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HaausuposanHou meouyunslt. 2021:1(1):6-20.
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KOJIOHKA ITABHOIO PEOAKTOPA | EDITORS CORNER . I I

BBEAEHWUE

[lepconanuzupoBannas wmeaunuua (IIM), xots
U HAXOTUTCS CETOMHS Ha DTalle CTAHOBJICHUS, YK
MIPEICTABIISIET Ba)KHBIM 3BONIONMOHHEIN IIar Ha MyTH
CO3JIaHUSl JIEKapCTB, Pa3BUTHUS METOJOB JTUATHOCTHKHU
u npodunaktuku. Co BpeMeHeM, Oiarofaps mpuMeHe-
HUIO B MIOBCETHEBHON KJIIMHUYECKON MPAKTUKE KOHUEN-
IUA TICPCOHATM3UPOBAHHON MEIUIIMHBI, OXKHIACTCS
3HAYMMOE€ YIIyYIIEeHHE IMPOTHO3a, TOYHOCTH JTUATHO-
CTUKH U pe3yibraToB Tepanuu. [Ipu 3ToM 3T0 MOXKET
OBITh JIOCTUTHYTO B PEKUME PEaIbHOTO BPEMEHH, T10-
3BOJISISL CTPATU(PHUIIMPOBATH MAIIMEHTOB, UMEIOIINX Ta-
KH€ CIIOKHBIE 10 MaTo(pHU3NONIOTHN 3a00JIeBaHMS, KaK
pax 1 aTepoCKIIepo3, ¥ ONPENIEINTh Hanboee ObICTPhIi
Y pe3yJIbTaTUBHBIHN CIIOCO0 OKa3aHUS TOMOIIIH.

CoBpeMeHHOE pa3BUTHE MOJIEKYJSPHBIX U HHPOP-
MAI[MOHHBIX TEXHOJIOTHI B MEAMIIMHE TIPUBEJIO K TOMY,
YTO KOHIEMIHS TEePCOHATH3UPOBAHHON METUITUHBI
MIEPEKUBAET AOXY CTPEMHUTEIFHOIO Pa3BUTHUs. 3a JiBa
JECATUIICTHS OT Y3KOU 00JIACTH IPUMEHEHU ST B OHKOJIO-
I'UH TICPCOHATM3UPOBAHHBIX JIGKAPCTB, TAKMUX KaK rep-
LENTHH, JaHHas 001acTh paclIMpHUiach A0 OTPOMHOTO
MepeYHs HO30JIOTUH, BOBMOYKHOCTEW TOYHOW TpEeIHKa-
MY OOJILIIMHCTBA 00JIC3HEW Ha OCHOBE IIIUPOKOTEHOM-
HOI'O CKPUHUWHTA, CO3/IaHUs TCHHO-TEPANlCBTUYCCKUX
MpenapaToB, TEXHOJIOTHH MOAH(DHUKAIIAN DKCIPECCHU
TCHOB 1 MOIITHEHTIIeH HH(POPMAITHOHHO-aHATUTHYECKON
CHCTEMBI COIPOBOXKJICHHUS TIOMCKA HHJIWBUYabHBIX
MPETUKTOPOB OTBETA HA JICKAPCTBCHHBIC MTPETIAPATHL

KoHienuss  mepcoHaJM3UPOBAHHON — METUITUHBI
JTUKTYEeT HEOOXOAMMOCTh CYIIECTBEHHOTO WM3MEHEHHS
MHPPACTPYKTYPHl OHOMEIUIIMHCKOW HAyKH, TOI4Yep-
KHBAET BAXXHOCTh MEXAUCIUILIIMHAPHOTO ITOJ[X0/1a, Ha-
MPaBJICHHOr0 Ha Oosiee APPEKTUBHOE MCIOIH30BAHKE
3HAaHUHU, MOJYYEHHBIX B 00JIACTH I'EHOMHUKH, NHHOBA-
IHOHHOW OMOMH(OPMATHKH U TTEPEIOBBIX HAHOTEXHO-
JIOTUYECKHUX JOCTHIKCHHH, B KIIMHUYECKON TPaKTHUKE,
T. €. Ha OBICTPYIO TPAHCISANHIO (PyHIAMEHTAIBHBIX JIO-
CTIIKEHUH B IPAKTUUYCCKOE 3IpaBooxXpanenue. s pe-
aJM3aIiy KOHIIETIIIHHA HEOOXOINMO pacHInpeHue mpu-
OOpHOI1 0a3bl HAYYHBIX yUPEXKJICHUH, Pa3BUTHE CETH
OMO0aHKOB M IEHTPOB KOJUIEKTHBHOTO IOJIb30BaHUS,
WHPOPMAIIMOHHBIX OaHKOB M OWMOIHOTEK, LIMPOKast
MEXIyHapoaHas uHTerpamus. Eie BakHee U3MEHUTh
CyTh U CTPYKTYPY IMOATOTOBKH KaAPOB IS TOCIENYIO-
et peanuzanuu texnonoruit [IM.

Ha xoHIenuu nepcoHalIn3upOBAHHON MEIHITMHBI
yXKe CErofHs MOCTPOSHO OOJBIIMHCTBO WHHOBAIIMI
B MEIWIWHE — CO3/aHWE HOBBIX JTMATHOCTHYECKUX
TEXHOJIOTHI Ha OCHOBE OMOMAaKepoOB, Pa3BUTHE MHIY-
CTPHH TapreTHHIX Iperaparos, popMupoBanue Gpapma-
KOTCHETUKH U ()apMaKOr€HOMUKHU KaK HOBBIX HarlpaB-
JICHU! HayK, pa3BUTUE TEXHOJIOTMM pENaKTHPOBAHUS

reHOMa, MOIU(HUKAIMH MHKPOOHOTBI, HYTPUTHBHOM
FeHOMUKH, (DYHKIIMOHAJILHOTO MHUTaHUs U Jp. boib-
LIMHCTBO OMOTEXHOJIOTNYECKUX U (hapMaleBTHUECKUX
KOMITaHU I 0OBSIBUIIN B ITOCTICAHHUE FOABI IEPCOHAIN3HU-
POBaHHYIO MEIMIMHY OAHOM M3 OCHOBHBIX CTpaTeruit
pa3BuTHs Ha OyAylee, BO MHOTUX CTpaHaxX M KPYITHBIX
Hay4HBIX LIEHTPaxX CO3Jal0TCs KOHCOPLIUYMBI IO Iep-
COHAJIM3MPOBAHHOIN MEAULIMHE, 3aITyCKAt0TCs OOJIbIINE
JIOPOTOCTOSIINE MPOEKTHI TOCYIapCTBEHHOTO MacIITa-
0a, pa3BUBAIOTCS CEPBUCHI U OIpeeTeHHass HHpopMa-
LIMOHHAS CpPefa, TO3BOJISIOMAs IPUBIIEKATh BCe OOIb-
II1e YYaCTHUKOB U THPAKUPOBATH TexHoJoruu [1-3].

[lepexon k mepcoHaIM3UPOBAHHOMY 3IPaBOOXpa-
HEHHUIO OOBSIBJICH OJHUM W3 MPUOPUTETOB CTPATETHU-
yeckoro pa3sutus Poccuiickoit @enepanuu Ha epuo
mo 2030 roma «Crparermeil Hay4HO-TEXHOJOTHYE-
ckoro pazsutusi PO» [4]. B cBsA3u ¢ 3TUM B paMKax
peanu3anMM  HalMOHaJlbHOro mpoekta «Hayxka»
MUHHUCTEPCTBOM HAayKH W BBICIIETO OOpa3oBaHUS
OBLITM TIPOBEACHBI KOHKYPCHI Ha CO3/I[aHWE TE€HOMHBIX
neHTpoB B 2019 rogy v Hay4HBIX IIEHTPOB MHPOBO-
ro ypoBHs (HIIMY) B 2020, B pe3ymnbraTe KOTOPBIX
Kak MUHUMYM 6 moOenuTenell coCpempoTOUYMIIN CBOH
WCCIEZIOBaHUS W pa3pabOTKH Ha TEXHOJIOTHUSX Mep-
COHATM3UPOBAHHON MemumuHBL. OZHUM U3 MOOeIn-
Tened koHkypca cran HMUIL um. B. A. Anma3zoBa
B KOHCOpUHMYME C MHCTUTYTOM 3KCIEpPHUMEHTAIBHON
meauuuHel. HIIMY «lleHTp nepcoHann3upoOBaAHHOU
MEIHUIUHBI (pykoBoAuTeNb akajgeMuk PAH, mpodec-
cop E. B. lllmsxTo) cTanm yupeaureneM nepsoro B Poc-
CHH CIELUATU3UPOBAHHOTO HAYYHOI'0 MEAMIIMHCKOIO
JKypHaJla 1o JaHHOMY HampasiieHuo — «Poccuiicko-
ro JKypHajla TepCOHAIM3UPOBAHHOW MEIHUIIMHBDY,
Y HaCTOSIINI 0030p COCTOSTHUSA TTPOOJIEMBI OTKPHIBAET
nepBbli Beinyck B 2021 roxy.

ONPEAENEHMNE NOHATUI

Wneonorus mnepcoHaJIU3UPOBAHHOU MEIUIIUHBI
OblIa 3aJI0KeHa 3aJI0JITO JI0 TOTO, KaK 3TOT TEPMUH
BOIIEJ B NPAaKTUKY 3ApaBOOXpPaHECHHS, a BO TJaBy
yria ObIJIM MOCTaBJICHBI T€HETUUYECKHE PUCKHU 3a00-
JIEBAaHWH ¥ TeHETHYECKHE MTPEAUKTOPHI OTBETA Ha Te-
pamuto. Yeprrast CBOM HCTOKH €Ie B aHTHIHOH (puII0-
copuu U MeIHUIINHE, HICTOPUYECKH WHINBUIYaIbHBIN
MOJXO/ K JICYCHHIO MalMeHTa OBl KITIOUEBbIM 3BEHOM
pycckoi MemauiuHCKON mikojiel XIX Beka (tadm. 1).
CrpemieHne JeIuTh «He 00JIe3Hb, a O0JIBHOTOY, TIPO-
BosriamenHoe M. SI. Myapeim, pa3BUTHE 3TOU UIEO-
noruu C. I1. BOTKUHBIM M APYTUMHU JTYYIIUMU MpEa-
CTAaBUTEISIMH OTEUYECTBEHHOH LIKOJBI TE€pamuu, Kak
HHUKOTJa aKTyaJbHO 3BYYHUT B COBPEMEHHOM MHE,
KOT/1a KOHIIETIIIUS WHINBUAYaITHHOTO TTOX0Aa HAUH-
HaeT BHOBb MOOEXKIATh HICOJIOTHIO TIPEYBEITNYSHHOM
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JIOTMBI JJOKa3aTCIILHON MEIMIINHBI, OCHOBBIBAIOIICH-
CA TOJBKO Ha «IAUKTAType» KIMHUYECKUX HCCIIEN0-
BaHUW M CTAaTUCTUKHU. [Ipn 3TOM coBpemMEHHasl KOH-
uenuus [IM yxe gaBHO BbINIIA 32 paMKHA F€HOMHUKHU
1 MOJIEKYJISIPHOW OMOJIOTHH W TPEATONIaracT MHUPO-
KHE€ BO3MOXHOCTH OCYIIECTBJICHUS aAPECHOM Mpo-
(PUITAKTUKYU, TUATHOCTHKHU U JICYCHUS 3a00JIeBaHUUN
U NPOJJIEHUS KU3HU KaXJI0r0 YeJIOBEKa.

B HacTosiiiee Bpemsi Mbl HAXOJIMMCSI B HadalJie 4eT-
BEPTOW WHIYCTPUATBHON peBONoNnUd U (hopMupo-
BaHMs HE MPOCTO MOCTUHIYCTPUATBHOTO OOIIEeCTBa,
a oOImiecTBa, OCHOBAaHHOIO Ha TIyOOKHMX Hay4YHBIX
3HaHUsIX. buoumHpopmaruka, OHOJOTHS, MEAMIIMHA
U B IIEJIOM «HAyKHW O KHU3HU» CTaJU CErOJHS CaMbIMU
CHJIBHBIMU JIpaiiBepaM H3MEHEHUs JKH3HHU OOIIecTBa.
Coueranue HEOTPAaHUUYEHHBIX BO3MOXKHOCTEU XpaHe-
HUSL U 00pabOTKU JAHHBIX, CTPEMHUTEIIBHOIO pPa3BH-
TUS aHAJTUTUYECKUX METOHOB, a TaK)KE BO3MOXKHOCTHU
nepeBojia IMPOLECCOB aHAIU3a B PEXKUM PEATBHOIO
BPEMEHH, HE TOJIBKO H3MEHSAIOT IPOU3BOACTBEHHBIE
MPOLECCHI, COLIMAIbHYIO KNU3Hb, HO U OTKPBIBAIOT BO3-
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MOYKHOCTb paJMKaJIbHOTO U3MEHEHUS BCEX MPOLIECCOB
B 3[IpaBOOXPAaHEHHH, HAYMHAS C OOIIECTBEHHOTO 3710-
POBBSI M 3aKaHYMBAS IEPCOHATN3UPOBAHHON METUIINH-
CKOM IMoMoIIsio. B TO e BpeMsi cTOIb OBICTpOE pa3BH-
THE TEXHOJIOTHIl HeceT B ceOe onpeesieHHbIe YIPOo3bl,
B TOM UHCJI€ PUCKU BHEJPEHUs TEXHOJOTUH, HE JIOKA-
3aBIIMX CBOIO Oe30macHOCTh U 3(pQeKTUBHOCTD, a Tak-
)K€ PHUCKM IUCKPUMHHALMW OIPEACTICHHBIX TPYIII
HACeJIeHUs 3a CUEeT AOCTYIIa Pa3HOTO Pozia MoJIb30BaTe-
Jel K UX MepCOHaNIbHBIM AaHHBIM M, HA000pOT, Orpa-
HUYEHHUsI UX JIOCTYIIAa K HOBBIM TEXHOJIOTUsIM. B cBs3n
C TUM MPUMEHEHHUE NTePCOHATN3UPOBAHHBIX TEXHOJIO-
Uil TaKKe, KaK 1 J1r00ast HHAas MHHOBALWs B MEIULIIHE,
HY)KJAeTCs B CEPbE3HBIX HAyYHBIX JOKA3aTEJIbCTBAX
U B IPOBEPKE MPAKTUKOH.

TepMuH «HepcoHAIN3NpPOBAaHHAS METULIUHAY (TN
WHIVBUTyaTU3UPOBAHHAS, TEPCOHU(UIINPOBAHHAS)
cras nonyJyisipeH B koHue XX — Hauyaje XXI Beka
[5]. On mpennonaraeT BBIOOP JI€UEHUS, OCHOBAHHBIN
Ha y4eTe WHINBUAYAJIbHBIX OCOOCHHOCTEH MalnueHTa,
B MIEPBYIO OYepe/b M'eHEeTHYECKUX, a TAaK)Ke MOJIOBO3-

Ta6nuua 1. Victopuvyeckue BEXU NOABNIEHUA N CTAaHOBJIEHUA KOHL,eNUUU
nepcoHannM3MpoBaHHOW MeauLMHbI (ApanTUPOBaHO U Ao0NONHEHOo us [12])

dnoxa u paTbl ABTOpbI U CTpaHa

CyTb KOHUEeNnuuu

MenununHa peBHen

4000 neT oo H. 2. VHamm

Cuctema nHonemnayanbHOro nop,6opa TPpaB N pexnMa
megumntaunn

510 r. go H. 3. Mudarop, Npeuuns

OnuncaHune ¢aBn3Ma — 3aMeTUs1, 4YTO TOJIbKO
HEKOTOpPbIE NtOON Oal0T peaKUMIo npn ynOTpe6)‘I€HVIVI
B nuwy fava beans (Tenepb 3aboneBaHne, NU3BECTHOE
Kak aebunumnT rnoKo3o-6-dacdaT gernaporeHasbl)

CpepHvie BeKa EBpona

JleveHne nHonemayanbHO B CBA3WN C OTCYTCTBMEM
3HaHNN © CTaHOapPTHbIX CXEM

CeMyanb XaHeMaHH,

I'Ip|/|H|_|,|/|n romeonatun. NooobHoe neynTcs

1789
lepmMaHuna Nnogo6HbIM
1908 lepmaHuna NosBneHmne cno.: reH, reHoTun n ¢eHoTUN
My6nnkauma KHUMM, B KOTOPOU 6b1510 0603HAYEHO
1931 Garrod [14] NHONBUAYaNbHOE OENCTBUE NEKapCcTB
B 3aBUCUMOCTUN OT MrEHETNYECKON KOHCTUTYL NN
1953 BatcoH n Kpuk [ByuenoyeyHoe cTtpoeHne JHK
1956, 1957 Kalow; Motulsky [15, 16] | KoHuenuua papMakoreHeTuKun
1962 Kalow [17] Mepeasa MoHorpadua no ¢apMakoreHeTrKe
1986 Mullis, et al. [18] OTKpbITVE NONMMEPa3HOW LLEMHON peaKLumn
2000 3aBepLUeHe CEKBEHNPOBAHNA MrEHOMa YeIOBEKA
5000-2020 NocTreHoMHasn apa. IaMmeHeHne cTpaTernm cosgaHusa

nekapcTi. [1M Kak ocHOBa MeauLMHbI OyayL,ero
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pPAcCTHBIX, aHTPONOMETPHUYECKUX, DTHHYECKHUX, OCO-
OCHHOCTSIX OKPY’KaIOMIEH Cpeabl U Ip. DTOT NPHHIIMII
B KopHe orTiuyaer [IM oT KOHLeNnuuu «CTaHAApTH-
30BaHHOTO JICYEHHUA», OCHOBAHHOTO Ha pE3yJbTaTax
KITMHUYECKUX UCIBITAHNI B OOJNBITNX KOTOPTHBIX HC-
cnenoBaHuii [6]. B y3kom cmbicie [IM nepBoHauanibHO
(dokycupoBanach Ha NOTEHIMAJlE TEHOMHBIX MapKe-
POB (BapuaHTOB HYKJIEOTHTHON MOCIEI0BATEIEHOCTH)
s (popMupOBaHUS HACH MO CTpaTU(hUKAIIUHA PUCKA,
npodrIakTHKE, MMON0O0pPY 103 IpenaparoB, BBIOOpa
NpenapaToB, NPeACKa3aHus TePaNneBTUYECKOIO OTBe-
Ta 1 ucxona [7—8]. to mpeamnosnarano pa3BUTHE ABYX
OCHOBHBIX HAIIPaBJICHUN — HW3y4YEeHHE PEAKHUX 3a00-
JIEBaHUM C OYEBUIHON MEeHETUYECKON MPUPOJIOi U Ya-
CTHIX 3200JI€BaHUI C TEHETUYECKOH MPEAPACIONOKEH-
HOCTBIO. B manpHelimeM crekTp OMOMapKepoB cCTal
pacmmpsAThCA, TOSBUIINCH HOBbIE HAIIPaBJICHM S, TAKUE
KaK TepcOHU(UIMPOBAHHBIC KIETOYHBIE MPOMYKTHI,
TEXHOJOTHH pPEeNaKTHPOBAHUS TeHOMa, aHTHCMBIC-
JIOBasi Tepamnus, 4TO IPHUBEJIO K CO3JaHUIO CIOKHOH
COBPEMEHHOU apxuTeKkTypsl IIM U BblAeIeHUIO B HEN
00JIBIIOr0 KOJTMYECTBA PAa3INYHbBIX HAMIPaBICHMIM.

OBONIONMS ¥ pacHIMpeHre KOHIIENIINN TTePCOHATH-
3MPOBAaHHON METUIIMHBI MPUBEJIO K TOSBICHUIO HOBOTO
TEepMHHA «IIPEUU3HOHHAS (MM TOYHAS ) MEAUIIMHAY, KO-
TOpas MPEANoaraeT BbIIBICHUE TPYIIIbI JIFosiei (BIUIOTH
JI0 OTJENBHBIX MHIUBHIYYMOB), KOTOPBIE NMEIOT KaKH-
€-TO 00IITHe IyTH 0COOCHHOCTEH Pa3BUTHS 3a00JIEBAaHUI
U OTBETa Ha Tepamnuio [5]. 1ot TepmuH HanmonansHbIM
HayuHbiM coBeToM CIIA B 2011 roay [5] ObL1 pu3Han
ourHansHO 00JIee KOPPEKTHBIM M YACTUYHO 3aMEHSIIO-
MM TIEPCOHATM3UPOBAaHHYI0 MeauiuHy. llperwsuon-
Hasi MeIUIIMHA — OOJIACTh MEIWIIMHBI, YUUTHIBAIOIIAS
WHIUBHIyaJbHbIE Pa3IU4Ms B TeHaX, MHKpOOHOMaXx,
cperne, ceMeHHOM aHaMHe3e U 00pa3e KU3HM JJIS OTpe-
JeNICHUs] CTPATeruy JWArHOCTHKH, JICYCHUS M Mpodu-
JIAKTHKH, TOYHO HAIPaBJICHHBIX HAa KOHKPETHOIO IIa-
uuenra [5, 9]. U Bce-taku 310 NOHATHS OJTU3KUE, HO HE
TOXAeCTBeHHbIE. [IpenusnonHast (TouHas) MeIUIMHA
MIPETOoaraeT MOMCK BEPOSTHOCTHBIX PUCKOB MM Be-
POSITHOCTH TOTO WJIM WHOTO BMEIIATENbCTBA TMPHHECTH
OOJIBIIYIO WJIM MEHBIIYIO TIOJb3y B OTHOIIEHHH HCXO-
Ja y KakoW-TO TpymIlbl OOJBHBIX C OOMIMMH XapakTe-
pUcTHKamMH (HampuMmep, TeéHaMM), TOIja Kak MCTHHHAs
MIEPCOHATN3AIUS MEUIIMHCKOM TTOMOIIM HaOIIronaeTcs
TOJIBKO TOT/Ia, KOT/Ia POJIb OMOMapKepoB U (haKTOPOB PH-
CKa HAKJIaAbIBACTCs Ha MPEINOYTCHHUS U MOTPEOHOCTH
KOHKPETHOTO MaIeHTa, BKJII0Yas €ro CEMbIO, XapakTep,
OXHJIAaHUA U OCOOCHHOCTH MEKIMYHOCTHOTO B3aWMO-
JeHCTBHS ¢ JiedantuM BpadoM [10].

dapmakoreHoMuKa, (papmMakoreHeTnka u (hapma-
KOMPOTEOMHUKA OCTal0TCA BenyUuMu pasaenamu [IM,
OCHOBBIBAACh Ha MOJIEKYJISIPHOH JHAarHOCTHKE Kak
Ha JKM3HEHHO BaykHOM MHCTpyMmenTe s [IM [11]. Kak

M3BECTHO, OOJBITMHCTBO COBPEMEHHBIX JIEKAPCTB Pas3-
paboTaHbl M OI0OPEHBI HAa OCHOBE UX 3D (HEKTUBHOCTH
B OONBIIMX TpymNmax ManueHToB. llepBoHavanmbHON
KOHIICTIIIMEH CO3IaHMsI JIeKapCTB OBLIO MPEICTaBICHHE
0 TOM, YTO NPU HAJIWYHH MOHATHOI'O MEXaHH3Ma TOT
WJIH HOM OTBET Ha JieueHne OyeT HaOIoaaThCs y BcexX
naruenToB. Kiiaccuieckre HaHHBIE KIIMHUYECKUX HC-
MBITAHUH HOBOTO Iperapara MmpocTo OLEHUBAIN CPe-
HUI OTBET UCCIECAYEMOH I'pynIbl (CpeaHee CHUKEHUE
ypoBHs AJl, XonmecteprHa, yMEHBIICHHE B pa3Mepax
OITyXJIH, JIOCTHXKEHUE PEMHCCHH, YMEHBIIEHHE OOIH
U 71p.). XOTd WHANBUAYAIU3alNs HEKOTOPHIX METO-
JIOB JICYCHHUsI OblIa MPEIIOKEHA YIKE B PETE€HOMHYIO
9MOXY, KOHLENLHU S IePCOHAIN3UPOBAHHON METUIIUHBI,
KOTOpasi pa3BUBACTCSI B COBPEMEHHOM OOIIECTBE, OCHO-
BBIBACTCS HA JIOCTIIKEHUSAX B MOJIEKYJISIPHOW JTHArHO-
CTHKE W pa3paboTKe JIEKapCTB Ha OCHOBE T€HOMUKH,
IPOTEOMHUKH, METaOOJOMHUKM M Ouomapkepos. Llensb
NEePCOHAIM3UPOBAHHOK  (hapMakoTeparud  COCTOMT
HE TOJBKO B TOM B TOM, YTOOBI MOAOOpATh MPaBHIIb-
HBI TIperapar Hy>)KHOMY TaIlMeHTy, a Moo0paTh ero,
He npuderasi K IpoOHOMY JISYeHH0, Ha OCHOBE 3HAHUU
0 TCHOTHUIIE W YPOBHE OMOMapKepoB. JTO MOBBIIIAET
3(p(HEeKTUBHOCTh M 0E30MaCHOCTh JICUCHHSI M 3aKOHO-
MEpPHO CHUKAET €r0 CTOMMOCTb.

CyIiecTByloT HeMajo TEPMHHOB W OIPEICICHUN,
KOTOpble MMEIOT TecHylo cBsizb ¢ [IM. CoOcTBeHHO
TEPMUH YCTOSJICS TIOCIIE Oy OITMKOBaHKE MEPBO OJTHO-
uMeHHOW MoHorpaduu B 1998 romy [12], Torma ke oH
TTOSIBIISIETCS CPEAM KITFOUEBBIX CJIOB, WHJIEKCHPYEMBIX
B cucteme MEDLINE c¢ 1999 roma, HO AianuTelbHOE
BpeMs ObLT acCOLMMPOBAH TONBKO ¢ oOmacTsimu dap-
MaKOT€HOMHUKH.

OueHp OMM3KUMH IOHATUSIMM, a Ha CaMOM JieJie
Ha COBPEMEHHOM 3Tarne otpacismu [IM, sBistoTcs Ta-
KH€ TEPMHHBI, KaK:

*  Genomic medicine — reHOMHas MEAUIIMHA.

*  Genotype-based therapy — Tepamnusi, OCHOB-
Has Ha TEHOTHIIE.

. Individualized medicine, unn individual-based
therapy — nHIUBUAYaIM3UPOBAHHAS MEIULIMHA.

e Information-based medicine — memuimHa, oc-
HOBaHHas Ha WH(GOPMAIIHH.

. Omics-based medicine — MeauIMHa, OCHO-
BaHHAsl HA OMUKCHBIX TEXHOJIOTHX ((papmMakoreHOMu-
Ke, (hapmakonpoTeoMukKe, papMakoMeTabOIOMHKE).

* pharmacogenomics/pharmacogenetics/
pharmacoproteomics/pharmacometabolomics — ¢pa-
MaKOT€HOMUKa, (apMaKOTreHEeTHKa, (HapMaKompoTeo-
MHUKa 1 (hapMaKoMeTa00IOMHKa.

*  Precision medicine — nperu3uoHHas (TOYHAST)
MEITUITHA.

»  Rational drug selection — pamroHaJIbHEI BBI-
00p JIeKapCTB.
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»  Stratified medicine — crparudunrpoBaHHas
MEIUIIHA.
*  Systems medicine — CHUCTeMHas MEIUIIMHA.

OCHOBHbIE MPEMMYLWECTBA NMM
N BAPbEPbI HA NYTWU BHEOPEHNA

Bo3moxkHOCTE 00Jiee B3BEUICHHBIX MEAUIIMHCKUI
peleHuit Ha OCHOBaHWH Ooyiee TITyOMHHOTO MOHWMa-
HUS MEXaHU3MOB OOJIE3HU W JCWCTBUS JIEKapCTB.

*  IloBbimieHue BEPOSITHOCTH XOPOLIETO MPOrHO-
3a 3a c4yeT OoJiee TapreTHOrO BO3CHCTBHSL.

e CHmXeHHUE BEPOSITHOCTHU MOOOUHBIX APPEKTOB
JIEKapCTB U APYTUX SITPOTEHHBIX OCTIOKHEHH.

*  KonneHnrpanus Ha npoduiiakTUKe, B TOM YHUC-
JIe UHIUBUTyaJIbHO 000CHOBaHHOM.

* Dbonee panHee Hauano JedeHUs OosiezHeH
Ha OCHOBaHWH O0o0liee YYBCTBHTEIBHBIX MapKepOB,
B TOM YHCII€ BO3MOXXHOCTH JICUCHHS JI0 TOSBJICHUS
CHUMIITOMOB.

e [lpenaranmpHas OUArHOCTUKa TEHETHYECKUX
Je(eKTOB U MPOPHUITAKTHKA JICTCKOW HHBAJIUTHOCTH.

Cy1miecTBEeHHBIME TTPOOJIeMaMHy B 37IpaBOOX PAHCHHUH
SIBJISIFOTCSI. HHU3KAash TOYHOCTHh JHATHOCTHYECKUX TIPO-
Heqyp U MepHOIUYEcKOe OTCYTCTBHE d(deKTa oT Jie-
YeHHus, B TOM 4ucie goporocrosiero. M To u npyroe
MPUBOJIUT K HEOIIPABJAHHBIM PACX0JaM B 3J[paBOOXpa-
HEHHWH — BBITIOJTHEHHUTO MCCIIEI0BaHM, KOTOPHIE HE He-
CyT MCKOMOW WH(pOpMAanuu U OeCrosie3HOMY Ha3Hade-
HUIO JIEKapCTBEHHBIX MpenapaToB. OCOOEHHO SPKO 3TO
MPOSIBJISIETCS B TEX OONACTSIX MEIUIUHBI, Te JICYCHUE
OYeHb JOPOTOCTOSIIEE U COMPSIKEHO ¢ OONBITUMU PH-
CKaMU — OHKOJIOTHS, PEBMATOJOTHUS, TICHXHATPHSL.
B siedueHnn HEKOTOPBIX OMYXOJIEH MK TaKuX 3a00JeBa-
HUW, KaK PEBMATOU/HBIN apTPUT, YUCIO «HEOTBETUH-
KOB» Ha JIeueHne MokeT nocturath 50 % u 6omee [12].
DTO MPHUBOAUT K HEONPABJAHHBIM PAcXO/laM U CHUXKE-
HU0 A((HEKTUBHOCTH TIOMOIIIH. B CBS3U € 3THM, C TOUKH
3peHHUs MJIaHUPOBAHMSI PACXOIOB M MX PalMOHAIBHO-
CTH, HAJIMYHUE CIICIUPUUSCKUX OMOMApKEPOB, KOTOPHIC
JIOCTOBEPHO OIPEJIENAIOT BPaueOHYIO0 TAKTHKY B OTHO-
IIEHWH TTallMeHTa, 00s13aTeTFHO COMPOBOXKIAETCS TPsI-
MOH U KOCBEHHOH (PMHAHCOBOI BBITO/ION.

OpHako crenarb NpaBAMBBIA MPOrHO3 O TOM, Ha-
CKoIbKO BHeapeHue IIM mpuBeneT K CHMXKEHMIO 3a-
TpaT B 3/[paBOOXPAHEHUH, CETOHS IOCTATOYHO CIIOXK-
HO. [l7151 TOro 94TOOBI BHEAPUTH TOAXOBI B pEalbHYIO
KJIIMHUYECKYIO0 MPaKTUKY, HEOOXOOUMBI OYEHb OOJb-
1IMe BIIOKEHUSI B M3MEHEHHE CTPYKTYPbl MEIUIMH-
CKOlt moMomu: B jJabopaTopHoe W MH(MOPMAITHOHHOE
OCHAII[CHNE, B TOBBIIICHNE KBATUPUKAIIUA METAIIHH-
CKH paOOTHUKOB, B CHCTEMY OLICHKH KauecTBa IOMO-
M W J1a)Ke B KJIMHUYECKHE PEKOMEHAAlUu U MPOTO-
KOJIBI JIedueHus 3a0oneBanuid. CerogHs HU OHA CTpaHa
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eIlle He MOYKET CKa3aTh, CKOJIBKO 3TO 3aiMET BpEMEHHU
Y HACKOJIBKO IIMPOKO 3TO BO3MOXKHO B ONMKaiIieMm
Oynymem. K cokaneHWIo, ONBIT MOCIEIHUX JECATH-
JIETUM MOKa3bIBA€T, UYTO CTOMMOCTh MEIULIMHCKOU
IIOMOIIIM BO BCEM MHUPE TOJIBKO BO3pPAacTaeT, MOITOMY
K CUIOMUHYTHOMY IIOBCEMECTHOMY BHeApeHuro IIM
CTOUT OTHOCHUTCSI O€3 CJemoro SHTy3uasMma W Jaxke
C JOJKHOH CTENEHBIO CKENTHUIM3MA. PeanbHas 3Ko-
HOMUYecKast H3PPEKTUBHOCTh MPELHU3HOHHBIX MOIXO-
JIOB K JICYCHHIO OyIeT BUIHA CITYCTSI 3HAUMTEIbHBIH
MepHroJl BpeMeHH, TpeOyeT MOCTOSHHOM OLIEHKH U TIe-
peocmbiciieHus. K coxkaneHnio, CymecTBYIOT PUCKH,
YTO LIMPOKOE BHEAPEHHUE NOMONHUTEIBHBIX METOA0B
o0cJiefoBaHusl, B TOM YHUCIIE ONPEACICHUE HOBBIX T'e-
HETUYECKUX MapKepoB, Ha HA4YaJIbHOM 3Talle TOJIBKO
YBEIUYUT Pacxo/bl Ha 3/[paBOOXpaHeHue. B neuennn
OIyXOJIEH U PsiAa APYTUX MAaTOJOIUH TapreTHhIE Ipe-
napaThl 00J1a/1al0T OUY€Hb BEICOKOI CTOMMOCTBIO, TOTJa
KaK UX MPEeMMYIIECTBa B [IJIaHE OT/AAJIEHHOI'O TPOTHO-
3a 3a4acTyIo emie TpedyeT yrouHeHus. J{axe Takoi pe-
BOJIFOLIMOHHBIN TOAXO B JICUEHUH TUIEPIUIUIAEMUN,
kak mHruOuTOpel PCSKY, yKe HEKOTOpBIMU KCIIepTa-
MH CUHUTAETCS CIIOPHBIM JOCTHUKEHHEM C TOUKHU 3pe-
HUS COOTHOIIEHHS YPPEKTUBHOCTH B CTOMMOCTH [18].
B cBs3u ¢ 3TUM BHEJApEHHE METOJOB M TEXHOJIOTUU
IIM Bo BceM MHUpE IMPOUCXOIHUT MOCTETICHHO OT 00JIa-
CTEl B BBICOKOM CTENEHbIO IOKA3aHHOCTU PEe3yJIbTaTa
K 0oJiee CIIOpPHBIM OTPACIISIM.

CTPYKTYPA NEPCOHANVN3VPOBAHHOW
MEOVLMHbI

CeronHsi mepcoHATU3UPOBAHHAS MEIUIIMHA BKIIIO-
9aeT B ce0sT HECKOJIBKO CTPATETHUCCKUX HAIIPABICHUN
MHHOBAllMM B MEULIMHE, TAKUX KaK:

[lepconanusupoBaHHasi NTMarHOCTUKA, BKJIIOYAsl Ha-
YKy O OMOMapkepax.

*  [lepconanu3upoBaHHas MPOPHIAKTHKA.

*  HaHoTexHONOTHH M HAHOYCTPONUCTBA.

*  [lepconanm3upoBaHHble  HH(POPMAIMOHHEIC
TEXHOJIOTU B MEIULMHE. BhIUMCIUTENbHBIE HHCTPY-
MEHTBI U TPaHCISALUOHHAS OuomHpopmaruka. Mckyc-
CTBEHHbI MHTEJIJICKT.

*  Ilepconanmm3mpoBanHas (papMakoIoOTHs, B TOM
YrCIIe IePCOHAM3NPOBAHHAS OMOIOTUIECKas TePaITHsl.

¢ IlepcoHanu3upoBaHHBIE KJIETOUHBIC MPOAYK-
THI ¥ TEHHBIC MPETIapaThl.

YacTtHbie Bonpockl [IM B 1MarHOCTUKE U JIEYEHUHU
3a00JeBaHUI MPUBEIN K CAMOCTOSTEIBHBIM HayKaM,
KOTOpbIC aKTHMHOB Pa3BUBAIOTCS B COOTBETCTBYIOIINX
obmactsax. Cpell HUX MaKCUMaJIbHbIC JOCTHKCHHS €CTh
TI0 CTICMYTOIINM HAIPaBIICHUSIM:

. IIM B OHKOJIOTHH.
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. I[IM B mcuxuaTpuu U JICYEHUH HEBPOJIOrHUYe-
CKHX PacCTPOUCTB.

»  [IM B e4eHUH cepIeuHO-COCYIUCTHIX 3a007e-
BaHWH.

. IIM u Gone3nu MeTaboIM3Ma.

. I[IM u ayTOMMMYyHHBIE U ayTOBOCHATUTENb-
HbIE 3a007I€BaHMSL.

J [IM, nepuHaToNOTHsT U HACJIEACTBEHHbIC 0O-
ne3Hu. Penpoaykuusi.

*  [IM u 00pa3 Xu3HH.

. [IM u neuenue nHGEKINA.

OcHoBHbIe naiiBeps! pa3BuTus [IM

*  Ilonmutnyeckue u COLUUANTBHO-IKOHOMHUYECKHE
(hakTopsI

*  Pactymwmii 3anpoc 1 001IecTBEHHOE JaBieHHE
Ha MPaBUTEIBCTBO B IEJAX BHEAPEHUs Oonee Oe3omnac-
HBIX U 39()(hEeKTHBHBIX METOJIOB JICUCHHUS.

e  3ampoc B OTHOLIEHUH (hapMaleBTUIECKON OT-
paciy U MEJUIIMHCKONW MPOMBIIIJICHHOCTH — CHHKE-
HUe M000YHBIX 3(P(HEKTOB JICKAPCTB U CHUYKECHU S YHCIIA
STPOT'CHHBIX OCJIOKHEHUH.

e  CrpewsieHne OwW3HEca CIENaTh TEHETHUYCCKUM
CKPMHHUHT 00JIee pacrpoCTPAHEHHBIM.

e [loBeimenne TpeOOBaHWMN K KayecTBY MeIH-
UHCKOM TOMOIIH, CTUMYJIUPYIOIIEe MEAHIIMHCKUX
pabOTHUKOB MCKATh TAPAHTHH OE301TaCHOCTH.

*  3ampoc Ha CHM)KEHHE CTOMMOCTH MEAWLIMH-
CKOM TIOMOILM 32 CUET COKpALICHHUs MOTEPb Ha HEA)-
(EeKTHBHYIO JICKAPCTBEHHYIO TEPaIUIO, JICUCHHUE I10-
CIIEICTBUU ATPOT€HHBIX OCIOXKHEHUH.

*  CHMXCHHE CTOMMOCTH I'€HETHYECKUX TECTOB,
B TOM YHCJI€ CEKBEHHPOBAHUS T€HOMA.

®DaKTOpHI, CBI3aHHbIE C PA3BUTHEM HAyKH U TEXHO-
JIOT Ui

e JIOCTYIHOCTh T'€HOMHBIX 3HAHUH, MOJyYEH-
HBIX B pe3yJIbTaTe CEKBEHHMPOBAHMS F'€HOMA YeJIOBEKa.

*  Hanuuue HOBBIX TEXHOJIOTHM, MO3BOJISIOLINX
IIMPOKO U MOBCEMECTHO MPHUMEHSTH MEePCOHATIU3ZNPO-
BAaHHYIO MEIULUHY, TAKUX KaK OMOYMIIBI U BBICOKO-
MIPOU3BOIUTEIBHOE CEKBEHUPOBAHUE.

¢ CMmeHa NMOKOJICHUH MEITUIUHCKIX PAa0OOTHUKOB
Ha MOJIOJIO€ TIOKOJIEHHE, TOBBIIIEHNE OCBEIOMJIEHHO-
CTH 0 (hapMaKoreHOMHKe, (papMaKOTeHETHKE W MOJIe-
KYJISIPHOM MEIULIMHE.

*  BHenpeHue nepcoHaIM3UPOBAHHOW MEIULHU-
HBI B HAYYHBIX MEUIIUHCKUX LEHTPAX.

IIpomslneHHBIE ApaiiBEpsI

*  PacnpocrpaneHune OHOTEXHOJIOIMUYECKUX KOM-
MaHUH, 3aUHTEPECOBAHHBIX B IEPCOHAJIN3UPOBAHHON
MEIMIIMHE.

*  YBelMuYeHHE YWCIIa KOMIIAHUHM, COYETAIONIUX
MUATHOCTHUKY C Tepanueil (TEpaHOCTHKA).

e CrpemyicHHE KOMIIAHWUW TIOBBICUTh HAJICK-
HOCTb 1 0€30MaCHOCTh CBOCH MPOAYKIIHH, CHU3UTH pe-
MIETHITUOHHBIC IMIOTEPH TIPU pa3BUTHH HedP(HEKTHBHO-
CTHU WJIM MOOOYHBIX NEUCTBUN. Pa3BuTHE 1IEHHOCTHOMI
MEIUIUHBl ¥ KOHLENIMH pa3lesieHus] PUCKOB (risk-
sharing).

PA3BUTUE BUOMAPKEPOB

OnHMM U3 BayKHEHIINX yciioBUi it pa3Butus [IM
SIBIISICTCSI BaJIJIAIASI M BHEJPEHUE HOBBIX OMOMapke-
pog. [Iporecc cozmanus HOBOro OnoMakepa BKIIIOYaeT
CIIeYFOIIHE HATIPABJICHHU I, KOTOPBIE aKTHBHO Pa3BHUBa-
IOTCSI B HACTOSILIEE BPEMsI U OyyT COBEPILICHCTBOBATH-
cs B Oyy1mem:

*  OOnHapyXcHHE MapKepa U ero BaJlualusl.

e OreHKa MPEeIUKTUBHOTO MOTEHITHAIA U COTIO-
CTaBJIEHHE C JPYTUMHU MapKEPAMH.

e JlpexnuHuYecKUe U KIMHUYECKHUE MCCIIE0Ba-
HUAL

. JKusoTHBIE MOIENH.

*  buomHdpopmarnueckass oOpaboTka reHeTHue-
CKHX JIaHHBIX.

o [Tonxonpl Ha OCHOBE MPUHIIMIIOB CHUCTEMHOMN
Ononornu.

BYOYLLEE MEPCOHAIN3NPOBAHHOMN
MEOVLMHbI

Beictpast 9Bomionus OMOMEIUIMHBI  MPHUBEICT
K CEPbE3HBIM M3MEHEHHUSM B 37PaBOOXPAHCHUU YIKE
B camoe Onmkaiimee BpeMs. B wactHocTH, peanbHble
MOJICKYJISIPHbIE MEXaHHM3MBI OOJNBIIMHCTBA 3ab0IieBa-
HI/IfI, KOTOPBIC MBI paHEC CUUTAIN UAUOIIATHUYICCKUMU
1 HESICHBIMH, OymyT pacimudpoBaHbl U ACTATHU3HPO-
BaHbl. Ha OCHOBE OMHUKCHBIX JaHHBIX OyJEeT CO3/1aHO
0O0BIIOE YNCIIO MEIULIUHCKUX CEPBHUCOB, B TOM YHCIIC
KOMMEPUYECKUX, KOTOPbIe OYAYyT HITMPOKO Pa3BUBATHCS
U MpENJIaraThCsi HACEJICHUIO HE TOJNBKO MEIUITUHCKH-
MU yUpPEKJICHUSIMHU. [ €HOMHBIC JAaHHBIC U CHCTEMBI
KaJIbKYJISIIIUM PUCKOB OYAYT MOCTENEHHO MHTETPUPO-
BaThCs B KIIMHUYECKYIO MeaulinHy. Co BpemeHeM Oy-
JyT PEIIeHbl dTUUECKUE U PETryIATOPHBIE TPOOIEMBI
BHEJ[PCHUS TEPEJOBBIX TCHETHUYECKUX TEXHOJOTHA,
U OHU OBICTPO BOUIYT B MPAKTHYCCKYIO JICATEIb-
HOCTh. OkuaeTcst OypHOE pa3BUTHE HAHOMEIULIUHBI
U TaK Ha3biBaeMOH «MeaumuHbl cBsizu» (Connected
Health), xoTopas mogpazymeBaeT HCIOIb30BAHNE IS
JIUATHOCTUKH ¥ MOHUTOPHUHTA OIPOMHOTO MHOKECTBA
JUCTAHLMOHHBIX CEPBUCOB CBS3H, 00ECIICUMBAIOIIUX
COCPEIOTOYCHUE OECIPOBOAHBIX, MOOUJILHBIX, 3JICK-
TPOHHBLIX U UHBIX CCPBUCOB, CO3JIaHHBIX JIJIA HYX/ I1a-
[UCHTA W MPEIOCTABISIONINX BO3MOXHOCTH TallMeH-
Ty MOJCITUTHCSI STUMU JTAHHBIMU B LEJSIX MOTYUYCHHUS
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MaKCUMallbHO 3((HEKTHBHOTO MEIUIIMHCKOTO COIpPO-
BoxicHu [19].

OrpomHbIil PBIBOK COBEPIIUT MpoduiIaKTUYecKas
MEIUIINHA, 9TO JOKHO YBEHUYATHCS YCIIEXaMH B JICUe-
HUW 3200JI€BaHUN B TOKJIMHUYECKOW CTaJAMH W CO3/a-
HUEM HHBIX TEXHOJIOTUH JIEYCHUS «JI0 OOJIE3HM».

ABTOoMaru3anus, poo0TU3aIHS, CHCTEMBbI TIOJIIEPIK-
KU TPUHSATHS PEIICHUH W MPEIUKTUBHAS aHAIUTHKA
[IPOYHO BOMAYT B KIMHUYECKYIO IPAKTUKY U IPUBENYT
K cephe3HOi TpaHchopMmanuu (PyHKIIMH Bpada U JIpy-
TUX MEIUIMHCKUX paboTHHKOB. CoueTanue nHpopMa-
TH3AIUU U TEXHOJOTUM UCKYCCTBEHHOTO WHTEIJIEKTa
C TIPOrPECCOM B MOJICKYJISIPHON OWOJIOTHH MPUBEICT
HE TOJIBKO K CO3JIaHUI0 «YMHOI0» 3APaBOOXpPaHEHUS,
HO ¥ K UCTUHHO WHJUBUAYAJIU3UPOBAHHOMY MOIXOMAY,
BKJIFOUasl MUTaHUe, (PU3MYSCKYI0 aKTUBHOCTh, Ha3HA-
YEHHE JICKAPCTB U MHBIX METOJIOB JICUCHHUSI.

B mepByio ouepenp momo0HON TpaHCchopManuu
MEIHUIIMHBI CIENYyeT OKUJATh B 00JACTH OHKOJOTHH,
HEHpOHAYK W JICUCHUS] BUPYCHBIX MH(EKIUH, TAE J10-
CTHXKCHUSI MOJICKYJISIPHOM OHOJIOrMM yKe Hauboiiee
3aMeTHBL. CumTaercs, 4ro TexHosoruu I[IM B 3THX
cthepax yxe OymyT MUPOKO IPUMEHATHCS K 2025 romy
[20]. He Tonmbko HOBBIE TapreTHBIE MpenapaThl OyayT
CO3aBaThCs C YUETOM MEPCOHANU3AIUHU, HO U IIPUME-
HEHUEM MHOTHX HM3BECTHBIX MOJIEKYJ W TEXHOJOTHHU
OyZeT yTOYHEHO HAa OCHOBAHWH IaHHBIX TCHOMHUKHU
1 nporeoMuku. CylIecTBYyeT MHEHHE O TOM, YTO Ie-
HOTUIIMpOBaHUE cTaHeT «peHTreHoM XXI Bekay, uTo
OCHOBAHO Ha MPEACTABICHUH O POJIM TCHETHYECKUX Te-
CTOB B MPEIUKIIMK 3a00JIcBAHUMN, TOUHOW JHUATHOCTH-
KU, BBIOOpA JICYCHHS U ITpoTHO3e [21-23].

besycrnoBHO, He Bce 3a0oneBaHHs OBICTPO TOTpe-
OyIOT TNEPCOHAIU3UPOBAHHOIO JICYCHUS, dTa O0JIACTH
OylleT pa3BUBAThCS TOCTCIICHHO M OXBaThIBaTh BCE
HOBBIE HampamieHus. Ho, 9To kpaifHe BakKHO 0CO3-
HaTh, Mbl HE JOJKHBI JKJATh €IIe Mapy ACCATKOB JIET,
YTOOBI BOWTH B 3Py NEPCOHUDUITUPOBAHHON METUITH-
HBI, MBI JIOJDKHBI YK€ aKTUBHO BHEIIPSITH €€ MPUHIIUITBI
B KJIMHUYECKUE PEKOMEHIAIIUN U TTPOTOKOJIBI JICUCHUS,
B IPAKTUYECKYIO JKU3Hb, UTO YK€ AKTUBHO MPOUCXO-
IIUT B MPOrPECCUBHBIX CUCTEMAaX 3APAaBOOXPAHEHUSL.
Oskupgaercst O0NbILION Tporpecc B OuodapmaneBTHYE-
CKOM CEKTOpE B 3TOM chepe, 4TO 00ECIICUUT TeHEPAIUIO
WHHOBAIIMM M HOBBIX HAy4HBIX 3HaHUW. s MHOTHMX
ctpan, Takux kak CIIA, fInonus u Kuraii, crparerus
MEPCOHATU3UPOBAHHON MEIULIMHBI CTajla MEHHCTPU-
MOM TOCYAapCTBCHHOW TIOJIMTUKH B OOJIACTH 3/IpaBO-
oxpaHeHus1. KpaiiHe Ba)XHO, UTO B paMKaX HallHOHAJIb-
Horo npoekta «Hayka» Tak MHOIrO BHUMaHUS YAEICHO
CErofiHsl TEHOMHBIM HCCJIEIOBAaHUSAM M IEPCOHAIU3U-
poBaHHOM MenuuuHe. be3 cOMHEHUA, AEATEIBLHOCTDH
HIIMY B 3T0#i 00nactu OyIeT COCOOCTBOBATH IMPO-
rpeccy U reHepaluy TexHoJorul. M co3gaHubIi xKyp-

I I . KOJIOHKA INTABHOIO PEOAKTOPA | EDITORS CORNER

HaJT JIOJDKCH CTaTh MH()OPMAIIMOHHOH IJIOIIAKON JIJIst
YYEHBIX U OM3HEC-CO00IIeCTBA JJIsl ITyOJIMKAIIMHA HOBBIX
JIAHHBIX U 00CYXACHUS BAXKHOCTH MTPOOIJIEMBI.
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INTRODUCTION

Personalized medicine (PM), although it is in its in-
fancy today, is already an important evolutionary step
towards the creation of drugs, the development of diag-
nostic and prevention methods. Over time, due to the
use of the concept of personalized medicine in every-
day clinical practice, a significant improvement in the
prognosis, accuracy of diagnosis and results of therapy
is expected. At the same time, this can be achieved in
real time, making it possible to stratify patients with
pathophysiological diseases such as cancer and athero-
sclerosis, and determine the most a quick and effective
way to provide assistance.

The modern development of molecular and infor-
mation technologies in medicine has led to the fact that
the concept of personalized medicine is experiencing
an era of rapid development. Over two decades, this
area has expanded from a narrow field of application in
oncology of personalized drugs, such as gerceptin, to a
huge list of nosologies, possibilities for accurate predic-
tion of most diseases based on broad-gene screening,
the creation of gene therapeutic drugs, technologies for
modifying gene expression and the most powerful in-
formation-analytical system supporting the search for
individual predictors of response to drugs.

The concept of personalized medicine dictates the
need for a significant change in the infrastructure of
biomedical science, emphasizes the importance of an
interdisciplinary approach aimed at more effective use
of knowledge obtained in the field of genomics, inno-
vative bioinformatics and advanced nanotechnological
achievements in clinical practice, i.e. for a fast trans-
lation of fundamental achievements in practical health
care. To promote the concept, it is necessary to expand
the resource base of scientific institutions, develop a
network of biobanks and collective use centers, infor-
mation banks and libraries and a broad international
integration. It is even more important to change the es-
sence and structure of training for the subsequent im-
plementation of PM technologies.

Most innovations in medicine have already been
built on the concept of personalized medicine today —
the creation of new diagnostic technologies based on
biomakers, the development of the industry of targeted
drugs, formation of pharmacogenetics and pharmacog-
enomics as new disciplines of sciences, development of
genome editing technologies, microbiota modification,
nutritive genomics, functional nutrition, etc. In recent
years, most biotechnological and pharmaceutical com-
panies have declared personalized medicine one of the
main development strategies for the future, many coun-
tries and major scientific centers are creating consortia
for personalized medicine, launching large expensive

projects of the national scale, services and a media en-
vironment are being developed, making it possible to
involve more and more participants and replicate tech-
nologies [1—3].

The Strategy for Scientific and Technological De-
velopment of the Russian Federation has declared the
transition to personalized health care one of the prior-
ities of the strategic development of the Russian Fed-
eration for the period up to 2030 [4]. In this regard, as
part of the implementation of the national project “Sci-
ence”, the Ministry of Science and Higher Education
held competitions for the creation of genomic centers
in 2019 and world level scientific centers (WLSC) in
2020, as a result of which at least 6 winners focused
their research and development on the technologies of
personalized medicine. The Almazov National Medical
Research Centre in a consortium with the Institute of
Experimental Medicine became one of the winners of
the competition. WLSC Center for personalized medi-
cine (headed by Academician of the Russian Academy
of Science, Prof. E. V. Shlyakhto) became the founder
of the first specialized scientific medical journal in Rus-
sia in this area — the Russian Journal for Personalized
Medicine, and this review of the state of the problem is
opening the first issue in 2021.

DEFINITION OF TERMS

The ideology of personalized medicine was laid
long before the term had become customary in the
health care practice, and genetic exposure to diseases
and genetic predictors of response to therapy were re-
garded as of paramount importance. Rooted in ancient
philosophy and medicine, historically an individual ap-
proach to the treatment of a patient was a key element
of the Russian medical school of the 19th century (Ta-
ble 1). The endeavor to treat “not a disease, but a pa-
tient”, proclaimed by M. Y. Mudry, the extension of this
ideology by S. P. Botkin and other best representatives
of the domestic school of therapy, sounds more relevant
than ever in the modern world, when the concept of an
individual approach begins to defeat the ideology of the
blown-up dogma of evidence-based medicine, relying
only on the “dictatorship” of clinical research and sta-
tistics. At the same time, the modern concept of PM has
long gone beyond the scope of geonomy and molecular
biology and provides wide opportunities for the imple-
mentation of targeted prevention, diagnosis and treat-
ment of diseases and prolonging the life of each person.

At present, we are at the beginning of a new indus-
trial revolution and the formation of not just a post-in-
dustrial society, but a society based on deep scientific
knowledge. Bioinformatics, biology, medicine and,
in general, “life sciences” have become the strongest
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drivers of changing the life of society today. The com-
bination of unlimited data storage and processing ca-
pabilities, rapid development of analytical methods, as
well as the ability to translate analysis processes into
real time, not only change production processes and
social life, but also open up new possibility of a radi-
cal change in all processes in health care, from public
health to personalized medical care. At the same time,
such a rapid development of technologies carries cer-
tain threats, including the risks of introducing technol-
ogies that do not prove their safety and efficiency, as
well as risks of discriminating certain groups of the
population by providing all kinds of users with access
to their personal data and, vice versa, by reducing their
access to new technologies. In this regard, the use of
personalized technologies, as well as any other inno-
vation in medicine, requires serious scientific evidence
and practical testing.

The term “personalized medicine” (or individual-
ized, personified medicine) became popular in the late
20th — early 21st centuries [5]. It involves a choice of
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treatment based on the individual characteristics of the
patient, primarily genetic, as well as age and gender,
anthropometric, ethnic, environmental characteristics,
etc. This principle fundamentally distinguishes PM
from the concept of “standardized treatment”, based
on the results of clinical trials and large cohort studies
[6]. In a narrow sense, PM initially focused on the po-
tential of genomic markers (variants of the nucleotide
sequence) to form ideas for risk stratification, preven-
tion, dose selection for drugs, drug selection, predic-
tion of therapeutic response and outcome [7—=8]. This
involved the development of two main directions —
the study of rare cases with obvious genetic nature and
frequent diseases with a genetic predisposition. Then
the range of biomarkers began to expand, new areas
appeared, such as personalized cell products, genome
editing technologies, antisense therapy, which led to
creating a complex modern PM architecture and high-
lighting a large number of different directions in it.
The evolution and expansion of the concept of per-
sonnel medicine has led to the emergence of a new term

Table 1. Historical milestones in the emergence and formation of the concept
of personalized medicine (adapted and supplemented from [12])

Epochs and dates | Authors and country The concept
4000 BC Medicine in System for individual selection of herbs and
ancient India meditation regimes

Description of favism — he noticed that only
some people react when eating fava beans

510 BC Pythagoras, Greece (now this disease is known as glucose-6-fasfat
dehydrogenase deficiency)

. Treatment is individual due to lack of
Middle Ages Europe knowledge and standard schemes
1789 Samuel Hahnemann, The principle of homeopathy. Similia similibus
Germany curantur

1908 Germany The appearance of words: gene, genotype and
phenotype
Publication of a book that identified the individual

1931 Garrod [14] effect of drugs
DEPENDING ON THE GENETIC CONSTITUTION

1953 Watson & Creek Double-stranded DNA

1956, 1957 Kalow; Motulsky [15, 16]| Pharmacogenetics concept

1962 Kalow [17] The first monograph on pharmacogenetics

1986 Mullis, et al. [18] Discovery of polymerase chain reaction

2000 Completion of human genome sequencing
Post-genomic era. Changing the strategy for

2000-2020 creating drugs. PM as the basis of medicine of
the future
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“precision medicine”, which implies the identification
of a group of people (down to individuals) who have
some common ways of the characteristics of disease de-
velopment and response to therapy [5]. This term was
officially recognized by the National Scientific Coun-
cil of the United States in 2011 [5] as officially more
correct and partially replacing personalized medicine.
Precision medicine is a field of medicine that takes into
account individual differences in genes, microbiomes,
environment, family history and lifestyle to define a
strategy for diagnosis, treatment and prevention, pre-
cisely aimed at a specific patient [5, 9]. And yet these
concepts are close, but not identical. Precision medi-
cine relies on search for probabilistic risks or the likeli-
hood of an intervention to bring more or less benefit in
relation to the outcome in a group of patients with com-
mon characteristics (for example, genes), whereas true
personalization of medical care is observed only when
the role of biomarkers and risk factors overlap with the
preferences and needs of a particular patient, including
his family, temper, expectations and features of inter-
personal interaction with the attending physician [10].

Pharmacogenomics, pharmacogenetics and pharma-
coproteomics remain the leading sections of PM, based
on molecular diagnostics as a vital tool for PM [11]. As
it is known, most modern drugs are developed and ap-
proved on the basis of their effectiveness in large groups
of patients. The initial concept of creating drugs was the
idea that, with an understandable mechanism, a response
to treatment would be observed in all patients. Classical
data from clinical trials of a new drug simply assessed
the response of the study group (average decrease in
blood pressure, cholesterol, decrease in the size of tu-
mor, remission, pain reduction, etc.). Although the indi-
vidualization of some treatment methods was proposed
already in the pregenomic era, the concept of personal-
ized medicine, which is developing in modern society,
is founded on achievements in molecular diagnostics
and drug development based on genomics, proteomics,
metabolomics and biomarkers. The goal of personalized
pharmacotherapy is not only to find the right drug for
the right patient, but to select it without resorting to trial
treatment, basing on knowledge about the genotype and
biomarker levels. This increases the efficiency and safety
of treatment and as naturally reduces its cost.

There are many terms and definitions that have
a close relationship with PM. Actually, the term was
established after the publication of the monograph of
the same title in 1998 [12], at the same time it appears
among the keywords indexed in MEDLINE system
since 1999, but for a long time was associated only with
areas of pharomacogenomics.

Very close concepts, but in fact at the present stage,
PM fields, are such terms as:

*  Genomic medicine.

*  Genotype-based therapy.

e Individualized medicine, or individual-based
therapy.

*  Information-based medicine.

*  Omics-based medicine.

*  pharmacogenomics/pharmacogenetics/
macoproteomics/pharmacometabolomics.

*  Precision medicine.

*  Rational drug selection

»  Stratified medicine.

*  Systems medicine.

phar-

MAIN ADVANTAGES OF PM AND
BARRIERS TO IMPLEMENTATION

The possibility of more balanced medical decisions
based on a deeper comprehension of the mechanisms of
a disease and the effect of drugs.

*  Increasing the probability of a good prognosis
due to a more targeted impact.

*  Reducing the probability of drug side effects
and other iatrogenic complications.

*  Concentration on prevention, including the in-
dividually justified one.

*  Earlier treatment of diseases based on more
sensitive markers, including the possibility of treatment
before the onset of symptoms.

*  Prenatal diagnosis of genetic defects and pre-
vention of childhood disability.

Significant problems in healthcare are the low ac-
curacy of diagnostic procedures and the periodic ab-
sence of the effect of treatment, including expensive
ones. Both lead to unjustified costs in health care —
research that does not provide the required information
and useless prescription of drugs. This is especially ev-
ident in those areas of medicine where treatment is very
expensive and involves large risks — oncology, rheu-
matology, psychiatry. In the treatment of some tumors
or diseases such as rheumatoid arthritis, the number of
“non-responders” to treatment can reach 50% or more
[12]. This leads to unnecessary costs and a decrease in
aid effectiveness. In this regard, from the point of view
of cost planning and their rationality, the presence of
specific biomarkers that reliably determine the medical
tactics in relation to the patient is necessarily accompa-
nied by a direct and indirect financial benefit.

However, making a truthful prognosis about how
much the introduction of PM will lead to a decrease in
costs in healthcare today is quite hard. In order to intro-
duce approaches into real clinical practice, a lot of in-
vestments are needed in changing the structure of med-
ical care: in laboratory and information equipment, in
increasing qualifications of medical workers, to the sys-
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tem for assessing the quality of care and even in clinical
guidelines and protocols for the treatment of diseases.
Today, no country can say yet, how long it will take and
how widely it is possible in the near future. Unfortunate-
ly, the experience of the last ten years shows that the cost
of medical care around the world is only increasing, so
the momentary widespread introduction of PM should
be considered without blind enthusiasm and even with
a proper degree of skepticism. The real economic effi-
ciency of precision treatment approaches will be visible
after a considerable period of time and requires constant
evaluation and reinterpretation. Unfortunately, there are
risks that the widespread introduction of additional sur-
vey methods, including the identification of new genetic
markers, at the initial stage will only increase the cost of
health care. Targeted drugs have a very high cost in the
treatment of tumors and a number of other pathologies,
while their advantages in terms of long-term prognosis
often still require clarification. Even such a revolutionary
approach to the treatment of hyperlipidemia as PCSK9
inhibitors is already considered by some experts to be a
controversial achievement in terms of the ratio of effica-
cy and cost [18]. In this regard, the introduction of PM
methods and technologies around the world is gradually
spreading from areas with a high grade of evidence of
the result onto more controversial fields.

THE STRUCTURE OF PERSONALIZED
MEDICINE

Today, personalized medicine includes several stra-
tegic areas of innovation in medicine, such as:

Personalized diagnostics, including information on
biomarkers.

*  Personalized prevention.

*  Nanotechnologies and nanodevices.

*  Personalized information technologies in med-
icine. Computational tools and translational bioinfor-
matics. Artificial intelligence.

*  Personalized pharmacology, including person-
alized biological therapy.

*  Personalized cellular products and gene drugs.

Particular issues of PM in the diagnosis and treat-
ment of diseases led to independent sciences, which are
actively developing in the relevant fields. Among them,
the maximum achievements are in the following areas:

*  PMin oncology.

*  PMin psychiatry and treatment of neurological
disorders.

*  PMin the treatment of cardiovascular diseases.

*  PM and metabolic diseases.

* PM and autoimmune and autoinflammatory
diseases.
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*  PM, perinatal medicine and hereditary diseas-
es. Reproduction.

*  PM and lifestyle.

*  PM and treatment of infections.

Major divers of PM development

*  Political and socio-economic factors

*  Growing demand and public pressure on the gov-
ernment to introduce safer and more effective treatments.

*  Ademand towards pharmaceutical and medical
industry regarding reduction of drug side effects and
reduction of iatrogenic complications.

*  The aspiration of businesses to make genetic
screening more available.

*  Increasing requirements for the quality of med-
ical care, encouraging medical workers to seek safety
guarantees.

* A demand for decrease of the cost of medical
care by reducing losses from non-effective drug ther-
apy and treatment of the consequences of iatrogenic
complications.

*  Reducing the cost of genetic tests, including
genome sequencing

Factors related to the development of science and
technology

*  The availability of genomic knowledge ob-
tained as a result of sequencing the human genome.

*  The availability of new technologies that make
it possible to widely and universally apply personalized
medicine, such as biochips and high-performance se-
quencing.

*  Changing generations of medical workers to
the younger generation, increasing awareness of phar-
macogenomics, pharmacogenetics and molecular med-
icine.

e Introduction of personalized medicine in scien-
tific medical centers.

Industrial drivers

*  The spread of biotechnological companies in-
terested in personalized medicine.

* An increase in the number of companies that
combine diagnostics with therapy (theranostics).

*  The aspiration of companies to increase the re-
liability and safety of their products, reduce repetition
losses due to the development of inefficiency or side ef-
fects. Development of value medicine and the concept
of risk sharing.

BIOMARKER DEVELOPMENT

One of the most important conditions for the devel-
opment of PM is the validation and introduction of new
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biomarkers. The process of creating a new biomaker in-
cludes the following areas that are actively developing
at present and will be improved in the future:

*  Detection and validation of the marker.

*  Assessment of predictive potential and com-
parison with other markers.

*  Preclinical and clinical trials.

*  Animal models.

*  Bioinformatic processing of genetic data.

*  Approaches based on the principles of systems
biology.

THE FUTURE OF PERSONALIZED
MEDICINE

The rapid evolution of biomedicine will lead to ma-
jor changes in healthcare in the nearest future. In par-
ticular, the real molecular mechanisms of most diseases
that we previously considered idiopathic and unclear
will be deciphered and detailed. Based on omics data,
a large number of medical services, including commer-
cial ones, will be created, which will be widely devel-
oped and offered to the population not only by medical
institutions. Genomic data and risk calculation systems
will be gradually integrated into clinical medicine.
Over time, ethical and regulatory problems of introduc-
ing advanced genetic technologies will be solved, and
they will quickly become a part of practical activity.
The rapid development of nanomedicine and the so-
called “connected health” is expected, which involves
the use of a huge variety of remote communication ser-
vices that ensure the concentration of wireless, mobile,
electronic and other services created for the needs of
the patient and providing the patient with the oppor-
tunity to share this data in order to receive the most
effective medical care [19].

Preventive medicine will make a huge leap forward,
which should be crowned with success in the treatment
of diseases in the preclinical stage and the creation of
other technologies of treatment “before the disease”.

Automation, robotization, decision-making support
systems and predictive analytics will become firmly
established in clinical practice and will lead to a seri-
ous transformation of the function of a doctor and other
medical employees. The combination of information
and artificial intelligence technologies with progress in
molecular biology will lead not only to the creation of
“smart” health care, but also to a truly individualized
approach, including nutrition, physical activity, the use
of drugs and other methods of treatment.

First of all, this transformation of medicine should
be expected in the field of oncology, neuroscience and
the treatment of viral infections, where the advances in
molecular biology are already most noticeable. It is be-

lieved that PM technologies in these areas will already
be widely used by 2025 [20]. Not only will new target-
ed drugs be created taking into account personalization,
but also the use of many known molecules and technol-
ogies will be refined based on genomics and proteomics
data. There is an opinion that genotyping will become
the “X-ray of the XXI century”, which is based on the
idea of the role of genetic factors in the prediction of
diseases, accurate diagnosis, choice of treatment and
prognosis [21—23].

Of course, not all diseases will quickly require per-
sonalized treatment, this field will develop gradually
and cover new areas more and more. But what is ex-
tremely important to realize is that we should not wait
another couple of decades to enter the era of person-
alized medicine, we must already actively introduce
its principles into clinical guidelines and protocols
of treatment, into practical life, which is already tak-
ing place actively in progressive health care systems.
Great progress is expected in the biopharmaceutical
sector in this field, which will ensure the generation of
innovations and new scientific knowledge. For many
countries, such as the United States, Japan, and China,
the strategy of personalized medicine has become the
mainstream of public health policy. It is extremely im-
portant that within the framework of the national project
“Science”, so much attention is paid today to genomic
research and personalized medicine. Without a doubt,
the activity of the WLSC in this area will contribute to
the progress and generation of technologies. And this
new journal should become an information platform for
scientists and the business community to publish new
data and discuss the importance of the problem.
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PE3IOME

[annemust COVID-19 npuBena K HEOKUAAHHOMY YCKOPEHHUIO Pa3BUTHS MOOMJIBHOTO 37pa-
BooXpaHeHust (m-Health) ¢ BHeIpeHUEM TEIIEMEIUIINHBI, YIaJCHHOTO MOHUTOPUHTA U Psijia
JPYTUX [MU(POBBIX MOIXOI0B. DTH U3MEHEHHS MPOMU30IIIN OBICTPO, 32 HECKOJILKO HECIb, U,
BEPOSITHO, COXPAHATCS JaXKe MOCIe 3aBEPIICHIs MaHAeMun. TakuM 00pa3oM, HHCTPYMEHTHI
MOOWIJIBHOTO 3JIpaBOOXPaHEHUs, TUCTAHIIMOHHON MEIUIIMHBI 1 HOCHMBIE YCTPOMCTBA MOTYT
3aMEHUTH WJIU 110 MEHBIIICH Mepe JOMOIIHUTh TPAJAUIIUOHHBIN JIMYHBIA KOHTAKT MEX]y Bpa-
YOM U TAIIMEHTOM. ITO 0COOSHHO BEPHO B OTHOIICHUU CEPJICUYHO-COCYUCTHIX 3a00JICBaHMIA,
MTOCKOJIbKY TETepPh CYMIECTBYeT TEXHUYECKash BO3MOXKHOCTH YHAJIIEHHO COOMpPATh MIMPOKUN
CIEKTpP JAAHHBIX, TAKHX KaK apTepUalbHOE JIABICHUE, YaCTOTa CEPIASUHBIX COKpAIEeHUH, pe-
TYJISIPHOCTH CEPJICYHOTO PUTMA, TOHBI Ceplla, Macca Teja, YPOBHHM caxapa U XOJEeCTepPHHA,
JMEKTPOKAPANOrPaMMa, YACTOTA JbIXaHUS, B JOMOJHEHUE K cuMnToMaTike. OIHAKO BCE €IIIe
OCTAETCSI MHOTO CJIOXKHBIX M HEPEIICHHBIX acTeKTOB. Heo0XomumMo H3MEHUTh MPUHITUTIBI BO3-
MEIIEHUS 3aTpar, 4ToObl B PaBHOHM CTENECHH MOAEpkKaTh MUPPOBYIO TpaHCchopMalnio. Bo-
MIPOCHI, Kacaromuecs KOH(QUICHIINATLHOCTH TaHHBIX, OTBETCTBEHHOCTH, HOPMAaTHBHO-TIPABO-
BOT'O COOTBETCTBUS U MPOBEICHUS UCCIECIOBAHUM, JOHKHBI PELIAThCs CIPABEAJIUBO U YETKO
KaK JIJIsl BpaueH, Tak u JJis pa3pab0TUMKOB TEXHOJIOTHIA. B HacTosIIee BpeMst BCE 3TH aCIEKThI
CO3M1aI0T MPEMATCTBHUS JIJIsl BHEIPSHHS MOOMIILHOTO 3IpaBooxpaHeHusi. [IpaBUTeNbCTBA TOIK-
HBI TIOBBIIIIATh YPOBEHb MH(POPMHUPOBAHHOCTH ¥ 3HAHWH MEIAUIIMHCKAX PAOOTHUKOB U HAceJe-
HUsl (OCOOCHHO CTapIero Bo3pacTa) B 00JACTH MOOWIIBHOTO 3[paBOOXPAHEHHUs, YTOOBI MMOJI-
JiepKaTh IUQPOBYIO peBoitoiuto. HeoOxoaumo rpu3Hatk npodieMy «iu(poBoro paspeiBay
U YMEHBIIIUTD €70, YTOOBI JTFONU C HU3KUM JOXOMIOM, TUIOXUM JOCTYIIOM K BBICOKOCKOPOCTHO-
My UHTEPHETY WJIM TIePCOHATLHBIM KOMITHIOTEPaM MOTIIH BOCIIOIB30BATHCS TPEUMYIIIECTBAMHU
MOOWIJIBHOTO 3/IPaBOOXPaHEHUS.
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000 BceM 3TOM TTOWJIET peub B HACTOSIIEH cTaThe. B Havyalne ctaThyl JaHO onpeiesieHUe TTOHS-
THIO «MOOMIIBHOE 3IpaBOOXpaHEHHE», Jajee PacCMaTpUBAIOTCS MPEUMYILECTBA U HEI0CTaT-
KA MOOWJILHOTO 37paBOOXpaHEHUs] B 0OmMX yeprax M B KoHTekcTe manaemun COVID-19.
B 3aBepiiieHne mpuBOAUTCS YTBEPKACHUE O TOM, YTO HEOOXOIMMMO 00eCIednTh 00jiee KOH-
KpeTHOE y4JacTHe M OOBeIWHUTHh yCHIIUS MHOXKECTBA 3aHMHTEPECOBAHHBIX CTOPOH CHCTEMBI
30paBOOXPAHEHMS JJISl OLICHKH, YIYUIICHHUS U YHPABICHUsI MOOMIIBHBIM 3IPaBOOXPaHEHHEM
U [IUQPOBBIM OYTYIIHM.

KuroueBble ¢jioBa: MOOMIBHOE 3IPaBOOXpaHEHNE, TEIEMEIUIINHA, VIAICHHBI MOHUTOPHHT,
1 poBOE 3IPaBOOXPAHEHUE, HIIEKTPOHHAS METUITMHCKAsI KapTa.

s yumuposanus: Qeppapu P., Tyapouenu I', Yumanvs 1. u Op. Buedpenue moounvnozo
30pagooxpanenus u e2o noavsa 6 ycaosusax nanoemuu COVID-19. Poccuiickutl socypHan nep-
conanuzuposanno meouyunst. 2021,1(1):21-32. (In English)

THE INVASION OF M-HEALTH AND ITS UTILITY
IN COVID-19 PANDEMIC

Ferrari R.Y Z,Guardigli G.2, Cimaglia P.}, Tavazzi L.},
Rapezzi C. 2, Vardas P.3

1Cardiovascular Department, GVM Care and Research, Maria Cecilia Hospital,

Via Corriera 1 — 48033 Cotignola (RA), Italy

2Cardiovascular Research Centre, Ferrara University, Via Aldo Moro 8, 44124 Ferrara,
Italy

SDepartment of Cardiology, Heart Sector, Hygeia Hospitals Group, Athens, Greece

Corresponding author:

Prof Roberto Ferrari, MD,
Prevention Centre,

Via Ercole I1° D’Este 32, Ferrara, ltaly.
E-mail: fri@unife.it

Received day 21 September 2021;
accepted 27 October 2021.

ABSTRACT

The COVID-19 pandemic has led an unexpected acceleration of mobile-health (m-Health)
with the adoption of telemedicine, remote monitoring, and several other digital approaches.
These changes occurred rapidly in a few weeks and are likely to remain even when the emer-
gency will be over. Thus, m-health tools, wearables, and remote medicine may replace or, at
least, support the traditional face-to-face contact between patients and clinicians. This is par-
ticularly true in the area of cardiovascular diseases as it is now technically possible to collect
remotely a vast range of data, such as blood pressure, heart rate and its regularity, heart sounds,
body weight, sugar and cholesterol levels, electrocardiogram, respiratory rate in addition to
symptoms. Several aspects, however, are still a challenge and need to be resolved. Reimburse-
ment has to be changed in order to equally support the digital transformation. Aspects related
to privacy, liability, regulatory issues, and even research need to be addressed in a fair and
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firm way for both clinicians and technology developers. At present, these are still barriers to
the implementation of m-health. Governments should provide more education on m-health to
support healthcare professionals and citizens (especially the elderly) with the digitalisation
revolution. A “Digital divide” for those with poor income or poor access to high-speed internet
or personal computers should also be recognised and improved to avoid to be excluded from
the benefits of m-health.

The present review article is about all this. First, we define what m-health is, then we consider
the good and bad of m-health in general terms and in the context of COVID-19 pandemic. Fi-
nally, we argue that more concrete involvement and effort is needed by the multi-stakeholders
of healthcare system to evaluate, improve, and govern m-health and the digital future.
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INTRODUCTION

The COVID-19 pandemic has driven an unprece-
dented acceleration and adoption of digital patient care
interactions. Patients have become engaged of their own
health via video, telemedicine visits, remote monitoring,
use of “fouchpoints” such as mobile-health (m-Health)
tools and wearables, phone calls, portal messages as
well as sharing of the remote data. Just in the United
States, the number of messages sent to patients’ portals
and of telemedicine’s consultation has increased at the
beginning of the lockdown of about 40% as compared
with the pre-pandemic levels [1]. These “forced” chang-
es occurred very rapidly, almost overnight [2]. In a few
weeks, digital medicine replaced the traditional face-to-
face relationships between patients and clinicians. It is
unclear whether these changes in healthcare delivery
are temporary or whether and to which extent when the
pandemic is over, patients will go back to the traditional
face-to-face system. Although the changes were moti-
vated by a urgent necessity, it seems that neither patients
nor clinicians are aiming to go back to the old days of in
person visits [3]. Such a digital shift can be considered
as an opportunity to share a better system with the possi-
bility to choose among in person or video visits or asyn-
chronous messages or digital touchpoints. These last op-
tions might be welcomed by patients and the population
in general. Telemedicine, for instance, can be provided
at a more convenient time and avoid travelling. More
frequent and shorter interactions than traditional visits
such as weekly checks using portal messaging may also
be useful (even for the outcome) especially for chronic
illnesses and reduce hospitalisations [4].

As a consequence, the area of digital and m-health,
which was already expanding rapidly, has been sped
up by the current situation. m-health is now the third
largest industry in the European health sector, after
pharmaceuticals and medical devices. This is not sur-
prising. The interest on m-health started long before
the occurrence of the pandemic for several reasons.
On one hand, the limited healthcare budget, the lack
of responsible workers (especially in remote areas of
low-income countries) and the ever-increasing health
problems, (as dramatically spotted by the COVID-19
emergency), are challenging the national healthcare
systems and there is the need to find more efficient
solutions. On the other hand, smartphones, tablet com-
puters, and their applications have become ubiquitous
in modern life across the world and are part of the new
actual healthcare [5]. Today, there is the need and the
hope to deliver reliable healthcare by using m-health
innovations and all stakeholders need to be involved in
shaping the future of m-health as the choices made now
will last for generations.

The purpose of the present review is: 1) to define
m-health; 2) to discuss the “good” and the “less good”
of m-health, the reasons why m-health has been so far
under-delivered and to highlight the challenges and
the opportunities; 3) to consider the specific role of
m-health to manage the current COVID-19 emergency;
4) to call for action and encourage health professionals,
technology developers, regulators, reimbursement au-
thorities, and citizens to take a more active role in the
use of m-health.

Let’s start by defining the terminology related to
m-health.
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DEFINITIONS

. m-Health: m stands for mobile. Although
there is no precise definition for m-Health, the termi-
nology is used for the practice of medicine and public
health support by mobile devices. It is a part of and
often a synonymous of e-Health and relates to provi-
sion of health-related services via a mobile device. It
comprises multidimensional elements including pro-
viders, patients, and administrative applications. The
term is normally used in reference to the adoption of
mobile communication devices such as mobile phones,
computers, tablets, televisions, telephones, communi-
cation satellites but also wearable devices like smart
watches, different sensors, and intelligent pacemakers
for health services, information, and data collection. It
follows that m-Health has enormous possibilities of ap-
plication, including consumer education and behaviour
change, disease and population registries through wear-
able sensors, point of care diagnosis, electronic health
records, decision support, professional education, con-
duction of pragmatic-virtual trials, and, eventually, full
healthcare management [6]. Part of m-Health are sever-
al other (and even increasing) sub-domains, the most
popular being:
- Tele-Health: Which also includes a broad
spectrum of technologies and systems for remote
exchange of data between patients and their clini-
cians to assist diagnosing, monitoring long-term
conditions, and treating
- Tele-Medicine or Tele-Care: which indi-
cates remote care offered using telecommunication
and information technologies.
- Wearable Sensors: As it is intuitive, the
term means sensors in contact with the body that
are integrated into wearable objects (watches, jew-
ellery, rings, t-shirts, shoes, etc.). Sensors can be di-
rectly applied to or in the body to monitor health by
providing clinical relevant data. There are millions
of sensors, often able to provide and connect many
different information on an ongoing basis, and to
upload the data immediately to the cloud, so that the
doctor can make diagnosis, or adjustment to medi-
cation or treatment plan accordingly.
- Internet of medical things: It refers to the
several connected systems of medical devices and
applications which collect data that are then provid-
ed to healthcare internet systems through comput-
er networks. When connected to internet, ordinary
medical devices or sensors can collect additional
data and, importantly, can integrate each data in the
actual context (either biochemical, genetic, envi-
ronmental, or even administrative) thus enriching
the level of information.
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- Genomics: It is an inter-disciplinary field
of biology that focuses on the structure, evolution,
functions, mapping, and editing of genome which,
in turn, is the complete set of DNA and includes all
the genes of the organism.
. Digital Health: It is a rather broad term, which
means the convergence of digital technologies (includ-
ing genomics) with health, healthcare, living, and soci-
ety to enhance the efficiency of healthcare delivery and
make medicine more available, personalised and precise
(7). The World Health Organisation (WHO) provides a
classification of digital health interventions defined as
“discrete function of digital technology to achieve health
sector objectives” [8]. The wording “digital health” com-
prises several other terminologies, often confounding.
Here, we report the most relevant ones:
. Information and Communication Technolo-
gy (ICT): 1t refers to technologies that provide access
to and dissemination of information (not necessar-
ily related to health and healthcare). ICT covers any
product that stores, retrieves, manipulates, transmits,
or receives information electronically in a digital form.
Typical examples are personal computers, tablets,
telephone lines, wireless signals, digital televisions,
emails, robots, etc. In the context of digital health, ICT
comprehends communication channels, that facilitate
delivery of digital intervention and health content,
which, in turn, is any information that is aligned with
recommended health practice.
. Artificial Intelligence (41): It is a branch of
Computer Science that studies the development of in-
telligent machines, which are able to think and work
like the human intelligence. Classical examples are
speech recognition, problem-solving, learning, and
planning (i.e. Siri, Cogito, Tesla, etc). Al is not limited
to just /7 or technology industry. It is extensively used
in other areas such as business, law, education, and, in-
deed, medicine.
. Machine Learning: Another umbrella-type
of terminology that can be applied to different concepts
and techniques. In general, the term refers to enabling
a computer to carry out tasks that are typical of human
intelligence by itself, without receiving line-by-line in-
structions to do so. There is no need to pre-specify all
the steps necessary to solve the problem because the
computer is able to “learn” by analysing the details of
the data it receives (input), and to confront, generalise,
organise these details (algorithms), and, eventually,
to provide new data (outpuf). It follows that machine
learning is about data, while Al is about cognition. The
more accurate data the computer receives, the better
the output will be. This technique can and is applied to
diagnosis (especially in the area of imaging) and treat-
ment of diseases.
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m-HEALTH PERCEPTION: THE GOOD

The world is in the middle of a digital revolution
independently from the epidemic. The use of mobile
devices in health coupled with the related technologies
promises to literally transform global health delivery
by creating new models that can be integrated and even
substitute the existing health systems [9]. However, as
for every revolution, the perception and its application
depends on different angles of observation. Several
groups are strong believers that m-Health is the future,
others, however, are more reluctant. The enthusiasm re-
lies on several reasons.

First, the number of smartphones is predicted to
reach more than 6 billion [10]. Just one year ago, 6 mil-
lion multimedia applications in the app stores, 418,000
of these being m-Health apps (and more as we are writ-
ing this article) with more than 200 added users each
day [10]. The commercial wireless signals cover 85%
of the world population, extending far beyond the reach
of the electrical grid [11]. Given such scale and speed
of technological advancement during the past few de-
cades, together with the importance, and the value of
the health-market, it is not surprising that different
industries are trying to create a more convenient (and
profitable) healthcare system [11].

Second, health assumes or should assume prime in-
terference around the globe as it is becoming a signif-
icant indicator of a nation’s growth and development.
Limited access to healthcare, in fact, creates a major
barrier for social and economic development. This is
particularly true when nations have to deal with an ep-
idemic like the one of SARS-COV-2. In all, 400 mil-
lions of individuals have no access to any form of basic
healthcare and 2 billion patients do not have access to
required medications [12]. Therefore, more than one-
fourth of the world has unmet health needs. It is not
surprising that, in low-income countries, the popularity
of m-Health is increasing as the use of mobile phones/
devices is also exponentially increasing even in the
illiterate and very low-income citizens. The majority
of people, including those leaving in rural areas who
are in desperate need of health, have access to mobile
phones and are familiar with their function [10]. Today,
the industry, together with social institutions, is work-
ing to develop m-Health applications that are usable by
people with very low literacy [11-13]. Therefore, all
these low-income countries are welcoming m-Health
with great enthusiasm [14].

Third, in the most developed countries, the relative
success in prolonging the prognosis, particularly in the
area of cardiology and oncology, has led to substan-
tial aging of the population and the relative increase of
chronic condition poses economical and organisational

challenges to almost every health system [15]. While an
acute condition can be treated with “ad hoc” solutions,
chronic conditions need to be managed and contained
during a long and expensive journey from onset (diag-
nosis) to the end (death), with limited possibilities of
recovery. This is particularly true in case of an epidem-
ic when care is not only centralized to these patients
requiring intensive care, but mainly to the others that
need to be managed at home. The actual pandemic has
revealed all the limits of the existing healthcare sys-
tems. The emergency of treating COVID-19 patients,
as a side effect, has reduced care of patients affected by
other pathologies, with consequent more casualties es-
pecially for cancer and cardiovascular patients [16]. All
of this jeopardises the already insufficient healthcare
budgets with the result that healthcare providers as well
as institutions, such as national and international sci-
entific societies, including the ESC, which are starting
initiatives to welcome m-Health with the aim to find
reliable and less expensive alternative solutions [17, 18].

Fourth, politicians do strongly believe that m-Health
might be the solution to all their problems. They be-
lieve that ubiquity of mobile devices (and therefore of
m-Health) in the developed and developing world rep-
resent the opportunity to improve health delivery and
outcome, to reduce unnecessary and costly hospital
visits and stay, thus improving the population wellbe-
ing. They also hope that m-Health might replace the
lack of medical and health-related workers, especially
in remote non-urbanised areas as well as the complicat-
ed health delivery in the ever-increasing megalopolis.
Therefore, a sizeable proportion of the budget is shift-
ed versus (promising?) start-up industry to develop
m-health projects [19, 20].

Fifth, researchers and regulators are becoming more
and more worried about the costs, the effective partici-
pation and even the meaning of traditional randomised
controlled trials (RCT5s) [21]. Usually, RCTs are numer-
ically huge with rigid design, slowly and cumbersome
realization and increasingly expensive. Majority of the
trials are funded by companies, and managed by costly
CROs (Clinical Research Organisations). Ancillary in-
vestigations to answer pathophysiological questions are
limited by costs and time and also by the scarce interest
of the sponsors and of the researchers [22, 23]. The end-
points are usually composite and often driven by sub-
sidiary components, and the study representativeness
and generalizability are always debatable. Co-morbidi-
ties remain a major open issue, typically clicked in the
database as “physician-reported”, without any further
information. The old debate on the nature of these and
observation trials has recently risen, leading to new ex-
perimental digital solutions [24]. This is now possible
by the universal digital diffusion, including Electronic
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Health Recording (FEHR) which have provided private
and public health settings of networks encompassing
hospitals, clinics, and ambulatory services with unified
EHR and central data warehouses. In these archives are
deposited individual hard events such as hospitaliza-
tions and death, which facilitate periodic interim anal-
yses and safety monitoring, also by leveraging, where
available, machine learning and advanced language
processing. In addition to these technical facilities, two
methodological innovations were introduced in trials’
designs. First, the adaptive design model used in the
largest trials conducted during the COVID-19 epidemic
[25, 26]. Second, the very recent virtual or remote tri-
als. All these models of RCTs (large and simple, adap-
tive, and virtual) are classified as “pragmatic”. Thus,
both scientists and regulators are looking at m-Health
as an interesting alternative for clinical research and
this is particularly true in the current days. The SARS-
COV-2 tsunami, by necessity, has also changed the ap-
proach. Adaptive trials, which allow to change during
the trial dosages, drugs, and even the endpoint, have
been proposed and accepted by the authorities to speed
up research and m-health is the preferred instrument to
run such trials [25, 26].

Another promising application of m-Health is col-
lecting data in digital form from real world registries
and post-marketing surveillance. Pilot experience is
going on, particularly for cancer drugs, when treat-
ment may be promising but not proving. The clinical
use might be allowed for limited years, while collect-
ing data by means of m-Health used by the competent
authorities to finally approve or reject the medication
under scrutiny [27].

Sixth, beside pragmatic or adaptative clinical and
observational trials, research is moving, as it should,
to be directly conducted by patients and/or even by
healthy people. This is logical as healthcare is about
patients or avoiding healthy people to become patients.
Up to now, however, patients and the population in
general have not been the main stakeholders in health-
care. Things are rapidly changing as there is greater
involvement of patients in health issues and their ac-
cess to health information is facilitated by the digital
and m-Health revolution. Thus, today, often patients are
directly participating to research [28]. This is particu-
larly true for chronic illnesses and also for epidemic
diseases, such as CV diseases, that require changes of
life-style approach with constant monitoring [29]. Con-
nected devices — tablets, wearables, hand-held devices
—enable patients to take a more active role in managing
their health (“empowerment”) and to provide their data
to increase disease knowledge from a different angle
which could be relevant for the others in the same con-
ditions [28]. Therefore, today, as patients become more
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and more empowered in their health, many of them are
spontaneously participating to research by providing
their data (including the genetic ones) and their rela-
tionship with the disease. The data are then processed
for global analysis, thus joining the “Big Data Compa-
ny” [29]. The several groups or patients’ associations
dealing with the sequel of COVID-19, the so-called
“long COVID” is a classic example.

It follows that, for different reasons, many different
categories (technology industries, big pharma, manag-
ers, suppliers, governments, patients, scientists, insur-
ance companies, and many others) have a good percep-
tion of m-Health and several hopes in its application.
The picture, however, is not all rosy and other groups
are less enthusiastic, to say the best.

m-HEALTH PERCEPTION: THE LESS GOOD

As for the enthusiasm, there are reasons for scepti-
cism.

One is rather historical, with roots extending back
to Hippocrates. It is a sort of subliminal pride and/or
fair for a drastic change. It is the so-called “medical
professionalism” which has been challenged through
time in many different ways and it is not always appre-
ciated [30]. The changes in healthcare delivery, already
adopted in several industrialised countries, threaten the
nature and the values of medical profession. Several
physicians were and are worried (and, most probably,
correctly so) about the accuracy and reproducibility of
the m-Health data which are highly dependent on the
reliability of the information delivered and the relative
coding.

A second scepticism relates to Al. In general doc-
tors believe that Al is not as good as full work-up by
them, although they are starting to realise that it may
be very useful in solving several problems, particularly
in situations of emergency like the present one. Apart
from emergencies, a metanalysis of 69 well conduct-
ed studies provide 92% specificity for Al deep learn-
ing imaging and 90% for healthcare professionals, al-
though reporting is better when is performed by human
intelligence [31]. This is an example of clear win-to-
win interaction by doctors and AIl. However, some cli-
nicians consider m-Health and Al a sort of competitor,
something that will take away their job and pride, an
“invention that will substitute me ‘. On the other hand,
the order of magnitude of data that will be produced by
m-Health will require supplementation of human intel-
ligence. Nevertheless, there are several issues, includ-
ing ethical aspects, on the use of Al in medicine which
should be resolved quickly. So, strangely enough, a cat-
egory that is less enthusiastic or even sceptical about
m-health is the one of “doctors”.
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In our opinion, this is a wrong way of thinking.
Actually, it is a contradiction to professionalism that
is the basis of Medicine’s contract with the Society.
It requires placing the interest of patients above those
of physicians, setting and maintaining the standard of
competence and integrity, thus providing advice to the
Society on health matters [30].

A third issue relates to the usefulness of several
tools of m-Health for clinical management as the ma-
jority of them has been designed to capture data but
without meaningful clinical engagement and, there-
fore, useless.

Fourthly, reimbursement is a critical and not easy to
be solved task. Actually, it is an obstacle to the delivery
of m-Health. The classical fee-for-service scheme forc-
es physicians to return to the in-person visits instead
of navigate among often complex rules to determine
which digital services are reimbursable and which not
as well as the size of reimbursement. Regulatory au-
thorities are in a difficult situation. For sure, they are
aiming to facilitate m-Health innovations but at rea-
sonable costs [32]. Technology industries also expect
a reimbursement based just on proof of functionality,
but without proper ad hoc studies showing clear added
value. Billing for digital intervention is not easy [33].
In the US, for example, medicare reimburse an e-vis-
it only if the visit was initiated by the patient, when
patients’ written consent was obtained and a clinical
decision was made [34]. All this will increase admin-
istrative costs for both the physicians and the adminis-
tration that has to pay.

A fifth obstacle is related to regulatory and liabil-
ity issues. Maintenance of privacy is difficult, if not
impossible, in a digital world. The same applies to the
consent of the use of data. There is urgent need of es-
tablishing clear rules for delivery of m-Health as regu-
latory and liability are often a barrier for m-Health and
digital tools in absence of an ad hoc legislation [35].
The pandemic, however, has shown that these barriers
can be overcome when there is a clear need, but once
the emergency is over, particularly liability controver-
sies will explore.

Despite all these scepticisms, staying away or re-
maining sceptical about m-Health is anachronistic. It
should be recognised that future is going to be digital.
m-Health is just a tool, which can facilitate rather than
substitute everybody’s/everyday work, not only for phy-
sicians but also for all the allied medical professions. It
is a duty of medical professionalism and, in particular,
of national and international medical societies to drive
the development and to incorporate m-Health into ev-
eryday practice. This means a common and synergic
approach from all stake holders to move forward and
strategically plan how m-Health should be developed,

how to evaluate a concrete added value, and when,
where, and how it should be applied.

Nothing, however, will really improve without the
enthusiasm of the medical professionals. An ESC sur-
vey in 2019 reported that cardiologists are “fairly” fa-
miliar with digital tools but not with m-Health. They
claim that they are too busy and do not have enough
time to dedicate to m-Health, apart from using, in a
rather passive way, basic functions of smartphones to
communicate with their patients by short messaging or
voice calls [35]. As a result, and this is the sixth obsta-
cle, there is the tendency to produce over-engineered
solutions, detached by contextual medical factors and
by the complexity of the problem that often needs to
be solved. The majority of the apps are not fully pro-
fessional, thus physicians use only few of them. Most
downloads are never opened and consistent continuous
use is rare. This is true also for allied professionals,
such as nurses, technicians, and students. Not surpris-
ingly, the most visited apps by physicians are those re-
lated to conferences (i.e. those that follow a conference
providing proceedings), diagnosis and treatment as
well as those linked to guidelines. The apps related to
education, monitoring, motivation, nutrition, lifestyle,
etc. are more visited by patients. Unfortunately, these
lasts are mostly detached from the diseases, focusing
mainly on behaviour changes and are not integrated
with the medical system. The underlying scope of the
producers is to reach a rather large audience and not
the specific stakeholders. This is wrong because the
inability to address specific problems and to be con-
nected with the entire health system results in early
abandonment and scepticism in the entire technology.
A proper development of m-Health involves a multidis-
ciplinary collaboration among researchers, clinicians,
non-health-specialists, engineers, patients, anthropol-
ogists, psychologists, communicators, ethics experts,
etc. which will provide a user-centre approach instead
of over-engineering solutions. Once again, all of this
needs a precise methodological approach, proper time
and dedication. The lead must come from the medical
arena, which represents the expertise and has the data.
Indeed, it is not the work or the enthusiasm of one doc-
tor, but the vision of large medical national and interna-
tional societies as well as that in Europe, at least, of the
European Parliament.

ROLE OF m-HEALTH IN THE CONTEST
OF THE COVID-19 EPIDEMIC

The unexpected and abrupt spreading of COVID-19
infection has found the world totally unprepared. Great
concerns were immediately raised about the readiness
and capacity of health systems to respond to the pan-
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demic. This has speed up interest and appreciation for
the use of m-health in several areas [36].

The most relevant use of m-health was and still is
for instantaneous contact tracing [37]. The current
virus is less virulent but more infectious than previ-
ous coronaviruses with high tendency to mutate. As a
result, SARS-COV-2 has a greater epidemic potential
because the spread is fuel by mild or asymptomatic
cases making difficult to trace pre-symptomatic infec-
tions. This seems to be true also in vaccinated people
who can be asymptomatic but still infectious as vac-
cines do not conferee total immunity. Therefore, pre-
caution, such as social distancing and, when necessary,
quarantine as well as decontamination, wearing masks,
and hygiene measures are still, in absence of specific
drugs (which could be available soon), a way to limit
virus spread. To implement the most drastic measures
at the right time (the earlier, the better), it is critical to
understand routes and timings of the infection trans-
mission, i.e. instantaneous contact tracing [38]. Digital
contact tracing, especially if widely developed, seems
to be more effective than traditional methods of con-
tact tracing. Several COVID-19 apps are available and
have been successfully used by governments. These
applications have been developed using different math-
ematical models for infectiousness to estimate the basic
reproductive RO and to quantify the weight of different
transmission routes [39]. Not surprisingly, privacy con-
cerns have been raised, especially about systems that
are based on tracking the geographical location of the
app users. Less intrusive alternatives have been devel-
oped, including the use of Bluetooth signals to detect
users’ proximity to other mobile phones. Google and
Apple have integrated the functions to support such
Bluetooth-based applications directly to their operat-
ing systems. They have also produced specifications of
the core technologies based on a combination of Blue-
tooth low energy and private preserving cryptography
[40]. Although there are small differences among the
applications, the basic principle is the following: the
contacts of an individual using the app, are traced us-
ing GPS co-localisations with other app users. Then,
when and if any individual linked by the app requests
a SARS-COV-2 test (using the same app) and the test
results positive, the app immediately triggers a noti-
fication to all the individuals who have been in close
contact as well as to the relevant health providers. One
of the problems is inevitably related to false positive
results, which would trigger unnecessary worries and
reactions. Another problem is the potential lack of ef-
fectiveness if the system is limited to a small fraction of
the population. Data ownership, privacy, and ethics are
the other issues, particularly once the threat has passed.
A set of principles and conditions have been provid-
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ed and approved by several governments to overcome
those problems [38]. Apple and Google have agreed to
remove the tracing mechanisms from their operating
systems once it is no longer needed [39]. Another way
to avoid these problems is to use a centralised network
tracing location instead of apps, eliminating the need of
download the app and the risk of tracking information
other than those related to the infection.

In view of the possible spread of the virus, despite
vaccines, it would be useful to have a worldwide ac-
cepted system able to trace the pandemic across the
world without any border. We are far from this; there
are not even central repositories of meaningful data
and follow-up of the pandemic situation. Governments
are making decisions just from incomplete, constantly
changing data spread out by a wide range of sources,
not always trustable. This is the reason why COVID
Tracing Tracker has been developed, a database to
capture details of every automated contact tracing app
around the world. It is far from being a database of in-
fected people but, at least, it provides a list of automat-
ed contact tracing up backed by local governments with
details on who the producer of the algorithm is, which
technology is used, the level of penetration, whether
the system is voluntary or not, and, importantly, when
the data will be destroyed, and whether are used for
purposes other than public health.

Another obvious use of m-health, when fighting the
epidemic, is to expand home medical services [9]. Pa-
tients with mild symptoms and without chronic comor-
bidities may and should be cared remotely, at home. It
is essential to establish easy and continuous communi-
cation with healthcare providers so that they can check
on patients’ conditions via m-health, telephone or digi-
tal solutions. Remote monitoring and telemedicine will
help to provide drugs prescription and information on
possible side effects, to monitor their effective use and
efficacy as well as to observe the progression of the pa-
tients’ conditions and intervene in person when neces-
sary. Primary care database can be used in digitalised
health systems to identify the patient, provide the data
to central authorities and public health organisations,
tag the patients for follow-up and, importantly, use the
digital data for research as still little is known about the
novel virus.

Thus, remote monitoring has been often used, and
still is, during the pandemic, particularly for patients
with CVD in whom was not difficult to measure dig-
itally basic parameters such as blood pressure, heart
rate, thythm, etc. [9]. Today, actually, it is technically
possible to remotely monitor symptoms, electrocardio-
grams, heart rate, blood pressure, regularity of heart
rate, weight, heart sound, respiratory rate, lung water
accumulation, etc. This is helping to maintain a line of
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contact and to provide care to CV patients often reluc-
tant or unable to reach for the regular check-up busy
hospitals with COVID-19 patients.

During the immediate and acute phase of the pan-
demic, it was also important to establish a line of com-
munication and reassurance even with healthy people,
a sort of informative first-point of contact by means of a
centralised hotline using online platforms. In China and
in several Western European countries, for people at risk
or with COVID-19 suspicion or even with symptoms,
the first contact with the health system was through an
online platform with clear, simple algorithms, to alle-
viate tension and provide instructions on what to do or
not to do, if necessary. This approach was important to
protect healthcare workers in primary care centres, to
avoid unnecessary hospital or first aid admission, and to
reassure the population that was not left alone.

CALL FOR ACTION

m-health is rapidly expanding and is a key to the digi-
tal transformation of healthcare. Main targets of m-health
are patients, physicians and organisations. Several issues
have to be revised or solved in the field of m-health.
Terms related to this topic are broad, carry ambigui-
ty and, particularly, the definition of m-health remains
challenging. The technologies included in m-health, are
designed to achieve easier access to health services and
research and to optimise the cost medicines. At present,
none of these aims has been reached. Several challenges
remain, especially in low- and middle-income countries,
related to literacy and limited connectivity. Even in the
most advanced countries, m-health is sporadically used,
even for simple and easy tasks, such as blood-glucose
and blood pressure monitoring or for cardiac rehabil-
itation [41]. In more complex situations, such as heart
failure or coronary artery diseases, the value of remote
monitoring and telemedicine is still controversial [42].
However, COVID-19 has changed the perception. The
present limitations are expected to be quickly resolved
and the actual improvement of outcome may not be the
endpoint of m-health. Just less travelling and inconve-
nience for patients may be sufficient.

There is a lack of properly performed m-health driv-
en trials but we are confident that the evidence based
utility of m-health will grow substantially in the com-
ing years especially if the Scientific Communities and
relevant authorities will set rules on how value the re-
sults of m-health.

Health services, political institutions, and the entire
healthcare ecosystem are called to embrace this inno-
vation. There is the need to solve issues related to li-
ability, regulatory rules, and reimbursement for both
physicians and technology developers [43]. Privacy

and consents to capture and use of data also need to
be solved [41]. Beside these technical aspects, support
should be provided to allow physicians to be more con-
fident and to encourage their patients to move forward
and use m-health. As the majority of tools are produced
by “big tech” and targeted for wealthy customers, the
healthy population will be an important stake holder. In
this case, it is important to avoid the so-called “digital
divide”. This wording refers to people with low income
and/or with poor access for high speed internet, smart-
phones or personal computers. They would be totally or
partially excluded by the benefits of m-health. This is
the empty part of the glass, the full size is that m-health
can be of paramount importance in geographical areas
with poor access to healthcare. This is facilitated by the
fact that young people are confident with smartphones,
while older population may be less so.

Thus, there is the need to reconcile uncertainty of
costs for this part of the world population. It is also
essential that governments will quickly invest on an
efficient EHR system, interoperative across hospitals
and clinic and, in the future, even among countries
[44]. The process is in progress in the US and few
European nations but it needs to be expanded to the
whole world. As sub-product, this approach could con-
tribute substantially to generate tracking of the routine
out-hospital care of chronic patients, thus familiarising
them with interconnection via m-health. In this way,
m-health will strongly contribute to research as an ef-
ficient EHR is fundamental for pragmatic-virtual clin-
ical trials [45]. Equally, it is hopefully that regulators
will determine the proper trial designs, the validity for
final drugs or interventions approval, etc. [46]. Only
when all this is in place, it will be possible to clearly
determine, in terms of objective outcome, the real add-
ed value of m-health.

CONCLUSIONS

m-health represents a fertile ground of opportunities
and not just of challenges. However, there is a strong
need of a more enthusiastic involvement of doctors and
scientific institutions. The society expects clinicians
and healthcare system to govern the changes and to use
the available data for diagnosis and treatment. Science
may be also essential to produce objective knowledge
of “what works” and “what does not”.

In the last years, the COVID-19 pandemic has
speeded up an unbelievable change in the delivery of
healthcare which has been dormient for decades [46].
m-health, during the crisis, has been essential to main-
tain a line of communication between doctors and pa-
tients via telemedicine and remote monitoring. Another
major contribution has been the instantaneous contact
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tracking. All of this will remain as indicated by the fact
that Apple and Google are mobilising huge investments
and teams to build up their own system which could be
used by millions of people worldwide.

We need to accept that the future will be digital.
Unless we move rapidly towards m-health models for
medicine, the healthcare system will continue to be
suboptimal, non-patient centred and unnecessarily
costly. But more than anything else, it will be responsi-
ble for not capturing the potential of the existing tech-
nology around us.
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PE3IOME

HecmoTpst Ha ycriexu B 0OJaCTH WM3YYEeHHs] OMHUKCHBIX JaHHBIX, B TOM 4ucie (hapmaxore-
HOMHBIX, 10 CHUX IOp UMEETCSl HEXBATKa HAJEKHBIX, BOCIPOU3BOAUMBIX, UYBCTBUTEIbHBIX,
cnenu(UYHBIX U, TJIABHOE, KIMHUYECKH TMOJIE3HBIX OMOMapKepOB MPOTHO3UPOBAHKS OTBETA
Ha MEIMKAMEHTO3HOE JIEUEHUE B pEaIbHON KIIMHUYECKOW TpaKkTUKe. BaxHel111y1o poiib B pa3-
paboTKe ¥ BHEAPEHUH HOBBIX (DapMaKOT€HETHUECKIX OMOMAapKEePOB MOXKET CHITPATh CO3AAHUE
COOTBETCTBYIOIIEH AKOCUCTEMBI BOKPYT OMOMAapKepOB MyTeM OObEAMHEHNS B KOHCOPITHY MBI
aKaJIEeMUYeCKNX M HAyYHBIX HEHTPOB, OMOMEIUIIMHCKUX Jladoparopuil u ¢apMareBTHIe-
CKHX KOMITaHUU, KoMIaHui cdepbl [T-pa3paboTku u HCKYCCTBEHHOTO MHTEIJICKTa. B craThe
MPEJCTaBIeH 0030p TaK Ha3biBaeMOH «()aOpuku OHOMAapKEepOBY, MO3BOJISIONICH BHICTPOUTH
Y CHCTEMaTH3UPOBATh MPOIECC BHENPEHHS (PapMaKOoreHOMHOTO OHoMapKepa B KIIMHUYECKYTO
MPaKTHUKY.

KuroueBsie cjioBa: OuomMapKkepbl, KOHCOPIIMY MBI, HayYHbIE TPYTIIbI, OMUKCHBIE TEXHOJIOTHH,
MEePCOHAIM3UPOBAHHAS METUIIMHA, ()apMaKOTEHETHKA.

Lna yumuposanusa: Corueg /[.A., Mupsaes K.b., [enucenxo H.IL u op. @abpura gpapmaxoze-
Hemuyeckux buomapkepos: kaxk smo pabomaem? Poccutickuii s#CypHan nepcoHatu3uposanHoul
meouyunwt. 2021;1(1):33-42.
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BBEAEHUE

3a mocneaHee NECATHICTHE BO MHOTHX Pa3BUTHIX
CTpaHax Ha TOCYIapCTBEHHOM YPOBHE OBUTH TpPUHS-
THI ¥ PEaTN30BaHbl Pa3IMYHBIE CTPATETHH Pa3BUTHA
MEPCOHAIM3UPOBAHHON  MEIUIIMHBI, BKJIIOYAIOIINE
(uHAHCHpPOBaHUE KPYIHBIX HCCIENOBATEIbCKUAX MPO-
€KTOB 110 pa3padOTKe U BHEIPEHUIO HOBBIX OMHUKCHBIX
TEXHOJOTMH B KIMHUYECKYI0 NpPakTUKY. IIpumepamu
Mo00HBIX Tporpamm siBisitorcst: [Ipuka3z Mwunzmpa-
Ba Poccum ot 01.02.2019 Ne 42 (pen. ot 24.08.2020)
«O0 yTBEp)KACHNUH BEAOMCTBEHHOM 1IEJIEBON MPOrpam-
MBI «PazBuTtHe (yHIAMEHTAILHOW, TPaHCISIIHOHHOM
M TIEPCOHAIM3UPOBAHHON MeAMIUHBDY, «KoHIenmus
MIPETUKTUBHON, MMPEBEHTUBHOW W TIEPCOHAIM3UPOBAH-
Hoit memuuuubl B Poccuiickoit denepanuu g0 2025
rojia» W NPUOPHUTETHOE HANpPaBICHUE HAy4YHO-TEXHO-
nmorudeckoro passutus a0 2035 roma — «llepexon
K TIEpCOHATM3WPOBAHHONW MEIWIINHE, BBICOKOTEXHO-
JIOTHYHOMY 30PaBOOXPAaHEHUIO M TEXHOJOTHSAM 30PO-
BbecOCpEKeHHUsI, B TOM YUCIIE 33 CYET PAlIOHAIBHOTO
MPUMEHEHUST JICKAPCTBEHHBIX TIpernaparoB (Mpexe
BCETO aHTHOAKTEPHAIBHBIX)» B Poccwmiickoit denepa-
muu, «The Precision Medicine Initiative» B Coemu-
Hensbix [lltatrax Amepuku, «The 100000 Genomes
Project» B BenukoOpuranum, «National Strategy
for Personalized Medicine» B [anum, «The MedeA
(Medicina Personalizada  Aplicada, Applied
Personalised Medicine)» B Ucnanuu, «Horizon 2020»
B 1enoM no EBpocoro3y u mHorue apyrue [1-6]. On-
HOW U3 HauboJee TMHAMUYHO Pa3BUBAIOIIUXCS OMHKC-
HBIX TEXHOJOTHI TEepPCOHATN3UPOBAHHONW MEIUIINHBI
SIBIIIETCS. TEHOMHKA W, B YacTHOCTH, (hapMaKOTeHO-
MHKa, U3y4aroliasi poJib TeHETHYECKUX 0COOCHHOCTEH
MalyeHTa B HapyIIeHWW OTBETa Ha JICKapCTBEHHBIH
npenapar [7]. [Ipu 3ToM, HECMOTpPST HA 3HAYUTEITHHBIC
yCIeXH B OOJIAaCTH T€HOMHBIX TEXHOJIOTUH, CHIDKCHHE
CTOMMOCTH CEKBEHHUPOBAHHS ¥ TECTHPOBAHUS METOJIOM
MOJIUMEPA3HOM IIEMHON peakiuy, pa3paboTKy HAIMO-
HAJBHBIX [IPOTPaMM Pa3BUTHSI NIEPCOHATM3UPOBAHHOM
MEIUITMHBI, OICHKa (hapMaKOTCHETHUECKUX Omomap-
KEpOB Ul WHIVNBUAYAIN3alUU JICYCHUS JI0 CUX IIOp
HE TIOJyYWJia IIUPOKOTO BHEAPEHUS! B KIMHUYECKYIO
npakTuky. [ToMUMO perysisiTopHBIX, aJMHHUCTPATHUB-
HBIX U (PMHAHCOBBIX OaphepOB, KOTOpPHIE paHee ObLIH
XOPOIIIO OMHUCAHBI [8], TPHYMHAMH TTOJOOHOTO «IIPO-
Bajia» MEX]y IMepPEIOBbIMUA HAYYHBIMH JIOCTHKCHUSIMH
B o0nactu (apMakOreHETUKH W PeajbHON KIMHUYe-
CKOM NPAKTUKOHN SIBJISETCS OTCYTCTBUE BBICTPOCHHOM
CHUCTEMBI: OTKPBITHE HOBOTO OMOMapkepa — pa3paboTka
TECT-CHCTEMBI — JIabopaTopHasi U KIMHUYECKasl Bajlu-
Janusi — pa3paboTKa peKOMEHAALUI 10 TPUMEHEHHIO
— KJIMHUYECKOE MCIONBb30BaHKUE; TO €CTh TaK Ha3bIBa-
emMol «(pabpuku 6nomapkepoy. [lon «padpukoii 6uo-

II. OB30Pbl | REVIEWERS

MapKepoB» B JJAHHOM ClIy4ae MOHUMAETCS pa3/iejIeHne
nporecca U3yueHus (apMakOreHETHYECKUX Ouomap-
KEepOB Ha MOIYJH, T/Ie KaXKIbIH yJYaCTHUK WJIM TPyTIa
YYaCTHUKOB KOHCOPIIMYMa OTBEYAET 3a OINPEIEICHHBIN
sTan. B To %e BpeMst Bce 3Tambl TECHO CBA3aHbI U SIBIIA-
FOTCS1 4aCThIO OJJHOTO HETIPEPHIBHOTO Mpoliecca.

POJ1Ib OBbEAVNHEHWNA
AKALEMNYECKWMX LLEHTPOB, KJITMHUK,
BMOMEAVLIMHCKNX NTABOPATOPUN,
®APMALEEBTUYECKNX KOMNAHUN
n BJIAOEJIbLEB BUOBEAHKOB
B BbICTPAUBAHUN «®PABPUK
BNOMAPKEPOB»

CormacHo IJIOCCapUI0 TEPMHHOB  YIpaBIECHUS
M0 CaHUTAPHOMY HAI30py 3a KaueCTBOM ITHIIEBBIX
nponyktoB U MeaukamentoB (FDA) Biomarkers,
EndpointS and other Tools (BEST), buomapkep — 310
XapaKTepucTHKa, U3MepseMasi B KaueCTBe MHIUKATOpa
MATOJIOTUYECKUX WM HOPMANBHBIX OHWOIOTHYECKHX
MPOIECCOB WJIM OTBETHOW DPEaKIMH Ha BO3JCHCTBHE
niu BMemarenscTBO [9]. Cpenu pasinyHBIX THUIIOB
O6uomapkepos, npeioxkeHHbIx FDA u EBpomneiickum
MeauurMHCKAM areHTcTBOoM (EMA), K mexapcTBeHHBIM
mperaparaM MPUMEHHUMBI MTPEKIe BCEro: OMoMapKepsl
YYBCTBHTEIBHOCTH (BOCIPUUMYHMBOCTH) WM PHCKa,
NPOTHOCTHYECKHUE OMOMapKepbl, OMoMapkepbl MOHH-
TOpUHTA, (apMaKOIWHAMHYECKHEC OMOMApKEPbl WM
OmoMapkepsl 0TBEeTa, OMOMapKepsl 6e30macHoCTH. Pas-
paboTka bmomMapkepa — CUCTEMHBIF MHOTOCTaAHIHBIH
MIPOLIECC, B KOTOPOM CTENEHb JOCTOBEPHOCTH J0Ka3a-
TEJIbCTB, MOATBEPIKJIAIOLINX BO3MOKHOCThH HCITOIB30-
BaHUS OMOMapKepa, yBeTMUNBAETCS HA IMTyTH OT UCCIIe-
JIOBaHWW B JIAOOPATOPHBIX YCIOBHUAX K KIMHUYECKHM
WCCIICZIOBAaHUSIM M peabHON KIMHHYECKOW MpPAKTHUKE
[10]. Cxemarnuno mpouecc pa3padOTKH U BHEIPEHUS
HOBBIX, B TOM 4HClIe (apMaKOTCHETHUECKUX, OuoMap-
KEpOB COCTOHT U3 CIEAYIONIUX ITAIOB!

