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Ileab 0630pa — aHAIU3 POJIN ATIONTO3a B ITATOTEHE3€ HEKOTOPBIX KPUTHYECKUX COCTOSHUIA 1 ONMcanue ocobeH-
HOCTell GUOXMMUYECKUX TIPOIIECCOB, BOBJIEUEHHBIX B €ro pazsutue. B crarTbio BriaoueHo 117 mybaukanuii, B Tom
yuciie 76 3a MocJaeIHUE TATh JieT. AHaIu3 00CyKIaeMbiX padoT MOKA3bIBAET, YTO CIOCOOHOCTD YIPABJIATH SHIOTEH-
HBIMU AIONITUYECKUMU TIPOIECCAMU OTKPIBAET BO3MOKHOCTHU st PaspabOTKU MOAXOA0B (PYHKI[MOHAIBHOI Teparun

pazna 3abosieBaHui.
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The purpose of the overview is to analyze the role of apoptosis in the pathogenesis of critical illness and discuss
specific features of contributed biochemical processes. The paper reviews 117 publications, 76 of which were pub-
lished during the recent five years. Published data show that the ability to control endogenic apoptotic processes
offers opportunities for the development of functional therapy approaches to various diseases.
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BBenenune

Arorto3 (0T JPEBHETPEYECKOTO CI0Ba, 0003HA-
YAOIIETO «JIUCTOMA/[» ) MPeCTaBsieT co0oil (hopmy
3amporpaMMUpoOBaHHOl rubesu kiretok [1]. Buoxu-
MHUYECKHE COOBITHS, TIPOUCXOJISIINE TIPU AMOINTO3E,
MPUBOJIAT K XapaKTEPHBIM U3MEHEHUSIM ¥ IO KJle-
TOK. /laHHbIe U3MEHEHUS BKJIOYAIOT CXKaThe S/pa U
ero hparMeHTaIno, a Takke (hparMeHTaIruo XpoMo-
COMHOII J1e30KcupubonyKIenHoBOl KucaoTol (JITHK)
U pacriaji MaTPUYHOU PUOOHYKJIEHHOBOU KUCIOTHI
(MPHK) [2].

Tepmut anortos 6o11 BBesieH B 1972 1. J.ER. Kerr
etal.[3],aB 2002 roxy Obuna npucysxaena HobemeBckast
npemust Bpennepy, P. Topsuity u [I. Cantony 3a paboty
10 U3YYEHUIO TEHETUYECKON PETYJIAINN OPTaHOTCHE3a
U <IIPOrPAMMUPYEMON CMePTH» KJIETOK. B psizte my6im-
KaIlii o[poOHO OMUCAHBI MEXaHU3MbI HHIYKI[UH U
peryzsiiun arontosa [4—14]. OqHako ganHbie O PoOJn

Introduction

Apoptosis (from Classical Greek word meaning
‘leaf fall’) is a form of programmed death of cells [1].
Biochemical events occurring during apoptosis lead to
characteristic changes and death of cells. Such changes
include nucleus compression and fragmentation as
well as fragmentation of chromosomal desoxyribonu-
cleic acid (DNA) and degradation of messenger ri-
bonucleic acid (nRNA) [2].

Term ‘apoptosis’ was introduced in 1972 by J.ER
Kerr et al. [3], and in 2002 the Nobel prize was
awarded jointly to Brenner, R. Horvitz and John Sul-
ston for their investigation of «genetic regulation of
organ development and programmed cell death». A
plenty of papers have described apoptosis induction
and regulation mechanisms in detail [4—14]. However,
data concerning the role of apoptosis during different
critical states have emerged only recently.
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arorTo3a MPH PAa3TMUHBIX KPUTHUIECKUX COCTOSTHUSIX
MOSIBUJICH TOJIBKO B TIOCJIE/IHIE TO/IbI.

Ha coBpemeHHOM 3Tarie pasBUTHS HAYKH alloONTO3
CUNTAETCS] KPUTHUYECKUM (haKTOPOM B OTHOIIECHUN
MOTEHITNATBHBIX KJIETOUHBIX OTBeTOB [15—21], omHako
GoJiee IeTajIbHas KapTUHA BOBJIEYEHHBIX B allONTO3 BHYT-
PHUKJIETOYHBIX ITPOIIECCOB €llle He COBCEM siCHA. bostee
TOTO, MHOTO HETTOHSITHOTO OCTAETCST M B OTHOIIEHHUHN PETy-
JISTOPHBIX MEXaHM3MOB OCHOBHOTO TIPOTIECCA «ITPOTPaM-
MUPYEMOii cMepTH» KJIETOK. [l0Ka3aHo, 4To CiocoOOHOCTh
KJIETKH MOJTYJINPOBATh TIPOTIECCHI, IPUBOJISIIINE K SKU3HI
WJTA CMEPTH NMEET OTPOMHBIH TepaieBTHIECKUH TIOTEH-
nman [22, 23]. B nocrenmme rojibl MosiBUJIACh BO3MOJK-
HOCTB OIIPEEJIATH Pa3HOOOpasHble ChIBOPOTOUHBIE Map-
Kepbl arontosa [24—26]. B nacrosiiee Bpems usyuenue
aronTo3a, 0COGEHHO IIPU KPUTHYECKUX COCTOSHMSIX,
(hokycupyeTcst Ha BbISICHEHUHN 1 aHATTM3€ MOJIEKYJISIPHBIX
MEXaHU3MOB 1 CUTHAJIBHBIX TTyTeH, KOTOPBIE KOHTPOJIH-
PYIOT OCTAaHOBKY KJIETOUHOTO IHKJA W MOCTEAYIONHe
HPOIIECCHI, IPUBOJISAIIIE K TMOEIN KIIETKH.

OcHoBHbBIE 3TanbI aOITO3a

Aronto3 wiu 3anporpaMMupoBaHHast THOEND
KJETOK — 9TO Ba)KHbIA OMOJOIMYECKHIl IIPOLecE,
KOTOPBII IIOMOTAET OPraHu3My U30aBUTHCST OT MTOTEH-
IUATTBHO OMACHBIX KJIeTOK. Kora kieTka mojBepraet-
cs anorrrody, ee JIHK pacuienisiercst na hparmeHTbl
1pu momolu «anormnros-crenuduueckoin JIHK-anm0-
HykJieasbly», uzBectnoit kak CAD /IHKa3za (caspase-
activated DNAase) [27]. B kome4HoM HTOre KIeTKa
pacnazaercd Ha Mejkue (parMeHTbl, KOTOPble B
nocJeayomeM Gy/yT MOTJIONEHbI 3/I0POBBIMU KJIET-
KaMu OJIKaiiero OKpyskeHust (apeHXnMaTO3HbIMU
kierkamMu miau Makpodaramu). IlIporece rubenu
COTIPOBOJK/IAeTCS KOHJleHcaluell u hparMeHTalueit
XpoMaThHa B pesyJibraTe 00pa3oBaHust GEIKOBBIX
KOMIIJIEKCOB, KOTOPbIE CBA3BIBAIOT JIMTAH/IBI AIIOTITO32
C UX pelenTopaMiu. YKazaHHble KOMIIJIEKChI TeHepH-
PYIOT U aKTUBUPYIOT MHUIIUUPYIOIINE KACTIa3bl, KOTO-
pble 3aTeM 3aITyCKAIOT U pacIlelisgsioT ahGeKTopHbIe
KacIasbl, HalleJeHHble HA KOHKPETHbIE KJIETOYHBIE
cyberparsl g mporeosmsa  [28—34]. Kacmass
ABJISIOTCS KJIOYEeBbIMU (hepMEHTAMU, YYaCTBYIONIMMU
B aIlOIITO3€, M OCTAIOTCH KATATUTHYECKN aKTUBHBIMU
TOJIBKO B TIpoliecce aronrto3a. IIpu aTom kacraspl
HAIPAMYIO HHTHOUPYIOTCS criennpudeckumu Geska-
Mu-uHrubuTopamu anonrtosa — Inhibitors of apopto-
sis proteins (IAP) [35—39]. HeaktusHbie (hopMbI yKa-
3aHHBIX IPOTea3 Ha3bIBAIOTCA  IIPOKACIIa3aMHu,
KOTOpbIe aKTUBUPYIOTCS JPYTUMHU KacllazaMu ITyTeM
OTPAHUYEHHOTO TIPOTEOJUTUYECKOTO paCIlerieHns.
AKTHBHBIE KacIasbl CIIOCOOHBI PACIIEILIATH GEI0K-
unruburop JHKasbl, TeM caMbIM BbI3bIBas aKTUBHBIIA
rugposns JJTHK u nocienyionryio rubesb KJIeToK.

CurnaJipl BbI30Ba alloNnTo3a

Cy1iecTByeT /1Ba TUIIA CUTHAJIOB, KOTOPBIC MOTYT
BBI3BIBATD AIIONTO3: «CUTHAJIBI CMEPTU» 1 BJIUMUHAIIS

At the present stage of science development,
apoptosis is considered a critical factor in respect to
potential cell responses [15—21], though a more de-
tailed picture of intracellular processes involved in
apoptosis still remains not quite clear. Moreover, there
is yet a lot to understand regarding regulatory mech-
anisms of the main process of ‘programmed death’ of
cells. It has been proven that the cell ability to mod-
ulate processes leading to the life or death possesses
strong therapeutic potential [22, 23]. In recent years,
it has become possible to identify various serum mark-
ers of apoptosis [24-26]. Investigation of cell apopto-
sis, especially in critical illness, currently focuses on
finding out and analyzing the molecular mechanisms
and signal pathways that control the cell cycle and
subsequent processes leading to cell death.

Main Stages of Apoptosis

Apoptosis, or programmed cell death, is a biolog-
ical process that helps the body to get rid of poten-
tially dangerous cells. When cell undergoes apoptosis,
its DNA breaks down into fragments with the help of
‘apoptosis-specific DNA-endonuclease’ known as
CAD DNAase (caspase-activated DNAase) [27]. In
the end, the cell breaks down into subcellular frag-
ments, which will be later absorbed by immediately
surrounding healthy cells (parenchyma cells or
macrophages). The process of death is accompanied by
condensation and fragmentation of chromatin as a re-
sult of formation of protein complexes binding apop-
tosis ligands with their receptors. The said complexes
generate and activate initiating caspases that there-
after start and break down effector caspases targeted
to specific cell substrates for proteolysis [28—34]. Cas-
pases are essential enzymes involved in apoptosis that
remain catalytically active only in the course of apop-
tosis. At that, caspases are directly inhibited by spe-
cific proteins — apoptosis inhibitors: inhibitors of
apoptosis proteins (IAP) [35-39]. Inactive forms of
the said proteases are called procaspases, which are ac-
tivated by other caspases through limited proteolytic
degradation. Active caspases are capable of breaking
down DNAase inhibitor protein, thus inducing inten-
sive DNA hydrolysis and subsequent cell death.

Signals Causing Apoptosis

There are two types of signals that can induce
apoptosis: ‘death signals’ and elimination of survival
factors in cells [40]. In case of apoptosis induction via
activation of ‘death signals’, cells express CD95 or
other similar proteins referred to as ‘death signals’ on
the surface, which would activate procaspases later
and finally initiate apoptosis. In case of induction of
apoptosis related to survival factors, mitochondria
play an important role [41, 42]. Proteins called anti-
apoptotic are found on the outer membrane of mito-
chondria. The function of these proteins is to prevent
apoptosis development in cells exposed to survival
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B KJeTKax (pakTopoB BbrkuBanus [40]. [Ipu wapykium
aTIoNTO3a, MMOCPEJICTBOM «CUTHAJIOB CMEPTU», KJIETKA
GyzieT HaKarIMBaTh Ha cBoeii mosepxuoct CDIS5 wiru
ApyTHE NOA06HbIE GETKH, KOTOPBIE HA3BIBAIOTCST «CUT-
HAJIAMU CMEPTH», YTO BIOCJEJACTBIU Oy/eT MPUBJIE-
KaTh IMPOKACIIA3bI K TIOBEPXHOCTU KJIETKU, UX aKTUBA-
W10, YTO B UTOTe MPUBENET K MHUIIMAIINU ATIONTO3a.
[Tpu wHAYKIMK amo1nTO3a, CBI3AHHOTO ¢ (haKkTopaMu
BBIKUBAHUSI, BA)KHAST POJIb OTBOJAUTCS MUTOXOHIPUSIM
[41, 42]. Besku, HazbIBaeMble aHTUATIONTOTHYECKUMU,
HAXO/ATCA Ha BHeENIHeH MeMOpaHe MUTOXOHIPHIA.
DyHKIMS 9TUX OETKOB 3aKII0YACTCS B IPEOTBpaliie-
HUW PA3BUTHUSI ATIONTO3a B KJIETKAX, TIOBEPTAIOIIUXCST
BO3JlelicTBUIO (hakTOPOB BbIKMBaHus [43]. Jpyrue
GeJIKH, HAXOJIAIIMECS] B PABHOBECUY C aHTHATIOTI TOTH-
yecknMu GesIkaMu U ClIOCOGHbBIE aKTHBUPOBATH ATIOTN-
TO3, Ha3bIBAIOT TTpoarontorndecknumu [44]. Korza ak-
TOPBI BBIKUBAHWS BBIBOJATCS U3 KJIETKHU, HTOT GalaHC
HAPYIIAETCsI, BCJECTBIE Yer0 PABHOBECHE CMEIITAETCST
B CTOPOHY CUHTE32 ¥ HAKOILTIEHS TIPOATIONITOTUYECKIX
6enkoB. B pesysbraTe yBelIMUNBAETCS BEPOATHOCTD
TOTO0, UTO TAKasl KJIETKA TIOIBEPTHETCS AMIONTO3Y.

HerO3 H alloIITO3

Boigengior, mo-kpaiineii Mepe, iBa OCHOBHBIX
Tuna TuOen 3yKapUOTUIECKUX KIETOK — HEKPO3 U
aronTo3 [45], CyIecTBEHHO OTJINYAIONTUXCST MOPGhO-
JIOTUYECKU U OUOXMMUYECKL.

