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BIODI3UKA CKIIA/[HUX CUCTEM
VIK 577.3:616-006:575.17:519.221.25

MATEMATHUYECKOE MOJAEJIUPOBAHUE OBPA30BAHUSA BTOPBIX
OITYXOJIEM U OLIEHKA PACIPEJIEJIEHUSA B YEJJOBEUECKOM
nonyJjAannuu reHOB, HIOBPEXJIEHUE KOTOPBIX OBYCJIOBJIMBAET
BO3HUKHOBEHHUE OHKOJIOI'HYECKOI'O 3ABOJIEBAHUSA

B.I'. Knurasko, E.b. Pag3umesckas, M.A. bonnapenko, O.B. 3aiineBa,

O.I1. MewmepsikoBa
Xapvrosckuil HayUoHAaNbHLII MeOuyuHcKull ynusepcumem, np. Hayxu, 4, 61022, Xapvros, Yxpauna
e-mail: vknigavko@gmail.com
IToctynuna B penakiuto 12 suBaps 2017 rona
[Mpunsita 20 pespans 2017 roga

AKTyanbHOCTh pabOTHl OOYCIIOBJIEHA TEM, YTO OHKOJIOTMYECKHE 3a00JIeBaHHs IPEACTAaBISIOT COOON
3HAUUMBIH (DAKTOpP CMEPTHOCTH JIIOJEH, NPHYEM BO BCEM MHpE OHKOJIOTHMYECKas 3a00JIeBacMOCTb
BO3pacTaeT. BeiencTeue 3TOro W3ydeHHE Ipolecca KaHIEpOoreHe3a BOoOoOIIe M 00pa3oBaHMS BTOPHIX
OITyXOJICH B YaCTHOCTH SIBJISCTCS BaKHOU 3amadeii. Llenmpio paOoTHI SBIISIETCS H3yUeHNE 3aKOHOMEPHOCTEH
00pa3oBaHus y OHKOJIOTHYECKHX OONBHBIX BTOPBIX Omyxoisied. Takoe M3ydeHHe DOJDKHO JIedb B OCHOBY
peLIeHus psija UHBIX BaXHBIX 337134, B YACTHOCTH, OLCHKH PACIIPENEICHHUS B YEIIOBEUECKON MOIYIISIIUU
T'€HOB (a-T€HOB), MOBPEXICHNE KOTOPBIX SIBIISETCS OAHUM M3 BaXKHEHIINX (DaKTOpOB KaHIeporenesa. s
JOCTHXXEHUS NN PabOThI MCHOIb3YIOTCS METOJbI BEPOSITHOCTHOTO MaTeMaTH4eCKOr0 MOIEIHPOBAHUS
H3ydaeMbIX MpoIieccoB. B pe3ynbpraTre MpoBENEHHBIX HCCIEIOBAHUN CO3aHbl MaTeMAaTHUYECKUE MOIEIH,
MO3BOJISIIOIIME OLICHUTH TaKhe BEPOSTHOCTH: 1) 0Opa3oBaHUsI OMyXOJM Yy OOJILHOIO K HEKOTOPOMY
BO3pacTy, €CJIM paHee y 3TOro OOJILHOTO K OIpe/elIeHHOMY BO3pacTy oOpa3oBajiach IepBasi OIyXoJb; 2)
oOpazoBaHust y OOJILHOTO JABYX OITyXoJjel K ompelelieHHOMY Bo3pacTy. Kpome Toro, mpeyioskeHHas
MOJIETIb MO3BOJISIET MCIOJIb30BaTh CTATUCTHKY BTOPBIX OIyXOJEW JUIS YTOYHEHHMS MapaMeTpoB MOJEIH
kaHeporeHesa. Cka3aHHOE IO3BOJISIET CHENaTh BBIBOJ O TOM, UYTO BEPOSTHOCTHOE MAaTEMaTHYECKOE
MOJIETTMPOBAHKE MTO3BOJISIET MPOBOANTH OIIEHKY PSd BaXKHBIX KOJMUYECTBEHHBIX XapaKTEPUCTHUK IpoIiecca
KaHIIepoTeHe3a.

KJIFIOUEBBIE CJIOBA: xaHmeporeHes, BTOpBIE OITyXOJH, MOBPEXKICHHS T'€HOB, MaTeMaTHYECKOE
MOJIETIMPOBaHKE, (DYHKIUS pacIpeiesIeHNs], OLICHKA PACIIPEAEIECHHs a-TeHOB B IOILYJISLHH.

MATHEMATICAL MODELING OF THE SECOND TUMORS FORMATION AND
ESTIMATION OF THE DISTRIBUTION OF THE ANTI-ONCOGENES AMONG HUMANS
V.G. Knigavko, E.B.Radzishevskaya, M.A. Bondarenko, O.V. Zaytseva,

O.P. Meshcheryakova
Kharkiv National Medical University, 4 Nauky Ave., 61022 Kharkiv, Ukraine

The relevance of the work is caused by the fact the cancer is a significant factor in human mortality, and
cancer incidence is increasing worldwide. As a consequence, the study of the process of carcinogenesis in
general and Second tumors, in particular, is an important issue for medical physics. The aim of this study
was to uncover the regularities of the secondary tumors formation in cancer patients. Such a study should
enable the solution of a number of related problems, viz. estimation of the distribution of the a-genes
among humans, which damage seems to be one of the most essential factors of carcinogenesis. To
achieve the aim of the study the probabilistic mathematical modeling was employed, resulting in the
generation of the mathematical models, capable of estimating such probabilities: 1) probability of the
second tumor formation in a patient at some age, provided that the first tumor is formed in this patient at
certain age; 2) probability of two tumors formation in a patient at certain age. Furthermore, the proposed
models enable employment of the statistics of the second tumors to refine the parameters of the
carcinogenesis model. In conclusion, the probabilistic mathematical modeling allows evaluation of a
number of important quantitative characteristics of the carcinogenesis.

KEY WORDS: carcinogenesis, second tumors, genes damages, mathematic modeling, distribution function,
evaluation of a-genes distribution in the population.

© Kuwnrasko B.I'., Pamsumesckas E.b., bonnapenko M.A., 3aiiieBa O.B., Memepsikosa O.I1.,
2017
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B.T". Kuuragko, E.b. Pamzumesckas, M.A. bonnapenko, O.B. 3aiiiiea, O.I1. MemepsikoBa

MATEMATHUYHE MOJAEJIIOBAHHS YTBOPEHHS JPYT'UX ITYXJIMH I OLIIHKA
PO3MOALTY B JIIO)ICI)KIFI HOHYJIHLlli I'EHIB, TIOWKO/I>KEHHSA IKUX OBYMOBJIIO€
BUHUKHEHHSA OHKOJIOT'TYHOI'O 3AXBOPIOBAHHA
B.I'. KniraBko, €.b. Pag3imescbka, M.A. bongapenko, O.B. 3aiiueBa,

O.I1. MemepsikoBa
Xapxiscokuii hayionanvhuil meouunuii ynieepcumem, np. Hayxu, 4, Xapxis, 61022, Yxpaina

AxryanpHiCTh pPOOOTH OOYMOBJIEHA THM, IO OHKOJIOTIYHI 3aXBOPIOBAHHS € 3HAYUMUM (HaKTOPOM
CMEPTHOCTI JIIOIeH, MPUYOMY B YChOMY CBIiTI OHKOJIOTiYHA 3aXBOPIOBAHICTh 3pocTae. BHaciigok 1poro
BUBYCHHA TIIPOLECY KAHUECPOICHE3Y B3arani Ta YTBOPCHHA JAPYIUX NOYXJUWH 30KpEMa € BaXJIMBOMO
3agadero. Meroo poOOTH € BUBYEHHS 3aKOHOMIPHOCTEH YTBOPEHHS Y OHKOJIOTIYHHMX XBOPHX JPYTHX
nyxJynH. Take BUBUCHHSI MOXe OyTH OCHOBOIO JUIsl BUDIIIEHHS PsLy IHIINX Ba)KIMBUX 3aBJaHb, 30KpeMa,
OLIHKK pO3MOAUTy B JIIOJACHKIM HOmymsanii TreHiB (a-TeHiB), IOIIKO/UKEHHS SKHX € OJHUM 13
HaliBaxmBIimmMX (pakTopiB KaHmeporeHe3y. s HOCATHEHHS METH POOOTH BHKOPHCTOBYIOTHCS METOAH
IMOBIpHICHOTO MaTeMaTHYHOTO MOJETIOBAHHS [OCTIKYBaHUX IIpoleciB. B pe3ynpraTi mpoBemeHUX
JIOCTIKEHb CTBOPEHO MaTeMaTHYHI MOJIENI, IO AO3BOJIIIOTEH OLIHUTH TaKi HMOBIpHOCTI: 1) HMOBIPHICTB
YTBOPEHHS MyXJIMHH y XBOPOTO 0 AESKOTO BiKy, SIKIIO PaHIIle Y LBOTO XBOPOTO IO TIEBHOTO BiKYy
YTBOpHJIACS TepIIa IMyXJIrHa; 2) HMOBIPHICTH YTBOPEHHS Y XBOPOTO IBOX IMyXJIMH 10 MEBHOTO BiKy. Kpim
TOT0, 3aIPOIIOHOBAHA MOJIENb JO3BOJISIE BUKOPUCTOBYBATH CTATUCTHKY APYTHUX IyXJIHH U YTOYHEHHS
napaMeTpiB Mojeni KaHieporeHesy. Cka3zaHe BHIIE JI03BOJISE 3pOOMTH BHCHOBOK NIpO Te, IO
HMOBIpHICHE MaTeMAaTHYHE MOJICIIOBAHHS JIO3BOJISE MPOBOJUTH OI[HKY PNy BaKIMBUX KUIBKICHHUX
XapaKTEePUCTHUK TPOLECy KaHIEPOTreHe3y.

KJIFOYOBI CJIOBA: xaHueporeHes, Ipyri MyXJIWHH, MOMIKOKEHHS T€HIB, MATeMaTHYHE MOJAETIOBAHHS, (QYHKIIis
po3noaury, OIHKa pO3IOAUTY a-I'€HIB B ITOITYJIALLL.

INOCTAHOBKA 3AJIAYN

OOpa3oBaHue BTOPBIX OIyXOJIEH TpEACTaBIsgeT COOOH BakHOE, HO BCE elle
HEIOCTaTOYHO H3yUYEHHOE SIBJIICHHE, BBI3BIBAIOLIEE B HACTOSIIEE BPEMs 3HAUYUTEJIBHBIN
untepec [1, 2]. [Ipu 3TOM TEpMHH «BTOpBIE ONYyXOJIW» IMPUMEHSETCA K OIyXOJsIM, KOTOPbIE
BO3HHKJIN T10CJIE TOSBJICHUS MEPBON OIyXOJIU, HO HE SIBJISIFOTCA CIIEACTBUEM BO3HUKHOBEHHUS
3TOH mepBoii omyxonu. Llenbio paboThl SBIIsSETCS U3yUeHHE 3aKOHOMEPHOCTEH 00pa30BaHus Yy
OHKOJIOTHYECKHUX OOJIBHBIX BTOPBIX OITyXOJIEeH.

HayuHblii wuHTEpec TNpeACTaBIAIOT Takue MpoOsieMbl: 1) oOLEeHKa BEpOSTHOCTU
00pa3zoBaHMs OMyXOJIH y OOJIBHOTO K HEKOTOPOMY BO3PAaCTy, €CIIU paHee Y 3TOro 00JIBHOTO K
OTIpeNIeJICHHOMY BO3pacTy o0Opa3oBajiach I€pBas OIyXOJb; 2) OLIEHKAa BEPOSTHOCTH
0o0pa3oBaHUsl BTOPOW OIyXOJW IPU HEKOTOPOM BO3pAacTe HWHAMBUAA; 3) BO3MOXKHOCTb
UCIIOJB30BaTh CTAaTUCTUKY BTOPBIX OINYXOJE€M [ YTOYHEHMsI paclpelneieHHs B
YeJI0OBEUECKONW MOIMYJISALUKN ONPEAEICHHOTO KOJIMYECTBA TEX I'€HOB, MOBPEXKIEHHE KOTOPBIX
00yCIIOBIMBAET BO3HUKHOBEHHE OHKOJOTHYECKOTO 3a0ojieBaHUs (Haliee ITH TE€HBI OyJemM
Ha3blBaTh a-T€HAMH); HCIOJIb30BAaHUE CTAaTUCTUKU BTOPBIX ONYXOJEeH M YyTOYHEHHUs
apaMeTpoB MOJENIN KaHILEPOreHEe3a.

MATEMATHYECKASA MOJAEJIb

Paccmotpum u 06cyum 3tr ipoosemsl. OOpa3oBaHKe 3JI0KAYECTBEHHON OITyXOJH — 3TO
cilydaifHOe COOBITHE, XapaKTepU3yeMoe ero BeposTHOCTHIO. [IycTh t — 3TO BO3pacT MHIAMBUAA.
3nech W Aanee Moj BO3PACTOM HHAMBUAA OyJeM MOHMMATh BO3PACT, OTCUMUTHIBAEMBIH OT
MOMEHTa 3ayaTus. s MOIyJsaluu JIIOACH BEJIMYMHA t SBISAETCA CIIy4allHOM BEJIMYMHOM.
HaunGosee mosHON XapaKkTEPUCTHUKOW STON CIydailHOW BEIMYMHBI SIBISICTCS €€ (YHKIIHS
pacnpenenenus. [lycts F(t)) — 3T0 ¢yHKUMs pacnpeneneHus Bo3pacta 00pa3oBaHHs MEPBOI
omyxou, a F(t;) — dyHknus pacnpenenenus BpeMeHn o0pa30BaHMsi BTOPOH OITyXOJIH.



MaremaTudeckoe MOAEINPOBaHNE 00pa30BaHMs BTOPHIX OIYXOJIEH U OLICHKA. ..

VkaxeM CHayasla, 4eMy paBHA BEPOSTHOCTb 0Opa30BaHUs JBYX OIyXOJIeH MpHU BO3pacTe
nanuenTa t,. O603Ha4UM 3Ty BEPOATHOCTH F. JIErKo MOHATH, YTO 3Ta BEPOATHOCTL PaBHA

. 2
KBaJIpaTy BEPOSTHOCTH BOSHUKHOBEHHUS BTOPOH OIyXOJIM B BO3pAcTe t, TO ecTh F; = (F (tz)) .

WubiMu crioBamH, cOOBITHE, COCTOAIIEE B TOM, YTO K BO3pacTyt, MOSBUIACH BTOpas

OITyXOJIb — 3TO COOBITHE, O3HAYAOIIEE, YTO K 3TOMY BO3PACTY YXKe 00pa3oBasUCh U NepBasi, U
BTOpasi OIyXOJIb M, €CIM HAac MHTEPECYEeT BEPOSITHOCTH 3TOTO COOBITHUS OE30THOCHUTEIILHO
TOTO, Korja oOpa3zoBajiach mepBasi OMyX0Jb, TO MbI JOJDKHBI BBIYUCIUTH KBAagpaT (YHKIHH
F(ty).

Tenepr onpenenuM BepoATHOCTH 00pa30BaHUS BTOPOH OIyXOJH B BO3pacTe tp MpHU TOM
yCIOBUH, YTO TE€pBas OIyXoJb oOpa3oBajgack B Bo3pacTe t;. Jlerko moHATH, 4TO 3Ta
BEPOSTHOCTh paBHA TakoMy npousseneHuo: F(t;)-F(ty).

Manurauzanusi KJIETOK SIBJISIETCSl CJIEICTBUEM MYTALMOHHBIX IPOLIECCOB, MpUYEM
CUMTAETCs, 4YTO OOpa30BaHUIO 3JI0KAYECTBEHHBIX OMYXOJE€Hl NpenaTcTBYIOT JBa TIeHa
cynpeccopa (BRCA1 u BRCA2) [3] u mects renos penapaumuu JHK, B wactHOCTH
9KCUU3UOHHOW, peKOMOMHAaUMOHHONW M np. Jlamee Oynem Ha3blBaTh 3TH T'€Hbl a-T€HAMHU.
Taxke mnpeanonaraercs, 4ro MaJIMTHU3alMA KJIETKM C MOCIEAYIOIIHUM 00pa3oBaHUEM
3JI0KAYECTBEHHOH OIyX0Ju 00YyCIIOBJIEHA MOBPEKICHUEM BCEX YKa3aHHBIX T'eéHOB. Bmecte ¢
TEM IOHATHO, YTO T'€HOTHII CIly4yallHO BBIOPAHHOIO MHIMBHJA MOXET COAEP)KaThb pa3zHOE
KOJIMYECTBO (OT OIHOTO IO BOCbMM) YKa3aHHBIX T€HOB. JTO, B CBOIO OYEPE/b, O3HAYAET, YTO
MaTeMaTHUYeCKUE BBIPaKEHMsI JUIsl YKa3aHHBIX (YHKUUI pacrnpeieseHus 3aBUCAT OT YUCIA
HEINOBPEXK/ICHHBIX a-T€HOB.

ITycts k uncino HenmoBpekIeHHBIX a-T€HOB B TEHOTUIIC MHUBH/IA.

Torna u ¢opmyna, ucnonb3yemasi s BeIYUCICHUS (DYHKIUHM paclpeaeseHus Bo3pacrta
00pa3oBaHMs OIyXOJIM, 3aBUCUT OT BEJTUYUHBI K.

BcenenctBue aroro nns BennunHsl F(t) Ui MHAMBUAA C YMCIIOM HENOBPEXKIECHHBIX [€HOB,
paBHbIM K, B TasIbHEHIIEM HAJ0 UCMIONb30BaTh Takoe o0o3HaveHue: F (t).

Ilycte py — BEpOATHOCTb HAWTH B MONYJSILMUM WHAMBHIA, B TEHOTHIIE KOTOPOIO

COJICPIKUTCS K TEHOB.
B pabore [4] mpuBemeHBI CHCTEMbl YPaBHEHHH, MO3BOJISIONUX TOJIYYUTh OICHKY
BCJIINYMH pk . BMGCTC C TEM, TOYHOCTbH 3TOfI OLICHKU HCEU3BCCTHA U YTOLIHGHI/IC €C ABIISICTCA

BAKHOM 3aJ1a4uei.

[Ipy HanMuuM [OCTATOYHOIO KOJMYECTBA CTAaTUCTMYECKUX JAHHBIX KacaTeabHO
BO3pAacTOB OONBHBIX NpPHU OOpPAa30BAaHWUU 3TIOKAYECTBEHHBIX OIMYXOJEH MOXHO MPEATIOKUTh
CIIETYIOIINIA CIIOCO0 OLIEHKU paclpeesieHUs a-T€HOB B YEJIOBEUECKOM MOMYJISIUH.

Beenem o603HadYeHHUS.

[Tycth n — 06beM BHIOOPKH;

1 — HOMEp 3JIeMEeHTa BBIOOPKHU;

Vi — OSMIHpPUYECKass BEPOATHOCTh BO3HUKHOBCHHUS Yy YEJIOBEKAa OHKOJOTHYECCKOTO
3a00JieBaHUs B BO3pacTe ti;
Fix — BeposTHOCTh (MOJENbHAs) BO3HHUKHOBEHHUS Y YEIOBEKA OHKOJIOTHYECKOTO

3a00JeBaHMs Ha 1-M TO/Y KM3HU MPH U3HAYAIBHOM KOJHMYECTBE a-T€HOB B T€HOTHIIE, PABHOM
k;

Pk — UCKOMasi BEPOSITHOCTh HAWTH B NOMYJISIIMM MHAMBHUJA C U3HAYAJIbHBIM YMCJIOM a-
TE€HOB, paBHBIM k.

Teneps MOKHO 3anMcaTh TAKYK CUCTEMY YPAaBHEHMI:

vi=p B p, 20 B340 FLap B sip Feip, Fr7ipgFig
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Vi =p,E 140, Fi 2P Fi3p , F 440 F5ip Fieip, Fi 74P Fig
Vi =P Fn 140, Fn 24P Fn 340 Fo gD B 5P Fr6P o Fr 74P g B g

rae n — o0beM BBIOOPKHU.

[Tosrywaromasicst cucTeMa ypaBHEHHH SIBJISICTCS TIEPEOPEICIICHHON. Petast 9ucieHHo 3Ty
CHUCTEMY YpPaBHCHHI, MOXXHO IOJyYUTh OICHKH BEIWYHMH Vi. AHAJIOTUYHBIC BBIYUCICHUS
MOTYT OBITH ITPOJICIIAHBI H JISI BTOPBIX OITYXOJICH.

Takum 00pazom, npeaaracMasi METOIUKA OIIGHKU PACIIPENICIICHUS] a-T€HOB B MOMYJISIIHA
C UCTIOJIh30BAaHUEM CTATUCTHKHU KaK MEPBBIX, TAK U BTOPBIX OITyXOJICH, TO3BOJISET TOIYYUTh
10 JIBe OLIEHKH JUIs KaKI0ro 3HadeHus BeiawuuHbl k. [ToHATHO, 4TO, B OOIIEM ciy4ae 3TH
OIICHKHM OTIUYAIOTCS JAPYT OT JPyTra, MOCKOJBKY CTATHUCTUYECKHE TAHHBIC BCET/IAa COJCpPIKAT
CJlydaliHyl0 TOrpenHocTb. Ho ecnu ompenenuTts CpeHHe 3HAYCHUS AITUX OICHOK IS
KKI0ro 3HaYeHUs Kk, TO MOJyYWM OIIGHKY C MCHBIIUM JOBEPUTCIHHBIM HHTEPBAJIOM, T.C.
0ojee TOUYHYIO OIEHKY. OTO O0OYCJIOBIMBAeT I1eJIecO00pa3HOCTh YTOYHEHHSI OIICHKHU
BBIIIICYKA3aHHOTO PACIIPEICIICHHSI C MCTIOJIb30BaHNEM UH(POPMAITUU O BTOPHIX OITyXOJISX.

