Ha npasax pykonucu

IHINPMAHOBA Mapuna BaagumoBHa

®JTYOPECHEHTHBIN BPEMS-PA3SPEIIEHHBIA UMUJIKUHT
JHEPTETUYECKOI'O METABOJIN3MA OIIYXOJIEBBIX KJIETOK

03.01.02 — buodusuka

Jluccepranyst Ha COUCKAaHUE YUYEHOU CTETIEHU
JOKTOpa OMOJIOTUYECKUX HAYK
B BHJIE HAYYHOI'O JOKJIaaa

Hwxuuit Hosroponx — 2024



PabGora BemomHena B (QenepadbHOM — TOCYNAapCTBEHHOM  OIOJKETHOM
00pa3oBaTeIbHOM YUPEKICHUN BBICILIETO oOpa3oBaHus «IIpuBomxckuii
UCCIIEIOBATEIbCKUI MEIUIMHCKUNA YHUBEPCUTET» MMHHCTEPCTBA 3APaBOOXPaHEHUS
Poccuiickoit ®enepaunn (PI'BOY BO «IIMUMVY» Munznpasa PO).

Hayunbii 3ATAMHOBA Enena BagumoBHa

KOHCYJIbTAHT: JOKTOp MEOULMHCKUX HayK, wieH-KoppecnoHaeHT PAH,
3aMECTHUTENh JUPEKTOpa MO pa3BUTHIO HaydyHO-KIMHHYECKOro
neHtpa ¢puzuko-xumuyeckon Mmenuunasl DMBA Poccun

Odunuansbublie YEPJAbBIHLEBA Hanexna BukropoBHa

ONIMOHEHTHI: JOKTOp OMOJIOTMYECKUX HayK, uieH-KoppecnoHaeHT PAH,
3aMECTUTENh JUPEKTOpa 1Mo HaydHoU pabore HWUU onkonoruu
ToMCKOro HallMOHAILHOT'O UCCIIE0BATEIBCKOTO MEAUIIMHCKOTO
nentpa PAH

TYYUH Bauepuii BukropoBuy,

JOKTOp (PU3UKO-MaTeMaTUYeCKUX HaYK, podeccop, uieH-
KoppecnionaeHT PAH,

3aBeayrouit Kadenpoii ontuku u 6uodoronuku Muctutyra
¢usnku CapaTOBCKOTO HAIIMOHAJIBLHOTO MCCIE0BATENECKOTO
roCcyIapCcTBEHHOro yHupepcutera umeHu H.I'. UepHbIleBCKOTO

I'OPUH /Imutpuii AjiekcaHApoOBHY

JOKTOp XUMHUUYECKHUX HayK, mpodeccop,

npodeccop LlenTpa PoTOHUKHN 1 KBAHTOBBIX MaT€pUATIOB
CKOJIKOBCKOI'O MHCTUTYTA HAYKU U TEXHOJIOTH

Bexymast OI'bY "HMUI] oukonoruu um. H.H. bnoxuna" Mun3zapasa
OpPraHu3anmsi: Poccun
3ammTa COCTOUTCS « » 2024 r. B .00 Ha 3acemannu

muccepraunonHoro cosera [J[ 24.2.340.06 mnpu dDenepasibHOM TroCyJapCTBEHHOM
aBTOHOMHOM 00pa30BaTeIbHOM YYPEXKIEHUM BbICIIEro obpazoBanus "HanmonambHbIN
UCCIIeIoBaTeNbCKUM  HWKEeropoAckul rocygapcTBeHHbM  yHuBepcuteT uM. H.HM.
JloGaueBckoro" no aapecy: 603022, r. Huxuuit HoBropon, npocnekt I'arapuna, 1 23,
Kopr. 1.

C TEeKCTOM HaydyHOro JOKJIaJa MOXHO O3HAaKOMHUThCS B DyHIaMEHTaIbHOU
oubmuorexke  Hmxkeropoackoro  rocynapcTBeHHOro — yHuBepcurera um.  H.M.

JloOaueBCKOro ¥ HA CaNTe:

HayuHblii 1oKIa1 pa3ociiad «_ » 2024 r.

Yu€HbIN ceKpeTaphb IUCCEPTALUOHHOTO Yepkacoa Enena Uropesna
coBeTa, K.0.H.




OI'JIABJIEHUE

1. BBEJEHUE. ... .o,

2. OCHOBHOE COJIEPYKAHUE JTOKIIATIA ... oo,
21 OCHOBBI OIITUYECKOTO MeTa6OHI/I"IeCKOFO §Z00%0% 010719505 0 i I
2.2. MCTOI[I/IKI/I OLCHKH SHCPICTUICCKOI'O MeTa60J'H/13Ma KJICTOK C ITIOMOIIIBIO

2.2.1. FLIM-mukpockornus HAJI(®)H u ®AJl, penokc-oTHOLIEHHE. . ... ..
2.2.2. FLIM HAJI(®)H Ha MaKPO-YPOBHE......eeuureenrreanieanneeanneaannans
2.3. [IpuHIUIIBI MyIBTHIIAPAMETPUUECKOT0 UMUJIKUHTA C UCTIOJIb30BAHUEM
2.4. OCO6€HHOCTI/I HSHEPIreTHYECKOTO MeTa60J'II/13Ma OTyXOJIEH B YCIIOBHSIX
€CTECTBEHHOTr0 pocta o AaHHbBIM FLIM..........ooo oo
2.4.1. FLIM-MukpocKomus ommyXoJieBbIX CepOouI0B, OMyX0JIeiH MBITIeH
N Vivo ¥ 00pa31oB OMYXOJEH TAITUCHTOB .....cuvveenreeeneeeneeennneennnss
2.4.2. Boamoxnoctn Makpo-FLIM mns nuddepeHiimpoBanus omyxoiau oT
HOPMATTBHOM TKAHHM . . .+ vv vt e vnttteeentteeeennttniiieeeesnesaeeseesanreeeessannnneeeeaanns
2.5. UccnenoBanne MeTabOIMYECKAX H3MEHEHHUN TIPU Ao TO3€ OMyXO0JIEBBIX
KieTok ¢ ucrnoias3opanueM FLIM HAJI(®)H u reHeTndeckn KOAUPYyEeMOTo
CEHCOPA AKTUBHOCTH KACTIAZBI=3 ... . eutntentententententententeneentenneanenenanne
2.6. OrieHKa OTBETA OMYXO0Je Ha XUMHUOTEPAITHIO C TOMOIIBIO ONTHYECKOTO
METAOOTUUECKOTO UMUIMKIHTA. . . eeeeeteteent et et et et et et et eneeeeaeaee e
2.6.1. VI3MeHeHune YHepreTHIeCKOro MeTadoIM3Ma OIyXOJIEBBIX KIETOK
IPU XUMUOTEPANUU B SKCIIEPUMEHTAX 1N VITO M 1N VIVO....cviveririerreeiinens
2.6.2. XumuoTrepanusi NIEPBUYHBIX KYJIbTYP OMYXOJEBBIX KIETOK..............
2.7. MeTtabonudeckuii OTBET oImyXoJieBbix kiaeTok Ha /T nmo manueiM FLIM
2.7.1 FLIM HAJI(®)H npu ®JIT ¢ reHeTHYeCKN KOIUPYEMBIM
dotocencubmnmzaropoM KillerRed..........ccoooveiiiiiiii,
2.7.2 FLIM HAJI(®)H npu @IT ¢ GOTOTUTAZUHOM ......vvevnvveririeirieninennn
2.8. B3anMOCBSI3b SHEPreTUYECKOT0 MeTaboIn3Ma U KUCIOPOAHOTO CTaTyca
OMyXO0JeBbIX KJIETOK 1Mo JaHHbiM FLIM u PLIM...............ooo
2.8.1. MeToauku KOMOMHUPOBAHHOM OLIEHKH (HOCPOpECIICHITUU
KHUCTIOPOJHBIX ceHcopoB U aBTodnyopecuenunn HAJ[(D)H B onyxomnsix ¢
OOMOIIBIO PLIM M FLIM .o e
2.8.2. PLIM u FLIM npu xumuotepanuut ¥ @LT.............oooiiiiii,
2.9. CBs3b 2HEPreTHIECKOT0 MeTaboIM3Ma C (PU3UKO-XUMHUECKUMHU
MOKa3aTeIMU OITYXOJIEBBIX KIETOK - pH ¥ MEUKPOBSIZKOCTBIO ...cvvvevveeiieieeeene
3. BAKIIFOUEHUE U BBIBOIBI. ...
4. CIIUCOK HAVYHBIX ITYBJIMKALIMI 3A [TOCJIEAHUE 10 JIET,
B KOTOPBIX M3JIOJKEHBI OCHOBHBIE HAVUHBIE PE3VIJIbTATHI
JIUCCEPTALINI. ..ot
5. CIIMCOK JIMTEPATYPBIL. ... e

18
18

22
22
25

25

29

29
36

38
41

42
46
48

49
o1

52
54
S7

62
69

76
84



1. BBEJEHUE
AKTYaJILHOCTb TEMBI

3/10KaueCTBEHHbIEC OIYXOJU OTIUYAIOTCS OT HOPMAJIbHBIX TKaHEH IeJIbIM
pAaOM  OMOJIOTUYECKHX  OCOOCHHOCTEH,  BKJIIOYAas  HEKOHTPOJIUPYEMYIO
npoaudepanuo, CocoOOHOCTh K MHBA3UU W METACTa3UpPOBAHUIO, aJlalTallUI0 K
TUIOKCUU U CTUMYJIAIIMIO aHTHOTEHEe3a, YCTOMYMBOCTD K alloNTO3y, YKIOHEHUE OT
UMMyHHOTO Ham3opa u gnp. [1]. CymiecTBeHHY0 pOIb B MOJICPKAHUH
OIyXOJIEBOI'O POCTAa M PEryJSILHHA JKU3HEACITEIBHOCTH OIYXOJIEBOU KJIETKU
UTPAIOT U3MEHEHUS B KJIETOYHOM METa0O0IM3Me, Kacalolluecs B MEPBYIO OYEPEIb
npoueccoB  AbixaHuss. CoOrjgacHO  COBPEMEHHBIM  IMPEACTaBICHUSAM, 3TH
METa00JIMYECKUE MEPECTPONKHU SIBISIOTCA HE MPOCTO CIEACTBUEM MOJEKYJISIPHO-
T€HETUYECKUX HapyUIeHUH, JIeKaluX B OCHOBE MaTOreHe3a OIyXOJdH, a
HEOOXOJIMMBIM YCIIOBUEM OMYXOJIEeBOH mporpeccuu [2]. Merabonmueckue myTH,
o0ecnieunBasi KJIETKYy B3HEprued M cyOcTpaTaMu, Kak Obl OIOCPEAYIOT BCE
IPOSIBJIEHUS] 0COOOr0 OMOJIOrMYECKOro MOBEAEHUSI OMYXOJiel U YCTOMYMBOCTH K
LIUTOTOKCUYECKUM  Bo3aeucTBUAM. [loaToMy mHccinenoBaHME — OIYyXOJIEBOTIO
MeTabonM3Ma HUMEET OrPOMHOE 3Hau€Hue JUid TOHUMaHUs MEXaHHU3MOB
KaHIIEpOT€He3a M pPa3pa0OTKU HOBBIX JIMarHOCTMUYECKUX U TEpPareBTHUYECKUX
IIOJIXOJIOB.

31okauecTBeHHass TpaHchopmalusi KIETOK TPUBOAUT K KapJAUHAIbHBIM
U3MEHEHUSIM BCEX BHJOB OOMEHHBIX MPOLECCOB, YTO OOYCJIOBJIECHO, MPEXKIE
BCETO, BBICOKOM TMOTPEOHOCTHIO  OMYXOJEBbIX KIETOK B DJSHEPIUM U
MaKpOMOJIEKYJIaX JiJIsl Npodar(epani U UHTEHCUBHOIO POCTa KJIETOUYHOM MAacChl.
K HauOosiee 3HaYMMBIM METaOOIMYECKUM H3MEHEHUSIM OTHOCST IOBBIIICHHBIN
YPOBEHb IJIMKOJIM3a, KaK aHa’poOHOro, Tak u a’podHoro (3ddext BapOypra),
MUTOXOHAPUAIbHYIO AUCHYHKIMIO, aKTHBalUIO meHTo30(dochaTHOrO MyTH,
UCIIOJb30BaHUE TJIyTaMUHA M KUPHBIX KHUCIOT B KAueCTBE AJbTEPHATHBHBIX
YHEPIreTUYECKUX CYOCTPaTOB, aKTUBHBIM OMOCHHTE3 JIMITUIOB U HYKICOTHIOB [3,
4]. Pe3ynbTaToM aKTHBAIMK TJIUKOJIM3a SBJSCTCS MPOAYKIMS JIaKTaTta M, Kak
CJIEICTBHE, OOpaTHBI TpaAWeHT BHYTPU- M BHEKIETOYHOTO pPH, KOTOpPHBIH
CIOCOOCTBYET Pa3BUTHIO M BBDKUBAHHUIO OMyX0Jid [5].

HccnenoBanus MociieIHUX JIET BBISIBUIN, YTO HET €IMHOM, YHUBEPCAJIbHOU
MEeTa0OJMYECKON MPOrpaMMbl, CBOMCTBEHHOM BCEM OMYXOJISIM M JIaKe KIIETKaMm
BHYTpH OAHON omyxosu [6]. OmyxoJieBble KIETKH CIHOCOOHBI aKTHBUPOBATH
pa3IMyHbIe MYTH MOJYYECHUS] SHEPTUU B 3aBUCUMOCTH OT TEKYLIUX MOTpeOHOCTEH
U YCIOBUM MHUKPOOKPYKEHHUS. BOJBIIMHCTBO PAaKOBBIX KIETOK HCIOIb3YIOT
TJIMKOJIM3 M MUTOXOHAPHUAIIBHOE JIbIXaHHE OJJHOBPEMEHHO, @ UHTEHCUBHOCTh 3TUX
MPOLIECCOB OMPEIEISIETCS MHOXECTBOM (PAKTOPOB, OTHOCSIIMXCS KaK K CaMHUM
OIyXOJIEBBIM KJIETKaM, Tak M UX MUKpookpyxkeHuto [A49]. K suaoreHHbIM
dakTopaM  OTHOCAT TKAaHEBOE MPOUCXOXKICHUE  OMyXOlH, CHEHUPUKY
MeTabOIMYECKUX TMPOILIECCOB B TOM THME TKAHU W OpraHe, rIe JIOKaJIM30BaHA
OMyXO0Jib, T€HETUYECKUE XapPaKTEPUCTHUKU W MOJEKYJISPHBIA MOATHUI, CTENEHb
mudpeperpoBku. DakTopamMu, CBI3aHHBIMH C MHKPOOKPYXEHHUEM, SIBISIOTCS
pacnpeneseHue KHCIOpOoaa, JOCTYIHOCTh U COCTaB MHUTATENbHBIX BemiecTB, pH
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MUKPOCPE/IbI, B3aUMOJICCTBUE CO CTPOMAJIbHBIMU KJIETKAMH, IJIOTHOCTH
KOJUJIAar€HOBOTO ~ Marpukca. (OUeBUIHO, UYTO ONYyXOJU TETEPOr€HHbI Ha
F€HETUYECKOM, MOJICKYJSIPHOM M KJIETOYHOM YPOBHE, YTO B COBOKYIHOCTH C
HEOHOPOJHBIM M IMOCTOSHHO MEHSIOIIUMCS MHUKPOOKPYKEHHEM 00YyCIIaBIMBACT
BBICOKYIO BHYTPH- M MEXOITYXOJIEBYIO T'€TEPOr€HHOCTh HMX SHEPreTUYECKOro
MeTabonusma. [IpucyrcTBue BHYTPH OJHOM OIMyXOJIM KJIETOK C IpeoOiiagaHueM
pa3HbIX MYTEH TMOJYYECHHUSI DHEPrUU IIOBBIIIACT BEPOSTHOCTh BBDKUBAHUS
OTZIEJIbHBIX KJIETOUHBIX KIJIIOHOB MPHU TEpAluU U PA3BUTHUS PE3UCTEHTHOCTH, a
METa0OJIMIECKUE OTIUYHMS MEKIY OIyXOJISIMH OJTHOTO THUIIA M CTaAUH y Pa3HBIX
MalMEHTOB MOJYEPKUBAIOT HEOOXOJUMOCTh NEPCOHATU3UPOBAHHOTO JICUEHUS.
Bricokasi MIacTUYHOCTh KaTaOOJMYECKUX TPOILIECCOB B OIMYXOJEBBIX KIIETKAX
MO3BOJIIET UM MPHUCTIOCAOIUBATHCA K HEOJIAronpUsTHBIM YCJIOBUSIM, HalpuMeEp,
HEJIOCTAaTKY KUCJIOpOAa, MUTATEIbHBIX BEIIECTB, & B PAJIe CIy4aeB - K JIEUCTBUIO
MIPOTUBOOMYXO0JIEBBIX MPEMAPATOB.

Ba)xHBIM acneKTOM B MCCJIEIOBAHUAX OIyXOJIEBOTO METaboJu3Ma SBIISIETCS
CBSI3b DHEPTETUUECKOT0 MeTaboJIM3Ma KJICTOK ¢ OTBeTOM Ha Jyiedenue [/, 8]. Tak,
a’pOOHBIA TJIMKOJIU3 OOBIYHO ACCOIMHPYETCS C arpeCCUBHOCTBIO OIyXOJU U
JIeKapCTBEHHOHN ycTon4urBOCThIO [9]. B TO ke BpeMs, IIMTOTOKCHYECKAs Teparus
HauOoJiee d(pPeKTrBHA B OTHOIICHUM aKTUBHO MPOJU(PEPUPYIOMINX KIETOK, JJIs
KOTOPBIX TaK K€ CBOWCTBEH TJIMKOJU3, a 00Jiee PE3UCTEHTHBIC CYOTOIMYJISINU
OITyXOJICBBIX CTBOJIOBBIX KJICTOK MMEIOT OKHCIUTENbHbIN MeTtabomusm [10]. ITpwu
ATOM caMa TMPOTUBOOMYXOJieBas Tepamus MOXKET MEHSITh MeTaboIu3M
OMYXOJIEBbIX KJIETOK MOCPEJCTBOM MHOKECTBA IMyTeW, HApUMEp, MpU MPSIMOM
JEUCTBUU HAa MUTOXOHJPUM WM KOCBEHHO B OTBET Ha IMOBPEKJCHUE SIECPHOM
JIHK KkieTok wWiM CHa0XaroIMX OIyXO0Jb KPOBEHOCHBIX cocymoB [11-15].
Nnentudukaius MeTabOIMYECKUX «MapKEpOB» TEPaneBTHUYECKOIO0 OTBETA WIIU
PE3UCTEHTHOCTH SBIIETCA AKTYAJIbHOM 3aJa4€ii U MOXKET CTaTb OCHOBOM IS
pa3pabOTKH HOBBIX CIIOCOOOB MPOTHO3UPOBAHUS U MOHUTOPUHTA 3((HEKTUBHOCTH
MIPOTUBOOIYXO0JIEBOM TEpAIHUU.

MexaHHu3MBbl, C TOMOIIBI0O KOTOPBIX PAKOBBIE KJIETKH KOOPIAUHHUPYIOT CBOIO
OMOPHEPTETUKY, W YCIOBHUSA, NIPH KOTOPHIX AKTUBUPYIOTCS T€ WJIM WHBIC MYTH
MOJIYYCHUS] DHEPTUH, O CHUX TOpP MAJOMOHSATHBI. JTO JHUKTYEeT HEOOXOIUMOCTH
MOWCKAa HOBBIX  METOJOB  OIICHKM  DJHEPreTHYEeCKOro  Meradoju3ma  C
BO3MOXXHOCTBIO JMHAMHUYECKOTO HAOMIOJCHUS KaK 3a WHIAWBUIYATbHBIMHU
KJIETKaMHd, TaK U OMNyXOJbl0 B «Makpo» wmacmTade. OcoOblii HHTEpeEC
MPEACTABIAIOT MYJIbTUIIAPAMETPUUECKHUE HCCIIEIOBaHUS C  OJIHOBPEMEHHOM
OIICHKOW Cpa3y HECKOJIbKHX KOMIUIEMEHTApPHBIX MapaMeTpOB B OJHON M TOH ke
OMYXOJIM WJIM OTJICJILHO B3STOM KIIETKE.

Pa3Butne MeTOMOB  (PIIyOpECIIEHTHOIO HMMDKUHTA C  BPEMEHHBIM
paspemiennem (Fluorescence Lifetime Imaging, FLIM) mpuBeno k CO3IaHHUIO
HOBBIX TOAXOJOB JJII MCCJEAOBAaHUS PA3TUYHBIX OUOJOTHUUECKUX MPOIECCOB U
($U3MKO-XMMHUYECKUX TMapaMeTpoB KiIeTok u TkaHei [16-18, A21]. IlogoGHo
JIPYTUM METOJIaM ONTUYECKOTO OnonmumkuHTra, FLIM SBiIsIeTCsl HSMHBAa3UBHBIM C
TOYKHU 3pEHUs 0€30MAaCHOCTH ONTHYECKOTO M3IYyYEHUS W TO3BOJISIET MPOBOJHUTH
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HAONIOICHUST B JMHAMUKE, B XKUBBIX KIETKaX M TKaHAX In VIVO Ha pPa3HBIX
YpOBHSAX — OT (cyO)kieTodyHoro ao uenoro opranusma. Omnako FLIM wumeer
NpeuMyIllecTBa  Mepe]  TPaJAUIMOHHBIMH  MeTodamMu  (hIyopecUeHTHOM
BU3yallM3alliM Ha OCHOBE HWHTEHCHUBHOCTU. Bpems xu3zHu QiyopecueHuuu
ABJIIETCSI COOCTBEHHOM XapaKTepuCTUKOU ¢uryopodopa, KOTopas ONpeessieTcs
€ro XMMHYECKOM CTPYKTYPOM M JIOKaJbHBIM OKPYKEHHUEM M B OIpPEICICHHON
CTEIEHH He 3aBUCUT OT KoHueHTparuu [19]. Tak urto FLIM sBusercs
KOJMYECTBEHHBIM 1O CBOCH CYTH W MUHHUMH3UPYET apTedakKThl, CBSI3aHHBIE C
HEOJTHOPOJHBIM pacmpezeneHueM (ayopodopa B o0pasme, paccesHueM u
NOTJIONICHHEM  CBeTa, (POKYCHPOBKOW, pa3nuyusiMu B  KOH(pUTryparusx
ONTUYECKUX CHUCTEM, TEOMETPHEH caMoro OOBEKTa, YTO OCOOCHHO IIEHHO IPHU
pabore ¢ TkaHsmu [20]. Omnmus BPEeMEHHOTO pa3pelieHHs —pacIupsieT
BO3MOXKHOCTH  (DJIyOpPECIIEHTHBIX METOAOB OT MPOCTOrO HAONIOACHHS 3a
jJokanuzanuend  dayopodopa MM paMOMETPUYECKUX  M3MEPEHHH 10
KOJIMYECTBEHHOTO OXapaKTEPU30BaHUS MOJIEKYJIIPHOTO OKpY>KeHust iryopodopa.

Brbicokas 4YyBCTBUTENIBHOCTh M MOJIEKYyJsipHas crenuduyHocts FLIM
C/IeJlali BO3MOKHBIM aHAJIU3 SHEPreTUYECKOro MeTadoJjiM3Ma KIETOK IyTeM
perucTpauuu  SHAOTEHHOM  QuyopecuieHniud  KOoakTopoB  (HEpMEHTOB
JETUIPOT€Ha3 - BOCCTAHOBJICHHOIO HHUKOTHHaMUMHYyKiIeoTuaa (docdara)
HAL(®H u  oxucneHusix  ¢dnaBuHageHuHauHykineotuna DAl u
¢nauaMononykieotnga PMH [21, 22, A8]. U3 HuX, CBA3b KHHETHUKH
bnyopecueniuun HAJI(®)H ¢ mporeccaMu  KJIETOYHOTO  JIBIXaHUS
oXxapakTepu3oBaHa HaubOoJsiee 1moiaHo. [[Be Gpopmbl rTOro KoakTopa — cBOOOHAS
U CBsI3aHHas ¢ OeJKaMu - MOTYT ObITh UJACHTU(DUIIMPOBAHBI 10 BPEMEHU KU3HU
dbayopecuieHIuM. B TUNMYHOM ciydae, B PaKOBBIX KJIETKaX BKJIaJl CBOOOJHOM
dopmsr HAJI(®)H B  3aryxanue  (uyopecUeHLHH  KOppEIupyeT ¢
WHTEHCUBHOCTHIO TJIMKOJIM3a, a BKJIAJ CBA3aHHOM (OpMBI — C ypOBHEM
MUTOXOHJPHAILHOTO  JbixaHusa. Pa3paboTka psiga HOBBIX — T€HETHYECKH
KOJUPYEMbIX M CHUHTETUYECKHX CEHCOpPOB, pabOTalomuX B KpacHO obmacTu
CIIEKTpa, OTKpbUIA MEPCHEKTUBY OAHOBpeMeHHoro HaOmioneHuss HAJI(P)H wu
Apyrux GyHKIIMOHAIBHBIX MOKa3zarenei [23].

Jlo HemaBHero BpemeHHW noaxonbl K npuMeHeHuro FLIM nmma usydenus
OHKOJIOTHUECKHX TIPOIECCOB ObUIM cNab0 pa3BuThl. [lpumepsl npuMeHEHUS
FLIM, B ToM uuciie ¢ UCIOJb30BaHUEM JHIAOTCHHOU (DIIyOopecIeHIIMU KIIETOK,
OTPaHUYMBAINCh B OCHOBHOM JKCIEPUMEHTAMH Ha MOHOCIOWHBIX KJIETOYHBIX
KyJbTypax. Tak 4TO akTyaJlbHOW 3aJa4yedl COBpPEMEHHON OMO(PU3UKU SBISETCS
pa3paboTka Moaxo0B K ucnoyib3oBaHuio FLIM B MHOTOKJIETOYHBIX MOJENAX in
Vitro ¥ OMyXOJISIX 1N VIVO M TPAHCISALUS ATUX Pa3pad0TOK B KIMHUKY.

JanHas pabota mocpsiieHa pa3padoTke noaxoA0B k npuMmeHeHuo FLIM B
AKCIEPUMEHTAIBHON OHKOJIOTMU U U3YYEHHUIO C €r0 MOMOIIBI SHEPreTUYECKOro
MeTaboM3Ma  OMyXOJEBBIX  KIETOK TMPH  €CTECTBEHHOM  pOCTE W
MIPOTHUBOOMYXOJIEBON TEPAIIHH.



Crenenb pa3padOTAHHOCTH TeMbI HCCJIEIOBAHUSA

CnoxHast OuoONOrMuYeckas MpUPOAA OIYyXOJieH, KOTOpas MpeArnonaraet
BJIMSIHUE HE TOJIBKO (3I1M)I€HEeTUYECKUX (PAKTOPOB, HO U B3aUMOJEICTBHE OIYyXO0JIU
C OpraHu3MOM XO35MHA, CYIIECTBOBAHUE OIYXOJIEBBIX KIETOK B YCIOBUAX
reTePOr€HHOT0 MHUKPOOKPYXEHUSI U (PEHOTUIHMYECKYI0 IUIACTUYHOCTH, JENIaeT
npo0iieMy U3Y4YEHHs paka — OJHOM M3 CaMbIX CJIOXHBIX B OMOJIOTHH, a PodIeMy
J€YEHUs1 - OAHOM W3 caMbIX CJIOXHBIX B MeauluHe. Bo MHOroM mnoHumaHue
IPUPOBI PAKA YCIOKHAETCA TEM, YTO MOAABIISIONIEE OOJBIITMHCTBO UCCIIEIOBAHUI
IPOBOJUTCS HA YPE3MEPHO YIPOILIEHHBIX MOJEIAX — KYJIbTypax OITyXOJEBBIX
KJIETOK XMBOTHBIX M YEJOBEKa In Vitro, OTAETBHBIX BBIACICHHBIX W3 KIETOK U
TKaHeil koMnoHeHTax. Torjaa kak uHpopmalus o NPOCTPAHCTBEHHOW OpraHU3alUH
OITYXOJIU, €€ T€TEPOr€HHOCTH, BIMSHUU MUKPOOKPYXEHHUS Ha OITyXOJIEBBIE KIETKH,
JUHAMUKE OHMOJOTMYECKUX IIPOLIECCOB TMOJHOCTBIO TepsieTcs. B u3ydenun
OMOJIOTMYECKUX, B TOM YHCIE METa0OJIMYECKHX, CBOMCTB  OIyXoJel
OPUHLMINAIBHYIO BaXHOCTh HMMEIOT JBAa MOMEHTa: 1) HCHOJIb30BaHUE
OIyXOJIEBBIX MOJIENEH, KOTOpble B HaMOOJBIIEH CTENEHU OTpa)XKaroT CBOICTBa
ONyXOJIEW 4YeloBeKa; 2) MPOBENEHHE MCCIEAOBAHUM  MPUKU3HEHHBIMHU,
HEUMHBA3UBHBIMU METO/aMU O€3 BIUSHUS Ha (U3HOJIOTMYECKOE COCTOSHUE KIIETOK
U TkaHeil. OAHAaKO MPOBEACHUIO MCCIEA0BAaHUM In VIVO MPEMSTCTBYET OTCYTCTBUE
HEUHBA3UBHBIX  CEJIEKTUBHBIX  METOJOB, IMO3BOJIAIOIIMX  HAOMIOAaTh U
KOJIMYECTBEHHO OLEHUTH OTIEJbHbIE (DYHKIIMOHAIbHBIE MOKA3aTeNId OMYXO0JIEBOU
TKaHU B JJUHAMHUKE.

Ha mpoTsbkeHnH nociaeaHuX HECKOJbKUX JECATUIICTHN HEYKJIOHHO PacTeT
MHTEpEC K TeMe OMmyxoJyieBoro merabonusMma. 3a mociegHue 20 JeT KOJIUYECTBO
Hay4YHBIX MyOJuKaiuii B 3Toi ob0jactu Beipocio B 2 paza (¢ 31600 mo 72700 mo
nanubiM PubMed). biarogapsi coBpeMeHHBIM BBICOKOMH()OPMATUBHBIM OMUKC-
TEXHOJOTHSIM, aHAJIUTUYECKHUM, OHOXUMHUYECKUM, HMMYHOTHCTOXUMHUYECKUM
METOJaM U IIMPOKOMY BHEJPEHHIO B KIMHUKY METOJ0B METabO0INMueCKOn
BH3YaJIM3aLAH, TAKHX KaK TO3HTPOHHO-OMHUCCHOHHAs ToMorpadus ¢ F-OJIT, 'H-
MAarHUTHO-PE30HAHCHAsI CIIEKTPOCKOIHS, JIOCTUTHYTO CEPbE3HOE ITOHUMAaHUE
ocoOeHHOCTeH OnosHepreTuku paka [24, 25]. UnentuduuupoBanbl H3MEHEHUS B
KJIETOYHOM JIbIXaHWUHW, OTJIUYAIOIIME OIYXOJM OT HOPMAJbHBIX TKaHEH,
YCTaHOBJIEHA UX CBSI3b C TCHETUYECKUMU HAPYIICHUSMU U CUTHAJIBHBIMU ITyTSIMH.
YKpenunoch MHEHUE, YTO OIyXOJIEBbI METAa00JIU3M — 3TO KpailHe BapuabenbHas
cuctemMa. B 3aBUCMMOCTM  OT TEKyIIMX TNOTpEOHOCTE U YCJIOBHIA
MUKpPOOKpPY>KE€HUs (B TEPBYIO OuYepeib, KOJIUYECTBA MUTATEIbHBIX BELIECTB U
KHCIIOPOJ]a) PAKOBbIE KIJIETKM CHOCOOHBI aKTUBUPOBATH pa3JIUYHbIE IMYTH
MOJIYYEHUS] SHEPTHH — OECKHUCIOPOJHOE PACIlEIUIEHUE TIIOKO3bl (TJIMKOIU3) WK
a’poOHoe apixaHue. Kpome TOro, pakoBble KJIETKHM HaXOASATCS MOJ MOCTOSHHBIM
BJIMSIHUEM  JIpYTUX THUIIOB  KJIETOK B  OIYXOJIEBOM  MHUKPOOKPY>KEHUHU
(SHIOTENHANIBHBIX KJIETOK, (UOPOOIACTOB U MMMYHHBIX KJIETOK) U BHEKIETOYHOTO
Matpukca. OgHaKO BOMPOCHI IJIIACTUYHOCTH M TE€TEPOr€HHOCTH SHEPreTHUYECKOIrO
MeTaboM3Ma OIMmyXoJie, 0COOEHHO Ha KJIETOYHOM YPOBHE, - OJIHM U3 HAaWMEHEe
U3YYEHHBIX B 3TOH 00JaCTH.



Bce Oonpiyro momynspHOCTh B OMOMETUITMHCKHX HCCICOBAHUSX B
MOCJIETHUE TOJbl TPHOOPETAIOT METOAbl (PIIYOPECHEHTHOTO HWMHUJIKUHTA C
BpeMeHHbIM paspemicHueM FLIM. Ilpunoxenus FLIM B skcriepuMeHTaIbHOM
OHKOJIOTMM MOKHO YCJIIOBHO pa3/IefIuTh Ha TPU TPYMNIbL: 1) «MeTabOIUYECKUii»
UMUDKUHT € MCHOJB30BAHMEM SHIOTEHHOM  (uiyopeclueHInH Ko(aKkTopoB
neruaporenas, BocctaHoBiieHHOro HAJI(®)H u oxucnennsix drnaBunoB ®AJ[ u
®MH, 2) uzydyeHue MOJICKYJISIPHBIX B3aUMOJISUCTBUM ¢ momoIbio docTepoBckoit
pe3onancHoil nepenaun sHepruun FRET, 3) 3onaupoBanue (QpU3NKO-XUMUYECKUX
[MapaMeTpOB C TMOMOIIBI0 CHHTETHYECKHX WM TE€HETUYECKA KOAUPYEMBIX
ceHcopoB [21-23, 26, 27]. Cpemu Hux, «mertabommueckuii» FLIM sBisercs,
NOXKallyil, HauOoyee paclpOCTPAaHEHHBIM NPWIOKEHHEM. B OCHOBHOM, OH
peanu3yercss B BUAE JBYX(OTOHHOM Ja3epHOM CKaHUPYIOIIEH MHUKpPOCKOIUU C
omiued BPEeMEHHOTO paspelieHus QuyopecueHiuu. [Ipumepsl uccieaoBaHuil ¢
npumeHenueM FLIM HAJI(®)H u ®AJl 1o HenaBHETO BpEeMEHU OTPaHUYUBAINCH
paboTaMu Ha KJIETOYHBIX KYJIbTypax U HECKOJIbKUMU paboTamu in vivo [28-30]. 3a
MOCJIETHUE TATh JIET MOSBWIUCH PAOOThI, BBHIMOJHEHHBIE HA OPraHOTUIIMYHBIX
OIyXOJIEBBIX KyJIbTypax (OpraHoujiax) W OINEPAIMOHHBIX oOOpaslax TKaHel
nainuenToB [31-34]. [Ipunumas Bo BHUMaHKe nipeumyiectsa metona FLIM nepen
JPYTUMHU METOJIAMU U3YUYEHHUS SHEPIeTUUECKOT0 MeTab0IM3Ma, Mbl CTABUIJIM OJHOU
Y3 3aJ1a4 IPOBEJICHUE UCCIICIOBAHUN HA CIIOKHBIX MOJENSAX OIyXOJEBOIO pOCTa U
oOpa3s1ax ommyxoJIeBO TKaHH.

B Hacrosiiee Bpems UaeT akTHBHAsE padoTa B XMMUW U TEHHOW HHXCHEPUH
10 CO3/IaHUI0 HOBBIX CEHCOPOB C YYBCTBHTEIBHBIM BPEMCHEM IKH3HH
JEOMUHECHEHIIMA ¥ YJIYYIICHHBIMUA CIEKTPAILHBIMU XapaKTEPUCTUKAMH IS
ounonoruueckux npuiaokeHud [35]. Ilo cpaBHeHHMIO ¢ CeHCOpaMH Ha OCHOBE
WHTCHCUBHOCTH, TJIABHOE MPEUMYIIECTBO CEHCOPOB Ha OCHOBE BPEMEHH JKU3HU
COCTOUT B BO3MOXKHOCTH 00Jie€ TOYHOW KOJMYECTBEHHOH OICHKH H3y4aeMOTo
napametpa. OcoOblii HHTEpEC JUI MCCIeIOBAaHUN Ha MHOTOKJIETOUYHBIX MOJEISIX U
TKaHSX MPEACTABISAIOT CEHCOPHI, paboTarolue B KpacHo# obnactu cnekrpa. Cpeau
(IyopecleHTHBIX CEHCOPOB JOCTYITHBI CeHCOphl pH, MeMOpaHHOTO MOTEeHIIMANa,
aKTUBHBIX (OPM KHCIOpOJA M a30Ta, PEAOKC-CTaTyca, BS3KOCTH, TEMIIEPATYpPHI,
COZIepKaHUsI Pa3IMYHBIX MOHOB, aKTHUBHOCTU TpOTea3, (a3 KIECTOYHOTO IHKIIA U
ap.  [36-39]. docdopeciieHTHBIE CEHCOPBHI  MPOSIBISIOT  YYBCTBUTEIBHOCTh
peuMyIIeCTBeHHO K kuciopoay [40]. JIuie equHUYHBIC paOOTHl JEMOHCTPUPYIOT
NpUMEPBl  MYJIBTUIIAPAMETPUYECKOTO  UMHJDKHHTA € OJHOBPEMCHHBIM
HaOmoxaenuem ¢uyopecueHmn HAJI(®)H w/unu ®AJl u kakoro-nubo apyroro
¢usnonoruueckoro mapamerpa(oB) [41-44]. XoTs OYEBUAHO, YTO TOJIBKO
KOMIUTIEKCHOE MCCIIEZIOBAHNE META00IMYECKOTO COCTOSIHUS KICTKH B KOMOMHAIIMN
C JIPYrMMH WHAWKATOpaMH €€ (YHKIIMOHAIBHOW AKTUBHOCTH WM COCTOSHUS
MHUKPOOKPY>KEHUSI MOXKET Jarh Haubojee TOJHOE MpEIACTaBICHHE O
MeTabOIMYECKUX aCTIEKTaX KaHIEpOoreHesa.

].Ie.m; H 3a1a491 UCCJICI0BaHUA



Heanb guccepranmoHHON pabOTHI 3aKIHOYANACh B KOMIUIEKCHOM H3YYCHHUH
HPHEPreTUYECKOro MeTaboJIM3Ma OIyXOJIEBbIX KJIETOK U TKaHEH B YCIOBUSX
€CTECTBEHHOTO pOCTa W MpPH MPOTUBOOMYXOJEBOW TEpaluh C MOMOIIBIO
MYJIbTUIIAPAMETPUUECKUX MTOIX00B HA OCHOBE FLIM.

Jlns  mocTwkeHWs 1enu  paboThl ObUIM TOCTABJICHBI W PEaTM30BaHbI
CIICAYIONINE 3adauM:

1. Pa3zpaborath MeTOIMKH (DIyOPECLEHTHOTO BpEMS-pa3pelIEeHHOIO
umukMHTa FLIM okucanTenbHO-BOCCTaHOBUTENBHBIX Ko(akTopoB HAJI(P)H un
®AJl B cHOXKHBIX MOAENAX — cepongax U OMyXOJAX KUBOTHBIX 1N VIVO — U
oOpa3lax  OMyXoJIeBOM  TKaHM  €X  Vivo, a  Takke  METOJIUKH
MYJIbTUIIAPAMETPUYECKOTO UMHJIKUHTA Ha OCHOBE PETUCTpalH (DIIyopecueHInn
HAJJ(®)H onHoBpemMeHHO C (iiyopecueHUUEed TIEeHETUYECKH KOAUPYEMBIX
ceHCOPOB WK (GochHOpPECIEHIINEN KUCIOPOI-4yBCTBUTEIBHBIX KpacUTENCH.

2. HccnenoBarh 0COOEHHOCTH SHEPTETUUYECKOTO METa00IM3Ma Oy X0JIeh
B YCJOBHUAX €CTECTBEHHOro pocta ¢ mnomombio FLIM. OneHuth BO3MOXKHOCTb
HaOII0ICHUST METAa00IMYECKOM FeTEPOreHHOCTH Ha KJIETOYHOM YPOBHE U €€ CBSI3b
¢ Mop(hoyHKIIMOHATFHBIMHU XapaKTepUCTUKaMHU oryxoseil. [[pogeMoHcTpupoBath
BIIUSIHUE TMPOJU(PEPATUBHON AKTUBHOCTU U OIYXOJEBOTO MHKPOOKPYKECHHS Ha
HHEPreTUYECKUM METa0O0JIU3M OITYXOJIEBBIX KIETOK.

3. N3yunts meTaboMyecKue W3MEHEHUs MPU aronTo3€ OIyXOJEBBIX
KJIETOK C ucnonb3oBanueM aBroduyopecueHimn HAJ(O)H u DA wu
IFeHEeTUYECKH KOJIUPYEMOro CEHCOpa AaKTUBHOCTU Kacmasbl-3. Y CTaHOBUTH
Koppensiuuu napamerpoB 3aryxaHusi ¢uyopecueniuu HAJI(D)H, aktuBHOCTH
Kacnasbl-3 ¥ BHYTPUKIETOYHOTO ypoBHsS ADK.

4, 3yunte wu3MeHeHuss KuHeTUkH Quyopecueniun HAJ[(P)H B
OIyXOJIEBBIX KJIETKaX B MOJEISAX In VItro W In VIVO MpU XUMHUOTEPANHH
mpenapaTaMi pa3IMUHBIX KjaccoB. OIEHUTh BO3MOXKHOCTH mpumeHeHus FLIM
JUISL aHaJIu3a XMMHOYYBCTBUTEJIBHOCTH OITyXOJIEBBIX KJIETOK, BBIJICIICHHBIX U3
omyxosied mnauueHtoB. HMccnemoBaTe oTBer omyxoseBbix kineTtok Ha DT ¢

XUMHUYCCKHUM U I'CHCTUUYCCKU KOI[I/IpyeMBIM CI)OTOCCHCI/I6I/IJ'H/I33TOpaMI/I C IOMOIIBIO
FLIM HAJI(®)H.

5. OneHuTh CBSA3b JIHEPreTUYECKOTO METadoJM3Ma M KHCJIOPOIHOTO
craryca omyxoJied in VIVO mpu ecTecTBeHHOM pocTe, xumuorepanuun u DT,
ucnionb3yst FLIM HAJ(®)H u PLIM c docdopecuentapiMu ceHcopaMu
MOJIEKYJIIPHOTO KHUCIOPO/a.

6. HccnenoBath CBsI3b (DU3UKO-XUMUUYECKUX TTOKa3aTesield OIMyXOJIEBBIX
KJIETOK — pH 1UTO3071 U MUKPOBSI3KOCTH IUTOIJIA3MAaTHYECKOW MeMOpaHbI - ¢
MeTa00IMYECKUM COCTOSIHUEM OIyXOJIEBBIX KIIETOK.

O0beKT M npeaMeT UCCJIeI0BAHMS

OObeKkTamMu UCCIeIOBAHUS CIIY)KHIIN KyJIbTUBHPYEMbIE OIyXOJIEBbIE KIETKH,
OMyXOJIEBbIE  MOJAENU y  J1a0OpaTOPHBIX  JKUBOTHBIX, B TOM  YHUCJE

9



OKCIIPECCUPYIONNE TEHETHYECKH  KOAWpyeMmbie  (IyopeclieHTHbIE  OeKH,
OlepalMoOHHbIe  O0pa3libl  OmyxoJied manueHToB. (OCHOBHBIM  MPEAMETOM
UCCJICIOBaHMsI OBUTH TOKa3aTelId METa0OJMYEeCKOrO CTaTyca B KUBBIX KJIETKAX U
TKaHSX, PETUCTpUpYeMble ¢ momoIipio MeronoB FLIM mo aBToduryopectneHmmu
kodakropoB HAJI(®)H u OA/JI.