1. OO6ocHOBaHHE HEOOXOAMMOCTH/TOTPEOHOCTH
B OMoMapkepe.

2. Pa3zpaborka HameXHOH W BOCIPOW3BOIMMOM
METOMKH U TECT-CUCTEM H3MEpEeHHs OnomMapkepa.

3. Bampamus 6moMapkepa Ha TECTOBBIX, a 3aTeM
Y Ha HAaWBHBIX 00pasiax MmarrueHToB.

4. Pa3paboTka anropuT™Ma/cXeMbl UCTIONb30BaHUS
Oromapkepa i epcoHaIN3alNN TePaIHH.

5. IIpocnekTuBHasg BaJIMAALMS C OILEHKOM 4yB-
CTBUTENFHOCTH, CHEIU(PUIHOCTH, MOJOKHUTEITLHON
MPOTHOCTUYECKOH LIEHHOCTH, OTPUIIATENILHON POTHO-
CTHUYECKOU IICHHOCTH.

Tlocne noaTBepKAEHUS KIMHUYECKOU IMOJIE3HOCTU
Omomapkepa I JanbHEHIIeTo BHEAPEHHS B KIIMHUYE-
CKYIO IIPAKTHUKY HEOOXOAMMa pa3padoTKa KOMITBIOTEPH-
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Paspabotka
TECT-CUCTEMbI U
nabopatopHas

CEELENTTE]

BbiABneHue

HOBOro
Buomapkepa

Puc. 1. Ctpyktypa «Pabpuka 6MoMmapkepoB»

3MPOBAHHBIX CHUCTEM MOAJCPKKH MPHHATHS PELICHUH
(CIIIIP), oOpa3oBarenbHBIX MPOTPaMM, IMPOBEACHHE
(hapMaKko3KOHOMHUYECKOTO HccieoBanus (puc. 1).

B mHacrosimee BpeMs B KOHTEKCTE pPa3pabOTKHU
OMHKCHBIX OMOMapKepoB M cOopa OONBIINX JaHHBIX
(big-data) Bce MEHBIIYIO IIGHHOCTH KaK JJIsl HAYKH, TaK
U 151 OMOMEIMIIMHCKOW MPOMBIIIIJICHHOCTH MPEJICTaB-
nseT pazpaboTKa M 3alluTa MAaTeHTaAMH OTICIBHBIX
OMOMapKepOB WJIU CO3JaHHUe TIJIATHBIX OTICITBHBIX 0a3
JaHHBIX OMOMapKepoB (HallpuMep, TeHETHYECKHX) 0e3
CONYTCTBYIOLIEH KOMIICKCHOW KJIMHHYECKOH HHPOP-
Manuu o manueHTtax. C y4eToM YBEITUYHBAIOIIETO
KOJINYECTBA OTKPBITHIX O0E3IMUYCHHBIX 0a3 JaHHBIX
C OTPOMHBIM MAaCCHBOM OMHKCHBIX AAQHHBIX O IMaIu-
CHTaX, BAKHEHUIIYIO POJIb B Pa3pabdOTKE U BHEAPCHUH
HOBBIX (PapMaKOTEHETHYECKUX OHOMapKepoOB HTrpa-
€T CO3JIaHUE COOTBETCTBYIOIIEH SKOCUCTEMBI BOKPYT
OroMapkepoB MyTeM OOBEIWHEHUS B KOHCOPIIHYMBI
aKaJeMHYECKUX U HAy4YHBIX LIEHTPOB, OMOMEIUIMH-
ckux nabopaTopuil U GpapMaleBTUUECCKUX KOMIAHHH,
komranuii cdeprbl [T-pa3paboTku W UCKYCCTBEHHO-
ro MHTE/UIeKTa. [Ipu 3TOM akazeMHuYecKue LEHTPBI
co cBoell MH(DPaACTPyKTypoil (reHOMHBIE J1laboparo-
pHH, KOJUIEKIHMH 00pa3uoB M 0a3bl KIMHUYECKUX
JaHHBIX), KIMHAYECKUMH IIEHTPaMH 1 00pa3oBaTelb-
HBIMH KOMTIETCHIIUSIMH BCE YaIlle CTAHOBSITCS BaXKHEH-
LIMM COCTaBHBIM 3JIEMEHTOM B IPOLIECCE Pa3padOTKH
W BHEIPEHMsI OMUKCHBIX Onomapkepos [11]. B To xe
BpeMsl OrpaHUYCHUS (UHAHCHPOBAHMS, OTCYTCTBHUE
BO3MOYKHOCTH OBICTPOr0 MaciITaOUpoBaHusl WH(ppa-
CTPYKTYPBI IIPU MOSABJICHUH HOBBIX TEXHOJIOTHMUYECKUX
BO3MOXKHOCTEH, OTCYTCTBHE CTPOTUX PEryJISITOPHBIX
TpeOOBaHMI M PaCIIMPEHHBIX BO3MOXHOCTEH MpO-
JBUYKCHUS TECT-CHCTEM y aKaJJeMHUECKUX IICHTPOB —
3G PEKTUBHO KOMIICHCHPYIOT OHOMEIUIIMHCKHE J1a00-
paropun u (apMaLeBTHUECKHE KOMIIAHUU B COCTaBe
KOHCOPLILYMa.

[TogoOHble 0OBEOTUHEHUS] Hay4YHO-HCCIIEA0BATEIb-
CKUX TPYHIT MOTYT (hOPMHPOBATHCS BOKPYT KOHKPET-

KnnHuyeckan
BaNMAALMA B
ACCOLMATHUBHBIX U
npocneKkTUBHbIX KK

Pa3spaboTtka
anroputma, CIMNP,
obpasoBaTensHon

nporpamme!

DapmMaKoIKOHOMMKA
W MMAMMEHTaUMA B
MANOTHBIX KTMHWUHaX

HOW mpoOyeMbl WM HO30JO0THH. [IprMepoM MoOXKeT
CITy’)KHUTh MHOTOIIGHTPOBAasl HCCJEIOBATENbCKas HHH-
muatuBa United Europeans mo pa3sutuio ¢apma-
KOT€HOMHKH NpU JICYCHUH PACCESIHHOTO CKJIEepo3a
(UEPHA*MS), npencrasisiromasi co0oi 00beJUHEHUE
11 nccnenoBatensckux rpynmn u3 5 crpan (Mcmanus,
T'epmanmst, @panmus, Hunepnanasl, Poccus), mms ns3-
ydeHus: O6uomapkepoB 3(h()EeKTHBHOCTH Teparnuu pac-
cesiHHOTO cKiiepo3a [12]. EBpomneiickuM cor30M ObLIO
BeIZesieHo ¢uHaHcupoBanne UEPHA*MS B pasmepe
2,3 MJIH €BpO B paMKax 7-ii pamMOYHOIl MpOrpamMmbl
MO/JIEPXKKU M TIOOIIPEeHUsl uccienoBanuii B Epporieii-
CKOM HCCIIeI0BaTeIbCKOM IpocTpaHcTBe. KoopauHna-
topom UEPHA*MS BeicTynun Yausepcuter CTpaHbl
backos, Mcnanmus.

IIpeanoceiikamu k dopmupoanuio UEPHA*MS
nociyxunu fanueie 3a 2007 rog o 380 000 uenoBek,
CTPAJAIOIINX PACCESIHHBIM CKIIEPO30M, cpean 466 MIIH
YeNoBeK, MPOXKUBAIOIMINX B 28 eBpOMeicKuX CTpaHax.
IIpu »TOoM oOmIME 3aTpaThl HA MAIUEHTOB C pacCesH-
HBIM cKJiepo3oM B EBporie, mo ganubimM Ha 2005 rog, co-
crasuin 12,5 mapa eBpo, u3 kotopsix 20 % (2,5 mapa
€BPO) MPUXOAMIOCH Ha CTOMMOCTH JIEKAPCTBEHHBIX
npenapatoB [13]. TIocKONBKY JIe4eHHE PaCCESTHHOTO
CKJIEpO3a Kak IpernapaTaMy epBoil JINHUU (IIpenaparsl
uHTepdepoHa OeTa u IIaTupamMepa auerar), Tak u npe-
naparoM BTOPOH JIMHUM HaTaau3yMOoM 3(pQeKTHBHO
JMIIb y YaCTH MalMeHTOB, BO3HUKAET HEOOXOJUMOCTh
BBISIBIISITH IPEIMKTOPBI OTBETA HA Teparuio. B Tom unc-
Jie Takasi He0OOXOIUMOCTb 00YyCIIOBIIEHA 3HAUYUTEIbHBIM
9KOHOMHYECKUM U COLMAIBHBIM OpeMEHEeM JaHHOIO
3aboneBanust U1t EBpornbl, mopaxkaroniero npeumyie-
CTBEHHO MOJIOJBIX JItofei B Bo3pacte 20—40 meT.

B xomanmy UEPHA*MS ObuTH BKITIOUCHBI DKCTIEP-
ThI B 00J1aCTH MOJIEKYJISIPHOH OMOJIOTHH, HEBPOJIOIUH,
UMMYHOJIOTUH, OMOMH(OPMATHKH M KOMITBIOTEPHOTO
MOZACTHPOBAHUS ISl U3y4YeHHUs! (hapMaKOTeHETHIECKUX
oromapkepoB 3(pdeKTUBHOCTH IpenaparoB HHTepde-
poHa OeTa 1 IaTupaMepa alerara B JICUCHUU PaccesH-
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HOTO CKJIEp03a, a TAK)Ke ISl IOMCKA HOBBIX OMOMapKe-
POB WJIM MULIEHEN [T TEPaeBTUIECKOTO BO3/ICHCTBHS
IIPU PaccestHHOM CKJIEpO3e.

OCHOBHBIMH HaIPABICHUSIMUA PAOOTHl MEKIHCIU-
ITHHAPHON CETH JKCIIEPTOB B 00JacTH (hapMakore-
HOMHKH TPUMEHHTEIBHO K PACCESTHHOMY CKIIEPO3Y
UEPHA*MS 0butH crieayromnue:

*  pa3paboTKa KIMHHYECKHX KPUTEPHEB U HAOOD
Ouomatepuana; 6a3bl: KJIMHUKH, B TOM YHCIIC TIPH YHU-
BEpCHUTETaX, B3aMMOJICHCTBYIOIIHIE MEXKTy COOOM;

*  HCclenoBaHUS B 00JAacTH TEHETUKH, TpPaHC-
KPUINITOMUKH, TIPOTEOMHKH, KIETOUYHOH OHOJIOTHH;
0a3bl: HAYYHO-HCCIIEIOBATENILCKIUE WHCTUTYTHl U YHU-
BEPCHUTETHI, & TaK)Ke OMOTEXHOJOTHYECKas KOMITaHH-
sI-pa3pabOTYNK JTUATHOCTHYECKUX TEHETHYECKHX Te-
CTOB, IMMYHOJIOTUYECKUX TECTOB JUIsl MOHHUTOPHHIA
OMONIOTMYECKUX TIPEIapaToB U Jp.;

*  CTaTHUCTUYECKOE MOJIEIHPOBAHUE U Pa3padoT-
Ka CHCTEMHBIX TIOXO/IOB; 0a3bl: KIMHUKA, TJIe UMEIOT-
Cs1 BO3MO)KHOCTH aHaJIM3a OTBETa HA UMMYHOTEPAIIUIO,
YHHUBEPCUTET (TPAaHCKPUIITOMHBIE MPOTHOCTHYECKHUE
MapKephl Tepamuu PacCesTHHOTO CKIepo3a) W Hayd-
HO-HMCCITCIOBATEILCKUNA WHCTUTYT (CTaTHCTHUICCKUN
aHaJIM3 B3aUMOCBS3U T€HOB B (papMaKOT€HETHKE Tpe-
[1apaToB, IPUMEHAEMBIX IIPU PACCESTHHOM CKJIEpPO3€);

*  SKCIIEPUMEHTAJIbHBIE MOJENN U KIMHUYECKHE
WCCIIeZIOBaHUS; 0a3bl: HAYYHO-HCCIIEIOBATENbCKIE MH-
CTUTYTHI K YHUBEPCUTETHI.

[lepBocrenennoit 3amaueii UEPHA*MS, napsny
C HAay4YHBIM acIlleKTOM, CTal0 O0yueHHE MOJIOABIX HC-
ciezioBaTeneil B HOBOW HaJIMCIIUIITMHAPHON 00JacTH,
KOTOpasi BKJIIOUaeT B ce0sl TEHOMUKY, TPAaHCKPHIITO-
MUKy, TPOTEOMHKY, «KIMHHUYECKYI0 HAyKy» H «CH-
cTeMHylo» Ouonoruro. OTmeuaercs, 4To OOyueHHE
no nporpamme UEPHA*MS Oynmer cnocobcTBoBarh
B3aMIMOJICHCTBUIO W B3aMMHOMY OOMeHy Mexnay (yH-
JAMEHTAJIbHBIMHA M KIMHHYECKUMH, TPAHCISIIUOHHBI-
MU HCCIIEJOBAaHUAMH, MEXKY aKaJeMHUYeCKON cpenon
W UHIyCTpHEH, a Takke MEeXIy JadopaTropusiMu OT-
JIENIBHBIX eBpOTecKkux cTpaH. B koHeyHom urtore 06-
yYaromuecss Mojay4yaT HaBBIKH, CIIOCOOCTBYIOIIHE W3-
MEHEHHSIM B 00J1aCTH MEPCOHAIM3UPOBAHHON Teparuu
PaccestHHOTO CKJIepOo3a.

B nepcniextuBe o0bequaenue B pamkax UEPHA*MS
JISHKET B OCHOBY MEKIUCIUIIIMHAPHON CETH DKCIIEPTOB
B oOmactu (hapMakoreHOMUKH MPUMEHHUTEIHHO K pac-
CESTHHOMY CKJIEPO3Y, YTO MO3BOJIUT yYaCTHUKAM Jierdye
B3aMMOACHCTBOBATH JIs 0OMEHA 3HAHUSIMU U UICSMHU.
OKcIepThl 0TMEYAIOT, YTO HECMOTPS Ha TO, YTO OO0Jb-
muHCTBO yuacTHUKOB UEPHA*MS yke mMenu omsIT
B3aMIMOJICHCTBUS MEXIy COO0O0H, MX COTPYIHHYECTBO
paHee MPOMCXOAMIIO CHOHTAHHO, IMOCKOJIBKY HE OBLIO
CHCTEMaTU3UPOBAHO B €IMHYIO ceThb. [[aHHBIH KOH-
COpIIUYM, KaK IJIAHUPYETCs, OObEANHUT BHYTPHU ceOs

II. OB30Pbl | REVIEWERS

KOJUICKIIMIO OMoMarepuaia HEOOXOJAUMON MOIHOCTH,
UH(PACTPYKTYPY, HOY-Xay U OTBITHBIX YUEHBIX C HEOO-
XOIUMBIM HA0OPOM KOMITCTCHIIMIA. AHAIOTHYHBIC ITPH-
MEpBI MPEJCTABICHBI U B JPYTUX OOJACTSIX: MYJIbMO-
aoorun — «Unbiased Biomarkers for the Prediction
of Respiratory Disease Outcomes» (U-BIOPRED)
[14], onkonorun — «Oncology Research Information
Exchange Network» (ORIEN) [15] u npyrue.

[Ipumeps! coznanust TOAOOHBIX KOHCOPIIUYMOB BCE
yanie craiu BcTpeuaTbesi U B Poccuiickoit denepa-
UM — KOHCOPIUYM «[ €HeTHKa CepeTHO-COCYAUCTHIX
3a0oneBanuii» [16].

SAKJTIOHEHUNE

C yd4eroM MHOTOKOMIIOHEHTHOCTH M CIOKHOCTH
mpolecca pa3padOTKH OMUKCHBIX OMOMapKEPOB, B TOM
qucie (HapMaKOreHOMHBIX, HEOOXOAMMOCTH CO3/IaHHMs
KPYIIHBIX PETO3UTOPUEB 00Pa3LoB C COIYTCTBYIOLIECH
0a30l1 KIMHUYECKUX JAHHBIX, MOTPEOHOCTH B THOKOM
1 MacImTabupyeMoil HHppacTpyKType, 1abopaTopHbIX,
KIMHUYECKHUX, 00pa30BaTeNbHBIX 1 [ T-koMmeTeHIusX,
B HaCTOsIIIee BpeMsl Hanboee 3PHEeKTUBHON MOJICITBIO
M3y4YeHHs W BBIBEJCHHS Ha PHIHOK HOBBIX OMOMapke-
POB MOXET CTaTh CO3aHHE KOCUCTEMbI — «(padpHuKu
OMOMapKepOBY, MTO3BOJISIONICH YCKOPUTD M CUCTEMATH-
3UpOBATh MYTh OT pa3pabOTKH HOBOTO (hapMaKOT€HOM-
HOTO OMoMapkepa JI0 ero BHEJPEHUS B KIMHHUYECKYIO
MIPaKTHKY.
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ABSTRACT

Despite the strides made in the study of -omics data, including pharmacogenomic data, there
is still a lack of reliable, reproducible, sensitive, specific and, most importantly, clinically use-
ful biomarkers for predicting response to drug treatment in real clinical practice. An import-
ant impact in the development and implementation of new pharmacogenetic biomarkers can
be made by the creation of an appropriate ecosystem around biomarkers by uniting capacities
of academic and research centers, biomedical laboratories and pharmaceutical companies, IT
and artificial intelligence companies into consortiums. The article provides an overview of the
so-called “biomarker factory”, which allows to build and systematize the process of introduc-
ing a pharmacogenomic biomarker into clinical practice.

Key words: biomarkers, consortiums, omics technologies, personalized medicine, pharmaco-
genetics, scientific groups.
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INTRODUCTION

Over the past decade, various strategies for the devel-
opment of personalized medicine have been implement-
ed and implemented at the state level in many developed
countries, including the financing of large research proj-
ects for the development and implementation of new
omics technologies in clinical practice. Examples of such
programs are: Order of the Ministry of Health of Russia
of February 1, 2019

42 (as amended on August 24, 2020) “On approv-
al of the departmental target program “Development
of Fundamental, Translational and Personalized Med-
icine”, “The Concept of Predictive, preventive and
personalized medicine in the Russian Federation until
2025 and the priority direction of scientific and tech-
nological development until 2035 -

“Transition to personalized medicine, high-tech
healthcare and health saving technologies, including
through the rational use of drugs (primarily antibacte-
rial) in the Russian Federation, The Precision Medicine
Initiative in the United States of America, The 100000
Genomes Project in the United Kingdom, National
Strategy for Personalized Medicine in Denmark, “The
MeDeA (Medicina Personalizada Aplicada, Applied
Personalized Medicine)” in Spain, Horizon 2020 in
the EU as a whole, and many others [1—6 ]. One of
the most dynamically developing omics technologies
of personalized medicine is genomics and, in particu-
lar, pharmacogenomics, which studies the role of the
patient’s genetic characteristics in the disorder of re-
sponse to a drug [7]. At the same time, despite consider-
able achievements in the field of genomic technologies,
the reduction in the cost of sequenation and testing by
polymerase chain reaction, the creation of national pro-
grams for the development of personalized medicine,
the evaluation of pharmacogenetic biomarkers for indi-
vidualization of treatment has not yet been widely im-
plemented in clinical practice. In addition to regulatory,

Identification of
anew >
biomarker

Patients

registry,
biobank

Test system Clinical
development
and laboratory

validation

validation in
associative and
| prospective CT

Fig.1. The structure of a “Biomarker Factory”

administrative and financial barriers that were previous-
ly well described [8], the reasons for such a “failure”
between advanced scientific achievements in the field of
pharmacogenetics and real clinical practice is the lack of
a solid system: the discovery of a new biomarker — the
development of a test system — laboratory and clini-
cal validation — the development of recommendations
for use — clinical use; that is, the so-called “biomarker
factory”. The “biomarker factory” in this case refers to
the division of the process of studying pharmacogenet-
ic biomarkers into modules, where each participant or
group of participants in the consortium is responsible
for a certain stage. At the same time, all stages are close-
ly linked and are part of one continuous process.

THE ROLE OF THE ASSOCIATION
OF ACADEMIC CENTERS, CLINICS,
BIOMEDICAL LABORATORIES,
PHARMACEUTICAL COMPANIES AND
OWNERS OF BIOBANKS IN BUILDING
“BIOMARKER FACTORIES”

According to the Food and Drug Administration
(FDA) Biomarkers, EndPoints and other Tools (BEST)
glossary of terms, a biomarker is a characteristic mea-
sured as an indicator of pathological or normal biolog-
ical processes or response to exposure or intervention
[9]. Among the various types of biomarkers proposed by
the FDA and the European Medical Agency (EMA),the
following are primarily applicable to drugs: sensitivi-
ty (susceptibility) or risk biomarkers, prognostic bio-
markers, monitoring biomarkers, pharmacodynamic
biomarkers or response biomarkers, safety biomarkers.
Biomarker development is a systematic multi-stage
process in which the degree of reliability of evidence
confirming the possibility of using a biomarker increas-
es on the way from research in laboratory conditions
towards clinical trials and actual clinical practice [10].
Schematically, the process of developing and introduc-

Algorithm
development, DMSS,
educational program

Pharmacoeconomics
and implementation
in pilot clinics
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ing pharmacogenetic biomarkers, including new ones,
consists of the following stages:

1. Justification of the need/demand for a bio-
marker.
2. Development of a reliable and reproducible

methodology and test systems for biomarker measure-
ment.

3. Biomarker validation on test and then on na-
ive patient samples.

4. Development of an algorithm/scheme for us-
ing a biomarker to personalize therapy.

5. Prospective validation with an assessment of
sensitivity, specificity, positive prognostic value, nega-
tive prognostic value.

After confirming the clinical usefulness of a bio-
marker for further implementation into clinical practice,
it is necessary to develop computerized decision-mak-
ing support systems (DMSS), educational programs,
conduct pharmacoeconomic research (Fig.1).

Currently, in the context of the development of om-
ics biomarkers and the collection of big data, the devel-
opment and patent protection of individual biomarkers
or the creation of paid separate databases of biomarkers
(for example, genetic) without accompanying com-
prehensive clinical information about patients are in-
creasingly less valuable, both for science and for the
biomedical industry. Taking into account the growing
number of open depersonalized databases with a huge
array of omics patient data, the creation of an appro-
priate ecosystem around biomarkers by combining ac-
ademic and scientific centers, biomedical laboratories
and pharmaceutical companies, IT development com-
panies and artificial intelligence into consortia plays an
important role in the development and implementation
of new pharmacogenetic biomarkers. Concurrently, ac-
ademic centers with their infrastructure (genomic labo-
ratories, collection of samples and databases of clinical
data), clinical centers and educational competencies are
increasingly becoming the most important component
in the process of developing and implementing omics
biomarkers [11]. At the same time, funding restrictions,
the lack of the ability to quickly scale the infrastructure
when new technological opportunities arise, the lack
of strict regulatory requirements and advanced oppor-
tunities for the promotion of test systems at academic
centers are effectively compensated by biomedical lab-
oratories and pharmaceutical companies as part of the
consortium.

Such associations of research groups can be formed
around a specific problem or nosology. An example is
the United Europeans multi-center research initiative
for the development of pharmacogenomics in the treat-
ment of multiple sclerosis (UEPHA*MS), a group of
11 research groups from 5 countries (Spain, Germany,
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France, Netherlands, Russia) to study biomarkers for
the effectiveness of therapy for multiple sclerosis [12].
The European Union has allocated funding for UE-
PHA*MS in the amount of 2.3 million euros within the
framework of the 7th Framework Program for Support
and Promotion of Research in the European Research
Area. UEPHA*MS was coordinated by the University
of the Basque Country, Spain.

The prerequisites for the formation of UEPHA* MS
were data for 2007 on 380 000 people suffering from
multiple sclerosis, among 466 million people living
in 28 European countries. At the same time, the total
cost of patients with multiple sclerosis in Europe, as of
2005, was 12.5 billion Euros, of which 20% (2.5 bil-
lion Euros) was the cost of drugs [13 ]. Since treatment
of multiple sclerosis with both first-line drugs (inter-
feron beta and glatiramer acetate) and second-line na-
talizumb is effective only in some patients, there is a
need to identify predictors of response to therapy. This
need is also due to the significant economic and social
burden of this disease for Europe, which affects mainly
young people aged 20-40 years.

The UEPHA*MS team included experts in molec-
ular biology, neurology, immunology, bioinformat-
ics and computer modeling to study pharmacogenetic
biomarkers of the effectiveness of interferon beta and
glatiramer acetate drugs in the treatment of multiple
sclerosis, as well as for the search for new biomarkers
or targets for therapeutic effects in multiple sclerosis.

The main areas of work of the interdisciplinary net-
work of experts in the field of pharmacogenomics in
relation to multiple sclerosis UEPHA*MS were the fol-
lowing:

. development of clinical criteria and a collec-
tion of biomaterial; bases: clinics, including those at
universities, interacting with each other;

. research in the field of genetics, transcriptom-
ics, proteomics, cell biology; bases: research institutes
and universities, as well as a biotechnology company
developing diagnostic genetic tests, immunological
tests for monitoring biological products, etc. ;

. statistical modeling and development of sys-
temic approaches; bases: clinic where it is possible
to analyze the response to immunotherapy, university
(transcriptomic prognostic markers of therapy multiple
sclerosis) and research institute (statistical analysis of
the relationship between genes in the pharmacogenetics
of drugs used in multiple sclerosis);

. experimental models and clinical trials; bas-
es: research institutes and universities.

The primary task of UEPHA*MS, along with the
scientific aspect, was to train young researchers in a
new supradisciplinary field, which includes genom-
ics, transcriptomics, proteomics, “’clinical science” and
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“systems” biology. It is noted that training under the
UEPHA*MS program will promote interaction and
mutual exchange between fundamental and clinical
translational research, between the academic environ-
ment and industry, as well as between laboratories in
individual European countries. Eventually, students
will gain skills that contribute to changes in the field of
personalized therapy for multiple sclerosis.

In the future, the association within the framework
of UEPHA*MS will form the basis of an interdisci-
plinary network of experts in the field of pharmacog-
enomics in relation to multiple sclerosis, which will
allow participants to interact more easily to exchange
knowledge and ideas. Experts note that despite the fact
that most of the UEPHA*MS participants have already
had experience of interaction with each other, their co-
operation was previously spontaneous, since it was not
systematized in the single network. This consortium, as
planned, will combine within itself a collection of bio-
material of the required capacity, infrastructure, know-
how and experienced scientists with the necessary set of
competencies. Similar measures are presented in other
areas: pulmonology — “Unbiased Biomarkers for the
Prediction of Respiratory Disease Outcomes” (U-BIO-
PRED) [14], oncology — “Oncology” Research Infor-
mation Exchange Network” (ORIEN) [15] and others.

Examples of the creation of such consortia have be-
come increasingly common in the Russian Federation —
the Consortium “Genetics of Cardiovascular Diseases”
[16].

CONCLUSION

Taking into account the multicomponent character
and complexity of the process of developing omics bio-
markers, including pharmacogenomic ones, the need to
create large repositories of samples with an accompany-
ing database of clinical data, the need for flexible and
scalable infrastructure, laboratory, clinical, educational
and IT competencies, currently the most effective model
for studying and launching new biomarkers on the mar-
ket can be the creation of an ecosystem — a “biomarker
factory” allowing to accelerate and systematize the path
from the development of a new pharmacogenomic bio-
marker to its introduction into clinical practice.
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PE3IOME

Ilepconanu3upoBanHas MEIUIIMHA — HOBAasl MapagurMa B 3IPaBOOXPAHCHUU, OCHOBAHHAS
Ha MOHUMAHUU 3HAYUMOCTU UHIUBU/YaIbHOTO MOIX0/Ia B JICUCHUH U 0A3UPYIOIIAsCS Ha 3HA-
HUSX O TEHOMHBIX MPEIUKTOpPax M MOCTTEHOMHBIX MapKepax pa3iInduHBIX 3abomeBanuil. [lo-
TIOJTHSIOMIAS KOHIICTIIIUIO JIOKA3aTeIbHON METUIMHBI, TIEPCOHATN3UPOBAHHAS MEIHUIIMHA OT-
KpBIBAaCT TIepe/l BpauaMHU M HCCICIOBATEIISIMA HOBBIC BO3MOXHOCTH Ooisiee A(PPEKTUBHOTO
JICUCHUS TIAIMEHTOB U OJJHOBPEMEHHO CTaBUT MHOXKECTBO METUIIMHCKUX, STUUCCKUX U Ipa-
BOBBIX BOITPOCOB.

B Hacrosimel cratbe IpUBOIUTCS OMMCAHNE TEKYIIEro COCTOSHISI TPOOIEMBI C KOHKPETHBIMH
MpUMEPAMH peaTu3aliy JAaHHOTO MOAXOoAa BeAyIuMH yupexkaenusMu Poccuiickoit denepa-
uu (B T.4. B OI'BY «HMUL] snnoxkpunonorun»y Munzapasa Poccun).

KaroueBrbie ciioBa: JoKa3aTrciibHasa MCAUIIMHA, Op(I)aHHI)IC 3a6OJICBaHI/I$I, NepCOHATIU3UPOBAH-
Hasg MeAuMHA, TpAaHCISINUOHHAA MCAUIINHA, (I)apMaKOFGHeTI/IKa, OHAOKPHHOJIOTUA.

s yumuposanus: Mokpvuwesa H.I., Menvnuuenxo I'A. Ilepconanusuposanuas meouyu-
Ha — 3mansvl GopMUpo8aHUsi KOHYenyuu 1 nymu npakxmuiecko ee peaiuzayuu. Poccutickuii
JHCYPHAT NEPCOHANUIUPOBAHHOU Meduyunbl. 2021,1(1):43-58.
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BBEAEHUE

[Tepconanu3upoBanHas MeAWIIMHA — HOBas Mapa-
JIUTMa B 3PaBOOXPAHCHUH, TPEAYIPEIUTEIBHAS, TIPO-
(hmmakTHUeCcKas MEIUIINHA, TIOCTPOCHHAS Ha TEHOMHBIX
MPEeIUKTOpax M MOCTTEHOMHBIX MapKepax, OOHUMU U3
MEPBBIX B HAIIeW CTpaHe KOHIICMLHUIO TMEePCOHATU3U-
POBaHHON MEIUIMHBI Havajid pa3padarbiBaTh 3HJIO-
KpuHOJOTH, U yke B fgamekoM 2011 rogy U. . [lenos
BBICTYIIJI C IPOrPaMMHBIM JIOKJIAJOM Ha 3Ty TEMY
Ha [Ipesuanyme PAMH. [lnenapnas nekuus akagemu-
ka . . Jlenoa yepe3 rog Ha Chesae HIOKPUHOIO-
TOB ObLIa TMOCBAIIEHA PAacCKa3y O BaXXHOCTU H, CamMoe
[JIAaBHOE, MOTEHIIMAIIbHON MPAaKTUYECKOH MOJb3e, BIOJ-
HE JIOCTMKUMOM B OnvpkaitieM OyayIeM, pearn3alin
9TOM KOHUENUMU. B TOM ke rogy aBTOPUTETHEMINE
poccuiickue yuenoie WM. M. Menos, B. II. Yexonun,
A. ApyakoB U JpyTHe BBICTYNIN C TPOTPaAaMMHOMN CTa-
TheH 0 HEOOXOTUMOCTH PA3BHTHS TEPCOHATM3UPOBAH-
HOM MeauuuHbI B xKypHane «Bectnuk PAMH» [1].

Pazymeercs, cama unes mepcoHalIn3aluy B MEAUIIN-
HE HE HOBA, M KOHIIETIIIHS <«JICYUTH He OOJIC3Hb, a YeJIo-
BeKay, uaymias ot [ umnmokpara, Kjaccuka pycckoi tepa-
MIEBTUYECKOM IIIKOJIBI.

Ho B Hacrositiiee Bpemst 3Ta ujes oOperacT HOBBIN
CMBICT, M €€ Pa3BUTHEC TMONJCPKUBACTCS HA TOCyaap-
CTBCHHOM ypoBHE. Pa3paboTka v BHeApEHUE TEXHOIOTHI
MEPCOHAIM3UPOBAHHON MEIUIIMHBI PETIAMEHTUPOBAHBI
B Crpareruu pa3BUTHs MEIUIMHCKOM Hayku B Poccuu
70 2025 roga n Ctparerny Hay4HO-TEXHOJIOTMYECKOTO
pasButus Poccun 10 2035 roma, yTBEpKICHHOW YKa30M
[Ipesunenta PO B nexabpe 2016 roma.

B Hacrosimeli myOnukaiyy aBTopsl IpeIaratoT pac-
CMOTpETh 3Tarbl (POPMUPOBAHUS KOHIICTIIIUM TIEPCOHA-
JIN3UPOBAHHOW MENUILIMHBI M ONBIT €€ MPAKTUYECKOU
peanu3anuu.

OCHOBHOE COAEPXAHUE

KoHkpeTHBIE MHCTPYMEHTHI TMEPCOHAIM3ANUN Pa3-
JINYIHEI B pa3HbIC TICPUOBI PA3BUTHS TEXHOJIOTHH.

B sHpokpuHONOrMM BCerna TMOMYEpKUBANIACh TIEp-
COHAJIM3AIMST BBIOOpA JIGUCHHS, JaKE B TE JAJICKUE
TOJIbl, KOIZIa ¥ BBIOOP-TO MO cyTH ObLT Mai. JlocTaTrouHo
BCIIOMHHTB YPE3BbIUANHO Ba)kKHbIC Ui OOy4YCHHUsS Bpa-
9ell « ANTOPUTMEI JIeUeHHUST OOJNBHBIX C THA0ETOMY, H3-
nasasiuecs ¢ 2002 mo 2020 roz, B KOTOPBIX NpPEAEIbHO
THIATENFHO Pa30WIINCh TIPUHIIUITEI MAKCUMATBHO WH]IU-
BHyaTU3UPOBAHHOTO ITOIX0/Ia — OT MAaCChI TeJla U CTa-
Ka mrabeTa 10 ydera OCIoKHEeHHH [2, 3].

Vike B Hauase pa3BUTHS KOHIIETIIINHN TIEPCOHATU3UPO-
BaHHON MEIUIIMHBI OBUIH TMOMBITKH ITPOTHBOIOCTABIIC-
HUS €€ UM MEIUIIMHEI, IIOCTPOSHHON Ha JOKA3aHHOM,
MIPA 3TOM TIOCICAHSSA CHHUCXOMUTEIHFHO HMEHOBAIACH

II. OB30Pbl | REVIEWERS

«METUIIMHON CTaTUCTUCTHUCCKUX TAHHBIX), IIOBAPEH-
HOMW KHHTO», cTapbiM aHekiotoM u3 X VIII Beka (Hamek
Ha TpeOOBaHWS SHIMKIIONETUCTOB O JOKa3aTeIhCTBaX
B HayKe), a IIEPCOHAIM3AIUS CKOpEe acCOLMMPOBaIach
C TaK Ha3bIBAEMOM TPAHCISILIMOHHONW MEIUIIMHOM, WU
MEJIUIMHOM, 0a3UPYFOIIEHCS Ha CKOpEHIIIeM BHEAPSHUN
HOBEUIIMX JTOCTHKEHUM HAyKH B IPAKTUKY, U paccMa-
TPUBAJIACH CKBO3b IMPHU3MY MOLIHBIX TEXHOJOIMH Ma-
IIMHHOTO 00YYEeHHUS K UCKYCCTBEHHOTO MHTEJUIEKTA.
JeiicTBUTeNbHO, (HIIOCOPCKAss OCHOBA MEMIIUHBI,
MMOCTPOCHHON Ha JTOKAa3aTelbhCTBAX (ajee COKPAICHO
EBM, evidence based medicine), xoTs u chopmymrpo-
BaHa B 80-X rozmax mpouuioro Beka, BocxomuT Kk XVIII
BEKY, IIOCKOJIbKY KOHIICTIIIHS TpeOyeT MPOBEICHNUS Ipa-
BUJIBHBIX HCCICNOBAHUN [UIsI OTBETAa Ha MPABUIBHO
cthopmymmpoBanHukIil Bonpoc. EBM u ceromHs octaercst
TEMOH TOpsSYnX Je0aToB MEXIy KIMHUIMCTaMHU, Opra-
HU3aTOPAMU 3PaBOOXPAHCHUS U HACETICHUEM.

Kak onpenensier EBM D. Sackett [4], 3To q100poco-
BECTHOE, SICHOE M TOIPOOHOE, Da3upyroleecs Ha 3/1pa-
BOM CMBICTIe, OOJyMaHHOE NPUMEHEHHE HAaMIyYIINX
Ha CErofHs KIMHUYECKUX JAHHBIX JJIsi IPUHATUS pe-
HICHUS O JICUCHUM KOHKPETHOro mnamuenra. [lpakru-
ka EBM coenuHsieT ONbIT KOHKPETHOTO KIMHHUIMCTA
C HAaWJTYYIITUMH JOKa3aHHBIMH JTaHHBIMH, TTOJTyY€HHBIMU
U3 CUCTEMAaTHUUYECKUX, KOPPEKTHO MOCTPOEHHBIX HUCCIIE-
JIOBAHUHU, U JJIs1 XOPOIIETO KIMHUIIMCTA BayKHBI 3TH JIBE
COCTAaBHBIC YACTU B MPUHATHU PEUICHUS IO JICUCHHUIO.
Cama KOHIIETIIIMS TOKA3aTeIhCTB MHOTOTpaHHA U HE
Bcerna 0e3ynpedHo BBIABISIET IPUIHMHHO-CIIEICTBEHHBIS
OTHOILICHUS, TE€ CAMBIE, KOTOPBIC TaK Ba>KHBI JJ1s1 KJIMHU-
IIUCTA C TIO3UIIUI MPOPUIAKTHISCKON PabOTHI.

Ho eciu nokasarenbcTB TpeOyeTcs MHOTO, U OHHU
HE BCET/a OYEBUIHO OJHOHAIPABICHHBI, TO Ye€M HHTE-
pecHa ceronHsa, B XXI Beke, MeAUIMHA, TTOCTPOCHHAs
Ha JoKazaHHOM? XOTs Mbl MOAAEPKUBAEM MHPUHIUIBI
EBM, noaHOCTBIO JIM MBI MOYKEM PELIUThH C €€ MOMO-
pio Bce mpobrnemsl? [Ipenmonaraercs, uro EBM Ha-
IIPABJICHA HA MPEOAOICHUE ITPONACTH MEKAY XOPOILIEro
KauecTBa KJIMHUYECKUMU HCCIEIOBAHUSMU U KIMHU-
YECKOM NMpaKTHUKOH, HO Bcerga Jiu 31o yaaetcs? [lomy-
JISITUOHHBIC HWCCIEAOBAHUS PEIIAIOT MHOTHE 3ajadd,
BaKHBIE JIISI ONITUMAIBHOTO TIOAX0A K 37I0POBBIO TPYIIIT
HACEJICHUS, HO BPSJl JU MOTYT PELIMTh MUHIUBUAYaJlb-
HBbIC 33/1a4d. YBbI, HE BCE UCCJIEIOBaHUS OJUHAKOBOIO
KaueCTBa, U JJAHHBIC BIIOJTHE MOTYT ObITh IPOTUBOPEYH-
BBEIMH UX. TeM He MEeHee T0Ka3aTelbHas MeIUIIIHA JaeT
HaM OIIOPY B IPUHATUH KJIMHUYECKH BA)KHOIO PELICHNUS,
0o0beAMHSACT HAIM JIMYHBIC 3HAHWS, 3HAHUS JPYTHX
9KCIIEPTOB, MO3BOJISASI YUECTh MPEANOYTCHUS MallCH-
TOB, YAy4IIAeT METUIIMHCKYIO MPAKTHKY W CHIDKAET
BEpOSTHOCTh OmMOOK. Ho kak Obl HH XOpomm ObLIH
HAIllA CETOAHSITHUE NMPEACTaBIeHIS 00 ONTHMAaITEHOM
JICUEHUHU, €My HE XBaTaeT UHMBUIyaJIU3al1H, U T0IY-
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IIEHUEe O TOM, YTO BCce Oa3MpyroIIrecs Ha MPUHIINAIIAX
EBM wMeTonb! JleueHns Bcerja HalTOMUHAIOT UI€aIIbHO
CMa3aHHYIO Pa0OTAOIY0 MAILIUHY, HABHBI.

Moxer OBITh, HalIel TMEepBOOYEPETHON 3amadeit
SBIIIETCSI MAKCUMAJIBHOE YCKOPEHHE pa3BUTHUS Tak
Ha3bIBAEMON «TPAHCISILIMOHHON MEIUIIUHBDY — HOBO-
ro HampaBlieHHs B OMOMeTUIMHE, 00eCIeurnBaIOIIEro
MaKCHMAJIBHO OBICTPYIO TMepenady MOJy4YeHHBIX ¢ TO-
MOIIIBIO XOPOIIIO CIFIAHUPOBAHHBIX (YHIAMEHTATBHBIX
HCCIIENOBAaHNUN JAaHHBIX B KIMHUYECKYIO IPAKTUKY?

BaxkHyro posp B pa3BUTHH 9TOTO HaNpaBJIeHUs B Ha-
el crpaHe ceirpanu padotel akagemuka PAH E. B.
[ns1xT0, TOMYEPKUBAIOIINE, YTO OIPOMHBIE JOCTHIKE-
HUSI MEIMIIMHCKOM 1 OMOJIOTMYECKOM HayKH B HACTOATIIIEE
BpeMsl HE HaXOIAT JOJKHOIO MPUMEHEHHUS B MPAKTUKE
Bpada, ¥ 3TO MpodieMa MUpPOBOM MemuuuHbl [S5]. Ha-
y4Hasi MBICJIb Pa3BUBAETCA CTPEMUTENILHEE, YEM €€ pe-
aJbHBIE PE3YIIFTATHI YCIIEBAIOT OBITh aIallTHPOBAHHBIMI
B TNpaKTUYeCcKol MenuiuHCKoN cdepe. [Ipeomonennto
MPONAacTy MeXIy (QyHIaMEHTaJIbHBIMU HAyKaMH U KJIU-
HUKOI TOMOKET HarpaBiieHHEe, Ha3bIBAEMOE «TpaHCIIs-
LIMOHHOW MEJIMUMHOIY, LEeNb KOTOPOTrOo B YCKOPEHHOM
BHEJIPEHUM HOBEHUIIMX TEXHOJOTHUN B PEAbHYIO TpaK-
TUKY. UTO OYE€Hb BaKHO — TPAHCISILMOHHAS MEAULIMHA
«3aTOY€Ha» Ha pelleHHe KOHKPETHBIX NpPaKTHYECKHX
3a/1a4, 3TO «TEXHOJIOTMYECKUI IITYypM», ITPOBOJUMBIN
0 3aKa3zy W3 KIMHUKHU. Jlake ceromHs ectb HeKoTopas
MyTaHULA B IOHUMAHUU TOTO, YTO TPAHCISIUUOHHAS ME-
JULHA — HE TeIEeMEIULUHA, He TUCTaHIHOHHOE 00y-
YCHHE B TICPEAOBBIX KIMHUKAX [6].

TpaHcnsimmMoHHAas MEAIUIIMHA — 3TO YeTKO copmy-
JIMPOBaHHAsI KJIIMHUYECKas 33a4a, peliaeMasi B TECHOM
KOHTaKTe MEX/Ty CIEeIMAIMCTaMH B 00acTH (hyHIaMeH-
TaNbHON OMONIOTWH, (PU3UKU, XUMHUH M KIMHULUCTAMH,
IIPY 3TOM PE3YJBTAaT JIOIKEH OBITh MTOTY4YeH MaKCHMAITb-
HO OBICTPO ¥ ¢ HANMEHBIITUMH 3aTpaTaMu. AKaJIEMHUKOM
PAH E. B. lllnsxto Opu1a npemiokena hopma Kiactep-
HOTO OOBEIMHEHMS CIEUUATNCTOB (PyHAaMEHTATbHOM
MEIUIMHB U KIMHULUCTOB C MpUoOIeHneM Ou3Heca,
u B llearpe Anmazosa nHauaro B 2017 romy usmanue
KypHasa « TpaHCIIALMOHHAS MEIULIUHAY.

Paszymeerca, um kiauHUYecKas, M JI0Ka3arejbHas,
U TPaHCIALMOHHAs MEIWIUHA — pa3JIMYHbIE HIIO-
cTacl OJHOM WU TOM K€ MEIUIIMHBI, B KOTOPOH CTpPO-
roe CiieZIOBaHUE ONTHUMAJIBHBIM HAYYHBIM MPUHITAIIAM
MOCTPOCHUS KIMHHUYECKUX HCCIENOBAaHUN MO3BOJISET,
OLIEHUBAsl «PECHOHJEPOBY» U «HOHPECIIOHAEPOBY», BBI-
JIENIATh TapreTHbIE TPYIIIBI AJIs MOMCKa ONTHMAbHBIX
METO/IOB JIEYEHHUS, MAKCHMaJIbHO OBICTPO HAXOAWTH
MIPUHIATTHATBHO HOBBIE METO/IBI JISUCHHUS 1 TIPOUITaK-
THUKH, U B JaJIbHEHIIEM, COIOCTABIISAA C MHAUBUAYAb-
HBIMH JJAaHHBIMH, B TOM YHCJIE C TEHOMHBIMH NPEINK-
TOpPAMHM, MCIIOJIHUTh MEUTY BCEX IIOKOJICHMW Bpadeid,
HaWms crmocod 00ecmeunTh KaKIOTO YejoBeKa Ipa-

BUJILHBIM JICUEHHWEM B MpaBUJIbHOE BpeMms, u3beras
MoOOYHBIX SBJACHUN M Heyjaad B jedeHun. OCHOBHbBIC
OTpaciii MEIHIWHBIL, TJIe TPUMEHSIOTCS HOBBIC MPHH-
ITUTIBI, — OHKOJIOTHS, hapMarus U papMaKkoreHOMHKA.
ITocnennsist 3aHUMAETCS U3YUCHUEM PEAKIIMM OpraHu3-
Ma Ha METUITHHCKHE TIperapaThl B 3aBUCUMOCTH OT UH-
TUBUAYaIbHBIX HACIIEICTBEHHBIX (PAKTOPOB.

OnHako pa3BUTHE TIEPCOHAIM3UPOBAHHONW MEITUITH-
HBI TIPOUCXOUT | T10 JIPYTHUM HAIPABICHUSM, U HE YIIH-
BUTEJIBHO, YTO CPa3y B JHIEPHI Pa3BUTHUS MEPCOHAIU-
3MPOBAHHOM MEIUIIMHBI BRIPBaIach (papMaKkoreHOMHKA.
Hecnyuaitno eme B 2017 rony, xorna ®I'bY «HMHIL
SH/IOKpUHONIOTUNY» MuH3npaBa Poccnn Havanm n3naBarh
anexTpoHHbIN xypHan World of Personalized Medicine,
mIaBHbIA pegakTop akaaemuk M. . Jlenos npenioxui
OTKPBITh KYypHaJl PEJaKUMOHHOM CTaThed IL.-KOpp.
PAH JI. A. CpraeBy, KpyITHEeHIIIeMy CHENUAINCTY B 00-
nmactu (papMakOreHOMHUKH. DJTa CTaThs, O3aIrliaBICHHAS
«Otanbl pa3pabOoTKU U BHEIPEHUS TEXHOJOTHI MEepCco-
HATM3UPOBAHHON MEIWIIMHBI B KIMHUYCCKYIO MPAKTH-
Ky: poiib Mun3zapasa Poccun u Poccuiickoi akajiemMuu
HayKk» [7], conmepxayia akTyaJbHbIC U CErOAHSI MOCTY-
JaThl O TMYTSAX Pa3BUTHS PEATBHON MEPCOHAIM3AINH
ne4eOHOro Tporiecca, pa3padoTKe U BHEAPCHUIO TEXHO-
JIOTUH TIEPCOHATM3UPOBAHHONW MeAUIMHBL. [Io MHEHHIO
. A. CprueBa, «epCcOHATU3UPOBAHHAS MEIUIIMHA —
9TO HOBAas JOKTPHMHA COBPEMEHHOTO 3IPAaBOOXPAHECHUS,
B OCHOBE KOTOPOH JICKUT HUCIIOIH30BAHUE HOBBIX METO-
JTIOB MOJICKYJISIPHOTO aHaln3a (TEHOMHUKA, TPAHCKPHUIITO-
MHUKa, TPOTCOMHKA, METa0OJIOMHKA, MHKPOOMOMHKA)
JUTSL YAYYIIeHNs] OIIEHKU TPEAPacIIONOKEHHOCTH (IIpo-
THO3UPOBAHHUE) K OONE3HIM U yIpaBlieHHs UMU». VHBI-
MU CJIOBaMH, YK€ B IEPBBIX IyOJIMKAIUAX IIPO3BYyUaa
KpaitHe HHTepeCHas MBICITb — KOHTICTIIIHS TEPCOHATN3H-
POBaHHOM MEIUIMHBI TPeOyeT HEe TOIBKO TPUBIICUCHUS
HAy4HBIX PECYpPCOB, HO U OpPraHU3allMOHHBIX YCHJIHU,
MTOCKOJIbKY SIBIISIETCSI «OKTPUHOU 3IPaBOOXPAHCHUS.
«CyTpI0 BHEIPEHUST METOIOJIOTUU TEPCOHATM3UPOBAH-
HOW MEIWIMHBI B KIMHWYECKYIO TPAKTHUKY», MHIIET
J. A. CprueB, «IBISICTCS IIOAXOJ K OKA3aHHIO MEIU-
[UHCKOW TIOMOIIM Ha OCHOBE WH/IUBHJyaJbHBIX Xa-
PAKTEPUCTUK TAIMEHTOB, JUIS Y€r0 OHU JIOJDKHBI OBITh
pacmpenesieHbl B MOATPYIITEI B 3aBUCUMOCTH OT TIpe-
PacIoNoKeHHOCTH K OOJIE3HSM U OTBETA Ha TO WJIA HHOE
BMEIIATEIBCTBO, KOTOPOE JOJDKHO OBITh TPUMEHEHO
y T€X, KOMY OHO JEHCTBUTENBHO MOMAET Ha MOJb3Y, AJIs
Koro OyzieT 0€30MacHO ¥ MPUBEIET K SKOHOMHHU 3aTpary.

B mepenoBoii cTarbe momuepKUBaiIach HEOOXO-
JUMOCTb JTallHOTO PAa3BUTHS KOHIICTIIUW TePCOHa-
JTU3aIUM B MEIUIIMHE, HEOOXOAMMOCTh HAKOILICHHS
JIAHHBIX, B TOM YHCIIE C MOMOIIBbI0 OMOOAHKOB, U Pa3-
paboTka anroOpuTMOB / MOJENEH TEepPCOHATU3AINA
Ha OCHOBE OMOMH(DOPMAIMOHHBIX TEXHOJOTHH C WX
KIIMHUYECKOH BaJMIn3alluel, NCIOIb30BaHNE B peailb-
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HOW KJIMHUYECKON NPaKTUKE MEePCOHATU3UPOBAHHBIX
MOAXO/I0B NP NPUMEHEHUN MPOPHUIAKTHIESCKUX U Jie-
4eOHBIX MEPONPUATHIA TyTeM (OPMHUPOBAHUS U TIOJI-
JepKaHMsI SJIEKTPOHHOTO PETHUCTPa MalMeHTOB, KOTO-
PBIM IIPOBOAMIIACH IEPCOHATIM3ALINS, C IEPUOIUUECKOM
OLICHKOH M3MEHEHUH KIMHUYECKOTO COCTOSIHUSA (B T. .
HCXOMIOB), a TaKXe COXpaHeHWe Omomarepuaia 3THUX
MAI[MEHTOB.

Orta BaxHAs <«JIOPOXKHASI KapTa», €CTECTBEHHO
C BHECEHHBIMHM BPEMEHEM KOPPEKTUBAMHU, UCIIOIHSCT-
csi ceituac. [lepBblit HOMep JKypHaia BKIIO4Yaa 0030pbl
JUTEPATypbl 0 (apMaKOTEHETHUECKUX HCCIEIOBAHMSIX
3¢ GeKTUBHOCTH U 0€30TIACHOCTH aHTUIICUXOTHYCCKUX
JICKApCTBEHHBIX CPEICTB, IO3BOJIUBILUX BIICIUTH HE-
CKOJIKO HanOosiee 3HaYUMBIX MOJMMOP(HU3MOB, KOTO-
pBI€ OKa3bIBalOT BBIPAKEHHOE BIMSHHE HAa BO3HUKHO-
BEHHE HE)KeJaTeIbHBIX JIEKAPCTBEHHBIX pPEeakiuil mpu
MpHeMe aHTUTICUXOTUYECKUX JIEKAPCTBEHHBIX CPE/ICTB,
1 00 MHAMBUIYAJIN3ALMH HCIIOIb30BAHUS TaMOKcH(e-
Ha B JICUCHUU paKa MOJIOYHOH kene3sl [8, 9], mpu sToM
COTOCTaBJICHUE 3THUX 0030pOB, BHIMOJHEHHBIX HA BbI-
COKOM METOIMYECKOM ypPOBHE, AA€T YETKOE MPE/ICTaB-
JICHHE O TOM, YTO HE TOJbKO F'€HOMHBIE HCCIICIOBAHUS
OTIPEEIISIOT MEPCOHANN3UPOBAHHBIA MOAXOI K Jieye-
HUIO, HO U HEOOXOIMMO HCIOJIb30BaHUE €IIe IPYyTruX
«OMHKCHBIX» TEXHOJIOTHI Ui Oe3ynpedyHor MHANBU-
Myanu3anun JedeHus. Kiumanueckrne mpuMepsl, pery-
JISIPHO MyOJMKOBABIIMECS B JKypHaJIe, B OCHOBHOM M3
WnucTtutyTa nerckoit snpokpunonoruun ®I'bY «HMULL
SHJOKpHHONorun» MuHnsnpasa Poccun, pacckassiBaiu
00 YHUKaJIbHBIX KJIMHUYECKUX HaOmroneHusx. Emre He-
JaBHO KasaBlieecs (haHTACTHKOW JIeueHHE Ipernapara-
MU CyIb(OHWIMOYECBHHBI MJIaJICHIIEB C CAXapHbIM JU-
abetom. Ocobast popMa — HeOHATAIbHBIA CaXxapHBIN
nuadeT — He TpeOyeT, KaKk 0Ka3alioCh, JICUCHUS] HHCY-
JIUHOM, W OOJIBIIMHCTBO OONBHBIX C MYTallUsIMHU B Te-
Hax AT®-3aBucumbix K-kaHaiaoB MoOryT OBITH ycriemi-
HO KOMIICHCHPOBaHbI Ha (DOHE JICUCHHUS NpernaparaMu
cynbponmwiModeBuHbl. Tak, u3 70 OOJBHBIX C HEOHa-
TaJBHBIM CaXapHBIM JHA0ETOM KOMIICHCAIIUS YIJICBOI-
HOTO OOMeHa Ha (pOHE MOHOTEPAITNH TIIHOCHKIAMUIOM
Obuta nocturHyta B 22/35 (65,7 %) ciayuasx. IIpu atom
ABTOPBI IOATBEPAMIIH PaHEe U3BECTHBIC 10 3apyOeKHOM
JUTEepaType CBEJIEHUS O JHAarHOCTUYECKOM LEeHHOCTH
obnapyxenust mytaruii B reae KCNJ11, u obrapyxu-
7Y BKHOE HAJIMUNE aCCOLMALMM MEXIy JIOKaIU3alu-
et mytanuu B reie KCNJI1, TsbkecTbIO KITMHUYECKUX
MpOsIBIICHUH 3a00J€BaHUsI U UyBCTBHTEILHOCTBIO Ma-
[UEHTOB K IpernaparaM Cylb()OHUIMOYEBHHBL. Takke
OBbLIO MTOATBEPKACHO MOBBIIICHUE OTPEOHOCTHU B INIH-
OcHKJIaMue y MAalMEHTOB C JIUTEIbHBIM TEUEHHEM
HeoHarajbHOro quadera. B mocnennue rogst Mactutyt
knuHu4eckoi sHaokpunonorun ®I'bY «HMMUAL] sHa0-
KpuHosorun» Munsnapasa Poccuun 1 UHCTUTYT feTckoi
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9HIOKPUHOJIOTUH MHOTO M yCIEIHO paboTaioT B cde-
pe u3yueHHs KOCTHOW TKaHW M KaK aKIeNTopa, H Kak
MPOIYIIEHTa TOPMOHOB, W MAaTOJIOTHYECKUE COCTOSHUS
BCJeACTBHE MyTaluu B reHe FGF23, paBHO Kkak U U3y-
YeHHUE OIMYyXOJIeH, MPOayLUpPYoIHX hocharypryecKui
(hakrop pocra (hubpodIacToB 23 M acCOUUUPOBAHHBIC
¢ JTOi marojoruedl runmodochareMHIeCcKUe COCTOS-
HUsl. YHUKaJIbHBIA, NepBbld B Poccun cimydaii aytoco-
MHO-JIOMUHAHTHOTO TUNO(OCHaTEeMHUYECKOTO paxu-
ta npencrasmia K. KymukoBa u coasropel uz OI'bY
«HMMUL] >anoxpunomorun» Munzapasa Poccun [10],
JINarHo3 OBLI MMOATBEPKACH OOHAPYKEHUEM TeTEPO3H-
rotHoi MyTammu ¢.536G>A:p.R179Q B rene FGF23.
Kuznp xKypHana (ero BbIIEIIIME HOMEPA JOCTYIHBI
mo cceuike https://www.wjpm-endojournals.ru/jour/
index) oka3anach HEJIETKOH, M MOXHO IMPHUBETCTBOBAThH
wHUIMaTUBY LleHTpa AnMasoBa 1o opraHu3alu HOBO-
ro «Poccuiickoro xypHaia nepcoHaTu3UpOBaHHON Me-
JUIAHBD, TOCTYITHOTO KaK B JIEKTPOHHOU (opMe, TakK
¥ Ha OYMaKHBIX HOCHTENSIX, OOBEIUHSIONIETO YICHBIX
W Bpayed paszHbIX CHEIUAIbHOCTEeH, U MPUBICUCHUIO
K paboTe B 3TOM HOBOM >XypHalle BCeX oOiamarereit
IPaHTOB IO paboTe B 00JaCTH MEPCOHATN3UPOBAHHOM
MEIMLMHBI, TPU 3TOM Ba)KHO COXpaHEHHe OanaHca
MEXIYy (yHIaMEHTaJIbHBIMUA Pa0OTaMHU, ONMHCAHUSIMH
YHUKQJIBHBIX KIMHHYECKHAX CIydaeB M OOCYXKISHHEM
OMOATHKHU MEPCOHATN3ALNN 1 HUPPOBU3ALINY.

HmenHo y 60npHBIX ¢ OpdaHHBIMU 3200JICBAaHUSIMHI
cerofHs Hambosee SPKO MPOSBISAIOT ceds MpenMylIe-
CTBa TEPCOHAIM3MPOBAHHOTO JICUCHHS, U OTH OOIb-
HBI€ JJAFOT TOMYOK IS U3yYEHUS] TEHOMHOM MaTOJIOTUN
¥ TIO3BOJISIIOT BBISIBUTH MEHEE arpeccuBHbIE (DOpMBI 3a-
OoJieBaHMs Yy POICTBEHHUKOB. [ToaTOMY BaskHOH (yHK-
IIUEe HOBOTO JKypHaja, 10 HalleMy MHEHHIO, TOJDKHA
CTarh elle M OMONIMoTeKa KIMHUYECKUX HAOIIOIEHUH,
MO3BOJISIIONIAsT «IIEPEOPOCUTH MOCTHK» OT J1aboparo-
Ui MOJIEKYJISIPHOW TEHETUKH K MOCTEH OOIBHOTO.

[eHOMHBIC TIPEMUKTOPHI TMO3BOJISIOT TPEICKa3bI-
BaTh PUCKHM 3a00JI€BaHUH, a TIOCTTEHOMHBIE MapKephl,
JIeKaIIe B OCHOBE JUArHOCTUYECKOTO IMOUCKA, TTO3BO-
JISIFOT BECTH WHAMBHIYaJbHBI MOHUTOPHUHT 370POBbS
YeJI0BeKa, HAXOAUTh U HUBEJIMPOBATh MAaTOJIOTHYECKHe
MPOIIeCcChl Ha caMOi paHHEW CTaIu¥l W/WIN Ha3HAYaTh
Cyry00 WHAMBHTyaTbHOE JICUCHHE.

B HacTos1Iee Bpems 4eTbIpe MEIULUHCKHUX [IEHTpa
MOJYYMIIM TPAHTOBOE (PMHAHCHPOBAHHE HA PA3BUTHE
MOJZIEJIM TEPCOHATU3UPOBAHHOW MeAuIUMHBL. W X0Ts
HavaJio paboTHI HaJl TPaHTaMU IIPUIIIIOCH Ha TPYAHBIC
TOJIbI, KOTJIa CHJIBI Bpadel U CpelcTBa ObLIM OTBIIEYE-
HBI Ha 00prOy ¢ maHAeMueil HOBOH KOPOHABUPYCHOM
WH(PEKINN, HECOMHEHHBIM MTPOT'PECCOM SIBIISIETCS pas3-
BHUTHUE HOBHIX JJA0OPATOPHBIX CTPYKTYP U HPPOBHU3a-
uuu meauuuHabl OI'BY «HMULL sH10KpHUHOIOTHNY
Mumnszapasa Poccnn — MHOronpogIbHOTO HCCIIen0-
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BaTEIbCKOTO MEIUIIMHCKOTO IIEHTpPa, HE HMMEOIIETro
AHAJIOTOB B MUPE, COCTOAIETO U3 MITU KIMHUYECKUX
WHCTUTYTOB: JHa0eTa, KIMHUYSCKOW 3HJIIOKPUHOJIO-
TUH, JAETCKOH 3SHJIOKPUHOJOTHM, PENPOLYKTHBHOU
SHJOKPUHOJIOTHH, OHKOXHJIOKPHHOJOTHH, a TaKXe
WHcTuTyTa BBICIIETO W JIOTMOJHUTEIBHOTO Tpodec-
CUOHAJILHOTO 00pa3oBaHus u HCTUTYTA ITEpCOHAIH-
3UPOBAHHON MEAUIIMHBI. YHUKAJIbHBIA KIMHUYECKUN
onbIT ®I'BY « HMMUL] sH10kprHONIOr MUY MuH31paBa
Poccun chopmMupoBanm BOCHPOU3ZBOIUMYIO CHCTEMY
oOyd4eHHsl Bpauell TEXHOJIOTHSAM JIUATHOCTUKHU pPa3-
JIUYHBIX SHIOKPUHOMATUM, OT COI[MAIBHO 3HAYUMBIX
(mnabet B ero pa3ian4HbIX POpMax ¢ MHOIOOOpa3HbI-
MU OCJIO)KHEHUSIMH M JTIOOBIM CTa)keM 3a00JICBaHMS)
no pemuaidmux (opdaHHBIX) 3a00neBaHUN, HO Ceil-
4ac, KOrJa MpeCTOUT CO3/IaHie HOBBIX HAMPABICHUN
W HOBBIX JabopaTopuii, HEOOXOAMMO OyIeT Hu3Me-
HATHh y4eOHBIE MpOorpaMMBL. B cOOTBETCTBHU ¢ yKa-
3oM IlIpesugenta Poccuiickoit ®denepaunu ot 7 mas
2018 rona Ne 204 ®I'BY « HMULI DHpoxkpuHOIOr UMY
MunsgpaBa Poccun Kak yupexaeHre, COBMEIIAIOIIee
MEIUITMHCKYIO, ICYCOHYI0 M HAYUYHYIO JCSITEIBHOCTh
C BaXKHEHIIEH Temarorudeckoil (yHKIHEH Moaro-
TOBKH KBaJIM()MIHPOBAHHBIX KaJAPOB IS 3/PaBOOX-
paHeHu s, MOJIYUHJIO MPABO PEan30BaTh MPOrpaMMy
o co3mganuio «HamumoHampHOTO HEHTpa MEepCOHAH-
3UPOBAHHON MEIUITMHEI YHIOKPUHHBIX 3a00JICBAaHUI
(HMUIIMD3). lLleHTpoM mpemiokeHo yHUKAIbHOE
WHTETPATUBHOE pEIleHUE IMPOOJIEeMbl TMepPCOHATN3a-
MU AUATHOCTUKHU U JICUCHUS MYTEM COIMOCTABJICHUS
TEHOMHBIX JaHHBIX C METa0OJTOMHBIMHU U TOPMOHAJIb-
HBIMU B TPYTTIAX «IIPUPOTHBIX MOEIIEH» MePBUIHBIX
Y BTOPUYHBIX HAPYIICHUH B OIHON M3 OCHOBHBIX HH-
TETPATUBHBIX CHUCTEM OpPraHU3Ma — SHJIOKPUHHOU
cucteme. OyHIaMEHTAIbHBIC UCCICIOBAHUS, TPOBO-
nuMbie Ha 6aze HMMUILD, OyayT pacuiupeHsl 3a cuet
co3maBaeMbIX de novo abopaTopuif, B YaCTHOCTH
nabopaTopuu 00IIeH, MOJEKYISIPHON U MOMYIISIIHOH-
HOW T'CHEeTHKH, KJICTOYHBIX TEXHOJIOruH, OMouH(pop-
MAaTHKH, META0OJOMHBIX WM TPOTCOMHBIX HCCIEHO-
BaHUU c yabopaTopueld MUKPOOHOTHI, JTa0OpaTOpUU
peAaKTHPOBAHUS T€HOMAa, UMMYHOJOTHU U ayTOUM-
MYHHBIX 3a00JICBAaHUM, HEMHBAa3WBHBIX TEXHOJOTUM
JUArHOCTUKHU SHJIOKPUHOMNATHH, KJIAMII-TEXHOJIOTHUM
n ($apMaKOKMHETHKH, (apMaKOTEHOMHUKH, HWHTEN-
JIEKTYaJIbHBIX MaTeMaTH4YeCKUX TEXHOJOTHH U Tep-
COHAJIM3AIlUH JIMATHOCTUKU W TPOTHO3UPOBAHUSA,
SMOPHUOJIOTUH W CPaBHUTEIBHON HHJIOKPUHOJIOTHH,
MOJICKYJISIPHON OHKOYHIOKPUHOJIOTHH.

IIpu Bcex cnokHOCTIX padoTsl B 2020-2021 romax,
KOTJ]a IEHTp OBUI YaCTUYHO Tepenpo(uiIMpoBaH MO
KIMHUKY 1015 JiedeHus: 0onbHbix ¢ COVID-19, Hadara
paboTa Haja peanu3alell 3aI0KEHHBIX B OCHOBY IICH-
Tpa MPOEKTOB, IPUYEM OOJBIIMHCTBO M3 HUX paboTaeT

Ha OCHOBE 3a051aroBpeMEHHO CO3JaHHON 0a3bl TaHHBIX
B IEPBYIO ouepe/lb OONBHBIX C OMyXONsIMU rurodusa,
CHUHJIPOMaMH MHO)KECTBEHHBIX OJHIOKPHUHHBIX OITyXO-
JIeH, OITyXOJISIMHU MTApallMTOBUAHBIX JKeJie3 M O0JIE3HAMU
cKesieTa. 3a o1 padoThl MOXKHO YBEPEHHO TOBOPHUTB O CY-
IIECTBEHHOM TPOABIKEHNH B M3y4YE€HHH MOJIEKYIISIPHBIX
OCHOB I1aTOJIOTMH OKOJIOIMTOBUAHBIX JKeJIe3 U ITyOIuKa-
uuu u3 OI'bY «HMMUL sunokpunonorum» Munzapasa
Poccun 2020-2021 ronoB, B KOTOPBIX YK€ MOABEICHBI
MIpeABapUTENIbHBIE UTOTH, BHISIBUIIN Ba)KHOCTh U PaHHE-
TO BBISBJICHUS THITEPKAJIBIMEMIH W BaXHOCTH OIEHKH
THIIEPIIapaTUPEO3a HE TOJIBKO KaK M30JIMPOBAHHOTO CHH-
JpoMa, HO KaK BOBMOXKHOTO J1e0I0Ta FeHETUUECKH JIeTep-
MHUHUPOBaHHOTO 3a0oneBanus [11-13], mpu sTOM Baxk-
HBIM 0a3MCOM CTaJIO CO3JaHue 0a3bl JaHHBIX OOIBHBIX
runepraparapeo3oM [14]. U yoke MBI paccMarpuBaeM
BO3MOKHOCTH CO3/IaHHsI HOBBIX KJIETOYHBIX MPOAYKTOB
JULSL JISYCHUSI COCTOSIHUS € Ie(DULIMTOM TOPMOHOB, B TOM
4uCJIe BIpAlMBAHKE B yallke [leTpu ayTeHTHYHON OKO-
JIOIIMTOBH/IHOW JKeJe3bl M3 COOCTBEHHBIX KIICTOK Tia-
nueHTta. Ha Ham B3MIAA, OYEHb BayKHBI M MTOTyYCHHBIE
3a 3TU JIBa rojla JaHHBIE O POJM MOCTPAHCKPUITOMHOM
cucremsl cainencunra JIHK- muPHK B muddepenun-
IBHON JMAarHOCTHKE Pa3IWYHBIX (OPM THUIEPKOPTH-
3omm3Ma [15]. OTi paboThl IO M3YUEHHUIO POJIU HEKO-
nupytonmx MUPHK npu snnokpunonarusix B LleHTpe
Be/lyTCs JABHO, HO MBI [I0JIaraéM, YTO B HOBBIX YCJIOBH-
SIX MBI CMOYKEM CHUCTEMaTU3UPOBATH MOJyYEHHBIE paHee
CBEJICHHS U TPAHCIMPOBATh UX B MPAKTUKY [16—18], Tak-
e MPOAODKIIINCH B LIEHTPE U Pa3padOTKU MIPEAUKTOP-
HBIX MOJEJICH ISl OLCHKH PEMUCCUH / BBI3IOPOBICHHS
rocye yaajaeHus: KOpTUKOTPOrMHOM [19].

Ecnu Tpaekropusi OpraHuM3allMOHHBIX W HAyYHBIX
TIEPCIIEKTUB TIEPCOHAIM3AINH B 37[paBOOXPaHEHNUN TIPU
BCEH CIOXKHOCTHU SICHA, TO OMO3TUYECKUE M SKOHOMHU-
YEeCKHE BOMPOCHI MaJIo 00CYKIAI0TCS.

CeroaHs MblI IOKa IIUPOKO HE 3alyMbIBaeMcs HaJl
STUYECKUMH BOMPOCAMHU PACHIMPEHUS HAIINX 3HAHHHA
0 TpeauKTopax Ooyie3HEH, 0 TOM OpeMEeHH, KOTOPBIH
MOJy4aeT YeJIOBEK U €ro CeMbs 10 UTOraM IOJIHOre-
HOMHOI'O CKPWUHHMHI'a HOBOPOXKICHHBIX, Korga OymyT
chopMyaHpOBaHbI PHUCKH 3200JIEBaHNH, KOTOPBIE MPOsi-
BATCSl HA YETBEPTOM-TISITOM JIECSATKE JIET, O TICHXOJIOTH-
YeCKHUX MOCIICACTBUAX CBEICHUHN O «POKOBOM HEM30ESK-
HOCTH Oone3Hn». [Ipyu 3TOM BO3HUKAET BOIPOC O PUCKE
pacnpocTpaHeHHsT TMYHOH WHPOPMAIHHK, TOTyYeHHON
Ha OCHOBaHMHW 3HaHWH reHoruna. Kak Oyner coOuro-
JeH OajlaHC Hay4yHOTro MHTEpeca, HHTEPECOB COLUyMa
U JTUYHOCTHU?

Pazymeercs, cama naest 3aMeHbl «OJHOTO pa3Mmepa
JUIsT Bcex» Kak HemoctaTtka EBM [20] Ha uneto «mpa-
BUJIBHOTO JIEKAPCTBA /IJIS TPABMIIHHOTO MAIIUeHTA B ITpa-
BHJIBHOE BpPEMsD» KakK JIO3yHIa MEPCOHAIN3ALUN JIede-
HUsI ObuTa OBl HEMbICTMMa 0€3 JOCTHKCHUH ICHETHKH
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u 3aBepiueHus npoekra «l'enom Yenosexka — Human
Genome Project». XoTsi BaprnaGenbHOCTh HOCTIEHOM-
HBIX U3MEHEHHI ¥ CTUJISI )KU3HU HUKEM HE OTpHUIIaeTcs,
MaKCHMAJIbHO OBICTPOE MOJyYeHHnEe FeHOMHOW HHDOp-
MaIuu HeoOXOIUMO JIJIST PEIICHUS BOIIPOCOB (papMako-
T€HOMUKH B MEpPBYIO ouepeab mo MHeHuto FDA [21].
310, 10 CyTH, 0053yeT Hac B OymyIlieM HMOATBEPKIATh
cneuupuIHOCTh OO0JIE3HW W BBIOMpPATh ONTHMAJIBLHOE
JIeYeHWEe Ha MOJIEKYJSIPHOM YpPOBHE, TPAHCINPOBAThH
TeHOMHYIO HH(POPMAIIHIO B MTPAKTHKY MEITUITUHBI U 00-
LIECTBEHHOTO 370POBBSL.

C mepBoro B3misAa MpEeuMyIIecTBa OYEBUIHBI —
3HaHHE PUCKOB J]ACT CTPATETHIO WX MPEIOTBPAICHHS /
MIPEOIONIEHUS], YCKOPEHHE JTUarHOCTUKH 00JIeTYaeT 1mo-
WICK JICYCHUSI, YBEINYIHNBASI €T0 dPPEKTUBHOCTh M CHH-
’Kast OTIaCHOCTh HEXKeIaTeNbHBIX SBICHHMH.

CKeNnTHKH K€ TOMYEPKUBAIOT, YTO IEPCOHAIN3U-
pOBaHHAsT MEJMIIMHA TIOPOJUT, KAK U MHOTHE J[pyTHUe
JOCTHKCHHS YeJIOBEYEeCTBAa, HOBBIE ATHUYECKHE BHI30-
Bbl — HauMHasl ¢ TCHETHYECKUX TECTOB HESICHOTO 3Ha-
yeHus 0e3 oueBUIHOM Leau [22].

Tpe3Bast olleHKa BO3MOXKHOCTEW peajbHOM Tmep-
COHAJIM3AINK Ha Ka)KIOM HOBOM 3Tarie pa3BUTHS 00-
IIECTBa MOXKET 00ECIIeUHTh JONTYI0 B 3PPEKTHBHYIO
KHU3Hb TapajurMe IepCOHAIM3aluH, YpPEe3MEPHBIH
BOCTOPI' M «XaHI», UCIOJIb3Ysl MIOCCAPUM CETrOAHSILI-
HETO TIHS, — TIOPOJIUTH OMMOKH M MOTYOUTH Ba)KHOE
HampaBJeHWe, W TTOHWMaHUe JTUKH IePCOHATH3AINN
TaKXe J0JDKHO OBITh IPEIMETOM O0CYKACHUS Ha CTpa-
HUIIaX HAIIUX KYPHAJIOB.

Kakue >xe oueBHIHBIC MPOOIEMBI OOCYKIAOTCS
yKe CeroiHs?

BeccriopHo, OECIOKOUT BBICOKAas CTOMMOCTH TIe-
HETHYECKHX HCCIIEIOBaHUH, HEPAaBEHCTBO B IOCTYIE
K pecypcam 3JpaBOOXpaHEHHs, MPOTUBOIIOCTABICHUE
JUYHBIX ¥ O0IECTBEHHBIX TPaB Ha JIOCTYT K HHpOpMa-
[IUH, TUCKPUMUHAIIVS U TeHETUYeCKasi CTUTMaTH3aIHs,
BTOPKEHHUE B TIIyOOKO JTIMYHOE MPOCTPAHCTBO, CIy4aid-
HbIC HAXOJKH, HOBBIH CTaTyC, OJU3KHUI K HCCIIEI0Ba-
TEJNbCKOMY, TEHETHYECKOMY KOHCYIBTHPOBAHHIO, He-
raTUBHOE OECCIIOpHOE BIMSHHAE Ha B3aWMOOTHOIICHHUS
Bpaya M MalHeHTa — UCKYIAeTCs JIM BCE 3TO YITydlIle-
HUEM KauecTBa MEIUIMHCKON MOMOIIM Ul KaXKIOro
W JUTsL BceX B o0mecTBe?

BeccniopHo, Kak MBI yXke NOJIYEPKUBAIH, IJIABHOE
oXugaHue odmiecTBa — Oe3omacHas (hapMaKOTeHETH-
Ka, 3@ exTrBHBIC JIeKapcTBa 0e3 MoOOYHBIX HPPEKTOB
(4TO, KCTaTH, NPOTUBOPEYUT CTAPOMY MEAUIITHCKOMY
npaBuily «0e3 mooouHsIx 3dexror He ObiBacT 3hdhek-
THBHBIX JIEKAPCTBY»), KOHEUHO, 3TO OyAayT Oosee mopo-
T'He JIEKapCcTBa, HO JIEKapCTBa CaMU 10 cebe — He camast
JI0porasi pacxoHast 4acTh OIOIKETa 3ApaBOOXpaHEHUS,
1, KpOME TOTO, aKIIEHT Ha 0E30MacHOCTH KpaliHe paliu-
OHAJIBHBIN TIO/IXO]], TOCKOJIBKY UMEHHO TeHETHYECCKHE
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(hakTOphl — OJHM U3 BaYKHEHIINX MPEAUKTOPOB HEXKeE-
JIATENBHBIX ITOOOYHBIX HBHCHHﬁ, 0COOEHHO TSKEIIBIX.

Cepbe3HbIM BO3PAKEHUEM JJISI MEPOBOTO COO0OIIIe-
CTBa NPUMEHUTENBHO K HJEe Pa3BUTUSI TCHETHUECKUX
TECTOB SIBISICTCSI MX DKOHOMHYECKas HEAOCTYIMHOCTb
JUIST MHOTHX cTpaH [23].

TpyaHo BO3pa3uTh MPOTUB I'€HETUYECKOTO TECTH-
pPOBaHUs B I'PyNIax PUCKa, HO B JaJbHEHIIEM TECTHI
OyZIyT YACLIEBISATHCS M CTAHOBUTHLCS BCE JOCTYIIHEE,
YTO IIO3BOJIMT U3MCHATH U ILI/I3aI71H KIMHNYECKUX HC-
CIeOBAHMM, C CEJIEKIMEN TEHETHYECKH Hamboiee
OJIAaTONPHUATHBIX KOTOPT, YMEHBIICHHEM HX OO0BeMa,
YCKOPEHHEM BPEMEHHM HCCIEIOBAHUNH M CHUKECHUEM
CTOMMOCTH, BO3MOXKHO, HCYE3HET HEOOXOAMMOCTD
B 1-2 ¢azax, u HOBast MOJIENIb KIIMHUYECKUX HCCIIENO0-
BAHUH Ha MOAXOJE.

Ectb cepbe3Has 00eCIIOKOEHHOCTh U B OTHOIICHUH
TOTOBHOCTH (hapMOM3HECa NMPOM3BOAUTH IPENaparhl,
KOTOpBIe OyayT ONM3KH 1O MpeJHa3HaueHHIO K Mpera-
param st opdaHHbIX 3a0oneBaHuii. B camom nere,
€CJIM MBbl BBIIBUM HEKHE TI'€HETHYECKHE IOATPYIIIbI
Cpear BecbMa paclpOCTPAaHEHHBIX OOJIe3HEH, KOTo-
pPBIM HE HYXKHBI OaHaJbHBIE W XOPOILIO MPONAIOIINECS
JIeKapcTBa, a HYXKHBI PEJIKHE Tpernaparbl — MOoAep-
KaHo Ju Oyzaer Takoe mponsBoacTBo? Kak obmiecTBo
MOJJICPKUT BO3MOXKHYIO PAcoOBYIO WM COLMAIBbHYIO
«OKpAacKy» AUCTIPOIIOPLHHU B TOTPEOHOCTH B TAKHX Jie-
KapcTBaxX MPHU OJHOTHITHBIX OOJIE3HIX?

Iloka eme HaM He NPUXOAUTCS PEIIATh TU IPO-
0JeMbl, HO OZlHA M3 BA)KHEHIIMX 3THYECKUX OpraHu-
3aLMOHHBIX CTOPOH KacaeTcsl TaK Ha3bIBaeMbIX OHOO-
aHKOB M WX QyHKIMU. PaboTas B 3TOM HampaBIeHUH
YK€ HCCKOJIbKO JIET, Mbl CTOJIKHYJINUCH C 3THUYCCKUMU
npoOeMaMu OpraHu3alid OMOOAHKOB, BKITIOUAs HE-
00XOIMMOCTb COYETAaHUsI JOCTYITHOCTH 00Pa31LoB U CO-
XpaHEHUS] MEAULMHCKON TallHBI TP 00s13aTEILHOM Ha-
JIUYUHN WHPOPMUPOBAHHOTO COTTIACHSL.

He meHblInii CKENTUIIM3M BBI3BIBAET U U3MEHEHHE
B3aMMOOTHOILIECHUH Bpada U OOJILHOTO IPHU MOSBICHUH
reHeTndeckol uHpopmaumu. Ha cerogus neuamue
BpavM, TapreTHO UCCIenyIole aHeIb TeHOB B MTOHC-
Kax OTBETa Ha BOIPOC O TOYHOM JHArHO3e, MPHOETaroT
K IOMOIIU T'€HETUKOB IJIA OTBETOB Ha BOIIPOCHI Ialun-
€HTOB, IOJIyYalOIINX TIE€HETHYECKYI HH(OPMALHIO.
OwmunboyHass MHTEpIpETaLrs CIOKHBIX 1 HEOJHO3HAY-
HBIX JAaHHBIX MOXECT CBOAUTH HAa HET BCC 3aJI0KCHHBIC
B IIEPCOHAITU3AINN OOHYCHI.

Kazanoce Obl, O4eBHAHO 3amedaresibHasE HIesl —
0a3MpYyIOIINICS Ha TEHETUYECKUX AaHHBIX OTOOp ma-
LUEHTOB MOAPa3yMEBaeT JOCTYIHOCTh ICHETHUECKUX
0a3 gaHHBIX OONBHBIX (apMPHupMaM, paBHO Kak H JI0-
CTYITHOCTB JIMYHBIX JTaHHBIX M3 I/ICTOII)I/IFI 0oe3HH.

brosTHKa TeHeTHYeCcKuX UCCIIe0BaHui moTpedyeT
U MaKCUMaJIbHO TOJIHOTO Pa3bsICHEHHsI OTPaHUYECHHO-
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CTH HAIIUX CETOAHSIIHUX (M, MOXET OBITh, 3aBTpalll-
HUX W IIOCJIC3aBTPAIIHUX) 3HAHUA O TECHETHYECKOM
WHPOPMAIMH U €€ peau3alii Ha YPOBHE OpraHu3Ma,
SACHOI'O YKa3aHHd Ha ITIYTH HCIIOJIb30BAaHUA U XpPaHC-
HHAS OM0O0OpPa3IoB, KOAUPOBAHUS W COXpaHEHHUS aHO-
HUMHOCTH, CIIOCOOOB H3bATHS OOpa3IOoB U OT3bIBA
PE3YJIbTaTOB HCCIIEIOBAHUS, BOSMOXXHOCTH HCIOIb30-
BaHMS [IMUPOKOW / OTPAaHUYCHHON CETH HAIlMOHAIBHBIX
/ MeXIyHapoaHBIX 6a3. OUeBUIHBI PUCKH 3HAKOMCTBA
C 9TUMH 0a3aMU CTPaxXOBBIX KOMIaHWW M paboromare-
neit. Takum 00pa3om, 3aluTa NEPCOHATBHBIX JaHHBIX
KaK HHUKOIJa aKTyaJibHa NPUMCHHUTEJIBHO K IICPCOHA-
HHSHpOBaHHOﬁ MCIOWIMWHE, W IEPCOHAIM3MPOBAHHAA
MEAWIIMHA MOXET CO3MaTh KPU3HC JOBEPHUS MEXITY
Pa3TMYHBIMUA YYPESKJISHUSIME 3PaBOOXPAHEHUS, ITa
03a00YEHHOCTh BBICKA3bIBACTCS C MOMEHTa pealin3a-
i Human Genome Project.

CCFOZIHSI HUACaJIbHbIC B3aMMOOTHOUICHHWA Bpada
Y TTallieHTa BKITIOYAIOT, HACKOJIBKO 3TO BO3MOXHO, CO-
TPYAHUYECTBO ¥ IMOHMMAHWE MAI[MEHTOM IeJel jede-
HUs, & BpaUOM — IIOXKEJIAHUH U IPUOPUTETOB MALMEH-
Ta... Hackompko 3TO OymeT AOCTHKHUMO B ITU(POBYIO
AMOXY NMEePCOHATN3UPOBAHHON MEANIINHEI!

W, nakoHem, mocnemHHWe, HO OT 3TOTO HE MEHee
3HAYMMBIC BO3PAKEHUSI — YXKE CErollHs CTOUMOCTb
YHUKAJIbHBIX MpernaparoB AJIA JICUCHUA Op(i)aHHI)IX 3a-
OomneBaHuil 3amTkaauBaeT, OyayT i PUHAHCOBBIE BO3-
MOXKHOCTH CTPaxOBBIX KaMITaHUI 00ecreunBaTh BCEX
OOJIBHBIX, HAITPUMEP OHKOJIOTUYECKUMH 3a00JICBaHUS-
MU, HCO6XOI[I/IMI)IMI/I JICKapCTBaMu U TecTtaMu’?

SAKJTIOHEHUNE

Takum oOpasoM, peann3anus KOHLENLIUHU IEPCOo-
HaHHSI/IpOBaHHOﬁ MCIOULIUHBI CONPSAXKCHA HE TOJIBKO
¢ OONMBIIMMH HAACKAAMHU U yCIIEXaMH HCCIIe0BaTeNeH
1 BpPa4€eil, HO U C ONPEelIeICHHBIMU TPYAHOCTIMU. Bepo-
SITHO, BCE ATH JUCKYCCHOHHBIE BOIIPOCHI, KaK U Hayd-
HBIE TIPOOJIEMBI, TOXKE CTaHYT MPEAMETOM 00CYKICHHS
Ha CTpaHMIIaX HOBOTO JKypHaja, KOTOPOMY aBTOp CTa-
THU JKEJTAeT ycIiexa U TONTOH Ku3H!!

KoH$nuKT uHTEpecoB

ABTOpPbI 3aABUIN 06 OTCYTCTBUU MOTeHUMasb-
HOro KoHbNUKTa nHTepecos. / The authors declare
no conflict of interest.
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ABSTRACT

Personalized medicine is a new paradigm in healthcare, based on understanding of the impor-
tance of an individual treatment approach and based on knowledge about genomic predictors
and post-genomic markers of various diseases. Complementing the concept of evidence-based
medicine, personalized medicine opens up new opportunities for doctors and researchers to
treat patients more effectivel. At the same time it raises many medical, ethical and legal issues.

This article describes the current state of the problem with specific examples of the imple-
mentation of this approach by the leading institutions of the Russian Federation (including the
Endocrinology Research Center).
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INTRODUCTION

Personalized medicine is a new paradigm in health-
care — preventive medicine built on genomic predic-
tors and postgenomic markers. Endocrinologists were
among the first in our country who started to develop
the concept of personalized medicine, and as far back as
in 2011 1. I. Dedov already presented his keynote paper
on this subject at the Presidium of the Russian Acade-
my of Medical Sciences. A year later, plenary lecture by
Academician I. I. Dedov at the Congress of Endocrinol-
ogists was focused on speaking about the importance
and, most importantly, the potential practical benefits
of the implementation of this concept, quite achievable
in the near future. In the same year, the most authorita-
tive Russian scientists 1. I. Dedov, V. P. Chekhonin, A.
Archakov and others presented a keynote article on the
need for the development of personalized medicine in
the journal “Ve — stnik RAMN” [1].

Of course, the very idea of personalization in med-
icine is not new, and the concept of “treating not a dis-
ease, but a person”, coming from Hippocrates, is a clas-
sic of the Russian therapeutic school.

But now this idea is taking on a new meaning, and
its development is supported at the state level. The de-
velopment and implementation of personalized medicine
technologies are regulated in the Strategy for the Devel-
opment of Medical Science in Russia until 2025 and the
Strategy for Scientific and Technological Development
of Russia until 2035 approved by decree of the Presi-
dent of the Russian Federation in December 2016. In this
publication, the authors propose to consider the stages of
forming the concept of personalized medicine and the
experience of its practical implementation.

MAIN CONTENT

Specific personalization tools vary in different peri-
ods of technology development.

Endocrinology has always emphasized the person-
alization of the treatment choice, even in those dis-
tant years, when the choice was in fact small. Suffice
it to recall the extremely important for the training of
doctors “Algorithms for the treatment of patients with
diabetes”, published from 2002 to 2020, where the
principles were thoroughly based on individualized ap-
proach — from body weight and diabetes experience to
taking into account complications [2, 3].

Already at the beginning of the development of the
concept of personalized medicine, there were attempts
to oppose it to the ideas of evidence-based medicine,
while the latter was indulgently defined as “statistical
data medicine”, “cookbook”, an old anecdote from the
XVIII century (a hint of encyclopedists’ requirements
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for evidence in science), while personalization was
rather associated with the so called translational med-
icine, or medicine based on the early implementation
of the latest scientific achievements into practice, and
was considered through the prism of powerful machine
learning technologies and artificial intelligence.

Indeed, the philosophical basis of evidence-based
medicine (hereinafter abbreviated EBM), although
formulated in the 80s of the last century, dates back to
the XVIII century, since the concept requires proper re-
search to answer a correctly formulated question. EBM
still remains a topic of heated debate between clini-
cians, health care organizers and the public today.

EBM, as determined by Sackett [4], is the consci-
entious, explicit and judicious use of current best evi-
dence in making decisions about the care of individual
patients, based on common sense. The practice of EBM
combines the experience of a particular clinician with
the best proven data obtained from systematic, correct-
ly constructed trials, and for a good clinician these two
components are important parts in making a treatment
decision. The concept of evidence itself is multifaceted
and does not always flawlessly reveal cause-and-effect
relationships, the ones that are so important for the cli-
nician from the standpoint of preventive work.

But if it takes a lot of evidence and they are not
always obviously unidirectional, then why is the ev-
idence-based medicine still interesting today, in the
XXI century? Although we support the principles of
EBM, can we fully solve all problems with it? EBM
is supposed to be aimed at bridging the gap between
good quality clinical trials and clinical practice, but is it
always possible? Population studies solve many prob-
lems that are important for an optimal approach to the
health of population groups, but are unlikely to solve
individual problems. Alas, not all studies are of the
same quality, and the data may well be contradictory.
Nevertheless, evidence-based medicine gives us the
support in making clinically important decisions, com-
bines our personal knowledge, the knowledge of other
experts, allowing us to take into account the preferenc-
es of patients, improves medical practice and reduces
the likelihood of errors. But no matter how good our
current ideas about optimal treatment are, it lacks

individualization, and the assumption that all EBM-
based treatments always resemble a perfectly lubricat-
ed machine, are naive.

Perhaps our first priority is to accelerate the devel-
opment of the so-called “translational medicine” — a
new direction in biomedicine that provides the fastest
possible transferring data from well-planned basic tri-
als to clinical practice?

An important role in the development of this di-
rection in our country was played by Academician of
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the Russian Academy of Sciences V. Shlyakhto, whose
works emphased that the huge achievements of medical
and biological science currently do not find proper ap-
plication in the practice of a doctor, and this is a problem
of world medicine [5]. Scientific thought is developing
more rapidly than its real results have time to be adapted
in the practical medical field. Bridging the gap between
fundamental sciences and the clinic will be helped by a
direction called “translational medicine”, whose goal is
to accelerate the introduction of the latest technologies
into real practice. What is very important is that trans-
lational medicine is “sharpened” to solve specific prac-
tical problems, this is a “technological assault” carried
out by order from the clinic. Even today there is some
confusion in understanding that translational medicine
is not telemedicine, not distance learning in advanced
clinics [6].

Translational medicine is a clearly formulated clin-
ical task that is solved in close contact between spe-
cialists in the field of fundamental biology, physics,
chemistry and clinicians, while the result should be
obtained as quickly as possible and at the lowest cost.
Academician of the Russian Academy of Sciences E.
V. Shlyakhto proposed a form of cluster association of
fundamental medicine specialists and clinicians with
the incorporation of business, and the Almazov Center
launched the publication of the Translational Medicine
journal in 2017.

Of course, both clinical, evidence-based, and trans-
lational medicine are different aspects of the same med-
icine, where strict adherence to the optimal scientific
principles of building clinical trials with the evaluation
of “responders” and “nonresponders” allows to iden-
tify target groups for finding optimal treatment meth-
ods, finding fundamentally new methods of care and
prevention as quickly as possible, and in the future,
by comparing with individual data, including genomic
predictors, to fulfill the dream of all generations of doc-
tors by finding a way to provide each person with the
right treatment at the right time, avoiding side effects
and treatment failures. The main branches of medicine
where new principles are applied are oncology, phar-
macy and pharmacogenomics. The latter studies the
body’s reactions to medications, depending on individ-
ual hereditary factors.

However, the development of personalized medicine
is also taking place in other areas, and it is not surprising
that pharmacogenomics immediately became the leader
in the development of personalized medicine. It is no
coincidence that back in 2017, when the National Med-
ical Research Center of Endocrinology of the Ministry
of Health of Russia began publishing the online journal
World of Personalized Medicine, editor-in-chief Acade-
mician I. I. Dedov proposed to open the journal with an

editorial by associate member of the Russian Academy
of Sciences D. A. Sycheyv, the foremost scholar in the
field of pharmacogenomics. This article, entitled

“Stages of development and implementation of per-
sonalized medicine technologies in clinical practice:
the role of the Ministry of Health of Russia and the
Russian Academy of Sciences” [7], contained current
postulates about ways of evolution of developing real
personalization of the treatment process, the develop-
ment and implementation of technologies for personal-
ized medicine. According to D. A. Sychev, “personal-
ized medicine is a new doctrine of modern health care,
which is based on the use of new methods of molecular
analysis (genomics, transcriptomics, proteomics , me-
tabolomics, microbiomics) to improve the assessment
of predisposition (prediction) to diseases and their
management.” In other words, an extremely interesting
idea was already voiced in the first publications — the
concept of personalized medicine requires not only the
involvement of scientific resources, but also organiza-
tional efforts, since it is a “health doctrine”.

“The essence of implementing the methodology of
personalized medicine in clinical practice,” writes D.
A. Sychev, “is an approach to providing medical care
based on the individual characteristics of patients, for
which they should be divided into subgroups depending
on the predisposition to disease and the response to an
intervention that should be applied to those who will
really benefit from it, for whom it will be safe and will
lead to cost saving”. The leading article emphasized the
need for a step-by-step development of the concept of
personalization in medicine, the need to accumulate
data, also by using biobanks, and the development of
personalization algorithms/models based on bioinfor-
mation technologies with their clinical validation, the
use of personalized approaches in real clinical practice
when applying preventive and curative measures by
creating and maintaining an electronic register of pa-
tients who underwent personalization, with a periodic
assessment of changes in the clinical status (including
outcomes), as well as preservation of the biomaterial of
these patients.

This important road map, of course with the amend-
ments made by time, is being implemented now. The
first issue of the journal included reviews of the liter-
ature on pharmacogenetic studies of the efficacy and
safety of antipsychotic drugs, which made it possible
to identify several of the most significant polymor-
phisms that have a pronounced effect on the occur-
rence of adverse drug reactions when receiving anti-
psychotic drugs, and on the individualization of the
use of tamoxifen in the treatment of breast cancer [8,
9], while a comparison of these reviews performed at
a high methodological level gives a clear idea that not
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only genomic studies determine a personalized ap-
proach to treatment, but it is also necessary to use other
“omics” technologies for flawless individualization of
treatment. Clinical examples that were regularly pub-
lished in the journal, mainly from the Institute of Pedi-
atric Endocrinology of the National Medical Research
Center of Endocrinology of the Ministry of Health of
Russia, told about unique clinical observations. Not
long ago, treatment with sulfonylureas of infants with
diabetes mellitus seemed fantastic. As it turned out, a
special form — neonatal diabetes mellitus — does not
require insulin treatment, and most patients with mu-
tations in the genes of ATP-dependent K-channels can
be successfully compensated against the background
of treatment with sulfonylureas. Thus, out of 70 pa-
tients with neonatal diabetes mellitus, compensation
of carbohydrate metabolism during monotherapy with
glibenclamide was achieved in 22/35 (65.7%) cases. At
the same time, the authors confirmed information pre-
viously known in foreign literature on the diagnostic
value of detecting mutations in the KCNJ11 gene, and
found an important association between the localiza-
tion of the mutation in the KCNJ1 gene, the severity of
clinical manifestations of the disease and the sensitivity
of patients to sulfonylureas. It was also confirmed that
the need for glibenclamide increased in patients with
long-term neonatal diabetes. In recent years, the Insti-
tute of Clinical Endocrinology of the National Medical
Research Center of Endocrinology of the Ministry of
Health of Russia and the Institute of Pediatric Endocri-
nology have been working extensively and successfully
in the field of studying bone tissue both as an acceptor
and as a producer of hormones, and pathological con-
ditions due to a mutation in the FGF23 gene, as well as
the study of tumors producing phosphaturic fibroblast
growth factor 23 and hypophosphatemic conditions as-
sociated with this pathology. The unique, first case of
autosomal dominant hypophosphatemic rickets in Rus-
sia was presented by K. Kulikova et al. from the

National Medical Research Center of Endocrinolo-
gy of the Ministry of Health of Russia [10], the diag-
nosis was confirmed by the detection of a heterozygous
mutation of ¢.536g>A:P.r179Q in the FGF23 gene. The
life of the journal (its published issues are available at
https://www.wjpm-endojournals.ru/jour/ index) was
not easy, and we welcome the initiative of the Almazov
Center to organize the new Russian Journal for Person-
alized Medicine, available both electronically and on
paper, bringing together scientists and doctors of vari-
ous specialties, and to involve all grantees working in
the field of personalized medicine, while maintaining
a balance between fundamental works, descriptions of
unique clinical cases and discussion of bioethics of per-
sonalization and digitalization.
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It is in patients with orphan diseases that the benefits
of personalized treatment are most clearly manifested
today, and these patients propel the study of genomic
pathology and make it possible to identify less aggres-
sive forms of the disease in relatives. Therefore, in our
opinion, another important function of the new journal
should be a library of clinical observations allowing to
“build a bridge” between molecular genetics laborato-
ries and the patient’s bed.

Genomic predictors make it possible to foretell the
risk of diseases, and post-genomic markers, which form
the basis of diagnostic search, allow individual moni-
toring of human health, to find and level out patholog-
ical processes at the earliest stage and/or prescribe a
purely individual treatment.

Currently, four medical centers have received grant
funding for the development of a model of personal-
ized medicine. Although the beginning of work on
grants took place during hard years, when the efforts of
doctors and funds were diverted to the fight against the
pandemic of the new coronavirus infection, undoubted
progress is the development of new laboratory struc-
tures and digitalization of medicine of the National
Medical Research Center of Endocrinology of the Min-
istry of Health of Russia, a multidisciplinary research
medical center that has no analogues in the world, con-
sisting of five clinical institutes specialized in: diabe-
tes, clinical endocrinology, pediatric endocrinology, re-
productive endocrinology, oncoendocrinology, as well
as the Institute of Higher and Additional Professional
education and the Institute for Personalized Medicine.
The unique clinical experience of the National Medical
Research Center of Endocrinology of the Ministry of
Health of Russia has formed a reproducible system of
training doctors in technologies for diagnosing individ-
ual endocrinopathies, from socially significant (diabe-
tes in its various forms with various complications and
any history of the disease) to the rarest (orphan) diseas-
es, but now, when new directions and new laboratories
are to be created , training programs will have to be up-
dated. In accordance with the Decree of the President of
the Russian Federation dated May 7, 2018 No. 204, the
National Medical Research Center of Endocrinology of
the Ministry of Health of Russia as an institution com-
bining medical, medicinal and scientific activities with
the most important pedagogical function of training
qualified personnel for health care, received the right
to implement a program for the creation of the National
Center for Personalized medicine of endocrine diseases
(NCPMED). The Center proposed a unique integrative
solution to the problem of personalization of diagnosis
and treatment by comparing genomic data with meta-
bolic and hormonal data in the groups of “natural mod-
els” of primary and secondary disorders in one of the
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main integrative systems of the body — the endocrine
system. Fundamental research conducted on the basis
of the National Medical Research Center of Endocri-
nology will be expanded through de novo laboratories,
in particular laboratories of general, molecular and pop-
ulation genetics, cellular technologies, bioinformatics,
metabolomic and proteomic studies with a microbiota
laboratory, genome editing laboratories, immunology
and autoimmune diseases, non-invasive technologies
for the diagnosis of endocrinopathy, clamp technolo-
gies and pharmacokinetics, pharmacogenomics, intelli-
gent mathematical technologies and personalization of
diagnostics and forecasting, embryology and compara-
tive endocrinology, molecular oncoendocrinology.

Despite all the difficulties of work in 2020-2021,
when the center was partially repurposed as a clinic for
the treatment of patients with COVID-19, work began
on the implementation of the projects laid down in the
basis of the center, and most of them work on the basis
of a pre-created database of patients, primarily with pi-
tuitary tumors, multiple endocrine tumors, parathyroid
tumors and skeletal diseases. During the year of work,
we can confidently talk about significant progress in
the study of the molecular foundations of the pathol-
ogy of the parathyroid glands and the publications of
National Medical Research Center of Endocrinology
of the Ministry of Health of Russia issued in 2020—
2021, in which preliminary results have already been
summed up, revealed the importance of early detection
of hypercalcemia and the importance of assessing hy-
perparathyroidism not only as an isolated syndrome,
but as a possible debut of a genetically determined
disease [11—13], while an important basis was the
creation of a database of patients with hyperparathy-
roidism [ 14]. We are already considering the possibility
of creating new cellular products for the treatment of a
hormone-deficient condition, including growing an au-
thentic parathyroid gland from the patient’s own cells
in a Petri dish. In our opinion, the data obtained over
these two years on the role of the post-transcriptomic
DNA-miRNA silencing system in the differential diag-
nosis of various forms of hypercortiolism are also very
important [15]. These studies on the role of non-coding
miRNAs in endocrinopathies have been conducted at
the Center for a long time, but we believe that in the
new conditions we will be able to systematize the previ-
ously obtained information and translate it into practice
[16-18], the center also continued to develop predictor
models for assessing remission/ recovery after removal
of corticotropinomas [19].

If the trajectory of organizational and scientific per-
spectives of personalization in healthcare is clear, de-
spite all the complexity, then bioethical and economic
issues are not much discussed.

Today we are not yet thinking much about the eth-
ical issues of expanding our knowledge about disease
predictors, about the burden that a person and his
family receive based on the results of genome-wide
screening of newborns, when the risks of diseases
that will manifest in the fourth or fifth decade will
be formulated, about the psychological consequenc-
es of information regarding the “fatal inevitability of
the disease”. This raises the question of the risk of
spreading personal information obtained on the basis
of knowledge of the genotype. How will the balance
of scientific interest, interests of society the individual
be maintained?

Of course, the very idea of replacing “one size for
all” as a disadvantage of EBM [20] with the idea of “the
right medicine for the right patient at the right time”
as the slogan for personalized treatment would be un-
thinkable without the achievements of genetics and the
completion of the Human Genome Project. Although no
one denies the variability of post-genomic changes and
lifestyle, the fastest possible acquisition of genomic in-
formation is necessary for solving pharmacogenomics
issues, in the first place, according to FDA [21]. This,
in fact, obliges us in the future to confirm the specificity
of the disease and choose the optimal treatment at the
molecular level, to translate genomic information into
the practice of medicine and public health.

At first glance, the advantages are obvious —
knowledge of risks provides a strategy for preventing/
overcoming them, speeding up diagnosis facilitates the
search of treatment, increasing its effectiveness and re-
ducing the risk of adverse events.

Skeptics emphasize that personalized medicine will
generate, like many other achievements of mankind,
new ethical challenges — starting with genetic tests of
obscure significance with no obvious purpose [22].

A sober assessment of the possibilities of real per-
sonalization at each new stage of development of soci-
ety can ensure a long and effective life for the person-
alization paradigm. Excessive enthusiasm and “hype”
(using today’s glossary) can generate mistakes and ruin
an important area, so understanding the ethics of per-
sonalization should also be a matter of discussion on
the pages of our journals.

What obvious problems are already being discussed
today?

Undoubtedly, major concerns are the high cost of
genetic research, inequality in access to health resourc-
es, the opposition of personal and public rights to ac-
cess information, discrimination and genetic stigma-
tization, invasion of totally personal space, accidental
findings, a new status close to research, genetic coun-
seling, a negative undeniable impact on the relationship
between a doctor and a patient — is all this redeemed
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by improving the quality of medical care for everyone
and for everyone in society?

Undoubtedly, as we have already emphasized, the
main expectation of society is safe pharmacogenetics,
effective drugs without side effects (which, by the way,
contradicts the old medical rule “there are no effective
drugs without side effects”). Of course, these will be
more expensive drugs, but drugs alone are not the most
expensive part of the health budget. In addition, the
emphasis on safety is an extremely rational approach,
since it is genetic factors that are among the most im-
portant predictors of undesirable side effects, especially
severe ones.

A serious objection for the world community in rela-
tion to the idea of developing genetic tests is their eco-
nomic inaccessibility for many countries [23].

It is difficult to object to genetic testing in risk
groups, but in the future tests will become cheaper and
more accessible, which will allow changing also the
design of clinical trials, with the selection of the most
genetically favorable cohorts, reducing their volume,
accelerating research time and reducing costs. Perhaps
the need for phases 1-2 will disappear, and a new model
of clinical research is on the way.

There are also serious concerns about the readi-
ness of the pharmaceutical business to produce drugs
that will be close in their intended use to drugs for or-
phan diseases. In fact, if we identify certain genetic
subgroups among very common diseases that do not
need banal and well-selling medicines, but need rare
drugs — will such production be supported? How will
society support the possible racial or social “coloring”
of the disproportion in the need for such medicines for
diseases of the same type?

We don’t have to solve these problems yet, but one
of the most important ethical organizational aspects
concerns the so-called biobanks and their functions.
Working in this direction for several years, we faced
ethical problems of organizing biobanks, including the
need to combine the availability of samples and the
preservation of medical confidentiality when it is man-
datory to have informed consent.

No less skepticism is caused by a change in the rela-
tionship between the doctor and the patient when genet-
ic information appears. Today, attending doctors who
are specifically examining the panel of genes in search
of an answer to the question of an accurate diagnosis,
resort to the help of geneticists to answer the questions
of patients receiving genetic information. Erroneous in-
terpretation of complex and ambiguous data can negate
all the bonuses inherent in personalization.

It would seem to be an obviously wonderful idea —
the selection of patients based on genetic data implies
the availability of genetic databases of patients to phar-
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maceutical companies, as well as the availability of
personal data from case histories.

The bioethics of genetic research will also require
the fullest possible explanation of the limitations of our
current (and maybe tomorrow and the day after tomor-
row) knowledge about genetic information and its im-
plementation at the level of the organism, a clear indi-
cation of the ways to use and store biological samples,
coding and maintaining anonymity, ways to withdraw
samples and recall research results, the possibility of
using a wide / limited network of national / internation-
al databases. The risks of getting acquainted with these
databases of insurance companies and employers are
obvious. Thus, the protection of personal data is more
relevant than ever in relation to personalized medicine,
and personalized medicine can create a crisis of trust
between various healthcare institutions, this concern
has been expressed since the implementation of the
Human Genome Project.

Today, the ideal doctor-patient relationship includes,
as far as possible, cooperation and understanding of
the treatment goals by the patient, and understanding
the patient’s wishes and priorities by the doctor... How
achievable it will be in the digital age of personalized
medicine!

And, finally, the last, but no less significant objec-
tions: already today the cost of unique drugs for the
treatment of orphan diseases is off the scale. Will the fi-
nancial capabilities of insurance campaigns provide all
patients, for example, with oncological diseases, with
the necessary medicines and tests?

CONCLUSION

Thus, the implementation of the concept of person-
alized medicine is associated not only with great hopes
and successes of researchers and doctors, but also with
certain difficulties. Probably, all these discussion is-
sues, as well as scientific problems, will also become
the subject of discussion on the pages of the new jour-
nal, to which the author of the article wishes success
and a long life!
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PE3IOME

Hacrosimmii 0030p MOCBsIIEH onucaHuio (HakTOpoB, HA OCHOBAHWU KOTOPBIX BBIJEISIOTCS
pasnu4HbIe PEHOTUIIBI OKUPEHHS, UX B3AaUMOCBSI3H, IPEIUKTOPHOM POJIH B IPOTHO3E MeTabo-
JIMYECKOTO 3/I0POBBS, €r0 COXPAaHEHHUH, B OTUETE Ha Pa3lUYHbIe BAPHAHTHI TEPAIeBTUIECKUX
BMeIaTenbeTB. O030p OXBATHII JIHIIE KITFOYEBBIE TAPaMETPHI: POJIh JIOKATH3AINHA 1 MOP(OII0-
TUH JKUPOBOW TKAaHU B €€ METaOOIMYECKON aKTHBHOCTH M XapaKTEPUCTHKAX CEKPETOMa, POJIb
OCHOBHBIX aJIMIIOKHHOB M TOPMOHOB, BOBJICYCHHBIX B PETYJISALIAI0 HYyTPUTUBHOIO METa0O0IN3-
Ma, PETYJSIUIO anMeTUTa U MUIIEBOr0 MOBEACHUS M YyBCTBUTEIHLHOCTH K HUM B Pa3BUTUU
OYKUPEHUs pa3anuuHbIX GeHotunoB. O003HAYEHA POJIb HEMOAUPHUIIUPYEMbIX (aKTOPOB (BO3-
pacT 1 TOoI), KPaTKO OMMCAHBI IEPCIIEKTUBBI UCTIOIB30BAHUS ITHX TAaHHBIX B OOpKOE ¢ drnje-
MHUEN 0)KHPEHMSL.

KiioueBble ¢cj10Ba: aUTIOKUHBI, TOPMOHBI KEITYIOUHO-KUIIIETHOTO TPAKTa, )KUPOBAsi TKAHb,
OKUPEHHUE, CEKPETOM, (PEHOTHITBI.

Jna yumuposanus: babeuxo A.FO., Tonuxoea T.H. Odxcupenue xax npeouxmop memaodonu-
YeCKUX HapyuweHull U yeib O1s NepcoOHUPUUUPOSanHbIX 8o30eticmeutl. Poccutickuil scypran
nepconanuzupogantoi meouyunst. 2021;1(1):59-94.
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Cnucok cokpamenuii: TNF — tumor necrosis
factor, AI' — aprepuansHas runeprensus, A/l — ap-
TepuanibHoe naBienue, bKT — Oenast supoBasi TKaHb,
ByXT — 6ypas xxupoBas Tkanb, BXXT — Bucuepaib-
Has KWpoBas TkaHb, BO — BucIepagpbHOE OXKHUpe-
Hue, ['MII — 1rrok0303aBUCUMBIN MHCYIUHOTPOIHBIM
nentun, I'TII1 — DrrokaroHomogoOHbBI mentund 1,
I'YJI — ropmoH-uyBcTBUTENbHAA nunasza, JJII —
nucnunuaemusi, KK — xupubie kuciotsl, KT — xu-
poBas Tkanb, UBC — mmemMndeckas 00Je3Hb cepara,
NI — wunrepneiikun, UMT — uHaexkc Maccel Tena,
NP — uncynuHope3ucteHTHOCTh, UDP — uHCynuHo-
mogo0HBIN (hakTop pocTta, JII' — moTenHn3upyomuit
ropmoH, JITIBIT — naunonporenHsl BHICOKOW TJIOTHO-
ctu, JIIIJI — nunonporennnunasza, JIP — nentuno-
PE3UCTEHTHOCTh, M3 — MeTaboIruecKkoe 370pOBbe,
M30 — merabonuyecku 310poBoe oxuperne, MHO —
MeTa0OoIMYeCKH He3MopoBoe oxkupenne, MC — wmeTa-
o6ommuecknii cuaapom, HAXKBII — HeankoroipHas
X)UpoBas 0oie3Hs nedenn, HYO — HapymieHus yrire-
BostHOTO 00OMeHa, Ob — oObem Oeaep, OT — okpyx-
HocTh Tanuu, IDKT — nonkokHas >KMpoBasi TKaHb,
pPuJI — pactBOopuMEIe penenrtopsl JenTtuHa, C/[2 —
caxapubiii quader 2 tuma, COKK — cBoOomHbIe XHP-
Hele kuciotel, CH — cepaeunas HeZOCTaTOYHOCTD,
CC — cepneuno-cocyaucteie, TI" — Tpuruuepusl,
OII — ¢pubpumnsanus npencepanii, XbI1 — xponnye-
ckast 60se3Hb Touek, XI[K — XonerucToKnHMH.

BBEAEHUE

1. O:xupeHne Kaxk npod;jaemMa coBpeMeHHOi
IUBHJIN3ALNHT

OxupeHre — reTeporeHHOe COCTOSHUE, XapaKTe-
pu3ylolieecs: U30bITOYHBIM HAKOIUIGHHUEM JKUPa B pa3-
JIUYHBIX JKUPOBBIX Jerno. B HopMe nemnoHupoBaHue
KUpa TPOUCXOTUT MPEUMYIIECTBEHHO B TTOIKOKHOM
KUPOBOM Jie1o. B ycioBusax n30bITKa sHeprun (muTa-
TEJBHBIX BEILECTB) €€ M3IHUILKN HaKalJIHBalOTCs B Oe-
JBIX aJUIMOIMTAX MOJAKOKHOH skupoBoid Tkauu (ITKT),
CTaHOBSChH M 3a1acoM, KOTOPHII MOXKET ObITh U3pacxo-
JIOBaH B YCIJIOBMSAX HEPreTHUECKOro Aeduuura, u 3a-
HIUTON OT OXJaXJIeHWs. Mexay TeM B yCIOBHUSX CO-
BpeMeHHOM xu3Hu nannabie Gynkuun [DKT nepecranu
OBITH aKTyaJbHBIMHU JJIs1 OOJIBIIMHCTBA JIIONEH, U, TaKk
KaK pacXoJOBaHUS 3araca XKUpa 13 JIeTIO0 MPaKTHIECKU
HE [IPOMCXOOUT U3-3a OTCYTCTBUS Ae(ULMTA SHEPIUN,
€ro 3amacbl CTaHOBATCA YPE3MEPHBIMH, IPEBBIIIAS
JETIOHUPYIOILYIO CIOCOOHOCTh KIIeToK. Poib reHeTn-
YeCKOM TPeApacrloNoKeHHOCTH B PacHpOCTPAHEHUHU
SMHUAEMUN OKUPEHUS CYIIECTBEHHO YCTyHaeT BKIAILy
o0pa3a >KU3HH, IOCKOJIbKY MaKCUMAaJIbHOE YBEJINYECHUE
4acTOThI OXKUpPEHUst 0TMeueHo B nnociennue 40 set. Kak
orMeTHJ [[)KOCIINH elle cTo JIeT Ha3aj, KTeHEeTHKa, Be-
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POSITHO, 3apsDKAeT Py’Kbe, B TO BpPeMs Kak 00pa3 KU3HH
B HaIllel CIIOCOOCTBYIOIIEH Pa3BUTHIO OKUPEHUS Cpelie
Ha)KMMaeT Ha KypOK JJIsl pacTipoCTPaHEHUS SMHUIEMHUH
oxupeHus». l[loMuMo mepeenaHusi W THUIOAWHAMUH,
PSA  AOTIOTHHUTEIBHBIX JKOJIOTHYECKUX, ITOBE/IECHYEe-
CKUX U COLHaIbHO-9KOHOMHUYECKUX (PAaKTOPOB BIMSET
Ha MoTpellieHre KaJIOpuil M/WIM UX PACXOH, BbI3bIBAsS
yBenmuenne Beca [1]. B nopme na IDKT npuxomutcs
oomee 80 % Bceil KUPOBOU TIPOCIIONKH, TOTIA KaK BUC-
uepanbHas xupoBas TkaHb (BXT) cocraBiser okono
10 % y »xenmuH 1 20 % y MyxuuH [2]. OnHako mpo-
JIOJDKAroIeecsl M30BITOYHOE IMOCTYIUICHHE MHUTaTellb-
HBIX BEIIECTB MPUBOAMUT K TOMY, UTO YHEPTHA HAYMHA-
€T HaKaIUIMBaThCs B APYTUX JIETIO — B BUCIEPAITBHOM
JKUPOBOM TKAHU U B MEPUOPTaHHBIX U BHYTPUOPraH-
HBIX oOnacTsix. HecoMHeHHO, Takasi cxema MmocieoBa-
TEBHOCTH Pa3BUTHS PA3IMYHBIX BAPHAHTOB OXKHUPEHUS
Ype3BBIYAIHO YMPOIEHa, W Ha 3TOM BOIPOCE CTOUT
OCTaHOBUTLCSI ITOJPOOHEE.