Cunraercs, 4TO HEKPO3 SABJISETCS OTBETOM KJIET-
KU Ha BHEIIHWE BO3/IeHCTBUS: TUIIOKCHIO, TUIIOTEP-
MUIO, TOKCUHBI, BUPYCHI, T.€. BO3/IeHICTBUS, KOTOpbIE
PE3KO MEHAIOT HOPMaJIbHbIe (hU3U0JIOTHYECKHE YCIIO-
BUST JKU3He/leITeIbHOCTU KieToK [4]. Hexpos mpuso-
JIUT K TIOSBJIEHUIO TOOOUYHBIX TIPOAYKTOB, 06pasyio-
HIMXCS TPU TPABME, UM TOKCUHOB, 4TO BIIOCJIEACTBUN
MOJKET BBI3BAaTh Bocmajienue. [ubesb KIeTok mocpes-
CTBOM HEKPO3a BpeJlHa JIJI OPraHu3Ma, XOTsI MHOTHE
MPOJIYKTBI HEKPO3a BHICBOOOIKIAIOIIIECS] B KDOBSIHOE
pyCJIO, U3BECTHBI KaK CUTHAJbI, UWH(MOPMUPYIONIIE
KJIETKH OpraHusMa 00 OMacHOCTHU, TOT/IA KaK aloITo3
SABJISETCS BAKHBIM JIJIF JKM3HU OPTaHU3Ma [TPOIECCOM,
IIPU KOTOPOM KJIETOYHAS CMEPTb HEe OCTaBJISeT 32
€000ii T060YHBIX IIPOLYKTOB I KAKUX-JIHO0 APYIHUX
TOKCUYHBIX METAO0JIUTOR.

ATIO1ITO3 MOKHO TIPEJCTaBUTD, KaK aKTUBHBII
CYUILIUIHBIN TTpollecc, HaIIpaBJIeHHbIN Ha IIPeIoTBpa-
nenne /IHK-3aBUCHMBIX CUHTETMYECKUX PeEAKIIUI
aMOpuo- u Mmopdorenesa [5].

XapakrepHoil 0COOEHHOCTHIO AIlOIITO3a SBJISET-
¢ KoJIamc gapa. XPpOMAaTHH, KOTOPBIA OOBIYHO
COCTOUT U3 CMETTAHHBIX OTKPBITBIX U KOHJIEHCUPOBAH-
HbIX 00J1acTeil (rerepoXpoMaTH 1 9yXPOMATHH ), CTa-
HOBUTCA CYIEPKOH/IEHCUPOBAHHDBIM, IIPE/ICTaBJILA
€060l IOIyMecsLbl BOKPYI SAEPHOH 0OOJIOUKM.
CTpyKTYypPHBIM KOPPEJISITOM allolTo3a sBJisieTcst hpar-
menranus [IHK [37, 46]. Ira nerpagaiust CTpyKTypbl
XpOMaTHHA OTPa)kaeT AeHCTBUE IHAOHYKJEa3bl Ha
Mesxknykiaeocomuble yuyactku JITHK, memocrarouno

molecules [43]. Other proteins, which are in equilib-
rium with antiapoptotic proteins and capable of acti-
vating apoptosis, are called proapoptotic [44]. When
survival factors are eliminated from the cell, this bal-
ance is upset, in consequence of which equilibrium
shifts towards synthesis and accumulation of proapop-
totic proteins. As a result, the probability that such
cell will undergo apoptosis rises.

Necrosis and Apoptosis

At least two main types of cell death are distin-
guished: necrosis and apoptosis [45], which are essen-
tially different in terms of morphology and biochemistry.

Necrosis is considered a cell response to external
effects: hypoxia, hypothermia, toxins, viruses, i.e. ef-
fects that change drastically the normal physiological
conditions of cell activity [4]. Necrosis leads to emer-
gence of by-products formed during a trauma, or tox-
ins, which might cause inflammation. Cell death by
necrosis is harmful for the body, though many necrosis
products released into blood stream are known as sig-
nals informing cells of the body about a danger, while
apoptosis is a process important for the body life when
cell death does not leave behind any toxic by-products
including toxic metabolites.

Apoptosis can be imagined as an active suicidal
process aimed at prevention of DNA-dependent em-
bryo- and morphogenesis synthesis reaction [5].

Nucleus collapse is a characteristic feature of
apoptosis. Chromatin, which usually consists of mixed
open and condensed areas (heterochromatin and eu-
chromatin), becomes supercondensed, looking like
crescents around the nuclear envelope. The structural
correlate of apoptosis is DNA fragmentation [37, 46].
This degradation of the chromatin structure reflects
the action of endonuclease on internucleosomal DNA
regions insufficiently protected by histones. This en-
donuclease has not yet been identified in spite of the
fact that caspase-activated-DNAase has been attract-
ing much attention of scientists [27].

It is known that the cell can repair a limited quan-
tity of simultaneous double-stranded breakes in DNA
and that during apoptosis DNA is damaged extensively
(up to 300 000 DNA brakes per chromosome) [47].

Microscopy visualization reveals that during
apoptosis the nucleus is destroyed and express struc-
tural features reminding bead-like structures. Their
volume occupies one third of the nucleus volume ap-
proximately. The membrane remains intact, though
membrane phospholipids are redistributed [7].

From the very beginning of apoptosis process,
cells get heavily compressed losing about a third of
their volume within a few minutes [11]. The mecha-
nism of cell compaction remains unclear; however, it
should include redistribution of ion and water, proba-
bly, due to atypical activation of ion channels related
to plasma membrane [15]. This ‘shrinkage’ is well seen
in the cell culture and in in vivo. It has been shown
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3alruieHHbie TucToHaMu. /lannast aH7I0HYKIeasa ere
He IeHTU(GUIIIPOBAHA, HECMOTPSI HA TO, YTO Kacma-
saktuBupyemasi-/| HKasza B mocsiennee Bpems rpusJie-
KaeT 3HaUNTeJIbHOE BHUMaHUe yueHbIx [27].

V3BecTHO, UTO KJIETKA MOKET BOCCTAHABJIUBAThH
OrpaHIYEHHOE KOJIMYEeCTBO OJIHOBPEMEHHBIX JBYXIlE-
noueunbix pa3peiBoB B /JIHK, a nmpu anonrose npo-
ucxozaut obmupuoe nospexaerne JHK (go 300000
Pa3pbIBOB Ha XpoMocomy) [47].

[Tog MUKPOCKOTIOM ITPH IO TO3€ BU3YATU3UPY-
eTcs sI/IpO, KOTOPOE Pa3pyIIUJIOCh M HATIOMUHAET
IJIOTHBIE OYCUHOIOLOOHBIE CTPYKTYPhL. VX 00beM
3aHUMAET MPUMEPHO TpeTh oObeMa sijipa. [Ipu atom
MeMOpaHa 0CTaeTcst HETPOHYTOH, oiHaKo ee hocdo-
JIUTIA/IBI TIepepacipeetsiorcs [7].

B nauaste arionTosa KJIeTKU CUJIbHO CXRIMAIOTCS,
Tepsist OKOJIO TpeTH 00beMa 32 HECKOIbKO MUHyT [11].
MexaHW3M YIJIOTHEHUST KJIETOK OCTAETCST HEU3BECT-
HBIM, OJIHAKO OH /I0JIXKEH BKJIIOUATh Ilepepacipeieie-
HI€ WMOHOB, a TaKyke BOJbI, BO3MOKHO, GJaarogapst
HEeOOBIYHON aKTHBAIMN MOHHBIX KAHAJIOB, CBSI3aHHBIX
¢ mIasMaruyeckoii memOpanoii [15]. dra «ycanka»
XOPOIIIO BUJHA B KYJIBTYPE KJIETOK, a TAKXKe in vivo.
[Toxazano, uToO B Ipollecce «yCaAKU» ITPOUCXOJIST
3HAUYMUTeJIbHble WM3MEHEeHUs B LHUTOCKesaere [6].
PesybraToM aTOr0 SABJISIETCS CBOEOOPA3ZHOE SHEPTIY-
HO <KUIISATIEee» eHCTBIE MIa3MaTUYeCKONH MeMOPAHBI.
BesenietBuie aToro anonroruyeckast KieTka 0ObIYHO
Pa3pbIBaeTCs HA OT/EIbHBIE ANIONITOTUYECKUE TEJIbIIA,
HEKOTOPbIE M3 HUX COfIepKaT XpomatuH. HeussecTHo,
KakuM 00Pa3oM aTH M3MEHEHUsI TIPUBOAT K THOEIIH
KJIeToK. VI3BecTHO, 4YTO B Hayaje arorTo3a, KOoria
KJIETKA ellle JKU3HEeCTI0CoOHa, OHA PACTIO3HAETCS IPY-
roit kjieTkoil u daronutupyercst, norubdasi BHyTpu
baronura [45]. [Toatomy, ipearionaraemasi 1eJb BCexX
HTUX U3MEHEHUH MOJKET 3aKJII0YaThCsl B TOM, YTOObI
KJIETKA BO-BPeMsl IOIJIOIIAJNACh IPYroil KJETKOI,
IpesK/Ie YeM y Hee MOsSBUTCS BO3MOKHOCTD BBICBOOO-
IUTb CBOU TOKCUYECKUE JIJIsST KII€TOUHOTO OKPYIKEHUSI
IPOIYKTBHI U BBI3BATH BOCITAJIEHIE.

ATII0TITO3 TaK)Ke CONPOBOK/IAETCS U3MEHEHUSIMU
M1a3MaTHYeCKOi MeMOpaHbl, HanboJIee OYEBUIHBIM
U3 KOTOPBIX SIBJISIETCSl HAKOILUIEHWE HA BHEITHeil
MOBEPXHOCTH MeMOPaHBI MOJIEKY.I hocaTuauicepu-
na (PS) [48]. @aronuTapuble KJIETKH, UMEIOIIIE
pettenitopsl k PS, pacriosHaior, cBSI3bIBAIOT U MOTJIO-
IIAIOT €II[e KUBbIE KJIETKI, HAXO/SIIUECS B COCTOSTHIH
anonrosa [49]. Takum o6pasoM, amonToTHYecKast
KJIETKA HE HMeeT BO3MOKHOCTH JIM3UPOBATHCS U
BBICBOOOK/IATH BO BHEKJIETOYHOE IIPOCTPAHCTBO MOJIE-
KyJIbI, BbI3bIBalOIIME Bocnasenue. Kpome toro, mak-
podar, KOTOpbIil pacro3HaeT KJIETKY KaK alonTuye-
CKyIO, He aKTHBUDYETCsd, IMO0ITOMY VyaJeHue
ATIOTITOTUYECKUX KJIETOK SBJII€TCS (PU3UOJIOTUIECKIM
U He3aMeTHBIM IpolileccoM. IIpaBuiibHoe yzaaneHue
ATONITOTUYECKUX KJIETOK HACTOJIBKO BAa’KHO, UTO B
JIOTIOJIHEHUE K CUCTEME PEIeNITOPOB, CBSA3BIBAIOIINX
PS, cymiecTByeT MHOKECTBO IPYTUX MEXAHU3MOB JIJIsT
uX pacriostaBanus [4, 50].

that in the process of ‘shrinkage’, significant changes
take place in the cytoskeleton [6]. The result thereof
is a peculiar, energetically ‘boiling” action of plasma
membrane. As a consequence, the apoptotic cell usu-
ally breaks into separate apoptotic bodies, some of
which containing chromatin. It is unknown how these
changes lead to cell death. What is known is that at
the beginning of apoptosis, when the cell is still viable,
it is recognized by another cell and gets phagocytosed
dying inside the phagocyte [45]. Therefore, the sur-
mised aim of all these changes might be to ensure that
one cell would be timely absorbed by another cell be-
fore it will have an opportunity to release its products
toxic to the cell surrounding and cause inflammation.

Apoptosis is also accompanied with plasma mem-
brane changes, the most obvious of them include the
accumulation of phosphatidyl serine (PS) molecules
on the outer surface of membrane [48]. Phagocytic
cells expressing receptors to PS recognize, bind and
absorb still alive cells, in which apoptosis has been ini-
tiated[49]. Threfore, apoptotic cell release molecules
causing inflammation into the extracellular space. Be-
sides, the macrophages that recognizes a cell as apop-
totic are not activated. This is why elimination of
apoptotic cells is a physiological and unnoticeable
process. Proper elimination of apoptotic cells is so im-
portant that in addition to the system of PS-binding
receptors there are other mechanisms for their recog-
nition [4, 50].