HayuHnasi HOBU3HA padoThI

Jist u3ydeHus: 0COOEHHOCTEW OWOIHEPreTUKH OIyXOJEBhIX KIETOK B
JUCCEPTALIMOHHON pabore UCITOJIb30BaHBI HOBEHIINE TEXHOJIOTUU
bayopectienTHO u  (ochopeciieHTHOM — BU3yaM3allid € BPEMEHHBIM
pazpemenuem (FLIM u PLIM), aBTodryopecieH s COOCTBEHHBIX KOMIIOHEHTOB
TKaHeH, (IIyopeclieHTHbIE TEHETUYECKH KOJMpYyeMble O€JIKU, B TOM YHUCJE HOBBIE
CEHCOpbI, XuMUYyeckue ceHcopbl. C  HCMonb30BaHWEM  JIBYX(OTOHHOMN
(GIyopeclieHTHOM MHUKPOCKONHMHM C BpPEMEHHBIM pa3pelieHuEM U HOBBIX
(GIIyopecUeHTHBIX  BpEMA-pa3pelieHHbIX  METOJOB -  ONTOBOJIOKOHHOM
CHEKTPOCKONMM U  KOH(POKAIbHOIO MaKpOMMHU/DKHMHIa, pa3zpaboTaH  psiA
OPUTHHAJBHBIX METOJAMK M NPOTOKOJOB OIEHKM MeTadosn3Ma OIyXxoJedl Ha
pPa3HOM YPOBHE — OT KJIETOUYHOI'O JO LenoM omyxoiu. Pa3paboTaHbl NmpUHIUIIBI
MYJIbTUIIAPAMETPUUECKUX UCCJIEIOBAHUM Ha OCHOBE KOMOMHAIUU
aprodpyopecueHimn  HAJJ(®)H u DAl wu dayopecleHIIUU  KpacHbIX
¢dyopecueHTHbIX OenkoB — ceHcopoB pH, amomnrosa, (a3 KJIETOYHOTO LMKIA, a
Takxke (ochOopeCeHTHIX CEHCOPOB MOJIEKYJISIPHOTO KUCJIOPO/Ia.

BriepBbie BBITIOJHEHO CpPAaBHUTEIBHOE WCCIECIOBAHHE METa00IMUeCcKOn
TeTepOreHHOCTH Ha KJIETOYHOM YpPOBHE B OITyXOJEBBIX cepoumax, OMmyXoJsax
MBIIIEN in vivo, o0pa3iiax OMmyxoJied MalMeHTOB €X VIVO M BBIJICJICHHBIX U3 HUX
kietkax ¢ nomouisto FLIM HAJI(®)H. ITponeMoHCTprpOBaHO, YTO HA MPOLIECCHI
KJIETOYHOTO JIbIXaHWs OKAa3bIBAIOT BIHMSHHE MHOXECTBO (PAKTOPOB, TaK YTO
TeTEePOreHHOCTh MOXKET OBITh O0OYCJIOBJIIEHA pa3NU4YHOW mpoiudepaTUuBHON
AKTUBHOCTBIO OIYXOJIEBBIX KIIETOK, WX B3auMojeicTBueM c (udpobiactamu,
NPUCYTCTBHEM  KOJJIar€Ha, pachpelefiecHueM KHUCIOpoJa B OIYXOJEBOM
MUKPOOKPYKEHUHU.

BnepBrie Ha OCHOBE KOJMYECTBEHHOW OIEHKH OTHOCHUTEIBHOHN (pakiuu
cBoOomHOM dopmbl HAJI(P)H B oOpasmax KOJIOPEKTAIBHOTO paka IalMeHTOB
YCTaHOBJEHA  CBA3b  BHYTPUONYXOJEBOM  KJIETOYHOW  MeTabOIMYecKOu
TETEPOTEHHOCTH CO CTEINEHBIO 3JI0KAYECTBEHHOCTH OITyXOJIH.

BrnepBbie nmokazaHa BO3MOXHOCTh JU(PepeHInpoBaHUs TIMOOIACTOMBI OT
Oemoro BemiecTBA MO3ra MO TMOKa3aTessiM 3aTyxaHus (QIyopecleHIMd B
cnektpasibHoM kaHaine HAJI(®)H ¢ momompto FLIM-makpouMHIKUHTA, YTO
MO3BOJISIET PacCMAaTPUBATh ATOT METOJ KaK HOBBIM CcrIOcOO ONTHYECKOM 3Kcmpecc-
ouoricuu.

BrniepBbie ycTaHOBJIEHO, YTO XMMHOTEpANus Pa3IUYHBIMU TpenapaTaMu
BBI3bIBACT CXOKME€ H3MEHEHHUS MapaMeTpoB BPEMEHH KHU3HU (DIyopecleHIuu
HAJI(®)H B omyxoneBbIX KJI€TKax in Vitro u in vivo, yKa3bIBalol[1e HA U3MEHEHHE
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OanmaHca SHEpPreTuyeckoro oOMeHa B CTOPOHY OKHUCIEHHS. JlaHHBIE M3MEHEHUs
ObUIM CBSI3aHbl CO CHIKEHUEM MpoJudepanud U HaOIIOAAIUCh HE3aBUCHUMO OT
UHAYKOUMU  anonro3a.  IIpemymokeHsl  HOBbIE  IIOAXOABI K OIICHKE
XUMHOUYYBCTBUTEIIBHOCTH OITyXOJIEBBIX KJIETOK, BBIJCICHHBIX W3 MaTepuaia
onmyxonW TmamnueHToB, Ha ocHoBe FLIM-mukpockonuu HAJI(D)H. [lpu
UCCIIEJOBAaHUM METa00IMUYECKUX U3MEHEHUH B MPOLIECCE allONTOTUYECKON rudenu
IIPOJIEMOHCTPUPOBAHbl ~ CBSI3M  AKTUBHOCTM  Kacmasel-3 M aKTUBaLUHU
OKHCIIUTENBHOTO (HhOCHOPUIMPOBAHUS C YPOBHEM aKTHBHBIX (POPM KHCIOpOJa B
kieTkax. Brepseie ¢ momonisio FLIM 3apeructpupoBana ¢ocopriiipoBaHHas
dopma HAJIH - HAIADH - B omyxoneBbIx KIETKaX MNpPU HHIYLIHPOBAHHOM
anonTo3e.

Bnepseie ¢ nomompbio FLIM HAJI(®)H wuccinenoBanbl H3MEHEHUS B
HHEPreTUYECKOM MeTaboin3Me omyxoJieBbix KieTok npu OJT ¢ «kieTouHbIM» U
MPEUMYIIECTBEHHO  COCYJIHUCTBIM  MeXaHu3MmamMu JeictBus.  [Ipensokensl
METOJMKH M TIOKa3aHa BO3MOXHOCTh MHIYKIUU (POTOTOKCHYECKUX 3(PPEKTOB B
MOJICNIA OMYyXOJIEBBIX C(EpOUFOB M OIMYXOJSAX MBIIMIEH C HUCIOJIb30BAHUEM
reHeTuuecku komupyemoro ¢orocencuomnmzaropa KillerRed. Ilokaszano, dro
@®JIT MoKET BbI3bIBATH PA3HOHAIPABICHHBIE N3MEHEHUS B MOKA3aTENSX 3aTyXaHUs
bayopecueniun HAJI(®)H na ¢doHe pa3BUTHS THUINOKCUU B 3aBHCUMOCTH OT
YPOBHS KUCJIOpPOJA B KIJIETKaX.

Ilytem omgHOBpemeHHOro aHanu3a KuHeTuk (ayopecueHuuu HAJI(P)H u
bochopecieHInI KUCIIOPOAHBIX CEHCOPOB B OMYyXOJIsX iN ViVo merogamu FLIM u
PLIM BnepBble MOKa3aHa YMEpPEHHas CBSA3b COCTOSIHUSI OMOIHEPTeTUKU KIIETOK C
COJIEp)KaHUEM  KHUCJIOpOJa Ha KJIETOYHOM YPOBHE M  3apErUCTPUPOBAHO
pa3o0IeHne KUCIOPOJAHON PEryJssiliiy KIETOYHOTO AbIXaHUS MPU XUMHUOTEpPAIuu
u OJIT.

BrnepBbie uccienoBaHa poib BHYTpUKIETOUHOro pH M MHKpOBS3KOCTU
MeMOpaH B pEryjsiliMM SHEPreTHYEeCKOro MeTadoyiu3Ma OIMYyXOJIEBBIX KIIETOK.
[ToxazaHa BO3MOKHOCTb M3MEPEHUsS] BHYTpHUKJIETOUHOTO pH ¢ momorpio HOBOroO
reHeTrdecku koaupyemoro ceHcopa SypHerRed u FLIM. Brepsbie mosydeHb
abcomoTHble 3HaueHuss pH B omyxonsx in vivo ¢ nmomompio FLIM. ITlokazana
BO3MOXXKHOCTh ~ OJJHOBPEMEHHOM  BU3yaln3alMd  (IIyOpECICHIIMM  CEHCopa
SypHerRed u kodaxropa HAJI(®P)H. Brmepeie mokazano, uro usmenenus pH
IIUTO30JI51 B OMYXOJIEBBIX KIETKAaX MOTYT OBITh KakK CIIEJICTBHEM IEPECTPOCK B
KJICTOYHOM JIbIXaHWHW, TaK M Pa3BUBATHCS HE3aBUCHUMO OT HUX, HAmpuMep, Npu
xumuoTepamuu. [Ipu wccnenoBaHMM MHKPOBS3KOCTH BIIEPBBIC TMOKAa3aHO, YTO B
YCIIOBUSIX €CTECTBEHHOTO pPOCTa MHKPOBS3KOCTh ITUIa3MAaTHUYECKOH MEMOpaHBI
UMeeT CTaOWIbHOE 3HAYeHWE, XapaKTepHOe MJisi JaHHOTO THIA KIETOK, W He
3aBHCHT OT WX MPOJIU(PEPATUBHON U META0OINIECKON aKTUBHOCTH.

HoBusHa pe3ynbTaToOB OHMCCEPTALMOHHOTO MCCIENOBAHUS OTPAKEHA B
HAay4YHBIX MyOMUKalMsAX B  MEPEAOBBIX  MEXKIYHAPOAHBIX  HW3JAHUAX U
MOJITBEPIK€HA MaTeHTaMu Ha u3o0perenus: PO:
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IMupmanosa M.B., I'aBpuna A.H., FOxakosa /[.B. (2016 r.).

TeopeaneCKaﬂ H NMpaKTH4YeCKad 3HAYUMOCTD paﬁoTbI

C dyHnamMeHTaIbHOW TOYKMA 3pEHUS, pE3yibTaThl JaHHOW PpabOThI
paCHIMPSIIOT CYIIECTBYIOIIUE TPEJACTABICHUSI 00 OIyXO0JEBOM MeETaboIu3Me.
BrilloNiHEHHBIE HA JKUBBIX OIYXOJEBBIX KJIETKaX W OMyXOJsSX 1In  Vivo
ruccienoBanus Metogom FLIM mpuBHECIM HOBBIE JAHHBIE O BHYTPHUOITYXOJECBOH
reTEePOreHHOCTH HHEPreTUYECKOro MeTabojM3Ma Ha KJIETOYHOM YpPOBHE, POJIU
Pa3IUYHBIX (PAKTOPOB, OTHOCSIIUXCSA K CAMUM KJIETKaM M X MHUKPOOKPYKEHHIO, B
dbopmupoBanun metabonaumueckoro (enorumna. IlomydeHbl SKCEpUMEHTATbHBIC
MOATBEPKIACHUSI BBIPAKEHHOM METa0O0JIMYECKOW TIeTepOreHHOCTH OMyXoJieh
MAIMEHTOB, BBINOJHEHA €€ KOJMYECTBEHHAs] OLICHKA. BBISBICHBI M3MEHEHUS B
KJIETOYHOM SHEPreTUYECKOM METa0O0IM3Me, COMPOBOXK/IAIOIINE OTBET OMYX0JIEBBIX
KIeToK Ha xumuorepanuto u DT mnpemaparamu pa3IMyHOTO MeEXaHU3Ma
JICUCTBHS, M3y4Y€HAa HX CBS3b C BHYTPUKJIETOYHBIM COJEPKAHUEM KHCIOPOAA.
OTnenbHO HCCIEN0BaHbl METAa0OJWYECKUE PEaKIMu MpU pPa3BUTUM anomnTo3a B
JTMHAMUKE, YCTAaHOBJICHA TOCIEA0BATEIIbBHOCTD KIIETOYHBIX COOBITHI U KOPPEISALIUS
MeTabOJMYECKUX MMOKa3aTeNiel ¢ ypOBHEM aKTUBHBIX (opm kuciopoaa (ADK). C
MTOMOIIBI0 HOBBIX (hJTyOPECIEHTHBIX CEHCOPOB MCCIEIOBAHbI In Vitro M in vivo u
KOJINYECTBEHHO 0XapaKTEPU30BAHBI (bU3UKO-XUMUYECKHE MOKa3aTenu
OITYXOJIEBBIX KJIETOK — pH IUTO30JIs1 1 MHKPOBSI3KOCTh MEMOpPaHbI, HCCIICTOBAHA
WX CBSI3b C META0OJIMYECKUM CTaTyCOM.

C npakTUyecKoil TOUKU 3peHHUsI, pa3paboTaHHbIE HAMU MOAXOMAbI K OLICHKE
HPHEPreTUYECKOro MeTaboJau3Ma OIMyXoJied Ha KIETOYHOM M MaKpO-ypOBHE C
nomomptlo FLIM npenocTaBisitoT MeTOHoJIOTHYECKYyt0 0a3y aiisg pa3paboTKu
HOBBIX CIMOCOOOB KJIMHUYECKOM HMHTPAONEPALMOHHON TUArHOCTUKH OMYyXOJIed U
nporHo3upoBaHusi 3Q(HEKTUBHOCTH Tepanuu. B kayecTBe MeTona IUArHOCTUKHU
(akcmpecc-Ouornicuu) Haumbosiee peIeBaHTHBIM HaM KaxeTcs (DIIyopecieHTHBIN
BpeMs-pa3pelieHHbId  MaKpOMMHKUHT, TMO3BOJSIOMMNA  OBICTPO  MOIy4aTh
nHOPMAITUI0O O METa0OJIMYECKNX WM OMOXMMHYECKUX TapaMeTpax JIOBOJBHO
KpyNnHbIX 00pasioB TkaHeil. Hapa®oTku MmO dYacTu ONTOBOJOKOHHON BpeMs-
paspeuienHoi cnekrpockonun HAJ[(®P)H mpeacTaBisioT uHTEpec sl pa3BUTHUS
FLIM-3n10CcKONIMM M BOJIOKOHHBIX CHUCTEM [JIsi 30HAMPOBAHUSL ONEPALMOHHOIO
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noJyis. B kKadecTBe MPOTHOCTUYECKOTO KPUTEPHSI MPEACTABISAETCS MEePCIEKTUBHON
OIICHKA YpPOBHSA MeETabOIMUYECKON TeTEpPOreHHOCTH Ha KIETOYHOM YpPOBHE.
PaspaboTranHble HaMM METOJWKH aHATW3a OTBETa NEPBUYHBIX OIYXOJEBBIX
KyJapTyp Ha xumuoTepanuio ¢ mnomompbio FLIM HAJI(®)H wmoryr ObITH
UCTIONB30BaHbl ISl MHAWBHUIYaJTLHOTO TOJ00pa JIEKAapCTBEHHBIX MPEMapaToB H
CKPUHHMHTA HOBBIX MOTCHIIMATHHBIX TIPOTHBOOIYXOJIEBBIX ar€HTOB.

Pe3ynpTaTel HccieqOBaHUM MCHOJIB3YIOTCS B CIIEHMAIBHBIX JUCLUILIMHAX
«buonornss u MOZENIMPOBAHUE OMYXOJEBOTO pocTay U «DIiyopeCleHTHBIN
UMUJDKUHT U €10 IpuiokeHus» B Maructparype [IMMY u MoryT ObITh BKJIFOUEHBI
B COOTBETCTBYIOIIME pa3lefibl JIEKIMM o00Imero Kypca mno Ouodusmke,
MEIUIMHCKON (pu3nke, OMOXUMHUHU U (PU3UOJIOTUN YETOBEKA U JKUBOTHBIX.

MCTO}IOJIOFI/IH H METOABbI UCCJICA0OBAHUA

Pe3ynbraThl JTUCCEPTALIMOHHOTO UCCJIEI0BAHUS HOJIy4EHBI C
UCITIOJIb30BAaHUEM COBPEMEHHBIX MHCTPYMEHTAIBHBIX METOJOB, KakK
TPaJMIIMOHHBIX, TaK U OPUTHHAIBHBIX, Pa3pabOTaHHBIX MPH YYaCTUU AaBTOPA.
HccnenoBanus 0a3upoBaIUChH Ha METOIaxX (1yopeceHTHOTO "
docdopecuienTHoro Bpemsi-pazpenienHoro umumpxuara (FLIM, PLIM) Ha ocHoBe
BpPEMS-KOPPEIMPOBAHHOTO cueTa 0AMHOUYHBIX PoToHOB (TCSPC) — nByx¢poToHHOH
Ja3epHOM  CKaHupymrolmed Mukpockonuu ¢ omnmusamua  FLIM wu  PLIM,
onHO(pOTOHHOTO (QuryopeciieHTHOr0 U (hochopeceHTHOTO BpeMs-pa3peiieHHOTO
MakpouMupkuHra  (mMakpo-FLIM,  makpo-PLIM) u  oNTOBOJOKOHHOMU
JIOMHUHECIICHTHOW CHEKTPOCKONIMU C BPEMEHHBIM paspenieHueM. B kaudectBe
bayopodopoB  HUCIONB30BaHB MeTaboMWuYeckue Ko(aKTopel JIETUIPOTeHa3
HA(®)H u @A/l u dayopecueHTHbIE CEHCOPbl — N€HETUYECKH KOJUPYEMbIN
ceHcop kacma3el-3 MKate2-DEVD-iRFP, renetnueckn KOIUPYyEMBId CEHCOP
kierounoro nukia FUCCI-Red, renetnuecku kogupyemsie cencopsl pH SypHerl,
SypHer2, SypHer-Red, cencop Bszkoctu BODIPY2. s ®AT ucnonb3oBaHbI
reHeTrudecku koaupyembie (porocencubmnmzatopel KillerRed u miniSOG u
doTomuTazuH. B uccrenoBaHUSX KUCIOPOAA HMCIONB30BaHbI (PocopeciieHTHbIE
ceacoppl BTPDM1, NanO2, PIr3. B pabore wuCnonp30BaIuCh CTaHIapTHHIE
METO/bl KJIETOYHOTO KYJIBTHBUPOBAHUS, TEXHUKH pPaOOTHI C Ja0OpaTOPHBIMU
JKUBOTHBIMHM, METOJbI IMOAKOKHOM M HMHTPAKPAHWAJIBHOW IPUBUBKH OITYXOJIEH.
XumuoTepanusi MNPOBOAWIACH IIpernapaTaMH, BXOJAIIMMH B KIMHUYECKHE
IPOTOKOJBI (LIUCIUJIATUH, OKCAJIMIUIATUH, S-QTOpypauuii, UPUHOTEKAaH, TaKCOJ,
temonan). Jna Bepudukanumum TepaneBTHYECKUX IPGEKTOB MPUMEHSIIUCH
OOLIETPUHSTHIE METO/IbI OLICHKHU KU3HECTIOCOOHOCTHU KJIETOK,
naToMOp(OJIOTrHYECKU aHadu3 OMyXOJIEBOM TKaHU, MMMYHOTMCTOXWUMHS. Jlst
noATBepxkAcHUs pe3ynbTaToB FLIM ucnoias30Banucy MeToabl OMOXUMUYECKOTO U
MOJIEKYJISIPHOTO aHaJli3a U BpeMs-MpoJIeTHON Macc-crnekTpockonuu ToF-SIMS.

JIMYHBIA BKJIAJ aBTOpPa
ABTOp JIMYHO CTaBWJI LENU W 33Ja4M MCCIIEIOBAHUs, MPOBOJIWI AHAJINA3

MHPOBOM JIUTEpATyphbl, IUIAHUPOBAJ JKCIIEPUMEHTBI M Y4YacTBOBaJl B HX
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NpoOBEACHUH, O00pabaThiBall W HHTEPIPETUPOBAT PE3YyJbTaThl, MPEACTaBISLI
pe3ynbTaThl HA HAYYHBIX KOH(EpEeHLHUsIX, y4acTBOBAJ B MOJATOTOBKE MyOIMKaIIUN
0 TEME AMCCEPTAMOHHOTO HccienoBaHusi. OCHOBHBIE PE3YJIbTAThl IMOJTYYEHBI
JIMYHO aBTOPOM, JTMOO0 O] €r0 HEMOCPEICTBEHHBIM PYKOBOJICTBOM.

[IpeacraBieHHble UCCAEAOBAHUS MPOBOJWINCH B paMKax psiia TPaHTOB, B
KOTOpPBIX aBTOpP JAHMCCEpPTalldd BBICTyNal PYKOBOJUTENEM WM OCHOBHBIM
HCITIOJTHUTEIEM, BKJIFOYAA: POOU  Ne 15-32-20324  «UccnenoBanue
METa0OJIMIECKOTO M KUCIOPOJTHOTO CTaTyca OMyXOJIeH in VIVo ¢ UCIOJIb30BaHUEM
BpeMs-pasperieHHoro nMuxuaray (2015-2016 rr, pyk.), PODOU Nel18-29-01022-
MK «OnTUMU3HPOBAHHAS UMMYHOTEpAIUs dKCIIEPUMEHTATBHOU TIINO0IaCTOMBI C
nomomplo  MoaupuuupoBaHHbiX — NK-kietok — yenoBeka C  OLEHKOWU
MeTab0JIMYECKOr0 OTBETa OMyXOJM U  OWOJTIOMUHECHEHTHOW  JeTeKIuen
s dextuBHOCTH NeueHus» (2018-2021 rr., pyk.), PODU Nel17-00-00193-KOMDU
“U3ydyeHne poiau OIMyXOJb-aCCOIMUPOBAHHBIX (PUOPOOIACTOB B  OIMYyXOJEBOM
WHBA3UU: BO3MOXKHOE IOJIE /I MPOTUBOOIyXoJjieBor Tepanuu’” (2017-2020 rr.,
pyk.), POOU Ne 15-02-05189 «Pa3paborka MeToma H3MEpPEHUs BSI3KOCTH
OITyXOJIEBBIX KJIETOK In VIVO C TIOMOIIBI0 (PIIyOPECHEHTHBIX MOJEKYJISIPHBIX
POTOPOB Pa3TUYHON MPUPOJIBI U UX COTIOOMIN3UPOBAaHHBIX Gopm» (2015-2017 rr,
pyk.), PH® Ne 20-14-00111 "HccnemoBaHwe MHUKPOBS3KOCTH MeEMOpaH
OITYXOJIEBBIX KJIETOK C IOMOIIBI0 MOJIEKYJSIPHBIX POTOPOB M (PIIyOpeCleHTHOMN
BpeMsI-pa3pelieHHOW MHKPOCKONHMH U €€ POJIM B OTBETE Ha MPOTHUBOOIYXOJIEBYIO
tepamuo" (2020-2022 rr., npomnerne 2023-2024, pyk.), PH® Ne 20-65-46018
"Pa3zpaboTka TEXHOJIOTMil JAMArHOCTUKA M NPOTHO3UPOBAHUS SPHEKTUBHOCTH
Tepalui  OHKOJIOTMYECKUX  3a00jeBaHUN HA  OCHOBE  (hIyOpEeCLEHTHOM
MUKpPOCKOIIUU ¢ BpeMeHHbIM paszpemienueM’ (2020-2022 rr., otB. uci.), PH® Neo
23-65-10005 «Pa3paboTka MeToma MPSMOTO JACTCKTUPOBAHHS JTIOMHHECIICHIIHH
CUHTJIETHOTO KHCJIOpOJa B (POTOCEHCHOMIM3UPOBAHHBIX DPAKOBBIX KJIETKaX Ha
OCHOBE  OAHO(POTOHHOTO  CBEPXMPOBOJHUKOBOTO  JIETEKTOpa U  BpeMsi-
KOPPEIUPOBAaHHOTO CYeTa OAWHOYHBIX (oTOHOB» (2023-2026 1, OTB. WHCIH.),
roczagmanue MunznpaBa P® «Co3maHue TeCT-CUCTEMBbI ISl  ONpeAcIICHUS
WHIUBUYAIbHON JICKAPCTBEHHOW UYBCTBUTEIBHOCTH OIYXOJW TMAI[UEHTOB»"

(2020-2022 r, pyk.).

[lon pykoBOACTBOM aBTOpa B paMKax TEMbl JUCCEPTALMOHHOW pPaOOTHI
MOJATOTOBJICHBI W 3alIUIICHBl 9 NUIIOMHBIX Pa0dOT CIEUUATUCTOB, OaKaJaBpoB U
MarucTpoB, 2 KaHIUWJATCKUX Aucceprauuud. Pabota mo Teme nuccepTanuu
npoBojauiiack B corpyanuuectee ¢ MI'Y um. M.B. JlomonocoBa, CaHKT-
[TeTepOyprckum roCyJ1apCTBEHHBIM YHUBEPCUTETOM, NuctutyTOM
Metauioopranndeckoit xumun PAH, UuctutyTom Onooprannveckoit xumun PAH,
MOCKOBCKMM TOCYJIapCTBEHHBIM IE€IATOTMYECKUM YHUBEPCUTETOM, MHCTUTYyTOM
xumuueckor ¢usukun PAH, CKOIKOBCKMM HHCTHUTYTOM HAayKd M TEXHOJIOTH,
kommanueit  Becker&Hickl  Gmbh  (I'epmanusi), ®enepanbHbiM  HAy4HO-
kimHnYeckuM 1eHTpoM @MBA Poccun, [IpuBOIKCKUM OKPYKHBIM MEIULIMHCKUM
neatpom OMBA  Poccun, Hmkeropoackum — oOIacTHBIM — KIMHUYECKUM
OHKOJIOTUYECKUM JUCIIAHCEPOM.
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Pe3ynbratel paboThl aBTOpa OTMEYEHBI HArpajaMu pa3iMyHOTO YPOBHS, B
ToM uucine: nouetHoil rpamorod Huxk[MA (ueme IIMMMY) 3a mHOronerHuii
0OpPOCOBECTHBIN TPy, BHICOKUN TIpodeccuoHann3M, akTUBHYIO HAYYHYIO padoTy
(2015 1), moyeTHOM rpamMoTol MuHHUCTEepcTBa 00Opa3oBaHus Hwuxeropoackoun
00JaCTH 3a JIOCTUTHYTBhIE pe3yJbTaThl B Pa3BUTHUM HAy4YHO-00pa30BATEIHLHOTO
komruiekca Huxeropojckoi obmactu u cBsizu ¢ JIHem poccuiickoit Hayku (2018
r.), IIpemueii Ilpe3naenta Poccuiickoiit @enepanum B 00JIaCTH HAYKH H
MHHOBAIMi VIS MOJIOABIX Yy4YeHbIXx 3a 2019 roa, 0saroapHOCTBIO
agmuauctpaunn ®I'bOY BO IIMMY MunsnpaBa Poccum 3a MHOrojeTHui
no0pocoBecTHBIN TPy U TipodeccronanmsMm (2023 r).

HOJIO)KCHI/IH, BbIHOCUMBIC Ha 3aIIIUTY:

1. [IpensioxkeHHsle B pabOTe€ METOAUKHA (PIYyOPECLIEHTHOIO BpeMSsi-
pa3zpemienHoro umupkuHra FLIM aBrodayopecuenuuu kodakropa HAJI(D)H
MO3BOJIAIOT NMPUKU3HEHHO OLICHMBATh OajlaHC MEXAY INIMKOJIU30M U a3pOOHBIM
JbIXaHUEM B KJIETOYHBIX KYyJbTypax, OIYXOJEBBIX cdepougax, OIMyXoysix
KHBOTHBIX [N  VIVO. OpjHOBpeMEHHas BuU3yaim3anus aBTO(IyopecueHIINn
HA(®)H c dayopecueHiyeil KpacHbIX T'€HETHYECKH KOJIUPYEMbIX OEIKOB-
ceHcopoB pH, amomrto3a, (a3 kierouHoro uukia wuiam QochopecueHuuen
KHCIIODOJHBIX CEHCOPOB B OJHHUX M TE€X JK€ KIETKaX WIA ONyXOJSIX Jaer
BO3MOYKHOCTb IIPOBOAUTH MYJIbTUIIAPAMETPUUECKUE UCCIICTOBAHUS.

2. FLIM-mukpockonust HAJ[(®@)H sBisercss yHUKaIbHBIM METOIOM
BU3yaIHM3alliil  MeTabOIMYECKON TeTepOreHHOCTH OMyXOoJjell Ha KIETOYHOM
ypoBHE. MeEXKIIeTOUHas TeTePOTeHHOCTh DHEPTeTHYECKOTO OOMEHa B OITyXOJIsIX
o0ycCJoBJIeHA Pa3IUyHON MpoJudepaTUBHON aKTUBHOCTHIO KJIETOK U (hakTopamu
MUKpPOOKPYKEHHUS, BKJIOUYas B3auUMOJEWCTBHE C (PuOpodIacTaMu, HaIUYUe
KojulareHa U rumnokcuto. KosopekTanbHbIi  pak  Merabosmuecku —Ooliee
IeTepOreHEH IO CPaBHEHHUIO C HOPMAJbHBIM SIHUTEIUEM KHUIIEYHUKA, a HU3KO-
mudepeHIupoBaHHBIE  OMYyXOJIM MeTabonuuecku Oojee TeTeporeHHBI 110
CPaBHEHUIO C YMEPEHHO- U BhICOKO-TU(DPEepeHIIMPOBAHHBIMHU.

3. Makpo-FLIM B cnekrpansnom kanaie HAJ(®)H mno3Bomsier
muddepennupoBaTh TIAMOOIacTOMy OT Oemoro BemiectBa Mosra. Omnyxonu
OTIIMYAIOTCA OT Oeloro BemecTBa 0ojiee KOPOTKUM CPEIHE-B3BEIICHHBIM
BpPEMEHEM KU3HH (ITyOpPECIICHITNH.

4, VYBenuueHrue OTHOCUTEIBHON (pakiMu CBA3aHHOTO C  OEIKOM
HAJI(®)H, acconuupoBaHHOTO € a’3pOOHBIM JIBIXaHHEM, B OIyXOJEBBIX KIJIETKaX
SBJISIETCS WHJIUKATOPOM OTBETa Ha XUMHOTEpanuioo U (HOTOAMHAMHUYECKYIO
Teparnui. ITU U3MEHEHHS HAOIIOAI0TCS B )KM3HECTIOCOOHBIX KJIETKAaX W CBSI3aHbI
CO CHMIKEHUEM UX MPOJIU(EepaTUBHON aKTUBHOCTH.

JloCTOBEpPHOCTH U anpodanus pe3yibTaToB
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JIOCTOBEPHOCTb PE3Y/IbTATOB OOEcHeueHa HCIOJIb30BAHUEM JOCTATOYHOTO
KOJIMYECTBA DSKCIEPUMEHTAIBHOTO MaTepuana, IPUMEHEHUEM HAJIeKHOIO0 U
anpoOUpPOBaHHOTO 00OPYIOBaHUS, a€KBaTHBIX METO/IOB MOJIYYEHUsI U 00pabOTKU
JaHHBIX M CTATUCTHUYECKOIO aHajlK3a, BOCIPOMU3BOJMMOCTBIO PpE3YyJIbTaTOB
uccieqoBaHui. Pe3ynbTarbl  IONOJHSAIOT W PACIIUPSIIOT — HPEJCTABICHUS,
HOJIy4YEHHBIE B paboTax Apyrux rpymnm. JJocTOBEpHOCTh Pe3ysIbTaTOB MOJKPEIIEHA
nyOIMKaUsIMU B MEXIYHAPOJHBIX PELIEH3UPYEMbIX JKypHaiaxX BBICOKOTO YPOBHS
mutupyemoctu. [lo teme nuccepranmu 3a nocinennue 10 ser omyOnukoBaHo 59
HAYYHBIX CTaTell B PELIEH3MPYEMBIX OTEUECTBEHHBIX U 3apyOEKHBIX >KypHaiax,
UHICKCUpYeMBbIX B 06a3ax manHbix Web of Science u Scopus u UMEOMMX PEHTHHT
Q1, Q2 (44), RSCI (14) u BXomsmuX B MepeueHb KYPHAIOB, PEKOMEHIOBAaHHBIX
BAK, K-1, K-2 (1). U3 aux 40 crareii B xypHaiax mepBoro kBaptwis (QL).
Omny6imKkoBaHO 6 r1aB B 3apyOeKHBIX MOHOTpapUsIX.

PesynbraTel paboThl OBLTN TIPEICTABICHBI B BU/IE JOKIAI0B OoJiee uem Ha 40
MEXIYHAPOJHBIX U BCepOoCCUUCKUX KoHGpepeHusax. M3 nux 30 gokianoB umenu
CTaTyC MPUIJIAIICHHBIX, KOTOpbIe ObUIM MPEACTABICHBI HAa CIEAYIONUX HAyYHBIX
MEpOTIPUATUIX: MeXAyHapoaHbli cemuHap ‘“Advanced Multiphoton and
Fluorescence Lifetime Imaging Techniques” (3aapOproken, I'epmanus, 2013;
bepnun, ['epmanus, 2017), mexaynapoansii cumnosuym ‘“Topical Problems of
Biophotonics TPB” (Huxuuit Hosropon, Cankr-IlerepOypr, Poccus, 2013, 2015,
2017, 2019, 2022), nayuyno-npaktuueckas koHpepenus “Life Science Imaging”
(Hwxuuit Horopon, 2014), mexayHaponnas koHpepenus “Laser Applications
in Life Sciences (LALS)” (Mrwonxen, I'epmanus, 2014), mkona-koHpepeHIuUs
«MeTo/1bl TUCTOJIOTHIECKOTO UCciaeioBaHus U Bu3yanuzanum» (Cankt-IlerepOypr,
Poccus, 2017), mexnaynaponubii cemunap “Advanced TCSPC Techniques in
Biomedical Sciences” (becezma, CIIIA, 2016), MexmayHapoJHas IIKoJia-
koH(pepennusa “CoBpeMeHHbIE METOIBI (uryopectieHTHOro umumkuara ADFLIM”
(Mockga, Poccus, 2016), mexxnynapoanas kondepennus “European Conferences
on Biomedical Optics (ECBO)” (Mrwonxen, ['epmanus, 2017), IV Poccuiickuii
KOHTPECC C MEXIYHApOJHBIM ydacTueM «MoJeKyIsipHble OCHOBBI KIIMHUYECKOU
MEIUIMHB — BO3MOXXKHOe U peanbHoe» (Cankt-Ilerepoypr, Poccus, 2017),
MexayHapoaubiii cemunap “Advanced Optical Methods Workshop™” (Illenbxens,
Kurait, 2018), mpakruueckuii cemunap “LASERLAB EUROPE, Time-Resolved
Techniques” (Bectrek, Yexusa, 2018), mexayHaponnas koHdepenuus “SPIE
Photonics West” (Can-®panmucko, CIIIA, 2018, 2020, 2021), MexIyHApOIHBIH
cemuHap “Advanced Imaging Methods” (bepxnu, CIIIA, 2018, 2020, 2021, 2022),
MexayHapoanbii koHrpecc “OSA Biophotonics Congress: Optics in the Life
Sciences” (Tykcon, CILIA, 2019), mexaynaponnsiii cemunap “Advanced Optical
Microscopes”  (Aprentuna, 2019), MexaucuuIuiMHapHas  KOH(pEpEeHIUs
«Monekynsapasle u buomormueckue acnexktsl Xumuu, OapmaneBTukd u
®apmakonorun» (Hwxkuuit  Hosropon, Poccusa, 2020), MexayHapoaHas
koHpepenmus “Towards optical and multimodality translational imaging
TOMTI’20” (CapatoB, Poccusa, 2020), mexmaynapomnas xoHdepenius “Laser
Optics ICLO” (Cankt-IlerepOypr, 2020; Poccusa, 2022), mexmayHapogHas
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koH(pepennusa “Advanced Laser Technologies” (ALT21, Mocksa, 2021; ALT23
Camapa, 2023), mexxayHapoHasi KoHpepenuus «buokaranus. OyHnaMeHTAIbHbIE
uccienoBanuss u npumenenus’» (Cysnanb, 2023), MeXAyHapOIHBIA CEMHUHAp
«Current Trends in Biophotonics» (Huxuuit HoBropoa, 2023), V MexyHapoHas
koHpepeHiusa «Puzuka — Haykam o xxu3Hu» (Cankt-IlerepOypr, 2023).
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2. OCHOBHOE COJEP KXAHHUE TOKJIAJIA
2.1 OcHOBBI OIITHYECKOI0 META00THYECKOTI0 MU KHHT A

B ocHOBe onTHUecKOro MeTaboIMYeCKOTO UMUKUHTA JIS)KUT PETUCTPALIUS
cOOCTBEHHOM (DITyOpeCIeHIINN KIETOK ¥ TKAaHEH B CHHE-3€JICHOW 00JIaCTH CIICKTPa,
IPOAYIUPYEMOI KopaKToOpaMu JETUAPOTeHa3 - MupuAnH-HyKiIeotuaamu HAJIH u
HAJI®H (cymmapHo o6o3Hauaemble kak HAJI(®)H) wu  draBuHOBBIMU
nykieotugamu GAJl u ®MH (puc. 1).

HAJIH ydacTtByeT B KauecTBE JOHOpA DJIEKTPOHOB B COCTABE PENOKC-IIAPHI
HAJI+/HAJIH Bo MHOrmX OHMOXMMHUYECKHX PpEAKIUAX, B TOM UHCIE B
SHEpreTHYecKoM MerabonusMe kietku [45]. Boccranomiennas ¢opma HAJIH
oOpaszyercst B mpolecce rukoiauza u B 1ukie Kpebca (uki TpukapOOHOBBIX
KHCJIOT) YW BKJIIOYAETCS B MPOLECC OKUCIHUTENIBbHOro (ochoprimpoBanus, TIie
MPOUCXOAUT TEPEHOC JIEKTpoHOB W mnpotoHoB ¢ HAJIH B snexrpon-
TPAaHCHOPTHYIO LENb MUTOXOHAPHUHA. OJEKTpoHbl U IpoToHel or HAJIH uepes
KOMIIJIEKCHI JBIXaTEIbHOW LIENH TPAHCIOPTUPYIOTCS HA KHUCIOPOJ, IPU 3TOM
HAJIH na ypoBHe | xomrekca okucnsiercs: 10 HAJl+, a mpoTOHBI MOCTyNaoT U3
MaTpUKCa MHUTOXOHAPUN B MEXKMEMOpPaHHOE IPOCTPAHCTBO, YTO HPHUBOJUT K
CO3JAHUIO AIEKTPOXMMHUYECKOTO MOTEHIMANIA, HEPTUsl KOTOPOTO HCHOJIb3YETCs
st cunte3a ATD. @ocopunuposannas popma HAJIOH yuyacTByeT B peakiusix
OnocHHTEe3a JE30KCUPUOOHYKIICOTHAOB U JKUPHBIX KUCIOT, oOpazoBanuu ADK B
coctraBe HAJI®H-okcumazpl W WX JIETOKCUKAIlMM 4Y€pe3 BOCCTAHOBJIEHUE
INIyTaHTHOHA. B TunuyHOM ciydae, koHueHTtpauus HAJ/I®H B kneTke B necarku
pa3 Hmwxke, yeM HAJIH, nostomy Bknag HAJI®H Bo ¢uyopecuenunro HA/IH Bo
BHUMaHue He npuHumaetcs. Crnektp Bo3OyxaeHuss HAJ[(P)H nexut B paiioHe
300400 HM ¢ MMKOM Ha JJIMHE BOJHBI 355 HM, CIIEKTp dSMUCCUU — B paiione 400—
600 M ¢ makcumymoM Ha 470 M [46]. OxucneHnbie GOpMBI 3TOTO KOPaKTOpa
HAl+ nu HAJ1®+ dayopectiennueii He 061a1atoT.

®OnyopectieHuus (IaBUHOB COJAEPKUT B ceOe TPU IJIaBHBIX KOMIIOHEHTA!
OKHCJICHHBIN baBUHAIEHUHANHYKJICOTH]T DA/, OKHCJICHHBIN
dbnaBuaMononykieotus; ®MH, pubodmaBun (mpeamecTBEHHUK (PIIaBHHOBBIX
ko(akropoB) [47]. Cpenn ¢naBunoB okuciacHHbIH DAJl ABIAETCS OCHOBHBIM
HMCTOYHUKOM (piryopeciieHIInu B KieTkax, KoHneHTpamuss ®MH o6sryHo B 3-5 pas
HIDKe, a pubodiaaBuaa B 40-400 pa3 uHmxe, uem DAJl [48, 49]. OcHoBHOI
uctounuk ®AJIH, y sykapuot — uukin Kpebea u B-okucinenue aunuaos. B nukie
Kpebca DAL ABJISIETCS IPOCTETUYECKON IpyIIION dbepmenTa
CYKIIMHATACTUIPOTEHA3bl, KOTOpas OKHCIAEeT CyKUMHAT J0 ¢Qymapata cC
oOpa3zoBanuem ®AJ[H2. B B-okucnenun nununoB @A/l asisercs kohepMeHTOM
anetmn-CoA  neruzpporenassl. @DAJIH, wucnonb3dyercss kak cyoOctpar B
OKHUCIUTENbHOM (hochOpHIMpOBAaHUU B MUTOXOHIPUSX, I/ie okucisercs 10 OAJl
(puc. 1). YV okucneHHbIX (PIaBUHOB CHEKTpP BO30OYXKIACHUS (IyopecleHIuN
Haxoautcs B auana3zoHe 350-500 uM ¢ nBymst makcumyMamu — Ha 370 u 450 HM,
CHEKTp dMUCCUH — B quana3zoHe 500—600 HM ¢ MakcuMyMoM Ha 525 uwm [47].
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Pucynok 1. Cxema OCHOBHBIX MPOIIECCOB SHEPTETUUECKOTO MeTadoIM3Ma KIETKH
¢ yuactuem HAJIH u ®A/I. 3aumcTBoBaHo U3 [50], MoguduIpoBaHO U TOMOITHEHO.

CymiecTByeT JBa OCHOBHBIX TOJXOJa K aHAIW3Y SHEPreTHYECKOTO
MeTabonu3ma Ha ocHoBe (yopecueriuu HAJI(®)H u ®AJ:

1)  aHanmM3  pPEIOKC-OTHONICHUS —  OTHOIICHUS  WHTECHCHUBHOCTEH
dayopecuenun HAJI(®)H u @A/, Tak kak HAJI(®)H u ®A]J] - enuHCcTBEeHHbBIE
MIEPEHOCUYNKH JJICKTPOHOB, KOTOPHIE CIIOCOOHBI K (PIIyOpeCIIeHIINN, COOTHOIIICHUE
WHTEHCUBHOCTEH UX (IIYOPECICHIIMM MOKET CIYXXUTh JUIsl OILEHKH PpEIoKC-
COCTOSIHUSA KJIETOK. OJTOT TMOAXOA ObUT BIEpPBBIC MPEAJIOKEH aMEPUKAHCKUM
omoxumukoM bpurtonom Yancom B 1970-x rr. [51] m uicnonb3yeTcst 10 CHX TIOP.
OnTtuueckoe PEIOKC-OTHOIIEHUE bakTHuecKu SBJISIETCA aHaJIOTOM
onmoxumuueckoro  otHomeHuss ~ HAJI+/HAJJH  [52]. Penmokc-otHoiieHue
OAJI/HAJI(®)H uyBcTBUTENBHO K OallaHCy MEXKIY CKOPOCTBIO MOTPEOICHUS
AT® u xaraboau3MOM TIIIOKO3bI B KJIETKE. B OTCYTCTBUM MpONMOPIMOHATBLHOIO
okucieanss HAJIH no HAJI+ B 31EKTpOH-TPAaHCIIOPTHOM LENH MHUTOXOHAPH,
HAJIH HakannuBaercsi, W peIOKC-OTHOLIEHHE CHUKaeTca. OIEHKa peloKc-
OTHOIIEHHUS TMPOCTa B pealu3alldd M TOIXOTUT JUIsl OIEHKH PEIOKC-CTaTyca
BBIZICIICHHBIX MHTOXOHJIPUH M KJIETOYHBIX KyJbTyp. OHaKO I TKaHEH ero
MPUMEHEHUE 3aTPYIHUTEIBHO W3-3a apTe(aKTOB, CBSI3aHHBIX C PACCEIHHEM U
MOTJIOIIEHUEM CBETa U CII0KHOM apXUTEKTYpPOU TKaHHU.