2. O:xupenne u MeTadoINYeCKOE
310pOBbE€ — YTO ONpeaesisieT nocjaeanee?
Pazinunbie (PEHOTUNBI OKMPEHUA —
onpeae/JieHusi MeTad0Iu4ecKH 310POBOIo
o:kupeHusi. /[MuHaMHuKa npeacTaBiIeHUH

Ha nokanuzauuio HaxomJIeHHs >KUPOBOW TKaHU
(OKT) B Tex wim WHBIX 00nacTsaxX Tena (mmoreodemo-
panbHOE, a0TOMHHAIIFHOE) U )KUPOBBIX JIENO (TTOIKOXK-
HOE€, BHCLEpPAJIbHOE) BIUSET MHOXKXECTBO (PAKTOPOB.
HaunOonee BblpakeHHbIE CABUI'M B MPOLYKUHUH OHO-
JIOTMYECKH aKTHBHBIX BELIECTB, BOBJICUCHHBIX B pe-
TYJIANNI0 METabONMYECKUX MPOIECCOB, OTMEYAIOTCS
pu BrcuepatbHoM oxkupennn (BO), koTopoe 00BIIHO
SIBIISIETCS. METAaOOMMYECKH HE3I0POBBIM. Mexny Tem
pasznmuumg B 3dekrax Ha MeTaboIMYecKoe 310po-
Bbe (M3) u cepaeuno-cocyauctoie (CC) pucku nume-
et "He Tonbko BXT u IDKT, no u nmokamuzarust [DKT
(TmoreodemopanbHas, adIOMHUHATBHAS). AJHUITOIATHI
abnomunansHoi [DKT xapakrepusyrorcest ObICTPBIM 3a-
XBaTOM M COXPAaHEHHEM SHEPIHH MOCIIe MpUeMa MUY,
BBICOKOH CKOpOCThIO OOMEHa IUMUIOB (JIMIIONH3),
TOrJa KakK >KHPOBBIC OTJIOKEHMsI HIDKHEH 4acTu Tesa
HMMEIOT HU3KYIO CKOPOCTh OOMEHA JINIUIOB U U30JUPY-
IOT JIMMU/IBL, KOTOPBIE B MHOM CJy4ae MOCTYNWINA Obl
B HexwupoBble TKaHU (9kTonus JKT). Takum o6pazom,
IDKT amxHEl gactu Tena umeeT 060s1ee BRICOKYIO CITO-
COOHOCTb K JACMOHUPOBAHUIO U COXPAHEHMIO JINIHUIOB
[3]. ITo mepe yBenmuuenus uHuekca maccol tena (MMT)
CKOPOCTh OOMEHa JHMIUA0B 3amesieTcs. Mcenenosa-
HUS TOCJTETHUX JIET TOKa3ald, YTO OTINYHS HMEIOT-
ca He TtosbKko Jisi JKT, ToKanu30BaHHON B pa3IMYHBIX
o0nacTsx Tena, HO U Ul PACIOIOKECHHOM Ha pa3HOM
m1ybuHe ot koxu. bonee riry6okue cioun IDKT umeror
CTPYKTYpHBIE U (PyHKIIMOHATIBHBIC OTINYMS: O0JIee BbI-
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COKYIO DJKCIIPECCHIO IPOBOCHAIUTENBHBIX, IHUIOTCH-
HBIX U JIUTIOTUTUYECKUX ['€HOB, O0Jiee HU3KUH yPOBEHb
metunuposanust JIHK PPAR-y, u comepxkut Gonee BbI-
COKYIO JIOJNIO MaJIEHBKUX aJUMonUTOB. To ecTs Oonee
rmyookue ciaon IDKT nMeror OONbIIui aqumoTreHHBIA
noreruuan. Mopdonorust XXT takxe Biusier Ha M3.
XoTs1 OKMpeHHe OOBIYHO XapaKTEpU3yeTCsl COueTaHu-
eM runepTpo(uu 1 TUMepIia3iy aJuonnuToB, Ipeoo-
JajaHue TUTIEPTPODUN CBA3aHO C HEOJArONMPHUSATHBIM
KapauoMmeradonmdeckuM tpoduiem [4]. Bompmoit
pa3Mep aauIoIUTOB acCOLMUPOBAH C HU3KOH CKOpPO-
CTBbIO OOMEHA JIMMUIOB B HUX M HAJTMYUEM HETaTUBHBIX
KapauoMeTa0oInIeCKUX N3MeHeHn. [Ipu aToM cytiie-
CTBYIOT IPOTHBOPEUHSI B JAHHBIX O TOM, THIIEPTPOhUs
AJIMITOINTOB KaKOHW JIOKaIu3auu (BUCIEpATbHON WITN
MOAKOKHOM) OmpenenseT KapAHOBACKYISIPHBIE PUCKH.
B omHux mccnenoBaHMSX YCTaHOBJIEHAa B3aWMOCBS3b
runeprpodun kinerok BXT ¢ uHCynTuHOpEe3ncTeHTHO-
cteio (UP) m xapamoBacKyIsIpHBIMH 3a00JI€BaHUSIMU
[5], B apyrux runeprpodusi BUCLEPaIbHBIX aIUIMOIM-
ToB ObuTa cBsizaHa ¢ auciunuaemued (JIIT), Torma
KaK THIIEPTPOQHS MOAKOKHBIX aJUTIOIUTOB — C UHCY-
JIMHOPE3UCTECHTHOCTHIO [6, 7] ¥ pa3BUTHEM CaxapHOTO
muabera 2 tuna (CL12) [8], a HOpManmu3amus ux odbema
[IPU CHUYKEHUH Beca COIIPOBOXKIAIACH HOPMaIU3aLuen
qyBCTBUTEIBHOCTU K HHCYIUHY [9].

OpHako TIepeYrCIIeHHbIE OCOOCHHOCTH JIaJieKo
HE BCErJla YYWTBHIBAIOTCS B OIIGHKE METa0OJIMYECKH
310pOBOro/He310poBoro oxkupenus. [log meradonuye-
CKH 370pOBbIM oxkupeHreM (M30) B 1e1oM NoHUMaeT-
csl OKHpEHHeE, PU KOTOPOM OTCYTCTBYIOT KaKue-TH00
3HaYUMBIe MeTabonnyeckue Hapymenus [JJII1, mapy-
menns yrieBogHoro oomena (HYO), runepypukemus
u np.], aprepuansHas runeprensus (Al), mubo ume-
eTcst He OoJiee OIHOTO TAaKOoro HapyieHus. JlomonHu-
TENbHO BKIIIOYAIOT HEONArOMPUATHBIA BOCIMAIUTEb-
HbI ipod ik (ypoens CPb > 3 1/1), pe3sucTenTHOCTD
k nacynmuny (HOMA-IR < 2,5), onHako peKoMeHIaIuu
o kputepusM M30 oueHb BapuaOebHbl, KaK U OLeH-
KH ero pacmpoctpaneHHoctu (ot 6 mo 40 %) [10].
BonbIMMHCTBO MCCIET0BAHNN BKIIIOYAIOT HAJIMYHE OC-
HOBHBIX KOMIIOHEHTOB METa0OJMYECKOTO CHHIPOMA
(MC) [apTepuanbroe pasienue (A) > 130/85 mm pt.
CT., XOJIECTEPUH JINTIOTIPOTENHOB BBHICOKOW IMIOTHOCTH
(JITIBIT) < 1,04 mmons/n y My»k4uH, < 1,3 y )KEeHIIHH,
tpurmunepuast (T17) > 1,7 MMonb/1, TIIOKO3Y TIa3MBI
HaToIIaK > 5,6 Mmoib/i| B onpeneineann M30/MHO.
MeHee TONOBUHBI BKJIIOYAIOT OLEHKY WHCYIHMHOPE3H-
CTEHTHOCTH, OOBIYHO INPH MOMOIIM CyppOTaTHOW TO-
MEOCTATUIECKON MOJIEH PE3UCTEHTHOCTH K WHCYINHY
(HOMA-IR) [11], B HEKOTOpPBIX HEOOJBIINUX HUCCIEI0-
BaHMSIX HCIIOJIb30BaJICS TUIIEPUHCYTUHEMUYECKUNH-3yT-
nukeMuueckuil kiami [ 12—14]. Psn aBTopoB mosnaraer,
yto He WP, a runepuHCyaMHEMUS ONPENENIeT METa-

6omuuecku HeszmopoBoe oxkupenue (MHO) [14, 15].
OrneHka ypoBHSI IPYyTUX TOPMOHOB HE BXOIWT B CTaH-
JTapTHBIC OTIPE/IEICHNS.

Mexny tem Tekymue onpenenenus M30 He sBis-
IOTCSl ONTHMAJIbHBIMU, TaK KaK HEJJABHUE TIPOJIOJIbHBIC
MCCIIeIOBaHMsI TIOKa3aJd, YTO OONbIIast YacTh MalueH-
ToB ¢ M30 co BpeMEHEM TIEPEXOINUT B METa0OINICCKA
He3nopoByto kareroputo [16-21]. [Ipenukropsl morepu
M3 BKIIIOYAIOT NOXMION Bo3pacT [22] u Oonee «Iwio-
XHE» UCXOIHBIE MeTabOIMUecKue MmapameTpsbl, BKIIO-
yasi Gonee Hu3kuii yposens JIIIBII [18, 20], Gomee
Beicokuit — TI' [20], OGojee «IIeHTpaNbHOS» OXKHpE-
nue [20] u UP [18, 20]. PazBuTHe HOBBIX METO/IOB JIJIs
OIICHKH KOJIMYECTBa U JIOKAJIM3AUH Pa3TUYHbIX BUIOB
KT (nmoxkoxHO# rroreodeMopaibHOW Wi abpoMu-
HaJIbHOM, BUcliepaiibHOM, JKT neuenu, mopkesry1ouHon
JKeIle3bl, SMUKAPIUATBHON W T. [.) TIO3BOJIIIN COp-
MHUpPOBaTh HOBBIE KOMIIOHEHTHI M30 — mpeauKTopsl
ero coxpaHeHus. Tak, B HEIaBHEM IPOCIHEKTUBHOM
WCCIIEZIOBAaHUM TTAllMEHTOB C HWHCYJIMH-YYBCTBUTEINb-
HBIM W WHCYJIHMHOPE3NUCTEHTHBIM OKMpEHHEM (OIIeHKa
YYBCTBHUTEIBPHOCTH K WHCYJIMHY METOJIOM DYTIUKEMHU-
YEeCKOT0 TUIEPUHCYIMHEMHYECKOTO KIIPMIIa) OBLIO TM0-
Ka3aHO, YTO MPEIUKTOpaMH COXpaHEHUs/yTparsl M3,
MTOMHMO HOPMaJTHHOW YYBCTBUTEIHLHOCTH K WHCYJIHHY,
OpuTH  (DEHOTHT OKUPEHHUS, HIACHTH(PHUIIMPOBAHHBIN
o oobemy BXKT u oxpyxuoctn Tanmuu (OT), Tomas
Macca Teja, MHAEKC Macchl Tena, quactonndeckoe AJl,
YPOBEHb HHCYJIUHA CBIBOPOTKH HATOIIAK U COJEPIKAHHE
xkupa B iedenu [14]. [lpu sToM quHAMAYECKas OIleHKa
yepes3 5 ner B rpymnmne ¢ ucxoano NP-oxupenuem co-
Jep>KaHKe JKUpa B aHAPOUIHOM PErHOHE 3HAUYUTEIHHO
yBenuumiioch (p = 0,0087) kak u oobem BXKT (P rpers <
0,001) [14].

B nemaBHeM uccnenoBannu Zembic, et al. (2021)
OBLJIO MOKA3aHO, YTO TOJBKO MAIUEHTHI C O)KUPEHHUEM,
He nveBmme AI' 1 HYO [cucronmueckoe AJl < 130
MM PT. CT., 0€3 THIIOTEeH3UBHOW TEpaIvu, OTCYyTCTBHE
CH (turazmennas mmoko3a < 110 mr/mm) 6e3 aHTHIN-
a0eTUYECKON Tepanuu| U MMEBIIUe TepudepruueCKui
tun okupenuns [orHomenue OT k oobemy Oenep (OB)
< 0,95 mns xermuH U < 1,03 1t My>XK9IHH|, He IMEITH
noBbitieHnst pricka CC-cOOBITHII 1 CMEPTHOCTH, TPH-
YeM He3aBUCHMO OT Macchl Tena [23]. HeoxumpanHbiM
obu10 orcyrerBue cszu AJIIT ¢ CC-mporuo3om B naH-
HOM HCCIIeZIOBaHWHU. V3 MHTEpecHBIX 0coOeHHOCTeH
9TOH paboTHl CTOUT OTMETUTH OIIEHKY MMEHHO OTHO-
menns OT/OB, a ve OT nns orieHkH (heHOTHTIA OKUPE-
Hust u uHaekca QUICKI, a se HOMA-IR s onienku
HP. Xotrs OT mo3BonseT MOATBEPAUTH EHTPATHHBIN
(aEIpOWIHEIN) XapakTep OKHUPEHUS, OICHUBAs KOJIH-
yecTBOo BXKT, nokanm3oBaHHOH B OPIONIHOM MONOCTH,
onHako npu onenke OT B 3HaueHHE TaKKe BKJIIOYA-
€TCSl U TOJIKOXKHbBIH a0IOMUHAIBHBIN KHUP, Y KOTOPO-
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ro UMEETCsl MEeHblIee HeOIaronpusITHOE BO3JCHCTBHUE
Ha MeTaboiM3M, yeM y BucuepaibHoro [24]. Hampo-
tuB, Ob orpaxaer xonnuyectBo [DKT, nokanuzoBanHoit
Ha HI)KHEH TTOJIOBHHE Tela, KOTOpas UMEeT KaKk MUHH-
MyM HEHTpaIbHBIE, 2 BOSMOXKHO M 3aITUTHBIE (P (HEKTHI
Ha MeTabonu3M [24-26]. JIpyrue uccienoBaHus TaKxKe
MOKa3ajy OONBUIYI0 MPEeTUuKTOpHYIo MomHocTh OT/
Ob no cpaBuenuto ¢ OT B OTHOILIEHUH OLIEHKH pUCKa
cmeprr, ueM OT mpm oxupennu [27]. Mcmoms3oBa-
uue naaexca QUICKI, xoTopslit 6onee cuiibHO CBsA3aH
¢ MeTaboIMYecKuMHu puckamu, yem uHjaekc HOMA,
TaKKe [MO3BOJIMIIO YAYUIINUTh MPETUKTOPHYIO [IEHHOCTD
WCCIIEZIOBaHUSA. DTO HCCIIEOBAHUE €Ile pa3 Moadep-
KHYJIO BBICOKOE 3HaueHue nokanu3anun KT B hopmu-
poBannn CC-puckoB. OtcyrctBue B3aumocssizu JJIIT
¢ puckom cmeptu (CC u 0011eli) B 3TOM HCCIIeIOBaHUN
MOXET OOBSICHSITBCS TE€M, YTO CpPEeId MPUYHUH CMEPTH
y TalMeHTOB C OXHPEHUEM JIOMHUHHUPYIOT CepaedHas
HepocrarouHocth (CH), XxpoHndeckass 60ie3Hb MOUEK
(XBID) u onxonorus, anst koropsix IJIII ve siBnsieTcs
KITIOUEBBIM (PAKTOPOM PHCKA.

BaxxaplM nmpuunHHBIM (HAaKTOPOM DPAa3BUTHUS pas-
JIMYHBIX KapIuOMETa0OIUUSCKUX 3a00JIeBaHUN ITpH
oxupenun sisnsgercs: HakoruieHue JKT B 1meneBbIx
OpraHax M TNEpPHOPraHHOM MPOCTPAHCTBE. ODKTOMHS
KT B pasnuuHble opraHbl IpeACTaBIseT coOOH 3Ha-
YUTENBHBINA (PaKTOp B (DOPMHUPOBAHUHU TE€TEPOTEHHBIX
[0 TIOCJIEACTBUAM (eHoTUnoB oxupenus. [Ipu stom
Ka)k/bIi BapuaHT opranHoi sxktonuu JKT: snukapau-
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aJIbHBIHN, ME3CHTEPHATBHBIN (BOKPYT KHIIIEYHUKA), pe-
TPOMEPUTOHEATBHBIN (B TOM YHCIIE OKOJIONOYCUYHBIH),
TOHAAATBHBIN, OMEHTAJIBHBINH (KETYJOK, Cee3eHKA),
MEYEHOYHBIN, MaHKPEATUYECKUH >KUP, BHOCUT OCO-
OeHHOCTH B KIMHUYeckoe Teuenne [28] (puc. 1). Tak,
Hakorsienue KT B o0macTu BOPOT MOUEK KOppenupy-
et ¢ AJ] u anpOyMuHypuel, HaKOIJIGHUE B dMUKap-
JMUATBFHONH 00JaCTH aCCOIMMPOBAHO C TIOBBIMICHHBIM
puckom A, mmemuyeckoit O6onesnu cepama (MBC),
¢ubpunnsauun npencepauit (PI1) u CH, B obnactu
TrOHaJ (B MOILIOHKE) — C HapyLIEeHUEeM MPOIYKIINH Te-
CTOCTEpOHA Y MY>KUWH U HApyIIeHHEM (QEPTUILHOCTH,
HAKOTUIEHUE JKUpa B 00JIACTH MOKEITYOYHON JKere-
36l OOpaTHO KOPPEIUPYET C CEKPETOPHOU (DyHKITHEH
OeTa-KJIeTOK, a B 00JacTH MEYeHH acCOLHUHPOBAHO
¢ neueHouHod WP, moBeimeHneM mponykuuu Qery-
WHa-A, pa3BUTHEM HEAJKOTOJILHON OOJIC3HU IEUCHU
HAXKBII. Kpome Toro, cteaTto3 N€4€HU TOXE BHOCUT
BKJIaJl B HApYyIIEHUE CEKPETOPHON aKTUBHOCTH SHIO-
KPUHOIIUTOB MOJKEITYIOUHOM xKene3bl [28] u sBisieTcst
ele OJTHOM CUIIBHON J€TEPMUHAHTON 4yBCTBUTEIbHO-
CTH K HHCYJIUHY TIpu okupeHuu [29]. Ilpu aTom y pas-
HBIX MMAallHEHTOB MOXXET OYeHb 3HAYMMO BaphHUPOBAThH
HAKOIUJICHUE )KUpa B pa3NuuHbIX caitax. [I[puunnnbie
(hakToOphl ATUX OTIUYHMH 70 KOHILA HE YCTAHOBJICHBI
U X ONpENETICHUE SIBIISIETCS KIIOYEBOM 3ajaueil, pe-
[IEHHe KOTOPOH TO3BONHUT pa3padoTaTh MEepCOHU(H-
HUPOBAaHHBIA TMOAXON K MPO(UIAKTHUKE LEJIOT0 psiaa
MeTabOIMYeCKHUX 3a00IeBaHM.

Puc. 1. lpuMepbl CBA3MK NIOKan3auuu HaKoneHna aKTonupoBaHHoin BXXT

C KIMHN4YECKUMU NPOABJIEHNAMMU
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CHoXXHOCTB ydeTa 3TUX W3MEHEHUH TIPH OIeHKE PH-
CKOB Y Ppa3IUYHBIX MAI[MCHTOB OIpPEICICHA BBICOKOM
CTOMMOCTBIO 00CTIEIOBAHUSI, TIO3BOJISIOILETO OLICHUBATD
skTonupoBaHHyio KT (MarHMTHO-pe30HAHCHAs TOMO-
rpadus, IPOTOHHAS CIICKTPOCKOITHS, ICHCUTOMETPHS).

Eme ogun tun XKT, olieHKa KOTOPOro Majio I0CTyIHa
B PYTMHHOM MPAKTUKE, HO UHTEPEC K KOTOPOW B Hayd-
HBIX UCCIICJIOBAHUIX He ociadeBaet, — Oypast >KUpoBast
tkaub (by)KT). B otmiume ot 6emoii XKT (BXKT), By )XXT
BbIpabaThIBaeT TEIIO, YBEIMYMBAs PACXOll DHEPTHH,
BMECTO TOTO, YTOOBI JCTIOHUPOBATh SHEPTUI0 B BUJIEC
J)Kupa. Y 4elloBE€Ka OHA IMPEACTaBJIEHA JAByMsl THUIa-
Mu — «uctuHHas» By)KT, koropast BbIABIISIETCS JIMILb
Yy MITQZICHIIEB ¥ JIOKAJTM30BaHA B MEKIIOMATOYHON 00Ia-
CTH W «MHIynuoOenbHas tepmorenHas» byXXT, mokamm-
30BaHHAsi OOJIbINIEH YaCThIO B HAIKIIFIOUMYHOU 00JIACTH
[30]. Oty KT Takxe Ha3bIBAIOT OSKEBOM, TaKk Kak OHA
COZIEP’KUT M Oerble 1 Oyphle aIuTIONUThI U XapaKTepu3y-
eTcs COCOOHOCTRIO K pe-nudPpepeHIINPOBKE — «IIepe-
KITIOUCHHIO» MEXKITy OCBIMH U OSKEBBIMHU aMITOINTA-
MHU ITyTeM aKTUBaLUK Oefika Hecuerienus | [uncoupling
protein 1(UCP1)]. Dot nponecc (pe-nuddepeHiupos-
Ky OCJIBIX aIUTIONUTOB B OyphIe) HA3BIBAIOT OpayHHHTOM
BXT. YMenbieHue kak Macchl, Tak U akTuBHOCTH By KT,
MOKET Urpath poib B pa3BuTuu oxxkupenus u C[2, u ee
MeTaloaryecKast aKTHBHOCTh 00PaTHO MPOIOPIMOHAIb-
Ha TOJIIIMHE YKUPOBOU MPOCIONKH [3 1] ¥ MOIOKHUTENHEHO
KOpPEJIUPYET C UyBCTBUTEIBHOCTBIO K MHCYAUHY [32].
YBenuuenue conepxkanus TI' B 00macTu JoKaIM3aIuu
By)XXT Taroke sBIsieTCS HEraTHBHBIM METaOOINYECKUM
MPETUKTOPOM M aCCOIIMUPOBAHO B BBICOKOW CTETICHU
¢ passutrem P u HYO [33].

WP nipu o’xMpeHnr TECHO CBS3aHA HE TOJIBKO C yBe-
nuuenueM konumdectBa BXKT, Ho u ¢ moTepeii Mbiiiey-
HOM Macchl, 0COOCHHO B MOXKUIJIOM Bo3pacte [34], ne-
(bUIHUT KOTOPOH MOXKHO paccMaTpUBaTh Kak MapKep
WP u npeaukrop pazsutuss MHO [29]. Jlaxxe nipu HOp-
MaJbHON Macce Tela JeUIUT MBIIIEYHOW MacChl IPH-
BOAUT K pa3Bututo NP.

[TonBoms UTOT, BEMYIIUMHU KPUTEPUSIMH OTIPEICIICHUS
M30 MokHO cunTarh yBenudeHue kommaectBa BXKT
u otHouieHue komuuectsa BXKT k Tomieir macce tena.
CaMbIM MIPOCTBHIM, TOCTYIHBIM B PYTHHHOHN IMPaKTHUKE,
MeTomoM oreHkn konmdectBa BIKT sgBistercst oreHka
OT wu otaomenuss OT/Ob. Bosnee CIOKHBIM SIBIISICTCS
TapreTHOE OIpeeNieHHe PHUCKA Pa3BUTHS OTIEIBHBIX
METa0OMMYECKUX PAacCTPOMCTB U 3aloneBaHuil. s
passutus HYO Takumu akTopamu sSBJISIFOTCS MTOBBIIIIC-
Hue copepkanud TI' B eUeHH U MOJKEITYIOUHOM Kee-
3e, IS CepIeUHO-COCYTUCThIX 3aboneBanuii (Al, bC,
®I1, CH) — yrommenne stukapananbHon XKT, st pas-
BUTHSI XPOHUUECKOH O0JIe3HU noyek — Hakoruienue KT
B BopoTax novek. OHO TpeOyeT MCIOIb30BAHUS CIIOXK-
HBIX, JOPOTOCTOSIIIIUX HHCTPYMEHTATLHBIX METOIOB HC-

CJIeZIOBaHMs, TO3TOMY B HCCIIEIOBAHUSAX TOCIEAHNH JIeT
NPENPUHAMAIOTCS TIOTIBITKA WACHTU(HUIIMPOBATh Jia-
OopaTopHbIe MapKepbl, KOTOphIe MOTIIN OBl CTaTh yI00-
HOM M JOCTYMHOW aNbTePHATUBON HHCTPYMEHTAIBHO-
My obOcienoBanuio. Kpome Toro, oneHka OMOMapKepoB
MOMOTaeT JIy4Ille MOHSITh MEXaHU3MbI (POPMHUPOBAHUSI
Pa3IMYHBIX HApYLICHWH, JIEKALUX B OCHOBE Iepexona
M30 B MHO, u B ocHOBE pa3BUTHS OTACITHHBIX METa00-
JIMYECKUX PACCTPOUCTB.

3. O11n4ns rOpMOHAJIBLHOTO

H OmomMapkepHOro npoguiisi Npu pasJIMYHbIX
(peHOTHIIAX OKMPEHUS — AHAJIN3 KPOBH /ISl
NpeIUMKIUA MeTa00IMYeCKOI0 310POBbSI —
MU} UM peaibHOCTh?

K HacTosiieMy BpeMeHH HE BBI3BIBAET COMHEHUI
HaJIM4Yue 3HIOKpUHHBIX QyHKIu y XKT, kotopas BbI-
pabarbBaeT Oonee 50 TOPMOHOB (aIUITOITUTOKHHOB,
AJUMIOKMHOB) W OMOJIOTMYECKH AaKTHBHBIX BEILECTB
¢ pasHooOpasueiMu (yHkimsimu [35] (puc. 2). OHu
OKa3bIBaIOT CBOM (P (PEKTHI uepe3 mapakpuHHbIE, ayTo-
KPUHHBIE W SHJIOKPHHHbBIE MEXaHW3MBI, BIHUASL HA Me-
TabOJIMUECKHE MPOLECCH, BOCIAJICHNE, KOaryysLuIo,
TrOMeOoCcTa3 INMIOKO3bl M JaunujaoB. K HUM oTHOCSTCS:
AJIUTIOHEKTHH, JICTITHH, CBOOOJHBIC KUPHBIC KHCIIOTHI
(CXKK), dakrop Hekposa OImyxosu-o. (tumor necrosis
factor (TNF)-a), narepnetikuna (1J1)-6, uaTepaeiiknH
(MJ1)-8, MCP 1, Bucarun, Gperyun A, HHCYIHMHOIIO-
no6ubIi aktop pocra (MDP), uarudburop akrusaropa
rtasmuHoreHa-1 (PAI-1), aHrnoTeH3suHOTeH, aHTMOTEH-
3uH-11, mpocTarnaHuHbl, SCTPOTEeHbI, PE3UCTUH U MHO-
rue apyrue. M3meneHue ypoBHs TOPMOHOB U Ouomap-
kepoB — npoaykToB KT B kpoBu — B onpezeneHHoN
CTENEHH OTpakaeT (YHKIMOHAIBHBIN AucOaIaHc Kak
xierok JKT, Tak ¥ JIpyrux OpraHoB, BOBJIEUEHHBIX
B (hopMmupoBanue THUMUYHBIX a1 MHO mHapymenunit
(TedeHb, MOUKH, MOAXKETYI0UHAs JKele3a, HeMPOIHI0-
kpuHHble K1eTkn JKKT).

OHUM W3 THIUYHBIX OTIWYHH, OTMEUEHHBIX TNPH
BucrepansHoM oxupenun (MHO), sBnsercs nsme-
HeHHe OajaHca aJUIOLUTOKMHOB — aJUIIOHEKTHUHA
(cHmKeHHE), JenTHHA (TTOBBIIICHNE) U IPYTHX MIPOAYK-
TOB CEKPELNHN KUPOBON KIETKU. DTO CONPOBOKIAETCS
MOJYJALNEN TPOBOCHANINUTENBHBIX U METa00THIECKIX
nponeccoB. Puznonorndecku umenHo IDKT npen-
Ha3HayeHa /Jsl JICHOHUPOBaHUS M30BITKA KaJlopuil,
Y T€HETHYECKU JIETEPMUHUPOBAHHAs €€ BBICOKAsI CIO-
COOHOCTh K JACTIOHMPOBAHUIO IMO3BOJISACT JJIUTEIBHO
coxpaiaTh xopomee M3. Kak oTMedeHO BEINIE, MaK-
CUMAIIbHOW JETIOHUPYIOMIEH CIOCOOHOCTBIO 00Nama-
er IDKT mmoreodemopansHoit obmactu. Cuuraercs,
YTO Ba)KHOE 3HAYCHHE B OCOOCHHOCTSIX CEKpeToMa
KT umeeT ee kucnopomHasi 00eCIeueHHOCTh, KOTOpast

Tom N21 ‘ 1 ‘ 2021‘

63



II. OB30Pbl | REVIEWERS

B BBICOKOM CTEIICHH ACTCPMUHUPOBAHA aHT'MOTCHE30M.
OcCHOBHEBIE PEryjsiToOpbl ACMIOHUPOBAHUS )KHpOBOﬁ TKa-
HHW BKIIFOYAXOT COCTABJIAKOIIUC.

BO3PACT

JKupoBast TKaHb SBJISETCS] TUHAMUYECKON CUCTEMOI,
3¢ PEKThI KOTOPOH Ha MOIYJISIIIMIO CUCTEMHOTO MeTabo-
Jin3Ma U BOCHAJICHUS MCHAIOTCS B Pa3sHbIC BO3PACTHBIC

NowaneHan PAAC

/anr I, peHuu, AN

AQHNOKHHBI

n , sLepR, a , PE3UCTHH,
omeHTHH-1,-2, anenuH, ANGPTL-2,-4, xemepuH,
BUCHATHH, AAUNONHH, HPHIUH, WISP

LIMTOKWHBI/XEMOKHHBI

4
®HO-a, ppeydHO, UN-6, sIL6R , UN-1B,- § /

4,-7,-8,-9,-10,-12,-13,-15,-17,-18, Ud-y, y
LIF, MIF, MCP-1, MIP-1¢t,-1B, SDF-1, IP-10,
CXCL5, RANTES, $pakTakuH, 30TAKCHH
|
1

PGE,, PGF,,, PGI, \

>
b
\\
\"a.

MpocTarnaHgnHb

TpaHcnopT KanbuMa
KanymeHuH, KaneackyauH

KCTPAUGNIONAPHDBIA MATPHKC
HKonnareus -V, raunukanx-4,

e

IHTAKTHH, NAMHHWH, OCTEOHEKTHH,
PaH CyAbpar, ryanyp

TpombBocnonauH-1, NOV

Apyrve ropmolsl COMATOCTaTHH, KaNbLMTOHMH,

: ;J’f——-—-h.,__ﬂ 2 ;
- T
o8 R

Aaunouut

!/./@

niepuoasl [36]. B nerctBe u y toHbIX KT oOmagaer BoI-
COKOW IIIACTHYHOCTBIO, TPHUCIIOCAONNBAsICh K HU3Me-
HEHUSIM OKPYKAIOIICH Cpeibl U OBICTPO U3MEHSISI CBOU
SHJIOKPUHHBIC, BOCHAJIMTCIIbHBIE M METaOOIMYCCKUE
¢byakmmu [37]. C BO3pacTOM CHIKACTCS CIOCOOHOCTH
K TUGPEpeHIINPOBKE MPETUTIONMTOB H3-32 CHIDKCHUS
akcrpeccuu u aktuBHOCTH CCAAT/3HXaHCep-CBS3bIBa-
toriero Oenka anbda (C/EBPa) 1 nepokcucoM-akTHBH-
pyemoro mponmdeparopa ramma-pernentopa (PPARY)

$aKTopbl KOMNAEMEHTa

B, C3 / C3a-desArg (ASP), D (adipsin), H, I,
properdin, PTX3
PocroBbie aKTopbl

IGF-1, IGF-BPs, FGF-1, -2, -10, -21,

23, TGF-a, -p1, -p2, HGF, HB-EGF,

VEGF, GCSF, MCSF, PDGF-BB
Merabonuam aMnuaos

@ LPL, CETP, ApoE, RBP4,

N lipocalins (HCNP, NGAL)

/ Hurnburopsl npoteas
LineratiH C, KONNMIMH-1

Cl ™
Kpoeu TkaHesoH daxrop,
PAl-1, BacnuH, npoTenH §

HuzkomonekynapHeie
meTabonnTel MUpHbIE KHCAOTBI,
rAULEPOA, MOHOBYTHPHH,

SARMRMA

Opyrue dakropsl MMP-2, rantornobuH,
meTannotMoHenH-1, SSAO/VAP-1, SAA1, SAA3,
cemadoprH-3C, UMHK-02-TIMKONPOTEMH,

, ANP, ASIP, PEDF paokcanasa-1, 3, ANn-4, « P P

THH, NPOr(

ApantuposaHo 13 Gerst F. et al. MOLECULAR METABOLISM 25 (2019) 1-10

Puc. 2. Npodunb cekpeTopHOM aKTUBHOCTU 6enoro agunouuTa

AlMN® — aHrnoTeHanH-npeobpasyowmnin bepmeHT; ANGPTL — aHrMonoaTnH-Nofo00HbIN 6enok; ANP —
npeacepaHbii HaTpunypeTndecknin nentng; Apo — anonunonpotenH; ASIP — aryTmn curHanbHbIn
6enok; ASP — auunnunpoBaHune-ctumynupywwmn 6enok; CETP — 6enok nepepga4vnm CNoXHbIX 3dunpos
xonectepuHa; OMNMN — gunentnaun nentngasa; FGF — dakTop pocTta dpnbpobnacta; GCSF — konoHnin-
cTnMynupytowmnin daktop rpaHynountos; HBEGF — renapunH-cBAsbiBaoWwmin anmgepManbHblil dakTop
pocTa; HCNP — runnokamMnanbHbI XONMHEPTNYECKNA HelpocTuMynupytowmn nentug; HGF — ¢akTop
pocTa renatounTta; U® — nHtepdepoH; IGF — nHcynnHonogobHbin pakTop pocTa; IGF-BP — IGF-
ceAsbiBaoWwnin-6enok; IL — nHtepnenkuH; IP-10 — nuoyuunpytowmin 6enok 10; LIF — nenkemunn
MHrnbumpytowmnn daxktop; LPL — nunasa nunonpotenHa; MCP — 6enok xeMoaTTpaKTaHT MOHOLNTa;
MCSF — KonoHun-ctumMmynupyowmin daktop makpodaros; MIF — pakTop MHIrMBUPYOLWWI MUTpaLLUIO
Makpodaros; MIP — makpodarn nHayumnpyowmin 6enok; MMP — maTpuyHaa MeTannonpoTenHasa;
MW — monekynsapHaa Macca; NGAL — »enaTuHM3a-cBA3aHHbIA NNMOKaNNH HENTPODUIIOB;

HOB — apeHocapKOMOW NOYKK cynepaKcnpeccupyeMolin 6enok; PAl — nHrnbntop aktmuBaTtopa
npodmnbpuHonnanHa; PDGF — nonyyeHHbIn n3 TpoMmboumntoB dakTop pocTta; PEDF — nony4eHHbIn

N3 NUrMeHTHoro anuTenua dakTop; PG — npoctarnaHaonH; PTX — neHTpaKCUH-CBA3aHHbIN

6enok; RANTES — oTperynmpoBaHHbIli Ha aKkTUBaLM HOPMasibHbIX KSTETOK 3KCMPEeCCUPYEMbIiA

n cekpeTupyembin 6enok; PAC — cuctemMa aHrmoteHsnHa peHnHa; RBP — ceasbiBatowmin 6enoK
petuHona; SDF — cTtpomanbHo-keTouHbIn pakTop; sIL6R — pacTtBopumMbIn peuenTop NJ1-6;

sLepR — pacTBOpuMbIN peLenTop nentuHa; ppetPHO — pacTteopumMblii peuentop PHO; SSAO —
YyBCTBUTENbHAA K ceMnKkapbasunay okcmnpasa amnHa; TGF — TpaHchopMupyowmin pakTop pocTa;
®OHO-a — ¢aKTop Hekposa onyxonu; VAP — cocygucTbin 6enok npununaxHus; VEGF — cocyauncTtbiini
dpakTOop sHpgoTenmnanbHoro pocTta; WISP — 6enok WNT1-nHayunbenbHOro CUrHaabHOro nyTun

64 Tom N°1 \ 1 \ 2021\



OB30Pbl | REVIEWERS .II

[38, 39], npeumymiectBenHo B [DKT, 3amennsercs cko-
pocTh 0OMEHa JIMMKUAOB M MPOMCXOAUT Tepepacrpeac-
nenne nunuaoB B aeno BXXT [40]. C Bospactom mon
BO3/ICHCTBHEM KJIETOYHBIX CTPECCOBBIX PEaKIHid, BbI-
3BaHHBIX JIMIOTOKCUYHOCTBIO, THIIOKCHEH W / WM Ha-
pywieHusiMu pertukanuu [41, 42] MOXeT U3MEHSIThCA
TeHHasl SKCTpeccHs ¢ (OPMUPOBAHKHEM KIETOUHBIX (e-
HOTHITIOB, HAIIOMHUHAIOIINX aKTHBHUPOBaHHBIE Makpoda-
ru [43]. CrapeHne Takke crocoOCTBYET HHMDUIBTPAITHH
UMMYHHBIX KJIeToK B JKT, mpuBOOMT K YBEIMUYECHHIO
nonyssiunii T-knerok npenmymectseHHo B BXKT [44].
Kpome Toro, nporpeccuto auchynkuuu XKT ¢ Bo3pac-
TOM CBSI3BIBAIOT C HAKOIJICHWEM CTapelOlINX KIIETOK
[45], xoTOpBIE SBISIOTCS MPOBOCIIATMTEIHHBIMU B Pa3-
BUBAIOT (DEHOTHI, XapaKTEPU3YIOMIMICS CEKPEeTOMOM
C MPONYKUUEH IMTOKUHOB, XEMOKHHOB, MAaTPHUKCHBIX
METaIONPOTEnHA3 ¥ JaKTOPOB POCTA, HHIYLUPYIOIINX
BOCTIAJIUTENNbHBIE MPOIECCHl B MPEATUNONNUTAX, WHTH-
oupyrommx TUQPEPeHIIUPOBKY W CTUMYIHUPYIOITIX
UHQUIBTPALMI0 MMMYHHBIX KieTok. C yBelMueHueMm
BO3pacTa B OpraHu3Me MPOUCXOAUT MHOXKECTBO TOPMO-
HaJNbHBIX 1 MeTabonmyeckux uzmenenuid. [locie 40-50
JIET OTMEYAETCsl MOCTEIICHHOE CHUXEHUE YPOBHSI I10JIO-
BBIX TOPMOHOB (3CTPaanoja, TECTOCTEPOHA), TOPMOHA
pocTa, TUPOKCHHA W, HAIPOTUB, TOBBIIICHUE YPOBHS
JIENTUHA M KOPTH30Ja, CEKC-CTEPOU/I-CBSI3BIBAIOIIETO
MpoTenHa. DTH M3MEHEHHs JOCTUTAIOT Muka mocie 60
neT. OCHOBHBIMH, ITOCTOSIHHO ACHCTBYIOIIMMHU (haKTo-
pamu, JIeKalMMH B OCHOBE 3THX W3MEHEHUH, SIBIISIFOTCS
yYMEHBLIEHHE KaK KOTMUeCTBa MHOTUX SHIOKPHHOLIUTOB
BCJIC/ICTBHE TIOBBIIIICHNUS aKTUBHOCTH aronTo3a ¢ BO3-
pacToM, TaKk M HUX CEKPETOPHOH aKTUBHOCTH, YMEHb-
LIEHHE aMIUIUTYAbl MyJIbCAaTOPHOM CEKpelHMH MHOIUX
TOPMOHOB, H3MEHEHHE YHWCIa M YYyBCTBUTEIHHOCTH
peuenTopoB. B uWacTHOCTH, yBenuueHHe Bo3pacTa —
3HAYMMBIN (PAKTOP TOBBIIICHUS PUCKA PA3BUTHS UHTO-
JIEPAHTHOCTH K IJIIOKO3€, T. K. C BO3PAaCTOM OTHOILECHHUE
nponudeparnus/anonto3 0eTa-KIeToK Bce OOJbIIe cMe-
aeTcsi B CTOPOHY Tpeoldiaanus anomnrosa [46]. 13-3a
YBEITMUEHHS aronTo3a 6eTa-KJIeTOK pacTOpMakhuBaeTcs
nporudeparust anbda-KIeTOK — TPOIICHTHOE COOTHO-
LIEHHE SHJOKPUHOLMTOB C/ABUIACTCS B CTOPOHY IPO-
OYLUMPYIOIIMX DIIIOKaroH anb(a-KIeTOK C pPa3BUTHEM
OTHOCHTEITLHOTO Je(UIUTa WHCYJIMHA, YTO OOJierdyaet
paszsutne HYO. KnerodHnoe crapeHne MOXeT HUrpaTh
LEHTPAIbHYIO POJIb U B IAaTOTEHE3€ BO3PACTHOU pe3u-
cTeHTHOCTH K uHcynuHy U CII2 [41]. Bo3pactHas cap-
KOTIEHMsI BHOCHUT BKJIaJ B HapacTaHue ¢ Bozpactom WP
[34]. Bricoka BepOSTHOCTH TOTO, YTO CYIIECTBYET Mpsi-
Masl CBSI3b MEXIY HPOBOCHAINTEIBHBIM CEKPETOMOM
ripu Bo3pacTtHOU aucyHKIuH KT 1 CKeeTHBIX MBI,
Kpome Toro, ¢ Bo3pacToM yBeIMYMBACTCS BIMSHHUE Ta-
KX HEMOCTOSHHO JISHCTBYIOIMX (PAKTOPOB, KaK pas-
BUTHE coMarndeckux 3abonesanuii (XIIH, maronorus

MEUEHHU U T. II.), MUTAHUE, aJKOTOJb, KypeHHe, BO3pac-
TaloIlas 4acToTa OKUPEHHS, YCYTyOISIOIIUX BBIIICO-
MMCaHHbIe W3MEHEHHUs. Takum o0pa3oM, BO3pacTHBIC
W3MEHEHUS 3aTParuBaroT KJIETOYHOCTb, PEaKIIHIO Ha UH-
CYJIMH, CEKpeToM M BocmanmutenbHbiil craryc KT, uto
MPUBOJMT K ee TUCYHKIMUA. Bo3pact gerepMUHUPYET
CIBUT JETIOHUPOBAHUS JKUPA M3 TOAKOKHOTO B BHUCIIC-
panbHoe nieno ¢ nepexogom M30 B MHO.

non

DyHKIMSA W npeuMyliecTBeHHas Jokanuzanusa KT
pa3IMyaroTCs B 3aBUCUMOCTH OT T10J1a, YTO IETEPMUHU-
POBaHO PA3NIMYMSIMHA B MPO(UIE TOIOBBIX TOPMOHOB.
VY KEHIIMH, HOPMaJIbHBIH ypOBEHb ICTPOTEHOB 00e-
CTICYMBACT OTIOKEHHUE JKHPa B TIOTEO(EMOpPaIbHOM
00acTi, BBICOKYIO TPOIYKIMIO JIEITHHA C BBICOKOU
)K€ K HEMY 4YBCTBUTEIIBHOCTHIO. MYXUHHBI HaKarlIu-
BatoT Oonbuie BXXT, yto npuBomut k (HopMHPOBaHHIO
aHJAPOUIHOTO (IIEHTPaAIbHOTO) (EHOTHUIIA OXKUPCHUS,
KOTOPBIA CHIJIBHO KOPPENHPYET C TOBBIIICHHEM Cep-
JIEYHO-COCYUCTOTO pHUCKa. JKEHIIWHBI PEenpOIyKTHB-
HOT'O BO3pacTa HAKaIUIMBAIOT OOJIBIIIE KHUPA B MOKOK-
HOM JIeTIO, HO TOCIie Pa3BUTHSI MEHOIAy3bl, YPOBEHb
ACTPOTCHOB CHIDKACTCS M OTIOKEHHE )KUPa CMEIIAeTCS
B BHCIIepabHOE Aero. Takum 00pa3oM, 3 eKThI mosia
OTIPENICTISIOTCS Pa3InIusIME B 3(pPeKTax mosoBsIX rop-
MOHOB, KOTOpbIE OyIyT 00CY>KJICHbI Jaiee.

rTOPMOHDI

ITosi0BBIE TOPMOHBI

O dexThl MOIOBBIX TOPMOHOB Ha JIENIOHUPOBAHHUE
JKUPOBOM TKaHU B 3HAUUTEJIbHOW CTETIEHU OTIPEIEIIAI0T-
CsI TEHETHYECKHAM OJIOM. TaK, y JKE€HIIMH OBBIIIEHHBIN
YPOBEHb aHAPOTEHOB acconuposaH ¢ 1P, ycunenuem
JIETIOHUPOBAHUS KHMpa B BUCLIEPAJILHOM JIETIO0, Pa3BUTH-
em HYO. B To e BpeMs1 y My»KYiH BBICOKHI YPOBEHB
TecTocTepoHa obecrneunBaeT TudGepeHITNPOBKY TIUTIO-
PHUIOTEHTHBIX KJIETOK-IIPEIIIECTBEHHUKOB B MUOLIUTEI
¥ U3MEHEHHE KOMITO3HLIMH TeJla B CTOPOHY Mpeodiaa-
HUS MBIIIEYHON TKaHU HaJ kupoBoi [48]. B ycrnoBusix
JIeUInTa TECTOCTEPOHA Y MYKUHH, HAIIPOTHUB, YCHIIU-
BAeTCs JECMOHUPOBAHUE JKHPA B BHCLEPAIBHOM JETIO
W YMEHBIIIaeTCsl MUOTeHe3. TecToCTEpOH B HOPME aK-
TUBU3HUPYET TOPMOH-4yBCTBUTENbHYIO numnazy (I'4JI)
B QJIMIOIUTAX, AKTUBUPYET JIUIOIN3 ¥ TAKUM 00pa3oM
YMEHBIIIAeT Maccy *KHpa. AKTUBHOCTDH JIUTIOTIPOTEHH-
munaszel (JIIIJI) orpannymBaeT CKOPOCTh HAKOIIIICHHS
xwupa, 1 oHa Boie B [DKT mroreodemopansHoit obna-
ctr 1o cpasHenuto ¢ BXKT y xeH1unH, uto odecrnednBa-
€T HaKOIUICHHE JKMpPa TI0 THHOWHOMY THIy. Hanmportus,
y my>xunH aktuBHOCTE JIITJI BeIIIe B BXXT. DTN T0710-
Bble paznuuus B pacnpenenennu XXT ycunusarores nox

Tom N21 ‘ 1 ‘ 2021‘

65



BO3JICHCTBUEM TECTOCTEPOHA, cynpeccupytouiero JITIJI
B IKT mroreodemopansHoit obnact y MmyxuuH. [Ipu
OXKUPEHUH YBEJIUYHMBAETCS SKCIPECCUs U aKTUBHOCTh
(hepmenTa apomarasbl, 0OECIICUNBAIOIIETO KOHBEPCHIO
TECTOCTEpPOHA B 3CTpaanoil. BemencTBue 3Toro pesko
BO3pacTaeT apoMaTH3aIus TECTOCTEPOHA B ACTPAIHOI
U €T0 KOJIMYECTBO CHUYKACTCS. DCTPAANOT HHIUOUPYeT
B ruroduse BEIpabOTKy JTFOTEHHU3UPYIOLIETO TOPMOHA
(JIT"), 9T0 COmMpOBOXKIAETCS CHIDKEHHUEM MPOXYKITHH
TECTOCTEpPOHA B SUYKAX U eIle OONBITNM CHIDKCHHEM
ero ypoBHs B kposu [49]. JlenTuH Takxke MHTHOUpYET
(YHKIHIO SIMYEK Y B3POCIBIX, HO B MyOepTaTHBIN Tie-
pHOJ CrIocOOCTBYET pa3BuThIO sinuek [S0]. B ycnoBusx
U3MEHEHMS NPOoAYKIUU aaunonutoknuHoB B KT Hapac-
taeT P u ypoBeHb uncynuHa. B ycnoBusix runepnern-
TUHEMHUH M TUIEPUHCYIMHEMHUH YPOBEHb CEKC-CTEpO-
WJI-CBA3BIBAIOLIETO TIIOOYIMHA M TECTOCTEpOHa ellle
Oonbiie cHIKaeTcs. B ycnoBusax pedunmnra Tecrocre-
pOHa aKTUBUPYETCS JHIONpPOTenHOBas jumaza B KT
W TOBBIIIAETCs 3axBaT aaunouutamu TI, 4ro crocoO-
CTBYeT mporpeccuu oxupenus [49]. B To ke Bpems BbI-
COKHI ypOBEHb TECTOCTEPOHA MOJABIIAET MPOTYKIHIO
nentuHa [50]. Bo3pacT BHOCHT CYIIECTBEHHBIN BKJIA.
B XapaKTep B3aUMOOTHOIICHUH JIEITUHA ¥ PYHKITUH TO-
HaJa y MyXuuH. Tak, B mpery0eprare ypoBeHb JIEITHHA
Yy MQJIBYMKOB MOBBIIIACTCS, H ATO CIOCOOCTBYET pa3Bu-
THIO TECTHUKYIN. B mepuon myGeprara ypoBeHb JIENTHHA
CHIDKAETCS TTO]T BO3/IEHCTBIEM HapaCTAIOINX YPOBHEH
aHnporeHoB. COOTBETCTBEHHO, y B3POCIBIX MY>KUMH,
YPOBHU JIENITHHA 3HAYUTEIHLHO HUKE, YeM Yy KCHILWH,
Y TIOBBIIIIEHNE YPOBHS JIENTHHA O] BO3/ICHCTBUEM Ka-
KUX-TO (PaKTOpPOB, BKIFOYAS OXHUPECHHUE, WHTHOMPYET
(DYHKIMIO TECTUKYI, IPUBOJIS K CHIDKEHHIO TECTOCTE-
pona [47, 50].

DCTpOreHsbl, Kak yke 0OTMEYCHO, CIOCOOCTBYIOT Jie-
noHuposanuto xkupa B IDKT y xeHmuH, npenmyiie-
CTBEHHO B TIIIOTEO(DEeMOPaTbHON 00JIaCTH U B 00JIACTH
rpyzau. OTo 0ObsICHSETCS I'eHAEP-3aBUCUMBIMH Pa3iin-
YUSMH B 9KCIPECCUHU PELETITOPOB K JIENTUHY U ACTPO-
reHaM. DCTPOTeHbl HEMOCPEICTBEHHO WM Yepe3 aK-
THUBAIMIO WX PEIETITOPOB Ha aJWITOIUTAX [pPErenTophI
actporeHoB anb(a (ERa) u Gera (ERP)] obneruaror
JICTIOHUPOBAHKUE JXKUpa U aKTUBUPYIOT ¢GyHknuu KT.
Jlunonuruueckuit 3pdeKkr 3CTPOreHoB, B OCHOBHOM
omnocpenosan uepe3 ERa, a ERP moxer nmelictBoBaTh
kak penpeccop [S1, 52]. Pacnpenenenue perentopon
ACTPOTEHOB B pa3inuHbIxX Jeno JKT omnnyaercs y Myx-
YHH ¥ )KCHIIMH, BHOCS CYIIECTBEHHBIH BKIIa/1 B TOJIOBOM
TuMophu3M (HEHOTHIIOB OKHMPEHUS. Y JKEHIIUH Oolee
BoIcoKoe cooTHomeHue ERa/B B BXXT orpanmunBaer
HaKOIUJICHHS JKHAPa B 9TOM JIETO, TOT/a Kak Ooyee HU3-
koe coornomenne ERo/ERP B mmoreodemopanbHoit
IDKT obecrnieunBaet ero HakoIieHUe. Y MY>KUHH 3HA-
ynTenbHO MeHbIIe KommdecTBO ERa B BXKT, n HU3KOC
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cootHomenne ERo/ER[P moBbimaer nemoHupoBaHHe
JKUpa B BHcuepanbHOM femno [52]. AxruBamus ERa
yayumraet ¢pynknuto JKT 3a cueT yMeHbIIeHUs ee BOC-
HaJICHUS U YIy4IIeHNs 9yBCTBUTEIbHOCTH K HHCYIIHHY.
DCTpOreHbl MOTYT PEerynupoBarh (YBEINYUBaTh) aHTH-
orene3 KT, TeM caMbIM CHIKasl BBIPaKEHHOCTh THITOK-
cun [53]. [UmOKCHS SBISETCS KITFOYEBBIM HHAYKTOPOM
OKCHJATHUBHOI'O CTpecca, BOCHAJICHUS U TMIIEPTPodUH
KT. Dto mo3Bonsier paccMarpuBarh 3PQPEKTHl 3CTPO-
TeHOB Ha aHTMOIeHe3 KaK Ba)KHbIH MEXaHU3M, C TIOMO-
IIBI0 KOTOPOTO SCTPOTE€HBI YMEHBIIAIOT BOCIHAJICHUE
u pudpo3 XT. [TomoBoit gumMophu3M Takke 3aTparu-
BaeT aKTHBHOCTb M PACHpPEEJICHUE JIUIOIUTHIECKUX
B1-2 1 aHTUITUTIONIUTHYECKUX 0.2-aIPEHEPTHYECKUX Pe-
HENTOPOB. DCTPAANOI YBETUUNBAET YUCIIO 0.2-aAPEHO-
peuentopoB B IDKT, HO He Oka3bIBaeT BIMSHUA Ha HUX
B BXKT [54], nuddepernmnpoBanHo yBemmauBas CUMITa-
TH4ecKuil ToHyc B pasnnunbix aeno XXT. B pesynsrare
ycunuBaetcs: HakorieHue aunuaoB B [DKT y xenmun
1 B BXT — y myxxuua [55]. DcTporeHsr MOTYT MOAY-
JIMPOBATh CIIOCOOHOCTD )KUPOBBIX KJIETOK YBEIMYUBATH
00beM, yCHIINBasl €€ B MOJKOKHOM JICTIO M UHTHOUPYs
B BUCLIEPAJILHOM. AJTMTIOLUTHI MOJIOYHBIX JKeJe3 o0a-
JAI0T CaMOW BBICOKOW IUTacTHUHOCTHIO. OHU ae-aud-
(hepeHIIMPYIOTCS BO BpeMsi OEPEMEHHOCTH M OCTAIOTCS
B COCTOSIHMU Je-Iu(epeHINPOBKU BO BPEMSI KOPM-
nenus rpyasto. [locne npekpaiieHust KOpMIEHHUs, OHH
npoauQepupyloT U TOBTOPHO AU PEpeHIUPYIOTCS
B QIUIOLUUTHL. OCTPAAMON MOAYIUPYET AKTHBHOCTH
psizia TOPMOHOB, BOBJICUEHHBIX B PETyJSILUI0 UyBCTBA
roJI0Jja/HaChIIECHUs, YCUIUBAaeT d(PPEKThl TAKUX aHO-
PEKCUTEHHBIX BEILECTB, KaK XOJIELNCTOKUHUH, arloJu-
nornporend A-1V, nentuH, HelpoTpopuueckuii hakTop
rooBHoro Mo3ra (BDNF), u ymeHnbIaeT akTHBHOCTD
OPEKCUI'€HHBIX TOPMOHOB, TaKUX KaK MEJaHOKOPTHH
U rpenud [55]. DcTporeHsl Takke 3alUIIAlOT OT YBe-
JMYEHUS BECa, yBEIMYUBAs PAcXOj SHEPTUH ITyTeM aK-
THUBAIIMH CBOMX PELIENTOPOB B BEHTPAIHHOM MeEIHab-
HOM siZipe TuroTagamyca [53]. DcTporeHsl yCHiInBaoT
MeTabonudyeckyto akTuBHOCTh KT u moreHIMupyroT
OpaynuHr. B pesynsrare ckopocts mMerabomusma KT
BBIIIC y JKCHIIMH BCIICACTBHE OOJIBIIETO KOJIMYECTBA
Oypoit KT u 6omee BHICOKOH IKCIIPECCHH T€HOB, y4a-
CTBYIOILUX B (DYHKIIMM MUTOXOHJIPHH, BKIIIOYAsl Pa3be-
munstommid 6enok (UCP-1) [55].

JKenckuii MO3r O0Jiee 4yBCTBUTEIICH K BO3/ICHCTBUIO
JIENTHHA Ha PeryJupoBaHie MOTpeOIeHus UL U pac-
XOJla YHEPTUH, YTO YKA3bIBACT HA CHJIBHYIO CHHEPIHIO
MEXIY TOPMOHOM OXXHUPEHHS JIENTHHOM M 3CTpore-
HaMH B PEryJsLUM Pa3MHOKEHHsI M HEPreTHUECKOro
roMmeoctasa [53]. Mexay JENTHHOM W ACTPOTEHAMU
CYIIECTBYET JIByCTOPOHHAS B3aUMOCBsI3b. IIpn cHmKe-
HUM YPOBHS JIEITUHA WJIM YyBCTBUTEIBLHOCTH K HEMY
MIPOUCXOAUT TMOJABJIEHUE CEKPEUUH KHCCIENTHHA
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1 Yepe3 Hero — CHIDKEHHUE BBHIPAOOTKHA W HapyIICHHE
LIUPKAJHOCTH TOHAIOTPONMHOB. Kpome Toro, nenTuH
CTUMYJIUPYET MIPOU3BOJCTBO PEIICITOPOB K TOHAAOTPO-
MMMHAM ¥ TOHAIOTPONUH-PETU3UHT TopMoHy. C Ipyroi
CTOPOHBI, BEICOKHH YPOBEHB DCTPOTCHOB (HapacTaHWe
WX TPOAYKIHNU B JWMHAMHUKE MEHCTPYaIBHOTO ITUKJIA)
CTUMYJIUPYET MOBBIIICHUE YPOBHS JICITHHA, KOTOPBIN
JIOCTUTAeT MaKCUMyMa K cepenune mukia [50].

T'opmons! KT u KKT, BoBiieueHHbIE
B /IENIOHUPOBAaHME YHEPreTHYECKUX BelleCTB

B oOcyxaeHun poiu Takux rOPMOHOB, KaK HHCY-
JIUH, aJUATIOIUTOKUHBI, WHKPETHUHBI, TPEIHUH CICTyET
OCTAaHOBUTHCS HA JABYX aCIEKTaX — HU3MEHEHHUE ypOB-
HS 3TUX TOPMOHOB M UyBCTBUTEJIBHOCTH K HUM. Poib
WHCYJIUHA U YYBCTBUTEILHOCTH K HEMY B Pa3BUTUU Me-
TabOIMYECKUX HapylieHud, Bxoasaumx B MC, He BbI-
3pIBAET COMHEHUH. XOTS /10 TOCJEAHEr0 BPEMEHU
WHAUKaUUsg UMeHHO VP pa3inuyHbIMU METOJAMHU CUM-
Tajach KIFUYEBBIM METOJIOM OIICHKH PHCKAa METa0OH-
YeCKUX HApyIICHUN, HeTaBHUE UCCIICOBAHUS MOKa3a-
JIM, YTO THIICPHHCYIUHEMHUs! Haromak (H/T) (YypoBeHb
WHCYJIWHA H/T BBIME 15 mr/Mi mpu HOPMOTITMKEMIH )
TOKE SIBJIIETCS JOCTATOYHO HAJEKHBIM MapKepoM [56].

TI'opMOHBI KMPOBOJ TKAHU

Jlenrtun, ropmon KT, mmeromuit cucteMHbIe d¢-
(beKTHI, ONOCPEIOBAaHHbBIE €IO CBA3BIBAHUEM CO CIICLHU-
¢uanbM penentopom. KitoueBbiM 3G dekToM nenTuHa
SIBJISIETCSI KOHTPOJIb 3a anneTUToM [57]. B HopMaibHBIX
(U3MOIOTHYECKUX YCIIOBHSX JICTITUH OOecreynBacT
HaCTYIIJICHUE YyBCTBA HACBILLICHU S, CHUIKas HoTpedie-
HUE KaJIOpUH, OKa3bIBAaeT IJIIOKO30CHIDKAIOIIEE ei-
CTBHE, YMEHBILIAET JKTOMHUYECKOE HAKOIUIEHUE KHpa
4yepe3 LEHTpalbHbIe U MepuepruidecKkue MeXaHH3MBbI,
YTO JIOJKHO OJNIaroNMpHsATHO CKa3bIBAaThCS Ha MeTado-
JTUYECKOM 31I0pOBLe. BemnmunHa 3ekToB JenTrHa 3a-
BHCHUT OT TKaHU, Ioja u ycaosuit aerictaus [58]. Cekpe-
LMs JEITUHA yBEJIMYUBAETCSA MOJA BIUSHHUEM IIEJIOr0
psizia TOPMOHOB (3CTPOTEHBI, TOPMOH POCTa, THPOKCHH,
IJIFOKOKOPTUKOUIbI U NHCYJIMH), U3MEHEHUS TJIIOKO3bI,
[IpHU IpUeMe MHIIHU, IPU OKUPEHHH, a CHUXKAETCsl Ha-
TOIAK, MO/ BO3/JCHCTBHEM KaTEXOJaMHUHOB, JKeJe3a,
CXKK, TecrocTepona. OH MpOSBISET MHOXKECTBO Me-
TabomnueckuX dPGHEKTOB Ha Pa3IMIHBIC TKAHU, U €ro
3¢ deKTsl IPH HOPMAJIBLHONW 4yBCTBUTEIBHOCTH K HEMY
Brurouarot: a) B [IHC — cHikeHue norpebieHus Ka-
JIOpUi, TIOBBIIIEHHWE pacXoia SHEPruu, YIydlleHHe
KOTHUTHBHBIX (DYHKIUH ¥ mamsTh; 0) B NEUCHH —
YMEHBIIEHHE aKKyMYJSALUN JUIUAOB U TJIIOKO3bI; B)
B TIOJDKEYJJOUHOHN JKejle3e — MHIMOMPOBAaHUE CEKpe-
LMY TIIIOKAaroHa ¥ MHCYJIMHA; T) B MBIIIIAX — IOBbILIE-
HUE OKHMCJICHUS JKUPHBIX KHCIOT U METa0OoIU3Ma TIII0-
ko3er; 1) B KT — B By)XXT yBennuuBaet yTuian3zamnuio

rimoko3el, B BXKT akTuBUpyeT MUMOIU3 U TOPMO3HUT
JIUTIOTeHE3; €) B KOCTSIX YCKOpsieT MeTaboiu3m. [io-
KO30CHIKarome 3(PQPEeKThl JISNTHHA YacTHIHO 00e-
CIIEYNBAIOTCS €r0 MPSIMBIM JISHCTBHEM B repudepuye-
CKUX TKaHSX, OJHAKO OCHOBHOH 3()(EKTOPHBIN MyTh
nentuHa — yepe3 LIHC, npenmyiecTBeHHO uepes Mo-
JyJSIAIO aKTHBHOCTH HEHPOHOB fA/Iep THIIOTaIaMyca.
DTO MOXKET OOBACHATHCS 3HAYUTEIBHO 00JIee BEICOKON
skcrpeccueit peuentopos yentura B LIHC. Muorue
9 QeKTHl JenTHHA 3aBUCUMBI OT HAJHYUs MHCYJIHHA
W/WJIH 4yBCTBUTEIBHOCTH K HeMy. Tak, B YCIOBHSX
HOPMOMHCYJIMHEMHUH JICTITUH CTUMYIHUPYET JIATIONHU3,
yMeHbIIas JienoHupoBanue xxupa B oemoit KT u yBe-
JMYKBas pacxoJl SHEPTUH, OTHAKO B YCIOBUSX NePHIIN-
Ta uHCyNnHa u/unm ero agdekros (MP) — Hanporus,
WHTUOWPYET TUNONN3. Y WHCYIMHOPE3UCTEHTHBIX Ta-
uueHToB ¢ CJI 2 Tuna BBeIeHUE JIENTHHA HE yIIy4lIano
TOMEO0CTa3 TITFOKO3HI [59], 9TO MOXKET OBITh CIIC/ICTBUEM
kak WP, Tak u nentunopesuctentaoctu (JIP) [60, 61].
Mucynun moxer aedicrBoBatk Ha KT, crumynupys
CHHTE3 U CEKPEIHIo JIeNTHHA [62, 63], B TO BpeMs Kak
JISTITHH HHTHOMPYET CEKPELII0 HHCYINHA. Mex Ty TeM
JICTITHH U UHCYJIMH, TIPH HOPMAJIBHOH 4yBCTBUTEIIBHO-
ctu XKT x HUM, JEHCTBYIOT HAa HEE CHHEPTUYHO, yBe-
TUYWBasi OpayHUHT OCJBIX aUTIOIUTOB H CIIOCOOCTBYS
TEM CaMbIM yBEJIUYCHUIO pacxona sHepruu [64]. [Tomu-
Mo XT, nentuH u ero peuentop ObUIM UAECHTUPULIU-
POBaHBI B CIM3UCTOM Xemyaka [65, 66]. Ero cexperus
B JKEITYKE TPOUCXOAUT IO/ BO3ICHCTBHEM XOJICIIUCTO-
kuanHa (X1IK), meaTaracTpuHa u cekpetmHa [65, 66],
Tak)kKe KaK aJuTOIUTAPHBIN JISITHH y4acTBYeT B pe-
TyJUpPOBAaHHUM aIIMETUTa, JEHCTBYS HENOCPEACTBEHHO
B runotajamyce mwin coBMectHo ¢ XI[K depes Baryc
[66].

PasButue nentuHopesucteHTHOCTH W WP aHHynu-
pyer 3Tu 3 eKThl NpU OKUPEHUH, MEHSISI BEKTOp Ha-
MPaBJICHHOCTH PQEKTOB JienTHHA. B3auMooTHOIICHUS
nentuH, Macca KT u merabonmueckue ekt JenTh-
Ha HOCAT CJIOKHBIN XapakTep U OMPEeNToTCS TaKIMU
(axTopamu, KaK YpOBEHb JIENITHHA, BHIPAXKEHHOCTh €r0
peLenTopHeIX 3PQEKTOB, AeTepMUHUpYeMasi YyBCTBH-
TEJIBHOCTBIO PELENTOPOB JIENTHHA U HEPEUENTOPHBIMU
ahdexramu. [1pn 3TOM CITOCOOHOCTH JISNTHHA TOHMKATh
TJTFOKO3Y ¥ OKa3bIBaTh aHTHIIUIIOTEHETHIECKUE YPQPEKTHI
HE3aBUCHMA OT PETyIUPOBAHHMS JICITHHOM MacChl Tena
[58]. Bricoka BepOSITHOCTh, YTO UMEHHO UYBCTBUTECIIb-
HOCTB K JIETITHHY, a HE €r0 a0COIIOTHBIN YPOBEHb, SBIIS-
ercst mHauKaTopoM M3. OgHAKO YETKUX KPUTCPUEB HX
muddepeHnmanuy He pa3padoTaHo.

OxupeHne Bcerja XapakTepU3yHOTCs Pa3BUTHEM TI'H-
NepIenTHHEMUH, KaK U HEKOTOpbIE APYTHE MaTOIO0IH-
YECKHEe COCTOSHHUSA. DTO TIOATBEP)KIAET JabopaTopHas
OIIEHKAa YpPOBHS JIENTHHA, KOTOPBI IPH OXHWPEHUU
BCErla BBILIE, YEM Y JIIOACH ¢ HOpMaJbHOM Maccou
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Tena. OOHAKO BBIIBUTh HAJIWYUE PE3UCTECHTHOCTU
K JICITUHY 3HAYUTENbHO ciokHee. Tepmunom JIP
MOYKHO 0003HAYUTh COCTOSIHHE, ITPH KOTOPOM YPOBEHB
JISHTHHA XPOHUYECKH BBICOK, HO 3((EeKThl ero ocia-
ONIeHBI ¥ TUTIEPIICTITHHEMHS HE BBI3BIBACT MOABICHUS
yyBcTBa rojoga u norepro maccol JKT. Pazsutue JIP
MIPU OKUPEHUU CBA3AHO C MHOXKECTBEHHBIMU MEXaHU3-
MaMU: HapyIICHUEM TPaHCIIOpTa Yyepe3 reMaTodHIeda-
JTYECKHU Oapbep, ocablieHHeM CUTHAIMHTA JICITHHA,
CTPECCOM 3HJIOIUIA3MAaTUYECKOTO0 PETHKYIyMa, BOCIa-
neHueM, neduuuToM aytodarun. MOXKHO IoOJararh,
YTO MPU OKUPEHUU pa3BuTue JIP — nocreneHHblil au-
HaMHYECKHI MPOIIECC, B X0JI€ KOTOPOTO IO/ BIUSHAEM
M30BITKA JICTITHHA, KOJIMYECTBO KOTOPOTO YBEIHYHBA-
eTcsl mponopuroHanbHo KoinuuectBy KT, mocreneHHo
CHUKACTCSl KOJIMYECTBO PELENTOPOB K JECNTHHY, TaK
KaK KOHIICHTPAUA JICTITUHA PETYIUPYET U UX TPOU3-
BOJICTBO, U UX nerpanamuio [67, 68]. CooTBeTCTBEHHO,
Meron uHaukanuu JIP Ha OCHOBaHUM YpPOBHSI 3TOTrO
TOPMOHA HATOLIAK HETOYEH, TAK KAaK BHICOKUN YPOBEHb
JIENTHHA OOBEUHSICT COCTOSHHUS TUIEPICITUHEMUN
u JIP. CoBpemMeHHBIE TOAXOABI K BBIsSIBICHNUIO JIP mC-
MOJIB3YIOT OLEHKY MHACKCOB M MAaTeMaTH4YECKUX MO-
Jieel, BKIIIOYAIOIINX, KPOME OIpENeIeHUs JIENTHHA,
OIICHKY PAacTBOPUMBIX peuentopoB JjentuHa (pPuJl)
B LMPKYJIALUHU, cOOTHOLIEeHUs JenTuHa, pPuJl u UMT.
Mexnay TeMm TouHBIN MeTon orieHku JIP — Bompoc Oy-
IYIIUX UCCIICAOBAHUM.

AJTUTIOHEKTUH — aJIUMIOKUH, IPOAYLIUPYEMBIH oY~
1 uckimounteabHo B JKT u BeICOKO KCIpeccupye-
MbId B kjeTkax bXXT 310poBbIX Jt0€il ¢ HOpMaJIbHOM
Maccoil tena. IIpu maTonoruvyecKux COCTOSIHUSIX, Xa-
PaKTEpU3YIOMIUXCS XPOHUYECKUM HEWH(EKIIMOHHBIM
BOCIAJICHUEM, BKIIIOYAsI OXKUPEHUE, YPOBEHD aTUIIOHE-
KTHHA CHIDKaeTcsa [69]. BricokoBepOSITHOM MPUUIHMHON
SBIISTFOTCSI MOP(OJTOTHYECKUE W (PYyHKIIMOHATBHBIC W3-
meHenuss BT, npoucxonsiiue npu oxupenuu. N3-3a
n30bITOyHOTO HakoruieHuss TI' agumonuTel y TY4YHBIX
JIIOACH yBenuuMBarOTCA B pasmepe. lopmoHaibHas
akTUBHOCTH agunonuToB BXXT 3aBucur or ux pasme-
pa, 1 6oree KpyIHbIE aJuTIONNTHI, TUITHYHBIE IS JIFO-
Jel ¢ OKUPEHUEM, ITPOU3BOJAT 3HAUUTEILHO MEHbIIIE
QJIUIIOHCKTHHA, HO 3HAYUTENILHO OOJbINE MPOBOCIA-
JIUTEIBHBIX IIUTOKUHOB, TakuxX kak TNF-o [70]. Ipu
ATOM AJUTIOHEKTHH U MPOBOCIATUTEIHHBIC ITUTOKIHBI
(TNF-o u IL-6) B3aMHO HHTHOUPYIOT CEKPELHIO APYT
apyra[71,72]. OtpunarenbHas peryisiinus 3KCIpecCHH
AIUTMOHEKTHHA TAKXKE SABIIACTCS PE3YIBTaTOM THIIOKCUU
U OKHCIUTEIBHOTO cTpecca [73, 74]. CHmkeHue 3Kc-
npeccuu u cexkpeuuu agunoHekruHa B JXXT mpu oxu-
PEHUU MOXET paccMaTpUBaThCS KaK MHIYLHUPYIOMIHMA
(akTop B pa3BUTUU COIMPOBOXKIAIOIICTO OXUPECHUE
BOCHAJICHUSI W BJICYET 3a COOOW aKTHUBAIUI) MHOXKE-
CTBa TMATOJOTHYECKUX IMPOIIECCOB, BKIIOUAS Pa3BUTHE
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WP [75]. Takum o0Opa3om, aaUMOHEKTHH OMOCPEIyET
3amuTHbIE d(QGEKTH TPH METAOOIMUECKUX U COCYIIH-
CTBIX 3a00JIEBaHUAX, CBSI3aHHBIX C OXKHPEHHEM, B OC-
HOBHOM 4epe3 MPOTUBOBOCHAIUTEIBHOE NEUCTBUE.
HMHTepecHol 3KCNIEpUMEHTaNIbHON HAXOJIKOM SIBUJIOCH
TO, YTO XPOHUUECKAS TUIIEPIKCIIPECCHUST AIUTTOHEKTHHA
conpoBoxkaercs ypenuueHueM maccol IDKT u 3amum-
1[aeT OT MHAYLUHUPOBAHHOW THIEPKAJIOPUMHBIM MUTA-
HUEM PE3UCTEHTHOCTU K UHCYauHy [76]. Ilo Hamum
JTAaHHBIM, TPHU pe3koM cHuxkeHuu maccbl IDKT y ma-
[IUEHTOB, TEPEHECIINX OapuaTpUYECKyI0 OIEepaIuio,
skcnpeccus agunonektuHa B [DKT, HanpoTus, cHUXKa-
€Tcsl, B TO BPEMsI KaK €ro YPOBEHb B LIUPKYIISILIUU BO3-
pactaet [77].

T'opmonsi KKT

ITpn u3ydeHnn NaunueHToB ¢ OKUPEHUEM, MbI OTMe-
THJIN HE TOJIBKO JUcOanaHc aluOIUTOKMHOB (JIENTHHA
Y aJUIIOHEKTHHA), HO M JUCOAIAHC UHKPETHHOB [TIIF0-
karoHomnoo0Horo nentuaa 1 (I'TIT1) u miroko303aBu-
cuMoro uHcynmmHOTporHoTo nenTuaa (I'UIT)] u rpenn-
Ha. DTH TOpMOHBI BeIpadareiBatoTcst JI- u K-kinerkamu
KHIIEYHUKA B OTBET Ha CTUMYJIALUIO nuiei. [Tortomy
B HOPME MX YPOBEHb OYE€Hb HU30K HATOIIAK 1 MOBBIIIA-
ercs nocrapanauansHo. ['TII-1 niroko303aBUCHMbBIM
MYTEM YBEJIMYMBACT CEKPELUI0 MHCYIMHA, HOpMallu-
3yeT CEKpELHIO IIIIOKAroHa, CHMXKAET aroITo3 U yBe-
JMYUBACT PEIUIMKALUIO OeTa-KieToK. M3yyast ypoBeHb
WHKPETUHOB MPU O)KUPEHHUH, MBI OTMETHJIN TOBBIIIIE-
ane ypoBHs I'TIII-1 mHaromak, 9To BEPOATHO OOBSC-
HSIETCS PE3UCTEHTHOCTHIO K 3TOMY TOPMOHY, TaK Kak
JUHAMMKa €ro YpOBHS B MOCTIPaHIMATIBHOM CTaryce
Obu1a ocnabneHa, a yposenb [ UI1, HanpoTus, ObLI 3Ha-
YUMO CHIDKEH KaK HaTOIIaK, TaK W TOCTIPaHIHAIBHO,
YTO CBUJICTENBCTBYET O ero nedurute [77-80].

Pone I'UII B perynsaunn HakorieHus sHepruu B JKT
U pa3BUTUH MeTaOOJMYECKUX HapyIIEHWH HE BIIOJIHE
onpenenena. ' oka3piBaeT 3 PeKThl HA BCE KITFOUe-
BbIE€ TKaHM, Ba)KHBIE AJIs1 KOHTPOJIS TOMEOCTAa3a IJIFOKO-
3bl U JIMIIUAOB, CTUMYJIHPYET OMOCHHTE3 U CEKPELHIO
MHCYJIMHA M YBEJIHMYUBAET KU3HECTIOCOOHOCTh KIJIETOK
octpoBkoB. Kpome Toro, I'MII1 HenmocpeacTBeHHO uepes
cBoit perenirop (GIPRs) Ha amumorurax perymmpyer
METa00IN3M JIMIUIAOB (MOLYIUPYS JIMIOINU3 U JIUIO-
reHe3 B 3aBUCHUMOCTH OT YPOBHS MHCYIHHA). DPPEeKT
T'UIT na XUpOBYIO TKaHb YaCTHMYHO OTPETYIMPOBaH
nocpencrsom akruanuu JIIJI. Yeunenue cexpenuun
uHCYIMHA TTocie BeioOpoca ['UIT nHrnbupyer numonmn3
B aIUIOLMTAX M CTUMYIHPYET aguloreHe3 IpHU Co-
XPaHHOW YyBCTBUTENILHOCTH K MHCYIINHY €0 PELeNTo-
pa (INSR) [81].

Haromak I'MII cTumynupyeT ceKpenuo NIroKaroHa
u gunonn3 B [DKT. B mocrrmmeBom craryce (MOBBI-
HICHUE YPOBHS IVIFOKO3bl U MHCYJIMHA), OH HHTUOUPYET
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CEKPELHIO ITIIOKAaroHa, CTUMYJIUPYET CEKPELHIO HHCY-
nuHa u agunorene3 B [DKT, yBenuunBaeT nmocrymiie-
aue TI' B IDKT. Cawmraercs, uro I'MII orBeuaer 3a
JICTIOHUpOBaHKe M30bITKa 3Hepruu uMeHHo B [DKT.
CootBercTtBenHo, nedumut ['UIT Mmoxker crmocodbcTBO-
BaTh mnepepacnpeaeneHuto xkupa u3 [DKT B Bucue-
panbHyto. Dddexter TUIT na JIIIJI onocpemoBaHbl
PE3UCTUHOM, KOTOPBIM TaKkke HapyllaeT CUTHAJIWHT
UHCYJIMHA U CIIOCOOCTBYET Pa3BUTHIO OKUCIIUTENIHHO-
T'O CTpECCa B COCYIUCTBIX KIETKax uenoBeka. C qpyrou
CTOPOHBI, €CThb HCCIIEJOBAaHUs, MPOJEMOHCTPHUPOBAB-
mue, uyro ['UIl crumynupyer sKkcrpeccuro IpoBOC-
MAIUTENBHBIX (PAKTOPOB M XEMOKHHOB, CHOCOOCTBYS
YXYALUEHUIO YyBCTBUTEIBHOCTH aJMIIOIUTOB K HHCY-
nuHy u GpopmupoBaruro BocnaneHus XKT. Mexmy tem
HEJIb3S MCKIIIOYUTh, 4TO 3TH 3(QeKTsl OblIM OTMEue-
HBI [IpY HAPYIIEHUH YyBCTBUTEIBbHOCTH TKaHed k I'UII
(I'MI1-pe3ncTeHTHOCTh) — SIBIEHUH, MAJION3y4YeHHOM
B HACTOSIIIEE BPEMSI.

O¢dextsr U MopynupyroTcs MeTabOIMYECKHM
OKpY>KEHHEM, B YACTHOCTH YPOBHEM U UyBCTBUTEIBHO-
CTBIO K JIPYT'IM TOPMOHAM, BOBJICUCHHBIM B META00IH3M
KT, ypoBHEM TJIIOKO3bI U IUMTUAOB B KPOBOTOKE. Y 3/10-
poBbIX Jrozeit 0e3 oxkupenus yposeHb ['MIT Huskuit
HaTOIIAK, HE MEHAETCS IPU SYIVIMKEMUH, OBBIIIAETCA
IIPH TUTIOTTIMKEMHUH U CHUKAETCS TIPU THIEPIIIMKEMUN
(nHCYNMMHOBBIN KidMI). Y 310poBsix [ UIT yBenmunBa-
€T CEKPELHIO JIENTHUHA U TPENINHA, YCUIUBAET KPOBOTOK
B KT, cumxaet yposens siunuaos (JIITHIT u TT') B xpo-
BU Onaromaps ux aenoHuposanuto B [DKT, y sxeHuiun
taxoxe nosbiaeT JIIIBII [82]. To ectb B HOpME 2 dek-
o1 'UI1 HampaBneHs! Ha coxpaneHue M3. Y marues-
toB ¢ M30 ypoBenb I 11 Hu3Kkul HATOIIAK, HO €0 MO-
CTIHILEBON MUK HA BHICOKOKHPOBOM MTUTAaHUU YCHJIEH.
ITo mepe yBenuuenuss UMT yposens I'UII yBennunBa-
etcs [82]. B To ke Bpems npu MHO yposens ['MII no-
BBIIIICH TaKXXe W HATOIIAK, a €ro 3PPEKTH 0CIa0ICHBI,
tak kak nocrymienue TI' B IDKT nox Bnusuuem I'MIIT
camkeno npu MHO 1o cpaBHeHUIO ¢ T10abMH 0€3 03KH-
penust. [Ipu runepuncynuaemMun u 1P pe3ko Bo3pacraer
nenonuposanue xxkupa B BXXT. [Tpu atom I'UII B 60716-
el cTerneHu crocoOCTByeT mepepacnpenenenuto TT
n xupHbIX KucnoT (PKK) B BXKT y MyxuunH, 4eM y >KeH-
mH. Hecmotps Ha nenonuposanue TI' B BXXT, Brico-
kuil yposeHs I'MIT npu runepuHCyIMHEMHUH U TUIIEPT-
JIMKEMUH ObUI CBSA3aH C yBEIMYEHHBIMH YpOBHsIMH TT
B KpoBOTOKE [81]. OnHAKO O MHEHUIO IPYTHUX ABTOPOB,
yposenb ['MI1 HaTomak nossimaetcs aumb npu HYO.
VYuutsiBast BeIsiBIeHHBIE pasnnuus npu M30 u MHO,
ypoBenb ' IT mosxet 3aBuceTs oT P, a He ot UMT. Ta-
KUM 00pa3oM, (pakTopamu, MOLYIUPYIOLIMMH YPOBEHb
['UII, MoryT OBITH YyBCTBUTEIBHOCTh TKaHEH K MHCY-
JIUHY, YPOBEHb IJIMKEMHH, @ B MOCTIHILIEBOM CTaTyce
TaK)k€ COOTHOIIEHNE Pa3TUYHBIX HYTPHEHTOB B TIHIIIE.

Bricoka BeposiTHOCTB, uTO Ip MHO pa3BuBaercs pe-
sucteHTHOCTH [IJKT x I'MII npexie Bcero y My»K4uH,
TaK KaK y HUX B JIBa pa3a Ooee Beicoknid ypoBeHs [ U1
rocye epl ObLT CBSI3aH C MEHBIIIUM OTIIOKEHUEM JKHPa
B [DKT u 60mnburum B BXXT. ¥V nanuentos ¢ C/1 ypoBeHb
I'HNII HaTomak MOBBIIIEH U HE U3MEHSIETCS MOCTIpaH-
JTUAITBHO, a eTo 3(h(eKThl HapyIIeHBI: PH TOBBIIICHUH
I'MII He moBbIIAETCS CEKPELUsI UHCYJIMHA, HE TOPMO-
3UTCS CEKpELHsl TIIIOKAaroHa ¥ CHUYKEHO MOCTYIUICHHE
TI B ITKT.

Kpome I'TITI-1 u T'UII, mienslit psim [pyrux ropMo-
HOB, MPOAYUUPYEMBIX HEHUPOIHAOKPUHHBIMU KIET-
kamu JKKT (xomenmcrokunuH, mentun YY (PYY),
COMATOCTaTWH) BOBJICYEH B IMHIIEBOM MeTabOIM3M.
[IpakTrueckn Bce OHM XapaKTEPU3YIOTCS HAJINYHEM
aHopekcureHHoro 3ddexra, UCKIIOUCHUE COCTaBISCT
OPEKCUIE€HHBIM TOPMOH I'PEJIUH.

I'pesnn

I'penua — ropMoH, BbIpaOATHIBACMbI B OCHOBHOM
HEMPORHIOKPUHHBIMU KJICTKAMH [JHA JKEJIyIKa (OKOJIO
65 %) [83]. Hebompi1oe KOMMUECTBO MPOAYLUPYIOINX
IPENUH-KJIETOK OOHAPYEHO B TOHKOH M TOJICTOM KHILI-
ke, runodpuse [84]; a- [85], B- [86], u menbra-KiIeTKax
[87] ocTpoBkoB Jlanrepranca m HelpoHax myroobpas-
Horo sipa rumnortanamyca [88, 89]. He3nauurenbHas
9KCIIPECCHs IpefiHa Obla Takke OOHapy>KeHa B IMOY-
Kax, simukax, mianente [90-92] u ummynorurax [93].
Cekpenys TpeiriHa B KEIYJIKE PETYIUPYETCs MUIIEBbI-
MH W TOPMOHAIBHBIME (akTopamu [94]. OHa MHTHOU-
pyeTcs comarocrarnHoM, uHTepieiikuaom 1 (IL-1PB),
CTI, enoii ¢ BBICOKMM COJEpYKaHHWEM KHpa, TMOBBIIIE-
HUEM aKTUBHOCTH Baryca, TOrJa Kak rojiofl ¥ HU3Kkooel-
KOBOE MIUTAaHUE CTUMYIIUPYET IKCIIPECCUIO U CEKPEIINIO
rpenuHa. COOTBETCTBEHHO, YPOBEHb I'DENIMHA B HOPME
HanOoJsiee BBICOK HATOLIAK M CHUJKACTCS TOCIE EJIbl
B OTJIMYMH OT JAPYTUX TOPMOHOB, BOBJICYCHHBIX B pETy-
JISIIIAIO YCBOGHUS U ISTIOHUPOBaHMS HyTpueHToB. Co00-
meHust 00 dddexTax JenTrHA Ha MPOAYKIIAIO TPEITHHA
HOCSIT IPOTUBOPEUUBBIA xapakTep [95, 96], uTo MOXKeT
OIIPE/ICIISATHCS. COXPAHHOCTBIO YYBCTBUTEILHOCTH K A(-
(exTam JienTHHA W BO3JCHCTBUEM JPYTUX (HaKTOPOB.
Comnpsoxennbsle 3(¢dexTsl JTenTuHa W TperHa MOTYT
o0ecreunBaTh PEryIATOPHYIO CUCTEMY OOpaTHOM CBSI3H,
Bosiekaronyro JKKT u [THC, u BeicTynars B ponu uH-
Tepdetica MeXIy PeryIUPYIOIMMHU CHTPaMH aleTuTa
B runoranamyce 1 ¢pyaxnmsvu JXKKT B yripasiennn me-
TaboIM3MOM | pocToM [97].

OTOT TOPMOH HUIPaeT BaXKHYIO POJIb KaK B PEryJs-
LUH MUIIEBOTO MOBEACHHS, TaK M B PETYISALUN HHCY-
JIMHOBOH CEKpEeIMH U YyBCTBUTEIBHOCTH K MHCYJIHHY.
I'penuH wpeHTHOUIMPOBAH KaK DHJOTCHHBIN JIMTaH]I
s perenitopoB comarorponuHa (GHS). O ¢yHK-
LUOHUPYET KaK OPEKCUI'CHHBIN (CTUMYIMPYIOIIMHN arl-
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METUT) CUTHAT OT xkenmynka [98]. OcHoBHBIE A heKThI
IpevHa BKIIOYAIOT: OCTPOE CHUKEHHE UyBCTBHUTENb-
HOCTH K MHCYJIMHY; PETYJISLHUIO, B aHTarOHUCTHYECKOH
MaHepe K JITHHY, CHHTEe3a U CEKPElUN HECKOIbKUX
HEHpOINeNnTHI0B B IMIIOTAlIaMyce, a UIMEHHO NOBbILIIE-
HUE alleTuTa 4yepe3 CTUMYIALUIO BBIPAOOTKH HEH-
porientuaa Y (NPY) u aryru-nentuna (AgRP); cru-
MYJISIIHIO CEKPEelMH KOHTPPETYJIHPYIOUINX TOPMOHOB
(KOpTH30J1, TUIIOKArOoH, KaT€XOJIaMHHBI), B OCHOBHOM
yepe3 LEHTPaJbHbIC MEXaHU3MBI, CYNPECCHIO CEeKpe-
LMW aJIUTIOHEKTHHA U MHCYJINHA; CHUKEHHE MEUeHOU-
HOW YyBCTBUTEIBHOCTH K MHCYJIWHY IyTeM OJIOKabl
[eYEeHOYHOHN Tepesaydl CUTHaja MHCYJUHA Ha YPOBHE
phosphatidylinositol-3-kinase; CTHMYJISIHIO IETTOHU-
poBaHUsI XKHpa (aIUIoreHe3); NOBBIILICHUE aKTUBHOCTH
JaKTOTPO(OB U KOPTHKOTPO(OB; yCUIEHUE MOTOPHKH
JKEJTYJKa U CEKPELUU COJITHOM KUCTIOTBI.

MHorue nccienoBaTeNii 0TMEYaroT, YTO MPH OXKH-
PEHHMHU YPOBEHb I'PEJIMHA 3HAUYUTEIBHO HUKE HATOILAK,
4YeM y JIIoAe ¢ HOPMaIIbHOW Maccol Tena, U OTpHlla-
TenbHO Koppenupyer ¢ MMT, coxep:kanueM xupa,
YpOBHEM HHCYJIMHA U jieniTiHa H/T [99]. Hamu nanubie,
KaK U pe3y/lbTaTbl APYTUX MCCIICAOBAHUH, YKa3bIBAIOT
Ha 0oJiee 3HaUMMOE TOBBILICHHUE JICNITHHA U MEHEE BbI-
pakeHHOE CHMKEHME TIpeJMHA, 4YeM Yy MyK4MuH [47].
[Ipu mombITKax HOpPMaJIU3alMKM Beca TPEJIMH MPEmsT-
CTBYET €ro MoTepe, TaK KakK IMOTepsl Beca COMPOBOXK/Ia-
€TCs yBEJIMUCHHEM YPOBHS I'PEIMHA, KOTOPBIH MO3H-
TUBHO KOPpENHpYET CO CcTeneHbto norepu Beca [100]
1 yCWJIMBAeT 4yBCTBO rojiosaa. B mocrnuiesom craryce
y OOTbIIeH YacTH MAIMEHTOB C OXKUPEHUEM HE TIPOHC-
XOIUT JIOTIOJTHUTEJIBHOIO CHUKEHUS €r0 YPOBHSI, B OT-
JIMYUE OT 3A0POBBIX JIIOAEH, YTO, BO-IIEPBBIX, MOXKET
OBITb MPU3HAKOM Pa3BUTHS TPEIMH-PE3UCTEHTHOCTH,
BO-BTOPBIX, MOXET CII0COOCTBOBaTh YBEIMYCHHOMY
nioTpeonennto mumu [101].

JloruyHo TPEANnoa0XKUTh, YTO pa3 MEPBOH TOpPMO-
HaJbHOM peakiuel npy MOCTYIUIEHUN MUY Ha KOJIH-
YECTBO U KaUeCTBEHHBIH COCTaB HYTPUEHTOB SIBISIETCA
CeKpenrs MHKPETUHOB U TPelinHa, TO UMEHHO X JHC-
OanaHc nepBudeH. Mexay TeM IpU Pa3BUTUH UHCYIIH-
HopesucteHTHOCTH (1oBbImeHrne HOMA-IR) pa3BuBa-
eTCsl CHIKEHHE 4yBCTBUTENbHOCTU penentopos ['MIIT
B TKaHAX. | MIIOTETHYECKH MOCIIE0BATENbHOCTh U3Me-
HEHUI MOXXHO BBIPA3HUTh B BUE CXEMBI, TIPEACTABIICH-
HOM Ha puc. 3.

FrEEHETUHECKWME AETEPMUHAHTDI

Kaxk Ob110 OTMEUEHO B Havaje, FTeHeTUIeCKas JeTep-
MHUHALMS UMEET 3HAUYUTENIbHO MEHBILINH BKJIaz B (hopmu-
pOBaHKE KaK CaMOro OXKHMPEHHs, TaK U ero Mmeradonnyie-
CKHX OCJIOKHEHUI, 4eM 00pa3 xu3HU. O4eHb KPaCHBBIM
MIPUMEPOM 3TOTO SIBIISIFOTCS JIaHHBIE, TPEICTABICHHBIC

II. OB30Pbl | REVIEWERS

B cratbe Ligthart S, et al. (2021), aBropb! KOTOPOIi OLIE-
HUJIY TTOJIUTeHHBIN puck pa3sutus C/l 2 Tuna y manmen-
TOB C HOPMaJIHLHON MacCOH Tella U OKHpeHueM y 8 243
YeJIOBEK, BKIFOUeHHEIX B uccienoBanue ARIC, u 7 428
YYacTHUKOB, BKJIIOYEHHBIX B Porepaamckoe wuccreno-
Banue (RS)[102], ocHOBBIBasiCH Ha MOJUTCHHOM OIEH-
ke 403 obmmx BapmaHTOB mocienoBarensHocT JIHK,
WUACHTH(PHUIIUPOBAHHBIX KakK (haKTOphl pHUCKa Tuadera
2 tuna [103]. ABTOpBI CHauana OLUECHWIN MOJUTCHHBIN
PHCK U paclpeaeanan 00CIeA0BaHHbIX Ha IPYIIIBI HU3-
KOTO, YMEPEHHOIO U BBICOKOTO pucKa. [1oKU3HEHHBIH
puck pazsutus CJI2 cpemu it B Bo3pacte 45 J1eT cocTa-
But 22,8 % (95 % AU 18,4-27,3) B KaTteropun HU3KO-
ro renerndeckoro prcka; 30,6 % (95 % AU 27,9-33,4)
B KaT€rOpUU TPOMEXKYTOYHOIO TEHETHUYECKOTO pHCKa
u 35,5 % (95 % AU 30,6-40,5) B xareropun BBEICOKO-
ro TeHeTH4eckoro pucka B koropre RS u 32,6 % (95 %
[ 27,8-37,4) B kareropuu HU3KOI0 FeHETHYECKOTO PH-
cka; 41,1 % (95 % U 38,9-43,2) B xareropuu npome-
YKyTOYHOTO TeHeTmdeckoro pucka u 47,6 % (95 % AU
44,3-50,8) B KaTeTOpUH BBICOKOTO TEHETUIECKOTO PHCKa
B koropre ARIC. YuacTHuku ¢ oxupeHneM nuMenu 00-
Jiee 4YeM B JIBA Pa3a IMOBBIIIEHHBIN PUCK pa3BUTHS -
abeTa 10 CPaBHEHUIO C JIFOABMH C HOPMAILHBIM BECOM
B KaTErOpPHsX yMEPEHHOTO U BEICOKOTO pucKa. [Ipu aTom
CpeaH YYaCTHHKOB C BBICOKAM T€HETHYECKHM PHCKOM
HOpPMaJIbHBIM Bec ObUI cBsizaH ¢ 56 % Ooiee HU3KUM
puckoM pas3BuTHsl nuadera B uccienoBannu ARIC u Ha
55 % Oornee HM3KUM pHckoM Tpu RS mo cpaBHenuro
C OKHPEHHUEM.

B uccnenoBaHusIX MoCIeTHUX JIET MOJIEKYIISIPHO-TE-
HETHYECKHE MCCIEIOBAHUA CaMOM YKUPOBOW TKAaHU
MPUBJICKIN K cebe BHUMaHWe. BoNBIIMHCTBO Hccle-
JIOBaHMI, KaK U HaIK cOOCTBEHHBIE OoJiee paHHHE pe-
3yJBTaThl, JEMOHCTPUPYIOT OOJIee BBICOKYIO JKCIIpec-
cuto rea u MPHK nentuna B IDKT no cpaBHeHuto
¢ takoBoit B BT y mroneli ¢ oxxupenuem [77]. Y mro-
Jiel 0e3 OXKUPEHUs SIKCIPECCHus JICITHHA B 000UX cail-
Tax "Hwke [ 104] numu cormoctaBuma [105] ¢ TakoBo# TipH
oxxupeHnuu. boree BrIcOKas dKCIpeccHs TeHa JISNTHHA
B [DKT oTrmeuaeTcs y :KeHIIUH, KOPPETUPYS C €r0 YPOB-
HEM B LIMPKYJISIIHMH, B OTIIMYMU OT MYXKUNH, YTO MOXKET
OOBSICHITBCS OCOOCHHOCTSIMU (POPMHUPOBAHUS OKUPE-
HUS: IS MY)KYUH XapaKTepHO OoJjiee paHHEE W TPHO-
putetHoe HakoruieHue xupa B BT ¢ xapakrepHbiM
JUTSE Hee AucOaaHcoM MPOIYKIMH aJuliokuHoB [106].
Oxcnpeccust rena 1 MPHK amumonexkTnHa CHIDKeHa
nipu oxxupenuu B XXT, HO, B OTJIMYKE OT JIENTHUHA, U3ME-
HEHUs ero 3Kcrpecun Oonee Bbipaxenbl B BT [107].
Haxonen, HepaBHee McceoBaHNe, H3yUHUBIIEe BKIa
9KCIPECCUU DPA3JINYHBIX AJUNOKHMHOB B OTJEIBHBIX
caiitax JXXT (BXT u IIXXT) B ux ypoBeHb B LIUPKYIIA-
[IUH, TI0KA3aJI0, YTO JIMIIb KCIIPECCHs TeHa JIENTHHA
B IDKT oxa3zbIBaeT cyliecTBEHHOE BIUSIHUE HA €T0 YPO-
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BEHb B IUPKYJSIIHMHU, @ 3HAYUT, MOXKET OTPEICIAThH €ro
cucreMHble 3¢ dexTst [108].

Meskay TeM poBeIeHUE TTOIHOTEHOMHBIX HCCIIe0-
BaHUI IT03BOJISIET OOHAPYKUTH HOBBIE Iy TH PeaIn3aIiu
MEXaHU3MOB (OPMUPOBAHMS PA3TUIHBIX (EHOTHUITOB
OXKHMPCHUS, U3MEHEHUSI TOPMOHAJIBHOTO ¥ OHOMapKep-
HOTro ()OHA, NPUYMHBI PA3IMYUHA B MPOTHO3E M OTBETE
Ha Tepanuu. opMHupoOBaHKE U3 OIPOMHOTO YHCiA Te-
HOB, JUIsl KOTOPBIX MTOKA3aHa CBSI3b C PUCKOM Pa3BUTHS
OXKHMPCHUS, UBMCHEHUEM Pa3IMYHBIX METAa0OIUUCCKUX
apaMeTpoB, YK€ CEroIHs MO3BOJISIET cPOPMHUPOBATH
TeHEeTHYECKUE MaHEeH, JETCPMUHUPYIOIINE Pa3BHTHE

M30 unu MHO, HYO u CJI, AT, JIIT ¢ BeIcOKOM TOY-
HocThl0. [TogpoOHOe onucanue 3TUX UcClIeOBaHUN —
TeMa JUISI OTAEIbHOMN CTaThbH.

[IpencraBnenHsIit B 3TOM 0030pe aHaJIM3 MOKa3all,
YTO MOJ/Iep KaHne MeTabOITNIEeCKOTO 3I0POBBS TPeOyeT
COXPaHEHUS/BOCCTAHOBICHUS HOPMAaJbHOM UyBCTBU-
TeIbHOCTH K nentuny, ['UIl, rpenuny, 4To HEOTAEIUMO
ot Hopmasnu3aiuu mopdonorun KT 1 4yBCTBUTEIHHO-
CTH K MHCYnHHY. [lonnepkanue ypoBHs IOJOBBIX TOp-
MOHOB Ha YPOBHE PENpPOIYyKTHBHOIO BO3pacTa TaKXKe
CHOCOOHO CYIIECTBEHHO CAEpKaTh Pa3BUTHE M3MEHeE-
Huil B cropony MHO.

Mpuem nuwK  NpekpauseHue
a
npuema nNuLM
8 LUHC (agpa ranoTanamyca) — CHUMKEHWE
WYBCTBA rONOAR, NOABNEHHE HYBCTBa
nog, rnni, a
33TEM M HHCYAWHA, NENTUHA, APYIUX
AHOPEKCUIEHHbIX FOpMOHOB KT
Meyenn
T NPOAYKUHH HHKPETHHOB g
(I w THIT), chmsenne
MPOAYKIHH IPeiiHa ”
HOPMOTrIMKemuAa
Npw n3bbiTHe /
TPHEHTOB 4" YPOBHA MIOKO3bI, KHPHBIX
KMCNOT, TpuraMuepuaoe 6 OLLK 1 PYTHANZALMA
0001 NopTaneHoi cHeTeme e Pl it Nk
urun A Tnomouenue S
i K RMPOBaA TNIOKO3bI B y
K B M THaHb ® & MbILLUEAMH Mevens
4 7a TAT nenTun Sl S0
NOBLILEHWE CEKPELMM MHCYNMHA, : T GpaynunHra :;I:;::“u"'o 8
Aa c ‘TuHc\muHa-)'l‘ nentuqa Emmmmmm—p Genbix agunouuTos S
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\ ﬁ'ﬂe" SHEDMM TFIOI']'IOI.IJ,EHME.
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nosegeHua
& UHC (napa runotanamyca) = cHuMEHHE HyBcTea ronoga
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OnTrMabHBIM BCeTZia SBISIETCS BMEIIATENbCTRBO,
HaIpaBJICHHOE Ha YCTPaHECHWE NMPUYHUHHBIX (DaKTOPOB.
Kak 06but0 OTMEUeHO B Havajie JaHHOro 0030pa, KITo-
YEBBIMHA TIPUIHMHHBIME (DaKTOpaMu OXKUPEHHSI U yTpa-
TBI METaOOJMYECKOTO 3I0OPOBbS SBJSIFOTCS TIepeeiaHme
Y THTIOAMHAMUSI, KOTOPBIE JIOTIOTHSIOTCS HAPYIICHUSIMA
CHa, BO3/ICWCTBHEM COIHONATOIeHHBIX ()aKTOPOB BHEIII-
Hel cpeapl, crpeccoM. TeM He MeHee pas3iinuMs B BO3-
JNEHCTBHUAX Y)Ke ceiuac MOTYT OBITh MEePCOHUPHUITIPO-
BaHBI HA OCHOBE T€HJICPHBIX PA3ININiA: OTBET HA JIHETY
C BBICOKUM COJECpPKAHHEM >KUpPa KApAUHAIBHO Pa3id-
4aeTcs y MY>KUUH U KCHIIUH. Y MYKUHUH KETOTEHHBIC
JIMCTHI BBI3BIBAIOT HEOIATrOMPHUSATHBIC META0OTMICCKIC
n3MeHeHus (TIOBBIIIIEHNE YPOBHS HeHachImeHHbIX KK
U MapKepOB BOCIAJIEHHS ), KOTOPbIE HE HaOIOMAFOTCS
y xenuH [ 109]. Bo3pact Takke BIuseT Ha BEIOOP BMe-
[IaTeIbCTB — BHIOOP Teparuy B TOJIb3Y IMPEnaparos,
3aMeISIONINX KIIETOYHOE CTapeHHe, TaKuX Kak MeT-
(hopMHH, ITO3BOIAET MOYIMPOBATH CKOPOCTH STHX TPO-
ueccos. [IpuBieyenne 3aMeCTUTEILHON TEPAMIUU MOJIO-
BBIMH TOPMOHAMH TaKkKe CIIOCOOHO 3HAUMMO 3aMEJIJIUTh
CKOPOCTh  BO3pPACTHbIX M3MEHEHUH. [[IUTenbHOCTh
oxupenunsi, HYO Taxxke meTepMUHUPYIOT OTBET. Y Ta-
IIMEHTOB C KOPOTKUM aHAMHE30M O)KUPEHUS TPU CHH-
JKCHUU MacChl TeJla OTMEUalIach HOpMaJIM3alus o0bemMa
QJIUTIOLIUTOB, B TO BPEMs KaK y IMAI[MEHTOB C OOJBIION
JUTMTETTHHOCTHIO JJayke OapuaTpudecKrie BMEIaTeIbCTBa
HE TIO3BOJISUTA YCTPAHUTh TUNIEPTpOPHUIECKIe N3MEHe-
Hus [2]. CHmkenne Beca Ha 10 % u Oonee U yMeHbIIe-
Hue cozepkanus TI' B neueHu y NanueHToB ¢ KOPOTKUM
anamae3oM (10 6 jer) CJI 2 Tuma mo3Bosio T0OUThCS
pemuccun CJ1 [110], B TO BpeMs Kak TIpH JTATEIIEHOCTH
3aboneBanus (Oomee 10 jer) pemuccus MaJoOBEpOsSTHA
JIasKe MOCIie 0apuaTpuYeCcKUX BMEIIATEIbCTB,

Bynyuiue wampapieHUs TepCOHH(HUKAIMUA Tepa-
MU OXKHUPEHUS] TPEATONIaraloT HCIOIb30BaHHUE IIpe-
MaparoB, TAPreTHO YMEHBIIAIONINX HAKOTUIEHUE JKUpPa
B BXXT u ero u30bITO4HOE IKTONTMYECKOE HAKOTUICHHE.
Hcnonp3oBaHue B KayeCTBE MUUIEHEH AKTUBHOCTU
aHruoreHesa, (pudpo3a, MOAYIAIUIO aKTHBHOCTH pe-
LIENTOPOB/YPOBHS TOPMOHOB, BOBJIIEYCHHBIX B JICTIOHH-
pOBaHHE >KHpa B Pa3jIMYHBIX JKUPOBBIX JIETIO, MOXKET
[IOMOYb B pEHICHUH 3TUX 3a1a4. [lepcrekTuBHBIM Mpe-
CTaBJISIETCS MOAYJISIUS yyBcTBUTENbHOCTH K ['UII, pe-
3UCTCHTHOCTH K KOTOPOMY IIePEHATPABIISCT JIUTUIBI U3
MTOJIKOKHOTO B BUCIIEpANbHOE JIeN0. AKTHBaIUs Opay-
HuHTa JKT ¢ oBBIIIEHHEM METa00INYeCKONH aKTUBHO-
CTU AIUIOLUTOB TAKKE BBIVISLAUT MPUBICKATEIBHO.
Vke cerofiHs CrocOOHOCTh BIHMATH HA €r0 aKTHBHOCTD
obcyxmaercs y psama mpenaparos (apl'TIIT1, mmudimo-
3WHBI, PEIyKCHH), MPOJEMOHCTPUPOBABIINX CIOCO0-
HOCTb HE TOJIbKO CHIDKATh Maccy Tella, HO U YIy4llaTh
MeTa0OoIMYEeCKUE TapaMeTphl. Y TOUHEHHE MOJICKYJISIp-
HO-TEHETHYECKUX IyTed (DOPMUPOBAHUS Pa3IUUHBIX

II. OB30Pbl | REVIEWERS

(EHOTHIIOB O’KUPEHHSI TIOMOXKET B pa3padOTKe HOBBIX
IpernaparoB JJisl HHAWBUIYaIILHOTO BBIOOPA B TEPAITHH.
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ABSTRACT

This review is devoted to a description of the factors that underlie various phenotypes of
obesity, their interrelationships, a predictor role in predicting metabolic health, maintaining
it, in response to various options for therapeutic interventions.The review covered only key
parameters: the role of the localization and morphology of adipose tissue in its metabolic activity
and secretome characteristics, the role of the main adipokines and hormones involved in the
regulation of nutritional metabolism, regulation of appetite and eating behavior and sensitivity
to them in the development of obesity of various phenotypes.The role of unmodifiable factors
(age and gender) is outlined, and the prospects for using these data in the fight against the
obesity epidemic are briefly described.
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Abbreviations: TNF — tumor necrosis factor,
AH — arterial hypertension, BP — blood pressure,
WAT — white adipose tissue, BAT — brown adipose
tissue, VAT — visceral adipose tissue, VO — visceral
obesity, GIP — glucose-dependent insulinotropic pep-
tide, GLP1 — glucagon-like peptide 1, HSL — hor-
mone-sensitive lipase, DLP — dyslipidemia, FA — fat-
ty acids, AT — adipose tissue, CHD — coronary heart
disease, IL — interleukin, BMI — body mass index,
IR — insulin resistance, IGF — insulin-like growth
factor, LH — luteinizing hormone, HDL — high-den-
sity lipoproteins, LPL — lipoprotein lipase, LR —
leptino resistance, MH — metabolic health, MHO —
metabolically healthy obesity, MUO — metabolically
unhealthy obesity, MS — metabolic syndrome, NA-
FLD — non-alcoholic fatty liver disease, CMD — car-
bohydrate metabolism disorder, TV — thigh volume,
WC — waist circumference, SAT — subcutaneous ad-
ipose tissue, sLR — soluble leptin receptors, DM2 —
type 2 diabetes mellitus, FFA— free fatty acids,
HF — heart failure, CV — cardiovascular, TG — tri-
glycerides, AF — atrial fibrillation, CKD — chronic
kidney disease, CCK — cholecystokinin.

INTRODUCTION

1. Obesity as a problem of modern
civilization

Obesity is a heterogeneous condition characterized
by excessive accumulation of fat in various fat depots.
Normally, fat is deposited mainly in the subcutaneous
fat depot. In conditions of excess energy (nutrients),
its excess accumulates in white adipocytes of subcu-
taneous adipose tissue (SAT), becoming both a reserve
that can be consumed under conditions of energy defi-
ciency and protection against cooling. Meanwhile, in
the conditions of modern life, these functions of SAT
have ceased to be relevant for most people, and since
the consumption of fat from the depot practically does
not occur due to the lack of energy deficiency, its re-
serves become excessive, exceeding the depositing
capacity of cells. The role of genetic predisposition in
the spread of the obesity epidemic is significantly in-
ferior to the contribution of lifestyle, since the highest
increase in the frequency of obesity has been observed
in the last 40 years. As Joslin described a hundred years
ago, “genetics probably loads the gun, while lifestyle
in our obesogenic environment pulls the trigger for
the spreading of the obesity epidemic.” In addition to
overeating and hypodynamia, a number of additional
environmental, behavioral and socio-economic fac-
tors affect calorie intake and/or consumption, causing
weight gain [1]. Normally, SAT accounts for more than
80% of the entire fat layer, while visceral adipose tis-

sue (VAT) accounts for about 10% in women and 20%
in men [2]. However, the continued excess supply of
nutrients leads to the fact that energy begins to accu-
mulate in other depots — in the visceral adipose tissue
and in the periorgan and intraorgan areas. Undoubtedly,
this scheme of the sequence of development of various
obesity options is extremely simplified, and this issue
should be discussed in more detail.

2. Obesity and metabolic health — what de-
termines the latter?

Different phenotypes of obesity are definitions of
metabolically healthy obesity.

Dynamics of understanding

The localization of the accumulation of adipose
tissue (AT) in certain areas of the body (gluteofemo-
ral, abdominal) and fat depots (subcutaneous, visceral)
is influenced by many factors. The most pronounced
shifts in the production of biologically active substanc-
es involved in the regulation of metabolic processes are
noted in visceral obesity (VO), which is usually meta-
bolically unhealthy. Meanwhile, the differences in the
effects on metabolic health (MH) and cardiovascular
(CV) risks are not only in VAT and SAT, but also in the
localization of SAT (gluteofemoral, abdominal). Adipo-
cytes of abdominal SAT are characterized by rapid cap-
ture and conservation of energy after eating, high lipid
metabolism rate (lipolysis), whereas fat deposits of the
lower body have a low lipid metabolism rate and isolate
lipids that would otherwise enter non-fat tissues (ecto-
pia of AT). Thus, SAT of the lower body has a higher
ability to deposit and preserve lipids [3]. As the body
mass index (BMI) increases, the rate of lipid metabo-
lism slows down. Recent studies have shown that there
are differences not only for AT localized in different ar-
eas of the body, but also for those located at different
depths from the skin. The deeper layers of SAT have
structural and functional differences: a higher expres-
sion of pro-inflammatory, lipogenic and lipolytic genes,
a lower methylation level of DNA PPAR-y, and contain
a higher proportion of small adipocytes. That is, deeper
layers of SAT have a greater adipogenic potential. The
morphology of AT also affects MH. Although obesity is
usually characterized by a combination of hypertrophy
and hyperplasia of adipocytes, the prevalence of hyper-
trophy is associated with an unfavorable cardiometa-
bolic profile [4]. The large size of adipocytes is asso-
ciated with a low rate of lipid metabolism in them and
the presence of negative cardiometabolic changes. At
the same time, there are contradictions in the data on
which localization of adipocyte hypertrophy (visceral
or subcutaneous) determines cardiovascular risks. In
some studies, the relationship of hypertrophy of VAT
cells with insulin resistance (IR) and cardiovascular
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diseases was established [5], in others, hypertrophy of
visceral adipocytes was associated with dyslipidemia
(DLP), while hypertrophy of subcutaneous adipocytes
was associated with insulin resistance [6, 7] and the de-
velopment of type 2 diabetes mellitus (DM2) [8], and
normalization of their volume with weight loss was ac-
companied by normalization of insulin sensitivity [9].

However, these features are not always taken into
account in the assessment of metabolically healthy/un-
healthy obesity. Metabolically healthy obesity (MHO)
is generally understood as obesity, in which there are
no significant metabolic disorders [DLP, carbohydrate
metabolism disorders (DOE), hyperuricemia, etc.], ar-
terial hypertension (AH), or there is no more than one
such disorder. Additionally, an unfavorable inflamma-
tory profile (CRP level 3 g/l) and insulin resistance
(HOMA-IR < 2.5) are included, however, recommen-
dations for MHO criteria are very variable, as well as
assessments of its prevalence (from 6% to 40%) [10].
Most studies include the presence of the main com-
ponents of metabolic syndrome (MS) [blood pressure
(BP) > 130/85 mmHg, high-density lipoprotein choles-
terol (HDL) 1.04 mmol/L in men, 1.3 in women, tri-
glycerides (TG) > 1.7 mmol/L, fasting plasma glucose >
5.6 mmol/L] in the determination of MHO/MUO. Less
than half include an assessment of insulin resistance,
usually using a surrogate homeostatic model of insulin
resistance (HOMA-IR) [11], in some small studies hy-
perinsulinemic-eugenemic clamp was used [12-14]. A
number of authors believe that hyperinsulinemia, not
IR, determines metabolically unhealthy obesity (MUO)
[14, 15]. Assessment of the level of other hormones is
not included in standard definitions.

However, the current definitions of MHO are not
optimal, as recent longitudinal studies have shown that
most patients with MHO eventually shift into the met-
abolically unhealthy category [ 16—21]. Predictors of
MH loss include older age [22] and more “poor” base-
line metabolic parameters, including lower HDL level
[18, 20], higher TG [20], more “central” obesity [20]
and IR [18, 20]. Development of new methods for as-
sessing the number and localization of various types of
AT (subcutaneous gluteofemoral or abdominal, viscer-
al, liver, pancreas, epicardial AT, etc.) made it possible
to form new components of the MHO — predictors of
its preservation. Thus, in a recent prospective study
of patients with insulin-sensitive and insulin-resistant
obesity (assessment of insulin sensitivity by the method
of euglycemic hyperinsulinemic clamp), it was shown
that the predictors of the preservation/loss of MH, in
addition to normal insulin sensitivity, were the pheno-
type of obesity identified by the volume of VAT and
waist circumference (VC), lean body mass, body mass
index, diastolic BP, fasting serum insulin level and fat
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in the liver [14]. At the same time, the dynamic assess-
ment after 5 years in the group with initially IR-obesity,
the fat content in the android region increased signifi-
cantly (p = 0.0087), as did the volume of VAT (p {jme<
0,001) [14].

A recent study by Zembic, et al. (2021) showed that
only obese patients who did not have AH and CMD
[systolic BP = 130 mmHg, without antihypertensive
therapy, no diabetes (plasma glucose 110 mg/dL) with-
out antidiabetic therapy] and having peripheral obesity
type [WC to thighs volume (TV) ratio < 0.95 for wom-
en and 1.03 for men] did not have an increased risk
of CV events and mortality, regardless of body weight
[23]. Unexpectedly, there was no link between DLP and
CV prognosis in this study. Of the interesting features
of this work, it is worth noting the evaluation of the
WC/TV ratio rather than WC for assessing the obesi-
ty phenotype, and the QUICKI index instead if HO-
MA-IR for the assessment of IR. Although WC allows
confirming the central (androidic) nature of obesity by
estimating the amount of VAT localized in the abdom-
inal cavity, however, when assessing WC, subcutane-
ous abdominal fat is also included in the value, which
has less adverse effects on metabolism than visceral fat
[24]. On the contrary, TV reflects the amount of SAT lo-
calized in the lower half of the body, which has at least
neutral and possibly protective effects on metabolism
[24—26]. Other studies have also shown a higher pre-
dictor power of WC/TV compared to WC for assessing
the risk of death than WC in obesity [27]. The use of
the QUICKI index, which is more strongly associated
with metabolic risks than the NOMA index, has also
improved the predictor value of the study. This study
once again emphasized the high importance of local-
ization of AT in the formation of CV risks. The lack of
correlation between DLP and the risk of death (CV and
general) in this study may be explained by the fact that
among the causes of death in obese patients, heart fail-
ure (HF), chronic kidney disease (CKD) and oncology
dominate, for which DLP is not a key risk factor.