The Role of Steroids in Cell Death

In the study by A.Yu. Baryshnikov and Yu.V.
Shishkin, it was demonstrated that thymocytes died
in the culture during exposure to glucocorticoid at
concentrations corresponding to concentrations of
steroids that occur every day at a peak of circadian
cycle [51]. In vivo more than 95% of cells formed by
thymus die and less than 5% mature into competent
T-cells. The death of thymocytes under the action of
steroids has long been considered a physiological
process [2]. An important role of steroids in the ma-
turing of thymus cells has been proven [52]. It has
been established that glucocorticoids eliminate thy-
mus cells through apoptosis [53], manifesting their ac-
tivity solely via gene transcription activation.
However, when thymocytes were exposed to a lethal
dose of dexamethasone, cells did not die in the pres-
ence of transcription blockers [45]. Steroids did not
kill cells directly; most likely, they induced their death
by activating other mechanisms. In the course of those
experiments it was proven that if death genes are
switched on in one type of cells, all cells in the human
body might act similarly because they have the same
genome [51]. That is why any cell in the body might
undergo apoptosis, and if we can understand how to
switch these genes on and off, then the cell that should
die can be saved by use of a strategy switching these
genes off.
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PoJib cTEpOHIOB B THOEU KJIETOK

B ncerenosarmm A. 0. bappmmmmkosa u 1O. B. 1n-
TTKIHA GBITH TOTYYeHbI THTEPECHDIE TAaHHbIE, TOKa3aB-
IIMe, YTO TUMOIIUTBI OTHOAN B KYJIBTYPE IIPU 9KCITO-
3UNNN € TJIIOKOKOPTUKOWIAMU B KOHIIEHTPAITHH,
COOTBETCTBYIOITEN paBHOW TOM KOHIIEHTPAIINY CTEPOU-
TI0B, KOTOPast IOCTUTAETCST KKl IeHb Ha ITHKE IHp-
KaHoro 1mKIa [51]. In vivo ymupaet 6otee 95% KIIETOK,
KOTOPBIE 00PA3yIoTCst B TUMYCE, K MEHee 5% CO3PEBAIOT
B KomrieTeHTHbIe T-KjaeTku. CMepTh TUMOITUTOB TIOJ
JefiCTBHEM CTEePOU/IOB IaBHO CYNUTAETCS (prsmosornye-
cknM tiporteccoM [2]. /lokazana BaskHasT poJib CTEPOU-
JIOB B CO3PEBaHNU KJETOK TuMyca [52]. YcranosieHo,
YTO TTIOKOKOPTUKOW/IBI SITUMUHUPYIOT KIETKH THMYCa
Yyepe3 amnomnTo3 [53], MpOsBISAs CBOIO aKTUBHOCTD
HCKJTIOUNTETBHO TTOCPE/ICTBOM aKTHBAIIH TPAHCKPHUTI-
1 TeHoB. OTHAKO KOTIa TAMOIATBI OBLIH MTOIBEPTHY -
TBI BO3/IEHICTBUIO JICTATBHO J03BI IEKCAMETA30Ha, B
TPUCYTCTBUU GJIOKATOPOB TPAHCKPUTIIIUY KIETKU HE
norubasm [45]. Cteponzibl He yOUBAIN KIETKH HETIO-
CPE/ICTBEHHO; CKOpee BCETO, OHM WHIYIIMPOBAIN WX
rubesTh, aKTUBUPYS APYTHe MeXaHM3Mbl. B mporiecce
MAHHBIX HKCTIEPUMEHTOB OBLTO JIOKA3aHO, YTO €CTIU Y
OJTHOTO THTIA KJIETOK BKJTIOUAIOTCSI TEHBI CMEPTH, TO BCE
KJICTKU B OPraHN3Me YeT0BEKa MOTYT TIOCTYTIaTh aHAJIO-
TUYHO, TIOCKOJIBKY OHU MMEIOT OJIMHAKOBBIN TeHoM [51].
IMoatomy 06ast KIeTKa B OPraHu3Me MOKET TOBEp-
TaThCS ATOTITO3Y, U €CJIF MBI CMOKEM MOHSTB, KaK BKJTO-
9aTh 1 BBIKJIFOYATH 3TU TEHBI, TO KIJIeTKA, KOTOPast I0JTK-
Ha  yMepeTb, MOKET ObITb  COXpaHEHa [pPHU
HCTIOJTb30BAHUH CTPATETHH BBIKJIIOUEHHS ATHX T€HOB.

Ilytu peanusanumu
MEXaHU3MOB THOEJH KJIETOK

Besikmit pas, kora mo6ast KJIeTka TOIBEPraeTcst
aIoIITO3y 110 KaKOW-TO Ipuynte, MOphosoruieckue
M3MEHEHUs HOCST CTepeoTUTHbIHN XapakTep [11]. ITo
03HAYAET, YTO JOJIKHBI OBITh MHOKECTBEHHBIE TTYTH,
BeJlyle K OKOHYATEJIbHOMY, HHTETPATbHOMY TTYTH
aroITo3a.

OueBHIHO, YTO JJIst HEKOTOPBIX JIedeOHBIX TEIEi,
6BIT0 GBI Ty UIITe BO3/IEHCTBOBATE Ha OO My Th aTloTT-
T03a, HO B GOJIBITMHCTBE CJIyYaeB TepaleBTUUECKITe
BMEIIATETHCTBA JOJLKHBI IEHCTBOBATH HA KOHKPETHBII
CUTHAJ, TIPUBOJSTINN K arlONTO3y U CIeNN(UIHBIN
NI KaoKI0OHW KOHKpeTHOW kiyetku. Hampumep, Tak
MOZKHO OBLIO OBl IIPEJOTBPATUTH AllONTO3 B KapAHO-
MUOITUTAX TTOCJIE OKKJTIO3UN KOPOHAPHBIX apTepUit UK
B HelipOHAX Ha PaHHEM 3Tarle IMocJie UHCYJIbTA.

Yuacrue ImpoT€a3 B pa3BUTHUH AIIOIITO3a

[lytn peanusalii MEXaHU3MOB, KOTOpPbIE
COCTABJISIIOT TIPOrPAMMY CMEPTH KJIETOK, ellle He /10
KOHIIA TIOHSATHBI, O/IHAKO OTMEYAETCS OJ[HA TIOCJIE/I0-
BareJbHasi KADTUHA: yYacTHe IPOTeas B KaueCTBe CHUT-
HAJIOB JIJIsI PA3BUTUST OCIIE/AYIOIIUX AIIONITOTHYECKUX
cobbiTuii [27].

Implementation Pathways
of Cell Death Mechanisms

Every time when any cell undergoes apoptosis
for some reason, morphological changes have a stereo-
typic nature [11]. It means that there must be multiple
pathways leading to the final integral pathway of
apoptosis.

For some therapeutic purposes, it would be ob-
viously better to act upon the general pathway of
apoptosis, but in most cases therapeutic interventions
should act upon a specific signal leading to apoptosis
and specific for each particular cell. For example, it
would be possible to prevent apoptosis in cardyomy-
ocytes after coronary occlusion or in neurons at an
early stage after a stroke.

Involvement of Proteases
in the Development of Apoptosis

Molecular mechanisms that contribute to the
cell death program are not yet fully clarified; never-
theless, one consistent pattern is noted: involvement
of proteases as signals for development of subsequent
apoptotic events [27].

It is known that nematode Caenorrhabditis ele-
gans has 2 genes required for the programmed death of
131 cells, which develop but thereafter are lost during
maturing. They are referred to as Ced-3 and Ced-4. The
product of gene Ced-4 binds with protein Ced-3, acti-
vating it. Ced-3 is a cysteine protease [8].

There is also a gene inhibiting the processes of
death — Ced-9. 1f the product of gene Ced-4 is bound
to protein Ced-9 rather than to Ced-3, protease Ced-3
remains inactive and the cell does not die [8].

Humans have a number of cysteine proteases,
which are homologous to Ced-3 and linked with inter-
leukine-18-converting enzyme. Such enzymes are re-
ferred to as caspases (cysteine proteases) [28].

A majority of morphological changes observed
during apoptotic death of cells are induced by caspases
[28, 31]. That is why these proteases are considered
the central members of the apoptotic pathway. Cas-
pases involved in apoptosis are divided into two
groups: initiators and effectors [32]. It is known that
caspases are synthesized as zymogenes — enzymati-
cally inert proteins. The said inactive procaspases con-
tain three domains: N-terminal domain, p20, and p10.
An activated caspase is a heterotetramer containing
two heterodimers p20/p10 and two active sites [28].
Initiator caspases, which are activated in response to
proapoptotic stimuli, might be probably responsible
for activation of effector caspases.

In spite of the fact that numerous caspase sub-
strates have been found [29], the most studied fea-
tures of apoptosis are currently explained only by
some of caspase activities. In this group, caspase-3
seems to be the most important enzyme participating
in apoptosis. It is activated in many apoptosis models,
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WsBectHo, yTO Y HeMaTonHOTO YepBs Caenor-
rhabditis elegans cymecrByer 2 rena, HeOOGXOJUMbIX
IUIs 3alporpaMMupoBaHHoil tubenn 131 kiaerTku,
KOTOpblE Ppa3BUBAIOTCS, HO 3aTeM TepSIOTCS IIpU
cospesanun. Onu HasbiBalorcst Ced-3 u Ced-4. TIpo-
nykrt rera Ced-4 casbiBaercs ¢ 6enkom Ced-3, akTi-
Bupys ero. Ced-3 npejcrasisier coboii IIMCTEMHOBYIO
nporeasy [8].

Cy1ecTByeT TaksKe TeH, MHTUOUPYIOMUI Tpo-
neccol tubemu — Ced-9. Ecnu nponykr rena Ced-4
cBasal ¢ 6enkom Ced-9, a ne ¢ Ced-3, nporeasa Ced-3
0CTaeTCsl HeaKTUBHOI, U KieTKa He nmorudaer [8].

Y Jozieii cyniecTByeT psji IUCTEMHOBBIX 1TPOTe-
a3 roMoJIornuHbIX Ced-3, CBSI3aHHBIX C UHTEPJICHKIH-
18-nipeBpamaionum (GepMeHToM. ITH (HEePMEHTHI
Ha3bIBAIOT Kacra3amMu (IIMCTenHOBbIe TpoTeassbl) [28].

BoapmmuaCcTBO MOpdOIOTHYECKUX N3MEHEHNT],
HaGJI0IaeMbIX [IPHU allONTOTUYECKON rubenn Kie-
TOK, BbI3bIBaeTcs Kacrasamu |28, 31]. [Toatomy nan-
HbIE TTPOTEA3bl CANTAIOTCS IIEHTPATHHBIMU YIaCTHH-
KaMW{  allONTOTUYECKOTO  IYTH. Kacmassr,
YYaCTBYIONIUE B alIONTO3€, TTOPA3AEISIOTCS Ha J[Be
TPy WHUNWATOPHbIE U 3dderTopubie [32].
N3BecTHO, U4TO Kacma3bl CUHTE3UPYIOTCS B BUIE
3UMOTEHOB — (hePMEHTATUBHO HHEPTHBIX OEJNKOB.
YkazaHHble HEAKTUBHBIE TTPOKACTIA3bl COIEPKAT TPU
nomeHa: N-tepMuHaabHbIN 0MeH, p20 u p10. AxTu-
BUPOBaHHA Kacliaza MpejcTaBisieT coOOi rerepo-
TeTpaMep, cozepskaninii A3a rerepoaumepa p20,/p10
1 JIBa aKTUBHBIX caiiTa [28]. Bo3aMoxHO, MHUIINNA-
pyIoIKe Kacra3bl, KOTOPble aKTUBUPYIOTCS B OTBET
Ha IPOAMONTOTHYECKHE CTUMYJIbI, OTBETCTBEHHBI 32
AKTUBAINIO 3(D(HEKTOPHBIX KacTas.

HecMmotpst Ha TO, UTO BBISIBJIEHBI MHOTOUUCJICH-
Hble cyOeTparhl Kacias [29], xapakTepHble IPU3HAKU
aroNTo3a B HACTOSIIIEE BPEMS OOBSICHSIIOTCS TOJIBKO
HeKOTOpbIMU U3 HUX. Kacmasa-3 B maHHON rpytie
npejcTaBsieTcst HauboJiee BasKHbIM (hepMEHTOM, yua-
CTBYIOIIUM B arronTo3e. OHa aKTUBUPOBAaHA BO MHO-
T'UX, HO He BO BCeX MOjieJigx arnornTosa [27], u nmeer
psz cyoerparos. Hanpumep, Kacrniaza-3 paciierisier
uHrn6upyoulyto cyobeaunuiy JTHKasbl, nmpusoss-
Y10 K aKTUBAIUN KaTAIUTHIECKON CyObeINHUIIBI 1,
TakuM 00pa3oM, MPUBOAUT K MEKHYKJICOCOMHOU
dparmenrtarmu ITHK [27, 37, 46, 47, 54].

Kacmasa-3 MoseT ObITh aKTHBHPOBAHA JAPYTOM
Kacrasol 1Mo BOCXOASAIIEMY ITyTH (Harpumep, Kacia-
30i1-8) [33]. Cama kacmasza-8 akTuBUpPyeTCs, KOT/ia OHA
B3aUMOJIEHCTBYET ¢ KOMILJIEKCOM OEJIKOB MJIa3MaTu-
yeckoil MemOpanbl, Braodaioniem CD95 nau First
Apoptosis Signal Receptor — Fas, u apanrepHbiit
6estok [55]. K akTuBaIuu kacnassi-8 IPUBOAUT My Th
KJIETOYHOI rrbesin, HHUIIMHPOBAHHBIN TIOCPEACTBOM
B3aUMO/IECTBUS ONPe/IeJIEHHBIX YJIEHOB CeMelCcTBa
perenTopoB (hakTopa HEKPO3a OMyXOJH (MU perern-
TOPOB TUOEJH, CBA3AHHBIX € MJIa3MaTHIECKOH MeM-
6panoii) [56]. Takum oOpa3oM, BHEIIHIE CHUTHAJIBI
peoOpasyroTCcsl B CUTHAJIBI CMEPTH BHYTPH KJIETKH.
Kacnaza-9 aktuBupyercda mpu B3anMOJEHCTBUU C

but not in all of them [27], and has a number of sub-
strates. For example, caspase-3 breaks down the in-
hibiting subunit of DNAase that leads to activation
of catalytic subunit that leads to internucleosomal
fragmentation of DNA [27, 37, 46, 47, 54].

Caspase-3 can be activated by another caspase by
the ascending pathway (for instance, by caspase-8) [33].
Caspase-8 itself is activated when it interacts with the
plasma membrane protein complex, which includes
CD95 or First Apoptosis Signal Receptor — Fas, and
adaptor protein [55]. Caspase-8 activation results from
the cell death pathway initiated by means of interaction
of specific members of the family of tumor necrosis factor
receptors (or death receptors related to the plasma
membrane) [56]. So, external signals are converted into
death signals inside the cell. Caspase-9 is activated
through interaction with several factors including mam-
malian analogue of protein Ced-4, which is referred to
as apoptotic protease activator [57, 58].

However, caspases are not the only proteases
that are involved in apoptosis. For example, members
of the family of calpain- Ca?*activated / calmodulin -
proteases are capable of breaking down the same sub-
strate as caspase [59]. Calpain—calcium-dependent
cysteine protease is apparently necessary for apoptosis
of a number of cells including thymocytes and neu-
trophils [45, 53, 60]. Inhibition of calpain lessens the
level of brain damage in rats with experimental stroke,
which supports the hypothesis that during a stroke it
is apoptosis that causes a considerable portion of brain
cortex injuries, which were previously considered
purely necrotic [7, 61].

In this connection it has been surmised that pro-
teases are involved in apoptosis as signals because, in
contrast to other known signal pathways, proteolytic
degradation in the cell during apoptosis is an irre-
versible process, which makes the cell to move along
the path towards its destruction [12, 25].

Besides, apoptosis involves specific endonucle-
ases and chromatin-modifying factors — endonuclease
G and apoptosis-inducing factor (AIF), which might
repeat some structural changes of the nucleus that are
typical for the caspase-dependent apoptotic process.
Some factors, such as the first receptor of apoptosis
signal and caspases, promote apoptosis, while some
members of Bel-2 family (B-cell Lymphoma 2) inhibit
apoptosis [58, 62—64].