2)  anHanmu3 BpeMeHW Xu3HH (iayopecteHnmu kodaktopoB HAJI(DP)H u
DAJI. Bpems xxu3nu QuryopeclieHInu WHANBUIYATBHO IS Kaxaoro duryopodopa
Y B 3HAYUTEILHON CTEMEHU 3aBHCHUT OT €r0 MOJIEKYJISIPHOTO OKPY>KEHHUSI, HO HE OT
KOHIIEHTpaIuu. B ciiydae kodakTopoB BpeMst KU3HHU (PIIyOPECICHIINHA 3aBUCUT OT
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ux B3aumojeicTBus ¢ Oenkamu. HAJI(®)H npucyrctByer B KieTke B JBYX
COCTOSIHUAX — CBOOOJHOM M CBsi3aHHOM ¢ Oenkamu. CBoOoanas hopma HAJI(D)H
UMeeT XapakTepHoe BpeMsi xku3Hu (ayopecueniuu nopsaaka 0.3-0.5 HC u
acCOIIMMPOBaHa C TJIMKOJIU30M, TOTJa KakK CBsi3aHHAs (popMa MMEET BpeMs >KU3HU
1.5-3.5 HC M accolMUpOBaHa B OCHOBHOM C MHTOXOHJIPHAJIbHBIM JbIxaHueM [53].
Bpewms xuznu duyopecrieniiuu 6enok-cBsizanHor Gpopmbl HAJ[(DP)H 3aBucut ot
TOr0, ¢ KakuM OelkoM cBs3aH kodaktop [54]. TpaauuuoHHO 3aTyXxaHHe
dbayopecteniun  HAJI(®)H onuceiBaeTcss OM-IKCIIOHEHITMANBHOW  (PYyHKITUEH
I =a,e”t/™ + q,e t/™ | re KOpoTKas KOMIIOHEHTA T, COOTBETCTBYET CBOGOIHOI
dbopme, a JuIMHHAS T, — CBA3aHHON Qopme kodakTopa. [Ipu 3TOM OTHOCHUTEIHHBIE
ammutyasl (a; ~80% u a, ~20%) oTpaxkarOT OTHOCHUTENBHOE COJEpKaHUE
KaXa0i u3 ¢opM. B TunmyHOM ciiydae, eciu JIpyrue MeTa0OJu4ecKHe MyTH He
OKa3blBalOT  CYIIECTBEHHOTO  BIIMSHHUSA, HM3MEHEHHME B  COOTHOILUEHHUH
OTHOCHUTEJIbHBIX BKJIaJI0B CBOOOAHOM M CBSI3aHHOM QopMm a; U a, Habionaercs
BCJICICTBUE W3MEHEHHUs OallaHca MEXIy TJHKOJIM30M U OKHUCIUTEIHHBIM
dochopmmpoanreM [52]. CHUXKCHHE CpPEIHEr0 BPEMEHHU KHM3HU Tn, ((a;7, +
a,t,)/(a; +a,)) 3a cuer pocrta BEIMYMHBI @ - BKJIaJ CBOOOAHOU (OpPMBI -
MOKET YKa3bIBaTh KaK Ha MOBBIIICHHE aKTUBHOCTH TJIMKOJIN3a, TAK U HA CHUKEHUE
WHTCHCHUBHOCTH MHTOXOHAPUATBHOTO JIbIXaHUsA. HEBO3MOXHOCTH TOYHOTO
OTpe/eNieHUs] MPUINHBI U3MEHEHUS BKIIAZIOB A U A, SBISAETCA, MOXKATYH, CaMBIM
CepbE3HBIM OTPAHUYEHUEM JJAHHOTO MOAX0/a.

Koppensiumu peokc-oTHOLIEHHS M TapaMeTpOB 3aTyXaHus (IIyopecleHIH
Tm, @1 W a, HAJI(®)H u co crangapTHBIMH OMOXMMHUYECKUMH MOKa3aTeIsIMU
DHEPreTHUECKOro MeTabonu3Ma KIIETKH (TOTJIOIMIEHHE TIIOKO3BI, BBIIEICHHE
JaKTaTa, JpIXaTelbHAsh aKTUBHOCTH) HAJEKHO YCTAHOBIEHBI B pabOTax IpYyrux
aBTOPOB [55-57] 1 HAIIMX MTpeIBAPUTENBHBIX YKCIIEPUMEHTaX (pHucC. 2).

B cmywae @®AJl BpeMs KU3HH  (IIyOPECLEHLIMH  OINpEAENsIeTcs
KoH(popMarmeit Monekybl 1 coctaBiseT ~0.3-0.4 He i 3aKpbITOM (T1) U ~2.5-2.8
HC I OTKpbITOH KoHpopmammu (12) [58]. WHTepnperarwisi KHHETHKH
bayopecueniuun ®AJl, ognako, cioxHa uz-3a Toro, uto ®MH u pubodraBun
TOXKE MOTYT BHOCHUTH BKJaa, a cam DAJl ydacTByeT BO MHOTHX IMpoIieccax,
NOMHMMO DSHEPTreTHYecKoro Merabonu3Mma, BKIIOYas OKHMCJICHHE TJyTaTHOHA,
JUTIOTEHE3, AaHTHUOKCUIAHTHBIC peakiuu, cuHTe3 anetuwi-KoA, ackopOart-
TJIyTaTHOHOBBIA 1HKA. (OQYeHb YacTO B OIMYyXOJEBBIX KIETKaX H TKaHSIX
bayopecrenuss PAJl umeer cnabyr0o HWHTEHCUBHOCTB, YTO 3aTPyAHSIET COOp
(GOTOHOB /i1 TMOCTPOEHMs] KPHUBBIX 3aTyXaHHUs 3a aJeKBaTHOEe BpeMs 0e3
dboTonoBpexkaCHUS 00pa3iia.

[ToaToMy B cBoeil paboTe MO H3yYEHUIO MeTabojuM3Ma B KayecTBE
napaMeTpoB OIICHKM MBI HWCIOJIB30BaJM, B OCHOBHOM, BpeMs KHU3HHU
bayopecueniiun HAJI(®)H nns Bcex Mojened W, JOTMOJHUTENIBHO, PEIOKC-
orHomienne DAJI/HAJI(®)H wu pexe Bpems xu3uu DAJ[ npu pabore c
KJIETOYHBIMU KYJIbTYpPaMHU.

20



12 = 1.2 ¢

& |e, r=-0,7578 f r=0,9156 .
(]J. 0.9 r 2 09
L =
'6\ R o .| -
......... ©c
§ & e o 4 e .
£ 03+ e =
Q . @ Q °
E 0 L L ! E 0 L L |
0 1 ) 3 2 3 4 5
®AO/HAL(P)H a,/a, HAA(®)H
1 r 1
o e® =-0,6275 S r=0,8407 ® =)
Qo 08 | O og |
g 0.6 ) E 0.6 =
4 e, -
,E 0.4 © 04 - i
= 02 | @ % 0.2 o0 ®
g ’ ® Tl = . B °
O I T . . ) O . ‘ ) ) |
0 1 2 3 2 3 4 5
SAL/HAL(P)H a;/a, HAA(®)H

Pucynox 2. Koppemsuus penokc-otHomenuss DAJI/HAI(P)H wu Bxmagos
cBOOOTHOW M cBs3aHHOU (opM az/a; HAJI(D)H ¢ morionieHnem TroK0o3bl B PO TyKIHEH
naktara. KoadpuumeHTs! koppensunu I' moka3zaHbl Ha Juarpammax. TOYKd — U3MEpPEeHUs
B Pa3JIMYHBIX KJIETOUHBIX KYJIbTypax.

Jlnst monmy4yenust nHGOpPMAIIMK O 3aTyXaHUU (IIyOPECICHIIUU UCTIOIb3YIOTCS
METO/bl (PIIyOPECIIEHTHOTO HMHJDKUHTA C BpeMEHHbIM pazpemieanem FLIM.
HoctounctBamu MetooB FLIM 115t onieHku MeTaboiam3Ma sSBISIOTCS OTCYTCTBUE
HEOOXOJIMMOCTH B UCIIOJIb30BAaHWH YK30T€HHBIX KOHTpAacTHBIX areHTOB (label free),
BBICOKAasi YYBCTBUTEJIBHOCTb, MOJICKYJSIpHAsi CHEIU(PUIHOCTh, HEWHBA3WBHOCTD,
OBICTPBIN aHAJIU3 JAHHBIX Ha OCHOBE M300paxkeHus. M300pakeHus, mogydeHHbIE C
nomompto FLIM HAJ(®)H u OAJ[ daxTtuyecku NpencTaBisiOT CcoO0OH
OMOXUMHYECKYI0 «KapTy» o0Opaslia, cojepKailylo B cebe YHUKaIbHYIO
MOJIEKYJISIPHYIO HH(POPMAITUIO.

Cpean  pa3muMyHbBIX  CHOCOOOB — perucrpauumd  (OTOHOB,  BpEMsi-
KoppenupoBaHHbIA cueT omumHouHbIX (oroHoB (TCSPC, time-correlated single
photon counting) cuutaercs Hanbonee 3p(HEKTUBHBIM U oOecneurBaeT Hauboliee
BbIcOKOe BpemenHoe paspernenne [59]. TCSPC ocHoBaH Ha OE€TEKTHPOBAHHUH
OJMHOYHBIX  (POTOHOB, M3Iy4aeMbIX  MOJIEKYJamMH, TpH  BO30OYKICHUH
NEPUOANYECKUMU HMITYJIbCAMH CBETa, H3MEPEHUU BpPEMEHU JETEKTUPOBAHUS
(OTOHOB M MOCHEAYIOIIEeH PEKOHCTPYKIIMM KPUBOU 3aTyXaHUs. XOTS TEXHOJIOTHUS
TCSPC wucnosnp3oBanach Ui TOUYEYHBIX H3MEPEHUH BPEMEH 3aTyXaHus
dbayopodopor ¢ 1970-x rr., TOPUHIOUN TOJYYEHUS MHUKPOCKOIMMYECKHUX
(i1yopecueHTHBIX H300pak€HUN C BPEMEHHBIM DPAa3pelEHUEM, OCHOBAHHBIM Ha
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TCSPC, 6b11 Bniepsole npeanoxkeH B 1991 r. nemenxum ¢usukom Bonbdranrom
Bbexkepom [60].

B nacrosimee Bpems FLIM na ocHoBe TCSPC peanuzoBan Ha 6aze ofgHO- U
IBYX(OTOHHOH (DIIyOpECIIECHTHON MUKPOCKOIUU, MakpouMuxkuHra [Al5] u omnro-
BOJIOKOHHOM  crmiekTpockonuu [All]. Bce Tpu wmomanbHOCTH — 0O0JadaroT
JIOCTATOYHOM  YYBCTBUTEIBHOCTBIO JIJII  PETUCTpAlMK  aBTO(IyOpeCUEHIINH
HAJI(®)H u DAJ] [61]. Bo3moxknoctn makpockomnuueckoro FLIM u omnro-
BOJIOKOHHOW BPEMSI-pPa3peIICeHHON CTIEKTPOCKONHH ISl OIEHKH SHEPTETUYECKOTO
MeTaboM3Ma BIEPBBIC YCTAHOBICHBI B HAIUX paboTax HW TPEACTABICHBI B
JUCCEPTAIIMOHHOM HCCIICIOBAHHH.

2.2 MeToanKky OLlleHKH YHEPreTHYecKOro MeTado/1u3mMa KJIeTOK ¢ OMOIIbI0
FLIM

2.2.1 FLIM-mukpockonust HAJI(®)H u ®A]Jl, penokc-oTHOIIEHHE

HByxdoronnas FLIM-MuUKpOCKOIUSI SBJISIETCS Ha CETOAHSIIHUA JICHb
HanOoJiee pacpPOCTPAHCHHBIM METO/IOM MCCJIEIOBAaHUS KJIETOYHOTO MeTadoM3Ma
B psiay apyrux mojainsHocte FLIM. B o6nacTu skciepuMeHTanbHOM OHKOJIOTHUN
no Hammx wucciaegoBanuii FLIM Ha ocHoBe aBTodyopecueHIuu KOo(haKkTOpOB
MPOBOAWICS TPEUMYIIECTBEHHO HAa MOHOCIONHBIX KJIETOYHBIX KYJIbTypax.
Enunuanbie paboThl in Vivo OBLTM BBIMIOJHEHBI Ha MOJIEIN HHAYIUPOBAHHOTO
KaHIIEPOreHe3a Ha CIM3HMCTOM Ieku xomska [28, 62]. ITostomy HEOOXOIHMMBIM
TanoM padoTel Obuta aganTanus metoauk FLIM-mukpockonuu st paboThl ¢
KOHKPETHBIMU KJIETOYHBIMU KYJIBTYpaMH C y4€TOM OCOOEHHOCTEW HMX pocTa U
KOH(UTYpaly MUKpPOCKOMa U pa3padoTka MeToauk i Busyanuzanuun HAJI(D)H
B MHOTOKJICTOUHBIX OITYXOJIEBBIX cheponaax, KIaCCUUECKUX MOIEIAX MOAKOMKHBIX
OIMyXOJIeH MBI 1 00pa3iiax OMmyXxoJIeBOM TKaHHU.

PabGora mpoBoauiack Ha Ja3epHOM CKaHUpyloileM Mukpockorne LSM 880
(Carl Zeiss, 'epmanus) u MuorootronHoM (iryopectientnom Tomorpade MPTflex
(JenLab, I'epmanus). LSM 880 ocHaieH nepecTpanBaeMbiM (EMTOCCKYHTHBIM
Ti:Sa nazepom Mai-Tai (Spectra Physics, CIIIA) ¢ wyacTtoToit creqoBaHus
umnynscoB 80 MI'n u purensHocThiO 120 e u FLIM-Moaynem Simple Tau 152
TCSPC (Becker & Hickl, I'epmanus). Ha LSM 880 uzo0pakeHusi moJryqdaiu ¢
WCITOJIb30BAaHUEM BOJHOTO HIMMEPCHOHHOTO 00bekTHBa C-Apochromat 40x/1.2NA.
Bosoyxneane  dayopecnieniiuun  HAJ[(@)H B nByxdOoTOHHOM  pexume
OCYIIECTBISUIM Ha JIJIMHE BOJIHBI 750 HM, CUTHaJI NpUHUMAIU B Auamna3zone 450—
490 um. MoutHocTh BO30yxaatomero uznyuenus ~6 mBt. Bpems c6opa ¢hoToHOB
~60 c. Ilpy HEoOXOaUMOCTH TMOJIYYCHHs] PEIOKC-OTHOIICHUS (HIYyOpECHEeHITUIO
®AJl Bo3Oyxkmanu BoiHbl 900 HM, mpuHuManu B auamnazone 500-550 uMm. Bo
BpEMs SKCIIEPUMEHTOB KIIETKH U CPEPOUIbI HAXOIWINCh B MUHU-UHKYOATOpEe TpH
37°C, 5% CO,, KUBOTHBIE — HA TEPMOCTATUPYEMOM cToJiuke ripu 37°C.

VYcranoBka MPTflex ochamiena mepecranBaemMbiM (heMTOCEKYHIHBIM Ti:Sa
nazepom Mai-Tai (Spectra Physics, CIIIA) ¢ wactoToil ciaemnoBanusi UMITyJIbcOB 80
MI'm u mmurensHOoCcThIO 200 ¢ m FLIM-momynem Simple Tau 150 TCSPC
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(Becker & Hickl, I'epmanus). M300pa>keHusi MOMTy4eHb ¢ MOMOIIBIO MacCisHO-
umMmepcuonHoro oObektuBa EC Plan-Neofluar 40x/1.3 NA. ®nyopecueHIHo
HAJI(®)H Bo30yxnanu Ha aiauHe BOJHBI 750 HM, mpuHUMaiu B auanazone 410—
660 HM (GpuAbTp MpeAyCTaHOBIIEH MPOU3BOAUTENIEM). MOIIIHOCTH BO30YK1at0IIIETO
uzinydenus ~10 mBt. Bpems cbopa poronoB ~10 ¢. HacTpoiiku mogjobpansl Takum
oOpazom, 4ToObI oOecneuuBath cO0p He MeHee 2000 (oToOHOB B TMHKCENe
n3o0pakenus. [Ipy HEOOXOAMMOCTH MPHU MOCTPOCHUM KPHUBBIX 3aTyXaHUs YHCIIO
¢doronoB yBenmuuBanu 10 5000, ucmonb3ys omnmuio OWHHUpOBaHUA. J[aHHBIE
FLIM ob6pabarsiBanu B nporpamme SPCImage (Becker & Hickl, I'epmanus).

Kpusble 3atyxanusa ¢uyopecueHuun HAJ[(P)H Obuin anmpokCHMMHUPOBaHBI
OM-DKCMOHEHIIMAIBHON  MOAENbl0. TOYHOCTH  ANMpOKCHUMAIlUM  OLICHUBAIU
METOJIOM HaMEHBIIINX KBaJAPaTOB MOCPEACTBOM mapamerpa y2. s Bcex JaHHBIX
y2 nexain B quana3zone oT 0.8 1o 1.2. V3 KpuBbIX 3aTyXaHUs OLICHUBAJIU KOPOTKYIO
U JUIMHHYIO KOMITOHEHTHI (T U T COOTBETCTBEHHO), OTHOCUTEIIbHBIC aAMILIATYIbI
TUX KOMIIOHEHT (a; U a,, a; + a, = 100%), a Takke cpelHee BpeMs KU3HU
(bIyopecleHITuH Ty,

Mukpockonuyeckue M300pa)K€HUs aHATU3UPOBAIHM TMOKJIETOYHO, BBIOMpAs
30HY LIUTOIJIa3Mbl B MHAMBUIyAJIbHBIX KJIETKaX B KAYECTBE 00JIaCTU MHTEpEca.

Momnocnotinvie kKynromypol kiemok. buONMOTEUHBIE KIETOYHBIC JIMHUU
KYyJBTUBUPOBAJIM M0 CTAHJAPTHOM METOAMKE B MOIMHOU pocToBoi cpene [IMEM c
nobasinenuem 10% QeranbHOlt Oblubedt cbiBOpoTkHM FBS, L-rmyramuna wu
neHunuumHa/cTpenitomuiinia B CO, wunkybatope (37°C, 5% CO,, 80%
BJIQXKHOCTh). IlepBUYHBIE KIJIETOUHBIE KYyJIbTYpbl BBIIEISUIM M3 00pa3loB
KOJIOPEKTAJIBHOTO PAaKa M IJIMOM IalHUEHTOB, COIJIACHO OMMCAHHBIM IMPOTOKOJIAM
[A20, A47]. 3a 24 4 10 MUKPOCKOIIMYECKOI'0 MCCICAOBAHNS KICTKH BhICEBAIU HA
KyJbTYpaJbHbIE YaIIKK CO CTEKISHHBIM JHOM FluoroDish mist xkonbokanbHOM
MUKpOcKomnuu (nuametp 35 mm) B nutatenbHou cpene DMEM 6e3 denonoBoro
KpacHoro. KilerouHble KyJbTypbl KOJIOPEKTAJIBHOTO paka BBICEBAINCH Ha 96-
JYHOYHBI€ KYJbTYpaJIbHbIC TUIAHIIETHI C YEPHBIMU CTEHKaMU JJIsi KOH(OKaIbHOU
MUKpPOCKOIIMU Cpa3y IIOCJi€ BBIAEICHUS KIETOK H3 obOpa3ua. J[HO syHOK
[IpEBapPUTEIBLHO MOKPBIBAIA KOJUIAreHoM Ui jiyqiien aaresud. FLIM nposoaniu
yepe3 72 4 mocine moceBa. 3a 4-6 4 10 HMCCIENOBaHUS MPOBOAUIN CMEHY
KyJlbTypanbHOU cpeasl Ha DMEM 6e3 (heHoi10BOro KpacHoro.

Onyxonesvie cgepoudvl BblpallMBaIM B 96-TyHOUHBIX KPYTJIOJOHHBIX
HeaJIre3UBHBIX TIJIAHIIETax B MOJIHOW poctoBoit cpene DMEM B CO, unkyo6aTope,
Kak omucaHo B Hamux padortax [Al3, 63, 64]. 3penbie chepouasl pazmepom 200-
300 MKM akKKypaTHO TIE€PEHOCWJIM C TOMOINBIO J103aTOpa Ha YallKh IS
KOH(OKAIbHONW MUKPOCKOTHH CO CTEKJITHHBIM JTHOM, MeHsisl cpexry Ha DMEM life
0e3 (QeHosoBoro kpacHoro, u uHKyOupoBamu 30-60 MHH Ui NPUKpETUICHUS
cepouoB KO AHY YaIIKU. 3aT€M YallIKy yCTaHABIUBAJIM HA CTOJIMK MHUKPOCKOIIA,
HaXOoUIM c(hEepOr]T B peKUME MPOXOAIIETO CBETa, epexoamin B pexxum FLIM u
nojydyanu u3o0paxeHus ¢ rnyounsl ~30 MKM, Tak 4TOObI ONTHYECKHH Cpe3
OPOXOAMJI Yepe3 HapyKHYI0 30HY MNpoiudepaluu U LEHTPAJbHYI0 30HY
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MOKOSIIUXCS KIETOK ceponna. AHanu3 MeTadoIu3Ma MPOBOJWINA PAa3JCbHO B
nepudeprudeckor U HEeHTPAIbHON 30HAX.

Onyxonu scugommuix in vivo. J1Jis MOdy4YeHUs OMyXO0Jied MbIlIaM TPUBUBAIN
OITYXOJIEBbIE KJIETKU MOAKOKHO Ha O€Ipo WM Ha YXO IO CTaHAApTHON METOJUKE
[65]. HemocpencTBeHHO Tiepes; HMCCICIOBAaHMEM JKHBOTHOE HAPKOTHU3UPOBAIH
cmechto 3onetuina (40 mr/kr, 50 mxn) u 2% pomerapa 10 mr/kr, 10 mxm). YV
OImyXxoJiel Ha Oellpe XUPYPTruYECKd OTKPBHIBAIM KOKHBIN JIOCKYT HaJ OIYyXOJbIO B
CTEpUJIbHBIX yCIOBUSX. [ omyxoJiel, JOKaTn30BaHHBIX HA yX€, yaJeHHe KOXKH
He TpeboBanock. [Ipu padore Ha Tomorpape MPTflex xuBOTHOE paszMemany Ha
HarpeBaTeslbHOM cToiuke (37°C), OOBEKTHMB YCTAHABIMBAJIA HAa MOBEPXHOCTh
OMYXO0JIM, HAXOIWJIU POKYC B peKUME OBICTPOro CKaHUpoBaHus U cHuMaiu FLIM-
nzoopaxenuss HAJ[(®)H. [lpu pabore Ha LSM 880, xkuBOTHOE (PUKCHpOBAIU
MEAWIIMHCKIM CKOTYEM Ha CIEIUATbHOM JIepiKaresie, MOMeIalid Ha CTOJHUK
WHBEPTUPOBAHHOTO MMKPOCKOMA TaK, 4YTOOBI OIyXOJb pacrnojiarajiach Hal
OOBEKTHBOM, HAaXOAWJIM 00JIacCTb HMHTEpeca B  PEKUME  PErucTpaiuu
unteHcuBHocTH HAJI(®)H u nepexitouanuce B pexkum FLIM. Jlns Buszyanuzanuu
BOJIOKOH KOJUIareéHa B HEKOTOPBIX SKCIEPUMEHTaX PETrUCTPUPOBAIA CHUTHAI
re”Hepanuu Bropoit rapmonuku (I'BT).

Obpasyvt  onyxoneu  nayuenmos.  llomydenue  (piryopecreHTHBIX
nzoopakennit HAJI(®)H c omyxoneit maiueHTOB OOJIBIIMHCTBA JIOKAIHU3AIUN C
noMoibto FLIM-MHKpOCKONIMA BO3MOXHO TOJIBKO HAa M30JUPOBAHHBIX CBEXKUX
oOpasnax TkaHu. Hamm mpeaBapuTeabHble HCCIEAOBAaHUS IOKa3ald, 4TO MPHU
HaxXO0XXJICHUU 00pa3lia TKaHW Ha BO3JyXe MapaMeTphl 3aTyxaHus (IyopecleHIIun
HAJI(®)H menswoTcs yxe cnycts 5 MUH Tocie 3abopa Marepuana. B cBsizu ¢
ATUM, pa3paboTKa METOJIUKU aHAJIN3a YHEPTETUUECKOr0 METaboIM3Ma KIETOK B €X
vivo oOpasliax omyxoJied 3akiodanach Npexae BCEero B MOAOOpe YCIOBUM
XpaHeHus 00pa3IoB, 00ECIEUMBAIONINX MaKCUMAJbHOE COXPAaHEHHE CHUTHAaJa
bayopecueniun  HAJI(®)H. Ha oOpa3nax omyxojied MbIIMICH pa3IMdHOIO
TUCTOTE€HE3a (KOJOpeKTalnbHbIM pak Mbimu CT26, memanoma B16, kapuuHoma
aerkoro JIptonc LLC) 6pu10 anpoOupoBaHo 7 BapuaHTOB MPOOOMOATOTOKU €X ViVO
oOpastioB omyxonu. CpaBHEHHE TOMYYEHHBIX JaHHBIX MPOU3BOJUIOCH C
pe3ysibTaTaMH in Vivo HCCIE[oBaHUS TeX jke omyxosei. [Ipu anammse BpeMeH
xu3an  puyopecueHimn HAJI(®)H u mnponeHTHBIX BKJIaJ0B CBOOOJAHOW U
cBsi3aHHOU (opM KodaKTopa BBISIBIICHO, UTO HanboJjee OJIM3KKUE K 1N VIVO JaHHBIM
ObUTM 3HA4YCHHUsI, TOJyYeHHbIE ¢ 00pa3ioB, HaxomauBmuxcs B 10% pacTBope
Oblybero chiBOpoTOUHOTO anbOymuHa (BSA) wa nbny [Al8]. Dto mo3Bossiio
coxpaHsTh mnapameTpbl Quyopecuenunn HAJI(P)H HeusmMeHHBIMH B TEUEHHUE
MUHUMYM 3 4 mociie 3abopa maTepuaia, 4YTo JOCTATOYHO JJIg TPAaHCIOPTHUPOBKHU
00pa3IoB U3 KIMHUKHU U TIPOBEACHUS UCCIICIOBAHMUS.

[Tocneoneparnonnpie o0pa3ia OMyxoJeil TPaHCIOPTHUPOBAIN B yKa3aHHBIX
YCIOBUSIX B MaKCHMAaJbHO KOPOTKHME CpPOKH, CBEXHI o0Opasel mHoMemand B
KyJIbTYpaJbHYIO YalIKy /Ui KOH(OKaIbHOW MUKPOCKOIUU CO CTEKJISTHHBIM JHOM,
HaXoAWIu OONacTh MHTEpeca B pEXHUME OBICTPOTO CKAaHUPOBAHUSA IO

24



unTeHcuBHocTH (ayopecuenumu HAJI(®)H u nmomywanu FLIM-uzoOpakenus
HAJI(®)H (10 10 ¢ xaxxoro oopasia).

2.2.2 FLIM HAJI(®)H na Mmakpo-ypoBHe

Orpannuenuem  FLIM-mukpockonuu it Pa3BUTHS  KIMHHUYECKUX
MIPUJIOKECHUH SBIISIETCS HEOOJBIION pazmep n3o0pakeHui (00bI9HO 256X256 MKM)
U TEXHUYECKasl CII0)KHOCTh MUKPOCKOTTMYECKUX CUCTEM. AJIbTEPHATUBOU SIBISIETCS
(bayopecleHTHBIM MaKpOMMUJKUHT C BPEMEHHBIM pazperieHueM (Makpo-FLIM),
MO3BOJIAIOIINN OBICTPO UCCIIENOBATh OOJBIINE TUIOMIAN TKAaHEH B ONEPAMOHHOM
MoJIC WU KPYMHBIE W30JUPOBaHHBIC O0Opas3rel TKaHed. Jlns momydeHus
makpockonuyeckux FLIM-n300pakeHuil Ha CETrOMHSIIHUA JACHb MPEII0KEHO
HECKOJIBKO TeXHHUYECKHX pelneHui: mupokonoiasHbid (Wide-field) FLIM [66-68],
KoH(pokanbHbI Makpo-FLIM [Al5] u onToBONIOKOHHBIE CHUCTEMBI Ha OCHOBE
BpeMsi-pa3pernieHHoi criekrpockornuu [69, 70]. Cpenn HUX KOH(OKATBHBIN MaKpo-
FLIM o6ecnieunBaeT HamOoJiee BBICOKOE IPOCTPAHCTBEHHOE M BPEMEHHOE
paspelieHue.

B wnameii pabore ucnons3oBan koHdpokansHb FLIM/PLIM-makpockanep
(Becker & Hickl, I'epmanust) Ha ocnoBe TCSPC, ocHaleHHbIH TUKOCEKYHIHBIMU
JUOIHBIMU Ja3zepaMu ¢ JynHamMu BoJH 375, 405, 488 u 594 uM. MakpockaHep
oOecrieynBaeT MPOCTPAHCTBEHHOE pa3pelieHue 10 15 MKM U CKaHMpPOBaHUE TOJIS
3perus pasmepoMm 1o 18x18 mm [Al5]. Bo3oyxnenne HAJI(®)H npousBogutcs
Ha JUTMHE BOJHBI 375 HM, (QIyopecleHIrs perucTpupyercs B auama3one 435-485
HM. MourHocTh u3inydeHus Ha oopasie 18 MxBT. Bpems coopa ¢potonor 90-120 c.

Jlist mosmydeHus: n300pakeHU OMmyXoseil KUBOTHBIX 1N Vivo, HEOOXOIUMO
OTKPBIBAHHE KOXHOTO JIOCKYTa HaJ ONMyXOJblO, T.K. KOXa HE MPOHMUILIAEMA IS
CBETa C JIMHOM BOJHBI 375 HM. HapkoTusupoBaHHas MbIllb C OTKPBITON
OMyXO0JIbI0 Ha Oepe pa3MellaeTcsi B MOJIOKEHHE Ha OOKy Tak, YTOObI OIMyXOJb
pacrnoJiarajiach IoJi CKaHUPYIOIIEH JTUH30M.

st monmyuenuss u3oOpaxeHud oOpaslloB TKaHEH €X VIVO HCIOIb3YIOTCS
CBeXHE 00pasllbl cpady mociie u3BieueHus. Ecimu Tpebyercs TpaHCTOPTHUPOBKA
oOpasIia, UCMOoJIb3yeTCsl MPOTOKOJI TPOOOTIOATOTOBKH, ONMCAHHBIN BHIIIIE.

[Tpu 06padoTtke FLIM-n300paxkeHuii aHaTu3upyeTcsi CUTHAJ, YCPETHEHHBIH
1o o0pa3ily Wi B 00JIacTu WHTEepeca. MeTouKa MOCTPOCHUS U aHau3a KPUBBIX
saryxanusi (uyopecuienniuu HAJI(®)H Ta xe, yto w mpu 00paboTKe
MUKPOCKOITUYECKUX U300pa’KEHUN.

2.3 TlpuHIUNBI MyJIbTHIIAPAMETPUYECKOT0 MMHIKUHIA C MCII0JIb30BAHUEM
FLIM HAJJ(®)H

[Ipy wu3ydYeHUH OIMyXO0JICBOTO MeTaboJiM3Ma TMPEJCTABISIET HHTEPEC
OJIHOBPEMEHHOE MCCJIEIOBAHUE HECKOJIbKUX KOMIUIEMEHTapHbIX JpYr JpYyry
napameTpoB. [Ipumenenue dayopecueHTHbIX U (HochOpeceHTHBIX CEHCOPOB B
KOMOWHAITUN c HAJI(®)H OTKPBIBAET BO3MOXHOCTh TAKUX
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MYyJIbTUIIAPAMETPUUECKUX HCCIETOBAaHUM JHEPreTHYEcKOro Meradbonusma, T.e.
OLIEHKH Cpa3y HECKOJIbKUX [T0Ka3aTeseil B OJHON U TOM )K€ KJIETKE WM OITYXOJIH.

Benercs aktuBHas paboTa B XMMHHA W T€HHOW HWHXKEHEPHH TIO CO3aHHUIO
HOBBIX KpacHuTelell U OeNKOB, 00JIaaloNIiuX CEHCOPHBIMH CBOWMCTBaMHU. bosbInoe
BHUMaHUE yJesieTcs pa3paboTke (PIyopeceHTHBIX CEHCOpPOB, padOTaONMUX B
00JIaCTH «ONTHUYECKOro OKHa mpo3payHocTu» Tkane (700-1000 um). OcoObrit
UHTEPEC CpeAr HUX NPEICTABISIIOT ceHemuuecku Kooupyemvie QryopecyeHmmubie
benku — CceHCOphl (DU3MOJOTHYECKMX ToKasatened kietku [39, 71, 72].
CrabunpHast dKcmpeccus Oenka B 3aJaHHOM JIOKaIM3aIliU B KJICTKE W HHU3Kas
TOKCUYHOCTH JTAOT UM MPEUMYIIIECTBA TIEPET XUMUICCKUMHU KPACUTEIISIMU.

N3navanwHo, BpeMsi-pa3pelieHHas  perucTparus bayopecueHImu
paccMaTtpuBaiach Kak cnoco0 paszaeneHus  (piayopodopoB co  CXOKUMU
CHEKTPAIbHBIMM XapakTepucTukaMu. OAHAKO 78 3TOro HEO0OXOAMMO, YTOOBI
BpEMEHa XHU3HU (DIyOpecleHId JETEKTUPYEMbIX (GIyopo(OopoB pazinyainuch
3HAUMUTETbHO (HAa COTHM HaHocekyHa). C  y4eToM  CIOXHOW, JBYX-
IKCIOHEHIIManbHON KuHeTuku 3aryxanus HAJI(®P)H, moxpreiBatomeit auanazoH
BpeMeH xu3Hu OT ~0.3 10 ~3.5 HC, OJIHOBpEMEHHAs PETUCTpallis €ro ¢ JPYTrUMU
bayopodopamu cuHe-3e1€HONW O00JacTH C MOCIACAYIOIMIUM pPAa3eJCeHHEM II0
BPEMEHHOMY MPUHIUITY, UCIIONB3Ys CTaHAapTHYIO KoHpurypanuio FLIM-cucrem,
MPEICTABIIACTCS HEBO3ZMOXKHOM. ITO MOXKET OBITh JJOCTUTHYTO TOJBKO C MTOMOIIIBIO
CIEHUAIIBHBIX  Y3KOIOJOCHBIX  CHEKTPAJbHBIX  JIETEKTOPOB  BPEMEHHOTO
paspeleHus, Kak oKa3aHo Hamu B padote [A57].

Ha mpakTthke MokeT OBITh BBITIOJIHEHA OJHOBPEMEHHAS PETUCTPALIHS
bayopecueniun  HAJI(®)H u kpacubix QuyopodopoB. Hamu pazpaboransl
METOIUMKH  OAHOBpeMeHHOW  Bm3yanmuzauuu  HAJ(P)H u KPaCHBIX
dbayopectieHTHBIX OenkoB: MKate2 (B cocraBe ceHcopa kacnasbi-3 mKate-DEVD-
IRFP u cencopa ¢a3 kmerounoro nukiaa FUCCI-Red) [A7, A27], mCherry (B
coctaBe ceHcopa kierounoro 1ukina FUCCI-Red) [A27] u SypHer-Red (cencop
BuyTpuKierouHoro pH) [A38]. 3amerum, urto Te sxe 6enkn mKate2, mCherry u ap.
CO CXOXXMMH CIHEKTPaJIbHBIMH XapaKTEPUCTHUKAMU, MOTYT OBITh MPUMEHECHBI
CaMOCTOATENLHO JJIi MEUYEHUS] W WACHTU(UKAIMK OIyXOJEBhIX KIETOK WU
OImyxoJici B 3aauax Metabonmndyeckoro umumkuara [Al5, A39].

OpHoBpeMeHHasi ~ BpeMsi-pa3pellieHHass  peructpauus  (QIyopecueHIuu
HAJ(®)H u yka3aHHBIX KpacHBIX (IYyOpEeCHEHTHBIX OENKOB B OIMYXOJIEBBIX
KJIETKaX M OMyXOJsiX IN VIVO peann30oBaHa HAMU Ha JIa3epPHOM CKaHHPYIOIEM
mukpockorie LSM 880 (Carl Zeiss, I'epmanusi) u kondpokaisnom FLIM/PLIM
makpockanepe (Becker&Hickl, T'epmanus). CriekTpaibHble HACTPOWKH IS WX
OJTHOBPEMEHHOTO JIETEKTUPOBAHUS MTPEICTaBICHBI B TabmuIe 1.

Bo wu3b6exanue mneprypOaluu OTHOCUTENBHO cJlaboi  (iryopecieHIuu
HAZI(®)H d¢uyopecuennueit apyroro ¢ayopodopa, MX CHEKTPbl HE JOJKHBI
nepekpeiBaThcsi ¢ HAJI(®)H. OntumanbHO, 9TOOBI MaKCHUMyM TOTJIONIECHUS
BTOpOro (ayopocdopa nexan Ha JIMHE BOJIHBI >570 HM. VIMMIDKMHT KpacHOTO
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¢nyopecuentHoro Oenka u HAJI(®)H B pexume FLIM mnpousBogutcs
HOCJIEZI0BATEIBHO C OJHOTO M TOTO ke Mojs 3peHus. [lopsnok cheMKu 3HauYeHUs
HE MMEET.

Taboaunma 1. CnekTpanbHble HACTPONKU Uil MYJIbTHUIIAPAMETPHUUECKOTO
umukuara HAJI(®)H 1 kpacHbIX G1yopeciieHTHBIX OCIKOB-CEHCOPOB.

dyopodop HAJI(®)H mKate?2 mCherry SypHer-Red

(B cocTaBe (B cocTaBe

cencopa mKate- cencopa FUCCI-

DEVD-iRFP) Red)

FLIM-Mukpockonus
Boz0yxnenue, HM 750 1000 1040 1040
DmMuccusi, HM 450-500 595-670 600-660 570-640
Makpo-FLIM

Bosoyxnenue, am | 375 594 594 594
DOMuccusi, HM 435-485 608-682 608-682 608-682

B npunmune, crekrpanbHbie XapakTepucTuku DAJ] Tak ke MO3BOJSIOT
MPOBOJIUTh PETUCTPAIUIO €ro (IyopecleHIIMd OJHOBPEMEHHO C KpaCHBIMU
dayopeciieHTHbIMU OenTkaMu, 4To ObLI0 Hamu anpoOupoBano B ciydasx ¢ FUCCI-
Red [A27] u mKate-DEVD-IRFP [A36]. Tak 4ro Hapsay ¢ mapaMeTpamu
saryxanusi HAJI(®)H Moxer OBITb OIIGHEHO H  PEIOKC-OTHOIICHUE
OAJI/HAJI(D)H.

[Ipy MOAOOHBIX MyIBTUIAPAMETPUUECKUX HW3MEPEHHSIX Ha Ja3epHOM
CKaHUPYIOIIEM MHUKPOCKOTE HYKHO IMOMHHTH, YTO MHOTOKPATHOE CKaHHUpPOBAHHE
OJHUX M TEX K€ JKUBBIX KIETOK YpeBaTo BhIropaHueM ¢iayopodopoB u
doTonoBpexaeHreM KIeTOK. OCOOEHHO Ba)XHO ATO YYUTHIBaTh B 3ajadyax C
HaOJIOICHUEM KakuX-1H00 TpoleccoB B AuHaMuKe (time-lapse). [loatomy s
KaXKXI0r0 KOHKPETHOTO SKCIIEPUMEHTA MPHUXOJIUTCS HCKATh KOMIPOMHUCC MEXIY
BpeMeHeM cbopa (oronoB s moctpoenus FLIM-uzo0pakenuii, KOIM4ecTBOM
MOCJIEI0BATEIbHBIX CHEMOK pa3HbIX (DIyopodopoB € OIHOTO MO 3PEHUs, UX
KPaTHOCTBIO U BPEMEHEM MEX1y CbEMKaMH.

C ToukM 3peHHs OJHOBPEMEHHOW BHM3yanu3aluu ¢ (iyopecieHnuen
HAJI(®)H, npumMeHeHHe ceHCOpoB, oOamamnmx g@ocpopecyenyueti, UMeeT
OTIpe/ICICHHBIC TTPEUMYIIIECTBA 110 CPABHEHUIO C (PIIyOPECIIEHTHBIMU KPACUTEISIMHU.
A wumenHo, QocdopeciieHIUg, KaK  PasHOBUAHOCTH  OMHCCHH U3
HU3KOPHEPIETUYECKOTO TPHUIUICTHOTO BO30YXKIEHHOTO COCTOSIHUS MOJICKYJIHI,
XapaKTepU3yeTcs 3HAYUTENbHO OoJiee TTMHHBIMU BPEMEHAMU 3aTyXaHUs - OT MKC
70 MC, a 3HAYUT, MOXKET OBITh JIETKO OTAeNeHa OT (hIyOpecCUEHIINH, KOTopas y
OonpmmHCTBa (IyopodOpOB JICKHUT B HAHOCEKYHTHOM Juarna3oHe. B oTimuue ot
bayopecueniuu, ¢ocdopecieHus xapakrepusyercss 0oJbmrM  CTOKCOBBIM
CIBUTOM B JUIMHHOBOJHOBYIO 00OnacTh crekrpa (or 600 HM © Jaiblie), 49To
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CHIDKaeT TpeOOBaHMA K €€ CIEKTpaldbHOW ¢uibTpanu. B To ke Bpewms,
KBAaHTOBBIH BBIXOJ (PochopecuentHoi smuccun ropasao Humxke (0.01-0.15), yem y
dbnyopecuenimu  (0.1-0.95), 4yro Tpebyer Oosiee IMTEIBHOIO BpPEMCHH
HAKOIJICHUSI CUTHAJIA JUIsl IOCTPOCHUS KPUBBIX 3aTyXaHUSI.

