUH, TPEeA0TBpaliaia
KOJIJTaric MeMOPaHHOTO MTOTEHIMANA 1 [TOBBIIIANA TOKa-
3aTeJIb KU3HECTIOCOOHOCTH KIIETOK. B ycloBusx cBepx-
skcrpeccur RBM3 aktuBHOCTb Kacnas 3, 8 1 9, moBbI-
IIEHHAS B PE3yJbTaTe 00pabOTKH CTaypOCIOPUHOM,
BO3BpaIIagach K HOpMe.

D. Fisher u A. McLennan [5], KoTopbIe UCCTICTIOBAIIH
POJb TIPOANTONTOTHYECKOTO OeNlka JIOMKOW THCTHIH-
HOBO Tpuansl (fragile histidine triad protein, Fhit) —
(hepmenTa MeTaboM3Ma MTyPHUHOB B PA3BUTHH XOJIOI0-
WHAYIMPOBAHHOTO allONTO3a B OITYyXOJIEBBIX KIETKAX
smann HEK293, nokazanm koppemnsaiuio Mex 1y HHTEH-
CHUBHOCTBIO alloITO3a U COJEP)KaHNEM UaIC€HO3MHA
tpudocdara, aeustomerocs cyoctpatom Fhit.

L. Guedez u coaBr. [9] ycTaHOBMIIN, UTO pa3BUTHE
arornTo3a, BBI3BaHHOE XOJIOIOBBIM ILIOKOM, MOXKET OBITH
IT0JIaBJIEHO TKAHEBBIM HHTHOUTOPOM METaJTOTIPOTEH-
Haz (TIMP-1). Knetounsie muann 1uM¢pomMbl bepkut-
Ta, sKkcnpeccupyromye TIMP-1, ycToiunBel k aronTosy
xoJnonoBoro moka. Kpome toro, akrtupanus TIMP-1
MPUBOJIMIIA K MHAYKIMH 3Kcrpeccuu Bel-XL (Ho He
Bcl-2) u cHMXKEHHIO aKTUBHOCTH YHUBEPCAIBHOTO
¢dakTopa Tpanckpunuuu NF-kB mo cpaBHenuio ¢
KOHTPOJIEM.

OueBUAHO, YTO BBDKHBAHHUE XOJIOJOYCTOWYHBBIX
OpPraHU3MOB B YCJIOBHSAX T'MIIOTEPMUHN ONPEAEIAETCS
CHOCOOHOCTBIO UX KJIETOK MPOTHBOCTOSTH allONTO3Y,
nHIyIMpoBaHHoMy neiicteuem xomona. C.C. Fleck
COAaBT. [6] TOMYyYHSIN AaHHEIC, CBUICTEIHCTBYIOIIHC
0 IIOBBIILICHUN Yy THOCPHUPYIOIINX CyCIUKOB SKCIIPEC-
CHH aHTHAIIONTOTUYECKUX OEJIKOB, KOTOpPBIE 00eCIIeun-
BarOT BbDKMBAHUE SHTEPOLIMTOB B allONTO3-UHIYLIUPYIO-
meil OKCUAaTUBHOU cpene [6]. MeTomoMm 3IeKTpo-
¢dopesza JHK kneTok cauzuctoil 000109KH TUHITHYHAS
JUIsL aronTo3a KapTHHA «JIECTHULB He Oblia oOHa-
pyXxeHa. B aapax K1eTok THOEpHUPYIOLIUX CYCIHKOB
YPOBEHB alonToTHYECKOTo Oenka Bax Obu1 HIDKE, YeM
y aKTHBHBIX «IeTHUX» ocoOeil. [Ipu 3ToM Bo Bpems
ruOepHaIY OBBIIIAITUCH YPOBHH KaK aHTHAIIONITOTH-
geckoro 6enka Bel-x(L), Tak mpoamonToTHIeckoro
Oenka Bax, HO eciu cozepkaHHUE IEPBOTO YBEIUYH-
BaJIOCh B 12 pa3, TO BTOPOTO — TOJIBKO B 2 pasa, 4To
00yCJ1aBIMBAJIO IPEBAIMPOBAHKE I1€PEady AHTHAIIOI-
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squirrels the level of apoptotic protein Bax was lo-
wer than in active ‘summer’ species. Herewith du-
ring hibernation the levels of both anti-apoptotic pro-
tein Bel-x (L) and pro-apoptotic Bax protein increa-
sed, but if the content of the first was 12-fold, the
content of the second one increased only twice, which
stipulated the predominance of anti-apoptotic sig-
nal transmission. The caspase 3 activity during pe-
riodic arousals of ground squirrels in winter was lower

dakTopbl, MHAYLMpYOLWMe anonTto3 (Hanpumep, 6enok p53)
Factors inducing apoptosis (e.g., p53 protein)
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Fig. 2. Mitochondrial cell apoptosis mechanism.

than in summer. During hibernation the Akt expres-
sion was 20-fold increased. In addition, the content of
phosphorylated form of anti-apoptotic factor Bcl-2
augmented during hibernation.