Interestingly, cytotoxic T-lymphocytes facilitate
apoptosis of contacting target cells by delivering
granzyme B into cell, which has substrate specificity
similar to caspases [65].

Factors Associated
with Apoptosis Activation

There are three mechanisms by means of which a
cell dies during apoptosis: one is generated by signals
generated intracellularly, the second is initiated by death
activators linked with receptors on the cell members,
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HECKOJIbKUME (DAaKTOPAMU, BKJIIOUYAsi aHAJIOT Oeska
Ced-4 MIeKOTIUTAIONINX, HA3BIBAEMBII MO TOTHYE-
CKHM aKTHBaTOPOM IpoTeassl [57, 58].

OpHaKo Kacrasbl He SIBJISIOTCS €INHCTBEHHBIMU
pOTea3aMu, KOTOPbIE, BOBJIEUEHBI B anonTo3. Harmpu-
Mep, WieHbl ceMelicTBa Kasbiiand-Ca? akTHBUpOBaH-
HBIX/ KaJbMOJYJINH-TIPOTEA3, CIOCOOHBI PACIIEILIATH
Takue ke cyOcTparhl Kak Kaciaza [59]. Kajbmann—kaib-
IMi1-3aBUCHMAsT IMCTENHOBAS TIPOTEA3a, TI0-BUIUMOMY,
HEOOX0/IMMA JIJIST ATIOTITO3a Psifia KIIETOK, BKIIFOYAst THMO-
uuThl U Heiirpoduabl [45, 53, 60]. Murubuposanue
KaJIbIIaHA YMEHbIIIAET CTETeHb MOPAYKEHMUS MO3Ta KPBIC,
C DKCIIEPUMEHTAIBHBIM UHCYJIBTOM, YTO TIOITBEPIKIAET
TUTIOTE3Y O TOM, YTO TIPH UHCYJIbTe UMEHHO allolTo3
006YCIIOBIMBAET 3HAYNTEBHYIO YACTh TOPAKEHUH KOPbI
TOJIOBHOT'O MO3Ta, KOTOPbIE PAHee CYMTAIUCH YHCTO HEK-
porudeckumu [7, 61].

B cBs1311 ¢ 5THM OBLIO BHICKA3aHO TIPE/OIOKEHIE
0 TOM, YTO TIPOTEA3bI YYACTBYIOT B AIIONTO3€ B KAUECTBE
CHTHAJIOB, IOTOMY YTO B OTJIMYME OT IPYTUX U3BECTHBIX
CUTHAJIBHBIX ITyTelf, TPOTEOTMTUYECKOE PACIIeNIeHne
B KJIETKE MPH aTlONTO3€ SIBJSETCST HEOOPATUMBIM TIPO-
I[ECCOM, YTO 3aCTABJISIET KJIETKY TIPOBUTATHCS 1O Ty TH
K cBoeMy paspyinenuio [12, 25].

Kpowme Toro, B anomnTo3 BoBJjieueHbl KOHKPETHbIE
9HIIOHYKJI€A3bl 1 XPOMATUH-MOAUpUIIpYolire (hak-
TOPBI — dHJIOHYKIea3a G 1 aronTo3-uHIYIUPY IO
akrop (AIF), koTOpble MOTYT TOBTOPATH HEKOTOPbIE
CTPYKTYDPHBIE UBMEHEHUST SI/IPA, KOTOPBIE XaPAKTEPHBI
TSI KacIa3a-3aBUCUMOT0 allONTOTUYECKOTO TTPOIECCa.
[Tpu sTOM HekoTOPBIE HAKTOPHI, TAKME KAK MEPBBII
PELENTOp CHUrHAJNA AloNTO3a W KACHasbl, CHOCOO-
CTBYIOT aIlOIITO3Y, B TO BPEMsI KaK HEKOTOPBIE YJIEHbI
cemeiictBa Bel-2 (B-cell Lymphoma 2) unru6upyior
aronTos |58, 62—64].

Wurepecho, uto riurotokcyeckue T-mumdborim-
TBI CIIOCOOCTBYIOT AIOITO3y KOHTAKTUPYIONTUX KJie-
TOK-MUIIIEHEH ITyTeM JIOCTaBKH B KJIETKY TpaH3nmMa B,
KOTOPBIH UMEET CXOHYIO C Kacla3aMu cyOcTpaTHYIO
crernduaHOCTb [65].

d)aKTopr, aCCoIMMpoOBaHHbIE
C aKTI/IBaHI/Ieﬁ allonTo3a

CyiiecTByeT Tpu MeXaHU3Ma, IOCPEACTBOM
KOTOPBIX KJIETKA YMUPAET MPU aIOTITO3€: OJINH reHe-
pUpPYeTCst CUTHAJIAMY, BOSHUKAIONIMMU BHYTPU KJI€T-
KU, BTOPOH MHUIUUPYETCS aKTHBATOpaMu THGEH,
CBSI3AHHBIMU C PEIENTOpaMU Ha MeMOpaHe KJIEeTKH, a
TpeTHil MOKeT ObITh BBI3BAH aKTUBHBIMU (DOpMaMu
Kucsaopona [66, 67]. Bmecte ¢ atuM, rubesb KIETOK,
HAPSIY C KJIETOUHBIM POCTOM U MU depeHInpoBKoi,
SIBJISIETCST BAYKHOU YacCThIO XKI3HeHHoro 1ukia. [pen-
M0JIATAETCS, YTO TOMEOCTATHYECKUIT KOHTPOJIb YHCIIa
KJIETOK SIBJISIETCS PE3YJIETATOM IMHAMIYECKOTO Gasia-
ca Mexay ux mposndepanueii u rubesnio [68, 69].
AkTuBarug anonrtoza HabI0ATaCh B aJUIONUTAX
yesioBeKa 1pu pazputuu oxkupenus [70]. [Apyrue
UCCJIeIOBAHUS TI0KA3JIM YCUJIeHNEe PAa3BUTHUSI alloll-

and the third can be caused by reactive oxygen species
[66, 67]. At the same time, cell death, along with cell
growth and differentiation, is an important part of the
life cycle. It is believed that the homeostatic control of
the number of cells is the result of dynamic balance be-
tween their proliferation and death [68, 69]. Apoptosis
activation was observed in human adipocytes during de-
velopment of obesity [70]. Other investigations demon-
strated intensification of apoptosis development when
allergens acted on human bronchial cells [71], in human
cardiomyocytes during heart failure development [72],
and during activation of cannabis receptors in human
brain cells [73]. Toxic effect of cadmium intensified
apoptosis process in the cells of heart, kidneys, small in-
testine, and vessels in mice, also in a cell line of astro-
cytes from the human brain [74]. Based on literature
data, the review [75] analyzed in detail the biochemical
mechanisms leading to apoptosis development. In criti-
cal states, a developing inflammation manifests as a pro-
tective response of the body to different pathogens or
occurrence of a tissue injury. Occurrence of an inflam-
matory response plays an essential role in restoration of
homeostasis in the body between its internal and exter-
nal environment. In such instance, the inducers of pro-
grammed cell death are bacterial endo- and exotoxins.
Massive cell apoptosis develops during sepsis, traumas
and brain injuries, acute renal failure. Apoptosis is the
predominant form of the death of myocytes during early
infarction, in which the programmed death of cardiomy-
ocytes is caused by the effect of toxins, increase of the
intracellular concentration of calcium, developing hy-
poxia and ischemic processes. Development of apoptosis
of the immune system cells is related to stress-induced
dysregulation. During acute injury of the lungs and
acute respiratory distress syndrome, intensified apopto-
sis of the respiratory system cells has been observed.

Toxic effects caused by biochemical substances
during critical states can give rise to neurodegenera-
tive processes leading to apoptosis through generation
of reactive oxygen species (ROS) or caspase activa-
tion. Neurons may express suicidal genes in response
to the chemical factors of brain tissue and products of
activation pathway genes [39, 45, 76—82]. As a rule,
neurotrophins regulate surviving of neurons through
the action of protein kinase pathway members, such
as phosphoinositide 3-kinases — PI-3K, Akt-kinase
(protein kinase B — PKB), and mitogen-activated pro-
tein kinase — MAPK. Apoptosis is usually induced by
an apoptosis inducing factor — AIF, flavoprotein found
in the intermembrane space of mitochondria. As soon
as it releases mitochondria, it migrates into the nu-
cleus and binds DNA, which results in DNA destruc-
tion and apoptosis [67, 83].

Regulatory Role of Apoptosis

In the immune system, apoptosis regulates pools
of lymphocytes. On the one hand, resistance of im-
mune system cells to apoptosis is important for im-
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TO3a TIPU BO3/ICHCTBUN aJIJIEPreHOB Ha GPOHXUATBHBIE
KJIeTKU yesioBeka [71], B kKapauoMuoIurax yejoBe-
Ka ITPY Pa3BUTHUU CEPJIEYHON HEJOCTATOUHOCTH [72]
U TIPU aKTHBAIUU KaHHAOUOWM/HBIX PEIENTOPOB B
KJIETKaX TOJIOBHOTO Mo3Ta yesoBeka [73]. Tokcuue-
CKOe JleiicTBHE KQ/IMUS YCUIIMBAJIO IIPOIECCHI alloTl-
TO3a B KJIETKaX Cep/lla, T0YeK, TOHKOTO KUIIEUHUKA
U COCYJZIOB y MBIIIEH, a TakyKe B KJIETOYHOU JIMHUU
aCTPOLUTOB U3 MO3ra denoseka [74]. B 0630pHOi
cratbe [75] HA OCHOBAHWU MAHHBIX JHUTEPATYPHI
HoJApOOHO TPOAHATU3UPOBAHBI OUOXUMHUYECKUE
MeXaHU3MbI, TPUBOJAIINE K PAa3BUTHIO arlonTo3a. B
KPUTHUYECKUX COCTOSHUAX, pa3BUBalolicecs BocIa-
JIeHWe TIPOSABJISETCS KaK 3alllUTHAd peaKius opra-
HU3Ma Ha pa3JNyHbIe TTATOTEHbI UJIU Ha MOSBJICHUE
TpaBMbl TKaHeil. [osBienne BocanuTesabHON peak-
UM UTPaeT KJIIYEBYIO POJIb B BOCCTAHOBJICHUU
roMeocTa3a B OpraHu3Me Mexy ero BHyTpeHHel U
oKpyxKaloleil cpenoii. ugykropamu nporpaMmu-
pyeMoii KJIeTouHOH rubesu pu 3TOM cayskaT Hak-
TepuajbHble dHI0- U IK30TOKCUHBLI. MaccoBblii
aIloITO3 Pa3BUBAETCS IIPHU CellCHCe, IPU TPaBMax U
MOBPEXKACHUAX TOJOBHOTO MO3Ta, IPU OCTPOi
MOYEUHOH HEeJA0CTATOYHOCTHU. AIOINTO3 ABJSETCS
npeobragaiotieit GopMoil rubest MUOTIUTOB MPU
panneMm uHdapkTe. [Ipn aToM nporpammupyemas
ru6esb KapJAHOMHUOITUTOB MOKET OBITH 0OYCIOBICHA
JlefiCTBUEM TOKCMHOB, BOCHIAJICHUEM, YBEJINYCHUEM
BHYTPUKJIETOYHON KOHIIEHTPAIIUX KaJbIlUd, IPO-
1[eccaMy FUIIOKCUU U UIlleMuu. PazBuTue anonTosa
KJIETOK UMMYHHOW CHCTEMBI CBS3aHO C ee CTpece-
UHAYIIUpOBaHHOU nucperyngauueil. [Ipu octpom
MOBPEXKACHUN JIETKUX U OCTPOM PECHUPATOPHOM
JMCTPECC-CUHAPOME HAOII0AeTCsl YCUIIEHUE allol-
TO3a KJIETOK /[bIXaTeJbHOM CUCTEMBI.

TokcuuHbIe BO3/IEHCTBUSI, BbI3BAHHbBIE OUOXU-
MUYECKUMU  CYyOCTAHIUAMU TIPU  KPUTHYECKUX
COCTOAHUAX, MOTYT BBI3BaTh HelipojlereHepaTuBHbIE
MPOIIECCHI, TPUBOAIINE K aIIOTITO3Y I1OCPECTBOM
reHepanuu akTuBHbIX popm kucsgopozga (ROS) nnu
AKTUBAIIMU Kacia3. Bce HelpOHbI HeCcy T CyuIM/IHbIE
TeHbI, Ha AKIPECCUIO KOTOPBIX BJIMUSAIOT XUMUYCCKUE
(hakTOpPBI TKAHM MO3Ta W MPOAYKTHI T€HOB IyTei
aktuanuu [39, 45, 76—82]. Kak npasuJo, Heiipo-
TPOMUHBI PeryJupyioT BLIXKUBAEMOCTb HEHPOHOB
MOCPEJICTBOM JIEHCTBUS YYACTHUKOB ITPOTEMHKUHA3-
HBIX NyTel Takux Kak, dochaTugananHo3uTo-3-
kunasa (Phosphoinositide 3-Kinases — PI-3K),
Akt-xunasa (Protein Kinase B — PKB) u mutoren-
akTuBupyeMas nnporenHkunasa (Mitogen-Activated
Protein Kinase — MAPK). Kak npaBusio, uHZyKITHIO
aIoIITO3a BLI3bIBACT AllONTO3-UHAYIUPYIONNi (ak-
Top (Apoptosis Inducing Factor — AIF) — ¢uaso-
MPOTENH, PACIIONOKEHHBIH B MEKMEMOPAHHOM TIPO-
cTpaHCcTBe  MUTOXOHIpuil. Kak Tojabko OH
BBICBOOOK/IAETCST U3 MEKMEMOPaHHOTO TPOCTPaH-
CTBAa MUTOXOH/IPUI, TO MUTPUPYET B PO U CBA3DI-
Baetcst ¢ JIHK, uro npuBoaut k paspymenuio JJHK
u anontosy [67, 83].

mune response initiation [84, 85]; on the other hand,
to prevent autoimmunity, timely occlusion of acti-
vated cells is important. Two members of the super-
family of tumor necrosis factor (TNF) receptors,
namely, CD40 and CD95 differentiation cluster struc-
tures, play a role in this process: CD40-CD40L system
stimulates survival while CD95-CD95L systems
causes death of cells [51, 86—88].