An important causal factor in the development of
various cardiometabolic diseases in obesity is the ac-
cumulation of AT in the target organs and periorgan
space. AT ectopia in various organs is a significant
factor in the formation of obesity phenotypes that are
heterogeneous in the consequences. At the same time,
each variant of organ ectopia of AT: epicardial, mesen-
teric (around the intestine), retroperitoneal (including
perirenal), gonadal, mental (stomach, spleen), hepat-
ic, pancreatic fat, brings features to the clinical course
[28] (Figure 1). Thus, the accumulation of AT in the
renal hilum correlates with BP and albuminuria, accu-
mulation in the epicardial region is associated with an
increased risk of AH, coronary heart disease (CHD),
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atrial fibrillation (AF) and HF, in the gonadal region (in
the scrotum) — with impaired testosterone production
in men and impaired fertility, the accumulation of fat
in the pancreas is inversely correlated with secretory
function beta cells, and in the liver is associated with
hepatic IR, increased fetuin-A secretion, and the devel-
opment of non-alcoholic liver disease NAFLD. In ad-
dition, liver steatosis also contributes to the disruption
of secretory activity of pancreatic endocrinocytes [28]
and is another strong determinant of insulin sensitivity
in obesity [29]. Concurrently, the accumulation of fat in
different sites can vary greatly in different patients. The
causal factors of these differences have not been fully
established, and their determination is a key task, the
solution of which will allow developing a personalized
approach to the prevention of a number of metabolic
diseases.

The complexity of taking these changes into account
when assessing risks in various patients is determined
by the high cost of the examination which makes it pos-
sible to assess ectopic AT (magnetic resonance imag-
ing, proton spectroscopy, densitometry).

Another type of AT, the assessment of which is little
available in routine practice, but the interest in which in
scientific research does not weaken, is brown adipose tis-

sue (BAT). Unlike white AT (WAT), BAT generates heat,
increasing energy consumption, instead of depositing en-
ergy in the form of fat. In humans, it is represented by two
types — “true” BAT, which is detected only in infants and
is localized in the interscapular region and the “inducible
thermogenic” BAT, localized mostly in the supraclavicu-
lar region [30]. This AT is also called beige, as it contains
both white and brown adiposytes and is characterized by
the ability to redifferentiate — “switching” between white
and beige adiposytes by activation of uncoupling protein
1 (UCP1). This process (redifferentiation of white adi-
pocytes into brown ones) is called WAT browning. A de-
crease in both the mass and activity of BAT can play a role
in the development of obesity and DM2, and its metabolic
activity is inversely proportional to the thickness of the fat
layer [31] and positively correlates with insulin sensitivity
[32]. An increase in the content of TG in the area of local-
ization of BAT is also a negative metabolic predictor and
is associated to a high degree with the development of IR
and CMD [33].

IR in obesity is closely related not only to an in-
crease in the amount of VAT, but also to the loss of
muscle mass, especially in old age [34], the deficiency
of which can be considered as a marker of IR and a pre-
dictor of development of MUO [29]. Even with normal

Fig. 1. Examples of the relationship between the localization of the accumulation of

ectopic VAT and clinical manifestations
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body weight, muscle deficiency leads to the develop-
ment of IR.

Summing up, the main criteria for determining
MHO can be considered an increase in the number of
VAT and the ratio of the amount of VAT to lean body
weight. The simplest method for estimating the amount
of VAT, available in routine practice, is the assessment
of WC and the WC/TV ratio. More complex is the tar-
geted determination of the risk of developing individual
metabolic disorders and diseases. For the development
of CMD, such factors are an increase in the TG content
in the liver and pancreas, for cardiovascular diseases
(AH, CHD, AF, HF) — thickening of epicardial AT, for
development chronic kidney disease — accumulation
of AT in the renal hilum. It requires the use of complex,
expensive instrumental research methods, therefore, in
recent years, research attempts have been made to iden-
tify laboratory markers that could become a convenient
and affordable alternative to instrumental examination.
In addition, the evaluation of biomarkers helps to better
understand the mechanisms of the formation of various
disorders underlying the transition of MHO to MUO
and the basis for the development of individual meta-
bolic disorders.

3. Differences in hormonal and biomarker
profiles in different phenotypes of obesity — blood
test for predicting metabolic health — myth or
reality?

To date, there is no doubt about the presence of en-
docrine functions in AT, which produces more than 50
hormones (adiposytokines, adipokines) and biological-
ly active substances with various functions [ 35] (Figure
2). They have effects through paracrine, autocrine and
endocrine mechanisms, affecting metabolic processes,
inflammation, coagulation, glucose and lipid homeosta-
sis. These include: adiponectin, leptin, free fatty acids
(FFA), tumor necrosis factor (TNF)-a, interleukin (IL)
-6, interleukin (IL) -8, MCP 1, visfatin, fetuin A, in-
sulin-like growth factor (IGF), plasminogen-I activa-
tor inhibitor (PAI-1), angiotensinogen, angiotezin-II,
prostaglandins, estrogens, resistin and many others.
Changes in the level of hormones and biomarkers —
AT products in the blood — to a certain extent reflect
the functional imbalance of both AT cells and other or-
gans involved in the formation of typical MUO disor-
ders (liver, kidneys, pancreas, neuroendocrine cells of
the gastrointestinal tract).

One of the typical differences noted in visceral obe-
sity (MUO), is the change in the balance of adipocyto-
kines — adiponectin (decrease), leptin (increase) and
other secretion products of the fat cell. This is accompa-
nied by modulation of pro-inflammatory and metabolic
processes. Physiologically, it is SAT that is designed to
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deposit excess calories, and its genetically determined
high depositing ability allows you to maintain a good
MH for a long time. As noted above, it’s the SAT of
the gluteofemoral region that has the maximum depos-
iting capacity. It is believed that oxygen supply, which
is highly determined by angiogenesis, is of great impor-
tance in the features of AT secretoma. The main regula-
tors of adipose tissue deposit include components.

AGE

Adipose tissue is a dynamic system, the effects of
which on modulation of systemic metabolism and in-
flammation change at different age periods [36]. In
childhood and in young people, AT has high plasticity,
adapting to environmental changes and rapidly chang-
ing its endocrine, inflammatory and metabolic functions
[37]. With age, the ability to differentiate preadipocytes
decreases due to a decrease in the expression and activ-
ity of the CCAAT/enhancer-binding protein alpha (C/
EBPa) and the peroxis-activated gamma proliferator
receptor (PPARY) [38, 39], mainly in SAT, the rate of
lipid metabolism slows down and lipids are redistributed
in the VAT depot [40]. With age, under the influence of
cellular stress reactions caused by lipotoxicity, hypox-
ia and/or replication disorders [41, 42], gene expression
may change with the formation of cellular phenotypes
resembling activated macrophages [43]. Aging also con-
tributes to the infiltration of immune cells into AT and
leads to an increase in T-cell populations, mainly in VAT
[44]. In addition, the progression of AT dysfunction with
age is associated with the accumulation of aging cells
[45], which are pro-inflammatory and develop a pheno-
type characterized by a secretion with the production of
cytokines, chemokines, matrix metalloproteinases and
growth factors that induce inflammatory processes in
preadiposytes, inhibit differentiation and stimulate infil-
tration of immune cells. With increasing age, many hor-
monal and metabolic changes occur in the body. After
40-50 years, there is a gradual decrease in the level of
sex hormones (estradiol, testosterone), growth hormone,
thyroxine and, conversely, an increase in the level of
leptin and cortisol, a sex steroid-binding protein. These
changes reach a peak after 60 years. The main, constant-
ly acting factors underlying these changes are a decrease
in both the number of many endocrinocytes due to an
increase in apoptosis activity with age and their secreto-
ry activity, a decrease in the amplitude of the pulsatory
secretion of many hormones, a change in the number and
sensitivity of receptors. In particular, an increase in age
is a significant factor in increasing the risk of glucose in-
tolerance, since with age, the ratio of proliferation/apop-
tosis of beta cells increasingly shifts towards a predomi-
nance of apoptosis [46]. Due to the increase in apoptosis
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of beta cells, the proliferation of alpha cells is disrupt-
ed — the percentage of endocrinocytes shifts towards
glucagon-producing alpha cells with the development of
relative insulin deficiency, which facilitates the develop-
ment of CMD. Cellular aging can also play a central role
in the pathogenesis of age-related resistance to insulin

is a possible link between proinflammatory secretion in
age-related dysfunction of AT and skeletal muscles. In
addition, with age, the influence of intermittently acting
factors grows, such as the development of somatic dis-
eases (chronic renal failure, liver pathology, etc.), nutri-
tion, alcohol, smoking, increasing frequency of obesity,

aggravating the changes described above. Thus, age-re-
lated changes affect cellularity, insulin response, secre-

and DM2 [41]. Age-related sarcopenia contributes to the
increase in IR with age [34]. It is highly likely that there
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tion and inflammatory status of AT, which leads to its
dysfunction. Age determines the shift in fat deposit from
the subcutaneous to the visceral depot with the transition
of MHO to MUO.

GENDER

The function and predominant localization of AT
differ depending on gender, which is determined by
differences in the profile of sex hormones. In women,
a normal level of estrogen ensures fat deposition in the
gluteofemoral region, and a high leptin secretion with a
high sensitivity to it. Men accumulate more VAT, which
leads to the formation of an android (central) phenotype
of obesity, which strongly correlates with an increase
in cardiovascular risk. Women of reproductive age ac-
cumulate more fat in the subcutaneous depot, but after
menopause, estrogen levels decrease and fat deposition
shifts to the visceral depot. Thus, the gender effects
are determined by differences in the effects of sex hor-
mones, which will be discussed later.

HORMONES

Sex hormones

The effects of sex hormones on the deposit of adi-
pose tissue are largely determined by the genetic sex.
Thus, in women, an increased level of androgens is as-
sociated with IR, increased fat deposition in the viscer-
al depot, and the development of CMD. At the same
time, in men, a high level of testosterone ensures the
differentiation of pluripotent progenitor cells into my-
ocytes and a change in body composition towards the
predominance of muscle tissue over fatty [48]. In con-
ditions of testosterone deficiency in men, on the con-
trary, fat deposition in the visceral depot increases and
myogenesis decreases. Testosterone normally activates
hormone-sensitive lipase (HSL) in adipotytes, activates
lipolysis and thus reduces fat mass. The activity of li-
poprotein lipase (LPL) limits the rate of fat accumula-
tion, and it is higher in the SAT of the gluteofemoral
region as compared to VAT in women, which ensures
the gynoid-type accumulation of fat. On the contrary, in
men, the activity of LPL is higher in VAT. These gen-
der differences in the distribution of AT are enhanced
by the influence of testosterone, which suppresses LPL
in the SAT of the gluteofemoral region in men. With
obesity, the expression and activity of the aromatase
enzyme which provides the conversion of testosterone
to estradiol, increases. As a result, the aromatization of
testosterone into estradiol increases drastically and its
amount decreases. Estradiol inhibits the production of
luteinizing hormone (LH) in the pituitary gland, which
is accompanied by a decrease in testosterone produc-
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tion in the testicles and a further decrease in its level in
the blood [49]. Leptin also inhibits testicular function
in adults, but promotes testicular development during
puberty [50]. With changes in the production of adipo-
sytokines in AT, IR and insulin levels increase. In con-
ditions of hyperleptinemia and hyperinsulinemia, the
level of sex steroid-binding globulin and testosterone
decreases even more. Under conditions of testosterone
deficiency, lipoprotein lipase in AT is activated and the
capture of TG by adipotocytes increases, which con-
tributes to the progression of obesity [49]. At the same
time, a high level of testosterone suppresses the produc-
tion of leptin [50]. Age makes a significant contribution
to the nature of the relationship between leptin and go-
nadal function in men. Thus, in prepubertal period, the
level of leptin in boys increases, and this contributes to
the development of testicles. During puberty, the lev-
el of leptin decreases under the influence of increasing
levels of androgens. Accordingly, in adult men, leptin
levels are significantly lower than in women, and the
increase in leptin levels due to factors, including obe-
sity, inhibits the function of the testicles, leading to de-
creased testosterone [47, 50].

Estrogens, as already noted, contribute to the
deposit of fat in SAT in women, mainly in the glu-
teofemoral region and in the chest area. This is due
to gender-dependent differences in the expression of
receptors for leptin and estrogens. Estrogens directly
or through the activation of their receptors on adipo-
sytes [estrogen receptors alpha (ERa) and beta (ERp)]
facilitate fat deposition and activate functions of AT.
The lipolytic effect of estrogens is mainly mediated
through ERa, and ERS can act as a repressor [51, 52].
The distribution of estrogen receptors in different AT
depots differs in men and women, making a significant
contribution to the sexual dimorphism of obesity phe-
notypes. In women, a higher ERo/f ratio in VAT limits
fat accumulation in this depot, while a lower ERa/ERf
ratio in gluteofemoral SAT ensures its accumulation.
In men, the amount of ERa in VAT is significantly low-
er, and a low ratio of ERa/ERB increases the deposi-
tion of fat in the visceral depot [52]. Activation of ERa
improves the function of AT by reducing its inflam-
mation and improving insulin sensitivity. Estrogens
can regulate (increase) angiogenesis of AT, thereby
reducing the severity of hypoxia [53]. Hypoxia is a key
inducer of oxidative stress, inflammation and hyper-
trophy of AT. This allows us to consider the effects of
estrogens on angiogenesis as an important mechanism
by which estrogens reduce inflammation and fibrosis
of AT. Sexual dimorphism also affects the activity and
distribution of lipolytic B1-2 and antilipolytic a2-ad-
renergic receptors. Estradiol increases the number of
a2-adreno receptors in SAT, but does not affect them
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in VAT [54], differentially increasing sympathetic tone
in various AT depots. As a result, the accumulation of
lipids in SAT in women and in VAT in men increas-
es [55]. Estrogens can modulate the ability of fat cells
to increase volume, strengthening it in the subcutane-
ous depot and inhibiting it in the visceral. Mammary
adipocytes have the highest plasticity. They de-dif-
ferentiate during pregnancy and remain in a state of
de-differentiation during breastfeeding. After stop-
ping feeding, they proliferate and re-differentiate into
adiposytes. Estradiol modulates the activity of a num-
ber of hormones involved in the regulation of hunger
and satiety, increases the effects of anorexigenic sub-
stances such as cholecystokinin, apolipoprotein A-1V,
leptin, brain-derived neurotrophic factor (BDNF), and
reduces the activity of orexigenic hormones, such as
melanocortin and ghrelin [55]. Estrogens also protect
against weight gain by increasing energy consumption
by activating their receptors in the ventral medial nu-
cleus of the hypothalamus [53]. Estrogens increase the
metabolic activity of AT and potentiate browning. As
a result, the metabolic rate of AT is higher in women
due to the greater number of brown AT and higher ex-
pression of genes involved in mitochondrial function,
including the separating protein (UCP-1) [55].

The female brain is more sensitive to the effects of
leptin on regulating food intake and energy consump-
tion, indicating a strong synergy between the obesity
hormone leptin and estrogens in the regulation of repro-
duction and energy homeostasis [53]. There is a two-
way relationship between leptin and estrogens. With
a decrease in the level of leptin or sensitivity to it, the
secretion of kisspeptin is suppressed through it — a de-
crease in production and a violation of circadian gonad-
otropin. In addition, leptin stimulates the production of
receptors to gonadotropins and gonadotropin-releasing
hormone. On the other hand, a high level of estrogens
(an increase in their production during the menstrual cy-
cle) stimulates an increase in the level of leptin, which
reaches its maximum by the middle of the cycle [50].

Hormones of AT and gastrointestinal tract,
involved in depositing energy substances

When discussing the role of hormones such as insu-
lin, adiposytokines, incretins, ghrelin, we should focus
on two aspects: changes in the level of these hormones
and sensitivity to them. The role of insulin and sensi-
tivity to it in the development of metabolic disorders
included in MS is beyond doubt. Although until recent-
ly, the indication of IR by various methods has been
considered a key method for assessing the risk of met-
abolic disorders, recent studies have shown that fast-
ing hyperinsulinemia (fasting insulin above 15 pg/ml
in normoglycemia) is also a fairly reliable marker [56].

Adipose tissue hormones

Leptin, at AT hormone that has systemic effects me-
diated by its binding to a specific receptor. The key effect
of leptin is appetite control [57]. Under normal physio-
logical conditions, leptin provides the onset of a feeling
of satiety, reducing calorie intake, has a glucose-low-
ering effect, reduces ectopic fat accumulation through
central and peripheral mechanisms, which should have
a beneficial effect on metabolic health. The magnitude
of leptin effects depends on the tissue, gender and con-
ditions of action [58]. Leptin secretion increases un-
der the influence of a number of hormones (estrogens,
growth hormone, thyroxine, glucocorticoids and insu-
lin), changes in glucose, when eating, with obesity, and
decreases on an empty stomach, under the influence
of catecholamines, iron, FFA, testosterone. It exhibits
many metabolic effects on various tissues, and its ef-
fects in normal sensitivity to it include: a) in the central
nervous system — reducing calorie intake, increasing
energy consumption, improving cognitive functions
and memory; b) in the liver — reducing the accumu-
lation of lipids and glucose; c¢) in the pancreas — in-
hibiting the secretion of glucagon and insulin; d) in
muscles — increased oxidation fatty acids and glucose
metabolism; e) in AT — in BAT it increases utilization
of glucose, in WAT it activates lipolysis and inhibits
lipogenesis; e) in bones it accelerates metabolism. The
glucose-lowering effects of leptin are partially provid-
ed by its direct action in peripheral tissues, but the main
effector pathway of leptin is through the central ner-
vous system, mainly through modulation of the activi-
ty of neurons of the hypothalamus nuclei. This can be
explained by a significantly higher expression of leptin
receptors in the central nervous system. Many effects of
leptin depend on the presence of insulin and/or sensitiv-
ity to it. Thus, under conditions of normoinsulinemia,
leptin stimulates lipolysis, reducing the deposit of fat in
white AT and increasing energy consumption, howev-
er, in conditions of insulin deficiency and/or its effects
(IR), on the contrary, inhibits lipolysis. In insulin-resis-
tant patients with type 2 diabetes, leptin administration
did not improve glucose homeostasis [59], which may
be due to both IR and leptin resistance (LR) [60, 61].
Insulin can act on AT by stimulating the synthesis and
secretion of leptin [62, 63], while leptin inhibits insulin
secretion. Meanwhile, leptin and insulin, with normal
sensitivity of AT to them, act synergistically on it, in-
creasing the browning of white adipocytes and thereby
contributing to an increase in energy consumption [64].
In addition to AT, leptin and its receptor were identi-
fied in the gastric mucosa [65, 66]. Its secretion in the
stomach occurs under the influence of cholecisto kinin
(CCK), pentagastrin and secretin [65, 66], as well as
adiposytic leptin participates in the regulation of appe-
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tite, acting directly in hypothalamus or together with
CCK through the vagus [66].

The development of leptin resistance and IR annuls
these effects in obesity, changing the direction vector
of leptin effects. The relationship between leptin, AT
mass and metabolic effects of leptin are complex and
are determined by factors such as leptin level, severity
of its receptor effects, deterministic sensitivity of leptin
receptors and non — receptor effects. Concurrently,
leptin’s ability to lower glucose and have antilipogenet-
ic effects regardless of leptin regulation of body weight
[58]. It is highly probable that the sensitivity to leptin,
and not its absolute level, is an indicator of MH. How-
ever, no clear criteria for their differentiation have been
developed.

Obesity is always characterized by the development
of hyperleptinemia, as well as some other pathological
conditions. This is confirmed by a laboratory assess-
ment of the level of leptin, which is always higher in
obesity than in people with normal weight. However, it
is much more difficult to detect the presence of leptin
resistance. The term LR can be used to denote a condi-
tion in which the level of leptin is chronically high, but
its effects are weakened and hyperleptinemia does not
cause suppression of hunger and loss of AT mass. The
development of LR in obesity is associated with multi-
ple mechanisms: impaired transport through the blood-
brain barrier, weakened leptin signaling, endoplasmic
reticulum stress, inflammation, autophagy deficiency. It
can be assumed that with obesity, the development of
LR is a gradual dynamic process, during which, under
the influence of excess leptin, the amount of which in-
creases in proportion to the amount of AT, the number
of leptin receptors gradually decreases, since the con-
centration of leptin regulates both their production and
their degradation [67, 68]. Accordingly, the method of
indicating LR based on the level of this hormone on an
empty stomach is inaccurate, since a high level of leptin
combines the states of hyperleptinemia and LR. Mod-
ern approaches to the detection of LR use an assess-
ment of indices and mathematical models, including, in
addition to determining leptin, an assessment of soluble
leptin receptors (sLR) in circulation, leptin ratios, sLR
and BMI. Meanwhile, the exact method of assessing
LR is a matter of future research.

Adiponectin is an adipokine produced almost ex-
clusively in the AT and highly expressed in the cells
of WAT in healthy people with normal body weight.
In pathological conditions characterized by chronic
non-infectious inflammation, including obesity, the
level of adiponectin decreases [69]. Morphological and
functional changes in WAT that occur during obesity
are a highly probable cause. Due to the excessive ac-
cumulation of TG, adipocytes in obese people increase
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in size. The hormonal activity of adipocytes of WAT
depends on their size, and larger adipocytes, typical
for people with obesity, produce significantly less ad-
iponectin, but significantly more pro-inflammatory
cytokines, such as TNF-a [70]. At the same time, ad-
iponectin and proinflammatory cytokines (TNF-a and
IL-6) mutually inhibit each other’s secretion [71, 72].
Negative regulation of adiponectin expression is also
the result of hypoxia and oxidative stress [73, 74]. De-
creased expression and secretion of adiponectin in AT
in obesity can be considered as an inducing factor in
the development of inflammation accompanying obesi-
ty and entails the activation of a variety of pathological
processes, including the development of IR [75]. Thus,
adiponectin mediates protective effects in metabolic
and vascular diseases associated with obesity, mainly
through its anti-inflammatory effect. An interesting ex-
perimental finding was that chronic overexpression of
adiponectin is accompanied by an increase in the mass
of SAT and protects against hypercaloric nutrition-in-
duced resistance to insulin [76]. According to our data,
with a sharp decrease in the mass of SAT in patients un-
dergoing bariatric surgery, the expression of adiponec-
tin in SAT, on the contrary, decreases, while its level in
circulation increases [77] .

Gastrointestinal hormones

When studying obese patients, we noted not only an
imbalance of adiposytokines (leptin and adiponectin),
but also an imbalance of incretins [glucagon-like peptide
1 (GLP1) and glucose-dependent insulinotropic peptide
(GIP)] and ghrelin. These hormones are produced by
L- and K cells in the intestine in response to stimulation
by food. Therefore, normally their level is very low on
an empty stomach and increases postprandially. GLP-1
in a glucose-dependent way increases insulin secretion,
normalizes glucagon secretion, reduces apoptosis and in-
creases the replication of beta cells. Studying the level of
incretins in obesity, we noted an increase in the level of
GPP-1 on an empty stomach, which is probably due to
resistance to this hormone, since the dynamics of its lev-
el in the postprandial status was weakened, and the level
of GIP, on the contrary, was significantly reduced both
on an empty stomach and postprandially, which indicates
its deficiency [77-80].

The role of GIP in the regulation of energy storage
in AT and the development of metabolic disorders is
not fully defined. GIP has effects on all key tissues that
are important for the control of glucose and lipid ho-
meostasis, stimulates the biosynthesis and secretion of
insulin and increases the viability of islet cells. In addi-
tion, GIP regulates lipid metabolism directly through its
receptor (GIPRs) on adipocytes (modulating lipolysis
and lipogenesis depending on the level of insulin). The
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effect of GIP on adipose tissue is partially regulated by
the activation of LPL. Increased insulin secretion after
the release of GIP inhibits lipolysis in adipotytes and
stimulates adipogenesis while maintaining insulin re-
ceptor sensitivity (INSR) [81].

On an empty stomach, GIP stimulates glucagon
secretion and lipolysis in SAT. In the post-food status
(increased glucose and insulin levels), it inhibits the
secretion of glucagon, stimulates insulin secretion and
adipogenesis in SAT, and increases the intake of TG in
SAT. It is believed that GIP is responsible for depos-
iting excess energy in SAT. Accordingly, a deficiency
of GIP can contribute to the redistribution of fat from
SAT to visceral. The effects of GIP on LPL are mediat-
ed by resistin, which also disrupts insulin signaling and
contributes to the development of oxidative stress in
human vascular cells. On the other hand, there are stud-
ies that have demonstrated that GIP stimulates the ex-
pression of pro-inflammatory factors and chemokines,
contributing to the deterioration of insulin sensitivity
of adipocytes and the formation of AT inflammation.
Meanwhile, it cannot be ruled out that these effects
were noted in the violation of tissue sensitivity to GIP
(GIP-resistance), a phenomenon that is poorly studied
at the present time.

The effects of GIP are modulated by the metabolic
environment, in particular the level and sensitivity to
other hormones involved in the metabolism of AT, glu-
cose and lipid levels in the bloodstream. In healthy peo-
ple without obesity, the level of GIP is low on an empty
stomach, does not change with euglycemia, increases
with hypoglycemia, and decreases with hyperglycemia
(insulin clamp). In healthy people, GIP increases the
secretion of leptin and ghrelin, increases blood flow
in AT, reduces blood lipids (LDL and TG) due to their
deposition in SAT, and increases HDL in women [82].
That is, normally, the effects of GIP are aimed at pre-
serving MH. In patients with MHO, the level of GIP is
low on an empty stomach, but its post-food peak on a
high-fat diet is enhanced. As BMI increases, the level
of GIP increases [82]. At the same time, with MUO,
the level of GIP is also increased on an empty stom-
ach, and its effects are weakened, since the intake of
TG into SAT under the influence of GIP is reduced with
MUO in comparison with people without obesity. With
hyperinsulinemia and IR, the deposit of fat in VAT in-
creases sharply. At the same time, GIP contributes more
to the redistribution of TG and fatty acids (FAs) in VAT
in men than in women. Despite TG deposition in VAT,
high levels of GIP in hyperinsulinemia and hyperglyce-
mia were associated with increased levels of TG in the
bloodstream [81]. However, according to other authors,
the level of fasting GIP increases only with CMD. Tak-
ing into account the revealed differences with MHO

and MUO, the level of GIP may depend on IR, and not
on BMI. Thus, factors that modulate the level of GIP
can be the sensitivity of tissues to insulin, the level of
glycemia, and in the post-nutritional status, also the ra-
tio of various nutrients in food. There is a high prob-
ability that MUO develops resistance of SAT to GIP
primarily in men, since they had twice the higher level
of GIP after meals, which was associated with minor fat
deposition in SAT and major fat deposition in VAT. In
patients with diabetes, the fasting GIP level is elevated
and does not change postprandially, and its effects are
impaired: with an increased GIP, insulin secretion does
not increase, glucagon secretion is not inhibited, and
the intake of TG inti SAT is reduced.

In addition to GLP-1 and GIP, a number of other
hormones produced by neuroendocrine cells of the gas-
trointestinal tract (cholecystokinin, peptide YY (PYY),
somatostatin) are involved in food metabolism. Almost
all of them are characterized by the presence of an an-
orexigenic effect, except for the orexigenic hormone
ghrelin.

Ghrelin

Grelin is a hormone produced mainly by neuroen-
docrine cells of the gastric fundus (about 65%) [83].
A small number of ghrelin-producing cells were found
in the small and large intestine, pituitary gland [84]; a-
[85], B- [86], and delta cells [87] of the islets of Lang-
erhans and neurons of the arcuate nucleus of the hypo-
thalamus [88, 89]. Insignificant ghrelin expression was
also detected in kidneys, testicles, placenta [90-92] and
immunocytes [93]. Ghrelin secretion in the stomach is
regulated by nutritional and hormonal factors [94]. It is
inhibited by somatostatin, interleikin 1p (IL-1p), STH,
high fat food, increased vagal activity, while hunger
and low-protein nutrition stimulate ghrelin expression
and secretion. Accordingly, ghrelin levels are normally
highest on an empty stomach and decrease after eat-
ing, unlike other hormones involved in regulating the
absorption and deposit of nutrients. Reports on the ef-
fects of leptin on ghrelin production are contradictory
[95, 96], which can be determined by the preservation
of sensitivity to the effects of leptin and the influence
of other factors. The associated effects of leptin and
ghrelin can provide a regulatory feedback system in-
volving the gastrointestinal tract and central nervous
system, and act as an interface between the regulatory
appetite centers in the hypothalamus and functions of
the gastrointestinal tract in the management of metabo-
lism and growth [97].

This hormone plays an important role both in the
regulation of eating behavior and in the regulation of
insulin secretion and insulin sensitivity. Ghrelin has
been identified as an endogenous ligand for somatotro-
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pin receptors (GHS). It functions as an orexigenic (ap-
petite-stimulating) signal from the stomach [98]. The
main effects of ghrelin include: an acute decrease in
insulin sensitivity; regulation, in an antagonistic man-
ner to leptin, of the synthesis and secretion of several
neuropeptides in the hypothalamus, namely increase of
appetite through stimulation of the production of neu-
ropeptide Y (NPY) and agouti peptide (AgRP); stimu-
lation of the secretion of counter-regulatory hormones
(cortisol, glucagon, catecholamines), mainly through
central mechanisms, suppression of adiponectin and in-
sulin secretion; decreased hepatic insulin sensitivity by
blocking hepatic transmission of insulin signal at the
phosphatidylinositol-3-kinase level; stimulation of fat
deposition (adipogenesis); increase of activity of lac-
totrophs and corticotrophs; increase of gastric motility
and hydrochloric acid secretion.

Many researchers note that in obesity, ghrelin level
is significantly lower on an empty stomach than in peo-
ple with normal body weight and negatively correlate
with BMI, fat, fasting insulin and Ieptin levels [99].
Our data, like other studies, indicate a more significant
increase in leptin and a lower decrease in ghrelin than
in men [47]. When trying to normalize weight, ghrelin
prevents weight loss, as weight loss is accompanied by
an increase in ghrelin levels, which correlates positive-
ly with the degree of weight loss [100] and increases
hunger. In the post-food status, most patients with obe-
sity do not have an additional decrease in its level, un-
like healthy people, which, firstly, may be a sign of the
development of ghrelin resistance, and secondly, may
contribute to increased food intake [101].

It is logical to assume that since the first hormonal
reaction upon food intake to the quantity and qualitative
composition of nutrients is the secretion of incretins
and ghrelin, then it is their imbalance that is primary.
Meanwhile, with the development of insulin resistance
(increased NOMA-IR), a decrease in the sensitivity of
GIP receptors in tissues develops. Hypothetically, the
sequence of changes can be expressed in the form of a
diagram shown in Fig. 3.

GENETIC DETERMINANTS

As it was noted at the beginning, genetic determi-
nation has a much smaller contribution to the forma-
tion of both obesity itself and its metabolic complica-
tions than lifestyle. A very beautiful example of this
is the data presented in the article by Ligthart S, et al.
(2021), which assessed the polygenic risk of develop-
ing type 2 diabetes in patients with normal body weight
and obesity in 8,243 individuals enrolled in the ARIC
study and 7,428 participants included in the Rotherdam
Study (RS) [102], based on a polygenic evaluation of
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403 common DNA sequences, identified as risk factors
for type 2 diabetes [103]. The authors first assessed the
polygenic risk and divided the examinees into groups
of low, moderate and high risk. The lifetime risk of
developing DM2 in people aged 45 years was 22.8%
(95% CI 18.4—27.3) in the low genetic risk category;
30.6% (95% CI 27.9—33.4) in the intermediate genet-
ic risk category and 35.5% (95% CI 30.6—40.5) in the
high genetic risk category in the RS cohort and 32.6%
(95% CI 27.8—37.4) in the low genetic risk category;
41.1% (95% CI 38.9—43.2) in the intermediate genet-
ic risk category and 47.6% (95% CI 44.3—50.8) in the
high genetic risk category in the ARIC cohort. Obese
participants had more than twice the risk of develop-
ing diabetes compared to people with normal weight in
the moderate and high risk categories. At the same time,
among participants with a high genetic risk, normal
weight was associated with a 56% lower risk of diabetes
in the ARIC study and 55% lower risk for RS compared
to obesity.

In recent studies, molecular genetic studies of adi-
pose tissue itself have attracted attention. Most studies,
like our own earlier findings, show a higher expression
of the leptin gene and mRNA in SAT compared to VAT
in obese people [77]. In people without obesity, leptin
expression in both sites is lower than [104] or compa-
rable [105] to that in obesity. A higher expression of the
leptin gene in SAT is observed in women, correlating
with its level in the circulation, unlike men, which may
be explained by the peculiarities of the formation of
obesity: men are characterized by earlier and priority
accumulation of fat in VAT with a characteristic imbal-
ance of adipokine production [106]. The expression of
adiponectin gene and mRNA is reduced during obesity
in AT, but, unlike leptin, changes in its expression are
more pronounced in VAT [107]. Finally, a recent study
that examined the contribution of expression of various
adipokines in individual AT sites (VAT and SAT) to their
circulation levels showed that only the expression of the
leptin gene in SAT has significant influence on its level
in circulation, which means it can determine its system-
ic effects [108].

Meanwhile, genome-wide studies can reveal new
ways to implement the mechanisms for the formation of
various phenotypes of obesity, changes in the hormonal
and biomarker background, the causes of differences in
prognosis and response to therapy. The formation of a
huge number of genes, for which a link with the risk
of developing obesity and changes in various metabolic
parameters has been shown, already today makes it pos-
sible to form genetic panels that determine the develop-
ment of MHO or MUO, CMD and DM, AH, DLP with
high accuracy. A detailed description of these studies is
a topic for a separate article.

88

Tom N21 ‘ 1 ‘ 2021‘



OB30Pbl | REVIEWERS .II

The analysis presented in this review showed that
maintaining metabolic health requires the mainte-
nance/restoration of normal sensitivity to leptin, GIP,
ghrelin, which is inseparable from normalization of the
morphology of AT and insulin sensitivity. Maintaining
the level of sex hormones at the level of reproductive

Meal intake

age can also significantly restrain the development of
changes towards MUO.

An intervention aimed at eliminating causal fac-
tors is always optimal. As it was noted at the begin-
ning of this review, the key causal factors of obesity
and loss of metabolic health are overeating and inac-
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tivity, which are complemented by sleep disorders, ex-
posure to sociopathogenic environmental factors and
stress. However, the differences in impacts can already
be personalized based on gender differences: the re-
sponse to a high-fat diet is radically different in men
and women. In men, ketogenic diets cause adverse met-
abolic changes (an increase in the level of unsaturated
FA and inflammatory markers), which are not observed
in women [109]. Age also influences the choice of in-
terventions — the choice of therapy in favor of drugs
that slow down cellular aging, such as metformin, al-
lows you to modulate the speed of these processes. The
involvement of sex hormone replacement therapy can
also significantly slow down the rate of age-related
changes. The duration of obesity, CMD also determines
the response. In patients with a short history of obesity,
with a decrease in body weight, normalization of adi-
pocyte volume was noted, while in patients with a long
duration, even bariatric interventions did not eliminate
hypertrophic changes [2]. Weight loss by 10% or more
and a decrease in liver TG in patients with a short his-
tory (up to 6 years) of type 2 diabetes made it possible
to achieve remission of diabetes [110], while with the
duration of the disease ( more than 10 years) remission
is unlikely even after bariatric interventions.

Future directions of personalization of obesity ther-
apy involve the use of drugs that target the accumula-
tion of fat in VAT and its excessive ectopic accumula-
tion. The use of angiogenesis activity, fibrosis and mod-
ulation of receptor activity/hormone levels involved in
fat depositing in various fat depots as targets can help
in solving these problems. Modulation of sensitivity to
GIP seems promising, resistance to which redirects lip-
ids from the subcutaneous to the visceral depot. Activa-
tion of browning AT with increased metabolic activity
of adipocytes also looks attractive. Already today, the
ability to influence its activity is being discussed in a
number of drugs (GLP-1 receptor agonists, glyflozins,
reduxin), which have demonstrated the ability not only
to reduce body weight, but also to improve metabolic
parameters. Clarification of molecular genetics path-
ways for the formation of various obesity phenotypes
will help in the development of new drugs for individ-
ual choice in therapy.
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PE3IOME

B 0030pe paccMOTpeHBI OCHOBHBIC HAIpPaBJICHUS PA0OThI ¢ MOACIBLHBIMU OpraHU3MaMU
(Danio rerio, Mus musculus) B o61acTu cOBpeMEHHON MEpPCOHATU3UPOBAHHON MEIUITIMHEI,
MPEICTaBICHBI OCHOBHBIC TIOJIXOJIBI K TPaHCTEHE3Y, MO3BOJISIFOIIME O0JIee TOYHO MOJICITUPO-
BaTh KOHKPETHHIE MATOJOTUU 4YejoBeKa. ONUCaHBbl CYHIECTBYIONIUE MOJCIBHBIC CHCTEMBI
JUIs. U3yYEHHUs aTepoCKiepo3a, MUCITUITUACMHYSCKUX PACTPOMCTB, HEHpOaereHepaTUBHBIX
3a00JIeBaHH . yHOMHHYTBI TPEXMEPHBIC KJICTOYHBIC TCXHOJIOTHH, IPUMEHHUMBIC B paMKax
MEPCOHATU3UPOBAHHOTO MOIX0/Ia K MAIHEHTY.

KuroueBsble cioBa: JlaHno, TUCIUNUIAEMUS, MOJEIBHBIE OpPraHU3MBbI, HEHPOAEreHepaTuB-
HbIE 3200JIeBaHUS, TPAHTE€HE3, TPEXMEPHBIC KJIETOUHBIC KYJIbTYPhI.

s yumuposanus: Anopeesa /1./1., Cuneeybos A.A., bypzax H.A. u op. Tpanceennvie mooensb-
Hble 0O0BEKMbL HOB020 NOKOJeHUsL U UX UCNOTIb308AHUE 8 NePCOHATUSUPOBAHHOU MeOUuyuHe.
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BBEAEHUE

TpaHcreHHbIE KHBOTHBIE HCIONB3YIOTCS B Jabo-
paTopusix B KadecTBEe OMOMOAETeH B MEIMIIMHCKUX
nccnenoBanusx. bonee 90 % W3 HUX — TEHETUUYECKH
MOIU(UIIMPOBAHHBIE TPHI3YHBI, MTPEUMYIIECTBEHHO
Mbiu (Mus musculus). Micrionb3oBaHne reHeTHYECKH
MOAM(PUIMPOBAHHBIX JKUBOTHBIX SBIISICTCS Ba’KHBIM
WHCTPYMEHTOM [IJIsI UCCIIeIOBAaHUS 3a00JIeBaHUN de-
JIOBEKa, OHH UCTIONIB3YIOTCS I TOHUMaHUS (OyHKITHH
OTJEJIBHBIX T'€HOB M T'€HOMOB B KOHTEKCTE BOCIIPH-
WMYHUBOCTH K pa3HbIM 3a00JieBaHUSIM, MX MPHUYUHBEI
Y TIPOTPECCUPOBAHNS, @ TAK)Ke IS CO3TaHUS albTep-
HAaTUBHBIX TTOXOAOB IS JICUSHHS MaTojoruil. B man-
HOM 0030pe MBI 00CYJIUM KaK y>K€ CTaBIIUE KIACCH-
YECKUMH METO/Ibl TPAHCTE€HE3a, TaK U HOBBIE TOAXObI
K TOJIy4YEeHHIO TPAHCT€HHBIX J>KUBOTHBIX, KOTOpHIE
HamboJee YacTo HCHONB3yIOTCd B (DyHIaMEHTAJNb-
HOM U MPUKJIAIHON MEIUIIMHE, a TaK)KEe PaCCMOTPUM
JETaJIbHO HEKOTOpPbIE MATOJOTUH, I7ie MOIUPHUIUPO-
BaHHbBIE )KMBOTHBIE — OCHOBHOM MHCTPYMEHT U KJIIOY
K TMIOHUMAI0 MOJIEKYJISIPHBIX U KJIE€TOYHBIX aHOMAJIHMH,
MPUBOIAAIINX K 3a00JI€BAHUSM TMO3BOHOYHBIX JKHBOT-
HBIX, BKJIFOUas YeJIOBEKa.

OB30P KJIACCUHECKUX N HOBbIX
noaxonoB TPAHCIrEHE3A

[IpuMeHeHre TpaHCTeHHBIX MOJIEIIEH IOy HII0 ITH-
pOKOe pacmpocTpaHeHue B Ononoruu u Mexunune. On-
HUM M3 HanOoJiee paHHUX HHCTPYMEHTOB T'€HHOM HHoKe-
HEpUH, CTaJl METOJ] KOHBEHIIMOHAJIFHOTO HOKayTa TeHa,
MTO3BOJISIONINNA TTOMYYNUTh JTUHHUIO )KHUBOTHBIX, Y KOTO-
PBIX TOJHOCTHIO OTCYTCTBYET (DyHKIIMOHATBHBIN MPO-
JTyKT FeHa Ha BCeX JTarax OHTOreHesa. bmaromaps ne-
ATEIBHOCTH HECKOJIBKMX KOHCOPIIMYMOB MPAKTHYECKU
JOCTUTHYTA IENTb TIOTYYUTHh HOKAYTHI BCEX M3BECTHBIX
TCHOB MBIIIA, WHTCHCHBHO DPa3BUBACTCS MOIYUYCHHE
TPAHCTEHHBIX OPraHM3MOB JIAHHOTO THUIA JIJIsl KCIIe-
PUMEHTAJIBHBIX KUBOTHBIX APyTruX BUJOB [1]. OnHako
TpPaJUIMOHHAS TEXHUKAa KOHBEHI[MOHAIBHOTO HOKAyTa
TeHa UMeeT IeJIBIN psiji orpaHudeHuil. B xoxe macmtab-
HBIX TIpOrpaMM (EHOTHITHPOBAHUS TPAHCTCHHBIX MBI-
mieit ObII0 0OHApYKEHO, YTO HOKayT 0koJio 30 % reHoB
B TOMO3UTOTHOM COCTOSIHHH BEZET K JIETaJIbHOMY (e-
HoTHITy H emie 7 % — K penpoayKTUBHBIM AedekTam
[2]. Taxske OAOOHBIC JIMHUY )KUBOTHBIX HE TIO3BOJISIOT
HCCIIEIOBAaTh POJb F'€HAa B TE€YEHUE OTAEIBHO B3SITOrO
Meprojia OHTOTEHe3a WM B Ipeesiax ONpeAeTIeHHON
MOP(OTOTUYECKOHN CTPYKTYPHI.

MeTonsl CcO3MaHMS TPAHCTEHHBIX CTAOMIBHBIX
JIMHUWA >KUBOTHBIX MHOTOYHCICHHBI M Pa3HOOOpa3-
HBI, 3aBUCAT OT LieJel u 3ajau uccienonareneil. OHu
BKJIFOYAIOT B ce0sl HOKAyT T'CHOB JUJIsl OIPEICIICHHS,
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HaIPUMEP, CUTHAJIBLHOTO MyTH, UHIYKIIUIO CBEPXIKC-
Mpeccuu OCNKOB U JKCIPECCUH, KOTOPBIC TMO3BOJISIOT
W3MEHSTh KJETOYHBIC TPOIECCH, BU3YaTH3UPOBATH
KJIETKHU WJTH YHUYTOXKATh UX IyTeM 00pa30BaHUsI TOK-
CUYHBIX IMPOJIYKTOB, OCYIIECTBISIEMBIX C TOMOIIbIO
HAIPABJICHHOTO MyTareHe3a, TPaHCTEHOB WJIH BUPYC-
HOW TpaHCcayKIuu [3-5].

BoapmMHCTBO OAXOMOB K SKCIPECCHH TPAHCTEHA
B OIpEACICHHOM THIIE KJIETOK TPEOYIOT MPOMOTOP,
KOTOPBIM YIIPABIsCT TPAHCKPHUIIUCH TIeHa B JaH-
HOM kjeTke. CyIlecTBYeT HECKOJBKO CIIOCOOOB akK-
THUBAIlMU TPOMOTOpPA B OMPEEICHHOM THUIIE KJIETOK.
Ecnu m3BecTHBI TPOMOTOPHBIE TOCIIEIOBATELHOCTH,
crenu(UYUHbBIC ISl UHTEPECYIOIIEro THIA KJIETOK, UX
MO>XHO HCIOJIB30BaTh ISl CO3JaHUSI KOHCTPYKIIUU
U TIOCJIEAYIOIIEH Cy4yaliHOW BCTAaBKU B T€HOM MBbIIIH
[6]. OmHako 4YacTo ATOT MOAXOM TpeOyeT CO3IaHUs
Y CKPUHHMHTA MHOTHX TPAaHCT€HHBIX JTUHUH, TOCKOJIb-
KY YPOBEHB 3KCIPECCHH TPAHCTeHA U 3((HEKTHBHOCTh
nepeaul MOTyT BapbUpPOBAaTh B 3aBUCUMOCTH OT KO-
JIMYEeCTBA KOMUI TpaHCTEeHA B TEHOME W X HHTETpaIi-
OHHBIX CalTOB [7].

DKcrnpeccusi TeHa B MHTEPECYIOUICH KIIEeTKE Tak-
JKE MOXKET OBITh JIOCTUTHYTA C TIOMOIIbI0 «HOKAYTay,
KOTJIa TPAHCTEH BCTABJICH B TCHOMHYIO KOAUPYIONTYIO
MTOCIIEIOBATENIBHOCTh  CIENU(DUIHOTO I KJIETKH
reHa C WCIOJIb30BAHHUEM CIEITU(PUISCKOTO MyTareHe-
3a. JlanHbIit noxaxoy obecnieunBaeT HanbOoOJIEE TOYHYIO
AKCIIPECCUI0 TPAHCTEHA, MMOCKOJIBKY BCE BHYTPEHHUE
PeryJsATOpHBIE AIIEMEHTHI MPOMOTOpPa COXPAHSIIOTCH,
HO TPUBOJHT K HEXEJIATEITbHOMY T'OMO- HJIH TeTepo-
3UTOTHOMY HOKAyTYy CIEIU(UIHOTO IS KJICTKH I'eHa.
DTOro MOXHO U30eXkaTh, €CIU TPAHCTEH BCTaBJICH
Bmecte ¢ IRES-yuyactkom (internal ribosome entry
site), KOTOpBIH 00ecIeuYnBacT BHYTPECHHIOI HHHUIHA-
LU0 TPAHCIISAIHUH, U SKCIIPECCHsi 000MX T'eHOB TIPOHC-
XOAUT MapaiensHo [8].

Eme omHuM cnocoOOM OCYIISCTBJICHHS MPSMON
9KCIPECCHH TPAHCTEHA SIBISIOTCS TPAHCTCHHBIE KOH-
CTPYKIIMM Ha OCHOBE OaKTEepPHATBHBIX, IPOKIKEBBIX
WM APYTHX UCKycCcTBEHHBIX XxpomocoMm (BAC, YAC
nnu PAC). HckyccTBeHHBIE XPOMOCOMBI COAEpIKat
oonmpmue (parmentsl reHomHoi JIHK, a koHKpert-
HBIHA KJIOH OyZeT BKJIIOYATh B C€0s1 KOTUPYIOMIYIO TI0-
CJIEZIOBATEIBHOCTh CHENM(PUIHOTO T€HA W DJIEMEHTHI
npomotopa [9, 10]. JlanHbIi moaxox obIagaeT AByMs
MPEUMYIIECTBAMU: BO-IIEPBBIX, OOJBIINE T'CHOMHBIC
(hparMeHTBI MOTYT comep:kaTh OOJBIIYI0 YacTh WU
BCE€ IPOMOTOPHBIE OOJACTH, KOTOpBIC YIPABISIOT
SKCIIpEeCCUEl TpPaHCIeHAa B HHTEPECYIOIIEH KIETKE;
U BO-BTOPBIX, DHAOTCHHAS KOAUPYIOIIAs MOCIEAOBa-
TEIBHOCTh CIEIU(UIHOTO TeHA HE U3MEHSCTCS, €CIU
TOJIBKO TPaHCTEH CIIy4yalfHO HE WHTETPHUPYeTCsS B KO-
JTUPYIOIIYIO TIOCIIEIOBATEILHOCTh I'eHa.
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[IpsiMO#t KOHTPOJIb SKCHPECCUU TPAaHCIeHa TPedy-
€T aKTHUBAIlMU MPOMOTOpAa B MHTEPECYIOLIEH KIIeTKe
B omnpeneneHHoe BpeMs. C TMOMOIIBIO MHAYLUpYe-
MOM DKCIPECCHH TpPaHCT€HAa MOXKHO OCYIIECTBUTH
TaKOW KECTKUU MPOCTPAHCTBEHHBIH W BPEMEHHOU
KOHTpoib. Llupoko wncnons3yemsie moaxonsl Tet-
On u Tet-Off mo3BONSAIOT aKTUBHUPOBATH IKCIIPECCHIO
TpaHCI'eHa B HHTEPECYIOIIeH KJIeTKe B OIpe/ieJIeHHOe
Bpems [11, 12]. B cucteme Tet-Off u Tet-On mcmonb-
3yeTcs OeJOK-TpaHCAKTUBATOp TeTparukianHa (tTA),
criocoOHbIil cBsa3biBaThea ¢ JJHK B ompeneneHHbIX
rocyeaoBaTenbHoOCTIX oneparopa TetO. AxkTuBarusg
tTA moxet momaBisaTteesa (Tet-On) unm axTUBHPO-
BaTbea (Tet-Off) TeTpamukaInHOM W €r0 MPOU3BO-
JHBIMM M TE€M CaMbIM IpPENOTBpAILaTh aKTHUBALMIO
cnenupuyeckux resos [13].

B xagecTBe mpUHIIMIIHAIBFHO HHOTO MOJX0/1A K pe-
JAKTHUPOBAHUIO TPHUMEHSIOTCS calT-criennduyHbe
PEeKOMONHA3bI, TO3BOJISAIOIINE OCYIIECTBISATH MAaHUITY-
JIALIMH HEMTOCPEACTBEHHO HAa Y POBHE T€HOMA B OKCIIEPH-
MEHTaJIbHOM opranusme. Haumbonee pacmpoctpaHeH-
HOW CHCTEMOM JJIsl TeHepalli HEKOHBEHIIMOHAIBHBIX
HOKayTHBIX >KMBOTHBIX sBisgercs: Cre-Lox cucrema
[14]. Cre-pexomOnHa3za — (epMeHT, 00HapY)KEHHBII
y 6akTepuodara P1 — cnenuduuecku pacrnosHaer mno-
CJIe10BaTeNbHOCTH, Ha3BaHHble LoxP-caiitamu. [lan-
HBIN (PepPMEHT BBIPE3aeT MOCIEA0BaTEIHLHOCTh, PACIIO-
JIO)KEHHYI0 Mexay AByMs LoxP-caiitamu U cliuBaer
koHub! ucxoqHoi JIHK. Takum oO6paszom, y MoaenabHO-
r0 OpraHM3Ma I'eH WU ero ParMeHT 3aKJIIOYCH MEX-
ny LoxP-caiitamu, u mpoiiecc ero peCTpUKIIMY ypaB-
nsieTcst akcnpeccueit Cre.

[Ipumenenne calT-cieqUPUUHBIX PEKOMOMHA3
TaKXe OTKPBIBA€T HOBBIE BO3MOYKHOCTH JJIs CO3]1a-
HUS MOJIEJNEN JJIsl TEHETUYECKOTO TPEHUCUHIa — TeX-
HUKH, TO3BOJSAIONIEH MICHTHU(PHUIIMPOBATH MOTOMKOB
KJIETOK, SKCIPECCUPYIOINX T€H HHTepeca. Tunnunas
MO/JIEJIbHAsI CUCTEMA COCTOMT U3 JIBYX I€HETHYECKHX
KOHCTpyKuui. IlepBas mpencraBieHa KOAUPYIOLLEH
nocnenoBaTenbHOCThI0  Cre-pekoMOMHa3bl,  pacro-
JIO)KEHHOH I0J NPOMOTOPOM HHTEPECYIOLIEro I'eHa.
Bropas KOHCTPYKIIUSI COCTOUT U3 IeHa, KOAUPYIOLIETO
pernopTrep U pacmoyioKEHHOTO Mepea HUM (BIOKCHPO-
BaHHOTO (pacroyiokeHHOro Mexay aByms LoxP-caii-
TaMH) CTOM-KojoHA. TakuMm o0pa3oMm, B KJIETKaX,
B KOTOPBIX aKTUBEH IPOMOTOP T'€Ha HHTEpeca, IPOUC-
XOIIUT PEKOMOMHAIIMS U KOBKCIIPECCUS PEIOPTEPHOrO
rera. JlanpHeHIIMM TyTeM MOIU(PHUKAUU CHUCTEMBI
SBISLTIOCH co3anue prokH-Oenka — CreERT u ero
MonuUKaui — peKOMOWHA3, aKTUBHPYEMBIX aro-
HHUCTaMHU 3CTPOrE€HOBOIO pelentopa uenoBeka [15].
[lomoOHasi cucTema TO3BOJAET 3alyCKaThb PEKOMOU-
HaIlMIO B ONPEENICHHBII Meprojl BpeMEHH ITyTeM BBe-
JICHUS] COOTBETCTBYIOIIEro JIMTAaHIa HE 3aTparuBas

KJIETKH, 3KCIIPECCUPYIOLIUe I'eH MHTEepeca B JIpyTue
MIEPHUOJIBI OHTOT€HE3A.

JanpreimmM myTeM MoAu(UKauu JaHHOTO METO-
Jla SIBIIETCS CO3/IaHWE HOBBIX XHMEPHBIX OEIKOB-WH-
OYKTOpOB pekomOuHanuu Ha ocHoBe Cre. OnmuH u3
MHOT0OOCIIAIOIINX BapHAHTOB — (DBIOXKH-OCIIOK U3
Cre u guruapodonarpenykrassl E. Coli [16]. B nanHOM
cilydae B KadecTBe WHAYKTOPAa MOXKET MPHUMEHSTHCS
MaJIOTOKCHYHBIA Ipenapar TPUMETONPHUM, AJIs KOTO-
pOro HET 3HJIOTEHHOTO PELENTOpa B OpraHU3Me MBIIIH.

BMmecTe ¢ pa3BUTHEM TEHETHYECKHUX KOHCTPYKTOB
WHIYKTOPOB PEKOMOWHAIIMHM TaKXe pa3BHBAIOTCS
u penoptepHble. CyIllecTBOBaHWE MHOXKECTBA BapH-
aHToB LoxP-caliToB M pa3au4HBIX MO CIEKTPAIBHBIM
XapaKTEePUCTUKAaM M BHYTPUKIETOYHOH JIOKATH3AIHH
(bITyOpEeCIIEHTHBIX OETKOB IO3BOJUIIO CO3JaTh PSI
CIIOKHBIX PETIOPTEPHBIX JIMHUH )KUBOTHBIX, TAKUX KaK
Brainbow, Zebrabow, Confetti u apyrue, B KOTOpBIX
peKOMOWHAIMS IPUBOJUT K CIAyYalHON KOMOMHAIIMU
KODKCTIPECCHUU HECKOIBKUX PEMOPTEPOB, UTO ITO3BOIISI-
€T TIPOBOJINTH SKCIIEPUMEHTHI THTIA KJIOHAJIIBHOTO aHa-
nu3a [17], uccnenoBaHusi KOHHEKTOMAa U IPOLIECCOB
pa3BUTHUs HEMpPOHHBIX ceTeil [18].

B xopupyronieil mociaenoBaTeIbHOCTH TAPreTHOM
JUI peKOMOMHA3bl KOHCTPYKIIMM MOTYT OBITH pa3-
MEIIeHBI He TOJBKO (uryopecieHTHble Oenku. OnuH
u3 3(PeKTUBHBIX METOIOB HMCCIECAOBAHHUS POJNH OT-
JENbHBIX TUIOB KJETOK B Pa3BUTUU OpraHH3Ma —
reHeTh4eckasi abNsus — OCHOBAaH Ha WHAYKIIHH
pEeKOMOMHA30M AKCIIPEeCCHH MH(PTEPUITHOTO TOKCHHA,
BBI3BIBAIOLIETO CMEPTH KJIETOK [19].

Psn kmaccuyecknx METOHOB HEHMpOOHONIOTHH TO-
Jy4dJ JOTIOJTHHUTEIbHBIE BO3MOXHOCTH Onaronaps
CKOHCTPYHPOBAaHHBIM OeKaM-ceHcopam. Tak, mocTyri-
HBI JIMHAHA MBITIEH, Y KOTOPBIX BMECTO PETOPTEPHBIX
OEJIKOB AKCIPECCHPYIOTCS KaJbLUH-1yBCTBUTEIbHBIC,
YYBCTBUTEIbHBIE K TPAaHCMEMOPaHHOMY TMOTEHIIHAIY
1 niepokcuiaM QiryopectieHTHbIe 6e1ku [20]. Takum 00-
pazom, BO3MOYKHO IIPUMEHEHHNE KIIACCHUECKUX METOJIOB
pPETUCTpaliy HEHPOHATBHON aKTUBHOCTH B ITPHUIIOXKE-
HUU K ONpeNeseHHOMY THITY WJIM MONMYJISIIUH KIETOK,
uaeHTuuIUpyemMbIM 1o skcnpeccun Cre.

Xopolio oxapaKTepru30BaHHBIM MapKepoM Hel-
POHAIIBHOW aKTHBHOCTHU SIBISIETCS DKCIIPECCHS T€HOB
kiacca IEG (immediate early genes), Takux kxak c-foc,
c-jun u Arc. DKCIPECCUPYIOLTUECS TTO]I TPOMOTOPaAMHU
JAHHBIX TEHOB PEKOMOWHA3bI TO3BOJISIOT HJICHTH(U-
ApOBAaTh HEWPOHANIbHBIE aHCAMOIH, y4acTBYIOIIHE
B peajii3ally MOBEACHUYECKUX aKTOB y Mblei [20].

Cre-Lox-cucrema Takke siBisieTcsi 0a3MCHOM AJis
MHOXECTBAa MOJICJIBHBIX KOHCTPYKIMH B ONTOrCHE-
THYECKUX HCCICNOBAHUAX B HelpoOmomornu. B nan-
HOM cJydYae peKoMOMHa3a WHIYIUPYET IKCIIPECCHIO
¢doropeakTuBHbIX OenkoB. [lepBonauansHO Hanbojee
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pacnpocTpaHeHHBIMH ObUIH (DOTOAKTUBUPYEMbIE HOH-
HbIe KaHaJlbl, OOHApy KeHHBIC y psAna OakTepuil. Bee
0oJIblliee pacpOCTPAHCHHUE MMOJNYYarOT (PbEKH-0EI-
K1 13 oTOpeakTUBHON M (hepMEHTATHBHO-aKTHBHOM
YyacTel, MO3BOJISIT HHAYLUPOBATh BHYTPUKJICTOUHbIE
OMOXMMHUYECKHE PEAK[UN HAIPABICHHBIM JCHCTBUEM
cBeTa. B coueTtaHnu c BBIIEYNTOMSHYTHIMU KOHCTPYK-
LIUSMH, BKIIOYAIOIKUMHU B ceds Cre 1o mpoMoTopoM
IEG, craHOBHTCS BO3MOXXHBIM PEaKTHBHUPOBATH HEM-
POHHBIE CETH, YYacTBOBABIINE paHEE B XOAE MHTEpe-
CYIOLIETO MOBEICHYECKOro akTa [21].

ATNBTEepHATUBHBIM METO/IOM SBIISIETCS IPUMEHEHNE
Flp-FRT-cucrembl, monmydmBIIeH, OIHAKO, MEHbIIEE
passutre. Cpemu MpoOJIeM BBIIEISCTCS TEpMoJa-
omnpHOCTH (pepmenTa Flp u oTHOCcHTEeNnbHO HU3KAS -
(DEeKTUBHOCTH PEKOMOMHAIIMH, YTO HE MO3BOJISIET €ro
HCIIONIH30BAaTh Y TOMOMOTEPMHBIX OPraHu3MoB [22].
B xome pampHEHmUMX MomupUKAIIUA pPEKOMOMHA3HI
JaHHbIe MPOOIEeMbl OBIIM YaCTUYHO Pa3peLICHBl, OJl-
Hako 3QPeKTUBHOCTSH ee Bee emte ycrynaet Cre-Lox.

Cxomnbiii ¢ Cre-LoX NpHHIMI HCHOJIB3YETCS
B TpelicuHIe ¢ npuMeHeHueM Dre-rox, KoTopas IokKa
HE MOoJIydwsia IIMPOKOro pacmpocTtpaHeHus. Coue-
TAHUE W3 HECKOJBKHUX CHUCTEM PEKOMOMHAIIMM B OJI-
HOM MOJIEJIBHOM OpraHu3Me II03BOJISET CO3/aBaTh
CIIO)KHBIE YTIPaBIIsieMble MOJIEIH, BHU3YyaJIN3UPOBATh
HECKOJIbKO THIIOB FUIM TIOMYJISIIUU KJIETOK OIHOBpE-
MEHHO, NPU YCJIOBUH OJHOBPEMEHHOH KOIKCIPECCHH
HECKOJIbKMX I'eHOB [23].

OAHWNO — YHNKAJIbHbIE BUOMOLEJIN
AJ1a NSYYEHWNA NATONOr NN

Mopnenu Ha Brachydanio rerio sxoHOMUYeckn Oosee
BBITOHBI, YeM MOJICJIH TPBI3yHOB, BBULY MEHBIIICH CTO-
UMOCTH COJCpIKaHUs MOJieNIbHOro opranusma. K npeu-
MYILECTBaM OTHOCHUTCS IIPOCTOTA COAEPKaHMS U BO3-
MOXHOCTH TIOJy4YEeHHUsI OOJBLIOr0 4YHCia 3MOPHOHOB
32 KOPOTKHH NPOMEKYTOK BpeMeHH. JKuinmniHo-ce-
JIEKIIMOHHBIE CUCTEMBI TOpa3io mpoiie. TeopeTuuecku
OZIHA T1apa PHIOOK JAHMO MOXKET IIPOM3BOAUTH THICSYU
TEHEeTHUYECKH HJICHTUYHBIX 3MOpuoHOB. Cnenuduka
BOCITPOHM3BOJICTBA TO3BOJISIET MUCCIIECAOBATh PEAKHUE TIe-
HETHYECKHE COOBITHSI M TTPOBOIUTH MapajuiesibHOE Te-
CTHPOBAHKE Ha OOJIBIION TOMOT€HHOM BEIOOPKE [24].

BHemHee OmI0n0TBOpPEHHE J€NaeT MaHUILYJIs-
LUK ¢ 3MOpHOHaMM ropasfgo Oonee AOCTYNHBIMH,
4eM y MIleKonmuTaromux. Kpome Toro, mpo3pauHocTsb
smOpuonoB Danio Rerio mo3BomsieT uccienoBarsh op-
raHOT€He3 IIPHXKU3HEHHO, B YaCTHOCTH IIPH UCIIOJIb30-
BaHUU clieU(PUUECKUX JINHUN U BUTAJIBHBIX KpacuTe-
e, BKIouas (QIyopecleHTHYI0 MapKHPOBKY.

Kpome Toro, sMOpHOHBI pHIOOK JaHHO Ype3BbIYaii-
HO OBICTPO pasBHBaOTCS: K 24 wacaM mocie ¢epTu-
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JU3aUU OOJNBITMHCTBO ATAlOB OpraHoreHesa 3aBep-
IIa€TCs, YTO MO3BOJISIET BU3YAJIU3UPOBATh B pEaIbHOM
BPEMEHH BCE CTAUU Pa3BUTHS opranu3ma [25, 26].

BaxxHO OTMETHUTH, YTO B JOMOJHEHHE K STOMY ObI-
CTPOMY aHATOMHYECKOMY Pa3BUTHIO HEUPOHHBIE, TOP-
MOHAJIbHBIC U MApPaKPUHHBIC CBSI3U TAKKE YCTaHABIIH-
BAlOTCS M 00ECNEeYnBAIOT TOMEOCTa3 yXKe Ha pPaHHUX
cranusx pasButus [27-29].

HeGonpmoit pasmep 3MOpPHOHOB PBIOOK IaHHO
U B3POCIBIX 0COOEH TaKKe MOXKET OBITh MPEUMYIIIC-
CTBOM B JIA0OPATOPHBIX YCIOBHSX 32 CUET CHUKCHUS
pacxofia IEHHBIX PEareHTOB MPH MPOBENEHUN CKPH-
HUHIOBBIX HCCIeNOBaHMM. Manblil pa3mep Takke
obneruaet whole-tissue [30], whole-organ u whole-
organism TpaHCKpUNTOMHBIN [31, 32], mpoTeoMHBINH
[33] u nmpyrue «OMHUKCHBIe» aHamm3bl [34], a Takxe
whole-organ kmonanbHbrit ananu3 [35] u cell-cell xap-
THpoBaHue [36].

Hecmorpst Ha TO 4TO 0OIIME NMPEAKU PhIO U Yelo-
BEKa Pa30ILINCh 0KOJI0 450 MITH JIeT Ha3al, U3BECTHO,
410 Topsiaka 82 % TeHOB, OTBETCTBEHHBIX 32 T€HETH-
yeckue 3a00JIeBaHUs, TPEICTABICHBI OPTOIOT HIHBIMHA
reHamu y pui0 nanuo [37]. Y1o0cTBO peqakTHpOBaHUS
reHOMa ¥ 0OMJIME TeHOB-OPTOJIOTOB Y 3TUX KUBOTHBIX
ITO3BOJIMIIN CO3/1aTh TOYHBIE OMOMO/IETH Ha JAHHO.

PemakTupoBanme reHoma phi0 C TOMOIIBIO TPO-
rpaMMHUPYEMBIX HYKJIea3 MO3BOJISIET BHOCHTH ABYIIC-
MoYeYHbIE Pa3phIBbl B HHTEpecyomeM yuacTke JJHK,
YTO NOPUBOAUT K UEIEBOH MyTalluu, NPUBOAAILICH
K MHAKTHBAI[MW Te€Ha WHTEpeca MM M3MEHEHHIO €ro
paboThI.

UccrnenoBanus Ha ppl0ax WIParOT IEHTPAIBHYIO
pOJb B Pa3BUTHUH U MPUMEHEHUHU TEXHOJIOTHUH peak-
TUPOBAHUsI T'€HOMA: TIEPBOHAYATIFHO PEaKTHPOBAHHUE
reHoMa pbIOOK TPOBOIUIIN C TIOMOIIBIO TEXHOJIOTUH
ZFN (zink finger nuclesases)— crnienuanbHO CKOHCTPY-
HWPOBAHHBIX CIEIUPUIHBIX MMPOTEa3, KOTOPHIE MOXKHO
HalleJUTh Ha kenaeMbll yyactok JIHK u ¢ Bbicokoi
TOYHOCTHIO BHOCUTH NU3MEHEHHS B TEHOM.

Crnenyromuii mar B pa3BUTHU PEAAKTHPOBAHUS
reHOMa M TOJIYYEeHUU MOJCIBHBIX PHIOOK — IOSIBIIC-
Hue texHonorun TALEN (Transcription Activator-
Like Effector Nucleases): mpenMyIiecTBO 3TOr0 THIa
SHJOHYKJIEAa3 B TOM, YTO OHH MOTYT OBITh CKOHCTPY-
WPOBAHBI JUISI CBS3BIBAHMS C JIFOOOH MHTEpEeCyIoen
nocaenoBatensHocTeio JJHK 1 B ToM, uTo oHM MoO-
I'yT BBI3BIBATH LIMPOKUH CIIEKTp MYTalMi y PBHIOOK
pu >pdextuBHOCTH cBbite 98,5 % [38]. Texnomo-
rus CRISPR (Clustered Regulatory Interspaced Short
Palindromic Repeats) / Cas9 — camblii cCOBpeMEHHBIH
MOAXOA B PElIaKTHPOBAHWU T'€HOMa, OHA IO3BOJISIECT
OBICTPO M TOYHO PEIAKTUPOBATH T'€HOM M SIBISIETCS
caMoi pacrpoCTpaHEHHOW TEXHUKOW IIs JaHuo [39].
[lepeuncieHHbIE TEXHOJOTUW HAINPABJICHBI Ha MHAK-
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THBAIIMIO TEHOB ITyTeM BHECEHHS WHCEPIINN WIIA BHE-
CeHMsI HEOOJBIINX BCTABOK, YTO MO3BOJISIET BCEro 3a
2 TIOKOJICHUSI BBIBECTH JIMHUU PHIOOK C TOMO3UTOTHBI-
MH MyTauWsIMU MOAenbHBIX natojoruii [40]. Takum
o0pa3omM, Ha pbIOaxX BIEPBHIC OBUTH CMOAEIUPOBAHBI
3a0oneBanus KpoBu [41], momyd4eHbl OHOMOMIETH Cep-
JIEYHO-COCYAUCTHIX [42] n HellpoaereHepaTUBHBIX 3a-
OoneBanwuii [43].

OTauuuTeNnbHasl dYepTa WCIOJb30BAaHUSI PBIOOK
B TIEPCOHAIM3UPOBAHHOW MEIUIIMHE — IIOJyUYCHHE
I'yMaHHM3UPOBAaHHBIX Mojienieil bonesneil. Kak nmpasuio
I'yMaHHU3UPOBaHHAsl MOJIEJIb OCHOBAaHA Ha MOBBIILICHUH
(hyHKIIMOHATBPHOCTH I11eNIEBBIX TeHOB. CaMBblIil MPOCTON
METOJl — BpPEMEHHOE TIOBBINIEHUE IKCIPECCHH TeHa,
9TO TIO3BOJISIET MPOCIEIUTh B3aUMOCBI3b MEXAy 3(-
(heKTOM CBEPXIKCIIPECCUU Y OMOMOJIENN U (PU3HOIIOTH-
yeckuM 3P PeKToM MyTanuu genoseka [40].

Hampuwmep, osepakcnpeccuss MPHK rema NRAS
Yy SMOpPHOHOB JaHHMO MOJIEIHPYET MPOIECC, TPH KOTO-
POM OBEPIKCIPECCHS OPTOJIOIMYHOIO T'eHa y YeJIOBeKa
MPUBOJUT K pa3BuTHIO cuHApoma Hynana [44]. IToxo-
JKUE MCCIIEIOBaHUs MMOKA3bIBAIOT, YTO THIEPIKCIIPEC-
cus rera PTDSSI, cBs3anHast ¢ pa3BUTHEM CHHAPOMA
MaeBckoro, CBsi3aHa C aHOMAJIMSIMH B Pa3BUTHH CKe-
JieTa y MajabKOB AaHUO [45].

'ymaHU3UpOBaHHBIE PHIOBI AKTUBHO HCIIOIB3YIOTCSI
MIPU MCCIIEAOBAHUSX TPOIECCOB HEHpOIEeTeHepalnH,
HarpuMep B Ka4eCTBE MOJCIIUPOBAHUS TOKCHYECKOTO
BO3ACHCTBHUS CHHYKJIEHHOB, B YAaCTHOCTH 4eJOBeue-
CKOTO O-CHHYKJICHHA, y4aCTBYIOILETO B Pa3BUTHH 00-
ne3nu [lapkuncona [46]. Hakomienne o-CHHYKJICHHOB
B HEHpOHax CBA3BIBAJIM C HEHpOJEereHepaTUuBHBIMU
MpoIeccaMu, MEXaHU3MBI KOTOPBIX OB HESCHBI.

C nmomomisio cuctembl GAL4/UAS, xortopast mo-
3BOJISIET UICKYCTBEHHO aKTHBHPOBATH T€HBI HHTEpeEca,
OBIJI0 TIOKa3aHO, YTO TUIIEPIKCIIPECCHUS YETOBEYECKOTO
0-CHHYKJIEHA B HEHPOHAX MIPUBOIUT K TOKCHYECKOMY
3¢ dexTy U nereHepanuy HEpBHBIX KieToK. [loxoxwmii
MOAXOA, KOTOPBIH 3aKjItodajics B TOM, YTOOBI UCKYC-
CTBEHHO co3/ath B rere C9orf72 mocnemoBarenbHO-
CTH, OTBEYAIOUIWe 3a CHHTE3 TIUIUH-AJIaHHHOBBIX
MTOBTOPOB, TAKIKE ITO3BOJIMII CO3/IaTh MOJIEIh OOKOBOTO
aMHOTPO(UUECKOro CKIlepo3a Ha peiOKax ganuo [47].

Ha pwiOkax MOryT OBITh HCCIICIOBAaHbI JOMUHAHT-
HBIC HACJICJICTBEHHBIC OOJIE3HU W BIIHMSHHE PA3INIHBIX
MyTalliii Ha TIEHETPAHTHOCTH IMATOJIOTHYECKOTO IPH-
3Haka. Hampumep, crinHabHAS MO3KEUKOBAsl aTaKCHs
3-ro TMMa BbI3BaHA OTMHPAHHEM HEHPOHOB MO3KEUKa
W BbI3BaHA MYyTallMEH TeHa MOTEHIINAI-3aBHCUMOTrO
kammeBoro kanana Kv3.3. Jlerckas u B3pociast Gopmsl
9TOrO 3200JIEBaHUS CBSA3aHBI C MY TAIMSIMU U THTIEPIKC-
Mpeccueil pasnuYHbIX ajielied T'eHa, 4TO MPUBOIUT
K (OPMHUPOBAHUIO PA3IMYHBIX (EHOTUIIOB Yy MOJIEIb-
HBbIX pBIOOK. MitajieHuecKas, Tsbkenas GpopMa 3aboJie-

BaHMS BEAET K HAPYLICHUIO0 MUTPALlUd MOTOHEHPOHOB,
B TO BpeMsl Kak B3pociiasi (opMa IPUBOAMT K HapyIlle-
HUTO BETBJICHHUS aKCOHOB MOTOHEHPOHOB [48].

TPAHCIEHHbIE YXUBOTHbIE
And N3YHEHNA ATEPOCKIJIEPO3A
N AUCNNNNAEMUYECKUX PACCTPOICTB

WneanvHass Monenb AUCIUNMHUIEMUYECKUX pac-
CTPOWCTB M aTEPOCKJIEPO3a Ha >KMUBOTHBIX JIJIS OHO-
MEIMIIMHCKUX U (hapMalleBTUYCCKUX HCCIICAOBAHUN
JIOJOKHA 00JIalaTh COOTBETCTBYIONIMM TMOTEHIIHAIOM
JUIS. DKCTPATIONISAIMK JaHHBIX Ha dYeloBeka. B oc-
HOBHOM, TaKHE€ MOJEIU 0a3upyHTCS Ha HHAYKIUU
U YCKOPCHHH (POPMUPOBAHUS ATSPOCKICPOTUYCCKON
OJIATITKY 32 CUET MPUMEHCHUS CIICIHATU3UPOBAHHBIX
JIMET, TEHETHYECKIUX MaHUITYJISIANA U CPEIOBBIX BO3-
NEUCTBUSIX.

B nepsoii nonosune XX Beka NPUMEHSIUCH JIU-
eT-MHIYIIUPOBAHHBIC MOJICIHM aTEPOCKIEpo3a, Ipe-
AMYIIECTBEHHO Ha KpOIHKax. bputo mokaszaHo, 9TO
BBICOKO xosectepuHoBas queta (HCD), a Takke nuera
C BBICOKHMM COJICpKaHUEM )KHBOTHOTO OCJIKA TPUBOJIST
K aTepOCKJIEPO3y U TUIIEPXOICCTCPUHEMUH.

C 1950-x mo 1970-e rompl Ha KpbIcax M KPOJTUKAX
OBLTH pa3paboTaHBl W MPOTECTHPOBAHBI PA3TUIHBIE
JIMETHI, CIIOCOOHBIC MHTYIUPOBATH THIICPIUITHACMHIO.
HccnenoBanust UHAYITUPYEMOTO TUETOM aTEPOCKIIEPO-
3a BHECJIM MPUHIUIIHATIBHBIN BKJIa/ B IOHUMaHHUE Tia-
TOTEHE3a ITOTO COCTOSHUS.

B 1970-x u 1980-x romax aJist UCCIAEIOBAHUS ATEPO-
CKJIEpPO3a Ha4yaJId aKTUBHO MPUMEHSTh JTa00paATOPHBIX
Mblied. MccnenoBanust B 00JacTu MeTaboIM3Ma Jin-
MONPOTEWHOB B Ta3Me B 1980-x romax, B coueTaHUH
C TIOSIBJIGHMEM TEXHOJIOTMW TpaHcrene3a B 1990-x ro-
JlaX, IPUBEITH K TIOSBICHUIO TAKMX HOKAYTHBIX JINHUH
Mmbimiei, kak ApoE”, Ldlr~, PCSK9". Kpome ToOro,
B 2002 romy ObIT CEKBEHHPOBAH T'EHOM MBIIICH JIMHUN
C57BL/6, sBnsroueicss CpaBHUTEIBHO YyBCTBUTEIb-
HOW K MOJICTIUPOBAHUIO METa0OIUYSCKUX HApyIICHUN
MOCPENICTBOM JTUCTHI.

[Tokxazano, 9TO MOmETN aTepocKiepo3a Ha MBIIMIAX
B OCHOBHOM HE JIEMOHCTPHPYIOT HECTaOMIBHOCTD aTe-
POCIEPOTUYECKON ONSAMIKM C TOCHCAYIOIUM TPOM-
0030M, KOTOpBIC Yallle BCErO SIBISIOTCS (PAKTOpPAMH,
CBSI3aHHBIM C KIIMHMYECKU 3HAYMMBIMU OCTPBIMH CEp-
JIETHO-COCYANCTHIMA 31H30aaMu [49]. DTtromnarorenes
o0pa3oBaHUs HECTAOMIBHON aTepOCKIEPOTHIECKON
OnsIIKM BKIIFOYAaeT B ceOsi Hannuyue (PaKTOPOB PHCKa
pa3BUTHUS CEPICUHO-COCYIUCTHIX 3a00JICBaHUN, KO-
TOpPbIE WHIYIUPYIOT SHIOTEIUATBHYIO JUC(YHKITHIO
Y TIOBBIIIAIOT MIPOHUIIAEMOCTH COCYOB, TPHBO/S K MH-
(GUIBTpallMK JTUMHIOB M YCUIIUBAs alre3uI0 M TPaHC-
MUTPAIMI0 MOHOIIUTOB. B HHTHME COCY/I0B MOHOIIMTHI
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TG PepeHITPYIOTCS B Makpodarn u TMOTJIOMA0T H3-
MEHEHHBIE JIUMH/IbI, TIPEBPAIasch B MEHHUCTHIE KIIET-
k. OHOBPEMEHHO Ha 3TOM JTare INIaAKOMBIIIEUHbIe
KJIETKH COCY/IOB MUTPHPYIOT B HMHTHMY, TJIe CHHTE3H-
PYIOT BHEKJICTOUHBIM MaTPUKC W CIIOCOOCTBYIOT 0Opa-
30BaHUIO GuOpo3HOH Karcydsl. [lo Mmepe nporpeccupo-
BaHUS OJISIIIKKA KOJTMYECTBO IJIAJAKOMBIIICUYHBIX KIETOK
YMEHBIIIAeTCsl, IEHUCThIE KJIETKH TO/IBEPratoTCs arnom-
TO3Y, BBICBOOOXKZAs aKTHBHBIC METaJUIONPOTEHHA3H,
KOTOpBIC Pa3pyLIalOT KarcyJly, IIOBBIIAsI BEPOSITHOCTD
paspbiBa Onsimku. IMMyHHAs cucTeMa IPUHUMAET aK-
THBHOE y4acCTHE B 3TOM IPOLIECCE U UTPAET KIIOUEBYIO
poib B gectabrmmm3anuu omsmex [S0].

Kpowme 3Toro, B oTIIUMe OT JI0JIeH, Y MBIIIIEH peJIKO
pa3BUBaeTCs aTEPOCKIEPO3 B KOPOHAPHBIX apTepHUsX,
HO JIETKO Pa3BUBAETCS aTE€POCKJIEPO3 B KOPHE AOPTHI.
Takum 00pa3om, pacnpeeicHue MOpakeHHUs TKaHEeH
y MBIIIEH 1 9eToBeKa He UACHTHYHO.

Ha mannblii MOMEHT OOJNBIIOW WHTEpeC B Kade-
CTBE OHMOJIOTHYECKON TECT-CUCTEMbI ISl HU3Y4YCHUS
aTepOCKJIEpPO3a U JAUCIUMUJIEMHUYECKUX PacCTPOICTB
MPEACTaBIAIOT peIOKH Danio Rerio, 4TO HaXOIUT OT-
pakeHHE B CTATUCTHYECKOM aHaJIM3€ IMyOJMKaLWH,
OCBEIIAIONIUX COOTBETCTBYIOIIME Mmoaenu [24, S1].
Danio Rerio aHaTOMHYECKH CXOKHU € 0ojiee BBICOKO-
OpPraHU30BaHHBIMM MTO3BOHOYHBIMU. [laTonornyeckue
MPOLIECCHI B TKAHAX MOTYT OBITh M3Y4YEHBI U IKCTpa-
MOJMPOBAHBI JJIsl IHPOKOr'O CIIEKTPa CEpAECYHO-COCY-
JUCTBIX U MeTaOOIMYECKHUX 3a00JIeBaHUH Y UeIOBEeKa
[52].

lenetnyeckue Momudukauu peiook Danio Takike
OepyT Havano B 1980-x rogax. B 2000-x romax xoiu-
YeCTBO ONYONMKOBAaHHBIX HMCCICAOBaHUI C HCIIOJb-
30BaHMEM pPBIOOK Danio cTano yBeIM4HUBATHCS, Oblia
MoJyueHa IMepBasi TeHEeTHUECKH MOAU(UIITPOBaHHAS
MOJIEITh THTIIEPIUIHAEMIN Apoc2™, a BCKOPE U MOJEITh
runepxoiecrepuHemun LDLR™.

Hanpasnennas nenenus rena Apoc2 siBiaseTcst ofl-
HUM W3 BEKTOPOB JajbHEWIIeH pa3paboTKu Momenen
qucnunuaeMuid Ha peiOkax Danio. Jlromm, nwumieH-
HBIE ApOC2, UMEIOT CEMEHHYIO XUIJIOMHUKPOHEMHUIO,
XapaKTepU3yIONyIOCsS MOBHIIIEHHBIM YPOBHEM TPHT-
JULEPUAOB U PELUIUBUPYIOIIMMU SIU304aMH MaHK-
peatuHa. MytanTHble Danio Rerio AeMOHCTPUPYIOT
OTJIMYUTENbHBIE NpHU3HaKW Aeduuuta Apoc2 uyelno-
BEKa: CHW)KEHHE aKTUBHOCTH JMIA3bl B IJIa3ME U T-
XKEJyI0 THIIepTpUriannepuaemuto. Buzyanuszanus co-
CYAUCTOH ceTH y Apoc2”” MyTaHTHBIX PbIO BBISBIISET
HAaKOIUIEHHE JINTIMJIOB U HAar Py KEHHBIX JIUITUIaMU Ma-
KpodaroB, 4ToO SIBISIETCS MPU3HAKOM (HOPMHUPOBAHHUSI
ATEPOCKIECPOTHICCKUX OJIATICK. DTa MOACIb IHUCIU-
MUJEMUN MOXET OKa3aThCsl 0COOCHHO IOJIE3HON IpH
W3Yy4YEeHUHU CTaJuil 3KCTpaBa3allMM, OKUCICHUS U TIO-
rnomenus JITTHIT makpodaramu creHok cocynos [53].
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3ebOpadumr, mytanTable o LDLR, sBisttorcs 61o-
JIOTMYECKOH MOJEINBIO ISl U3Y4YEeHHUs THIepxoiecTe-
PUHEMHN W HAKOIUICHHS JIMIHUJOB B KPOBEHOCHBIX
cocyJiaxX, 4TO SKBUBAJICHTHO paHHEMY ATy Pa3BUTHS
arepockiepo3a 4yesnoBeka. [l 3TOM Mojenu Xapak-
TEPHO Pa3BUTHE YMEPEHHOM T'HIIEPXOJIECTEPUHEMHUH
npu HOpMaJbHOM THUTaHuH. OJHAKO KpaTKOBpPEMEH-
HOE S5-JIHEBHOE KOPMIICHHE IMYHMHOK JIe(UIIUTHBIX
o LDLR pwI0ok IreToM C BRICOKUM COIEPIKaHNEM XO0-
nectepuna (HCD) mpuBoguT K 000CTPEHHUIO THIIEPXO-
JIECCTEPUHEMHUH U HAKOIUICHUIO U OTIIOKEHHUIO JTUITHI0B
B cocynax [54].

HecMoTpst Ha pUHIMTIUANBHBIC pa3iuuus B (u-
3MOJIOTMM OOMEHa BELIECTB Yy HNOHKHJIOTEPMHBIX
U TOMOMOTEpMHBIX BUJOB, UMEHHO Danio Rerio mo-
3BOJISIIOT BOCTIPOM3BECTH HEKOTOPBIC U3 TEX MATOIOTH-
YEeCKHMX MPOIECCOB, KOTOPhIE HE MOTYT OBITh N3YyYEHBI
C IPUMEHEHUEM MOJEINPOBAHUS Ha IPbI3yHaX, B CBSI-
3 C YeM U IPUOOPETAIOT MOMYJISIPHOCTD KaK LEHHAS
MOZAETb ISl U3yUEHHS JIMMUIHOTO OOMEHa U CBSI3aH-
HBIX C HUM HapyIeHui [55].

M3BecTHO, 9TO OPTOJOTH KIIOYEBBIX (DaKTOPOB,
perynupyomux MeTadoanu3M JIMIHIOB, TaKUe Kak
MHUKPOCOMAJIBHBIH OEJIOK NEepeHoca TPHUIITHIECPHIOB
(MTTP), aunn-KoA-cunrerasza (ACS) u anoxumonpo-
teuH C2 (APOC2) skcnpeccupyroTcsi y pelOOK JTaHHO
TaKXke, Kak y MIIeKonuTamux [56, 57]. B To xe Bpe-
Msl, B OTJIMYHE OT I'PBI3YHOB, PHIOKM JaHHO oOiana-
10T OENTKOM IEPEeHOCca CIIOKHOTO 3pHpa XOJeCTepHHA
(CETP), tak xak oprosor CETP coxpaHeH B UX reHO-
Mme. Takum 00pa3oM, Kak U y JHOJIeH, CI0KHbBIE dPUPHI
XOJIECTEpUHA y PBIOOK JaHUO OTKJIOHSIOTCA OT «XO-
powmnxy JIIBII k «mmoxumy» JITTHIL, Tem cambiM 1o-
BBIIIASI BOCOIPHUUMYHUBOCTD K aT€POT€HHBIM COOBITHSIM
[58].

Kpome toro, Danio Rerio sSBISIOTCS TOIXOASIICH
MOZETBIO JJISI U3YUCHHS] ayTOBOCHAJIUTEIBHBIX pac-
CTPOMCTB, KOTOpBIE, KaK H3BECTHO, SBJISIOTCS 3Ha-
YUMBIM (AKTOPOM pPHUCKA MPH Pa3BUTHUHU aTEPOCKJIe-
pPOTHYECKMX HW3MEHEHUH U CepACYHO-COCYTUCTHIX
OCJIO)KHEHUM, KOTOPBIH MOKET ChII'paTh CBOIO POJIb
naxe npu Hu3koMm yposue JITTHII B kposu [59].

XpoHHYECKOE BOCHAJICHHE, 4Yepe3 aKTHBAIHIO
NLRP3 inflammosome-IL-1p curnanpHoro myTw,
ABJISIETCS. BaKHBIM ()aKTOPOM Pa3BUTHUSI aTEpPOCKJIE-
POTHYECKHX  CEpICYHO-COCYAMCTHIX 3a00JeBaHUM
(ASCVD), Oyay4u 3amylIeHHBIM MTyTEM HaKOTLICHUS
BHYTPHUKJIETOYHOTO X0JIecTeprHa B kieTkax [60].

IIupunosslli nomen cemeiictBa NLR, conepxka-
mrutics B 3 (NLRP3) inflammasome, sBiisieTcst omHUM
u3 HaumboJiee TOJIHO OXapaKTEPU30BAHHBIX Y JIIOJCH
U JIpyTHX MIEKONUTaromuX. beuia mpoussenena mo-
JeKyJsipHas ¥ QyHKIUOHAIbHAS HICHTH()UKALIHS TO-
mosiora NLRP3 (DrNLRP3) na momenu Danio Rerio.
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3a cuet HOKmayHa DrNLRP3 y nuuuHOK 3eOpaduir
U reHepanuu Hokayta DrASC” ymanoch oxapakTepH-
3oBath (QyHknuto DrNLRP3 inflammasome B anTH-
OaKTepHaIbHOM UMMYHHTETE in Vivo.

Takum obpasom, nHTepec B cepe M3yueHNs aTe-
pOCKepo3a ¥ AUCIUNNUAEMUUYECKUX PacCTPONCTB
B Ka4yecTBe MOJe/IbHBIX OPTaHN3MOB IIPEACTABIAIOT
KaK /1ab0paTOpHbIe MBIIIY, TaK U PHIOKM faHMO. Pas-
BuTHE Cepsl OMOMOMETMPOBAHNMS IATONOTMYECKIUX
MPOIIeCCOB C MCIIO/NIb30BAHNEM 3KCIIEpUMMEHTATbHbIX
MOJIe/IbHBIX CUCTEM U IIPVMeHEHNeM TeXHOJIOTUI pe-
DaKTVPOBaHNUA reHOMA IT03BOJIAET PACIIMPATH CIIEKTP
DOCTYNHBIX T€HEeTUYEeCKMX M COYeTaHHBIX MOfesel
aTepocKJepo3a U AUCTUIINIeMIUYeCKUX pacCTPOIICTB.

COBPEMEHHDbIE
FEHETUYECKUE TEXHOJIOM U
09 N3YYEHUA HEWMPOIMEHE3A
N HEMPOAEMEHEPATUBHbIX
3ABOJIEBAHUI

[Iporiecc pa3BuUTHSA HEPBHOW CHUCTEMBI (Heilpore-
HE3) — 3TO CIIOKHBI MHOTOCTYIICHYATHIA TIPOIIece
(dbopMupoBanus (crieruanu3anui) HEPBHBIX KIETOK,
(GOpMHUPYIOINX OTHAENBl HEPBHOW CHUCTEMBbI (LIEH-
TpanbHbI U nepudepuueckuii otaensl) [61]. Besyc-
JIOBHO, TIOHUMaHUE MOJIEKYJISIPHBIX M KJIETOYHBIX
MEXaHW3MOB Pa3BUTHS HEPBHOW CHCTEMBI HEOOXOMM-
MO ISl pacmupoBKH (HyHKIIMOHUPOBAHUS PabOTHI
MO3ra M ero IjacTHYHOCTH y yenoBeka. K Hambonee
WCIOJIb3yeMBIM METOAAM H3y4eHHs Heilporenesa oT-
HOCATCS METOIBl TeHETHYECKOTO TPEWCHHTa, MO3BO-
JISIOIIKAE TPOCIENNUTh 3a CyIh0aMu dMOPHOHAIBHBIX
KJIETOK M METOIbl TKaHECTCHU(PHUECKOro HOKayTa
(HOKHHA), BBISBISIONIUE POJIb OJHOTO WM aHCcaMOIs
T€HOB B HEHPOPA3BUTHH WY CHEIHAIU3AIUN OT/ENb-
HBIX HEWpOHOB mwin Tiuu. OTCIeKUBAHUE UEPAPXUU
KJIETOK B Pa3BUTUU —OTO TPOIECC, HAINPaBICHHBIN
Ha BBISBJIEHUE TIOTOMCTBA, KOTOPOE MPOHUCXOIUT
OT OJTHOH KJIETKHU-TIPEIICCTBEHHIKA (CTBOJION KJICTKHU
WA TIPENIIeCTBEHHNKA, OJTaCTHRIX KJIETOK). TpelcuHT
MOJKET OBITh PEAIM30BaH Pa3HBIMHU CTPATETHUSIMH, OC-
HOBaHHBIMM Ha TEHETHYECKH MOAMU(PHUIIMPOBAHHBIX
OpraHu3Max, ¢ MCIOJIb30BaHUEM T'€HETHMUECKHX Map-
KEpOB, TpaHCHUIIMPOBAHHBIX BHUPYCHBIX BEKTOPOB
niu koHcTpykiuid JIHK u ¢ moMoripio cekBeHupoBa-
HUS KJIETOK [62].

TpelcHHT KJIETOK-IIPEAIIECTBEHHUKOB 10 COCTO-
STHUS WX KOHEYHOW CIeIMaIU3alllud U OIpeeeHUs
WX CyABOBI BO B3POCIOM OpTraHMU3Me CTaj BO3MOKHBIM
Omaromaps pa3paboTKe HEKOTOPBIX BaXKHBIX TeHETHYE-
CKHX MHCTPYMEHTOB, KOTOpBIE CAEIaIN BO3MOYKHBIM
MOCTOSIHHOE MapKHUpOBaHKE KJIETOK. B wactHocTH, pe-
komOuHanuouubie cucrembl Cre-loxP [63] u Flp-FRT

[64] sBisitoTCs HamOoJiee HCIONIb3YEeMBIMU CUCTEMa
B U3YYEHHUM KIJIETOYHOrO TpeiicuHra. TpaHCreHHbIE
JUHUW MBITIEH, KOTOPhIE BOCIPUAMYHBEI K UHIYITH-
OenpHOI pekomMOnHanuu Cre 1mox KOHTPOJEM CIeIH-
(udeckux MPOMOTOPOB, MOTYT BBI3BIBATH HKCIIPEC-
cHI0 (IIYOPECIICHTHOTO penopTepa (hIyopeciieHTHOTO
Oenka) [ OMpeneNeHus Cy/IbObl HEWPOHHBIX Tpe-
MIECTBEHHUKOB in vivo [65]. DT0o OBUIO HOCTUTHYTO
IyTEeM BBEJIEHUS HU3KHUX JI03 TaMOKCHU(EHA, U, B 3a-
BUCHMOCTH OT HHTEPECYIOIEH TUHUH, OBLIH CO3/1aHbI
TPaHCTCHHBIC MBIIIHU, KOAUPYIOIIUE pa3indHble (iy-
OpECIICHTHBIC OEJIKHU IO KOHTPOJIEM CIIeITH(PIISCKUX
MIPOMOTOPOB, MPOSBISAIONIAE 0COObIe TPEHMYIIECTBA
U HEJIOCTaTKH [66].

Hemuoro ycnokHeHHasi BepCHSi MOHOIIBETHOTO
(ommH Tpelcep) TEHETUUYECKOTO TPEHCHHTA SIBIISCT-
Csl METOJIOM MHOTOI[BETHOTO MapKHPOBAHHS KIIETOK
(rexnonoruu Brainbow) [67]. TpaHCreHHBIE MBIIIN
Brainbow moaBepraroTcs CTOXacTHYECKOW pEeKOMOU-
HaIMK J10 4eThipex (ryopodopoB, KOTOPHIC yIpaB-
nsrotest cuctemort Cre-loxP, B pesynsrare gero oopa-
3YIOTCSI MHOTOIIBETHBIE MO3aHWKH, B KOTOPBIX MOYHO
JIETKO UACHTU(DUIIMPOBATH OTACIbHbIC KJIETKU. Moju-
(bunupoBaHHBIC BEPCHH 3TOM METOAOJIOTHU BCE CIIe
pa3pabaThIBalOTCs, U OHU JAIOT SPKUE M300paskeHUs,
KOTOpBIE TIO3BOJIAIOT YPE3BBIYAIHO TOAPOOHO BH-
3yallu3UpOBaTh MOPQOIOTUI0 OTACIBHBIX MEYEHBIX
KJIETOK. DTO OueHb 3(PPEKTUBHBIN METOM ISl KapTH-
POBaHUS KJIETOK, HO HE JIJIsl OTCICKUBAHUSI TPOUCXOXK-
neruns. OXHAKO 3Ta TEXHOJIOTHS OKaszajia OrpOMHOE
BIIMSTHHE HA O00JIACTH OTCIEKMUBAHUS TTPOUCXOXKICHUS,
YTO MPUBEJIO K HOBOH BOJIHE METOJOB, B KOTOPBIX CTO-
XacTUYecKass KOMOMHaAIUs (IIyopopopoB HCIOIb3Y-
eTCsl JUIsl CO3/IaHUsl YHUKAJBHBIX IITPHUX-KOJOB HEH-
POHANIBHBIX CTBOJIOBBIX KJIETOK, KOTOPBIE MOTYT OBITH
YHACJIEZIOBaHBI BCEMH WX IMOTOMKaMHU. DTOT METOJ
MePBOHAYAJILHO OBbLI pa3pa0OTaH I MBIIICH, XOTS
KOMOMHATOPHOE HCIOIb30BaHHE (IIYOPECHEHTHBIX
OeTKOB OBIIIO TIEPENeTaHo I KapTUPOBAHUS CYIb-
061 y Drosophila melanogaster (Flybow, d-Brainbow,
Raeppli) u peibok-3e0p (Zebrabow) [16].

OnHUM WX CaMbIX COBPEMEHHBIX MOIXOIO0B B (-
(exTrBHON TpaH(OpMalUKU KJIETOK, SMOPHOHOB HJIH
TKaHeW CTajl METOJ TPaHTEHe3a C TOMOIIBI0 PEKOM-
OMHAHTHBIX JIEHTUBHUPYCOB, KOMUPYIOIIHUX Pa3iIid-
Hble (IIyopecleHTHbIE OCNKH, KOTOphIE CO3/AaloTcs,
YTOOBI BHECTH CBOM BKJIAJ B MHOTOLIBETHYIO MO3aHKY
IUUTST OTCJIC)KUBAHMUS TIPOUCXOXKICHUS [68]. DTH peKoM-
ownanTHBle KoHCTpyKimnu JIHK MoryTt ObITH TpaHc-
(unMpoBaHbl B MHTEPECYIONIUE KIIETKU U TO3BOJIS-
I0T MPOCIEANTh BCEX MOTOMKOB OTHCIBHBIX KIIETOK
(StarTrack, iON, CLONE) [69-71]. HoBble mocTmike-
HUSI B 00JIACTH MHUKPOCKOIMH MPHUBEIH K MPOTPECCY
B OTCJIC)KMBAaHUM MHOTOI[BETHBIX JIMHUH [72], paciiu-

Tom N21 ‘ 1 ‘ 2021‘

101



PSSt BOSMOXKHOCTH OTCJISKUBAHUS JTNHAN B TIOOOM Op-
TaHU3ME H TO3BOJISI U3YUYaTh TeTePOreHHOCTh KIIETOK.

[eneTnyeckre TEXHOJOTUU MPHOOpENH 3HAYCHUE
HE TOJIBKO NI M3Yy4EeHHs] MEXaHM3MOB HelporeHesa,
HO MW JUISl UCCIEAOBAaHUM MPUYUH Pa3BUTHUS HEUPO-
JIETeHEPATUBHBIX 3a0oneBanuil. B ornuyme oT Oe3y-
CHEIIHBIX TIOUCKOB HOBBIX U 3(()EKTHUBHBIX METOIOB
JICYCHHSI, MMOHWMAHUE MATOTCHETUYECKHX MEXaHH3-
MOB, JEXKallNX B OCHOBE OCHOBHBIX HEHpojereHe-
PATUBHBIX COCTOSTHUH, 3HAYMTEIHHO MPOABUHYIIOCH
BIiepea. MexaHu3MBI, YIIPaBIISIOIIKE TaTOIOTNYECKOH
arperanueil KJIo4eBbIX OeNIKOB, MPUPOJIAa U MPOLECCH
MTOBPEXJACHHS HEHPOHOB, CBA3aHHBIE C 00pa30BaHUEM
OENKOBBIX arperaToB, — 3TO COBPEMEHHBIC HAaITpaBIe-
HUSI M3YUYEHUS JaHHBIX HEUPOITATOIOT UA.

BBuay 3HauMTENBHOTO CXOACTBAa B (DEHOTHIIE Te-
HETHUYECKUX U CIIOpaANuecKux GopM HelponereHepa-
THUBHBIX 3a00eBaHni (Harpumep, 00e3Hb AJBITeH-
Mepa u [lapkiHCcoHa, TOOHO-BHCOYHAS IEMEHITUS HITH
OOKOBOW aMUOTPO(UYECKUN CKJIEPO3), TE€HETUYESCKU
MOJIU(UIIMPOBAHHBIE MOJICIU JKHUBOTHBIX, HECYIIHE
YeJlOBeUeCKHe T'eHBbl, KOTOphbIE, KaK OKa3aJloCh, MY-
TUPOBAJId B CEMEUHBIX CllydasiX HeWpojereHepalui,
OBLITH CO3MIAaHBI ISl U3YYCHHSI MEXaHU3Ma BO3HUKHO-
BEHHUSI M IPOI'PECCUPOBAHUS TAKUX MATOJIOTHA.

Ha cerogusmuuii eHbL cocTaBiiena 0a3a JaHHEIX,
KOTOpas MpefocTaBiseT HHPOPMAIUIO 00 OTAETHHBIX
MOJIENISIX HEWPOJeTeHEPATHBHBIX 3a00JIeBaHUN Y TPhI-
3yHOB, BKJIIo4ast Oone3Hb Anbureiimepa, [lapkuHcona
n OOKOBOW aMHOTpoduuecKkuil ckiepo3. O600mas,
BU3YQIM3UPYsS M TOCTOSTHHO OOHOBIISISI JOCTYITHBIC
JAHHBIE O XapaKTEPUCTHKAX MONETHHBIX CHCTEM, pe-
amu3yeTcs Lelbh JaHHOW 0a3bl — IOMOYb HCCIIe0Ba-
TEJISM H3yuyaTh, CPAaBHHUBATh M OINPEIEISTh MOJICIIH,
KOTOpBIE MOTYT YCKOpUTh ux uccienoanus (https:/
www.alzforum.org/research-models).

B mHacrosiiee Bpemsi MpennpuHUMAIOTCS OOIbIIHe
YCUIIUS TI0 XapaKTEPUCTHKE Mojesel 00Je3HU AJbII-
reiiMepa Ha YKUBOTHBIX, YTOOBI JIyUIlle TIOHSThH I1aTO-
(buzmosoruio 3aboeBanms, a TakyKe ONpPeNeNuTh MOjie-
JIY, TIOAXOJSIIINE IS WCCIIEOBAHMS MOTEHIIHATBHBIX
TepaneBTUYEeCKUX cpencTB. Ha maHHOM sTame omuca-
HO 210 Mopeneil KUBOTHBIX, KOTOPBIC UCHONb3YIOTCS
B JITAHHOM HAITPaBJICHUW UCCIIEMOBAHUSI U TOCBSIICHBI
B OCHOBHOM H3YYEHHWIO aMUJIOMAHBIX Onsmek (21 mo-
nenp), Heitpodubpmmisipuasix kimyokos (10), morepu
ten HeiipoHoB (15), rmo3uca (27), MOTEpHU CHHAIICOB
(16 mopeneit), TONTOBPEeMEHHON MOTCHIUAIIUN U JIU-
TenpHON nenpeccuu (16 Momerneit) 1 KOTHUTUBHBIM Ha-
pymenusm (SxFAD (B6SJL), 3xTg, A7 APP transgenic,
Abca7*A1527G/APOE4/Trem2*R47H, APOE2
Knock-In, floxed (CureAlz), APOE3 Knock-In, floxed
(CureAlz), APOE4 Knock-In (JAX), APP751SL/PS1
KI). IIporpecc B uccnenoBanusx 1 pa3padoTKe METOIOB
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neyeHust 0osie3nn [lapkMHCOHA 3aBUCUT OT HAJISKHBIX
JOKJIIMHUYCCKUX Moz[eneﬁ, BKJIFO4as MOJICJIU I'PbI3YHOB.
Ha cerogusitunuii neHs onvcano 20 Moaesiel rpbl3yHOB,
M3yYaoUX MpoOJIeMbl TIOTEPU HEWPOHOB, J0(PaMHu-
HOBBIM TOJIOM, BKJIIOUEHHUS O-CHHYKIJIEHHA, HEUPOBOC-
MAJICHUs,, HEMCIIPABHOCTH MUTOXOHAPUN, MOTOPHBIE
1 He MOTOpHBIE HapymeHus (a-synuclein KO Mouse,
Pinkl KO Rat, Thyl-aSyn “Line 61” Mouse, Parkin KO,
DJ-1 KO Rat). B cryyae 60k0BOro aMuoTpohudecko-
r0 CKJIEpO3a HaCUYUTABACTCS MOPSIIKa COpOKa MOneel
Ha Ir'pbeI3yHax, BOCIIPONU3BOAAINX PA3JIUYHBIC ACIICKThI
00J1e3HH, TaKKe KaK ABUTaTeNbHBIC HApyIIEHUS UITH JIe-
TeHepalys ABUTaTeIbHBIX HeHpoHOB. OHAKO HU OJHA
MOJIEITh HE BOCCO3/IaET BCE ACTICKThI 3a00JICBaHUS YeII0-
BEKa B COBEPIIICHCTBE.

JleticTBUTEIIFHO, 0Aa30BbIC KIMHUYECKUE HCCIIEHO-
BaHMS YOEIWUTEIHHO JIOKA3BIBAIOT W TIOATBEPIKIAIOT
CBOUMMH JAHHBIMH, YTO SKCICPUMEHTAJbHBIC MOJCIU
JKHUBOTHBIX ‘IpCSBBI‘IaI\/'IHO IIOJIC3HBI JIA aHaJIn3a I1aTo-
TEHETHYECKUX MEXaHU3MOB H IMO00pa NHCTPYMEHTOB
I HelpodapMaKOJIOTHH, IeIb KOTOPOW TOBIHATH
Ha HaYaJTbHbIE MEXaHU3MBI Pa3BUTHS 3a00JICBAHUS.

OPrAHOMOHbIE MOAENN

[locnenHue roapl, B CBS3U C Pa3BUTHEM MOJIEKY-
JAPHBIX METOAOB B HUCCIEAOBAHUSAX, MOACIUPOBAHUE
3a00JIeBaHMI YesIOBEKa Ha JIAOOPATOPHBIX KUBOTHBIX
HEPEJIKO CO3JAeT JONOJHUTENIBHBIE BOIIPOCHI 110 [IOBO-
Ty TaTOTeHeTHYECKNX MeXaHU3MOB. Jlaxe Oemku, Ko-
JIMpyeMbIe OPTOJIOTaMH, He 0053aTeIbHO OyIyT HECTH
COBEPIICHHO HWJCHTHYHBIE (DYHKIIMH B OpraHU3Max
pa3IMYHBIX OMOJIOTUYECKUX BUJOB. [IpuMeHeHue Ty-
MaHHU3UPOBAHHBIX JKUBOTHBIX TAK)KE HE BCETZIA MOXKET
JlaTh OTBET Ha BCE BOIPOCHI, MOAM(PHUKAIUA TAJIEKO
He Bceraa OyZieT 3aTparuBaTh BeCh OPraHU3M.

st perienus 3ana4, CBSI3aHHBIX C U3YUYEHUEM TOK-
CHYHOCTH BEIIECTB U PEAKTUBHOCTH OTACIBHBIX KICTOK,
JIBYXMEPHBIEC KJIETOUHBIE KYIBTYPbl IPUMEHSIOTCS YKE
JIOCTaTOYHO NaBHO. Kiaccuyeckue NBYXMEpPHBIE Kyilb-
TYpBI KJIIETOK TeM HE MEHEEe MMEIOT PsIi OTpaHUYCHUM,
KOTOpPBIC HE MO3BOJISIIOT ITOM TEXHUKE MPUMEHSTHCS
B Ka4eCTBE YHHBEPCAIHHON MOAETH IS IEPCOHATN3H-
POBaHHOM MeTMUUHBL. B MOHOCIIOE KyJIBTYypBl MOXKET 3a-
METHO MEHSATBHCSI TPAHCKPUIITOMHBINA TIPOQHITH KIETOK,
YTO BJICYET 332 COOON BO3MOYKHbBIC M3MEHEHHS UX CBOMCTB
Y YyBCTBUTENBHOCTU K BO3AeCTBUsAM. Kpome Toro, oT-
CYTCTBUE MOJIEKYJSIPHBIX CUTHAJIOB OT KJIETOK JIPYIHX
MOMYJISIUUI TAK)KE BIUSET HA CBOMCTBA KJIETOK B KYJIb-
Type. YacTr4yHO 3Ta IpodiieMa perieHa myTeM KOKYIbTH-
BHUPOBAHUS Pa3HBIX BUJOB KJIETOK B OTHOM KYJIBType (Ma-
kpodaru v GuOPOOIACTHI, SHIAOTEIHUN U KIIETKH OIYXOJIH,
ME3CHXUMAJIbHBIE CTBOJIOBBIE KJIETKM U MEJIAHOLUTHI
uT na.)[73-75].
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OpraHouIHBIE MOJIEITH — TPEXMEPHBIE KIETOTHBIE
CUCTEMBbI KYJIFTUBUPOBAHUS, KOTOPHIC B OOJIBIICH cTe-
[I€HU, YeM JByXMEpHbIE, MO3BOJISIOT MOJAEIUPOBATH
KaK HOpMaJIbHbIe (H3HOJIOTUYECKHE TIPOIIECCHI, TaK
Y TaTOJIOTUYECKHEe COCTOSHUS. VX BO3MOXKHO co3fa-
BaTh M3 3MOPHOHAIBHBIX CTBOJOBBIX KJIETOK, WHIY-
LUPOBAHHBIX TUIIOPUIIOTEHTHBIX CTBOJOBBIX KJIETOK,
a TaKXe KJIETOK B3POCIBIX OPraHW3MOB, B TOM YHCIIE
orryxoyieBbIX. OHU TIPENCTABISAIOT COO0 OTHOCUTEIh-
HO HEJOpPOTHE CHCTEMBI, CIIOCOOHBIE K CamMOOOHOB-
JIEHWIO U TO3BOJISIIOT MOJIENIMPOBATh CaMble Pa3HbIE
MPOLIECChl yTeM BO3JEHCTBUS Ha HUX Pa3IMYHBIMU
OMOJIOTMYECKU aKTUBHBIMH MOJICKYJIaMH, PU3HUECKU-
MH (QaKTopaMH, MEKpoopraHu3Mamu. [Ipu aToMm cam
opra"ou OyJIeT «0TBeYaTh» Ha BO3/ICHCTBIE CUTHAIb-
HBIMHU KJICTOYHBIMHM KacKaJaMH, XapaKTePHBIMHU JUIS
TOrO OpraHa/TKaHW, KOTOPBIM OH MonenupyeT. Tak,
OpraHOU Bl TOIOBHOTO MO3Ta Fr€HEPUPYIOT alb(ha-puT-
MBI, XapaKTEpHBIE JJIs1 MO3ra HOBOPOXKECHHBIX [76].

OpraHonsipl, TOITYYEHHbIE W3 HOBOOOpa30BaHUM
MAlMEHTOB, JEMOHCTPUPYIOT T€ e MOJIEKYJspHbIE
XapaKTePUCTUKH, YTO U «MATEPUHCKAS OIYXOJIb, YTO
MO3BOJIAET in Vitro HAaONIONATh TEHETHYECKHE H3Me-
HEHUS B UX KJIETKaX, ONPEAEIATh YyBCTBUTEIHLHOCTD
K pa3HbIM THUIIAM XUMHUOTEPAIEBTUYECKUX IIperapa-
TOB M IpearojiaraTh ¢ OONbIIOW JONeH BEPOSTHOCTH
BO3MOKHOCTH METaCTa3WpOBaHMUS KOHKPETHOTO HOBO-
oOpazoBanus [77, 78].

B opranonaHbIX cUCTEMaX OTHOCHUTEIBHO NMPOCTO
MOKHO OCYUIECTBIISITh PEIaKTUPOBAHWE T€HOMA, YTO
MOJKET OBIThH TMOJIE3HBIM KakK MPU W3YUYEHUH MaTOreHe-
3a OT/AETBHBIX 3a00JIEBAHUMN, TaK U JUISI TECTHPOBAHUS
OMpEeNEICHHBIX TePAEBTUUECKUX 0AX0a0B [79, 80].

WNHTepecHbIM HampaBJICHUEM SIBJISICTCS TaKXKe
TpaHCIUIaHTallUs OpraHonJ10B. Bo3zMorkHa TpaHcmian-
Tamus Kak TyMOPOHJOB, TaK W HOPMAaJbHBIX TKaHEH
[81]. Taxke mpOBOASITCS OSKCHEPUMEHTHI IO TPaHC-
IJIAHTAIUK YEJIOBEUSCKUX OpPraHOMJOB J1abopaTop-
HBIM JKHBOTHBIM.

SAKJTIOHEHUNE

Takum 00pa3oM, UCTIOJIB30BAHUE TPAHCTEHHBIX JKH-
BOTHBIX M KYJIBTYD TKaHEH MO3BOJISIET 3HAYUTEIBHO
Ooniee JieTalbHO TOIXOAUTH K JICYCHHIO MAIIMEHTOB,
BBIOMpATh HaWOoOJIee IMOIXOMSINHE CTpaTeruu. Takke
€CTh BO3MOXKHOCTh M3YYEHHS in VIVO MOJICKYJISPHBIX
Y KJICTOYHBIX OCHOB 3a00JICBaHUS U TEPANICBTUYCCKUX
IO/IXOZIOB C OLICHKOM MOTEHIIUAIBHBIX ()aKTOPOB PUCKAa.
Hcrnonb3oBaHie TPEXMEPHBIX KYJIBTYD KJIETOK TallUeH-
Ta JIACT BO3MOXKHOCTh HanboJIee TOYHO OMPENIETUTh MO-
JICKYJISIPHBIE OCOOCHHOCTU TPOTCKaHWs 3a00JCBaHMS
Y KOHKPETHOI'0 4€JIOBEKa 1 HO[IO6paTI) WHAUWBUYyaJIb-
HYIO IIpOrpamMMy JIeUeHHU sl Han0oJ1ee TOUHO.
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3oBa» MunHaspgpaea Poccuuy;
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coTpyaHuk HJT HeporeHesa n HelnpoaereHepaTUBHbIX
3abonesaHnin HUMY OIreY «HMUL, nm. B. A. AnmasoBa»
MuHspgpasa Poccuu;

BactotnHa MapuHa JlbBoBHa, Hay4HbIli cOTpyaHUK
HWJ1 HenporeHesa n HepoaereHepaTnBHbIX 3aboneBa-
HUM HUMY ®rey «HMWL, vm. B. A. AnmMasoBa» MuH3-
npaea Poccuuy;

OAadyk Bayecnae AnekceeBund, K.6.H, BEOyLW NI Hayy-
HbINCOTPYOHMK,3aBenywnnHNITHenporeHesanHenpo-
nereHepaTtuBHbix 3a6onesaHnit HUMY ®IreY «HMUILL nm.
B. A. AnmazoBa» MuHsgpasa Poccuun.
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ABSTRACT
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INTRODUCTION

Transgenic animals are used in laboratories as bio-
models in medical research. More than 90% of them
are genetically modified rodents, mainly mice (Mus
musculus). The use of genetically modified animals is
an important tool for the study of human diseases; they
are used to understand the function of individual genes
and genomes in the context of susceptibility to various
diseases, their causes and progression, as well as to cre-
ate alternative approaches for the treatment of pathol-
ogies. In this review, we will discuss both the methods
of transgenesis that have already become classical, and
new approaches to obtaining transgenic animals that are
most often used in fundamental and applied medicine,
as well as consider in detail some pathologies where
modified animals are the main tool and key to under-
standing molecular and cellular anomalies that lead to
diseases of vertebrates, including humans.

REVIEW OF CLASSICAL AND NEW
APPROACHES TO TRANSGENESIS

The use of transgenic models has become widespread
in biology and medicine. One of the earliest tools of ge-
netic engineering was the method of conventional gene
knockout, which allows obtaining a line of animals that
completely lack the functional product of the gene at all
stages of ontogenesis. Thanks to the activities of several
consortia, the goal of obtaining knockouts of all known
mouse genes has been practically achieved; the produc-
tion of transgenic organisms of this type for experimen-
tal animals of other species is intensively developing [1].
However, the traditional conventional gene knockout
technique has a number of limitations. In the course of
large-scale phenotyping programs of transgenic mice, it
was found that knocking out about 30% of genes in the
homozygous state leads to a lethal phenotype and an-
other 7% to reproductive defects [2]. Also, such animal
lines do not allow studying the role of the gene during a
single period of ontogenesis or within a certain morpho-
logical structure.