BonpmmHCTBO docdopeceHTHBIX KpacuTenen MPOSIBIISTIOT
qyBCTBUTEIHHOCTh K COACPKAHHUIO KUCIOPOJa B Cpe/ie, IOCKOIBKY MOJICKYJIISIPHBIN
KHUCTIOpO sBNsieTCs 3P PEKTUBHBIM TymwmTeneM docdopecieHnnd. MeToasl Ha
OCHOBE peructpanuu gocgopecyenyuu ¢ epemennvim paspeuteruem PLIM nermm
B OCHOBY HOBOTO IMOAXO0Ja K MUHUMAJIHHO MHBA3MBHOW KOJIMYECTBEHHOW OIICHKE
KHCJIOPOJHOTO CTaTyca KJIETOK U TKaHel [73]. CyTh 3TUX METOMIOB 3aKIIF0YACTCs B
W3MEPCHUH BPEMEHHU 3aryxaHus (GocopecreHInn KUCIOPOI-9yBCTBUTEIBHBIX
kpacutenet, win ¢ochopoB. Bpems xuzHu ¢docdopecueHimu  00paTHO
MIPOTIOPITMOHAIEHO KOHIICHTPAIIMH MOJICKYJIIPHOTO KHCIIOPOJa, YTO OMHCHIBACTCS
ypaBHeHueM llltepna-donpMepa - ¢ yBETUYEHHUEM KOHIEHTPAIMHM KHUCIOPOa
BpeMst KH3HH (PochopecieHITNH JTUHSHHO CHIKaeTcs [74].

brnaromapss TOMy, YTO CHCTEMBbI JETEKTHUPOBAHUS JIIOMUHECHEHIUU C
BpeMEHHBIM paspenienueM Ha ocHoBe TCSPC coueraror B cebe omIuu
dbayopectieHTHOTO U (POCHOPECIIEHTHOTO UMUJIKUHTA, OTKPBIBAETCS BOZMOXKHOCTD
OJIHOBPEMEHHOT'O MCCJIeIOBaHUsI MeTaboIM3Ma U OKCUTreHauuu TkaHel. [Ipunmmn
OJTHOBPEMEHHOU peructpanuu ¢uryopecueHnu U GochopeciieHIuu CTpOUTCsl Ha
MOJYJIAIMU  JIA3€PHOTO  UBJIYYEHHUs, TMpU ITOM perucrpanusi (HoToHOB
(bayopecleHIIuu TPOUCXOIUT BO BpeMsl pabOThl UMITYJILCHOTO Jiazepa, a (POTOHOB
dochopeciieHIN — B IEPUOIbI, KOT 1A J1a3ep «BBIKIIOueH» [A21].

Hamu pa3paboTanbl METOOUMKH 1n VIVO OLIEHKHM KHCJIOPOJHOTO CTaTyca
OITyXOJICH JKUBOTHBIX Ha OCHOBE M3MEPEHUI BpeMEHH XU3HU (PochOopecIeHIInu
KHCJIOPOJHBIX CEHCOPOB, a TaK)Ke METOJIUKA KOMOWHHPOBAHHBIX H3MEPEHHIA
dbochopecuennuu u dayopecneniiun HAJI(®)H mis pa3nmuyHbIX MOJAIBHOCTEH
BU3yaJIM3allMd -  OINTOBOJOKOHHOH  (hOCPOPECHEHTHOH  CHEKTPOCKOINH,
dochopecrieHTHOr0 MakpO-UMHKHHTa U (POCHOPECIICHTHOW MHUKPOCKOIHU (CM.
pazmen 2.8.1).

K nacTosmemy BpemMeHH co3faH Lenblil psaa pochopecueHTHBIX CEHCOpOB
JUISL OLICHKHU COJEpYKaHUSI KUCIOPOa BO BHYTPU- M BHEKJIETOUHOM IPOCTPAHCTBE,
OOJBIIMHCTBO M3 KOTOPBIX MPEACTABISIOT COOOH OpraHMYECKHe KOMILIEKCHI C
MeTaiamMu nepexogHou rpymmel — Pt, Pd, Ru, Eu, Ir [40]. Onxnako mwuinb
HEMHOTHE W3 HUX MPHUTOAHBI AJIS in VIVO UCCIEIOBAaHUA B CHITy Pa3HBIX MPHYMH,
HaIlpuMep, BBICOKOH TOKCMYHOCTH, HU3KOW BOJOPACTBOPUMOCTH HIIM C1ab0ro
KBaHTOBOro Bbixona (ochopecuenuu. IlpoBeneHHble HamMu  HCCIIEOBAaHUS
HEKOTOPBIX HOBBIX MeTayuiokomiuiekcoB ¢ Ir(lll) Ha mpeaMer mUTOTOKCHYHOCTH,
HAKOIJICHUS! B OMyXOJIEBBIX KJIETKAX M TKAHSX, YyBCTBUTEILHOCTH K KUCJIOPOIY B
ouonormueckux cpefax nmoarsepamwiu 3to [A25, A35, AS1]. s sKkcriepuMEeHTOB
n Vivo HaMu OBLTU KCIIOJI30BAHbI KHCIOPOA-4YyBCTBUTENbHBIE KpacuTean NanO2
(Luxcel Biosciences Ltd., Wpnanmus) [75], BTPDMI1 Ha ocHOBe
oemsornenwmmupuanaa ¢ upuaueM (II1) (Yausepcurer 'yama, Snonus) [76] u
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Plr3 Ha ocHoBe momuHOpOopHEeHOBHIX Muteint ¢ Ir(Ill) (MMX PAH) [A40]. Eciu
JUTMHA BOJIHBI BO30YXIeHUST (POCPOPECIEHTHOTO KPACHUTEN JIS)KHUT B JHAIa30He
Bo30yxnenuss HAJI(®)H, perucrpanms docdopecueHiimuy u  (iyopecieHuu
MOJKET OBITh BBITIOJTHEHA MPU WX OJJHOBPEMEHHOM BO30Y)KICHUU OJTHHUM JIa3ePHBIM
umnyiascoM (kak, Hampumep, B ciydae PlIr3) [A40]. B nporuBHOM ciydae,
nonyuenne PLIM u FLIM wuzo6pakeHuil mpou3BOIUTCS TOCIEAOBATEIBHO IMPHU
BO30YXKJIEHUM Ha JIJTMHAX BOJH, OMM3KUX K MakcumyMmam smuccuu HAJI(®)H u
bochOopecIIeHTHOTO KpacHuTeTIsl.

HeoOxogumo OTMETHTH, YTO KadUOPOBKH KHCJIOPOJHBIX CEHCOPOB,
BEITIOJIHCHHBIE HA pPAacTBOpPax, HE TMOAXOMIT I ONpeaesieHHs aOCOFOTHBIX
KOHIICHTpAIIMi KHCIIOpOoJa B KJICTKAaX M TKAHIX, IMOCKOJIbKY BHYTPHUKIECTOUYHOE
MUKPOOKPY)KEHHE MOXKET BHOCHTh «UCKOKCHHS» BO BpEMEHA  KH3HU
dbochopeclieHIIMu CEeHCOPOB, B Y€M Mbl HEOJHOKPATHO YOEXKIAINCh B CBOUX
uccienoBanusix. KanmbpoBka ceHcopa Ha KIeTKax TpeOyeT yCTaHOBKHU
CIEIUMATIbHOTO MUHU-UHKY0ATOpa C PETryJIHPYEMBbIM COJCpKAHUEM KHCIOpOJa Ha
MHUKPOCKOII, UTO HE BCerJa Bo3MOHO. Tak 4yTo ¢ momonisio PLIM, xak mpasuro,
OILICHUBAETCSI OTHOCUTEIILHOE COJICpKaHUE KUCIOPOaa B OMOJIOTMYECKUX 00BEKTaxX
0 BpEeMEHH >KU3HH QocdopecieHnun 0e3 TnepeBojia 3HAUYCHUW B EIUHUIIBI
KOHIIEHTpAIUH.

2.4. Oco0eHHOCTH IHEPTeTHYECKOro MeTafoIu3Ma OIyXoJieil B yCJIOBUSAX
€CTeCTBEHHOro pocta no AanubiMm FLIM

2.4.1 FLIM-mukpockonusi omyxoJjeBbIX c(hepou10B, onyxoJseil Mpliieii in vivo
1 00pa31oB OIyXo0Jieil NAaNeHTOB

C mnomompto FLIM HAJ(®)H Opumin wuccienoBaHbl 0COOEHHOCTU
HPHEPreTUYECKOro MeTaboJIM3Ma OITyXOJIEBBIX KIETOK B CJOXKHBIX MOJENSAX —
OIyXOJIEBBIX Cc(epoHiax W OMyXOJsX MbIIIEH, a Takke o0pa3uax omyxoJien
NALMEHTOB.

Onyxonesviii cghepoud TpeacTaBIsIeT cOO0H in Vitro MHOTOKJIETOUYHYHO 3D
MOJIeIb OIyXOJH A0 CTaauu (GOPMUPOBAHUS COCYNIOB, KOTOpas Jyd4llle OTpakaeT
€€ CTPYKTYpHBIE OCOOEHHOCTH TO CPaBHEHHIO C MOHOCJIOWHON KyJIbTYpOW, HO
OoJiee MpOCTa U BOCIPOM3BOIMMA TI0 CPABHEHHIO C OIYXOJIIMH YKHBOTHBIX [77].
HccnenoBanne wmeTaboIMYecKoro craTyca omyxoJieBbix chepounoB Hela
MPOBOJWIN HAa 3, 5 U 7 NEeHb KyJIbTUBHUPOBAHUS, YTOOBI MPOCIEIUTh BCE CTAIUU
pocTta 1o pazpyuienus. [lokazano, uyto Bpems xxu3nu uryopecuenunn HAJ[(P)H B
KJIeTKax cdepouya MpUHUMAET TUNWYHbIE 3HauyeHus: ~0.4 HC s CBOOOIHOMN
dbopmel (11) U ~2.6 HC U1 CBsI3aHHOM (POPMBI (T,) M HE OTJIMYACTCS JJIsI Pa3HBIX
30H U cepouIoB pa3HOro pasmepa. KiroueBbIM pe3ysbTaToM 3TOi paboThl ObLIO
oOHapy>keHHEe MeTabO0JUYEeCKON TeTEepOreHHOCTH BHYTPHU C(EepouaoB Ha Bcex
CpOKax pocTa, KOTOpas OJHAKO Oblna Oojiee BbhIpak€HAa B 3peibiX chepounax,
UMEIOIMNUX MOP(OJIOTHUECKYI0 30HANBHOCTH (5-7 muu, pasmep 300-500 mkMm)
[A13]. TereporeHHOCTh BBbIpakajlacCh B  0Oojiee  BBICOKMX  3HAYCHHSIX
OTHOCHTENBHOTO BKJaaa cBobogHoi Qopmer HAJI(D®)H a; B kierkax
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nepudeprUIecKoil 30HBI, YTO YKa3bIlBa€T Ha 00Jee BBICOKYIO WHTEHCHUBHOCTH
TJINKOJIN3a, TI0 CPAaBHEHHIO C KIJIETKaMHU 30HBI MOKOs. BBISABIEHO, YTO B mporiecce
pocta cdeponga MeTabOIM3M KIETOK IEHTPATBLHOW 30HBI MEHSIETCS B CTOPOHY
okucienus (cHmwkaercs a; HAJI(®)H), torna xak Merabonausm nepudepruaecKux
CIIOEB OCTAETCs CTAOWIBHBIM. B oTiimumne oT cheporn10B, MOHOCIOWHBIE KyJIbTYPHI
OMOJIMOTEYHBIX JIMHUI METaOOJIMYCCKOM TeTepOreHHOCThI0 He oOjamaror [A49].
JJis MOATBEPKACHUS CBSI3U TIPOIIECCOB KIETOYHOTO JBIXaHUS U MposidepaTUBHOM
aKTUBHOCTHA, HaMU OBUIM TPOBEACHBI OKCICPUMEHTHI IO  HAOJIOIECHUIO
bayopecteniun - HAJI(®)H B kimerkax, JKCOpeccHpPYOMMX ceHcop (a3
kietouHoro nukia FUCCI-Red (puc. 3).

b FLIM FUCCI-Red

T
v

T,HC

p=0.0002

ag% T
0o
v
I}

70 A

£

) Mepudepusa LeHtp

Pucynox 3. OpHoBpemeHHass Bu3yaiu3alus (IYOPECIEHTHOTO CHTHala
HAJI(®)H u cencopa a3 knerounoro nukina FUCCI-Red B omyxoneBrix cdeponpax us
KJIETOK KoJylopekTanbHOro paka Meimn CT26 c¢ momompbto FLIM-muxpockonuu. A —
Mukpockonuueckoe n3o0paxeHue cepounsia B MpoxosiieM CBeTe Ha 7-i JeHb pocTa. b
— FLIM-u306paxenne B kanaie cencopa FUCCI-Red (B036. 1040 um, per. 598-660 uMm).
B - FLIM-u306paxenue B kanane HAJI(®)H (B036. 750 um, per. 450-500 um). [Tokazana
yacTh cepounna, BblAENEHHAs NYHKTUPHbIM KkBajapatoM Ha b. I' - Cxemartuynoe
u3o0paxkeHue cdepousa Ha JHE KyJIbTypaldbHOW dYallKK JUIsi KOH(OKAIbHON
mukpockonuu. I — OTHOCcuTEensHBIN BKIaA cBoOogHON hopmbl HAJI(D)H a; B kimeTkax
nepudepruecKoil U EHTPAIbHOM 30H cdepounaa.

Pesynprartel TOKa3anmw, 4YTO HApyXXHBIE CIOM KJIETOK c(heponmoB ¢
noBbIlieHHbIMU 3HaueHus MU a; HAJI(®)H naxonstcsa B daze nenenust S/G2/M, a
KJICTKHU IICHTPpaIbHOM YacTu - B (pase pocta miau nmokos G1/GO [A27].
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JlornyHo OBUTO OBI MIPEATIOTIOKUTD, YTO KICTKH BHYTPEHHETO CJIOS JTOJKHBI
UCIIONIb30BaTh TJIMKOJU3 B OOJBIICH CTEMEHH, YeM KJICTKH Hapy)KHOTO CIIOs, B
CBSI3M C MEHBIIUM CoJiepKaHueM Kuciopoga. OmHAKO TMOyYeHHBIC PE3yJIbTaThI
CBUACTEILCTBYIOT 00 oOpatHOM. KJIeTkn HapyXHBIX CJIOEB  aKTHBHO
nponudeprupyroT U UMEIOT B CBOOOJHOM JIOCTYIE MHTATEIbHBIC BEIIECTBA U
KHUCITIOPOJI, TIOSTOMY HCTOYHHUKOM JHEPTUM B HUX SIBISACTCA MPEHUMYIICCTBCHHO
a’poOHbIi raukonn3 («3¢dexkr BapOypra»). Torma kak KISTKH 30HBI ITOKOS
HaxOJsATCA B  MEHee  OJarompsATHBIX  YCJIOBHUSAX, HWMEIOT  CHIKEHHYIO
nponudepalnio, Ho MpU TOCTATOYHOM KOJUYECTBE KHCIOPOJa JEMOHCTPHUPYIOT
OKHCIIUTEIbHBIN METa0O0IN3M.

AHaJIOTUYHBIC YKCTICPUMEHTHI OBLIM MPOBEACHBI Ha Cheponsiax U3 KIETOK
oubnuoreunodt swmHUM riMoOmactoMbl U373 MG u  kIeTok TIimo0sacTomM
NalueHToB. BpUIo yCcTaHOBIEHO, YTO C(EpOUIbl TIIMOO0IACTOM HMEIOT MEHBIINE
pasmepbl — makcumyM 0 130 MkM Ha 7-M1 JieHb pocTa W HE JIEMOHCTPUPYIOT
MOP(OJIOTUYECKON U META0OJINYECKON 30HAJIBLHOCTH, YTO BEPOATHO OOYCIIOBIIEHO
WHBIMU 3aKOHOMEPHOCTSMH HMX pOcTa (Hampumep, YMEPEHHOW CKOPOCTHIO pOCTa
win  auddy3HbIM  pacrpeiesieHueM npoiudepupyrommx kietok). OmgHako
MEXKJIETOUYHAsI T€TEPOT€HHOCTh METa00JIu3Ma B MHAUBUAYAIBHBIX ceporax u3
NEPBUYHBIX KyJIbTYp ObliIa BbIIIE, 4eM B chepoungax u3 OMOIUOTEUHON JTMHUH, YTO
BBIpaXKaOCh B OO0JbIIOM pa3zdpoce 3HaueHud aj/a, HAJI(DP)H [A47]. Drtor
pe3yNbTaT MOXHO OOBSICHUTH TEM, UYTO KJIETKH, BBIJCIICHHBIE W3 OIYyXOJICH
MAIlMeHTOB, TPH KPAaTKOCPOYHOM KYJbTHBHPOBAHWH, BEPOSTHO, COXPAHMIA
(EHOTUITMYECKYIO TeTEPOre€HHOCTh, MPUCYIIYI0 UCXOIHOM omyxonu. [Ipu pocre B
ycnoBusix runokcun (3.5% O;) etk cdepousioB MOKa3bIBAIM OKHUIACMbIM
Mepexo]i Ha aHa’POOHBIN TITMKOJIU3 — CHIKEHUE Ty, YBennueHue aj/a, HAJI(D)H,
P 3TOM Pa3IU4Hsl CTAHOBIIIMCH 00JIe€ BRIPAKCHHBIMH MPHU JUTUTEILHOM (7 THEH)
BIMsSIHUN Tuniokcun [A47, ASS5].

MeTtabonuyeckas T€TEpOTEHHOCTh B MOJENIM OITyXOJieBOro cdeponaa Ha
KJIETOYHOM ypOBHE OblJIa HAMHU TIPOJIEMOHCTPUPOBAHA BIIEPBEHIE.

B onyxonax owcusommuvix Ha OMOIHEPTeTHKY KIETOK BIHSAIOT HE TOJIBKO
TUCTOTEHETUYECKMEe U TpoiudepaTUBHbIE OCOOCHHOCTH, HO U (PaKTOPHI
OITyXOJIEBOTO MHUKPOOKpykeHusi. B in vivo wucciemoBanusx merogom FLIM-
MUKPOCKOIIMA HaMH TMOKAa3aHO, YTO OIYXOJIM y MBIIIEH, BKJIIOYast KCEHOTrpadTh
omyxoJjieil yenoBeka, Mmerabonuuecku rereporeHHbl [Al7, A40, A49, 78]. B
OOJBIIMHCTBE CIy4yaeB, OHU JAEMOHCTPUPYIOT 0oJiee BBICOKHIM pa3z0dpoc 3HAUEHUId
BKJIaJIOB cBOOOAHOM U cBsizaHHOM (popm HAJI(P)H no cpaBHEHUIO C KIETOUHBIMU
JUHUSMH, W3 KOTOPBIX OHHM TOJNydeHBl. Takke Ha KceHorpadTax paka IICHKH
MaTKu 4ejoBeka Hela in vivo mamu ObLIO 3aMeuyeHO, YTO B Mpeaeiax OIHOM
OIyXOJIM KJIETKH, HAXOMSIINECS B OKPYXEHUH TUIOTHON KOJIJIar€éHOBOW CTPOMBI,
Oonee TIIMKOJUTUYHBI TIO CpPaBHEHUIO C KJIETKAaMH U3 30H C HHU3KOH
IPEICTABICHHOCTHIO CTPOMAJIBHOIO KOMIIOHEHTA — BKJIaJ CBOOOJHONM (OpPMBI a3
HAJI(®)H B Hux coctaBistn 75.5 £ 2.4 % vs. 80.8 = 2.7% (p = 0.00001), cpennee
BpeMs JKM3HH T, — 1.05+0.11 % vs. 1.8 = 0.25% (p = 0.00001) (puc. 4).
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XapakTepHO, 4TO B KJIETOYHOU KynbType Hela 3nauenus Bkimana a; HAJI(D)H
ObLIM OJM3KHU K 3HAYEHUSIM, TIOJYUYEHHBIM B «KJIETOYHOI» 30HE OIMyXoiu, 76.01 +
1.14 %.

A B MHTEHCUBHOCTD

dbnyopecueHuumn

FLIM HAL(®)H Mmcronorna

v e

N
T

HAL(®)H t,,, HC

0 =
CrpomanbHaa KnertouHas 2
30Ha 30Ha 0.7 0

Pucynok 4. In vivo FLIM-mukpockonust kopakropa HAJI(®)H B omyxonu Hela,
JIEMOHCTPUpYIOLIasi OTINYMs MeTaboiu3Ma B KJIETOYHOW M CTPOMAJbHOW 30Hax. A —
dotorpadus meimu nude ¢ onyxonero Hela nHa Genpe Ha 17 nmenn pocra. Crpeikamu
noka3aHbl 005acTu uccienoBanusa. b — JIByxoronHas ¢ayopecieHTHass MUKPOCKOIUS
Ha MHOrodotoHHoM Tomorpadge MPTflex. PenpeseHraTtuBHBIE H300pakeHUs
uHTeHCUBHOCTH aBToduryopectieHiiun HAJI(D®)H (3eneHplii 1BET) C HaIOXKEHHEM
CUTHaJIa TeHEepallui BTOPOW TapMOHHMKHU OT KOJUIareHa (KpacHbBIN IBET) U3 KJICTOYHOU U
ctpoManbHOU 30H omyxonu. FLIM-mukpockomust HAJI(®)H ¢ Tex ke moiel 3peHus.
l'ucronornveckne M300pakeHUs KIETOYHOW M CTPOMaNbHOW 30H omyxonu. Okpacka
reMaTOKCHJIMHOM M 303uHOM. B — Ouenka cpenHero BpeMms X u3HU T, HAJ(®)H B
KJIETOYHOM W CTpoMalibHOM 30Hax omyxonu. Cpennee+SD (n=3 omyxomu mo 30-40
KJIETOK B KaX0M).

[TonTBepkieHUEM BIMSHHUS OIyXOJEBOW CTPOMBI, BKJIOYas KOJUIareH MU
OITyXOJIb-aCCOIIMMPOBaHHBIE (UOPOOIACTHI, HA DSHEPreTHUECKUN MeTaboIm3M
OIyXOJIEBBIX KIJIETOK SIBJISIFOTCSl PE3yNbTaThl HALIMX In VItro 3KCIIEPUMEHTOB, B
KOTOPBIX OITyXOJIEBbIE KJIETKH KYyJbTUBHPOBAJIUCH COBMECTHO ¢ (pubOpobnactamu
W/WIIM B TIPUCYTCTBUM KOJUIAreHOBOTO Marpukca [A22]. Bwuio ycTaHOBIEHO, UTO
Ipu  KOKYJIbTHBHPOBAaHMUHM OMyxoJieBbIX kieTok Hela ¢  HopmampHBIMU
¢bubpobnacramu Habmogaercs ypenuueHue BkiaagoB a; HAJ[(P)H u a; GAJ u
cHkenus: peaokc-otHomeHuss GAJI/HAJ(P)H, uyTo roBoputr o mnepexIroueHUun
OIyXOJIEBBIX KJIETKOK Ha mHMKojiau3 [A6]. AKTUBaIMs TJIUKOJIM3a IO JaHHBIM
FLIM-mukpockonuu HAJI(®)H 3apeructpupoBaHa u B KJI€TKaX KOJIOPEKTAIBHOTO
paka yenoBeka HCT116 u HT29 B npucyTcTBUM HOpMaNbHBIX PUOpPOOIACTOB, YTO

MO3BOJISIET CHIeJaTh BBIBOJ 00 YHUBEpPCAIHHOM BIUsSHUU (HUOPOOIACTOB Ha
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OMOPHEPIeTHKY OITyXOJIEBBIX KIETOK (pHc. 5). B camux ¢ubpodiacTax mpu 3ToM
HHEPreTUYECKUii MeTaboM3M MOI OCTaBaThCsl HEM3MEHHbIM (B ciayuyae HT29),
00 MEHSATHCSA B CTOPOHY OKHCIUTEIbHOTO dochopunupoBanus (B ciydae Hel.a)
i rmkonusza (B ciaydae HCT116) [A19]. B mobom ciyuyae, U3MEHEHHUS B
OITyXOJIEBBIX KJIETKaX ObLIM 00Jiee BBIPAXKEHBI, YTO TOBOPUT 00 uX OoJbIIeH
MEeTa0O0JIMYECKON IUTACTUYHOCTH. B omyxoneBblx KkieTKax 124, pacTymmx B
KoJutarene 6e3 ¢puopo0acTOB, TaKKe OTMEUEH CABUI B CTOPOHY TiuKoym3a [A42].

A

AeHb 2

aeHb 1

[ HCT116

HAL(®)H a,/a,
HAL(®P)H a,/a,
w

150 mkm

HAA(®P)H a,/a,
HAL(®P)H a,/a,

Pucynox 5. lV3meHeHuss B  DJHeEpreTMYECKOM  MeTabolm3Me  KJIETOK
KosiopekTanbHoro paka yenoBeka HT29 u HCT116 u HopmanbHbix Gpudbpodiactos (Pb)
B mporiecce KokynbTuBUpoBaHus. A — FLIM-uzo6paxenns HAJI(®)H B kokynbType
HCT116 u ¢ubpobnacToB; rHCTOrpaMMbl OTHOIICHUS CBOOOJHOTO/CBS3aHHOTO d3/a;
HAI(®)H. b — FLIM-uzo6paxenus HAJI|(®)H B xokynsrype HT29 u ¢pubpobdracTos;
THCTOTPaMMBbI OTHOIICHHS CBOOOIHOTO/CcBsI3aHHOTO a1/, HAJI(®)H. CpenneetSD. *- p
< 0.05 B cpaBHEeHMH C 1-M qHEM.

[Tpu onenke Bki1agoB cBoOOAHOM 1 cBsizaHHOM popm HAJI(D)H B omyxomsix
MBIIIEH In ViVO B Mpolecce pocTa ObUI0 OOHAPYKEHO, YTO HHEPreTHUECKUN
MeTaboIM3M OITyXOJIM HE OCTAETCsl MOCTOAHHBIM. [lOBbIIIEHNE YPOBHS TIMKOJIN3A
(Oompmmit Bkaaa a; HAJI(®)H) ormeuanock B KPyNMHBIX OMYXOJSX Ha MO3THUX
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CTaIUsAX POCTa 1O CPABHCHHIO C OIMyXOJsiIMH Oosiee paHHHMX cpokoB [Al7], dto
BEPOSITHO OOYCJIOBIIEHO Pa3BUTHEM B HUX TMIOKCHH. [Ipu 3TOM corjacHO JaHHBIM
FLIM ¢ FUCCI-Red, nons kinerok B S/G2/M ¢a3e B Hux cHmkanacs [A27]. Uro
XapaKTEpHO, MEXOMyXoJieBble OTinuug B KuHeTuke (uyopecuenuuun HAJI(D)H
no gaHHbiM FLIM Obimu c¢rmaGo BbIpakeHBI ISl OMyXOJIeH OJHOTO CpOKa pocTa
(pa3mepa), TOJNY4YEHHBIX M3 OMOMMOTeuHbIX JUHUN. OpHako B KceHorpadrax,
MOJIYYCHHBIX M3 OIYXOJICBOTO Marepuaia MalueHTOB, MapaMeTpbl 3aTyXaHUs
¢iryopecieHIIMN  OTIMYAINCh CYIIECTBEHHO, YTO OBLJIO TMOKa3aHO HaMHU Ha
OpPTOTONHYECKOHN Mojein TimooaacToMbl [A39].

DTH UCCIEeIOBaHUS Ha MOJCIBHBIX OIMYyXOJSAX 1N VIVO TIPOAEMOHCTPUPOBAIH
BO3MOXXKHOCTH MeToaa FLIM pns Bu3yanuszaumu BHYTPU- W MEXOIYXOJEBOU
TFETEPOTCHHOCTH SHEPreTUYECKOro MeTadosiu3Ma W TOATBEPAWIA HMEIOUIUECS
IIPEACTABIICHUS O €T0 TUIACTUYHOCTH.

Jl1si moHMMaHUsT 0OCOOEHHOCTEW PHEPreTHYECKOT0 MEeTadoJM3Ma OITyXoJieh
BaYKHBIM 3TaroM OblIa paboTa Ha ONEPAMOHHBIX 00pa3yax onyxoel nayueHmos.
C nomomipto FLIM-Mukpockonuu ObUIO 0XapaKTEpU30BAHO META00IMUYECKOe
COCTOSIHUE KJICTOK KOJIOPCKTAJIbHOIO paka €X VIVo (puc. 6). CpaBHeHHE
MeTaboJIM3Ma OIyXOJIEBhIX KJIETOK C HOPMaJIbHOM TKaHbIO KUIIIEYHUKA, B3ATOTO Ha
yAAJIGHUU OT OITyXOJM, I0Ka3aj0, YTO KIETKU JIUTEIUs KHUIIeYHUKa Ooliee
TVIMKOMUTUYHBI  (MMeroT Oojiee BeICOKHMU a; HAJ(DP)H), dvem mnepBUYHBIC
ymepeHHo-1udpepeHInpOBaHHEIC OTTYXO0JIH T3 CTaINH (p=0.0034).
CraTuCTUYECKH 3HAUUMBIX OTJIMUMNA MexXay omnyxoiasmu 13 u T4 craauii He
BBISIBICHO BBHJIY BBICOKOW MEXKOITYXOJIEBOM T€TEPOT€HHOCTH U MaJjoro pa3Mepa
BbI0OpKH. CyIECTBEHHBIC OTJIMUWS OMyXOJICH OT HOPMBI OBUIM OTMEUYCHBI B HMX
MEXKJIETOYHOH METa0OJNYECKON TeTEPOTCHHOCTH — pa30pOC 3HAYEHUH BKIIAJIOB
cBoOoaHoro u cBszanHoro HAJ[(®)H B omyxonu Obul Kak MUHUMYM B 2 pasa
BBIIIIE, YeM B 0Opasiiax HopMmaabHO# Tkanu [A18].

B HEJJaBHEM HCCIIETOBAHUU MBI BIIEPBBIC KOJIMYECTBEHHO
OXapaKTEepU30BaIU CTENIEHb BHYTPHUOITYXOJIEBON METaOOIMYECKON reTepOoreHHOCTH
Ha KJIETOYHOM YpOBHE, HCIOJB3Ys HHAeKC OumomanpaocTr (Bimodality Index, Bl)
u gucnepcuro mapamerpa a; HAJ[(®)H. Munmekc OMMOIaibHOCTH OMUCHIBAET
COOTBETCTBHE pacHpeiesieHus] nmapamerpa AByM l'ayccoBbIM KpUBBIM (T.€. JBYM
monam). B cinyuae nmannsix FLIM HAJI(®)H BI>1.1 o3Hauaer, 4To B KJIETOUYHOU
MONYJISIIIUK TPUCYTCTBYIOT JIBa KjacTepa KJIETOK C pa3jIuyHOM MHTEHCHBHOCTHIO
[VIMKOJIM3a U MUTOXOHJPUAJIBHOTO AbIXaHus. J{ucriepcusi XxapakTepusyer pa3opoc
3HA4YCHUH MapaMeTpa OTHOCUTEIBLHO €ro MaTEMaTUYECKOTO OXKHUIaHUS.

YCTaHOBIEHO, YTO paK TOJCTOM KHWIIKH TAIMEHTOB 00JiaJaeT BBICOKOM
MEXKKJICTOYHONH T'€TepOreHHOCThIO YHEPreTHYecKkoro meradonmsma (puc. 6). Ito
CYILIECTBEHHO OTJIMYAJIO OMYXOJH MAllMEHTOB OT KJIETOYHBIX JIMHUMN U OIMyXOJEBbIX
KCEHOTPA(TOB y MBIIIEH, KOTOPHIE CUYUTAIOTCS TEHETHYECKH OIHOPOJHBIMUA U
ctabuibHbIMU. Bce omyxoneBbie oOpasibl JEMOHCTPUPOBAIN BBICOKUN pa3dpoc
sHaueHui a; HAJI(®)H, a momoBuHa wmccnegoBaHHbix oOpasmoB (10 u3 21) -
BBICOKUH K03 uiimeHT ouMoaanbHoCTH (>1.1), yka3pIBaromuii Ha TPUCYTCTBUE B
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OITyXOJH ABYX CyONMOMyJsIUi KJIETOK C Pa3InYHBIM METa0OINYECKUM Mpoduiiem.
OneHeHa Koppeisius HHACKca OuMomalbHOCTH M guctiepcun a; HAJ(DP)H u
KJIMHUKO-TIATOJIOTUYECKUX XapakTtepuctuk omnyxoned (TNM craaus, rpeiin).
Jucnepcus a; cratuctuaecku 3Ha4uMo (p=0.01) ObLia BbIIIe B OMMYXOJISX BHICOKOM
CTEIEeHU 3J10KauyecTBeHHOCTH (3.

A

B E p=0.0034

x A

- 0\0 1

© > 78

,g- =

5 € 5

2 g

72
OnyxonnT3 Hopma

e e e e e e e s s e e ——
pl p2 p3 p4d p5 p6 p7 p8 p9 p10 pi1 pi2 p13 pid4 pi5 pi6 pi17 p18 p19 p20 p21

PucyHoxk 6. I'eTeporeHHOCTh JHEPIreTHYECKOro  MeTadoau3Ma  KJIETOK
KOJIOPEKTaJIbHOTO paka mnarueHToB no gaHHbIM FLIM-mukpockonuun HAJI(®)H. A —
PenpesentatuBubie  FLIM-uzo0pakeHuss Tpex  moOCieONepandoHHBIX  00pa3IoB
omyxoneil. P16 - ameHokapuuHOMa TpsIMON KHIIKH YMEPEHHO-AU(EepeHIIMpOBaHHAS
T3N1IMO (cTamus I1IB), P15 - aJIEHOKapIIMHOMA cliernou KHIIIKHA
Huskonupdepenmpoantas TINIMO (cranus 11IB), P13 - ageHokapuuHOMa ciemnoun
KUk ymepeHHo-aupdepennmporannas T3N1MO (cranus 11IB). b — I'uctonoruueckue
n3o0paxkeHus: omyxoieil. Okpacka TI'eMAaTOKCHJIIMHOM W 303WHOM. B — 3HaveHus
OTHOCHUTEJIPHOTO BKIana cBoOomHoW ¢opmer a; HAJ(®)H B uHIUBUIYambHBIX
onyxoJisix. TOuku — U3MEepeHusi B OTAEIbHBIX KieTkaX. [lokazansl meauansl, 25-1 u 75-i
MPOIICHTIJIM, MUHUMYMBI W MakCUMyMbl. Han amarpamMmamMu TNpUBENCHBI 3HAUCHUS
uHaekca OumomanmpHocTn Bl-3;. [' - PemnpesenratuBnoe FLIM-u3o0paxkenue
HOPMAJILHOTO AMUTENUs KUIIEUHHWKA Ha OTHajJeHuHu oT omyxonu. J[ - ['mcronorudeckoe
n300pakeHue HopMalbHOM TkaHu kumeyHuka. E — CpaBHenue nmapamerpa a; HAJI(®)H
B KOJIOPEKTalbHOM pake T3 cTaauu M HOPMaJIbHOM JMUTEINU KHUIIEHUKA. TOYKU —
U3MEpEHUS B OTIEIbHBIX 00Opa3Lax TKaHew.

Taxkum obOpazom, JTaHHBIE FLIM-mukpockonuu MOATBEP INIIN
CYIIECTBYIOIIME TIPEJCTABICHUS O BapuaOEIbHOCTH TMPOIECCOB KJIETOYHOIO
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npIxaHus B onyxoisix [A49]. [IpogeMoHCTpUpOBaHO BIMSHUE HA SHEPTETHYECKUI
MeTabOoIM3M OIyXOJIEBBIX KIIETOK PA3IUYHBIX (PAKTOpPOB — MposindepaTUBHON
aAKTUBHOCTH, CTPOMAQJIBHOTO  KOMIIOHEHTA, TMIIOKCHUH,  T€HETUYECKOU
Pa3HOPOAHOCTH, CTENEHU 3J0KAUYECTBEHHOCTH HOBOOOpaszoBaHuil. HecmoTpst Ha
OYEBUIHOCTh HAILIETO HAOJIOJEHHUS BBICOKOM MEXKKIETOYHOW MeTaboIMUYecKoil
reTepOreHHOCTU OIyXOJIe MalUeHTOB, PaHEE OHA HE ObLIa BU3yaJU3MpOBaHA U
KOJIMYECTBEHHO OLICHEHA B OIYXOJIEBOU TKAaHU.

2.4.2 Bosmo:knoctu Makpo-FLIM st nuddepenunpoBanus omyxoJim ot
HOPMAJIbHOM TKaHU

B cBoux wuccrnenoBaHMsX Mbl BIEPBBIE IMOKa3ald, YTO KOH(OKAIbHBIHI
Makpo-FLIM o6mnamaer A0CTaTOYHONW YYyBCTBUTEIBHOCTBIO [JIsi PETrUCTpanuu
aBToiyopectieniiuu HAJ[(®)H B TkaHsx KUBOTHBIX. Ha MOIKOXKHBIX OMyXOJIIX
Mmbleir CT26 ObuIo MOKa3aHo, YTO peructpupyembie BpemeHna xuzaun HAJI(D)H
COOTBETCTBYIOT TUIIMYHBIM 3HAUYEHUSM U COCTaBILIIOT T3 ~0.5 HC U 1, ~2.9 Hc.
OtHOcHUTENbHBIM BKJIaA CcBOOOMHON (a;) ¢opmbl coctaBisin  85+5%. Jlns
CPaBHEHHS, B OKPYXKAIOIIEH OIyXOJIb MBIIMIEYHOM TKAHU ATOT BKJIAJ COCTaBIISUI
77t4% [A15]. TlomydeHHble pe3yabTaThl yKa3blBaIM Ha 0o0Jiee BBICOKYIO
MHTEHCUBHOCTh TJIMKOJM3a B OIYXOJU IO CpaBHEHHIO C Mblmeil. B Ttom ke
uccienoBaHuu Mol okazanu, yto HAJI(®)H moxeT peructpupoBarbCsi B OIyXO0JIH
OJTHOBPEMEHHO C JMHCCHEeH KpacHoro @uyopecueHtHoro Oenka mKate2.
Okcnpeccust  QuryopeciieHTHOro  Oejka  OMyXOoJIbl0O ~ TMOMOTaeT  TOYHO
unaeHtTuguuuponats ee Ha FLIM-u3o0paxenusix (puc. 7).

B FLIM mKate2

Pucynox 7. Maxkpo-FLIM onyxomu wmeimu CT26 in VIVO ¢ 0ZHOBpEMEHHOM
Bm3yanmzanmen HAJI(®)H wu xpacnHoro dmayopecientHoro Oenka mKate2. A —
®otorpadus xordokansHoro FLIM/PLIM-Makpockanepa Bo Bpems dkcriepuMenTa. b —
®otorpadusi MbIIIKA C TOAKOKHOU OmyxoJiblo CT26 ¢ OTKPBITBIM KOXKHBIM JIOCKYTOM;

36



yBenudeHnHas (ortorpadus omyxomnu (06JacTh CKaHUPOBAHUS MOKa3aHa MYHKTUPOM). B —
FLIM-u306paxenue onyxonu B kanaie HAJI(®)H (Bo36. 375 um, per. 435-485 um). I -
FLIM-n300paxenne omyxonu B kaHaime mKate2 (Bo36. 375 um, per. 608-682 um). [ —
Kpusas 3atyxanus HAJI(®)H B onyxonu. CuHHE TOUKH — SKCIIEPUMEHTAIbHbIE JaHHBIE,
KpacHasl KpuBasi — alllipOKpUMallns, 3€JIeHas KpuBas — annapaTHast pyHKLuS.

B nanpnelimem makpo-FLIM Obn anpobupoBad 1t quddepeHInpoBaHUs
[JIMOM  OT HOPMAaJbHBIX TKaHEH Mo3ra. OKCIEPUMEHThl MPOBOAWIACH Ha
MHTPAKpAHUAIBHBIX OMYXOJEBBIX MOJEISAX Kpbhic U Mblmeld. M3o0paxeHus
MOJTydaldl CO CBEXKEHU3BJICUEHHBIX 00pa3loB Mosra ex vivo. Ha rmmoGnactome
kppic 101.8 OBLIO BBISBICHO, YTO CpeAHEE BpeMs >KH3HU (DIIyOpECHCHIHH T,
HAJI(®)H Gonee nnmHHOE MO CpPaBHEHHIO ¢ KOPOW WMHTAKTHOTO MO3ra W Oojee
KOPOTKO€ IO CpaBHEHHIO C OenbiM BemiecTBOM. B ciywae rmuombl C6 u
actpouutomsl 101.8 y KpbIc BpeMs KM3HU (PIIyOPECLUEHLIUH Ty B OMYXOJU ObLIO
0oJiee KOPOTKUM IO CPABHEHUIO C O€JIbIM BEIIECTBOM M HE OTJIMYAIOCh OT KOPBI
[A28]. B kxcenorpadrax riuobmactoMsl yenoBeka U87 y Mbimieit nude Tak ke T
HAJJ(®)H umeno Gonee kopotkue 3HaudeHust (1.24 £ 0.01 HC) MO CpaBHEHUIO C
OeJIbIM BElIeCTBOM Y TeX ke ®KUBOTHBIX (1.449 £ 0.009 uc, p=0.01) 1 KUBOTHBIX

0e3 omyxonu (1.54 + 0.03 uc, p=0.002) (puc. 8) [A39].

A b

2.0- p=0.0025

1.5 ! |
p=0.0079

o
e
f

1.0

T, HC
HALA(®)H T, HC
P

Pucynok 8. Makpockonmuecknii FLIM mo3ra meimu NUde ¢ riMmoMol dernoBeka
U87 B cnektpansHoM kaHaie HAJ[(®)H. A — PenpesenratuBnoe FLIM-u3o6paxkenue
CBeXero cpesza mMo3ra. O6yiacTh OMyXxoJu Mmoka3aHa nyHKTUpoM. b — 3HaueHus cpenHero
BPEMEHHU XU3HU T, HAJI(P)H B omyxomu m HOpManbHBIX TKaHsX mo3ra (BB — Gemnoe
BeniectBo, K — kopa). Touku — 3HaueHus T, y UHAMBUAYAIbHBIX XUBOTHBIX. B —
['ucronoruueckre M300paKeHUsI TPAHUIBI OMYXOJIH M OEIOro BelleCTBAa MO3ra MbIIIEH.
Okpacka reMaTOKCUIIMHOM U S03UHOM.

[TockonbKy OIMyXOJeBbIe MOJCTH U3 OUOIMOTEUHBIX JTUHUN HE OTPAKAIOT B
IIOJJHOM MEpPE CBOMCTB ONYXOJIEM 4YEIOBEKa, & UMEHHO, UMEIOT OTrPAaHUYECHHYIO
WHBA3UI0, MOP(MOJOTHYECKH M TEHETHYECKH OIHOPOJHBI, OOJIBIION WHTEpEC
BbI3bIBAIOT Moaenu PDX  (mamument-crienuduuyHble  kceHorpadThi). Ha
OpUTHMHAJIBHONW MHTpakpaHuaapHoi PDX mMozaenu, mosydeHHON U3 IIMo0JaCcTOMBI
nalueHTa U MeueHou (iryopeciieHTHbIM OenkoM mKate2, Ob1710 00HAPYKEHO, YTO
Bce omyxouu B rpynme (n=10) oTnuyanuck 00jee KOPOTKMMH 3HAYEHUSIMU Tp
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HAJI(®)H ot 6emoro BemectBa (p<0.0001), a yacts u3 HUX (4 u3 10) oTmganuck
OoJiee JUIMHHBIM BpeMeHeM >ku3Hu T, HAJ(P)H ot xopei mosra [A39]. beuio
3aMe4eHo, 4yTo omnyxoiu PDX, mosmyyeHHble U3 MarTepuana OJHOU M TOM XKe
OITyXOJIM MaleHTa, ObUTM METAa0O0IMYECKU TeTePOreHHbl MKy COOOW B OTIMYHE
OT omnyxosied u3 OMOJUMOTEUHBIX KIETOYHBIX JIMHUM, 4YTO MpeAroaraeT
COXpaHEHHUE B HUX KJIOHAJIBLHOTO pa3HOOOpa3usi KIETOK.

[IpenBapuTenbHble JaHHBIC, TOJYYEHHbIE HAaMU Ha ONEPALUOHHBIX
oOpasiax rimodJacToM MaMeHTOB, TOKa3all BO3MOXHOCTh AU(depeHIPOBAHUS
OMyXoJie OT O0enoro BemecTBa, HE WHQUIBTPUPOBAHHOTO OIMYXOJEBBIMU
KJIIETKaMH, € mnoMmompbio Makpo-FLIM, wu3Mmepsss COOTHOLIEHWE KOPOTKOM U
JUTMHHOM KoMIoHeHT 3aTyxaHus smuccun HAJI(P)H aj/a, [A28, A43]. Jlannoe

COOTHOIIICHHE B OITyXOJIEBBIX 00pa3iax ObUI0 cTaTUcTHYecKH Bhimie - 2.02 vs 1.34,
p = 0.0413.