Information about specific immune responses in
human intestinal compartments is very limited. The
authors of study [89] strived to establish differences
in the immune compartmentalization between ileum
and colon in the healthy and inflammatory mucous
membrane by measuring T-cell profile and speed of
T-cell apoptosis, analyzing surface antigens, cytokines
and expression of their genes. A higher speed of lym-
phocyte apoptosis was found in the healthy intact
colon cells compared to small intestine cells. Colon in-
flammation of any type led to a drastic decrease of
apoptosis speed compared to the healthy ileum. In
contrast to Crohn’s disease patients, in patients having
healthy colon, higher levels of cells containing active
caspase-3 were found in the same regions [27, 89].

Apoptosis During Acute Lung Injury

Apoptosis is considered the main mechanism of
cell death during acute lung injury, which causes severe
respiratory failure and death in critical patients [90].
Acute lung injury is caused by several clinical disorders
including direct injury of lungs by phlogogenic factors
and aspiration, and indirect — due to a trauma or sepsis
[90]. In spite of the fact that knowledge about the
mechanisms leading to acute lung injury has grown, no
particular variants of treating such states have been de-
veloped to the present day. Studies on several lung in-
jury models have shown that activated lung
macrophages and stimulated epithelial cells release cy-
tokines and chemokines [91]. The said inflammation
mediators play a decisive role in the inflammatory re-
sponse initiation. Sequestration of neutrophils and their
migration to alveoli remain the morphological signs of
acute lung injury and neutrophils — the key effector
cells that later destroy lung tissue. Apoptosis pathways
converge at the level of caspase-3 activation [90], which
results to destruction of proteins and DNA fragmenta-
tion. Apoptotic altered cells are eliminated by phago-
cytes. Inability to activate or inhibit the apoptosis
process might lead to disease development because the
content of 'undesirable' cells rises quantitative or be-
cause ‘desirable’ cells die prematurely [92].

Apoptosis During Sepsis

Previously, the traditional paradigm regarding
sepsis considered sepsis as a result of uncontrolled in-
flammatory response [93]. It was thought that the suc-
cessful therapeutic strategy should include agents
blocking key mediators of inflammation, such as bac-
terial lipopolysaccharide, interleukin-1 and /or tumor
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PerynsaropHas posb anonro3sa

B nMMyHHOIT cricTeMe aronTo3 PeryanpyerT myJibl
sumboruToB. C OTHOI CTOPOHBI, /71 HHUTTAMPOBAHUST
HMMYHHOTO OTBETA BasKHO, YTOOBI KIETKH UMMYHHOI
CHCTEMBI OBLTH YCTOMYUBBI K AITONITO3Y, YTO [O3BOJISIET
UM BBITIOJIHATD cBOO (hyHKImio [84, 85], a ¢ apyroii,
JUTSL TIPEZIOTBPAIIIEHNS] Ay TOMMMYHHUTETA Ba)KHO CBOE-
BPEMEHHOE BBIKJTIOUECHUE aKTHBUPOBAHHBIX KJIETOK.
/lBa usiena cynepceMencTBa pernenTopoB hakTopa HeK-
poza omyxouu (Tumor necrosis factor — TNF), a umen-
HO CTPYKTYPHI kiactepa nuddepentinposkn CD40 n
CD95, urpatot poJib B aToM Tipotiecce: crctema CD40-
CD40L crumysnpyer BbikuBanue, a cucrema CD95-
CD95L BoisbiBaet rubesns kiaerok [51, 86—88].

Nndopmarus o crienndudecknx MMMYHOJIOTH-
YeCKUX OTBETaxX B OTJeJax KUIIEYHWKA YesOBEKa
oueHb orpaHnyeHa. ABTOpsI nccsenoBanus [89] ctpe-
MUJTUCh OTIPE/IETUTD PA3IMUNs B UMMYHHON KOMTTapT-
MEHTATU3AITIT MEXK/TY TTO/IB3IOITHON KUIIIKOW U TOJI-
CTOW KUIITKOHN B 37I0POBOH 11 BOCTIATIEHHOW CITU3UCTON
060J104Ke, nsmepssa T-KaeTouHbIi npoduib U CKo-
pocTh anornTosa T-KJIeToK, TPOBO/Isl aHATN3 MTOBEPX-
HOCTHBIX aHTUTEHOB, IIMTOKUHOB U HKCIIPECCUIO UX
reHoB. boJiee BpICOKAst CKOPOCTH Ao To3a JMMQpOTIH-
TOB OblJIa OGHAPYKEHA B 3JI0POBON MHTAKTHOI TOJI-
CTOU KWINKE M0 CPAaBHEHWIO C KJIETKaMU TOHKOTO
kutrevyHrKa. Bee (hopmbr BocmiasieHUs TOJCTON KUTITKA
MIPUBOIMJIN K PE3KOMY CHHUZKEHUIO CKOPOCTH alloNTo3a
110 CPaBHEHUIO CO 30POBOI 00600UHOI KUIIKOii. B
OTJIMYKE OT TAI[eHTOB ¢ 6ose3Hbio KpoHa, y marueH-
TOB CO 3[IOPOBOI TOJICTOM KHUIMTKOW B aHAJOTUIHBIX
ydyacTkax OBLIM BBISBJEHBI 00jice BBICOKME YPOBHU
KJIETOK, COZIep KalinX akTUBHYIO Kacnasy-3 [27, 89].

ArnonTo3s npu ocTpomM
NOBPEKICHUH JIETKUX

ATIONITO3 CUUTAETCS OCHOBHBIM MEXaHM3MOM
rubes KJIETOK TIPU OCTPOM TIOBPEKACHUH JIETKUX,
YTO BBI3BIBAET TSLKEYIO PECTTMPATOPHYIO HEIOCTATOU-
HOCTB ¥ CMEPTh Y KpuTrdeckux 60sbHbIX [90]. Octpoe
TOBPESK/ICHUE JIETKUX BBI3BIBACTCS HECKOJIBKIMHU KJTH-
HUYECKUMU HAPYIIEHUSIME, BKJTIOUAsT TIPSIMOE JIeTOY-
HOe TIOBpexieHne (IoroTeHHBIMU (hakTopaMu U
acTiiparueti, a Takske KOCBEHHOE — BCJIE/ICTBHE TPaB-
Mol uiu cencuca [90]. Hecmotps Ha To, 4TO 3HAHUS O
MeXaHU3MaX, BEAYIINX K OCTPOMY MOBPEKIECHUIO JIeT-
KUX, YBEJIMYUINCD, 10 HACTOSIIIIEr0 BPeMEHH He ObLIO
pa3paboTaHO KOHKPETHBIX BAPHAHTOB JIEYEHUST 110100~
HBIX COCTOSTHUN. B mccaemoBaHnsIx Ha HECKOJTBKUX
MOJIEJISIX TIOBPEsKAEHUS JIETKUX TTOKAa3aHO, 9TO aKTH-
BUPOBAHHBIE JIETOUHbIE MAKPO(hark ¥ CTUMYJTHPOBAH-
HBIE SITUTETNATBHBIE KJIETKH BHICBOOOKIAIOT IIUTOKH-
Hbl 1 xeMokunbl [91]. Ykazanuble BocnaanuTeabHbIe
MeZIMATOPBl UTPAIOT PEINAIONIYIO POJIb B MHUITUAIINH
BocmamuTeabHOTO 0TBeTa. CekBecTpanust HeUTpohu-
JIOB ¥ MUTPAITUS UX B aJTbBEOJIBI OCTAIOTCS MOP(hOIIO-
TMYECKUMU MTPUBHAKAMHU OCTPOTO TTOBPEKIEHUS JIeT-

necrosis factor-c [11]. However, when many of such
pharmacalogical agents with anti-inflammatory activ-
ities were tested in randomized, well-controlled stud-
ies, they did not demonstrate a positive effect [94].
Therefore, therapeutic strategies aimed at suppression
of inflammation during sepsis did not yield a positive
result. During the recent decade, investigations on ex-
perimental models and patients have shown that the
immune response during sepsis has a two-phase na-
ture: the initial hyper-inflammatory phase character-
ized by a high level of pro-inflammatory cytokines and
the second phase characterized by reduced reactivity
of immune cells to phlogogenic factors — the immunity
paralysis [95]. This phase is an extremely vulnerable
period during which patients are exposed to high risk
of bacterial infection. The mechanism of immunity
paralysis phase apparently includes apoptosis of im-
mune cells, in particular, lymphocytes. In their study,
Wang et al. [42] discovered that intraperitoneal injec-
tion of gram-negative bacteria to mice was accompa-
nied by apoptosis of CD4+ and CD8+ lymphocytes in
the thymus. Hotchkiss et al. demonstrated that apop-
tosis of lymphocytes affects also lymphocytes of the
spleen and a majority of other vital organs [96].

The Anti-apoptotic Defense Mechanism
During Ischemia/Reperfusion

It is known that apoptosis might be caused by a
wide range of stimuli encountered during critical con-
ditions. In addition to specific stimuli including receptor
agonists, other stimuli inducing extracellular and intra-
cellular stresses might be activators of the apoptotic
pathway [57, 97]. Pathological stimuli during heart at-
tacks and strokes include ischemia and subsequent
reperfusion. It was found that brief sub-lethal periods of
blood stream stop and restart (ischemia/reperfusion)
cause the phenotype later protecting the cell during
longer ischemia /reperfusion periods [72]. Classical ef-
fect provides a temporary defense window that occurs a
few minutes after stimulus effect (usually, these are 3—4
short periods of ischemia / reperfusion). The defense
may last up to 120 minutes and includes a number of sig-
naling proteins, several cascades of protein kinases such
as extracellular signal-regulated kinases and Akt-kinasa,
which are known to possess antiapoptotic properties
[86]. In response to the same stimuli, the second form
of influence takes place, which is referred to as the late
start influence and provides a long-time protection last-
ing for 24 hrs to 72 hrs after the stimulus. The said form
of action requires protein synthesis and includes in-
creased expression of a number of genes encoding
stress-induced proteins like heat-shock proteins, an-
tioxidants, ceramide-using enzymes, and a number of
other anti-apoptotic genes [98].

Apoptosis During Acute Renal Failure

In some situations, receptor-mediated events
caused by tumor necrosis factor-alpha or the first apop-
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KUX, a HEUTPOUITBI — KII0UeBbIMHU 3(D(HEKTOPHBIMU
KJIETKaMU, KOTOPBIE BIIOCJIEJICTBUU PA3PYIIAIOT JIEroY-
HYIO TKaHb. [Ipu 9TOM IyTH anornrosa cXOomsaTcs Ha
ypoBHe akTuBanuu kacmasbi-3 [90], uto mpuBOANUT K
paspyuiernio 6eKoB, a Takke K pparmenTaran J[HK.
ATIOTITOTUYECKH U3MEHEHHBIE KJIETKU YAAJSIOTCS
carormramu. HecriocoGHOCTh aKTUBAIIUMY UJIH WHTHU-
GUITMK TIPOIlecca arnonTo3a MOXKET MPUBECTH K 3a60-
JIEBAHUIO, TIOTOMY UTO COJIEPKAHUE «HEKENATETbHBIX>
KJIETOK YBEJMYUBAIOTCS B KOJMYECTBEHHOM OTHOIIIE-
HUH, TNGO TIOTOMY, UTO <KEJIAEMBIE» KJIETKH YMUPAIOT
npeskieBpeMento [92].

Anonro3s IIpH CeIICucCe

Tpanuimonnas napajurma B OTHOIIECHUH CETICH -
ca paHee 3aKJII0YAJIach B TOM, YTO CEIICUC SIBJISIETCS
Pe3yJIBTaTOM HEKOHTPOJUPYEMOTO BOCIIATUTEIBHOTO
orBera [93]. Cuuranoch, 4TO CyIIECTBYIOT areHThl,
HalpaBjeHHbIe Ha GJIOKUPOBAHKE KIIOUEBBIX Me/IHa-
TOPOB BOCIAJIEHUS], TAKUX KaK GaKTepUabHbIIT KO-
nojicaxapujl, uatepeiikun-1 u/miu haxtop HEKPO-
3a onyxoJsu-¢ [11]. OxHako, Korja MHOTHE U3 9TUX
areHTOB OBbLIN MPOTECTUPOBAHBI B PAHAOMU3UPOBAH-
HBIX KOHTPOJMPYEMbBIX HCCIEOBAHUSIX, OHU HE TIPO-
JIeMOHCTPUPOBAJIH 1T0JI0XKUTeabHOTO adderTa [94].
Takum  00pasoM, TepaleBTUYEeCKUE CTPATeruH,
HaIpaBJIeHHbIE HA MTO/IaBJICHIE BOCTIAJIEHUS TIPH CETI-
cuce, He AW TIOJOKHUTEJIBHOTO pe3ysbrara. 3a
MocJIeIHEE JIECATUIETHE UCCIeIOBAaHNS Ha 9KCIIEPH-
MEHTAJTbHBIX MOJIEJIIX U TMaIMeHTaX MOKa3alu, YTo
VMMYHHBIH OTBET TIPU CeTicruce nMeeT ABYX(ha3HBIN
XapakTep: ¢ HauaJbHOI TUTIEPBOCTIATTUTETFHOH (Dasoii,
XapaKTePU3YIONIeiicss BBICOKUM YPOBHEM TTPOBOCTIA-
JINTEJIbHBIX IIMTOKUHOB, 1 BTOPOH (ha3oif, XapakTepu-
3yIOMIeHcsT CHIKEHHON PeakKTUBHOCTHIO MMMYHHBIX
KJIeTOK K (hrororeHHbIM (hakTopaM— (azoit UMMYyHO-
napasnga [95]. Irta dasza gBisgeTCs YpPe3BHIYANHO
VSI3BUMBIM TTEPUOJIOM, BO BPEMST KOTOPOTO TTAIIUEHTHI
MO/IBEPraloTCs MOBBIIIEHHOMY PUCKY 3apaskeHust Gak-
TepusiMu. Mexanuam (asbl IMMYHHOTO TTapajinyga, mo-
BUIUMOMY, BKJIIOYAET allONTO3 UMMYHHBIX KJIETOK, B
yacTHOCTH JmMdonnToB. B cBoeMm wmccienoBanun
Wang et al. [42] o6HapysKuiu, 94TO BHYTPUOPIOIITITH-
Hasl WHBEKIUS TPaMOTPUIATEIbHBIX —OaKTepuil
MBIIIIaM COTPOBOsKaMachk anonto3oM CD4+ n CD8+
sumornutos B tumyce. Hotchkiss u ap. mokasainmu,
YTO aronTo3 JUMQOIUTOB TaKXKe 3aTparuBaeT JTUM-
OINTHI cesle3eHKI 1 GOJBITNHCTBA APYTUX KU3HEH-
HO Ba)KHBIX OpraHoB [96].