Methods of creating transgenic stable animal lines
are numerous and diverse, depending on the goals and
objectives of researchers. These include gene knockout
to determine, for example, the signaling pathway, the
induction of protein overexpression and expression that
allow to alter cellular processes, visualize cells or de-
stroy them by the formation of toxic products carried
out with the help of directed mutagenesis, transgenes or
viral transduction [3—5].

Most approaches to transgene expression in a par-
ticular cell type require a promoter that controls the
transcription of the gene in the cell. There are several
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ways to activate the promoter in a specific cell type. If
promoter sequences specific to the cell type of interest
are known, they can be used to create a construction
and then randomly insert it into the mouse genome [6].
However, this approach often requires the creation and
screening of many transgenic lines, as the level of trans-
gene expression and transmission efficiency may vary
depending on the number of copies of the transgene in
the genome and their integration sites [7].

Gene expression in the cell of interest can also be
achieved by a “knockout” when a transgene is insert-
ed into a genomic coding sequence of a cell-specific
gene with using a specific mutagenesis. This approach
provides the most accurate expression of the transgene,
since all the internal regulatory elements of the promot-
er are preserved, but it leads to an undesirable homo- or
heterozygous knockout of a cell-specific gene. This can
be avoided if the transgene is inserted together with the
IRES element (internal ribosome entry site), which pro-
vides internal translation initiation, and both genes are
expressed in parallel [8].

Another method for direct expression of a transgene
is transgenic constructions based on bacterial, yeast
or other artificial chromosomes (BAC, YAC or PAC).
Artificial chromosomes contain large fragments of ge-
nomic DNA, and a particular clone will include a cod-
ing sequence of a specific gene and promoter elements
[9, 10]. This approach has two advantages: firstly, large
genomic fragments can contain most or all of the pro-
moter regions that control the expression of transgene
in the cell of interest; and secondly, the endogenous
coding sequence of a specific gene does not change
unless the transgene is accidentally integrated into the
coding sequence of the gene.

Direct control of transgene expression requires ac-
tivating the promoter in the cell of interest at a certain
time. With the help of induced transgene expression,
such strict spatial and temporal control can be carried
out. The widely used Tet-On and Tet-Off approaches al-
low activating transgene expression in the cell of interest
at a certain time [11, 12]. The Tet-Off and Tet-On sys-
tems use tetracycline transactivator protein (TTA) capa-
ble of binding to DNA in certain sequences of the TetO
operator. tTA activation can be suppressed (Tet-On) or
activated (Tet-OfY) by tetracycline and its derivatives and
thereby prevent activation of specific genes [13].

As a fundamentally different approach to editing,
site-specific recombinases are used, allowing manipu-
lations directly at the genome level in the experimen-
tal organism. The most common system for generating
non-conventional knockout animals is the Cre-Lox sys-
tem [14]. Cre recombinase, an enzyme found in bacte-
riophage P1, specifically recognizes sequences called
loxP sites. This enzyme cuts out the sequence located
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between two LoxP sites and stitches the ends of the
original DNA. Thus, in a model organism, a gene or its
fragment is enclosed between LoxP sites, and the pro-
cess of its restriction is controlled by Cre expression.

The use of site-specific recombinases also opens up
new opportunities for creating models for genetic trac-
ing, a technique that allows identifying descendants of
cells expressing the gene of interest. A typical model
system consists of two genetic structures. The first one
is represented by the coding sequence of Cre-recombi-
nase located under the promoter of the gene of inter-
est. The second structure consists of a gene encoding a
reporter and a floxed (located between two loxP sites)
stop codon located in front of it. Thus, in cells in which
the promoter of the gene of interest is active, recombi-
nation and co-expression of the reporter gene occurs. A
further way to modify the system was to create a fusion
protein — CreERT and its modifications — recombi-
nases, activated by human estrogen receptor agonists
[15]. Such a system allows you to start recombination
in a certain period of time by introducing the corre-
sponding ligand without affecting the cells expressing
the gene of interest in other periods of ontogenesis.

A further way to modify this method is to create new
chimeric recombination inducer proteins based on Cre.
One of the promising options is a fusion protein from
Cre and dihydrofolatereductase E. Coli [16]. In this
case, low-toxic drug trimethoprim can be used as an
inducer, for which there is no endogenous receptor in
the mouse body. Along with the development of genet-
ic constructs of recombination inducers, reporter ones
are also developing. The existence of many variants of
LoXP sites and fluorescent proteins with different spec-
tral characteristics and intracellular localization made it
possible to create a number of complex animal reporter
lines, such as Brainbow, Zebrabow, Confetti and others,
in which recombination leads to a random combination
of coexpression of several reporters, which allows ex-
periments such as clonal analysis [17 ], connectoma
studies and neural network development processes [18].

Not only fluorescent proteins can be placed in the
coding sequence of the recombinase target structure.
One of the effective methods of studying the role of
individual cell types in the development of the organ-
ism — genetic ablation — is based on the induction by
recombinase of the expression of diphtheria toxin that
causes cell death [19].

A number of classical methods of neurobiology have
received additional opportunities thanks to the con-
structed sensor proteins. For example, there are mice
lines where calcium-sensitive fluorescent proteins that
are sensitive to transmembrane potential and peroxides
are expressed instead of reporter proteins [20]. Thus, it
is possible to apply classical methods of recording neu-

ronal activity in application to a specific type or popu-
lation of cells identified by Cre expression.

A well-characterized marker of neuronal activ-
ity is the expression of IEG (immediate early genes)
genes, such as c-foc, c-jun and Arc. The recombinases
expressed under the promoters of these genes make it
possible to identify neuronal ensembles involved in the
implementation of behavioral acts in mice [20].

The Cre-Lox system is also the basis for many mod-
el constructions in optogenetic studies in neurobiolo-
gy. In this case, recombinase induces the expression
of photoreactive proteins. Initially, the most common
were photoactivated ion channels found in a number
of bacteria. Fusion proteins from photoreactive and en-
zymative-active parts are becoming increasingly wide-
spread, which allows inducing intracellular biochemical
reactions by the directed action of light. In combination
with the above-mentioned constructions, including Cre
under the IEG promoter, it becomes possible to reacti-
vate neural networks that previously participated in the
course of the behavioral act of interest [21] .

An alternative method is the use of the Flp-FRT sys-
tem, which, however, has received less development.
Among the problems, the thermolability of the Flp en-
zyme and the relatively low efficiency of recombina-
tion are highlighted, which makes it impossible to use
it in homoiothermic organisms [22]. In the course of
further modifications of the recombinase, these prob-
lems were partially resolved, but its effectiveness is still
inferior to Cre-Lox.

A similar principle to Cre-Lox is used in tracing with
the application of Dre-rox, which has not yet become
widespread. The combination of several recombination
systems in one model organism makes it possible to cre-
ate complex controlled models, visualize several types or
populations of cells simultaneously, provided that sever-
al genes are co-expressed simultaneously [23].

DANIO — UNIQUE BIOMODELS FOR
STUDYING PATHOLOGIES

Brachydanio rerio models are more cost-effective
than rodent models due to the lower cost of maintaining
the model organism. The advantages include simplicity
of maintenance and the possibility of obtaining a large
number of embryos in a short period of time. Housing
and selecting systems are much simpler. Theoretically,
one pair of danio fish can produce thousands of geneti-
cally identical embryos. The specificity of reproduction
makes it possible to investigate rare genetic events and
conduct parallel testing on a large homogeneous sample
[24].

External fertilization makes embryo manipulation
much more accessible than in mammals. In addition, the
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transparency of Danio Rerio embryos makes it possible to
study organogenesis in vivo, in particular when using spe-
cific lines and vital dyes, including fluorescent marking.

In addition, the embryos of danio fish develop ex-
tremely quickly: by 24 hours after fertilization, most
stages of organogenesis are completed, which makes it
possible to visualize in real time all stages of the devel-
opment of the organism [25, 26].

It is important to note that in addition to this rapid
anatomical development, neural, hormonal and para-
crine connections are also established and provide ho-
meostasis already at the early stages of development
[27-29].

The small size of the embryos of danio fish and
adult individuals can also be an advantage in laboratory
conditions by reducing the consumption of valuable re-
agents during screening studies. The small size also fa-
cilitates whole-tissue [30], whole-organ and whole-or-
ganism transcriptomic [31, 32], proteomic [33] and
other “omix” analyses [34], as well as whole-organ
clonal analysis [35] and cell-cell mapping [36].

Despite the fact that the common ancestors of fish
and humans diverged about 450 million years ago, it
is known that about 82% of the genes responsible for
genetic diseases are represented by orthologous genes
in danio fish [37]. The ease of editing the genome and
the abundance of orthological genes in these animals
made it possible to create accurate biomodels on danio.

Editing the fish genome using programmable nu-
cleases lets make double-stranded breaks in the DNA
region of interest, which leads to a target mutation
resulting in the inactivation of the gene of interest or
changing its operation.

Fish studies play a central role in the development
and application of genome editing technologies: initial-
ly, the editing of the fish genome was carried out using
ZFN (zink finger nucleases) technology — specially
designed specific proteases that can be targeted at the
desired DNA region and make changes to the genome
with high accuracy.

The next step in the development of genome editing
and obtaining model fish is the emergence of TALEN
(Transcription Activator-Like Effector Nucleases) tech-
nology: the advantage of this type of endonucleases is
that they can be designed to bind to any DNA sequence
of interest and that they can cause a wide range of mu-
tations in fish with an efficiency of over 98.5% [38].
CRISPR (Clustered Regulatory Interspaced Short Palin-
dromic Repeats) / Cas9 technology is the most modern
approach in genome editing, it allows quick and accurate
genome editing and is the most common technique for
danio [39]. These technologies are aimed at inactivating
genes by inserting or making small inserts, which makes
it possible to develop lines of fish with homozygous mu-
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tations of model pathologies in just 2 generations [40].
Thus, blood diseases were modeled on fish for the first
time [41], biomodels of cardiovascular [42] and neuro-
degenerative diseases were obtained [43].

A distinctive feature of using fish in personalized
medicine is obtaining humanized models of diseases.
As a rule, the humanized model is based on increasing
the functionality of the target genes. The simplest meth-
od is a temporary increase in gene expression, which
allows us to trace the relationship between the over-
expression effect in a biomodel and the physiological
effect of a human mutation [40].

For example, overexpression of NRAS mRNA in da-
nio embryos simulates the process in which overexpres-
sion of an orthologous gene in humans leads to the devel-
opment of Noonan syndrome [44]. Similar studies show
that the overexpression of the PTDSS1 gene associated
with the development of Mayevsky syndrome is associ-
ated with skeletal abnormalities in danio hatchlings [45].

Humanized fish are actively used in studies of neu-
rodegeneration processes, for example, as a simulation
of the toxic effects of synucleins, in particular human
a-synuclein involved in the development of Parkin-
son’s disease [46]. The accumulation of a-synucleins
in neurons was associated with neurodegenerative pro-
cesses, the mechanisms of which were unclear. With the
help of the GAL4/UAS system, which allows activat-
ing the genes of interest artificially, it has been shown
that overexpression of human o-synuclein in neurons
leads to a toxic effect and degeneration of nerve cells. A
similar approach, which consisted in artificial creation
of sequences in the C9orf72 gene responsible for the
synthesis of glycine-alanine repeats, also made it pos-
sible to create a model of amyotrophic lateral sclerosis
in danio fish [47]. Dominant hereditary diseases and
the effect of various mutations on the penetrance of the
pathological sign can be studied on fish. For example,
spinal cerebellar ataxia type 3 is caused by the death of
neurons in the cerebellum and is caused by a mutation
of the potential-dependent potassium channel Kv3.3
gene. The childhood and adult forms of this disease are
associated with mutations and hyperexpression of var-
ious alleles of the gene, which leads to the formation
of different phenotypes in model fish. The infantile,
severe form of the disease leads to migration disorder
of motor neurons, while the adult form leads to axonal
branching disorder of motor neurons [48].

TRANSGENIC ANIMALS FOR THE
STUDY OF ATHEROSCLEROSIS AND
DYSLIPIDEMIC DISORDERS

An ideal model of dyslipidemic disorders and ath-
erosclerosis in animals for biomedical and pharmaceu-
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tical research should have the appropriate potential for
extrapolating data to humans. Basically, such models
are based on the induction and acceleration of the for-
mation of an atherosclerotic plaque through the use of
specialized diets, genetic manipulations and environ-
mental influences.

In the first half of the twentieth century, diet-induced
models of atherosclerosis were used, mainly on rabbits.
It has been shown that a high cholesterol diet (HCD), as
well as a diet high in animal protein, lead to atheroscle-
rosis and hypercholesterolemia.

From the 1950s to the 1970s, various diets capable
of inducing hyperlipidemia were developed and tested
on rats and rabbits. Studies of diet-induced atheroscle-
rosis have made a fundamental contribution to under-
standing the pathogenesis of this condition.

In the 1970s and 1980s, laboratory mice began to be
actively used for the study of atherosclerosis. Studies
on plasma lipoprotein metabolism in the 1980s, com-
bined with the advent of transgenesis technologies in
the 1990s, led to the emergence of mouse knockout
lines such as ApoE -, Ldlr -, PCSK9 . In addition, in
2002, the genome of mice of the C57BL/6 line, which
is relatively sensitive to modeling of metabolic disor-
ders through diet, was sequenced.

It has been shown that models of atherosclerosis in
mice generally do not demonstrate instability of athero-
sclerotic plaque with subsequent thrombosis, which are
most often factors associated with clinically significant
acute cardiovascular episodes [49]. The etiopathogenesis
of the formation of unstable atherosclerotic plaque in-
cludes the presence of risk factors for the development
of cardiovascular diseases, which induce endothelial
dysfunction and increase vascular permeability, lead-
ing to infiltration of lipids and enhancing the adhesion
and trans-migration of monocytes. In the intima of the
vessels, monocytes differentiate into macrophages and
absorb altered lipids, turning into foam cells. Simultane-
ously, at this stage, vascular smooth muscle cells migrate
to the intima, where they synthesize extracellular matrix
and contribute to the formation of a fibrous capsule. As
the plaque progresses, the number of smooth muscle
cells decreases, foam cells undergo apoptosis, releasing
active metalloproteinases that destroy the capsule, in-
creasing the likelihood of plaque rupture. The immune
system takes an active part in this process and plays a
key role in the destabilization of plaques [50].

In addition, unlike humans, mice rarely develop ath-
erosclerosis in the coronary arteries, but atherosclerosis
in the aortic root easily develops. Thus, the distribution
of tissue lesions in mice and humans is not identical.

At the moment, Danio Rerio fish are of great interest
as a biological test system for the study of atherosclero-
sis and dyslipidemic disorders, which is reflected in the

statistical analysis of publications covering the corre-
sponding models [24, 51]. Danio Rerio is anatomically
similar to more highly organized vertebrates. Patholog-
ical processes in tissues can be studied and extrapolated
for a wide range of cardiovascular and metabolic dis-
eases in humans [52].

Genetic modifications of Danio fish also originate in
the 1980s. In the 2000s, the number of published stud-
ies using Danio fish began to increase, the first genet-
ically modified model of hyperlipidemia Apoc2”- was
obtained, and soon the LDLR”" hypercholesterolemia
model too.

Directed deletion of the Apoc2 gene is one of the
vectors for further development of dyslipidemia models
in Danio fish. People deprived of Apoc2 have familial
chylomicronemia, characterized by elevated triglycer-
ide levels and recurrent episodes of pancreatin. Mutant
Danio Rerio show distinctive signs of human Apoc2
deficiency: decreased plasma lipase activity and severe
hypertriglyceridemia. Visualization of the vascular net-
work in Apoc2 “ mutant fish reveals the accumulation
of lipids and lipid-loaded macrophages, which is a sign
of the formation of atherosclerotic plaques. This model
of dyslipidemia may be particularly useful when study-
ing the stages of extravasation, oxidation and absorp-
tion of LDL by macrophages of vascular walls [53].
Zebrafish mutated by LDLR are a biological model for
studying hypercholesterolemia and lipid accumulation
in blood vessels, which is equivalent to the early stage
of human atherosclerosis. This model is characterized
by the development of moderate hypercholesterolemia
with normal nutrition. However, a short-term 5-day
feeding of LDLR-deficient fish larvae with a high cho-
lesterol diet (HCD) leads to exacerbation of hypercho-
lesterolemia and the accumulation and deposition of
lipids in vessels [54].

Despite the fundamental differences in the physiol-
ogy of metabolism in poikilothermic and homoiother-
mic species, it is Danio Rerio that makes it possible
to reproduce some of those pathological processes that
cannot be studied using rodent modeling, which is why
they are gaining popularity as a valuable model for
studying lipid metabolism and related disorders [55].

It is known that orthologists of key factors regulat-
ing lipid metabolism, such as microsomal triglyceride
transfer protein (MTTP), acyl CoA synthetase (ACS)
and apolipoprotein C2 (APOC2), are known to be ex-
pressed in danio fish just as in mammals [56, 57]. At the
same time, unlike rodents, danio fish have a cholesterol
ester transfer protein (CETP), since the CETP ortholo-
gist is preserved in their genome. Thus, as in humans,
cholesterol esters in danio fish deviate from “good”
HDL to “bad” LDL, thereby increasing susceptibility
to atherogenic events [58].
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In addition, Danio Rerio is a suitable model for the
study of autoinflammatory disorders, which are known
to be a significant risk factor for the development of
atherosclerotic changes and cardiovascular complica-
tions, which can play a role even with low levels of
LDL in the blood [59].

Chronic inflammation, through the activation of the
NLRP3 inflammosome-IL-18 signaling pathway, is an
important factor in the development of atherosclerotic
cardiovascular diseases (ASCVD), being triggered by
the accumulation of intracellular cholesterol in cells [60].

The pyrin domain of the NLR family contained in
the 3 (NLRP3) inflammasome is one of the most fully
characterized in humans and other mammals. Molecu-
lar and functional identification of the NLRP3 homo-
logue (Dr NLRP3) was performed on the Danio Rerio
model. Due to the Dr NLRP3 knockdown in zebrafish
larvae and the generation of the Dr ASC “knockout, it
was possible to characterize the function of Dr NLRP3
inflammasome in antibacterial immunity in vivo.

Thus, both laboratory mice and danio fish are of in-
terest in the study of atherosclerosis and dyslipidemic
disorders as model organisms. The development of the
field of biomodeling of pathological processes using
experimental model systems and the use of genome ed-
iting technologies makes it possible to expand the range
of available genetic and combined models of athero-
sclerosis and dyslipidemic disorders.

MODERN GENETIC TECHNOLOGIES
FOR THE STUDY OF NEUROGENESIS
AND NEURODEGENERATIVE DISEASES

The development process of the nervous system
(neurogenesis) is a complex multi-stage process of for-
mation (specialization) of nerve cells that form com-
partments of the nervous system (central and peripher-
al compartments) [ 61]. Of course, understanding the
molecular and cellular mechanisms of development of
the nervous system is necessary to decipher the func-
tioning of the brain and its plasticity in humans. The
most widely used methods of studying neurogenesis
include genetic tracing methods that allow us to trace
the fate of embryonic cells and tissue-specific knockout
(nokin) methods that reveal the role of a single gene or
an ensemble of genes in the neurodevelopment or spe-
cialization of individual neurons or glia. Tracking the
hierarchy of cells in development is a process aimed at
identifying offspring that originate from a single pro-
genitor cell (stem cell or progenitor, blast cells). Trac-
ing can be implemented by various strategies based on
genetically modified organisms, using genetic markers,
transfected viral vectors or DNA structures, and with
the help of cell sequencing [62].
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Tracing progenitor cells to the state of their ultimate
specialization and determining their fate in an adult
body became possible thanks to the development of
some important genetic tools that have made it possible
to permanently label cells. In particular, recombination
systems Cre-loxP [63] and Flp-FRT

[64] are the most used systems in the study of cellu-
lar tracing. Transgenic lines of mice that are suscepti-
ble to inducible Cre recombination under the control of
specific promoters can cause expression of a fluorescent
reporter (fluorescent protein) for determining the fate of
neural predecessors in vivo [65]. This was achieved by
administering low doses of tamoxifen, and, depending
on the line of interest, transgenic mice encoding var-
ious fluorescent proteins under the control of specific
promoters were created, showing special advantages
and disadvantages [66].

A slightly more complicated version of monocolor
(one tracer) genetic tracing is a method of multicolor
cell marking (Brainbow technology) [67]. Brainbow
transgenic mice undergo stochastic recombination of up
to four fluorophores, which are controlled by the Cre-
loxP system, resulting in multicolored mosaics where
individual cells can be easily identified. Modified ver-
sions of this methodology are still being developed, and
they provide vivid images that allow extremely detailed
visualization of the morphology of individual marked
cells. This is a very effective method for mapping cells,
but not for tracing the origin. However, this technology
has had a huge impact on the field of origin tracking,
which has led to a new wave of methods in which a
stochastic combination of fluorophores is used to create
unique barcodes of neuronal stem cells that can be in-
herited by all their descendants. This method was orig-
inally developed for mice, although the combinatorial
use of fluorescent proteins was redesigned to map the
fate of Drosophila melanogaster (Flybow, d-Brainbow,
Raeppli) and zebra fish (Zebrabow) [16].

One of the most modern approaches to the effective
transformation of cells, embryos or tissues has become
the method of transgenesis with the help of recombi-
nant lentiviruses encoding various fluorescent proteins
that are being created to contribute to multicolor mo-
saics for tracing the origin [68]. These recombinant
DNA constructions can be transfected into the cells of
interest and make it possible to trace all the descendants
of individual cells (StarTrack, iON, CLONE) [69-71].
New advances in microscopy have led to progress in
tracking multicolored lines [72], expanding the possi-
bilities of tracking lines in any organism and allowing
the study of cell heterogeneity.

Genetic technologies have become important not only
for studying the mechanisms of neurogenesis, but also
for studying the causes of neurodegenerative diseases. In
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contrast to the unsuccessful search for new and effective
treatment methods, the understanding of the pathogenet-
ic mechanisms underlying the main neurodegenerative
conditions has advanced significantly. The mechanisms
governing the pathological aggregation of key proteins,
the nature and processes of neuronal damage associated
with the formation of protein aggregates are modern ar-
eas of study of these neuropathologies.

Due to the significant similarity in the phenotype of
genetic and sporadic forms of neurodegenerative dis-
eases (for example, Alzheimer’s and Parkinson’s dis-
ease, frontotemporal dementia or amyotrophic lateral
sclerosis), genetically modified animal models carrying
human genes, which, as it turned out, mutated in famil-
ial cases of neurodegeneration, were created to study
the mechanism of occurrence and progression of such
pathologies.

To date, a database has been compiled that provides
information on selected models of neurodegenerative
diseases in rodents, including Alzheimer’s, Parkinson’s
and lateral amyotrophic sclerosis. By summarizing, vi-
sualizing and constantly updating the available data on
the characteristics of model systems, the goal of this
database is to help researchers study, compare and iden-
tify models that can speed up their research (https:/
www.alzforum.org/research-models).

Currently, great efforts are being made to charac-
terize animal models of Alzheimer’s disease to better
understand the pathophysiology of the disease, as well
as to identify models suitable for research on potential
therapeutics. At this stage, 210 animal models are de-
scribed, which are used in this area of research and are
mainly needed for the study of amyloid plaques (21
models), Neurofibrillary tangles (10), loss of neuron
bodies (15), gliosis (27), loss of synapses (16 models),
long-term potentiation and long-term depression (16
models) and cognitive impairment (5XFAD (B6SJL),
3xTg, A7 APP transgenic, Abca7*A1527G/APOE4/
Trem2*R47H, APOE2 Knock-In, floxed (CureAlz),
APOE3 Knock-In, floxed (CureAlz), APOE4 Knock-In
(JAX), APP751SL/ PS1 KI). Progress in research and
development of treatments for Parkinson’s disease de-
pends on reliable preclinical models, including rodent
models. To date, 20 rodent models have been described
that study the problems of neuronal loss, dopamine
hunger, a-synuclein inclusion, neuroinflammation, mi-
tochondrial malfunctions, motor and non-motor dis-
orders (a-synuclein KO Mouse, Pinkl KO Rat, Thyl-
asyn “Line 617 Mouse, Parkin KO, DJ-1 KO Rat).
In the case of amyotrophic lateral sclerosis, there are
about forty rodent models reproducing various aspects
of the disease, such as motor disorders or degeneration
of motor neurons. However, no model recreates all as-
pects of human disease perfectly.

Indeed, basic clinical studies convincingly prove
and confirm with their data that experimental animal
models are extremely useful for the analysis of patho-
genetic mechanisms and selection of tools for neuro-
pharmacology, the purpose of which is to influence the
initial mechanisms of disease development.

ORGANOID MODELS

In recent years, due to the development of molecu-
lar methods in research, modeling of human diseases
on laboratory animals often raises additional questions
about pathogenetic mechanisms. Even proteins encod-
ed by orthologs will not necessarily have completely
identical functions in organisms of different biological
species. The use of humanized animals also cannot al-
ways give an answer to all questions, modification will
not always affect the entire body.

Two-dimensional cell cultures have been used for
quite a long time to solve problems related to the study
of the toxicity of substances and the reactivity of in-
dividual cells. Classical two-dimensional cell cultures,
however, have a number of limitations that do not
allow this technique to be used as a universal model
for personalized medicine. The transcriptomic profile
of cells in the culture monolayer may undergo notice-
able changes, which entails possible changes in their
properties and sensitivity to influences. In addition, the
absence of molecular signals from cells of other popu-
lations also affects the properties of cells in the culture.
This problem is partially solved by cocultivating dif-
ferent types of cells in one culture (macrophages and
fibroblasts, endothelium and tumor cells, mesenchymal
stem cells and melanocytes, etc.) [73-75].

Organoid models are three-dimensional cell culture
systems that, to a greater extent than two-dimensional
ones, allow modeling both normal physiological pro-
cesses and pathological conditions. They can be created
from embryonic stem cells, induced pluripotent stem
cells, as well as cells of adult organisms, including
tumor cells. They are relatively inexpensive systems
capable of self-renewal and allow modeling a variety
of processes by influencing them with various biolog-
ically active molecules, physical factors, and micro-
organisms. At the same time, the organoid itself will
“respond” to the effect by cellular signal cascades,
characteristic of the organ/tissue that it models. Thus,
cerebral organoids generate alpha rhythms, which are
characteristic of the brain of newborns [76].

Organoids obtained from patients’ neoplasms
demonstrate the same molecular characteristics as the
“maternal” tumor, which allows in vitro observation of
genetic changes in their cells, determination of sensi-
tivity to different types of chemotherapeutic drugs, and
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the possibility of metastasis of a particular neoplasm
with a high degree of probability [77, 78].

In organoid systems, it is relatively easy to edit
the genome, which can be useful both in studying the
pathogenesis of individual diseases and for testing cer-
tain therapeutic approaches [79, 80].

Organoid transplantation is also an interesting area.
Transplantation of both tumoroids and normal tissues
is possible [81]. Experiments are also being carried out
on the transplantation of human organoids to laboratory
animals.

CONCLUSION

Thus, the use of transgenic animals and tissue cul-
tures allows a much more detailed approach to the
treatment of patients, choosing the most appropriate
strategies. It is also possible to study in vivo the molec-
ular and cellular foundations of the disease and thera-
peutic approaches with an assessment of potential risk
factors. The use of three-dimensional cell cultures of
the patient makes it possible to most accurately deter-
mine the molecular features of the course of the disease
in a particular person and select an individual treatment
program most accurately.

Conflict of interest
The authors declare no conflict of interest.

REFERENCES

1. Hall B, Limaye A, Kulkarni AB. Overview:
generation of gene knockout mice. Curr Protoc
Cell Biol. 2009;Chapter 19:Unit-19.12.17. DOI:
10.1002/0471143030.cb1912s441.

2. Ayadi A, Birling M-C, Bottomley J, et al. Mouse
large-scale phenotyping initiatives: overview of the
European Mouse Disease Clinic (EUMODIC) and of
the Wellcome Trust Sanger Institute Mouse Genetics
Project. Mamm Genome. 2012;23(9-10):600-610. DOI:
10.1007/s00335-012-9418-y.

3. Misra RP, Duncan SA. Gene targeting in the
mouse: advances in introduction of transgenes into
the genome by homologous recombination. Endocrine.
2002;3(19):229-238.

4. Picciotto MR, Wickman K. Using knockout and
transgenic mice to study neurophysiology and behavior.
Physiological Reviews. 1998;4(78):1131-1163.

5. Pease S, Saunders TL. Advanced Protocols for
Animal Transgenesis: An ISTT Manual. Berlin Heidelberg:
Springer-Verlag, 2011.

6. Brenner M. Structure and transcriptional
regulation of the GFAP gene. Brain Pathology.
1994;3(4):245-257.

II. OB30Pbl | REVIEWERS

7. Martin DI, Whitelaw E. The vagaries of
variegating transgenes. BioEssays. 1996;18(11):919—
923. DOI: 10.1002/bies.950181111.

8. Gilbert WV. Alternative ways to think
about cellular internal ribosome entry. J Biol Chem.
2010;285(38):29033-29038.

9. Heintz N. BAC to the future: the use of bac
transgenic mice for neuroscience research. Nature
Reviews. Neuroscience. 2001;2(12):861-870.

10. Gossen M, Bujard H. Tight control of gene
expressioninmammaliancellsbytetracycline-responsive
promoters. Proc Natl Acad Sci U S A. 1992;89(12):5547-
5551.

11. Kistner A, Gossen M, Zimmermann F.
Doxycycline-mediated quantitative and tissue-specific
control of gene expression in transgenic mice. Proc Natl
Acad Sci U S A. 1996;93(20):10933-10938.

12. Schonig K, Bujard H, Gossen M. The power of
reversibility regulating gene activities via tetracycline-
controlled transcription. Methods in Enzymology.
2010;477:429-453.

13. Kim H, Kim M, Im SK, et al. Mouse Cre-LoxP
system: general principles to determine tissue-specific
roles of target genes. Lab Anim Res. 2018;34(4):147-159.
DOI: 10.5625/1ar.2018.34.4.147

14. Hirrlinger J, Requardt RP, Winkler U,
et al. Split-CreERT2: Temporal Control of DNA
Recombination Mediated by Split-Cre Protein Fragment
Complementation. PLoS One. 2009;4(12): e8354. DOI:
10.1371/JOURNAL.PONE.0008354.

15. Sando R 3rd, Baumgaertel K, Pieraut S, et al.
Inducible control of gene expression with destabilized
Cre. Nat Methods. 2013;10(11):1085-1088. DOI: 10.1038/
nmeth.2640.

16. Pan YA, Freundlich T, Weissman TA, et al.
Zebrabow: multispectral cell labeling for cell tracing
and lineage analysis in zebrafish. Development.
2013;140(13):2835-2846. DOI: 10.1242/dev.094631

17.  Weissman TA, Pan YA. Brainbow: new resources
and emerging biological applications for multicolor
genetic labeling and analysis. Genetics. 2015;199(2):293-
306. DOI: 10.1534/genetics.114.172510

18. Kastriti ME, Kameneva P, Kamenev D, et al.
Schwann Cell Precursors Generate the Majority of
Chromaffin Cells in Zuckerkandl Organ and Some
Sympathetic Neurons in Paraganglia. Front Mol
Neurosci. 2019;12:6. DOI: 10.3389/fnmol.2019.00006.

19. Bayguinov PO, Ma Y, Gao Y, et al. Imaging
Voltage in Genetically Defined Neuronal Subpopulations
with a Cre Recombinase-Targeted Hybrid Voltage
Sensor. J Neurosci. 2017;37(38):9305-9319. DOI:10.1523/
JNEUROSCI.1363-17.2017.

20. DeNardoL, Luo L. Genetic strategies to access
activated neurons. Curr Opin Neurobiol. 2017;45:121-
129. DOI: 10.1016/j.conb.2017.05.014.

21. Castello-Waldow TP, Weston G, Ulivi Af,
et al. Hippocampal neurons with stable excitatory
connectivity become part of neuronal representations.

114

Tom N21 ‘ 1 ‘ 2021‘



OB30Pbl | REVIEWERS .II

PLoS Biol. 2020;18(11):e3000928. DOI: 10.1371/journal.
pbio.3000928.

22. Phan QV, Contzen J, Seemann P, et al. Site-
specific chromosomal gene insertion: Flp recombinase
versus Cas9 nuclease. Sci Rep. 2017;7(1):17771. DOI:
10.1038/s41598-017-17651-0.

23. Karimova M, Baker O, Camgoz A, et al. A
single reporter mouse line for Vika, Flp, Dre, and Cre-
recombination. Sci Rep. 2018;8(1):14453. DOI: 10.1038/
s41598-018-32802-7.

24. Gut P, Reischauer S, Stainier DYR, et al. Little
fish, big data: zebrafish as a model for cardiovascular
and metabolic disease. Physiol Rev. 2017;97:889-938.
DOI: 10.1152/physrev.00038.2016

25. Sehnert AJ, Hug A, Weinstein BM, et al. Cardiac
troponin T is essential in sarcomere assembly and cardiac
contractility. Nature Genetics. 2002;31(1):106-110.

26. Thisse C, Zon LI. Organogenesis--heart and
blood formation from the zebrafish point of view.
Science. 2002;295(5554):457-462.

27.  Jurczyk A, Roy N, Bajwa R, et al. Dynamic
glucoregulation and mammalian-like responses to
metabolic and developmental disruption in zebrafish.
Gen Comp Endocrinol. 2011;170(2):334-345.

28. Ober EA, Field HA, Stainier DY. From endoderm
formation to liver and pancreas development in
zebrafish. Mechanisms of Development. 2003;120(1):5-
18.

29. Schlegel A, Stainier DY. Lessons from “Lower”
Organisms: What Worms, Flies, and Zebrafish Can Teach
Us about Human Energy Metabolism. PLoS Genetics.
2007;3(11):e199.

30. Cao J, Navis A, Cox BD, et al. Single epicardial
cell transcriptome sequencing identifies Caveolin-1
as an essential factor in zebrafish heart regeneration.
Development. 2016;143(2):232-243.

31/ unker JP, Noél ES, Guryev V, et al. Genome-
wide RNA Tomography in the Zebrafish Embryo. Cell.
2014;159:662-675.

32. LeeR,Thiery JP, Carney TJ. Dermal fin rays and
scales derive from mesoderm, not neural crest. Current
biology. 2013;23(9):R336-337.

33. Nolte H, Holper S, Housley MP, et al. Dynamics
of zebrafish fin regeneration using a pulsed SILAC
approach. Proteomics. 2015;15(4):739-751.

34. FraherD,Hodge JM, Collier FM, et al. Citalopram
and sertraline exposure compromises embryonic bone
development. Molecular Psychiatry. 2016;21(5):656-664.

35. Gupta V, Poss KD. Clonally dominant
cardiomyocytes direct heart morphogenesis. Nature.
2012;484(7395):479-484.

36. Song Z, Zhang X, Jia S, et al. Zebrafish as a
Model for Human Ciliopathies. Journal of genetics and
genomics = Yi chuan xue bao. 2016;43:107-20.

37. Howe DG, Bradford YM, ConlinT, et al. ZFIN, the
Zebrafish Model Organism Database: increased support
for mutants and transgenics. Nucleic acids research.
2013;41(D1):D854-860.

38. Dahlem TJ, Hoshijima K, Jurynec MJ, et al.
Simple Methods for Generating and Detecting Locus-
Specific Mutations Induced with TALENs in the Zebrafish
Genome. PLoS Genet 2012;8(8):e1002861. DOI: 10.1371/
journal.pgen.1002861.

39. Cornet C, Di Donato V, Terriente J. Combining
Zebrafish and CRISPR/Cas9: Toward a More Efficient
Drug Discovery Pipeline. Front Pharmacol. 2018;9:703.
DOI: 10.3389/fphar.2018.00703.

40. Baxendale S, van Eeden F, Wilkinson R. The
Power of Zebrafish in Personalised Medicine. Adv
Exp Med Biol. 2017;1007:179-197. DOI: 10.1007/978-
3-319-60733-7_10.

41. Fish RJ, Di Sanza C, Neerman-Arbez M.
Targeted mutation of zebrafish fga models human
congenital afibrinogenemia. Blood. 2014;123:2278-2281.

42. WilkinsonRN, Jopling C,vanEedenFJ.Zebrafish
as a model of cardiac disease. Progress in molecular
biology and translational science. 2014;124:65-91.

43. Schmid B, Haass C. Genomic editing opens new
avenues for zebrafish as a model for neurodegeneration.
Journal of neurochemistry. 2013;127(4):461-470.

44. Runtuwene V, van Eekelen M, Overvoorde J,
et al. Noonan syndrome gain-of-function mutations in
NRAS cause zebrafish gastrulation defects. Disease
models & mechanisms. 2011;4(3):393-399.

45, Seda M, Peskett E, Demetriou C, et al. Analysis
of transgenic zebrafish expressing the Lenz-Majewski
syndrome gene PTDSS1 in skeletal cell lineages.
F1000Research. 2019;8:273.

46. O’Donnell KC, Lulla A, Stahl MC, et al. Axon
degeneration and PGC-lalpha-mediated protection in
a zebrafish model of alpha-synuclein toxicity. Disease
models & mechanisms. 2014;7:571-582.

47.  Ohki Y, Wenninger-Weinzierl A, Hruscha A, et
al. Glycine-alanine dipeptide repeat protein contributes
to toxicity in a zebrafish model of C9orf72 associated
neurodegeneration. Molecular Neurodegeneration.
2017;12:6.

48. lIssa FA, Mazzochi C, Mock AF, et al
Spinocerebellarataxiatype 13 mutant potassiumchannel
alters neuronal excitability and causes locomotor
deficits in zebrafish. The Journal of neuroscience:
the official journal of the Society for Neuroscience.
2011;31(18):6831-6841.

49, Getz GS, Reardon CA. Animal models
of atherosclerosis. Arterioscler Thromb  Vasc
Biol. 2012;32(5):1104-1115. DOl: 10.1161/

ATVBAHA.111.237693.NIH

50. Badimon L, Vilahur G. Thrombosis formation
on atherosclerotic lesions and plaque rupture. J Intern
Med. 2014;276(6):618-32. DOI: 10.1111/joim.12296.

51. Vedder VL, Aherrahrou Z, Erdmann J. Dare to
Compare. Development of Atherosclerotic Lesions in
Human, Mouse, and Zebrafish. Front Cardiovasc Med.
2020;7:109. DOI: 10.3389/fcvm.2020.00109.

52. Chao L, Gates KP, Fang L, et al. Apoc2 loss-
of-function zebrafish mutant as a genetic model of

Tom N21 ‘ 1 ‘ 2021‘

115



hyperlipidemia. Dis Models Mech. 2015;8(8):989-998.
DOI: 10.1242/dmm.019836.

53. Chao Liu, Young Sook Kim, Jungsu Kim, et
al. Modeling hypercholesterolemia and vascular lipid
accumulation in LDL receptor mutant zebrafish. J Lipid
Res. 2018;59(2):391-399. DOI: 10.1194/]Ir.D081521.

54. Jun Ka, Suk-Won Jin. J, Zebrafish as an
Emerging Model for Dyslipidemia and Associated
Diseases. J Lipid Atheroscler. 2021;10(1):42-56. DOI:
10.12997/jla.2021.10.1.42.

55. Jun Ka, Boryeong Pak, Orjin Han, et al.
Comparison of transcriptomic changes between
zebrafish and mice upon high fat diet reveals
evolutionary convergence in lipid metabolism. Biochem
Biophys Res Commun. 2020;530(4):638-643. DOI:
10.1016/j.bbrc.2020.07.042.

56. Schlegel A. Zebrafish models for dyslipidemia
and atherosclerosis research. Front Endocrinol
(Lausanne). 2016;7:159. DOI: 10.3389/fend0.2016.00159.

57. Christiaens V, Lijnen HR. Angiogenesis and
development of adipose tissue. Mol Cell Endocrinol.
2010;318:2-9.

58. Ridker PM, et al. Antiinflammatory therapy with
canakinumab for atherosclerotic disease. N Engl J Med.
2017;377(12):1119-1131.

59. BaragettiA,CatapanoAL,MagniP.Multifactorial
Activation of NLRP3 Inflammasome: Relevance for a
Precision Approach to Atherosclerotic Cardiovascular
Risk and Disease. Int J Mol Sci. 2020;21(12):4459. DOI:
10.3390/ijms21124459.

60. Li JY, Wang YY, Shao T, et al. The zebrafish
NLRP3 inflammasome has functional roles in ASC-
dependent interleukin-10 maturation and gasdermin
E-mediated pyroptosis. J Biol Chem. 2020;295(4):1120-
1141. DOI: 10.1074/jbc.RA119.011751.

61. MilichkoV, Dyachuk V. Novel glial cell functions:
extensive potency, stem cell-like properties, and
participation in regeneration and transdifferentiation.
Frontiers in Cell and Developmental Biology. 2020. DOI:
10.3389/fcell.2020.00809.

62. Dyachuk V, Furlan A, Shahidi MK, et al.
Neurodevelopment. Parasympathetic neurons originate
from nerve-associated peripheral glial progenitors.
Science. 2014;345(6192):82-87.

63. Sauer B. Functional expression of the cre-
lox site-specific recombination system in the yeast
Saccharomyces cerevisiae. Mol Cell Biol. 1987;7:2087-
2096.

64. Golic KG, Lindquist S. The FLP recombinase
of yeast catalyzes site-specific recombination in the
drosophila genome. Cell. 1989;59:499-5009.

65. Dhaliwal J, Lagace DC. Visualization and
genetic manipulation of adult neurogenesis using
transgenic mice. Eur J Neurosci. 2011;33:1025-1036.

66. Lacar B, Young SZ, Platel J-C, et al. Imaging
and recording subventricular zone progenitor cells in
live tissue of postnatal mice. Front Neurosci 2010;4:1-
16.

II. OB30Pbl | REVIEWERS

67. Livet J, Weissman TA, Kang H, et al. Transgenic
strategies for combinatorial expression of fluorescent
proteins in the nervous system. Nature. 2007;450:56—
62.

68. Weber K, Thomaschewski M, Warlich M, et
al (2011) RGB marking facilitates multicolor clonal cell
tracking. Nat Med. 2011;17(4):504-509. DOI: 10.1038/
nm.2338.

69. Garcia-Marqués J, Lépez-Mascaraque L. Clonal
identity determines astrocyte cortical heterogeneity.
Cereb Cortex. 2013;23:1463-1472. DOIl: 10.1093/
CERCOR/BHS134.

70. Kumamoto T, Maurinot F, Barry-Martinet R,
et al. Direct readout of neural stem cell transgenesis
with an integration-coupled gene expression switch.
Neuron. 2020:;107(4):617-630.e6. DOIl:  10.1016/j.
neuron.2020.05.038.

71. Loulier K, Barry R, Mahou P, et al. Multiplex cell
and lineage tracking with combinatorial labels. Neuron.
2014;81:505-520. DOI: 10.1016/J.NEURON.2013.12.016.

72. Abdeladim L, Matho KS, Clavreul S, et al.
Multicolor multiscale brain imaging with chromatic
multiphoton serial microscopy. Nat Commun. 2019;10:1—
14. DOI: 10.1038/S41467-019-09552-9.

73. Hirokazu Kaiji, Takeshi Yokoi, Takeaki
Kawashima, et al. Controlled cocultures of HelLa cells
and human umbilical vein endothelial cells on detachable
substrates. Lab Chip. 2009;9(3):427-432. DOI: 10.1039/
b812510d.

74. KimH,YiN,DoB,etal. Adipose-derived stemcell
coculturing stimulates integrin-mediated extracellular
matrix adhesion of melanocytes by upregulating growth
factors. Biomolecules & Therapeutics. 2019;27:185-
192. doi: 10.4062/biomolther.2018.203.

75. Zeng Q, Chen W. The functional behavior of a
macrophage/fibroblast co-culture model derived from
normal and diabetic mice with a marine gelatin-oxidized
alginate hydrogel. Biomaterials. 2010;31(22):5772-5781.
DOI: 10.1016/j.biomaterials.2010.04.022.

76. Trujillo CA, Gao R, Negraes PD, et al. Complex
oscillatory waves emerging from cortical organoids
model early human brain network development. Cell
Stem Cell. 2019;25(4):558-569.e7. DOI: 10.1016/].
stem.2019.08.002.

77. Signati L, Allevi R, Piccotti F, et al.
Ultrastructural analysis of breast cancer patient-derived
organoids. Cancer Cell Int. 2021;21(1):423. DOI: 10.1186/
s§12935-021-02135-z.

78. Xu H, Lyu X, Yi M, et al. Organoid technology
and applications in cancer research. J Hematol Oncol.
2018;11(1):116. DOI: 10.1186/s13045-018-0662-9.

79. Gopal S, Rodrigues AL, Dordick JS. Exploiting
CRISPR Cas9 in Three-Dimensional Stem Cell Cultures
to Model Disease. Front Bioen Biotechnol. 2020;8:692.
DOI: 10.3389/fbioe.2020.00692.

80. Teriyapirom |, Batista-Rocha AS, Koo
BK. Genetic engineering in organoids. J Mol Med.
2021;99:555-568. DOI: 10.1007/s00109-020-02029-z.

116

Tom N21 ‘ 1 ‘ 2021‘



OB30Pbl | REVIEWERS .II

81. Lupo F, Piro G, Torroni L, et al. Organoid-
TransplantModel Systemsto Study the Effects of Obesity
on the Pancreatic Carcinogenesis in vivo. Front Cell Dev
Biol. 2020;8:308. DOI: 10.3389/fcell.2020.00308.

Author information:

Andreeva Daria D, Laboratory  Assistant
Neurogenesis and neurodegenerative  diseases
Research Laboratory WCRC Almazov National Medical
Research Centre;

Sinegubov Artem A., Freelance researcher of
Almazov National Medical Research Centre;

Burzak Nikita A., Research Assistant Neurogenesis
and neurodegenerative diseases Research Laboratory
WCRC Almazov National Medical Research Centre;

MurashovaladaA.,Research Assistant Neurogenesis
and neurodegenerative diseases Research Laboratory
WCRC Almazov National Medical Research Centre;

Vasyutina Marina L., Researcher Neurogenesis and
neurodegenerative diseases Research Laboratory
WCRC Almazov National Medical Research Centre;

Dyachuk Vyacheslav A., Head of Neurogenesis and
neurodegenerative diseases Research Laboratory
WCRC Almazov National Medical Research Centre.

Tom Ne1 | 1 | 2021 117



I I . POCCUINCKIIA YKYPHAI MEPCOHATN3NPOBAHHOW MEOULINHbI

ISSN 2782-3806
ISSN 2782-3814 (Online)
YOK 612.171.3:615.2

COBPEMEHHDbIE NOAXOAbl K MOUNCKY
NEKAPCTBEHHOW TEPANMUN KANTbLUUN®UKALAWN
AOPTAJIbHOI'O KJ1IAMAHA

lnwkosa A. A.13, JTo6oB A. A.23, NokwuH M. M.» 3, Boapckana H. B.% 3,
KauaHoBa O. C.3, Manawu4yeBa A. B.»'%3

lPepepanbHoe rocynapcTBEHHOE OOMKETHOE yUpexaeHne «HaunoHanbHbIN
MeOULNHCKNIA nccrenoBaTenbCKkuil LLeHTp nMmeHn B. A. AnmasoBa» MuHucTtepcTBa
3ppaBooxpaHeHusa Poccuiickonn ®epepaunmn, CaHkT-MeTepbypr, Poccus
2PepepanbHoe rocygapCTBEHHOE BIOOMKETHOE YUpPEAEHME HAaYKN NHCTUTYT
untonorum Poccuinckon akagemun HayK, CaHkT-INeTepbypr, Poccus

SHay4HbIll LeHTP MUPOBOIO YPOBHA «LleHTp nepcoHannsnpoBaHHON MeaVLIHbI»,
CankTt-leTepbypr, Poccus

KoHTakTHasa nHpopmauusn:

LUnwxkoBa AHacTacua AneKkceeBHa,
drey «HMUL, nm. B. A. AnmasoBa»
MwuH3ppaBa Poccun,

yn. AkkypaToBa, a. 2, CaHkT-lNeTepbypr,
Poccun, 197341.

E-mail: anastasiia.shishkova@gmail.com

CraTbfi NocTynuia B pefaKLuio
17.09.2021 v npuHATa K NevaTn
29.10.2021.

PE3IOME

Campblii pacTipOCTPAaHEHHBIN KJIAMaHHBIA OPOK HA CETOMHSIIHUMN EHbh — AOPTAIbHBIN CTe-
HO3. Ha cerogHsmHuil AeHp HE CyIIECTBYET JIEKAPCTBEHHOH Tepamuy, CIIOCOOHOW OCTaHO-
BUTH TPOTPECCHPOBAHNE KAIBIU(UKAIIUN aOPTATHHOTO KIIalaHa, TOdTOMY €IWHCTBEHHBIM
paJvKaIbHBIM METOJIOM JICUSHHSI OCTACTCsI XUPYpPriUuecKoe BMEIIaTeNbCcTBO. B maHHOM 0030-
pe OCBEIIATCS COBPEMEHHBIE MOIXO/IbI K TIOUCKY WHTHOUTOPOB KaIbIU(DUKALIUHU, BKITFOYAsI
MYJIETUOMUKCHBINA TTOJIXO, JOCTUAKEHUS TPOTEOMUKH, TEHOMUKH U TPAHCKPUIITOMUKH. Takxke
MEPCIIEKTUBHBIM TPEACTABISETCS TOUCK IIyTEM MAITMHHOTO O0YYEeHHS TEX MOJIEKYJI, KOTOPBIE
CIIOCOOHBI HOPMaJIM30BBIBATh TEHOM MTOPAKEHHBIX KIETOK.

KuroueBble ci10Ba: aopTanbHbI CTEHO3, KalbIM(UKALKS a0pTaLHOTO KianaHa, MeTadoJio-
Muka, MUKpoPHK, oMUKCHBIN 1TOaX0A, TPOTEOMUKA, TPAHCKPUIITOMUKA.

Jna yumuposanus: luwxoea A.A., Jlobos A.A., Joxwun [1.M. u op. Cogpemertvle nooxo-
Obl K NOUCKY JIeKAPCMBEHHOU mepanuu Karbyudurayuy aopmanbrhozo kianana. Poccutickuil
JHCYPHAT NEPCOHANUUPOBAHHOU Meduyunbl. 2021,;1(1):118-135.
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CMUNCOK COKPALLEHWN:

AC — aopTaybHBIN CTEHO3,
nATI® — aHrHOTCH3UHITPEBPALIAIOIINI (DEPMEHT.

BBEAEHUE

3a moclieHUE HECKOIBKO NECATHIICTHH B CTPYK-
Type KJIAMaHHBIX IOPOKOB CEpilla IPOU3OIUIH CY-
IIECTBEHHBIE U3MEHEHM S, KOTOPhIE XapaKTepU3YIOTCS
YMEHBIIIEHUEM YaCTOThI IOPOKOB CEpIla peBMaTHYe-
CKOH ATHOJOTMU U yBEIWYECHUEM PACIPOCTPAHECHHO-
CTU CKJICPOACTCHCPATUBHBIX HOpa)KeHI/II\/'I KJIaIIaHOB.
YBenuueHne MpooKUTEIHPHOCTH KIU3HN HACEIICHUS
W COBEPIICHCTBOBAHUE MEIHUIIMHCKUX TEXHOJIOTHH
MPUBEJIO K TOMY, YTO CaMbIM PacCIpOCTPAHEHHBIM
KJIAlIaHHBIM TIOPOKOM CEpJilla Ha CETOAHSIIIHHUI JIE€Hb
npusHaH aopTanbHbid cTeHo3 (AC). YacToTra 0OHapy-
skenust AC cpenu Juil B Bo3pacTe 65 JIET cocTaBJIsieT
okoJio 25 %, a moclie AOCTHXKEHHSI Bo3pacTa 75 JeT
yBenuuuBaetcs a0 48 %, XOTa cpeau Juil B BO3pac-
Te 70 65 neT oHa cocrtapiseT aumb 4—5 % [1]. Ha ce-
FONHAIIHUNA JIEHb HE CYIIECTBYET JI€KapCTBEHHOU
Tepamnuu, CHOCOOHOW OCTAaHOBHTH IPOIPECCHPOBA-
HHUE AOPTAJIBbHOTO CTEHO3a, MOATOMY EIMHCTBEHHBIM
paauKalbHBIM METOJOM OCTAaeTCS MPOTE3UPOBAHUE
aoptaibHOro kjamaHa. OMHAKO C Y4eTOM IPOJOIIKHU-
TETBHOCTH JKU3HHM HACEJIEHUS, COIMPOBOXKIAOIIEHCS
€XKErOJJHBIM POCTOM YHCIIA ITAIIMEHTOB C JICTeHePaTUB-
HBIM A0pPTaJIbHBIM CTEHO30M, OYEBUIHON CTAHOBUT-
cAa HCO6XOI[I/IMOCTB AKTHBHOI'O IIOMCKa IIOTCHIIHMAJIb-
HBIM MUIIEHEH IS TepaneBTUYECKOr0 BO3JCHCTBUSA
Ha MPOIECCH KATBIIU(PHKAIIUN a0pTAIBHOTO KJIanaHa.
JlaHHBII 0030p TOCBSIIEH COBPEMEHHOMY COCTOSTHUIO
WCCTICIOBAHM, HATTPABICHHBIX HA TIOUCK JICKAPCTBEH-
HOM Tepanuu KaJiblH()UKAIIMU a0PTaJbHOIO KjlalaHa,
BKJTIOYAsi MYJIBTHOMHUKCHBIN TIOAXOMA, IOCTHIKEHUS
MIPOTEOMUKH, TEHOMUKHU W TPAHCKPUNTOMHKHU. Takoii
MOJIXO/I TO3BOJISICT, BO-MEPBBIX, 00J€E€ KOMILIEKCHO
B3MISIHYTh Ha IPOOJIEMY, BO-BTOPBIX, BBISIBUTH KJIFOYE-
BbIe MOMEHTEHI B Iporecce Kaabln(uKauy Kiamana,
YTO HEOOXOJUMO IS TIONCKA U TECTHUPOBAHUS XHMHU-
YECKUX HHTHOUTOPOB KaJIbITU(PUKAIIUH.

MAKPO- N MUKPOCTPYKTYPA
AOPTAJIbHOI'O KJ1IAMAHA

1.1 TpexcTBOpPYATHI a0pPTAIbHBIN KJIANAH

AopTanbHBIN KJIAMAH SIBJISECTCS YaCThIO KOPHS a0p-
Tel. Hambomnee dacTo aopTanbHBIA KJIaTaH COCTOUT
13 TpeX CTBOPOK (HA3BIBAIOTCSA B 3aBUCHMOCTH OT X
pacrmoyioKeHUs1): JieBas TONYyJyHHass (KOpOHapHas)
CTBOpKa, TIpaBasi MoJyJyHHasi (KOpOHApHAas) CTBOPKa
1 3a7Hss (HEeKOpoHapHas) CTBOPKa a0pTAJIBHOTO KJla-

naHa [2, 3]. CTBOpPKHM NpeAcTaBiIAIOT coO0i TOHKHE
(< 1 mm), rubkue, aBacKyJIsIpHBIE CTPYKTYPBI, COCTO-
SIIITAE U3 TPEX CIIOEB: XKEITYIOUKOBOTO (ventricularis),
aopTaNBHOTO (fibrosa) W CIOHTHO3ZHOTO (spongiosa)
[4]. C aopTanpHOU U KENTyAOUKOBOH CTOPOH CTBOPKHU
MOKPBITHI MOHOCJIOEM 3HI0TENHATBHBIX KJIETOK. BbLI0
JI0OKa3aHo, 9TO AHAOTEIHATIbHbIE KJIETKH aopTaJbHO-
ro KjalaHa OTIMYAIOTCS OT 3HIOTEIHAJIbHBIX Kile-
TOK, BBICTUJIAIOIIUX apTEPUH M BEHBI, 10 CIIOCOOHO-
CTH pearupoBaTh Ha U3MEHEHUS TeMOJUHAMHUKH, YTO
MOATBEPKIAACT UX YHHUKAIbHYIO Mopdomoruto [4, 5].
CHOHTHO3HBIA CIOU (Spongiosa) COOSPKUT OOJBIIOE
KOJINYECTBO IJIMKO3aMHUHIJIMKAHOB W MPOTEOTNIHMKa-
HOB. MexX/1y BCEMHU BHEKJIETOUYHBIMH KOMIOHEHTAMH
B TpeX CIOSAX HAXONATCS MHTEPCTUIUATBHBIC KIETKH
kianana. VIC HeoOXoauMBbl IS oiepkanus QyHK-
UM KJIallaHa ¥ TOMEOCTa3a MOCPEICTBOM Ipoiude-
paluy, CEKpeUnH MaTPUKCHBIX METaJJIONPOTEHHA3
M KOMIIOHEHTOB SKCTPAlEJIIONSIPHOTO MaTpHKCA.
VIC — 370 rereporeHHas rpyrnna KJIeTOK ¢ yHUKAJIb-
HBIMM XapaKTepUCTHUKaMU. B aopTaibHbIX KianaHax
B3pocubIX Jroaed VIC npenMyiiecTBEHHO IpeacTaB-
neHsl ¢ubpodiacTaMu («MOJYAIIMMH KJIETKaMu»),
TOJIBKO 2—5 % MHTEPCTUIMATIBHBIX KJIETOK HAXOAATCS
B aKTHBHPOBAHHOM COCTOSIHUU B HOpMe. VX penoTumn
B HOPME MEHSIETCS C BO3PACTOM U IIPU U3MEHEHHUH yC-
JIOBUH OKpY’Kalolled cpelbl (HampuMmep, BHE3AIHOE
M3MEHEHHE apTepuanbHoro nasnenus) [5]. Marepctu-
[[MaJIbHbIE KJIETKHW aopTajbHOrO KJIallaHa — OCHOBA
naToJiornyeckoi auddepeHIupoBKy 1100 B 0CTE00-
JIACTOMOMOOHBIE KIIETKH, JTHOO B MHUOPUOPOOIACTHI.
BsaumopelicTBUe KJIETOK MEXIy cO0OW MrpaeT 3Ha-
YUTENBHYIO POJb B ompenesicHuu nuddepeHnnpos-
KM KJIETOK. DHJIOTENNAIbHbIE U WHTEPCTUIHAIBHEIC
KJICTKU JOJDKHBI B3aUMOICHCTBOBATH MEXAY COOOM
U151 oOecriedeHns MPaBUIIbLHOTO Pa3BUTHSI U TOMEOC-
Ta3a B kianade. CkliaJpiBaeTcs BlieyaTIeHUE, YTO Ha-
pYILIEHHE 3TOr0 B3aUMOJCHCTBHSI MOKET CIOCOOCTBO-
BaTh Pa3BUTHIO MATOJIOTUHU KianaHa. [lo-Buammomy,
B TPaBWJIBbHOM (PYHKIIMOHMPOBAHHHM COOOIIECTBA
3TUX KJIETOK JISKUT MEXaHU3M MOAJCPKAHMS LEIOCT-
HOTO COCTOSIHMSI aOpTaJIbHOTO KiamaHa. HapyiieHnue
OayiaHca MEXAYy ITHUMH KJIETKaMHU MOXKET, MO-BUJIH-
MOMY, IPUBOJUTH K HAPYLIEHUAM AP PEepeHIUPOBKH
¥ U3MEHEHUSIM KJIallaHa, B YACTHOCTH K KaJbIU(HKa-
uuu [6, 7].

1.2 /IBycTBOpYAThIii a0pTAJBHBIH KJIaNaH

JIByCTBOpUYaThIii aOpTaNbHBIM KJIAllaH SIBISETCS
LIIMPOKO PACHPOCTPAHEHHBIM BAPUAHTOM Pa3BUTHS
KJIamaHa, KOTOpbIN BcTpeuaetrcs y 2 % HaceneHus
C COOTHOIIIEHHEM MEXAY MY>KUMHAMHU U KEHITUHAMU
4:1 [8, 9]. Mopdomornuecku TByCTBOPUATHIN a0pTaIb-
HBIH KJIAIlaH [PEJICTaBIISIeT COOOW 2 CTBOPKHU, KOTOPBIS
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MOT'YT OBITh KaK OJMHAKOBOI0, TAK U HEPABHOI'O pas3-
Mepa (pazHULAa MOXKET JocTurarh 1,5-2 pas). Y aun
C JBYCTBOpYATBIM aOpTajbHBIM KJIallaHOM MaHHU{]e-
CTaIMs A0PTAJIBFHOI'O CTEHO3a, KaK MPABUJIO, IPOUCXO-
nuT Ha 20 5eT paHbliie, 4YeM Y JII0JIeld ¢ TpexcTBopya-
THIM KJIalaHoM, U K 45 romam Oosiee MOJOBHHBI JIMIL
C JIBYCTBOPYATHIM KJIAIAHOM HMEIOT BBIPAKEHHBIN
a0pTaJIbHBIN CTEHO3.

MOJIEKYNNAPHDbIE N KNTETOYHbIE
MEXAHWU3Mbl PA3BUTUA AOPTAJIbHOIO
CTEHO3A

OcHoBHOU prarHON pa3BuTHs AC ocTaeTcs Kab-
HuUKAUs UCXOIAHO HOPMAJIBHOI'O TPEXCTBOPYATOrO
WM BPOXKICHHOTO JIBYyXCTBOPYATOI'O a0pPTaJIbHOTO
kinamana. Pannee ¢gopmupoBanue AC paccmarpuBa-
JIOCh KaK MACCUBHBIN JIEr€HEPATUBHBIN MPOLECC B pe-
3yJIBTaT€ MEXaHUYECKOTr0 U3HOCA CTBOPOK Ha LIECTOM
U CEIbMOM JeCATKaX JKM3HH WM KaK aTepocKIIepo-
TUYECKUI Mpolecc, yUYUThIBasi CBA3b C TPaJULIHOH-
HbIMH (DaKTOpaMu pUCKa, TAKUMH KaK apTepHaibHast
TUIEPTEH3MS], caXapHblil AuMabeT, KypeHue, MOBbIIle-
Hue ypoBHs xonectepuna [10, 11]. OnHako nonsITKU
WCTIOJIb30BaTh CTAHAAPTHBIC MTOAXObI, HAIIPABIICHHBIE
Ha MOJIaBJIEHHE MPOLIECCOB aTeporeHe3a, He MPUBENH
K CAEPKUBAHUIO TEMITOB nporpeccupoBanust AC.

B npouecce popmupoBaHus a0pTaIbHOTO CTEHO3a
MNPUHATO BBLACIATH 3 cTaguu: mepBas oO0ycioBieHa
BOCTIAJIUTEIILHBIMA M3MEHEHUSIMH B KJalaHe, BTO-
pasi — pazButueM GpuOpo3a, TpeThsi — GpopMUpoBa-
HUEM KaJIbIIMHO3a a0pTaIbHOrO KianaHa. B cBoro oue-
pelb B Ipolecce pa3BUTHS KaJblIMHO3a a0pTajIbHOIO
KJIaraHa TPUHSTO TaK)Ke BBIICISTH HECKOJIBKO CTa-
JU: aOpTaJbHBIM CKIIEpO3 (CTaaAus JIETKOW KajbIlH-
(pmKamnum) — yIIoTHEHUE U YTONIIEHHUE CTBOPOK KJla-
[1aHa C JIOKAJIbHBIMH y4acTKaMM Kajabluukanuu, 6e3
CIIMSIHUSI KOMMUCCYD U 0€3 BBIPaKeHHOW OOCTPYKIHNH
BBIXOAHOTO OTZEJa JIEBOIO JKeJlyAouka. B nanmpHei-
IIeM aopTalbHBIA CKJIEPO3 MOXKET MEPEXOIUTh B CTa-
JUI0 YMEPEHHOH Kayiblu(UKauy 1, HAaKOHell, B Tpe-
TBIO CTAJUI0 — TSDKEIYIO KalbLU(PHUKALNIO CTBOPOK,
COIMPOBOXKAAIONIYIOCS 00CTPYKIMEH BBIXOIHOTO OT/C-
Jia JIeBoro kemymouka [12, 13].

B Hacrosiee BpeMsi JOKa3aHO, YTO KalblU(pUKa-
Lus aOpTaJbHOrO KialaHa — AaKTUBHBIA IpoOIEcC,
MOJICKYJISIPHO-KJIETOYHBIE MEXaHU3MBbI KOTOPOI'O Clia-
OornoHsiTHBI [14]. BpUIO MOKa3aHO, YTO B Ipolecce
KaJIbIU(PHUKAUN YIaCTBYIOT PEryJIsiTOpbl Kajdbludu-
KallMU U occuUKauy, TAKHe KaK OCTEOIIOHTHH, OCTe-
OHEKTHH, OCTCOKAIBIINH U KOCTHBIN 0etok BMP (bone
morphogenetic protein). OcTeONpPOTErepruH U €ro Ju-
rauj (RANKL — receptor activated of nuclear factor-
kB ligand) Tax)e y4acTBYIOT B KaJbIIU(PHUKALINN KJa-
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mana. CurnansHas nenb RANK — RANKL — OPG
(osteoprotegerin) HaXoaUTCs TOA KOHTpojem RUNX2,
KOTOPBI HAXOAWTCS TOI KOHTPOJEM CHUTHAJIHHOTO
nytu Notch [14-24]. Crektp NeHCTBUS CUTHAIBHOTO
nytu Notch 3arparuBaer O0JIBIIOE KOJIUYECTBO pas3-
JINYHBIX TCHOB, CPEIIU KOTOPBIX I'€HbI, OTBETCTBEHHBIC
3a nuddepeHupoBky u nponudepamuio. M3pecTHo,
yto myTauus rena NOTCHI cBs3aHa ¢ KaJlbLIMHO30M
a0OpTaJIbHOTO KJamaHa. BaXHbIM SBISIETCS TO, 4TO
B pe3yJbTarax JIOKJIWHUYECKUX HCCIICIOBAHUI OBLIO
MOKa3aHo, 4TO Clenu(uuecKkoe OJOKUPOBAHUE CHUT-
HasbpHOTO Ty TH Notch 3HaYmMO TIoIaBIIsSIeT KaabIiudu-
KalMI0 COCYJIa U aopTaJIbHOro Kiamnana [25-29]. [loka-
3aHo, 4yTo B HOpMe NOTCH! uHrubupyeT akTHUBALHIO
Runx2, Onokupyst TeM caMbIM OTJIOKCHHS KaJbIUs
Ha kjamaHe. Myrtamuu B rene NOTCHI mipuBOAsT
K akTuBanuu (aepernpeccnn) RUNX2, mpuBOIsS TaKUM
obpazoM Kk audQdepeHINPOBKE WHTEPCTUIIUATBHBIX
KJIETOK B ocTteobmacTsl [30-32].

AOpTaJIBHBIA CTEHO3 — KOMILJIEKCHOE, MHOTO(aK-
TopHOe 3a0oneBanue [33]. Cpenn KOMIIOHEHTOB, BITHSI-
IONIUX Ha Pa3BUTHE aOPTAJIBHOTO CTEHO3a, HAXOISATCS
cienyromue (HakTopel: PEHUH-aHTHOTCH3HH-aJbI0-
CTEpPOHOBAS CUCTEMA, BIIMSIHUE CUMIIATUYCCKON HEPB-
HOU cucTeMbl [34], HaKOIIJICHNE JTUITH0B, OCTEOTEeHE3,
MHuO(MUOpOreHe3, ONOCHHTE3 U arperamnus BHEKJICTOY-
HBIX BE3HKYJI, aKTUBAIUs TPOMOOIIUTOB, OCTEOXOH-
nporenes [35], KIeTOUHOE CTapeHue, Ne30praHu3aius
MEKXKJIETOYHOTO MaTpUKCa METaJIIONPOTECHHA3aMH,
BOCIIAJINTENIbHBIE AJIeMEHTH (Makpodaru, T-mumdo-
IUTHI, TYYHBIE KIETKHM U MOJICKYJIBI, XapaKTepHBIC
JUIS THIIMYHOI'O BOCIajcHMs, Takue kak 1L-2, HLA-
DR, TNF alpha) [36—40], saoTenuanbHas JUCyHK-
1M, HapylieHue mnporeccunra gocdaros [26, 27, 33].
Ha ceropusimHuil neHb OpU pa3BUTUHM y NHAlUEHTa
TSDKEJIOT0 aOpPTAJBHOTO CTEHO3a €UHCTBEHHBIM Me-
TOJIOM JICYCHHUS OCTAETCs JINOO MPOTE3UPOBAHUE A0P-
TaJBHOTO KJanaHa, JIM0O TpaHCKaTeTepHasi UMILIaH-
Tanusi aOpTalbHOTO KiamaHa. J[aHHBIE omepaTUBHBIE
BMEIIATEIhCTBA COIPSKEHBI C BBICOKMM PHUCKOM OC-
JIOXKHEHUH, TEXHUYECKUMU HIOAHCaMH, 0OJee TOTo,
B HAllIeW CTPaHE WX BBIMOJHECHUE BO3MOXKHO TOJIBKO
B KPYIHBIX CIELUHUAIN3MPOBAHHBIX KapIHUOIEHTPaX.
Bricokas cTOUMOCTH JaHHBIX XUPYPrUYeCKUX BMeIIa-
TEIBCTB, OE3YCIIOBHO, SIBISETCS OpEeMEHEM CHCTEMBI
3[paBOOXpPAHCHUS. YUHUTHIBas TCHJCHIUIO K CTape-
HUIO MOMYJISIUUA U YBEJIUYCHUE KOJIMUECTBA Mal[UCH-
TOB CO CKJIEPOJIET€HEPATHBHBIM A0PTAIbHBIM CTEHO-
30M OUEBHJHA OCTPas HEOOXOIUMOCTh B XUMHYECKOM
TOPMOKEHUHU TIPOIECCOB KalbIU(DUKAIIUU, KOTOpas
MO3BOJIUT M30EXKATh WU OTCPOYUTH XHPYPrUYECKOE
BMemaTensCcTBO. OTCYTCTBHE JICKAPCTBEHHOH Tepa-
MW BO MHOTOM OOYCJIOBJICHO IpoOJieMaMu B H3yde-
HUY TIaTOTeHe3a JJAHHOTO 3a00JIeBaHMUs.
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TEPANEBTUYECKUE MULLUEHWU

1.3. Cratunsl

CymecTByeT 0OJBIITOE KOJTUUECTBO UCCICIOBAHUM,
MOCBSALICHHBIX BIMSHUIO CTATHHOB Ha PAa3BUTHE aop-
TaJBHOr0 CTeHO03a. [loka3aHo, 4TO B CTEHO3UPOBAHHOM
KJIalaHe MPUCYTCTBYIOT OKMCIEHHBIE JIUTTONPOTEHHBI,
ano A, ano B u ano E nunonporennsl, Mmakpodaru,
T-mumbonnTH, TEHHUCTHIE KJIETKH, (DakTOpsl pocTa
1 IPOBOCHAINTEIbHbIC IUTOKUHBI, KOTOPBIC YUacTBY-
10T B MHUIIMAIIMY IATOJIOrNYECKOro npouecca. Bmecre
C TE€M XOpOILIO M3BECTHHI HE TOJBKO TMIIOJIMIINAEMHU-
YECKHME CBOMCTBA CTaTUHOB, HO M UX INICHOTPOIIHBIE
addexTor [41].

OpHako OOHO U3 KPYNHEHIIMX HCCIEIOBAHUM,
SEAS (Simvastatin and Ezetimib in Aortic Stenosis),
HE TIOATBEPIUIIO CIIOCOOHOCTh CTaTHHOB CAECPKUBATH
nporpeccuio AC. B otuere mo manHOMY HccienoBa-
Huro, onmyonukoBaHHoMy 21 wmioms 2008 roma, vet-
KO HalMCaHO, YTO HET PA3IW4YUi HU MO NEPBUYHOU
(cMepTh, IPOTE3UPOBaHUE AOPTAJIBHOTO KJIalaHa, Jie-
KOMIIEHCAIIMS] XPOHUYECKON CcepAeyHON HeJI0CTaTod-
HOCTH, MHCYJBT, HWH()APKT MHOKApAa U HECTAOMITbHAS
CTEHOKapAHsl), HU 110 BTOPHYHBIM (IPOr'PECCUPOBAHHE
CTeHo3a, oueHeHHoe 1o DxoKI[-kputepusm) Toukam
3(GPEKTUBHOCTH MEXKAY TpyIIamMu, MPHHUMAaBIITUMH
JIeKapCTBEHHBIC TIpenapatsl U mianedo [42, 43]. beun
IIPOBEICHBI HEOOJIBLINE PETPOCIEKTUBHBIE HMCCIENO-
BaHHs, OLICHUBAIOIINE CBSI3b MKy IpueMoM Oudoc-
(oHATOB W 3aMeAJICHHMEM MPOrPECCHPOBAHHS aop-
TajbHOrO cTeHo3a. OfHaKo JanbHEHIIHe JeTajJbHbIe
HCCJICIOBAHUSI HE BBIABMJIN IOJIOXKUTEIBHOTO BIIUS-
HUS IIpenapaToB Ha TEMII IporpeccupoBanus [44, 45].

1.4. Uurnontopsl RANK/RANKL

WHTepcTUnina bHble KIETKH A0PTAIBHOTO KiTaraHa
mudhepeHIpyTCS B 0CTE00IaCTOMONOOHbBIE KIIET-
KM TIOCPEACTBOM AaKTHUBAaLUU PELENnTOpa SACPHOro
(hakTopa kamnma-63Ta (RANK — receptor activator of
nuclear factor kappa-B). B xone ocreobnactHol nud-
(bepeHIUPOBKU TOCTOBEPHO IIOBBILIAIOTCA: IIEJIOU-
Hast (ocdaraza, OCTCONOHTHH, METAJIONPOTECHHA3DI,
Runx2 u xoctHbI# 6emok BMP (bone morphogenetic
protein). RANKL — 310 TpancMeMOpaHHBIH TIIHKO-
MPOTEUH, IIUTOKUH ceMelcTBa (hakTopa HEKPO3a OImy-
XOJIed, TMPONYIUPYEMbII KJIETKaMH OCTEe00JacTHOTO
psiaa U aKTUBUPOBAaHHBIMU T-muMmdonuramu, KOTO-
pHIi, cBsA3bIBadAchk ¢ perentopom RANK, nmogaeT cur-
HaJ JU1st T GepeHIIUPOBKU KIIETOK-TTPeIIIeCTBEHHU-
KOB U CO3PEBaHUS OCTEOKJIACTOB.

OcTteonpoTerepul Tak)Xe OTHOCHTCA K LIUTOKH-
HaM CyrmepceMeiicTBa QaxTopa HEKpo3a OIyXoJe
U IpoaylLupyercsi octeobnactamu. byayuun penenro-
poMm k RANKL, oH OJOKHpYET €ro B3aMMOJICHCTBUE

¢ cobctBeHHbIM penentopoMm RANK, mpensrcTBys
octeoksiactorenesy. RANKL B TkaHsIX aopTaiabHOTO
KJIamaHa crocoOcTByeT mepexony MuoduopodIacToB
B ocTeobnacTsl. JleHocymMad — 4eJIoBeuecKOoe MOHO-
kioHanbHOe aHTuTeno (IgG2), co3manHoe ans CBs-
3piBaHus perentopa RANKL (s mpenoTBpatieHus
coenmHeruss RANKL ¢ RANK), Tem camMbIiM ©UMUTH-
pys ¢ dext octeonporerepuna. [leHocymad MCTIONb-
3yeTcs B JIEUEHUH OCTEONOpPO3a, MHOKECTBEHHONW MU-
€JOMBl M JPYTHX COCTOSHUH, COMPOBOKIAOIINXCS
pe3opbmueit kocTHO#M TkaHu. Ha cerogusmauii n1eHb
HE 3aBEPILEHO UCCIICIOBAHNE, LIEJIb KOTOPOI'O OLEHUTD
3¢ (GeKTHBHOCTH MpHeMa AEHOCYyMada C IETbI TOPMO-
xenus nporpeccupoBanust AC (SALTIRE II). Onnako
OIyOJIMKOBAHBI PE3YJIbTaThl HMCCICAOBAHMS, BBIIOJ-
HEHHOT'O Ha CBUHBIX HHTEPCTHIIMAIBHBIX KJIETKAX, T7IC
MOKa3aHo, YTO JIEHOCYMal CIIoco0eH YaCTUIHO OJIOKH-
poBath KanblupuKanuio [46].

1.5. Uurudurtopsl
aHTHOTEeH3UHIpeBpaniamoiero ¢pepmenta

Cy1miecTByeT HECKOJIBKO PadOoT, B KOTOPBIX H3y4Yaln
BIIMSTHIE HHTHOUTOPOB aHT'MOTEH3UHITPEBPAIIIAFOIIETO
(dhepmenta (MATID) Ha mpoIeCC CTEHO3UPOBAHUS, TaK
Kak jokazano, 9to AIID, anruorensun Il u perenrto-
pol I Tuna anruorensuHa Il mpucyTCTBYIOT B KaJbLU-
(GUIMpOBaHHBIX CTBOpKaX. AHrHoTeH3uH I moteHnu-
HpYyeT BOCIHAJICHUE, aKKYMYJSAIHUIO JTUMOMPOTCUHOB,
OKCUJATUBHBIA CTPECC U CTUMYIHPYET IKCIIPECCHUIO
¢hubpodITacTaMu JTUTIONPOTEHH-CBS3BIBAIONITNE TTPOTE-
OTJIMKAaHbI ¥ OWTITMKaHbL. Perienrropsl anrnoTen3uHa 1
uMeroTcs Ha (ubpobdIacTax CTEHO3MPOBAHHOTO Kia-
nana. Penenrtops! [ Tuna anruorensuna II, noctossHao
9KCIIPECCUPYIOMNECS TJIaIKOMBIIICTHBIC KJIETKH, TI0-
SABJISIOTCA HAa WHTEPCTUIMATBHBIX KJIETKaX KjaraHa
TOJIBKO ITPU HAUYWHAOMIEMCS CTCHO3UPOBAHHUH. TaKkum
00pa3oM, 10 TOr0 MOMEHTA, KOTJa KJIEeTKH HaYMHAIOT
3KcrIpeccupoBath perentopsl I Tuna anruorensuna I,
KJanaH 3al[MIIeH OT BO3JACHCTBUS aHTMOTeH3uHa II.
Hcxons m3 TOro, 4TO M3BECTHHI IMPOBOCIIANIUTEIbHBIC
u npodubporeHHsle 4epTsl aHruoteHsuHa I, Obum
MPEANPUHSATHl TONBITKH OJOKHPOBAHUS Ipollecca
creHosupoBanus mpuemMoM HAIID. [lokazaHo, d9TO
HAIID o6mamaroT aHTUMIPOTUPEPATUBHBIM TEHCTBU-
eM (YMEHBIIAIOT TUIEPTPOPHIO CTEHOK COCY/IOB U MH-
okapja u npoyindeparuio BHEKICTOYHOTO MaTPUKCa),
YIYYIIAIOT HIOTETHANBHY0 QYHKIUIO (YCHIMBAIOT
BEIpab0TKy NO), TOpMO3AT MPOTPECCUPOBAHUE aTe-
pockiepo3a (Tak Kak OJOKHpPYIOT oOpa3oBaHUE aH-
THOTCH3WHA U MPUBOJISAT K TMOBHIIIICHUIO YPOBHS Opa-
nukuauHa U NO, 4TO, B CBOIO OYEpeab, MPUBOIUT
K TIO/IaBJICHUI0O MUI'PALIMKM ¥ TPOITU(EpPaLUH TII1aJIKO-
MBIIIEYHBIX KJIETOK COCY/OB, TaKCHCa W aKTHBAIlUU
BOCHAJIUTENBHBIX KJIETOK, CHUIKCHHUIO OKHCIHTEINb-
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HOTO CTpecca W YIYUYIICHHIO SHI0TEeIHATbHON (yHK-
nun). PeTpocnekTuBHBIN aHaTu3 mokasant, yto nAIID
HECKOJIBKO 3aMEJISTIOT OTJIOKECHUS KaJIBIUS HA CTBOP-
KaX, HO HE MPEAYNPEKAAIOT IPOTPECCHPOBAHUE CTE-
HO3a. JIoCTaTOYHO CIIOKHO JI0Ka3aTh BIUsSHUEC HATID
Ha MpoLEeCC CTEHO3UPOBAHUS, TaK Kak UATID u3zmeHsi-
IOT BHYTPUCEPACUHYIO TEMOJJUHAMUKY, UTO, BEPOSITHO,
MacKHUpYyeT Bce ocTalibHbIe 3 (eKThl mpenaparos [47].

1.6. Buramun K

Ha cerogusimHuil IeHp M3y4arOT TaKXKe BIHSHHE
ButamuHa K Ha niporiecc kanbiudukanuu aOpTaabHO-
ro kinanasHa. Butamun K — >xupopacTBOpUMBIil BU-
TaMUWH, CymecTByeT B 2 ¢popmax: ButamuH K1 (-
JIOXWHOH) 1 BUTaMuH K2 (MeHaxmHOH). Butamun K2
BOBJICYCH B IPOIECCHl MHTUOUPOBAHUS apTEpPHAIIb-
HOW KajblU(pUKAIIUK 4Yepe3 IMOIJCPIKAHUE IPOIIEC-
coB KapOokcmimpoBanusi marpukcHoro Gla-mpore-
nHa. [Iporecc xapOOKCHIUpPOBaHUS HEOOXOMUM IS
MOJIJICP’KAHUS ONTUMAJIBHOTO TIOTJIOIIEHUS KaJbIUs
KJIeTKOH. M3BecTHO, YTO sl ONTHMAaJIBHOW PabOThI
U MOCTTPAHCIISIIIUOHHOTO KapOOKCHJIMPOBAHHUS Ma-
TpukcHoro Gla-mpoTrenna TpedyeTcs JOCTaTOYHOE KO-
nuyectBo BuTaMuHa K. Takum oOpaszom, ObLIO ciemna-
HO TPEATONOKECHHE, YTO JIOCTATOYHOE MOTpeOsIeHHe
BuTamMuHa K MOKeT mpensTcTBOBaTh IPOrpeccupoBa-
HUIO a0PTAIBHOTO CTEHO3a. B eIMHCTBEHHOM HEOOIb-
IIOM PaHIAOMHU3UPOBAHHOM HCCIEOBAHNH (T'pyIIma
38 denoBek) OBLIO MOKA3aHO, YTO MPHEM BHTaMHUHA
K cnocoben 3amennuth nporpeccupoBanue AC. Ogn-
HaKO y4YUThIBasg HeOousboi nepuoy HadmoaeHus (1
ro1), HeOOIBITY IO TPYTITY MAIMEHTOB, OYEBUTHO, YTO
He0oOX0oMMO JajbHelee, 6oee riry0okoe H3yYeHne
naHHOTO (pakTa [48].

YuuThIBasT MHOTOKOMIIOHEHTHOCTH COCTaBJISIFO-
IUX MMaTOreHe3a Pa3BUTHS a0PTAIbLHOIO CTEHO3a, JIJIs
TOPMOKEHUS TIPOIECCOB KANBIIM(PUKAIIUN W3Yy4YaUCh
u uAll®D, u cratunbl, 1 BuTamuH K, u 6uchocoHaTsl,
u 1p. OgHako 1160 OOJIBIIUHCTBO IIPENapaToB HE JI0-
Ka3aJio CBOCH 3(P(PEKTUBHOCTH B CACPKUBAHUU TEM-
TIOB Pa3BUTHS a0PTAJIBHOTO CTEHO3a, TU00 TpedyeTcs
JajbpHelIee u3y4eHne rnpemnapara ¢ 0oJbIei BEIOOp-
KOH MalMeHTOB U MPOCIICKTUBHBIM HAOIOJICHUEM.

NMEPCNEKTUBbI N3YYEHWNA NMPOLIECCA
KANbUW®UKALMA 1 MOUCKA HOBON
MWULWIEHWN TEPANUN

Ha ceronnsiinuii 1eHb OUEHb AKTUBHO BEAYTCS T10-
HUCKU MUILIEHH, BO3JEHCTBUE HA KOTOPYIO CMOXKET UH-
rUOUpOBaTh WM 3aMeIATh Kanbludukanuoo. EcTb
MPEIOJIOKEHHUE, UTO Y JKEHIIUH U MYKUYMH KaJblLIU-
¢ukamnus AT pasHbIMU MEXaHH3MaMHu. Y MYKYUH
MHTEPCTHUIIHAJIbHBIC KJIETKH UAYT B ocTteonupdhepeH-
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UPOBKY, a Y KEHIIMH B MHO(PHOpoOIacTHyo aud-
(depeniupoBky [49]. Bo3aMoxkHO, 3TO OOBSICHUT (-
(heKTHBHOCTH pa3HbIX MPENapaToB IS CIEPKUBAHUS
nporecca KaabIu(pUKAIIHH.

Pa3HpiME 1a00paTOPUSIMU BBITIOJIHEHO MHOXKECTBO
UCCIIeIOBAaHUH W DKCIIEPUMEHTOB Ha KYJbTypax HWH-
TEPCTUIHATBHBIX U SHJIOTEIHAIILHBIX KJIETKaX KJara-
Ha 4YeJIOBeKa, CBUHBH, OBIIBI, KPBICHI U MBIIIH. besyc-
JIOBHO, JJIsi TOYHOH BepH(UKALMK MpEeArnoYTUTEIbHA
paboTa UMEHHO C YEIOBEYECKUMH KJIETKAMH, OJHAKO
9TO JaJiek0 HE BCET/Ia BO3MOXKHO HM3-32 TEXHHYECKHUX
TpyaHOCTEW 3abopa Marepuana W3 OIepaIMuOHHBIX
7 KYJIBTHBUPOBAaHUS JTaHHBIX KIJIETOK. KymbTUBHpO-
BaHHE KJIETOK B TPEXMEPHOM IIPOCTPAHCTBE C BOC-
pOM3BEIcHNEM OMOMEXaHWKH IOBEACHUS KJanaHa
(CUMYJTHPYIOIMMHU TOK KPOBH Ha KIIAlaHe) SBISETCS
CEeTO/IHS MePCIIeKTUBHBIM HAIIPaBIICHUEM.

Panee HeogHOKpaTHO OBIJIO MOKa3aHO, YTO 3HAYU-
MO€ U3MEHEHHUE YPOBHS SKCIPECCHH Psiia TEHOB CHT-
HasbHOrO MyTH Notch M IpyruxX CUTHAJBHBIX MyTeH
B KJIETKaxX OT MAI[MEHTOB C OMKYCIUATBHBIM U TPH-
KyCHUJAJIbHBIM KJIAMIAHOM WTpaeT BaXHYI pOIb
B pa3sBUTUHU aopTaJibHOro cteHosa [22]. OxHako ceil-
yac CTajo MOHATHO, YTO aHaJIW3 yPOBHS SKCIPECCHU
HECKOJIBKUX TE€HOB —ATO JIMIIH TOBEPXHOCTHBIN U OJI-
HOCTOPOHHHUM B3TJIS]] HAa TPOOIEMY.

Ha ceronmusiimHMii JeHb aKTyaJIbHBIM SIBIISETCS
«OMMKCHBII» MOIXO0/] B U3yUEHHH NaToreHe3a KalbIu-
¢dukanuu aopranbHOro KianaHa. « OMUKCHBIMEY TIPH-
HSITO Ha3bIBaTh TEXHOJOTHH, UCTIONB3YIOIIHE METOBI
T€HOMUKH, TPAHCKPUTITOMHUKH, TPOTEOMUKH, METa00-
JIOMHUKH, TO €CTh HayK, KOTOpPBIE U3y4alOT, KaK YCTPO-
€H T'eHOM, KaK peaju3yeTcsl 3aKOAMPOBAHHAS B HEM
nH(pOpManus U KaKk OHa MpeodpasyeTcs B CTPYKTYpPY
OeNKOB M B JabHEUIEM B KaKHe-TO MPHU3HAKU Opra-
HuU3Ma. B oTiimdne oT reHoB U OENIKOB, KOTOPBIE TPe/-
pacmoyioKeHbl K JMUTCHETUYECKUM U IMOCTTpaHCIs-
[IUOHHBIM W3MEHEHUSM, METa0OIUTHI JAIOT UCTHHHOE
MpeACcTaBlIeHNE O KJIeTOYHOW akTuBHOCTH [50]. MeTa-
0OJIOMHBII aHANIW3 MOPAKEHHOTO KJlaraHa MO3BOJISET
MOJYYUTh «MOJIEKYJISIPHYI0» HH(OpMALHIO 0 MeTabo-
JUTaX U METabOINYECKHX IMYTSIX, KOTOPbIE aKTHBHBI
Ha pa3HbIX CTAJIUAX MPOIEcca KalbIIUPHKAIIIH.

OnHako HYKHO MOHHMATbh, YTO BBHISBIIEHUE TOJb-
KO IUPKYIUPYIOMIUX B KPOBH METaOOIUTOB MOXKET
CIIy)XHUTh MapKepoM [UIsl YCTaHOBJICHHUS JHMarHO3a
U BBISIBJICHUS TSDKECTH cTeHo3a. ONUH U3 KaHI1/1aTOB
Ha PoJb Mapkepa 3aboneBanus — nu3odocharugHas
KHUCIIOTa. bhUIO MmoKa3aHo, 4TO YpOBeHb Ju3odocda-
TUJHOH KHCJIOTBI 3HAUYMMO TIOBBIIIEH B CBIBOPOTKE
KPOBH Yy TAIIUCHTOB C OBICTPO mporpeccupyronum AC
B OTJIMYUE OT MAIMEHTOB C MEJICHHO MPOTPECCHPY-
omuM 3a0osneBaHueM. TeM He MeHee K WHTEeTrpaluu
MYJIBTHOMHUKCHBIX JTaHHBIX B aOpTajJbHOM KJallaHe
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CIIeZlyeT MOIXOIUTh C OCTOPOKHOCTBIO B CBSI3U C HU3-
KO MJIOTHOCTBIO KJIETOK KiamnaHa [51].
[lepcrieKTUBHBIM MpPEACTABISAETCS U3YUEHHE POJIU
mukpoPHK B miporiecce kanbuudukaiyy kianasa [52].
MukpoPHK siBisitoTcst peryisitopaMu MHOTHX T€HOB
Ha TpaHcasiuuoHHoM ypoBHe. Kaxnas muxkpoPHK
peryaupyeT MHOKECTBO TpaHCKpUNTOB. EcTh uccre-
JIOBaHUSI, B KOTOPBIX TIOKA3aHO, YTO HHTUOUTOPHI MU-
kpoPHK MoryT momaBisTh KaabIIn(UKAITHIO A0PTAIb-
HOTO KJyaraHa. [ pynmoi# yuensrii Bo riase ¢ T.Tashima
Ob1J10 IOKa3aHo, uTo MUKpoPHK34a moTenuupyer ot-
JIOKEHHE KaJIbLIMS B CTBOPKAaX KJaraHa, BO3/AEHCTBYs
Ha curHabHbIH myTh Notch-Runx2, u yTo uHrHbupo-
BaHue gaHHoW MUKpOPHK 3HaunMMo monaBiisiyio Kalib-
nudukanuo (MuoguOporenes) B HHTEPCTUIIHATBHBIX
KJIEeTKaxX KjanaHa B CPAaBHEHUU ¢ KOHTpoJieM [53-54].
Ha ceronHsmHuii 1eHh OYC€Hb BOCTPEOOBAHBI TOI-
XOIIBI «CETeBOW MEAMIIMHBD», KOTAa OOJBIIOe KOJH-
YECTBO TPAHCKPUIITOMHBIX, TPOTEOMHBIX W APYTHUX
JAHHBIX WHTETPUPYETCS W MCIOJIB3yeTCs Ui IpH-
OpeTH3alM, TO €CThb BBIACJICHHsS KIIOYEBBIX B3a-
HMOJICUCTBUM, KOTOPBIE SIBIIIFOTCSI BaXXHBIMM IpU

pa3BUTUM KOHKpeTHOM matosnorun [50]. I'pymmoit
YYEHBIX, B TOM uuciie crneunanuctamu u3 HMULL um.
B. A. Anwmazosa, Obla BbITIONIHEHa paboTa MO TMOU-
CKy MOTEHIMAIbHBIX MUIICHEN IS TOPMOXKEHHUS TIPO-
[[ECCOB KaNbIU(UKAIMU TIPU Pa3BUTHH aOPTAIHLHOTO
CTeHO3a. bbul Mcnonp30BaH MoaXoA MAalIMHHOTO O0Y-
YEHUS JIJISl TIOUCKAa MOJIEKYJI, CIIOCOOHBIX HOPMaJIH30-
BBIBaTh TEHOTHIT KJIETKU ¢ MyTanueil B rene NOTCH].
HccnenoBanue OBUTO BBIMTOTHEHO HA MOJACTH HHIY-
LUPOBAaHHBIX IUIIOPUIIOTEHTHBIX KIJIETOK, YTO JIUILIAET
uccnenoanue 3ddexra cyObeKTUBHOCTH NpU padoTe
C KIICTOYHBIMH JIMHHUSMH, BBIJICTICHHBIMU U3 TTOPaKEH-
HOTO KJarnaHa. beuto npoananmsuposano mopsiaka 1500
MOTEHIINAIBHBIX MOJIEKYJ, U TOJBKO OJHO BEIIECTBO,
XCT 790, momHOCTBIO MPUBOIUIO K KOMIUICKCHOM
HOpMAaJIM3alliK TeHETHYECKOM CeTH SHAO0TEeNHaIbHBIX
kieTok. XCT 790 — oOpatHblit aroHUCT ophaHHOTO
saepHoro peuentopa ERRa, BoeneueHHoro B WNT
curdnaymHr. bonee toro, BBenenne XCT 790 mpimram
3HaYMMO YMEHBIIAIO0 MPOIEHTHOE COJepkKaHHEe Kile-
TOK, skcnpeccupytommx RUNX2, uto o3navaer ocna-
OJrleHre TIPOIIeCCOB OCTEOTeHe3a B Kiamane [55].
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B Hacrosmiee Bpemst B HAyYHO-HCCIIEAOBATEIHCKON
saboparopun 3a00JIeBaHUM ¢ U30BITOYHON KalblU(pH-
karueir Hayunoro nieHTpa MupoBoro ypoBHs «LleHTp
MepCOHANM3NPOBAaHHON MenuuuHey HMHUIL uwm.
B. A. Anma3zoBa BelyTCS AaKTUBHBIE HCCIICAOBAHUSA
[0 TOKMCKY TEPareBTUYECKHUX areHTOB, CIOCOOHBIX
MPEIOTBPATHTH MATOJIOT MIECKY O KaIbIIH(DUKAITUI0 —
B YaCTHOCTH C MPUMEHEHHEM MYJIbTHOMUKCHBIX TO-
XOJIOB — K aHAJU3y MaTOJIOTUYECKOW OCTEOTrCHHOM
nrGepeHITUPOBKH/KaTbIIU(PUKAITUNA  HHTESPCTUIIH-
AJIbHBIX KJIETOK a0pTaJIbHOrO Kiamnana (puc. 1).

Ha ceromusimHuii AeHb MOMCK TAPreTHOU TEpamuu
VOUPACTCsl B CO3MaHUE JIETAITBHOTO MOJCKYISIPHOTO
MOPTPETA MOPAKEHHOTO H 3I0POBOTO KiarmaHa. M Toib-
KO TIOHMMaHHUE KJIFOYEBBIX M BTOPOCTEINICHHBIX (yH[a-
MEHTAJIbHBIX KJIETOYHBIX W MOJCKYISPHBIX MEXaHH3-
MOB, 3a/ICHCTBOBAHHBIX [TPU PA3BUTHU KaJIbIU(PHUKAIIUH,
MOXET TIPOJIUTH CBET HA IIOHUMaHKE TIPOOJIEMBI.
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MuHsppasa Poccun, Mnagwmnin HayyHbln coTpygHuk HA
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6oneBaHnin ¢ n36bITO4YHON Kanbuudbukauymen HUL, He-
MN3BECTHbIX, PEOKMX W FeHeTUYeCKM OOYCNOBEHHbIX
3aboneBaHuii HUMY «lLleHTp nepcoHanusnpoBaHHOWN
MeOULNHBI»;

Nlo6oB ApceHuin AHOpeeBnY, MNAAWWNA Hay4YHbI
COTpPYOHUK nabopaTopun pereHepaTuUBHOW GUoMeau-
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uuvHbl MHL, PAH, Hay4HbIlh coTpyaHuk HAT monekynsap-
HbIX MexaHn3MoB Kanbundpukauyum HWJ1 3aboneBaHmnin
C n36bIToYHON Kanbuudunkaumen HVILL HensBecCTHbIX,
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ABSTRACT

Calcific aortic valve stenosis is the most common valvular heart disease. No medical therapies
are proven to be effective in holding or reducing disease progression. Therefore, aortic valve
replacement remains the only available treatment option. This study discusses the application
of multi-omics approaches, proteomics, epigenomics, transcriptomics to the study of valvular
heart disease and how these emerging insights might translate into potential novel treatments.
Moreover, a machine learning approach that could identify small molecules that correct gene
networks seems to shed new light on the pathogenesis of calcification.
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multi-omics approaches, proteomics, transcriptomics.
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LIST OF ABBREVIATIONS:

AS — aortic stenosis,
ACEi — inhibitors of angiotensin-converting en-
zyme

INTRODUCTION

Over the past few decades, significant changes have
occurred in the structure of valvular heart defects, which
are characterized by a decrease in the frequency of heart
defects of rheumatic etiology and an increase in the
prevalence of sclerodegenerative lesions of the valves.
The increase in the life expectancy of the population
and the improvement of medical technologies has led to
the fact that aortic stenosis (AS) is recognized the most
common valvular heart disease today. The frequency of
detection of AS among persons aged 65 years is about
25%, and after reaching the age of 75 years it increases
to 48%, although among persons under the age of 65
it is only 4-5% [1]. To date, there is no drug therapy
that can stop the progression of aortic stenosis, so the
only radical method is still aortic valve replacement.
However, taking into account the life expectancy of the
population, accompanied by an annual increase in the
number of patients with degenerative aortic stenosis, it
becomes obvious that there is a need to actively search
for potential targets for therapeutic effects on the pro-
cesses of calcification of the aortic valve. This review is
devoted to the current state of research aimed at finding
drug therapy for aortic valve calcification, including the
multiomics approach, the achievement of proteomics,
genomics and transcriptomics. This approach allows,
firstly, to take a more comprehensive look at the prob-
lem, and secondly, to identify key points in the process
of valve calcification which is necessary for the search
and testing of chemical calcification inhibitors.

MACRO- AND MICROSTRUCTURE OF
THE AORTIC VALVE

1.1  Tricuspid aortic valve

The aortic valve is part of the aortic root. Most
often, the aortic valve consists of three cusps (called
depending on their location): the left semilunar (coro-
nary) cusp, the right semilunar (coronary) cusp and the
posterior (non-coronary) cusp of the aortic valve [2, 3].
The cusps are thin (1 mm), flexible, avascular struc-
tures consisting of three layers: ventricular (ventricula-
ris), aortic (fibrosa) and spongy (spongiosa) [4]. On the
aortic and ventricular sides, the valves are covered with
a monolayer of endothelial cells. It has been proved that
endothelial cells of the aortic valve differ from endo-
thelial cells lining arteries and veins in their ability to
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respond to changes in hemodynamics, which confirms
their unique morphology [4, 5]. The spongy spongiosa
layer contains a large amount of glycosaminoglycans
and proteoglycans. Between all extracellular compo-
nents in three layers there are interstitial valve cells. VIC
are necessary to maintain valve function and homeosta-
sis through proliferation, secretion of matrix metallo-
proteinases and extracellular matrix components. VIC
is a heterogeneous group of cells with unique charac-
teristics. In the aortic valves of adults, VIC are predom-
inantly represented by fibroblasts (“silent cells”), only
2-5% of interstitial cells are in the activated state nor-
mally. Their phenotype normally changes with age and
when environmental conditions change (for example,
sudden changes in blood pressure) [5]. Interstitial cells
of the aortic valve are the basis of pathological differ-
entiation either into osteoblast-like cells or into myofi-
broblasts. The interaction of cells with each other plays
a significant role in determining the differentiation of
cells. Endothelial and interstitial cells must interact
with each other to ensure proper development and ho-
meostasis in the valve. It seems that the disruption of
this interaction may contribute to the development of
valve pathology. Apparently, in the proper functioning
of the community of these cells lies the mechanism of
maintaining the integrity of the aortic valve. Imbalance
between these cells may, apparently, lead to impaired
differentiation and changes in the valve, in particular to
calcification [6, 7].

1.2 Bicuspid aortic valve

Bicuspid aortic valve is a widespread variant of
valve development, which occurs in 2% of the popu-
lation with a ratio between men and women of 4:1 [8,
9]. Morphologically, the bicuspid aortic valve consists
of 2 cusps, which can be either of the same or unequal
size (the difference can reach 1.5-2 times). In people
with a bicuspid aortic valve, the manifestation of aortic
stenosis usually occurs 20 years earlier than in people
with a tricuspid valve, and by the age of 45, more than
half of people with a bicuspid valve have a pronounced
aortic stenosis.

MOLECULAR AND CELLULAR
MECHANISMS OF AORTIC STENOSIS
DEVELOPMENT

The main cause of AS development remains calci-
fication of the initially normal tricuspid or congenital
bicuspid aortic valve. The early formation of AS was
considered as a passive degenerative process as a re-
sult of mechanical wear of the cuspids in the sixth and
seventh decades of life or as an atherosclerotic process,
taking into account the connection with traditional risk
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factors such as hypertension, diabetes mellitus, smok-
ing, high cholesterol level [10, 11]. However, attempts
to use standard approaches aimed at suppressing the
processes of atherogenesis did not lead to a restraint in
the rate of progression of AS.

During the formation of aortic stenosis, it is cus-
tomary to distinguish 3 stages: the first is caused by
inflammatory changes in the valve, the second by the
development of fibrosis, the third by the formation of
calcification of the aortic valve. In turn, in the process
of development of calcification of the aortic valve, it is
also customary to distinguish several stages: aortic scle-
rosis (mild calcification stage) — sealing and thickening
of the valve cusps with local calcification areas, without
commissures being fused and without pronounced ob-
struction of the left ventricular outflow tract. In the fu-
ture, aortic sclerosis may pass into the stage of moderate
calcification and, finally, into the third stage — severe
calcification of the valves, accompanied by obstruction
of the left ventricular outflow tract [12, 13].

Currently, it has been proven that calcification of the
aortic valve is an active process, the molecular and cel-
lular mechanisms of which are poorly understood [14]. It
has been shown that calcification and ossification regu-
lators, such as osteopontin, osteonectin, osteocalcin and
bone protein BMP (bone morphogenetic protein), are in-
volved in the calcification process. Osteoprotegerin and
its ligand (RANKL — receptor activated of nuclear fac-
tor- kB ligand) are also involved in valve calcification.
The RANK — RANKL — OPG (osteoprotegerin) sig-
naling chain is controlled by RUNX2, which is controlled
by the Notch signaling pathway [14-24]. The spectrum
of action of the Notch signaling pathway affects a large
number of different genes, including genes responsible
for differentiation and proliferation. It is known that the
mutation of the NOTCHI gene is associated with calcifi-
cation of the aortic valve. It is important that the results
of preclinical studies have shown that specific blocking
of the Notch signaling pathway significantly suppresses
calcification of the vessel and aortic valve [25-29]. It has
been shown that normally NOTCHI inhibits the activa-
tion of Runx2, thereby blocking calcium deposits on the
valve. Mutations in the NOTCHI gene lead to the acti-
vation (derepression) of RUNX2, thus leading to the dif-
ferentiation of interstitial cells into osteoblasts [30-32].

Aortic stenosis is a complex, multifactorial disease
[33]. Among the components that affect the develop-
ment of aortic stenosis are the following factors: re-
nin-angiotensin-aldo-sterone system, the influence of
the sympathetic nervous system [34], lipid accumula-
tion, osteogenesis, myofibrogenesis, biosynthesis and
aggregation of extracellular vesicles, platelet activation,
osteochondrogenesis [35], cellular aging, disorganiza-
tion of the intercellular matrix by metalloproteinases,

inflammatory elements (macrophages, T-cells lympho-
cytes, mast cells and molecules characteristic of typi-
cal inflammation, such as IL-2, HLA-DR, TNF alpha)
[36-40], endothelial dysfunction, impaired phosphate
processing [26, 27, 33]. To date, with the development
of severe aortic stenosis in a patient, either aortic valve
replacement or transcatheter aortic valve implantation
remain the only method of treatment. These surgical in-
terventions are associated with a high risk of complica-
tions, technical nuances, moreover, in our country their
implementation is possible only in large specialized
cardiac centers. The high cost of these surgical inter-
ventions is certainly a burden on the healthcare system.
Taking into account the tendency to aging of the pop-
ulation and the increase in the number of patients with
sclerodegenerative aortic stenosis, there is an obvious
urgent need for chemical inhibition of calcification pro-
cesses, which will avoid or delay surgical intervention.
The lack of drug therapy is largely due to problems in
studying the pathogenesis of this disease.

THERAPEUTIC TARGETS

1.3. Statins

There is a large number of studies dedicated to the
effect of statins on the development of aortic stenosis.
It has been shown that oxidized lipoproteins, apo A,
apo B and apo E lipoproteins, macrophages, T-lympho-
cytes, foam cells, growth factors and proinflammatory
cytokines, which are involved in the initiation of the
pathological process, are present in the stenotic valve.
At the same time, not only the hypolipidemic proper-
ties of statins, but also their pleiotropic effects are well
known [41].

However, one of the largest studies, SEAS (Simvas-
tatin and Ezetimib in Aortic Stenosis), did not confirm
the ability of statins to restrain the progression of AS.
The report on this study, published on July 21, 2008,
clearly states that there are no differences in either pri-
mary (death, aortic valve replacement, decompensation
of chronic heart failure, stroke, myocardial infarction
and unstable angina) or secondary (progression of ste-
nosis, assessed by EchoCG criteria) efficacy points be-
tween groups taking medications and placebo [42, 43].
Small retrospective studies were conducted evaluating
the relationship between the intake of biphosphonates
and slowing the progression of aortic stenosis. How-
ever, further detailed studies did not reveal a positive
effect of drugs on the rate of progression [44, 45].

1.4. RANK/RANKL inhibitors

Interstitial cells of the aortic valve differentiate into
osteoblast-like cells by activating the kappa-beta nu-
clear factor receptor (RANK — receptor activator of
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nuclear factor kappa-B). During osteoblastic differen-
tiation, alkaline phosphatase, osteopontin, metallopro-
teinases, Runx2 and bone protein BMP (bone morpho-
genetic protein) significantly increase. RANKL is a
transmembrane glycoprotein, a cytokine of the tumor
necrosis factor family, produced by osteoblastic cells
and activated T-lymphocytes, which, by binding to the
RANK receptor, sends a signal for the differentiation of
progenitor cells and the maturation of osteoclasts.

Osteoprotegerin also belongs to the cytokines of the
superfamily of tumor necrosis factor and is produced
by osteoblasts. As a receptor to RANKL, it blocks its
interaction with its own receptor RANK, preventing
osteoclastogenesis. RANKL in the aortic valve tissues
promotes the transition of myofibroblasts to osteo-
blasts. Denosumab is a human monoclonal antibody
(IgG2) created to bind the RANKL receptor (to prevent
joining of RANKL and RANK), thereby mimicking
the effect of osteoprotegerin. Denosumab is used in
the treatment of osteoporosis, multiple myeloma and
other conditions accompanied by bone resorption. To
date, a study has not been completed to assess the ef-
fectiveness of taking denosumab in order to inhibit the
progression of AS (SALTIRE II). However, the results
of a study conducted on pig interstitial cells have been
published, showing that denosumab is able to partially
block calcification [46].

1.5 Angiotensin converting enzyme inhibitors

There are several works that have studied the effect
of angiotensin converting enzyme inhibitors (ACE in-
hibitors) on the stenosis process, as it has been proven
that ACE, angiotensin II and angiotensin II type I re-
ceptors are present in calcified valves. Angiotensin 11
potentiates inflammation, accumulation of lipoproteins,
oxidative stress and stimulates the expression of lipo-
protein-binding proteoglycans and biglycans by fibro-
blasts. Angiotensin II receptors are present on stenotic
valve fibroblasts. Angiotensin II type I receptors, con-
stantly expressed smooth muscle cells, appear on the
interstitial cells of the valve only when stenosis begins.
Thus, until the moment when the cells begin to express
type I angiotensin Il receptors, the valve is protected
from the effects of angiotensin II. Based on the fact
that the pro-inflammatory and profibrogenic features
of angiotensin II are known, attempts have been made
to block the process of stenosis by taking ACE inhib-
itors. It has been proved that ACE inhibitors have an
antiproliferative effect (reduce hypertrophy of vascular
and myocardial walls and proliferation of extracellular
matrix), improve endothelial function (enhance the pro-
duction of NO), inhibit the progression of atherosclero-
sis (since they block the formation of angiotensin and
lead to an increase in the level of bradykinin and NO,
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which, in turn, leads to suppression of migration and
proliferation of vascular smooth muscle cells, taxis and
activation of inflammatory cells, decrease of oxidative
stress and improvement of endothelial function). Ret-
rospective analysis showed that ACE inhibitors some-
what slow down calcium deposits on the valves, but
do not prevent the progression of stenosis. It is quite
difficult to prove the effect of ACE inhibitors on the
stenosis process, since ACE inhibitors alter intracardiac
hemodynamics, which probably masks all other effects
of drugs [47].

1.6. Vitamin K

To date, the effect of vitamin K on the process of
calcification of the aortic valve is also being studied.
Vitamin K is a fat-soluble vitamin that exists in 2 forms:
vitamin K1 (phylloquinone) and vitamin K2 (menaqui-
none). Vitamin K2 is involved in the processes of inhi-
bition of arterial calcification through the maintenance
of matrix Gla protein carboxylation processes. The
carboxylation process is necessary to maintain optimal
absorption of calcium by the cell. It is known that a
sufficient amount of vitamin K is required for optimal
performance and posttranslational carboxylation of ma-
trix Gla protein. Thus, it has been suggested that suffi-
cient intake of vitamin K may prevent the progression
of aortic stenosis. In the only small randomized study
(a group of 38 people), it was shown that taking vitamin
K can slow the progression of AS. However, given the
short follow-up period (1 year), such a small group of
patients obviously requires further, more in-depth study
of this fact [48].

Taking into account the complexity of the compo-
nents of the pathogenesis of aortic stenosis, ACE in-
hibitors, statins, vitamin K, bisphosphonates, etc. were
studied to inhibit calcification processes. However,
either most drugs did not prove their effectiveness in
restraining the rate of development of aortic stenosis,
or further study of the drug with a larger sample of pa-
tients or prospective follow-up is required.

PROSPECTS FOR STUDYING THE
CALCIFICATION PROCESS AND
SEARCHING FOR A NEW THERAPY
TARGET

To date, the target is being actively pursued, the im-
pact on which will inhibit or slow down calcification.
There is an assumption that calcification has different
mechanisms in women and in men. In men, interstitial
cells go into osteodifferentiation, and in women into
myofibroblastic differentiation [49]. Perhaps this will
explain the effectiveness of various drugs for contain-
ing the calcification process.
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Various laboratories have carried out many studies
and experiments on cultures of interstitial and endo-
thelial cells of the valve of humans, pigs, sheep, rats
and mice. Of course, for accurate verification, it is pref-
erable to work with human cells, but this is far from
always being possible due to technical difficulties in
taking material from operating rooms and cultivating
these cells. The cultivation of cells in three-dimension-
al space with the reproduction of the biomechanics of
valve behavior (simulating blood flow on the valve) is
a promising focus area today.

Previously, it has been repeatedly shown that a sig-
nificant change in the expression level of a number of
genes of the Notch signaling pathway and other signal-
ing pathways in cells from patients with bicuspid and
tricuspid valves plays an important role in the develop-
ment of aortic stenosis [22]. However, it has now be-
come clear that analyzing the expression level of sever-
al genes is only a superficial and one-sided view of the
problem.

Today, the “omics” approach to the study of the
pathogenesis of aortic valve calcification is relevant. It
is customary to refer to technologies that use methods
of genomics, transcriptomics, proteomics, metabolom-
ics, that is, sciences that study how the genome is made,
how the information encoded in it is realized and how it
is converted into the structure of proteins and later into
some signs of the organism. Unlike genes and proteins,
which are predisposed to epigenetic and posttransla-
tional changes, metabolites give a true idea of cellular
activity [50]. The metabolomic analysis of the affected
valve provides “molecular” information about metabo-
lites and metabolic pathways that are active at different
stages of the calcification process.

However, it must be understood that the detection
of only metabolites circulating in the blood can serve
as a marker for diagnosing and detecting the severity
of stenosis. One of the candidates for the role of a dis-
ease marker is lysophosphatidic acid. It has been shown
that the level of lysophosphatidic acid is significantly
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increased in blood serum in patients with rapidly pro-
gressing AS, in contrast to patients with slowly pro-
gressing disease. Nevertheless, the integration of mul-
tiomics data in the aortic valve should be approached
with caution due to the low density of valve cells [51].

Studying the role of microRNAs in the process of
valve calcification looks promising [52]. MicroRNAs
are regulators of many genes at the translational level.
Each microRNA regulates many transcripts. There are
studies that have shown that microRNA inhibitors can
suppress calcification of the aortic valve. A group of
scientists led by T.Tashima has demonstrated that mi-
croRNA34a potentiates calcium deposition in the valve
cusp by acting on the Notch-Runx2 signaling pathway,
and that inhibition of this microRNA significantly sup-
pressed calcification (myofibrogenesis) in interstitial
valve cells in comparison with the control [53-54].

Today, the approaches of “network medicine” are in
great demand, when a large amount of transcriptom-
ic, proteomic and other data is integrated and used for
prioritization, that is, highlighting key interactions that
are important in the development of a particular pathol-
ogy [50]. A group of scientists, including specialists
from the Almazov National Medical Research Centre
completed a work aimed at finding potential targets for
inhibiting calcification processes during the develop-
ment of aortic stenosis. A machine learning approach
was used to find molecules capable of normalizing the
genotype of a cell with a mutation in the NOTCHI
gene. The study was performed on the model of in-
duced pluripotent cells, which deprives the study of
the effect of subjectivity when working with cell lines
isolated from the affected valve. About 1500 potential
molecules were analyzed, and only one substance, XCT
790, completely led to the complex normalization of
the genetic network of endothelial cells. XCT 790 is a
reverse agonist of the orphan nuclear receptor ERRa in-
volved in WNT signaling. Moreover, administration of
XCT 790 to mice significantly reduced the percentage
of cells expressing RUNX2, which means a weakening
of osteogenesis processes in the valve [55].

Currently, the research laboratory of diseases with
excessive calcification of the world-class Scientific
Centre “Centre for Personalized Medicine” of the Alm-
azov National Medical Research Centre is conducting
an active research aimed at finding therapeutic agents
that can prevent pathological calcification — in par-
ticular, using multiomics approaches — to analyze the
pathological osteogenic differentiation/calcification of
interstitial cells of the aortic valve (Fig. 1).

Today, the search for targeted therapy is about cre-
ating a detailed molecular portrait of the affected and
healthy valve. And only an understanding of the key
and secondary fundamental cellular and molecular
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mechanisms involved in the development of calcifica-
tion can shed light on understanding the problem.
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PE3IOME

OOmmpHEI 00beM HAKOTUICHHBIX TEHOMHBIX JAHHBIX 32 TIOCIICHUE TOIBI CIETall BO3MOKHBIM
MepeXo]l OT ACCOLMATHBHBIX MCCIE0BaHWH, HAITPABIEHHBIX HA MMOWCK HOBBIX I'€HOB PHCKA,
K UHTEPIIPETalliu HHUBUAYAIbHBIX PUCKOB U IIPOTHO3Y.

B nmannom 0030pe paccMOTPEHBI KITIOUEBBIC ITAMbl PA3BUTHS BBIUUCIUTCIHEHONH OHMOJIOTHH,
a TAK)KE OCHOBHBIE IPUHIUIBLI U OTPAHUYEHHSI METOJIOB IIPOrHO3UPOBAHNS PUCKOB MOHOT€H-
HBIX W [TOJIUTEHHBIX HACJICICTBEHHBIX 3a00JICBaHH.

KiroueBbie ciioBa: GWAS, 6nonHpopmarika, BpOKICHHbIE PUCKH, BHIYUCIUTEIbHAS OHO-
JIOTHSl, TEHETHKA, NCTOPHS HAyKH.