Thus, proceeding from the available experimental
findings we may suggest both pro-apoptotic and anti-
apoptotic processes to be triggered during hypother-
mic exposure on cells. Depending on cell type, a tem-
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TOTUYECKOTO CHUTHajla. AKTUBHOCTB Kacmasbl 3 mpu
MEPHOAMIECKUX MPOOYKICHHUSX CYCIMKOB 3UMOM ObliTa
HWKe, 4eM JieToM. Bo Bpems rubepnanuu B 20 pa3
noBeIanack sxkcnpeccus Akt. Kpome Toro, mpu rutep-
HaIMH MOBBIIIATIOCH coaepkanus pochopunnpoBaH-
HOW (OpPMBI aHTHANIONTOTHYECKOTO (akTopa Bel-2.

Taxum 00pazom, Ha OCHOBAHUU UMEIOIINXCS DKC-
MEPUMEHTAJIBHBIX TAHHBIX MOKHO 3aKJIFOYHTH, YTO BO
BpeMs TUIIOTEPMUYECKOTO BO3JEHCTBUS HA KIETKU
3aITyCKaloTCs U MPOATONTOTHYECKHE, M aHTHATIONTO-
TUYECKHE MPOoIecChl. B 3aBUCMMOCTH OT THITa KJIIETOK
CHI)KEHUE TEeMIIepaTypbl MOXET MPUBOIAUTH KaK K
CTUMYJSILIMK, TaK U K MHTHOWPOBAHUIO mpolecca
aronito3a. J{7st 0OJBIIMHCTBA KJIETOK MHAYKIHS Ao~
T033, OYUEBHIHO, SIBIISIETCS TUTTMYHBIM OTBETOM HA OXJIaXkK-
JIEHHE WU MOCJEeyIolee BO3BPAIEHUE B YCIOBUS
HOopMoOTepMHH. OJTHAKO B HEKOTOPBIX THMAaX KJIETOY-
HBIX KYJIBTYD, @ TAK)KE B KJIETKaX X0JI0/[0a/1allTHPOBaH-
HBIX JKUBOTHBIX TIPH TEMIIEpAType HIKe (pr3nomorndec-
KOH cojiepyKaHue MPOArTONTOTHYECKUX (aKTOPOB HE
YBEJIMYUBAETCS, &, HATPOTHB, TPOUCXOAUT HHTUOUPO-
BaHHWE aroNTo3a WK OCTAHOBKA KJIETOYHOTO ITUKJIA B
(haze «rudepuanum» (GO). [locnennne nccaea0BaHUs
II0Ka3ajau, 4YTO MHIAYLUHMPOBAHHBIM I'MIIOTEpPMUEH U
MOCJIEYIOIIMM OTOTPEBOM KIIETOK aroINTO3 pa3BH-
BaeTcs 10 BHYTPEHHEMY (MUTOXOHIPHAJILHOMY ), & HE
T10 BHEITHEMY (PEeLIeNTOP-3aBUCUMOMY ) ITyTH B OTJIHYHE
OT MHCTPYKTHUBHOT'O ariornTo3a (puc. 2). OIHOM U3 PHYUH
MOBPEKAEHUN KIETOK ITPU THIIOTEPMUYECKOM XpaHe-
HUHU MOKET OBITh OKCHIATUBHBIN CTPECC, SIBISIOIHIH-
Cs1 pe3yJIBTaTOM YBEJIMYEHHUS KOIMIECTBA THAPOKCHITb-
HBIX Pa/INKAJIOB M IPYTUX aKTUBHBIX (DOPM KHUCIOPOA.
B cBs13u ¢ 3TUM BeneTcs Mouck (hakTopoB, CITIOCOOHBIX
MPU OXJIAXKACHUH U TOCIETYIONIeM BO3paIIeHIH B
YCIIOBUSI HOPMOTEPMHUH BIHSTH HA YPOBEHb OKHCIIH-
TEJIbHO-BOCCTAHOBUTEIFHOTO MeTaboIu3Ma KIIETOK,
T. €. MOBBIIATH AKTUBHOCTH CYNEPOKCHAIUCMYTAa3bl,
CHIKATh COJIep KaHME MAJOHOBOTO JUANbJEruaa U
THIPONEPEKHCEel IPH YBEIUYCHUH O0ILEeH MOIITHOCTH
AHTHUOKCHJAHTHON CHCTEMBI.
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perature decrease may result in both stimulation and
inhibition of apoptosis. For the most cells the induc-
tion of apoptosis is obviously a typical response to
cooling and subsequent return back to normothermia.
However, in some types of cell cultures, as well as in
cells of cold-adapted animals at a temperature below
the physiological one the content of pro-apoptotic
factors does not increase, but, on the contrary, the
apoptosis is inhibited or the cell cycle is stopped in the
‘hibernation’ phase (G0). The recent studies have
shown the apoptosis, induced by hypothermia and
subsequent cell warming to develop by the inner (mi-
tochondrial) pathway, but not the outer (receptor-de-
pendent) one in contrast to the instructive apoptosis
(Fig. 2). One of the causes of cell damages during hypo-
thermic storage may be an oxidative stress, resulting
from an increased number of hydroxyl radicals and
other reactive oxygen species. Due to this fact the scien-
tists are in progress now with searching for the factors,
capable to affect the level of redox cell metabolism
during cooling and subsequent returning back to normo-
thermic conditions, i. e. to augment the superoxide
dismutase activity, reduce the malonic dialdehyde and
hydroperoxide contents with increasing the total anti-
oxidant capacity.
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