AHTHATIONTHYECKUHA MEeXaHN3M 3alUThI
pu uimemun,/penepPysuu

I/IBBGCTHO, YTO alloNTO3 MOJKET OBITh BbI3BaH
HINPOKHUM CIIEKTPOM CTUMYJIOB, BCTPEUAIOIMINXCA ITPU
KPUTUYECKHNX COCTOAHUAX. B nonosnenue k CHeL[I/I(I)I/I-
YECKUM CTUMYJIaM, TAKUM, KaK arOHUCTbBI PEIIENTTOPOB,
Apyrue pa3apaxuTesiv, BRa04Yasd MHOKECTBO BHEKJIE-
TOYHBIX 1 BHYTPURJIETOYHBIX CTPECCOB, MOI'yT CJIY’KUTDH

tosis signal receptor (FAS) — CD95 — might play a path-
ogenic role in the apoptosis of tubular epithelium cells
during acute renal failure [29]. However, tubular epithe-
lium cells injured due to acute ischemic or nephrotoxic
lesion of kidneys can die by apoptosis [56, 94]. For in-
stance, during ischemia, damaged cells sometimes ex-
press receptor CD95 and thus undergo apoptosis.

Formed ‘apoptotic bodies’ phagocytosed by
macrophages and neighboring epithelial cells [5, 99].
In the experimental models of acute renal failure, in
vivo process of apoptosis of renal cells might be subdi-
vided in two different phases. The first phase of apop-
tosis takes place at an early stage, between 12 and 48
hours after acute ischemic or nephrotoxic injury of
kidneys. The second phase of apoptosis takes place a
few days later at the phase of restoration [100]. Apop-
tosis of tubular epithelium cells commencing soon
after acute renal condition apparently facilitates loss
of tubular epithelium cells and their subsequent dys-
function. On the contrary, apoptosis related to the
phase of restoration promotes re-modeling of damaged
tubules and facilitates their recovery to normal struc-
tural and functional condition [101].

In this connection, therapeutic interventions in-
hibiting apoptosis or assisting its development during
different critical conditions can potentially minimize the
damaging effect and speed up recovery of patients [24].

Mitochondrial Apoptotic
Pathway Regulators

Members of Bcl-2 family are important regula-
tors of the mitochondrial apoptotic pathway and in-
clude antiapoptotic proteins (Bel-2, Bel-xL, Mcl-1,
Bcl-w, A-1) and proapoptotic proteins (Bax, Bak, Bid,
Bad, Bik) [102]. Bcl-2 family was named after the
gene participating in the formation of B-cell lym-
phoma (Bcl). Bel-2 family consists of three functional
groups. Members of the first group (Bcl-2, Bel-xL,
Bel-w) feature antiapoptotic activity. The second and
third groups consiste of proapoptotic members of Bel-
2 family: Bax, Bak, Bok, Bcl-xS, and Bik, Blk, BimL,
Bid, Bad, correspondingly [103].

In this connection it is worth noting that ATP
production is not the only vital function performed
by mitochondria. Mitochondria are a vital compo-
nent of the cell transduction network that is capa-
ble of initiating apoptosis and, thus, program cell
death [40, 41, 43, 104, 105].

The main protein signal initiating this process is
cytochrome C — the protein transporting electrons and
releasing chemical messengers that activate caspases
and start the apoptosis program [102, 106, 107]. Mito-
chondria continuously supply the cell with energy
maintaining the proton gradient that is used for con-
version of ADP into ATP with the help of ATP-syn-
thase. At the same time, organelle can render influence
on the cell death thanks to mass expression of the same
membrane proteins that perform electron transport to
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MHYKTOPaMHU arornTotudeckoro mytu [57, 97]. Ilaro-
JIOTUYECKHUe CTUMYJIbI TIPU CEPIEYHbIX MTPUCTYTIAX MU
MHCYJIBTaX BKJIIOYAIOT WIIEMUIO U TIOCJEIYIONLYIO
peniepdysuto. O6GHAPYKEHO, YTO KPaTKOBPEMEHHBIE
cybJieTaibHble TEePUOBI OCTAHOBKU W TIOBTOPHOTO
3aIycKka KpoBOTOKa (uieMusi/pernepdy3usi) BbI3bI-
BaIOT (DEHOTHII, 3ALUIIAIONTUI BIIOCJIEICTBUN KIETKY
npu GoJiee TTUTETBHBIX IEPHOJAax uileMun/perepdy-
sun [72]. Knaccuueckoe BosneiicTBre o0eciiednBaer
BpeMEeHHOe OKHO 3aIIUThl, KOTOPOE BO3HUKAET Yepe3
HECKOJIBKO MUHYT TIOCJIe BO3/IeHCTBUS cTuMyJIa (06bIY-
HO 3TO 3—4 KOPOTKHUX TIEPUOJIOB UllleMuu/perepdy-
3UN). 3anmra MOXeT Thes 10 120 MUHyT 1 BKJIIO-
yaeT B cebst PsAJl CUTHAJIBHBIX GENKOB, HECKOJBKO
KaCKaJIOB MPOTEMHKIHA3, TAKUX KAK BHEKJIETOUHbIE
CUTHAJI-peryaupyembie Kuuasol u Akt-knHasa, KoTo-
phi€, KaK M3BECTHO, 06JIA/[AI0T AaHTHATIOTITOTHYECKIMI
cBotictBamu [86]. B oTBeT Ha 0f1HU U Te JKe CTUMYJIbI
BO3HUKAET BTOpast hopMa BIUSHI, HA3bIBAEMAsT BIIHSI-
HUEM TTO3/[HETO HAYAJIA, YTO 0OECTIEYNBAET JI0JITOBPE-
MEHHYIO 3aITUTY, KOTOpast JUIUTCS OT 24 /10 72 4 mocie
BJIMSTHUS CTUMYJIA. YKazanHast popma BustHust Tpedy-
er cuHTe3a Geska 1 BKII0YAET TOBBIIIEHHYIO SKCIPEC-
CHIO Psi/ia TeHOB, KOTOPBIE KOAUPYIOT GEJIKH, TAKKE KaK
GesIKM TETIOBOTO MIO0KA, aHTHOKCHU/IAHTDI, TlepaMu/l-
UCTIOJB3YIoNIne (hepMEHTbI, & TAKIKE PSIJT IPYTHX aHTHU-
arnornToTHYecKux renos [98].

AnonTo3 npu ocTpoii
MOY€eYHOIl HETOCTATOYHOCTH

B HeKOTOPBIX CUTyaIUAX PelenTOP-0I0Cpe/10-
BaHHbIE COOBITHS, BbI3BaHHBbIE (hAKTOPOM HEKPO3a
OIIyXOJIM-aJib(ha MK TIepBBIM PEIeNTOPOM CUTHAJIA
arnoriro3a (Fas) — CD95, MoryT urpaTh maToreHeTH-
YECKYIO POJIb B AMOIITO3€ KJIETOK TYOYISIPHOTO STIHATE-
JIUST TIPY OCTPOU TIOUeYHOU HejocTaTounoctu [29].
OpHako, KIETKH TYOYJISIPHOTO STIUTEIUST, TPABMIPO-
BaHHbBIE BCJIEJCTBUE OCTPOTO UIIEMUYECKOTO UK Hed-
POTOKCUYECKOTO MOPAKEHUST TOUYEK, MOTYT HOTUOHYTH
BCJIesicTBIE artonTosa [56, 94]. Hanpumep, mpu utie-
MUU [TOBPEXKIEHHDbIE KJIETKH NHOT/A dKCIIPECCUPYIOT
perenrop CD95 1 Takum 06pasoM BXOIAT B AIIOITO3.

ATionToTryecKkue KJIeTKU B KOHEUHOM cyeTe pac-
[aJIAI0TCs HA CBA3AHHbIE € MIaA3MaTHYECKON MeMGpa-
HOW BE3UKYJIbl, Ha3bIBaEMbIe <aIlONTOTUYECKUMU
TeJIAMU», KOTOPbIe OBICTPO (haromuTUPYIOTCST MAKPO-
(baramu 1 coceTHUMU ATMUTETHATBHBIMY KJIETKAMH |5,
99]. B akcniepuMeHTATBHBIX MOJIEJISIX OCTPOU TTOY€eY-
HOU HEIOCTATOYHOCTH 17 Yiv0 allONTO3 [TOYEUYHBIX KJIe-
TOK ITPOMCXO/IUT B /IBYX pa3ubix ¢azax. [lepsas daza
aronTo3a MPOUCXO/UT HAa PaHHel craauu, Mexxay 12
1 48 yacamu 1ocJie OCTPOro UIIEMUYECKOTO Wiin Hed-
POTOKCHYECKOTrO TopaxkeHUsl mouyek. Bropag daza
aIoITO3a MPOUCXOIUT HECKOJDbKO HEH CIyCTs, BO
BpeMs (pasbl Bocctanosienus [100]. AnorTos kieTok
TyOyAAPHOTO JNUTENINS, HAYMHAIONMNACA BCKOPE
I0CJIE OCTPOTO TIOYEYHOTO COCTOSIHUS, BEPOSTHO, CI10-
COOCTBYET MOTEPE KIETOK TYOYISPHOTO SIUTEMS 1 B

maintain the proton gradient. To prevent unintentional
commencement of apoptosis, organelle starts expres-
sion Bcl-2 to oppose cytochrome C effects by prevent-
ing its translocation from mitochondria [103].

In the course of mitochondrial dysfunction, sev-
eral main members of apoptosis are released into cy-
tosol, among them procaspases, cytochrome C,
apoptosis-inducing factor (AIF), and apoptotic pro-
tease-activating factor-1 (APAF-1). Formation of
multimeric complexes of cytochrome C, APAF-1 and
caspase 9 (the so-called apoptosome) later activates
caspases causing cell death [28].

In the molecule of cytochrome C, four phospho-
rylation regions were discovered, which possess many
functions including apoptosis regulation. Protein phos-
phorylation is typical for cells experiencing stress, but
it can be less active in case of cancer [53]. Nowadays,
the role of phosphorylation of cytochrome-C- oxidase
and cytochrome C is studied in the context of human
diseases including cancer, inflammation, sepsis,
bronchial asthma, and ischemia/reperfusion observed
during myocardial infarction and ischemic stroke [107].

The Role of Reactive
Oxygen Species in Apoptosis

Apoptosis is necessary for normal functioning
and survival of human body. However, the morpholog-
ical and biochemical characteristics of apoptosis
changed little in the course of evolution. Recent stud-
ies have shown that reactive oxygen species (ROS)
and the oxidative stress arising at their background
play a key role in apoptosis [7, 24]. The molecular
products of O,, reactive oxygen species (ROS), cause
damage of DNA strands, oxidation of lipids and amino
acids residues in proteins that alter the structure and
activity of enzymes, ion channels, and other protein
molecules. Alteration of the membrane protein struc-
ture may increase membrane permeability for Ca?*ions.
Besides, ROS are capable of activation of caspases. In-
creased intracellular concentration of Ca*" and caspase
induction might launch apoptosis. ROS play a special
role in tissue damage resulting from transient ischemia
that is accompanied by increased production of super-
oxide radical and hydrogen peroxide [94]. Antioxi-
dants and thiol-containing reducing agents, such as
N-acetylcysteine, and excessive expression of superox-
ide dismutase can block or slow down apoptosis. It has
been shown that Bcl-2 protein prevents cell death from
apoptosis, apparently, through anti-oxidative mecha-
nism [10]. Therefore, ROS and subsequent cellular
redox changes might be a part of the signal transmis-
sion pathway in the process of apoptosis.

Excessive production of free ROS leading to the
oxidative stress in a biological system is related to the
pathogenesis of various human inflammatory diseases.
Though inflammation might act as a defense mecha-
nism during the action of xenobiotics, it can havily
damage cells [93]. If the level of ROS exceeds the
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nocseyionieit ux qucynkiuu. Harporus, arnonrtos,
CBSI3AHHBIN ¢ (ha30il BOCCTAHOBJIEHUS, CIOCOOCTBYET
PEMOZIETUPOBAHUIO TOBPEXKIEHHbIX KAHAJIbIIEB U
obJieryaet uX BO3BPAIEHNE B HOPMAIBbHOE CTPYKTYP-
Hoe 1 (pyHKIMoHaIbHOe cocTtosime [101].

B cBsi3u ¢ atuM, TepaneBTHYECKIE BMEIIATEb-
CTBa, KOTOPbIE MHTUOUPYIOT ATOTNTO3 WU CIOCOO-
CTBYIOT €r0 Pa3BUTHIO TP PABIUYHBIX KPUTUIECKUX
COCTOSTHUSIX, IMEIOT MOTEHIIUAT JIJIsT MUHUMU3AINH
MOBPESKIAIONIET0 BO3MEHCTBUS U YCKOPEHHST BOCCTA-
HOBJIEHUS TTAIIMEHTOB [ 24].