BbIBO/IbI
Ecnu wm3BectHa (yHKIMS pacmpenesieHus Bo3pacTa BO3HUKHOBEHUS 3JI0KAYECTBEHHOU
OIyXOJIM, TO JUIi BTOPBIX OMYXOJEW MOXHO paccuuTaTh (DYHKIMIO paclpeneleHus JIBYX
omyxoJiei (TepBoil U BTOPOH) U (YHKIMIO PACIPECIICHHs] BTOPOU OMYXOJIH MPH YCIOBHH,
YTO U3BCCTCH BO3PACT BOBHUKHOBCHUA HepBOﬁ OITYyXOJIH.
Kpome Toro, ucnosnb3ysi cTaTUCTUKY OOpa3OBaHMsI MEPBOM M BTOPOW OITyXOJIed MOKHO
YTOYHUTH PaACIPCACIICHUC B JeJI0BEYECKONI MomyJianuu a-réHoB.
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3amada peKOHCTPYKINi 300pakeHb B PEHTI€HIBCHKIN KOMIT FOTEPHIA ToMOrpadii 3BOIUTHCS 10 PO3B'A3KY
IHTETPaJbHOTO PIBHSHHS a00 cHcTeMH anreOpaidHMX pIBHAHB JJIS TUCKPETHOTO BHUIAAKy. 3agada €
HEKOPEKTHOIO uYepe3 HEBIAMOBIIHICTh KUIBKOCTI PIBHSHB Ta KUIBKOCTI HEBIIOMHX Ta 4epe3 HasBHICTbH
MOXHOKH y €KCIIEPUMEHTAIBHO BUMIPSHUX JaHuX. ToMy 3a7a4a NOIIyKy Kpalloro MeToy peKOHCTPYKIIT
B ToMmorpadii € BiIKpHUTOIO, BCi HasBHI METOJM NAalOTh HaOJIDKEHWIl pe3ynbTar. Y CTaTTi MPOBEIEHO
MOPIBHSHHS JIBOX METOIB PEKOHCTPYKIi: 0OEpHEHOTO MpOeIiloBaHHA Ta BapiamiidHoro. [lopiBHSIHHS
BUKOHAHO 32 JIONIOMOTOI0 YHCEJIBHOTO EKCIIEPUMEHTY, IIJUII0 SKOTro OyJI0 OTPUMAaHHS 3aJIeKHOCTI MiXk
MOXHOKOI0 300pakeHHsI 1 MOXHOKOIO eKcliepUMEHTy. BcraHoBIeHO, IO Ha BiAMiHY BiJ BapiamiidHOTO
MeToa 300pa)keHHs, OTpUMaHe METOJOM OOEpHEHOTrO MPOEIIOBaHHS, HECTiHKe: IS HHOTO BiICYTHS
30DKHICTh HAOMMKEHOTO 300pa)KeHHS 10 TOYHOTO TP HAOIIMKEHHI MOXHOKH €KCIIEPUMEHTY 10 HYJIS.
Bapiamiiiauii MeTo[1 ToKa3aB TapHi pe3yabTaTH peKOHCTPYKIIil, He3BKAIOUH HA MaJy KUTBKICTD MIPOCKIIiH
Ta HAasIBHICTh B HAX ITOXUOKH.

KJIFOUOBI CJIOBA: peHTreHiBChbKa KOMIT'IOTEpHA TOMOTrpadis, METOA OOCPHEHOTO MPOCLIOBAHHS,
BapiariiHuil MeTo.

AHAJIN3 YCTOMYUBOCTH TOMOI'PAGUYECKOM PEKOHCTPYKIINHN
PEHTTEHOBCKHUX MEJUIIMHCKHUX U30BPAKEHUU
JL.A. ByaaBuH, 10.®. 3a6amra, A.B. MoTtousira, C.II. Cenuypos

Kuescxuii nayuonanvuwiti ynueepcumem umenu Tapaca Illeeuenxo, npocn. I'nywikoea 2 A, 2. Kues, Yxpauna

3amadya pEeKOHCTPYKIHMU W300paKeHWH B PEHTTCHOBCKOW KOMIIBIOTEPHON TOMOTrpaduu CBOAHUTCA K
PCIICHUIO WHTETPaIbHOTO YPABHCHUS WM CHUCTEMbI alreOpanvecKuX ypPaBHCHHUH U IUCKPETHOTO
ciayyasi. 3ajaua sIBISIETCS HEKOPPEKTHOM M3-32 HECOOTBETCTBHUS KOJIMYECTBA YPABHEHHM W KOJIMYECTBA
HEU3BECTHBIX M M3-3a HAJIMYHUS IOTPELIHOCTH B SKCHEPUMEHTAIBHO HU3MEPEHHBIX JaHHbIX. [losTomy
3aada MOMCKA JYYIEro METO/a PEKOHCTPYKIIMHA B TOMOTpadUH SBJISETCS OTKPBITOW, BCE MMCHOIUCCS
METOIBl JAIOT MPHOJMKCHHBIA pe3ynpTar. B craThe TNPOBENCHO CpaBHCHHWE [BYX METOJIOB
PEKOHCTPYKIMH: OOpaTHOTO MPOCIMPOBAaHUS U BapHalMOHHOTO. CpaBHEHHE BBINOJIHEHO C ITOMOIIBIO
YUCIICHHOTO AKCIEPUMEHTA, IIETBI0 KOTOPOTrO OBLIO TMOJYYCHHE 3aBHCHMOCTH MEXIY IOTPEUTHOCTHIO
M300pakKeHNS U TIOTPEITHOCTHIO AKCIIEPHUMEHTA. Y CTAHOBIICHO, YTO B OTIMYHNE OT BAPHALMOHHOTO METOAA
n300pakeHne, MOTydeHHOE METOIOM 00paTHOTO MPOCHUPOBAHUS, HEYCTOWIHBOE: JUII HETO OTCYTCTBYET
CXOAUMOCTH MPHUOIMKEHHOTO H300pakeHHUsI K TOYHOMY TPH IPUOIIKEHUH TTOTPEITHOCTH SKCIIEPUMEHTa
K HyJr. BapualMoHHBIM METOZ IOKa3aJl XOpOIUHWE PE3YJIbTaThl PEKOHCTPYKLHUH, HECMOTPS Ha Majoe
YUCJIO NMPOEKIHUHA U HATMYUE NOTPEUTHOCTU B HUX.

KJIIOYEBBIE CJIOBA: peHTreHOBCKas KOMIBIOTEpHas ToMorpadusi, MeToJ] OOpaTHOrO MpOCIHpPOBAHMS,
BapUaIMOHHBIA METONI.

ANALYSIS OF STABILITY OF TOMOGRAPHIC RECONSTRUCTION
OF X-RAY MEDICAL IMAGES
L.A. Bulavin, Y.F. Zabashta, O.V. Motolyha, S.P. Senchurov
Taras Shevchenko National University of Kyiv, 2 A Glushkova Ave., Kyiv, Ukraine

Slice reconstruction in X-ray computed tomography is reduced to the solution of integral equations, or a
system of algebraic equations in discrete case. It is considered to be an ill-posed problem due to the
inconsistencies in the number of equations and variables and due to errors in the experimental data.
Therefore, determination of the best method of the slice reconstruction is of great interest. Furthermore,
all available methods give approximate results. The aim of this article was two-fold: i) to compare two
methods of image reconstruction, viz. inverse projection and variation, using the numerical experiment;
ii) to obtain the relationship between image accuracy and experimental error. It appeared that the image

© bynagin JI.A., 3a6amra F0.®., Motonura O.B., Cenuypos C.I1., 2017



10
JI.A. Bynagin, }0.®. 3a6amra, O.B. Motomnura, C.I1. Ceruypos

obtained by inverse projection is unstable: there was no convergence of the approximate image to the
accurate one, when the experimental error reached zero. In turn, the image obtained by variational method
was accurate at zero experimental error. Finally, the latter showed better slice reconstruction, despite the
low number of projections and the experimental errors.

KEY WORDS: X-ray computed tomography, inverse projection method, variational method.

VY cywacHii MeauuHi (i3ull OAHA 3 KIOYOBUX pOJIEH HANEKUTh PEHTTEHIBCBHKIN
KOMIIT FOTepHi ToMorpadii. Sk Bimomo [1], ii 3amada momsirae B OTpUMaHHI 300pa)KCHHS
CTPYKTYPH JOCIHI/PKyBaHOTO OO’€KTy 3a JaHMMHU NPO TOTJIMHAHHS HUM PEHTI€HIBCHKOTO
BUNIpOMiHIOBaHHSA. LIt 3a1aua opMyITIO€ThCS HACTYITHUM YHHOM:

[urencuBHicTh /,(x') BUIPOMIHIOBaHHs, IO MPOHILIO KPi3b JOCHIKyBaHUA OO'€KT,

3aMUCYIOTh y BUTJISAI:
1,() = I (Y exp( = u(x, )y, (1)
ne I;](x') — IHTCHCUBHICTh PEHTICHIBCHKOTO BHUIPOMiHIOBaHHS 10 00'ekty, u(x,y)—

MIPOCTOPOBUI PO3MOMALT KOE(IIlieHTa IMOCIA0NCHHS PEHTTEHIBCHKOTO BHIIPOMIHIOBAHHS Ha
neBHOMY Tiepepisi 00'ekty. [Ipy bOMy PEHTTEeHIBCHKUM IMy4YOK HAMPSMIICHUH MapayieIbHO OCi
y', @ —KyT MiXK oCsiMH X Ta Xx'.

[poekuist 06'ekTy A,(x') BU3HAYAETBCS CHiBBIAHOMIEHHM [2]:
1,(x")
1 2 (x")
ne O(xcosp+ ysing—x'") — nenvra QyHKIis.

A,(x")=—In = II_Z 1(x, )0 (xcosg+ ysing — x")dxdy, ()

®yukuis 4(x,y) € mykaHuM ToMorpadivHUM 300pakeHHSIM, BOHA OIHCY€E MPOCTOPOBUI

PO3MOJiNT IHTEHCUBHOCTEH TMOTJIMHAHHA PEHTTEHIBCHKOTO BUIIPOMIHIOBAaHHS PEYOBHHOIO.
Otpumanns wiei QyHKUIl 32 3HAYCHHSIMU EKCIEPUMEHTAIBHO BUMIPSHOT QyHKuii A,(x") €

niutro Tomorpadii. s 3amaua Ha3MBa€ThCS PEKOHCTPYKIIEID PEHTTEHIBCHKOI TOMOTpaMH 3a
IPOEKI[ISIMH Ta 3BOJUTHCA JI0 PO3B’SI3KY 1HTETPAIbHOTO PiBHAHHA (2).

MOCTAHOBKA 3AJIAYI
Ockinbku QyHKwis A,(x") BU3HAYAETLCS 3 €KCIEPUMEHTY, BOHA € HAONMIKEHOIO, OTIKE,

PO3B’s13yr0UM PIBHSHHS (2), MU MOKEMO OTPUMATH JIMIIEC HAaOImKeHy QyHKIi0 (X, ).
[osHaunmo vepe3 4 (x,y) TouHe 3HadeHHs QyHKuii £(x,y) i BBEAEMO MOXHOKY O,
HaOKeHoi QyHKii (X, y)

é“u = p/[(/’lﬁl’l())ﬁ (3)
ne p, (4, 4y) — BIACTaHb MDK 3rafiaHUMM (QyHKUIsMA. MOXIIMBE BHKOPUCTaHHS PI3HHX
METpHUK, B HAllUX EKCIIePUMEHTaX MM OyAeMO KOPUCTYBaTHCh T'iJIbOEPTOBUM METPUUYHUM
IIPOCTOPOM.

ITo3Hauumo uyepes A, (x' HKIIIO, OTpUMaHy B pe3yJbTaTi MiACTaHOBKHU X, B
04 y y Y Ho X5 Y
piBHsHHA (2), i BBemeMO mOxuOKy &, Habmwkenoi ynkuii A,(x'), Bu3HAuMBILIHK i
PIBHSIHHSIM:

5,1 =P, (/1¢7ﬂ’0¢)3 (4)

1€ p, — BIACTaHb MK (QYHKIIIMHU /1¢ Ta A, 4
IToxubka excmepuMeHTy A TIpeAcTaBise COOOI0 BEPXHIO MEXKY 3HAYeHb O,, LIO
OIIUCY€THCS HEPIBHICTIO
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0, <A (5)

Sk BigoMo [3], 3a HaOIMKEHUI pO3B’A30K PIBHAHHSA (2) BApTO PO3IIALATH PO3B A30K LI, ,
CTiliKnH 10 Manux 3miH GyHKuii 4,(x"). Lo BUMOry 3anmucyroTh y BUTIIALI:

limo, =0. (6)

A—0
Ha cworogni, misi peKOHCTPYKIIi TMEPEeBaXHO BHKOPUCTOBYETHCS METOJI OOEPHEHOTO
npoeuitoBanHs [4]. g miei >k mimi Moxke OyTH BUKOpPHCTaHUM Bapiamiiinuit meron [3].
im0 gaHoOi cTaTTi € MEepeBipKa Ha CTIHKICTh PO3B’SI3KIB PIBHAHHS (2), OTpPUMAHUX ITUMH
metoaaMu. Lo 3amaqy Mu OyaeMo BHpIIIyBaTH 3a JTOTIOMOTOI0 YHCEIBHOTO EKCIIEPUMEHTY.
[[lo6 3pobutu me, moTpiOHO, MEpIn 3a BCE, MPUCTOCYBATH BapilalliiHWUA METOHd IS
PEKOHCTPYKIIii 300paKeHHSI.

3ACTOCYBAHHAA BAPIAI.[JﬂHOFO METOAY AJIsA
PEKOHCTPYKIII 306PA’KEHb
[IpencraBumo piBHSHHS (2) B ONIEpaTOPHOMY BUTIISIL
Au=A. (7)
[Ipu BuKOpHCTaHHI BapiamiifHOTO MeTona [3] 3a HaOMMKEHWH pPO3B'SA30K pIBHSIHHA (2)
npuiiMaeTsest PyHKLIs 4, (X, V) , IO 3a10BOJIBHSIE PIBHAHHS
AAu+ou=A2, (8)
ne A" — omepatop, crpskeHuii 3 omepaTopoM A, o — KoedillieHT perynspusanii, o Mae
OyTu BU3HAYEHU 3 pIBHAHHSA:
P (ApyA)= A, ©)
ne p(Z,7") —Biacranb Mk GyHkiismMu Z ta Z.'.
[epenumemo piBHSIHHA (2) Y BUTIISAAL:

[ [ K50, ) aCx, y)ddy = A(x', ). (10)
BinmosinHo MaeMo:
A dp=[[Key: X, V)u(X,Y)dxdy, (11)
JIe IPUAHSATO MO3HAYEHHS
K,y %,7) = [ [ K(x', s, ))K (X', 5 X, Y )dx'd . (12)
[IpaBy yacTuHy piBHSIHHS (8) 3aMMCY€EMO Y BUTJIISII:
A2 =[[K(E . 432, 9) A, p)dx'dg. (13)
PiBHicTh (5) HaOyBae BUTIIALY:
4 ' ' 2
[[dxag| [ [K(r. g%, ) p(x,p)dxdy - AP = A2, (14)
Bukonaemo HaOmxkeHy 3aMiHy O -(DyHKIIIi B pIBHSHHI:
. _\2
O(xcosg+ ysing—x'") = Aexp [— (xcosg +2):21n¢ *) } (15)
Jie h — IWUPUHA PEHTTeHIBCHKOTO MpoMeHo. KoHctanTy 4 BH3HAYaeMo 3 piBHSHHS:
[ ods =1, (16)

ne I’ — nmiHis, nepneHUKyYIIpHA MyKY.
Bennuuny dS po3paxoByeMO 3 pIBHSHHS:
y=a+xtgg, (17)
OTPUMYIOUH
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ds = dx(1+ zg¢)%. (18)

[Ticns migcranosku (15), (17), (18) y (16) 1 inTerpyBaHHs: MaeMo:
1
A=——— (19)

h\|27mcos@ .

PiBusiHH (2), micnst 3aminu O -pyHkuii Bupazom (15) mpuiimae Burnsn (10) 3 sapom:

, (xcos¢+ ysing —x')
K ; = - . 2
(x', 4,5, ) I [2rcosd) exp{ E } (20)

3rigno 3 (8), (11-13), ans HeBimoMoi GyHKIIT £(X, ) MU OTPUMYEMO PiBHSHHS:

, 1 _ (xcosg + ysing — x')?
[ dXdY{ [[dx df-———r T exp{ v }x

cexp {_ (Xcos¢ +2)}’ls2in¢ -x')? }} L(X.Y) + (X Y) = (21)
~ ’ 1 _ (xcosg+ ysing — x')’ ,
= [[ax'dg NI ex { e }ﬂ(x . 9)-

PiBusinns (14) 3rigHo 3 (20) Moxe OyTu 3anmcane sK:
, 1 (Xcosg + Ysing — x')° , )
dx'd ——exp| — xu (X, Y)dXdY — A(x',¢)t = A~. (22
(] ¢{Hh T~ p{ e (X, Y) (X', 4)} = A.(22)

Taxkum urHOM, CIiBBiIHOIICHHS (8-9) BapiallliHOTO METOTy Y BUIIAJKY iX BUKOPUCTAHHS
JUIS PEKOHCTPYKIii B ToMorpadii npuiiMaroTs BUIIISL (21-22).

METOJUKA I PE3YJbTATU YUCEJBHOI'O EKCIIEPUMEHTY
[Iporpama ekciepuMEHTY SIBJISIE COOOIO MOCIIJOBHICTh HACTYITHUX €TAITIB.
1) Bubupaemo maremaTu4yHuil (paHTOM 3 BIJOMHUM PO3HOJLIOM IHTEHCUBHOCTEH L4, (X, V) .

A
2) Kopucryrouuch BUpasoM (2), po3paxoByeMo 3Ha4YeHHA A,(x') Uis 1bOoro (paHtomy.
v ’ .
Hosnaunmo Horo sk Ay,(x). [las  croporieHHs po3paxyHKiB OOpaHO Taky —camy
JMCKpeTH3allito, AK y pantoMy: 32 o KOOpAMHATI x' Ta BUKOPUCTAHO 32 MpPOEKIii.

3) "llcyemo" ¢yHKIIiO /’to¢(x'), BBOJISIUM 3aMICTh Hel NesaKy HaOmmxeHy QyHKIIO
A5y (x') 13 321aH010 OXMOKOIO A, Ky PO3PaXOBY€EMO 32 JIONIOMOTOKO BUpPasy (4).

4) Ilixcrasnsemo 3HaueHHs QyHKUIT A,, B iHTErpajibHe PiBHAHHA (2), BUPILIyEMO HOro,
OTPUMYEMO DYHKIIIO £/, BIANOBIAHY QYHKIII A, .

5) Po3paxoByemo noxubKy o, , BAKOPHCTOBYI0UH hopmyiy (3).

Hamu Oyno BuOpano ¢anrom Illena-Jlorana, sikuii TpaauIiifHO BUKOPUCTOBYETHCS TIPU
nepeBipii eeKTUBHOCTI METOAIB peKOHCTpYyKLii [5]. daHTOM HaOMMKEHO MOJETIOE Mepepi3
T'OJIOBY JIFOJTUHH.

Po3paxyHkn 3 BHUKOPUCTAHHSIM OOEpPHEHOro IpOEIifoBaHHS OyJaM BHUKOHAHHI
CTaHJAPTHUMHU IPOTPaMaMHU.

[Ipu BUKOpHCTaHHI BapialiifHOrO METOy MPOBEACHO AMCKPETU3ALII0 33/ayi: IHTErpaiu

y Bupasax (21-22) 3aMiHEHO Ha CyMH, B pe3yJIbTaTi 4OTO iHTerpajbHe piBHAHHS (21) Oyio
3BEJICHO IO CHCTeMHM aireOpaiuHux piBHSAHbB. [Ipu npoMy, omepaTop 4 3aMiHEHO MaTpPUIICHO.
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Po3mip dantomy ckimagaB 32x32 mikceni, BIAMOBIIHO PO3MIPHICTh MaTpHIll A JOpIBHIOBaJA
1024x1024.

Puc. 1. ®anrom Illena-Jlorana.

IIpu po3paxyHKy BiAcTaHi © MK (YHKLISMH, BBaXaJocs, U0 OCTaHHI € eJIeMEHTaMu
riIbOepTOBOTO METpUYHOTO TpocTopy. JlocmimkyBascs iHTepBai moxuook A €[0;0.2].

JIJist KO’)KHOTO 3 BUOpaHUX 3HAYCHb A PO3paxoOBYBaBCs MapaMeTp peryispusamii o . s
JOBUIBHO BHOpAHOrO 3HAYEHHS ¢ PO3B'A3yBajach cucTtemMa ainreOpaiuHuX pIBHAHb, IO
3aMiHIOBaJIa IHTEerpaibHe piBHAHHA (21), nami oTpuMaHuil pO3B'A30K £/, MIJCTABIABCS Y BUpa3

(22) i obumcmoBanack pisHuus R = p’(Au,,A,¢). Tlinbupanock Take 3HaYeHHA «, . , SAKE

min ?
BIATIOBiAJI0 MiHIMyMy Iii€i pi3HuMui. BinmoBigue oMy 4, 1 mpuiiManoch SK pPO3B'S30K
CHCTEMHU PIBHSHB.

[Tpouenypa 3HaXO/PKEHHS MapaMeTpa peryispu3alii NpoUTIOCTpOBaHAa Ha pHc. 2, Jae
npejcraBieHa 3anexHict R(a) mis A=0,1. 3rigHo 3 1muM rpadikoM mapaMerp

peryisipusarii y JaHOMy BHITaJKy JopiBHIOe o =2x107.

R 1x107

25 ¢ -

20 - /

2 4 6 8 10 12 X107

a
Puc. 2. BusnayeHHs mapamerpa peryJssipu3atii.

Puc. 3 mokasye, skuii BUIIIA] MalOTh PEKOHCTPYHOBaH1 ()aHTOMH TIPH 3aCTOCYBaHHI 000X
3rajjanux MmetoxiB. Ha puc. 4 mpencraBieHO eKBaTOpiasibHI Iepepi3u peKOHCTPYHOBAaHUX
danTtomiB. Ha puc. 5 mpuBeneHo 3alexHICTh 5# Bil A UIS KOXHOIO 13 3aCTOCOBAHUX

MeTOJIIB pekoHCTpyKuii. Lleit rpadik € BiANOBIAMI0 Ha MOCTAaBJIEHE y CTATTI MUTaHHA. SIK
0aunMMo 3 JaHOTO PHUCYHKY, YMOBa 30DKHOCTI HE BHUKOHYETHCS y BHUIIAJKy BHUKOPHUCTAHHS
METOJly OOEpHEHOTO TMPOCLIIOBAaHHS 1 BHKOHYETHCS IS BapialliiHOTO MeTody. [Hmmmu
CJIOBaMH, 300pakeHHs, OTpUMaHe METOJJ0OM OOEPHEHOTO MPOCIiIFOBAaHHSI, HECTIMKE Ha BIIMIHY
BiJl CTIMKOT0 300paskeHHs, OTPUMAHOI0 BapialliiHUM METOAOM.
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IHTEHCHBHICTE (BiAHOCHI OaMHMUI)

a 6 8

Puc. 3. Pe3ynbraTl peKOHCTPYKIIii OTPUMaHi BapialliifHIM METOAOM JUISI Pi3HIX 3HAUYEHB MTOXUOKH A:

1.0

0.8

0.6

0.4

0.2

0.0

a—10,02,6-0,05,6—0,1,2— 0,15, a Takox METOJIOM 00EPHEHOTO HpOCLiFoBaHHS (0).