HeobxoaumMo OTMETUTh, UYTO 3apETrUCTPUPOBAHHBIE BpEMEHA >KU3HU
HA(®)H 1, u 1, B rIuomMax u O€JIoOM BEIIeCTBE MPUHUMAIOT OoJiee JTMHHbBIC
3HAUEHHUA, YeM Te€, YTO JCTEKTUPYIOTCS B OIyXOJEBBIX KIJIETKaxX B KYJIbType U
OIyXOJISIX 1N VIVO JPYroro MPOUCXOXKACHUS. ITO MOXKET ObITh OOYCIOBICHO
ocobenHocTsiMu coctaBa HAJ[(®)H-cBs3piBatomux OEIKOB B TKaHSAX MO3ra WU
BKJIaJIOM UHBIX (hiryopodopoB (MUMOPYCHUH, MPOTYKTHl OKUCICHHS JIUIHUIOB) B
PErUCTPUPYEMBIN CUTHAI, B YEM €IIle MPEJICTOUT Pa3o0paThCsl.

Takum  oOpazom, wmakpo-FLIM HAJI(®)H npeacraBasier  coOoit
MEPCIIEKTUBHBIA ~ MHCTPYMEHT  JUIsl  KIMHUYECKOM  WMHTPAOIEPAlMOHHOU
JMArHOCTUKHU OIMyXOJIeH, HalpuMmep, TJIMOM, MOCKOJBKY MO3BOJISIET B PEAJIbHOM
BPEMEHU T0JIy4aTh H300pPaKEHHsI JOCTATOYHO KPYMHBIX OOpa3loB TKaHEH B
Makpo-macmradbe M 007aJaeT BBICOKOW UYYBCTBUTEIBHOCTBIO B PErHCTpalliU
METa0O0JINYECKUX OTIMYHUI OIMyXOJU OT HOPMAJIbHOM TKaHHU.

2.5 UccaenoBanue MeTa00JMuecKX H3MEHEHUI MPHU anmonTo3e 0nmyxoJjeBbIX
KJIeTOK ¢ ucnojb3oBanueM FLIM HAJI(®)H u reHeTH4ecKH KOAUPYEMOI0
CEHCOpPA AKTHBHOCTH Kacnasbl-3

AnonTo3 —  CIIOXKHBIH, SBOJIIOIIMOHHO  KOHCEPBATHUBHBIA  IMPOIIECC
MIPOTPAMMUPOBAHHON KJIETOYHOW THOENIM — MMEET CYIIECTBEHHOE 3HAUYCHHE IS
OITYXOJIEBOM MPOTPECCUU, KOTOPAsi 0TYACTU O0YCIIOBJIEHA €T0 MHTUOUPOBAHUEM, U
Il OTBETA ONyXOJIeW Ha Tepanuio. BaxHasd poib B pEryssiliuM  anonTo3a
OTBOAMTCS MHTOXOHAPHUAM, peokc-crarycy kietku u ADOK [79, 80]. Ognako mo
CUX TIOp HE YCTAHOBJICHBI B3aMMOCBS3U MEXKIY PazIUYHBIMH METaOOJUYECKUMU
nyTsaMu, pH u aktuBanmen kacna3. CiopHsIM BOITPOCOM OcTaeTcss UICTOUHUK ADK
MIpY anonTo3€¢ — MUTOXOHApHaIbHas abixareibHad nenb win HA JIOH-okcuaassi.

MuorodoTonHass (iyopeciieHTHass MHUKPOCKOMHS, B TOM 4YHCIE C
BpeMeHHBIM pazperieHueM FLIM, B KOMOWHAIMKM C TE€HETHYECKU KOJAUPYEMBIMU
CEHCOpaMHu MO3BOJISIET MPOBOAUTH JUHAMUYECKUE, MYJIbTUIIAPAMETPUUECKUE
MCCIIEIOBAHUS allONTO3a KaK Ha KJIETOYHBIX KYJIbTypaX, TAK U MOJEISAX OMyXOJIeh
in VIiVO [A4]. BOJIBIIMHCTBO TEHETUYCCKH KOJIUPYEMBIX CEHCOPOB JUIsSl aHAJIM3a
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aronTo3a HaleJIeHbl Ha PErHCTPAlI0 aKTUBHOCTH Kacmasbl-3 — KIOYEeBOU
3¢ (heKTOpHOM Kacmasbl allONTOTHYECKOro Kackaaa peakiui [A16].

C wucnonb3oBaHHEM HOBOro reHerudyecku koaupyemoro FRET cencopa
kacrnaspi-3  mKate2-DEVD-IRFP  HamMu  Obl1  NPOBEACH  MOHHUTOPHHT
anoNnTOTUYECKOTO Mpolecca ¢ OAHOBPEMEHHON perucTpaieil peoKc-0THOIEHUS
OAJI/HAJI(D)H u Bpemenu xu3uu uryopectieniiun HAJ[(P)H B ofHUX U TEX xKe
kierkax B auHamuke [A9]. Cencop mKate2-DEVD-iRFP ckonctpyupoBaHn Ha
ocHOBe 1BYX ¢uyopecueHTHbIXx OenmkoB mKate2 wu 1RFP, coenmaeHHBIX
y3HaBaeMbIM Kacmnazoii-3 snuHkepoM [A7]. B coequHEHHOM COCTOSIHUHU, T.€. B
OTCYTCTBUM AaKTUBHOM Kacmaszbl-3, MEXAYy OSTUMH O€JIKaMH IPOUCXOIUT
®epcrepoBckast pe3oHaHcHas mnepenada sHepruu (FRET), B pesynbrate uero
oenok-noHop mKate2 uMeeT CHUXEHHbIE 3HAYEHUS BPEMEHHM  JKU3HU
dbayopeclieHIIuM 1O CpaBHEHUIO ¢ HaTtuBHOM Qopmoit (1.4 vs 2.05 Hc). Ilpu
WHIYKIMW aronTo3a cTraypocnopuHoM (5 MkM) akTuBamus Kacmasbl-3 B
omyxoJieBbix kieTkax CT26 nabmionanach, HAUMHASL C 2 4 UHKYyOaIuu, 4TO OBLIO
3apErUCTPUPOBAHO TIO0 YBEIWYEHHUIO BPEMEHU XKU3HU (DIIYOPECIECHIIMH JOHOpPA C
1.58 &£ 0.11 HC mo 2.32 £ 0.25 HC. B Tex ke KJIeTKax peAoKC-OTHOIIEHHUE
OAJI/HAJI(®)H HaymHano 3HAYMMO pacTH, a BKJIaA CBOOOAHONU (QOpMBI
HAJJ(®)H a; nHaumHanm CHWXKATbCA TOpa3fo paHblie — ¢ 15 MUH HHKyOanuw,
yKa3bIBas Ha aKTUBAIIMIO MUTOXOHAPUATILHOTO JAbIXaHUSI.

[lapannensHo ObUT  BBINOJHEH JKcnepuMeHT Ha  kietkax CT26,
AKCIIPECCUPYIONINX JIBa CEHCopa — ceHcop kacnasbli-3 mMKate2-DEVD-iRFP u pHi-
cencop SypHerl [A9]. bsuio 3apeructpupoBano camxenue pH nuroszons ¢ 7.19 +
0.14 mo 6.97 + 0.13 (p<0.05) Ha poHe BO3AEHUCTBUS CTAypOCHOPUHOM 4depe3 15
MUH y ~60% KneTtok m udepe3 | 4 BO Bced NOMYJSALMHM; CHM>KEHHBIM pH
coxpassuicst 10 24 4. I3BeCTHO, UTO SHEPreTUUYECKUI METa0O0IM3M KIETKHU 3aBUCUT
or pH 1murTo301s8, a ero  3aKMCIEHHE  CHOCOOCTBYET — aKTHBALUH
MUTOXOHJIpHaIbHOrO JbixaHus [81]. Tak 4TO Ha OCHOBE 3THUX JAHHBIX MOXHO
yTBEPKJIaTh, YTO AaKTHMBAUMW Kacmasbl-3 ITIPU  aloNTO3€ IPEAIIECTBYIOT
CKOOpJIMHUPOBAHHBIC U3MEHEHUST MeTabomu3Ma u pHi.

B »stom e wucciaemoBaHMM OBUIO 3aMEUYEHO, YTO TIPH JT0OABJICHHUU
CTaypoClOpMHa K KJIE€TKaM HaOJIofaeTcs YBEJIMYEHUE BPEMEHH O KU3HU
dbayopecteniun HAJI(®)H 1, BmmoTh 10 4 HC Tpu TUNMMYHBIX 3Ha4YeHHsX 1.8-2.4
HC. OTOT MmapaMmeTp ompeaeasercs cocraBom u mponopuuer HAJ(D)H-
cBs3biBatoux gepmentoB. CornacHo Blacker et al., BeipaxkeHHOE yBennueHue T,
acCOlMUpyeTCs ¢  yBEJIWYEHHWEM  BKJIaga  CBS3aHHOM ¢ Oemkamu
dbochoprmposannoit hopmer HAJIPH (t 4.4 He) B oOmwmid mys kogakropa [56].
DTOT BKJIAJl MOKET OBIThH ONPEAEIIEH MyTeM 3-3KCIIOHEHIIMATBFHOM arMmpOKCHMAIH
kpuBblx 3aryxaHuss HAJ[(®)H, rae BTopas KOMIOHEHTa (T, a2) COOTBETCTBYET
ceszanaomy HAJIH, a Tpetbst (13, a3) - cBszanHoMmy HA JIOH [82].

B nanpneitmenr pabore Ml ¢ momomibio FLIM 6Gonee neranbHO M3ydymiu
obOpaszoBanne HAJI®H B mporecce amonTo3a W OIEHWIM B3aWMOCBSI3b MEXKIY
MeTabonnueckuMu nepectpoiikamu U renepanueinr AOK B omyXoneBbIX KIETKax
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[A36]. beuta mocTaBieHa cepusl SKCIIEPHUMEHTOB MO MHAYKIIMW aronTo3a TPeMs
areHTaMu — CTAaypOCHOPHUHOM, LMCIUIATUHOM U MEPOKCHUAOM BOJOpOJa — B
omyxoJieBbix kietkax CT26, skcrpeccupyromux ceHcop kacmasbl-3 mKate2-
DEVD-iRFP. B Tex e kjeTkax MPOBOAWIICS aHAIU3 KUHETUKHU (PIIyOpECHEHIINH
HAJI(®)H ¢ nmocnenyromieit okpackoit Ha BHyTpukieTouHbie ADK cranmapTHbBIM
kpacutenem H,DCFDA. B cnyuyae noBbimenus 1, HAJI(®)H npu knaccuyeckoi
OHM-9KCTIOHEHIIMAILHON arnrpoKCUMaluu, KpUBbIE 3aTyXaHUs
anIpPOKCUMUPOBAINCH 3-3KINOHEHIMAIBHOM MOJIENbI0. BbIIO 0OHapyKeHO, 4To
TpeThs KOMIIOHEHTa, coorBeTcTByromas HAJI®H, Bo3HuKaeT TOJIBKO B Ciydae
CTaypOCIIOPUH-UHIYLIUPOBAHHOTO allONTO3a, MPU 3TOM €€ OTHOCHUTEJIbHBIA BKJIAJL
YBEJIIMYUBACTCS C YBEJIMYCHHEM J03bl Ipemnaparta. J(nHamudeckoe HaOIIoleHue
nokaszano panHee (depe3 30 MUH HMHKyOalMu) yBEIUYEHUE PEIOKC-OTHOIICHUS
OAJI/HAJI(D)H u yBenuuenue ¢ppakunu cBsizanHoro HA/IH a, npu Bo3aeiicTBun
Jr00BIM U3 areHTOB, MpenrnoJiaras CABUI OalaHca B CTOPOHY OKHCIMTEIBHOTO
docopmwirpoBaHus. OTHU M3MEHEHHs] MPEIIECTBOBAIM WM HaAOIIONAINCh
OJTHOBPEMEHHO C AaKTUBAallMEW Kacmasbl-3 M XOPOLIO KOPPEIUPOBAIA C
npoaykiueit ADPK (r=0.55-0.69) (puc. 9). CTOUT OTMETHUTH, YTO MPH BO3ICHCTBUH
LHUCIUIATUHOM, B OTJIMYME OT APYTMX areHTOB, yBelnueHue BKiana a, HAJIH
HA0JII0JaI0Ch B OJJUHAKOBOW CTENEHU B alONTOTHUYECKUX U HEANONTOTHYECKUX
KJIETKaX, a 3HAUUT, ObLJIO HECTIEU(PUUECKUM OTBETOM, HE CBSI3aHHBIM C 3aIlyCKOM
anonro3a. B cnyuae craypocnopuna nosisnenue ¢ppakunu HAJIOH crnenosaino 3a
npoaykiuerd A@K, uro no3somnser npeanonoxuts yuactue HAJI®H B npoueccax
nerokcukannun ADK ckopee, yeM B UX TPOAYKIIHH.

Hamu Obinma mpeanpuHsTa MOMBITKA OICHUTh, WHAYIIHUPYIOTCS JIH MTOA00HBIC
MeTa00IMYECKHEe U3MEHEHHUS TP alloNTo3€ B YCIOBHUAX OIMyXoJiu in vivo. [locrne
JIOKaJIbHOM WHBEKIHMH CTAaypOCHOpHUHA OBbUIM OOHApYyX EHbl OOIIMPHBIE MOJIA
amoNnTOTUYECKUX KJIeTOK B omyxohu mo gaHHeIM FLIM/FRET mukpockonuu c
ceacopom  mKate2-DEVD-iRFP, d4ro moaTBepkmaaoch  MOCIASAYIOITUM
THUCTOJIOTUYECKUM HCCIeIoBaHUEM. Mbl HAOMIOAAId CTATUCTUYECKH 3HAYUMOE
yBenuuenue 1, HAJI(®)H ¢ ~2.47 e no ~2.74 HC KaK B allONTOTHYECKUX, TaK U B
HEArOTOTUYECKUX KJIETKax, 0e3 Kakux Ju00 U3MEHEHHH B COOTHOIICHUH
cBOOOMHON M cBsa3aHHOU ¢pakiuii [A36]. Takum oOpa3om, in Vivo HCCICIOBaHNE
BBISIBUJIO CXOXKYIO TEHJCHIIMIO C pe3ysbTaTaMu in Vitro, OJHAKO MeTabOJIMueCcKHe
U3MCHCHHUS B ONMYXOJISIX OBUIM MEHEE BBIPaKCHHBIMH, YTO BEPOSITHO CBS3aHO C
O0onee CHIBHBIMH KOMIICHCATOPHBIMH MEXaHM3MaMH, HaIlpaBJICHHBIMA Ha
noJjJiep>KaHue peoKc-0allaHca KIIETOK.

Htak, HaM BIEpPBBIC C MOMOIINBIO MYJIBTHIIAPAMETPUYCCKOTO MMHMIKHUHIA
yIaJ0Ch YCTAHOBHUTH IIOCJCIOBATEIBHOCTh META0OIMUYECKUX COOBITHH IIpH
WHAYKIIMK arlolTo3a B OMYXOJIEBIX KJIETKaX M MMOKa3aTh UX B3aMMOCBs3H ¢ pHi u
obpazoBanuem ADK.
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Pucynoxk 9. MynbTunapameTpuyeckuii  UMHUDKMHT  afornTo3a  KJIeTOK
KoJopekTanpbHOro paka wmbimu CT26 ¢ mnomompbto FLIM-mMuxkpockomuu. A —
MOHUTOPUHT AaKTHBAallUM Kacmas3bl-3 € MPUMEHEHHEM T€HETUYECKH KOAUPYEMOro
ceacopa mKate2-DEVD-iRFP: FLIM wu3o0paxenus ¢iuyopecieHuu Oenka-10Hopa
mKate2 ¢ oxgnoro u toro xe noss 3penus. FLIM wn3zo6paxenuns HA/IH u HAJI®H B
nuHamuke. Ouenka BHyTpukiieTouHoro ypoBHs ADK. b — V3MeHeHne BpeMeHU KU3HU
¢nyopecuennimu  mKate2 B HMHIMBUAYalIbHBIX KieTkax (1-5), o00o3HAa4eHHBIX Ha
KoHTposibHOM FLIM-n300paxkenun. B - OTHOcHUTENbHBIE BKIAJbI CBSI3aHHOW ¢ OeIKOM
dopmbl HA/TH a, u cBszannoit ¢ 6enkom Gopmbl HAJI®H az. Cpeanee+SD. *- p < 0.05
B cpaBHeHHH ¢ KoHTpoJeM (0 u). I' — Koppensuun HAJIH a, ¢ akruBanueit kacnassl-3 u
ypoBHeM ADK. Touku — u3MepeHus: B UHANBUAYAIbHBIX KIETKaX.

2.6 OueHka 0TBeTa OIMyXo0Jeil HA XUMHOTEePANHUI0 ¢ MOMOIIbI0 ONITHYECKOT0
MeTa00JIHYeCKOro MMH/KHHT A

XuUMHOTEepanusi OCTAaeTCsl CTaHIApTOM B JIEYCHUHU OHKOJIOTHYECKUX
3a0osieBaHui W Ha3Hadaercss nodtu 0% MAUUMEHTOB C AMATHOCTHUPOBAHHBIM
OoHKO3a0osieBaHueM. Mexny TteMm, B cpenHeM 40% W3 HMX HE OTBEYAlOT Ha
aedenue. [Ipu 3TOM uyacToTa OTBETa CUJIBHO BapbUPYeT U Pa3HBIX THIIOB
OITyXOJIEH U COCTABJISIET, HAIPUMED, B ClIydyae KOJIOPEKTAIBLHOIO paka okoso 46%o,
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a B Clly4ae OIyXoJiel LEHTpajJbHOW HEPBHOW CHUCTEMBI Julllb 0koio 9% [83]. Ha
CCTOMHALIHUN JIeHb TMpH HAa3HAYCHUW XHUMUOTEPAlUM HE  YUUTHIBAIOTCS
VHUBHIyaJbHbIC OUOJIOTHYECKHE OCOOCHHOCTH OITyXOJHM MAallMeHTa, a BBIOOD
CXEMBI JICUCHHsSI ONPEACISIETCS THCTOJOIMYECKHM JIMarHo30M W B HEKOTOPBIX
CIy4asiX — MOJICKYJSIPHO-TEHETHYECKHMMHU MapKepamu. [Ipy 3TOM HCHONb3yeMble
XAMHUOMpEnapaTbl BHICOKOTOKCHYHBI U BBI3BIBAIOT MAacCCy MOOOYHBIX I(PQPEKTOB,
KOTOpBIE CHUKAIOT KQ4eCTBO JKU3HU MaeHToB. [loaToMy pa3paboTka Mmoaxoma0B K
NEPCOHANM3AIMA  XMUMHOTEpAlMd W MOHUTOPHHTY paHHEro OTBeTa Ha
XUMHOTEPAITHIO SBISICTCS aKTyaTbHOU.

2.6.1 3MeHeHHEe IHEPreTHYECKOr0 MeTa00IM3Ma ONyX0JIeBbIX KJIETOK NpPH
XHMHOTEpPANUM B IKCIIEPUMEHTAX in vitro u in vivo

UtoObl oueHuTh BO3MOXKHOCTH FLIM-Mukpockonuu Ko(akTOpoB st
HaOJIIOZICHUSI OTBETAa OITYXOJIEBBIX KJIETOK HAa XMMHUOTEPAIHIO, HAMH IPOBEJIECHBI
UCCIJIEJOBaHMSI Ha KJIETOYHBIX KYJbTypaX, OMYyXOJEBBIX chepousax U MOAEIbHBIX
OITYyXOJISIX MBILLIEH C IPUMEHEHUEM XUMUOIIPENIApATOB PAa3IMUHbIX KJIACCOB.

[MIpu Bo3ameiictBuu nuciuiatuHom (IC50 2.6 mMxM) — mnpemapaTom
ATKWIMPYIOLIEro JeWCTBHs - Ha omyxoJieBble kieTkn Hela waGmomanock
yBenuuenue penokc-otHorenus GAJI/HA(DP)H ¢ 0.52 = 0.14 go 0.86 = 0.16
(p<0.0001), HaumHass ¢ 6 4 HWHKyOalMK C NpenapaToM, 3a CUCT CHIDKCHHS
uHTeHcuBHOCTH  (uryopecueHiimn  HAJI(®)H wu  yBenwdeHuss HWHTEHCUBHOCTHU
dbayopecuenuu DAJl B kietkax [Al2]. Haubonee BBIpaK€HHBIM POCT ITOTO
nokaszarens (1o 1.8 u Beimie) 3apeructpupoBaH uepe3 24 4 u 48 4. AHanu3
3aryxanus ¢ayopecueHuuu HAJI(®)H B nuHamuke mociie BO3AEUCTBUS MOKa3all,
YTO BpEMEHA XU3HU KOPOTKOW M JJIUHHONW KOMIIOHEHT NPUHUMAIOT TUITUYHbBIC
3HaueHus — T; 0.44 HC U T, 2.58 HC, cooTBEeTCTBeHHO. OTHOCHUTEILHBIM BKJIA
cBoOoaHoi hopmbl HAJI(®P)H a; camxkancs ¢ 80.02 + 2.04% no 77.82 = 1.69% (p
= 0.00017) yepe3s 6 u u mamee no 66.34 = 1.71% (p<0.0001) uepes 24 u,
COXpaHssICh HAa CHI)KEHHOM ypoBHE depe3 48 u. O0a mokaszaTens — yBeJIUYEHUE
PEIOKC-OTHOIICHHUSI W CHIDKEHHE BKJIaga CBOOOAHONM (OpPMBI yKa3bIBalOT Ha
WHTUOMPOBAHWE TJIMKOJM3a U TMEPEXo]] Ha a’pOoOHOE OKUCICHUE IS MOJTYYCHUS
sHeprun. OOHapyKeHA BBICOKAs KOPPEJSIIHS PEAOKC-OTHOIICHHUS W BKJIaaa a; CO
CHIKEHHEM KieTouHoi nponudeparuu (I =—0.986 u r = 0.924, COOTBETCTBEHHO).

B oskcnepumentax in vivo Ha Mbimax ¢ onyxoimsiMmu HelLa u CT26
(KOJIOpEeKTaIbHBI paK MBIIIK) JIEUCHUE LUCIUIATUHOM MPUBOAUIO K CHUXKEHUIO
BKi1aaa cBoboaHou opmel HAJI(DP)H a; oTHOCUTEIEHO KOHTPOIBHBIX HEJICYEHBIX
OIyXOJIeH, YTO CcOrjlacyercssi ¢ JaHHBIMM 1In vitro. B ciydae omyxoJieBbix
kceHorpadptor HelLa FLIM wmukpockonusi ObUla TpoBeAcHAa OJHOKpPAaTHO Ha
KOHEUHOM TOYKE JKCIEpUMEHTa — 395-M JIeHb pOCTa OIyXxoJiek, 3 HaHsS mocie
nocieqHed HMHBEKIUU [HUCIUIATUHA, KOTJA ONyXOJAHM HUMENIU [PU3HAKU
TEparneBTUYECKOTO OTBETA B BUJE TOPMOXKEHHS POCTa U MATOMOP(POIOTHUECKUX
n3MmeHenuii [Al12]. 3nauenus a; coctaBisuu 71.22 + 3.86% B koHTpOJIEe M 79.48 +
2.87% B neuensix omyxoisix, pP<0.0001 (pmc. 10). Jlnsg ycTaHOBIICHUS
BO3MOKHOCTHM OLIEHKM PAaHHETO OTBETa Ha Tepanuio no gaHHeiM FLIM B cirywae
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omnyxoneir CT26 Obin mpoBeaeH MOHUTOpPHHT (uayopecueHimn HAJI(O)H B
nuHamuke Ha 7, 14 u 21-ii nam pocrta. [lokasaHo, 4TO COOTHONIIEHHWE BKJIAJIOB
CBOOO/JIHOM W CBsSI3aHHOW (OpM MEHSETCS Ha paHHMX CpOKax JieueHus (Ha 7-t
JIeHb), 0 TOSBJICHUS MOP(GOIOrHYECKUX HApYIIEHUHA B OIYXOJEBOM TKaHU U
yMEeHbIIIeHUs: 00beMa HOBOOOpa3oBanuii [Al7].

KoHTponb LucnnaatuH

r ~ p<0.00001

=X 80
©
T 75
&
0 70
<
T 65
60
KoHTtponb  UucnnatuH
=O=KoHTpo/b
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obbem
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Pucynox 10. In VivOo aHanmM3 3HEpPreTHYECKOro MeTaboJIu3Ma OIMYyXOJICBBIX
kceHorpadToB HelLa ¢ momonisto FLIM HAJI(®)H nocne neuenus mucriaTiHOM. A —
N3o06paxenuss nateHcuBHoctu aBToduyopecueHuuu HAJI(P)H (3enensiM) u curHana
reHepalid BTOPOW TapMOHHMKHU OT KoJulareHa (KpacHbiM) B omyxonn. b — ®ortorpadus
MbI Nude Bo BpeMsi dKcrepuMeHTa Ha MHorodortoHHOM ToMmorpade MPTflex. B —
FLIM-uzo6paxenuss HAJI(®)H B omyxomu. I' — OTHOCUTENbHBIN BKIJIaJ CBOOOTHOM
dopmer a; HAJI(@)H B koHTponbHBIX M JedeHbIXx onyxoisix. Cpemnee+SD. I -
['ucTonormueckne wu300pakeHUsT KOHTPOJIBHOW U JIe4eHOM omyxoneil. Okpacka
reMaTOKCHJIMHOM U 303uHOM. E — I'paduku pocra onyxoneil B KOHTPOJIbHOU U JIeYeHOU
rpynmnax.

Merabonuyeckne U3MEHEHUS! TIPU XUMHUOTEPANTUHA TAaKCOJIOM, OTHOCSIIIUMCS
B KJACCy AHTUMHUTOTUYECKHX AareHTOB, OBLIM KCCIIEIOBAHBI HAa MOHOCIIONHBIX
KyJIbTypax, cheponsiax U OMyXoJisiX )KUBOTHBIX. MIHKyOaIus KI€TOYHON KyJIbTYpPhI
HeLa ¢ takcomom (IC50 3.2 nM) mpuBoauia K YBEIUYEHUIO PEIOKC-OTHOIICHUS
OAJI/HAJI(D)H, yBeaudeHHIO CpeHEr0 BPEMEHH KU3HU Ty, U CHIDKCHHIO BKJIaJIa
cBoOoanoit popmer HAJI(D)H a; [A13]. XapakTepHo, 4TO B MOrHOAOIINX KIETKAX
W3MEHEHHUs] MapaMeTpOB 3aTyXaHWUs TMOSBISUIMCh paHbllle M Obuid  OoJiee
BBIPQKEHBI, YEM B KIJIETKAX, COXPAHSIOIIMX >KU3HECIIOCOOHOCTh, TAKUM 00pa3oM,
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yKa3bIBasi Ha TETEPOr€HHOCTh META00JMYECKOT0 OTBETA B KJIECTOYHOM MOMYJISIUU.
B wMozenu MHOrokieTo4yHblx omyxolieBbix cdepounax Hela Bo3aeiicTBue
TaKCOJIOM TPHUBEIIO, B IIEJIOM, K CXOXXUM 3(pPeKTaM ¢ MOHOCIONHONW KYyJIbTypOH
(puc. 11). OmHako B KJIETKAaX HApY)KHOTO CJIOS, KOTOPBIE HCXOIHO 00Jice aKTUBHO
nponudepupytor u  0Oojiee  TIUKOIUYHBI, W3MEHEHHS PEIOKC-OTHOIICHUS
OAI/HAJI(D)H, 1, u a; HAJ(®)H Obuim Gosiee BBIpaXKEHBI 1O CPaBHEHHIO C
KJIETKaMl BHYTpeHHero cios. B omyxomsx wmbimedt CT26 cHuwkeHue BKIajga
cBoboHOM hopmbl HAJI(P)H a; Opu10 3aperucTpupoBaHo yKe Ha 7-i IeHb pocTa
(3-if geHBp TOCNe Hayada JICUEHHs), TOTJa KaK YBEIMUCHUE CPEAHET0 BPEMCHH
XU3HU Ty, — ¢ 14-ro aust pocta [Al7]. Kak u B cilydae 1ucIuiaTiHa, U3MCHCHHS B
kuHetnke — (ayopecnieniiun HAJ[(@)H B omyxonmsx — mpeamiecTBOBAIA
MOP(OJIOTUYECKUM U Pa3MEPHBIM MPOSBICHUSM TEPANEBTUYECKOTO OTBETA.

Bo3geiictBue Ha KIETKM JIBYX JMHUKA KOJIOPEKTAJIBHOIO paKa YeJIOBEKa
HCT116 u HT29 npenaparom S-dropypaliii U3 rpynibl aHTUMETA00IUTOB TaKKe
npuBOAWIO K yBenuueHuro (pakiuu csobomnoro HAJI(®)H a; u yBenuuenuto
CpellHero BpeMeHU Ku3HU T, HAJ(D®)H, uro sBIseTcS MHAMKATOPOM CIBHUTa
OasiaHca B CTOpoOHY okuciuTenbHoro GochopunupoBanus [A37]. UaTepecHo, 4to
C yBeJIMUeHHUEM /1036l nipenapara ¢ 2 10 25 MM (mipu IC50 4 mxM myist HCT116 u
8 MkM mis HCTI116) usMeHeHuss mnapameTpoB 3aTyxaHUs (QIIyOpecClCHIINH
CTAaHOBWJIHNCH 0OJiee BBIPAXKCHHBIMU, TAKUM 00pa30M, yKa3bIBas Ha COOTBETCTBHE
CTENEHU META00INYECKOTO OTKJIMKA KJIETOUHOMY OTBETY.

D¢ dexThl JOKCOpYOUIIMHA — XUMHOTIpEnapaTa u3 Kjiacca aHTPaIUKIMHOBBIX
aHTUOMOTHKOB — HA METAa0O0JIMU3M OMYXOJIEBBIX KJIETOK T24 (pak MOYEBOTO Iy3bIps
YEJIOBEKa) B KYJbTYpEe OTJIMYAIUCH OT APYIMX MPENapaToB Ha paHHHUX BPEMEHAX
unkyOanuu. Hauunas ¢ 1.5 4, ty HAJI(®)H cauxanocs ¢ 0.89 ue no 0.75 He, a a;
HAJI(®)H Bospactamo ¢ 77.5% no 82.2% (p<0.0001), uro yka3piBajgo Ha
ycwienne raukonu3a [A42]. Onnako yepe3 48 4 ocraBiInecs XKU3HECTIOCOOHBIC
KJICTKM JIGMOHCTPHPOBAJIM TOHWKEHHbIe 3HaueHus a; (76%, p=0.01) mo
CPaBHEHHIO C KOHTposieM 0e3 BO3ICHCTBHs, T.€. CABUI Ha MHUTOXOHAPUAIBHOE
neixanne (puc. 12). Ormmuus  >PQexkToB  AOKCOpyOHMIIMHA OT  JAPYTUX
XUMHOIPENAPATOB, KOTOpPbIE HE JIEMOHCTPUPOBAJIM PAHHUX  HW3MEHEHUU
nokaszarenerr 3aryxanmss HAJ[(®)H, mo Bceil BHUIAUMOCTH, OOYCIOBJICHBI
HapyIIEHHEM MUTOXOHAPUATLHON (DYHKIIMU TOJ NEWCTBHEM JOKCOPYOHUIIMHA.
[Tono6ubie 3 dexTsl B Buae ObicTporo cHwkenus T, HA(D)H nabmopanuch
Hamu [A38] u apyrumu aBTopamu [56, 87] mpu BO3ACHCTBUM Ha OIyXOJIEBHIC
KJICTKH UHTUOUTOPAMH KJIETOYHOTO JbIXaHMUS.

Onenka MeTa0OIMYECKHX W3MEHEHUW, WHAYIMPOBAHHBIX IMpenapaToM
UPUHOTEKaH (MHTUOMTOp TomouzoMepasbl 1), B KJIETOUHBIX KyJbTypax Obuia
HEBO3MOXKHA, TIOCKOJIBKY JaHHBIH TmpemapaT oOmagaeT  (iayopecueHmei
cnekTpanbHO mepecekatomeiics ¢ dayopectennuerr HAJI(®)H. Onnako 310 He
ObLTO TTPOOJIEMOIT B MICCIIEZIOBAHUN HA MBIIIAX 1N Vivo, T. K. B YCIOBUAX OpraHU3Ma
UPUHOTEKAH METa0OMU3UPYETCs B MEUEHU C OOpa30BaHHEM ITUTOTOKCHYHOIO
npoaykra SN-38. In vivo B omyxomix CT26 npu Tepanuu HPUHOTEKAHOM
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HAOJFOIAJIOCH YBEITUYEHUE Ty C 7-TO IHS pocta u cHmkeHnue a; HAJI(®)H ¢ 14-ro
nHa pocta omnyxoiedr [Al7]. BeipaxeHHble aucTpoduyecKue HapyIIEHUS B
KJIETKaX OMyXOJIel U TOPMOKEHUE POCTa OTMEUATIUCH TaKxkKe ¢ 14-ro AHs.
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Pucynok 11. Dddektsr Takcoma Ha penokc-otHomieHne DAJI/HAJI(P)H u
kunetnky ¢uyopecueninun HAJI(@)H B omyxoneBbix KieTkaXx paka MICHKA MaTKH
yenoBeka HelLa B MoHoOcnoWHOW KynbType U cepongax. A — MHKpPOCKOIIUYECKHE
uzobpaxenus: penokc-otnomenuss OAJ/HA(D®)H u cpennero BpeMeHHM KU3HHM Tp
HAJI(®)H B kmeTkax MOHOCIOWHON KyJIbTYphl B JHHAMHKE 10 24 4 WHKYOAIu C
takcosioMm (IC50). b — 3nauenus penokc-ornomenus ®AJI/HA(P)H u t,, HAZI(P)H B
pa3NUYHBIX ~ CyOmomyssiusx Kietok. B — HM3o00paxeHus pemnoKC-OTHOIICHHUS
OAJI/HAJI(P)H B omyxoneBsix cheporax B KOHTpoJie 6€3 BO3IEHCTBUS U B TeueHue 48
Y UHKyOaIuu ¢ TakcosioM. I' - 3Hauenus penokc-otHomenus ®AJI/HAJI(P)H B kierkax
HeHTpaNbHON 1 mepudepudeckoit 30u chepounos. | — FLIM-uzo0Opaxkenust cpeaHero
BpeMeHU Xu3HU T, HAJ(P®)H B koHTpose 06e3 Bo3neiicTBus M B TeueHHe 48 U
uHKyOanuu c TakcojoMmM. E - 3nauenus 1, HAJI(®)H B kierkax ueHTpaabHOU U
nepudepuyeckoit 300 chepounob. Cpeanee£SD. *- p < (.05 B cpaBHEHUU C KOHTPOJIEM
HA TOT K€ JieHb. | paHuIa nepudepudeckoil U NEHTPATLHON 30HbI TIOKa3aHa MyHKTUPHON
JIuHuen Ha B.
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Pucynok 12. V3menenue otHocutenbHOU ¢pakiuu cBodbognoro HAJ(DO)H B
KJIETKaX MOHOCIIOMHOW KYJbTYpPhl paka MOYEBOTO ITy3bIps YeoBeKa 124 moj neicTBreM
nokcopyounnHa. A — Mukpockonuueckue FLIM-uzob0paxennss HAJI(®)H B knerkax
T24 npu unky6anuu ¢ qokcopyoununom (1C50). b — OtHocuTenbHBIN BKIaa CBOOOTHOMN
dopmer HAJI(®P)H a; B kinetkax. Cpeanee+SD. *- p < 0.05 B cpaBHenuu ¢ kortpoiem (0
4). B — AHanu3 3KCIpeccuu OTJAEIbHBIX «METa00IMYEeCKUX» TeHOB ¢ momoinbio [1I[P B
peaIbHOM BpEMEHU B KOHTpouie, uepe3 24 u 48 u mocne no0aBieHUs TOKCOPYOUIIMHA.
YpoBeHb IKCTIPecCUU HOPMUPOBAH Ha KOHTPOJIb.

[Tockonbky pa3Hble THUIIBI XUMHUOMPENAPaTOB BBI3BIBAIOT
OJIHOHAIIpAaBJICHHbIE M3MEHEHHA B IMapaMeTpax 3aTyXaHusd (IyopecueHUun
HAJJ(®)H, npumeHeHue  KOMOMHAUMKW  MpENapaToB, COOTBETCTBYIOIIMX
cTaHaapTHoMy KimHuyeckoMy pexumy FOLFOX (okcanumnnaTtus, S-gpTopypanni,
JIEUKOBOPHH), Ha KyJbType omnyxoJieBbix kieTok HCTI116 Tak ke mpuUBOIUIIO K
yBeIMYECHHIO 3HaueHud T, HAJ(P)H u cHmxeHuro a; MO CpaBHEHUIO C
KOHTPOJILHBIMH KJIeTKaMu 0e3 Bo3aercTBus [AS52].

Takum oOpa3zom, in Vvitro W in VIVO HCCIEIOBAaHUS Ha Pa3IUYHbBIX
OMYXOJIEBBIX MOJEIAX, IMOJYYEHHBIX M3 OMYXOJEBbIX KIETOK PpPa3IU4YHOTrO
TUCTOT€HE3a, IMO3BOJIMJIA YCTAHOBHUThH, UYTO W3MEHEHHUS IMapaMeTpOB 3aTyXaHUs
bayopectueniun HAJ[(@)H (cHmkeHue cpemHero BpeMEHW >KHU3HU Tp 3a CUeT
yBEIMYEHHS OTHOCUTENbHOU (pakiuu cBoboanoro HAJI(D)H a;), umeror cxoxwii
XapakTep A XUMHUONpPEnapaToB ¢ pPa3HBIMU MeEXaHW3MaMM JCHCTBUS, HE
CBSI3aHHBIMH C TOBPEXKJICHUEM MHUTOXOHAPHUN. DTU U3MEHEHHS PETHCTPUPYIOTCS
MetogoM FLIM-MUKpOCKONMMM B IMTOIJIA3ME JKHU3HECIIOCOOHBIX KJIETOK CO
CHIDKEHHOW B pe3yJibTaTe BO3ACUCTBUA Tpojudepanueid W yKa3blBalOT Ha
aKTHUBAIIMIO a9POOHOTO JIBIXAHHUS.

2.6.2 XumuoTepanusi NePpBUYHBIX KYJbTYP OMYX0J€BbIX KJIETOK
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[lepcneKTUBHBIM TMOAXOAOM K TIEPCOHATM3UPOBAHHOW XHUMHUOTEPAITHH
CUMTAeTCsl MpsiMoe omnpenesieHue 3PQPEeKTUBHOCTH TECTUPYEMbIX IpEnapaTroB Ha
BBIJICJICHHOM M3 OIyXOJIM MallMeHTa MaTepHalie B yclIoBusAx in vitro [A23, AS53].
Opnako B 3ajlaye MO OIEHKE JIEKAPCTBEHHON YYBCTBUTEIBHOCTH OITYyXOJIEBBIX
KJIETOK CJIOKHBIM BOIIPOCOM OCTAeTCsl BHIOOP METO/Ia aHaIKM3a KIETOYHOrO OTBETa
Ha BozjelictBue. IlpuHMMas BO BHHUMAaHHME BBICOKYIO UYYBCTBHUTEIIBHOCTD,
(cyO)KieTouHOE paspelieHue ¢ BO3MOXKHOCTh — BHU3yalIM3alldd  KIETOYHOM
reTePOTE€HHOCTHU C HIOMOLIBIO FLIM-Mukpockonuu, JTAHHBIN METO[
paccMaTpUBAETCS KaK XOpoIas albTePHATHBA TPATUIIMOHHBIM KJIETOYHBIM TECTaM
Ha KU3HECITOCOOHOCTb.

OnucaHHble BBIIE PE3YNbTaThl AKCIEPUMEHTOB Ha OHOJMOTEUHBIX
KJIIETOUYHBIX JIMHUAX M ONYyXOJSX JKUBOTHBIX YOEIUTENbHO [OKa3alld, YTO
YKOpPOUYEHUE BPEMEHH >XKHM3HU (uyopecueHlUH T, kopakropa HAJI(D)H, pasHO
KaK M YBEJIHMYEHHE BKJIAJa KOPOTKOM KOMIIOHEHTBI a; B 3aTyXaHUE MOKET
BBICTYIIATh HHJIUKATOPOM OTBETA Ha XUMHUOTEPAIIUIO.

Crnenytromum maroM B padore Obuta anpobarus FLIM kak Merona oreHKu
TEPANeBTUYECKOTO OTBETA B MEPBUYHBIX KJIECTOYHBIX KYJIbTypax, MOJYYECHHBIX W3
OTIEPAITMOHHBIX 00PA3I0B OIMYXO0JICH MaIlMEHTOB, UTO UMEET BHICOKOE MPHUKJIATHOEC
3HaueHue. JlaHHBIE HCCIIeOBaHUS OBUIM TIPOBEJACHBI Ha KPaTKOCPOYHBIX
KYJIbTYpPax KOJOPEKTAJIBHOTO PaKa U TJIMOM.

B paboTte Ha KyJIbTypax KOJIOPEKTAJIBHOTO paka ObIJIO MOKa3aHO, YTO
BO3jcicTBUE S-PTOopyparuioM B 03¢ 2 MKM TOpPUBOJUT K CTAaTUCTHUYECKU
3HAYMMOMY YBEJIHYEHUIO T, HAJ[(®)H y OonbliMHCTBA KyJNbTYp, aHAJIOTMYHO
pe3yibrataM Ha OuOmmoredHbix JauHUAX [A37]. MIHTEpecHO, YTO ATH KYJIBTYPHI
OBUTM HMCXOJHO METa0OIMYECKH OAHOpOAHBI MO jgaHHbIM FLIM, Torma kak
KYJbTYpbl, HE OTBETUBIIHME HAa BO3JCHCTBHE Nake yABOEHHOHU n030i1 (4 MKM),
OBLTM TETEPOTeHHBI COTJAaCHO 3HAa4YeHUsIM WHAEKca OumopanbHOcTU. Criemyer
OTMETUTh, TO OTBET KJIETOK MAIMEHTOB Ha XUMHOTEparnuio ¢ mnomomisio FLIM
MOKET OBITh OIICHEH HE TOJBKO B MEPBUYHBIX KYJIbTYpaX, HO U B MEPEKUBAIOIINX
cpe3ax omyxonu (omyxoyieBbix craiicax) [A44, AS54]. Xotrs 93TOT cnoco0
npeanojaraer 0oyiee BBICOKHI BBIXOJ MPHUTOAHBIX JJISI MCCIEIOBaHUS 00pa3lioB
OMYXOJIM, CJIOKHAsI CTPYKTypa TKAHUM W HAIMYHUE CTPOMAIbHBIX KJIETOK MOTYT
CO3/1aBaTh TPYJHOCTH MpU aHanu3e AaHHbIX FLIM.