Lna yumupoeanus: Apmemos H.H. H3zyuenue 8podicoeHnvlx puckos 3a001e6anuil ¢ NOMOWbIO
MeEMO008 8bIHUCTUMETbHOU 2eHemuKl. Poccutickuil scypran nepconanuzupo8anHon meouyu-
Hol. 2021;1(1):136-145.
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BBEAEHWUE

B nHacTofmMii MOMEHT MAacCUB HAaKOIUIEHHBIX TIe-
HOMHBIX JOJAaHHBIX HAYUHACT CTAHOBUTBLCA JOCTATOY-
HBIM HE TOJBKO IS TOHWMAHUS MOJEKYISPHBIX MPH-
49iH 3200JI€BaHU, HO ¥ [Tl OIIEHKU MHINBUIYaTbHBIX
BPOXJICHHBIX PHCKOB. TakuM 00pa3oM, MPOUCXOIUT
[EePexoJl K MPOrHO3UPOBAHUIO 3a00JICBAaHUI M TIEPCO-
HaJu3alli¥l MEOULMHCKHUX BMEIIATENILCTB, 0COOEHHO
B c(hepe MPeBEeHTUBHON MEIHUIINHEL.

Hcnonp3oBaHKue BBIYUCIUTEIBHBIX METOJIOB B OMO-
JIOTUU OTKPBUIO BO3MOXKHOCTHU IJIA Pa3sBUTHUA I_IGJ'IOI\/’I
oTpaciii uccieaoBaHuii — OuonHpopmaruku. Paspa-
0oTka MeTonoB TS A (HEeKTHBHOU PabOTH ¢ MacCHBa-
MU TEHOMHBIX ¥ KJIMHHYECKHUX TAHHBIX — KIFOY JUIS
W3BIICUCHUS] MAKCUMAJIBHOHN MPaKTHYECKOW TOJIb3bI U3
(dyHIaMEHTaIbHBIX TEHETUIECKUX UCCIIEIOBAHUH.

B mamnom 0030pe mpencTaBieHa KpaTKas HCTO-
pust pa3BUTHS BBIYUCIUTEIFHOW OMOIIOTUN U TEKyIIee
COCTOSIHME HAay4yHOW 00JacTH, IMOCBSIICHHOW OIEHKE
BPOXJICHHBIX PUCKOB 3200JICBAHHIA.

PA3BUTUE BbIYNCJTUTESIbHOW
BMoJiIornn N BUONHO®OPMATUKIN

19 cenrsiops 1957 roma dpencuc Kpuk o6o03Ha-
9UT KITFOYEBBIC e 0 (DyHKIINU reHoB. B gacTHOCTH,
chopMynHupoBan TakK Ha3bIBAEMYIO «IICHTPAIBHYIO
JOTMY» MOJIEKYJISIPHOW OWOJOTHH, yTBEPIKIAOMIYIO,
YTO TeHETUYecKass HH(pOpMAIUsi MOXKET MepeaBaTbCs
OT HYKJIEMHOBBIX KHUCJIOT K O€JKy, HO He B 0OpaTHOM
Hampasienn# [ 1, 2].

Hecmorpss nHa xmtoueByro pons JIHK B kauecTBe
HOCHTENSl TeHETHYSCKOH MH(OPMAIIMU, BO3MOXKXHOCTh
YCTaHOBUTH MOCIIEI0BATEIBLHOCTh AaMHUHOKHCIIOT B Oell-
KE TOSIBIJIACH 3HAYUTEIBHO PAHBINE, YEeM METOIBI
CEeKBEHMPOBAaHUS HYKJIEMHOBBIX KHCIOT. K mpumepy,
CEKBEHUpPOBaHUE DIMaHa, CTaBllIee JOCTyIHbIM B 1949
roay Onaromapsi aBTOMaTU3alluy, B TOCIEIyIOIIee Je-
CSATHJIETHE TTO3BOJIMIIO TIOIYYHUTh MOCIEI0BaTEIbHOCTH
6omee 15 cemeticTB 6enmkoB [3]. OgHO U3 BAXKHBIX OTpa-
HUYEeHUN MeTojla DIMaHa — HEBO3MOYKHOCTH CEKBEHH-
poBath Oosee 50—-60 aMUHOKHUCIIOT 32 OJWH payHA [4].
Jiis cexBeHUpOBaHUs OSJIKOB, COCTOSIIUX U3 OOJIbIIIE-
ro KOJWYECTBA aMHHOKHCIIOT, UX HEOOXOAMMO OBLIO
MpeIBApPUTEIBHO (PParMEeHTHPOBATb.

Taxum 00pa3oM, OCHOBHOH TTpoOIeMOH cTai He caM
MPOIIECC CEKBEHUPOBaHMS, a cOOpKa MOCIEI0BATEIb-
HOCTH aMHUHOKHCIIOT B O€JIKe, UCXOJIsl U3 COTEH HEOOIIb-
IIUX TOJHUIENTUIOB, CEKBCHUPOBAHHBIX C MOMOIIBIO
MeTonma DiaMana. [laHHas 3amada ajxa OCHOBHOM TOJI-
YOK JUIs HosiBIeHus OnonHpopMaruku. 3agada cOop-
KH TIOCJIEA0BATEIILHOCTH OONBIIMX OEJIKOB OKa3allach
YPE3BBIYANHO CIIOXKHOM Il aHAJUTUYECKOIO pellle-

HUS. DTO NMPUBENIO K TOMY, 4yTO B Hadane 1960-x rogos
ObLi1a co3ana nepsas OnonH(pOpMaTHUECcKas Mporpam-
Ma, KOTopasi [103BOJIsAJIa aBTOMaTW4eCKH pellaTh JaH-
HY10 3a1a4y [2].

Mapraper [Meiixopd (anrn. Margaret Dayhoft)
u PoGepr C. Jlennu (anrn. Robert S. Ledley), cum-
TalolMeCs TPapOAUTENISIMU  COBPEMEHHOM
YUCTUTENBHON Omoyoruu, B 1962 rtomy co3manm
COMPROTEIN — mnepByr KOMIBIOTEPHYIO IIPO-
rpaMMy, 3allMCaHHYIO Ha mepgokapTax, KOTopas pe-
IIana 3ajady, akTyaJbHYIO U B HAacTosIIee Bpems, de
novo cOOPKY CEKBEHHPOBAHHON MOCJIEN0BATEIBHOCTH
[5]. CrouT OTMETUTH, YTO BHEAPEHUE HMPOTrPAMMHBIX
pelIeHnil U CyIIecTBOBABIIME OIPAHUYEHUS MPOU3-
BOJIMTEJIBHOCTH BBIYMCIUTENbHON TEXHUKU MPUBEITN
K HOBOBBEJEHUSM, KOTOPBIE MBI HCIIONB3YEM U CEM-
yac, TOBOPsI 0 OEJIKOBBIX MOCJIENOBATENbHOCTSX. TaK,
M3-32 CIIO)KHOCTH XpaHEHMsI TPEXOYKBCHHBIX Ha3Ba-
HUH aMUHOKHCIIOT B MaMSATH KOMIIBIOTEPOB TOI'O Bpe-
MeHu Maprapet Jlelixodd mnpeaioxuia COBpeMEH-
HYI0 OTHOOYKBEHHYIO KOXHMPOBKY aMHHOKHUCIOT [6].
Bcenen 3a COMPROTEIN npuMeHeHe BBIYUCIUTENb-
HBIX METOAOB JJISI aHallM3a aMUHOKHUCIIOTHBIX 3aMEH
U TMIOCJIEZI0BATEIBbHOCTEN 1aJI0 3HAUUTEIbHBIH TOITYOK
K pPa3BUTHIO OMOMH()OPMATHKH.

K 1970-m rogam crasio 0O4eBHUIHO, YTO CEKBEHUPO-
BaHME OT/ENBHBIX OCNKOB sIBJIsICTCS HEA(P)EKTUBHBIM,
TaK Kak TpeOyeT BBIACTICHHUS X OYMCTKH KaXKJ0Tro OerKa
B OTZIEJILHOCTH, B TO BpeMs Kak cekBeHupoanue J[HK
IIO3BOJIUT ONPEAEIUTh AMUHOKUCIIOTHYIO IOCIeN0Ba-
TEJILHOCTh BCeX OelIkoB ofHOBpeMeHHO. [losiBnenue
cexBeHnpoBanusa Makcama-I'unbepra [7] u Canrepa
[8] mpuBenO K TOMY, UTO MOUCK T€HOB U U3YUYCHUE BIIU-
staust MyTtaruid B JIHK Ha Bo3HUKHOBeHME 3a00J1eBaHUiA
CTaJIi OHUM U3 OCHOBHBIX HalpaBJICHUH B ONOJIOTUN.

[lepBbie MOMBITKH OOHAPYKUTH MOJOKCHUE I'C€HOB
B JIHK u cBs3aTh MyTauuu ¢ puckoM 3abosieBaHus Ha-
yaJuch 3aJ0JIT0 10 Hayajia rnpoekra «l'eHoM yenose-
ka». [xeitmc I'y3zenna (anrn. James Gusella), Hercn
Bexcnep (anrn. Nancy Wexler) u komteru B 1976—1983
rojax, B Xoie H3ydeHHs Oone3HH XaHTUHITOHA —
PENKOr0 MOHOTCHHOI'O 3a00JIeBaHUSI C ayTOCOMHBIM
JIOMUHAHTHBIM HacCJIEZI0BAaHWEM, CMOTJIM OOHAPYKUTh
W onucath reH HT, MyTalluu B KOTOPOM MPUBOAUIIA
K BO3HHKHOBEHHIO 3a005eBaHUs. DTO CTAJ0 MEPBHIM
MIPUMEPOM TE€Ha, CBS3aHHOI'O C TEHETHYECKUM 3a00-
neBaHueM. B xoze nccienoBanus ObLI cAelaH aHATIU3
cerperanuu JJHK-mMapkepoB ¢ ¢peHOTHIIOM Y OOIBIIO-
ro KOJIMYEeCTBa CeMeil C HacIeICTBEHHOW OOJIe3HBIO
XantuarHona [9]. OueBuHO, YTO MacCIITAOHBIN aHa-
JIU3 TeHEaJIOTHYECKUX JIEPEBbEB — UPE3BBIYAITHO TPY-
JIOeMKas 3a7a4a, KOTopasi ¢ yCIeXOM MOKET PeaTbes
aJITOPUTMHUYECKH, YTO U IIPUBEJIO K pa3padOTKe LeJIo-
r'o psiia METOZIOB JIJISl aHAJIN3a CLETJICHHOTO HACJIea0-
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Banwms reHoB (aHri. Linkage analysis) [10] u mocTpoe-
HHUS KapT CHEMJICHHOCTH reHoB [11].

B ciydae ¢ monureHHbIMH 3a00JI€BaHUSIMH TPO-
BEJCHHE TIOJ00HOTO aHajinu3a 3aTPyAHSIECTCS Heo0-
XOIMMOCTBIO CJEIUTh 3a COBMECTHOW cerperauuen
mHorux JIHK-mapkepoB onnoBpemenHo. IIporpamma
GENEHUNTER mno3Bonuna pemuTs 3Ty 3aaady 1 00-
HapyxuTh coTHH JIHK-1okycoB, accorumpoBaHHBIX
¢ 3a00NeBaHMSIMH eIlle 10 3aBepiieHus mpoekra «le-
HOM 4YesoBekay [12].

C nosiBjI€HHEM COBPEMEHHBIX METOJIOB BBICOKOMIPO-
U3BOJUTEIIBHOTO CEKBEHUPOBAHUS, a TAKKE T€HOTUITH-
pPOBaHUS C TOMOIILI0 MUKPOYHUIIOB, YIaJOCh HAKOIIUTh
OONBIITION MAacCHB JaHHBIX IS TIPOBEICHUS accolHa-
TUBHBIX HccheaoBaHuid. Ha Tekymuii MOMEHT Hako-
IJICHHBIE PE3ylbTaThl TAKUX HCCICIOBAHUM MO3BOJIH-
JI1 OOHAPYKUTh THICSYM T'CHOB W WHIAMBHYaJIbHBIX
JIHK-BapnaHTOB, CBSI3aHHBIX C PUCKaMH 3a00JI€BaHUN
[13, 14]. Kak cnenctBue, Oonee TTy0OKO€ TOHUMaHHE
MOJIEKYJISIPHBIX NPUYXH HApYIIeHHs (YHKIIMOHUPOBA-
HUS OpraHu3Ma MOCTENECHHO MPUBOIUT K CMEIICHUIO
(boxyca riccaeoBaHUN B CTOPOHY UCIIOIB30BAHUS AaH-
HBIX 00 3ddekrax JIHK-BapmanToB Ha ¢GeHOTHIT A
OIIEHKH WHAWBHUIYaIbHBIX TIPEAPACIIONOKEHHOCTEH
K 3200JICBaHUSIM.

MOHOIEHHbIE BOJIE3HN

Hust mpumepro 20 % TeHOB, KOAMPYIOMIKX OCIKH
B F€HOME YeJIOBEKa, K TeKyIIeMy MOMEHTY JI0CTOBEp-
HO YCTaHOBJICHA CBSI3b C OJJHMM WJIM HECKOJIbKUMH (he-
HOTHUIIAMH, YTO I1OKa3bIBAE€T 3HAYMTENIBbHBINA IPOrpecc,
JOCTUTHYTHIN 3a nociennue 40 JeT, HO B TO e BpeMs
MOKa3bIBaE€T OTPOMHBIH 00beM paboThI, KOTOPBIH elle
MIPEJICTOUT BBHITTOJTHUTD.

MoHoreHHble  OOJNE3HHM MOTYT OBITh  BBI3BAHBI
JHK-BapuanTamu paziuyHOro TUIA, OT OAHOHYKIIEO-
TUHBIX MOTUMOP(U3MOB 10 KOMIUIEKCHBIX T'€HOMHBIX
nepectpoek [15, 16]. B ciydae KOHKpeTHOTO manueHTa
OLIEHKa PHCKa MOHOT€HHOTO 3a00JIeBaHUs 3aKIIOYaeT-
Csl B IOHMMAaHUU POJIM U NEHETPAHTHOCTH OTAEIbHBIX
JIHK-BapraHTOB, OOHapy>XCHHBIX B TE€HE, CBSI3aHHOM
c 3a0oneBanueM. K npumepy, HacleICTBEHHBIN paK MO-
JIOYHOM >KeJe3bl 4acTo BbI3BaH oTnenbHbiMU JIHK-Ba-
puanTtamu B reHe BRCA . 3agada OTIeneHns OIuMOop-
(U3MOB C HE3HAYMMBIM PHUCKOM OT BBICOKOPHCKOBBIX
penkux JIHK-BapnanToB — onHa u3 Hanbosnee akTyalb-
HBIX TE€M JIsl U3yUeHHs] PHCKOB HACJIEACTBEHHBIX 3a00-
JIEBAaHUM U TIOCTAHOBKHU MOJIEKYJISIPHBIX TUArHO30B [17].

Ha Texymmii MOMEHT OOIIMPHOE KOIUYECTBO BBI-
YHUCIIUTENBHBIX METOJOB, OCHOBAHHBIX Ha Pa3IMYHBIX
WCTOYHHUKAX (PyHKIMOHATIbHON HH(OPMAINH (KOHCEpBa-
TUBHOCTH aMHUHOKHCJIOT, ()YHKIIMH OCIKOBBIX JOMEHOB
U T. /1.), ACTIOJIb3YETCS JJIsl YMCIIEHHOM OLEHKH PHUCKa,
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cBs3anHoro ¢ koHkpetHeiM JIHK-Bapuantom [18-20].
OpnHaxko MmpoBepka KauecTBa TaKuX MpeJICKa3aHni, OCHO-
BaHHBIX HA BBIYUCIUTEIBHBIX MOJIETIX, A0 MOCIETHETO
BpPEMEHH OCTaBaJIacCh 3aTPYIHUTELHOM.

Ounieti (anra. Findlay) u komreru B 2018 romy
¢ nomouisio Texnonmorun CRISPR coznanm Bce BO3-
MOKHBIC OJTHOHYKJICOTHTHBIE MyTaHTHI B TATIJIOWTHON
knetoyHol nuHuu HAPI, 4yBCTBUTENBHON K HOp-
MalnbHOMY (yHKIHOHMpoBaHUIO reHa BRCAI [21].
W3mMepsist KIETOUHYIO0 BHAOHIIBHOCTD JUISl KaXKI0H My-
TaHTHOU KJICTOYHOU JIMHUHU, ObIa MPOBEACHA OIICHKA
(hyHKIIHOHATBHON BaskHOCTH Kaxmoro n3 JIHK-sapu-
aHTOB. J[aHHBII MOAXOM MO3BOJIMI C BHICOKOW TOUHO-
cthio (~98 %) BocrpousBecTH (PEHOTHIT JJISI U3BECT-
HBIX KJIMHUYECKH 3HAYUMBIX BapuanToB B BRCAI [22],
a TaKXe OIEHUTH AP(HEKTUBHOCTD MOMYJISIPHBIX aJITO-
puTMOB 15 (hyHKIHOHaNhHON aHHOTanmu JIHK-Ba-
puaHToB. VIX HEBBICOKAsI UyBCTBUTEIBHOCTh OCTAETCA
OCHOBHOHM MPOOJIEMOH JJIsi WHTEPIPETAMY WH]IUBH-
JyaJIbHBIX PUCKOB MOHOTCHHBIX 3a00I€BaHUMA, OJTHAKO
noctarouyHod miist npuoputuszanuu JIHK-BapuaHnTOB
TIPH ITOMCKE HOBBIX T€HOB PUCKA.

B 2018 rony Kammunrc (anmi. Cummings) u coas-
TOPBI CMOIJIN 1TOKa3aTh, YTO aHAJIN3 TEHOMHOTO CEKBe-
HUPOBAHMSI JIJIS1 IOCTAHOBKHU MOJICKYJISIPHOTO IHATHO3a
y MaleHTOB C MBIMIEYHBIMHA AUCTPO(YUAMHU TO-TIPEXK-
HeMy HenoctatoueH st ~50 % manuentoB. OpHaKo
OTHOBPEMEHHBIA aHATN3 TEHOMHOTO HWJIM 3K30MHOTO
cekBeHuposanusa ¢ PHK-cekBeHMpoBaHuEM MoMoOraer
UICHTU(DHUITNPOBATE TCHETUUSCKYIO0 MPUINHY 3a00Ire-
BaHUS JJIs1 IOTIOJIHUTENBHBIX 35 % nanueHToB [23].

CexBenupoBanue [IHK npemocraBisieT yHUKaIb-
HbIC BO3MOXXHOCTH I TIOCTAHOBKU MOJIEKYISPHBIX
JMarHO30B MOHOTEHHBIX Oone3Heil. Pa3paborka mero-
JIOB TS TIpUOpHUTH3AIMN U Kinaccupukannu JJHK-Ba-
PUAHTOB, B YACTHOCTH B HEKOAWPYIOLICH TMOCIeI0Ba-
tenpHOCTH JIHK, B OyaymieM mo3BoiuT B emie OoJbIei
CTETICHU PACKPBITh IIEHHOCTh TEHETHUYECKON HH(OpMa-
IIUH JUTSI MEWIIMHBI MOHOT€HHBIX OOJIe3HEH.

MNOJINFEHHDbIE BOJIE3HU

B oTnuume oT MOHOTEHHBIX OOJE3HEU, BPOXKICH-
HBI KOMITOHEHT PUCKa BOSHUKHOBEHHS KOMITJIEKCHBIX
(WM MONMHMreHHbIX) 3a00JIeBaHUK B OONBIIEH CTEIEHU
CBsI3aH C KOOIEPAaTHBHBIM JEHCTBUEM LIEIOTO0 HaboOpa
JHK-BapuaHTOB, KasKABIi U3 KOTOPBIX UMEET HEOOIIb-
moi a¢dext. OnHako y OTAENbHBIX MAIEHTOB, HE-
CMOTpS Ha KOMIUTIEKCHBIN XapakTep 3a00JIeBaHus, PUCK
MOXET OBITh CBsI3aH C PEIKUMH BapHaHTaMHU, OKa3bIBa-
IOUIMMHU OOJIBIION (PeHOTUNTHUECKUH dPPEKT B OJHOM
reie [24-26]. Takoro poma CyMMHpPOBAaHHE PHCKOB
ot pazueix rpym JJHK-BapuanTos eme 6omee ycmoxk-
HSET OIEHKY WHAWBHyaJbHBIX PUCKOB.
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WNudopmanum ot ogroro JIHK-BapuanTa nis oren-
KU PHCKa TIOJUTCHHON OO0JIe3HU HE0oCTaTO4YHO. Bme-
CTO MHTEPHpPETAIMH FeHOTUIIOB OTACIbHBIX BapHaH-
TOB HCTIOIB3YETCSA OICHKA TCHETHUCCKON «HATPY3KI»
C TIOMOIIIBIO0 BEJIMIUHEI, BKJIFOUAIONICH BCE PHCKOBEHIC
JAHK-Bapuantsl. CymniecTByeT HECKOJBKO MOIXOA0B
K KOMOMHUPOBAaHHUIO MH(OpPMAIMU, MOJIYUYCHHOH U3
neckonpkux JIHK-mokycos. Hambonee pacmpoctpa-
HEHHBIM CIIOCOOOM SIBJISICTCS OIICHKA ITOJIUTCHHOTO
pucka (polygenic risk score — PRS) — B3Bemniennoit
CyMMBI KOJIMYECTBA PHUCKOBBIX alljieNiel, MPHUCYT-
CTBYIOIIMX y manuenta [27]. B oTmenapHBIX ciaydasx
JAHHBIM KPUTEPUH OKa3bIBACTCS JAOCTATOYHBIM JIJIs
AICHTH(UKAITNN TAIUEHTOB, HMEIONTUX BPOXK ICHHBIN
MTOJIMTEHHBIA PUCK, CPABHUMBIN C HAJTUIHEM BBICOKO-
MIEHETPAHTHBIX MYTaIUH, MPEAPACIONATAOIINUX K MO-
HOT€HHBIM 3a00eBaHusM [28].

M3nauanpsHo PRS mpumeHsiicss B MCCISIOBAHUAX
«CITy4aii-KOHTPOJb» JUTS IETEKIIUU TeHETHYECKHX OT-
JUYAA MEXKIY KOTOPTaMH, YTO TO3BOJHIIO TOATBEP-
JIUTh BaXHOCTh T€HETUYCCKUX (DAKTOPOB pHUCKA IS
IIMPOKOTO CIIEKTpa KOMIUIEKCHBIX 3a001eBaHui. DTO
CTaJI0 0COOCHHO BaYKHBIM JJISI UCCIICTOBAHIHN TCHETHKHU
MICUXHUATPUYECKUX 3a00I€BaHNH, TPEOYIOIINX HATHIHUS
JICCSITKOB THICSY YYaCTHUKOB JIJISl JIOCTIOKEHUS JIOCTa-
TOYHOW CTATHCTHYECCKON MOIIHOCTH [29].

Hcmonp30BaHme TAHHOTO TOIXOMA IS BHISIBICHUS
MAI[UEHTOB C MTOBBIIICHHBIM PUCKOM ITOJIMTEHHBIX 3200-
JICBAaHWH CTAJIKMBAETCS C PSAJAOM CIOKHOCTEH Ha IMyTH
K peaJibHOMY MPUMEHEHHUIO B KJIMHUYECKON MPAKTHKE.
OHUM M3 BaYKHBIX OTPAaHUYCHUH SBJISICTCS OTCYTCTBUE
CTaHIAPTU30BaHHOTO TIEPEBOMA OTHOCHTEIHLHOTO PH-
CKa, KOTOpHBIi TpemocTaBiser meTpuka PRS, B abco-
MOTHBIHN puck [30].

Taxxe orpaHryeHa BO3MOXKHOCTh TpaHc(hepa Mex-
oy momynsmusMua pesyasratoB GWAS, kotopsie wc-
MONTB3YIOTCSI B KadecTBe pedeperca s MOCTPOCHUS
MOJISNIN TTOJUTEHHOTO PHUCKa. MeTO/bI, TTO3BOJISIONINE
JIeJIaTh MOMPABKY Ha MOMYJISIIIMOHHYIO CTPYKTYPY, CTa-
JIM TIOSIBIIATBCST COBCEeM HemaBHO [31].

Mogenu miis TpeAcKa3aHdus PUCKAa KOMIUIEKCHBIX
3a00JICBaHMH, BKIIFOYAIONTHE KOMOWHAIIMIO M3 KJIHMHH-
YECKUX U OMOXMMHYECKUX (haKTOpOB, a Takke (hakTo-
POB, CBSI3aHHBIX C 00Pa30M YKU3HH, JJOCTATOYHO XOPO-
110 TIOKA3BIBAIOT CeOs B peallbHBIX yclmoBusax [32, 33].
Opnnako moGaBnenne PRS k maHHBIM MOAETSIM MOXET
3HAYHUTEIHHO IOMOYb B O0Jiee paHHEH HIICHTH(HKAIINA
JIIOZICH C MOBBIIIIEHHBIMU PUCKAMH, €IIIE 33I0JITO JI0 O-
SIBJICHUST KITMHUYCCKUX CUMIITOMOB [34].

Takum oOpa3om, OICHKA IMOJWTEHHBIX PHUCKOB Ha-
XOIIUTCS B TIporiecce TpaHChOopMaluy U3 METOAA, TO-
3BOJISIFOIIETO JICTEKTUPOBATh Pa3HUILY B TEHETHUYECKOU
«Harpy3ke» B HCCIICJOBAHUSAX THIA «CIy4ai-KOH-
TPOJIb», B METOJ, KOTOPBIA HYXIACTCS B CTaHIapTH3a-

uuu u OoJiee TTyOOKOM IMOHMMAHUU Ha IyTH TPAHCIISI-
LMY B KIIMHUYECKYIO MTPAKTHKY.

3AKJTIOHEHUE

PazpaboTka MeTOmOB M PabOTHI ¢ «OOIBITUMHU
JaHHbBIMK» CTajla AO0CTAaTOYHO HpI/IBLI‘IHOfI B 3JKOHO-
MUKE U cTatucTuke. [I[puMeHeHne moJo0HOoro moaxoaa
B MEJIUIIMHE ¥ TEHETHKE — OYCHb IMHAMUYHO Pa3BUBa-
rorasicst 00JacTh uccienoBannii. HakorieHne qaHHBIX
0 TEHOMHOM pPa3HO00pa3uu, CTPYKTypHu3alus U o0be-
MUHEHWE KIMHUYECKUX aHHBIX — KIFOUEBbIC Iard
IUIs co3nmanus (hyHIaMEeHTaIbHOHM 6a3bI TepcoHnuIm-
POBAaHHOM MEIUIIMHBI.
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ABSTRACT

Large amount of genetic data accumulated over the recent years enabled the transition from
association studies, aimed on the search for novel risk genes to the interpretation of personal
risks and prognosis.

In this review the key milestones of computational biology are presented and the strengths and
limitations of current genetic risk prediction methods are discussed.
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INTRODUCTION

At the moment, the array of accumulated genomic
data is becoming sufficient not only to understand the
molecular causes of diseases, but also to assess individ-
ual congenital risks. Thus, there is a transition to the
prediction of diseases and the personalization of med-
ical interventions, especially in the field of preventive
medicine.

The use of computational methods in biology has
opened up opportunities for the development of a whole
branch of research — bioinformatics. The development
of methods for effective work with arrays of genomic
and clinical data is the key to maximizing practical ben-
efits from fundamental genetic research.

This review presents a brief history of the develop-
ment of computational biology and the current state of
the scientific field dedicated to the assessment of con-
genital disease risks.

DEVELOPMENT OF COMPUTATIONAL
BIOLOGY AND BIOINFORMATICS

On September 19, 1957, Francis Crick outlined key
ideas about the function of genes. In particular, he for-
mulated the so-called “central dogma” of molecular
biology, which states that genetic information can be
transmitted from nucleic acids to protein, but not in the
opposite direction [1, 2].

Despite the key role of DNA as a carrier of genet-
ic information, the ability to establish the sequence of
amino acids in a protein appeared much earlier than the
methods of sequencing nucleic acids. For example, the
Edman degradation, which became available in 1949
due to automation, resulted in sequences of more than
15 protein families in the following decade [3]. One of
the important limitations of the Edman method is the
inability to sequence more than 50-60 amino acids in
one round [4]. In order to sequence proteins consisting
of more amino acids, they had to be fragmented be-
forehand.

Thus, the main problem was not the sequencing pro-
cess itself, but the assembly of a sequence of amino acids
in a protein, based on hundreds of small polypeptides
sequenced using the Edman method. This task gave the
main impetus for the emergence of bioinformatics. The
task of assembling a sequence of large proteins turned
out to be extremely difficult for an analytical solution.
This led to the fact that in the early 1960s, the first bio-
informatics program was created, which allowed solv-
ing this problem automatically [2].

Margaret Dayhoff and Robert S. Ledley, consid-
ered the ancestors of modern computational biology,
in 1962 created COMPROTEIN — the first comput-
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er program recorded on punch cards, which solved a
problem that is relevant in present, de novo sequence
assembly [5]. It should be noted that the introduction of
software solutions and the existing limitations of com-
puter performance led to innovations that we still use
today, speaking about protein sequences. Thus, due to
the complexity of storing three-letter names of amino
acids in the memory of computers of that time, Marga-
ret Deyhoff proposed a modern single-letter encoding
of amino acids [6]. Following COMPROTEIN, the use
of computational methods for the analysis of amino acid
substitutions and sequences gave a significant impetus
to the development of bioinformatics.

By 1970s, it became obvious that sequencing indi-
vidual proteins was inefficient, since it required isola-
tion and purification of each protein separately, while
DNA sequencing would allow determining the ami-
no acid sequence of all proteins simultaneously. The
emergence of the Maxam-Gilbert [7] and Sanger [§]
sequencing has led to the fact that the search for genes
and the study of the effect of mutations in DNA on the
occurrence of diseases have become one of the main di-
rections in biology.

The first attempts to detect the position of genes in
DNA and link mutations to the risk of disease began
long before the start of the Human Genome Project.
James Gusella, Nancy Wexler and colleagues in 1976-
1983, during the study of Huntington’s disease, a rare
monogenic disease with autosomal dominant inheri-
tance, were able to detect and describe the HT gene, in
which mutations led to the onset of the disease. This
was the first example of a gene associated with a genet-
ic disease. The study analyzed the segregation of DNA
markers with a phenotype in a large number of families
with hereditary Huntingdon’s disease [9]. Obviously,
large-scale analysis of family trees is an extremely la-
borious task that can be successfully solved algorith-
mically, which led to the development of a number of
methods for Linkage analysis) [10] and gene linkage
mapping [11].

In the case of polygenic diseases, such an analysis is
complicated by the need to monitor the joint segregation
of many DNA markers simultaneously. The GENEHU-
NTER program made it possible to solve this problem
and detect hundreds of DNA loci associated with dis-
eases even before the completion of the Human Genome
project [12].

With the advent of modern methods of high-perfor-
mance sequencing, as well as genotyping using micro-
chips, it became possible to accumulate a large array of
data for associative studies. To date, the accumulated
results of such studies have made it possible to detect
thousands of genes and individual DNA variants asso-
ciated with disease risks [13, 14].2 As a result, a deep-
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er understanding of the molecular causes of impaired
functioning of the body gradually leads to a shift in the
focus of research towards the use of data on the effects
of DNA variants on the phenotype to assess individual
predispositions to diseases.

MONOGENIC DISEASES

For about 20% of the genes encoding proteins in the
human genome, a connection with one or more pheno-
types has been reliably established to date, which shows
significant progress made over the past 40 years, but at
the same time shows a huge amount of work that re-
mains to be done.

Monogenic diseases can be caused by DNA vari-
ants of various types, from single-nucleotide polymor-
phisms to complex genomic rearrangements [15, 16]. In
the case of a particular patient, the risk assessment of
a monogenic disease consists in understanding the role
and penetrance of individual DNA variants found in the
gene associated with the disease. For example, heredi-
tary breast cancer is often caused by individual DNA
variants in the BRCA1 gene. The task of separating
low-risk polymorphisms from high-risk rare DNA vari-
ants is one of the most relevant topics for studying the
risks of hereditary diseases and formulating molecular
diagnoses [17]. Currently, a large number of computa-
tional methods based on various sources of functional
information (conservation of amino acids, functions of
protein domains, etc.) are used for numerical risk as-
sessment associated with a specific DNA variant [18—
20]. However, checking the quality of such predictions
based on computational models has remained difficult
until recently.

Findlay and colleagues in 2018, using CRISPR tech-
nology, created all possible single-nucleotide mutants in
the haploid HAPI cell line sensitive to the normal func-
tioning of the BRCAI gene [21]. By measuring the cel-
lular viability for each mutant cell line, the functional
importance of each of the DNA variants was assessed.
This approach made it possible to reproduce the pheno-
type with high accuracy (~98%) for known clinically
significant variants in BRCAI [22], as well as to eval-
uate the effectiveness of popular algorithms for func-
tional annotation of DNA variants. Their low sensitivity
remains the main problem for interpreting individual
risks of monogenic diseases, but it is sufficient to prior-
itize DNA variants when searching for new risk genes.

In 2018, Cummings and co-authors were able to
show that genomic sequencing analysis for making a
molecular diagnosis in patients with muscular dystro-
phy is still insufficient for ~50% of patients. However,
simultaneous analysis of genomic or exomic sequenc-
ing with RNA sequencing helps to identify the genetic

cause of the disease for an additional 35% of patients
[23].

DNA sequencing provides unique opportunities for
making molecular diagnoses of monogenic diseases.
The development of methods for prioritizing and clas-
sifying DNA variants, in particular in a non-coding
DNA sequence, in the future will allow to reveal even
more the value of genetic information for the medicine
of monogenic diseases.

POLYGENIC DISEASES

Unlike monogenic diseases, the congenital compo-
nent of the risk of complex (or polygenic) diseases is
more associated with the cooperative action of a whole
set of DNA variants, each of which has little effect.
However, in some patients, despite the complex nature
of the disease, the risk may be associated with rare
variants that have a large phenotypic effect in one gene
[24—26]. This kind of aggregation of risks from differ-
ent groups of DNA variants makes it even more difficult
to assess individual risks.

Information from one DNA variant is not enough to
assess the risk of a polygenic disease. Instead of inter-
preting the genotypes of individual variants, an assess-
ment of the genetic “load” is used using a value that
includes all risky DNA variants. There are several ap-
proaches to combining information obtained from sev-
eral DNA loci. The most common method is the poly-
genic risk score (PRS), a weighted sum of the number of
risk alleles present in a patient [27]. In some cases, this
criterion is sufficient to identify patients with a congen-
ital polygenic risk comparable to the presence of highly
penetrant mutations predisposing to monogenic diseas-
es [28].

Initially, PRS was used in ‘“case-control” studies
to detect genetic differences between cohorts, which
made it possible to confirm the importance of genetic
risk factors for a wide range of complex diseases. This
has become particularly important for research on the
genetics of psychiatric diseases, which require tens of
thousands of participants to achieve sufficient statistical
power [29].

The use of this approach to identify patients with
an increased risk of polygenic diseases faces a number
of difficulties on the way to real application in clinical
practice. One of the important limitations is the lack of a
standardized translation of the relative risk provided by
the PRS metric to absolute risk [30].

The possibility of transfer between populations of
GWAS results, which are used as a reference for build-
ing a polygenic risk model, is also limited. Methods that
allow making adjustments to the population structure
have started to appear quite recently [31].
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Models for predicting the risk of complex diseases,
including a combination of clinical and biochemical
factors, as well as lifestyle-related factors, work quite
well in real conditions [32, 33]. However, the addition
of PRS to these models can significantly help identify
people at higher risk earlier, long before clinical symp-
toms occur [34].

Thus, the assessment of polygenic risks is in the
process of transformation from a method that allows
detecting a difference in genetic “load” in case-control
type of studies, to a method that needs standardization
and deeper understanding on its way to translation into
clinical practice.

CONCLUSION

The development of methods for working with “big
data” has become quite common in economics and sta-
tistics. The application of this approach in medicine
and genetics is a booming field of research. The accu-
mulation of data on genomic diversity, structuring and
integration of clinical data are key steps for creating a
fundamental base for personalized medicine.
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PE3IOME

B 0030pe nmpoBoaMTCSs aHANN3 TUTEPATypHBIX JaHHBIX 00 aHTUMHUKPOOHBIX nentuaax (AMIT)
CHCTEMBl BPOXKJICHHOTO MMMYHHUTETa KaK O MEPCIEKTHBHBIX MPOTOTUIAX HOBBIX aHTHOWO-
TUYECKUX CPEJICTB JUISl TIPEOIONICHHSI aHTUONOTUKOPE3UCTEHTHOCTH MUKpoopranu3mMoB. Oc-
BEILEHB! CTPYKTYPHO-(DYHKIMOHAJIbHBIE CBOMCTBA JAHHBIX MENTUAOB, IPUBEACHBI CBEICHUS
0 MeXaHHW3MaX aHTUMHKPOOHOTO ACHCTBHS H, KpaTKo, 00 3 ¢deKTax Ha KIETKH BBICUIMX JY-
kapuot. O6cyxnarorcst npeumyniectBa AMII mo cpaBHEHHIO ¢ KOHBEHIMOHAJILHBIMU aHTH-
O6uoTukamu U npoOieMsl mpakruyeckoro npumenenns AMIL. TlpuBoasTcs npumeps! paspa-
O0oranHbBIX HAa ocHOBe AMII mpemnaparoB, HAXOAAIIMXCS HA CTATUH KITMHHYECKUX UCITBITAHHH,
000CHOBBIBAETCSI HEOOXOAUMOCTb CO3JIaHUS HOBBIX NMENTHIHBIX MIPETAPATOB ISl IPUMEHEHNUS
B MEIMLIMHE B TEPAllUK MHPEKIMOHHBIX 3a001€BaHU, BHI3bIBAEMBIX YCTOMUYNBBIMU K aHTH-
OMOTHKAaM MUKPOOPTaHHU3MaMHU.

KiaroueBble cjioBa: aHTHOAKTEpUATLHOE ACHCTBUE, aHTUMHUKPOOHBIC TIENTHABI, HH(DEKITHOH-
HBIC 3a00JIeBaHUS, KITMHUYECKUE UCTIBITAHUS, MUKPOOHAS PE3UCTEHTHOCTD.

s yumuposanusi: Illamosa O.B., XKapxosa M.C., Yepnos A.H. u Op. Aumumukpooduvie
nenmuobl 8POAHCOEHHO20 UMMYHUMEMA KAK NPOMOMUNbL HOBbIX CPeocms 6opboObl ¢ aHmuduo-
muKopesucmenmubiMu 6axmepusmu. Poccutickuii sicypuan nepconanu3upo8antou Meouyunbl.
2021;1(1):146-172.
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BBEAEHWUE

B mnocneanue rogsl pe3UCTEHTHOCTH NMAaTOT€HHBIX
MUKPOOPTaHU3MOB K NMPUMEHSIEMBIM B MEIUIMHE aH-
THONOTHKAM CTpPEeMUTENbHO pacteT. [lo mporuoszawm,
Kk 2050 romy cMepTHOCTh OT WH(EKINH, BRI3BIBAEMBIX
AHTUOMOTUKOPE3UCTEHTHBIMU OAKTEPUSIMH, JOCTUTHET
10 mutH yesioBek B 1o [1]. OCOOEHHO OCTPO CTOUT MPO-
6mema 60pbOBI ¢ TOCTTMTANBHBIME HHEKIIsIME. K drc-
7y HauOoJsee ONacHBIX MPeACTaBUTENeH Takux Oaxre-
puii, otHeceHHBIX BO3 k 1 kareropuu npuopuTETHOCTH,
MpUHAUIekKAT  MYJIBTUPE3UCTEHTHBIE TpaMOTpHIla-
TeIpHBIC OakTepuu poma Acinetobacter, Pseudomonas
W pasTudHBIe BHIBI cemeiicTBa Enterobacteriaceae
(Bxmouast Klebsiella, E. coli, Serratia n Proteus),
ycToW4MBBIE K KapOomneHeMaM W IpyrdM aHTHOMOTH-
kaMm [2]. JlaHHBII CHHMCOK IMPeNoCTaBIsAET OPUEHTUPHI
MIEPBOOYEPEAHBIX Pa3pabOTOK /ISl HayYHO-HCCIIeI0Ba-
TeabCKUX opranuzauui. CommacHo ykazaHusiM BO3,
HEOOXOOUM CPOYHBIH MOUCK MPUHLMIIHAIEHO HOBBIX
MPOTUBOMH(EKIMOHHBIX JIGKAPCTBEHHBIX CPEJCTB,
a Tak)Ke pa3BUTHE (YHIAMEHTAIBHBIX M MPUKIaTHBIX
HayYHBIX UCCJICIMOBAHUH, CBI3aHHBIX C pacIIu(POBKON
€CTECTBEHHBIX MPOTHUBOMH(EKINOHHBIX 3aIllIUTHBIX
MEXaHU3MOB OpraHu3Ma.

OcoOyro mpolbsieMy cocTaBisiFoT Oakrepuu, (Hop-
MUPYIOIIHE OHOIIICHKH, YTO MHOTOKPATHO IMOBBIIIACT
HUX YCTOMYMBOCTh K Xxumuonpenaparam [3—5]. [Touck
cpeacTB OOpbOBI ¢ TAKUMU OAKTEPUSMHU SIBIISICTCS aKTy-
aJbHOM 3a7a4€il SKCIIEPUMEHTAIILHON U IPAKTUYECKON
METUIHHBIL.

B kadecTBe NpUHIMIIHAIBHO HOBBIX aHTHOMOTHKOB
B HaCTOsIILEe BPEMsI PAcCMaTPUBAIOTCS aHAJIOTH HpU-
POAHBIX aHTUMHKPOOHBIX nentuaoB (AMII) cuctemsr
BPOXKJIEHHOTO UMMYHHUTETa BCJIEJICTBUE 3aTPYyIHEHHO-
ro (popMHUPOBaHUS PE3UCTEHTHOCTH MUKPOOPTaHU3MOB
K 3TUM COCIMHEHHUSIM U OTCYTCTBHUSI HETaTUBHOI'O BJIU-
SIHUSI HA IMMYHHYIO CHCTEMY, CBOMCTBEHHOTO HEKOTO-
PBIM KOHBEHIIMOHAJILHBIM aHTHOMOTHKAM.

OBLLAA XAPAKTEPUCTUKA
N CTPYKTYPHAA KJIACCUOPUKALUA
NENTUAOB

AMII u3BecTHBI KaK MOJICKYJIBI, BBICTYIIAIONINE B Ka-
YecTBE BakHEHTero 3(h(EKTOPHOTO 3BEHA CHCTEMBI
BPOXJCHHOIO MMMYHUTETa >KUBOTHBIX [6—8]. Kpome
TOTO, MENTHABI, 00JIalaIoIIe aHTUMUKPOOHOH aKTHB-
HOCTBIO, OOHapYKEHBI HE TOJBKO Yy JKUBOTHBIX, HO U
y pacteHuit, rpudos, Oakrepuit [7, 9, 10]. OTu coemu-
HEHUS MPEICTABISAIOT COO0M MOJOKUTENBHO 3apsiKEeH-
HBIE TIENTUIHBIE MOJIEKYJIBI, B COCTaB KOTOPBIX BXOJUT
15-45 aMHHOKMCIIOTHBIX OCTaTKOB. AHTUMUKPOOHBIMH
paccMmaTrpuBaeMble TeNTHAbI ObUTH Ha3BaHbBI BCIIC/ICTBUE

00OHapyKEHUsl Y 3TUX BEIICCTB IIUPOKOTO CIIEKTPa aHTH-
OMOTHYECKOM aKTUBHOCTH — JTH MEHTH/IBI TIOAABIISIOT
POCT W pa3BUTHE TPAMOTPHUIATENHHBIX, TPAMIIOIOKH-
TENBHBIX OaKTepHid, rPUOOB (BKIIFOYAsT IPOXKIKH ), TIApa3-
UTOB (BKJIFOYAs TUTAHAPUI M HEMATOJ[) U JJAXKE BUPYCOB,
takux kak BUY u Bupyc repneca [8, 11-17].

AHTUMHKPOOHBIEC TICTITHIEI UMEIOT Pa3HOOOpa3HBIE
MIEPBUYHBIE CTPYKTYPHl W PA3IMYHBIE KOH(POPMAIUN
monekyn. OnHa u3 knaccuduranmii AMII ocHoBaHa
Ha Pa3INYUAX B UX BTOPUUHOHN CTPYKType U pa3aeiseT
M3BECTHBIC TIEMTUABl HA HECKOJBKO OCHOBHBIX TPYIIII
[18-20]:

. TIETITHTBI, IMEIOIINE KOH(DOPMAIIHIO Oi-CITHPAJIH;

. JIMHEHHBIC MENTUIbI, UMEIOLIUE B COCTABE MO-
JIEKYJIbI TOBBIIIEHHOE COJIEPKAHNE TOM I MHOW aMU-
HOKHCJIOTBI: 00OTaIl[CHHBIC TPOJIMHOM, TPUMITO()AHOM,
TUCTHIUHOM WU TIINITUHOM TIeTITHIBL;

. MUCTUHCOJIEPKAIIHNE TENTHABI — TEHTHIBL,
UMEIOIINE OJIHY, JIBE U Oosee MUCYIb(UIHBIX CBS3CH.
K 5T10if rpynmne oGbIYHO OTHOCST M MENTHIBI CO CMe-
MaHHOW CTPYKTYPOH, B COCTaB KOTOPBIX KpoMe J-ClToeB
BXOJISIT M CIIMPAJIbHBIC YUACTKH; & TAKIKE MaKPOIHKIIH-
YECKUE TENTHJIbI, 3aMKHYTBhIC B KOJBIIO MEHTHIHOW
cBs3blo (0-nedencunst RTD-1, -2, -3).

[Monmasnsiroiiee  OOJIBIIMHCTBO — AHTHMHUKPOOHBIX
MIENTHIOB — KaTHOHHBIE MOJIEKYJIbI. OHAKO OMMCAHO
HECKOJIbKO aHMOHHBIX menTunoB [21, 22], nampumep,
JIEpPMaceNTHH — TIENTHJI, OOHAPYKECHHBIN B CeKpeTax
MTOTOBBIX JKEJIE3 UeIOBEKA M IIPOSBIISIONINI aHTUOAKTe-
pHANBHYTO ¥ (YHTHIHTHYIO aKTHBHOCTH, — MaKCUMHH
HS5 u3 xoxu sxabpl Bombina maxima [23] u apyrue.

OCHOBHDIE rrynrnbl
AHTUMNKPOBHbIX MENTNAOB
MJIEKOMMNTAIOLWUNX

YV MIIEKONUTAIONUX UMEETCS JIBE€ OCHOBHBIE I'PYTI-
bl aHTHMUKPOOHBIX MENTHIOB: CEMEUCTBO CTPYK-
TYpHO-POJICTBEHHBIX IUCTHHCOAep)amux AMII ne-
(heHCMHOB W TpyMIa TMENTHAOB C Pa3HOOOPa3HBIMU
CTPYKTYpPaMHM, COCTAaBIAIOLIas CEMEWCTBO KaTEIMIIH-
nuHOB [18, 24].

CymiecTBOBaHHE HU3KOMOJIEKYISPHBIX KaTHOHHBIX
OcIIKOB, OOJIAAIONINX AHTUMHKPOOHBIM EHCTBUEM,
BIIEPBBIE OBIJIO TIOKA3aHO aMEPUKAaHCKUMHU HCCIIeI0Ba-
tensiMu 3est 1 CHuTIHAreNIeM B IECTUAECITHIX Tojax
[25], oOHapyXMBIIUMH HX B HeHTpodmiIax Kpoluka
¥ MOPCKO# CBHHKH M JABIIMMHU UM Ha3BaHUE «ITU30CO-
MaJTbHbIC KaTHOHHBIE Oenk». B Hamreli ctpane uccie-
JOBAaHHUS ATHUX MOJIMIIENTHIOB OBUIM WHULHUUPOBAHBI
B HUU skcrniepumeHTabHOM MEIMIIMHBI U Ha Kadeape
O6noxumMuu JIeHMHTpaJICKOTO YHUBEPCHUTETA; ObliIa MPO-
JEMOHCTPHUPOBaHA WX OaKTEPUIMIHAS W aHTUBUPYC-
Hasi akTUBHOCTH [26-30].
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Tepmun «nedeHCUHB» (B APYrod TpaHCIUTEpa-
UM — JeeH3UHbl) Uil 0003HAYCHUSI 3TOW TPYIIIBI
BemecTB ObuT BBeeH B 1985 roay [31], xoraa Haua-
Csl HOBBIM TMEPHOJl B M3YYCHHWU STHX NMENTHA0B. bpuia
pacmmdpoBaHa TEpPBUYHAS CTPYKTypa ae(GeHCHHOB
kponuka [32], nedencunos uenoseka [31, 33], mop-
ckoit cBuHkU [34] u kpoicel [35]. [TokazaHo, yTo OHU
o0JIalal0T YHUBEPCAJIbHOH AHTHUMUKPOOHOW aKTHB-
HOCTBIO, WHAKTUBHUPYS [N Vi{ro TPaMIIOIOKUTEIbHBIE,
IrpaMOTpHIIaTeNbHbIE OaKTepuu, TPUOKH, HEKOTOpHIC
00o0JI0ueuHBIe BUPYCHl. BHOCIENCTBUM 3TH TENTHIBI
ObUTM Ha3BaHbI O-Ae(EeHCHHAMH, YTOOBI MOAYEPKHYThH
ux otiauume oT apyrux AMII, cXogHBIX 1O CTPYKTYype,
HO OTJIIMYAIONINXCS M0 XapakTepy 3aMBbIKaHUS JAUCYITh-
(bUIHBIX CBSI3€H, MOMYYHUBIINX B CBOIO OYepe/lb Ha3Ba-
Hue B-aeeHCHHOB.

W3 HelTpouiioB YesioBeKa ObLIO BBIJCIICHO Y€ThI-
pe uzodopmsl a-nedeHcHHOB, Tpu U3 KoTopsix HNP-
1, HNP-2 u HNP-3 otnuuarorcst Ipyr oT Apyra TOJIBKO
no ogHoi N-koHLeBoi amuHOkuciore. HNP-4 mpu-
CYTCTBYET B HEHTpo(dmiIax B KOJMYECTBAX, B CTO pa3
Menbmx, yeM HNP 1-3 [14]. Ilentuas! 3T0# TpyNIbI
OBITM OOHApY)KEHBI HE TOJIBKO B HEHTpodwmiax, HO U
B JUMQOIUTaX YeJIOBEKa, €CTECTBEHHBIX KHUJUIEPHBIX
KJIETKax [36], B anUTENUATBHBIX KIETKaX MOUYECIIOIOBO-
ro Tpakta [37], XOTS ¥ B 3HAYUTEIHHO MEHBIITUX KOJIH-
YecTBax, 4eM B HelTpodmrax. Kpome Toro, B kpumnrax
KHIIIEYHUKA B KieTkax [lanera oOHapyxeHHI o-feden-
CHUHBI, onyunBIiuue Ha3Banue HD-5 u HD-6 [38].

Hlecth o-nedeHCHHOB YenoBeKa KOTUPYIOTCS MSTHIO
renamu DEFA, nokanm3oBaHHBIME B XpoMocome 8p23.1.
Hedbencna HNP-2 otmudaaercst or HNP-1 u HNP-3 ot-
cyrcTBueM N-KOHIIEBOTo octarka (amarnHa y HNP-1 mm
acraparnHoBod kucnotbl 'y HNP-3); takum oOpazom,
JaHHbIN fedeHcuH sBisercs npomykrom rena DEFAL,
xomgupyromero HNP-1, wmun DEFA3, xoampyromero
HNP-3, u oOpasyercst B pe3ynbrare MmpoTeOIHTHIECKO-
ro oruieruieHuss N-KOHIEBBIX OCTAaTKOB dTHX MENTUIOB.
B 1x10° HefiTpo(hHII0B YenoBeka COAEPKUTCS IIPUMEPHO
4-5 mxr nedencuroB HNP-1-3, mpudeM kaipiil JIeHb
B KOCTHOM MO3T'€ B XOJIe TeMOI1093a B HEUTpohuiax mpo-
nyuupyercst okoio 250 mr atux AMII [14].

B T0 Bpems kak o-neeHCHHBI cotepKaTcst IpenMy-
LIECTBEHHO B (harouuTax, — MNPHUYEM Y MHOTHX BHJIOB
YKHBOTHBIX (KOLICK, COOaK, JIOUIa e, OBEI M JPYTHX)
9TH MENTH/IBI BOBCE OTCYTCTBYIOT, — MENTH/IBI TPYIIIIBI
B-medhencnHOB BeTpeuaroTes 6oree mmpoko. OHM mpu-
CYTCTBYIOT B DIHUTEIHAIBHBIX KIETKaX BCEX HM3Y4eH-
HBIX BUJIOB MJICKOIHTAIOIINX, BBISBICHBI Y PEOTHIINN
U TITUL; KPOME TOTO, CXOJIHBIE 110 CTPYKTYpe MEeNTH/IbI
oOHapy’KeHBI TaKXKe y TpPUOOB, pacTeHu, OaKkTepuii.

VY 4yenoBeka OMUCAHO 28 T'€HOB, KOAUPYIOUIMX pa3-
nu4Hble (-aeeHCHHBL. BBIAENSIOT uYeThipe OCHOBHBIE
n3odopmel 3tux nentuaoB: hBD-1 comepxkurcs B 3ru-

II. OB30Pbl | REVIEWERS

TEJMAIBHBIX KJIETKAX PECIIMPATOPHOIO U MOUYETIONOBOIO
TPAKTOB, KEPATMHOLMTAX, aCTPOLUTaX, MUKpOrIHH [39,
40] u netikormTax; hBD-2 — B anuTenMaabHBIX KIETKaX
KOXKH, PECIIUPATOPHOTO, MOYEHOJIOBOIO, TUILIEBAPUTEIIb-
HOro TpakToB [41]; hBD-3 — B pa3iM4HbIX THITAX dTHTE-
JIMAITBHBIX KJIETOK: HauOoJIee BHICOKAsk €r0 KOHLICHTPALUST
BBISBJIEHA B CIIIOHE M MOYEIOJIOBOM TpaKTe, TakKe OH
UMeeTCs B TICUCHH, Ceplle, rareHTe [42, 43]; hBD-4 06-
HapyXeH B KJIETKaX MOYEIOJIOBOIO U IHIIEBAPUTEILHO-
ro TpakToB [44, 45]. buocuate3 hBD-1 koHCTHTYTHBEH,
hBD-2 1 hBD-3 — unaynubeneH: ypoBeHb 3KCIIPECCUH
redoB hBD2 u hBD3 noBbImmaercst ipu KOHTaKTe dIHTe-
JUATTFHBIX KIIETOK C MUKpPOOpTaHm3MamHu [46].

[pyrast HeoObIuHas rpymnmna 1e()eHCHHOB — LUKIIN-
yeckre O-mpedenHcunsl. IlenTunasl 3Toi Tpynmsl ObLIH
oOHaApyXeHbI B JICHKOIIMTAaX Makaku pesyc [47, 48]
u maBuaHa ramanpuia [49]. beuto moxazaHo, YTO
nentug RTD-1 (rhesus 0-defensin 1) sBisiercss mpo-
OYKTOM CHIMBKH JIByX YKOPOYEHHBIX 0-C()CHCHHOB,
KOZIUPYEMBIX JIByMSI pa3HbIMU reHamu. Llukiamyeckas
cTpykTypa 0-nmedeHCHHOB nenaeT WX OTHOCHTEIbHO
HEYYBCTBUTEIBHBIMHU K IPUCYTCTBHUIO B CPEAE XJIOpUAA
HaTpHsl ¥ TO3BOJISIET OCYLIECTBIATh aHTUMUKPOOHYIO
($yHKIUIO TP PU3HOJIOTHUECKUX KOHIICHTPALUIX CO-
neil. XOTsi caMH TeHbl, Koaupyiomme 0-nedeHcrHsbl,
€CThb U y 4eJIOBEKa, X IKCIIPECCHSI HE OCYIIECTBIIAETCS
BCIICJICTBHE HAITMUHUS CTOM-KogoHa B oonactu JIHK, ot-
BETCTBEHHOH 3a CHHTE3 MPE-4acTH 3TUX MOJIEKYJL.

[IpencraButenn cemeiicTBa KaTeIUIUIAHOB ObLTH
HalJIeHbl B TpaHyiax (aroluToB, a TAKKE B KIETKaxX
pa3nu4HbIX OapbepHbIX SnuTENHeB. Karenuuunussl,
B OTIMYUE OT J€(CHCHHOB, NEMOHCTPUPYIOT LIMPO-
KO€ CTPYKTYpHOE pazHooOpasue. DTU pa3Inyaronecs
0 CTPYKTYpE MENTH bl 00bEANHEHBI B OTHO CEMENCTBO
B CHJIy TOTO OOCTOSITEIHCTBA, UTO BCE OHU 00Pa3yIOTCs
3 MoJeKy-ipeamectBeHHuUI [50], B cocTaB KOTOPBIX
BXOJHT yYacTOK, TOMOJIOTUYHBIA OCJKYy KaTeIHHy (TO
€CTb MHTMOUTOPY KaTterncuHa L, sisromemycst 6eaxom
¢ maccoii 11 k/la, KoTopbIii ObIT BIEPBBIC BBIICICH U3
JEHKOIMTOB CBUHBH [51]). MonekyisI-ipeanecTBeH-
HUIBI HE TIPOSIBIIAIOT aHTUMHUKPOOHBIX IPPEKTOB;
3peliblii aKTUBHBIN NENTHA 00pasyeTcs TOJIBKO Mocie
OTIICTUICHUSI TIPENpovacTH (EepMEHTAMH aKTHBUPO-
BaHHBIX HEUTpOhUIIOB [52].

Karenuunaunel Obuln OOHApY)KEHBI B 3aLIUTHBIX
KJIETKAX YeJIOBEKa MJICKONIUTAIOIINX, ITUL, PEITUINH,
pBIO [52-54].

AHTUMNKPOBHAA AKTUBOCTDb
NENTUAOB

CriexTp aHTUMUKpOOHOH akTuBHOCTH AMII 3aBU-
CHUT OT CTPYKTyp#HI nentuaa. Hekoropeie AMII umeror
MTAPOKHUH CIIEKTP aHTHOMOTHUYECKOTO NEHCTBUS M aK-
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TUBHBI B OTHOIIICHUH TPAMOTPHIIATENIHBIX TPAMITOJIO-
KHUTENbHBIX OakTepuid, rpu6oB. Ipyrue AMII nmeror
Ooyilee OrpaHMYCHHBIM CIEKTP aHTHMUKPOOHOH aK-
TUBHOCTH: TaK, HalpuMep, 0O0OTalleHHbIC MPOIMHOM
MENTHIBl WHAKTHBHPYIOT MPEUMYIIECTBEHHO TI'paMo-
TpunarenbHeie Oaktepun [55]. Pag AMII oGmanaer
(YHTUIUIHON aKTUBHOCTBIO; OHA TIPOJEMOHCTPUPOBA-
Ha JUIsl 0-1e(DeHCUHOB KPOJIMKA U YellOBeKa, B-rnedeH-
CHHOB YeJIOBEeKa, THCTaTHHOB, MMPOTETPHHOB U JIPYTHX
nentugoB [8, 12, 14, 56]. MHorue nenTuabl NposiBIIs-
10T BBIPaKEHHYIO aKTUBHOCThH B OTHOIICHUH IITAMMOB
MHUKPOOPTraHU3MOB, YCTOWYHMBBIX K OOJBIIMHCTBY aH-
TUOMOTUYECKUX MpPENnaparoB, MPUMEHIEMBIX B MeJIH-
nuHe [57-60]. OTu cBOWCcTBA MENTHAOB OOYCIIOBICHBI
MEXaHU3MOM HX aHTHMUKPOOHOTO JEHCTBHS, KOTOPBIH
OyZIeT pacCMOTPEH HHKE.

HecmoTpst Ha orpoMHOE CTPYKTypHOE paszHooOpa-
3HMe ONMMCAHHBIX K HACTOSIIEMY BPEMEHHU MPUPOIHBIX
AHTUMHUKPOOHBIX TIETNTHJOB, BCE OHM, KaK MPaBHIIO,
MPEACTABIAIOT COO0 KaTHOHHBIE M aM(UIAaTHYECKUE
MOJIEKYJIbl, B KOTOPBIX MPOCTPAHCTBEHHO Pa300IICHBI
rUIpOQUIbHBIE B THAPOGOOHBIE TPYIIBI aMUHOKHC-
JIOTHBIX OCTaTKOB. Hammume momokuTensHOTO 3apsi-
Jla TIO3BOJISIET WM DIIEKTPOCTATHYECKU CBS3BIBATHCS
C aHMOHHBIMH KOMIIOHEHTaMH MEeMOpaH MHKpPOOHBIX
KJIETOK (aHHMOHHBIMH (OC(OIMIHIAMH, JIUTIONOIHNCA-
XapuaaMiy, TeHXO0EBBIMU KHCIIOTAaMH), a Oaromaps ru-
npodOoOHBIM CBOMCTBaM — BCTPAMBATHCS B JTUMHIHBIC
Oucion MeMOpaH, 4TO MOXKET BBI3bIBATH HEOOPATHMBbIE
MOBPEKACHUS CTPYKTYpBI OaKkTepHanbHOH MeMOpaHbI
W HapyIeHus ee QyHKIMH 1 IPUBOANUTH K THOEIN Kite-
TOK-MUIIICHEH [§, 18, 20, 61].

Taxum 00pa3om, MHIIIEHBIO JeHCTBUS OONBIIMHCTBA
npuponuslx AMII sBisitorest GakTepualibHbIE MEM-
Opanbl. B Hacrosiiee BpeMsi B IUTEparype MMeeTcs
OO0JIBIIIOE KOJTMYECTBO PAOOT, MOCBSIICHHBIX H3yYCHHIO
NEHCTBUS aHTUMHUKPOOHBIX TIEITHIOB HA MCKYCCTBEH-
HbIC JIMIHUIHBIE MEMOpPaHbl (MOHOCIIOW, OWCIIOW, JIH-
MOCOMBI), COCTaB KOTOPBIX MPHUOIMKEH K JIUIMTUIHOMY
cocraBy MeMmOpaH OakTepuii JIMOO IYKapHUOTHUECKUX
KJIETOK. XOTS MEXaHW3M BCTPAaWBaHUsS aHTUMHKPOO-
HBIX TIETITHIOB B MEMOpaHBI )KUBBIX KJIETOK JI0 CHX ITOp
MOJTHOCTBIO HE BBIACHEH, HO B OKCIIEPUMEHTaX Ha MO-
JeNTbHBIX MeMOpaHax MOJIyueHbI JJaHHbIC, B pE3yJbTaTe
aHaM3a KOTOPBIX OBUIO TMPEII0KEHO HECKOIBKO MO-
Jesiell B3aMMOJICHCTBUSL aHTHOMOTUYECKUX TIETITHAOB
C JIMITUTHBIMA MeMOpaHam#u [62].

Amdunatayeckas — NPUPOAa  AHTHUMHUKPOOHBIX
MENTUAOB — UX KIFOUEBOE (PU3UKO-XHMMUIECKOE CBOM-
CTBO, Ba)XKHOE IJIs peaju3aliy Tpoliecca BCTpauBa-
HUS TIENTH]IOB B JIMMTUAHBIE MeMOpaHbl: THAPOGOOHBIE
o0yacTd HEOOXOAMMBI, YTOOBI B3aUMOJICHCTBOBATH
HETMOCPEJICTBEHHO ¢ JUnoduibHON (a3oii MemOpaH,
B TO BpeMs KakK TUAPOPIIbHBIE OONACTH WIIH B3aWMO-

JEHCTBYIOT C OTPULATENILHO 3aPSIKCHHBIMU TPYIIIAMH
dochomunuIoB, WK HATIPABIEHBI B ITOJIOCTH MOPBI.

Ha mepBom srtame xontakta AMII ¢ mMemOpanoit
NEeNTUABl NPEUMYIIECTBEHHO NPUHUMAIOT OpHEHTa-
OUIO TapajuieIbHO MeMOpaHe, 3JIeKTPOCTATHYECKH
CBSI3BIBASICH C OTPHUIATEIBHO 3apshKEHHBIMU (ocdat-
HBIMH TpymmaMu GochoIUIUI0B HA MEMOPaHHON TI0-
BepxHOCTH [8, 62, 63]. IIpu 3TOM MHOTHE ENTU]IBI ME-
HSIOT KOH(OPMALMIO MIPU TEPEXOJE U3 BOAHOM CpPeJIbl
B JIMITUIHOE OKPYKEHHE, B YACTHOCTH, MHOTHE TIeTITH-
JIbl U3 TPYIIIBI O-CITUPATBHBIX TPUOOPETAIOT YIIOPSI0-
YEHHYIO O-CIIUPAJIbHYIO CTPYKTYpPY UMEHHO IPH aJCco-
pOumn Ha MeMOpane [64, 65].

B 3aBuCMMOCTH OT CTPYKTYphl MENTHAOB, MeXa-
HU3M TIOBPEXKICHHS MeMOpaH pasznuuaercs. Takke
IPEAIOoJIaraeTcs, 4YTo MeNTHIbl MOTYT OKa3blBaTh BIIU-
SHUE HAa MEMOpaHbI, coYeTas HECKOJIbKO pa3HbIX CIO-
co0oB BozaercTBHs. CONacHO KIACCHYECKHM Ipe.-
CTaBJICHUSAM O MEXaHW3ME HapyleHHS CTPYKTYPHOH
[EJIOCTHOCTH MEMOpaH, MEeNnTHJbl, COpOUpYsICh Ha ee
MMOBEPXHOCTH, JOCTUTAOT OMNpEEIEHHON MOpPOroBOM
KOHLICHTPALMH, TIOCJIEe Yero Ha9YMHAeTCs X BCTpanBa-
HHE B MeMOpaHy ¢ hopMupoBaHHEM 00pa30BaHHOM MO-
JIEKYJIaMH TIENTHI0B MOPBI (MOJENb «COOPKH OOUKM»),
00 TIOPHI, COCTABIICHHON M3 MOJIEKYIT MENTHAA U JH-
MUI0B (TOpOHIANBHAS TI0Pa), WM ¢ 00pa30BaHUEM MH-
LEJUIIPHBIX CTPYKTYp B MeMOpaHe (MOAEIb «KOBPa»)
[19, 63, 64, 66].

Mopaenb TOpouAaIbHOM MOPBI HPEIoNaraer, 4Tto
CKOIUICHMsI TENTHIOB INPHOOPETAIOT OPHUEHTALHIO
NEepHeHIUKYIIPHO MeMOpaHe, n3rudas e€ BHYTpb JUIS
¢dbopMupoBaHuss Opbl U 00pa30BaHUs «XOHA», BBICT-
JIAHHOTO TUAPO(MIBHBIMU TPYIIIaMH (B TOM YHUCIIE TO-
JIOBKaMH MeMOpaHHBIX (HochHOTUIIIOB), HAMPaBICH-
HBIMHU BHYTPb I1OJIOCTH.

B Monenun «cOopku 00uku» WM «OOYapHOW KIIerl-
KD MOJICKYJIBI TENTH/IA TIEPEOPUEHTUPYIOTCS, BBINOI-
HSSL POJIb «IOCOK» («KJICTIOK»), 00Pa3yIOIIMX CTCHKU
«OOUKU»-TIOPHI, T. €. (OPMHUPYIOT KIacTep, pPacroio-
JKCHHBI NEPHEHIUKYISIPHO MTOBEPXHOCTH MEMOpaHHI,
Tak, 4ro TuApodoOHBIe 00JIACTH Ka)KAOTo MeNnTHIa
B KJIACTEPE CBS3aHBI C JIUMHUIHBIM KOPOM MEMOpaHBbI,
B TO BpeMs KaK THAPOPHUIbHBIE 00IACTH CMOTPST B TI0-
JIOCTH 0Opa30BaBIICHCS TpaHCMEMOPaHHOM ITOPHI.

B ommmume ot moneneit o0pa3zoBaHUs 1OP, MOJEITb
«KOBpa» MpEAINoaraeT, 4YTo MOJEKYJIbl TENTHIOB,
pacrionararomyecs MapajuleIbHO JIMIMHATHOMY OuC-
JIOI0, TTIOKPBIBAIOT LIENIbIE JIOKAJIbHBIE 001aCTH OZOOHO
KOBpPY [67] U, IpU TOCTUKEHUHU JTOCTATOYHO BBICOKOU
KOHLCHTPALUH, IMPOSBISIOT MOJOOHYIO AETepreHTam
AKTHBHOCTb, BBI3bIBASI MECTHBIC HAPYILICHHS [IETOCTHO-
CTH MeMOpaH. Y4acTku MeMOpaHbl MOTYT pa30MBaThCs
Ha MUIIEIUIBI, YTO MOXET NMPHUBECTU K (POPMHUPOBAHUIO
nop. MoryTt 00pa3oBbIBaTbCSl 1 HHTEPMEIHATHBIE COe-
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JUHEHUSI, COCTAaBJICHHbBIC U3 JUMUAHBIX MOJICKYII, CBS-
3aHHBIX C MENTHIOM.

YMeHbIIeHNE TONIHUHBI JTUITHIHOTO OUCIION B NIPH-
cyrctBun AMII toxke 6wut0 ommcano [19, 61] u pac-
CMaTpUBAaeTCs KaKk OIUH U3 CIIOCOOOB BO3ICHCTBHUSL,
MPUBOSILETO K HapyIICHUIO OapbepHON (yHKUIUH
MeMOpaH.

AncopOuus nenTu0B Ha MeMOpaHe IMOBBIIIACTCS
P KOHTAKTE WX C OKUCICHHBIMU (DOCHOTUITHITAMI.
B HEKOTOpBIX cydasx HE BBISBISIETCS 3HAYUTEIBHBIX
MOBPEKACHUI MEMOpaHbI IPH BO3ACHCTBUY NENTHIOB,
OJTHAKO MEMOpPaHHBIM IOTEHIUA KIETOK-MHUIICHEH
pesko manaet. Ilpeanoxena Takke MOJENb «IIEKTPO-
mopamum» [19, 68], cormacHO KOTOPOH aKKyMYJISIIHS
NENTUAOB B HAPYKHOM JIMCTKE JUIHMIHOIO OHCIIOS
MeMOpaHbl NPUBOAMT K BO3PACTAHHIO MEMOPaHHOTO
MOTEHIMaJIa CBBIIIE TTOPOrOBOTO 3HAUEHUS, YTO BIEUET
3a cO00¥ yBETMUCHHE TIPOHUITAEMOCTH MEMOPAHBI JIJIs
Pa3IMYHBIX MOJICKYJI, BKIIIOYAsi U CAMH NIENTHIBI.

Hexotopeie AMII npu MuHUMansHOH 3(QeKTHB-
HOM KOHIIEHTpallUM HE BBI3BIBAIOT JE3WHTETpaluu
MeMOpaHBbI, ¥ BCe K& OaKTepru NOru0aroT. DTH MEeNTH-
Ibl TIEPEMEILAIOTCS Yepe3 MeMOpaHy M HaKallJIMBaoT-
Csl BHYTPH KJIETOK, I7I€ HAPYIIAIOT MHOKECTBO BasKHBIX
KJIETOYHBIX IPOLIECCOB, OTIOCPELYs KJIETOUHYIO THOEb:
WHTUOUPYIOT CHHTE3 HYKJICHHOBBIX KHCIIOT, OCIKOBBIH
CUHTE3, (EPMEHTATUBHYIO aKTHBHOCTh M CHHTE3 KIe-
TO4YHOM cTeHkH [ 18, 66, 69].

Hanpumep, aHTUMUKPOOHBIH ENTH I JISATYIIKH OY-
(opHH MPOHUKAET Yepe3 OaKTepHalbHYI0 MeMOpany,
HE BBI3bIBAs €€ pas3pylueHus, u cesaspiBactcs ¢ JJHK
n PHK B nmmrommasme E. coli [70]. IlomoOHBIM ke 00-
pazoM HEKOTOphIE O-CHUPAJIbHBIE TENTHUIbI, TaKUE
KaK JIepMaceNTHH, BBIJCICHHBIH U3 KOXKHU JISATYILIKH,
WJIM TIPOU3BOAHBIE TUICYPOLMANHA, MOTYYEHHOTO U3
pr10 AMII, BeI3bIBatOT nHTHOMpoBanue cuaTe3a JJHK
u PHK, He nectabunusupys MmemOpany KineTku E. coli
[71]. UarubupoBanue CUHHTE3a HYKJIEHHOBBIX KHUCIOT
OBLIIO TaKIKe MPOAEMOHCTPUPOBAHO JJIS1 AHTUMUKPOO-
HBIX MIENTU/IOB U3 PAa3IUYHBIX CTPYKTYPHBIX KJIaCCOB,
TaKuX KaK BKJIOUAIOMHNN B-CTPYKTYpy o-neheHCHH
yenoBeka HNP-1 [72] wian nuHEHHBIH, 000TaeHHBINH
TpunToaHoM mentuj HeUTpoduiaoB ObIKa MHIOIHU-
uuauH [73].

Kpowme Toro, 66110 TOKa3aHO, YTO HEKOTOPHIE U3 Ta-
knx AMII moryTt BrnusiTh Ha OenKoBbIM cuHTe3. CHH-
KEHHUE YPOBHS OCJIKOBOTO CHHTE3a HAOJII0NAETCS B TOM
qyciie Ipy JeHCTBUN TIeypOLMIMHA U IePMacenTHHA,
PR-39 u unmonmunuauna. Ha mpumepe mponuH-60ra-
Toro AMII HaceKOMBIX TUPXOKOPHUIIMHA TSI CXOITHBIX
C HMM IICNTHIOB OBUI BBISBJICH MEXaHU3M, COIJIACHO
KOTOPOMY MENTHJ MOCTYNAeT B KIETKy-MHLICHb (E.
coli) u cBs3piBaeTcs ¢ DnaK, GenkoM TErIoBoro moka,
KOTOPBII BOBJICYEH B MIANIEPOH-3aBUCHMBIN OEIKOBBIN
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¢onmuur. [entun narnOoupyer ATd-a3Hyr0 akTHB-
HocTh DnaK, Hapymass npoCTpaHCTBEHHYH) CBEPTKY
OEITKOBBIX MOJIEKYJ, YTO 3aKaHYMBAETCS HAKOILJICHH-
eM OeNKOB ¢ HapyIIeHHOW KOoH(OopMaIliei U THOebo
kieTku [74]. TlomoOHass akTHMBHOCTBH IOJTBEPIKIACHA
TaKxke Js OakTeHenMHa 7 Oblka W OakTeHeuuHa 7.5
oBIBI [75-77]. Jnsa psma Gorateix mpomwmHOM AMII,
BKITIOYAs aliIaCI[HBI i OHKOI[MHBI HACEKOMBIX, a TaK-
’)Ke OaKTeHIMHBI ObIKa 5 U 7, Oblla Tak)Ke BBIABIECHA
BO3MOXHOCTh OJIOKUPOBKU MMHU TPAHCISIUN Ha pUOO-
comax 3a cuet cBsa3bBanus ¢ 70S cyOoreaunmIei (B 00-
JIACTH BBIXOAHOTO TYHHENS) [55, 78—82].

MunieHb0 aHTUMHUKPOOHBIX TIENTH/IOB MOXKET TaK-
ke ObITh (DOPMHUPOBAHKE CTPYKTYPHBIX KOMIIOHCHTOB,
TaKMX KaK KJIETOYHAas CTeHKa. JIaHTMOMOTHUK HH3UH,
B JIONOJTHEHUE K €T0 CIOCOOHOCTH K (hOPMHUPOBAHHIO
IOp, MOXET CBS3BIBATh JUMHI 2, WHTHOUPYS, TaKuM
o0Opa3oM, cuHTe3 KIIeTouHOM cteHkHu [83]. MHTepecHo,
4TO T€ XK€ CTaJWU Mpolecca ee OMOCHHTE3a SBIISIOT-
Csl MHUIICHBIO JICHCTBUS aHTHUOMOTHKA BaHKOMHIMHA.
OpHako TpeAronaraeTcs, YTO0 HU3WH W BaHKOMHIIUH
MIPOSIBIIFOT CBOE JICWCTBHUE, B3AaMMOJICHCTBYS C pa3iind-
HBIMH MOJICKYJIIPHBIMU YacTSIMHU B TpeJesiax JIMIUa
2, BCJIGJICTBUE YETO IMEINTH/ HU3WH aKTHBEH U IPOTUB
BaHKOMMUIIMH-YCTOWYUBEIX OakTepwit [84].

MHorue wuccienoBaTeN CKIOHSIOTCS K MBICHH,
YTO MEXaHHW3M JICHCTBUSI KaXKIOTO IENTHAA MOXKET
HECKOJIbKO U3MEHSTHCSI B 3aBUCHMOCTH OT OCOOEHHO-
creil kinerku-muniend. Kpome toro, AMII Bo3mMoxHO
WHAKTUBUPYIOT OAKTEpHUH C TIOMOINBIO ABYX HJIH 0O-
Jiee MEXaHM3MOB JICUCTBUS, COYETAas JIeCTa0MIN3AIINI0
MeMOpaHbl KJIETKH W HapyIICHUE BHYTPUKIETOYHBIX
nponeccos. Cunraror, uto AMII MoryT aeilicTBoBaTh
M0 «MYJIBTUIICIICBOMY» MexXaHm3my [85, 86], a nMeH-
HO YTO TENTH/IbI, WMEOIINE BBICOKHNA TOJOKUTENb-
HBIW 3apsij] MOJICKYJIbI, TOMAMO HapYIICHHS MeMOpaH
OakTepuil, MPOHUKAIOT B MUKPOOHBIC KIETKH M CBSI3bI-
BAIOTCSl C AaHUOHHBIMU COCJIMHCHUSIMH B IIUTOILIA3ME,
TaKMMH KaK HYKJIEHMHOBBIC KHCJIOTHI WIH (DEPMEHTHI,
TakiuM 00pa30M BMEIIMBASCH B MPOIECCHI, B KOTOPHIE
BOBJICUYCHBI 3TH MOJIEKYJbI. Tak, MMoKa3aHO, YTO KaTH-
OHHBIC TCHTUJBI PA3IUYHBIX CTPYKTYPHBIX KJIaCCOB
MOTYT CBsI3aTh M CIEIU(GUIHO MHIHOUPOBATH AKTHB-
HOCTh aMHUHOTJIMKO3UA-MOIUUITPYIOMNX  (hepMeH-
TOB, KOTOPBIE COJIEPKAT aHUOH-CBS3BIBAIOIINN KapMaH
[87]. Beicokas cremneHb CAOKHOCTH MOAOOHOTO MeXa-
HU3Ma ¥ MHOXKECTBEHHOCTh MUIIICHEH aHTUMHUKPOOHO-
TO JIEHCTBUS ABISAIOTCS MPUYMHAMH MaJIOBEPOSTHOCTH
MOSIBIICHHSI ¥ OTOOpa MyTaHTOB, YCTOWYHMBBIX K KaTH-
OHHBIM TenTuiam [86, 88].

KpoMme akTHBHOCTH, CBSI3aHHOW C HEMOCPEICTBEH-
HOW WHaKTHBaNMeW OakTepuil, TpuOOB W BUPYCOB,
AMII nposBAsIOT 1EBIid psA 3G(HEKTOB B OTHOIICHHH
COOCTBEHHBIX KIIETOK OpraHm3Ma. MHOTHE TeNTHIbI
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00JTaaroT UTOKCHYHOCTHIO B OTHOIICHWH Pasivd-
HBIX OIYXOJEBBIX M HOPMAJbHBIX JYKapPUOTHUECKUX
kietok [63, 89-91], BeicTynmaloT XemoarTpakTaHTaMH
JUIE Makpo¢aroB, HEHTPOPHUIOB, HE3PENBIX JEHAPHUT-
HBIX KIETOK [92-94], yBenMUYMBAIOT MPOHUIIAEMOCTH
COCYZIOB U CTUMYJHUPYIOT UX pocT [95-98], BbI3bIBAIOT
JErPaHysIIUI0 TYYHBIX KIeTok [96, 99—102], Baustor
Ha nutoanddepenmpoBky [103—-105], uHrHOUpyIOT
MPOAYKIUIO KOPTUKOCTEPOHA KJIETKAMHU KOPKOBOTO
CJI0s HAAOYeYHUKOB in vitro [106—108].

JIEKAPCTBEHHDIE NMPEMNAPATDI
HA OCHOBE AHTUMNKPOBHbIX
NENTNAOB

B cBere cTpemMuTeNnbHO pa3BUBAIOIICKCA PE3U-
CTEHTHOCTH MaTOTEHHBIX MHUKPOOPTAHUMOB K HCIIOJb-
3yeMbIM B KJIMHUKE aHTUOMOTHKAM U Bce 0OJiee OCTPO
BCTArOIIEeH MpoOIeMBI TOMCKAa HOBBIX 3()PEKTUBHBIX
AHTUMHUKPOOHBIX IpEnaparoB, OJHUM W3 IPHUBJICKA-
TeIbHBIX CBOMCTB AMII >KHBOTHOTO MPOUCXOXKIICHUS
KaK KaHIUJATOB Ha POJb MOCICIHUX SBISCTCS BBICO-
Kasl aKTUBHOCTh MHOTHX HX HUX, B TOM YHUCIJI€ B OTHO-
IIEHHH aHTUOMOTHUKOYCTOWYHMBBIX KIMHHUYECKUX H30-
astoB Oakrepuit u rpudkoB [109-114]. ITokazana nx
JICICTBEHHOCTh U MPOTUB OUOILICHOK, ¢ (hOPMHUPOBA-
HHEM KOTOPBIX CBSI3aHA 3HAYMTENbHAS YacTh TPYIHO-
M3TIEYNMBIX XPOHUYECKUX OaKTepHaIbHBIX MH(EKITHiA
[115-117]. Ilpu sTOoM TO, uTO HekoTopbie AMII 06xa-
JIAIOT HE TOJIbKO aHTHMMUKPOOHOW, HO M yIOMSHYTOM
B MPEIBIAYIIEM paseiiec UMMYHOMOMYIUPYIOMIEH aK-
TUBHOCTBIO, JIENAeT ATH COENWHEHHS OCOOEHHO Iep-
CHEKTHBHBIMHU Ui pa3pabOTKM Ha MX OCHOBE aHTH-
OMOTHYECKHX IPETapaTroB JUIsi KOPPEKIIUU Pa3TUIHBIX
OCJIO)KHEHHBIX ITaTOIOTUYECKUX TIPOIECCOB, B TOM
YHUCJIC COMPOBOXIAMOMIUXCA HMMYHOACPHUIIMTHBIMH
COCTOSIHUAMHU. B 11e51om, mpenmnonaraeMple Hanpaslie-
HUS TpakTH4ecKoro ucrnoibzoBanuss AMII nocratou-
HO Pa3HOOOPAa3HBI M CBS3aHBI C UX MPUMCHCHHUEM Kak
HETIOCPEICTBEHHBIX aHTHOMOTUYECKUX areHTOB, BbI3bI-
BAaIOIMX TUOENh MaTOT€HHBIX MHUKPOOPTaHU3MOB WIIH
TpaHC(OPMHUPOBAHHBIX KIIETOK; KaK WMMYHOMOJIYJIH-
PYIOIIMX BELIECTB WUJIHU K€ KaK MEPEHOCUYUKOB JIPYTHX
JICKApCTBEHHBIX COCJAMHEHUN Yepe3 MeMOpaHbl KIECTOK
[12, 118-120]. IIpu >TOM GOJBITMHCTBO TEKYIIUX Pa3-
paboTOK CBA3aHO HMEHHO C TIEPBOI BOZMOYKHOCTBIO.

[Ipsimoe aHTUMUKPOOHOE NIEeHCTBHE OOJBITMHCTBA
aktuBHBIX AMII ocymiecTBasieTCS 32 KOPOTKUI TpoMe-
JKyTOK BPEMEHU — HECKOJIbKO MUHYT, TaK KaK CBS3aHO
C TIOBPEKICHUEM IIEJIOCTHOCTH MeMOpaH OaKTepHhi.
3aTpyqgHEHHOE pPa3BUTHE PE3UCTEHTHOCTH MHKPOOP-
ranusMoB k AMII B mpupozne Bo MHOTOM CBSI3bIBAIOT
¢ atuM obcrosrenscTBoM [60, 88, 121]. OgHako UMeH-
HO AMII ¢ BBIpaXK€HHBIM MEMOPAHOIUTUIECKUM JEH-

CTBHEM dYallle TOKCHYHBI M JJIsI COOCTBEHHBIX KJIETOK
OpraHM3Ma, 4TO OCJIOKHSET pa3paboTKy JIeKapCTBEH-
HBIX IIPEIapaToB HEMNOCPEICTBEHHO HA OCHOBE ATHX
coeauneHuid. IlosToMy ycminsi yyeHbBIX HarpaBJICHBI
Ha co3fanue Moaudukanuii AMII ¢ onTUManbHBIM CO-
YeTaHHEeM CBOWCTB: BBICOKOW aHTHMHUKPOOHOW aKTHB-
HOCTBIO M HHU3KOM TOKCHYHOCTBIO JUISI COOCTBEHHBIX
KJIETOK OpraHu3Ma.

K coxanenuto, HECMOTpsi Ha NpoOrpecc B aHAIH-
3€ B3aUMOCBSI3U CTPYKTYpbl U akTHBHOCTH AMII mo-
CIETHUX JECATHIICTHH, MOMBITKA pa3pabOTKHU CTPYK-
TypHBIX aHamoroB AMII de novo ¢ ucmonb30BaHHEM
TOJIBKO CPEACTB KOMITBIOTEPHOTO MOZEINPOBAHHS HMeE-
10T BEChbMa OorpaHuueHHbIi ycnex. Ocraercs akTyalb-
HBIM TOMCK HOBBIX HPHUPOAHBIX MENTHIO0B, HapUMep
WX BBIJICJICHUE W3 JIEHKOIUTOB JKUBOTHBIX. YUHTHI-
Bas JUTMTEIBHBIN SBOIOIMOHHBIN O0TOOp, oOpareHne
K IPUPOAHBIM HUCTOYHHMKAM YacTO NMPUBOAUT K BBISB-
JICHUIO CTPYKTYP MENTHIHBIX MOJEKYJ, 00IaJalonnx
MIEPCIIEKTUBHBIMU C TOYKHU 3PEHUS MTPAKTUYECKOTO MPH-
MEHEHHUs CBOWCTBAMHM, W JabHEUIas MOTH(DUKAITHS
BEJIETCsl yKE Ha 3TOH OCHOBE.

K nHacrosmemy BpemeHu paspaboTaH psil JieKap-
CTBEHHBIX IMpenaparoB Ha ocHoBe AMII, Oonbmias
YacTh U3 KOTOPBIX HAaXOAWTCS HA PA3TUYHBIX CTAIUAX
KJIMHUYECKUX M JOKIMHUYECKUX MCIbITaHui. MHorue
U3 HUX CO3/1aHbl HAa OCHOBE MIPUPOAHBIX NentuaoB. Ha-
npuMep, Ha 6aze KOPOTKOro TpumnTodaH-00raroro Ka-
TenuIuaHa OblKa WHIONWIMINHA (GupMoit Migenix
npemokeHsl npenapatsl MX-594AN (s jedeHus
yrpeBo#i coirin) 1 MBI-226 (oMuranaH; n3Ha4alIbHO JIS
NPUMEHEHHS MIPU KaTeTep-aCCOLMUPOBAHHBIX HMH(EK-
nusx) [122]. K HacTosiiemy BpeMeHU OMHUTaHaH 3aBep-
ot (azy Il kKITMHIYeCKuX UCTIBITaHUH KaK CPeJICTBO
nedeHns posamea u mpoxomuT ¢asy Il xax mpemapar
NPOTUB aKHA, aTOMUYECKOTO IEPMaTUTa U BarHHAJIBLHOM
HMHTpa’nuTennansuoi neomnasuu [123, 124]. Hdpyroi
npenapar, P-113 (PAC-113), pazpaboTanubiii Gpupmoit
Demegen Ha ocHOBe THCTaTHHA 5 (OTHOTO W3 TPYIIIHI
0orarbIX TMCTHIMHOM KaTHOHHBIX NENTUAOB CIIIOHBI),
3aBepmmia (azy Il KIMHUUECKUX MCIBITAaHUN Kak Ipe-
napar Juist 00paboTKK POTOBOM MOJIOCTH MPH KaHIUI03€
y BUY-nanuenTos [56, 123]. OctoPlus, nouepuee mpen-
npusatue Dr. Reddy’s Research, ycmemmHo 3aBeprmio
¢dazy Il kIMHWUYECKUX HCIBITaHUN 24-aMHUHOKHCIIOT-
HOTro mpou3BonHoro karenuuauna LL-37 OP-145 nns
JICYeHUs] XPOHUUECKUX MH(EKuuit cpeanero yxa [123,
125], a pupma ProMore Pharma npoBogut azy IIb mc-
neiTanuil camoro LL-37 B kauecTBe npenapara MpoTUB
XPOHMUYECKHUX 3B HI)KHUX KOHeuHcTe [123, 126].

WHTepecHO OTMETUTH TakKe pazpadaThiBaeMble
¢upmoii PLANTON GmbH mnpenapars! Ha ocHOBe B-71e-
(dencuna 2 genoseka (hBD2), koTopble mpemmoaracTcs
WCTIOIBb30BATh MPU JICYCHUH aTONMYECKOro IepMaTuTa;
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MOBPEXKICHNI KOXHM, CBS3aHHBIX C OKOIaMH U OCIIOX-
HEHHBIX HMH(EKIMOHHON MNAaToNIOTHEH; JIErOYHBIX HH-
¢exuuii. [IpumedarenbHO TO, YTO Tpenaparbl PeKOMOU-
HAHTHBIX TIENTHIOB MPOM3BOIATCS C HCIIOIb30BaHUEM
OMOTEXHOJIOINYECKUX ITOAXO0B, [TO3BOJISIIOIINX Hapa-
0aTbIBaTh MENTH] B KIIyOHSX TPAHCTEHHOIO KapToders,
YTO 3HAYUTENBHO Y/IEIIEBIIET MPOU3BOICTBO Mpenapara
[0 CpaBHEHHIO C 0OJiee YacTO HCIOIb3YEMbIM ITOITyYe-
HHUEM I[IENITH/IOB C IOMOILBIO KYJIETUBUPYEMBIX OaKTepH-
aJbHBIX W DYKapHUOTHUECKUX KIEeToK [ 127].

Ha ocHoBe IMTOKMHOMONOOHBIX MENTHUAOB Hace-
KOMBIX (IMYMHOK MyX cemeiictBa Calliphoridae) Obin
pa3paboTaH OTEYECTBEHHBIN Mpenapar AJuioQepoH,
KOTOPBIII B HACTOSIIEE BpPEMsl HCIIOIb3YeTCsl B Me-
JULMHCKOM MpakTHKE KakK JICKapCTBEHHOE CPEICTBO,
CTHUMYJHpPYIOIlEE aHTHBUPYCHYIO, aHTUMHKPOOHYIO
U MIPOTHBOOITYXOJIEBYIO aKTUBHOCTh MMMYHHOW CHUCTe-
MBI genoBeka [ 128, 129].

Hecmotpst Ha CKpOMHBIE Ha JTaHHBI MOMEHT YCIIEXU
BHEJIPEHUS], MHTEPEC K BO3MOYKHOCTSIM HCIOIb30BaHUSA
AMII He ocnabeBaeT U CHMCOK IOIONHSAETCS HOBBIMH
mpernaparaMu, MPOXOIAIIUMHU JTOKITUHUYECKHE HCIIbI-
tanus. [Ipumepamu MoOryT ciayXuTh npenapar NZ2114
Ha OCHOBE [-IedeHCHH-TTOJOOHOTO IeNTHaa Tpruda
Pseudoplectania nigrella mnnexrasuna, paspaboran-
HBIH KoMIanue Novozymes sl JieueHus] HHPEKIHH,
CBSI3aHHBIX C AHTHOMOTHKOYCTOWYMBBIMU OaKTepPHAMHU
[130-132], wiu npenapat A3-APO, co3nanHblil Ha Oc-
HOBE 000TaIlIEeHHOTO TPOJIMHOM MENTHAA U3 TeMOTUM(BI
HacekoMbix [133—-135]. Ilocnennuit mentua UHTEPECEH
TEM, YTO, HECMOTPS Ha HU3KYI0 aHTHOAKTEpHAIBHYIO
aKTUBHOCTD i1 Vitro, TIpU WCTOIB30BAHWH in vivo (Ha
MOZENN KOXHOW MH(MEKIMH, WH()EKINN AbIXaTeIbHBIX
MyTel y MbIlel) AEMOHCTPUPYET BBICOKYIO 3ddek-
TUBHOCTB, TPEBBIIIAIONIYIO TOKa3aTeNn TPaTUIIMOHHO
WCIIONIb3YEMBIX aHTHOUMOTHUKOB MPU BHYTPHMBIIICYHOM
BBEJICHUU WJIM PUMEHEHUHU B BUJIE a3po3oiid [ 133].

3AKJTIOHEHUNE

Vike u3 aHanu3a NPOXOASIIIKUX B HACTOSIIUI MOMEHT
UCTIBITAHUI TpenaparoB O4YEBHIHO, 4TO Hamboiee
Onm3kue nepcrnekTuBbl npuMmeneHns AMII B meaniu-
HE HCCIIEeI0BATeNI CBA3BIBAIOT C MX HCIOIb30BaHUEM
B KayeCTBE CPEJICTB MECTHOTO NPHUMEHEHHS: JJIsl 00-
pa®oTky MH(OUIMPOBAHHBIX, B TOM YHCIE OXKOTOBBIX,
paH, MHPEKIHUH KOKU U CIM3UCTBIX, XPOHUYECKUX TPO-
(uueckux s3B, B YaCTHOCTH IIPH CHHIPOME AMAOETH-
YyecKo# cromsbl, U T. . Kpome Toro, paccmarpuBaroTcs
BozMokHOCTH BKiIroueHust AMII B cocraB anTnbaxTe-
PHATBHBIX MOKPBITUH, KOTOPbIE MOTYT MCHOJIb30BaTh-
Csl IIPU CO3JAHUM PA3TUYHBIX W3ACTHH MEIUIIMHCKOTO
Ha3HAuYEHUs: KaTeTepOB, CTEHTOB, CTOMATOJIOTHYECKUX
nMmIutantoB u mp. [136-138]. O6a >t HampaBieHus
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MO3BOJISIOT B ONIPE/IEIEHHON Mepe OTOABUHYThH Ha BTO-
poil TUTaH PSIT CYIIECTBYIOIIUX MPOOJIeM, TaKUX Kak
mo0oYHasi TOKCHYIHOCTh, BOMPOCKHI TAPTETHON JOCTaB-
KA WM OTPAaHMYEHHOTO BPEMEHHU JKM3HH CBOOOIHBIX
nenTHI0B B Ouonorndeckux cpenax [139, 140]. Ipe-
MATCTBUEM TaKXkKe OCTAeTCS U BEPOATHOE OTCYTCTBUE
9KOHOMHYECKOTO TIPENMYIIIECTBA B CIIydae PaBHOH (-
(heKTUBHOCTH HOBBIX ITENTHIHBIX AHTUOMOTHKOB C yKe
NpUMEHsIeMBIMHU Ipenaparamu [16, 140].

Tem He MEHEe HECOMHEHHO NPUBJIEKATENILHON OCTa-
€TCsI MePCTIEKTHUBA HCITOIH30BaHMUS OCHOBAHHBIX HAa AMIT
TIPeTIapaToB I PEIIeHUsT 0ojee CIOKHBIX M TII00ANTb-
HBIX 337a4. COBOKYITHOCTh MMEIOIIMXCS JTaHHBIX TOA-
TBEPKJIAET MPEICTABICHUE O TOM, YTO 3T KOMIIOHEHTBI
CHCTEMbI BPOXKJIEHHOTO MMMYHHUTETa YeJIOBEKa U KH-
BOTHBIX MPOSBISIIOT MIMPOKHHA CHEKTP OMOIOTHYECKUX
CBOWCTB, pEATU3YIOIINXCS B XOA€ Pa3IMYHBIX aIarlTHB-
HBIX ¥ 3allIUTHBIX MPOIECCOB, — TPU MHQEKIINH, BOCIIa-
JeHuH, auctpecce. bonee yrmyOneHHoe moHUMaHue Je-
JKaIllMX B OCHOBE 3TOTO B3aMMOCBSA3EH M MOJIEKYIISPHBIX
MEXaHH3MOB MOXXET TTO3BOJIUTH KOMIUIEKCHO pPEan30-
Barh noteHan AMII He TONbKO Kak aHTUMUKPOOHBIX,
HO U KaK UIMMYHOMOYIUPYIOLIUX ar¢HTOB.

[Tomumo coOcTBeHHO 3(P(HEKTUBHOCTH B OTHOIIIE-
HUHW PE3UCTEHTHBIX OakTtepuil, ans psga AMII moka-
3aHBl  3PQGEKTHl CHHEPTHYECKOTO aHTHMHKPOOHOTO
JNEHCTBUST C AHTUOMOTHKAMH DPa3IMYHOW TIPUPOJIBI,
B YaCTHOCTH B CIy4asx, Korja OakTepuu 00JagaroT
YCTONYMBOCTBIO HEMOCPEACTBEHHO K aHTUOMOTHKAM,
BXOISMMM B komOuHanmio [141-146]. B cBete aTOTO
MEPCIIeKTUBHA pa3padoTka KOMOWHUPOBAHHBIX aHTH-
OMOTHYECKHX MpEenaparoB AJs MEPCOHATN3UPOBAHHON
Tepanuu MH(EKIH, BBI3BAHHBIX AHTUOMOTHKOPE3H-
CTEHTHBIMH OaKTepHsSIMHU.

Bribop B moOnB3y MOTEHIIMANBHBIX TpenapaToB
Ha ocHoBe AMII moxeT OBITH 11eNIeco000pa3eH B cirydae
Pa3BUTHSL TSHKEJIBIX TOCIUTATBHBIX MH(MEKINH, KOraa
CTaHJapTHBIE OAXOABI K XUMHOTEpAINH OKa3bIBAIOTCS
Hed(D(PEKTUBHBEIMHU U UIMEETCST HHPOPMAITUS O CIIEKTPE
AHTHOMOTHKOYCTOMYMBBIX TTATOTEHOB y KOHKPETHOTO
namuenra. [Ipenaparsl Ha ocHoBe AMII MoryT Taxke
UMETh MPEUMYIIECTBO B CIIydasX KOMIUIEKCHOTO BO3-
JEHCTBUS: TMENTUABI, 00JaJaroNnue TIOMUMO aHTHMHU-
KpOOHOTO aHTHOTEHHBIM U perapaTHBHBIM 2P dEKTaMH,
MOTYT JIOTIOJTHUTEIBHO CITIOCOOCTBOBATh 3a)KHBIICHUIO
TpopHUUECKUX $3B, a TENTHIBI, 00JaJaI0MIKe JOTOI-
HUTEIBFHO MPOTHBOOIYXOJEBBIMUA CBOWCTBAMH, MOTYT
OKa3aTbCsA ONTUMAIBHBIM BEIOOPOM IPH MPO(UITAKTH-
K€ U KOPPEKINU WHPEKITUOHHBIX OCIOKHEHHUI Y OHKO-
JIOTHYECKHX OOJBHBIX (Ha (DOHE CHIKEHVSI UMMYHHOTO
cTaryca, HalpuMep pU XUMHOTEparun).

TakuMm oOpa3zom, Onarogapsi BIAIONIEMYCs TOTEH-
uairy AMII, pa3paboTka TeparneBTHYeCKHX Ipernapa-
TOB Ha 0a3e 3TUX COeIMHEHU HE TePSIEeT aKTyaIbHOCTb,
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HECMOTPS Ha pPAA HCIIPOCTBIX np06neM, CTOAIIUX TIC-
pea ucCiacaoBaTcIsIMu.
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ABSTRACT

The review represents the analysis of the literature data on antimicrobial peptides (AMPs) of
the innate immune system as promising prototypes of new antibiotic agents for overcoming
the antibiotic resistance of microorganisms. Structural and functional properties of these pep-
tides are highlighted, information on the mechanisms of antimicrobial action and, briefly, on
their effects on the cells of higher eukaryotes is provided. The advantages of AMPs in com-
parison with conventional antibiotics and the problems of practical application of AMPs are
discussed. Examples of drugs developed based on AMPs that are at the stage of clinical trials
are given, the necessity of creating new peptide drugs for medical application in the treatment
of infectious diseases caused by antibiotic-resistant microorganisms is substantiated.

Key words: antibacterial action, antimicrobial peptides, clinical trials, infectious diseases,
microbial resistance.
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INTRODUCTION

In recent years, the resistance of pathogenic microor-
ganisms to antibiotics used in medicine has been grow-
ing rapidly. According to forecasts, by 2050, mortality
from infections caused by antibiotic-resistant bacteria
will reach 10 million people per year [1]. The prob-
lem of fighting hospital infections is particularly acute.
Among the most dangerous representatives of such bac-
teria, assigned by the WHO to the 1st priority category,
are multiresistant gram-negative bacteria of the genus
Acinetobacter, Pseudomonas and various species of En-
terobacteriaceae family (including Klebsiella, E. coli,
Serratia and Proteus) resistant to carbopenems and other
antibiotics [2]. This list provides guidelines for priori-
ty developments for research organizations. According
to WHO guidelines, an urgent search for fundamentally
new anti-infective medicines is needed, as well as the
development of fundamental and applied scientific re-
search related to the decoding of the natural anti-infec-
tive defense mechanisms of the body.

Bacteria that form biofilms are a particular prob-
lem, which greatly increases their resistance to chemo-
therapy [3—5]. The search for means to combat such
bacteria is an urgent task of experimental and practical
medicine.

Analogues of natural antimicrobial peptides (AMP)
of the innate immunity system are currently considered
as fundamentally new antibiotics due to the difficult
formation of the resistance of microorganisms to these
compounds and the absence of negative effects on the
immune system, characteristic for some conventional
antibiotics.

GENERAL CHARACTERISTICS AND
STRUCTURAL CLASSIFICATION OF
PEPTIDES

AMPs are known as molecules acting as the most
important effector link in the system of innate immuni-
ty of animals [6—8)]. In addition, peptides with antimi-
crobial activity are found not only in animals, but also
in plants, fungi, bacteria [7, 9, 10]. These compounds
are positively charged peptide molecules, which in-
clude 15-45 amino acid residues. The peptides in ques-
tion were named antimicrobial due to the discovery of
a wide range of antibiotic activity in these substanc-
es — these peptides inhibit the growth and develop-
ment of gram-negative, gram-positive bacteria, fungi
(including yeasts), parasites (including planaries and
nematodes), and even viruses such as HIV and herpes
virus [8, 11—17].

Antimicrobial peptides have a variety of primary
structures and different conformations of molecules.

One of the classifications of AMPs is based on dif-
ferences in their secondary structure and divides the
known peptides into several main groups [18-20]:

* peptides having an a-helix conformation;

* linear peptides having an increased content
of one or another amino acid in the composition of the
molecule: peptides enriched with proline, tryptophan,
histidine or glycine;

* cystine-containing peptides are peptides hav-
ing one, two or more disulfide bonds. This group usu-
ally includes peptides with a mixed structure, which, in
addition to B-layers, also include spiral sections; as well
as macrocyclic peptides closed in a ring by a peptide
bond (6- defensins RTD-1, -2, -3).

The vast majority of antimicrobial peptides are cat-
ionic molecules. However, several anionic peptides
have been described [21, 22], for example, dermaseptin,
a peptide found in the secretions of human sweat glands
and exhibiting antibacterial and fungicidal activity —
maximin H5 from the skin of toad Bombina maxima
[23] and others.

MAIN GROUPS OF ANTIMICROBIAL
PEPTIDES IN MAMMALS

Mammals have two main groups of antimicrobial
peptides: a family of structurally related cystine-con-
taining AMP defensins and a group of peptides with di-
verse structures that make up the family of cathelicidins
[18, 24].

The existence of low molecular weight cationic
proteins with antimicrobial action was first shown by
American researchers Zeya and Spitznagel in the six-
ties [25], who discovered them in rabbit and guinea
pig neutrophils and named them “lysosomal cationic
proteins”. In our country, studies of these polypeptides
were initiated at the Research Institute of Experimen-
tal Medicine and at the Department of Biochemistry of
Leningrad University; their bactericidal and antiviral
activity was demonstrated [26-30].

The term “defensins” as a definition of this group of
substances was introduced in 1985 [31] with the begin-
ning of a new period in the study of these peptides. The
primary structure of defensins in rabbit [32], humans
[31, 33], guinea pig [34] and rat [35] was deciphered. It
is shown that they have universal antimicrobial activity,
inactivating in vitro gram-positive, gram-negative bac-
teria, fungi, and some envelope viruses. Subsequently,
these peptides were called a-defensins to emphasize
their difference from other AMPs, similar in structure,
but different in the nature of the closure of disulfide
bonds, which in turn received the name p-defensins.

Four isoforms of a-defensins were isolated from
human neutrophils, three of which HNP-1, HNP-2 and
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HNP-3 differ from each other only in one N-terminal
amino acid. HNP-4 is present in neutrophils in amounts
one hundred times less than HNP 1-3 [14]. Peptides of
this group were found not only in neutrophils, but also
in human lymphocytes, natural killer cells [36], in ep-
ithelial cells of the genitourinary tract [37], although
in much smaller quantities than in neutrophils. In addi-
tion, a-defensins, called HD-5 and HD-6, were found in
intestinal crypts in Paneth cells [38].

Six human o-defensins are encoded by five DEFA
genes localized on chromosome 8p23.1. Defensin HNP-
2 differs from HNP-1 and HNP-3 by the absence of an
N-terminal residue (alanine in HNP-1 or aspartic acid in
HNP-3); thus, this defensin is a product of the DEFA1
gene encoding HNP -1, or DEFA3 encoding HNP-3, and
is formed as a result of proteolytic cleavage of N-termi-
nal residues of these peptides. 1x10 ¢ human neutrophils
contain approximately 4-5 pg of defensins HNP-1-3,
and about 250 mg of these AMPs are produced in the
bone marrow every day during hematopoiesis in neu-
trophils [14].

While a-defensins are found mainly in phagocytes,
and in many animal species (cats, dogs, horses, sheep
and others) these peptides are completely absent, the
peptides of the B-defensin group are more widespread.
They are present in the epithelial cells of all studied
mammalian species and have been identified in reptiles
and birds; in addition, peptides similar in structure have
also been found in fungi, plants, and bacteria.

28 genes encoding various B-defensins have been
described in humans. Four main isoforms of these pep-
tides are distinguished: HBD-1 is found in epithelial
cells of the respiratory and genitourinary tract, kerati-
nocytes, astrocytes, microglia [39, 40] and leukocytes;
HbD-2 — in epithelial cells of the skin, respiratory,
genitourinary, digestive tracts [41]; HbD-3 in various
types of epithelial cells: its highest concentration was
found in saliva and genitourinary tract it is also found
in the liver, heart, placenta [42, 43]; HBD-4 is found in
cells of the genitourinary and digestive tracts [44, 45].
HBd-1 biosynthesis is constitutive, HBd-2 and HBd-3
are inducible: the expression level of HbD2 and HbD3
genes increases when epithelial cells come into contact
with microorganisms [46].

Another unusual group of defensins is cyclic 0-de-
fensins. Peptides of this group were found in white
blood cells of rhesus macaque [47, 48] and hamadryl
baboon [49]. It has been shown that the RTD-1 peptide
(rhesus 0-defensin 1) is a crosslinking product of two
shortened a-defensins encoded by two different genes.
The cyclic structure of 0-defensins makes them rela-
tively insensitive to the presence of sodium chloride
in the medium and allows for antimicrobial function at
physiological concentrations of salts. Although humans
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also have genes encoding 8-defensins, they are not ex-
pressed due to the presence of a stop codon in the DNA
region responsible for the synthesis of the pre-part of
these molecules.

Representatives of the family of cathelicidins were
found in phagocyte granules, as well as in cells of vari-
ous barrier epitheliums. Cathelicidins, unlike defensins,
exhibit a wide structural diversity. These structurally
different peptides are grouped into one family due to
the fact that they are all formed from precursor mole-
cules [50], which include a site region, homologous to
the protein katelin (i. e., the inhibitor of cathepsin L, a
protein with a mass of 11 kDa which was first isolated
from pig leukocytes [51]). Precursor molecules do not
show antimicrobial effects; a mature active peptide is
formed only after cleavage of the prepro part by en-
zymes of activated neutrophils [52].

Cathelicidins have been found in human protective
cells of mammals, birds, reptiles, and fish [52-54].

ANTIMICROBIAL ACTIVITY OF
PEPTIDES

The spectrum of antimicrobial activity of AMPs
depends on the peptide structure. Some AMPs have
a wide spectrum of antibiotic effects and are active
against gram-negative gram-positive bacteria, fungi.
Other AMPs have a more limited spectrum of antimi-
crobial activity: for example, peptides enriched with
proline inactivate mainly gram-negative bacteria [55].
A number of AMPs has fungicidal activity; it has been
demonstrated for rabbit and human a-defensins, human
B-defensins, histatins, protegrins and other peptides [8,
12, 14, 56]. Many peptides exhibit pronounced activity
against strains of microorganisms resistant to most anti-
biotic drugs used in medicine [57-60]. These properties
of peptides are due to the mechanism of their antimi-
crobial action, which will be discussed below.

Despite the huge structural diversity of the natural
antimicrobial peptides described to date, all of them, as
arule, are cationic and amphipathic molecules in which
hydrophilic and hydrophobic groups of amino acid res-
idues are spatially separated. The presence of a positive
charge allows them to bind electrostatically to the an-
ionic components of microbial cell membranes (anion-
ic phospholipids, lipopolysaccharides, teichoic acids),
and due to their hydrophobic properties, embed in the
lipid bilayers of membranes, which can cause irrevers-
ible damage to the structure of the bacterial membrane
and disruption of its functions, and lead to the death of
target cells [8, 18, 20, 61].

Thus, bacterial membranes are the target of the ac-
tion of most natural AMPs. Currently, there is a large
number of works in the literature dedicated to the study
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of the action of antimicrobial peptides on artificial lipid
membranes (monolayers, bilayers, liposomes), the com-
position of which is close to the lipid composition of
bacterial membranes or eukaryotic cells. Although the
mechanism of embedding antimicrobial peptides into
the membranes of living cells has not yet been fully un-
derstood, experiments on model membranes resulted in
data that have been analyzed, making it possible to pro-
pose several models of interaction of antibiotic peptides
with lipid membranes [62].

The amphipathic nature of antimicrobial peptides is
their key physicochemical property, important for the
implementation of the process of embedding peptides
into lipid membranes: hydrophobic regions are nec-
essary to interact directly with the lipophilic phase of
membranes, while hydrophilic regions either interact
with negatively charged groups of phospholipids or are
directed into the pore cavity.

At the first stage of AMP-membrane contact, pep-
tides preferentially assume an orientation parallel to
the membrane, electrostatically binding to negative-
ly charged phosphate groups of phospholipids on the
membrane surface [8, 62, 63]. At the same time, many
peptides change their conformation during the transi-
tion from an aqueous medium to a lipid environment,
in particular, many peptides from the a-helical group
acquire an ordered a-helical structure precisely during
adsorption on the membrane [64, 65].

Depending on the structure of peptides, the mecha-
nism of membrane damage varies. It is also assumed that
peptides can influence membranes by combining sever-
al different methods of action. According to classical
ideas about the mechanism of violation of the structural
integrity of membranes, peptides, being sorbed on its
surface, reach a certain threshold concentration, after
which their embedding into the membrane begins with
the formation of a pore formed by peptide molecules
(the “barrel assembly” model), or a pore composed of
peptide and lipid molecules (a toroidal pore), or with
the formation of micellar structures in the membrane
(the “carpet” model”) [19, 63, 64, 66].

The toroidal pore model assumes that peptide clus-
ters acquire an orientation perpendicular to the mem-
brane, bending it inward to form a pore and form a “pas-
sage” lined with hydrophilic groups (including heads of
membrane phospholipids) directed into the cavity.

In the “barrel assembly” or “barrel riveting” model,
the peptide molecules are reoriented, acting as “boards”
(“rivets”) forming the walls of the “barrel”-pores, i.e.
they form a cluster located perpendicular to the mem-
brane surface, so that the hydrophobic regions of each
peptide in the cluster are connected to the lipid core of
the membrane, while the hydrophilic regions look into
the cavity of the transmembrane pore formed.

In contrast to the models of pore formation, the
“carpet” model assumes that peptide molecules located
parallel to the lipid bilayer cover entire local areas like
a carpet [67] and, when a sufficiently high concentra-
tion is reached, exhibit detergent-like activity, causing
local violations of membrane integrity. Sections of the
membrane can break into micelles, which can lead to
the formation of pores. Intermediate compounds com-
posed of lipid molecules bound to a peptide can also be
formed.

A decrease in the thickness of the lipid bilayer in the
presence of AMPs has also been described [19, 61] and
is considered as one of the methods of action leading to
disruption of the barrier function of membranes.

The adsorption of peptides on the membrane in-
creases when they come into contact with oxidized
phospholipids. In some cases, no significant damage to
the membrane is detected when exposed to peptides,
but the membrane potential of target cells drops sharp-
ly. A model of “electroporation” has also been proposed
[19, 68], according to which the accumulation of pep-
tides in the outer sheet of the lipid bilayer of the mem-
brane leads to an increase in the membrane potential
above the threshold value, which entails an increase in
the permeability of the membrane to various molecules,
including the peptides themselves.

Some AMPs at the lowest effective concentration
do not cause membrane disintegration, and yet bacteria
die. These peptides move through the membrane and
accumulate inside cells, where they disrupt many im-
portant cellular processes, mediating cell death: inhibit
nucleic acid synthesis, protein synthesis, enzymatic ac-
tivity and cell wall synthesis [18, 66, 69].

For example, the frog antimicrobial peptide bufo-
rin penetrates the bacterial membrane without causing
its destruction, and binds to DNA and RNA in the E.
coli cytoplasm [70]. Similarly, some a-helical peptides,
such as dermaseptin isolated from frog skin, or pleu-
rocidin derivatives obtained from fish AMPs, cause
inhibition of DNA and RNA synthesis without desta-
bilizing the E. coli cell membrane [71]. Inhibition of
nucleic acid synthesis has also been demonstrated for
antimicrobial peptides from various structural classes,
such as the human B-structure o-defensin HNP-1 [72]
or the linear, tryptophan-enriched peptide of bovine
neutrophils indolicidin [73].

In addition, it has been shown that some of these
AMPs can affect protein synthesis. A decrease in the
level of protein synthesis is observed, including under
the action of pleurocidin and dermaseptin, PP-39 and
indolicidin. Using the example of proline-rich insect
AMP pyrhocorycin, a mechanism for similar peptides
has been revealed, according to which the peptide en-
ters the target cell (E. coli) and binds to DnaK, a heat
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shock protein that is involved in chaperone-dependent
protein folding. The peptide inhibits ATP-ase activity
of DnaK, disrupting the spatial convolution of protein
molecules, which results in the accumulation of pro-
teins with impaired conformation and cell death [74].
This activity was also confirmed for bovine bactene-
cin 7 and sheep bactenecin 7.5 [75—77]. For a number
of proline-rich AMPS, including insect apidaecins and
oncocins, as well as bovine bactencins 5 and 7, the pos-
sibility of blocking their translation on ribosomes due
to binding to the 70S subunit (in the area of the exit
tunnel) was also revealed [55, 78-82].

Antimicrobial peptides can also target the formation
of structural components, such as the cell wall. The lan-
tibiotic nisin, in addition to its ability to form pores, can
bind lipid 2, thus inhibiting cell wall synthesis [83]. In-
terestingly, the same stages of its biosynthesis process
are the target of the action of the antibiotic vancomycin.
However, it is assumed that nisin and vancomycin show
their effect by interacting with different molecular parts
within lipid 2, as a result of which the nisin peptide is
also active against vancomycin-resistant bacteria [84].

Many researchers tend to think that the mechanism
of action of each peptide may vary slightly, depend-
ing on the characteristics of the target cell. In addition,
AMP can inactivate bacteria using two or more mech-
anisms of action, combining the destabilization of the
cell membrane and the violation of intracellular pro-
cesses. It is believed that AMP can act as a “multi-pur-
pose” mechanism [85, 86], namely that peptides with
a high positive charge of the molecule, in addition to
disrupting bacterial membranes, penetrate microbial
cells and bind to anionic compounds in the cytoplasm,
such as nucleic acids or enzymes, thus interfering with
the processes in which these molecules are involved.
Thus, it has been shown that cationic peptides of vari-
ous structural classes can bind and specifically inhibit
the activity of aminoglycoside-modifying enzymes that
contain an anion-binding pocket [87]. The high degree
of complexity of such a mechanism and the multiplicity
of antimicrobial targets are the reasons for the unlikely
appearance and selection of mutants resistant to cation-
ic peptides [86, 88].