(1)
(2je——=
(3)e-=--0---»
n L
/\ AN
VAP i T
‘\‘ -" * S~
' \‘l’
5 10 15 20 25 30 35

KoopawHata (nikceni)

Puc. 4. ExBatopiansHuii iepepi3 opurinanbaoro (1) Ta pekoHCTpylHoBaHOTO (paHTOMY METOI0M
obepHeHoro npoellitoBaHHs (2) Ta BapialiiiHuM MetoaoM (3).

OM 0.12

0.08

0.02

0 0.1 0.2 A

Puc. 5. 3anexHicTs MOXMOKH PEKOHCTPYHOBAHOTO 300paXkeHHs O, Bij MOXHOKH excriepuMenTy A. Ilpn

BUKOpHCTaHHI Bapiawiitnoro merony (1), Ta MeToay oOepHeHOro npoelitoBanHs (2).
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BUCHOBKH

l'onoBHUIA pe3yabTaT BUKOHAHOTO B JIaHIN CTATTI JHOCIHIKEHHS MOJIATAE Y BCTAHOBJICHHI
TOorO (haKTy, 1Mo 300paKeHHs, OTPUMaHe METOJIOM OOEPHEHOTO MPOEIIFOBAHHS, € HECTINKUM.
Ha namy aymky, 1iei ¢akT He MOXe 3alUIIATHCh 11032 yBarow (axiBIliB, apke came METOJ
00€pHEHOTO MPOEIIFOBAaHHS HAHOUIBII MIUPOKO 3aCTOCOBYETHCS B CYyYaCHUX KOMIT IOTEPHUX
ToMorpadax.

PexoHcTpyroBaHHSI 300pakeHb — II€ PO3B’SI30K BIAMOBIIHOTO IHTETPAIIBHOTO PIBHSIHHS.
HecrTiiikicTh 1IbOTO pO3B’sI3Ky MPOSBIATHCS Yy MOsABI 3HaUHUX (aykryauiid. Ilo BigHOIIEHHIO
110 300paKeHHSI 1€ 03HAYae, 10 OCTAHHE CTA€ CHIILHO 3alTyMJICHUM.

YoMy X TOZ1 BUSIBJICHa HAMU HECTIHKICTh HE 3aBakaja JOTeNep BUKOPUCTAHHIO METO/a
obepHeHoro mnpoeritoBadHsa? Sk mokazaHo y Iiil cTaTTi, 1€ BiI0yBajIoCh 3aBISIKH TOMY, IO
nox10Ka PEeKOHCTPYHOBAHOTO 300paXXeHHs NPUOIN3HO JOPIBHIOBAJIA TOXHUOI €KCIIEPUMEHTY.
VYei x cnpobu 3MEHIIUTH TOXHUOKY EKCIIEPUMEHTY MpU 30€PEeKEeHHI ISl PEKOHCTPYKINi
MeToa 00EPHEHOT0 MPOEIiIOBaHHS 000B’A3KOBO MPU3BEAYTH J10 MOSIBH 3aLTyMJICHOCTI.

VY naniii poOOTI BCTAaHOBJICHO, 1110 110 MPOOJIEMYy MOXHA BHUPINIUTH, 3aCTOCYBAaBIIU MIPH
PEKOHCTpYKIli BapiamiiiHuii meroa. B 1pomy Bumagky mnpu HAOMMKEHHI MMOXHOKH
EKCIIEPUMEHTY JI0 HYJIS, Pe3yJbTaT PEKOHCTPYKIii 30ira€ThCs 0 TOYHOTO. AJie TyT MU
CTHUKAEMOCH 3 HOBOIO MPOOJIEMOI0: peati3allisi [bOro METOAY IMOB’s3aHa 31 3HAYHO OUTBIINM
YUCJIOM OOYMCITIOBAIBHUX OIEpalliii 1 MaiKe HEBUKOHYBaHa JIJIsl peaJIbHUX 00’ €MIB JIaHUX.

Ha wnamy naymky, Buxix 13 cuTyauii, O[O0 CKJIanacs, MOXJHMBHHA 3a JIOTIOMOTOIO
KOMIIPOMICY: 3a paxyHOK BHUKOPHUCTAHHS B METOJI OOEpHEHOTrO TMpOEIioBaHHA ifel
peryisipusanii, TpuTaMaHHoi BapialiiiHoMy Mmetoay. Lle Tema HacTymHOi CTarTi, Haja SIKOIO
NPAIIOIOTh ABTOPH.
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Analysis of the patterns formed during the drying of biological fluids is employed for research and
diagnosis in medicine and agriculture. Saline solutions of native proteins and DNA are characterized by
zigzag patterns, which could be quantitatively described using the specific length of zigzags Lgyecisic. The
aim of this study was to analyze a wide number of characteristics in order to identify those most sensitive
to the effects of various physical and chemical factors on the protein structure. We examined the films
prepared from salt solutions of bovine serum albumin (BSA) under varying conditions, viz.: a
proportional change in the concentration of the components, substitution of NaCl with NaF and NaBr,
temperature treatment, gamma irradiation, and addition of trivalent iron and biologically active flavin
mononucleotide. The results revealed that the distribution of zigzag segment lengths was approximately
lognormal, and the distribution of angles between the segments was approximately logistic. Two
parameters appeared to be the most informative, viz. the average length of the segments, mainly
depending on CI concentration, and the number of segments, depending on: Cl concentration,
concentration of the non-aggregated (but not necessarily unfragmented) protein, and the excess
concentration of ions and low molecular weight compounds.

KEY WORDS: BSA, film, zigzag patterns, texture, statistical distribution.

AHAJII3 XAPAKTEPUCTHUK 3UT'3AT'OIIOAIBHUX TATEPHIB
HA ITOBEPXHI IINITBOK BUYAUYOT'O CHUPOBATKOI'O AJIbBBYMIHY
J.M. Tn6uuskuii’, 0.0. F0p06qemc02, O.T. Hixou08?, A.B. lllecronanosa’', M.O. Cemenosn'
! Incmumym paoioghizuxu ma enexmponixu im. O. A. Ycuxoea HAH Vkpainu,
eyn. Ax. Ilpockypu 12, m. Xapxie, 61085, Ykpaina
2 Xapriscoxuii nayionanshuii ynisepcumem in. B. H. Kapasina, ni. Ceo600u 4, m. Xapxis, 61022, Ykpaina

AHami3 marepHiB, MO (QOPMYIOTHCS TIPH BHUCHXaHHI OIOJIOTIYHUX pIiIWH, BUKOPUCTOBYETHCS LIS
JIOCTI/IKeHD 1 JIarHOCTHKH B MEAWIUHI 1 CUTBCBKOMY TOCHOAapcCTBi. I CONMBOBUX PO3YHMHIB HATHBHUX
6inkiB i JIHK xapakrtepni 3urzaromoniOHi MaTepHH, sSKi MOKHA KIUIBKICHO ONMHUCATH 3a JOIOMOTOO
HHMTOMO] JIOBXXMHM 3UI3ariB Lypecific. Y JaHiii poOOTI MU aHalli3y€eMO PO3IIMPEHUH Pl XapaKTEPUCTUK LHUX
MaTepHIB 3 METOI0 BUSBUTH HaWOLIBLI 4YyTuBI A0 Aii pi3HUX (i3MYHHX 1 XiMIYHMX (aKTOpiB Ha
CTPYKTYpy Oinka. Bynu po3misiHyTi IUIIBKM, OTpHMaHi 3 COJIBOBHX PO3YMHIB OMYa4OTr0 CHPOBATKOTO
anpoyminy (BCA) npu mpomopiriiiniii 3MiHi KoHIEHTpallii kommnoneHTis, 3amini NaCl va NaF i NaBr,
TeMIIepaTypHiii 00poOui, raMmMa-oIpoOMiHEHHI, @ TaKOX J10J[aBaHHI TPUBAIEHTHOTO 3aji3a 1 010J0TidyHO
AKTHBHOI peYOBMHM — (IIaBIHMOHOHYKJIEOTHIA. Byno BH3HaueHO, IO PO3MOALT TOBXHH CETMEHTIB
3Ur3ariB Mae OJIM3BKHUH 710 JIOTHOPMAJILHOT'O XapaKTep, a PO3NOALT KyTiB MiXK CErMEHTaMu — OJIM3bKHHN 110
norictnyaoTO. JlaHi mokasanu, mo HaWOIMeII iHGOPMATHBHUMH € [Ba MapaMeTpH: CEpelHs TOBXKHHA
CETMEHTIB, fKa MEePeBaKHO 3aNeXUTh Bix KoHmeHTparii Cl, i KiIbKICTh CETMEHTIB, SKa 3aJIe)KUTH Bil
konneHntpanii Cl, xoHIeHTpamnii Hearperopanoro OuTka (ane He OOOB'I3KOBO HEPpParMeHTOBAaHOIO), a
TaKOXX BiJ] HAJTUIIKOBO{ KOHIIEHTPAIIil 10HIB 1 HU3bKOMOJIEKYJISIPHUX CIOTYK.

KJIFOYOBI CJIOBA: BCA, muiBka, 3Ur3aromno/ioHi maTepHu, TEKCTYPa, CTATUCTHYHUAN PO3IOIIIT.

© Glibitskiy D.M., Gorobchenko O.A., Nikolov O.T., Shestopalova A.V., Semenov M.A.,
2017
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AHAJIN3 XAPAKTEPUCTHK 3UT'3AT'OINIOAOBHBIX TATTEPHOB
HA ITOBEPXHOCTMH IVIEHOK BBIYBEI'O CBIBOPOTOYHOI'O AJIBBYMHWHA
J.M. FJII/Iﬁl/IIIKPIﬁl, 0.A. Fopoﬁqefmoz, O.T. Hmcononz, A.B. IHeCTonaJIOBa', M.A. Ceménos'
! Unemumym paduodusuru u snexmponuxu um. A. A. Yeuxosa HAH Vrpaunsi,
ya. Ax. Ilpockypur 12, 2. Xapvkos, 61085, Vkpauna
? Xapvrosckuii nayuonanshuiii ynueepcumem um. B.H. Kapasuna, nn. C0600u1 4, 2. Xapvkos, 61022, Vpauna

AHanu3 naTTepHOB, (GOPMHUPYIOUIMXCS TIPU BBICHIXaHUM OMOJIOTHYECKUX KHMIKOCTEH, UCIIOJIB3YETCsl ISt
l/ICCJ'Ie[lOBaHl/Iﬁ U JUAarHOCTHKHU B MCOUIIMHE U CEIbCKOM XO3SIUCTBE. I[J'IH COJIEBBIX PACTBOPOB HATHBHBIX
6enxoB n JIHK xapaxkTepHbI 3Ur3arornoJo0HbIe MAaTTEPHBI, KOTOPbIE MOXKHO KOJIMYECTBEHHO OITUCATH C
MIOMOIIBIO YJETABHOM JUIMHBI 3Ur3aroB Lgpyecific. B TaHHON paboTe MBI aHanu3MpyeM paclIMpPEHHbINH s
XapaKTEePUCTHK 3TUX MATTEPHOB C LENBI0 BBHIIBUTH HAMOOJIEE YyBCTBUTENFHBIE K ACUCTBUIO Pa3IHIHBIX
(¢U3NIeCKUX W XUMHYECKHX ()aKTOPOB HA CTPYKTYpy Oenka. BruM paccMOTpeHBI IJICHKH, MOTYYCHHBIC
U3 COJIEBBIX pPAacTBOPOB ObIUbero ceiBoporouHoro amsbymmaa (BCA) mpm mpomoprrioHansHOM
M3MEHEHHH KOHIIeHTpauuu komroneHToB, 3amene NaCl wa NaF u NaBr, temneparypnoii o0padotke,
raMMa-o0JTydeHHH, a TaKkKe T00aBICHUHN TPEXBAJICHTHOTO JKelle3a U OMOJIOTUYECKH aKTHBHOTO BEIECTBA
— (IaBUHMOHOHYKJIEOTHAA. BbUIO Ompe/eneHo, 4To pacrpe/eieHue JUIMH CETMEHTOB 3UI3aroB MMeeT
OJMM3KUI K JIOTHOPMAaJIBHOMY XapakTep, a paclpe/ielieHHe YIJIOB MEXAY CEerMeHTaMH — OJIM3KUil K
Joructuyeckomy. JlaHHple mMmokasanu, 4To Haubosiee WHGOPMATHBHBIMHU SBJISIOTCS JIBa Mapamerpa:
CpeIHssl JJIMHA CErMEHTOB, KOTOpas MPEUMYIIECTBEHHO 3aBHCUT OT KoHIeHTpanuu Cl, u KoindecTBo
CErMEHTOB, KOTOpOEe 3aBUCHUT OT KoHUeHTpaiuu Cl, KOHIEeHTpaluyu HearpernpoBaHHOTo Oenka (HO He
o0s3arenbHO  He(DpParMEHTUPOBAHHOTO), a TaKXKe OT M30BITOYHOW KOHIIEHTpalMM HOHOB U
HHU3KOMOJIEKYJIIPHBIX COCANHEHUH.

KJ/IFOYEBBIE CJIOBA: BCA, ruieHka, 3ur3aronofo0Hsle IaTTepHbl, TEKCTypa, CTATUCTHYECKOE paclpeesieHUe.

Drying biofluids and saline solutions of biomolecules are known for their ability to form
patterns on the substrate surface, the specific form of which depends, in particular, on the
structural state of biomolecules [1-4]. This fact has found practical application in some
research and diagnostic methods of medicine and agriculture: the study of the interaction of
biomolecules [5], the diagnosis of the patient's blood condition [6-10], the analysis of the
quality of wheat grains [11, 12] and carrot roots [13, 14].

An important factor determining the practical applicability of such methods is the ability
to numerically characterize the patterns formed on the substrate. Such a numerical
characteristic is useful for assessing the degree and nature of the changes in the test sample
compared to the control.

Depending on the type of pattern or texture, various authors offered such evaluation
criteria as: the number of optical density fluctuations [9] or the brightness distribution of the
digital image [11] in circular sections of different diameters; the fractal dimension of
Minkowski [5] and the local connected fractal dimension of the image [12]; parameters of
gray-scale histograms at several scales [13-15]; the structural and spectral characteristics of an
image region as a function of time [10].

In previous studies we found that zigzag (hexagonal) patterns [16-19], similar to those
observed in [20, 21], are formed on films obtained from saline solutions of native DNA or
protein. For a quantitative description of this type of texture, we introduced the value Lgpecific,
which corresponds to the total length of zigzag patterns per unit area. Lgpeciric has random
character due to the chaotic nature of the drying process and depends on the salt
concentration, the biopolymer concentration, the conditions of solution preparation and drying
(temperature, humidity, substrate material and roughness), as well as the properties of the
biopolymer, salt and solvent.

As a result of significant physical or chemical influences that disrupt the structure of the
biopolymer, zigzag patterns on the dried films are not formed (Lgpeciric = 0). However, it is
often difficult to identify reliable differences between smaller levels of exposure due to a
significant variance in the values of Lyccific within the same dose of exposure [17, 18]. In this
regard, the purpose of the current study was to analyze the extended series of characteristics
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of zigzag patterns on the surface of BSA films, including the parameters of their statistical
distributions, and to find which ones are the most sensitive to the action of various physical
and chemical factors.

MATERIALS AND METHODS
The analysis was carried out on the basis of data obtained during the previous
experiments [18, 19, 22, 23]. The films were obtained from saline BSA solutions via vacuum
drying at 40 °C in 20x20x1 mm’ glass cells. Each film was photographed (using a Meopta
microscope and a Logicfox LF-PC0O11 webcam) in 100 positions uniformly distributed over
the cell area, and segments of zigzag patterns were marked on each photograph (using custom
software). The data was analyzed and plotted using numpy, scipy and matplotlib libraries.

RESULTS AND DISCUSSION
Zigzag patterns (Fig. 1) are presumably the result of crystallization in alternating
crystallographic directions [20, 24].

Fig. 1. Photos of zigzag patterns on the surface of BSA films with different segment lengths, pattern density
and angles between segments: (a), (b), (¢): low, medium and high density patterns for small segment lengths;
(d), (e), (f): similarly for medium segment lengths; (g), (h), (i): similarly for long segment lengths. All films
were obtained from control solutions; the letter in the upper right corner of each photo indicates whether the
photo was taken in the center of the film (C), on the periphery (P), or between the center and the periphery (M).
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They consist of connected linear segments of length L;, each pair of which is at an angle
aij (1, j are neighboring segments) to each other. Another important characteristic is the
density of patterns (i.e. how densely they cover the surface of the film). Fig. 1 shows
photographs illustrating the variability of these parameters for films obtained from identical
BSA solutions under identical conditions.

The films obtained in our experiments have an area of 20x20 mm®. The photographs of
the patterns (100 photographs for each film) together cover about 10% of the film area, which
gives a sufficient sample for estimating the statistical distributions of zigzag characteristics.

Fig. 2 shows the characteristic histograms of the distributions of zigzag segment lengths
and of angles between the segments. Via curve fitting, it was found that the typical
distribution of segment lengths is closest to the lognormal distribution (which, presumably,
corresponds to the model of multiplicative growth [25]), and the typical distribution of angles
is closest to the logistic distribution.
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Fig. 2. Distributions of segment lengths in linear (a) and logarithmic (b) scales, and of angles between
zigzag segments (c). The histograms were created from the aggregated data of all films analyzed in the paper.

Preliminary analysis has shown that the most informative in one or more series of
experiments are the values of Leoune (total number of zigzag segments), Lgm (total length of
segments), Ly (Mmean segment length), omen (Mean angle between segments), as well as
shape parameters of fitted functions of Burr™" [26]

Burr?(x,c,d)=c-d-x" -(1+x)"", ey
and Inverse Weibull [27]
InvWeibull(x,c) =c- x e, 2)
where x is the independent variable (segment length in our case), and ¢, d are the shape
parameters of the distributions.
In addition to these characteristics, the median, standard deviation, skewness and kurtosis
of the distributions, as well as parameters of Log-Normal, Johnson Sy, Generalized Logistic
and Exponentially modified Gaussian fitted functions were also considered. However, they
did not prove to be informative at describing zigzag patterns, and so will be omitted.
The value of Lgyinic (the specific length of zigzags), which was used in our previous
publications [17-19, 22, 23], is proportional to Lgymn:
Ly 3)

-S
where Nphotos 1S the number of photographs (100), and Smicroscope 15 the area of the film visible
under the microscope (0.414 mm?). As such, we will not mention it further.

Lsum, Leount and Liean relate to each other as

Lspec;’ﬁt = N
photos

b

microscope
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L. =L, 1L

mean = Loun ! Leoun 4)
with Lgm and Leoune 1n most cases having nearly identical dependence on the degree of
exposure to a physical or chemical factor. Due to this, plots of Ly,m will be presented only in a
number of cases.

The behavior of the abovementioned characteristics in the corresponding series of
experiments is analyzed below. The most illustrative dependencies are shown in the figures.

Proportional change in component concentration
In this experiment, the concentration of BSA (1 mg/ml) and NaCl (40 mM/1) was doubled
compared to the normally used concentration (0.5 mg/ml BSA, 20 mM/l NaCl). Lcount
(Fig. 3, a), Leum and oumean (Fig. 3,b) remained in the range of the values for the 100%
concentration. Lyean (Fig. 3, ¢) at a doubled concentration does not go beyond the limits of the
values observed at the usual concentration, but on average is much higher. For the 200%
concentration, the Burr™" C parameter (Fig. 3, d) is smaller than for the 100% concentration

(the decrease of Burr™ C corresponds to the distribution "stretching" and shifting towards
larger values).
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Fig. 3. Pattern characteristics at standard and doubled concentration of components of the biopolymer
solution: (a) number of zigzag segments; (b) average angle between zigzag segments; (c) average length of
zigzag segments; (d) shape parameter C of the Burr™" distribution. Box plot notation: boxes correspond to 25
and 75 percentiles, dotted lines correspond to 5 and 95 percentiles, crosses correspond to minimum and
maximum values, horizontal lines correspond to medians, and squares correspond to mean values. Control: 18

films; 200% concentration: 2 films.
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With an increase in the concentration of salt and protein, the average length of segments
and the spread of segment lengths increase. Based on the model descibed in [20], it can be
assumed that a higher concentration of components allows the crystal to grow for a longer
time in one direction.

Substituting CI” with Br~ and F~

In this experiment [18], it was investigated whether zigzags can form when chlorine ions
are partially or completely replaced by other halides (bromine or fluorine). The concentration
of salts varied from 20 to 0 mM/I for NaCl and from 0 to 20 mM/l for NaBr and NaF,
respectively.

Replacing sodium chloride with sodium bromide resulted in the following (Fig. 4, a, c, e):
up to 4 mM/I NaBr, Leount and Lgyy, stay in the range of control values; at 8 mM/] NaBr, they
noticeably decrease; at 16 mM/l NaBr and more, zigzags are not formed. Ounean, Limean and the
parameters of fitted functions do not go beyond the range of values for control.
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Fig. 4. Pattern characteristics when NaCl is replaced by NaBr (a, c) and NaF (b, d): (a), (b) number of
zigzag segments; (c), (d) total length of zigzag segments. Box plot notation: boxes correspond to 25 and 75
percentiles, dotted lines correspond to 5 and 95 percentiles, crosses correspond to minimum and maximum
values, horizontal lines correspond to medians, and squares correspond to mean values. Control: 18 films; 4
mM/1 Br: 5 films; 8 mM/I Br: 2 films; 16 mM/1 Br: 1 film; 20 mM/1 Br: 2 films; 4 mM/I F: 2 films; 8 mM/1
F: 2 films; 16 mM/1 F: 1 film; 20 mM/1 F: 2 films.
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Fig. 4 (continuation). Pattern characteristics when NaCl is replaced by NaBr (e) and NaF (f): (e), (f)
average length of zigzag segments. Box plot notation: boxes correspond to 25 and 75 percentiles, dotted lines
correspond to 5 and 95 percentiles, crosses correspond to minimum and maximum values, horizontal lines
correspond to medians, and squares correspond to mean values. Control: 18 films; 4 mM/l Br: 5 films; 8 mM/1
Br: 2 films; 4 mM/1 F: 2 films; 8 mM/I F: 2 films.