WccnenoBaHusi, ONMMCaHHbBIC B HAIIUX Myoaukanusax [A46, A45], moCBsIIICHBI
in Vitro OIIEHKE YYyBCTBUTEIBHOCTH KJIETOK TJIMOM TAIMEHTOB K TEeMOJaly,
npenapary u3 Kiacca alKHIUPYIONIUX areHTOB, KOTOPBIN SIBIISICTCS CTaHIapTOM B
nedeHuu rranbHbIX onyxosei. C momomisio FLIM HAJI(®)H ycranoBieHo, 4To
MEPBUYHBIC KYJIbTYPHl TJIIMOM HCXOJHO OTJIUYAIOTCSA IO 3HAYCHHUSIM CPEIHETrO
BpeMeHu ku3Hu QayopecueHiiuu HAJ(P)H 1, KOTOpoe Koppenupyer ¢
npordepaTiBHBEIM HHACKCOM KieTok mo Ki67 (r= -0.87). Bapmanmu 1, MexIy
KyJbTypaMu OT pa3HbIX omyxoJied coctaBisui oT 0.6 go 0.8 He, 1, oT 1.9 go 2.3
HC, a; 0T 75 no 78%. Bo3geiictBue temonanom B no3e 1500 MxM nmpuBogmio k
YBEIMYCHHUIO Ty 3a cueT cHkeHus ¢pakumm cBobomnoro HAJ(D®)H a; w/mmm
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YBEJIMYEHUSI BpPEMEHU >KU3HH (pryopecueHInn OenoK-CBA3aHHON (QOpMBI 1),
CreneHb BBIPaXEHHOCTH HW3MEHEHUI ObUIa pa3IMYHON B PAa3HBIX KYJbTypax,
CBHJICTEIBCTBYS O MEXKOIYXOJIEBOW TreTeporeHHocTH oTBeta (puc. 13). U3 Tpex
napaMeTpoB 3aTyXaHHUs, JEMOHCTPUPYIOIIUX H3MEHEHUs (T Tm, a1), Ty MOKa3al
HanboJiee BBICOKYIO KOPPEISIHUIO ¢ BBDKMBAEMOCTBIO KJIETOK MO JaHHBIM MTT-
tecta (r= -0.93, p = 0.003) u npomudepamueir (r= -0.92, p = 0.003) mocne
BO3/eHcTBUS. IHTEpeCcHO, UTO KJIETOYHBIE KYJIbTYPhl, IEMOHCTPUPYIOIINE CIa0bIii
OTBET WJIM OTCYTCTBME OTBETa Ha TEMOJaJl, XapaKTEpPHU30BAINCh UCXOAHO OoJjee
KOPOTKHUMU 3HAYEHUSIMH Tpn, T.€. IPEANONIOKHUTENBHO, OBLIN 00JIee TTUKOJIUTHYHBI.
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e - ® KoHTtponb P0.0001
\. 0.8 a Temopan p<0.0001 ° g
+ p<0.0001
1.0 A T—
B = 4 ; 4
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l-'E A ‘ ; Y 4 ‘ i :
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Pucynok 13. OnieHka 4yBCTBUTEIBHOCTH NMEPBUYHBIX KYJIbTYp INIMOM K TEMOJATY
¢ nomotneio FLIM-mukpockormu HAJ[(@)H. A - FLIM-uzobpaxenus HAJ|(®)H B
KJIeTKax 0e3 BO3JeHCTBUA (KOHTPOJIb) U Tocie Bo3aecTBus TemoAanoM (1500 mxM, 72
4 uHKyOaummn), KyapTypa P1, Beigenennas u3 peunauBHod riamoOmacromsl (Grade IV,
IDH-mut) manuenta. b — AHanmu3 cpenHero BpeMEHH KU3HU (IYyOPECHECHIIMH T,
HAJI(®)H B BbIOOpKE M3 7 KieTouHbix KynbTyp (P1-P7). Toukum — wu3MepeHus B
UHANBUAYATbHBIX KieTkaX. B — Koppemsus t, HAJI(®)H ¢ ungexcom nponudeparuu
no Ki67 u BEDKMBaEMOCTBIO KJIETOK TOCJIC BO3JICHCTBHS TEMOJAIOM. TOUYKH — CpEIHHE
3HAUEHUS MO KaXKJI0M KJIETOYHOU KYJIbTYpe.

Pe3ynpTaThl 3THX pabOT Ha OMYXOJIEBBIX KIETKAX, BBIACICHHBIX U3
ONyXOJIEW TALMEHTOB, YKa3blBalOT Ha IIEPCHEKTUBY MHCIHOIb30BaHus FLIM-
mukpockonuu HAJI(®)H kak wertona aHaim3a KIETOYHOTO OTBETa Ha
XUMHOTEPAINIO IIPU TECTUPOBAHNH JIEKAPCTBEHHON YyBCTBUTEIBLHOCTH.

2.7 Metaboauveckuii oTBeT 0nyxoJieBbIX KjieTok Ha DJ/IT nmo nanusim FLIM

®oronunamuyeckas tepanus (OIT) mpencraBisier coOol COBpEeMEHHBIN
METOJ] JICYEHHUs] OHKOJIOTMUYECKHUX 3a00JIeBaHHMI, OCHOBAHHBIM Ha MPUMEHEHUU
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(OTOUYBCTBUTEIBHBIX COCIMHEHUN — (HOTOCEHCHOUITU3AaTOPOB, KOTOpBIE MpHU
B3aMMOJICUCTBUM CO CBETOM TEHEPUPYIOT AaKTUBHBIE (OPMBI KHUCIOPOJA,
TOKCHYHBIC I OMyXO0JIeBbIX KIeTOK [88]. AkTyansHol nmpodaemoii B DJIT, kak u
B JIPyTHX BHAAaX MPOTHUBOOITYXOJIEBOW TEpaNuM, SBJIAETCS MOUCK MPEIUKTUBHBIX
WHUKATOPOB, KOTOPBIE MO3BOJISIIN OBl OLICHUBATH 11€J1I€CO00PA3ZHOCTh HA3HAYEHUS
JAHHOTO BHJIa TEpalHM, a TaKXe MPOBOAUTh MOHHUTOPUHI PAHHETO OTBETA
OITyXOJIU Ha JiedeHue. Tem He MeHee, /10 KOHIIAa HE SICHO, KaKhe U3 OMOJIOIrMYeCKUX
apdpexkroB DT wunm XapakTepUCTHK OIMYXOJIH MOTYT BBICTYNATh B POJIU
IIPEAUKTUBHBIX II0KA3aTENEH.

Nmerorcst maHHBIE O TOM, YTO TJMKOJUTUYECKUE OMYXOJIU YCTOMUYUBBI K
®JIT, a dapMakoJOruyeckoe HWHTHOMPOBAHUE TJMKOJM3a TOBBIIIAET €€
sapdextuBaOCTh [89-91]. B HekoToprix ciaydasx /T cuuxaer ypoBenb ATD B
pe3ysbTare MOBPEKIACHUS MUTOXOHIPHUM, YTO MMEET OOJBbIIOE 3HAYEHUE I
UHIYKIUK  IUTOTOKcHYeckux asddexro [92, 93]. Ilpenmonaraercs, dTo
METa0OJIMYECKUIM OTBET OIyXOJIH 3aBUCUT OT Mexanu3MoB D/IT u oTimuaercs s
KJIETOYHOM M COCYAMCTON pasHoBuaHOcTed Tepanuu [94]. Tak, mampumep, npu
O/IT ¢ npenMylEecTBEHHO KJIETOYHbIM MEXAHU3MOM JIEUCTBUS XapaKTEPHO
OBICTPOE CHMKEHUE TMOIVIOIICHHS IUIIOKO3bl € MOCIEAYIOUUM  OBICTPHIM
BOCCTAaHOBJICHHEM IOYTH JI0 UCXOJHOTO YPOBHS MO OKOHYaHUU oOiydeHus. [Ipu
cocyaucron DT orMeuasoch OTCPOUYEHHOE CHUXEHHUE YPOBHS TIIFOKO3bI U
BOCCTAaHOBJICHHE J0 3HAYUTEIIbHO MEHBILET0 YpOBHS mociie o0iydyeHus. B 1o xe
BpEMsl, TUIIOKCUYHAsl Cpela B OMYXOJW M OKUCIAUTENbHbIM cTpecc mocie DT
CIIOCOOCTBYIOT aKTHBAI[MU MOJIEKYJISIPHBIX MYyTEW, BEIYIIMX K BbDKUBAHUIO Oosee
arpecCMBHBIX OMyXOJIeBBIX KieTok [95]. B 1enom, 3HaueHue COCTOSHUS
OounosHepreTuku kierok omyxosu ansg OT u ee uzmenenuss B mpouecce DT
MaJjio U3y4YEHBbI.

2.7.1 FLIM HAJI(®)H npu ®AT c reHeTHYECKH KOTUPYEMBbIM
¢porocencudunusaropom KillerRed

HoBpiM  THMOM  (POTOCEHCHOMIN3ATOPOB  SIBISIFOTCSL ~ T'€HETUYECKHU
Koaupyemble  (oroTokcuuHble Oenku. Mpes TeHeTHYecKH  KOIUPYeMOro
¢doroceHCHMOMIM3aTOpAa COCTOUT B TOM, YTO OIyXOJeBas KJI€TKa HECET TIeH,
OTBEUAIOUIMI 3a CHUHTE3 (POTOAKTUBHOrOo coenuHeHus. B pesynbrare,
dhoToceHCHOMIN3aTOp BBIpadaThIBaCTCS CaMOM KIJIETKOM, dYTO oOecreunBaeT
UCKITIOYUTENHHYIO CENIEKTUBHOCTD M CTICIIM(UIHOCTh BO3JCHCTBYSI HA KIETKY. [Ipu
3TOM (OTOCEHCUOMIU3ATOP AKCIPECCUPYETCS B 3aJJaHHOM JIOKAJIW3alliu, 4YTO
UCKJTIOYAaeT BEPOSITHOCThH €T0 TepepacnpesieNieHns BHYTpY KIETKW Wi TKanu. Ha
CErOJHSUIHUMN JIeHb HanOoJiee M3y4eHHBbIM (POTOCEHCHOUIM3aTOPOM TaKOro THUIA
seisiercs KillerRed — kpachbrii 6enok cemerictBa GFP (B036. 585 um, oM. 610 HM),
KOTOpPBIA  TIpH  OOMydeHWH  JKeNThIM  cBeToM  reHepupyer ADK B
doroauHamMmuueckoit peakiuu I Tuma (3eKTpoH-TpaHchepHbIi mporecc) [96].

Hamu BniepBbie mokazano, uto (ororokcuunsiii 6enok KillerRed cnocoben
CTaOWJIBLHO 3KCIPECCUPOBATHCA U MPOSBIATH MPOTUBOOIYXOJIEBYIO aKTUBHOCTH B
MOJICIBHBIX OmyXojsx Mbimed [A3, 97-99]. Omnako Is JOCTHXKCHUS
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TepaneBTHYecKoro 3Qdexra TpedoBaloCh MHOTOKpaTHoe (X7) U AOCTAaTOYHO
MHTCHCHUBHOE 06IyueHue omyxoieit (150 MBr/cm?, 270 JIx/cM?), 9TO TOBOPHIO O
HCOOXOIMMOCTH ONTHUMH3AIMH PEKUMOB BosneicTBusA. B paborax [Al, A2]
MPOBOJUIOCH CpaBHEHUE OA(PPEKTUBHOCTH HENPEPHIBHOTO U  HMMITYJIbCHO-
nepuoandeckoro pexxumoB 1t OJT ¢ 6enxkom KillerRed, skcnpeccupyromemcs
Bo ¢bro3e ¢ THCTOHOBBIM OenkoMm HZ2B. Ha omyxoneBwsix cdepougax ObLIO
YCTaHOBJICHO, YTO CTENEHb (DOTOBBITOpaHUs Oejika HAMpSAMYIO 3aBUCHUT OT J03bI
o0JydeHUs B MIMPOKOM JHANA30HE CBETOBBIX 103. [Ipy 3TOM UMITYILCHBIN PEKUM
BBI3BIBAJT TPEUMYIIECTBEHHO alONTOTHYECKYI0 THOETh KIETOK, TOrJa Kak
HEIPEPBIBHBIN PEKUM MPUBOAWI K HEKpo3y. Cxokwe pe3yiabTaThl HaMH OBbLIN
MOJIYYCHBI B MOJCIH OIyXOJIEBBIX CHEpPOHIOB, SKCIPECCUPYIONUX APyron
dotorokcmunbiii 6emoxk miniSOG [A30]. DkcmepuMentsl Ha omyxonsx CT26
(KOJOpEKTaIbHBIN paK MBIIIIH), JIOKATU30BAHHBIX MMOJKOKHO Ha Oepe KUBOTHOTO,
nokaszayiu 0osiee BHICOKYIO 3(()EKTUBHOCTh MMITYJILCHO-IIEPUOIMUECKOTO PEKUMa
(584 uM, 225 MBt/em?, 337 Jlx/em?, x3) mpu OJIT ¢ KillerRed, uro, ckopee Beero,
ObLI0 00ycloBiI€HO O0o0jieeé BBICOKOW CBETOBOWM SHEPTUEH, JOCTABISIEMOM K
OITyXOJICBBIM KJIETKaM, 0e3 BO3HHUKHOBEHHs TeMmiiepatypHbiX 3ddekto [Al]. B
Ipyrom skcriepuMente Ha omyxoyiasx CT26, Jokann30BaHHBIX BHYTPUKOXKHO Ha
yX€ MBIIIN, HaM YAQJIOCh JOOUThCS MpoTuBoomyxosieBoro 3ddexra mpu GOAT B
HETIPEePhIBHOM pEKUME IpU 0Oojiee MHTEHCHBHOM Bo3zaerctBuu (593 um, 170
MBr/em®, 306 JIx/cm®, X5). JlaHHbIT PEKHM BBI3BIBAl TOPMOXKEHHUE POCTa
onyxoisei Ha 44% x S-my gHio nocie DT w  BeIpaxeHHbIE
naToMop(OIOTHIECKNEe M3MEHECHHS B BHUAC OOIIMPHOTO HEKpO3a W IMPU3HAKOB
TUCTPO(HH B KUBBIX KJIETKaxX (HapylIeHHWE LEJOCTHOCTH MEMOpaH, KOHJAEHCAUU
XpOMAaTHHA, KJIETOYHOTO OTEKa, Pa3MbBITHEM KIETOYHBIX Tpanuil). [IpuHUMas BO
BHUMAaHHE BBICOKYIO WHTCHCHUBHOCTP W KpPAaTHOCTh OOJY4YEHHUS, a TaKkKe
HEO0OXOIMMOCTh T€HETUYECKONW MOAU(UKAIIMN OIMYXOJIEBBIX KIJIETOK, T€HETUYECKU
komupyeMmbii otocencudunuzarop KillerRed nmoka He moxkeT paccmaTpuBaThCs
JUI KIMHUYEeCKUX npuioxkeHud OJ[T, HO mpu 3TOM MOXKET CIYKUTh XOPOIIUM
MHCTPYMEHTOM I U3y4YEHHSI MeXaHU3MOB KieTouHoM D/[T B sxciepuMeHTax.

Pazpaborannsie metomuku DT c KillerRed Oplmm umcmonb3oBaHbl MpU
U3y4YE€HUU M3MEHEHUH B MyTAX dHEpreTHueckoro oomeHa. bmaromapst Tomy, 4to
nuku Bo30yxkneHus u smuccuu KillerRed nexxar B skenToit obimacTu criekTpa
(Bo30y>kneHue 585 HM, smuccus 610 HM) U HEe mepeceKaroTCs CO CIEeKTPATbHBIMU
xapakrepuctukamMu kKodaktopa HAJ(P)H, Mbl MOriM mHpoBOJIUTH OLEHKY
kuHeThku ayopecuenimu HAJ[(®)H B knetkax, skcnpeccupytonux KillerRed.

O6nyuenne chepounon, skcrpeccupyromux KillerRed-H2B, nposoaunu
HETPEPBIBHBIM J1a3epoM B pexume: 593 um, 50 MBt/cM?, 25 mun, 75 kJlx/cM® Ha
/-1 nenp pocra (pasmep ~300 wmkm). OOHapykeHO, YTO B KJIETKax
nepudepudeckux ciaoeB chepouna Bkiaax cBobogHoro HAJI(D)H a;
YBEJIIMYUBACTCS CITyCTs 24 4 1mocie OOJydeHHs] IO CPaBHEHUIO C HEOOTyYeHHBIM
KOHTpoJieM. B kneTkax nentpanbHoil 30HbI a; HAJI(P)H yBenuuuBaics pasplie -
cnycTss 6 4 mocie oOJydeHHs, U COXpAHSUICS Ha MOBBIILIEHHOM YpPOBHE 10 24 u.
Poct HAJI(®)H a; B 3aryxaHun (QUIyOpeCUEHIMH CBHUJETEIBCTBYET O
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MNEPCKIIOUCHNHU OITYXOJICBBIX KJICTOK Ha I'JIMKOJIM3, YTO BIIOJIHC OXHNIACMO ITOCJIC
CDI[T B CBA3H C paCXOOAOBAHUECM KHUCJIIOPOAa Ha q)OTOHHHaMI/I‘IeCKHe PCaAKINM.

ONIT omyxomeir CT26, TOKAIN30BaHHBIX HA YXE JKMBOTHBIX, TPOBOJMIH B
HEMPEPBIBHOM pEXHUME Jlazepa MNpU CleAyromux napamerpax: 593 uHwm, 170
mBr/em?, 306 JIx/em’, x5 (¢ 9 mo 13 gum pocra). Yepes 3 u B mociae ®JIT
oOHapyXeHbI TMOBBIIICHHbIC 3HaueHMS a;/a, HA(DP)H (4.38 £ 0.17 vs. 3.79 +
0.05, p = 0.011), xoTopsle He MEHsUTMUCh B TeueHue 24 4. Uepes 48 4 u 5 nHel
nocne ®JIT 3HadeHus a;/a, ObUIM CTATUCTUYECKU 3HAYMMO HUXKE KOHTpOJIA (pHC.
14). Habmrogaemple W3MEHEHHUS YKa3bIBalOT HA TO, YTO MUHUMYM J0 6 9 IOCIe
®JIT omyxoneBble KIETKH HMENU Ooyiee TIUKOIMTUYECKUN MeETadoNIM3M II0
CPaBHEHHMIO C HEOOJy4YeHHBIM KoHTposieM. Haumnas c¢ 48 u mnocne DT
MEeTa00JIM3M JIEUYEHBIX OMNyXoJed ObUl CIBHUHYT B CTOPOHY OKHCIEHHUS, YTO
KOppENUpyeT C 3aMEJIEHMEM OIyXOJEBOTO pOCTa M OOBIYHO HAOMIOJAeTCs B
YKU3HECTIOCOOHBIX KJIETKAX C MOHMKEHHOU npoudepalmei.

2.7.2 FLIM HA(®)H npu ®/IT ¢ ¢poroaurazunom

doToANTa3WH — HMIUPOKO NMPUMEHSEMBIA B KIUHUKE (POTOCEHCUOMIU3ATOP
xJIopuHOBOro psifga (N-IUMETWITIIIOKaMUHOBAsE COJb XJiopuHa €6). Metoauku
®JIT ¢ poroauTazuHOM in Vitro u in vivo oTpabOTaHbl HAMU B MPEABAPUTEIbHBIX
uccieaoBanusx u omyoaukoBansl [Al4, A33, A56].

OJIT npoBoawin Ha MbIIMHOW Moaenu omyxosn CT26. [Ipenapar BBoguImn
MBIIIIAM BHYTPUBEHHO B J03€ 5 MI/KT, 00JIy4eHue MpoBOMIMN Yepe3 15 MuH nocine
BBEJICHUSI B pexume: 658 HMm, 100 MBT/CMZ, 16.6 mun, 100 I[>I</CM2. JleueHnue
HAauWHaIM HAa 7 JEHb pPOCTa, KOTJa pa3Mep OMmyXoJiel cocTraBisin ~3-4 MM,
Peructpauuto payopecteniinu HAJI(®)H nposoaunu uepes 3, 6, 24, 48 yacoB u 5

nHer mocne OJIT.

AHaJIN3 OTHOIIEHUSI OTHOCUTEIBHBIX BKJIAJ0B CBOOOJHON K CBSI3aHHOM C
oenkom ¢dopmam HAJI(DP)H (aj/ap) mokazan, 94To B KOHTPOJIBHBIX HEIECYEHBIX
OITyXoJisix 3HaueHue aj/a, HAJI(®)H yBennuuBanocs B mpoiiecce ux pocra ¢ 2.52 +
0.05 mo 3.45 + 0.13, yTo yKa3bIBaeT HA MOBBIIICHUE UHTEHCUBHOCTH TJIMKOJIM3A.
Bce onyxonu B rpymnmne jedeHus yxe depe3 3 4 nociie @[T umenu cHUXKEHHbIE
sHaueHuss aj/a; HAJ|(®)H mno cpaBuenuio ¢ xoutpoiem (puc. 15). Ilpwu
JTanbHEHIIeM HaOMIOACHUM B TEYEHUE S5 NHEW OTIMYUS OT KOHTPOJIS B BHIE
yBenudeHus Bkianga cBs3aHHoi ¢dopmbel HAJI(®)H a, cranoBuwiuchk Oosee
BBIPQKEHHBIMU, YTO MOXET OBITh CBSI3aHO KaK C TOBBIIIEHUEM aKTUBHOCTHU
MUTOXOHAPUAIBHOTO JbIXaHUS (HAapUMEpP, B YCIOBHUAX PEOKCUTCHAIMH TKaHH),
TaKk U ¢ OJIOKUPOBKOM MpoIiecca mepeHoca dIEKTPOHOB MO JIbIXaTeIbHON LenHu U
yBEJIMUEHUEM TTyJia BoccTaHoBIeHHOro HAJIH.

Takum oOpazom, ¢ momombto Metona FLIM HAJI(®)H namu BrepBbie
MOJIyYeHbl JJaHHbIE 00 M3MEHEHUSIX B DHEPreTUYECKOM METa0O0JIM3ME OITyXOJIeH,
BeI3BaHHBIX @DJIT ¢ BoIcOkocenekTuBHBIM  KieTodHbM (KillerRed) m ¢
IPEUMYIIIECTBEHHO COCYIMCThIM MEeXaHu3MaMu jJeicTBus (poToauTasun) [A59].
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Pucynox 14. In vivo FLIM-mukpockorus HAJI(®)H omyxomneit mbimeir CT26
nocie ®/IT ¢ renerndecku koaupyembim potocerncuomnmzaropom KillerRed. A — FLIM-
N300pakKeHUsT OIyXOJW B KOHTpoje Oe3 jedyeHus u mocie DJT B nuHammke. b —
I'paduxu pocra omyxosieil B KOHTPOJIBHOM U yiedeHOU rpynmnax. CTpenkamu Mmoka3aHbl
ceancsl O/IT. B — 3nauenus orHomenust cBoooHoi/cesizannoi popm HAJI(DP)H a,/a; B
OIMyXOJISIX KOHTpOJIbHOU U neyeHoi rpynn. Cpeanee £ SEM, n = ot 4 no 10 onmyxonei. *
- p < 0.05 B cpaBHEHHH C KOHTPOJIEM B TOH XK€ BPEMEHHOM TOUKE.

2.8 B3anMoCBSI3b JHEPreTHYeCKOro MeTad0/1M3Ma 1 KUCJI0POHOI0 CTaTyca
OIyX0JIeBbIX KJeTOK 10 JaHHbIM FLIM u PLIM

['wmokcuss — XapakTepHBIM MPHU3HAK MHOTUX COJIMIHBIX  OITyXOJICH,
pa3BUBaeTCs B pe3ysbTaTe aucOanaHca MEXIy MOCTYIJICHMEM W HOTpeOseHueM
Kuciaopona B TkaHW. CUWTaeTCs, YTO YPOBEHb KHUCIOPOJAa B THUIMOKCHYHBIX
OIyXOJISIX HIDKE, YEM B COOTBETCTBYIOIIMX HOPMAJbHBIX TKAaHAX, U B CPEIHEM
coctarisieT 1-2% O, (7.5-15 mm.pt.ct.) u HUxe [100]. OcHOBHBIME (akTOpamu
pa3BUTHUSL TUIIOKCUH B OMYXOJIU SBIISIIOTCA aTUIHUYHAs CTPYKTypa MHKPOCOCYAOB,
OONbIlIMEe PACCTOSHUS MEXIYy KPOBEHOCHBIMH COCYJaMH U  OIYyXOJIEBBIMU
KJIETKaMH, YTO OTPaHUYMBACT MOCTYIIJICHUE KUCIOpoAa myTeM AU Ppy3uu, a TakxKe
NOHIDKEHHBI ~ TPaHCHOPT  KUCJIOpOoJa KPOBbIO B CBSI3M C  aHEMHUEH.
MHOrourcIeHHbIE WCCIIEIOBAHUS TMOCIEAHUX JBYX NECATUICTUN IMOKa3alld, YTO
TUMOKCHSI UTPAET CYIIECTBEHHYIO pPOJIb B OIyXOJIEBOM MPOTPECCHU U SIBISAETCSA
HEOJMArONpPUsTHBIM  IPOTHOCTHYECKUM  (PakTopoM 3(PPEeKTUBHOCTH JIeUeHUs,
o0ecrnieynBasi yCTOWYMBOCTh K XUMHO-, Ty4eBOK- U (POTOAMHAMHYECKON TEparuu.
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Pucynok 15. In vivo FLIM-mukpockorus HAJI(®)H B omyxosnsax mbimeir CT26
nociie ®JIT ¢ doromurazunom. A — FLIM-u300paxkeHus omyxoim B KOHTpoJie Oe3
neuenusa u nociie ®JIT B aunamuke. b — I'paduku pocra onmyxoneil B KOHTPOJIbHON U
neyeHor rpynmnax. Crtpenkoit mokazan ceanc @DJIT. B — 3HaueHuss OTHOUICHUS
cBoboaHoli/cBsizannoil popm HAJI(D)H aj/a, B omyxonsix KOHTPOJIBHOM W JICUEHOUH
rpymnmn. Cpennee = SEM, n = or 3 ngo 10 omyxoneit. * - p < 0.05 B cpaBHEHUH ¢
KOHTPOJIEM B TOW K€ BPEMEHHOW TOYKE.

CopepxaHue KHUCIOpPOJa B OMYXOJHU SIBISIETCA CYIIECTBEHHBIM (PaKTOPOM
perynsaiuu  sHepreTrueckoro Meradbonmusma [101]. B yClmoBHSIX THITIOKCHH
MUTOXOHIPHAIBHOE JbIXaHWE CTAHOBUTCS HEBO3MOXHBIM, UTO BBIHYKJIA€T KIETKU
aKTUBHPOBATh IJIMKOJUTHYECKHA MyTh mnoiydeHus ATD. B To xe Bpems
M3BECTHO, YTO B OIIYXOJIEBBIX KIIETKaX TJIMKOJINA3 MOXET MCHOJIb30BaThCA B
KaueCTBE OCHOBHOT'O OMOAHEPTreTUYECKOTO IMyTH JIaXe MPU HAJTUYUK HOPMAJILHOTO
collepkaHusl Kuciopoja (a3poOHbii raukonu3, unu 3ddexr BapOypra). Xots
[JIMKOJIM3, Kak aHa’poOHBIA TaKk W  a’poOHBIM, CUMTAETCs  KIIOYEBON
MEeTa00JIMYECKON OCOOEHHOCTBIO OMYXOJIEBBIX KIJIETOK, POJIb MUTOXOHIPHAIBHOTO
JbIxaHusi B npou3BojacTBe AT® ocTaeTcsi 3HAYUTENBHOM JJI1 HEKOTOPBIX THUIIOB
paka [102]. Tak 4TO OTHOILIEHUS MEXy OKCUTE€HAIIMEN U META00IM3MOM OMYXOJIU
UMEIOT HEnpocToil Xxapakrep. CUTyalrs OCJIOXKHSAETCS TEM, YTO paclpeiesieHUue
KPOBEHOCHBIX COCYJIOB M, COOTBETCTBEHHO, KHCIIOPOJIA B OIyXOJIU I'€TEPOreHHO, a
Ha DHEPreTHYECKHi MeTadO0JIM3M OIyXOJEBBIX KIETOK, IOMHUMO KHCIOpO/a,
BJIMSIIOT MHOTHE (DaKTOPBI, OTHOCAIINECS KaK K CAMUM OITyXOJIEBBIM KJIETKaM, TaK
U K OITyXO0JIEBOMY MUKPOOKPYKEHHIO.
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B memom, ponb Kuciopoga B Pperyisiiud OHOSHEPTETHKH OIYyXOJIEBOM
KJIETKA Ha CErOJHSIIHMM JIeHb 10 KOHIIA HE YCTAaHOBJIEHA. B umncie OCHOBHBIX
HAIpaBJICHUII COBPEMEHHBIX HCCJIEIOBAaHUI B JaHHOM o00JacTu OCTarTCs
U3y4YE€HHUE MOJIEKYJSIPHBIX U META0O0JIMYECKUX MEXaHU3MOB OTBETa OIyXOJeH Ha
U3MEHEHUE  YPOBHS  OKCUI€HAllud, a TaKkKe  pa3BUTHE  HOBBIX U
COBEPIICHCTBOBAHUE CYILIECTBYIOUIMX METOJOB OLIEHKH KHCJIOPOJIHOrO CcTaTyca
ornyxoned. PaboTel 1O HM3y4EHHIO OKCHUI€HALIMM OIYyXOJEH MeTOoAamMu
bocdopecieHTHOTO UMUIKMHTA ¢ BpeMEHHBIM paspemienueM PLIM enunuynsl,
4yTO 00yCIaBIMBAECT HEOOXOAUMOCTh Pa3pabOTKH COOTBETCTBYIOIIUX METOUK.

2.8.1 MeToaukn KOMOUHNPOBAHHOM olleHKH (pochopecieHINN KHCTOPOAHBIX
ceHcopoB 1 aBToduyopecuenunu HAJ[(®)H B onyxousix ¢ nomombio PLIM u
FLIM

[Ipu pabore C OSKUBOTHBIMH OBbUI OTPa0OTaH CHOCOO JIOKAJIHHOTO
BHYTPUTKAHEBOTO BBEJICHUSI KHCIOPOJ-4yBCTBUTENIBHBIX  (PochopeciieHTHRIX
ceacopoB NanO2, BTPDMI1 wu PIr3, mockoneky NanO2 He NOpuUTrojeH s
CUCTEMHOTO BBEJICHUA MO AaHHBIM mnpousBoautens, a BTPDMI u PIr3 cnabo
HAKAIJIMBAIOTCS B OMYXOJIM MIPU CUCTEMHOM BBEJICHUMU.

JUIst mosTy4eHus: OIyXO0Jeil MbIIIaM MOAKOKHO B 00J1acTh OeApa WM YIIHON
pakoBuHbl BBOAMIM Kietku CT26. JXuBoTHOE C Pa3BUTOM  OIMYXOJBIO
HAapKOTU3UPOBAJIM HEMOCPEACTBEHHO NEPEJ MCCIENOBAHUEM CMECBIO 30JIETWIIA U
2% pomertapa.

OnmogonokonHas ¢hryopecyenmuas/gpocgopecyenmuas CcHeKmpoCcKOnus.
Hcnonb3oBaHa OpUrMHaibHasi yCTAHOBKA ISl OJHOPOTOHHON (IyOpeCleHTHOU U
(bocdopeclieHTHON CHEKTPOCKONHUM ¢ BpeMeHHbIM paspenieHuem (Becker&Hickl,
['epmanust). Pabota mpoBoaunacek Ha onmyxoisix CT26, nokaan3oBaHHBIX Ha Oenpe.
PactBop cencopa BTPDM1 (12 mxM, 84 wmxr/mn ¢uspactBopa, 1% JIMCO)
BBOJMJICS HETIOCPEICTBEHHO B OIyXOJb C TIOMOIIIBIO HHCYJIMHOBOTO Hminpuna (250
MKJI pacTBopa, 4-5 WHBEKIMEW B pa3Hble y4acTKu omyxosm) 3a 20 MHH [0
mpoBeneHusl u3MepeHuit. MronpyaThiii 30H7I BBOJWUIM B OMYXOJIb Ha TIyOWHY
OKoJI0 2 MM u peructpupoBaid ¢dochopecuennuio. [nas  peructpamnmu
dbochopecuennimu BTPDM1 B onyxonsx Mbliield ObUTH MOJ00paHbl CIEAYIOIINE
HACTPOMKH: CUTHA BO30YKIAJIM C MOMOIIBIO MTUKOCEKYHAHOTO jazepa BDL-488-
SMC (Becker&Hickl, I'epmanusi) Ha panuHe BosiHbI 488 HM, NpUHUMAIA B
nuarna3zone 587-677 HMm, Bpemsi cbopa ¢oToHOB coctaBimsuio 30 ¢, MOIIHOCTH
BO30yxaaromiero uanydeHus: cocrapisia 10 MxkBT. C kaxa0i ommyXxoiiu pasmMepoM
HE MEHee 7/ MM Jelald 5-7 U3MEPEHUH C pPa3HbIX YYacTKOB. AHAJIOTMYHbBIC
U3MEPEHHs] MPOBOAMIN C MBIIIIB Ha MPOTHUBOIOIOKHOM OeApe JUisl TECTOBOTO
CpaBHEHHUS C ONyXOJbl0. 3HAYCHHUS] BpeMeHU Ku3HU (QocdopecueHu T
coctaBuiiv 4.07+£0.22 Mkc B onmyxoneBoi u 3.53+0.19 mkc (p=0.03) B HOpMaJIbHOM
TKaHW, YTO YKa3blBA€T HAa CHI)KEHHOE COJIEpKAHUE KHUCIOpOoAa B OMYXOJH II0
cpaBHeHUIO ¢ Mbriei [All], yro 6sut0 moaTBepxkaeHo UI'X ¢ muMoHua3010M.

Bpewmsi-pa3penieHHasi CHEKTPOCKOMNKS MPEANOJaraeT BBEACHUE UT0JIbYATOrO
30H/Ia B TKaHb JJIs MPOBEICHUS W3MEPEHUMN, a JIOKaJIbHAs HHBEKIMS CEHCOopa
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MPUBOJUT K JOTIOJHUTEIHHOW TpaBMaTh3aIuu omnyxoiu. [lostomy Hamu ObLI
anpoOupoOBaH TakXke CIoco0 BBEJCHUS CEHCOpa NMyTeM HaHECEHUs pacTBOpa Ha
Topell BoJokHa. Mronpyatslii 30H] ommyckaid B pacTBop ceHcopa NanO2 solution
(100 MKr/mir) HEMOCPEICTBEHHO IIepe] BBEACHHEM 30HIa B TKaHb [A26].
docdopecuennuo NanO2 Bo30ykJanu ¢ MOMOIIbIO MUKOCEKYHIHOTO Jiazepa Ha
nauHe BoJiHBI 405 HM, NmpuHUManM B AuamnasoHe 587-677 HM, Bpems cOopa
dbotonoB 60 c. [Ipu ucnonbzoBanuu NanO2 BpeMeHa Xu3HH (HochOpecleHIINH
coctaBuiin 52.3+6.3 MKc s omyxoJsieBor TkaHu U 42.6+£2.8 mxc (p=0.001) nns
MBIIIIITH.

NUmmynorucroxumuueckoe  (MI'X)  okpammBaHue  NHMOHHJA30J0M
MIPOJIEMOHCTPHPOBATIO HaJINIne TUTTOKCUIHBIX 30H, HEPaBHOMEPHO
pacnpeneNieHHbIX TI0 OITyXOJIEBOMY 00pa3ily, M OTCYTCTBHE THIIOKCHU B
MBIIIIEYHON TKAaHHW, YTO IOATBEP)KIAaeT KOPPEKTHOCTh MaHHBIX, TOJYYCHHBIX C
TOMOIIBI0 PoCchHOPECIIECHTHON BpeMsI-pa3peIieHHON CIIEKTPOCKOIIHH.

Hapsiny ¢ dochopectieniueit NanO2 Obutr TpOBEICHBI U3MEPEHUSI BPEMEH
xu3Hu Quyopecuenninn HAJI(®P)H B omyxosieBOi U MBIIIEYHON TKAHU Yepe3 TOT
K€ UroJIbuaThiil 30H. DiayopecieHInio KodakTopa Bo30yKaalld Ha JUTMHE BOITHBI
375 um nuxocexkyHaHbIM Ja3zepoM (Becker&Hickl, 'epmanus) u peructpupoBaiu
B auanaszone 420-500 aM. MomHOCTh BO30Y:KAAIOIIEro U3 IyUYeHHS COCTaBisuIa 25
MKBT. W3mepeHusi mokazanu, 4YTO CpelHee BpeMsl >KU3HU (DIyOpeCcHeHIIUU
HAJZI(®)H B omnyxonu ObUIO 3HAYUTEIBHO KOpPOYE, YEM B MBIIIEYHON TKaHU:
1.019+£0.72 uc u 1.82+0.72 uc, coorBercTBeHHO (P=0.0007). OTHOCUTEIbHBIN
Bkiaa cBoOogHoro HAJI(P)H a; coctaBnsan 84.3+1.5% B onmyxonu u 78.4+2.2% B
mere (P=0.03). bonee xkopotkue BpemeHa xu3Hu HAJI(D)H u Gosee BoicOKUiA
BKJIaJ €ro cBoOOJHON (OpMBI B OMyXOJIM, KaK IpaBUiio, OOYCJIOBJIEHBI OoJiee
[JIMKOJUTUYECKUM METa00JIM3MOM IO CPABHEHUIO C OOJIBITUHCTBOM HOPMAJIBHBIX
TKaHeil. Takum 00pa3om, pe3yinbTaThl OIIEHKA META0OIUYECKOTO M KUCIOPOIHOTO
cTaTyca TKaHEH COIIacyloTcs MKy COOOM.

FLIM/PLIM  maxkpoumuooicurne. Jns mnonydenus PLIM-uzobpaxkenuit
OIyXOJIEH 1N VIVO HCIOJIb30BaH OPUTHMHAIBHBIM JABYXKaHAJIbHBIA KOH(OKAIbHBIM
FLIM/PLIM wmakpockanep (Becker&Hickl, T'epmanusi). B kadectBe kuciopoj-
YyBCTBUTEIHHOTO (HOCHOPECIICHTHOTO CEHCOpa UCIOIb30BaH koMiuiekc BTPDMI.
Jst umumxuara dhocdopecuennmn BTPDM1 B onyxomsix mpimeit CT26 Obutn
nofgoOpaHbl  cleAyroIue HacTpodku: (docdopecueHuo  Bo30Yy XA B
OJHO(OTOHHOM pEeXUME Ha JJIMHE BOJHBI 488 HM C MOMOIIBIO MUKOCEKYHIHOTO
na3zepa BDL-488-SMC (Becker&Hickl, I'epmanus), neTekTupoBaiu B Juarna3oHe
608-682 HM, MOIIIHOCTH BO30Y Xk aaromero uznydeHus oouia 10 MmxBT. Bpems c6opa
¢dbotonoB nopsaka 90 c. PactBop cencopa BTPDMI1 (12 MkM) BBoAUIIM B OITyXOJIb
JIOKAJIBHO C MOMOIIBI0 WHCYJWHOBOTO HITPUIIA, UMHKUHT MPOBOAMIN depe3 20-
30 mMuH nocie uHbEKIUN ceHcopa. [Ipu padoTe ¢ OomyxoasiMu Ha yxe, UMEIOIIUMHU
MOBEPXHOCTHBIM  POCT, WMMHDKUHT TPOBOJUTCS  UYPE3KOXKHO, KOJIUYECTBO
MUKpOUHBEKIHHI Ha 1 omyxoisb 2-3 o 30-50 M. C mOMOIIbIO JAHHOW METOAUKH
HEMHBa3UBHO ObUIM nody4deHbl PLIM-u3o0paxenus mpimmubix onyxoneit CT26 in
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vivo. Bpemena xu3Hu (GhochopeceHny CoCTaBIsuId B cpeaHeM ~3.9 MKc, 4To
COOTBETCTBYET BEJIIMYMHAM, PETHCTPUPYEMBIM TIPU TUITOKCHH [ 76].

Makpo-PLIM 6bu1 MCHIONB30BaH HAMM JUISI In VIVO TECTUPOBAHHUS HOBBIX
KHUCIIOPO-4yBCTBUTEIbHBIX KpacuTeneu Ha OCHOBE MOJIMMEPHBIX
(mommuaOpO60opHEeHOBBIX ) Mullesu ¢ Ir(I1l). beutn mogoOpanbl yCIOBUS perUCTpaLIUH
dbocdopeciieHIINK U OLIEHEHBI BpeMeHa Ku3HU B omyxoiu CT26, nokanru3oBaHHOM
Ha OeApe S>KMBOTHOTO, W B MBIIIIE IMOCJE JIOKAJILHOTO BBEACHHUS CEHCOPA.
Otmetum, 4yTo s d(QPEeKTHUBHON peructpanuu curHana (HochopecueHInn B
OITyXOJIY, PacTyIlel MOJKOKHO Ha Oenpe, TpeOyeTcss XUPYypPruueckoe OTKPhIBAaHUE
KOXXHOTO JIOCKYTa HaJ[ OIlyXOJIbl0 HEMOCPEACTBEHHO TME€pe]] HMUIKHHIOM.
[TonyyenHsie BpeMeHa xku3HU (ochopecieHuu Jiexan B auanasone 0.84-1.45
MKC M B OMYXOJIsIX ObUTH JUTHHHEE, yeM B Mbiie (p=0.02) [A32]. CHIKEHHBIH 110
CPaBHEHHUIO C MBIIIIEH ypOBEHb OKCUTCHAIIMH OITyXOJH IMOATBEP)KIEH JaHHBIMH
NI'X ¢ numonnazonom. C 3TUMU pe3yJIbTaTaMU COTJIACYIOTCS Pe3yabTaThl in Vivo
u3MepeHuii BpeMeH xku3Hu quryopecuennu HAJI(P)H B onmyxonu mermeit CT26 u
MBIIIIIIE, TIOJYyYEHHbIE HA TOM JK€ YCTaHOBKE U YyKa3blBalolIMe Ha OoJiee
WHTCHCUBHBIN TJIMKOJIM3 B OMYXOJIH [0 CPABHEHUIO ¢ HOPMaJIbHOM TKaHbio [Al5].

FLIM/PLIM-muxpockonus.  DKCIIEPUMEHTHI  BBIIIOJHEHBI Ha  JIa3epHOM
ckanupyroriem Mukpockore LSM 880 (Carl Zeiss, ['epmanust). i KUCI0OpoaHBIX
U3MEPEHUI HWCIIOb30BaH CEHCOp Ha ocHOBe nonumepHbix mutern ¢ Ir(IIl) Plr3
[A40]. OnyxomneBbie KICTKH IN VItr0 MHKYOMpOBaJ M B NMPHUCYTCTBHUH CEHCOpa B
KoHIeHTpauu 10 MkM 3 4. B onyXoJib MbIIIH, JIOKAJW30BAHHYIO HA YXE, PACTBOP
cencopa (10 mxM) BBoauM nokanbHO, 10-20 Mk 3a 3-4 UHBEKIMU B pa3HbIC
3oubl onyxoau. FLIM HAJI(®)H u PLIM PIr3 npooaunu uepes 20-30 MuH nociie
uHbeKkMu ceHcopa. Dnyopecuenuus u  (docdopecueHIuio  BO30YKIAIN
OIHOBPEMEHHO Ha JiuHE BOJHBI 750 HM. DIiIyopecHEHUNIO pETUCTPUPOBAIN B
nuanaszone 450-490 um, gocdopecuennuto - 57/0-640 am. Bpemsa cbopa curnana
cocrasisio 120 ¢ B uccaenoBanuu in Vitro, 180 ¢ - in vivo.