PCI‘yJIHTOI)IJI MHUTOXOH/APHUAJTBHOI'O
AllONITUYECKOTO ITYTH

Ynensl cemeiictsa Bel-2 apisiores BaskHbIMU
peryJiaTopaMu MUTOXOH/IPUATIBHOTO allONTOTHYECKO-
ro MyTH U BKJIOYAIOT AaHTUAMIONTOTUYECKUE OEJIKU
(Bcl-2, Bel-xL, Mcl-1, Bel-w, A-1) u mpoanontoruye-
ckue 6enkn (Bax, Bak, Bid, Bad, Bik) [102]. Cemeii-
crBO Bel-2 6b110 Ha3BaHO B 4eCTh reHa, y4acTBYIOIIEro
B dopmupoBannu B-kierounoii sumdombr (Bcl).
CewmeiictBo Bel-2 cocrout us tpex pyHKIMOHAIBHBIX
rpym. Ynenst nepsoii rpymst (Bel-2, Bel-xL, Bel-w)
00J1a/1a10T AaHTUATIONITOTUYECKON aKTUBHOCTBIO. BTO-
pasi ¥ TPeThd TPYIIIBI COCTOAT U3 TPOATIONTOTUYECKUX
uyjenos cemelicrsa Bel-2 — Bax, Bak, Bok, Bel-xS u
Bik, Blk, BimL, Bid, Bad, coorsercraenmo [103].

B aToii cB431 ciieryeT OTMETUTD, YTO TIPOU3BO/I-
ctBO AT He sBJIsSIETCST €AMHCTBEHHON BAXKHON (DyHK-
e, KOTOPyIO BBIMOJHAIOT MUTOXOHAPUU. MuTto-
XOH/IPUHU SBJISIOTCS SKU3HEHHO BAKHBIM KOMIIOHEHTOM
KJIETOYHOH TPAHCAYKIMOHHON CeTH, KOTopas CIrocob-
Ha MHUIMUPOBATH allONTO3 U, CJAEN0BATEIBHO, IIPO-
rpamMmMupoBarb rubeib kiaetok [40, 41, 43, 104, 105].

OCHOBHBIM GEJIKOBBIM CUTHAJIOM, KOTOPbBII HHU-
[UUPYET HTOT MPOIIECE, ABJIsIETCst TUTOXPOM C-6estok,
[EPEHOCIIUN  JEKTPOHBI M BBICBOOOKIAIOIIUI
XUMUYECKHUE MEeCCEH/IKEePbl, KOTOPble aKTUBUPYIOT
KacIia3bl 1 3a1ycKaioT nporpammy arontosa [ 102, 106,
107]. MHUTOXOHAPHH IIOCTOSTHHO 0OECIIeYnBaIOT KJIeT-
Ky 2Hepruei, nojanep;kuBas MPOTOHHBINA I'PAJNEHT,
KOTOPBIN ucmoib3yercs ajst nupespaimennss A/[D B
ATO® ¢ nomotnpio ATD-cunrassr. Bvecte ¢ Tem opra-
HeJLIa CIocoOHa BAUATH Ha KJIETOUHYIO TiOe b O1aro-
Japs MaCCOBOIT 9KCIPECCHHU TEX JKe MEMOPAHHBIX OeJI-
KOB, KOTOPbIE OCYIIECTBJIAIOT MEPEHOC 3JIEKTPOHOB
JUIST TIOJIJIEPsKaHUsT TIPOTOHHOTO rpajinerTa. YTo0bt
PEOTBPATUTD HellpelHaMepeHHOe HaYaJlo arolTo3a,
opraHeJia BKJIodaeT akcnpeccuio Bel-2 st nporu-
BojieiicTBud apdexrTon ruToxpoma C, npegorBparias
€ro TpaHcjaokaiuio u3 mutoxonapui [103].

B niporiecce MmutoxonipuaibHON AUCHYHKIINY B
IUTO30JIb BBIIEJAIOTCS HECKOJBKO OCHOBHBIX y4acT-
HUKOB allolTo3a, BKJI0Yas 1pokaciasbl, uToxpom C,
anonrro3-unayupyiomuil axrop (AIF) u anonroru-
yeckuil poreas-akrusupyiomuii pakrop-1 (APAF-1).
DopmupoBane MyJIbTUMEPHBIX KOMILIEKCOB IUTO-
xpoma C, APAF-1 u kacnassl 9 (Tak HasbiBaemast

level of antioxidant mechanisms, the content of pro-
oxidative products increases, oxidation processes be-
come more active, inflammation becomes
uncontrollable and may take the chronic form [54]. It
would be logical to assume that at the normal level of
inflammatory processes, apoptosis is a regulated ben-
eficial factor. At the same time, apoptosis induction
dysregulation through increased production of ROS
might lead to excessive strengthening of apoptosis, re-
vealed in the pathogenic mechanisme of HID. It seems
that in this complex system — ‘inflammation-apopto-
sis” — it is necessary to maintain a well-regulated bal-
ance. Antimicrobial peptides (AMP) might be a factor
for maintaining such balance [66]. It cannot be ruled
out that in the development of new drugs for HID,
AMP might be promising candidates thanks to their
size, numerous properties, and a wide range of biolog-
ical effects including effect on causative pathogens re-
sistant to antibiotics [75].

All three functional phases of apoptosis are under
the regulatory control influence. Recently, the amount
of evidence proving close relation of oxidative stress
and apoptosis to physiological phenomena and critical
state pathophysiology is growing [49].

Apoptosis Suppression

The family of proteins inhibiting apoptosis plays
a protective role during the apoptotic process. Expres-
sion of inhibiting apoptosis proteins (IAP) is regu-
lated at the transcription and post-transcription
levels. For example, heat-shock proteins (HSP) —
Hsp70 and Hsp27 — protect cells from stimuli causing
their death [7, 12]. Hsp70 expression is typical for cells
featuring high resistance to death caused by the tumor
necrosis factor, oxidative stress, ceramides, excessive
expression of caspase-3. It has been shown that Hsp70
can protect cells from apoptosis caused by TNF effect,
after activation of effector caspases, and delay the
process of death caused by cytochrome C [107].
Hsp70 can also oppose apoptosis by inhibiting AIF
[63]. The antiapoptotic activity might also be related
to prevention of stress-kinase activation, namely, with
the complex of ¢c-Jun N-terminal kinase/stress-acti-
vated kinase protein and p38/mitogen-activated pro-
tein kinase (MAPK) [94].

It is known that HSP modulate the effects of in-
flammatory cascades leading to endogenous genera-
tion of ROS and induction of apoptosis by inhibiting
anti-inflammatory factors, thus playing an important
role in the pathogenic mechanism of HID. The authors
of paper [108] suppose that a thorough analysis of the
level of HSP induction during HID, especially prior
to onset of inflammation, can help in developing a
HID treatment strategy.

Disturbance of the cell death mechanism is a key
sign of malignant transformation of cells — a feature of
an oncological disease [44, 109, 110]. Tumor cells can
use different mechanisms to suppress apoptosis and ac-

www.reanimatology.com

GENERAL REANIMATOLOGY, 2019, 15; 2



DOI:10.15360,/1813-9779-2019-2-79-98

O63opsr
|

aroNTOCOMAa) aKTUBUPYET B MOCJIELYIONIEM KACIIa3bl,
BbI3bIBaOIIME THOENDb KIeTOK [28].

B moutekyie iuroxpoma C ObLin HaliJIeHbI Y€ ThI-
pe yuactka dochopuarpoBanus, 0b6aaaolre MHO-
JKECTBEHHBIMU (DYHKIUAMU, BKJIOYAsT PETYJISAIUIO
aronitosza. Mochopusrposanne 6eJIKOB XapaKTEPHO
JUUIS KJIETOK B COCTOSTHUY CTPECCa, OJTHAKO MOXKET ObITh
MeHee aKTUBHO 1pu pake [53]. B Hacrosiee Bpems
poatb hocopusnpoBanust UTOXpPoM-C-0OKCHA3bI U
ruroxpoma C paccMaTpuBaeTcs B KOHTeKeTe 3aboJie-
BaHUII YeJI0BeKa, BKIIOYAsT PaK, BOCIIAJIEHIE, CETICHC,
OGPOHXMAJIBHYIO acTMy U HIIeMUI0/pernepdysuio,
KOTOpBIe HAGJIOMAIOTCS TPU WH(papKTe MUOKap/a 1
nmemudyeckom nncyiasre [107].

PoJb akTUBHBIX (hopM
KHCJIOPO/Ia B anonro3e

AmnonTos Heo6X0UM JIJIST HOPMAJIbHOTO (DyHK-
IIMOHUPOBAHUS M BBIKMBAHUS YEJIOBEYECKOTO opra-
Huama. Oaako Mopdosorndeckue 1 OMOXMMUYECKITE
XapaKTEePUCTUKH Aol To3a B TeYEHUE 9BOJIIOIIHI MaJIO
MeHamch. HeaBuue nccmieioBanus 1MoKas3aiu, 4To
aktuBHbie opmbl kucaopoga (ROS) u Boznukaio-
muil Ha UX (oHe OKUCIUTETbHBIH CTpecc, UTrpaioT
KJTIOUEBYIO poJib B anonTose [7, 24]. Mosekyisipibie
npoayktel O, — ROS oKMCIATOT JUTTUIBI, MOTYT
obycaosnuBath nospexaenne uureit JHK, oxucssaior
cBoboHbie SH-IpyIIbl 6EIKOB, UBMEHSISA CTPYKTYPY
1 aKTUBHOCTH (hDePMEHTOB, MOHHBIX KAaHAJIOB U JIPYTUX
GeNKOBBIX MOJIEKYJI. VI3MeHeHne cTpyKTypbl GEKOB
MeMOpaH MOKET TTOBBIIIATE TIPOHUTIAEMOCTH MEMOPaH
nis wonos Ca?*. Kpome Toro, ROS crocobmb akTu-
BUPOBaTh Kacraspl. [loBbileHne BHYTPUKICTOYHOM
kontenTpanuu Ca>* v MHAYKIUS Kacia3 MOTYT 3aIyc-
Kath arnontos. Ocobyio poab ROS urpaior B I0BpeX-
JICHUW TKaHEeH B pe3yJibraTe TPAaH3UTOPHON UIIEMNUH,
KOTOPast COMPOBOIK/IAETCS TIOBBITIEHHBIM 00Pa30BaHNU-
€M CYIIepPOKCHIHOTO pajiiKaja U MePeKUCcH BOAOPOa
[94]. AuTHOKCHIAHTBI U THOJIOBbIE BOCCTAHOBUTEJIH,
Takue Kak N-aleTHJIHUCTEeNH, U CBEPXdKCIIPeccus
CYMEPOKCHINCMYTa3bl MOTYT GJOKUPOBATH UJIK
3aMeIATh aronTos. boiio mokasano, uro Bel-2, aujto-
FeHHO TIPOAYIUPYEMBIH OEJIOK, TIPeoTBpaliaeT
CMEpTb KJIETOK OT Aol To3a, IT0-BUINMOMY, AHTHOKHUC-
autenbabiM Mexanuszmom [10]. Tak, ROS u nocne-
NYIOIIHE KIETOYHBIE OKUCINTETbHO-BOCCTAHOBUTEb-
Hble U3MEHEHUSI MOTYT OBITh YaCThIO TyTH TIEpelau
CUTHAJIA B IIpoIecce aromnTo3a.

UpeamepHoe o6pazoBaHre CBOOGOIHBIX paiiKa-
J0B, ocoberro ROS, npuBosIiee K OKUCTUTETBHOMY
cTpeccy B GHOJIOTHYECKON CUCTEME, CBSI3AHO € TIaTO-
TEeHE30M U TIATOJIOTHYECKIMU COCTOSTHUSIMU, 0OYCJIOB-
JIEHHBIMU Pa3JIUYHBIME BOCTIAJIUTEIbHBIMHU 3200 1€Ba-
HUAMHU 4esioBeKa Oro XOTs BOCHAJICHUE MOXKET
BBICTYIIATh B KauyeCTBE 3AlIMUTHOTO MEXaHU3Ma TpU
NEeUCTBUH KCEHOOMOTUKOB, OHO MOKET TPUBOAUTD K
noBpeskeHunio kietok [93]. Ecamm ypoens pagnkanos
KHCJIOPO/Ia HE COOTBETCTBYET YPOBHIO aHTUOKCH/IAHT-

quire resistance to apoptotic agents. For instance, an
increased expression of antiapoptotic proteins (Bcl-2)
or mutations in the genes of proapoptotic proteins
(Bax) may be observed [102, 103].

Apoptosis defects might be the reason for survival
of epithelial cells without linking to extracellular ma-
trix, which, in case of malignant cells, promote metas-
tasing [111, 112]. Such defects provide also resistance
to cytolytic T-cells and antitumoral natural killer cells
(NK-cells) [37]. These defects play an important role
in tumor resistance to chemotherapy and radiation
therapy, increasing the cell death threshold and requir-
ing higher doses of anticancer drugs. It is considered
that successful removal of cancer cells with the help of
non-surgical aids might be achieved as a result of apop-
tosis induction [113—116]. Such inductors may include
viruses. For instance, Borna’s disease virus (BDV) is a
neurotropic and non-cytolytic virus that causes behav-
ioral problems in a wide range of warm-blooded ani-
mals. BDV induces neurodegenerative changes,
disturbing neurogenesis and impeding neuron function-
ing in the limbic system. The comparison of BDV-in-
fected cells of neuroblasoma SH-SY5Y by two original
BDV strains (human strain Hu-H1 and laboratory
strain V) revealed that both groups of cells infected by
BDV strains featured reduced proliferative activity and
cell cycle block compared to the control (not infected)
group of cells. Strain Hu-H1 that demonstrated more
prominent effects did not induce apoptosis in neurob-
lastoma cells. On the contrary, strain V led to noticeable
intensification of the process of apoptotic death of in-
fected cells as early as the first infection introduction.
Western blotting technique supported increase intra-
cellular level of apoptosis activator (proapoptotic pro-
tein Bax) and decreased content of antiapoptotic
protein Bel-2 [117]. The results demonstrate that cell
infection by Borna’s disease virus suppresses prolifera-
tive activity and stimulates apoptotic death of neurob-
lastoma cells, wherein apoptosis induction depends on
the properties of a particular strain of BDV. That study
demonstrated possible approaches to inducing apopto-
sis in tumor cells with the help of virus strains.