Replacing sodium chloride with sodium fluoride resulted in the following (Fig. 4, b, d, f):
up to 8 mM/l NaF, Lo values are in the range of control values; up to 8 mM/l NaF Lgyy
tends to decrease, but the ranges of its values are at least partly overlapping. At 16 mM/l NaF
and more, zigzags are not formed. omean tends to decrease, but does not go beyond the extreme
values of control. Ly, decreases with increasing NaF concentration, and the ranges of its
values at 0, 4 and 8 mM/I NaF practically do not overlap.

At 4 mM/1 CI" (20% of the usual concentration) and below, zigzags do not form, which
indicates a high specificity of the zigzag aggregation mode to the physical parameters of the
anions (size, surface charge, etc.). Br and F also influence the conformation of BSA and
have a lower degree of hydration than CI” (which affects electrostatic interactions) [18]. Br
and F themselves do not create conditions for the formation of zigzag patterns, but their
presence has different effects: at 8§ mM/l Br, the number of zigzag segments markedly
decreases, while F~ noticeably reduces the average length of zigzag segments.

Heat treatment of BSA solutions

In this experiment [18], solutions of BSA with NaCl were heated to 45, 70 and 95 °C to
find out what contribution the structural state of the protein makes to the formation of zigzag
patterns. The values of Loy (Fig. 5, @) and Ly, for 20 and 45 °C are in the same range, at
70 °C they decrease considerably, and at 95 °C zigzags are not formed. The values of Oiyean for
20 and 45 °C are in the same range, and at 70 °C they increase (Fig. 5, b). Linean practically
does not change at different temperatures (Fig. 5, ¢). At 70 °C, the Burr™ C parameter
(Fig. 5, d) decreases compared to 20 and 45 °C.

At 60 °C, BSA begins to unfold and form primary aggregates, at 70 °C it forms primary
and secondary aggregates, and at 80 °C it forms aggregates of large size [28]. Since at 70 °C
the amount of zigzags is noticeably reduced, and at 95 °C they are completely absent, it can
be unequivocally asserted that protein aggregation disrupts the conditions for the formation of
zigzag patterns. Also, at 70 °C, compared to the control, the mean angle between the oiean
segments slightly increases and scatter of segment lengths increases (which is reflected in the
reduced Burr™! C), but the average length L., remains almost the same. These observations
suggest that the state of the biopolymer mainly affects the number of zigzag segments, and the
concentration of chlorine mainly affects the length of the segments.
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Fig. 5. Patterns characteristics after the temperature treatment of the biopolymer solution: (a) number of
zigzag segments; (b) average angle between zigzag segments; (c) average length of zigzag segments; (d) shape

parameter C of the Burr™" distribution. Box plot notation: boxes correspond to 25 and 75 percentiles, dotted lines

correspond to 5 and 95 percentiles, crosses correspond to minimum and maximum values, horizontal lines

correspond to medians, and squares correspond to mean values. Control: 18 films; 45 °C: 2 films; 70 °C: 2 films;
90 °C: 2 films.

Gamma irradiation of BSA solutions by ®Co

In this experiment [22], solutions of BSA with NaCl were subjected to gamma irradiation
in 0.16 — 12000 Gy dose range. Lcount (Fig. 6, a) and Ly, for the intermediate doses have both
values close to zero, and values that fall in the confidence interval of the control; from a
statistical point of view, doses of 1 — 2000 Gy are practically indistinguishable. Only at
12000 Gy zigzags completely cease to form. omean and Lpe.n (Fig. 6, b, ¢) vary in
approximately the same range at all doses. Parameters of the fitted functions, for example,
Burr™"' C (Fig. 6, d), also have too large variations to distinguish intermediate doses.

Gamma irradiation leads to the formation of free radicals in solution, which cause protein
fragmentation. According to the data of SDS-PAGE (dodecyl sulfate polyacrylamide gel
electrophoresis), polypeptide chain breaks down at doses up to 1 kGy, and at 5 kGy or higher
fragments of the destroyed protein begin to form large molecular weight aggregates [29].
Specifically, doses up to 0.2 kGy damage 10-20% of BSA [30]; at 1 kGy, 50-60% of BSA is
damaged [30], and even at 2.5 kGy some amount of undamaged BSA still remains [31]. In
our case, the ionizing radiation changes the number of zigzag segments, but the average
length Lican, angles (0mean) and other distribution parameters are practically independent of
the dose. At 12 kGy (aggregation of protein fragments), zigzags never form, but in the dose
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range of 1 — 2000 Gy (protein destruction), the amount of zigzags on a given film can turn out
to be anything from near-zero to the amount typical for the control. This suggests that, unlike

the formation of aggregates, biopolymer fragmentation does not have unambiguous effect on
the formation of zigzag patterns.
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Fig. 6. Pattern characteristics after gamma irradiation of the biopolymer solution: (a) number of zigzag
segments; (b) average angle between zigzag segments; (c) average length of zigzag segments; (d) shape
parameter C of the Burr™" distribution. Box plot notation: boxes correspond to 25 and 75 percentiles, dotted lines
correspond to 5 and 95 percentiles, crosses correspond to minimum and maximum values, horizontal lines
correspond to medians, and squares correspond to mean values. Control: 18 films; 0.16 Gy: 3 films; 1 Gy: 12
films; 10 Gy: 4 films; 100 Gy: 8 films; 200 Gy: 6 films; 1 kGy: 4 films; 2 kGy: 10 films; 12 kGy: 4 films.

Addition of FeCl; to BSA solutions

In this experiment [19], FeCls salt in the concentration range of 0.05 — 0.4 mM/]l was
added to the solutions of BSA with NaCl. Ly, and Leoyn (Fig. 7, a, b) up to 0.15 mM/I1 of
FeCls stay in the range of control values, but starting from 0.2 mM/I they noticeably decrease.
When FeCls concentration reaches 0.3 mM/1, the probability of zigzag formation decreases
even more, and starting from 0.4 mM/l of FeCl; zigzags stop forming completely. For tumean
and Lyean (Fig. 7, c, d), there is no evident dependence on the concentration of FeCl;. The
parameters of the fitted functions also behave in a manner similar to either Lcoynt OF Linean.

If FeCl; is added to the BSA solution, the number of zigzag segments (Lcoun) changes,
but no dependence of distribution parameters on the iron concentration is observed. Leount has
several very distinct areas: up to 0.15 mM/l FeCls, Loyt is in the range of control values and
even has an upward tendency; between 0.2 and 0.25 mM/I FeCls, the amount of zigzags is
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markedly reduced and varies in approximately the same range; at 0.3 mM/I, Lcoune decreases
again, and at 0.4 mM/] FeCls zigzags cease to form. At the moment, we find it difficult to
hypothesize what could be the cause of such a threshold effect. According to the data of [32],
even at a 50:1 concentration ratio, only 0.79 mole of Fe** binds to 1 mole of BSA, and this
does not cause obvious changes in the secondary structure of BSA. It might be that, upon
reaching a certain concentration of FeCls, another morphology with a higher growth rate
becomes possible, which, according to the hypothesis of [33], will lead to the suppression of
other types of patterns.
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Fig. 7. Pattern characteristics when FeCl; is added to the biopolymer solution: (a) total length of zigzag
segments; (b) number of zigzag segments; (c) average length of zigzag segments; (d) average angle between
zigzag segments. Box plot notation: boxes correspond to 25 and 75 percentiles, dotted lines correspond to 5 and 95
percentiles, crosses correspond to minimum and maximum values, horizontal lines correspond to medians, and
squares correspond to mean values. Control: 18 films; 0.05 mM/l FeCl;: 2 films; 0.1 mM/l FeCl;: 2 films;
0.15 mM/1 FeCl;: 2 films; 0.2 mM/1 FeCls: 7 films; 0.25 mM/1 FeCls: 5 films; 0.3 mM/1 FeCl;: 5 films; 0.4 mM/1
FeCl;: 2 films.

Addition of flavin mononucleotide to BSA solutions
In this experiment [23], flavin mononucleotide (FMN) in the concentration range of
0.01 — 0.3 mM/1 was added to the solutions of BSA with NaCl. Leoun (Fig. 8, a) and Ly at
0.01 mM/I still fall within the range of control values, but 0.03 mM/l of FMN already
significantly inhibits the formation of zigzag patterns. At 0.3 mM/1, zigzags completely cease
to form. mean and Liean (Fig. 8, d, ¢) remain approximately in the range of control values. The
parameter Inverse Weibull C (Fig. 8, b) increases with the increase of FMN concentration (the
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growth of Inverse Weibull C corresponds to the distribution "shrinkage" and shifting towards
larger values).
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Fig. 8. Pattern characteristics when flavin mononucleotide is added to the biopolymer solution: (a) number
of zigzag segments; (b) shape parameter C of the Inverse Weibull distribution; (c) average length of zigzag
segments; (d) average angle between zigzag segments. Box plot notation: boxes correspond to 25 and 75
percentiles, dotted lines correspond to 5 and 95 percentiles, crosses correspond to minimum and maximum
values, horizontal lines correspond to medians, and squares correspond to mean values. Control: 18 films;
0.01 mM/1 FMN: 4 films; 0.03 mM/l FMN: 4 films; 0.1 mM/l FMN: 4 films; 0.3 mM/l FMN: 4 films.

Addition of 0.01 mM/l FMN does not shift the characteristics of zigzag patterns beyond
the range of control values. However, starting from 0.03 mM/l, the number of segments and
the spread of segment lengths are sharply reduced. Average segment lengths (Liean) and
angles between segments (0imean) practically do not change. According to the studies [34-36],
HSA and BSA form complexes with riboflavin (RF), flavin adenine dinucleotide (FAD) and
FMN at a ratio of 1:1 and with high binding constants; in [36] it was also shown that, in the
presence of RF, BSA conformation changes and its hydration increases. This agrees with the
results obtained by spectroscopy and microwave dielectrometry for solutions of FMN with
BSA [23]. In our case, at 0.01 mM/l FMN, the number of FMN moleculer is 1.3 times the
number of BSA molecules, and at 0.03 mM/1 it is 4 times the number of BSA molecules. It
can be assumed that the conditions for the formation of zigzag patterns are violated by the
presence of free FMN, but not by the binding of FMN to BSA.
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Table 1 summarizes the effect of the factors studied in this paper on the values of Lcoynt
and Lpyean. The behavior of these characteristics is compared to the structural state of the
protein according to the published data.

Table 1
Effect of certain physical and chemical factors on the Lcount and Liean characteristics of
films obtained from saline solutions of BSA in various experiments

Experiment Effect on Lcount and Lpean Structural state of the protein
Doubling the Limean increases with increasing Not violated

concentration of | concentration

BSA and NaCl

Replacing CI” Starting at 8 MM/ Br, L¢ount decreases; | Not violated [37]
with Br or F~ starting at 4 MM/ F~, Lean decreases

Heat treatment | Lcount decreases at 70 °C (formation of | Denaturation and aggregation

aggregates) and becomes 0 at 95 °C of the protein [28]
(large aggregates)
Irradiation by In the 1 — 2000 Gy range (destruction Up to 1 kGy: protein
cCo of the protein) L¢oun varies from almost | fragmentation [29]; starting

zero to the typical values for control; at | from 5 kGy: aggregation of
12 kGy (aggregation) Leount is equal to 0 | fragments [29]; at 2.5 kGy
some amount of undamaged
BSA still remains [31]

Addition of Up to 0,15 mM/1 FeCls, Leount stays in Fe " does causes no obvious
FeCl; the range of control values, at 0,2 mM/1 | changes in the secondary
and 0,3 mM/I it decreases in discrete structure of BSA [32]
manner, and becomes 0 at 0,4 mM/I

Addition of Lcount 18 significantly reduced in the Flavin derivatives lead to a

flavin presence of an excess amount of FMN | change in the conformation and

mononucleotide | not bound to the protein an increase in the hydration of
BSA [36]

An additional observation, which is valid for all experiments, is that all the considered
characteristics have a significant spread. It can be caused both by insufficient accuracy of the
control of experimental conditions (the degree of purity of the cuvettes, the homogeneity of
the solution, the inclination of the cuvette during drying), and by the chaotic character of the
process of texture formation. The authors of [14, 15] consider the latter to be the case, as they
also report low reproducibility and high variability of the results of the method of
biocrystallization. According to their analysis, the crystallization stage is the primary source
of the variability of results.

CONCLUSIONS

A number of characteristics of zigzag patterns, which form on films of dried BSA
solutions, were analyzed in this paper. It was determined that the most informative among the
characteristics considered are the number of zigzag segments Lo and their average length
Lmean, and the least informative is the average angle between segments. Other parameters
either correlate with Lcoyns Of Linean, or do not exhibit any dependence on the strength of the
investigated factors. The data suggest that Lyean mainly depends on the chlorine
concentration, whereas Lcoune 1S sensitive to any violations in the conditions of zigzag
formation. These violations occur, in particular, at low chlorine concentrations, at protein
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aggregation (but not necessarily at fragmentation), and also in the presence of an excess
amount of low molecular weight compounds (ligands) and ions not associated with the
protein in the solution. Clarification of the role of these factors in the process of zigzag
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rmation, accounting for other types of patterns and finding more efficient and reproducible
ethods for obtaining films will be the directions of our further research.
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OpHUM W3 aKTyaJbHBIX HalpaBJICHUH HCCIENOBAaHMH, CBA3aHHBIX C pa3paboOTKOi crnocoboB OOpHOBI C
HEWpOAEreHpaTUBHBIMH 3a00JI€BaHISMH, SIBIISIETCS] TIOMCK BELIECTB-WHTHONTOPOB arperaiyy ONpeaeieH-
HBIX OEJIKOB, HapyIIame (QyHKIIMOHNPOBAHNE HEPBHBIX KJIETOK. B paMkax MOJeKyIsIpHO-OHO(H3nIec-
KOM TMpOOIIeMBI YCTAHOBIICHHS MOJICKYJIIPHBIX MEXaHN3MOB JIEHCTBHA (papMaKOJIOrHIECKUX MPENaparos,
Ha MOJENBHOM CHCTEME in Vitro MpPOBEICHO MHCCIEIOBAHHE PEIIOKC-B3aMMOJCHCTBUS METHIEHOBOTO
CHHET0 KaK NEepPCIEeKTHBHOTO MpemnapaTa sl IPEA0TBpaleHUs 001e3HN AnbLreiiMepa ¢ ero noTeHIHalb-
HOW MHIIIEHBIO — AMHHOKHCIIOTOM IIMCTEHMHOM, BXOJAIIEH B COCTaB aKTHBHOTO ydacTka Tay-OenxoB. C
MOMOUIBI0 BTOPUYHO-OIMUCCUOHHON Macc-CIIEKTPOMETPUUECKON METOJMKH HICHTH(OUIMPOBAH €AWH-
CTBEHHBIN MNPOAYKT MIPAMOI0 OKHUCJICHUSA HUCTEHHA MCETUJIICHOBBIM CHUHHUM — HUCTHH, o6pa3y10u11/1171051
nyteM (opMHpOBaHMs JUCYIb(PUIHOTO MOCTHKA MEXIYy JBYMs MOJIEKyJaMu IcrenHa. [Ipenrmo-
Jlaraercs, 4To nogo0Hast MoAH(UKaNUs OCTaTKOB IIUCTeNHA B cocTaBe Tay-0eJIKOB MEHSET UX CTPYKTYPY,
YTO MOJKET NPEMSTCTBOBATh UX IMocienyomeii arperanuu. Kucioponcoaepxamiye NpoyKThl OKHCICHHS
ycTerMHa He oOHapyskeHbl. [IokazaHO, 4TO BOCCTAHOBJICHHE METWJIEHOBOI'O CHHEIO B XOJ€ PEaKLUH
MIEPEBOANT €r0 B JICHKO-(popMy, KOTOpasi TakKe paccMaTPUBAETCS B KAUECTBE areHTa B Teparuy HEWpo-
JIETeHEPAaTHBHBIX 3200JIEBaHNUI.

KJIFOUEBBIE CJIOBA: MonekyIsipHbIe MEXaHU3MBI, METUJICHOBBIN CHHUH, IICTEUH, IUCTHH, TUCYITb-
¢bunHbIe MOCTHKH, Tay-0enku, 60e3Hb AnblreiiMepa, BTOPHYHO-3MUCCHOHHAS MacC-CIIEKTPOMETPHSL.

PEJOKC-B3AEMOAIA 3 AMIHOKHUCJIOTOIO HI/ICTETHOM AK OJAUH 3 MOXKJINBUX
MEXAHI3MIB BIOJIOT'TYHOI Illi METHUJIEHOBOI'O CHHBOTI'O
B.C. llleaxkoBchKMii l, M.B. KoceBnql’z, O.A. Bopmcl, B.I'. 305HiHal,
O.M. IL1toxoTHiuenko'
 Disuro-mexniunuii incmumym nusvkux memnepamyp im. b1 Beprina HAH Yipainu, np. Hayku, 47,
Xapxie, 61103, Ykpaina
? Xapriscokuii nayionansnuii ynieepcumem imeni B.H. Kapaszina, n1. Ceoboou 4, Xapkis, 61022, Yxpaina

OmHUM 3 aKkTyalbHUX HANpsMIB JOCHTIIKEHb, IIOB’3aHUX 13 PO3POOKOI0 3ac00iB OOpoTHOM 3 Helpoe-
TeHEePaTUBHUMH 3aXBOPIOBAHHIMH, € TIONIYK PEYOBHH-IHTIOITOPIB arperarii NeBHUX OLIKIB, sKa TMOPYIIye
(DYHKITIOHYBaHHS HEPBOBHX KIITHH. B Mexax MOJEKyIsIpHO-0i0(i3ndHOI MpOoOIEeMH BCTaHOBICHHS
MOJIEKYJISIPHUX MeXaHi3MiB fii (papMaKoJIOTiyHIX Ipenaparis, Ha MOAEIBHIA CHCTEMI in Vifro TPOBEIEHO
JIOCTIKEHHS PEIOKC-B3a€MOIiNl METHIIEHOBOTO CHHBOTO, SIK IEPCIEKTHUBHOTO Tpenapary A 3amnodiras-
Hs XBOpoOM AdbIreiiMepa, 3 HOro MOTEHIIIHOIO MIIIEHHIO — aMiHOKHCIIOTOIO ITMCTETHOM, 1110 BXOIUTHh
JI0 CKJIaJly aKTUBHOI IUITHKM Tay-OinkiB. 3a 1OIIOMOTrOI BTOPHHHO-EMICIHHOI Mac-CIeKTpOMETPHYHOT
METOJIUKH 1IEHTU(QIKOBAHO €JUHUI IMPOJYKT MPSMOrO OKUCICHHS IMCTEIHY METHICEHOBUM CHHIM —
LUCTHH, L0 YTBOPIOETbCS LUIIXOM (OPMYBaHHS JUCYJIb(ITHOTO MICTKa MDK JIBOMa MOJIEKYJIaMH
uucreiny. MmosipHO, mo moxiGHa Momudikalis 3anumkiB mucteiny B ckinami Tay-GUiKiB 3MiHIOE iX
CTPYKTYpY, 110 MO>Ke 3ano0irat ix HacTymHii arperanii. KuceHbBMiCHI POAYKTH OKUCICHHS LUCTEIHY
He BusBJIeHO. [lokazaHO, 110 BiZHOBJIEHHS METHJIEHOBOTO CHHBOTO y XOIi peakuii MepeBoJuTh HOro y
JeWKo-(hopMy, KOTpa TaKOXK PO3IIIAAAETHCS SIK areHT B Tepallii HeHpoJereHepaTUBHUX 3aXBOPIOBAHb.
KJIFOYOBI CJIOBA: MosnekysspHi MeXaHi3MH, METUIICHOBUI CHHIH, IUCTEH, UMCTHH, AUCYIb(inHi MicTku, Tay-
6inku, XxBopoba AnbLreiiMepa, BTOPUHHO-eMICiiHa Mac-CIIEKTPOMETPisl.
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Penokc-B3anMoIeICTBUSI ¢ aMUHOKHCIIOTON IIUCTEUHOM KaK OJTUH U3 BO3MOKHBIX. . .

REDOX INTERACTIONS OF METHYLENE BLUE WITH CYSTEINE AMINO ACID
AS A POSSIBLE MECHANIZM OF BIOLOGICAL ACTION OF THE DYE
V.S. Shelkovsky', M.V. Kosevich"2, O.A. Boryak', V.G. Zobnina', A.M. Plokhotnichenko'
IB. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of Ukraine,
47 Nauky Ave., Kharkiv, 61103, Ukraine
2 V.N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv, 61022, Ukraine

Design of the inhibitors of the pathogenic protein aggregation, associated with the neural cell damage,
is of great importance for the therapy of the neurodegenerative diseases. In this work redox interactions
of methylene blue as a potential drug against Alzheimer’s disease with its potential target — cysteine of
the active cite of Tau proteins, have been studied in vitro, in order to establish the molecular mechanism
of methylene blue biological action. First, a single product of direct oxidation of cysteine by methylene
blue, viz. cystine, possessing a disulfide bridge between two cysteine molecules, has been detected by
mass spectrometry. Such modification of cysteine residues was suggested to affect secondary structure
of Tau-proteins, hampering amyloid fibril formation. Notably, we failed to detect any oxygen-
containing products of cysteine oxidation. Finally, reduction of methylene blue in the above reaction
resulted in the formation of its leuco form, which could be also considered as a potential drug in the
therapy of neurodegenerative diseases.

KEY WORDS: molecular mechanisms, methylene blue, cysteine, cystine, disulphide bridges, Tau-proteins,
Alzheimer’s disease, secondary emission mass spectrometry.