OnnoBpemennsii  umuxkuHr HAJI(@)H u PIr3 B KieTOUHON KylbType
CT26 mokazan, 4To TPH MOJICTUPOBAHUM TUIOKCHH HAIOKEHHUEM MOKPOBHOTO
CTEKJIa Ha KJIETOUHBIM MOHOCIION HaOJIOAaeTcs yBeIMUEHHE BKJaga CBOOOIHOM
dopmber HAJI(®)H a; B kieTkax — MHAMKATOP TEPEKITIOYCHUS HA TJIMKOJW3, U
BpPEMEH JKU3HH (POocOopecleHIr KHCIOPOJHOIO CEHCOopa Tp, — HHAMKATOP
CHIDKEHHsI KoHIIeHTparuu kuciopoaa [A40]. BpemeHna u3Hu ceHcopa B KIIETKaxX
BappupoBanii OT 1.19+0.02 mxc B HOpMmokcuu (21% O,) no 2.14+0.02 mxc B
runokcun  (~0.1% O,) (puc. 16). Ilpu >TOM U3MEHEHUs MeTaboaM3Ma W
COJlep)KaHUsl  KUCJIOpOJla Ha YpOBHE HWHIUBUIYAIbHBIX KIETOK XOpPOIIO
KoppenupoBanu Mexay coboi (r=0.73). B omyxoasx >KHBOTHBIX IN  VIVO
OTMeuajach BHYTPUOIYXOJIeBasi F€TEPOreHHOCTh B PACIpEeICHUH KUCIOpoa, a
xoppemnsuus HAJI(®)H a; u 1ty Obwa Huxe (r=0.56), 94TO TOBOPUT O BIMSHUU
UHBIX, [OMHMO KHUCJIOpPOJa, (HaKTOpOB Ha OSHEPreTUUYECKUl MeTadoIu3M
OITyXOJIEBBIX KJIETOK IN ViVO. Ilpu 3ToM Meraboimdeckas reTeporeHHOCTh ObLIa
HauOosiee BhIpaKE€HA B OMyXOJIAX Ooyiee KPYIHOTO pa3Mepa, rie OJAHOBPEMEHHO
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MPUCYTCTBOBAJIM YYACTKH HOPMOKCHH U TUTIOKCHU. |'eTeporeHHoe pacmpeneneHme
KHCJIOPO/a B OMYXOJISIX OBLJIO HAMH TaKKe MOKAa3aHO B JPYrOM 3KCIIEPUMEHTE iNn
Vivo Ha omyxoiisix CT26 ¢ HoBeiM cercopom Irl [AS0].
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Pucynok 16. OpnoBpemeHHbld uMUIKUHT  (iyopectienimn  HAJI(®)H u
dochopecueHrn KuciaopoaHoro cencopa PIr3 B kireTkax KOIOPEKTAILHOIO paKa MBIIIH
CT26 in vitro u in vivo metomom FLIM/PLIM-Mukpockonuu. A — Penpe3eHTaTUBHBIC
FLIM u PLIM wu3obpaxenus kinerouHoit KyiabTypbl CT26 B yclOBHSIX HOPMOKCUH U
runokcun. b - PenpesentatuBusie FLIM u PLIM n3o00pakeHus in vivo OyXOJU MbIIIeH
CT26 B yuacTkax HOpMOKcHuH U runokcuu. B — Koppensius Bkinaga cBo6ogHOM hopmbl
HAJI(®)H a; ¢ Bpemenem xusuu Gocdopecuenunu kuciaopoanoro cencopa Plr3 1y, B
kneroyHor KynbType. I' - Koppemanusa HAI(P)H a; u PIr3 1y, B KIETKax OIyXOJIH.
Touku — 3HAYCHHS TAPAMETPOB B OTCIIBHBIX KJIETKAX.

Takum oOpa3oM, HaMH TMPOJIEMOHCTPUPOBAHBI BO3MOXKHOCTU BpEMsi-
pazpemieHHON  (ochOPECIIEHTHOM  CHEKTPOCKONMHUH, MaKpO-UMHDKUHTA |
MHUKPOCKOITUH TSI OIICHKU COJIEPKaHUS KUCIIOPO/ia B TKAHIX IKCIIEPUMEHTATBHBIX
JKUBOTHBIX IN ViVO. Pa3paboTaHbl MOIX0bI K OJJHOBPEMEHHOMY IPHKU3HECHHOMY
U3YYCHHUIO SHEPTreTUIECKOro MeTaboIn3Ma  KHCIOPOJHOTO CTaTyca OMyXoJieH in
vivo Ha ocHoBe peructparuu aBroduryopectenuun HAJ(DP)H u pocdopecuenium
KHCIIOPOI-9yBCTBUTEIILHBIX KPACUTEIICH.

2.8.2 PLIM u FLIM npu xumuorepanuu u ®JIT

Bpemsa-paspewennas cnexkmpockonus onyxoieu npu  XUMUOMeEPAanuu.
MeTogoM  Bpemsi-pa3pelieHHON  CIEKTPOCKONHWKM HamMH  OBLJIO  BBIMOJIHEHO
OJJTHOBPEMEHHOE 1N VIVO UCCIIEI0BaHNE KUCIOPOJHOIO CTaTyca U SHEPreTUYECKOTO
MeTabonM3Ma OmyxoJied MbIIIed OpU XUMHOTEpalud HPUHOTEKaHOM. brpina
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UCIONIb30BaHa cxeMa JjiedueHus: 20 MI/Kr, BHyTPpUOPIOMIMHHO, 5 THEH, co 2-T0 IHSA
1ocJie MPUBKUBKHU OnyXoJii. CIEKTPOCKONMUYECKOE UCCIIEJOBAaHUE TPOBOAMIOCH Ha
paHHUX CpoKax - yepe3 1, 4, 8 qHEl - mociie OKOHYaHMsI ceaHca TEPAInU C LENIbIO
UACHTU (UK PAHHETO OTBETA OITyXOJIM Ha JICYEHHUE.

C npumenenuem cencopa NanO2 ObUI0 OOHAPYKEHO, YTO BpEMEHA KU3HU
dbocdopeciieHIIMN CEHCOpa B JICYEHBIX OMYyXOJSX CTATUCTUYECKH 3HAYMMO BBIIIE
[0 CPAaBHEHUIO C HEJIEUYECHBIMH omyxoysiMu (29.6 vs. 38.5, p=0.05) yxe udepe3 1
JIeHb TToc)Ie OKOHYaHus Tepanuu (7-# aeHbp pocra omyxoym) (puc. 17). Ha stom
CPOKE JIEYEHBIE OMYXOJH HE OTIMYAIUCH MO pa3MepaM OT HEJIEYEHBIX, HO IO
JaHHBIM TATOMOP(OJIOTUYECKOTO aHalu3a HWMEIH AUCTPO(UYECKHE KIETOYHBIC
n3MeHeHus. [loBbIlIEHHOE BpeMsl JKU3HU CBUIETENIBCTBYET B IMOJIb3Y BBI3BAHHOU
Tepanuel T'MIoKCUHM B TKaHU HOBOOOpa3oBaHMs, yTo Obulo moareepxaeHo UI'X ¢
NUMOHUAA30JI0M. [MIOKCMYECKUH CTaTyC JIEUEHBIX OIyXOJEel COXpaHscs Ha
OPOTSKEHUHM BCEro Cpoka HaOmoJeHus, ogHako K 14 aHIO pocta ObUT MeHee
BbIpaKEH. Pa3BUTHE TMIIOKCUU MOJ IEWCTBHEM HPUHOTEKaHA ObLIO BBI3BAHO €TI0
aHTUAHTHOTEHHBIM  3(]dekToM, uTto ObuT0 mMokazaHo MI'X okpammBanueM Ha
mapkep cocynoB CD31 [A26]. CHukeHHE OKCHT€HAllUM OIyXOJM 3a CUeT
AHTUAHTMOT€HHOTO JEHCTBUSI MPUHOTEKAHA YCTAHOBJIEHO BIEPBBIE.

[To manubIM Bpems-paspenieHHoi crnektpockonuu HAJI(D®)H ormeuanoch
CHIDKEHHUE BKJa/a cBOOOJHOM ()OpMBI a; B JIEYEHBIX OMYXOJSX IO CPAaBHEHHUIO C
HeseueHbIMA onyxossiMu  (85.3+2.4% vs. 81.8+3.8%, p=0.002) u yBenuueHue
CpeIHEero BpeMeHHM Ku3HM Tn, (0.71£0.04 vs. 0.80+£0.07, p<0.0001) uepes 8 nueit
nocyie OKOH4YaHus Tepanuu (l14-i eHb pocTa OIMyXOJiM), YTO YKa3bIBaeT Ha
nepexoi ¢ 0oJsiee TIMKOJUTUYHOTO Ha 0ojiee OKUCIUTEIbHBIM MeTabonu3M. DTu
pe3yabTaThl coracyrorces ¢ JanabiMu FLIM-mukpockornuu [Al7].

Takum o00pa3om, OBLIO TMOKAa3aHO, YTO HA pPAHHUX CpOKa JIEYEHUs
HPUHOTEKAHOM DHEPTeTHUYCCKUM METa0O0JIM3M OITYyXO0JIEH HE U3MEHSETCS, HECMOTPS
Ha CHWKEHUE OKCHUreHanuu. JladpHEHMIIWi nepexol Ha  OKHUCIUTEIbHOE
dbochopunupoBanre HaOIOmaeTcss Ha (POHE KOMIIEHCAIIMM THUIIOKCHYHOTO
COCTOSIHUS U, BEPOSITHO, CBSI3aH C MHTHOMPOBAHUEM OIYXO0JIEBOTO POCTA.

Maxpo-PLIM u FLIM-muxpockonusa npu @/[T. C nomoiipto Makpo-PLIM u
KUCJIOpoaHOTo ceHcopa BPTDMI1 BbINONMHEHO HCCIEAOBAaHUE COJEpKaHUA
KHCJIOPOJIa B OMYXOJIEBOM TKaHM *KUBOTHBIX in vivo nocie OT ¢ aByms Tunamu
dboToceHcHOMIM3aTopoB — TeHeTnuecku KoaupyeMbiM Oenkom KillerRed u
XUMHYECKUM (hoToceHcuOmm3aropom oroaurazun [A59].

58



O Kontponb @ UpuHoTekaH
p=0.01

s0 - p=0.05
—=——  KOHTPO/b

——e— WpuHOTeKaH b F=000

250 i

200 N,

Tyny MKC

Yucno ¢potoHoB
g B
; i

5>
504 ¢ v

7 10 14

Bpemsa, mKc
peiotle [Hun pocra onyxonu
r 350 - A 1 . [ Koxtponb Bl UpuHoTeKaH
—=—— KoHTtponb p=0.0001
300
i [l —=— WpuHotekaH 09 r
O 250 1 'i:,
z f - 08 |
'6 200 4 | I ...E
< i I 07
=t €
§ x S 06 |
> 14 <
1% Ty b
] )
g 0.4
0 2 4 6 8 10 12 14 16 7 10 14
Bpems, He LM pocTa onyxonu

Pucynok 17. OnHoBpeMmeHHast orieHKa GochOpecIeHIIMNA KHUCIOPOJIHOTO0 CEeHCopa
NanO2 wu ¢nyopecuennmn HAJI(®)H B onmyxomsx wmeimeit CT26 in vivo mpwu
XUMHOTepanuu upuHoTekaHoM ¢ nomomibio PLIM/FLIM  cnekrpockonmu. A —
®ororpaduss MM C MNOAKOKHOW onyxonbto CT26 C BBeJEHHBIM B OIyXOJb
BOJIOKOHHBIM 30HI0M (ciieBa). doTtorpadus TOPIEBOro KOHIA BOJOKHA M UTOJIBYATOTO
3oH1a (cmpaBa). b — Kpusbie 3aryxanus ¢ochopecueHnnn KUCIOPOAHOTO CEHCopa
NanO2 B KOHTpPOJIBHOHN U JICUEHON MPHUHOTEKaHOM omyxonsx Ha 10-i1 neHp pocra. B —
PesynbraTel M3MepeHus BPEMEHHU KHM3HH (QOCHOPECUEHIMN Tpy B JUHAMHMKE B TPYyNIax
koHTpoJist 1 neyenns. Cpennee+SD. I' - Kpussie 3atyxanus ¢ayopecuenmmu HAJ|(D)H
B KOHTPOJILHOM M JiIeyeHOW omyxoisx Ha 14-i neHp pocrta. I — 3HauyeHUs CpeaHEro
BpeMeHH ku3HHu ¢rayopecueHunu T, HAJ(®)H B nunamuke B rpynmax KOHTpOJS U
neuenus. Cpegnee+SD.

VYCTaHOBIICHO, YTO 3HAYEHHWE BPEMEHHU KHU3HH (POChHOPECISHIIME CEHCopa
BPTDMI1 B KOHTpoJIbHBIX HenedeHblx omyxoisix CT26, skcrpeccupyromux
KillerRed, He usmensnoce B TeueHue 5 aHedl HaOmogeHus (¢ 15 mo 19-if nHu
pocTa) U Aepxkaioch Ha ypoBHE ~3.9 mMkc. B onyxonsx mocne o0sydeHus: Bpems
*u3HU (ochopeciieHIuU ObUIO TOBBINIIEHO, HAYMHas ¢ 3 4 (4.46 = 0.02 Mkc, p =
0.001), 9yTO CBHIETECILCTBYET O CHHXKCHHOM COJEp)KaHHMM Kucioponaa (puc. 18).
[TockonbKy HCMONB30BAHME B KadyecTBE (POTOCEHCHOMIM3AaTOpa T€HETHYECKU
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KOAMPYEMOTro Oenka, SKCIPEeCCUPYEMOT0 CaMUMHU OMYXOJEBBIMH KIIETKaMHU,
UCKIIIOYAaeT BEPOATHOCTh (POTOAMHAMUYECKOTO TOBPEKACHUS  OIMYyXOJEBBIX
COCYZIOB, MOYXHO TMPEIIOJIOXHUTh, YTO HU3MEHEHUS B COJEPNKAHUU KUCIOpOaa B
OIyXOJIM Ha paHHUX BpeMeHHbIX Toukax (3-6 4) mocie DT oOycroBieHbI
pacxojloBaHMEM Kuciopoga Ha (QoroauHamuueckue peakiuu. Haunbonbiime
OTIMYMS B  KHUCIOPOAHOM CTAaTyc€ JIEUYEHBIX W HEJCUYEHBIX OIyXOJeH
3adukcupoBanbl yepe3 48 1 mocne OT (5.46+0.07 mxc, p=0.003), uyTo, BEpOsSITHO,
00yCIIOBJIEHO MOBBIIICHHBIM MOTPEOJICHUEM KHCIIOPOIa OMYXOJEBbIMH KIETKAMH B
CBSI3U C OKHUCIIMTEIIBHBIM CTPECCOM, BbI3BaHHbIM mNoBpexaeHuem [IHK. Yepes 5
nueit mocne ®JT 3nauenus BpeMeHu KHU3HU (HOCPOPECHCHIIMH OBLTH HUXKE T10
CPaBHEHMIO C KOHTPOJbHbIMH omyxossiMu (3.77+0.72, p=0.011), uro roBoput o
PEOKCUTEHAIINH JIEYEHBIX OMYXOJICH.

B skcnepuMeHTe 10 aHanu3y KUCIopoaHoro craryca omyxosen npu @UT ¢
dboToMTa3MHOM OBUIO BBISIBIIEHO, YTO YK€ Yepe3 3 4 mmocie OOJIydeHHUs: Bpems
xu3Hu pochopecteniuun BTPDM1 B omyxossix Bo3pacraer ¢ 4.96 + 0.35 mkc 10
6.09 = 021 wmxc (p=0.001), 4YTO CBHIETETLCTBYET O PE3KOM CHUXKCHUU
cojiepKaHusl Kucioposa B omyxonu (puc. 18). 3atem, uepes 24 4 u 48 u mocie
oOnyueHus 3apUKCUPOBAHO  3HAYUTENIBHOE CHIDKEHHE BPEMEHU  KU3HHU
dbochopecuenniuu  BTPDM1, 4yto MoXeT OBITh CBS3aHO C PEOKCHUTCHAIMEH
ormyxoJjieBoi Tkanu. OJHAaKO uepe3 5 JHEH mociie OO0JydeHHs BpeMs >KU3HU
dbochopeclieHIIMN 110 CPAaBHEHUIO C KOHTPOJEM BHOBb YBEIMYMBAIOCH. Takum
oOpazoMm, Hamu TmokazaHo, 4yto cocyauctas OJT ¢ (oroauTasuHOM BHI3BIBAET
s dexthl HememieHHon (3-6 4) U OTCpodYeHHOU (5 JaHEW) TMIOKCUM OITyXOJIH.
BepositHO, Heme yIeHHasi TUIOKCUS OOYCJIOBJIEHA MPEKpaIlleHUEM MOCTYIUICHUs
KHCJIOpOZa B TKaHb B CBSI3M C pPacxoJ0BaHUEM €ro Ha (HOTOJUHAMHUYECKHUE
peakiuu, a OTCpOYEHHass — HeoOpaTUMbIMM HApYIICHUSMH KpPOBOTOKa B
pesynbrate OJIT.
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Pucynok 18. In Vivo omieHKa KHCIOPOAHOTO craryca omyxoiieit mprmeii CT26 in
vivo mocie ®/IT metomom makpo-PLIM. A — PenpesenratuBubie PLIM-u3zo0pakenus
OomyxoJiel B KOHTpoJie, yepe3 6 4 u 5 muerr mocie ®JIT ¢ doroceHcubunmzaropamu
KillerRed mmn ¢orogurasun. b — Ananmu3 BpemeHu xu3HH (HOCHOPECHEHIMH Ty
kucnoponsoro ceucopa BTPDM1 B nunamuike B rpymmax KOHTPOJIS U JICUCHHS.
CpenneetSEM (n = 3-4 omyxomu). * - p < 0.05 B cpaBHEHHH C KOHTPOJIEM B TOW JKe
BpeMeHHoI Touke. B — Bepudukanus runokcun ¢ nomomnipio UI'X ¢ mumonumgazonom
(Hypoxyprobe™-1 ¢ ¢ayopectientaoit metkoii FITC) na 5-it nens mocie ®JIT.

B Tex xe omyxomsx Obut mccienoBan Meradonmueckuid orBeT Ha OJIT Ha
KjaeTouHoM ypoBHe MeTogoM FLIM-mukpockornuu HAJ(®)H (cm. pazmen. 2.7).
ConocraBnenne nanHbix PLIM u FLIM mno3Bonmwiio yCTaHOBUTH, 4YTO IMpHU
CHIW)KEHUHM YPOBHS Kucjopoaa B kierkax B pesynbrate OJT merabonmueckue
peakimu MOryT pasiauuarbes. B ciaydae kimetounoir DT ¢ KillerRed oObin
3apeTUCTPUPOBAH CABUT Ha IJIMKOJIU3 (TIoBbIIeHUE BKIaaa a; HAJI(®)H) na done
CHU)KCHMS YPOBHS KHACJIOPOJa HAa paHHUX dTanax nocie Bozaeucteus. [pu O/T ¢
(GboTOIMTAa3MHOM OBLIO BBISIBJICHO MOBBIIICHHE BKJIaAa OEOK-CBSI3aHHON (pakuuu
a, HAJI(®)H, accomuupoBaHHOW B MEPBYID OYEpPE/lb C MUTOXOHJIPUATLHBIM
npixanueM.  IIpyunHa ~ pa3sHOHANMpPaBIECHHBIX ~ M3MEHEHUH B KUHETHUKE
dbayopecueniun  HAJI(®)H, wunnymmpoBannbix @OJ[T, BeposTHO, KpoeTcs B
pa3IMyYHON CTEeNeHU TUIMoKcuH. B ciyyae oTonuTasnHa CHIKEHUE COAEpKAHUS
KHCIIOpOJIa B OIyXOJsAX ObUIO 0oJjiee BBIPAXKEHO, YTO MPOSBISIOCH B 0Ooiiee
BBICOKMX BpE€MEHax KH3HU (QochopecleHuu ceHcopa M MOATBEPKIANOCH
OKpacKoil ¢ NUMOHMAA30JI0M. M3BecTHO, 4TO cnadas WM oOcCTpas THIIOKCHUS
OPUBOAUT K META0OJMYECKON ajanTaluu KJIETOK B BHJE CHIDKEHUS HX
JbIXaTENbHOM AKTUBHOCTM M AKTHUBAlMU TJIMKOJIM3d, TOTAA KakK B YCIOBHSX

TSDKEJION TMIIOKCUM IIpHU OYCHb HU3KHUX 3HAYCHUAX p02 NI I[J'IPITGJ'IBHOﬁ THIIOKCHUH
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MMEET MECTO TIOJIaBJICHHUE JICKTPOH-TPAHCTIOPTHOW (DYHKIIMH JBIXaTEIHHOU IEIH.
[Ipu sTom | KoMILIeKC TpeTeprieBaeT KOHGOPMAIMOHHBIE U3MEHEHHUSI, BEAYIIIUE K
€ro JIe3aKTHUBAIlMH, a CTENEHb BOCCTAHOBJIICHHOCTH BHYyTpHKiIeTouHoro HAJIH
yBemmuuBaetcs [101, 103, 104].

BriepBbie KHUCIOPOIHBINA CTATyC OIMYXOJIEH HMCCIIENOBAICS OJHOBPEMEHHO C
sHepreTudeckuM  meradommsmoMm npu DT  MeromamMu  ONTHYECKOTO
OMOUMUIKUHTA.

2.9 CBsi3b 3HEPreTHYECKOro MeTafdoau3Ma ¢ (PU3NKO-XUMHIECKMMH MOKA3aTeI MU
OIMyX0J1eBbIX KJ1eTOK - pH 1 MUKPOBSA3KOCTHI0

XapakTepHO! uepTol 000 KIIETKH SIBISIETCS TECHas B3aMMOCBA3b €€
(U3UKO-XMMHUYECKUX CBOMCTB C OMOXMMHYECKUMHU MPOLECCAMU U KIETOYHBIMU
¢yHKusAMU. B uncne ocHOBHBIX (PHU3MKO-XMMHUYECKHUX MMapaMeTpoB KieTku - pH u
BA3KOCTb. VI TOT, M ApYroy CUMTAOTCA MOKA3aTEIAMU KJIETOYHOTIO rOMeocTasa U
YKECTKO KOHTPOJUPYIOTCS U PETYIUPYIOTCA KIETKOM.

N3BecTHO, 4YTO B OIyXOJEBBIX KJIETKax W TKaHAX 3HaueHus pH wu
MUKPOBSA3KOCTH OTHEJIBHBIX KIETOYHBIX CTPYKTYpP OTJIMYAOTCS OT HOPMAaJbHBIX
KJIETOK, M 3TO UMEET OO0JIbIIIOE 3HAUEHUE I OITyXO0JIEBOM MPOIPECCUU U PA3BUTHUSA
PE3UCTEHTHOCTH K XHMHOTEpanuu. B YacTHOCTH, XapakTEpHOU 4YepTou
OIyXOJIEBBIX ~KJETOK SBJISETCA «OOpaTHBI» TIpagueHT BHyTpu- (pHi) wu
BHekserouHoro pH (pHe), roe pHe nexuT B 001acTH ¢ KUCIbIX 3Ha4eHMi, a pHi- B
cmabomenoynor [105]. TukomuTudeckwii MeTaOONMHM3M  OMYXOJICBBIX KJIETOK
UMEET HEMOCPEACTBEHHOE OTHOLIEHUWE K (POPMUPOBAHUI0 M MOJIJIEPKAHHUIO
rpaguenTa pH. Ces3u pH u Metabonu3ma B OIyXOJIEBBIX KJIETKAaX OMOCPEI0BaHHI,
MPEXJEe BCEro, 3aKUCICHHEM BHEKJIETOYHOM Cpeabl MPOJYKTaMH TIuKoiu3a (B
OCHOBHOM,  JlakTatoM) #  pH-3aBHCHMMOCTBIO  KIIOUEBBIX  (EPMEHTOB
meTabomuueckux mytei [106].

[Tnazmatnueckass MeMOpaHa OIyXOJEBBIX KJIETOK MMEET 00jee BBICOKYIO
MUKPOBS3KOCTh (TIOHIKEHHYIO TEKY4YEeCTh) IO CPaBHEHUIO C HOPMAaJIbHBIMU
KJIETKaMH, OJIHAKO, BSI3KOCTh CHWKAETCS MPHU OIYyXOJEBON MHUTpaIliid WU WHBAa3UU
[107]. HeoTbemnembiMu (DYHKIUSIMH MeMOpaHbl SIBISIOTCS — TMOJACPIKAHHE
IIEJIOCTHOCTH KJIETKH M oOecriedeHrue oOMEHa M B3aUMOJICHCTBUS C OKpYKaromiei
cpenoil. Yepes MeMOpaHy B KIETKYy IIOCTYyNalOT NHWTATENbHbIC BEIIECTBA U
KHCIIOPOJ M BBIBOAATCS TPOIYKTHI OOMEHa, a €€ MHKPOBSI3KOCTh HANpPSIMYIO
BIIMSICT Ha KOH(POPMAIIUIO, U CJIEA0BATEIbHO, AKTUBHOCTh MEMOPAHHBIX OEJIKOB, B
TOM 4YHCJIE TICPCHOCUYMKOB TJFOKO3bl W HMOHHBIX TpaHcrmoptepoB. OmHAKO
MHUKpPOBSI3KOCTh MEMOpaHBbI B OITYXOJIEBBIX KJICTKaX M €€ pPOJb B PEryJsAIun
HEPreTHYECKOro oOMeHa u3yyeHa KpaitHe ciado.

Mex 1y TeM, KOMIIJIEKCHOE UCCIEA0BAaHNE IIPOLIECCOB KIIETOYHOTO IbIXaHUs,
pH u BSI3KOCTH TpeCTaBiIsieT MHTEPEC, Kak A PyHIaMEHTATbHOTO MOHUMAHUS
PEryJIATOPHBIX MEXaHU3MOB KIJIETOUYHOM OMORHEPreTHKH, TaK U I Pa3pabOTKH
HOBBIX MOAXO0/I0B K UACHTU(PHUKAIINN XUMHUOPE3UCTEHTHBIX OMYXOJIEBBIX KIETOK.
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pHi yumosons. B wnamumx pabotax Obul ucciaenoBaH pHi muro3ons
OINyXOJIEBBIX KJIETOK MpHU JACHCTBUM META0OJMYECKUX HMHTUOMTOPOB U psaa
XMMHOIIPENapaTOB M COIOCTABJIEH XapakTep W JuHamMuka u3MeHeHuil pHi ¢
MeTabOJIMYeCKUM OTBETOM KIIETOK M omyxousieil in vivo. [ns monuropunra pHi
OBUIN HCIIOJIb30BaHbI TEHETUUECKH KOJIUPYEMBbIE (DIIyOpECIIEHTHBIE OEIKU-CEHCOPbI
SypHer2 [108] u SypHerRed [109], mnepBblii u3 KOTOpPBIX paboOTaeT IO
palMOMETPUUYECKOMY HPHUHIMITY, @ BTOPOM - MO U3MEPEHHIO WHTEHCUBHOCTU U
BpeMeHH Ku3HU (ayopecueHiuu. B pabore [A38] BnepBbie Obuia ycTaHOBJIECHA
3aBHCHUMOCTH BpeMeHH *ku3Hu Quyopectenimu SypHerRed ot pH u paspabortans
METOJMKH HW3MEpPEHUs aOCONIOTHBIX 3HaueHWd pHi B KIETOYHOW KymnbType M
OIMMyXOJISIX KMBOTHBIX 1n vivo ¢ momoinbio FLIM-mukpockonuu u makpo-FLIM,
COOTBETCTBEHHO (puc. 19).

A b In vitro In vivo

12 ¢

R?=0.9835

SypHerRed T, HC

6.9 7.1 7.3 7.5 77
PHi 6.9 PHIN 7.7 6.9 I pHi T 8.0

Pucynox 19. Onenka pHi B kileTkax paka ImIeiku MaTku yesoBeka Hela in vitro u
kceHorpadre Hela in Vivo ¢ moMoIibsio reHeTHIeCKH-KoaupyeMoro ceHcopa SypHerRed.
A — Kanubposounas kpuas ansa pH-cencopa SypHerRed (3aBucumocTs BpeMeHU KU3HU
dbnyopecuentiun ot pH). b — FLIM-Mukpockonusi knetouHoit kynbTypel HeLa,
skcrpeccupytomeii  SypHerRed w  in vivo wmakpo-FLIM  omyxomu  Hela,
skcnpeccupytomein  SypHerRed. OOnacte monydeHuss u300pakeHHsl BBIJCICHA Ha
¢dortorpadun Meimm KenTeiM kBagpatoM. Cpeanue 3Hauenus pHi £SD s xierok in
Vitro u omyxoJeii in Vivo npuBeneHsl Ha n300pakeHusx. CTperkaMu moKa3aHbl 3HAYCHUS
pHi B OTZEIbHBIX yUaCTKaX OMYXOJIH.

OpnnoBpemennas Buzyanuzauus pHi u HAJI(®)H nokazana cornacoBaHHbIe
u3MeHeHuss pHi u sHeprernueckoro meradoiau3Ma TMpu  BO3ACHCTBUU  3-
OpomMnupyBaTtoM  (MHTMOMTOp  TJMKOJIM3a) M POTEHOHOM  (MHTHOMTOP
MHUTOXOH/IHATBHOTO JbIXaHUS) B OMyXOJIEBBIX KiaeTkax juauu Hela (puc. 20). B
NEpPBOM ciiyyae HaOI0ajI0Ch HMHTUOMpPOBaHWE TIUKOJIM3a (TOBBIIMICHUE Tp
HAJI(®)H) u 3amenaunBaHue LUTO30J5, BO BTOPOM — aKTHUBAlUs TJIMKOJIN3a
(nonmxenue 1, HAJ(®)H) m 3akucieHne BHYTPHUKIECTOUHOW cpeabl. MoxKHO
IPEANOJIOKUTh, YTO 3aKUCIEHUE LIUTO30J5 SBIAECTCA PE3YyIbTaTOM HAKOIUICHUS, a
3allelayuBaHue, HAo0OpOT, CHIDKEHHEM MPOAYKIIMH KHUCIBIX  MPOJYKTOB
JIMKOJIM3a (JaKTaTa).
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Pucynok 20. OmgnoBpemenubiii umumkuar HAJI(®@)H u pHi B omyxosieBbix
kierkax HelLa. A — FLIM-mukpockonus HAJI(®)H B koHTpoJ€ 1 nocie BO3AeUCTBUs 3-
OpommupyBaToM Wik poTeHOHOM. b - FLIM-Mukpockomnusi TeHETHYECKH KOJIUPYEMOTO
pH-cencopa SypHerRed B Tex ke kierkax. B, I' — I3MeHeHus: cpeHero BpeMeHH KU3HU
Tm HAJI(®)H u pHi npu netictBun metabonudyeckux nHruoOnTopoB. Cpeanee+SD (n=25-
35 KJIEeTOK).

[Ipy  KOKYyJIBTUBHPOBAaHUM OMYXOJIEBBIX KJIETOK U  (ubdpodnacTos
napauieIbHO C aHaJu30M JHepreTudeckoro Metabonusma merogom FLIM-
MUKPOCKOTIMY MPOBOJMIICA aHalu3 pHi 1uTo3075 ¢ nmoMoIieo cencopa SypHer2
[A6, A19]. beuto oKa3aHo, YTO B MPOLIECCE B3aMMOCHCTBHS OIyXOJIEBBIX KIETOK
u ¢ubpobmacroB pHi B omyxonmeBbix KieTkax cHuxaercs. C  yderoMm
NEPEKTIOYCHUS STUX KICTOK Ha TJIIMKOJM3, u3MeHeHus pHI, BeposATHO, ABISIOTCS
CJICICTBUEM BBICOKOW TTPOTYKIINY JTaKTaTa.

B3aumocBs3s pHi u »Hepretmdyeckoro meradboiu3ma OTMEYaiach IPHU
M3YYCHUU TETEPOTCHHOCTH OMYXOJIeBBIX cdepousioB. B 3oHe mpommdepannu B
HapYXKHBIX cJosix 3pernoro cepouna pHi Obut Gonee mienounoi (~7.43), yem B
30He mokos (~7.23) [A5; 63]. B 370l ke 30HE KJIETKH JEMOHCTpHpOBaM OoJiee
BBICOKYIO HHTEHCHUBHOCTH TJMKoyim3a (cM. pasnen 2.4.1). JlanHblii pe3yibTar
XOpOIIIO COOTHOCUTCSI C TPEICTaBICHUSIMH O TOM, 4YTO  menoyHoud pHi
CIIOCOOCTBYET aKTHBAILIMU a3POOHOTO IIIMKOJIM3a B OMyX0JIeBbIX KieTkax [81].
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Pazobmennbie u3MeHenuss pHiI u  »HepreTmueckoro Meradoiam3Ma
HaOJIOAQIUCh TIPU JEHCTBUM XMMHOIIPENapaToB LUCIIATUH U Takcoid. OTBET Ha
LUCIJIATUH COTPOBOXKIAJICS 3aKUCICHUEM ILUTO30JIsI B KUZHECTIOCOOHBIX KIIETKAX
CO CHIIKEHHOU mposmdepannieil B KIETOYHOU KYJIbTYpe U B OMYXOJIAX KUBOTHBIX
in vivo. IIpu stom nanusie FLIM HAJI(®)H cBuaerenbcTBOBaIN 00 aKTHBU3ALIMS
MUTOXOHIpHabHOTO AbixaHus [Al2]. Cxoskas TEHICHIMS ObUIa OTMEYEHA M MPH
BO3JICHCTBHM TaKCOJOM Ha KJIETKH in Vitro M OMyXOJH >KMBOTHBIX in vivo [A29].
Hunamuueckoe Habmonaenue 3a pHi u kunerukoit Quyopectenmmun HAJI(DP)H B
OIMMyXOJIEBBIX KJIETKaxX In Vitro MO3BOJIMJIO YCTAaHOBUTH, YTO B OOOUX CIIydasx
¢aykryaruu pHi mpoucxomst paHo — B mepuon 1-6 dacoB uHKyOanuu c
mpernapaToM, B OTJIMYME OT  METa0OJNMYECKUX  HM3MEHEHMH, KOTOpHIC
PETUCTPHUPYIOTCS HE paHee 6 4. DTH pe3yabTaThl YKa3bIBalOT HA TO, YTO PAHHUE
Hapymienus pHi mpu  XUMHOTEpameBTHUYECKOM BO3JCHCTBUU HE  SBISIOTCS
CIIEICTBUEM MEPECTPOUKH OHOIHEPreTUUECKUX IyTed KIETKH, a BbI3BaHBHI,
HanpuMep, WHruoupoBaHueM pH-peryiasiTOpHbIX CHUCTEM KIETKHM CaMHUMHU
npenapaTramu.

Takum oOpazoM, Ham yaanoch NoKaszarh, 4to pHi U >SHEpreTuyeckuii
MEeTa0oJIM3M B3aUMHO JETEPMHUHUPOBAHBI B YCIOBUAX ECTECTBEHHOI'O pOCTA.
W3meHeHue ypoBHS TJIMKOJIM3a MOKET BBI3bIBATH M3MeHeHHs pHi, HO ¢ Apyrou
ctopoHbl, pHi crmocoOcTByeT pernporpaMMUpOBaHUIO METa0OoJM3Ma OIMyXOJIEBBIX
KJeTok. [Ipu xumuorepanuu, 0JTHaKO, 3TH CBSI3U PA300IIAIOTCS.

Muxpossazkocme — naazmamudeckoti  memoOpanvl. Hamu  pazpaboTaHbl
METOJMKHN KapTUPOBAHUSI MUKPOBSI3KOCTH MEMOpaH OMyXOJIEBBIX KJIETOK In VItro u
in vivo ¢ noMombto FLIM-MHKpPOCKONIMM M BS3KOCTHOTO CEHCOpa Ha OCHOBE
BODIPY, npencrapstoimiero co0oi (QayopecleHTHBIH MOJICKYJISIPHBIM POTOP
[110]. BnepBbie ObLIM MOJyYEHBI 3HAYCHUS MUKPOBS3KOCTH MEMOpaH KJIETOK B
COCTaBE OIMYXOJICBBIX C(HEPOUIOB U B OMYXOJICBON TKaHH )HBOTHBIX in vivo [AL0].
Y CTaHOBIIEHO, UTO B KUBBIX OITYXOJEBBIX KJIETKaX B MOHOCIOWHOM KYJbType U
OMYXOJIH 1N VIVO MHUKPOBS3KOCTh MEMOpaH MMEET CXOXKME 3HAUCHHS B JUAIa30HE
340-490 cP, tunwunblie aias gaHHoro tuma kietok [AlQ]. B ciyuae cheponaos
pa3eNbHbIA aHAIU3 MUKPOBSI3KOCTH B HApYKHBIX M BHYTPEHHUX CIIOSIX KJIETOK,
OTINYAIONTUXCS TI0 TTPOoSIM(epaTUBHON U METAOOINYECKON aKTUBHOCTH, HE BBISIBHII
Kakux-1u00 otauunii (puc. 21) [64]. DTu pe3yabTaThl MO3BOJIAIOT pACCMATPUBATD
MUKPOBSA3KOCTh KaK MOKa3aTelb KJIETOYHOI0 TOMEOCTasa.

Pa3paboran IIPOTOKOJI MOCJIEA0BATEIBLHOTO MHUKPOCKOITUYECKOTO
UCCIeIoBaHMs dHepreTuyeckoro mertadbonuszma ¢ nomoinpio FLIM HAJ(®)H u
DA/l 1 MUKPOBSI3KOCTH MEMOPAH B KYJbTUBUPYEMBIX KJETKax ¢ nomouisio FLIM
c cencopom BODIPY2 [A31]. Ilockomeky duyopecueniuss BODIPY?2
cnekTpasibHO mepekpbiBaeTcs ¢ HAN(D®)H u DA, a cam BODIPY2 ouenn
OBICTPO MHTEPHAIM3YETCSA KJIETKOM, OJHOBPEMEHHBIA UMUKHMHI MUKPOBSI3KOCTH
U KO(pakTOpoB HEBO3MOXEH. [Ipum mocienoBaTeNbHOM HMMHIKUHTE CHavasa
npousBoauTcs peructpanusi FLIM wu3obpaxenuii koQakTopoB, 3aTeM KIETKU
okpammBaiorcss BODIPY2 u mpousBogutcs peructpauus FLIM-uzobpaxennii
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BODIPY2 (puc. 21). OueHka MHUKPOBSI3KOCTH MeMOpaH H KHHETUKH
bayopecueniuun HAJI(®)H B omHMX M TeX JHMHUSIX OIYXOJIEBBIX KIIETOK HE
BBISIBWJIA CBSI3W MEXJIYy HUMHU (Kak MHUHUMYM, B YCJIOBHSX CTaHAAapTHOTO
KyJIbTUBUPOBAHUA).

_ ¢ BODIPY2, ~ ‘
. XY 4sum, o/ A
v " - 13 & ® "\J Smun \i"»/
“\» > 9 > \.\’ O
4 2 |
QT q <4 =3
Onyxonesbie
KNeTKn FLIM HAA(®)H FLIM BODIPY2
u/man ®AQ
B HCT116 HT29 CT26

NN 72.18+2.06% § W

p~ @

FLIM HAZ(®)H

FLIM BODIPY2

350

300

MukposaskocTb, cll

250
3 5 7 10

[AHu pocra

Pucynok 21. Awnanu3 MHKpPOBS3KOCTHM UUTOIJIA3MAaTHUYECKOW MeMOpaHBbI
OIyXOJIEBBIX KIETOK Ppa3IUYHbIX JHHHHA IN Vitro ¢ momompio FLIM. A — Cxema
HKCIEPUMEHTA T10 MOCJIEI0BATEILHOMY UCCIIEIOBAaHUIO META00IM3Ma U MUKPOBSI3KOCTH B
omyxoJeBbix kinerkax. b — FLIM-nu3o6pakeHnss MOHOCIONWHBIX KIETOYHBIX KYJIbTYP B
kaHane HAJI(®)H u cencopa Bsskoctu BODIPY2. 3nauenus BkjIagoB CBOOOJHOM
dopmer HAZI(®)H a; ¥ MHKpPOBSA3KOCTH A KKIAOW JHHUM KIETOK yKa3aHbl Ha
COOTBETCTBYIOIIMX H300pakeHusix. B — OleHka MHUKPOBSI3KOCTH B OITyXOJIEBBIX
chepongax Hela. CneBa - m300pakeHHe B MPOXOIAIIEM CBeTe (KBaJpaToOM IOKa3aHa
obnactb, cooTBercTByoas FLIM-u3o06paxkennio) u FLIM-u3zo6paxkenune chepona Ha
5-ii nenp pocra. CrhpaBa - JuarpaMMa 3HAYEHUW MHKPOBSI3KOCTH B LEHTPAIbHOM M
nepudeprueckoit 30Hax chepouaoB B mpoiecce pocra. Cpennee £SD (n=4-5 cheponaon
1o 20-30 KJIETOK B KaXJIOM).
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B cnyuae FLIM ®A]J], oOHapyxeHa crnabasi MOJOXKHUTENIbHAs KOPPEISIUsI
napameTpa 3aryxaHuss a, OAJ] (BkiIag OTKpHITOM  KOHpOpMAIMH) C
MUKPOBS3KOCThIO (I = 0.436). IIpeanonoxuTeasHo, 3TO 00YCIOBICHO y4acTHEM
®AJl B nunuaHoM oOMeHEe — OWOCHUHTE3€ JMMHIOB U B-OKUCIECHUU >KUPHBIX
KHUCIIOT M, KaK CIJEJICTBHE, B MOAJECPKAHUHU JUIUIHOTO MNpoduias MeMOpPaHBbI.
KauecTBeHHBIN M KOJIMYECTBEHHBIN COCTAB JTUMUAHOTO OMCIIOS SIBISETCS TJIABHBIM
dbakTopoM,  ONpENENSIIONUM  MHKPOBSI3KOCTH ~ MeMOpaHbl.  YHHKaJIbHOCTb
JUMHUIHOTO Tpo¢uiIsi MeMOpaHbl B pa3HBIX THUIIaX PAKOBBIX KJIETOK MMOKa3aHa HAMH
C MOMOIIbIO BpeMAnposeTHo macc-criektpomeTpun ToF-SIMS [AS8]. Oxgnako
uHTeprperanus pe3ynbratoB FLIM @A/ TpedyeT 0cTOpOKHOCTH, T.K. IO CUX TIOP
HET TIOHMMAaHHsI OTHOCUTENBHO BKJIAJIa PA3IMYHBIX OMOXMMHYECKHUX IMPOLIECCOB, a
Takke apyrux ¢uasuHo (PMH, pubodaaBun) B ero (iryopecueHuuro.

MOHUTOPHUHT MHUKPOBSI3KOCTH MEMOpaH IPH BO3JACHCTBUU Ha OITyXOJICBBIC
KJIETKH In Vvitro mpemaparaMu IUIATUHOBOTO psijia, S-pTopypanuioM, TakcoyioM,
MOKa3aJl, 4YTO pa3Hbl€ TMpenapaThl BBI3BIBAIOT pa3HbIE MO JUHAMHUKE U
BBIPQKCHHOCTH H3MEHEHHs MUKpoBsizkoctu [A24, A34, A4l, A48]. Ilpu
UCIIOJIb30BAaHUU  ITUCIATHHA/OKCANUIUIATUHA U S-dTopypalia HU3MEHEHUs
MHUKPOBSI3KOCTA OTMEYaJIUCh B paHHUU mnepuon BoznenctBus (10 mun — 6 4), B
cllydae TakcoJia — Ha 0oJjiee MO3IHUX BpeMeHaxX nHKyOamuu (24-48 u) (puc. 22). Bo
BCEX CIIydasiX U3MEHEHHsSI MUKPOBSI3KOCTH ObLIIM 0OYCJIOBJICHBI, 110 KpaitHeill Mepe,
YaCTUYHO, HAPYIICHUSIMU JIUMUIHOTO cocTaBa MeMOpaHbl. Hamm HaOmroneHus 3a
kuHeTHkoil Quyopecuenunn HAJI(®)H B kneTkax npu JEHCTBUM TEX K€
npenaparoB U OOHApy)KEHUE OJIMHAKOBOTO XapakTepa M3MEHEHUW ISl pa3HbIX
IpenaparoB, YKa3blBAOIIMX Ha OTCpoyeHHoe (6-24 4) mnepekiIovYeHre Ha
OKUCHUTENbHOE (OCHOPUITMPOBAHUE, TO3BOJIAIOT TOBOPUTH 00 OTCYTCTBUU SIBHOM
CBSI3U MEXKAY MHUKPOBSI3KOCTBIO JIMIUAHOTO OHWCIOS MEMOpaHbl M KJIETOYHOMU
OnosHepreTukoil. V3MeHEeHHs MUKpPOBS3KOCTH, KaK IMPaBUJIO, MPEIIIECCTBYIOT
METa0OJIMYECKOMY OTBETY Ha XUMHUOTEPAIIUIO U SIBJISIOTCS CIEJCTBUEM U3MEHEHU N
JUTUIHOTO COCTaBa MEMOpPaHHBI.
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Pucynox 22. In vVitro wuccienoBaHWe DSHEPreTUYECKOro MeTaboiu3Ma |
MHKPOBSI3KOCTH MEMOpaH KIETOK paka IMIeWKH MaTku ueinoBeka Hela € momormipro
FLIM-mukpockonuu mnpu Xumuorepanuu nucriatTuHoM. A — FLIM-uzoOpaxenust B
kaHane HAJI(®)H (Bepxuuii psn) u BODIPY2 (HuxHUE psa) A0 (KOHTpOJb) U B
nporiecce 24 u unkybanuu ¢ 1mcruiatuaoMm (IC50 2.3 mxM). FLIM-uzo6paxenus
HAJI(®)H 1o 6 4 cHaThI ¢ ogHOTO 1 TOTO e mnoust 3penus. FLIM BODIPY?2 BoinonHeH B
napajuiesibHoM 3kcnepuMenTe. b — OLeHka OTHOCUTEIBHOTO BKJIa/a CBOOOJHOM (HopMbI
a; HAJI(®)H. B — Onienka MUKpOBSI3KOCTH MeMOpaH OImyxoJeBbix kieTok. Cpeqnee £S5D
(n=50-60 kneTok). * - p < 0.05 B cpaBHECHUU C KOHTPOJICM.