Conclusion

Biochemical mechanisms responsible for cell
apoptosis during different critical state (traumatic, is-
chemic, and hemorrhagic brain injuries, stress-induced
immune system dysregulation, acute lung injury and
acute respiratory distress syndrome, sepsis, myocar-
dial infarction and ischemic stroke, acute renal failure)
are rather intricate. The available data allow suppos-
ing the drug effect on the apoptosis processes. In a
number of critical states, immune system cells, neu-
trophils, attracted to the site of injury or infection un-
dergo apoptosis themselves directly in tissue.
Fragments of died cells and apoptotic neutrophils are
quickly phagocytosed by macrophages or neighboring
healthy cells, bypassing inflammatory response devel-
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HBIX MEXAaHU3MOB, TO YPE3MEPHO IMOBBINIAETCS YPO-
BEHb COMEPKAHUST MPOOKUCTUTENbHBIX MPOAYKTOB,
AKTUBUPYIOTCS IIPOIIECCHI OKUCJEHUs, BOCIAJIEHIE
CTAHOBUTCSI HEKOHTPOJUPYEMbBIM U MOJKET TI€PENTH B
xpoHndeckyio ¢popmy [54]. JloruuHo moJsarath, 4To
IPY HOPMAJbHOM YPOBHE BOCIAJIUTENbHBIX IIPOIIEC-
COB aIlONTO3 SIBJISIETCS] PETYJIMPYEMbIM II0JIE3HBIM
axTopom. Bmecte ¢ TeM, IUCPeryIsIus B MHIYKITHH
aronTosa myrem ycusienus npoaykiuu ROS mosker
OPUBECTU K YPE3MEPHOMY YCUJIEHUIO AaIlolTo3a,
BbIgBIsIeMOMY B ratoreHeze HID. Tlo-Bugumomy, B
9TOM CJIOXKHOW CHCTEME <«BOCIAJEeHUEe-AIONTO3»
HE0OXOIMMO TIOJIEPAKUBATE XOPOIIO OTPEryIHPOBAH-
HbIit Gamanc. MakTopoM moepsKaHus Takoro Gama-
ca MoryT ObITh aHTHUMUKpOOHbIe Hentuabl (AMP)
[66]. He uckirouyeno, 4yto 1pu paspaboTKe HOBBIX
sekapetB st stedernus HID, AMP cmoryt ciryxuthb
HEePCIEKTUBHBIMU KaHIUIATAMK M3-32 X Pa3Mepa,
MHOKECTBEHHBIX CBOICTB CBONCTB, IMPOKOTO CIIE€K-
Tpa 6rosornyeckx a(hheKToB BKIOYASA BO3/IEiiCTBIE
Ha Pe3MCTEeHTHbIE K aHTHOMOTUKAM BO30yauTenn [75].

Urak, Bce Tpu hyHKITMOHATIbHBIE (Da3bl ATIONITO3a
HAXOJATCS TO]] BJIUSHIEM PETYJISITOPHOTO KOHTPOJIS.
Takum 00pazoM, B MOCJIe/IHee BPEMST YBEJIMUHNBAETCS
KOJIIYECTBO JOKA3ATENIbCTB, CBU/IETETBCTBYIONIUX O
TOM, UTO OKHMCJIUTEIbHBII CTPECC U AIIOTITO3 TECHO CBSI-
3aHbI ¢ OU3MOTOTUYECKUMHU SIBIEHUSIMU ¥ € ATODU-
3UO0JIOTHEN KPUTUYECKUX cocTosTHMi [49].

HOZ[aBJIeHI/IC allonTo3a

CewmeiicTBO 6€IKOB, MHTUOUPYIONIUX aTIOTTO3,
UTpaeT 3alUTHYIO POJIb TP AlIOIITOTUYECKOM I1PO-
ecce. YpoBeHb 9KCIPECCUr GEJIKOB — UHTHOUTOPOB
aronto3a (IAP) perynmupyercst Ha TpaHCKPUIIIMOH-
HOM U TIOCTTPAHCKPHUIIIMOHHOM ypoBH4AX. Harpumep,
6exu rertosoro moka (BTII) — Hsp70 u Hsp27
3AIUIIAIOT KJIETKH OT BBI3BIBAIOIIUX UX TUOEb CTH-
MysoB [7, 12]. dxcnpeccusi Hsp70 xapakrepua s
KJIETOK C BBICOKO YCTONYUBOCTBIO K THGEJIH, BHI3BAH-
HOHM (haKTOPOM HEKPO3a OIYXOJIM, OKUCIUTETbHBIM
CTpeccoM, TepaMujiaMu, U30bITOYHON IKCIpeccueit
kacnasei-3. [Tokazano, uro Hsp70 mokeT 3ammTuTh
KJIETKHM OT allollTo3a, BbI3BaHHOTO aeiictBueM TNE,
nocJie akTuBanuu 3G HeKTOPHBIX Kacnas v 3ajiepKaThb
npotuecc rubenu, BozBanubiil muroxpomom C [107].
Hsp70 Takske MOKeT IPOTUBO/IENCTBOBATH allONTO3Y
nyreMm nHrnéuposanus AIF [63]. Takke anTuamonro-
THUYECKasT aKTUBHOCTh MOKET ObITh CBsI3aHA C MPEJI-
OTBpAllleHUEM aKTUBAIIUU CTPECC-KNHA3, a UMEHHO: C
KOMILJIEKCOM c-Jun N-TepMuHaibHad KuHasa,/cTpecc-
AKTUBUPOBAHHBII OeIOK KiHa3bl U P38/ MUTOreH-
akTuBupoBannasg nporennkuHaza (MAPK) [94].

Nssectno, yro BTIHI monxymupyioTr acddexTb
BOCIIJINTETHbHBIX KAaCKa/I0B, IPUBOJALIINX K 9H/IOTCH-
Hoii rerepaiu ROS n MHAYKIIMYM aonTosa 1mocpes-
CTBOM MHTUOUPOBAHUS MTPOBOCIAUTENBHBIX (DaKTO-
POB, TEM CaMbIM MTpasi BaJKHYIO POJib B I1aTOTeHe3e
HID. Asropsi pa6orst [108] npeanosaraior, 4To Tiia-

opment, which assists fast regeneration of the dam-
aged tissue. The process of phagocytosis of apoptotic
bodies by macrophages is regulated via receptors on
the surface of those cells. Development of methods to
manage the endogenous apoptotic processes, including
induction of apoptosis with drugs, possesses a thera-
peutic potential and, therefore, is a relevant direction
of further contemporary scientific research.

TesbHbIN ananu3 ypoBHsa uHaykiug b T npu HID,
0COGEHHO JI0 Havajia BOCTIATICHUsI, CMOJKET TOMOYb B
paspaborke crpareruu jederns HID.

Hapymrenne Mexanusma KJI€TOYHONH CMEPTH —
KJIIOYEBOW MPU3HAK OHKOJOTUYECKOTO 3a00I€BaHUs
[44, 109, 110]. OmyxoJieBbie KIETKN MOTYT UCITOJTh30-
BaTh PA3JMYHbIe MEXAHU3MBI JIJIs1 TIOIABJIECHIIS aTlol-
TO3a ¥ MPUOOPETEHUST YCTOWYNBOCTH K AllOTITOTIYE-
ckuM areHtam. Hampumep, MoxkeT HaGIOAATHCS
TIOBBITIIEHHAS HKCTIPECCUST AHTHATIONTOTIHYECKIX Ges-
koB (Bcl-2) wim MyTanuu B reHax mpoanonToTuye-
ckux Gekos (Bax) [102, 103].

JlecheKThI aronTo3a MOTyT 06YCIOBUTh BHIKHBA-
HYE STIUTETUATLHBIX KJIETOK 6€3 TIPUKPETIIICHUS K BHE-
KJIETOYHOMY MATPHUKCY, YTO B CJIy4ae 3J0KAUECTBEH-
HBIX KJETOK CIIocoOCTBYeT MeTtacTasupoBanmio [111,
112]. 91i medexThl TakxKe 06GECIeUnBAIOT YCTONYMN-
BOCTH K IIUTOJTUTUIECKUM T-KJIeTKaM U TIPOTUBOOITY-
XOJIEBBIM €CTeCTBeHHBIM KJieTKaM-kustepam (NK-
kaeTkn) [37]. tn redeKThl UTPaoT Ba)KHYIO POJbh B
YCTOWYMBOCTH OITYXO0JIel K XUMUOTEPAITUU 1 JTy4eBOI
Teparuu, yBEJTUUUBAS MTOPOT THOETU KIETOK U TPeOyst
GoJIee BBICOKHX /103 MTPOTUBOOITYXOJIEBBIX TIPEMapaToB.
Cunraercst, 4TO yCIENTHOE yaTeHNe PAKOBBIX KJIETOK
C MOMOTIBI0 HEXUPYPTUUECKUX CPEJICTB MOKET GBITH
NOCTUTHYTO B pe3yJibTaTe WHIYKIUU amloITo3a
[113—116]. OgnuM u3 TaKUX WHAYKTOPOB MOTYT
SBUThC BUPYCHL. Tak, Bupyc 6osesnn Bopua (BDV)
IpeacTaBsgeT cOO0M HEHPOTPOIIHbINA U HEIUTOJIUTH-
YeCKWil BUPYC, KOTODPbII BBI3bIBAET TTOBEIEHUECKUE
paccTpoiicTBa y HIMPOKOTO KPyra TEIIOKPOBHBIX
BuioB. BDV wunpynupyer HeipojerenepaTuBHbIe
U3MEHEHUsT, HapyTias HeliporeHes u 3aTpyaHsIsd QyHK-
IIMOHUPOBAHUIO HEHPOHOB B JIMMOUUYECKON CHCTEME.
[Ipu cpaBaenun BDV-unbuiinpoBaHHbIX KJIETOK HEN-
pob6aacrombl  SH-SY5Y  zaByMs OpUTHMHAJIbHBIMU
mrammamu BDV (uenoBeuecknm mrrammom Hu-H1 n
J1aGoPaTOPHBIM IITAMMOM V') BBISIBUJIN, 4TO 00e MH(H-
HUpoBaHHbIe mMTaMMamy BDV rpymibr kieTok obJia-
JIaJTV CHDKEHHON TTposindepaTnBHON aKTUBHOCTBIO U
OCTAHOBKOI KJIETOYHOTO IIUKJIA TI0 CPABHEHHIO C KOHT-
poJibHO (He3apakeHHOH ) TPYIIoi KiaeTok. [Ipu atom
mraMMm Hu-H1, mokasasmuii Gojiee BbIpasKeHHBIE
a(dexTh, He MH/LYIIMPOBAJ AIIONITO3 B KJIETKAX HEHPO-
6acrombl. HapoTus, mtamMmm V MPpUBOANI K 3aMeT-
HOMY YCHJICHHUIO MPOTIECcca armonTOTHYECKOH THOeH
3apaskeHHBIX KJIETOK Y>Ke TIPU TIEPBUYHOM HHMUIIIPO-
BaHuu. BecTepH-610T-aHAIN3 TTOATBEPANIT yBETNYe-
HI€ B KJIETKAX YPOBHSI IPOAIIONTUYECKOTo Oerka Bax,
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SBJISAIONIETOCS aKTUBATOPOM arlolTo3a, a TAKKe CHILKe-
HUE COIEPKaHNsT AHTHAIONTOTIYecKoTo Geaka Bel-2
[117]. PesysbraThl CBUIETENBCTBYIOT O TOM, YTO
uHbEKINA KIeTOK BUpycoM bosiesnn Bopha npuBoanT
K TI0ZIaBJICHUIO TIPOJIN(epaTUBHON aKTUBHOCTH U CTH-
MYJISIIIN ATTONITOTUYECKOH THOEN KIeTOK Helipobiia-
CTOMBI, TIPY 3TOM MHJYKIIMS aronTo3a 3aBUCHUT OT
CBOMCTB KOHKPETHOTO ITamMa Bupyca BDV. /lannoe
uccaeoBaHue  IPOJIEMOHCTPUPOBAJIO  BO3MOJKHDIE
TOJIXOJIbI K BO3MOKHOCTAM MH/YKIIMN allONTO3a B OITY-
XOJIEBBIX KJIETKAX C TIOMOIIBIO TITAMMOB BUPYCOB.
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MUYECKOM U TeMOPParudeckoM IIOBPEKICHUU
rOJIOBHOTO MO3Ta, CTPeCC-MHAYLMPOBAHHOI Aucpe-
TYJIALIUNA UIMMYHHON CHCTEMBI, OCTPOTO MOBPEKIE-
HUS JIETKUX ¥ OCTPOIrO PECHUPATOPHOIO AUCTPECC-
cuHzpoMa, cemncuca, wumHbapkTa MUOKapaa u
Jluteparypa
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UIEMUYECKOTO MHCYJIBTA, OCTPOI TTOYEeYHOH He/l0-
CTATOYHOCTHU) J0CTATOYHO CJOXKHBL. VMetommuecs
JAHHBIE TIO3BOJISIOT MPEAINOoJaraTb BO3MOXKHOCTU
JIEKapCTBEHHOTO BO3/ICHCTBUS Ha ITPOIIECCHI AllOTITO-
3a. [Ipu psime KpUTUUECKUX COCTOSTHUI UMMYHHBIE
KJIETKU — HEHUTPOdUIDI, pUBJICYECHHBIE K MECTY
MOBPEXKACHUS UM MH(EKINHU, caMy TI0/[BEPraioTcs
aroTTO3y HermocpencTBeHHO B TKanu. OparMeHTh
MOTUOIINX KJIETOK U aONTOTHYECKUX HEHTPOPUIOB
6picTpo  aroruTUpyoTCs Makpodaramu, Jau60
COCETHUMM 3/I0POBBIMU KJIETKAMU, MUHYS Pa3BUTHE
BOCITAJIUTEJHbHON  PEAKIMH, YTO CIIOCOOCTBYET
OBICTPON pereHepaly MOBpeKAeHHOH TKanu. IIpo-
1ecc GaronuTo3a arnonTOTUIECKUX TeJiell Makpoda-
ramMy peryJanupyercs 4yepes3 perenTopbl Ha TOBEPXHO-
CTH 3TUX KJIeTOK. PazpaboTka crioco6oB yrpasieHust
HIIOTEHHLIMHU AMONTOTUYECKUMU TPOIECCAMU, B
TOM YHCJIe C TOMOIIBIO JIEKAaPCTBEHHBIX CPE/CTB,
HeceT TepaneBTUYECKUN TOTEHINAN, U MO3TOMY
ABJISETCS AKTYaJbHBIM HAITPABICHUEM JJATTbHENHIITNX
COBPEMEHHBIX HAYYHBIX NCCJIE0OBAHUN.
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