JlaHHO€ HccieI0BaHNe MOCBSIIEHO YCTAHOBICHUIO PE3YIbTaTOB PEIOKC-B3auMOCHCTBUS
KpacuTess METUJIEHOBOI'O CHUHETO0 C aMHUHOKHUCIIOTON LIUCTENHOM KaK OJHOTO M3 MpeJrosara-
€MBIX MEXaHH3MOB OMOJIOTHYECKOTO ACUCTBHUS JAHHOTO KPACUTEINs, pacCMaTpUBAaEMOro, B
YaCTHOCTH, IpPU pa3pabOTKe JIEKAPCTBEHHBIX IpENnapaToB MPOTUB HEWPOAETreHEPaTUBHOM
6ose3nu AnpureiiMepa.

VYBenuueHue NpOJOJKUTENBHOCTH KM3HM B CBA3M C ycCHeXaMd B MNpO(UIAKTHKE WU
JeYeHNH UHQEKIMOHHBIX U CepJIEeYHOCOCYHUCTHIX 3a00sieBaHUI 00YCIOBUIO HOBBIH BBI30B
IIOHMCKAa METOJI0B OOPHOBI C T€POHTOJIOIMUECKUMH U HEHpOJereHepaTUBHBIMU MIPOOJIEMaMH,
BKJITI04as Oone3nu Anbireitmepa u Ilapkuncona [1, 2]. [IpoGnema ycyrybmasiercs nemorpadu-
YECKMMH II0Ka3aTeNsIMU TOBBIIIEHUS OTHOCUTEIIBHOTO KOJIMYECTBA IOXKWIBIX JIIOJEH B
pa3BUTHIX cTpaHax. [Ipuuem OrarococTosHHe, palMOHAIbLHOE MUTAHUE M 3AO0POBBIA 00pa3
KHU3HU JINYHOCTH HE SIBJIAIOTCS MPO(QUIAKTUKON 3TUX 3a00J1€BaHUM, O UEM CBUAETENbCTBYIOT
IIPUMEPBI TAKUX WU3BECTHBIX IOJIUTHYECKUX pesrencl kak Ponanpn Peiiram u Mapraper
Tartuep. HeyremmuTenbHble CTaTUCTUYECKUE JaHHBIE CBHJETEIbCTBYIOT O TOM, 4YTO B
HacTosIee Bpemsi 00Je3HbI0 AJbIreiiMepa CTpagaeT HECKOIbKO MHJUIMOHOB YEJIOBEK, YTO
BJICYET 3a COOOW 3HAYMTENbHBIC 3aTpaThl Ha JyiedeHue [2, 3]. OUEHKH M MPOTHO3BI COOT-
BETCTBYIOIIMX MEIUIMHCKUX OpraHM3aluil MOKa3bIBaIOT [4], 4To HaxoxaeHue YPPEeKTUBHBIX
croco0oB O00peOBI ¢ Oose3Hbio AmbireitMepa kK 2025 romy mno3Bosmt Toibko B CIIA
COKOHOMUTH Ha 3ApaBooXpaHeHue 10 220 MWUIMAapAOB 10JUIapoB B roA. B cBs3u ¢ 3TuM Ha
peleHre 1aHHOU Mpo0OieMbl OpOILIEHb! 3HAYUTEIbHBIC HAYYHBIE CHIIBI U PECYPCHI — U3AETCs
OoJee ecsATKa CreMUATU3MPOBAHHBIX XKypHAIOB, Harpumep, Journal of Alzheimer's Disease
[5], paboTaeT MexTyHapoHOE HayuyHOE 001IecTBO «Alzheimer's Association» [6], peryssipHO
NPOBOJATCS HaydHble KoH(pepeHIuH. KoiaumuecTBO HUTHPOBAHMN HEKOTOPHIX OCHOBOIIO-
Jararnmx padboT 1o 3Tou mpobaeme, Hanpumep [ 7], T0CTUraeT HeCKOIbKHUX ThICSY.

Jns BeIOOpa crparermu OOpbOBI ¢ HEWPOICHEPATUBHBIMU 3a00JIEBAaHMSIMHU B paMKax
Pa3IMYHBIX OMOJIOTMYECKUX M MEIUIMHCKUX JUCIUTUIMH BEIETCS TIOUCK MPUYXH U (PaKTOPOB,
BBI3BIBAIOIINX HApYLIEHHS, HA YPOBHE OpraHu3Ma B II€JIOM, KJIETOK U OTAEIbHBIX OHOMOJIe-
KyJ, TOCKOJIbKY JJIsi CO3JaHMsI COOTBETCTBYIOIIMX JIEKAPCTBEHHBIX CPEACTB HEOOXOAMMO
OTIpeNIeIUTh MUILIEHU JAJIS UX JecTBUsA B opraHu3Mme. B 3amaun monekynspHoi 6uopu3uku
BXOIHWT YCTAHOBJICHHE MOJEKYJSPHBIX MEXaHU3MOB B3aWMOJICHCTBHS JIEKApCTBEHHBIX
IpenapaToB ¢ UX MOJEKYISIPHBIMU MHUILICHSIMH.
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[TockonpKky HW3y4eHHIO OHOMOJIEKYJISIPHBIX TIPOILIECCOB, COMPOBOXKAAIOIMIUX OOJIE3Hb
Anbureiimepa [7], u pa3paboTKe COOTBETCTBYIOIIMX (hapMaKOJIOTHUYECKUX MpernapaToB
MOCBSIIIEHO MHOXKECTBO MyOJMKAIMif, YacTh U3 KOTOPBIX BCE €Illeé HOCHUT JUCKYCCHOHHBII
XapakTep, Mbl OTMETHUM JIUIIh T€ CTaTbH, HA OCHOBE KOTOPBIX ObLIA BEIOpaHA MOJEKYISPHO-
Oouoduznueckas 3agava ajis JaHHOTO MCCIICIOBAHMUS.

Cpenu BBISBICHHBIX K HACTOSIIIEMY BPEMEHH BO3MOXHBIX NMPUYMH BO3HUKHOBEHUS U
pa3Butusa Ooyie3HH AJblreiiMepa sBISETCS MOBPEXKICHUE HEPBHBIX KJIETOK MM BOJIOKOH 3a
CYeT HAPYIICHUS CTPYKTYphl U (GYHKIIMOHUPOBAHUS ABYX BHUJIOB OCIKOB: O€Ta-aMHIONIHOTO
nentuga AP u Tay-Oenka (tau protein) [8, 9]. ITockonbKy B mociennee BpeMs chopmupoBa-
JIOCh MHEHHE, YTO MPEIIOKEHHBIC Mpenaparbl, MUIICHbIO KOTOPBIX SIBISFOTCS OeTa-aMuiIo-
UJIbI, HE TIPOSBIIIM OKUABITYIOCS OT HUX 3(PPEeKTUBHOCTH [8, 9], BHUMaHUE HCClIeIoOBaTENCH
nepeKIIoumniIocs Ha Tay-0enku kak 0ojiee ysI3BUMYIO TepareBTHUECKy0 MumieHs [10-16].

Tay-0enok TpUHAMICKUT K Tpymme OeTKOB, acCOIMUPOBAHHBIX C MHKPOTPYyOOUKaMH
HelipoHoB (microtubule-associated protein tau, MAPT) [17-19]. Hapyiienusi, cBsi3aHHBIE C
Tay-0enkamu, Ha3bpIBalOT TaynaTusMu. [Ipu OGone3Hm AmnbnreiiMepa W HEKOTOPBIX JIPYTHUX
u30bITOYHO (hocopunrpoBannsie (runepdocopunupoBannbie) Tay-0enkn TEPSIOT CBA3b C
OenkaMu TyOyJIMHAMH Ha TIOBEPXHOCTH MUKPOTPYOOUYEK, YeM HapyIIaloT CTAOWIU3AIMI0 WX
CTPYKTYpbl. BricBoOOAMBIIMECS MOsieKysbl Tay-0elKOB HAUMHAIOT ACCOLMHPOBATH IPYT C
IpyroM, o0pasyst psiJl arperallioOHHbIX (OPM: CBEPHYThI€ TOKCUUHBIE OJUTOMEpPHBIE (OPMBI,
IUIOTHO YIaKOBAaHHBIE MapHble crupanbHble (punaMeHTsl (HUTH) (paired helical filaments) u,
Janee, HepacTBOpUMBIE HeWpobubpmsipHeie KiryOku (neurofibrillary tangles, NFTs).
[Tocrnennue, HaKarIMBasCh BHYTPUKIETOYHO, HAPYLIAIOT HOpMaidbHOE (PYHKIIMOHUPOBAHUE
MOpPaXCHHBIX HEWPOHOB, YTO B KOHEYHOM HTOre, MPUBOJUT K JEreHepaluu U Tudenu
HEPBHBIX KIIETOK.

CoOOTBETCTBEHHO, HCKOMBIE JIEKAPCTBEHHBIE BEUIECTBA JTOJKHBI OMPEEIEHHBIM 00pa3oM
BO3/ICHCTBOBATh Ha arperanuio Tay-0enkoB — nmuOO mpepoTBpamiath ee, Ju00 paszpylarh
arperatsl (tau aggregation inhibitors, TAI). [10, 13, 15, 20, 21]. (AnbTepHaTUBHBIN MMOIXO]
MHTUOMPOBAHUS OJHOW MM HECKOJBKUX IMPOTEHMHKHHA3, (ochopunupyrommx Tay-0enok
[16], HE OTHOCUTCS K TEME TaHHOTO UCCIIEOBAHUS).

YcranoBneHo, yto Tay-0el0K CTaOMIM3UPYET MHUKpPOTPYOOUKH, CBSI3bIBAsCh C HHUMHU
yepe3 YEThIpe TaK Ha3bIBAEMBIX TYOyJIMH-CBs3bIBaOMUX qoMeHa R1-R4 [19]; 3T ke 1oMeHbI
Tay-0enkoB 3a/IeiCTBOBaHBI B UX arperanuy B MapHble (UIAMEHTHI (OJTUTrOMepHbIE (OPMBI)
[22]. biokupoBKa ATHUX JIOMEHOB JIOJDKHA MPENSATCTBOBATH arperamnuu. bpulo BBICKa3aHO
npeanojoxenue [23-25], 4ro HaAXOAAUIMECs B ATHUX JOMEHAX JIBa PEIOKC-aKTUBHBIX
aMUHOKHCIIOTHBIX ocTarka 1uctenHa (C291, C322) aBastoTcsl MOAXOIANICH MUIICHBIO TS
monupukanmu. He Tak maBHO mosiBUIMCH cooOmieHus [26] 00 HSKCHepuMEHTaIbHOM
TOJTBEPKICHUH STON TUIIOTE3bI.

Cpenn HHM3KOMOJEKYISPHBIX COCIUHEHMH, CIOCOOHBIX BO3/AeWcTBOBaTh Ha Tay-Oenku
[9, 26-28], WUCHIBITBIBAETCS KATHOHHBIM KpacUTENIb METWICHOBBIM cuHui (Methylene Blue,
MB, naszeiBaembiii Takke methylthioninium, MT, u methylthioninium chloride, MTC) [29-
31], xoropsri, Onaromaps CBOMM ONTHYECKUM M PEIOKC-CBOWCTBAM, HAXOIUT IIMPOKOE
MPUMEHEHHE B PA3IMUHBIX 00IacTAX (hapMaKoIOruu, OMOMEIUIIMHBI U HAHOTEXHOJIOTUH [32,
33]. Takxe npoBepsieTcst 3PPEKTUBHOCTh MPOU3BOIHBIX MB — ero neiikodopmsr (leuco MB,
LMB) [34-36] u a3ypos [26].

Psn 3apyOexnbix ¢upm, B yactHoctu TauRx Therapeutics [37] mpoBoasT uctisitanus (Bo

BTOPOIT 1 TpeTheil (hasax) mpemnapatoB Ha ocHoBe MB [11] (mox HasBarnnem Rember™) u ero
neiikodopmer (LMTX", "TRx0237") [34].
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Yro KacaeTcsi yCTaHOBJICHUSI MOJIEKYJIIPHBIX MEXAHU3MOB JIEHCTBHSI METUIIEHOBOI'O CHUHE-
IO U POJICTBEHHBIX eMy coeanHeHui Ha Tay-0enku To, HeCMOTps Ha HAJIMYKE psiaa paboT Mo
atoit Teme [9, 21, 24-27], moaydeHHbIE B HUX JIaHHBIE MPOTUBOPEUNBHI U OOCYKIECHUE HOCUT
B OCHOBHOM CIIEKYJIITUBHBIA XapakTep Ha ypoOBHE OOCY)KICHHMS BO3MOXKHBIX ITyTeH B3auMO-
nerctBus. Tak, paccMaTpUBarOTCS BO3MOKHOCTH HEBAJICHTHBIX M KOBAJIEHTHBIX B3aMMOJICH-
cTBuil [14]. HeBaneHTHbIE B3aUMOJEHCTBUS 3aKJIIOUAIOTCS BO BCTPAWBAHUU MaJIbIX MOJIEKYJI
MeXIy (GOopMHUPYIOIMIMMHCS OJIUroMepamMu Tay-0elKoB, 4TO MOJKHO MPENATCTBOBaTh HX
JanpHEeHMIe arperanu B HepacTBOpUMBbIE HeWpopuOpwuisipHble KiyOku. KoBaneHTHBIE
B3aUMOJICUCTBUS COCTOSIT B PEIOKC-PEAKLIMSIX MOJIEKYJ MPENapaToB C ONPEIEIECHHON BbIIIE
MUILEHbIO — JBYMSI OCTaTKaMM IIUCTEMHA B TyOYyJIMH-CBS3BIBAIOIIMX JOoMeHaX Tay-Oeinkos.
[Ipy 5TOM BO3MOXKHBI JBa BapHaHTa MOAU(UKAIIMK IHCTEHHA: 3TO JHUOO0 OJOKHpPOBKa
KaXJIOT0 M3 OCTAaTKOB IIyTE€M OKHCICHHMSA, JHOO OKHUCIMTENbHAs peakius ¢ 00pa3oBaHHEM
BHYTPHU- WU MEXKMOJIEKYJISIPHON CIIMBKU — AUCYIbGUAHOTO MocTHKa. MccnenoBanue Takux
IIPOLIECCOB C MOMOILBIO MAaCC-CHEKTPOMETPUYECKUX METOJIMK K HACTOSLIEMY BPEMEHHM HE
MIPOBOJIAJIOCH, 32 MCKJIIOYEHUEM OJIHOTO COOOIIeHUs [26], pe3yiabTaThl KOTOPOTO HE BBI3HI-
BAIOT JIOBEpHS 110 CIEAYIONIeH npudnHe. ABTOPHI paboThl [26] MPOBOIMIN MTOKCK MPOITYKTOB
OKHCJIEHHUS OTIENbHBIX MoJieKkyn nuctenHa (R-SH), koTopele, kak mpeamnoiaranoch, JOMKHbI
NpEeACTaBIATh COOOM Kuciopoacoaepkamue mnpousBoansie Bupa R-SOH, R-SOOH,
R-SO,0H, ¢ ucnonas3oBaHreM METOJa MacC-CIIEKTPOMETPUH C MOHU3AIMEN SIIEKTPOpaACIIbLIEe-
HUEM pacTBOPOB (AJIEKTPOCHpEi); OJHAKO B IPUBOJUMOM B CTaTb€ MAaccC-CIEKTpE HE
COJIEPKANNCh MOJIEKYJISIPHBIE MOHBI IEPEYUCICHHBIX COCIUHEHUN, a 3aKJII0YEHUS JIETaINCh
Ha OCHOBE KOCBEHHBIX JJAHHBIX.

Cpenu 3KCIIEpUMEHTABHBIX METOJIOB MOJIEKYJISIPHO-OHMOJOTHYECKUX U OMO(pHU3NUecKux
UCCIICIOBAaHMN B TOCIIEAHEE BpeMsi pa3paboTaHbl MATKOMOHU3AIMOHHBIE MAacC-CIIEKTPOMET-
pUYecKre METOAMKH JIJIsl U3yUYEeHUS MEXaHU3MOB JIEHCTBUSL OMOJIOTMYECKH aKTUBHBIX BEIIECTB
U (apMaKoJIOTHIECKUX MPErnapaToB Ha MOAEIHLHOM MOJeKyJsipHoM ypoBHe [38-40]. brarona-
P Pa3BUTHIO U COBEPUICHCTBOBAHHUIO MAaCC-CIEKTPOMETPUUECKUX METOJMK, 3HAYUTEIbHBINA
MPOTrpPecc HOCTUTHYT B TAKOH CPaBHUTEIBHO HOBOUM 00JIaCTH HAayKH Kak mporeomuka [41]. B
CBS3HM C IPEBAIMPOBAHMEM B HEJABHEM IPOLUIOM HMHTepeca K OeTa-aMHJIOMIHON MOJeIn
HeHpoJiereHepaTUBHBIX IPOLIECCOB, OOJBIIUCTBO MPOTEOMHBIX MAacCC-CHEKTPOMETPHUYECKUX
UCCJIEIOBAaHUM B 3TOM 00sacTH ObUIM HANpaBlIeHbl HAa WM3y4Y€HHE MMEHHO OeTa aMHJIOUIIOB
[42-49]; Tay-Oenkam yxensutoch MeHbine BHUMaHus [50, 51]. Ha ypoBHe ManbIx MOJeKyn
aKTHUBHO pa3padaThIBaINCh MacC-CIIEKTPOMETPHUUECKUE MOAXO0 bl K H3yUEHUIO OKUCIUTEIbHO-
BOCCTAHOBUTEIBHBIX CBOMCTB PEIOKC-aKTUBHBIX BeElIECTB [52-54], B yacTHOCTH peIOKC-
aKTUBHBIX KpacuTenen [55, 56] u MetrieHoBoro cuHero B ux uucie [57, 58]. [Ipu ucnonb3o-
BaHWU METOJOB BTOPUYHO-HOHHOW Macc-criektpomerpun  (BUMC), OGombapaupoBku
ovicTpeiMu aromamu (BBA), MaTpudHO-aKTHBUPOBAHHOW JIA3EPHOM JeCOpPOIUN/HOHU3AITUN
(MAJIAN) Hamu yCTaHOBJIEHBI OCOOCHHOCTH PEIOKC-TPEBPAIIeHUN METHIEHOBOIO CHHETO B
3aBUCHMOCTH OT METOJIa BO3JICHCTBUS U OKpY Karoliei cpenbl [59-65].

W3 Bcero BBIIIECKA3aHHOTO CIEAYET, YTO MOJIEKYJIIPHBIM MEXaHU3M ACHCTBUS METHIICHO-
BOT'O CUHETO JI0 CUX IIOp HE YCTAHOBJIEH, B OCHOBHOM, 110 IIPUYUHE CIOXKHOCTU MHOTOKOMIIO-
HEHTHOM CUCTEMBbI U HEOJHO3HAYHOCTH IyTEH B3auMOACUCTBUSA. B CBA3M ¢ 3TUM npeacTasis-
€TCsl JIOTMYHBIM HayaTh MIOUCK C MOJEJIbHOM CUCTEMbl HA MOHOMEPHOM YPOBHE U C UCIIOJIb30-
BaHHUEM MAacCC-CIIEKTPOMETPUYECKOTO METOa, MO3BOJSIONIET0 OJHO3HAYHO HACHTU(ULIUPO-
BaTh KOMIIOHEHTHI cMecel. Takum oOpa3oM, Lenbio TaHHOM paboThl SIBHJIOCH YCTAaHOBIICHUE
pE3yIbTATOB PEAOKC-B3aUMOJEHCTBUSI METUIIEHOBOTO CUHETO C aMMHOKHCIIOTOM LHUCTEHHOM
KaK OJHOTO M3 MPENOoaraéMbIX MOJIEKYJISIPHBIX MEXaHU3MOB €ro (apmakoTepaneBTHYEC-
KOT'O JE€HUCTBHA.
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MATEPHUAJIBI U METO/IbI
Mamepuanw

B paboTte mcnonb3oBanm mpemapatbl METHICHOBOTO cuHero npou3BojcTtBa OAO «Bwura-
MUHBD (YMaHb, YKpanHa) ¥ aMUHOKHCIIOTHI IIUCTEWHA Mpou3BojcTBa «Peaxumy», (Poccwii-
ckas deneparnus).

J71s1 pUroTOBJIEHHS PACTBOPOB KCIIONIB30BAIU JEMOHU3UPOBAHHYIO BOAY U MJIACTUKOBYIO
nocyay.

B kauectBe xkuakoii MmaTpuiisl anist BBA uccnenoBanuii uCmonp30Baiv raumepuH (Sigma,
['epmanus).

Pedoxc-e3aumooeiicmeue MemuneHo08020 CUHE20 ¢ YUCHIEUHOM

Jlnsg mosydeHusi KOHIIEHTPAIMOHHBIX M BPEMEHHBIX 3aBUCHMOCTEH peloKC-peaKiHii
MEXIY METUJICHOBBIM CHHHUM W LIMCTEMHOM T'OTOBUJIM BOJHBIE PACTBOPHI KOMIIOHEHTOB C
Pa3HBIMH KOHILIEHTPALIMOHHBIMUA COOTHOILIEHUSIMU U BBIAEP’KUBAIN B TE€YEHHE CYTOK C MEpH-
O/IMYECKUM KOHTPOJIEM COCTOSIHUSI CUCTEMBI. J{Ji1 Macc-CEKTPOMETPUUECKUX MCCIIEA0BAHUMI
FOTOBHIIN 0Opa3Lbl, COAEPIKAIINE OXHONMPOLCHTHEI pacTBop (3,2:107 M) MeTHICHOBOTO
CHHETO UM LHUCTEUH B PANY KOHLEHTpaLUl 88102 M, 44-10°M u 22-10° M. B cBs3u ¢
HCIIOJIb30BAaHUEM B CIEKTPO(POTOMETPHUUECKHUX HCCIEIOBAHUAX PACTBOPOB ¢ Oojiee HU3KOM,
4eM JJI1 MacC-CIeKTPOMETPUH, O0IIeH KOHIICHTpAIUEH BEIIeCTB, TOTOBUIIM TAKXKE CHCTEMY C
1,1-10'4 M MeTueHoBoro cuaero u 90-10*% M nucrenHa. OCyIecTBIeHNE peaKIuy HaOJIo-
JMald BU3YAIbHO TIO TIOCTENEHHOMY OOECIIBEYMBAHHMIO pPAcTBOpa M KOHTPOJIHMPOBAIIU
UHCTPYMEHTAJIBHO METOI0M CHEKTPO(HOTOMETPHH.