68



3. BAK/IIOYEHUE U BbBIBO/IbI

Metoasl (i1yopecieHTHOTO UMHUJIKUHTA ¢ BpeMEHHBIM pa3zpemieHueM FLIM
SBJIAIOTCS. ~ MOIIHBIM ~ HMHCTPYMEHTOM IS  TOJy4eHHs HHOpMalud O
MOJIEKYJIIPHOM MHKPOOKpPYKeHUH (iryopodopa B YCIOBUSAX >KUBOU KIETKU U
TKaHu. brnaromapss pasButuio TexHudeckor O6aszpl FLIM u co3maHuio HOBBIX
(bIyopecleHTHBIX CEHCOPOB C BPEMEHHOW YYBCTBUTEJIBHOCTBIO, 3a IOCJEAHEE
necarwietne uHTepec K MerogaMm FLIM 3HauuTenbHO BBIPOC B Pa3iIMYHBIX
obnactax Ouonoruu U OmoMemuiuHbl. OZHUM U3 TIaBHBIX HpuioxeHuil FLIM
SBISCTCS «METAOOIMYECKUI» HMMHIKUHT Ha OCHOBE aBTO(IyOpECICHIIUU
kopakropoB HAJ[(®)H u DAJl. Beicokoe NpoCTpaHCTBEHHOE pa3pelieHue U
MOJIEKYJIIpHAsl CHEeUU(DPUUHOCTh, OBICTPOTA MOJYYEHHUs JaHHBIX 0€3 MPUMEHEHUs
DK30T€HHBIX KOHTPACTHBIX areHTOB JEJAI0T 3TOT METOJ YHUKAIBHBIM ISl aHAIU3a
IIPOIIECCOB KJIIETOYHOTO JIbIXaHUS HA HOBOM YPOBHE.

B osHepretmueckoM MeTa0OMU3ME 3JI0KAYECTBEHHBIX OITyXOJIeH MHOTHE
BOIIPOCHI OCTAKOTCS HEPACKPBITBIMUA. DTH BOIPOCHI KAaCaKOTCs, IPEXKIE BCETO, €ro
reTepOreHHOCTH Ha KJIETOYHOM YpPOBHE, POJM Pa3IMYHbIX (U3UOJIOTMYECKUX U
(U3UKO-XUMHUYECKUX (AKTOPOB B PETYJALMU IyTeH TMONYy4YeHHUs] SHEPTHUH,
IEepecTpOoeK OWMOPHEPreTUKH TIPU MPOrPECCHMH  OMyXOJIW U  OTBETE Ha
IIPOTUBOOIYXOJIEBYIO TEPANMIO U Ap. MeEXIy TeM, UX OHUMAaHUE KPUTHUYHO IS
pa3pabOTKM HOBBIX MOJXOJOB K JIUArHOCTHUKE M WHIAMBUAYAIU3alUH TEparuu
OITyXOJIEN.

[Mpensiaymme uccnemoBanust rpynn Avraham Mayevsky (bap-Wnanckuii
yauBepeuteT, M3pawmnp) [111,112], Irene Georgakoudi (YumBepcuter Tadrca,
CIIA) [52, 112], Ahmed A. Heikal (YuuBepcuter Munnecora [ynyr, CIIA)
[114], Michael R. Duchen (YuuBepcurerckuii Komremx JloHmona,
Benukoopuranus) [56, 115], Melissa Skala (BuckoHcHMHCKHIT YHUBEPCHUTET B
Manucone, CIIIA) [28, 54, 62, 86], Angelika Rueck (YuuBepcuter Yibma,
I'epmanusa) [58, 84, 116] yOeautenpbHO  JOKa3ald  MPUMEHUMOCTH
aBrodyopecteHTHbix u3Mepenut HAJJ(@)H u DAJ[, kak B pexume
UHTCHCUBHOCTH, TaK M BpPEMEHU JKU3HHM, [UIsI OLEHKH SHEPreTUYecKOoro
MeTaboau3Ma KIeTokK iN VItro u TkaHei IN VIVO, 1 3alI0KHIM METOI0JI0THUECKIE
OCHOBBI ~ ONTUYECKOTO METabOIMYeCKOro HMHUJDKMHra. Tem He  MeEHee,
OONBIIMHCTBO UccienoBanuii ¢ mpumenenueM FLIM o cux mop mpoBoasTcs Ha
KJIETOYHBIX KyJbTypaXx. Hamum pa3paboTaHbl TOAXOMABI MJiA TPUMEHEHUS
nByx@otoHHON FLIM-MUKpOCKONUM Ha CJIOXKHBIX OIYXOJEBBIX MOJEHSAX —
chepousiax M OMyXOJsAX MBIIIEH in Vvivo, U 00pa3liax OMyXoJiel MalMueHTOB, a
TaK)K€ TOKa3aHbl BO3MOKHOCTH HOBbIX MojaibHOcTel FLIM — koHdokanbHOrO
MaKpOUMH/)KHMHTA W ONTOBOJIOKOHHOW CHEKTPOCKOMUHU [IJIsl OICHKHM KUHETUKU
dayopecueniuun HAJI(®)H B onmyxossix.

Pa3paboTanbl METOIMKH MYJIBTUIIAPAMETPUUECKOTO HWMUDKUHTA ITYyTEM
komOuHanuu FLIM HAJI(®)H c renetnuecku koaupyemMbiMu (1yopecleHTHBIMU
ceHcopamu U (pochopecueHTHbIMU KpacuTensiMi. OAHOBPEMEHHBIA HMMUKHHT
HAJI(®)H wu xucmopoma B OMyXOJEBBIX KJIETKax IN VItro koMOWHaiuei
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FLIM/PLIM Bnepseie Obin1 mpoBeneH B padore Kalinina et al. 8 2016 r [116].
ABTOpBI TMPOJIEMOHCTPUPOBAIIM COTJIACOBAHHBIE W3MEHEHHUS B HSHEPreTUYECKOM
MeTaboJIM3Me M KHUCIOPOJHOM CTaTryce NpH JeHCTBUU (HapMaKOJIOTUYECKHUX
UHTUOUTOPOB MeTaboiau3Ma. Mbl afanTUpOBaid MPEJIOKEHHYI0O UMH METOJIUKY
noa  (ocdopecrenTHri ceHcop PIr3 u pacmmpwin 3TH HCCIEAOBaHUSA [0
U3MEPEHUH B OMyXoJsix IN ViVvo. MynbTHIIapaMeTPHUUECKUX HUCCIICIOBAHUMN ITyTeM
onHoBpemeHnHoN Bu3yanm3anuu HAJI(®)H u kpacHbBIX QIyopecleHTHBIX OCIKOB-
CEHCOpPOB paHee He MpOoBOAMIIOCh. CBSI3aHO 3TO, B TOM YHCIE, C OTCYTCTBHEM JI0
HEJaBHETO BpeMEeHH OEITKOB-CEHCOPOB, pabOTAIONINX B KPACHON 00JIACTH CHEKTpA.
bosbmiot BKJag B CO3AaHUME TAaKUX HWHCTPYMEHTOB BHECIM POCCUKCKHE
naboparopun mog pykoBoactBoM K.A. JlykesiHoBa, B.B. benoycosa, A.IL
CaBunkoro. 3amadud 1O W3YYECHUIO HECKOJIBKHX I1apaMETPOB, HMEIOIIUX
OTHOIIIEHHE K KJIETOYHOMY JIBIXaHUIO, OTYACTH PEIIAIOTCS MYyTeM NPUMEHCHUS
3€JIEHBIX CEHCOPHBIX OCJIKOB WM XMMHUYECKHMX CEHCOPOB B IMapajlIeNbHBIX C
Haomoaennem HAJI(®)H w/mmu DAJ[ skcnepumentax [A6]. Opnako 3TO
MCKJIFOYAET BO3MOYKHOCTh MYJIbTUIIAPAMETPUUYECKOTO aHAIN3a B OJHUX M TEX KeE
KJIIETKaX, 4YTO B YCJIOBUAX BBICOKOW MEKKJIETOUHOM TE€TEPOr€HHOCTU
MPEACTABIISIECTCS BaKHBIM.

Pe3ynpTaThl HAMMX MYJIBTUIIAPAMETPUUYECKUX HUCCIIEIOBAHUNA PACKPBHIBAIOT
y4acThe pas3InyHbIX (HaKTOpOB B (POPMUPOBAHUU METAOOIUUYECKOTO «IOPTPETa
onmyxonu. Iloka3aHo, YTO HHEPreTUYECKUN METa0O0JM3M KIETKU IOJBEPIKEH
MOAM(UKAIMSIM B YCIOBHSIX PA3jIMYHOTO COJEPKAHUS KHCIOpOAa, YpPOBHSA
npoiudepanud  KIETOK, NpUCYTCTBUA  (uOpoOJIACTOB W KOJUIareHa B
HEIOCPEICTBEHHOM OKPY)KeHHH. B CBOXO oYepenb, N3BMEHEHHS B DHEPTETUUECKOM
MeTaboIM3Me BIEKYT 3a COOOM M3MEHEHHMsI ITUToTuIa3mMaTuaeckoro pHi, uto umeer
CaMOCTOSITENIbHOE 3HAYCHHWE JJs OIYXOJEBOTO pPOCTa. OTH HCCIEIOBAHUS
MOJKPEIUIAIOT CYIIECTBYIOIIME TMPEACTABICHUS O TOM, 4YTO OHOdPHEpPreTHKa
OITYXOJIEBBIX KJIETOK MPEACTaBISET COOOM CIOXKHYIO, JUHAMUYHYIO M KpailHe
IUTACTHYHYIO cCUcTeMy [2-4, 6].

['eTepOoreHHOCTh 3JHEPreTHYEeCKOro MeTadoMu3Ma OMyXoJieH - IIMPOKO
npu3HaHHBIN (peHomeH. PaboThl B 3TO# 00JacTH HampaBiieHbI, B OCHOBHOM, Ha
OLIEHKY MPOTHOCTUYECKOTO 3HAYEHMsI BHYTPHUOITYXOJEBOW TE€TEPOr€HHOCTH WU
MeTaboIMYeCKUX OCOOEHHOCTEH WHAMBUAYAJIbHBIX omyxoie. Psan pabor
JEMOHCTPHUPYET CBsI3b BHYTPUOIYXOJIEBOM T'€TEPOTeHHOCTH MeTaboim3Ma,
BU3YyQAIM3UPOBAHHOW Ha «Makpo» ypoBHe ¢ mnomompo IIOT ¢ 18-
(TOPAC30KCUTITIOKO30M, C HEOJArompusITHHIM IPOTHO30M OHKO03a00JIeBaHUU Y
naruenToB [117-120]. TexHosOruM CEKBEHUPOBaHMsS OAMHOYHBIX KJeToK (Single-
cell sequencing) mMO3BOJSAIOT MPOBOAWTH HMCCICAOBAHUS META0OJUYCCKOU
TeTepOreHHOCTH Ha TEHOMHOM, TPAHCKPUITOMHOM W METa0OJIOMHOM YPOBHSIX
[121]. Cpenn HEMX, MOUIHEUIIIMM WHCTPYMEHTOM B U3yYEHHH BHYTPUOITYXOJICBOM
TeTepOreHHOCTH  MeTabonmu3ma  SIBIAIOTCS ~ METOABl  MPOCTPAHCTBEHHOMU
TpaHckpuntoMukn (Hampumep, Visium ST, Stereo-seq, Slide-seq,), koTopbie
CHOCOOHBI BU3YaJIM3UPOBATh OTACIBHBIE KJIACTEPHI KIETOK B OMYXOJH, UCXOJS U3
npoduiIe MpoCTpaHCTBEHHON 3Kcmpeccuu reHoB [122, 123]. B to ke Bpews,
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CIIOXHOCTh, TPYAOEMKOCTh W  BBICOKas CTOUMOCTh JIaHHBIX  METOJOB
OTpaHUYMBAIOT MX IIUPOKOEe NpuMeHeHue. HemocTymHble paHee HaOMIOACHUS
METa0O0JMYECKON TeTEepPOreHHOCTH Ha KJIETOYHOM YPOBHE B KUBBIX KJIETKaX U
TKaHAX CTaJd JocTynHbl Onaromaps FLIM-Mmukpockonmuu Ha  OCHOBE
aBTO(IyopecleHIIMM  KopakTopoB  aerujaporeHas. I[luomepom B 3THX
uccnenoBanusx spisercs rpymnma Melissa Skala. C momoripto FLIM aBTopbI
HAOMIOAQIM W KOJIMYECTBEHHO OIEHUIM TETEPOreHHOCTh B  OIyXOJEBBIX
OpraHOMIax, MOJyUYCHHBIX M3 OIEPAIlMOHHOTO MaTepuaja narueHtoB [124, 125].
[Ipumenenne wmetona  FLIM-mukpockonmnu  mO3BOJMIO  HaM  BIIEPBBIE
BHU3YyaJIU3UPOBATH MEXKJIETOUHYIO reTePOreHHOCTh SHEPTETUYECKOTO
MeTaboiM3Ma B Pa3IUYHBIX OOBEKTaX: MOHOCIOWHBIX KIETOYHBIX KYJIbTypax,
BBIZICIICHHBIX M3 OITyXOJICH TMAaIlMeHTOB, OMYyXOJIEBBIX c(heponmaax, MOACITHHBIX
OITYXOJISIX MBIIICH W OIMyXOJsAX MarMeHToB. Hamm mpenBapuTeabHBIC JTaHHBIEC O
CBSI3M BBICOKOM CTEMEHUW TeTEPOreHHOCTH CO 3JI0KAYECTBEHHBIM (DEHOTHUIIOM
OITYXOJIM U XYJIIIUM OTBETOM Ha XUMHUOTEPAIHUIO COTJIACYIOTCS C pabdoTaMu APYTHUX
aBTopoB [117-120] u sABIAIOTCA CTUMYJIOM JJIsi TIPOJOJDKEHHS HCCICAOBAaHUN B
ATOM 00JIACTM HAa PACHIUPEHHOM KJIMHUYECKOM MaTepuaiie. Mbl yBEepeHbI, UTO
(dbeHoMEeH BHYTPHUOMYXOJIEBOM METa00IMUYEeCKOM TEeTEPOTCHHOCTH 3acCily’>KHUBAET
BHUMAaHUS U UMEET OOJIBIIION MOTEHIIMAI B KAY€CTBE MPOTHOCTUYECKOTO KPUTEPHSI.

B nuccepranmu nokasaHo, 4ToO MEPECTPOUKH B OMOIHEPTETHKE OMYXOJIEBbIX
KJIETOK COMPOBOXAAIOT OTBET Ha xumuoTepanuio 1 OJT, a Taxxe HabMOAaI0TCSA
Ipy MHAYKIHMM anonrto3a. MHTepecHo, YTO pa3Hble MO MPUPOJE U MEXaHU3MY
JNEUCTBUS XHUMHOIPENapaTbl BbI3BIBAIOT CXOXKME H3MEHEHUS B KIETOYHOM
JbIXaHWHU, ACCOLMMPOBAHHBIE C OCTAHOBKOH Mpoaudepanuu. XapakTepHO, YTO ITH
U3MEHEHUS] MPEIUIECTBYIOT MOP(}OJOTUYECKUM KIETOYHBIM HApYLIICHUSIM U
TOPMOXKEHUIO pocTta onyxonu. B cmywae OJT, xapaktep HW3MEHEHHM
HHEPreTUYECKOro Meraboiau3Ma ObUl pa3HbIM B 3aBHUCHUMOCTH OT CTENEHHU
CHW)KEHHUSI BHYTPHUKJIETOYHOIO YpOBHS KUciopoja. Hamu pe3ynbrarsl 0 BAMSHUU
xumuoteparun 1 O[T Ha sHepreTnueckuii MeTabOIU3M OIyXOJEBBIX KIETOK,
nosiydeHHbie ¢ momombio FLIM, cormacyrorcs ¢ MHOrOUMCIEHHBIME paboTaMu
JIpYTUX TPYMI, MOJYYeHHBIMH Kak MeToAaMH OWOXHMMHUHU, METaOOJIOMUKU U

MOJICKYJISIPHOTO aHan3a, TaK M C IOMOIIBI0 ONTHYECKOr0 METa0O0IMYECKOTO
umukuara [94, 124, 126].

B03MOXHOCTh paHHEN OLIEHKU TEPAIIEBTUYECKOTO OTBETA C ITOMOIIp0 FLIM
OTKpPBIBAET TNEPCIEKTUBY pa3pabOTKM HOBOTO MOJAXO0Ja K WHAMBUAYAJIU3ALMU
JIEKapCTBEHHOM Tepanuu nyteMm aHanu3a (uyopecuenuun HAJ(D)H B kierkax,
BBIZICJICHHBIX W3 OMyXOJIM marueHTa. MHAMBHIyanbHBIA MOJIXO0J K HA3HAYEHUIO
TAPreTHBIX W HEKOTOPBIX XHUMHUONPENApaToOB YXKE pealu3yercss B KIMHUKE C
MOMOILBIO MOJIEKYJISIPHO-TEHETUUYECKOr0 aHaln3a, KOTOPBIM B cllydae TapreTHOU
TEpanuu OMNpEeAeNsIeT HaIWYUMe MHILNEHH [JIsl BO3ACHCTBUSA, a B Clydae
XUMHOTEPAIHN — IPOTHOCTUYECKHE MOJIEKYJIIsipHbIe Mapkepbl [127, 128]. Ho maxe
OpU MCMHOJIH30BAaHUU MOJIEKYJSIPHO-TEHETUYECKOTO0 aHalMW3a JeueHue ObIBaeT
HemocTaTouHo 3(dekTuBHBIM. IN VILro oreHKa JIeKapCTBEHHOW 4yBCTBUTEIHLHOCTH
OIyXOJIEBBIX KIJIETOK IIyTEM MPSAMOrO0 BO3JECUCTBUS HA HUX TECTHPYEMBIMU
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mpernaparaMu MPU3HACTCA TEPCHEKTUBHBIM TOJXOJO0OM K PEIICHHUIO 33Jadd TI0
WHUBUyalIA3aI[MU IPOTUBOOITYXOJIEBOM TE€panuu, KOTOPhI MOXKET TPUMEHSATHCA
KaK CaMOCTOSATENbHO, TaK ¥ B JOMOJHEHUE K MOJEKYJISIPHO-TEHETHUYECKOMY
ananuzy [A23, A53, 129, 130]. B ortauune OT TpaJuIIMOHHBIX KJICTOYHBIX TECTOB
Ha BBDKMBAaeMOCTh U Tull rudenu, FLIM-Mukpockomnus TpedyeT MeHbIIero oobremMa
MaTepuania, Mo3BOJSET MPOBOAUTh U3MEPEHUSI B JUHAMUKE U JAET YHUKAIbHYIO
uH(OPMAIMIO O BapHalMsIX SHEPreTHUYEeCKOro oOMeHa B KIIETOYHOW MOMYJISIUU.
AHanu3 oTBeTa Ha Tepanuio ¢ momornsio FLIM B KieTo4HBIX MOensx in vitro
TaKKe€ TPEACTABISICT WHTEpPEC IS CKPUHUHTA HOBBIX ITMTOTOKCHYHBIX
COCIMHCHUM, MPEKEC BCETO HAIICJICHHBIX HA MYyTH CHA0XKEHUS KJIETOK DHEPTHEH.
Hcnonbs3oBaHue ONTAYECKOTO MeTa00INYECKOTO VMUKUHT A TS
MpOrHO3UpOBaHUS A(P(EKTUBHOCTH XHUMHOTEpPAllMd W CKPUHHUHTA HOBBIX
IIPOTHUBOOITYXOJICBBIX MPENapaToB MOoKa3aHo B paboTax Tou e rpymmbl M. Skala
Ha OITyXOJICBBIX OpraHouaax pasziuyHoro rucroreHesa [31, 124, 125], a Takxke B
HenaBHel pabote Morelli et al. Ha opraHonzax u3 TaMaIbHBIX omyxosied [131].
KitoueBoe oTiMuue mpeasiaraéMoil HaMHU METOAMKA OT JTHX pabor —
UCIIOJIb30BAaHUE MOHOCIOMHOW TMEPBUYHON KYyJIbTYpbl OIMYXOJIEBBIX KJIETOK, YTO
MO3BOJISIET 0OoJiee aKKypaTHO oneHuBath (¢uyopecuenuuio HAJ|(O)H B
IIUTOTIa3ME OTJICIBHBIX KJIETOK U MOJIy4aTh BOCTIPOU3BOIUMBIE PE3YyIbTaThI.

MBI IpOAEMOHCTPUPOBANIM, YTO JHEPreTUYECKUN METa0OJU3M OIyXOoJen
MoxeT ObITh oneHeH c¢ mnomomblo FLIM HAJI(®)H He ToNbKO Ha
MHUKPOCKOITMYECKOM, HO M Ha Makpo-ypoBHe. HoBble TeXHOIOrMU KOH(OKAIBEHOTO
Makpo-FLIM u ONTOBOJOKOHHOM BpEMS-pPa3pelIEHHON CHEKTPOCKONHMH JAr0T
BO3MOYKHOCTh ~ DKCIIPECC-OLICHKM  METa0OJIMYECKOTO0  COCTOSIHUSA ~ TKaHU C
MOBEPXHOCTH 00pasla ex vivo, B cirydae Makpo-FLIM, umu ¢ riryOuHBI OIyX0Jd in
vivo, B ciy4yae cHekTpockonuu. Hamm pe3ynapTaThl MOKa3bIBAIOT, YTO
YyBCTBUTEIBHOCTU 3TUX CHUCTEM JIOCTATOUHO ISl OOHAPYKEHUS Pa3InUUi MeXay
OIyXOJICBOM M HOPMAaJbHOW TKAHBIO, & TAKKE HETEKTUPOBAHUS WU3MEHECHUH I0]
neiicteuem  Tepanud. IlogoOHBIE TEXHONOIMM Ha OCHOBE PErUCTpalUU
aBTO(JIyOpPECHEHIIMY TKaHEH MPEICTaBISIIOT HMHTEpeC s  KIMHUYECKUX
NPWIOKEHUH, HapuMep, Uil HMHTPAONEPALMOHHOIO ONPENECIECHUS] TPaHUL]
OIyXOJIeH, ONTHYECKOM dKcrpecc-Ouoncuu. [IOMBITKM HCHOIB30BaTh OTIMYHUS
aBTO(ITYOPECIICHTHBIX  CBOMCTB  OINMyXOJ€H OT HOPMAJbHOW TKaHU  JUIS
KJIIMHUYECKON JTUArHOCTUKH NPEANPUHUMAIOTCS C MOMEHTA NOsIBJICHHS B 1990-x rT
NEPBBIX BOJIOKOHHBIX CUCTEM, MO3BOJISIOIIUX PETHCTPUPOBATH CIEKTPhl SMUCCUU
Ja3epHO-UHIAYIIMPOBaHHOM aBTOdayopecueHiny Tkanei [132-134]. Onnako takue
U3MepeHuss B OHUOTKAHSIX OCIOXXHEHbl BIMSHUEM MHOTMX (DaKTOPOB Ha
WHTEHCUBHOCTh CHUTrHaja (MOTJIOIIEHHE, paccesHHue, MOILIHOCTh BO30YKIAIOIIETO
U3Iy4eHUs] U Jp.) U 3HAUYUTEIbHBIM TEPEKPbIBAHMEM CIEKTPOB HHAOTE€HHBIX
bayopodopoB. JlomonmHEHHE ATUX  METOJOB BPEMEHHBIM  pa3pelieHueM
CYUIECTBEHHO TOBBICHJIO HX CHEUU(PUUYHOCTb, TIOCKOJIBKY BpeMsl >KU3HH
biyopecueHIIMM HMHAWBUIYaNbHO Hs Kaxkaoro Quyopodopa. OOmmpHbIe
uccinenoBanus ¢ npumeHeHnem FLIM it quarHOCTMKM ONyXOJE€d BBIITOJHEHBI
rpymmoit Laura Marcu (Kamudopuwuiickuii yausepcurer B J[pBuce, CILIA) [69, 70].
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PaspaboTanHbie €10 YCTAaHOBKM JJIi ONTOBOJIOKOHHOW BpeMsi-pa3pelieHHON
CIICKTPOCKOIIUKM T10 TPUHIUIY BPEMEHHOW cesekiuu (time-gating) Onm3ku K
BHEJIPEHUIO B HEUPOXUPYPTHUIO JIs MPUKUZHEHHON MHTPAONEPAIMOHHON OLIEHKU
I'paHMI] TIHAIBHBIX omyXxoJied. Muorodotronnsie ToMorpadsl ¢ onuueit FLIM ot
komnanuu JenLab (I'epMaHus) SBISIOTCS HMPUMEPOM KIMHHUYECKON pealln3aiuiu
FLIM-Mukpockoruu. C WX HCHOJIB30BAHHEM JIEMOHCTPUPYIOTCS XOpPOIIHE
pe3ynbTaThl B IPWKU3HEHHON nudPepeHinanbHOl TMarHOCTUKE METaHOM U paka
KOXKM Ha OCHOBE pErHCTpali JHJIOTeHHOW dQuryopecnenmmu [135, 136].
[TockonmbKy TPUKXU3HEHHBIH TOCTYN K OIyXOJsIM OOJBIMMHCTBA JIOKATU3AIUNA C
NOMOLIBIO FLIM-Muxpockonuu HEBO3MOXKCH, MHOTHUE HUCCIIEe0BaHUS
BBITIOJTHSFOTCSl Ha CBEKHUX TOCICOTIEPANMOHHBIX WM OMOTICUAHBIX 00pasmax Win
Kprocpes3ax TkaHer. [Ipumepsl Takux paboT BKITIOYAIOT OICHKY TPAHMI] OTyX0JIeH
B cilydae paka ModeBoro my3bips [137, 138], paka nerkoro [139], rimom [140],
METacTa30B paka MOpKelymIouHoi »keme3sl [141] m ap. biaromapss akTHBHOMU
pazpaborke sHAockonmyeckux FLIM-cuctem [142-144], Benumka BEPOSITHOCTH
MPWKU3HEHHOTO KCCIIEIOBAHUSL IIIMPOKOTO CHEKTpa OHKO03a0OJEBaHUN YKe B
omkaiem Oynymiem. B To jxe Bpemsi Maliblil pa3Mep Mo 3peHUst U OTCYTCTBHE
CTaHapTU3UPOBAHHBIX AJITOPUTMOB OOPaOOTKM MUKPOCKOIUYECKUX JaHHBIX C
aBTOMATHUYECKON CerMeHTalMue U300paKeHU TKaHU SIBISIOTCS OTPaHHUYCHUSIMU
FLIM-Mukpockornuu. bonbinoi uHTEpec s KIMHUKH TPEJCTaBISIOT CUCTEMBI
JUIS. TIOJTy4eHUsl Makpo-uzoOpaxkeHuil. B ocHoBHOM, momoOHbie FLIM-cuctemsr
ocHOBaHbI Ha mupokomnonsHoM (Wide-field) mvMumkuHTe ¢ TOMOIIBIO KaMephl; OHU
o0ecrnieunBalOT OBICTPOE MOJYyUYEHUE M300pakKeHUM, OJIHAKO 00Jaal0T MEHBIIUM
MIPOCTPAHCTBEHHBIM U BPEMEHHBIM Pa3pEIICHUEM 10 CPAaBHEHUIO ¢ KOH()OKAITBHON
CUCTEMOM, HCIOJb30BaHHOW B Hamed padore. XoTs mupokonodbHbii FLIM
HAJI(®)H Obl1 uCcnofib30BaH B HECKOJIBKUX KJIMHUYECKUX HCCIICIOBAHUSIX Ha €X
ViVO oOpasuax s qudepeHIIMpoBaHns OMyXoJield 0T HOPMAIILHBIX TKaHen [33,
145], ero pa3BuTHE B MOCJCIHUE TOABI NMPUTOPMO3WIOCH. B 1iemom, Bce 3T
KJIIMHAYECKHE PabOThl U PE3ybTaThl HAIIMX MCCIIEOBAHUN YKAa3bIBAIOT HA TO, YTO
0a30BbIC OTIUYHS HHEPreTUYECKOro MeTadoim3Ma U OMOXMMHYECKOTO COCTaBa
ONyXOJIEM OT HOPMAJIBHBIX TKaHEHM MOTYT CTaTh OCHOBOM I HOBBIX METOJOB
JMAarHOCTUKU Ha OCHOBE dHAOTeHHOU (iyopectienimu kodaktopoB HAJI(D)H u
®AJI. TTomumo Harmieit Tekyieid paboThl MO HAMPABICHUIO WHTPAOTIEPAIIMOHHOM
JTUArHOCTUKU TJIMOM, CO CTOPOHBI KIMHHUIIUCTOB YK€ OOO3HAueH HWHTEpEC B
anpoOarnuu Meroaa Makpo-FLIM niist onpeneneHust Y4ucTOThl PE3CKIIUU MEJIaHOM U
HEMEJIAaHOMHOTO pakKa KOXXH, a TakXke Uil OOHapy)KCHHS METacTa3oB paka
MOJIOYHOM KeJe3bl B IUMQOy3Jiax.

CTOuT OTMETUTD, YTO HAIIM OTKPBITUS MOOYAWIN APYrHe HAyYHbIE TPYIIIbI
K pazpabotkam B obsnactu FLIM. Tak, nanpumep, rpynmna E.B. [Hupumna (MI'Y
uM. JJoMmoHOCOBa) pa3paboTaiia arOPUTMBI ABTOMATHYECKOW CErMEHTAIMH KIICTOK
Ha FLIM-u3o0paxeHHsx Ha OCHOBe MamuHHOTO oOydeHus [A37], KoTopble MBI
ceifuac ucmosib3yeM mpu o0paboTke naHHBIX. Ta ke rpynma Ha OCHOBE HAlllUX
JaHHBIX O META0OJIMYECKOW T'eTePOTreHHOCTH OIYyXOJEBBIX KIETOK MpPEIIoXKHIa
HOBBI KOJMYECTBEHHBIM KPUTEPHUIl €€ OLICHKH — MHAEKC OMMonanbHOcTH. Hamm
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HapaOOTKH B 0OJACTH ONTOBOJIOKOHHOW CHEKTPOCKOMUHM OBLTU B3ATHI 32 OCHOBY
A co3MaHus dHAOCKonmnueckor FLIM-cucrembl rpynmod IoJ pPyKOBOIACTBOM
O®panvecko [lTaBone (EBpomeiickas nabopaTopus HEJIMHEHHON CIEKTPOCKOIUHU
LENS, MHraymsa) [146], a Tak ke ONTOBOJOKOHHOW CHUCTEMBI  JUIs
KOMOMHUPOBAHHBIX HW3MEPEHUM BpPEMEH >KU3HU (IYyOpECHEHIIMM U CIEKTPOB
muddy3Horo paccesHus Tpynmnou moj pykoojactsoM A.B. Jlynaesa (OpioBckuit
roCyIapCTBCHHBIN yHUBepcHUTeT) [147].

Mbl yBepeHbl, YTO NPEIIOKEHHBIE METOJMKA W TMOJYYEHHbIE HAMU
pe3ynbTaThl 00 OCOOCHHOCTSIX KJIETOYHOTO JIBIXaHWS B OMyXOJSIX CTaHYT Oa3ou
I pganpHeumero npoaBmwkeHus FLIM B KIMHHKY B KayecTBE METOAA
JIMAarHOCTUKH Y IPOTHO3UPOBAHUS A(HPEKTUBHOCTH TPOTUBOOMYXOJIEBON TEpPAITUH.

ITo pe3yibTataM AUCCCPTALMOHHOIO HMCCICAOBAHUA MOKHO CHACJIATh
CICAYIOIHEC BBIBOABI.

1. Pa3paboransl METOJIUKHU UCCJIEIOBAHMSI HHEPreTUYECKOTO
MeTabonM3Ma OIYyXOJIEBBIX KJIETOK B MOJEISAX OIyXOJEBBIX c(hepouoB u
MOJIKOXKHBIX OITyXOJIEH MBIIIEH 1n VIVo, a TakKe B OINEpallMOHHBIX OOpaslax
ormyxoJiei manueHtoB ex vivo ¢ nomompbio FLIM HAJI(®)H. OtHOcutenbHbIe
BKJIaZIbl KOPOTKOM a; W JJIMHHOW a, KOMIIOHEHT 3aTyXaHHUs (IIyopecUeHINH
HAJ(®)H B nuanazone 450-500 HM SBISIOTCS MapaMeTpamu, OTPaKAIOIIMMHU
U3MEHEHUs B OajlaHCe TIMKOJIN3a U MUTOXOHAPUAIBHOIO JbixaHus. Pazpaboransl
NOAXO0Abl K MYJbTHUIAPAMETPUUYECKOMY MMHWKHUHTY In VItro W In VIivo IyTeM
Bu3yanuzanuu astoduyopecuenunun HAJ[(D@)H u dayopecneHunn reHeTudecKu
KOJUpPYEMbIX OenkoB-ceHcopoB pH, amonTo3a, (a3 KIETOYHOro IHUKIa C
nomompo FLIM wmm docdopecieHimm KucaopoaHbIX CEHCOPOB € MOMOUIBIO
PLIM.

2. C nomompto  FLIM-mukpockonuu  HAJI(®)H  BowisiBieHa
MEXKJIETOUHass MeTaboinyeckas TeTepOreHHOCTh B OIYXOJEBBIX cdepounaax,
OITYXOJISIX MBIIIEH 1n Vivo, 00pasiax KoJIOPEeKTAIBHOTO paKa MalueHTOB €X VIVO U
BBIJIEJICHHBIX U3 HUX KileTkax. Hanbosee Bbicokas aucriepcus BKJIaaa CBOOOIHOM
dbopmer HAJI(®)H a;, accomuupoBaHHOW ¢ TJIMKOJIU30M, XapakKTepHa I
ONyXOJIEW TAMEHTOB W, CPEeAu HHUX, Uil OIIYXOJEW BBICOKOM CTEIECHU
3JIOKAYECTBEHHOCTU. B sKcmepuMeHTax in vitro OOHApy»XeHO, YTO aKTUBHOE
nenenne kietok (S/G2/M  ¢da3el  KIETOYHOTO IMKIIA), B3aUMOJEHCTBUE C
¢ubpobiacTamMu, HaIMYME KOJIareHa U TUIIOKCHS HE3aBUCHUMO JIpYr OT Jpyra
BBI3BIBAIOT yBenuueHue (pakiuu codoanoro HAJI(P)H a;, a 3Hauur, mMoryt
00yCJIaBIUBaTh T€TEPOTCHHOCTh YHEPTETUYECKOI0 MEeTa00JIn3Ma B OMYXOJISX.

3. [Ipu KonoOpeKkTalbHOM pake U TJIMOMax marueHToB merogamu FLIM
HAJI(®)H noxkazanHo, 4To KHWHETHKa (IyOpecleHIIMH Ko(akTopa B OIMyXOJsX
OTIMYaeTcss OT HopMmanbHbIX TkaHedl. I[lo pganueM  FLIM-Muxpockonuu
KOJOpeKTalbHbll pak T3 craguum wuMeer Oosiee HU3KME 3HAUEHUS BKJIAJAA
coOoanoit popmber HAJI(®)H a; mo cpaBHEHHMIO C HOPMaJbHBIM SIUTEIHEM
KUIIEYHUKA, YTO YKa3blBaeT Ha 0Oo0jiee OKUCIUTEIbHBIA METa0O0JIM3M OMyXOJIH.
[Toka3zano, yto makpo-FLIM B cnekrpaibHoMm kanaine HAJ(®)H mnozBossieT
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muddepeHpoBaTh TaHoOIacTOMy OT Oenoro BemecTBa Mo3ra. OmyXxosb
XapakTepusyercs 0ojiee KOPOTKMMHU 3HAYEHUSIMA CpPEIHET0 BPEMEHM KU3HU
bayopecueniuu HAJI(®)H 1, 1 Gosnee BBHICOKMM BKJIaJ0M CBOOOJHOU (POPMBI
HAI(®)H a;.

4, YcraHoBIEHO, YTO XHMMHOTEpamus MpenaparamMyd U3 Ppa3IdyHbIX
KJIACCOB BBI3BIBACT YBEIUYCHHE CPEAHETO BPEMEHH KU3HU (IYyOpECIEHIUH T 32
CYET CHIDKEHUS BKiaga cBoOoHOoM Gopmbl a; HAJI(D)H B omyxosieBbIX KieTKax
in vitro ¥ in vivo, 9TO YKa3bIBaeT HA aKTUBAIIUIO MUTOXOHAPUATHLHOTO IbIXaHUS U
KOppEeIUpyeT CO CHUXKEHHEeM mpoiudepanuu in vitro U TOPMOXKEHHEM pOCTa
onyxomu in vivo. @OJT npuBOgUT K pa3HOHANPABICHHBIM HW3MEHEHUSIM
metabomm3ma. Ha ¢oHe BBIpaXEHHOTO CHIDKEHHUS COJAEP)KaHHUA KHUCIOPOJa,
YCTaHOBJIEHHOTO 1O JaHHbIM PLIM, B omyxomnu 3a cuer cOCyAuCThIX HApYIICHHA
B cnydyae /T ¢ poroguTazuHOM HaONIOAAETCS CHUKEHUE BKJIaJa CBOOOIHOM
dopmbl a; HAJI(®)H, Torna kak yMEepeHHOE CHUKEHUE COJCpXKaHUs KUCIOPOoJia
OpU  HCIOJNb30BAHUM TE€HETUYECKH  KOAMPYEMOro  (oToceHcuOmnImu3aTopa
KillerRed npuBoaut k yBenuuenuto a; HAJ[(D)H.

S. [Tytem ogHOBpemeHHoM Buzyanuzamnuu (iayopecuenuuu HAJI(D)H u
renernyecku kogupyemoro FRET ceHcopa akTuBHOCTH Kacma3bl-3 Ha KJIETOUHOM
YpOBHE IIOKa3aHO YBEIWYEeHHE (pakuuu cBsizaHHOro c Oenkom HAJIH,
ACCOLIMUPOBAHHOTO C  a’pOOHBIM 3TAIIOM  HHEPreTHUECKOro OOMEHa, IMpH
amomnTo3e, BbI3BAHHOM pA3JIMYHBIMU areHTaMH. YCTaHOBJIEHA KOPpesuus
aKTUBHOCTHU Kacnasbl-3 u gppakuuu ceszanHoi popmsl HAJIH a, ¢ ypoBHem ADK
B KieTkax. OOHapyxeHa (ocopunupoBannas Gopma HAJIH — HAJI®H - B
OITYXOJIEBBIX KJIETKaX MPHU alloNTO3€, HHIYIUPOBAHHOM CTAyPOCIIOPHHOM.

6. OpHOBpeMEHHBI MOHUTOpUHT pHi ¢ MOMONIIBIO T€HETHYECKU
KOJIUPYEMBIX CeHCOpoB u3 rpymnbl SypHer u aBrodmyopecueniiun HAJ(P)H
MoKa3aj, 4TO MEpPEKIIOYEHUE Ha TJIMKOJIM3 BbI3BIBAET 3aKUCJICHHE IUTO30J B
ONyXOJEBbIX KJeTKax. I[Ipm BO3IEHCTBUM XHMHOIpEnapaTaMH 3TH CBS3U
pazobmarotcs - ¢paykryanuu pHi npeamecTByOT U3MEHEHUSIM B DHEPTETUYECKOM
MeTaboJIM3Me, a 3aKUCICHUE IUTO30Js1 Hab/omaeTcss Ha (oHE OKUCIUTEIHHOTO
MeTabor3ma.
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BJAT'OJAPHOCTH

Bripaxkatro OTpOMHYI0 U HCKPEHHIOKO MPU3HATEIBHOCTH CBOEMY HAYYHOMY
KOHCYJIbTaHTY U yuuTento Enene BaguMoBHe 3araiiHoBOM 3a 4yTKOE pyKOBOJICTBO,
OECLICHHYIO MOJAEPKKY, JOBEPHE MHE M BCECTOPOHHEE YYacTHE B HaIIeM OOIIEM
nene. Ocobasi poiib B JaHHOM pabore mpuHamiexkuT Ceprero AHATOILEBUUY
JIyKbSIHOBY — «MErarpanT» MoJl €ro pyKOBOJACTBOM CTaJl MUMITYJIbCOM JIJIs Hadalia
UCCJIEIOBAaHUM U MOETO MPO(PECCUOHAIBHOTO POCTA.

S rmyGoko Onaromapio CBOMX KOJUIer M Jipy3eit — corpyanukoB HUM 20 u
bBMT JLE. llumommny, U.H. dpyxkoBy, B.M. Ilecmasckoro, A.[. Komaposy,
J.B. IOxakory, H.A. UrnatoBy, E.b. Kucenesy, /I.C. Ky3uenoy, M.M. Kapa0yrT,
B.B. Emaruna, B.B. JlynenkoBy, A.M. MoxepoBa, A.A. Ilnexanoma, A.W.
['aBpuny, A.B. Ilono3oBy, a Takxke nupexropa M.A. CUpPOTKHHY 32 MHOTOJIETHIOIO
COBMECTHYIO pa0bOTy U MOMOILb B BBIIIOJIHEHUH HcciaenoBaHuil. CloBa UCKpEeHHEN
onaronapHoctu aapecyto M.M. Jlykunoii, kotopasi paboTana B HallleM KOJIJIEKTHUBE
paHee U BMECTE CO MHOM OCBanBaja HOBOE HAyYHOE HAMPABJICHUE.

Ota paboTa HE MOrja COCTOSThCS 0€3 TeCHOM Koymabopauud cO MHOTMMHU
TAJIAHTJIMBBIMH YYCHBIMH W3 Apyrux opranusaimii — K.A. JlykesaoBeiM (MBX
PAH), B.B. Benoycoeim (PIIMH ®MBA), A.A. T'ynuaeim (UXD PAH), E.A.
Mupmuaeiv (MIY), B.II. Baknaymesim (OHKI[ ®MBA), C.II. Tynukom
(CIToI'Y), JI.LH. Boukapessim (MMX PAH), B.A. Kamenckum, 1.B. TypuunsiM,
A.I'. Opnosoii (UI1® PAH), M.K. Kuimova (Imperial College London), W.
Becker (Becker&Hickl) u ux xomteramu. beamepHo 0aromapro Kaxaoro u3 HUX.

OtpenbHoe cnacubo knuHuIMcTtam B.E. 3araiinoBy, K.C. Smuny, C.B.
['amatoHOBY M HX KOJUIETaM 3a MpPOSBJICHHBIH HHTEpPEC K HOBOMY METOAY U
COTPYIHHYECTBO.

brnaromapio Takke Bcex TeX, ¢ KEM JIOBEJIOCh paboTaTh Haj MPOCKTaMU U
myOMUKAIUsMU, BOIICITUMHI B JUCCEPTAIINIO, K KOTO HE YIIOMSHYJIA BBIIIE.
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