In addition to the activity associated with the direct
inactivation of bacteria, fungi and viruses, AMPs show
a number of effects on the body’s own cells. Many pep-
tides have cytoxicity against various tumor and normal
eukaryotic cells [63, 89-91], act as chemoattractants
for macrophages, neutrophils, immature dendritic cells
[92-94], increase vascular permeability and stimulate
their growth [95-98], cause mast cell degranulation [96,
99-102], affect cytodifferentiation [103-105], inhibit
corticosterone production by the cells of the adrenal
cortex in vitro [106-108].

II. OB30Pbl | REVIEWERS

DRUGS BASED ON ANTIMICROBIAL
PEPTIDES

In light of the rapidly developing resistance of
pathogenic microorganisms to antibiotics used in the
clinic and the increasingly acute problem of finding
new effective antimicrobials, one of the attractive prop-
erties of AMPs of animal origin as candidates for the
role of the latter is the high activity of many of them,
also in relation to antibiotic-resistant clinical isolates
of bacteria and fungi [109-114]. It has been shown that
they are also efficient against biofilms, the formation of
which is associated with a significant part of intracta-
ble chronic bacterial infections [115-117]. At the same
time, the fact that some AMPs have not only antimicro-
bial, but also immunomodulatory activity mentioned in
the previous section, makes these compounds especial-
ly promising for their development the basis of anti-
biotic drugs for the correction of various complicated
pathological processes, including those accompanied
by immunodeficiency states. In general, the proposed
areas of practical use of AMPs are quite diverse and
are associated with their use as direct antibiotic agents
that cause the death of pathogenic microorganisms or
transformed cells; as immunomodulating substances or
as carriers of other medicinal compounds through cell
membranes [12, 118-120]. At the same time, most of
the current developments are related to the first oppor-
tunity.

The direct antimicrobial effect of most active AMPs
is carried out in a short period of time — a few min-
utes, as it is associated with damage to the integrity of
the membranes of bacteria. The labored development
of resistance of microorganisms to AMPs in the wild is
largely associated with this circumstance [60, 88, 121].
However, it is AMPs with pronounced membranolytic
effects that are more often toxic to the body’s own cells,
which complicates the development of drugs directly
based on these compounds. Therefore, the efforts of
scientists are aimed at creating modifications of AMPs
with an optimal combination of properties: high anti-
microbial activity and low toxicity for the own body’s
cells.

Unfortunately, despite the progress in analyzing the
relationship between the structure and activity of AMP
in recent decades, attempts to develop structural ana-
logues of AMP de novo using only computer modeling
tools have had very limited success. The search for new
natural peptides, for example, their isolation from ani-
mal leukocytes, remains relevant. Taking into account
the long evolutionary selection, the appeal to natural
sources often leads to the identification of structures of
peptide molecules with promising properties from the
point of view of practical application, and further mod-
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ification is already under way on this basis.

To date, a number of AMP-based drugs have been
developed, most of which are at various stages of clin-
ical and preclinical trials. Many of them are based on
natural peptides. For example, on the basis of the short
tryptophan-rich cathelicidin, bovine indolicidin, Mige-
nix has proposed the drugs MX-594AN (for the treat-
ment of acne) and MBI-226 (omiganan; initially for use
in catheter-associated infections) [122]. To date, omi-
ganan has completed phase III clinical trials as a treat-
ment for rosacea and is undergoing phase II as a drug
against acne, atopic dermatitis and vaginal intraepithe-
lial neoplasia [123, 124]. Another drug, P-113 (PAC-
113), developed by Demegen on the basis of histatin
5 (one of the group of histidine-rich cationic peptides
of saliva), has completed phase II clinical trials as a
drug for oral cavity treatment in candidiasis in HIV pa-
tients [56, 123]. OctoPlus, a subsidiary of Dr. Reddy’s
Research has successfully completed phase II clinical
trials of the 24-amino acid derivative of cathelicidin
LL-37 OP-145 for the treatment of chronic middle ear
infections [123, 125], and ProMore Pharma is conduct-
ing phase IIb trials of LL-37 itself as a drug against
chronic ulcers of the lower extremities [123, 126].

It is also interesting to note the drugs developed
by PLANTON GmbH based on human f-defensin 2
(HbD2), which are intended to be used in the treatment
of atopic dermatitis; skin damage, burns and complica-
tions of infectious diseases, and pulmonary infections.
It is noteworthy that recombinant peptide preparations
are produced using biotechnological approaches that
make it possible to produce a peptide in the tubers of
transgenic potatoes, which significantly reduces the
cost of drug production compared to the more com-
monly used production of peptides using cultured bac-
terial or eukaryotic cells [127].

On the basis of cytokine-like peptides of insects
(larvae of the Calliphoridae tfamily), the domestic drug
Alloferon was developed, which is currently used in
medical practice as a drug that stimulates the antiviral,
antimicrobial and anticancer activity of the human im-
mune system [128, 129].

Despite the modest success of implementation at the
moment, interest in the possibilities of using AMPs does
not weaken and the list is being updated with new drugs
undergoing preclinical trials. Examples are the drug
NZ2114 based on the beta-defensin-like peptide of the
fungus Pseudoplectania nigrella plectazine, developed
by Novozymes for the treatment of infections associated
with antibiotic-resistant bacteria [130-132], or the drug
A3-ARO, created on the basis of a proline-enriched pep-
tide from insect hemolymph [133-135]. The latter pep-
tide is interesting because, despite the low antibacterial
activity in vitro, when used in vivo (on the model of skin

infection, respiratory tract infections in mice) shows
high efficacy, exceeding the values of traditionally used
antibiotics when administered intramuscularly or used in
the form of an aerosol [133].

CONCLUSION

Even the analysis of the trials of drugs in progress
makes it obvious that the researchers associate the closest
prospects for applying AMPs in medicine with their use
as topical agents: for the treatment of infected wounds,
including burns, mucocutaneous infections, chronic tro-
phic ulcers, in particular with diabetic foot syndrome,
etc. In addition, the possibilities of including AMP in the
composition of antibacterial coatings that can be used in
the creation of various medical devices: catheters, stents,
dental implants, etc. are being considered. [136—138].
Both of these areas allow reprioritizing to some extent a
number of existing problems, such as collateral toxicity,
targeted delivery issues or limited lifetime of free pep-
tides in biological media [139, 140]. The probable lack
of economic advantage in case of equal effectiveness of
new peptide antibiotics in comparison with the drugs al-
ready in use remains an obstacle as well [16, 140].

Nevertheless, the prospect of using AMP-based
drugs to solve more complex and global problems is
still undoubtedly attractive. The totality of available
data confirms the idea that these components of the in-
nate immunity system in humans and animals exhibit
a wide range of biological properties that are realized
during various adaptive and protective processes, such
as infection, inflammation, and distress. A deeper under-
standing of the underlying relationships and molecular
mechanisms can make it possible to comprehensively
realize the potential of AMPs not only as antimicrobial,
but also as immunomodulatory agents.

In addition to the actual effectiveness against resistant
bacteria, the effects of synergistic antimicrobial action
with antibiotics of various nature have been shown for a
number of AMPs in particular in cases where bacteria are
resistant directly to antibiotics included in the combina-
tion [141-146]. In light of this, the development of com-
bined antibiotic drugs for personalized therapy of infec-
tions caused by antibiotic-resistant bacteria is promising.

The choice in favor of potential AMP-based drugs
may be appropriate in the case of severe hospital infec-
tions, when standard approaches to chemotherapy are
ineffective and there is information about the spectrum
of antibiotic-resistant pathogens in a particular patient.
AMP-based drugs may also have an advantage in cases
of complex action: peptides having also angiogenic and
reparative effects alongside antimicrobial ones may
additionally promote the healing of trophic ulcers, and
peptides with additional antitumor properties may be
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the optimal choice for the prevention and correction of
infectious complications in cancer patients (against the
background of a decrease in immune status, for exam-
ple, during chemotherapy).

Thus, due to the outstanding potential of AMPs, the
development of therapeutic drugs based on these com-
pounds does not lose relevance, despite a number of
difficult problems facing researchers.
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PE3IOME

B Hacrosimee Bpemsi HaOMIOAAeTCsl HENPEPBIBHBIA POCT YMCIIa MHTEPBEHLIMOHHBIX BMeIIa-
TEJICTB B KAPAMOJIOTUHU C UCIOJIb30BaHUEM PEHTreHOKOHTpacTHHIX BemecTB (PKB), urto 3a-
YaCTYIO IPUBOAUT K TAKOMY I'PO3HOMY OCJIOKHEHHUIO KaK KOHTpAcT-MHIYLHUPOBAHHOE OCTPOE
nospexaenue nouek (KU-OIIIL). [Ipossraenns KM-OIIII nmeror Bce XapakTepUCTUKN OCTPO-
ro noueyHoro noBpexaenns (OI1II) u Bkmtogator B cedst abcomoTHoe (Oonee mnn pasHo 0,3
i Oonee wiu paBHo 0,5 mr/mn) niam otHocuTenbHOE (Oonee U paBHO 25 %) TOBBITIEHNE
CBIBOPOTOYHOTO KpearnHuHa (SCr) 10 CpaBHEHHUIO ¢ HCXOAHBIMU 3HAYECHUSIMH, IPOUCXOSIICE
yepes 48-72 yaca nocie BHyTpucocyauctoro seeneHus PKB.

OcTtpoe MoBpexk/ICHHE MMOYCK, BBI3BAHHOE KOHTPACTUPOBAHUEM, SIBJISIETCS] YaCThIM OCJIOKHE-
HHEM T0CJIe BHYTPUCOCYMCTOrO BBEJCHHUS HOMCOACPKAIINX KOHTPACTHBIX BEHIECTB U CBSI-
3aHO C YBEJIIMYCHHEM JUTUTCILHOCTH NMPEOBbIBAHUS B CTAIIMOHAPE M HEOJIAroNpUSITHBIM OT-
JIAJICHHBIM ITPOTHO30M, BKIIIOYAsl HEXeJaTeIbHbIC CePACYHO-COCYAMCThIC COOBITHS, a TAKKe
nonHyto norepio dhyakiuu nodek. KU-OIIIT BecTpedaercs y 5-20 % rocuuTaim3upoBaHHBIX
MAIMEHTOB, MOABEPTIINXCS YPECKONKHBIM KOPOHAPHBIM BMEIIATEIIHLCTBAM.
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K coxanenuto, ananoros oacoaepxamum PKB B HacTosiiiee BpeMst He CyIIECTBYET, B CBSI3U
C YeM aKTyallbHbIM OCTA€TCsI O BOIPOC O MOKMCKe onTUMabHbIX onomapkepoB KH-OIIII ¢ me-
JIbIO paHHEH TIUArHOCTUKYU W MPO(UIAKTHKHI 3TOTO TPO3HOTO OCIOKHEHUSI.

Juaraoz KM-OIIIT ocHOBaH Ha TIOBBINICHHN YPOBHS KPEaTHHIHA B CBIBOPOTKE KPOBHU, KOTO-
PBI SBISIETCS TTO3THUM OMOMapKepOM MOBPEKACHUS MOYeK. B HacTosIee BpeMs HIeHTH(H-
LIMPOBaHBI HOBBIC U 00Jiee paHHKE CHIBOPOTOUHBIC U MOUEBbIC OMOMAPKEPHI [T JUATHOCTUKH
TMMOBPCIKACHUS MMOYCK, KOTOPLIC MOT'YT OBITH BBISIBIIEHBI J10 MOMCHTA IMOBLINICHUS YPOBHS KpE-
aTMHWHA B CHIBOPOTKE KPOBHU.

B nanHO# cTatke npeacTaBieHa HHPOPMAIKS O CaAMBIX aKTyaJlbHBIX M COBPEMEHHBIX OHoMap-
kepax KH-OIIII.

KuroueBble c10Ba: OMOMapKephl, KpeaTHHIH, 0CTPOE IOBPEKACHHUE TTOYEK, PEHTT€HOKOHTPACT-
HBIE BEI[ECTBA, CEPCUYHO-COCYANCTHIE COOBITHS, YPECKOKHBIE KOPOHAPHBIC BMEIIATEIILCTBA.

s yumuposanusi: Jlaspuwesa FO.B., Konpaou A.O., Hxoeenxo A.A. llomenyuanvhvie 6uo-
Mapkepol 0Cmpo20 NOBPENCOCHUSI NOUEK, BbI3GAHHO20 KOHMPACMUPOSAHUEM V NAYUCHMOS,
NepeHecuix YpeckodNCHble KOPOHAPHbIE eMewiamenbcmea. Poccutickuil scypnan nepconanu-

suposanrou meouyurwvl. 2021;1(1):173-191.

Cnucok coxkpamenuii: 3[IT — 3amecTuTenbHast
noueuHas tepamst, KH-OIIIl — octpoe moBpexaeHne
[I0YEK, BbI3BAHHOE KOHTpacTupoBanueM, MK — mun-
kuH, OIIIl — octpoe noBpexnenune nouek, PKB —
peHTreHoKoHTpacTHble BemecTBa, CKd — ckopocTh
kiry0oukoBoi ¢punsTpanun, XbI1 — xponudeckas 60-
ne3Hb novek, YKB — upeckoxHOE KOpOHApHOE BMeE-
LIaTEIbCTBO.

BBEAEHUE

OcTpoe MoBpeXJeHNEe MOYeK, BEI3BAHHOE KOHTpa-
ctupoBanueM (KM-OIIII), ssBrsieTcst TSKEIBIM OCTI0XK-
HEHUEM BO3/IeHCTBHS PEHTT€HOKOHTPACTHBIX BEIIECTB
(PKB), ncnomnbp3yeMbIX B KapAHOJIOTUU C HENBIO JHa-
THOCTHKHW WJIM TIPH TMPUMEHEHWH WHTEPBEHIIMOHHBIX
METOJIOB JICYCHHUSI, 1 MOXKET ObITh CBA3aHO C HEOIAro-
OPUATHBIMU KPATKOCPOUHBIMH U IOJITOCPOYHBIMH HC-
xogamu [1, 2]. KU-OIIII siBasieTcst TpeTheit Mo 4acToTe
MPUYNHON BHYTPHUOOIBHUYHOTO Pa3BUTHUSA OCTPOTO
noBpexaenus mouek (OII]) mocne cHMXeHUS TOYed-
Holi nepdy3uu (B pamkax npeperansHoi OIIII) u ne-
KapcTBeHHOM HedpoTokcnyHocTH. Yactora KM-OIIII

kosrebsrercss 10 20 % cpeau rocnuMTalIu3upOBaHHBIX
nanueHToB [2, 3]. KM-OIIII o6s19HO ompenensTes Kak
abcomtotHoe (Oonee mnu paBHo 0,3 mim Oonee wiH
pasHo 0,5 mr/nn) win oTHocuTenbHOE (0ojIee U paBHO
25 %) MOBHITIIEHUE CHIBOPOTOUYHOTO KpeaTnnuHa (SCr)
M0 CPaBHEHHIO C MCXOMAHBIMH 3HAYEHUSIMH, ITPOHCXO-
nsee yepe3 48-72 yaca mociie BHYTPUCOCYIUCTOTO
BBeneHus PKB, u, nocturas nuka na 3-5 aeun, BO3Bpa-
IIaeTCs K UCXOMHOMY ypoBHIO B Teuenue 10-14 nenn
[1]. Takas nnHaMHKa yPOBHS KpeaTHHWHA HE TIO3BOJIS-
et BoBpems auarHoctuponatbh KM-OIIII. Kpome Toro,
YBEIUYEHHNE YPOBHSI KpeaTMHUHA CBIBOPOTKH KPOBH
3aBHCHUT HE TOJIBKO OT CHUKCHHUS CKOPOCTH KJIyOOUKO-
Boil punbrpanuu (CK®D), HO U cHCTEMHOrO HaKoIlIe-
Hus sCr, BEIpabaThIBAEMOTO CKEJIETHBIMU MBIIITIAMU
Y HE TIOYEYHBIMHU (aKkTopaMu (BO3pacCT, MOJ, MBIIIEY-
Has Macca, COCTOSIHUE TMApaTalin), YTO AETIAeT yBe-
nuueHue 3HaueHus sCr HecnenuOUUYECKUM IS JHa-
raoctuku KU-OIIII, B ¢BsI3u ¢ 4eM B IOCTIEHEE BPEMS
aKTHBHO WCCIIEAYIOTCS IpyTue Omomapkepsl. B wact-
HOCTH, PaCTET UHTEPEC K HanOoJiee 1yBCTBUTEIBHBIM
Onomapkepam, TO3BOJISIONIUM B OoJiee paHHHE CPOKH
BBISIBUTDH TIOBPEXKICHUE MOYEK, YeM ypoBeHb SCr. DTu
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OnoMapKepsl MOXKHO pa3feiuTh Ha 2 rpymmsl 1) Te,
KOTOpbIC MPEACTABISAIOT U3MEHEHUS MOUCUHON (PyHK-
uuu [Hanpumep, sCr unu nucrarus (Cys-C)], 2) Te, ko-
TOpBIE OTPAXKAIOT CTPYKTYPHOE MOBPEXKJACHUE TTOYEK
[HampuMep, MoJIeKyJ1a | TTIOBPEXAEHUS MOYEeK, HHTEP-
nerikuH-18 (MJI-18)]. B HeckoNbKHX HCCIETOBAaHUIX
coobmraercs 0 HOBBIX OMOMapKepax B MOYE/CBIBOPOT-
K€ KPOBH, HCIOIBb3yEeMBbIX IS CTpaTu(UKALUN PUCKa,
JIMAaTHOCTUKHU U TPOTHO3UPOBaHUsA Bo3MOxkHOCTH K-
OIIIl. KomOuHamnust QpyHKIIMOHATFHEIX OHOMapKepoB
n OMOMapKepoB MOBPEKICHHS MOYEK OOECIeUHBACT
npocToil meton pasaencHus narueHtoB ¢ OIIIl na 4
rpymnmsl: 1) Mapkepbl HE MEHSIOTCS; 2) TOJBKO TO-
BPEXKJCHUE; 3) TOIBKO ()yHKIIMOHAIbHbIC HAPYLICHHUS;
4) nmoBpexaeHne 1 HyHKIMOHAIbHBIE HApYIIeHHS [4].
DaKTHYECKU HCIIONIb30BaHNE HOBBIX OMOMapKEPOB I10-
BPEKJICHHSI TTOYEK OBLIO OrPaHMYEHO MO0 HECKOIBKUM
MpUYMHAM: TIOWCK HanOoJiee TOYHBIX OHOMapKepOB
JUTSL KQKJIOTO OTJIEJIBHOTO CIIydasi, HEOIPeaeICHHOCTb
MOPOTOBBIX 3HAUYEHUH (KOTOphIE MOTYT OTIMYAThCS
B 3aBHCHMOCTH OT YCJIOBHI), a TaK)K€ OIpaHUUYEHHBIE
KJIMHUYECKHE JaHHbIe U (PMHAHCOBBIE 3aTPATHI.
XapaKTepucTUKa ONTUMAJIBHOIO OMOMapKepa JIst
onpenenenuss KU-OIIL: 1) ckopocth ompeneneHus
U crenuUYHOCTD ISl TOBPEKACHMSI TIOYEK, BBHI3BaH-
HOT'O KOHTPAacTHUPOBAaHUEM; 2) 3KOHOMUYHOCTB; 3) BO3-

MOXXHOCTB OINpE/AeICHUs] Ha CYOKIMHHUYECKOH (ase;
4) BO3MOKHOCTh MOHUTOPHPOBaHHs OHOMapkepa; 5)
BO3MOXKHOCTh CTpaTH(UKaINKA PUCKa U TIPOTHO3UPO-
BaHUS UCXO/a IIOUYCUHOI0 OBPEKACHNU .

MATO®N3NOJIOrNA OCTPOIO
NMOBPEXAOEHWUA NMNOYEK, BbISBBAHHOIO
PEHTTEHOKOHTPACTHbLIM BELLECTBOM

PKB wmoryT BbI3biBaTh OIIIl Mo 1ByM OCHOBHBIM
Mexanu3mam: 1) nurorokcuueckuii 3ddekr; 2) Ha-
pyIICHHE TIOYCUHON reMOauHaMuKkH [5, 6]. LluToTok-
cuueckne 3¢dexktet PKB BKIOYaroT: amonTos3, Ha-
pYLICHUE >KU3HECHIOCOOHOCTH KIJIETOK M IIOBBIIICHHUE
AKTHBHOCTH IIETOYHOW KalMBbl M JIN30COMAalbHBIX
¢depmenToB; pparmentanuio kiaetounoi JJHK; mona-
BJICHHE CHUTHAJIBHBIX MOJIEKYJ, YYaCTBYIOIINX B BBI-
JKUBAHUU KJIETOK, M YCUJICHUE CUTHAJIBbHBIX MOJEKYI
npHu THOENN KJIETOK, TAKUX KaK 4wieHbl N-KOHIIEBOH
KHHa3bl p38 U c-Jun MUTOreH-aKTHBUPOBAHHBIX MPO-
TEUHKHHA3 U SAEPHOTO (PaKTOpa TPAHCKPHUITIIHOHHOTO
¢daxTopa kB, a Takxe akTuBanms kacnaspl. CauTaeTcs,
uTo siiepHbId GaxTop kB n N-koHIIEBBIE KMHA3BI c-Jun
Y4acTBYIOT B YCHJICHUH PETYJISLIUH TPOBOCHIATUTENb-
Horo IL-8. [lucbamanc Mexy Ba30KOHCTPHKTOPAMH
M Ba3OAWISITATOPaMH SIBISETCA BEAYIIHM B ITaTore-

BBC;ICHHE KOHTpacTa

/

HzmeneHHe B modkax
MHKPOCOCY AHCTORH IIpsvmas TOKCHYHOCTH Ipamas TOKCHYHOCTE
MHHYTEI reMOIHHAMHKH TyOYIApHEIX KIETOK AKTHEHEIX dopm
l KHCIOpOoJa
MHHYTBI/ Meaynnapaas Baxyomusaumus Muchyukums
YJackl THIIOKCHA Hexpos TYOYIAPHEIX KIETOK
Anonroz
Hacel H CHIDKEeHHE CKOPOCTH KIyO09KOBOH
AHH duasTpamn

\

[loesnmenwne ypoEHA
KpeaTHHHHA CEIEOPOTKH

Puc. 1. NaTodunsmnonorua ocTporo NnoBpeXaeHUA novyex
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Heze KU-OIIII. B geiicTBUTENBHOCTH HapyLICHUE re-
MOJMHAMUKHU C YBEJIMUEHUEM MOYEYHOIO KPOBOTOKA,
CKOPOCTH KJyOOYKOBOH (UIBTpAllUU U TeMIIa TNy pe-
3a HANpsSIMYIO CBA3aHbl ¢ ocMoisiibHOCThIO PKB. 13-
3a TIOBBITIICHHOW OCMOTHYECKOW Harpy3Ku OOJIBITIC Ha-
Tpus peadbcopOupyeTCsi KaHATBIIEBBIMH KJIETKAMU, YTO
camo 1o ce0e yBelInyuBaeT NoTpediIeHne KUCiIopoa.
[locne 3TOro BpeMEHHOr'o yBEIMYEHHUS MPOUCXOIUT
ymensinenue (¢ 10 mo 25 %) modedHoro KpoBOTOKA.
YMeHbIIIeHne KPOBOTOKA, MO-BHIMMOMY, TPOUCXOIHUT
O[] BIMSTHUEM COCYIOPACIIMPAIOIINX BEIECTB, TAKMX
KaK aJICcHO3MH, OKCUJI a30Ta, IIPENCEPAHBII HATPUIly-
peTtmdecknii menTux W mpocrarmaHauH E2. Taxoke
B maroreneze KM-OIIIl yuacTByeT yBeIHYCHHE TIPO-
JyKIIMM aKTHBHBIX (POPM KHCIOPOAA M3-32 CHIKEHUS
KPOBOTOKA M MOBBIILICHHOTO NOTPeOIeHUsT KUCIOpOoaa
B MO3I'OBOM BemecTBe (puc. 1).

PYHKUMNOHAJIbHbIE BUOMAPKEPDI

Kpeamunun

Kpeatunun sBnsgercs Hanbosee MHUPOKO HCTIONb-
3yeMbIM 3SHAOTE€HHBIM MapKepOM CKOPOCTH Kiy0Oou-
KOBOH (MIIBTPALUU, TPOLYLHUPYEMBIM C ITOCTOSHHOM
CKOPOCTBIO M CBOOOIHO (PUIBTPYIOIIUMCS B KIy00U-
Kax, mpu dToM Juirbk oT 10 g0 40 % cekperupyercs
JTUCTaJbHBIMHM KaHAJbIAMU. JTO YJOOHBIM W JIeIre-
BBII MapKep I MU3MEPEHHUs, HO Ha ero KOHLEHTpa-
LUIO BJIMAET HECKOIBKO (haKTOPOB, BKJIIOYAsi BO3PACT,
moJ, Gu3nYecKue yNpa)KHEHUs, JIEKapcTBa, MBbIIIeY-
HYIO Maccy, cTaTyc MUTaHUs U KOJWYECTBO NMPHUEMOB
e [1].

VBenuuenue sCr mpoucxoauT uepe3 24—72 yaca
nociae BeeaeHust PKB u nocturaer nmuka Ha 3—5 JIeHb,
BO3Bpallasich K HCXOJHOMY YpPOBHIO B TeueHue 10—14
mHe. B momomHeHMe K 3TOM MEAJICHHOM KWHETHKE,
KOTOpasi OrPaHUYNBAET €ro UCIIOJIb30BaHHUE AJIs PaH-
HEH AMAarHOCTUKM MOBpeXAeHus mouek, sCr ocraert-
csl B pezenax pedepeHCHOro HHTepBaa JIo TeX Mop,
noka He Oynet norepsiHo 50 % moueuHol QyHKIIHH.

Mukpoanvoymunypusn

Mukpoans0yMUHYpHUsT — BayKHBIH MapKep H3MEHe-
HUS CTPYKTYPbI U QyHKINHU K1yO0uKOB. TepMHH «MU-
KpoaabOyMUHYpHs» 0003HaYaeT ajbOyMUH B MOYe
B KOHIICHTPALlUH, KOTOPAsi HUKE TIOpOra ONpeesIeHUs
anbO0yMHHA C TIOMOLIBIO OOBIYHBIX WHIMKATOPHBIX
MIOJIOCOK JJIs1 onpenienenust Moud. Ero 3HaueHue kosne-
onercs ot 30 xo 300 mr/n [7]. MukpoansOyMuHypus
HCII0JIb30BajIach B KauecTBe OMOMapKepa B UCCIIeJ0Ba-
Hun nipodunaktuku KN-OIII ¢ N-anernnuucrennom
[8]. OrpannyeHHeM HCHOJIB30BAaHUSI MHUKPOAILOYMH-
Hypuu kak Mapkepa OIIII saBnseTcs ero npucyTcTaue
HE TOJIBKO TIPH OCTPBIX, HO U MPU XPOHUYECKUX CO-
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CTOSIHUSIX, TAKUX KaK CaXapHbIi quadeT, 3a001eBaHms
KPOBH, XpPOHUYECKOH 0O0JIC3HH MTOYCK U JIP.

Hucmamun C (Cys-C)

Huctatun C — 3T0 QyHKUMOHAIBHBINH OHOMapKep
KJIyOOUYKOBOU (prIIBTpaIi, 00Jice 4yBCTBUTECIBHBIMH,
yeMm sCr, JUIs BRISIBJIIGHUS OCTPHIX (B TeUeHHE 24 4acoB)
n3MeHeHUH QpyHKInu modek. Ito oemok 13 k/la, wien
ceMelcTBa MHTHOMTOPOB LHUCTEHMHOBBIX MPOTEHHA3,
KOTOpBIM MPUCYTCTBYET BO BCEX SAPOCOAEPKAIIUX
kieTkax. Cys-C dunprpyercs KiIyOOuKaMHu M 3aTEM
MeTa0OIU3UpPyeTCs B KJIETKaX IPOKCUMAJIbHBIX II0-
YEYHBIX KaHAJBLEB MOCJIE OMOCPEJOBAHHOIO MEraJu-
HoM suponuTo3a [9]. Cys-C He cexpeTupyeTcs: mpoK-
CUMaJbHBIMM IOYEUYHBIMU KaHajblaMu. Bce kieTkn
TeJa, coAepKalne siapa, mpou3BoaaT nuctarud C co
CTaOMIBHOM CKOPOCTRIO. TakuM 00pa3oM, KOHIIEHTpa-
s nuctatiia C B KpOBH KOPPETUPYET CO CKOPOCTHIO
kiyooukoBod ¢unsTpauun [10, 11]. YpoBens Oenka
B KPOBHU HE 3aBUCHUT OT MaccChl Tejla U pOCcTa, OT MBbI-
LIEYHON MacCCHI U I0JIA.

Ilo »>tum mpuumnam Cys-C MokeT OBITH IOJIe3-
HBIM MapKepoOM JI BBISABJICHUS KaK XPOHHUYECKHUX,
TaKk u ocTpeix u3meHeHut CK® [12, 13]. Kpome Toro,
Cys-C pacnpenensercs BO BHCKJICTOUHON KUIKOCTH,
torza kak sCr pacnpeznesnseTcst B BOJE BCEro Tejia, 00b-
€M KOTOpoii B 3 pa3za Gombiue [14, 15]. Takum oOpazom,
npu camxeHnn CK® conepxanne Cys-C B cbIBOpOTKE
yBenuuuBaercs ovicTpee, yem sCr [16, 17].

beino mokazano, uto mpu KU-OIIIl nuk ypoBHs
Cys-C B CbIBOPOTKE KPOBH JIOCTUrAETCS YKE yepes 24
yaca nociyie BBeieHus PKB, 4To mo3BoisieT BBISBISTS
Jlake He3HaunTenbHble u3MeHeHuss CKD [18-20].

Brigoori C. 1 Koyueru npoaeMoHCTPUPOBATH, YTO
y 410 manueHToB ¢ XpOHWYECKUM 3a00JIeBaHHEM TIO-
YeK, NepeHEeCIINX KOPOHApHYIO U / nepudepuyecKyro
aHTHOTrpauIo W / WIM aHTHOIUIACTHKY, MOBBIIICHHUE
koH1eHTpauuu Cys-C B CBIBOPOTKE OoJiee MIIH paBHOE
10 % depe3 24 gaca mocne BozaeiicTeuss PKB 6p110
cBsi3aHo ¢ yBenudeHueM sCr Oounbiie uinu pasaoe 0,3
MT/1JT 1 OBIJIO0 HE3aBUCHMBIM IPEIUKTOPOM CEPbE3HBIX
MOCTIe/ICTBUH B TeueHue | rosa, BKIItoYas cMepTh U 3a-
MECTHTENbHYI0 Tmodeunyio Tepanuio (3I1T). Bmecte
¢ TeM nosbimieHUe ypoBHs Cys-C B CBIBOPOTKE MEHEe
yeM Ha 10 % 3a 24 yaca uckirouano KM-OIIII [21].

bema-2-muxpoznobynun (B2M, B,M, Thymotaxin,
Beta,-Microglobulin).

Bera-2-MukpornoOynuH mpexacrtasisieTr coboit Oe-
nok 11,8 kK, KOTOpBI (QHUIBTpyeTcss KIIyOOuKamH
u peabcopOUpyeTCsi MPOKCUMAIBHBIMA KaHAJbIIAMH
rouek [22]. XoTs HU3KHUe yPOBHH OeTa-2-MUKPOAITHOY-
MHUHa OOHApy>KMBAIOTCS B MOYE U CBIBOPOTKE 3/10pPO-
BBIX JIIOJICH, MOCIIE TIOBPEKACHUSI TIOYEK €r0 yPOBEHb
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TTOBBITIIACTCST M3-32 CHIDKEHUS peadcopOInu moBpe-
KACHHBIMH KaHAJIbIIAMH.

B uwacTHOCTH, UCXOAHBIH YpOBEHb OeTa-2-MHKPO-
r00yJMHA B CHIBOPOTKE SIBISETCS BaJKHBIM IPEIHK-
topoM KU-OIIII. Nozue u ero KoJjaeru BKIIOIHIN 96
MaIMEHTOB CO CTa0MJIBHOM CTEHOKapaueH, mepeHec-
LIUX MJIAHOBOE YPECKOKHOE KOPOHAPHOE BMEIIATENb-
ctBo (UKB) [23].

Onn wm3mepuinu ceiBOpoTOUHBIH Cys-C u b2M,
a Takke OEJIOK, CBS3BIBAIONIUN JKUPHBIE KHUCIOTHI
B nieueHu (FABP), b2M u N-anetui-b-D-ritoko3aMu
(NAG) gm0 u uepe3 1 nens nocne UKB. V mamuenTon
¢ KH-OIIII (5 %) ncxonHple YPOBHH CHIBOPOTOYHOTO
b2M u Cys-C ObLTH 3HAYNUTEIBHO BEITIE, YeM Y MaIlu-
enroB 6e3 KU-OIIIT (4,2 + 2,6 mpotus 2,2 + 1,0 mr/x,
P=0,0007 u (1,51 £ 0,52) mporus 1,11 + 0,34 mr/n, P =
0,013 COOTBETCTBEHHO).

bazoBrrit ypoBers b2M > 1,26 Mr/mi mokasan qyB-
CTBUTENBHOCTE 75 % u cneunduunocts 80 % B mpo-
rHozupoBanuu KHM-OIIIL. CxogHble pe3yabTaThl ObUIH
nojydeHsl Li 1 ero Koieramu, KOTOpble paHIOMHU3HU-
poBanu 424 manweHTa, MOABEPTIINXCS BO3ACHCTBHUIO
PKB [24].

KU-OIIII onpenensiyicss KaKk MOBBILIEHUE YPOBHS
sCr na 25 % wunu Beime uiu Ha 0,5 MI/IJT BBIIIIE OT KC-
XOJIHOTO YPOBHS B TeueHue 48 yacoB. YpoBeHb b2M,
Cys-C u kpeaTHHHHA B CBIBOPOTKE n3Mepsnu uepes 0,
24 u 48 yacoB Tmociie KOPOHAPHOU aHTHOTpaduu.

[lepen ncnonszoBanuem PKB puck KM-OIIII mpo-
THO3UPOBAJICS KaK HCXOAHBIM ypoBHeM b2M, Tak
u CysC. Ilocne BBenenuss PKB KU-OIIII onpenensnu
o yposHI0o b2M, Cys-C, kpeatnanHa u CK®. Oxnako
MHOTOMEPHBIN PErpPEeCCHOHHBIN aHaJIU3 TOATBEPIIIL,
4TO HcxXoAHbId ypoBeHb b2M, Cys-C, kpeaTHHUHa
u pacueTHoit CK® Ob11HM HE3aBUCUMBIMU MPEITUKTOPA-
mu KU-OIIT.

Pemunon-ceazviearouyuii oenox [Retinol-Binding
protein (RBP)].

Perunon-cesaspiBaronuii 6enok (RBP) mpencras-
nsieT coboit Oemok 21 kJla, KOTOPBIA GUIABTpyETCS
KIyOouKaMu W peadbcopOupyeTcss MPOKCHMATbHBIMA
KaHaJbllaMH. BBIJIO MMOKa3aHO, YTO ITO aJICKBaTHBIN
mapkep auarHoctuku OIIIl; B wacTHOCTH, ypOBHHU
RBP B Moue 710 U nocie UCHOoIb3yIOTCs JJIsl OLEHKH
addextuBHOCTH MeToma mpodmiraktuku OIIII ¢ mo-
Molpto N-anetuianuctensa [25].

BNOMAPKEPbBI CTPYKTYPHOI'O
NMOPAXXEHWA NOYEK

N-ayemun-f-d-enokozamud (NAG)
N-anerun-f-d-rmoko3amun (NAG) npencrapiser
co0Ooit mru3ocomanbHbi pepmenT (>130 k/{a), koTopsIii

MPONYLHUPYETCS KJICTKaMH MPOKCUMATbHBIX KaHAJb-
1eB mouek. Y 3710poBbIX Jiofe NAG mpucyTcTByeT
B Moue B HeOONbIIMX KoiumdecTBax. [loBpexaeHnne
MOYEYHOTO KaHAIblla MPUBOJUT K YBEIUYCHHUIO €ro
KOHIICHTPAllUM B MOYE M3-32 TOr'O, YTO OH HE (PHIIb-
TpyeTcst kiayboukaMu u3-3a Oompinoro Beca. OnHAKO
noBeITIIeHHBIE ypOBHU NAG B MOUe TakKe MOT'yT OBITh
PE3YIIBTATOM TTOBBIIIEHHON JTU30COMAJIbHON aKTUBHO-
cTH 0e3 pa3pyIlleHus KIEeToK [26].

Andreucci M. u koyutersu BKJrounian 590 naiueHToB,
KOTOPBIM ObLjIa BBITIOJTHEHA KOpPOHApPHAsi aHTHOrpadus
KaK TI0 TIOBOTY CTaOMITEHOM, TaK U HECTAOMITHHOM HIIIe-
Mudeckoii Oone3nu cepana [27]. Oopasubt NAG B Moue,
OCMOJISLITBHOCTH M SCr ObLIH B3SITHI 710 U yepe3 1, 2 u 6
JTHEH TOCie BBEACHUS HU3KOOCMOJISIPHOTO HEHOHOTCH-
Horo PKB. KM-OIIII Bo3auk y 33 mamueHToB. Y 3THX
narreHToB ypoBHU NAG u sCr B Moue B 1au 1 1 2 Oblin
3HAYUTEIBHO BBIIIC, YEM Ha HMCXOJHOM YPOBHE, U IO
cpaBHenwuto ¢ nanuentamu 6e3 KU-OI1I1. YpoBuu NAG
B MOYE JIOCTHUTAJIU ITHKA PaHbIIE U POCITH HAMHOTO ObI-
crpee, ueM ypoBHH sCr y mamuenToB ¢ KH-OII1.

Junokanun, accoyuuuposannwlil ¢ Heeiamunasoi
Heiimpoghunos (NGAL)

JlunokanuH, CBA3aHHBIN C KeJaTHHA30M HEUTpo-
dumoB (NGAL), npencrasiser codoii 6emok 25 x/la,
CBSI3aHHBIM C JKEJIATUHA301 HEUTPO(UIIOB ueloBeKa,
KOTOPBIA NMPUHAJIEKUT K CYNEpPCEMENCTBY JIMIOKA-
nuHOB [28]. MoHOoMepHas (B OCHOBHOM) M TeTepOiu-
MepHass (OPMBI SBISIOTCS TIpeodIamaronuMu  Ghop-
MaMH, MPOAYLUPYEeMbIMH KaHajblamu [29]. NGAL
¢$uneTpyeTcsa Kiryooukamu, a 3aTeM peabcopoupyeTcs
MPOKCHMaJIbHBIMU KaHAJIBLIAMH, I71€ OH YaCTHUYHO pac-
MIETIIAETCS METaJTMHOM U YaCTUYHO BBIBOIUTCA C MO-
yoil. Konuentpauuss NGAL y 3m0poBoro uesnoBeka
cocraBisieT 20 HI/MII KaK B CBIBOPOTKE, TaK U B MOUYE.
[locne moBpexaeHUsI KJIETOK MOYEYHBIX KaHAJIbLIEB
NGAL BbizensieTcst B Ijia3My ¥ MOUY; 3TO BBI3BIBAET
IIOBBIILICHHE €r0 KOHLEHTPALUHU B IUIa3Me MU MO4Ye Ha-
MHOT'O paHbllle, YeM MOBbILIeHHEe KOHLeHTpauuu sCr
[30]. Takum oOpazom, NGAL MoxkHO paccmMaTpuBaTh
KaK JO0CTaTO4YHO WH(OPMATHUBHBIH M HE3aBHUCHUMBIH
mapkep OIIIT [31-33].

CornacHo pa3aIuYHbIM HCTOYHUKAM, UMEIOTCS 1aH-
Hble 0 nmoTeHUuHuanbHOU poau NGAL, kak HaIexKHOro
n nporroctudeckoro mapkepa OIIIl, mockonbky ero
YPOBHHU B CHIBOPOTKE W MOYE TOBBIIMIAIOTCS PAHBIIE,
yem sCr. HexkoTopsle ucciienoBaTeian roBOpaT O TOM,
yto ypoBeHb NGAL B mma3zme meHee crennduyeH,
YeM ero KOHIEeHTpauus B moue [34, 35].

Monexyna nospeycoenusn nouex 1 (KIM-1)
Monexyna mnoBpexaenus modek 1 (KIM-1),
TpaHCMEMOpPaHHBIA TIUKOMPOTEeWH | THma, mpu3Ha-
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Ha TOTEHIIMAIBHBIM OHOMAapKepOM ISl BBISBICHUS
HIIEMUYECKOTO WM TOKCHUYECKOTO IOBPEKJICHUS
MIPOKCUMAJIBHBIX KaHadbIEB [36, 37]. BHekneTouHbIN
nomeH KIM-1 oTmensercst OT HOBEPXHOCTHU KJICTKH 3a
CYeT METaJUIONPOTEHHA3-3aBUCHMOTO TIpoliecca. ITo
BbIJIEJICHHUE C NOBBIIEHHBIM cuHTe30M KIM-1, ckopee
BCEro, SIBJSICTCS NPUYMHON IMOBBIIIEHHOTO BBICBOOO-
xaeaust KIM-1 ¢ mouoit Ha done OIIIT [38, 39]. Uc-
nostb3oBanre ModeBoro KIM-1 B kadecTBe Omomap-
kepa OIIIl ocHOBaHO Ha TOM (akTe, 4TO Yy 3AOPOBBIX
moneit He mpoucxoaut akcnpeccun KIM-1 u ero aktu-
BallM¥ B alMKaJbHOW KJICTOYHONH MeMOpaHe KaHaJib-
1eB, kak Bo Bpems OIIL

Liao B. m xomreru mpoBeiu HCCIENOBAaHUE, B KO-
Topoe Obuto BKIFOUeHO 3200 marueHToB 0e3 XpOHU-
yeckoit 6oneznu movek (XbII), koTopeiM Oblia Tpo-
Benena koponaporpadus. KU-OINIT onpenensuics kak
TTOBBINIICHUE CHIBOPOTOYHOTO KpearuHHA Ha 0,3 Mr/mi
oT ucxonHoro ypoBHs [40]. Yposuu KIM-1 usmepsiiu
70, a Takke 4epe3 6 u 48 yacoB mocie BO3JIEHCTBUS
PKB [40]. ABTOops!I 3ameTiH, uTo ypoBHU KIM-1 ye-
pe3 6 u 48 gacoB, IO CPABHEHUIO C UCXOJIHBIM YPOB-
HEM, 3HAQUYHUTEJBHO MOBBIMIATIUCH Y ManueHToB ¢ K-
OIIII, HO HE B KOHTPOJBHON I'PyIIIIE.

Pons KIM-1 kak pannero omomapkepa KIM-OIIII
OblLJ1a MOJTBEPIKICHA TaKxke y 145 maiueHToB ¢ caxap-
HBIM auabeToM, MOoABEprmuxcsi Bo3aeiicTBuio PKB
[41]. ¥V >Tux manueHToB ypoBHU SCr OBIITH H3MEpPEHBI
no u nociue 24-48 yacos nocine BeeneHust PKB. 3naue-
Hust KIM-1 B Moue orieHuMBai M Ha UCXOIHOM yPOBHE
U B TeueHue 2, 6, 12, 24 u 48 gacoB mociie mpuMEHEHUS
PKB. Bceero y 19 manunentoB pa3suinack KM-OIIII, xo-
TOPYIO AMArHOCTHpPOBaiu 1o ypoBHto sCr. Habmroma-
JIach 3HAYUTENbHAS pa3HuLa Mexk 1y ypoBHAMH KIM-1
B MOY€, UBMEPEHHBIMH Yepe3 2, 6, 12, 24 dacoB mo-
CcJie TIPOLEeyPhl, U YPOBHSAMH J0 MPOIETYPHI B TPYTI-
e KHW-OIIIl. He maGmromaloch HUKAaKOW pa3HUIIBI
B ypoBHe sCr, U3MEPEHHOM JI0 U 1ociie 24 4acoB 1ocie
npoueaypsl. He Tak naBno Wybraniec M. T. u xosnneru
rmokasanu, 4to ypoBeHb KIM-1 B moue, mpeBbImaio-
it 0,425 Hr/mi gepes 6 gacos mociie BBeneHust PKB,
C BBICOKOM YYBCTBHUTEIBHOCTHIO M CHEIH(PUIHOCTHIO
npenckaspiBaeT KU-OIIII y nmanneHToB, NepeHecmnx
KOpOHapHYI0 aHTHorpaduio [42].

Mouegoit unmepneikun-18 (IL-18)

IL-18 mpexacraBnsieT coOOW IMHUTOKHMH, TMOBBIMIAO-
LIUHCA B IPOKCUMAIbHBIX KaHAJbIAX MOYEK Y MallH-
entoB ¢ OIIIl, u oOpa3yeTcss U3 MpeIICCTBEHHUKA
IL-18 monm meiictBuem kacmasel-1 [43]. Yposau IL-18
B MOY€ MOBBIIIAOTCS IPH OCTPOM HEKPO3€ KaHAIBIIEB,
HO He npu npepenanbioi O 3To yyBCTBUTENbHBIN
u crenuduyeckuii ouomapkep OINIT [36]. MeTananus
23 wccienoBaHUN MpoaeMOHCTpupoBan, dto [L-18
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B MOue sIBIIIeTCs HasiexKHBIM 6uomapkepom OIIIT y ma-
[IHEHTOB, TIEPEHECITUX KapAUOXUPYPTHICCKUE Omepa-
MM, TOCTTUTAIN3UPOBAHHBIX B OTICIICHHS HHTECHCHB-
HOH Tepanuu 1 KapAHoJIoruyeckue otaenenus [44-48].

KBenok, ceasvigarouwquit sicupusvie KUciomol, neue-
Hounasn ¢popma (L-FABP)

benok, cBsA3pIBaIOMINN KUPHBIE KUCIOTHI IIEYEHOU-
Horo tuna (L-FABP), skcipeccupyercsi B mpoKcuMalib-
HBIX KaHaJbllax MOYeK YeJIOBEKAa U Yy4acTBYeT B MeTa-
Oosn3Me KUPHBIX KUCTOT [49]. B moukax oOHapyKeHbI
nBa tura FABP: L-FABP, pacmoioskeHHBIH B IPOKCH-
MaJbHBIX M3BUTHIX W MPSMBIX KaHAJIbLAX MOYeK (OH
TaKXe MOXET peadcopOMpoBaThCsl M3 KIyOOYKOBOTO
¢dwibTpara 4epe3 MerajuH, MYJIBTUT@HIAHBIN SHJIO-
LUTApHBII PEeLenTop NPOKCHUMAJIbHBIX KaHAJIbLEB),
n FABP cepaeuHoro tuma, KOTOpPBIA He OOHAPY KHBAET-
cst B Moue. Takum o6paszom, Tonsko L-FABP Obi omo-
OpeH B KauecTBe OMOMapKepa MOBPEKACHHU ST KAaHAIIBIICB.

B mpomotopnoit o6mactu rena L-FABP npucyt-
CTBYET 3JIEMEHT, pearupyromuil Ha TUIIOKCHIO, U B He-
KOTOPBIX HCCIIEJOBAHUAX COOOIIANOCh, YTO KOHILICH-
Tpanusa L-FABP B Moue yBennuuBanacek napasieabHO
CO CHWXGHUEM IMEPHUTYOYJISIPHOIO KPOBOTOKA, TAKHM
obpazom, L-FABP MoxeT onpeaensTbcs mpy U3MeHe-
HUU IIOYEYHON reMOoauHaMUKHU Iociie BBenenus PKB.
HexoTopsle ncciaenoBanus mokasaiad, YTO UCXOJHBIE
ypoBHu L-FABP B Mo4e koppenupoBaiu ¢ BO3HUKHO-
BeaueMm KHM-OIIIT [50].

Hishikari K. u xonneru cpaBamiu yposau L-FABP
B MO4YE JI0 U IOCJIe KOpOHapHOU aHTHorpaduu y 66
naruerToB ¢ sCr ot 1,210 2,5 mr/mt u 'y 30 mobpo-
BonblieB [51]. [lepen anrunorpadueit yposuu L-FABP
OBITTM 3HAYMTEHHO BhIIIE Y 13 MannueHToB, y KOTOPBIX
B JlaJIbHEHIIEM HOBBICHIICS ypoBeHb SCr U pa3Buiach
KU-OIIII. B yactHoctH, Menez S. u koJiern oOHa-
pyXuiu, 4To ypoBeHb Cr B Modye, MpEBBIIIAIONINI
unu paBHbii 24,5 Mr/v 1o BozaerictBus PKB, ObLn
He3aBUCUMBIM TipequkTopom KU-OIIIT [52]. Kpowme
TOro, usmepenue usmeHeHus yposts L-FABP B moue
J0 1 4epe3 24 yaca mocie NpoueAypbl KaTeTepusa-
MU Ceplilla y MAIMEHTOB C MOYCUHOU TUCHYHKIUCH
JIETKON W CpeHEH CTENeHH TSKECTH MOXKET SIBISATHCA
BaKHBIM TIOKa3aTelleM CTpaTH(HUKAIIMH PUCKA MeOr0Ta
CEPIEYHO-COCYAUCTHIX COOBITHH [53].

Muokun (MK)

Munkwua (MK) nmpencraBisieT coOoi remapiuH-CBsI-
3pIBarOIIUi akTop pocta 13 x/la ¢ paznuunbIMU OHO-
JOrMYeCKUMHU (QYHKUUSMHU, TaKUMHU KaK MUTPALUS
BOCIAJIUTENBHBIX KJIETOK W aHTHAMONTOTHYECKUHN
apdext [54]. B moukax MK skcmpeccupyeTcss Kak
B KJIETKaX MPOKCUMAJIBHBIX KaHAIBIIEB, TAK U B OITUTE-
JIMAJIBHBIX KJIETKaX AUCTaIbHBIX KaHAIBLIEB U B MCHb-
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el CTEeTeH! B SHOTEINATBHBIX KIETKaX ¥ WHIYIIH-
pyeTcs OKHUCIUTENBHBIM CTPECCOM Yepe3 aKTHUBALIUIO
¢dakropa 1-anbda, BeI3BaHHOrO runokcueit [54]. ITaro-
¢uznonornyeckre ponu MK pazHooOpasHbl, OT BO3-
aukHOBeHus OIIIT mo mporpeccuposanust XbII [55].

Malyszko J. 1 kosteru npoBenu uccienoBaHue, 11e-
JIBI0 KOTOPOTO OBLIO YTOUHUTH, MoxkeT u MK npen-
CTaBIATH coOoW paHHui Owomapkep KU-OIIII [56].
O6cnemoBano 89 MalMEHTOB ¢ HOPMAJIEHBIM YPOBHEM
sCr, nepenecmiux YKB. MK cbhIBOpOTKHM OLEHUBaIU
Ha UCXOAHOM YpOBHE U uepe3 2, 4, 8, 24 u 48 yacoB
nocie BBeaeHus PKB, mepenecmmx YKB; sCr onenn-
BasIu 70 1 uepe3 24 u 48 dacoB mocie BBeaeHus PKB.
KU-OIIII 6511 ompenenen kak yBenuuenne sCr 6oiee
4yeM Ha 25 % OT MCXOAHOro ypoBHs depe3 48 gacos
nociie YKB u umeno mecto y 10 % nanueHToB. Y 3THX
nanenToB ¢ KU-OIIIl 3HaunTenbHOE MOBBIIIIEHUE
ypoBHs1 MK B chIBOpoTKe HabII0Ma7I0Ch Yepe3 2 yaca
(P < 0,0019) u gepe3s 4 yaca nocie Bo3aeticteust PKB;
MK Bo3Bpamaics Kk UCXOAHOMY 3HAUEHHIO uepe3 24
yaca. B aTom xe uccnenoBannu ypoBHu NGAL Obutn
3HAUUTENIBHO BhIMIE Yepe3 2 yaca (SNGAL) unu 4 gaca
(UNGAL) mocie UKB. Cys-C 0511 BoITIIe yepe3 8 u 24
yaca nocye YKB y nanuentos ¢ KM-OIIII.

Dickkopf-3 (DKK3)

HoBprit OnoMapkep A1t TMarHOCTUKH TPOTPECCUPY-
IOIIEeTo TyOyJIoOMHTepCcTHIINANbHOTO (prdposza. DKK3
OTHOCHUTCSI K ceMeHCTBY rinukonpotrenHoB (DKKI1-4),
KOTOpBIE, MPEXJE BCEro, MOAYJIHUPYIOT CUTHAIBHBIN

IL-18
KIM-1
L-FABP
B:-M
RBP
DKK3

nyTe Wnt. DTOT CHUTHalbHBIM NYyTh 3aJEHCTBOBAH
B Pa3iUYHBIX (YHKIHSIX KJICTOK, TAKUX, HAIPUMED,
KaK mponudepanns, MUTpalds U SKCIPECCUs I'eHOB
(uOpPOreHHBIX MUTOKWHOB. Psij SKCTIEpUMEHTATBHBIX
HCCJIEeIOBAaHUM MOKa3alu, YTO CUTHAIBHBIN MyTh Wnt
TaK>Ke YYaCTBYET B IPOTPECCUPOBAHUU XPOHUUECKOTO
3a0oneBanus mouek [57]. DKK3 BeicBOOOXAaeTCS U3
«CTPECCOBBIX» KAHAJBIEBBIX KJIETOK B Mode. TakuMm
0o0pa3oM, 3HAYUTENFHOE TIOpaKEHUE TMOYEK BBHISBIIS-
eTcs Ha paHHel ctanuu. HegoctaTtkoM TaHHOTO METO-
Jla MOXKET SIBJISTHCS TO, UTO NaHHBIM METOM UACaTbHO
MOJIXO/IUT B KAUECTBE JIOMOIHUTEIBHON HH(pOpMAIIUU
k CK®, HO OoJree akTyaJleH JJIs1 TAIUEHTOB C XPOHHU-
4yecKor 00JIe3HBI0 TIoUeK (pHc. 2).

OPYITME BUOMAPKEPDI

Bernok 7, cBsA3bIBaOIINY HHCYTHHONOAOOHBIN
(hakTOp pocTa, ¥ TKAHEBOW MHTHOUTOP METAJIIONPO-
TEHWHa3bl-2 — 3TO 2 OeJiKa, yYacTBYIOIIUE B OCTAHOB-
K€ KJICTOYHOTO IIUKJIA, KOTOPBIE MOTYT OBITH MPEIUK-
topamu OIIIl. dakTUdecKkn OCTaHOBKA KJIECTOYHOTO
[IUKJIa MOXKET OBITh PE3YJIFTATOM TOBPEKICHUS Kie-
TOK, BeI3BaHHOTO PKB [54].

lamMma-rnyramuntpancnentuaasa (GGT) —
3T0 ()epMEHT Ha IIETOYHOM KaliMe MPOKCHMaJIbHbIX
KaHaJbLEB MOYEK, KOTOPBIM MOSBISAETCS B MOYE MPU
MOBPEKJACHUH IIETOYHOU Kakimbl. [loBBIILICHHBIE HC-
xonuble ypoBHH GGT moryT npeackasbiBath CI-AKI
[34, 57].

Puc. 2. BbicBo6oxaeHne 6uomapkepoB KN-OMMIM B pa3nunyHbiX YacTAX HedpoHa
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MukpoPHK (miRNA) npencrasisier coOoii
MOJIEKYJIbl, YYacTByIoUe B nponudepannu, nupde-
PEHIIMPOBKE ¥ THOEIH KIIETOK, 8 TAK)KE B BOCIIAJICHUH,
YTO MpemoaraeT ux ydactue B nmaroreaese KN-OIIIT
[58]. Momekynber miRNA obnagaroT mpenMymecTBOM
UX CTAaOUIIBHOCTH B CBIBOPOTKE, MOYE M CIIIOHE.

BbiBO/bl

KHN-OIIIl — onmnra w3 HamboJiee YaCcTBIX MPHYHH,
[OCJI€ MPOBEICHUSI YPECKOKHBIX KOPOHAPHBIX BMeE-
IAaTeJIbCTB, CBA3aHHAS C JJIUTEIBHBIM MPEOBIBAHU-
€M B CTallMOHApe W HEOJArOMPHUSATHBIMU HCXOIAMU,
BKJIIOYAs pa3lndHble HeOIaronpusTHBIE cepred-
HO-COCYAHMCTBIE HCXOJBI U TOTEpI0 (PYHKIUU IOYEK
BILIOTH 10 TEPMHUHAJIBHOM CTaaAuK. YUUTHIBAsl HEIpe-
PBIBHBIN pocT uncia BeinoiaHseMbix YKB ¢ ncnonb3o-
BanueM PKB, wactora KU-OIIIl Oynetr HETpephIBHO
pactu. Taxxe HaOmromaeTcst yBelWUYEHHE YHCIa KO-
MOpPOUIHBIX IMAIIMEHTOB, UMEIOIINX HOKPHHOIOT H-
YECKYI0 TATOJOTHI0, XPOHUYECKYI OO0JIe3Hb IMOYEK,
YTO TAaK)X€ yBEJIMYMBAET PUCK BO3HUKHOBeHus K-
OIIII. B HacTosmiee BpeMsI B KIMHUYSCKON MPAKTH-
ke sCr mo-npexHeMy HIMPOKO HCIIONIB3YEeTCs B Kade-
CTBE MapKepa MOBPEKICHUS MOYEK HECMOTpPS Ha TO,
YTO €ro MOBBIIICHUE HOCUT OTCPOUYCHHBINA XapakTep
1 ero KOHIICHTpAIlHs MOXKET 3aBHUCETh OT BO3pPAcTa,
YBEJIMYEHHUSI MBIIIEYHONM Macchl M COIIYTCTBYIOLLEH
Tepanuu. B cBs3U ¢ 3TOM BO3HUKIJIA HEOOXOAMMOCTH
MOKMCKAa HOBBIX PAaHHUX OHMOMAapKEepOB MOYCUHOTO TO-
BPEKICHUS.

B mocnennee BpeMs BBISBIEHO HECKOJIBKO MHOTO-
o0emarmux OUOMapKePOB, KOTOPBIE IMPEATIONIONKH-
TEJIbHO MOTYT SIBJISATHCS MIPEIUKTOPAMU TOBPEKICHU S
MOYEK Yy KapAUOJOTUUYECKUX MAIIUCHTOB JO MOMECH-
ta noBeimenus sCr. Hambonee mHOTOOOEHIATOIIMMHU
mapkepamu KU-OIIIT sBastores Cys-C, NGAL, KI-1,
1L-18 m L-FABP, Tak kak MX HMCIIOJH30BAaHUC MOKET
IIOMOYb B JUATHOCTHUKE OCTPOTO MOBPEKICHUS TO-
4eK B CyOKIMHHMYECKOW (aze 3aboneBanus. OmHAKO
OCTarOTCsl HEPEMIEHHBIMU HEKOTOPBIE BOIIPOCHI OTHO-
CHUTEIIPHO TOYHOCTH W HAJICKHOCTH ITHUX HOBBIX OHO-
MapKepoB B KOHTEKCTE KOHTPACT-UHIYLHPOBAHHOU
HepponaTuu.

XKenarenbHo HlleanbHBIN OHOMapKep JOJKEH ObITH
HE WHBA3WBHBIM, OOHApyXMBaeMbIM Ha paHHEH CTa-
Iy 3a00JIeBaHUs, MPOTHOCTUYECKU 3HAYMMEBIM, H,
4yTOo HanboJiee BaXKHO, OH JIOJDKEH OBITH crieruguy-
HBIM JUJI [TOpaKeHM s oYeK MpH ucroiab3oBannu PKB
1 UMETh MaTO(PU3NOIOTHICCKYIO KOPPEISITHIO ¢ 3200-
neBanueM. CIrieloBaTeNbHO, IS TIOMCKA HI€aIbHOTO
Oromapkepa Heo0XOIMMO MTPOBECTH MHOT'OIIEHTPOBOE
KJIMHUYECKOE UCCIICIOBAHKE, YTOOBI BBISICHUTH TOTCH-
[HAJI OTUX OMOMAapKEPOB Y Pa3HBIX TPYIII MAIICHTOB.
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cun no Hay4dHown paboTe, 3aBenytowmin HNO apTepunans-
HOW runepteHsun VIHcTuTyTa cepaua n cocynoe ®rby
«HMWL, nm. B. A. AnmasoBa» MuHspgpaBa Poccun, 3aBe-
ayrowmnin kadenpon opraHnsannmn yrnpaBieHnUs N 3KoHOo-
MUKW 3opaBooxpaHeHnsa VIHCTUTyTa MeguumnHCKoro o6-
pasoBaHua LleHTpa AnmasoBa;

fAkoBeHKO AnekcaHgop AnexkcaHOpoOBWUY, K.M.H., 00-
LeHT Kadenpbl Hedponorum n gnanmnsa PaxkynsreTta no-
cnepgunioMHoro o6bpasosaHna ®rbOy BO TMCrerMy
nm. W. IN. Maenoea MuHsppasa Poccun.
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ABSTRACT

Currently, there is a continuous increase in the number of interventional interventions
in cardiology using X-ray contrast agents (RKV), which often leads to such a formidable
complication as contrast-induced acute kidney injury (CI-AKI). The manifestations of CI-
AKI have all the characteristics of acute renal injury (AKI) and include an absolute (greater
than or equal to 0.3 or more or equal to 0.5 mg/dL) or relative (greater than or equal to 25%)
increases in serum creatinine (sCr) compared with baseline values, occurring 48-72 hours after
intravascular administration of RVC.

Contrast-induced acute kidney injury is a common complication following intravascular
administration of iodine-containing contrast media and is associated with prolonged
hospital stay and poor long-term prognosis, including unwanted cardiovascular events, and
complete loss of renal function. CI-AKI occurs in 5-20% of hospitalized patients undergoing
percutaneous coronary interventions.

Unfortunately, there are currently no analogues of iodine-containing RVC, and therefore
the question of finding optimal CI-AKI biomarkers for the purpose of early diagnosis and
prevention of this formidable complication remains relevant.

The diagnosis of CI-AKI is based on an increase in serum creatinine, which is a late biomarker
of kidney damage. New and earlier serum and urinary biomarkers for the diagnosis of kidney
damage have now been identified that can be detected before serum creatinine levels rise.
This article provides information on the most relevant and modern biomarkers of CI-AKI.
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INTRODUCTION

Contrast-induced acute kidney injury (CI-AKI) is
a severe complication of exposure to radiopaque sub-
stances (ROS) used in cardiology for diagnosis or when
using interventional treatment methods, and may be
associated with unfavorable short- and long-term out-
comes [1, 2]. CI-AKI is the third most common cause
of nosocomial development of acute kidney injury
(AKI) after reduced renal perfusion (within prerenal
AKI) and drug nephrotoxicity. The incidence of CI-
AKI varies up to 20% among hospitalized patients [2,
3]. CI-AKl is usually defined as an absolute (more than
or equal to 0.3 or more than or equal to 0.5 mg/dl) or
relative (more than or equal to 25%) increase in serum
creatinine (sCr) compared to baseline values, occur-
ring 48-72 hours after intravascular administration of
ROS, and, reaching a peak on day 3-5, returns to the
baseline level within 10-14 days [1]. Such dynamics
of creatinine level does not allow timely diagnosis of
CI-AKI. In addition, an increase in serum creatinine
depends not only on a decrease in glomerular filtration
rate (GFR), but also on the systemic accumulation of
sCr produced by skeletal muscles and non-renal factors
(age, gender, muscle mass, state of hydration), which
makes an increase in sCr level non-specific for the
diagnosis of CI-AKI, in connection with which other
biomarkers have been actively investigated recently.
In particular, there is a growing interest in the most
sensitive biomarkers that allow detecting kidney injury
earlier than the sCr level. These biomarkers can be di-
vided into 2 groups: 1) those that represent changes in
renal function [for example, sCr or cystatin (Cys-C)], 2)
those that reflect structural kidney injury [for example,
kidney injury molecule 1, interleukin-18 (IL-18)]. Sev-
eral studies report new biomarkers in urine/serum used
for risk stratification, diagnosis and prediction of the
possibility of CI-AKI. The combination of functional
biomarkers and biomarkers of kidney injury provides
a simple method for dividing patients with AKI into
4 groups: 1) markers do not change; 2) only injury; 3)
only functional disorders; 4) injury and functional dis-
orders [4]. In fact, the use of new biomarkers of kid-
ney injury has been limited for several reasons: finding

the most accurate biomarkers for each individual case,
uncertainty in thresholds (which may vary depending
on the conditions), as well as limited clinical data and
financial costs.

Characteristics of the optimal biomarker for detect-
ing CI-AKI: 1) detection fluency and specificity for
contrast-induced kidney injury; 2) cost-effectiveness;
3) the ability of detection at the subclinical phase; 4) the
ability to monitor the biomarker; 5) the ability to strat-
ify the risk and predict the outcome of kidney injury.

PATHOPHYSIOLOGY OF ACUTE
KIDNEY INJURY INDUCED BY
RADIOPAQUE SUBSTANCE

ROS can induce AKI by two main mechanisms: 1)
cytotoxic effect; 2) impaired renal hemodynamics [5,
6]. Cytotoxic effects of ROS include: apoptosis, im-
paired cell viability and increased activity of the brush
border and lysosomal enzymes; fragmentation of cellu-
lar DNA; suppression of signaling molecules involved
in cell survival and amplification of signaling mole-
cules during cell death, such as members of the N-ter-
minal kinase p38 and c-Jun mitogen-activated protein
kinases and nuclear transcription factor kB, as well as
activation of caspase. It is believed that the nuclear fac-
tor kB and N-terminal kinases c-Jun are involved in en-
hancing the regulation of pro-inflammatory IL-8. The
imbalance between vasoconstrictors and vasodilators is
leading in the pathogenesis of CI-AKI.

In fact, haemodynamic compromise with an in-
crease in renal blood flow, glomerular filtration rate and
diuresis rate are directly related to the osmolality of
ROS. Due to the increased osmotic load, more sodium
is reabsorbed by tubular cells, which in itself increas-
es oxygen consumption. After this temporary increase,
the renal blood flow decreases (from 10 to 25%). The
decrease in blood flow appears to occur under the in-
fluence of vasodilators, such as adenosine, nitric oxide,
atrial natriuretic peptide and prostaglandin E2. Also,
the pathogenesis of CI-AKI involves an increase in the
production of reactive oxygen species due to a decrease
in blood flow and increased oxygen consumption in the
brain substance (Fig. 1).
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FUNCTIONAL BIOMARKERS

Creatinine

Creatinine is the most widely used endogenous
marker of glomerular filtration rate, produced at a con-
stant rate and freely filtered in the glomeruli, with only
10 to 40% secreted by distal tubules. This is a conve-
nient and cheap marker to measure, but its concentra-
tion is influenced by several factors, including age,
gender, exercise, medication, muscle mass, nutritional
status and number of meals [1].

The increase in sCr occurs 24-72 hours after the in-
troduction of ROS and peaks on days 3-5, returning to
the baseline level within 10-14 days. In addition to this
slow kinetics which limits its use for early diagnosis of
kidney injury, sCr remains within the reference range
until 50% of renal function is lost.

Microalbuminuria

Microalbuminuria is an important marker of chang-
es in the structure and function of the glomeruli. The
term “microalbuminuria” refers to urinary albumin at
a concentration below the threshold for determining
albumin using conventional urine test strips. Its val-
ue ranges from 30 to 300 mg/I [7]. Microalbuminuria
was used as a biomarker in a study of the prevention

of CI-AKI with N-acetylcysteine [8]. The limitation of
the use of microalbuminuria as a marker of AKI is its
presence not only in acute, but also in chronic condi-
tions, such as diabetes mellitus, blood diseases, chronic
kidney disease, etc.

Cystatin C (Cys-C)

Cystatin C is a functional biomarker of glomerular
filtration, more sensitive than sCr, for detecting acute
(within 24 hours) changes in kidney function. Itis a 13
kDa protein, a member of the cysteine protease inhibi-
tor family, which is present in all nucleated cells. Cys-C
is filtered by glomeruli and then metabolized in the cells
of the proximal renal tubules after megalin-mediated
endocytosis [9]. Cys-C is not secreted by the proximal
renal tubules. All cells in the body that contain nuclei
produce cystatin C at a stable rate. Thus, the concentra-
tion of cystatin C in the blood correlates with the glo-
merular filtration rate [10, 11]. The level of protein in
the blood does not depend on body weight and height,
muscle mass and gender.

For these reasons, Cys-C can be a useful marker for
detecting both chronic and acute changes in GFR [12,
13]. In addition, Cys-C is distributed in the extracel-
lular fluid, whereas sCr is distributed in the water of
the whole body, the volume of which is 3 times larger

Contrast medium administration
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Fig. 1. Pathophysiology of acute kidney injury
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[14, 15]. Thus, with a decrease in GFR, the content of
Cys-C in serum increases faster than sCr [16, 17].

It has been shown that with CI-AKI, the peak level
of Cys-C in blood serum is reached as early as 24 hours
after the administration of ROS, which makes it possi-
ble to detect even minor changes in GFR [18-20].

Brigoori C. and colleagues demonstrated that in 410
patients with chronic kidney disease who underwent
coronary and/or peripheral angiography and/or angio-
plasty, an increase in the concentration of Cys-C in se-
rum by 10% or more 24 hours after exposure to ROS
was associated with an increase in sCr greater than or
equal to 0.3 mg/dl and was an independent predictor of
serious consequences for 1 year, including death and
renal replacement therapy (RRT). At the same time, an
increase in the level of Cys-C in serum by less than
10% in 24 hours excluded CI-AKI [21].

Beta-2-microglobulin (B2M, B , M, Thymotaxin,
Beta -Microglobulin).

Beta-2-microglobulin is an 11.8 kJ protein that is
filtered by glomeruli and reabsorbed by the proximal
tubules of the kidneys [22]. Although low levels of be-
ta-2-microalbumin are found in the urine and serum of
healthy people, after kidney injury its level increases
due to a decrease in reabsorption by damaged tubules.

In particular, the baseline level of beta-2-micro-
globulin in serum is an important predictor of CI-AKI.
Nozue and colleagues included 96 patients with stable
angina who underwent routine percutaneous coronary
intervention (PCI) [23].

They measured serum Cys-C and b2M, as well as
fatty acid binding protein in the liver (FABP), b2M and
N-acetyl-b-D-glucosamide (NAG) before and 1 day af-
ter PCIL. In patients with CI-AKI (5%), baseline serum
b2M and Cys-C levels were significantly higher than in
patients without CI-AKI (4.2 £ 2.6 vs. 2.2 = 1.0 mg/L,
P=0.0007 and (1.51 £ 0.52) vs. 1.11 £ 0.34 mg/L, P =
0.013, respectively).

The baseline level of b2M > 1.26 mg/dl showed 75%
sensitivity and 80% specificity in predicting CI-AKI.
Similar results were obtained by Li and his colleagues,
who randomized 424 patients exposed to ROS [24].

CI-AKI was defined as an increase in SCr by 25%
or higher or 0.5 mg/dL above baseline within 48 hours.
Serum levels of b2M, Cys-C and creatinine were mea-
sured 0, 24 and 48 hours after coronary angiography.

Before using ROS, the risk of CI-AKI was predict-
ed by both the baseline level of b2M and CysC. After
the introduction of ROS, CI-AKI was determined by
the level of B2m, Cys-C, creatinine and GFR. Howev-
er, multivariate regression analysis confirmed that the
baseline levels of B2m, Cys-C, creatinine and calculat-
ed GFR were independent predictors of CI-AKI.

II. OB30Pbl | REVIEWERS

Retinol-binding protein (RBP).

Retinol binding protein (RBP) is a 21 kDa protein
that is filtered by the glomeruli and reabsorbed by the
proximal tubules. It has been shown to be an adequate
marker for the diagnosis of AKI; in particular, levels
of RBP in urine before and after are used to assess the
effectiveness of the prevention of AKI with N-acetyl-
cysteine [25].

BIOMARKERS OF STRUCTURAL KIDNEY
INJURY

N-acetyl-fi-d-glucosamide (NAG)

N-acetyl-p-d-glucosamide (NAG) is a lysosomal en-
zyme (>130 kDa) that is produced by cells of the prox-
imal tubules of the kidneys. In healthy people, NAG is
present in the urine in small amounts. Damage to the re-
nal tubule leads to an increase in its concentration in the
urine due to the fact that it is not filtered by the glom-
eruli due to the large weight. However, elevated levels
of NAG in the urine can also be the result of increased
lysosomal activity without cell destruction [26].

Andreucci M. and colleagues included 590 patients
who underwent coronary angiography for both stable
and unstable coronary heart disease [27]. Urine samples
of NAG, osmolality, and sCr were taken before and 1, 2,
and 6 days after administration of low-osmolar nonionic
ROS. CI-AKI occurred in 33 patients. In these patients,
the levels of NAG and sCr in the urine on days 1 and 2
were significantly higher than at the baseline, and com-
pared with patients without CI-AKI. NAG levels in the
urine peaked earlier and grew much faster than sCr lev-
els in patients with CI-AKI.

Lipocalin associated with neutrophil gelatinase
(NGAL)

Neutrophil gelatinase-associated lipocalin (NGAL)
is a 25 kDa protein associated with human neutrophil
gelatinase, which belongs to the lipopalin superfami-
ly [28]. Monomeric (mainly) and heterodimeric forms
are the predominant forms produced by tubules [29].
NGAL is filtered by the glomeruli and then reabsorbed
by the proximal tubules, where it is partially cleaved by
megalin and partially excreted in the urine. The concen-
tration of NGAL in a healthy person is 20 ng/ml in both
serum and urine. After damage to the cells of the renal
tubules, NGAL is released into plasma and urine; this
causes an increase in its concentration in plasma and
urine much earlier than an increase in the concentration
of sCr [30]. Thus, NGAL can be considered as a fairly
informative and independent marker of AKI [31-33].

According to various sources, there is evidence of
the potential role of NGAL as a reliable and prognos-
tic marker of AKI, since its serum and urine levels rise
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earlier than sCr. Some researchers say that the level of
NGAL in plasma is less specific than its concentration
in urine [34, 35].

Kidney Injury Molecule 1 (KIM-1)

Kidney injury molecule 1 (KIM-1), a type 1 trans-
membrane glycoprotein, is recognized as a potential
biomarker for detecting ischemic or toxic damage to
the proximal tubules [36, 37]. The extracellular domain
KIM-1 is separated from the cell surface by a metallo-
proteinase-dependent process. This excretion with in-
creased synthesis of KIM-1 is most likely the cause of
increased release of KIM-1 in urine on the background
of AKI [38, 39]. The use of urinary KIM-1 as a bio-
marker of AKI is based on the fact that in healthy peo-
ple there is no expression of KIM-1 and its activation in
the apical cell membrane of the tubules, as during AKI.

Liao B. and colleagues conducted a study that in-
cluded 3,200 patients without chronic kidney disease
(CKD) who underwent coronary angiography. CI-AKI
was defined as an increase in serum creatinine by 0.3
mg/dl from the baseline level [40]. KIM-1 levels were
measured before, as well as 6 and 48 hours after ex-
posure to ROS [40]. The authors noticed that the lev-
els of KIM-1 after 6 and 48 hours, compared with the
baseline level, significantly increased in patients with
CI-AKI, but not in the control group.

The role of KIM-1 as an early biomarker of CI-AKI
was also confirmed in 145 patients with diabetes mel-
litus exposed to ROS [41]. In these patients, sCr lev-
els were measured before administration of ROS and
24-48 hours after that. The urinary KIM-1 values were
evaluated at the baseline level and within 2, 6, 12, 24
and 48 hours after the use of ROS. A total of 19 patients
developed CI-AKI, which was diagnosed by the level
of sCr. There was a significant difference between the
levels of KIM-1 in urine measured 2, 6, 12, 24 hours
after the procedure and the levels before the procedure
in the CI-AKI group. There was no difference in the
sCr level measured before and after 24 hours after the
procedure. Not so long ago, Wybraniec M. T. and col-
leagues showed that urinary KIM-1 levels exceeding
0.425 ng/mL 6 hours after administration of ROS pre-
dicts with high sensitivity and specificity CI-AKI in pa-
tients undergoing coronary angiography [42].

Urinary interleukin-18 (IL-18)

IL-18 is a cytokine that increases in the proximal
renal tubules in patients with AKI, and is formed from
the IL-18 precursor under the action of caspase-1 [43].
Levels of IL-18 in urine increase with acute tubular ne-
crosis, but not with prerenal AKI. It is a sensitive and
specific biomarker of AKI [36]. A meta-analysis of 23
studies has demonstrated that IL-18 in urine is a reli-

able biomarker of AKI in patients who have undergone
cardiac surgery, hospitalized in intensive care units and
cardiology departments [44-48].

Fatty Acid Binding Protein, Liver Form (L-FABP)

The liver fatty acid binding protein (L-FABP) is
expressed in the proximal tubules of the human kid-
ney and participates in the metabolism of fatty acids
[49]. There are two types of FABP found in the kid-
neys: L-FABP, located in the proximal convoluted and
straight tubules of the kidneys (it can also be reab-
sorbed from the glomerular filtrate through megalin,
multigand proximal tubular endocytic receptor), and
cardiac-type FABP which is not found in the urine.
Thus, only L-FABP has been approved as a biomarker
of tubule injury. In the promoter region of the L-FABP
gene, there is an element that reacts to hypoxia, and
some studies have reported that the concentration of
L-FABP in the urine increased in parallel with a de-
crease in peritubular blood flow, thus, L-FABP can be
determined by changes in renal hemodynamics after
administration of ROS. Some studies have shown that
baseline levels of L-FABP in urine correlated with the
occurrence of CI-AKI [50].

Hishikari K. and colleagues compared the levels of
L-FABP in urine before and after coronary angiography
in 66 patients with sCr from 1.2 to 2.5 mg/dl and in 30
volunteers [51]. Prior to angiography, L-FABP levels
were significantly higher in 13 patients in whom sub-
sequently sCr level increased and CI-AKI developed.
In particular, Menez S. and colleagues found that uri-
nary Cr level greater than or equal to 24.5 mg/g prior to
exposure to ROS was an independent predictor of CI-
AKI [52]. In addition, measuring changes in the level
of L-FABP in urine before and 24 hours after cardiac
catheterization in patients with mild to moderate renal
dysfunction may be an important indicator of stratifi-
cation of the risk of the onset of cardiovascular events
[53].

Midkin (MK)

Midkin (MK) is a 13 kDa heparin-binding growth
factor with various biological functions, such as mi-
gration of inflammatory cells and anti-apoptotic effect
[54]. In the kidneys, MK is expressed both in the cells
of the proximal tubules and in the epithelial cells of
the distal tubules and to a lesser extent in endothelial
cells and is induced by oxidative stress through the ac-
tivation of factor 1-alpha caused by hypoxia [54]. The
pathophysiological roles of MK vary, from the onset of
AKI to the progression of CKD [55].

Malyszko J. and colleagues conducted a study
aimed at clarifying whether MK could be an early bio-
marker of CI-AKI [56]. A total of 89 patients with nor-
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mal sCr levels who had undergone PCI were examined.
Serum MK was assessed at the baseline level and 2,
4, 8, 24 and 48 hours after administration of ROS; sCr
was evaluated before and 24 and 48 hours after admin-
istration of ROS. CI-AKI was defined as an increase in
sCr by more than 25% from the baseline level 48 hours
after PCI and occurred in 10% of patients. In these pa-
tients with CI-AKI, a significant increase in serum MK
level was observed 2 hours (P < 0.0019) and 4 hours
after exposure to ROS; MK returned to the baseline
value after 24 hours. In the same study, NGAL levels
were significantly higher 2 hours (SNGAL) or 4 hours
(uUNGAL) after PCI. Cys-C was higher 8 and 24 hours
after PCI in patients with CI-AKI.

Dickkopf-3 (DKK3)

A new biomarker for the diagnosis of progressive
tubulointerstitial fibrosis. DKK3 belongs to the glyco-
protein family (DKK1-4), which primarily modulate
the Wnt signaling pathway. This signaling pathway is
involved in various cell functions, such as proliferation,
migration and gene expression of fibrogenic cytokines.
A number of experimental studies has shown that the
Wnt signaling pathway is also involved in the progres-
sion of chronic kidney disease [57]. DKK3 is released
from “stressed” tubular cells in the urine. Thus, signif-
icant kidney injury is detected at an early stage. The
disadvantage of this method may be that this method is
eminently suitable as additional information for GFR,
but is more relevant for patients with chronic kidney
disease (Figure 2).

Bowman's capsule

L-FABP
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OTHER BIOMARKERS

Protein 7 binding insulin-like growth factor
and tissue metalloproteinase-2 inhibitor are 2 proteins
involved in cell cycle arrest that can be predictors of
AKI. Actually, cell cycle arrest may be the result of cell
damage caused by ROS [54].

: Gamma-glutamyltranspeptidase (GGT) 1is
an enzyme on the brush border of the proximal tubules
of the kidneys, which appears in the urine when the
brush border is damaged. Elevated baseline GGT levels
can predict CI-AKI [34, 57].

MiRNA is a molecule involved in cell proliferation,
differentiation and death, as well as in inflammation,
which suggests their involvement in the pathogenesis
of CI-AKI [58]. MiRNA molecules have the advantage
of their stability in serum, urine and saliva.

CONCLUSIONS

CI-AKI is one of the most common causes after
percutaneous coronary interventions, associated with
prolonged hospital stay and adverse outcomes, includ-
ing various adverse cardiovascular outcomes and loss
of renal function up to the terminal stage. Given the
continuous increase in the number of performed PCls
using ROS, the frequency of CI-OPP will continuous-
ly increase. There is also an increase in the number of
comorbid patients with endocrinological pathology,
chronic kidney disease, which also increases the risk of
CI-AKI. Currently, in clinical practice, sCr is still wide-

Distal tubule

Fig. 2. Release of CI-AKI biomarkers in various parts of the nephron
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ly used as a marker of kidney injury, despite the fact
that its increase is delayed and its concentration may
depend on age, increased muscle mass and concomitant
therapy. In this regard, it became necessary to search
for new early biomarkers of renal injury.

Recently, several promising biomarkers have been
identified that presumably can be predictors of kidney
injury in cardiac patients until sCr increases. The most
promising markers of CI-AKI are Cys-C, NGAL, KI-1,
IL-18 and L-FABP, as their use can help in the diagno-
sis of acute kidney injury in the subclinical phase of the
disease. However, some questions remain unresolved
regarding the accuracy and reliability of these new bio-
markers in the context of contrast-induced nephropathy.

Preferably, an ideal biomarker should be non-inva-
sive, detectable at an early stage of the disease, prog-
nostically significant, and, most importantly, it should
be specific for kidney injury when using ROS and
have a pathophysiological correlation with the disease.
Therefore, in order to find the ideal biomarker, it is nec-
essary to conduct a multicenter clinical study to find out
the potential of these biomarkers in different groups of
patients.
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PE3IOME

AKTyasnsHOCTh. BeHosHbple TpoMO0IMOOIHNUECKrEe COOBITHS SIBIAIOTCS YAacThIM OCIOKHEHHEM
y TaIMeHTOB CO 3J0KadyecTBeHHbIMU oOpa3zoBanusiMu [IHC u 3aHMMAIOT TpeTbe MeCTO B CTPYK-
Type npuunH cMmeptu. Llesab. PerpocniekTHBHO ONEHHTH (aKTOphI PHCKAa BEHO3HBIX TPOMOO-
ambommdaeckux ocnokHeHni (BTO0) u gacToTy MX pasBUTHSA B TOCICONECPAITIOHHOM TEpHO-
JI€ y TAIMEHTOB C 3JI0KaYeCTBEHHBIMH HOBOOOPA30BaHMUSMH TOJIOBHOTO Mo3ra. Marepuasbl
U MeToabl. B perpocrnexTuBHOE MccnenoBaHue ObLIO BKIIOYEHO 337 MalMeHTOB, MOCTYIUBLINX
B Helipoxupyprudeckue oraenenns HMULL um. B. A. Anmazosa ¢ mpenBapuTeIbHBIM THArHO-
30oM C71 — 370Ka4eCcTBEHHOE HOBOOOPA30BAHNE TOJIOBHOTO MO3Ta. J[MarHo3 mIHaIbHON OITyXOJIH
TOJIOBHOTO MO3Ta BepH(UIMPOBAIICS TI0 JTAaHHBIM MOP(OIOTHIECKOTO MCCIeOBAHUS HHTPAOTIE-
parmoHHOro o0pasua ¢ ucnonp3oBaHueM kiaccuduxamun BO3. Ananns dakropos pucka BT20
BBITIOJNHSUICS B IBYX PYIIax B 3aBUCHMOCTH OT HAJIMYMSI TIOATBEPKICHHOTO BEHO3HOTO TpoMOO03a.
Pesyanbrarnbl. YacToTa pa3BUTHS BEHO3HBIX TPOMOOIMOOIMYECKIX OCIOKHEHUH Cpe/y MalieHTOB
C HOBOOOPa30BaHHUSMH TOJIOBHOTO MO3ra cocTaBuia 6,2 %. Y MalyeHToB ¢ HaJIMIheM BEHO3HBIX
TPOMOO030B B TIOCIICONIEPAIIIOHHOM TIEPHOJIE Yallle BCTPEYaloCh PEIUANBHPYIOIIEe TeUCHHE TIH-
00IaCTOMBI M pa3Mep OImyxoiu rpesbimal 5 cm: 33 % (n=7) npotus 13 % (n=41); 85 % (n = 18)
npotuB 47 % (n=148) (p = 0,05 u p = 0,013 cooTBeTCTBEHHO). Y MAI[MEHTOB C BEHO3HBIMU TPOM-
009MOOTMIECKIMH OCIIOKHEHUSIMH TIPH TTIOCTYIUICHUH YPOBEHb TPOMOOIIMTOB OBLIO JOCTOBEPHO
HIDKE, UeM y TIAIMEeHTOB U3 Apyroii rpymmsl: 189 + 72 mpotus 240,8 + 93,3 (p = 0,04). 3akutio-
yenne. Cpermyt (PaKTOPOB PHCKa BEHO3HBIX TPOMOOIMOOIHMIECKUX OCIIOKHEHUH MOKHO BBIIEITUTH
TPOMOOIUTOIIEHHIO, PELUIMBUPYIOLIEE TEUCHUE ITIMOOIACTOMBI, pa3Mep OIyXoJu Ooliee 5 cM.
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KiroueBbie ciioBa: FJ'II/IO6J'IaCTOMa, KapAnOOHKOJIOT' 1A, Tp0M603 FJ'Iy60KI/IX BCH FOHCHCﬁ, TpOM603M6OJ'II/ILIeCKI/Ie

OCJIOXKHCHUA, TpOM603M6OJ'II/I$I JICTOYHOM apTepuu.

I yumuposanus: Huwynoe K.A., Menonuunuxosa O.C., 3onomosa E.A. u Op. @axmopul pucka 6eHO3HbIX MpPOM-
00IMOOTUUECKUX OCTLONCHEHUL Y NAYUEHMOE C 2IUATbHBIMU ONYXOIAMU 201108H020 Mo32d. Poccutickuil scypnan

nepconanuzuposannou meouyunol. 2021;1(1):192-206.

Cnucok coxkpamenuii: BTOO — BeHO3HBIE TPOM-
6osmbomueckue ocnoxknennsi, MKb — mexxyHapon-
Has knaccudukanus donesneir, MPT — marautHo-pe-
3oHaHCHass Tomorpadus, TOJIA — TpomOGoIMOoTHsS
nerouHoit aprepuu, HHC — nenTpanbHas HepBHas
cucTema.

BBEAEHUE

Knaccudukamnus BecemupHoii opraHu3amuu 37apa-
BooxpaHeHus ot 2016 roma omyxoieil IeHTpabHOU
HepsHoii cuctemsl (LIHC) ocHoBaHa Ha ructojoruye-
CKHX M MOJICKYJSIPHBIX KPUTCPUSIX M BKIIOYACT 3JI0-
KadeCTBEHHBIE, TOOPOKaYeCTBEHHBIE U ITOTPAaHUYHBIC
omyxoiu. Cpenu 3JI0KaYeCTBEHHBIX 00pa3oBaHUM
HHC nuaupyroT BTOPUYHBIE OIYXOJH, MPEACTaBIIs-
folIre co00i MeTacTa3zbl OCHOBHOTO OHKOJIOTHYECKOTO
npouecca. [lokazaHo, 4TO 4eTBEPTh OHKOJIOIMYECKHUX
OOJBHBIX pPa3BUBAET BHYTpPUYEPEITHBIE METacTas3bl,
IIPU 3TOM C YYETOM YBEJIHUUYCHUS BO3pacTa JOKUTHS
1 COBEpIICHCTBOBaHUE BHU3YaJIU3UPYIOMINX METOOB
JMUAarHOCTHUKHW YHCIIO TAaKUX MAITUCHTOB YBEIMINBACT-
csl ¢ KaxabIM rogoM [1]. Omyxoau riamajbHOro Mmpo-
HUCXOXKJCHUS HAXOMSITCS HA BTOPOM MECTE IO Paclpo-
CTPaHEHHOCTH cpeau nepBUYHBIX omyxoneit ITHC,
P 3TOM HambOOJee 3JI0KaYeCTBEHHBIM BapHaHTOM
TJINOM  SBIISIETCS TAMOOIAacTOMa, BCTPEYAroImasics
B 45,6 % cilyuaeB BceX MNEPBUYHBIX 3JI0KAYECTBEHHBIX
OITyXOJIel TOJIOBHOTO MO3Ta M O0Jiajaromniasi KpaiHe
HeOJIaroNPUSATHBIM MPOTHO30M. Tak, Menuana oOrien
BBDKHBAEMOCTH B TPYyIINE ManueHToB ot 18 mo 40 met
cocrtapisgeT 19,7 Mecses, a cpeiv NalMeHTOB CTapiie
70 ner — Bcero 4,5 mecsina [2]. BeHo3Hbie TpomMOO-
9MO0NNYEeCKHE COOBITHS SIBISIOTCS YacThIM OCJIOKHE-
HHEM Y TIAI[UeHTOB CO 3JI0KaYeCTBEHHBIMU 00pa30Ba-
Hussmu [{HC u 3aHEMAIOT TpeThe MECTO B CTPYKTYpe
MNPUYMUH CMEPTH MOCJE MPOrPECCHUU OMYXONH U HH-
(hekIMoOHHBIX ociokHeHUU. llpu MeracTtaTuyeckom
MOpaKeHUH IOJIOBHOTO MO3T'a BEHO3HbIE TPOMO03MO0-
nuueckue ocnoxueHus (BTD20) Berpeuarores B 20 %
CIIy4aes, y TAIllMeHTOB C TIHN00IaCTOMAMH 4aCcTOTa UX
pazButus noxonut Ao 30 % [3, 4]. OnHoil U3 npuyuH
Takol BbICOKOM YacToThl BTDO siBnsieTcss 0COOCHHBINH
MaTOTCHETHYCCKUM MEXaHU3M BO3HUKHOBEHUS BEHO3-

HOT'O TpoMOO03a, KIII0ueBas pojb B KOTOPOM OTBOJIHUT-
csi TkaHeBoMy (aktopy. [lokazaHo, 4TO OMyXoJeBbie
KJIETKH BBICBOOOXKJAIOT B KPOBOTOK MHKPOYACTHIIBI,
cojepxamue TkaHeBoW (akTop. Bricokuii ypoBHH
9TUX TPOKOATYISTHTHBIX MUKPOUYACTHII aCCOLITHUPOBAH
¢ MOBBIMEHHBIM puckoM BTDO u cokpamieHuem 00-
et BBDKHBAEMOCTH MAITUEHTOB [5, 6]. Psmom aBTOpoB
MIPOJIEMOHCTPHUPOBAHA BBICOKAS SKCIPECCHS TKAaHEBO-
ro (akropa B rimomMax, IpH 3TOM yPOBEHb SKCIpec-
CHUU KOPPEIUPOBAJI CO CTENEHbIO 3J0KaYeCTBEHHO-
ctu onmyxonu [7, 8]. B macrosimee Bpemsi OombIoe
BHUMaHHE TaKXKe yAEIAETCS M3YyUEeHUI0 MEXaHW3MOB
aKTHBAIUUd TPOMOOIIMTOB, PE3yJIETATOM KOTOPOH SB-
JSIETCSI TPOMOOIUTONICHU S, XapaKTepHas AJis MaleH-
TOB CO 3JI0KaueCTBeHHbIMU oOpaszoBanusimu [{HC [9].
IIpodunaxktuka BTOO y mamuerToB ¢ 00pa3oBaHUsI-
MH T'OJIOBHOTO MO3T'a CIIO’KHA C Y4ETOM OTCYTCTBUS Ba-
JTUUPOBAHHBIX IIKAJI PUCKA ¥ BBICOKUMHU Te€MOppari-
4ecKUMHU puckamu. MMeromiuecs B HacTosIlee Bpems
noaxoabl B crparudukanuu pucka BTDOO y nanuen-
TOB C 00pa30BaHUSIMHU TOJIOBHOTO MO3Ta MPEIaraiT
BBIJICTISATH, IOMUMO TPAAUITUOHHEIX (DaKTOPOB PUCKA,
CBSI3aHHBIX C MALIMEHTOM (BO3PACT, UMMOOHIIN3ALINS,
aHamue3 BTD, oxupenue), pakTopbl, aCCOUUPOBAH-
HBIe ¢ omyxonbio U jeuenuem [10, 11]. K dakTopam,
ACCOIIMMPOBAHHBIM C OIYXOJbIO, OTHOCAT CTEINeHb
3JI0KAYECTBEHHOCTHU U KPYyIHBIN pa3Mep oOpazoBaHus,
TpOMOO3 COCYJIOB, IPOPACTAIOIIUX OMYXO0Jb, O JaH-
HBIM BHU3YaJIM3UPYIOIINX METOJUK, OTCYTCTBHE MY-
tarmuu B rede IDH1. K dakropam, accormunpoBaHHBIM
C JISYEHUEM, OTHOCST OMOTICHIO OITyXOJIH, CyOTOTalb-
HYIO PE3EKIHI0 OIyXOJIH, HCIOJIb30BAHHE KOPTUKO-
cTtepouJoB U xumuorepanuu. Cpean 1abopaTOPHBIX
JMAHHBIX TMpeasiaraeTcss oOpamars BHUMAaHUE Ha YPO-
BEHb J[-muMepa, TPOMOOITUTOB U JICHKOITUTOB, TaK KaK
B psaze paboT ObLJIO MOKa3aHo, YTO YpoBeHb Jl-mume-
pa Gosiee 1,66 mr/mi, sneiikoruTos 6onee 11.5 x 10%/n
u TpoMmOoIuThl MeHee 196 x 10°1 accorMMpOBaHBI
¢ BeicokuM puckoMm BT2O0 [12, 13].

Lesbio HACTOSIIIIEr0 UCCae0BAHUS ObLIa PETPO-
CTIIEKTHBHAs OIeHKa GakTopoB pucka BTOO u wacto-
ThI Pa3BUTHS BEHO3HBIX TPOMOO30B B TMOCIICONEPAIIU-
OHHOM TIEPHOJIC Y MAIUEHTOB CO 3JI0KAYECTBEHHBIMU
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HOBOOOPa30BaHUSIMU T'OJIOBHOTO MO3Ta, MTPOJIEYEHHBIX
B ®I'BY «HMMUII um. B. A. Anmazosa» Munszapasa
Poccuu B 2020 roxy ¢ ucmonb30BaHUEM JAHHBIX MEIH-
KO-MH(pOPMAIIHOHHOM CUCTEMBI.

MATEPWAJ1bl N METOADbI

B perpocrniekTuBHOE HCCIeNOBaHUE OBLIO BKJIIOYEC-
HO 337 MaIMeHToB, MOCTYNHBIINX B HEUPOXUPYprude-
ckue otaenenuss HMUILL um. B. A. Anma3zosa ¢ npen-
BapuTelbHbIM guarHozoM C71 — 310KayecTBEHHOE
HOBOOOpa30BaHUE TOJIOBHOTO MO3ra IO MEXIyHa-
ponHo#t kiaccuduranmu Oonesneit 10 mepecmorpa
(MKB-10). B pyTuHHO# TpakTHKE 3TUM ITHAaTrHO30M
OOBIYHO KOAMPYIOT 3JIOKAYECTBEHHBIE OIMYXOJIH TIIH-
AJBHOTO TIPOUCXOXKJICHUS, OOJBIIYIO JIOJNI0 KOTOPBIX
COCTaBJISICT TiWoONacToMa. AHaiW3 JaHHBIX ObLI
BBIIIOJIHEH C MCIOJIb30BaHUEM MEIMIIMHCKON HH(OP-
MaIMoOHHON cucTeMbl qMS. Jlmarao3 riimo01acTOMBI
OBLJI MpeIBAPUTEIBHO TIOCTABIICH 110 JAHHBIM MarHuT-
HO-PE30HAHCHOW TOMOrpaduu, yTOYHEHHUE THUIIA TIPO-
BOJIMJIOCH B XOJIc MOP(OJIOrHYECKOr0 MCCICIOBaHUS
WHTPAOTIEPAIIMOHHOTO 00pa3a C WCIOIb30BAHUEM
kinaccupukanuu BO3. Dra knaccudukanus OCHOBaHa
Ha BBISBICHUU B MUKPOCKOIMYECKOW KapTHHE MOP-
(hOJIOTHYECKOTO TIpernapara OJHOI0 U3 CIICAYOIIUX
MPU3HAKOB: SIJCPHBINA aTUIIU3M, MUTO3bI, mposude-
pamus SHAOTENHS COCY/IOB, HEKPO3bl. YUUTHIBAIOTCS
9TH TpU3HAKHU clieayromum obpazom: Grade | — ner

Grade IV
59,5%
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HU OJHOTO M3 YKa3aHHBIX npusHakos; Grade Il — Ha-
JUYUE OJHOIO U3 YKa3aHHBIX MPU3HAKOB (KakK MpaBH-
JI0, aTUTIUU S7eP, HO MOTYT JIONYCKaThCs €IUHUYHBIC
MuTo3bl); Grade Il — B omyxomm MHOTO MUTOTHYE-
ckux ¢uryp; Grade [V — BeipakeHHas mponudepa-
LU DHAOTEIUS COCYIOB, HATU4Yue HeKpo30B [14, 15].

Pesynbrarel 00padaThIBAIMCh ¢ MOMOIIBIO CTaTH-
ctuyeckoi mporpammel IBM SPSS Statistics 26. Bee
MpelCcTaBlieHbl Kak MeauaHa W kBaptuim Q25-Q75.
AHann3 HOPMAJIBHOCTU paclpesesieHUus BBIOOPKH
OCYLIECTBJIAJICS C MCIIOJIb30BaHUEM KpuTtepus Konmo-
ropoBa—CmupHoBa. CpaBHEHHE KOJTWYECTBEHHBIX Ta-
pamMeTpoOB B UCCIIEAYEMBIX TPYIIaX OCYIIECTBIAIOCH
¢ ucrionb3oBanueM kpurepusi CteiofenTa u Kpurepus
Manna—Yutau. Takxke I OLEHKU NPaBOMEPHOCTHU
UCTONb30BaHusA KpuTepuss CThIOAEHTa TPHUMEHSIICS
KpUTepUil paBeHcTBa nucnepcuid JIuenus. Kpurepu-
€M CTaTUCTHUYECKON IOCTOBEPHOCTH TONYUAEMBIX pe-
3yJIBTAaTOB CUMTAIN OOLICTIPUHSATYIO B MEAHIIMHE Be-
auyuny p < 0,05.

PE3YJIbTATbI

B uccinenoBanne ObLIO BKIHOYEHO 337 IMAIMEHTOB.
Cpenuuii Bo3pact coctaBisin 52 = 14,5 net, 44,7 % na-
IIUCHTOB OBLIN MYCKOTO T0Ja, Toraa Kak 55,3 % —
JKeHCKOro moja. M3 3HauuMoil comyTcTBYIOIIEH mna-
TOJIOTUH THUIEPTOHWUYEcKass OOJIe3Hh BCTpeYanIach
y 23,1 % marueHToB, UlIeMHuuYecKas OOJIC3Hb Cepilla

Grade |
10,7%

Grade I
11,2%

Grade lll
18,6%

Puc. 1. Pacnpe,qenel-me OonyXoJin No CTeneHn 371I0Ka4eCTBEHHOCTHU
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y 11,6 % OonbHBIX, TakKe oOpaiiaeT Ha ceOs BHUMA-
HUE caxapHbIi Auaber 2 Tuma, KOTOPBIA PErUCTPUPO-
Basics y 10,6 % manueHToB.

B nmanHOe uccrienoBaHUE BKITIOYATNCH MAI[UCHTEHI
C TIPEeBAPUTEIHHBIM TUATHO30M 3II0KAYe€CTBEHHOE HO-
BoOOpa3oBaHUE IICHTPAIbHOW HEPBHOH CHCTEMBI, KO-
TOPBIM TUTAHUPOBAJIOCH OTlepaTUBHOE JieueHue. Cpeau
nuccaenyeMont monysnsiiuu y 2,4 % manueHToB (n = §)
0 JTAHHBIM MOP(OJOTHYECKOTO HCCIeTOBaHUS BEPH-
(buIpoBaHO BTOPHUYHOE (YAIle METACTATHYECKOE) TI0-
paxenne [THC. [lanHbie MOP(OIOrHIECKOTO UCCIIEeNO-
BaHUS 0 ONPEICIICHUIO CTEIIEHH 3JI0Ka4eCTBEHHOCTH
MpeCTaBICHBI HA PUCYHKE 1.

Cpenu kmaccuueckuxX (PaKTOpPOB PHCKA BEHO3HBIX
TPOMOOIMOOTUYECKUX COOBITUH MOXHO BBIJICITUTH
MpoBeIeHHYI0 paHee xumuorepanuio (33,3 %), ayue-
By1o Tepanuio (37,1 %) u oxupeHue, KOTOpoe peru-
crpupoBaioch y 11,6 % mamuento. Uamekc KapHos-
CKOro B 00cJieloBaHHOM rpymne coctaBui 74,5 % [70;
80], KOCBEeHHO OTpaxasi CTENeHh UMMOOUITU3AIIUH T1a-
nueHTa — BaxkHenmul pakrop pucka BTDO. Yactoty

Mape30B MO JaHHBIM PETPOCIIEKTUBHOIO HCCIEIOBA-
HUS C KCIIOJIb30BAHMEM MEIUIIMHCKON HH(OpMaIiu-
OHHOU CHUCTEMBI OOBEKTHUBHO OICHUTH HE MPEACTaB-
JAII0CH BO3MOXKHBIM, YTO CBS3aHO C OCOOCHHOCTHIO
BEJICHH S SJICKTPOHHOW MEIMITMHCKON JTOKYMEHTAIMH.

Kpome Toro, cnenyer oTMETUTH, UYTO OTCYTCTBHE
TAaKOro BaXXHOTO (hakTopa pHcKa, Kak paHee MepeHe-
CEHHBIE BEHO3HBIC TPOMOO3BI B aHaMHe3¢ OOJBITHH-
CTBa MAaIlMEHTOB, BEPOATHO, CBA3aHO C OTCYTCTBHEM
crienuaibHoro paszzaena B MUC u He MOKET B MOIHOM
Mepe OTpa)kaTh UCTUHHYIO YacCTOTYy BCTPEUYAEMOCTH
B 00CJIeZIOBAaHHOW TPyTIIIE.

Cpenu akTOpoB, aCCOIMMUHUPOBAHHBIX C JICUCHU-
eM, KOPTHUKOCTEPOWIHAs Tepalus HCIOIb30BalIaCh
B 100 % cnyuaeB, Toraa Kak OMOICHS OIYXOJIU BbI-
noJiHsiiack B 3,4 % cinydaeB. DakT MoONHON wid cy0-
TOTAJIBHON PE3eKIIMH HE BCETIa HAXOTUJI OTPAKCHHE
B MPOTOKOJIAX OMEpPAlMd W OKA3aJCS CIOKHBIM IS
PETPOCIIEKTUBHOM OIICHKH.

Cpenu (akTOpOB, aCCOIMHPOBAHHBIX C OIYXO-
JIbI0, CTOUT OTMETHUTH TO, YTO pa3Mep OMyXoiu Ooee

Ta6nuua 1. PaKkTopbl pUCKa pa3BUTUA BEHO3HbIX TPOM603MB0/TNYECKNX COObITUN
Y NauMeHTOB B 3aBUCUMOCTHU OT Hanuuma BTI30

daKTopbl pUCKa Mpynnal(n=21),% pr;lnea)’%/fn = p
XnMmmnotepanua B aHaMHese 40 28 0,341
JlyyeBan Tepanuna B aHaMHe3e 40 32 0,536
Peunpgne rnnobnactomMbi 33 13 0,05
Pazmep onyxonun 6onee 5 cm 85 47 0,013
Bunoncua onyxonun 7 3 0,537

Ta6nuua 2. XapakTepucTUKa nabopaTopHbIX AaHHbIX Y NauueHToB
JlabopaTopHbie gaHHble Mpynnal Mpynna 2 Mpynna 3
YpoBeHb remornobunHa 141,7 £ 16,3 140,6 = 18,5 0,831
YpoBEHb NNENKOLNTOB 9,7 + 3,9 10,7 + 4,4 0,492
YpoBeHb TPOMOOLNTOB 189 + 72 240,8 £ 93,3 0,04
®unbpunHoreH 25+06 2,72 + 0,6 0,492
MpoTpoM6uH (Nno Keuky) 102,4 £ 11,5 974 + 14 0,123
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5 C¢M B OIHOM U3 JuaMeTpoB oTMmeuaiics y 48,4 % mna-
LUCHTOB, PEUUANBHUPYIONIEE TCUCHUE TTTHOOIACTOMBI
BCTpeuasioch B 13,6 % ciyuaes.

Benozabie TpoM003MOOTHYECKHE COOBITHUS B TIO-
CJIEOTIEPAIIMOHHOM TIEpUOAE OBIIIA JUATHOCTHPOBAHBI
y 21 manuenra (6,2 %). [Ipu 3Tom B ciyyae Tpombo-
3a rIyOOKHX BEH, KOTOpBIN coctaBui 61,9 % ciyuaes
BT3O0, Bepudukanus ocnoxHEHU S TPOUCXOAMIIA C TI0-
MOIIBIO YIIBTPa3BYKOBOTO HCCIEOBAHMS BEH HIDKHIX
KOHEYHOCTEH y CHUMOTOMHBIX manueHToB. B 14,3 %
Clly4aeB OCJIOKHEHHEM TPpoM003a r1yOOKHX BEH cTana
TpomO03MOoust Jierounoit aprepuun (TOJIA). Yacro-
ta peructpanuu TOJIA Bo Bceil rpynme manueHTOB
¢ BTDO0 cocrasumna 23,8 %.

B 3aBHCHMOCTH OT HamW4us BEHO3HBIX TPOMOO-
9MOOMNYECKUX COOBITHI MAaLUEHTHI OBIIH Pa3/ieieHbI
Ha JIBE TPYMIIBI C ENbI0 aHalIn3a Haln4Ius (PaKTOpOB
pucka passutus BTOO, npennaraeMpIx B pa3IHaHBIX
mKanax. Y MarydeHTOB ¢ HAJIMYHUEM BEHO3HBIX TPOM-
0030B B MOCJICONEPALIIOHHOM IEPUOAE Yalle BCTpe-
4aJioch PElUAMBHUPYIONIEC TEUCHHE TIINOOIaCTOMBI
1 pasMep omyxouu mpesbimai S cM: 33 % (n = 7) apo-
B 13 % (n=41); 85 % (n = 18) mpotus 47 % (n = 148)
(p=0,05u p=0,013 coorBeTcTBeHHO) (TabM1. 1).

VY manueHToB ¢ BEHO3HBIMH TPOMOOIMOOIMYECKHU-
MH OCJIO)KHEHUSAMH NPHU TOCTYIIJICHUH YPOBEHb TPOM-
OOIMTOB OBIIIO JOCTOBEPHO HUXKE, UEM Y TTAITUECHTOB U3
npyroii rpymmsl: 189 + 72 mporus 240,8 = 93,3 (p =
0,04) (tabum. 2).

OBCYXKAEHUNE

I'mnobnacroma siBisieTcs Haubojee pacmpocTpa-
HEHHBIM BapHaHTOM CPE/IM IEPBUYHBIX 3JI0KaYECTBEH-
HBIX HOBOOOpa30BaHWH T'OJOBHOI'O MO3ra M accolu-
MpOBaHA C KpaifHe BBICOKMUM puckoM Kak BTDO, Tak
U TeMOppParuyecKux PHUCKOB, CBSI3aHHBIX C aHTHKOA-
TyJIAHTHON Tepanueil. OCHOBHBIMHU HaIlpaBICHUSMHU
HAy4YHO-TPAaKTUYECKUX UCCIIEOBAHUM MOCIETHUX JIET
B OTON OONACTH SIBIISIOTCS YTOUYHEHHE 0COOCHHOCTEH
[aToreHe3a pas3BUTHs TpomO0O03a y MALUEHTOB C OIy-
xomsimu [THC m paszpaboTka crennuuyecKknx MIka
crparudpukanuu pucka BTOO c¢ nenpto mepconanu-
3UPOBAHHOI'O TOAXOJA B BBHIOOPE JIeYeOHOW TaKTHUKHU.
HacTositiee peTpocrieKTUBHOE HCClieIoBaHNEe ObLIO
MOCBSILIICHO OLIGHKE PYTHHHOI'O BEAEHUS AAHHBIX IIa-
LUCHTOB B YCJIOBHSIX OJHOIO LEHTpa C LEJIbIO IIa-
HUpOBaHMUSA JAJBHEHIIEr0 IMPOCIEKTUBHOIO HCCIIe-
JIOBaHHUS W ONTHUMHU3AIUU CYIIECTBYIOUIMX TMOIXO0B

K mpodumaktuke BTHO.
[TanueHThl BKJIIOYAIHCh B HCCICIOBAHHE B CO-
OTBETCTBUH C KOJOM OCHOBHOro nuarHoza — C71,

BBICTABJISIEMOI0 HEHPOXUPYProM IpU MOCTYIJIECHUU
Ha OCHOBAaHMM KJIMHUYECKON KapTUHBI U TaHHBIX MPT

II. OB30Pbl | REVIEWERS

rojgoBHoro Mosra. IlanueHTsl ¢ rIMOOIaCTOMOM, BeE-
pUPHUIIMPOBAHHON T'MCTONIOTUYECKH, COCTABUIH OO0ITb-
IIyI0 9acTh 3TUX O0MbHBIX — 59,5 % (n = 201). [Ipn
stoM vactora BTDO cocraBuna 6,2 %, 4T0 3HAYNMO
HIDKE TMPUBOAMMBIX B JIHUTeparype AaHHbIX. [lo man-
HBIM pa3HbIX aBTOPOB, YaCTOTa TPOMOO30B B IOCIIE-
OTIEpaIlMOHHOM Tiepuonae BapbupyeT oT 3 1o 20 %
1 3aBHUCHT B MEPBYIO OYepeab OT MEPBUYHON MPOdu-
JAKTUKHU B OT crocoba nerekuuu BTHO [16, 17]. Hus-
Kasi BCTPEYaeMOCTh BEHO3HBIX TPOMOO30B B HAaIlleM
HCCIIETOBAHUH MOXKET OOBSICHATHCS B TIEPBYIO OUepEh
OTPaHWYCHHBIM CPOKOM HAONIONEHWS B paMKaxX TO-
CHUTAJU3AINK TAIlUeHTa, TOTrJla KaK MaKCHMAaJIbHBIN
PHUCK OTMEYaeTCs B IIEPBBIC 6 HEAEIb MOCIIE ONePaTUB-
HOT'O JICUCHHSI, @ B TCUCHHE MTEPBOTO I'01a HAOIIOICHUS
coctaBmsieT 7-28 % [18, 19]. Kpome aToro, ciemyer
OTMETHUTH, YTO B PYTHHHON KIMHUYECKON MPaKTUKE
HE perjJaMeHTUPOBAH MPULEIbHBIA MOUCK BEHO3HBIX
TPOMOOIMOOTMYECKUX OCIONKHEHUHU, TPH ITOM OO0IIb-
nrasi 4acTh TPOMOO30B IITyOOKMX BEH MpOTEKaeT Oec-
cuMrToMHO [20].

Cpenu knaccrmuecknx (pakTOpOB pHUCKa pPa3BUTHS
BEHO3HBIX TPOMOO30B CJIEIYyEeT OTMETHTh 3HAYMMOCTh
B TPYIE HEUPOXUPYPrUUYCCKUX TMAIMECHTOB (aKTa
AMMOOUIIM3AIUA TAIMEeHTa, OTPAKCHHEM KOTOPO-
ro SIBJSETCS CTENeHb IMape3a HIKHUX KOHEYHOCTEH
1 uHJeKC KapHOBCKOTO, KOTOpBII B HaIleM HCCIe-
noBanuu coctaBua 74,5 %. IlpumeuatensHo, 4TO Ta-
kue (axtopsl ymepenHoro pucka BTDO0, kak xumu-
oTepamnus W JIydeBas Tepamwus, B CIydae MalleHTOB
C TIMO0IaCTOMON CBUJETENBCTBYIOT MPEKIE BCETO
0 TPOTPECcCHH OIyXOJIEBOTO IpOIECCca, aCCOLUUPO-
BaHHOM C BBICOKHM IMPOTPOMOOTHYECKHM DPUCKOM.
DTO yTBEepKICHHE B TIOJHOW Mepe IMOATBEPKIAIOT
JAHHBIE HAIIETO HWCCIIEIOBAHUS, COTJIACHO KOTOPBIM
B rpynmne ¢ HanuuneM BTOO wyame BcTpedanuce na-
LUEHTHI C PEIUIUBOM TIUOOIACTOMBI IIPU CPABHCHUH
C TpyIIoi 6e3 TPOMOOTHUYECKUX OCIOKHEHUH.

[Ipu ananmuse $pakTOpPOB pHCKa, ACCOMUUPOBAHHBIX
HEMOCPE/ICTBEHHO C OMYyXOJbIo, TOMUMO (pakTa mpo-
TpecCUpOBaHUsl, KpallHEe BaXKHBIM IOKa3aTeleM OKa-
3ajics pa3Mep HoBooOpasoBaHus: B rpymme ¢ BTOO
yamie BCTPEYaINCh TNno0iIacToMbl Ooiee 5 cM, 4TO
ITOJTHOCTBHIO COOTBETCTBYET JaHHBIM APYTHX aBTOPOB
u pexomenaanuam ESMO mno neifpoonkonoruu [21].
TunupoBanue omyxonu no crarycy IDHI myrtanun
u metuiupoBanus rena MGMT (Metun-ryaHuH-Me-
THJI-TpaHc(epassl) TPEACTABIACTCS BaKHBIM, Tak
Kak 00JaZiaeT BaXXHBIM ITPOrHOCTUYECKUM CBOHCTBOM
B OTHOIIICHUH OOIIEH BBIKUBAEMOCTH OOJBHBIX M PH-
cka BTOO [22, 23].

Cpenu mabGopaTOpHBIX MapKepOB, acCCOIMHUPOBAH-
HBIX C PHCKOM BEHO3HBIX TPOMOO30B y MAI[MEHTOB
C TIMO0IACTOMAaMU, IPUHATO BBIICISATH TPOMOOIIMTO-
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TIEHUIO0, TIOBBIICHHBI yPOBEHb pacTBOpHMOro P-ce-
JICKTHHA KaK OTpa)XCHHE aKTHBAIUU TPOMOOIIUTOB,
JIEWKOIUTO3 W BbIcOkWe 3HaueHus Jl-mumepa [24].
CoryiacHO HalIMM JIaHHBIM, y TAIMEHTOB B TPYIIIe
¢ BTDO0 3naunmmo HIKe OBLT YPOBEHB TPOMOOITUTOB,
YTO COTJIACYETCsI C JIAHHBIMU APYTHX aBTOpoB. IToka-
3aHO, YTO AKTHBAIUS TPOMOOITUTOB UTPAET KITFOUYEBYIO
pOJIb B TAaTOr€HE3€ BEHO3HOTO TPOMO03a y MalleHTOB
¢ rmromamu. [Ipu 3TOM aKTHBHO WM3y4aeTcsl poib TO-
JIOTIJIAHWHA, HEUTPO(PHUIIOB U BHEKIJIETOYHBIX BE3HKYII
B aKTUBALlUU TPOMOOIIUTOB [25, 26].