Onmuueckasa cnekmpockonus

Cnektpel morjoumeHuss B Y® M BUIUMOM JHana3oHe MOJydYaldd Ha JBYXJIy4eBOM
cnektpodoromerpe Hitachi 356 (Slnonus), B kBapiieBoil kroBere 10 MM, Ipu CIIEKTpaIbHON
mMpuHe menu 2 HM. g noayyeHus: BpeMeHHbBIX 3aBUCHMOCTEH CIEKTpPhl BOJAHOTO pacTBopa
CMECH METUJIIEHOBOI'O CHUHETO (1,1-10'4 M ) u uucrenna (9-10'3 M) 3anuckIBanu ¢ MHTEpBaIa-
MU OT JAECSITKOB MUHYT JI0 HECKOJIbKUX YacOB.

Macc-cnekmpomempusn

Macc-cnektpbl ¢ BBA B pexnMe MOJI0KUTENbHBIX HOHOB PETHCTPUPOBAIHN C MTOMOIIBIO
CEeKTOPHOTO MarHuTHOro macc-cnekrpomerpa MM-12013 (HITO «SELMI», Cywmsbl, Ykpau-
Ha). B xauecTBe GOMOAapIUPYIONIETO ra3a MCIOIB30BAIA APTOH; YHEPTUS MMEPBUYHOTO ITydKa
cocrasisia 4,0 k3B. B kauecTBe KMIKONH MaTpHUIbl ISl HCCIIELYEMBIX BELIECTB UCIIOJIb30Ba-
mu ruuepuH. [lepexon B pesxxum BUMC nyTeM OTKIIOYEHHS OMIMK HEUTpAIU3aLUM TydKa
MOHOB aproHa He MPUBOUI K KaY€CTBEHHBIM M3MEHEHUSIM MOTYyYaeMbIX MAaCC-CIIEKTPOB.

[Tpu npoOOMOATrOTOBKE paBHBIE OOBEMHBIE YACTH TTIMIEPUHOBOM MAaTPHUIIBI U 00eCIBEYCH-
HBIX BOJHBIX PACTBOPOB METHUJICHOBOTO CHMHETO U IIMCTEHHA C PA3NUYHBIMU KOHIICHTPAI[MOH-
HBIMU COOTHOILLUEHUSIMU CMEILIUBAIM Ul TOTO, YTOOBI B MCCIEAYEMOM 00paslie COXPAHSIIUCH
yKa3aHHbIE UCXOJHBIC KOHIIEHTPAIIMU KPAcUTENsl U aMHHOKHCIOTHI MOCIIe MCTApeHUs] BOIbBI
u3 oOpa3na B (popBaKyyMHO# cHCTEME Macc-CHEKTPOMETpa. AJBTEPHATUBHO, OECIIBETHBIC
KPUCTAILJIBI, OCAXIEHHBIE U3 PEAKIIMOHHOW CMECH, IEPEPACTBOPSUIN B TTUIEPUHOBOM MaTpU-
ne. Kammo o6pa3na 06beMoM 5 MKJI HAHOCHUJIM HA CTaHAAPTHYIO aJIIOMUHHUEBYIO MOJJIOKKY.
BBA Macc-cnekTpbl 3amuchbiBail B TeueHUe nepBbix 5-10 MuHYT mocne Havana OomOapau-
poBku. Ilpu usBneueHun oOpas3na U3 BaKyyMHOM KaMmepbl MO OKOHYAHHUU SKCIIEPUMEHTA
KaIljis pacTBOpa OCTaBalach OECIBETHOM, YTO CBHIETEIHCTBOBAJIO 00 OTCYTCTBUU PEaKIUN B
o0beMe oOpaslia B JaHHBIX JKCIIEPUMEHTAIBHBIX YCIOBUsX. B koHTponmsHbx BEA/BUMC
Macc-CcreKTpax 00pa3loB YUCTOrO IMCTeHHA HAOIIOAaliCs MHTEHCUBHBIM MUK MPOTOHUPO-
BaHHOM aMUHOKHCIIOTBI; TUKH B MacCOBOI 00JIACTH 0XKHIa€MOT0 MPOJIYKTa peAOKC-peaKuu
(240-245 a.e.m.) HaXOAUIUCH Ha YpOBHE (hoHA.
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O6pabotky BBA Macc-CrieKTpoB peloKC-aKTUBHBIX COCAMHEHHUH MPOBOJMINA B COOTBET-
CTBHH C pa3pabOTaHHBIMU HAMHU paHee noaxonamu [59-61, 64, 65].

PE3YJIBTATBI U OBCYXJIEHUE
OKHCIUTENbHO-BOCCTAHOBUTEIbHAS PEAKIUs UCTEHHA C OPraHUYECKOM COJIbI0 METuIIe-
HOBEIM cHMM (MB™-CI") Kak OKMCIIHTENeM, IPHBOAAMAS K CIIMBKE BYX MOJEKYJ IIMCTEHHA
(Cys) B IMCTHH MOCPEACTBOM 00pa30BaHUsS AUCYIH(UIHOTO MOCTHKA, a TAKXKe JEHKODOPMBI
LMB, umeer ciieyroimmi BUxI:

(MB™CI) + 2Cys — (2Cys — 2H") + (MB" + H" +2¢) + H" + CI' — Cystine + LMB + HC1 (1)

O npoX0XKI€HUH TaKOUW peakiuu B cucTeMe (LIUCTEUH — METUJICHOBBIA CUHUI) CBUIETEIb-
CTBYeT oOecIBEYHBaHHE BOJAHOIO PAacTBOpPa BCIEICTBUE MEpeXoja METUICHOBOTO CHHEIro B
OecuBeTHy!0 Jeiikodopmy [66]. KoHneHTpanoHHble 1 BpeMEHHbIE MapaMeTpbl B3auMoJIeii-
CTBUSl TIOKA3bIBAIOT, YTO yMEHbIIEHWE WHTEHCHBHOCTH OKpAIIMBAHHSI CHUCTEMBI MPOXOJUT
0oJiee aKTMBHO C YBEJIMUYEHHUEM KOHIICHTPAIIMH IUCTEHHA W TPOTPECCHPYET BO BPEMEHHU.
Habmoiaemble BU3yaqbHO U3MEHEHHS KOJIMYECTBEHHO U3MEPSUIMCHh METO/I0M CIEKTPOCKOITUU
norJionieHus B BuaumMoM u Y ® nuamazonax (Puc. 1).
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Puc. 1. 3MeHeHHsT CHEKTPOB MOTJIOMIEHUS B 3aBUCUMOCTH OT BPEMEHH B3aUMOJICHCTBUS B CMECHU
(MeTwiIeHOBH CUHHU - ucTenH). JluHUsS 1 - CHEKTp BOJHOTO pPacTBOpa KOHTPOIBHOIO 0OOpasna

MeTHieHoBoro cunero, Cyp=1,1"10"" M. Jluaun 2-4 - CleKTpsI TOTO %e PacTBOpa Mocie A06aBICHUs

K Hemy 9107 M mucrenna, 3apernctpupoBanublie depes 10 mun (2), depes 4 gaca (3) u uepes 20
4gacoB (4). XapaKTepUCTHYHBIC 3HAYCHUS MAKCHMYMOB TIOJIOC TIOTJIOMICHHUS JUI1 YHCTOTO METHIICHOBO-
ro CHHEro — A =663 HM, 614 M, 292 HM; 11 NeiiKOQOPMBI METHUIICHOBOTO CHHETO — A = 256 HM.
ITonoxenue n3o0ecTHYECKOi TOUKH — 267,5 = 1 HM.

B cnektpe koHTposbHOrO 00pasia BOAHOTO PacTBOpa 1,1:10* M merunenoBoro cuuero
(muHUMs 1) 3aperucTpupOBaHHBIE 3HAYEHUS MAKCUMYMOB TIOTJIONIEHUS B  BHIUMOM
(A=663 aM) 1 YO (A =292 M) nuama3zoHax COOTBETCTBYIOT JIUTEPATYpPHBIM JITaHHBIM [67-
70]. B cmekTtpe cucTteMbl (IIUCTEMH — METHJICHOBBIM CUHHI) (uHUsA 2) B YO obmactu
no0aBysieTcsl MHUPOKas MoJjioca, B KOTOPOW MEPEKPHIBAIOTCS MOJIOCHI MOTJIONICHHS [IUCTENHA
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[71] m muctuna [71], 9TO MPEMSATCTBYET UCIOIB30BAHUIO TAHHOTO MapameTpa s Habmroie-
HUS 32 TUHAMUKON 0Opa3oBaHuMs IIMCTHHA Kak mpoaykTa peakuuu (1). C yBenuueHuem Bpe-
MeHH (JIuHuY 3, 4) MHTEHCUBHOCTH TMOJIOC MOTJIOIIEHUSI METUIIEHOBOTO CHHETO YMEHBIIAIOTCS
BIUIOTHh J0 MCYE3HOBEHUS (JIMHUSA 4); MPH 3TOM 3aMETHO BO3pACTaeT Iojioca ¢ A =256 HM,
COOTBETCTBYIOIIAs JICHKOGOpPME METHIIEHOBOTO cHHETOo [69]. OT™MeTHM, 4TO B 00IaCTH JJTUHBI
BOJIHBI A = 256 HM TPOUCXOAUT MEPEKPHIBAHUS IOJIOC, XaPAKTEPHBIX IJIsI 000MX MPOJYKTOB
peakuMu — HHUCTUHA U JIEWKO()OPMBI METHJIEHOBOTO CHHETO — OJIHAKO MOSIBICHHUE YETKO
BBIPQXXEHHOTO TTHKa ¢ MAKCUMyMOM Ha A = 256 HM XapaKTepHO WMEHHO IS JIEUKO(OPMEI.
[IpumeyaTenbHO, 4TO B HabOpe CHEKTPOB (2-4) MPUCYTCTBYET H300€CTHYECKash TOYKa
A=267,5+ 1 HM, CBHJCTEICTBYIONIAS O HAIMYHH B PEAKIMOHHOW CHCTEME TOJIBKO ABYX
TIPEeBPAIIAIOIINXCS APYT B Apyra komnoHeHToB (MB' n LMB), uTo moATBEp:KIacTCs TaKikKe
OTCYTCTBHUEM TOJOCHI € A =420HM [ BO3MOXKHOTO TIPOMEXKYTOYHOIO TIPOJIYKTa —
TI0JIyBOCCTAHOBJIEHHOM paguKaabHOM Gpopmbl MB'[69].

WNnenTudukanuio MOpoayKTOB B3aUMOJCHCTBUSL B CUCTEME (IIMCTEUH — METHIICHOBBIN
cuHui) mpoBoawin ¢ nomolibio BBA macc-criektpomerpun. B BBA macc-cnektpe (Puc. 2)
IPUCYTCTBYIOT IIMK, COOTBETCTBYIOUINI MCXOAHOMY KOMIIOHEHTY CHUCTEMBI — LIUCTEUHY — B
npoToHnpoBanHoii popme Cys-H', m/z 122, ¥ CHTHATIBI TIHIIEPUHOBONH MaTpHIIBl. OCHOBHBIM
PEe3yJbTAaTOM SIBISIETCS PETUCTPaLlUs MPOAYKTa OKUCICHHS IUCTEUHA — [IUCTHUHA — B POTOHHU-
posanHo#i popme [2Cys —2H']-H', m/z 241. OTMeTHM, 4TO CHTHAN HEKOBAJEHTHOTO JHMepa
muctenna 2Cys-H', m/z 243 oTcyTcTBYyeT, TO ecTh BO3MOKHbIE HEBAICHTHBIE B3aHMOJEHCT-
BUS B JaHHOM ClIydae He peanu3yloTcs. B Macc-crekTpe OTCyTCTBYIOT Kakue-JIn0o CUTHalbl,
KOTOpPbIE MOYKHO OBbLTO OBl MHTEPIPETUPOBATh KaK MPOIYKThl OKUCICHUS MOHOMEPOB LIUCTE-
MHa TOCPEJCTBOM NPUCOEAUHEHHUS OT OJHOTO JI0 TPEX aTOMOB KHUCIOPOJa, BO3ZMOXHOCTh
o0pa3oBaHUs KOTOPBIX 00CyXaanack B padote [26].

N
L, otn. en. CysH" 2Gl[1185
122
3000
2000
N MB"*
Glczylsf (Cys-2H)H" 284
1000 241
12 14 16 18 20 22 24 26 28 m/z

Puc. 2. BBA wmacc-criekTp cuctembl (IJUCTEMH — METHJICHOBBIM cuHMit). OOpazen — OeclBeTHbIE
KPHCTAILIbI, OCAXK/ICHHbIE U3 BOJIHOIO pacTBopa cMec 3,210 M metuienoBoro cunero u 4,4:10" M
UCTENHA, BbIIep)KaHHOTO 10 9acoB, pacTBOpeHH! B rnlieprHOBOH (Gl) MaTputte.

B obOnactu makera NHMKOB METWJIEHOBOIO CHHEro M ero JeikodopMmel Haubosee
WHTCHCUBHBIMHU SIBISIOTCS TUKUA ¢ m/z 284 m 285; MUK TPOTOHHPOBAHHOW JIEUKO(DOPMBI
orcyTcTByeT. [lockoabKy oOpasell, U3BJI€UEHHBIH U3 MpHOOpa M0 OKOHYaHUU 3KCIIEPUMEHTAa,
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COXpaHsT OECIIBETHOE OKpalllMBaHHE U B YCJOBHSIX BaKyyMa OTCYTCTBOBAJl OKHUCIHUTENIb —
KHCJIOPOJI, MOKHO 3aKJIIOYUTh, YTO HA3BaHHBIH HAOOp NMHUKOB COOTBETCTBYET Jieiikodopme
METHJIEHOBOTO CHHEr0; BO3MOKHBIM MeXaHHU3M (POpPMHpOBAHHUS TaKUX HOHOB 00CYyKIajcs
panee [72] ¥ BBIXOAUT 32 paMKH JJaHHOTO COOOIIEHUSI.

CooTHolieHrne aOCOJMIOTHBIX WHTEHCHUBHOCTEH TIHWKOB B OO0JacT LMCTHHA U
METWJIEHOBOIO CHHEro Ha Puc.2 yka3bIBaeT Ha COOTBETCTBUE KOJIMYECTB OKHCIEHHOTO
UCTEMHA U BOCCTAaHOBJIEHHOIO METWUJIEHOBOTO CHHero coryiacHo peakuuu (1). Mace-
CIEKTPBI, MOJIyYEHHBIE JJII CUCTEM C APYTMMHU COOTHOIIEHHUSMH KOMIIOHEHTOB, YKa3bIBarOT
Ha TO, 4YTO TMPOXOXKIAEHHE peakuuu TpeOyeT u30bITKa LUCTEHHA; MpPU MOHWKEHUU
OTHOCUTENIbHOM KOHLIEHTpAllMM LMCTEMHAa WHTEHCUBHOCTh IIMKA, COOTBETCTBYIOLIETO
IUCTUHY, MOHMWXaeTca. /[ pa3HbIX COOTHONIEHWH KOHIEHTpPAMK Kak cpaszy IMocie
oOecIBeUYMBaHMA, TaK U JJIsl IPOCTOSBIIMX HECKOJIBKO CYyTOK OOECIIBEYEHHBIX pAaCTBOPOB, HE
perucTpupyercs ¢ TeYEeHHEM BpEMEHHM KaKuX-11M00 HM3MEHEHHH B Macc-CHeKTpe. 3ajgada
JAHHOM paboOThl COCTOsIa B YCTAaHOBJICHHUH NPOIYKTOB PEAOKC-pEaKIUil IMCTEMHA H
METHJIEHOBOTO CHHETr0; IOUCK MyTeld MOBBIIIEHUS 3(PQPEKTUBHOCTU B3aUMOJCHCTBUS U
YCTaHOBJICHHE BIMSHUS (PU3NOJOTHUECKUX YCIOBUN TpeOyeT NalbHEHIINX UCCIIET0BaHUM.

[Tomy4eHHbI pe3ynbTaT OTHOCUTEIBHO 00pa30BaHUs AUCYJIb(YUIHBIX MOCTHUKOB MOXHO
UCTIONIb30BaTh Ul OOBACHEHHS YCTAaHOBJICHHOM 3(QEKTHMBHOCTH INpenapaToB Ha OCHOBE
METHUJICHOBOTO CHHEr0 Ha pPaHHUX CTaausIX pa3BuTusi OosiesHu Adgbireiimepa [11, 30].
OO6pa3oBaHue BHYTPUMOJICKYJISIPHBIX CIIMBOK OCTAaTKOB IIMCTEHHA B aICOPOIMOHHO-aKTHB-
HbIX R1-R4 yuactkax Tay-0enKOB MOMHKHO HMHTHOMPOBATH arperamuio WHIUBUIYTbHBIX
MOJIEKYJI Tay-0€JIKOB Ha CTaJIuu MX OTAEJCHUS OT MUKpOTpyOouek HeipoHoB. OOpazoBaHHe
MEXMOJIEKYJISAPHBIX AUCYIb(PUAHBIX MOCTHKOB MEXIY MOHOMEpaMH Tay-OeJKOB 3aIlyCKaeT
MEXaHHU3M, OMUCAHHBIA B TMpPOeKTe [73]: KOHTAKThI MOBEPXHOCTH JBYX MOJIEKYT OEIKOB,
CBSA3ABIIUXCS JAUCYIb(QHUIHBIM MOCTUKOM, TpPU TEIUIOBOM JIBHJKEHUU MOJIEKYJI MOTYT
MPUBOIUTH K HAPYIICHUIO X BTOPUYHON U TPETUYHON CTPYKTYPHI — PAKTUUECKH pa3BOpAUH-
BaHUIO, YTO JeNlaeT OCJIKM B «HEMPaBWJIbHOI» KOH(GOpPMAIUHU yS3BUMBIMU sl (DEPMEHTOB-
npoteas. [IpoTeassl pa3pe3aloT MOMMIENTHIHYIO LEeNb Ha (parMeHTbl, KOTOpPhIE MOTYT
BBIBOJIUTHCS U3 KIETKU. OTMETHM, YTO CTpaTerusl CO3JaHusl IUCYIbGUAHBIX MOCTHKOB
MEXY MOJIEKYJaMH OIPENeIeHHBIX OCJIKOB HCIIONIb3YEeTCA NMpU pa3paboTke creruduyeckux
IpenapaToB MPOTHB HEKOTOPBIX APYTHX, B YACTHOCTU OHKOJIOTUYECKUX, 3a00JeBaHU U
MUKPOOHBIX HHPEKIHii [74].

Pe3ynbTathl A MCHOIB30BaHHOM MOJENBHOM cUCTeMbl HE NaloT MHGOpPMaIMU OTHOCH-
TEJIbHO BO3MOXXHOCTH HEKOBAJICHTHBIX B3aHMMOJACHUCTBUI METHIICHOBOTO CHHETO C Tay-OeiKa-
MU B 00pa3yromniuxcsi Ha 0oyiee MO3IHUX CTaAusaX Oosie3Hu AJjblreiimepa HerpohuOpuLsp-
HBIX KITyOKax, MHUIMHPYIOMKX pa3aeneHue O6enkoB. [loHmkeHnHas 3¢(HEeKTUBHOCTh METHUIIE-
HOBOI'O CHMHEr0 Ha TaKOW CTaJWM YKa3bIBAa€T HAa Majibli BKJAJ 3TOro MexaHusma. B To xe
BpeMsI BO3MOXHOCTh pa3lielieHus] OENKOB B KIyOKax OXHAAeTCs OT MpenapaTroB Ha OCHOBE
nerikoopmel  MeTuieHoBoro cuHero [34]. IlokazaHHOe B OJKCIEpUMEHTE OOpa3oBaHUE
OecuBeTHON JeWKO)OpPMBI TIPU B3aUMOJEHCTBUM KATHOHHOTO METHIJIEHOBOTO CHHEro C
LUCTEMHOM JIa€T OCHOBAHMS JUIsl MPEANOJIOKEHHS O BO3MOXHOM JallbHEHIIEM Yy4acTUU
JeHKOPOPMBI BO B3aMMOACHCTBHSIX CO CNEUU(DPUUYHBIMU JUIsi HEe MUIICHSIMH. 1O ecTh, B
MIPUHLIMIE, B ONMPEIEICHHBIX YCIOBUAX UCXOIHBIA METHJICHOBBIM CHHUN MOXET JEHCTBOBATH
Kak JIBa TMperapaTa B KaTHOHHOW M HeWTpanbHON ¢opme. Jlelikodhopma MoxkeT 0Opa3oBbI-
BaThCsl TAKXKe MPU B3aUMOJICHCTBUU METHUJIEHOBOI'O CHUHETO C JPYTMMH CEPYCOJEpKaluMHU
MOJIEKyJIaMH B OpraHu3Me. B cBsi3u ¢ 3TUM BO3HHMKAET BOMPOC O MPUYMHAX HAOIIOAt0IEHCs
0oJsee BBICOKOM 3(D(PEKTUBHOCTH TIpemapaToB Ha OCHOBE JICHKOPOpMBI [37], KOTOPEI TpedyeT
JaTbHEHIIET0 U3YUYEHUSI.
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BbIBO/IbI

Ha ocHOBe JaHHBIX MAacC-CIEKTPOMETPHYECKOTO U  CHEKTPOPOTOMETPUUECKOTO
UCCIICIOBAaHUSL MOJIENBbHOM CHUCTEMBbI (aMHUHOKHUCIOTA LHMCTEHMH - METHUIICHOBBIM  CHHUIN)
YCTAaHOBJIEH BO3MOXHBIH MOJIEKYJIIPHBIA MEXAaHHU3M JIEHCTBUSl PEJOKC-aKTMBHOI'O areHTa
METHUJICHOBOTO CHHEro IpH €ro B3aUMOICHCTBUM C Tay-OelKamM, pacCMaTpUBAaeMbIMHU B
Ka4eCTBE MOJICKYJISIPHONW MUILIEHH ITPHU TEPANTUK HEHpPOIereHepaTUBHBIX 3a00I€BaHHIA.

1. IToxa3aHo, 4TO OKHUCIIAOIIEE BO3IEHCTBUE PEOKC-aKTUBHOIO KPACUTEISI METUICHOBO-
IO CHHEr0 Ha aMHMHOKHUCIIOTY IUCTEUH COCTOMUT B OOpa3OBaHMM IUCYJIHPHUIHOTO MOCTHKA
MEXy IBYMs MOJIEKYJIAMH LIUCTEUHA, T. €. CIIMBKU UX B IUCTHH.

2. OkucneHHble TyTEM NPUCOEANHEHNS KUCI0POia MOHOMEPHI LIUCTENHA, BO3MOYKHOCTD
00pa3zoBaHMs KOTOPBIX 00CYKIanach B JIUTEpAType, HE OOHAPYKEHBI.

3. ITokazanHOE Ha MOHOMEPHOM YpOBHE 00pa3oBaHHE AUCYIb(GHUIHBIX MOCTUKOB MEXITY
MOJIEKYJIAMH LIACTEUHA I0J BO3ICHCTBUEM METHUJICHOBOIO CHUHETO, NPU €r0 OCYLIECTBICHUU
Ha OMONOJMMEPHOM YPOBHE, MOXET CIIOCOOCTBOBATh PEaJH3alMU OXKHJIAEMOTO OT PelOKC-
aKTHBHOTO areHTa 3(pdekTa — mMpernsITCTBOBAHUS arperaiuu Tay-0eIKoB.

4. B xozme pemoKc-peakiMi METWICHOBBIH CHHHH IEpexXoIuT B CBOIO JIEHKO(popMYy,
KOTOpasi TAKXKE IMO3ULUOHUPYETCS B TUTEPAType IMEPCIEKTUBHBIM JIEKAPCTBEHHBIM ar€HTOM.

[TonmyuyeHHble pe3yibTaThl, MO3BOJIMBIIME YCTAaHOBUTH caM (PAKT MPOTEKaHHUS PEIOKC-
peaKkIy MeXJy LUCTEMHOM U METHJICHOBBIM CHHHM, a TAKK€ UAECHTU(PHUIHUPOBATH MPOTYKT
B3aUMOJICHCTBHUA, NPEACTABIIAIOT  MPAKTUYECKUNM  MHTEpeC A1 JAJBHEWIIEro
LICJICHAIIPABJIICHHOTO IIOMCKAa JICKAPCTBEHHBIX CPEACTB U1 JICYCHHWS WIH TOPMOXKCHHS
HelpoereHepaTUBHBIX 3a00JICBaHUN.
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BJIUAHUE HAHOYACTHUILl HA OCHOBE PEJIKO3EMEJIBHBIX
JIEMEHTOB HA OCMOTHYECKYIO AJAIITAIIUIO OPUTPOLIUTOB
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YHuKanpHbIe XapakTepucTuku Hanouactun (HY) Ha ocHOBe penko3eMensHbIX nemenToB (P3D) nenator
X TEPCIEKTHBHBIMH JUIA HCIIONBb30BAaHWA B MOJIEKYJISPHOH W KIETOYHOW Owmomormn. OmHako
0COOCHHOCTH MX B3aMMOJEWCTBHS C OMOCHCTEMaMM Ha Pa3HbIX CTPYKTYpPHBIX YPOBHAX W BIHMSHHE Ha
(DyHKIIMOHMPOBaHME JKMUBBIX KIETOK OCTAIOTCS Malo H3Y4YeHHbIMH. B nmaHHOM pabore Mmeromom
cnexkTpodoToMETpUN oneHNBaIK BiusiHne HY Ha OCHOBE AMANEKTPUUECKUX HAHOKPUCTAIIOB JTHOKCHIA
LEpHUsl U OPTOBAHAJATOB T'aJONMHNSA U UTTPUA C Pa3sIUuHBIM (hopM-(paKTopoM, a Takxke komruiekca HY-
XOJIECTEPUH Ha aJaNTal{io SPUTPOLUTOB UYENOBeKa K TUIepToHHYeckomy imsucy B 4 M NaCl B
Pa3lIMuHBIX YCIOBHSX NpeAnHKyOanuu. [loka3aHo, 4TO M3MEHEHHE YpPOBHS MOBPEXKACHHS KJIETOK NpPU
OCMOTHYECKOM Harpy3ke B npucyrctsud HY 3aBUCUT OT reoMeTpuUYecKMX NapamMeTpoB IOCIEIAHHX.
AjanTanuy KJI€TOK K THIIEPTOHHYECKOMY JIM3HCY CIIOCOOCTBYIOT KakK dKCTpaMaiible (pasMepoM 2 HM),
CIIOCOGHBIE IPOHHMKATh CKBO3b ILIA3MATHUYECKYI0 MeMbpany chepuueckne HU CeO, u GAYVO,:Eu’’, Tak
u Gomee kpymusie (8x30 mM) 3epromomobmsie HU GdVO,:Eu®’, amcopbupyembie Ha moBepXHOCTH
MeMOpaHEl, a Takke Kommieke chepuueckux HU GdYVO4:Eu’" ¢ xonecrepunoM. OBHapykeHO Takike,
YTO COCTaB HAHOYACTHIL[ ONpEJEIsieT XapakTep WX CTaOMIM3UPYIOLIETO BIMSHUS Ha KIETKU. Tak, mpHu
konneHtpanun 0,1 r/m oproBanagataeie HY Gonee 3¢ (ekTHBHO 3aIIMIIAIOT KIETKH OT TeMOJH3a IMpH
HemponoinkuTenbHoi, a HY muokcnaa nepust — npy JUIMTENFHON MPEANHKYOAIlMH B caxapO3HO-COIEBOH
cpene. YcranosneHo, uTo HY crmocoOcTBYIOT aganTanuy KIETOK K OCMOTHIECKOHN Harpy3Ke IMOCPEICTBOM
pa3NUYHBIX MEXaHU3MOB — 4yepe3 CTaOMIM3aLuI0 MeMOpaHbl NMPH aJCOPOLMU Ha MOBEPXHOCTU KIIETOK
W/WIK Yepes3 NPOHUKHOBEHHUE B KIIETKY.

KJIFOYEBBIE CJIOBA: HaHOYACTHUIIBI, PEIKO3EMENbHBIE 3JIEMEHTHI, SPUTPOIUTHI, TUIIEPTOHNIESCKUI
JIN3UC, OCMOTHYECKAs afanTalys.

BIIJINB HAHOYACTUHOK HA OCHOBI PIIKICHO3EMEJIbHUX EJJEMEHTIB HA
OCMOTHUYHY AJANTAIIIO EPUTPOLIUTIB
0O.K. HaKmeBal, B.K. Kiroukos?, H.C. KaBox?, 1.0. Kocrina', O.C. Conorosa’,
B.A. Bonaapenko'
! Xapriecoxuii nayionansuuii ynisepcumem imeni B.H. Kapasina, nn. Ceo600u 4, Xapxis, 61022, Yrpaina
2 Inemumym cyunmunayisinux mamepianie HAH Yipainu, np. Hayxu 60, Xapxis, 61072, Yxpaina

VHikanpHi XapakTepucTukn HaHodacTMHOK (HY) Ha ocHOBi piakicHoo3zemenbHux eneMeHTiB (P3E)
poOIATE iX TMEPCIeKTUBHUMHK Ui BUKOPUCTAHHS y MOJIEKYISIpHIH Ta KIITHHHIA Oiojorii. OmHak
0COOIMBOCTI iX B3aeMOIii 3 GiocHCTeMaMH Ha PI3HUX CTPYKTYPHHX PIBHSX Ta BIUIMB Ha (DYHKIIOHYBAHHS
JKUBUX KIITHH JUIIAIOTHCS MAJI0 BUBYCHUMH. Y MaHI poOOTi METOIOM CIeKTpo(OoTOMETpii OIiHIOBAIH
BB HY Ha OCHOBI JieNeKTpUYHUX HAHOKPHCTANIB AIOKCHAY IEpil0 Ta OPTOBAHAIATIB TAIONIHIIO Ta
iTpito, 3 pi3HUM (GopM-pakTopoM, a Takox Komiuiekcy HY-xosjecTepuH Ha ajanTailil0 €pUTPOLIUTIB
JIOMHU 110 TinepToHiuHoro sisucy B 4 M NaCl y pisuux ymoax nepeninkyoariii. [Toka3ano, mo 3mina
PIBHS YIIKOJDKEHHS KIITHH IPH OCMOTHYHOMY HaBaHTaXeHHI B mpucyTtHocti HY 3anexuts Bin
reOMETPUYHHX IapaMeTpiB OCTaHHIX. Ananraunii A0 TiMEPTOHIYHOTO JI3HCY CIPHUSAIOTH K eKCTpamai
(po3mipoM 2 HM) 34aTHI TNPOHHMKATH Kpi3b Iula3MatuuHy wmemOpany cdepuuni HY CeO, Ta
GdYVO4:Eu’*’, tak i 6inbmi (8x30 um) 3epronoxiori HU GdVO,:Eu’, 110 ancopbyroThes Ha 30BHIMIHilH
noBepxHi Membpanu, a Takox kommieke chepuunnx HU GdYVO,Eu’" 3 xonecrepunom. Bussiero
TaKOX, [0 CKJIaJl HAHOYAaCTUHOK BU3HA4Ya€e XapakTep iX CTadiIi3ylo4yoro BIUIMBY Ha KIITHHH. Tak, mpu
koHueHrtpauii 0,1 r/n oproBanamarni HU Oinbm edexkTHBHO 3aXWIIAIOTh KIITHHH BiJ T'€MOJI3y IpH
HeTpuBaiiii, a HU miokecuay mepito - mpu TpuBaliil mepeniHKyOarlii B caxapo3HO-COIBOBOMY CEPEIOBHIIII.

[Takynosa O.K., Kinoukos B.K., Kasok H.C., Koctuna U.A., Conorosa A.C.,
bonnapenko B.A., 2017
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Bcranosneno, mo HY cnpustoTe amanrariii KIITHH OO OCMOTHYHOTO HaBAaHTAKEHHS 3a JOIOMOTOIO
pi3HUX MEeXaHi3MiB - depe3 crabimizamiro MeMOpaHH Tpu aAcopOIlii Ha MOBEpXHI KIITHH i/abo depes
MIPOHUKHEHHS B KITITHHY.

KJIIOYOBI CJIOBA: HaHOYACTHHKH, piIKO3EMEJbHI €JIEMEHTH, epPUTPOLMTH, TilepPTOHIYHMI JIi3HC, OCMOTHYHA
ajlanTaiis.

EFFECT OF RARE-EARTH-BASED NANOPARTICLES ON THE ERYTHROCYTE
OSMOTIC ADAPTATION
0.K. Pakulova', V.K. Klochkov?, N.S. Kavok?, I.A. Kostina', A.S. Sopotova',
V.A.Bondarenko'
"'V.N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv, 61022, Ukraine
2 Institute for Scintillation Materials NAS of Ukraine, 60 Nauky Ave., Kharkov, 61072, Ukraine

Rare-earth-based nanoparticles (REB NPs) have been employed in molecular and cell biology due to their
unique features. However, their interaction with biosystems and the influence on cell functioning are
poorly understood. In this study effect of REB NPs (composed of dielectric nanocrystalls of cerium
dioxide and orthovanadates of gadolinium and yttrium) with different form-factor as well as REB NPs-
cholesterol complexes on the adaptation of human erythrocytes to hypertonic lysis (4 M NaCl) has been
evaluated spectrophotometrically. It appeared that the degree of cell damage in the presence of REP NPs
under hyperosmotic conditions varied with geometric parameters of REB NPs. Specifically: i) ultra-small
(2 nm) spherical CeO, or GAYVO4:Eu’" NPs, penetrating through the plasma membrane, ii) grain-like
(8x30 nm) GdVO4:Eu®" NPs, adsorbed on the membrane surface, iii) and spherical GAYVO,:Eu*" NPs-
cholesterol complexes promoted cell adaptation to hypertonic lysis. Furthermore, the composition of
nanoparticles affected their stabilizing effect on the cells. E.g., orthovanadate NPs at 0.1 g/l had the
highest antihemolytic activity after short preincubation, while cerium dioxide NPs showed the same effect
after prolonged preincubation. In conclusion, REB NPs promoted hyperosmotic cell adaptation by the two
different mechanisms, viz. membrane stabilization by the adsorption on the cell surface and/or penetration
into the cell.

KEY WORDS: nanoparticles, rare-earth elements, erythrocytes, hypertonic lysis, osmotic adaptation.

Bynyiee MoneKyIsipHOW M KJIIETOYHON OMOJIOTHH BO MHOTOM 3aBHCHT OT 3¢ pekTuBHOCTH
METOJ0OB BHU3YaJIM3allMM KIETOYHOTO OTBETAa C MPOCTPAHCTBEHHBIM © BPEMEHHBIM
paspemennem [1]. HoBble mepcnekTHBBI B 3TUX 00JacTAX, Kak W BO MHOTHX JPYTHX,
OTKpBUIACH Onarofaps oOHapy>KEHUIO y HAaHOPa3MEpPHBIX 00BEKTOB HEOOBIYHBIX (DU3UUECKUX
U XUMHUYECKAX CBOWCTB, CBSI3aHHBIX C MPOSBICHUEM «KBAHTOBBIX Pa3MEPHBIX dPPEeKTOBY [2].
B uactHOCcTHM, ObUIM  pa3paboTaHbl CTAOWIbHBIE HAHOMIOMHUHOMOPBI €  HU3KOU
IUTOTOKCUYHOCTBIO HAa OCHOBE JAMAJIEKTPUUYECKUX HAHOKPHUCTAJUIOB PEIKO3EMEIbHBIX
anemenToB (P39) [3]. [lomumo ontudeckux 3dpdexton [4] atu HU obnanaroT MarHUTHBIMU
CBOWCTBaMH [5] M PEIOKCAaKTUBHOCTHIO Ojaromaps MPUCYTCTBUIO HOHOB C IEPEMEHHON
BAJICHTHOCTHIO [6, 7, 8].

N3BectHO Taxke [9], 4TO ynpaBieHHE KU3ZHEAESITEIbHOCTHIO KIETKH TECHO CBSI3aHO C
(GYHKIIMOHUPOBAaHUEM  IJIa3MaTHYECKOW MeMOpaHbl, B TOM 4YHUCJIE€ OCMOTHYECKUMH
MEXaHU3MaMH, pEan3yeMbIMH C €€ Yy4YacTHEM. YJ0OHBIM MOJENbHBIM OOBEKTOM JUIS
U3Y4YeHHUS OCMOTHYECKHX d>(¢eKToB Onaromapss MPOCTOTE CTPYKTYpPbl H JOCTYMHOCTH
ABJIAIOTCA APUTPOLUTHI. JlOCTaTOUHO XOpOIIO M3YyYEHbl 3aKOHOMEPHOCTH IIOBEIEHUS
SPUTPOLUMTOB YEJIOBEKAa TMpPU THUIEPTOHUYECKOM CTpecce, KOTOPOMY OTH  KIETKH
NOJBEPraloTCsl  IpU  3aMOpPaXMBAaHUM  BCJIEACTBUE  BBIMOPAKMBAaHUS  BOJABI U
KOHIICHTPUPOBAHUS BHEKJIETOYHOIO PACcTBOpPA, a TakkKe B (DU3HOIOTHUECKHUX YCIOBUAX MPHU
NOYEYHOU (QMIIBTPALIUU KPOBH.

MopenupoBaHueM  THIEPTOHUYECKOIO  CTpecca  JPUTPOLIMTOB  YEJIOBEKa  IpH
3aMOpaKMBAHUU TPATUIIMOHHO SIBIISIETCS UX MepeHoc B 4 M pacTBOp XJIOPUCTOrO HATpUs. JTa
KOHIICHTpAIUsl SIBISIETCS ONTUMANbHOM, Tak Kak mpu Oonbliell MPOKOHTPOIUPOBATH
koHueHTpanuio NaCl cioxHO W3-3a MepeHachIIeHHsT pacTBOpa, a npu Menbien (3,5 M) u3
KJIETOK IPOMCXOIUT BBIXOJA BOJBI, KoTOpas pa3bamiser pactBop NaCl, uro Takke aenaer
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HEKOHTPOJIUPYEMBIMH yCIIOBUSL 3KCIEpPUMEHTa. YPOBEHb OCMOTHYECKOTO TOBPEXKICHUS
OPUTPOLIUTOB B rumneproHndecknx pactBopax 4 M NaCl 3aBucutr oT MHOTUX (HaKTOPOB.
Oco0bIli UHTEPEC MPEACTABISAET BO3MOKHOCTh U3MEHATh YCTOMYUBOCTD KJIETOK MOJTYJISIITUCH
YCIIOBUH MPEeINHKYOAIMH, KOT/Ia TEMOJIU3 IPUTPOIIUTOB NMEET HETUHEHHYIO 3aBUCUMOCTh OT
TOHUYHOCTH pactBopa [10].

C npyroil CTOPOHBI HW3BECTHO, YTO OHOAKTHBHOCTh HAHOOOBEKTOB 3aBHUCHUT OT WX
CTPYKTYpBI ¥ TeoMeTpudecKkux pa3mepoB [11]. OHu onpenenstoT ux cnocoOHOCTh MPOHUKATh
yepe3 meMmOpany [4, 12, 13] u BIusATh Ha CTPYKTYypy JunuaHoro 6ucnos [14, 15]. Ilostomy
OBLIO BbICKa3aHO mpeAnonoxeHue, yto HY nHa ocHoBe P30 pasznuuHoro cocrasa, pasmepa u
dbopMbl MOTYT OKa3aThCsl I(PGEKTUBHBIMU JUIS PETYJSIUH OCMOTHYECKOTO ITOBEICHHUS
SPUTPOLIUTOB.

Y CTOMYMBOCTh 3PUTPOLIUTOB K PE3KUM H3MEHEHHSIM TeMIEpaTyphl, KOJIUYECTBEHHOTO
COCTaBa Cpelibl, K MEXaHHMYECKUM BO3JEHCTBUSM CBSi3aHA C IOBBIIMIEHHBIM OTHOCHUTEIBHO
JIPYTUX KIETOK COJIep)KaHUEM XoJiecTepuHa. MBI MPEeAnoioKWIA, YTO B KOMILIEKCE C
xonmecrepuHoM  [16] HY  OymyT moOBBIIIATH  PE3UCTEHTHOCTh  APUTPOIUTOB K
TUNIEPTOHUYECKOMY T€MOJIU3Y.

Taxkum 00pa3om, 11eIb HAIIETO UCCIEAOBAaHUS COCTOsIa B onpeaeneann Bausaust HY na
OCHOBE JIUPJIEKTPUUYECKUX HAHOKPHUCTAIIOB AMOKCHAA LIEpUs U OPTOBAHAJATOB TaIOJIMHUS U
UTTpUS ¢ pa3nuyHbIM popm-pakTopom, a Takxke xkomiuiekca HU-xonectepun Ha ajanTaiio
DPUTPOLIMTOB YeJIOBEKa K TurepToHndeckomy Jm3ucy B 4 M NaCl B pa3nuyHBbIX YCIOBUSIX
npeauHKyoanuu. OOBEKTOM Ciaykuia Ouosiorudeckas aktuBHOcTh HYU P3D B oTHOmeHMN
OCMOTHYECKOTO TOBEICHUS SPUTPOLIUTOB, YTO OMPEIEISET BO3MOKHOCTH HCIIOIb30BAHMS
NEPBBIX B KAUE€CTBE KPUO3AIIUTHBIX ar€HTOB.

MATEPHUAJIBI U METO/IbI

OpUTpOIUTHI Nodydanu u3 Kposu rpynnsl A (II) 310poBBIX My’>KYHH TOHOPOB, KOTOpas
XpaHWiach B TedyeHuWe 4 paHel B IMTpaTHOM crabuinm3aTope npu Temnepatype +5°C.
HenocpencrsenHo nepe UCHOIb30BaHUEM KJIETKH TpexkpaTtHo oTMbiBaiiu 0,15 M pactBopom
NaCl (8 10 MM ¢dochatHom Oydepe, pH 7,4) u nentpudyrupopanu iBa pa3za B TEUEHHUE
3 MuH, 1 oauH pa3 B TeueHue 10 mun Ha neHTpudyre OITH-3 (Ykpauna) npu 3000 06/mMuH C
nocienymoomeil acnupanuei CynepHaTaHTa M JIGHKOLMTAapHOM IUIEHKH C  IOMOILBIO
BOZIOCTpYyitHOTO Hacoca. [lomyueHHBIN MIOTHBIA 0CagOK 3PUTPOLIMTOB pa3daBisuiM B 2 pasa
¢uzuonornueckum pactsopom NaCl. ITomyuennas 40 % cycneH3usi KJI€TOK HCIIOJIb30BaIach
B TeueHue 2 yacoB u xpanumuack mpu 0°C.

[IpenunkyOanys KJIETOK NPOBOAMIACH B H30TOHMYECKOW Caxapo3HO-COJIEBOM cpene
(7% caxapo3er u 0,3% NaCl), coxepxkamieii omuH wu3 BUIOB wuccienyembix HY B
koHneHtpauu 0,01, 0,05 w 0,1 ©r/mn wnMm B U3OTOHHYECKOW caxapo3HOU cpene
(0,3 M caxapo3sl) ¢ konnentpanueid HU 0,1 r/in. HU Ha ocHOBE peako3eMenbHBIX JJIIEMEHTOB
(puc. 1) ObTM mpeAcTaBlEHBl CIEAyIOIMMMH Bugamu: chepudyeckumu HY GdYVO4:Eu3+
pasmepoM 2 HM; 3eprOmogoGHbEIME GAVO4Eu’™ pasmepom 8x30 HM; CTep/KHEBHIHBIMH
LaVOg4Eu™ pa3smepom 6x40 HM; chepuueckumu CeO; pazmepom 2 u 9 HM. Pasmepsl u
MOpGOJIOTHI0 HAHOYACTHUI TBEpAOH (a3pl TUAPO30JEeH OLEHMBAIM C  MOMOILBIO
IPOCBEUMBAIOLIEH 371eKTpOoHHON Mukpockonuu (IT9M) Ha anekTpoHHOM Mukpockone [1OM
125K (Selmi, Ykpauna) npu yckopstomem HanpsokeHun 100 kB (ysenuuenue no x100000).

JlnurenbHOCTh 3Kcnio3unmu kietok ¢ HY cocraBmsuma 30, 60, 90 u 120 MunH mpu
temneparype 37°C. 3aTeM aJlMKBOTBI CYCIIEH3UH 3PUTPOLUTOB nepeHocuinu Ha 10 Mun B 4 M
pactBop NaCl mpu 37°C. Bbeixon remorio0uHa W3 pa3pylICHHBIX KJIETOK OIpPENeIsuId B
CyINepHaTaHTe METOAOM clieKkTpodoTromeTpun Ha crnekrpoporomerpe CD-4A ¢ nmporouHoOH
kroBeTol mpu A=543 um. 3a 100% mnpunuManu noriouieHue npodsl ¢ godasnenuem 0,1 %
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nereprenta Tputon X-100.

CratucTHUeCKUH aHAIM3 pe3yJIbTaToOB, IOJYYEHHBIX B 6 TMOBTOPEHUSAX MpH 2-X
napajuleNbHbIX Mpo0ax B KaXkJIOM, MPOBOAMIM C HCIOJb30BAHUEM HEMApaMEeTPHUECKOTO
Kputepus Yunkokcona-Manna-Yurtau (p<0,05).

Puc. 1. ®ororpaduu HaHOYACTHUI] HA OCHOBE
pelIKO3eMeNbHBIX DJIEMEHTOB:

A — ceprueckue HU GAYVO,:Eu’" pasmepom 2 Hm;
B — 3epromnonoGubie GAVO4:Eu’" pasmepom 8x30 Hu;
C — crepxuesumnbie LaVO4Eu®" pasmepom 6x40 Hm;
D u E — cpepuueckne CeO, pasmepom 2 u 9 HM
(COOTBETCTBEHHO).

PE3YJIBTATHI U OBCYXJIEHUE

Ha puc. 2 npencraBieHsl 3aBUCUMOCTH remoiusa sputpouutos B 4 M NaCl ot Bpemenu
MIpEeIBAPUTEIILHON MHKYOAIMH B IPUCYTCTBUH OpToBaHanaTHEIX HY B pa3HO# KOHIIEHTpAIHH:
menkux cheprdaeckux HI GAYVO4:Eu’" (puc. 2 A), sepromono6usix GdVO,:Eu’" (puc. 2 B)
¥ crepneBHaHbX LaVO,:Eu’" (puc. 2 C). U3 KpHBBIX ClIeyeT, uto cepuaecKne pasMepoM
2 uM (puc.2 A) u 3epHononobHbie pazmepoM 8x30 HM (puc.2 B) HY cmocoberByroT
a/IanTalluy SPUTPOIMTOB K TUIIEPTOHUYECKOMY FeMOJIM3Y PU MaJIOM BPEMEHH SKCIO3HIIUU —
30 1 30-60 MuH (COOTBETCTBEHHO) TOJBKO B CaxapoO3HO-COJICBOM cpejie. ITO MPOSBISETCS B
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JIOCTOBEPHOM CHIKEHHH IPOIEHTa TeéMOJIM3UPOBABLINX KJIETOK Mpu KoHueHTpauuu 0,1 r/n
MEJKUX CHEPUUECKUX GdYVO,Eu*” (xpuBas 4 Ha puc. 2 A) u 0,05 r/n 3epHOMOAOOHBIX
GdVO4:Eu’" HY (kpusast 3 Ha prc. 2 B) 110 cpaBHEHHIO ¢ KOHTposeM (kpuBble 1 Ha puc. 2 A
u B). B npucyrctBumn crepxxneBuanpix HY (puc. 2 C) kpuBble remMoimn3a JIOCTOBEPHO HE
OTJIMYAIOTCSI OT KOHTPOJIS, UTO CBHUJIETENBCTBYET 00 OTCYTCTBUU MX BIIMSHUS HA aJlanTalllio
SPUTPOLIUTOB K OCMOTHUYECKOMY MOBPEKIECHUIO HE3ABUCUMO OT COCTaBa CPEIbl.
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Puc. 2. 3aBucumocts remonn3za sputpountoB B 4 M NaCl oT BpeMeHH TpenBapUTenbHON MHKYOalu B
npUCYTCTBHHM opToBaHazaTHex HY: A — coepuueckux mmamerpom 2 M GAYVO,Eu’'; B —
3epHOMOA0GHBIX pasmepoM 8x30 um GAVO4Eu®'; C — crepskueBuanbIx pasmepom 6x40 um LaVO4:Eu®'.
Kpussie 1-4 n1eMOHCTPUPYIOT T'eéMOJIN3 B M30TOHHMUYECKOHW Caxapo3HO-COJEBOIl cpeiie ¢ KOHIIEHTpaluei
HY 0 r/n (koHTpois), 0,01 r/n, 0,05 r/n, u 0,1 /1, cooTBeTcTBeHHO. KpHBas 5 moka3pIBacT reMou3 B
N30TOHUYECKOH caxapo3HOW cpene mnpu koHuneHtpaumu HY 0,1 r/m.  IlpexncraBieHsl cpeanue
3HAYEHHMs + CTAaHAAPTHBIC OTKJIOHEHHSI.

[porexropusii >ddexr Menkux chepuaecknx HI GAYVO4Eu’™ u 3epHOMOR06HBIX
GdVO4:Eu’" BeposiTHO CBSI3aH ¢ YMCHBIICHHEM OCMOTHYECKON HATPY3KH Ha MEMOpaHe, H3-3a
UX CIOCOOHOCTH TPOHWKATh B KJIeTKy [17]. B mepBoM ciydae STOT mpormecc MOXKET
npoucxoauth Obictpee (30 MuH), BO BTOpoM — MeaneHHee (10 60 MHH), MO-BHIUMOMY,
Omarozapsi 60bIIeMy pa3Mepy 4acTull. B momb3y 0CMOTHYECKOT0 MeXaHu3Ma rOBOPHUT (hakT
OTCYTCTBHS 3aIIUTHOTO 3 deKTa B YHCTO CaXapo3HOH Cpelie U B cllydae MPUCYTCTBUS B Cpele
IpEeIMHKYOalMy HENPOHUKaouX B KineTku [17] crepxueBuanbix HY.

Bpems skcnozuninu ¢ HU u ux KOHIIEHTpaIusl Tak)Ke OKa3bIBAIOT BIMSHUE. 3allUTHBINA
3¢ QeKT CHUMAeTCs TPH ATHTENbHON Kcro3umun B npucytersun 2 aM HU GdYVO4:Eu’”
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HE3aBUCHMO OT KOHIEHTPAallMd M UMEEeT TEHACHIHIO K YBEIWYEHHIO CO BpPEMEHEM IpU
koHuentparuu 0,1 r/n st o6oux BuaoB kpynubix HY Ha ocHoBe VOj. Ilocnennee moxer
CBUJICTENILCTBOBaTh O BKIIOYEHUHM Oo0jiee MEAJCHHOrO 3alllUTHOTO MeXaHu3Ma JApyroi
OpUpoAbl, HE CBA3aHHOro ¢ mnpoHukHoBeHme HY B kierky. Panee Obuto mokaszaHo, 4yToO
sepronogoGusle GAVO4Eu®™ HU ancopbupyroTcss Ha MOBEPXHOCTH KIETOYHON MeMOpPaHbI
[17], 4TO MOKET MOBJIEYh U3MEHEHHE CTPYKTYPBI JTUMHUIHOTO Oucios. BeposTHo, BciencTBue
3TOoro uX 3(pQexThl HE OrpaHUYMBAIOTCS 3AIIUTOM MPU THHEPTOHHUYECKOM remoiuze. OHuU
TaK)K€ 3HAYUTEIBHO TOPMO3ST POCT OIMYXOJIEBBIX KJIETOK B ONbBITaX in Vitro. AHaJIOTUYHBIM,
HO MEHee BhIpakeHHBIM 3¢ dexTom obmananu crepkaesuaasie HY [17].

MoHO caenaTh BBIBOJ, YTO KakK pa3Mep, Tak U (opma oproBaHaaatHeix HY BrusioT Ha
aJanTaluyio SPUTPOLUTOB K TUIEPTOHHMUECKOMY TreMoiu3y. BepostHo, 310 00yclioBieHO
pa3IMYHBIMU MEXaHU3MaMHU UX B3aUMOJCUCTBUSL C 3PUTPOLUTAMH, KOTOPBIE MPOSBIISIIOTCS
MO-pa3HOMY B 3aBUCUMOCTHU OT ycioBuil. I[lpenmnonoxurenbHo, OBICTpblE MPOTEKTOPHBIE
apdexTsl (xapakrepHble st Menkux HY) cBsi3aHBl CO CIIOCOOHOCTBIO U CKOPOCTBIO
nponnkHoBeHUss HY dyepe3 memOpany, mosmHue (mposBisromuecs y KpymHsix HY) - ¢
U3MEHEHHUEM COCTOSIHUSI MEeMOpaHbl, BEPOATHO OMOCPE0BAHHOTO MOIM(UKAINEH ee BOIHOTO
okpyxeHnus [14, 15].

[IpencraBnsio MHTEPEC BBICHUTH POJIb W3MEHEHHS COCTOSIHUS JIMIIUAHOTO OMCIIOST BO
BiussHuM HY Ha TruUnepToHWYECKWd JIM3UC HSPUTPOLMTOB. [ 3TOro Mbl MNPOBOIWIU
npenoOpaboTKy KIETOK B pacTBOpE KOMIUIEKCA MENKUX C(HepruuecKux GdYVO,Ev’" HY ¢
X0JIeCTEpUHOM. JlaHHBIE OTpakeHbI HA PUC. 3.
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Puc. 3. 3aBucumocts remonu3za 3putpounToB B 4 M NaCl oT BpeMeHH npenBapUTeNbHON WHKYOAIH B
npucyTcTBuE Kommiekca cdeprueckux HU GdYVO,:Eu’" pasmepom 2 M B konmentpamun 0,05r/1 ¢
xonecrepuHoM: 1 — O r/m (koutpons); 2 — 0,011 r/m; 3 — 0,012 t/1; 4 — 0,1 /m XoJnecrepuHa.
HpeﬂCTaBHeHbI Cp€aAHUC 3HAYCHUA + CTaHAAPTHBIC OTKJIOHCHMUS.

BunHo, uTo BO Bcex BapHaHTax KOHIEHTpPALUil XOJEeCTepUHa B UCCIEAYEMOM KOMILIEKCE
¢ HY u cocTaBa cpen (maHHbIE IO caxapo3HOH cpee He mpuBezeHbl) npu 90 MUH MHKYOanuu
KJIETKM HMEIM MEHBIIUH YpOBEHb IMOBPEKICHHUS, 4eM B KOHTpoisie, a mpu 120 MuH 3Ta
pasHHIa ObUIAa CTATUCTUYECKH JOCTOBEPHOH. Jlydile Bcero 3amumany KIeTKU Te pacTBOPSI, B
KOTOPBIX KOHIIEHTpalus Obluia HauMeHbllel. Tak, B BapuaHTE ¢ COAEPKAHUEM XOJECTEpUHA
0,011 r/n reMonu3 JOCTOBEPHO HMXKE KOHTPOJIBHOTO MpH 90 MUH TpeauHKyOanuu (Kpusas 2
Ha puc. 3).

B otnnune ot camux 2 HM oproBaHaaaTHeIX HY HX KOMIUIEKC € XOJIECTEPUHOM COXpaHsU
MOHWKEHBIH ypOBEHb THIIEPTOHUYECKOTO IeMOJIN3a IpUTPOLUUTOB. OJHAKO CYIIECTBEHHOTO
CHIDKEHHsI IOBPEXJCHUS, XapakTepHoro s cBoboansix HU B konuenrpauuu 0,1 r/n npu
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30 muH uHkyOanuu (puc. 2 A, kpuBas 4), Takke He 3aPpUKCHPOBaHO. Takue JaHHBIE MOYXHO
UHTEPIIPETUPOBATh  CIEAYIOIIUM  O00pa3oM: TMPUCYTCTBUE  XOJECTEPUHA  TOBBIMIACT
CTaOUIBHOCTh MEMOpPaHbI, CIIOCOOCTBYSI COXPAHEHHUIO BHICOKOTO YPOBHS aJalTalllud KIIETOK.
Jns  ocymecTBiaeHuss Takoro d3(dQeKra JOCTaTOYHO MHHHMAIBHBIX KOHIEHTPALUU
xonecrepuna (0,011 r/m) u Bpemenn wunHKyOaruu (30 mun). HY mpu 3TOM cimyxar mis
JIOCTAaBKH XOJIECTEpPUHA K MEMOpaHaM HE3aBUCHUMO OT COCTaBa CPEIbI.

Cunutaercs, 4TO MEXaHHU3M THIEPTOHMYECKOTO JU3MCA SPUTPOLMTOB HAYMHAECTCS C
OBICTPOIl yTeukH BOJBI, 3aTeM HapylaeTcs Oananc moHoB Na' m K', 4To mpuBoaut K
U3MEHEHUI0O MEMOpaHHOTO TOTEHLWalda M BHYTpHKIETOuHOro pH, ne3zopranuzanuu
JUMHUIHOTO OWCIIOS M IMTOCKENIETHOW OENKOBOHM CeTH, YTO 3aKaHYUBAETCS 00pa3oBaHUEM
reMoiMTuYeckux mop B MemOpane [10, 18]. bpuio mokazaHo, 9TO KIIFOYEBYIO POJIb B 3TOM
MpOIECCe UTPaAeT CTPYKTypHOE cocTossHue MeMOpanbl [10]. MoOXXHO TpeanoioKUTh, YTO
sepHononooHsie HY u menkue cepuueckre HY B KOMIUIEKCE ¢ XOJECTEPUHOM OKa3bIBAIOT
BIUSHUE Ha OCMOTHYECKYIO aJaNTalyio KJIETOK dYepe3 WX B3aWMOJCHCTBHE ¢ OucioeM,
MIPUBOJISIIEE K N3MEHEHHIO CTPYKTYPBI MeMOpaHs! [ 14, 15].

Ha cnenyromemM stame uccienoBaHusi MPEACTOSIIO MPOSICHUTH POJIb B HCCIETyEMOM
dbenomene cocraa HY. Ha puc. 4 mpencraBieHbl pe3yibTaThl OCMOTHYECKOTO JIM3HCA
DPUTPOLIUTOB TOCTE MPEIUHKYyOanuu ¢ mManeiMu - 2 HM (puc. 3 A) u OonpmuMu - 9 HM
(puc. 3 B) chepuueckumu HY nuokcuna nepus. BugHo, 4TO 3TH 9aCTHIBI COXPAHSITH KIETKH
TOJILKO TpU JuuTenbHOM 3Kkcno3unuu (90-120 MMH) ¥ B MakCUMalbHOM KOHLEHTpaluu
(0,1 r/m). T.o., HECMOTps Ha oxuHaKOBBIA (PopM-pakTop HU pasHoro cocraBa CymecTBEHHO
OTJIMYAIOTCSI TI0 BJIMSHUIO HAa OCMOTHYECKOE IOBEICHHE KJIETOK. MexaHU3Mbl TaKoro
pa3Iuuus HYKJIal0TCS B UCCIIEIOBAHUH.
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Puc. 4. 3aBucumoctb remomnusa sputpouutroB B 4 NaCl oT BpeMeHH NpeIBapUTENIbHON MHKyOauuu B
npucytcrBun cheprnueckux HU nuokcuna nepus pasmepom: A — 2 M, B — 9 um). Konnenrpanun HY B
N30TOHUYECKOH caxapo3HO-colieBoi cpene coctasisiia: 0 r/i (kpusas 1, konTposns); 0,01 r/i (kpusas 2);
0,05 r/n1 (xpuBas 3), 0,1 r/n (kpuBas 4), a B U30TOHUYECKOW caxapo3Hoit cpeme — 0,1 /1 (kpuBas 5).
ITpencTaBneHsl cpeHNE 3HAUCHUS + CTAHAAPTHBIE OTKJIOHEHUS.

Takum o0pa3oM, MOXHO 3akiounTh, 4To HY Ha ocHOBe P3D oka3piBalOT BIUSHUE Ha
OCMOTHYECKOE TIOBEJIEHUE DSPUTPOIMTOB B 3aBUCHUMOCTH OT CBOUX T'€OMETPHUUYECKUX
napaMeTpoB, pasMepa M cOCTaBa. 3alUIUTHBIA 3(P(PEKT MPOSIBIUIIN dKCTpamaislie chepudecKkue
gactunsl (2 HM) oGomx THmoB (CeO, m GAYVO4Eu’™), a Tamke 3epHOIOmoGHBIC
oproBananataeie HU. Cdepuueckne xe HU muokcuna mepust (9 HM) U CTepKHEBUIHBIE
oproBaHajaTtHbie HY He oka3anu 3aMeTHOrO BIUSHHS HA OCMOTHYECKUN reMonu3. IHTepecHo
OTMETUTh, YTO HEMPOHUKAWIINE B KIETKy, OJHM3KHE IO pa3MepaM 3epHOIOI00HbBIE
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oproBanamatieie HY wm HY nguokcupma uepust (9 HM) paznuuaroTcs 1o 3ddexTam.
Pemaronmumu pakropaMu 31ech BHICTYNaroT Gopma u coctaB HY. 3amurHoe BIUsHHE BCeX
uccinenoBaHHbix HY cuiibHEe mpOSIBIAJIOCH B CaxapoO3HO-COJIEBOM CpeAe M HapacTalo C
yBEJIMYEHUEM UX KoHIeHTparuu a0 0,1 /1.

Ha cHuxenue remMonn3a 3pUTPOIMTOB B TUIIEPTOHUYECKON Cpe/ie B Clydae SKCTpamMalibIX
ceprueckux HY pazHOro cocraBa BiMsiia JUIMTEIHHOCTh UHKyOamuu. Tak, opToBaHa aTHBIE
HY nposiBrisimu 3ammtHbINA 3 dekT Ha Mansix cpokax mHkyOanuu (30 muH). Torma kak HYU
avokcuaa 1epust (2 HM) CIOCOOCTBOBAIM COXPAHHOCTH KIIETOK TpU 0ojee JUIMTENbHOM
skcnozuiuu (90-120 muH).

BaxxHocTh COCTOSIHMS TUIa3MajeMMBbl Il BBDKUBAHUS KIIETOK IMPU TUIEPTOHUYECKOM
reMOJIN3€e MOJITBEP)KIAETCSl 3HAYUTEIbHBIM MOBBIIIEHHEM YPOBHS OCMOTHMYECKON afanTaluu
KJIETOK B NMPHUCYTCTBHU B3aMMOJACHUCTBYIOIIUX C IMOBEPXHOCTHIO MEMOpPaHbI 3€PHOMOA0OHBIX
HUY, a taxxxe komrekca HY ¢ xonectepuHom.

O MexaHu3max BIMsSHUS uccienaoBaHHbIX HY MOXHO ckazaTh, 4TO MNPOU3BOIUMBIE
3 dexThl MOryT OBITh YaCTUYHO OOYCJIOBIEHBI HM3MEHEHUSMH CTPYKTYpPHl KIECTOYHON
MeMOpansl B mpucytctBun HY. HccrnemoBaHwe CTPYKTYpPHBIX M (DYHKIIMOHAIBHBIX €€
W3MEHEHUN  3acly’KMBAaeT OTACIBHOrO BHHMaHUs uccienosareneil. I[IpoHukaromnime
IKCTpamalbie CchepruuecKre YacTUIlbl MOTYT 3allMIaTh JSPUTPOIUTH OT TEeMOJH3a
MOCPEACTBOM MHBIX ME€XaHU3MOB. BO3MOXKHO, HaX0AsICh BHYTPU KJIETKH, OHU CIIOCOOCTBYIOT
MOJJIEPKAHUIO CTPYKTYPhl BHYTPUKJIETOYHOTO MAaTpUKCa U 3aJEP>KUBAIOT BBIXOJA BOABL. To,
yTO 3amuTHbIE A(G(EKTHl MPOSBIAIOTCS TOJBKO B CaXapO3HO-COJIEBOM cpele U He
BOCIIPOM3BOJATCS B M30TOHUYECKOM CaxapO3HOM Cpele, CBUACTEILCTBYET O BaXKHOW PO
HOHHOTO OanaHca, obecrieunBaemoro OydepHbiMu cBoicTBamu HY.

BbBIBO/JbI

HY na ocHoBe P3D cmocoOCTBYIOT amamTaiiil SPUTPOIMTOB K THIEPTOHHYECKOMY
musucy B 4 NaCl. Crabwnmmsupyromee Biusaue HY Ha SpuUTpOnuTH 3aBUCETO OT HX
FeOMETPUUYECKUX MapaMeTpoB, U B MEPBYIO ouepeab padMepoB. [locrnenHue omnpenenstor
ocobeHHoctu B3ammojerictBuss HY ¢ MemOpaHo#, BIMsSHHE Ha €€ CTPYKTYpPY, YCIOBHS
MPOHUKHOBEHUS B KIETKYy wiu ancopoumo HYU Ha memOpane. ONTHMANbHBIMHA YCIOBUSIMHU
npeauHKyOanuu sBisroTcs: KoHieHTparus HY na ocnoBe P3D 0,1 r/n, m3oroHmyeckas
caxapo3Ho-coisieBas cpea u skcno3unus oT 30 1o 60 mun ayis HY Ha ocHOBe opTOBaHAAaTOB
niy oT 90 no 120 MuH 7151 2 HM YacTHUIl TUOKCUIA LEPHS.

[Iporekropubie 3P deKThI, HAOMIOAaEMbIE B MPUCYTCTBUU KOMIUIEKCA OPTOBaHAIATHBIX
HY pa3mepoMm 2 HM C XOJECTEPUHOM, MOTYT MMETh MPAKTUYECKOE MPUMEHEHHE, KaK MpHU
MCCJIE0BAHUY TUIIEPTOHUYECKOTO CTPECCca S3PUTPOLIMTOB, TaK U JIJIs1 HUBEJIMPOBAHUS BIIUSHUS
(haKkTOpPOB MOBPEKACHUS PA3TUYHON MPUPOJIBI.

Taxum o6pazom, HU Ha ocHOoBe P33 MOryT mpuMeEHSTHCS B KQUeCTBE 3alIUTHBIX ar€HTOB
OoT (DaKTOPOB KPHOMOBPEKACHHS, CBS3aHHBIX C ITOBBIIICHHEM TOHHYHOCTH CPEIbl, U Kak
HOCHUTENH XojecTepuHa. [IIupoKyto nepcrneKTUBy MpeaoCTaBIIeT BOZMOXKHOCTh COUETAHHOTO
UCTONB30BaHus ATHX HY Kak KpHOTPOTEKTOPOB | C AMATHOCTUYCCKOM/JIIEUYCOHOH TEITBIO.
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