BayxHO OTMETHUTB, UTO B HACTOSIIEE BPEMsI IPH Jie-
tekiuu BTOO y manueHToB ¢ OMyXOJISIMHA TOJIOBHOTO
MO3ra B TMEPHONEPAIMOHHOM TIEpHOJe HEepPeIIeHHBIM
OCTaeTcst BOIPOC O CPOKaX BO3MOXKHOTO HA3HAYCHHS
AHTUKOATYJSIHTOB M JUIMTEIBHOCTH 3TOH TEpaIluH.
OCOOCHHO aKTyaJbHBIM JTOT BOIPOC CTAHOBHUTCS
B paMKax MpeJonepaiioHHOM OATOTOBKY U B PAHHEM
rocneornepaonHoM tepuoge. C OTHOW CTOPOHHBI,
11000€ HEHPOXUPYPruieckoe BMEIIATeIbCTBO COMPO-
BOXKJIA€TCS KpailHe BBICOKUM PHCKOM BHYTpHYEPEI-
HBIX KPOBOTEUEHUH, C JAPYrofl CTOPOHBI, BEHO3HOE
TpoMO0IMOOTIECcKOe COOBITHE CaMO TI0 ce0e MOKET
puBeCcTH K (patambHOMY Hcxoay. ['oBopst 0 prcke Kpo-
BOTEYCHHUI, CTOUT OTMETHUTh, YTO B HAIIICH MOMYISIIUN
y 54,5 % nanueHToB (HOHOBas MATOJIOTHsI ObLIA TPE/-
CTaBJICHa THUIEPTOHMYECKONW OoJe3Hbio, a y 18,2 %
nanueHToB — Oone3usMu JKKT, coukTaronmmucs
C caxapHbIM JIHa0eTOM 2 THUIA, YTO JOMOJHUTEITHHO
YBEJIMYMBAJIO PUCK Pa3BUTHS KPOBOTEUCHHI U, Oe3yc-
JIOBHO, JIOJDKHO YYUTBIBATHCSI IPU Ha3HAUCHUSX aHTH-
KOAryJISTHTHOU Tepamuu.

Jis OIeHKHM TeMOopparnyecKkoro pucka y Tailu-
eHTOB ¢ GubOpmsauuet npeacepauid paspadota-
HBI pa3HbIe IIKaJbl, KOTOPbIE B OCHOBHOM HAaIlCJICHBI
Ha TIpeJcKa3aHUue KPOBOTCUCHUH W3 IKENyIOYHO-KH-
meygHoro TpakTta. Hankey u coaBTOophI omyOimkoBanu
IIKaJly, 3aTOYEHHYI0 Ha OLEHKY PUCKa Pa3BUTHS BHY-
TPUYEPEITHOI'O0 KPOBOUBJIMSHUS y TAIUEHTOB C (u-
opusiiiueit mpencepauii [27]. B mikaaze PANWARDS
HCIIONIB3YIOTCS Takue (DaKTop pucka, Kak TPOMOOIIH-
TOTIEHHUsI, TUNOAIEOYMHHEMHS, aHAMHE3 3aCTOHHOU
CepACYHON HEAOCTATOUHOCTH, UCIIONb30BaHUE Bapda-
pHHA, IOXKHIIION BO3PACT, paca, THIIEPTEH3U S, HHCYJIBT
WY TPAaH3UTOPHASI MIIEMHUYECKasl aTaka B aHaMHE3e.
Mantia C. ¥ cOaBTOpPbI HCCIENOBATN JaHHYIO IIKATY
HAa MMOMYJISIHH NAIUEHTOB C TIMOMOH U IPUIILIH K BbI-
BOJY, YTO JiaHHAs IIKaJla MOKET OBITH MCIOJB30BaHA
JUISL BBIJICJICHHS TOW MOATPYIIIBI MAI[UCHTOB, Y KOTO-
PBIX BHYTpPHYEpETHOE KPOBOTEUEHHE TPU MPUMEHE-
HUM AaHTUKOATYJISIHTOB MaJIOBEPOATHO [28].

[Ipy Ha3HAYEHWM aHTHKOATYJISIHTOB Yy HEHPOXH-
PYPrHUECKUX MAMEHTOB BOIIPOC BBIOOPAa KOHKPETHO-
ro mpermapara CTOUT 0co0eHHO ocTpo. CymecTBYIOT

nyOJIuKaIi, CPaBHUBAIOLINE MPSMbBIE OpAJIbHBIE aH-
TUKOATyJISTHTBI ¢ HU3KOMOJICKYJISIPHBIMH TeapuHAMH
[29, 30]. Hanable myOIWKanuy IOKA3aH OOJBIIHI
PHCK KaK KPOBOTEUEHHUH, TaK M PELUAMBHUPYIOLIUX
BT30 y manmueHToB ¢ OMyXOJISIMH TOJIOBHOTO MO3Ta,
OJTHAKO CyOaHaIU3 3TOH Pyl He ObLI IPEACTaBICH
U BpsiJ JiU ObL1 ObI JOCTOBEPHBIM B CBSI3U C MaJIOH BbI-
OOpPKOH MaLMEeHTOB ¢ JaHHBIM THUIIOM OHKoJoruu. Cy-
HIECTBYIOT MYyOJIMKAallMK, OCBELIAIONIUE MPUMECHEHHE
AHTUKOATYJISIHTHOW Teparnuy y NalMeHTOB C Oy XO0Js-
MU T'OJIOBHOT'O MO3Ta, COTJIACHO KOTOPBIM PUCK Pa3BH-
THUS BHY TPHUEPEITHBIX KPOBOU3IUAHUHN yBEIUUNBAJICS
B 3 pasa NnpH HCHOJIb30BAHUM AHTUKOATYJISIHTOB AJIS
neyenuss BTOO [31, 32]. OgHako puck ¢aTaibHBIX
BHYTPHYEPENHBIX KPOBOM3NHUSAHUN Obl1 MeHee 1 %.
IIpencraBasercst HHTEPECHBIM TOT (aKT, YTO HE OBIIO0
BBISIBJICHO YBEJIMUYCHHS 4YaCTOTHI BCTPEYAEMOCTH BHY-
TPUMO3TOBBIX KPOBOTEUCHUH Y MAIIMEHTOB C METaCTa-
TUYECKHUM TMOPAKEHUEM TOJIOBHOI'O MO3Ta MTPH UCTIONb-
30BaHUM aHTUKOATYJISIHTHOW Tepanmuu B CPaBHEHHH
C KOHTPOJBHOM IpyIIoN, B KOTOPOU JaHHas Teparus
HE MIPUMEHSJIACh.

CornacHO COBpEMEHHBIM IMPEJCTABICHUSIM U PEKO-
MEHJIAIMSAM, TPo(UITaKTHIEeCKOEe Ha3HAYCHUE aHTHKO-
aryJasiHTOB PEKOMEHIOBAHO [UISI TOCIWTAIN3WPOBAH-
HBIX MAaIMEHTOB C LEJBI0 XUPYPIUYECKOTO JICUCHHS
OHKOJIOTMYECKOTr0 3a00JIeBaHus B IEPUOTICPALIIOHHOM
nepuojie [33]. OTaenabHO CTOUT BONPOC O IMPOJIOHTa-
UM TpreMa MpOoQUIAKTHYECKUX 103 aHTHKOATYIISTH-
TOB C YIETOM COXpaHEHHs pHcKa oTmajeHHBIX BTOO.
OnHako CyLIeCTBYIOLIME HCCICAOBaHUS Yy MalEHTOB
C INOOIACTOMOI HE TIOKA3aJIM JOCTOBEPHOM Pa3HULIBI
B 00111l BEDKUBAEMOCTH OOJIbHBIX MPH HA3HAUYCHHUH Te-
panuy aHTHKOAryIsTHTAMH U B TpyIIe cpaBHeHHS [34].

TakuMm 00pa3oM, JIsT YTOYHEHHS MMOKa3aHHH, CPo-
KOB U JUTUTEIBHOCTH aHTUKOATYJISTHTHON Tepamnuy Kak
JUIs siedenus manueHToB ¢ BTOO, tak u s npodu-
JAKTUKH JIAHHBIX COCTOSHHI HEOOXOIUMBI JalbHel-
HIME MCCIIEAOBAHUS C LIEIb0 (DOPMUPOBAHUS T'PYIIIIEI
BbICOKOTr0 pucka pa3sutusi BTDO0. IlepcnekTuBHBIMU
OPEACTaBIAIOTCA KaK KIMHUYECKHE PaHIOMH3HPO-
BAaHHBIE HCCIIEOBAHUS JUISI OLEHKH COOTHOIICHHS
PHUCK-TIONB3a OT HCMOIb30BAHUSA AHTHKOATYJISTHTOB,
Tak 1 (yHIaMEHTaJbHbIE HCCICIOBAHUS, yTOUHSIO-
M€ MEXaHU3MBl Pa3BUTUs TPOMOO30B B TpyIIe Ma-
UECHTOB C 3JIOKAYeCTBEHHBIMH HOBOOOPAa30BaHUSIMH
TOJIOBHOT'O MO3Ta.

3AKJTIOHEHUME

ITo pe3ymnpraTaM HaIIEro peTPOCIEKTUBHOTO UCCIIe-
JIOBaHHUS YaCTOTA Pa3BUTHS BEHO3HBIX TPOMOOIMOOIH-
YECKUX OCJIOKHEHHH CPEIH MalMeHTOB ¢ HOBOOOPa30-
BaHUSMM TOJIOBHOIO Mo3ra coctaBmiia 6,2 %, oaHako
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HaM TIPEJICTAaBIISIETCS, YTO WCTHHHAS PAacCIpOCTpPaHEH-
HOCTB 3TUX coObITui Bhime. Cpenu daktopoB BTIO,
ACCOLIMMPOBAHHBIX C OIYXOJbIO, CIEAYeT OTMETHUTHh
pasmMep omyxomm Oojiee 5 cM, penuauBUpPYIOIIEe Te-
YeHHE TIIHOOJIACTOMBI W TpomOoruToreHnto. Jlaib-
HEHIIe WCCie0BaHu s, HAlIPaBIICHHBIE HA YTOUHCHHE
MEXaHU3MOB BEHO3HBIX TPOMOO30B M CO3J[aHHE IIKaJ
pucka, crnenuGUUIHBIX JUIS 3TOW T'PYIIbI MMAlUEHTOB,
MIOMOT'YT ONITUMHU3HPOBATH JIeueOHbIE CTPAaTETHH.
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ABSTRACT

Background. Venous thromboembolic events are a frequent complication in patients with malig-
nant tumors of the central nervous system and occupy the third place in the structure of causes of
the death. Objective. To evaluate risk factors for VTE in patients with malignant glioma. Design
and methods. The retrospective study included 337 patients with malignant glioma. The diag-
nosis of glial brain tumor was verified according to the morphological study of an intraoperative
sample using the WHO classification. The analysis of risk factors for VTE was performed in two
groups, depending on the presence of confirmed venous thrombosis. Results. The incidence of
venous thromboembolic complications among patients with brain neoplasms was 6.2%. In pa-
tients with venous thrombosis in the postoperative period, recurrent glioblastoma and the tumor
size exceeded 5 cm was more common: 33% (n = 7) versus 13% (n =41); 85% (n = 18) versus
47% (n = 148) (p = 0.05 and p = 0.013, respectively). In patients with venous thromboembolic
complications on admission, the platelet level was significantly lower than in patients from the
other group: 189 £ 72 versus 240.8 £ 93.3 (p = 0.04). Conclusion. Thrombocytopenia, recurrent
glioblastoma, tumor size more than 5 cm are the risk factors for venous thromboembolic.

Key words: cardio-oncology, deep vein thrombosis of the legs, glioblastoma, pulmonary em-
bolism, thromboembolic complications.
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List of abbreviations: VTEC — venous thrombo-
embolic complications, [CD — international classifica-
tion of diseases, MRI — magnetic resonance imaging,
PE — pulmonary embolism, CNS — central nervous
system.

INTRODUCTION

The 2016 World Health Organization classification
of tumors of the central nervous system (CNS) is based
on histological and molecular criteria and includes
malignant, benign and borderline tumors. Among ma-
lignant formations of the central nervous system, sec-
ondary tumors are leading, representing metastases of
the main oncological process. It has been shown that a
quarter of cancer patients develop intracranial metas-
tases, while taking into account the increase in the at-
tained age and the improvement of imaging diagnostic
methods, the number of such patients increases every
year [1]. Tumors of glial origin are the second most
common among primary tumors of the central nervous
system, while the most malignant variant of gliomas
is glioblastoma, which occurs in 45.6 %of cases of all
primary malignant brain tumors and with an extremely
unfavorable prognosis. Thus, the median overall sur-
vival in the group of patients aged 18 to 40 years is 19.7
months, and among patients older than 70 years — only
4.5 months [2]. Venous thromboembolic events are a
complication that frequently occur in patients with ma-
lignant CNS tumors and occupy the third place in the
structure of causes of death after tumor progression and
infectious complications. With metastatic brain lesion,
venous thromboembolic complications (VTEC) occur
in 20% of cases; in patients with glioblastoma, their in-
cidence reaches 30% [3, 4]. One of the reasons for this
high frequency of VTEC is the special pathogenetic
mechanism of venous thrombosis, in which the tissue
factor plays a key role. It has been shown that tumor
cells release microparticles containing tissue factor into
the bloodstream. High levels of these procoagulant mi-
croparticles are associated with increased risk of VTEC
and reduced overall survival of patients [5, 6]. A num-
ber of authors demonstrated a high expression of tissue
factor in gliomas, while the expression level correlated
with the degree of tumor malignancy [7, 8]. Currently,
much attention is also paid to the study of the mecha-
nisms of platelet activation, which results in thrombo-
cytopenia, which is characteristic of patients with ma-
lignant tumors of the CNS [9]. Prevention of VTEC in
patients with brain formations is difficult given the lack
of validated risk scales and high hemorrhagic risks.
Current approaches to stratifying the risk of VTEC in
patients with brain formations suggest individualizing
factors associated with tumor and treatment, in addition

to traditional risk factors associated with the patient
(age, immobilization, history of VTEC, obesity), [10,
11]. The factors associated with the tumor include the
degree of malignancy and the large size of the forma-
tion, thrombosis of the vessels sprouting the tumor ac-
cording to imaging techniques, the absence of mutation
in the IDH1 gene. Factors associated with treatment
include tumor biopsy, subtotal tumor resection, the use
of corticosteroids and chemotherapy. Among the labo-
ratory data, it is proposed to pay attention to the level
of D-dimer, platelets and leukocytes, since a number of
studies have shown that the level of D-dimer is more
than 1.66 mg/ml, leukocytosis is more than 11.5 x 10 "
and platelets less than 196 x 10 ! are associated with a
high risk of VTEC [12, 13].

The purpose of this study was to retrospectively as-
sess risk factors for VTEC and the incidence of venous
thrombosis in the postoperative period in patients with
malignant neoplasms of the brain treated at the Alma-
zov National Medical Research Centre of the Ministry
of Health of Russia in 2020, using the data of the med-
ical information system.

MATERIALS AND METHODS

The retrospective study included 337 patients ad-
mitted to the neurosurgical departments of the Alma-
zov National Medical Research Centre with a prelim-
inary diagnosis of C71 — a malignant neoplasm of
the brain according to the International Classification
of Diseases, revision 10 (ICD-10). In routine practice,
this diagnosis usually encodes malignant tumors of gli-
al origin, a large proportion of which is glioblastoma.
The data analysis was performed using the qMS medi-
cal information system. The diagnosis of glioblastoma
was previously made according to magnetic resonance
imaging, the type was clarified during a morphological
examination of the intraoperative sample using WHO
classifications. This classification is based on the de-
tection of one of the following signs in the microscopic
picture of a morphological preparation: nuclear atyp-
ism, mitosis, proliferation of vascular endothelium, ne-
crosis. These signs are taken into account as follows:
Grade I — none of these signs; Grade II — the presence
of one of these signs (as a rule, nucleus atypia, but sin-
gle mitoses are possible); Grade III — there are many
mitotic figures in the tumor; Grade IV — pronounced
proliferation of vascular endothelium, the presence of
necrosis [14, 15].

The results were processed using the IBM SPSS Sta-
tistics 26 statistical program. All are presented as medi-
an and quartiles Q25-Q75. The analysis of the normal-
ity of the sample distribution was carried out using the
Kolmogorov—Smirnov criterion. Comparison of quan-
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titative parameters in the studied groups was carried
out using the Student’s criterion and the Mann-Whitney
criterion. The Levene criterion of equality of varianc-
es was also used to assess the validity of the Student’s
criterion. The criterion of statistical reliability of the
results obtained was considered to be the value of p <
0,05, generally accepted in medicine.

RESULTS

The study included 337 patients. The average age
was 52 + 14.5 years, 44.7% of patients were male, while
55.3% were female. Of the significant comorbidities,
hypertension occurred in 23.1% of patients, coronary
heart disease in 11.6% of patients, and type 2 diabetes
mellitus also attracts attention, which was recorded in
10.6% of patients.

This study included patients with a preliminary diag-
nosis of malignant neoplasm of the central nervous sys-
tem who were scheduled for surgical treatment. Accord-
ing to the morphological study, in 2.4% of patients (n =
8) from the studied population, secondary (more often
metastatic) lesion of the central nervous system was ver-
ified. The data of a morphological study to determine the
degree of malignancy are presented in Figure 1.

Several classic risk factors can be associated with
the risk of venous thromboembolic events, such as pre-
viously performed chemotherapy (33.3%), radiation
therapy (37.1%) and obesity, which was registered in
11.6% of patients. The Karnovsky index in the exam-
ined group was 74.5% [70; 80], indirectly reflecting the

Grade IV
59,5%

I I . POCCUINCKIIA YKYPHAI MEPCOHATN3NPOBAHHOW MEOULINHbI

degree of immobilization of the patient, which is the
most important risk factor for VTEC.

According to a retrospective study using a medical
information system, it was not possible to objectively
assess the frequency of paresis, which is due to the pe-
culiarity of maintaining electronic medical records. In
addition, it should be noted that the absence of such an
important risk factor as previous venous thrombosis in
the history of most patients is probably due to the lack
of a special section in MIS and cannot fully reflect the
true frequency of occurrence in the examined group.

Among the factors associated with treatment, cor-
ticosteroid therapy was used in 100% of cases, while
tumor biopsy was performed in 3.4% of cases. The fact
of complete or subtotal resection was not always re-
flected in the operation protocols and was difficult for
retrospective evaluation.

Among the factors associated with the tumor, it is
worth noting that the tumor size of more than 5 cm in
one of the diameters was observed in 48.4% of patients,
recurrent glioblastoma occurred in 13.6% of cases.

Postoperative venous thromboembolic events were
diagnosed in 21 patients (6.2%). At the same time, in
the case of deep vein thrombosis, which accounted for
61.9% of VTEC cases, the complication was verified
by ultrasound examination of the veins of the lower
extremities in symptomatic patients. Pulmonary em-
bolism (PE) was a complication of deep vein throm-
bosis in 14.3% of cases. The frequency of registration
of PE in the entire group of patients with VTEO was
23.8%.

Grade |
10,7%

Grade Il
11,2%

Grade |l
18,6%

Fig. 1. Tumor distribution by degree of malignancy
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Depending on the presence of venous thromboem-
bolic events, patients were divided into two groups in
order to analyze the presence of risk factors for VTEC,
proposed in different scales. Patients with postoperative
venous thrombosis were more likely to have recurrent
glioblastoma and the tumor size exceeded 5 cm: 33% (n
=7) versus 13% (n =41); 85% (n = 18) versus 47% (n
=148) (p = 0.05 and p = 0.013, respectively) (Table 1).

In patients with venous thromboembolic complica-
tions at admission, the platelet level was significantly
lower than in patients from the other group: 189 + 72
vs. 240.8 = 93.3 (p = 0.04) (Table 2).

DISCUSSION

Glioblastoma is the most common variant among
primary malignant neoplasms of the brain and is asso-
ciated with an extremely high risk of both VTEC and
hemorrhagic risks associated with anticoagulant ther-
apy. The main directions of scientific and practical re-
search in recent years in this area are to clarify the fea-
tures of the pathogenesis of thrombosis in patients with
CNS tumors and the development of specific VTEC
risk stratification scales with the aim of a personalized
approach to the choice of treatment tactics. This retro-
spective study was dedicated to the evaluation of rou-

tine management of patient data in a single center in
order to plan further prospective research and optimize
existing approaches to the prevention of VTEC.

Patients were included in the study in accordance
with the code of the main diagnosis — C71, set by the
neurosurgeon upon admission on the basis of the clin-
ical picture and MRI data of the brain. Patients with
histologically verified glioblastoma accounted for the
majority of these patients — 59.5% (n = 201). At the
same time, the frequency of VTEO was 6.2%, which
is significantly lower than the data given in the liter-
ature. According to various authors, the incidence of
thrombosis in the postoperative period varies from 3%
to 20% and depends primarily on primary prevention
and on the method of detection of VTEC [16, 17]. The
low incidence of venous thrombosis in our study can
be explained primarily by the limited observation peri-
od during the patient’s hospitalization, while the max-
imum risk is noted in first 6 weeks after surgery, and
during the first year of observation it is 7-28% [18, 19].
In addition, it should be noted that routine clinical prac-
tice does not regulate the targeted search for venous
thromboembolic complications, while most of the deep
vein thrombosis are asymptomatic [20].

Among the classic risk factors for venous thrombosis
in the group of neurosurgical patients, noticeable is the

Table 1. Risk factors for venous thromboembolic events in patients depending on the

presence of VTEC

Risk factors Group 1 (n =21),% %:0:3%2)’% P
History of chemotherapy 40 28 0.341
History of radiotherapy 40 32 0.536
Glioblastoma recurrence 33 13 0.05
'ghcemtumor size is more than 85 47 0.013
Tumor biopsy 7 3 0.537

Table 2 Characteristics of laboratory data in patients
Laboratory data Group 1 Group 2 Group 3

Hemoglobin level 141,7 + 16,3 140,6 + 18,5 0.831
White blood cell level 9,7 +£39 10,7 + 4,4 0.492
Platelet level 189 + 72 240,8 £ 93,3 0.04
Fibrinogen 25+06 2,72 + 0,6 0.492
Prothrombin time (Quick) 102,4 £ 11,5 974 + 14 0.123
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importance of the fact of immobilization of the patient,
which is reflected in the degree of paresis of the lower
extremities and the Karnovsky index, which in our study
was 74.5%. It is noteworthy that moderate risk factors
for VTEC, such as chemotherapy and radiation therapy,
in the case of patients with glioblastoma, primarily in-
dicate the progression of the tumor process, associated
with a high prothrombotic risk. This statement is fully
supported by the data of our study, according to which
patients with relapse of glioblastoma were more com-
mon in the group with the presence of VTEC compared
with the group without thrombotic complications.

In the analysis of risk factors directly associated with
the tumor, in addition to the fact of progression, the size
of the neoplasm was an extremely important indicator:
in the group with VTEC glioblastomas exceeding 5
cm were more common, which fully complies with the
data of other authors and ESMO recommendations for
neurooncology [21]. Tumor typing by IDHI1 mutation
status and methylation of the MGMT (methyl-gua-
nine-methyl-transferase) gene is important, as it has an
important prognostic property in relation to the overall
survival of patients and the risk of VTEC [22, 23].

Among laboratory markers associated with the risk
of venous thrombosis in patients with glioblastoma, it
is common to isolate thrombocytopenia, an increased
level of soluble P-selectin as a reflection of activation
platelets, leukocytosis and high D-dimer values [24].
According to our data, patients in the VTEC group had
significantly lower platelet levels, which is consistent
with the data of other authors. It has been shown that
platelet activation plays a key role in the pathogenesis
of venous thrombosis in patients with gliomas. At the
same time, the role of podoplanin, neutrophils and ex-
tracellular vesicles in platelet activation is being active-
ly studied [25, 26].

It is important to note that currently, when detecting
VTEC in patients with brain tumors in the periopera-
tive period, the question of the timing of the possible
appointment of anticoagulants and the duration of this
therapy still remains unsolved. This issue becomes
especially relevant in the framework of preoperative
preparation and in the early postoperative period. On
the one hand, any neurosurgical intervention is accom-
panied by an extremely high risk of intracranial bleed-
ing; on the other hand, a venous thromboembolic event
itself can lead to fatal outcome. Speaking about the risk
of bleeding, it is worth noting that in our population,
in 54.5% of patients, background pathology was repre-
sented by hypertension and in 18.2% of patients — by
gastrointestinal diseases associated with type 2 diabetes
mellitus, which additionally increased the risk of bleed-
ing and, of course, should be taken into account when
prescribing anticoagulant therapy.

I I . POCCUINCKIIA YKYPHAI MEPCOHATN3NPOBAHHOW MEOULINHbI

Different scales have been developed to assess hem-
orrhagic risk in patients with atrial fibrillation, which
are mainly aimed at predicting bleeding from the gas-
trointestinal tract. Hankey et al. published a scale aimed
at assessing the risk of intracranial hemorrhage in pa-
tients with atrial fibrillation [27]. The PANWARDS
scale uses risk factors such as thrombocytopenia, hypo-
albuminemia, history of congestive heart failure, war-
farin use, advanced age, race, hypertension, stroke or
a history of transient ischemic attack. Mantia C. et al.
studied this scale on a population of patients with glio-
ma and concluded that the use of this scale to identify
the subgroup of patients with intracranial bleeding with
anticoagulants is highly doubtful [28].

When prescribing anticoagulants in neurosurgical
patients, the question of choosing a specific drug is par-
ticularly acute. There are publications comparing direct
oral anticoagulants with low molecular weight hepa-
rins [29, 30]. These publications showed a greater risk
of both bleeding and recurrent VTEC in patients with
brain tumors, however subanalysis of this group was
not presented and probably it wouldn’t be reliable due
to a small sample of patients with this type of oncology.
There are publications highlighting the use of anticoag-
ulant therapy in patients with brain tumors, according
to which the risk of developing intracranial hemorrhag-
es increased by 3 times with use of anticoagulants for
the treatment of VTEC [31, 32]. However, the risk of
fatal intracranial hemorrhages was less than 1%. It ap-
pears to be interesting that no increase was found in
the incidence of intracerebral bleeding in patients with
metastatic brain lesion when using anticoagulant thera-
py compared to the control group in which this therapy
was not used.

According to modern concepts and recommenda-
tions, the prophylactic administration of anticoagulants
is recommended for hospitalized patients with the pur-
pose of surgical treatment of cancer in the periopera-
tive period [33]. A separate issue is the prolongation of
the intake of preventive doses of anticoagulants, tak-
ing into account the continued risk of remote VTECs.
However, existing studies in patients with glioblasto-
ma have not shown a reliable difference in the overall
survival of patients with anticoagulant therapy and in
the comparison group [34]. Thus, in order to clarify the
indications, timing and duration of anticoagulant ther-
apy both for the treatment of patients with VTEC and
for the prevention of these conditions, further studies
are needed to form a high-risk group for the develop-
ment of VTEC. Randomized clinical trials to assess
the risk-benefit ratio of the use of anticoagulants look
promising, and so do fundamental studies clarifying
thrombogenesis mechanisms in a group of patients with
malignant brain neoplasms.
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CONCLUSION

According to the results of our retrospective study,
the incidence of venous thromboembolic complications
among patients with brain neoplasms was 6.2%, howev-
er, it seems to us that the true prevalence of these events
is higher. Among the tumor-associated VTEC factors, the
tumor size exceeding 5 cm, the recurrent course of glio-
blastoma and thrombocytopenia are worth noting. Further
studies aimed at clarifying the mechanisms of venous
thrombosis and creating risk scales specific to this group
of patients will help optimize treatment strategies.

Conflict of interest
The authors declare no conflict of interest.

REFERENCES

1. Mantia C, Zwicker JI. Anticoagulation in the
setting of primary and metastatic brain tumors. Cancer
Treat Res. 2019;179:179-189.

2. CBTRUS statistical report: primary brain and
other central nervous system tumors diagnosed in the
United States in 2012-2016 — PubMed [Internet]. https://
pubmed.ncbi.nlm.nih.gov/31675094/ (29 Oct 2021).

3. Gerber DE, Grossman SA, Streiff MB;
Management of venous thromboembolism in patients
with primary and metastatic brain tumors. J Clin Oncol.
2006;24(8):1310-1318.

4. Weinstock MJ, Uhlmann EJ, Zwicker Jl
Intracranial hemorrhage in cancer patients treated with
anticoagulation. Thromb Res. 2016;140(Suppl 1):S60-
S65. DOI: 10.1016/S0049-3848(16)30100-1.

5. Bharthuar A, Khorana AA, Hutson A,
et al. Circulating microparticle tissue factor,
thromboembolism and survival in pancreaticobiliary
cancers. Thromb Res. 2013 Aug;132(2):180-4. DOI:
10.1016/j.thromres.2013.06.026.

6. Sartori MT, Della Puppa A, Ballin A, et al.
Circulating microparticles of glial origin and tissue factor
bearing in high-grade glioma: a potential prothrombotic
role. Thromb Haemost. 2013;110(2):378-385.

7. Hamada K, Kuratsu J, Saitoh Y, et al. Expression
of tissue factor correlates with grade of malignancy in
human glioma. Cancer. 1996;77(9):1877-1883.

8. Hamada K, Kuratsu J, Saitoh Y, et al. Expression of
tissue factor in glioma. Noshuyo Byori. 1996;13(2):115-118.

9. Matthias Preusser, Michael Weller. Essentials
for Clinicians: Neuro-Oncology. ESMO Press, European
Society for Medical Oncology, 2017. P. 100.

10. Riedl J, M, Nazari PM, et al
Podoplanin expression in primary brain tumors induces
platelet aggregation and increases risk of venous
thromboembolism. Blood. 2017;129(13):1831-1839.

Preusser

11. Lavallée V-P, Chagraoui J, MacRae T, et al.
Transcriptomic landscape of acute promyelocytic
leukemia reveals aberrant surface expression of the
platelet aggregation agonist Podoplanin. Leukemia.
2018;32(06):1349-1357.

12. Riedl J, Preusser M, Nazari PM, et al.
Podoplanin expression in primary brain tumors induces
platelet aggregation and increases risk of venous
thromboembolism. Blood. 2017;129(13):1831-1839.

13. Lavallée V-P, Chagraoui J, MacRae T, et al.
Transcriptomic landscape of acute promyelocytic
leukemia reveals aberrant surface expression of the
platelet aggregation agonist Podoplanin. Leukemia
2018;32(06):1349-1357.

14. Kobiakov GL, Absaliamova OV, Poddubskiy
AA, et al. The 2016 WHO classification of primary
central nervous system tumors: a clinician’s view.
Zhurnal Voprosy Neirokhirurgii Imeni N.N. Burdenko.
2018;82(3):88-96. In Russian [Ko6sakos I J1., Abcanamo-
Ba O. B., NMogpy6eckun A. A. n gp. Knaccnoumkaumna BO3
NMepPBUYHbIX OMYXONEN LeHTpasibHOW HEPBHOW CUCTEMDI
2016 r.: B3rnapg knuHuuuncTa. XypHan «Bonpockl Helpo-
xmpyprum» nmenn H.H. BypaeHko. 2018;82(3):88-96].

15. Louis DN, Ohgaki H, Wiestler OD, et al. WHO
classification of tumours of the central nervous system,
revised. 4th Ed. IARC (Lyon). 2016;408.

16. Perry J. Thromboembolic disease in patients
with high-grade glioma. Neuro Oncol. 2012;14:iv73-80.
DOI: 10.1093/neuonc/nos197.

17. Horsted F, West J, Grainge MJ. Risk of
venous thromboembolismin patients with cancer:
a systematic review and meta-analysis. PLoS Med.
2012;9(07):e1001275.

18. Marras LC, Geerts WH, Perry JR. The risk of
venous thromboembolism is increased throughout the
course of malignant glioma: an evidence-based review.
Cancer. 2000;89(03):640-646.

19. Walker AJ, West J, Card T, et al. Rate of venous
thromboembolism by cancer type compared to the
general population using multiple linked databases.
Thrombosis Res. 2012;129(Suppl 1):S155-S156.

20. Russian clinical guidelines for the diagnosis,
treatment and prevention of venous thromboembolic
complications. 2015; 51. In Russian [Poccuiickne knu-
HUYECKNE peKOMeHpaLUn No ANarHocTUKe, NIeYeHUto
1 NpodunakTNKe BEHO3HbIX TPOMBOIMBOINYECKNX OC-
noxHeHun. 2015;51].

21. Stupp R, Brada M, van den Bent MJ, et al.
High-grade glioma: ESMO Clinical Practice Guidelines
for diagnosis, treatment and follow-up. Ann Oncol.
2014;25:iii93-iii101. DOI: 10.1093/annonc/mdu050.

22. Combs SE, Rieken S, Wick W, et al. Prognostic
significance of IDH-1 and MGMt in patients with
glioblastoma: one step forward, and one step back?

Tom N21 ‘ 1 ‘ 2021‘

205



Radiat Oncol. 2011;6:115. DOI: 10.1186/1748-717X-6-115.
23. Hodges TR, Choi BD, Bigner DD, et al. Isocitrate
dehydrogenase 1: what it means to the neurosurgeon:
a review. J Neurosurg. 2013;118(6):1176-80. DOI:
10.3171/2013.3.JNS122282.

24. Riedl J, Ay C. Venous thromboembolism in brain
tumors: Risk factors, molecular mechanisms, and clinical
challenges. Semin Thromb Hemost. 2019;45:334-341.
DOI: 10.1055/s-0039-1688493.

25. Demers M, HKrause DS, Schatzberg D,
et al. Cancers predispose neutrophils to
extracellular DNA traps that contribute to cancer-
associated thrombosis. Proc Natl Acad Sci U S A.
2012;109(32):13076-13081.

26. Leal AC, Mizurini DM, Gomes T, et al. Tumor-
derived exosomes induce the formation of neutrophil
extracellular traps: implications for the establishment of
cancer-associated thrombosis. Sci Rep. 2017;7(1):6438.
DOI: 10.1038/s41598-017-06893-7.

27. Hankey GJ, Stevens SR, Piccini JP, et al.
Intracranial hemorrhage among patients with atrial
fibrillation anticoagulated with warfarin or rivaroxaban.
Therivaroxabanoncedaily, oral,direct factor Xainhibition
compared with Vitamin K antagonism for prevention of
stroke and embolism trial in atrial fibrillation. Stroke.
2014;45(5):1304-1312.

28. Mantia C, Uhlmann EJ, Puligandla M, et al.
Predicting the higher rate of intracranial hemorrhage
in glioma patients receiving therapeutic enoxaparin.
Blood. 2017;129(25):3379-3385.

29. Raskob GE,vanEsN,Verhamme P, et al. Hokusai
VVTE Cancer Investigators. Edoxaban for the treatment
of cancer-associated venous thromboembolism. N Engl
J Med. 2018;378(07):615-624.

30. Young AM, Marshall A, Thirlwall J, et al.
Comparison of an oral factor Xa inhibitor with low
molecular weight heparin in patients with cancer with
venous thromboembolism: results of a randomized trial
(SELECT-D). J Clin Oncol. 2018;36(20):2017-2023.

31. Al Megren M, De Wit C, Al Qahtani M, et al.
Management of venous thromboembolism in patients
with glioma. Thromb Res. 2017;156:105-108.

32. Zwicker JI, Karp Leaf R, Carrier M. A meta-
analysis of intracranial hemorrhage in patients with
brain tumors receiving therapeutic anticoagulation. J
Thromb Haemost. 2016;14(09):1736-1740.

33. Lyman GH, Bohlke K, Khorana AA, et al. Venous
thromboembolism prophylaxis and treatment in patients
with cancer: american society of clinical oncology
clinical practice guideline update 2014. J Clin Oncol
2015;33(06):654—-656.

34. Le Rhun E, Genbrugge E, Stupp R, et al. Associ-
ations of anticoagulant use with outcome in newly diag-
nosed glioblastoma. Eur J Cancer. 2018;101(101):95-104.

release

I I . POCCUINCKIIA YKYPHAI MEPCOHATN3NPOBAHHOW MEOULINHbI

Author information:

Pishchulov Konstantin A,
Research Group of Cardio-Oncology,
Research Centre for Personalized Medicine;

Melnichenkova Olga S., Senior Researcher, Research
Group of Cardio-Oncology, World-Class Research
Centre for Personalized Medicine;

Zolotova Ekaterina A., Junior Researcher, Research
Group of Cardio-Oncology, World-Class Research
Centre for Personalized Medicine;

Krasnoshlyk Pavel V., PhD., Leading Researcher,
Research Laboratory of Integrative Neurosurgical
Technologies of the Almazov National Medical Research
Centre;

Gulyaev Dmitry A., MD, Head of Laboratory, Research
Laboratory of Integrative Neurosurgical Technologies of
the Almazov National Medical Research Centre;

Simakova Maria A., PhD., Head, Senior Researcher,
Research Group of Cardio-Oncology, World-Class
Research Centre for Personalized Medicine.

Researcher,
World-Class

Junior

206

Tom N21 ‘ 1 ‘ 2021‘



POCCUINCKIWI YKYPHAI MEPCOHATN3NPOBAHHOW MEOULIAHbI . I I

ISSN 2782-3806
ISSN 2782-3814 (Online)
YOK 620.3:61

CNHTE3 MNKPO- N HAHOYACTWUL,
B MUKPO®JTIONOHbIX PEAKTOPAX
anda sMOMEOMNUNCKOIo NPMMEHEHUNA

JNasapeBa E. 0.2, EBcTpanos A. A.3, MapeeB K. I'2, Ye6ypkuH 0. B.1,
KpwxaHoBu4 A.2, Kopones 1. B.?

l®epnepanbHoOe rocynapcTBeHHOE BIOKETHOE yupewaeHne «HaumnoHanbHbIl
MeOULVNHCKUIA nccrenoBaTenbCKkuil LLeHTp nMmeHn B. A. Anma3oBa» MuHucTtepcTBa
3ppaBooxpaHeHusa Poccuiickoin ®epepaunmn, CaHkT-MeTepbypr, Poccusa
2PepepanbHoe rocynapcTBeHHOE aBTOHOMHOE 06pa3oBaTeibHOE yUYpewaeHne
Bbicwero obpasoBaHuna «CaHKT-INeTepbyprcknini rocygapCTBEHHDbIN
3NEKTPOTEXHUYECK N YHBEPCUTET «J13TW» um. B. . YnbaHoea (JleHuHa)»,
CankTt-leTepbypr, Poccus

3PepepanbHoe rocygapcTBEHHOE BIOOKETHOE yuperxaeHne Hayku HCTuTyT
aHanuTu4deckoro npubopocTtpoeHus Poccurickon akagemMnm Hayk, CankT-leTepbypr,
Poccun

KoHTakTHaa nHpopmaumn:

JNazapeBa Ennzaeeta OneroeHa,

drey «HMUL, um. B. A. AnmasoBa»
MwuHspgpasa Poccun,

yn. AKKypaToBa, 4. 2, CaHKkT-leTepbypr,
Poccus, 197341.

E-mail: lizzifox@yandex.ru

CrtaTbsa nocTynuia B pefaKkumio
11.10.2021 n npnHATa K nevyaTtun
09.11.2021.

PE3IOME

B nacrosiee Bpemsi HaOmromaeTcsl TEHACHIMS K BHEAPEHUIO MUKPOQUIIOUAHBIX yCTPOICTB
BO MHOTHX 00JacTsX OMOMEIMIMHBL: CHHTE3 JIEKapCTB, TEPAHOCTHKA, OMOCEHCOpHl. Takue
YCTPOHCTBa 00ECIEYNBAIOT OBICTPOE M JOCTAaTOYHOE MEepeMEIIBaHUEe B MHUKPOMIIOUIHBIX
KaHaJax, MO3BOJISIOT MOJIy4YaTh MOHOAMCIIEPCHBIE YACTHUIIBI, B TOM YHCIIE HaHOpa3MEpHBIE,
MIPOBOUTH KOHTPOJb 32 YCIOBHSMH CHHTE3a M TOYHO PETYIUPOBATh (PU3NKO-XMMHUUYECKHE
CBOHCTBaA mosydaeMbIx cyOcTaHuuil. CeHCOpbl Ha OCHOBE MUKPOQUIIOUANKH TO3BOJISIOT Je-
TEKTHPOBATh Pa3jInYHbIEC MATOJOrHYecKUe mpouecchl. Hactosmuii 0030p nuteparypsl Jaet
NpeACTaBICHHIE O MPUHLUIIAX TOCTPOCHUSI MUKPO(IIONIHBIX YCTPOMCTB H CHCTEM J03UPOBa-
HUS PEaKTHBOB, a TaKXKe O MaTeprasiax Jjsi MUKpO(IIONIHBIX YHIoB. [IpruBeeHs! mpuMepsl
UCIIOJIb30BAHUSI MUKPO(IIONINKY B PA3IMUHBIX 00JIaCTAX OMOMEIULIMHBI.

KaroueBbie cjioBa: OMOCEHCOPBI, MUKPO(ITIOUINKA, TEPAHOCTHKA.
s yumuposanus: Jlasapesa E.O., Eecmpanos A.A., Tapees K.I. u op. Cunmes muxpo-

U HaHouacmuy 8 MUKpo@IOUOHbIX peakmopax Ojisi Ouomeouyucko2o npumenenust. Poccuti-
CKULL HCYPHAT NePCOHATUBUPOBAHHOU Meduyunsl. 2021, 1(1):207-236.
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Cnucox coxpamenumii: KT — kBaHTOBasi Toyka,
JIHY — «inabopatopus-Ha-uune», MHY — wmaruur-
Hble HaHOYacTUIbl, MDY — MaTepuan MUKpodIon -
Horo unmna, OHY — «opran-na-uumney, [IJIMC — mo-
muauMeTHIICHIokcal, @A — (IryopecieHTHBIN areHT,
SAMP — sanepHblil MATHUTHBIN pe30HAHC.

BBEAEHUE

MukpodroniHbIe peakTOpbl — YCTPONCTBA, CO3-
JAHHBIC JUISI CHHTE3a BEIIECTB U YAaCTHII C UCIIOJIB30-
BaHHMEM MaJIbIX TIOTOKOB HUJIKOCTU B KaHAJIAX MUKPO-
U HAaHOMETPOBOI'O pa3mepa. XOTs MHUKPO(IIIOUHBIC
peakTopsl OBLTH BIIEPBBIC pa3paboTansl B Hadasme 90-x
TOZIOB TIPOILIOr0 BeKa, HOBBIE KOHCTPYKTOPCKHE pe-
IICHHSI B TOMOJIOTHSAX PEaKTOPOB HAIIU TPUMEHEHUS
B MeIUIlMHE, (papMalleBTUKEe U XMMHUYECKOU TPOMBIIII-
JICHHOCTU MJIs1 JUAarHOCTHUKH, KpHUCTAJIJIM3alluu, XU-
MHYECKOTO ¥ KOMOMHATOPHOTO CHHTE3a, a TaKKe Obl-
CTPBIX METOJIOB aHAJIM30B.

Pa3paboTka MUHHATIOPHBIX PEaKTOPOB 001anaeT
MHOXCECTBOM NOTCHIHAJIBHBIX AJOCTOUMHCTB IIO CpaB-
HEHUIO ¢ Ooyiee TPaaUITHOHHBIME CIIOCO0AaMHU CHHTE3a
XUMUKAaTOB M TBEPIBIX YacTHil. biaromaps xoporie-
My KOHTPOJIIO PEaKIMU, MAJIOMy PacXoay pearcHTOB,
BBICOKOW UYBCTBHUTENIBHOCTH U OoJiee Oe30macHoil pa-
Ooueil cpeme, MUKPO(DIIOUIHBIE YCTPOHCTBA XOPOIIO
TTOKa3aju ce0s 1711 6oree MacITabHOro TPOU3BOICTBA
XUMHUYECKUX COCMHEHHH C YETKO ONpPEeAeIICHHBIMU
U 3apaHee OINpE/CICHHBIMU CBOHCTBAMHU. DTO TOBBI-
IIaeT Ka4eCTBO XMMHYECKUX CYOCTaHIMK U s (ap-
MaleBTUYECKUX TTPON3BOJICTB.

OBJIACTU NPUMEHEHUA
MUKPO®PTIONAHOIO CUMHTE3A

Mukpodron/iHble TEXHOJIOTHU HTPAIOT YPE3BbI-
YaifHO BaXXKHYIO POJIb HE TOJIBKO B XUMHUYECKOM CHHTE-
3e, HO U B CHUHTe3¢ HaHouacTull. HaHoyacTuubl, momy-
YEHHBIC C MPUMEHCHUEM MHUKPOQIIIOUIHOIO CHHTE3a,
HaITH IPUMEHCHHE B TAKUX 00JIACTSAX, KaK MCIUITMHA
[1], snexTponuka [2], kocMmeTonorus [3], conHeuHas
sHepretuka [4] u apyrue. B o0miem Buie 001acT pu-
MEHEHHSI MUKPODIIIOUIHOTO CHUHTE3a MOXHO IMPOMJI-
JIIOCTPUPOBATH PUCYHKOM 1.

[lo mpuumHe TOTO, 4TO (hM3NUECKUE U XUMHUIECKHE
CBOWCTBa HAHOOOBEKTOB 3aBHUCAT OT paszMepa, (op-
MBIl U KPUCTAJUITMYECKON CTPYKTYPBI, JJIsI TONYyUYCHUS
MaTepuajgoB C HEOOXOAUMBIMU XapaKTePUCTUKAMU
U CBOWCTBAMU WX CHHTE3 TpeOyeT MPEeIU3NOHHOTO
KOHTPOJISI KHHETHYECKUX U TEPMOIMHAMUYECKUX TIa-
pameTpoB. Takum 00pa3oMm, pojb MHKPOPEAKTOPOB
B CHHTE3€ HaHOMAaTEepHaJIOB CBOJUTCS K JIBYM OCHOB-
HBIM 3aJ]auaM — 3TO CHHTE3 C KOHTPOJIUPYEMBIM pa3-

II. OB30Pbl | REVIEWERS

MepoM, OpMOH M CTPYKTYpOH M peryjiupoBaHUe 3a
CYET HeTPEPHIBHBIX MTOTOKOBBIX IPOIIECCOB.

MATEPWAJIbl 4NA N3roToBJIEHNA
MUKPO®JTIONAHDBIX HAMOB

Bri6op marepuana mukpodroniHoro ynmna (M)
3aBUCHUT OT ILIEJIeH €ro HCIIOJIb30BAaHUS M PEAKTHBOB,
HCTIONB3YEMBIX B XOJI€ UCCIICOBAHHH.

TpaauUMOHHBIMU MaTepHaJaMH ISl MaCIITaAOHOTO
IPOM3BOICTBA MUKPOQIIIOUTHBIX YCTPOUCTB SIBIISIFOT-
csl KpeMHuH, kBapl, crekiao. MOY u3 n1aHHBIX MaTe-
pHAJIOB M3rOTABIUBAIOTCS METOAOM (hoTosnnuTOrpadun
[5]. CTexyo u KpeMHUN HUCMONB3YIOTCS U3-3a UX TEp-
MOCTaOMJIBHOCTH M COBMECTHMOCTU C XMMHUYECKUMH
pacTBOPHUTEIISIMU B PEaKIMAX Ha KpucTaiie [6], oopa-
30BaHUU Karemihb [7] 1 akcTpakmu [8].

st GBICTPOro MPOTOTUIIMPOBAHUS M HCCIIEOBa-
HUH B TaOOpaTOpuu OOBIYHO UCTIONB3YIOTCS TOJTUMEP-
HBIC MaTepHallbl, KOTOpbIE OBLIM BHIOpaHbI U3-3a OoJiee
HU3KOH IIeHBI U 00Jiee MPOCTOH TEXHOJIOTUH H3TOTOB-
neanst MOU. Ogaum u3 Hanbojee 4acTo HMCHOIb3ye-
MBIX MAaTEpHaJIOB SBJISAETCS MONMAUMETUIICHIOKCAH
(ITAMC) mapku Sylgard 184. D10 cBsi3aHO C psiOM
npuynH. Kunkuii popronumep [TJIMC tepmudeckn
OTBEP)KIACTCS MPU YMEPEHHBIX Temreparypax (40—
70 °C), ero MO>KHO OTIUBATh C HAHOMETPOBBIM paspe-
LIEHUEM C TOMOILIBI0 METOAA MATKOW JuTorpaduu u3
MacTep-(popM, M3TOTOBICHHBIX M3 KPEMHHS, CTEKJa
unu ¢poropesucta SU-8 [9], ero HU3KOE MOBEPXHOCT-
HOE€ HaTsDKEHHME 3HAUNTEJIBHO 00JIerdaeT OTCIanBaHue
ot mwabnonoB nocie orBepxkaeHus. Yun I[NIAMC mo-
XKeT ObITh 00paTUMO U KOH(POPMHO 3arepMeTU3NpOBaH
¢ Apyroi gactelo, caemanHoi u3 [1JIMC, cTekna umu
Ipyroro Martepuaa, MOJIOKKH IPOCTBIM COEAMHE-
HueMm. OnHako B ciyvae npumenenus [IJIMC tpebyer
OoJibllle BHUMAHUS XMMHUYECKasi COBMECTHUMOCTD I1O-
JUMEPOB C UCTIOIB3yeMbIMU pearenTamMu. Kpome toro,
MHOTHE TIOJTMMEPHI HE PACCUYUTAHBI HA NCTIOIH30BAHHE
IIPH BBICOKHMX TEMIIEpaTypax.

N3roToBJIEHME MNKPODJTIOUOHbIX
4YMnnoB HA OCHOBE nNaAMC

M®UY na ocuoBe IIJIMC wusroraBiaumBaroTCs NpHU
MOMOIIIM METOAOB Msrkod jurorpaduu. Ilocnenosa-
TEJIBHOCTH AEUCTBUHN MPH U3rOTOBJIEHUU TAaKUX YUIIOB
roKa3aHa Ha pucyHKke 2. J[71s1 3Toro cHadana cMermmBa-
ercs 6aza [1JIMC c oTBepauTeneM B MacCOBOM COOT-
vomennn 10:1 u 3anmuBaercs B Mactep-GopMy, OOBIYHO
H3TOTOBJICHHYIO U3 KPEMHHUS METOAOM (hOTOIUTOIpa-
¢dun, ¢ MmakpomacmTaOHBIM pUCYHKOM. I yaneHus
ITy3bIPEKOB BO3/IyXa HCIOJIB3YETCS BaKyyMHBIH SKCH-
katop ¢ HacocoM. [erazuposanusiil IIJIMC nomernia-
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MUKPOPEAKTOP

Buowi coeounenuii Ipakmuueckoe npumerneHue 8 npouzso0cmee
IIpoussoncrso BEHoXHMHAS IMumeBast
OpPraHu4ecKux NMPOMBINILIEHHOCTh

CcOeIUHEeHU N
dapManeBTHKA
Hedrexumus
IIpou3BoacTBoO
HEOPraHuYecKux KocmeneBruka IIpousBoacTBO
COeIMHEeHU

CMa3bIBAIOIIHUX
mMarepuajaoB

IIpousBoacTBo
MaTepHuaaoB s
COJIHEYHBIX 0aTa

U max oanee

Puc. 1. O6wan cxeMa NpUMeHEeHUA MUKPOGIIONAHOINO0 CUHTE3a

[IpoexTupoBaHue Nsrorosnenune
TOIIOJIOTHU MacTtep-(popMsl
(Comsol Multiphysics) (xpemuwHiA, PoTOPE3UCT)

3aJIMBKa IO IUMETHII-
CUJIOKCAHOM

b ewwage 7
ie. 8 iegd i

I'epmeruzanus
(axTHBaLMs IOBEPXHOCTH,
BBICOKOE€ HaIPSHKCHHE)

TepmocrarupoBaHue
(60 °C, 4 gaca)

Jlerazamus
(0,15 6ap)

Puc. 2. Cxema mnsrortossieHua M®4Y Ha ocHose NMAMC
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0T B Ie4b A1 3aTBepaeBaHust Ha 4 yaca npu 60 °C.
OtBepxaenHas periuka u3z [IJIMC ynansercs ¢ non-
JIOKKH TIPU TOMOIIX OCTPOTro Je3Bus. |epmeTnsanus
perummku u3 [IJIMC co CTeKIsSHHON IIACTUHON MOXKET
MIPOMCXOAUTEH Pa3HBIMH CITIOCOOaMU, Hampumep, oopa-
OOTKOI1 B IJ1a3Me 1 BO3/ICWCTBUEM TOKAMH BBICOKOH 4a-
crotsl [10]. [Tocne sToro roroeiii MOY rotos k padco-
te. [IpuBeeHHBIN IPOTOKOJI U3TOTOBJIEHUS IIOCTOSIHHO
repecMarpuBacTcs u yayurnaercs [11]. B manaom Bume
OH HCIOJIB3yeTCS B MUKPO(ITIOUTHBIX HCCICIOBAHUIX
MoCJeNHUX aecsaTuineTunit [12—14].

KOHCTPYKUWA N TOMOJIOI A
MUKPO®JTIIOUAHOIO YCTPONCTBA

K BBIOOpY THIAa MHKPOQIIOUAHOTO YCTPOWCTBA,
WCTOJIB3yeMOr0 /ISl CHHTE3a HaHOMaTepuajoB, HYKHO
MOJIXOIUTh, YYUTHIBAsA BCE BO3MOXKHBIE (hakTOpsI. [Ipo-
CTOTa KOHCTPYKIIMU IPUBOJUT K JIETKOH MacIITadbupy-
€MOCTH IIpoliecca, HO CHUXKAET KauyecTBO MPOU3BOMAH-
MBIX HaHOMaTepHajoB.

MukpopeakTopsl ¢ 0oyiee CIOKHONH KOHCTPYKIIHEH
MO3BOJISIOT Jy4Ille KOHTPOIMPOBATh CBOMCTBA HAHO-
YacTUL, OJHAKO MacIITaOMPOBAHME INPOLECCA MOXKET
cTaTh MpoobseMoil. B aTom ciydae mpeanodTuTeNnbHee
ucnonb3oBath M®Y ¢ TOmonorusamu, mpeanoiararo-
muMHA paboTy B HENPEPHIBHOM pEXKHME, O0COOCHHO
JUISl HAHOMAaTEPUAJIOB, KOTOPBIE MEHEE UYBCTBUTEIILHEI
K U3MEHEHMSIM YCIIOBHI pEaKUu.

MuxkpodaroniHple  peaKTOpbl sl XUMHUYECKOTO
CHHTE3a MOXKHO pa3/IeITh Ha TPU OCHOBHBIE KaTero-
pHU: PEaKTOPHI C IAMUHAPHBIM IIOTOKOM HEIPEPBIBHO-
ro JIEUCTBHS, PEAKTOPBl C CETMEHTHPOBAHHBIM IOTO-
KOM U pEeaKTOpHI Ha OCHOBE Karensb [15].

II. OB30Pbl | REVIEWERS

MHUKpOpeaKkTopsl C HENPEPBIBHBIM JIAMHHAPHBIM MO~
TOKOM BKJIFOYAIOT TOJILKO OJHO(a3HbIC MOTOKH JKUIKO-
cti. HecKobKo *KHUIKNX peareHToB pa3iIndHOro COCTa-
Ba U KOHLIEHTpauuu nojatorcs B MOY uepes BXoaHbIe
oTBepcTHsl. B 3THX MHKpopeakTopax ¢ npeodiaagjaHuem
JJAMMHAPHOTO TOTOKAa CMELIEHHE SIBJISIETCS KITIOUEBBIM
MIPOIIECCOM JUISl ONITUMH3AIINN TIPOU3BO/ICTRA.

MerTozbl cMELIeHN T MOYKHO Pa3AeIuTh Ha JBE 00JIb-
e rpynnel. K nepoii rpynne moxxHo oTHecTH MOY
C TONOJIOTUSIMU C (OKYCHPOBKOW MOTOKOB. ['maponu-
Ham#uecKasi HOKYCHpPOBKa — OJUH U3 CAMBIX BaXKHBIX
METOJIOB B MHKPOQIIIOUIHOM CHHTE3C MaTepHalioOB
[16, 17]. I'mpponmHamMuueckass (GOKyCHpOBKa BceTaa
npoucxoauT B M®Y c TomonorusiMu, npenycMmarpu-
BAIOLIMMU TPEXBXOJHBIN KaHaJ, B KOTOPOM €CTh CPel-
HUI U 1Ba OOKOBBIX BIYCKHBIX KaHaja BEPTHKAJIBHO
unu nox yraoM (MeHee 90°) x cpeqaemy. Kpome Toro,
pacxol LEHTPaJbHOrO KaHajla MEHbIIE OOKOBBIX, TaK
YTO CPEOHMI MOTOK MOXET OBITh C(HOKYCHPOBAHHBIM
U CMEIIMBAThCs C OOKOBBIMH MOTOKaMH OBICTPO U B
JIOCTaTOYHOM cTeneHu. Bpems nepememinBaHus B OC-
HOBHOM 3aBHCHT OT COOTHOLIEHHUSI pacxozia OOKOBBIX
Y CPEHETr0 BIIYCKHBIX KaHAJIOB.

Bropas rpynmna Mmeronos cMmenienus kacaercs MOYU
C TOMOJIOTHSIMHU JIJISl YCJIOBHO Ooiiee d(PEeKTHBHOTO
cmemBanust. CaMble TPOCTHIE TOMOJIOTUH YaIlle BCEro
MIPEJICTABIISAIOT COOOI 1Ba BITYCKHBIX KaHaja Y-o0pas-
HOT0 MHKPOQUIIOUIHOTO PeakTopa, co3aaBas Mepechl-
HICHHYI0 00nacTh Ha rpaHuie IupQPy3uOHHOTO cMe-
HICHUST MKy JBYMS B3aUMHO TUQQYHIUPYIONTIME
MOTOKAMH PEareHTOB.

Hcnonp3oBaHne MHUKPOCTPYKTYP, TaKUX Kak Ips-
Mble MHUKpOKaHajibl [18], M30rHYTBHIE MHMKpPOKaHAJIBI
[19], Mmukpokanaisl co cnupaibio [20] U xpeOTOBMI-

Puc. 3. lMpuMepbl Nosly4eHUA CYCNEeH3UN MarHUTHOMN XXUOKOCTU NpuU pa3JIM4HOM AaBJ/ieHUU
nopadm MuHepanbHoro macna (P1 = 6,0 klMa) u MarHuTHOM xugkKocTu (P2):
a—P2=6,2klMa;6 —P2=6,8klMa;B—P2=75klMa;r—P2=28,5klla
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HBIe cMecuTend [21], MoXkeT erie OOJbIIe MOBBICHUTH
3G PEKTUBHOCTD CMEILICHUS 3a CYET BHECEHHUSI BO3MY-
LUIEHUH M TPOAJICHUS BPEMEHM CMEUIeHHs] MOTOKOB
B IIpOIIECCEe CHHTE3a HAHOYACTHII.

MUKpOpeakTopbl C CErMEHTHPOBAHHBIM ITOTOKOM
OOBIYHO BKJTFOUAIOT HECKOJIBKO MOTOKOB XKHUIKON (pa3bl
JUTSL PEareHTOB 1 OJIMH MOTOK Ta30BoM a3kl A1 co3aa-
HUS Ta30BbIX TY3bIPHKOB C IIETTBI0 H30JISITUH Pa3IMIHbIX
CETMEHTOB peareHToB. ['a30BbIe My3bIpbKH 00pa3yoTCs
13-3a pa3Inyuii B IOBEPXHOCTHOM HATSDKEHUU MEXAY
ra3oBOd W KHIKOW (azamu. B TUMOBOH KOHCTPYKIMH
IBa WM Ooliee peareHTa B KHIKHUX (pa3ax BBOISTCA
B MHKpPOpPEAaKTOp 4epe3 BXOIHbIE OTBepcTHs. B KoH-
CTPYKIIHIO MOTYT OBITh JOOABIICHBI JIOTIOTHUTEIHHBIE
BXOJIBI M CEKIIMU B 3aBUCHMOCTH OT TPEOOBAHWH IS
MpOBEACHUST peakuuu. MHKpPO(IIOHIHBIE PEaKTOPHI
C CEerMEHTHUPOBaHHBIM IOTOKOM MOTYT 3arps3HSATHCS
n3-3a (PU3NYECKOr0 KOHTAKTa PeareéHTOB M CTEHOK Ka-
Haja. HoTa ATy mpoOiieMy MOKHO PeluTb, TPOBES
aHanu3 ruApooOHOCTH CTEHOK KaHaJa.

OnmHUM H3 caMBIX OOJNBIINX MPEUMYIIECTB Karelb-
HBIX MUKPOPEAKTOPOB SIBIISIETCS pa3zeiieHre Ha YacTH,
C TIOMOIIIBI0 KOTOPOTO MOTYT OBITH JOCTHUTHYTHI OBI-
CTpOE MepeMEIINBAaHUE, XOPOLIUNA KOHTPOJIb BPEMEHU
U peareHToB, a TakyKe MUKpoOcpela, cBoOoaHas OT 3a-
rpsi3HeHn. Takne MUKpopeakTOphl OOBIYHO BKITIOUAIOT
HECKOJIPKO TIOTOKOB JTUCTICPCHOHHOMN JKHMIKOH (ha3bl pe-
areHTOB U MOTOK HECMEIINBAOLIEHCS TUCTIEPCUOHHON
cpeabl ans oOopa3oBaHus Kanenb. CaMbIMHU IPOCTHIMH
reOMETPHYECKUMH KOHCTPYKIUSMU ISl 00pa30BaHMSI
Kariesb SBISIOTCs T-00pa3Hblil 1 Y-00pa3HbId HHKEK-
TOpHI [22]. B HUX pa3Mep Kamelb 3aBUCUT OT ITHPHHBI
KaHaja U CKOPOCTU MOTOKA.

OnHOM M3 Pa3sHOBUIHOCTEHN KaleIbHBIX PEaKTOPOB
seisiercss MOU ¢ Tomosyiorueit ¢ (OKYCUPOBKOU T10-
TOKa, TpeAHa3HaueHHAas JJIS W3TOTOBJICHHS CYCIICH-
3uil. [IpuHIUN AEUCTBUS TaKUX PEAKTOPOB OCHOBAH

Ha «CAYyBaHUM» Kalellb B HENPEPbIBHOM MoOTOKe. [Ipu-
MEHEHHE JIaHHOW TOIOJIOTMH MOKa3aHO Ha PUCYHKE 3.
IIpu paznuuHOM CKOPOCTH OTOKA ITOJTYYarOTCSI pa3HbIE
pa3Mepsl kanesb oT 30 MkM (puc. 3, a) 1o 60 MkM (pHcC.
3, T), 4TO MO3BOJISIET PETYIUPOBATH HE TOJILKO CKOPOCTh
00pa3oBaHMs CyCHEH3UH, HO ¥ JUCTIEPCHOCTb.

CUCTEMbI NOAAYN PEATEHTOB

B mukpoditoniHOE yCTPOUCTBO KHUJIKOCTH MOTYT
MOJIaBaThCS IIITPUIICBBIM HACOCOM (pUC. 4, @) WIH TOJ
JIEHCTBUEM TIPIUIOKEHHOTO AaBieHus (puc. 4, 6) [23].
[IpenMyIIecTBOM MITIPHUIIEBBIX HACOCOB SBISAETCS (PHUK-
CUpOBaHHasi 00bEMHAs CKOPOCTh TIOTOKA, OJTHAKO OHU
Tak)kKe UMEIOT OOJIBIIIOE BPEeMsl OTKJIMKA U TMEPUOIH-
yeckue Mysbcand. Huskoe BpeMsi OTKIIMKa jaenaeT
HITPUIIEBBIE HACOCH HEMTPUTOTHBIMH JJIS1 YCOBEPIICH-
CTBOBaHHOTO (OPMHUPOBAHUS PHUCYHKA Karlesib, TO-
CKOJIBKY CKOPOCTBH IOTOKAa U PE3yJbTUPYIOLIYIO CKO-
pocTh 00pa30BaHUs Kanelb HeJb3s ObICTPO U3MEHHUTb.

CucteMbl KOHTPOJIS ABJICHUS CIIOCOOHBI WHIUBU-
JIyaJIbHO YIPABISITH TIOTOKOM MHOXKECTBA JKHIKOCTEH
oHOBpeMeHHO. OHM UMEIOT BpeMs OTKJIUKa 110 40 Mmc.
Ilotok B Takux cucreMax OE3bIMITYJIBCHBIN, OJHAKO
€CTb BEPOSITHOCTh OOPATHOTO JIBIKCHUS KUIKOCTH.

Kpome ykazaHHBIX TPaIUIIMOHHBIX CHCTEM II0/Ia-
YU JKUJIKOCTEH MHOTAA TaK)Ke UCIIONB3YIOTCS PYUYHBIE
mmpuiibl [24] u 1abopaTopHbIe aHATIOTH [25].

Jly1st mpoBeJicHUsI CHHTE3a B J1a0OPATOPHBIX YCIOBU-
X MOXKET OBITh HCIIOJIb30BaHa HEOOJbIIas yCTaHOBKA
(puc. 5), cocTosmas U3 CBETOBOTO MHKPOCKOIA, MH-
KPOQJIFOUTHOTO KOHTPOJIJIepa JTaBJICHUS C KOMIIpec-
COpOM, KalWJUIIPOB U MEPCOHAIBHOTO KOMIIBIOTEpa
C IPOrpaMMOH JU1sl YIIPABJIEHUS CUCTEMOM 110JJauy pea-
reaToB. Takas ycTaHoBKa Oblia pa3padorana 8 HMUIL]
uM. B. A. AnmasoBa coBmecTHO ¢ THCTUTYTOM aHau-
TUYECKOT0 TIPUOOPOCTPOCHUSL.

a 6

Puc. 4. NMpumepbl cUCTEM NoAayum peareHToB:

a — wnpuueBon Hacoc Harvard Apparatus Pump 11 Elite;
6 — KOHTpoOJIJIEp MUKPOXUAKocTHOro notoka Elveflow OB1 MK3 +
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Puc. 5. NpuMep ycTaHOBKU MUKPODIIONAHOIO CUHTE3a:
a — o6wunin BMA; 6 — MMKpOCKONMpoBaHMe Ymna

MUKPO®JTIIOUAHbIA CUHTE3
MAITHNTHbIX HAHOYACTUL

3a mociegHee ECSATUIICTUE SKCIEPUMEHTBI C HC-
M0JIb30BAHUEM MHUKPOQIIOMIHBIX PEaKTOPOB IPOJIC-
MOHCTPHPOBAIH, YTO MOXXHO C BBICOKOW TOYHOCTBIO
YIpaBisaTh (PU3HUECKUMH CBOHCTBAMHU Pa3TMIHBIX
HAaHOMATepUaJOB, TAKMX KaK KBAHTOBBbIE TOYKH, Ha-
HOYACTHIIbI, HAHOTPYOKH, HAHOIPOBOJIOKM M HAHO-
KOMITO3UTHI, TyTEM YIIPaBICHUS MapaMeTpaMH POCTa
HaHOKPUCTAJIJIOB M KUHETUKOU TmporeccoB. [lomumo
MHUKPOQITIONIHBIX TIOAXOJ0B, OCHOBaHHBIX Ha Jia-
MHUHApPHOM TIOTOKE, JKCIEPUMEHTHI, HCHOIb3YIOIINE
METOJIbI MUKPO(MIIIOUHBIX Kamelb JUIs CUHTE3a Ha-
HOUYACTHII, TAaK)KE€ OKA3aJINCh YCHEMHBIME. [Ipu 3TOM
pa3paboTka MUKPOQIIIOUIHBIX YCTPOUCTB JJISI CHHTE-
3a MAarHUTHBIX HAHOMATEpPHUAJIOB BCE €IIE HAXOAUTCSA
Ha HAYaJIbHOM JTare pa3BUTHUA. TeM HE MEHEE MOCTYII-
Hast THpOpMAITUsI U3 TUTEPATYPhl YKa3bIBACT HA TO, UTO
CYIIECTBYET MOTEHIIAA ISl IOTyYeHUs Ty qIIero KOH-
TPOJISL HAJl pa3MepPOM, paclpeie]ICHHEM 10 pa3Mepam,
KPUCTAJUIMYECKON CTPYKTYPOH U (POPMOI MarHUTHBIX
HaHovactuil (MHY) kak B MeKOMacIITaOHbBIX, TaK U B
KPYITHOMACIITaOHEIX IIporieccax [26, 27].

KomnakTHasi cucrema yIpaBieHUS TEXHOJIOTHYE-
CKHM MPOIECCOM — 3TO 3(P)EeKTHUBHBIA WHCTPYMEHT,
KOTOPBIN YCKOPSIET ONTUMH3ALIUIO TTAPaMETPOB CUHTE-
3a u onpeneneHue xapakrepuctuk MHY nyis Hanome-
TUITUHCKUX, TEPAHOCTHYECKUX U OMOCEHCOPHBIX MPH-
JIOKEHH Ha OCHOBE SZIEPHOTO MATHUTHOTO PE30HAHCA
(SIMP). Co3nana u ucnbiTana [28] Takas aBTOMaTHU3H-
pOBaHHas CHCTEMa, KOTOpasi OOBEAMHSIECT MUHHUATIOP-

Hbll SIMP-penakcoMeTp U MPOTOYHBIH MUKPOPEAKTOP
JUI CMHTe3a W ompeneneHus xapakrepuctuk MHY
Ha OCHOBe okcupa xene3a. CpoiictBa SIMP-penakca-
[IMY KOJINYECTBEHHO OLIEHMBAJIUCH B TI0JI€ TOCTOSTHHO-
ro marauTa uHAYKOuen 0,5 T nis u3mepeHus Bpeme-
Hu nioriepeunoit (T2) u npononwroit (T1) penakcammm.
HanouacTuiisl ¢ pa3MepoM KpHUCTAJUIUTOB OKOJIO 25 HM
MOJTYYaJId COOCaKICHUEM B MUKPOQIIFONTHOM PEaKTO-
pe ¢ TPEXMEPHOH TUIPOTNHAMIIECKON (POKYCHPOBKOM
MOTOKA, YTOOBI H30€KaTh 3aCOPCHUS KaHAJIOB.

[Ipennoxen MUKPODIOUTHBIN METO/I CHHTE3a Mar-
HUTHBIX (IIyopecieHTHBIX JunocoM [29]. MHY Obutn
(YHKIIMOHAITU3UPOBAHB aMUHOTPYIIION B MHUKPO-
(hrOMIHOM peakTope W 3aTeM KOBAJICHTHO CBS3aHBI
¢ KapOOKCUIILHBIMH TPyTIIIIaMHU, UMMOOUTH30BaHHBIMU
BHYTPH JIMIIOCOM. Takue JUIOCOMBI 00Majain Xopo-
11ei OMOIOTMUECKOi CBA3BIBAEMOCTHIO 1 HAKOIIJICHHEM
MO/ IEMCTBHEM MarHUTHOT'O TIOJSI.

B pa6ore [30] mpomeMOHCTpHPOBAHO, YTO MHUKPO-
(dmromaHas dnekTporiopanus MoxkeT dhdekTHBHO
ciocobctBoBaTh cuHTEe3y MHY, MOKpBITHIX OHOMU-
METHUYECKOH KIJIETOYHOW MeMOpaHoil. MarHuTHbIe
HanouacTuubl Fe,O, W BE3UKYIBI, MOMYYCHHBIC H3
MeMOpaH sputporuToB (RBC-Be3uKkysibl), BBOAMINCH
B MHKpoQIIonIHoe ycTpoiicTBo. Korma cmech mar-
HUTHBIX HaHoudacTull U RBC-Be3ukyn mporekana ue-
pE3 30HY NMEKTPONOPALINH, HIEKTPUUECKHE UMITYIIBCHI
cnocoOctBoBanu npoHukHoBennro MHUY B RBC-Be-
3ukynsl. [locne storo momydeHHsie RBC-moxpoiThie
MeMOpanoit MHUY cobupanuch ¢ 4nma ¥ BBOIUIINCH
AKCIEPUMEHTANBHBIM KUBOTHBIM [JI1 TECTUPOBAHUS
in vivo. bnarogaps XOpOUIMM MarHUTHBIM U (OTO-
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TepMuueckuM cBoiictBaMm sigep MHY u nnurensHOU
LUPKYJISIIUH B KPOBHU, XapaKTEPHOHN /I MEMOpaHHBIX
000JI0YEK DIPUTPOLUTOB, MONYYECHHBIE HAHOOOBEKTHI
WCTIOIB30BAJINCH /IS KOHTPACTHO-YCUJIEHHOW MarHHUT-
HO-pEe30HaHCHON Tomorpaduu omyxoned u ¢GoToTep-
MMYECKOH Tepanuu.

OyHKIHMOHATM3UPOBAHHBIE T'HATyPOHOBOH KHC-
notoi Hanowactuubl KGAF,, nerupoBannbie nanTa-
HOWJIaMH, ObUIM CHHTE3WPOBAHBI B JIBAa dTana Ha MU-
kpodurroniaoit  Ttatdopme [31]. MukpodaronTHbIH
cunre3 nanodactunl KGdF,, neruposannbix Ln’', 6611
OCYILIECTBJICH MTPU KOMHATHOW TeMIlepaType B Hempe-
PBIBHOM PEXHME C UCTIOIH30BAHUEM YHIIA C YETHIPHMSI
Bxojiamu. Ha BTopom stane B otaensHoM M®Y ¢ T-To-
nojioruei Ha nopepxuoctu Hanoyactun KGdF,, neru-
poBaHHBIX Ln*', mpu moMOILIM 3IEKTPOCTATHYECKON
aJIcopOLMU HETPEPhIBHO UMMOOUIIM30BaIach TUaly-
poHOBasi KUcIOTa. J{MCTIepCHBIN COCTaB TONYYEHHBIX
HaHOOOBEKTOB OBIJT OAHOPOIHBIM, OHU TTOKAa3ajiy BbI-
COKYI0 OMOCOBMECTHMOCTH, LEJICHAIIPABICHHOE KJle-
TOYHOE TIOIIOLIeHUe, (HOTONIOMUHECHEHTHBIE U Mar-
HUTHO-PE30HAHCHBIE CBOMCTBA.

B HMMUI] um. B. A. AnmazoBa coBMecTHO ¢ MH-
CTUTYTOM aHAJIMTHYECKOTO MPHOOPOCTpoeHHs Oblia
paspaborana Tomonoruss M®Y nns cuaTeza MHU.
W3HauanbpHO OBLIO BBISIBJICHO, YTO O YaCTHIBI MarHe-
THTA B XOJI¢ MPOBEJICHHUSI XUMUYECKOW peakuu oce-
MAlOT Ha CTEHKaX KaHajla, CO3JaBasl arperarbl, 4TO
B Y3KOM IIPOXO/IE anlepTypbl MIPUBOAUT K 00Pa30BaHHIO
3aKYMOPKHU KaHajla ¥ CHJIBHO 3aTPYAHSET MPOTEKaHUe
MOTOKOB (pHC. 6, @). YBeNUUUBasl aBJICHHUE, IPOOUTH
3aKyTIOPKY eIl MPEICTaBIAETCS BO3ZMOKHBIM, HO B KO-
HEYHOM HTOTE BCS TIOBEPXHOCTH KaHaJa 3arPA3HIETCA,
Y TIPOBEJICHNE CHHTE3a HEBO3MOXKHO (puc. 6, 6). He pe-
maeT mpoodieMy M J00aBlieHHE Pa3IMYHBIX MOBEPX-
HOCTHO-aKTHUBHBIX BEIIECTB.

a

[lo yka3aHHBIM IpUYUHAM OBLIIO IPUHSTO PELICHNE
otkazatbes oT cuate3sa MHY B MY ¢ T-o6pasHoii To-
MOJIOTHEH U pa3padoTaTh 0oJiee CIOKHYIO CXEMY CHH-
te3a. OHa mpeacTaBisieT co0oii cucteMy n3 4 BXOIHBIX
uHTepeicoB n 1 BBIXOJHOTO, COCIMHEHHOI'O CHUCTE-
Mo# kaHasoB (puc. 7). Uatepdeiicel 1 u 2 npennasna-
YeHBI JUIS TIOJaYi HeNPEPBIBHON Cpesibl U3 MUHEpab-
HOTO MacJia. /[Ba pa3iuMyHbIX BXOJa JJIsl OAHOU Cpebl
HEOOXOIMMBI IS MOAA4YU Macja ¢ Pa3IndHON CKOpo-
CTBIO, UTO peaIN3yeT M0J1a4y MUKPOIMYJIIbCHI BOIHBIX
PacTBOPOB C Pa3IMYHON CKOPOCTBIO U TEM CaMBbIM I10-
3BOJISIET TMPOBOIUTH d(PPEKTUBHOE CMELIMBAHHE C TIO-
MOUIbIO BHYTPEHHEH PELUpPKYISIIMM BHYTPHU KaIllu.
Wutepddeiice 3 u 4 npeqHa3HAYEHBI JJ15 TIOCTYTUICHUS
B KaHaJIbI BOJHBIX PACTBOPOB Cyib(dara xeje3a U Iu-
JlpaTa aMMHaKa, KOTOpbIE SIBISIOTCA JIUCIEPCHBIMU
(dazamu. B mepekpectusix 5 peanusyercs karieoOpa-
30BaHHE BOJHBIX PACTBOPOB METOIOM (DOKYCHPOBKH
MOTOKA. Jlanee Kamu MoCcTyNnaroT B PEAKIUOHHYIO Ka-
Mepy 6 ¢ MaCCUBOM CTEHOK JJIsl TOPMOXKEHHUSI Kareb.
3mech MPOUCXONNT UX CIUSHHUE U MPOJIBIKCHUS 1aiee
M0 KaHajiaM. 3MEeBHIHBIN y9acTOK KaHaJIOB 7 HE0O-
XOIIUM AJIs JIy4LIero nepeMennBanrs oobemMa Karenb
MOCPEJCTBOM PEaKIMU AUCIIEPCHON (pa3bl Ha CTEHKAX
kaHana. UHTepdeiic 8 CiyKUT i BBIBOJIA IPOTYKTOB
peaxkuuu uz MOY.

MukpodnonagHbI CUHTE3 U CUCTEMDI
TepaHOCTUKHU

Tepanoctuka ornpeznenseTcs B TOM YHCIIE KaK ITOJ-
X0 K pa3paboTke (hapMareBTUYECKUX KOMITO3HIIHH,
3aKJIIOYAIOIIUICS B KOMILJICKCHOM PpEIICHHH Tepa-
NEBTHYECKUX M JIMArHOCTUYECKHUX IMPOOJIEM IyTeM
CO3IaHUS TIPEnapaToB, KOTOPBIC SBISIOTCS OIXHOBpE-
MEHHO M CPEICTBOM paHHEH IHAarHOCTHUKH, M Tepa-

6

Puc. 6. 3arpsasHeHue M®Y c T-o6pa3Hon Tonosoruei npm cuHtese MHY:
a — nepBoHayvanbHoe 3arpsa3HeHue; 6 — nosiHoe 3anoJsiHeHue
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1 Fnyduma karanalb - 50 mxm
2 Wypura karnanob - 50 mwm

208

a

6

Puc. 7. Tononorna M®Y aona cuHTe3a MarHUTHbIX HaHo4YacTul, (@) U cycneH3uda Kanesb,

copepXalwmx HaHo4acTubli (6)

MEBTUYECKUM areHToM [32]. AMEpUKaHCKOE HAaydHOE
COOOIIECTBO BBIJIENSIET TEPAHOCTHKY KaK YacTh Mep-
COHaJIM3UPOBAHHOM, MPEIIU3UOHHON MEIUIIUHBI, B KO-
TOpOM JIeKapcTBa MOAOWPAIOTCS WHIUBUIAYAIBHO IS
Ka)KJIOTO TAalleHTa Ha OCHOBE €ro MPOrHO3HPYEMOI0
OTBEeTa WU WHIMBHIYaJIBHOTO pHCKa 3a00JCBaHUS
[33]. I B TOM 1 B ApyroMm cirydae IJis CHHTE3a T0100-
HBIX O0OBEKTOB JOBOJIFHO MHTEPECHBIM SIBIISETCS MPH-
MEHEHHE MUKPOQIIFOMIHBIX CUCTEM C HECKOJIbKUMH
kackagamu. [lyOnukanuu Mo TEepaHOCTHUKE COTJIACHO
6a3e manubix PubMed ucxomst u3 90-x rogos, rue As
pa3paboOTKH JIEKapCTB CTaJl MPUMEHATHCS CHCTEMHBII
MTOJIXOJl, OCHOBAHHBIN HA TOYHOCTH M CEIEKTUBHOCTH
[34]. IIpu aToM cam TepMuH ObL1 BBeneH DyHKXay3e-
poMm B 2002 rony u onpeneseH Kak MHTErpamus JByX
MOJATBHOCTEH, TO €CTh Teparuy U MEIUIIUHCKON BH-
3yaJu3allii B €UHBIA «TAKeT» MaTepHayia Juisl Tpe-
OJIOJICHUSI HEXKENaTeTbHBIX BapHalluii B Ouopacrpese-
JIeHWU " TepaneBTudeckor 3ddextusHocTH [35]. Ilpu
3TOM KOJIMYECTBO MYOJUKAIMK 10 3TOH TEMaTUKE He-
M3MeHHO pacteT (puc. 8. a). Mukpodmonanka crana
aKTHBHO Pa3BUBAThCsS B Ha4asle HYJEBBIX TOMOB (pHC.
8. 0), U KOMMYECTBO cTaTell Tak)Ke HEYKJIOHHO BO3-
pactaeT. OfHAKO CYyIIECTBYET JIMIIb OTPaHUYEHHOE

KOJIMYECTBO IMyOJIMKAIIMI 10 TeMaTUKE MPUMEHEHUS
MHUKPOQIIIONANKH B TEPAHOCTHUKE, HE MPEBBINIAIOINICE
Ha CeTOTHANIHUHN AeHb cTa MyOIuKanuii B rof (puc. 8.
B). [lo-BuMOMY, 3TO CBSI3aHO CO CIIOKHOCTSIMH CHH-
Te3a U MOIU(pHUKAIUYA HAHOOOBEKTOB B Y3KUX KaHAJIaX.

B HacTosiiiee Bpems 3a7a4a CHHTE3a 00BEKTOB Te-
PaHOCTHKH Ha OCHOBE MHUKPOQIIOUIHBIX TEXHOJIOTHHA
CBOJIUTCS K JIByM aclleKTaM: CHHTE3 CaMHX HaHOYa-
ctull U ux Mmoaudukanus. s 3TOro mpuMeHsOTCS
M®Y paznuunbix Tononorui [36]. OOIas cxema Tako-
IO CHHTE32 MOXKET OBITH NMPOMLTIOCTPHPOBAHA PUCYH-
koM 9. OHa BKJIIOUAET CMHTE3 HAaHOUYACTHII, creiicepa,
MMMOOWMITM3AIMIO JICWCTBYIOMIETO BEIIeCTBa, HaHece-
HUE 000JIOUKH, UMMOOHIIM3AIIUI0 KOHTPACTa, a TaKXKe
OYUCTKY OT MPOMEKYTOUYHBIX IPOIYKTOB PEaKIUU
[37]. Ha xaxmoii cTtamguy BO3MOXKEH KOHTPOJH OIIe-
paruu. [Ipu cuHTE3e HaHOYACTHI] 3TO KOHTPOIb pac-
MpeAeseHuss Mo pa3MepaM METOIOM TUHAMHYECKOTO
ceetopaccesaust (DLS) [38], Ha cTagusx UMMOOHUIIH-
3anuu Jeiictryomux BemectB — UK-Oypbe ananus
[39], mpu mmmobmIM3amH GiryopodopoB — 310 hIry-
opecueHTHbIN aHanus [40, 41]. Bce aTu Buabl ananusa,
a takxe [ILP u npyrue MoxHO peann3oBaTh B OTAEIIb-
HBIX MEKpouumax [42—46].
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a — theranostics; 6 — microfluidic; B — microfluidic & theranostics

Puc. 8. KonuyecTBO ny6nmnkauuii:
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Florescent probes

Contrast agents

Quantum dots
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CHHTE3 HAaHOYACTHII
(HHIT)

KonTpons pazmepon
(DLS YMUIT)

Cunre3 crieiicepa Ha
MOBEPXHOCTHU
Hanogactuir (YUII)

KonTpous cnielicepa
(FTIR YHIT)

Nmmobounu3anus
JIEUCTBYIOIIETO
BemecTsa (JIC, YUII)

KonTpoas JIC
(FTIR YHUII)

Cuuares 0007104KHN
(UMIT)

KonTtpomas 0605104k
(FTIR YHIT)

NMmmoOunnu3anus
koHTpacta (UNIT)

diyopumetp
(FLU YHIT)

TepanocTuueckas
HaHOKOHCTPYKITUS
(pe3ynbTar)

Puc. 9. O6ww,an cxeMma CUMHTE3a O6DBEKTOB AJ1 TEPAHOCTUKMN

CEHCOPbI HA OCHOBE
MUKPO®PNTIONAHDBIX CUCTEM

WMuTerpanusi MHUKPOYCTPOMCTB € pa3IMYHbIMU
KOHCTPYKIHUSIMH MHKPOCXEM TPHBENA K yBEITHYECHUIO
(hyHKIIMOHAIFHOCTH aHaju3a C WCIOJIh30BaHHEM Ta-
KUX CHUCTeM. Tak, ¢ TIOMOIIbIO OBICTPBIX M YYBCTBH-
TEIBHBIX MHUKPO(IIOUIHBIX CUCTEM MOYKHO OOHapy-
JKUBATh Pa3jIMYHbIe OUOIOrHYECKHE OOBEKTHI, TAKUE
Kak OeJTK1, HYKJIEWHOBBIE KHCIOTHI, KJIIETKH, ITATOTEHBI
U T. 1. [47-49]. OnHako MHTEPECYIOIINE UCCIEI0BATE-
nieil 00bEKTHI MOT'YT UMETh HE TOJIBKO OHOJIOTHUECKY IO
MIPUPOJLY, HO TaKXKe CONEPIKATh Crieli(pruIeckre HOHBbI,
pacTBOpeHHBIE Ta3bl, JekapcTBa U TokcwHBI [50]. Tlo-
ATOMY MHUKPOQIIFOHIHBIE OMOCEHCOPHI HAXOMAT IPH-
MEHEHHE B Pa3JINYHBIX O0JIACTSAX, HALIPUMEP, IS JTH-
arHOCTHUKH 3a00JieBaHuit [S1], KOHTPOJIsSI OE30MIACHOCTH
MHAIIEBEIX MPOAYKTOB [52] 1 MOHUTOPHHTA OKPYKalo-
et cpensl [53].

B nacrosiee BpeMst HanboJee 4acTo UCTIOAb3YeTCsl
MuKpodroniHas niaardopma, U3BECTHAsI KakK «iabo-

paropusi-Ha-yune» (JIHY) win cucrema moiaHoro mu-
kpoaHanu3a (micro-TAS) [54, 55].

YerpoiicTBa Ha ocHoBe TexHooruu JIHY o0benu-
HSIOT HECKOJIBKO JTAaOOPaTOPHBIX (DyHKIIMH HA OJHOM
KPUCTAJIJIE Pa3MEpPOM OT HECKOJbKHMX KBaApPaTHBIX
MUJIJTMMETPOB JI0 HECKOJBKHMX KBaIpaTHBIX CaHTH-
MeTpoB. Ilo cpaBHEHHIO ¢ OOBIYHBIMH CHCTEMaMU
9TH TIaTGOPMBI 00JIaTal0T MHOXKECTBOM IIPEUMY-
[IeCTB, HANPUMEpP BBICOKMM OTHOIIECHHEM MOBEPX-
HOCTH K OOBEMY, TOYHBIM KOHTPOJIEM MXUIKOCTH,
HU3KHAM pacxoJoM OOpa3loB M BBICOKOH CTEICHBIO
HUHTCrpaniuu ¢ (bYHKIII/IOHaJ'II)HI)IMI/I KOMIIOHEHTaAMHU
[56]. CymecTByoT MHUKpO(hIIOUIHBIE OHOCEHCOPHI
Ha KpHCTaJlJe, MpelHa3HauYeHHbIC AJIS TaK Ha3blBae-
MOM AMAarHOCTHKH IO MECTYy JieueHus — «point-of-
care» (POC) [57]. Mukpodmronarka odecrneunBaet
MPOCTOC W OBICTpOE TMPOBEIACHUE aHaM3a HEOOIb-
mux o0pasnoB. bomee Toro, B MUKPO(IOHITHBIE
MHKPOCXEMBI MOT'YT OBITh BCTPOCHBI HECKOJIBKO J1aT-
YUKOB M 30H BOCHPHATHS JJIsl HOBBIIICHUS UX TOJIE3-
HoctH. [IpennonaraeTcs, 4ToO UACaNbHBIN OMOCEHCOD
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Ha KpUcTajule OyAeT HeAOPOrMM, KOMIIAKTHBIM, ObI-
CTPBIM U UyBCTBUTEIBHBIM.

HenaBHO ObL M3rOTOBJICH I'MOKHI M JIETKO TSHY-
LIUICS DIEKTPOXUMHUYECKH naTuuk [58], mHTEerpu-
poBauHbIE B M®Y. DTO TO3BOJSIET MOIEIHUPOBATH
¢usnonornueckue 1 OMOMEXaHMUYECKHE IapaMeTpsbl
KPOBEHOCHBIX COCYJIOB in Vivo W OJHOBPEMEHHO OT-
CIIe)KMBATh MEXaHUYECKH WHIYIHPOBaHHBIE OHOXU-
MUYECKHE CUTHAJBl B PEXUME PEajbHOIO BPEMEHHU.
Pa3zpaboran MuKpoQuIIONMIHBIH OWOCEHCOp IS OH-
JAH-4yBCTBUTEIBHOTO OOHAPYKECHUS CaJIbMOHEII
Ha OCHOBE MMMYHO-MarHUTHOT0 pa3ieseHus, ¢uryopec-
LIEHTHOH MapKHpPOBKH M OOpabOTKH BUAEO HA CMapT-
(hone [59]. MarauTHBIC HAHOYACTHITHI UCIIOJIH30BAINCH
JUTst pasfenieHus U 3(pQEKTUBHOIO KOHLIEHTPUPOBAHMUSI
LENIEBBIX OaKTepui, B pe3yibTaTe 4ero Obuid chopMu-
pOBaHbI MArHUTHBIC OAKTEPHH, KOTOPBIC 3aTeM OBLIH
rmoMeveHs! (hiryopecrieHTHRIMU MEKpochepamu. [locie
3TOro (hyopeclueHTHbIE OaKTEpHUH HENPEPHIBHO BBO-
mutck B MOU u moacBeunBanuch (hiyopeciieHTHOM
MHUKPOCKOIIMYECKOH CHCTEMOW, a (IIyOpeCICHTHBIC
MATHA MOJICYUTHIBAIIUCH B PEKHUME OHJIAIH C TOMOIIIBIO
MPUIIOKEHHUST AJ1 cMapTdOoHAa HAa OCHOBE AJITrOpUTMA
MEKKaJIPOBOI'O Pa3IuuMsl ISl ONpelesieHNus KoJauye-
cTBa OaKTepHil.

Onnoit n3 pasznopuanocteit JIHY sBisieTcst TexHO-
norus «opran-Ha-uumney» (OHY), koropast BO3HUKIIA U3-
3a CTPEMJICHHUS 3aMEHUTH 3KCHEPHUMEHTaIbHbIE MOJe-
JIM Ha )KUBOTHBIX [60].

[Mnardpopmber OHY — 3T0 HOBOE MOKOJIEHHE TpPEX-
MEpPHBIX MOjIeJel KYyJIbTYp KIJIETOK, KOTOpbIE JIydYIlle
UMUTUPYIOT IUHAMHUYECKHE, (PU3NKO-XMMUYECKHUE,
OMOXMMHMYECKHE W MHUKPOapXHUTEKTypPHBIE CBOHCTBA
MHUKpOCPEIbl KUBBIX OpraHoB. MUKpogu3HoIornye-
CKHE CHCTEMBbl Ha OCHOBE «OpTraH-Ha-4uIe» SBISIOTCS
TUOKMMH U MOT'YT OBITh CKOHCTPYHUPOBAHBI TAKUM 00-
pa3oM, 4TOOBl HIMUTHPOBATH TPeOyeMble TUIIbI OPIaHOB
W TKaHeW AJIs Ipolecca OTKPBITHS U pa3paboTKu Jie-
kapcTB [61, 62]. Hanpumep, ans uccnenoBanuii Gpusu-
YeCKUX M (PU3MOIIOTHYECKUX aCMEeKTOB aJIbBEOJISIPHON
TKaHU UCTIOIB3YETCS MOJCIb «JIeTKoe-Ha-aute» [63].

BaxxHpIM HampaBieHHEM B Pa3BUTUU TECTOBBIX
MUKpPO(DIIOUIHBIX CHUCTEM SBJISIETCS JHArHOCTHU-
Ka BHPYCHbIX 3a0oyieBaHul. Takue CHUCTEMBI MOTYT
OBITH OCHOBaHBI Kak Ha TexHojorunm OHY, Tak u Ha
omocencopax mist POC. OgHUM W3 TaKUX CEHCOPOB
aBigeTcs wiaTgopma Ha 6aze cmapTdoHa AJs BBICO-
KOYYBCTBHUTEIBHOIO W CEJICKTUBHOTO OOHApPYKEHHUSI
BHpYCa NTUYBETO TPUIIA Ha OCHOBE KOJOPHMETpHYE-
CKOHl IETeKIMH C HCIOJIb30BaHHMEM HAHOMAaTEpPHAJIOB
[64]. TpexMepHble HAHOCTPYKTYPBL, KOTOPbIE CIyXKaT
KapKacoM JJIsl KOHBIOTallUi aHTUTEN IS 3aXBaTa BU-
pyca NTHYBEro T'PUIIIA, U3TOTOBJIEHBI Ha CTPYKTYpax
ux [IJIMC B ¢opme enodku ¢ HCIIONB30BAaHUEM IIa-

6mona manoctepxkueit ZnQO. Ilocne 3axBara Bupyca
KOJIOpUMETpPUYECKasl Peakilusi Ha OCHOBE HAHOYACTHII
30JI0Ta Ha KPUCTAJIJIE MTO3BOJISET OOHAPYKUBATH BHPYC
HEBOOPY KEHHBIM TJ1a30M. B kadecTBe nmpumepa TecTo-
Boii cuctembl Ha ocHOBe OHY MokeT cny)kuTh pabota
10 U3YUYEHMIO B3aUMOJIEUCTBUI BUPYC—XO3SIMH U peaK-
[IMH 9eTI0BEeKa Ha MOJEIAX <JIETKHEe-Ha-UnTey» U «KH-
IIEYHUK-Ha-quIe» [65].

Ha ceromusimamii A€Hb OCTPO CTOUT MpodieMa
nerektupoBanusi Bupyca SARS-CoV-2. OcHOBHBIMHU
METOJIaMH TUATHOCTUKH celdac sIBISIIOTCS TEeHOMHBIC
(Bxmrogarorue B ce0st metoas! I1L[P, OT-ITLIP B peanb-
HOM BpPEMEHH, CEKBEHHPOBAaHWE) U CEepPOJOTHYeCKHe/
MMMYHOJIOTHUECKHE TECTHI (CPOKyCHPOBaHHbIE Ha 00-
HapYKCHUU aHTUTEI UM aHTHTEHOB B OMOJIOTHYECKUX
obpa3smax, B3sATHIX Y manueHToB). [Ipu BEICOKOM cTerre-
HU JOCTOBEPHOCTH JAHHBIX METOJIOB Y HUX €CTh DA
3HAYUTEIbHBIX HEJOCTATKOB, BBIPAKAIOIIUXCS B BBI-
COKO ce0eCTOMMOCTH, MPOAOIIKUTELHOCTH aHAJIN3a
U 3aBUCHMOCTH TOYHOCTH PE3YJIbTaTOB OT CIIOCOOOB
3a0opa Marepuaia, COONIONECHUS YCIOBUN XpaHEHWS,
TPAHCIIOPTUPOBKU M TMOATOTOBKU 00pasmoB. Bce 3To
OCJIOKHSIET MPOBEACHHE MAacCOBOTO CKPHHMHIA, OCO-
OCHHO B OT/IQJICHHBIX PErHOHAX C HEIOCTATOYHO Pa3BH-
TO MHPpacTpyKTypoil [66—69]. HacTp 3THX mpodiem
MOYXHO PEIINUThH C MOMOIIBI0 TEXHOJIOTHH UMMOOHIIH-
3alM1 BUPYCHBIX aHTUT'€HOB MJIM OEJIKOB €0 MUIICHEH
Ha MIOBEPXHOCTH HAHOYACTHIL C MOCICAYIOUINM HX HC-
MOJI30BAHUEM JIJISI ONIPEJICNICHHUSI MAPKEPOB BHPYCHOM
nHpeKnnn (Kak HYKJIEWHOBBIX KHCIOT W BHPYCHBIX
OenKoB, TaK W aHTWUTE] NPOTHUB HHX). B mocnemnue
TOJIbl HOBBIC METOJIbl HAHOIMATHOCTUKH Ui PAHHETO
YyBCTBUTEJIBHOTO OOHAPY KEHUS BUPYCHBIX HHPEKIIHHA
paccMaTpuBarOTCS B KauecTBE HanOoJiee JTOCTYITHBIX
1 3G HEKTUBHBIX B YCIOBUX artnieMuu. OHH He Tpedy-
10T 0OJIBIIOTr0 00beMa HcCIeAyeMoro oopasna, crenu-
aJbHOW MPOOOIOATOTOBKH W MOTYT HCIOJIb30BATHCS
JaKe B JIOMAIIHUX YCIIOBUSIX, YTO CHIIKAET PUCK Iie-
peKpecTHOTO WHOUIHPOBAaHUS OKpy)aromux [70].
C uenpro yCHIIEHHUS CUTHAJA MPHU JIeTEKIINH ITaTOTEHOB
MOBEPXHOCTH HAHOYACTHUL[ JIETKO MOAM(DUIUPYIOTCS
NOJMBAJICHTHBIMH JIMTAHAAMU WA JIPYTUMH OHOMO-
nexkynmamu [71]. @OyHKIIHOHANIH3ANHS TIOBEPXHOCTH
MPHUIaeT HAHOYACTHIIAM CITOCOOHOCTH B3aMMOJIEHCTBO-
BaTh CO CIEUU(PHUUECKIMH OnoMapKkepaMu HHPEKIUH,
TakuMu Kak BupycHas PHK, BupycHbie Oenku u Bu-
pyccrieniuduueckne antutena [72, 73]. YHUKaTbHBIC
(hMBUKO-XUMUYECKUE XapaKTePUCTHKHA HAHOYACTHUIL
(orrTHYECKHWe, pEaKIMOHHbBIE W/WIH (IIyOpPECIEHTHBIC
CBOMCTBa) MO3BOJIAIOT WM IpPeoOpa3oBbIBaThH (HakT
B3aMMOJICHCTBHSI ¢ OMOMapKepaMu B H3MEPSIEMbIE CUT-
HaJbl neTeknuu [74, 75]. Bee aTo mo3BomsieT chopmy-
JUPOBATh HOBYIO CXEMY JETEKTHPOBAHUS BHPYCOB M,
B yactHoct, COVID-19 (puc. 10).
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VYriepoaHbie KBAaHTOBbBIE
touk# (CQDs)

v 350 um

Perucrpanus
(iryope cieHIuu/TareHus

Dddexr ramenus
duryope cieHIIuu

Ilomaua 8 YUII
onomMarepuana

Konsroruposanue ¢
aHTHUTEIaMU

Ilogaya B ynm CQDs ¢
aHTUTEJIaMHU

Puc. 10. O6wan cxeMa ceHcopa Ha OCHOBe raweHus ¢ayopecueHLUU yriepoaHbiX

KBaQHTOBbIX TOYEK

OCHOBHBIM KOMIIOHEHTOM CHCTEMBI SIBIIsSIETCS (ITy-
opectieHTHBIHN areHT (PA), KoTOpoMy CBONCTBEHHO Ta-
nieHue (payopecueHIMH IPpU CHIKCHUHM WHTEHCUBHO-
CTH MHAYLHPYIOLIEr0 U3JIy4eHUs TNO0 CMEILIEHUHU €ro
JUTMHBI BONIHBL B kayectBe @A MOryT BBICTYNATh KOJI-
nouanble kBaHTOBble Touku (KT), koTopsle 1O cBOEiH
(msmaeckoit mpupone ABIAt0TCS HaHodacTuamu. KT
KOHBIOTHPYIOTCS C aHTHTEIaMH K BHPYCY JIHO0 ¢ Oe-
KOM, KOTODBIH SIBJISIETCS TPOIHBIM K KAaKOH-THO0 YacTH
Bupyca. Takoii KOHBIOraT MOXKET OBITH 3alyIICH B Ka-
Hall MI/IKpO(I)JIIOI/I)IHOI‘O quria, ric CMEImnBacTCAa € Kpo-
BBIO M IIOCTYNAET HA AETEKTUPOBAHHUE B IPYIOH UHIL
Cxema MOXeT ObITh MOPTATUBHOW M aAallTHPOBAHHOM
JUTSL pa3IMYHBIX BUPYCOB.

3AKJTKOHMEHUNE

HecmoTpst Ha OTHOCHTENBHO HEIAaBHEE Haydalo
MPUMEHEHUS] MUKPOQIIIONIHOTO CHHTE3a, OH MOKa3all
XOpOULIYIO CIIOCOOHOCTH K BOCHPOHM3BEICHUIO MHKPO-
1 HAHOYACTUIL] B KOHTPOJINPYEMOH cpee.

Yenemnslii CHHTE3 U TPUMEHEHHE MUKPO- U HAHO-
YacTUI HA OCHOBE MUKPOQIIONIUKH 00JIaiat0T CIey-
IOIIMMH OCOOCHHOCTSIMU:

1. Beictpoe ¥ gocraroyHoe TepeMelIBaHHE
B MUKPO(IIIONAHBIX KaHaIaX IPUBOIUT K MOHOAUCIIEPC-
HBIM YaCTHLIAM C OTHOCHUTEJIEHO BHICOKMM BBIXOZIOM.
2. Konrponp 3a ycioBusiMH CHHTE3a MO3BOJISI-
€T TOYHO PEryaupoBarh (PU3MKO-XHUMHUYECKHE CBOMCTBA
Y MUHHUMH3HPOBATH UX OTKIOHEHUE OT MAPTUH K MAPTHH.
3. CucrtemaTnueckass MHTErpalysi HECKOIBbKHX
MIPOLEAYP B €AMHOE MUKPODIIONIHOE YCTPONUCTBO TO-
3BOJISIET MPOU3BOJUTH MUKPO- U HAHOYACTHUIBI C JKeJa-
€MOM CJI0KHOU CTPYKTYPOU 3a OJIMH STaIL
4, TexHOMOTHSI MUKPOPEAKTOPOB 0OECIICeINBACT
yIy4IIEHHOE YIIPABICHHE IPOLIECCOM Ha OCHOBE YETKO
OIpeJeNICHHBIX MUKPOCTPYKTYP aKTUBHOH 3JIeMEHTap-
HOHU sIYEKH, KOTOpble MOTYT OBITh BOCIHPOHM3BEICHBI
JUTSI TIONTyYeHUsT OoJiee BBICOKUX 00hEMOB XMMHYECKO-
I'0 IIPOU3BOJCTBA.

Bcee 3t mpenMy1ecTBa HO3BOJISIOT CHENIaTh BBIBOI
0 TIEPCHEKTHBE MACIUTAOHOTO HCIIONB30BAaHUSI MHKPO-
¢dmonauky Ui OMOMEIMIMHCKUX Lienel. B Hacrosiee
BpeMst yke OITM3KO K PaKTHYESCKON peann3anny nprumMe-
HEHUE MHUKPOQIIIONIHBIX YCTPOMCTB B TaKUX OOJIACTSIX,
Kak cWHTe3 JekapcTB [76], mpoBenenne I1[P-ananmza
[77], nna uccnenoBanus KieTok [78], cuHTe3a paguo-
(hapMareBTHUECKHUX MpenaparoB [79] 1 MHOTHX APYTHX.
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ABSTRACT

Currently, microfluidic devices are striving for implementation in many areas of biomedicine:
drug synthesis, theranostics, biosensors. Such devices provide fast and sufficient mixing in
microfluidic channels, make it possible to obtain monodisperse particles, including nanoscale
ones, to control the synthesis conditions and to precisely regulate the physicochemical proper-
ties of the resulting substances. Sensors based on microfluidics allow detecting various patho-
logical processes. The presented review gives an idea of the principles of constructing micro-
flow devices, chip materials, and reagent dosing systems. Examples of the use of microfluidics
in various fields are given.
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INTRODUCTION

Microfluidic reactors are devices designed for the
synthesis of substances and particles using small fluid
flows in channels of micro- and nanometer size. Al-
though microfluidic reactors were first developed in the
early 90s of the last century, new design solutions in
reactor topologies have found applications in medicine,
pharmaceuticals and chemical industries for diagnos-
tics, crystallization, chemical and combinatorial syn-
thesis, as well as rapid analysis methods.

The development of miniature reactors has many
potential advantages over more traditional methods of
synthesizing chemicals and particulates. Due to good
reaction control, low reagent consumption, high sensi-
tivity and safer working environment, microfluidic de-
vices have proven themselves well for larger production
of chemical compounds with clearly defined and prede-
termined properties. This improves the quality of chem-
ical substances for pharmaceutical industries as well.

APPLICATIONS OF MICROFLUIDIC
SYNTHESIS

Microfluidic technologies play an extremely im-
portant role not only in chemical synthesis, but also in
the synthesis of nanoparticles. Nanoparticles obtained
using microfluidic synthesis have found application in
such areas as medicine [1], electronics [2], cosmetology
[3], solar energy [4] and others. In general terms, the
application areas of microfluidic synthesis can be illus-
trated by Figure 1.

Due to the fact that the physical and chemical prop-
erties of nanoobjects depend on the size, shape and
crystal structure, in order to obtain materials with the
necessary characteristics and properties, their synthe-
sis requires precision control of kinetic and thermody-
namic parameters. Thus, the role of microreactors in the
synthesis of nanomaterials is reduced to two main tasks:
synthesis with controlled size, shape and structure and
regulation due to continuous flow processes.

MATERIALS FOR MAKING
MICROFLUIDIC CHIPS

The choice of microfluidic chip material (MFC) de-
pends on the purpose of its use and the reagents used in
the research.

Silicon, quartz, and glass are traditional materials for
large-scale production of microfluidic devices. MFCs
from these materials are made by photolithography [5].
Glass and silicon are used because of their thermal sta-
bility and compatibility with chemical solvents in crystal
reactions [6], droplet formation [7] and extraction [8].
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For rapid prototyping and research in the laborato-
ry, polymeric materials are usually used, which were
chosen because of the lower price and simpler MFC
manufacturing technology. One of the most common-
ly used materials is Sylgard 184 polydimethylsiloxane
(PDMS). This is due to a number of reasons. The lig-
uid PDMS Prepolymer is thermally cured at moderate
temperatures (40-70 °C) and can be cast with nano-
meter resolution using soft lithography from master
molds made from silicon, glass or photoresist SU-8
[9], its low surface tension makes it much easier to peel
off the templates after curing. The PDMS chip can be
reversibly and conformally sealed with another part
made of PDMS, glass or other substrate material by a
simple connection. However, when using PDMS, more
attention should be paid to the chemical compatibility
of polymers with the reagents used. In addition, many
polymers are not designed for use at high temperatures.

PRODUCTION OF PDMS-BASED
MICROFLUIDIC CHIPS

PDMS-based MFCs are made using soft lithography
methods.PDMS The sequence in the manufacture of
such chips is shown in Figure 2. To do this, the PDMS
base is first mixed with a hardener in a mass ratio of
10:1 and poured into a master mold, usually made of
silicon by photolithography, with a macroscale pattern.
A vacuum desiccator with a pump is used to remove
air bubbles. Degassed PDMS is placed in a hardening
oven for 4 hours at 60° C. The cured PDMS replica is
removed from the mold using a sharp blade. The seal-
ing of a PDMS replica with a glass plate can occur in
various ways, for example, by plasma treatment and
exposure to high-frequency currents [10]. After that,
the ready-made MFC is ready for operation. The above
manufacturing protocol is constantly being reviewed
and improved [11]. In this form, it has been used in mi-
crofluidic studies in recent decades [12—14].

MICROFLUIDIC DEVICE DESIGN AND
TOPOLOGY

The choice of the type of microfluidic device used
for the synthesis of nanomaterials should be approached
taking into account all possible factors. The simplicity
of the design leads to easy scalability of the process, but
reduces the quality of the nanomaterials produced.

Microreactors with more complex designs allow
better control over the properties of nanoparticles, but
scaling up the process can be a challenge. In this case,
it is preferable to use MFCs with topologies that assume
continuous operation, especially for nanomaterials that
are less sensitive to changes in reaction conditions.
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Figure 2. PDMS-based MFC manufacturing schematic

Tom N21 ‘ 1 ‘ 2021‘ 225



Microfluidic reactors for chemical synthesis can be
divided into three main categories: continuous lam-
inar flow reactors, segmented flow reactors and drop-
let-based reactors [15].

Continuous laminar flow microreactors include
only single-phase fluid flows. Several liquid reagents of
different composition and concentration are fed to the
MFC through the inlets. In these laminar flow-dominat-
ed microreactors, mixing is a key process for optimiz-
ing production.

The mixing methods can be divided into two large
groups. MFCs with flow focusing topologies can be
attributed to the first group. Hydrodynamic focusing
is one of the most important methods in microfluidic
synthesis of materials [16, 17]. Hydrodynamic focusing
always occurs in MFPs with topologies involving a tri-
ple-input channel consisting of one central inlet channel
and two lateral inlet channels positioned vertically or at
an angle (less than 90 °) to the central one. In addition,
the flow rate of the central channel is smaller than the
lateral ones, so that the average flow can be focused and
mixed with the lateral flows quickly and sufficiently.
The mixing time mainly depends on the flow ratio of
the lateral and central inlet channels.

The second group of mixing methods concerns
MFCs with topologies for conventionally more efficient
mixing. The simplest topologies most often represent
two inlet channels of a Y-shaped microfluidic reactor,
creating a supersaturated region at the boundary of dif-
fusion mixing between two mutually diffusing flows of
reagents.

The use of microstructures, such as straight micro-
channels [18], curved microchannels [19], spiral micro-
channels [20] and spinal mixers [21], can further in-
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crease the mixing efficiency by introducing disturbanc-
es and prolonging the mixing time of flows during the
synthesis of nanoparticles.

Segmented flow microreactors typically include sev-
eral liquid phase flows for reagents and one gas phase
flow for creating gas bubbles in order to isolate differ-
ent segments of reagents. Gas bubbles are formed due
to differences in surface tension between the gas and
liquid phases. In a typical design, two or more reagents
in liquid phases are introduced into the microreactor
through the inlets. Additional inlets and sections can be
added to the design depending on the requirements for
the reaction. Segmented flow microfluidic reactors may
become contaminated due to physical contact between
the reagents and the walls of the channel. Sometimes
this problem can be solved by analyzing the hydropho-
bicity of the channel walls.

One of the biggest advantages of droplet-based mi-
croreactors is the separation into parts, which helps
achieving rapid mixing, good time and reagents control,
as well as contamination-free microenvironment. Such
microreactors usually include several flows of disper-
sion liquid phase of reagents and a flow of immiscible
dispersion medium to form droplets. The simplest geo-
metric designs for droplet formation are T-shaped and
Y-shaped injectors [22]. The droplet size depends on the
channel width and flow rate.

One of the types of droplet-based reactors is an MFC
with a flow-focusing topology, designed for the manu-
facture of suspensions. The principle of operation of
such reactors is based on the “blowing off” of droplets
in a continuous stream. The application of this topology
is shown in Figure 3. At different flow rates, different
droplet sizes are obtained from 30 microns (Figure 3, a)

Figure 3. Examples of obtaining magnetic fluid suspension at different feed pressure of
mineral oil (P1 = 6.0 kPa) and magnetic fluid (P2):
a—P2=6.2kPa;b—P2=6.8kPa;c—P2=7.5kPa;d— P2=8.5kPa
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to 60 microns (Figure 3, d), which makes it possible to
regulate not only the suspension formation rate, but also
the dispersion.

REAGENT SUPPLY SYSTEMS

Fluids can be supplied to the microfluidic device by
a syringe pump (Figure 4, a) or under the action of the
applied pressure (Figure 4, b) [23]. The advantage of sy-
ringe pumps is a fixed volumetric flow rate, but they
also have a long response time and periodic pulsations.
The low response time makes syringe pumps unsuitable
for advanced droplet pattern formation, since the flow
rate and the resulting droplet formation rate cannot be
changed quickly. Pressure monitoring systems are able
to individually control the flow of multiple fluids simul-
taneously. They have a response time of up to 40 ms.

The flow in such systems is pulse-free, however,
there is a possibility of reverse fluid movement.

In addition to these traditional fluid supply systems,
manual syringes [24] and laboratory analogues [25] are
sometimes used.

For synthesis under laboratory conditions, a small
system can be used (Figure 5), consisting of a light mi-
croscope, a microfluidic pressure controller with a com-
pressor, capillaries and a personal computer with a pro-
gram for controlling the reagent supply system. Such a
system was developed at the Almazov National Medical
Research Centre in collaboration with the Institute for
Analytical Instrumentation.

MICROFLUIDIC SYNTHESIS OF
MAGNETIC NANOPARTICLES

Over the past decade, experiments using microflu-
idic reactors have demonstrated that it is possible to
control with high accuracy the physical properties of

various nanomaterials, such as quantum dots, nanopar-
ticles, nanotubes, nanowires and nanocomposites by
controlling the growth parameters of nanocrystals and
the kinetics of processes. In addition to microfluidic ap-
proaches based on laminar flow, experiments using mi-
crofluidic droplet methods for the synthesis of nanopar-
ticles have also been successful. At the same time, the
development of microfluidic devices for the synthesis
of magnetic nanomaterials is still at the initial stage of
development. Nevertheless, information available from
the literature indicates that there is potential for obtain-
ing better control over size, size distribution, crystal
structure and shape of magnetic nanoparticles (MNP)
both in small-scale and large-scale processes [26, 27].

The compact process control system is an effective
tool that accelerates the optimization of synthesis pa-
rameters and the determination of the characteristics
of the MNP for nanomedical, theranostic and biosen-
sor applications based on nuclear magnetic resonance
(NMR). An automated system has been developed and
tested [28] combining a miniature NMR relaxometer
and a flow-through microreactor for the synthesis and
determination of the characteristics of iron oxide-based
MNPs. The properties of NMR relaxation were quan-
tified in a permanent magnet field with an induction of
0.5 T to measure the transverse (T2) and longitudinal
(T1) relaxation time. Nanoparticles with a crystallite
size of about 25 nm were obtained by codeposition in
a microfluidic reactor with three-dimensional hydrody-
namic flow focusing to avoid clogging of the channels.

A microfluidic method for the synthesis of magnetic
fluorescent liposomes has been proposed [29]. The MNP
were functionalized by an amino group in a microfluid-
ic reactor and then covalently bound to carboxyl groups
immobilized inside the liposomes. Such liposomes had
good biological binding and accumulation under the in-
fluence of a magnetic field.

a b

Figure 4. Examples of reagent supply systems:
a — Harvard Apparatus Pump 11 Elite syringe pump;
b — Elveflow OB1 MK3+ microfluid flow controller
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Figure 5. Example of a microfluidic synthesis system: a — general view; b — chip
microscopy

It was demonstrated in [30] that microfluidic electro-
poration can effectively promote the synthesis of MNPs
coated with a biomimetic cell membrane. Fe 3 O 4 mag-
netic nanoparticles and vesicles obtained from erythro-
cyte membranes (RBC vesicles) were introduced into
a microfluidic device. When a mixture of magnetic
nanoparticles and RBC vesicles flowed through the
electroporation zone, electrical impulses contributed
to the penetration of the MNPs into the RBC vesicles.
After that, the resulting RBC-coated MNPs were col-
lected from the chip and injected into experimental
animals for testing in vivo. Due to the good magnetic
and photothermal properties of the MNPs nuclei and the
prolonged circulation in the blood, characteristic of the
membrane membranes of red blood cells, the obtained
nano-objects were used for contrast- enhanced magnetic
resonance imaging of tumors and photothermal therapy.

KGdF , nanoparticles functionalized with hyaluron-
ic acid and doped with lanthanides were synthesized in
two stages on a microfluidic platform [31]. Microfluidic
synthesis of KgDF nanoparticles doped with Ln ** was
carried out at room temperature in a continuous mode
using a chip with four inputs. At the second stage, in a
separate MFC with T-topology on the surface of KgDF
, hanoparticles doped with Ln **, hyaluronic acid was
continuously immobilized by electrostatic adsorption.
The dispersed composition of the obtained nanoobjects
was homogeneous; they showed high biocompatibili-
ty, targeted cellular absorption, photoluminescent and
magnetic resonance properties.

The Almazov National Medical Research Centre in
collaboration with the Institute for Analytical Instru-

mentation developed an MFC topology for the synthesis
of MNPs. Initially, it was revealed that magnetite par-
ticles during a chemical reaction settle on the walls of
the channel, creating aggregates, which in a narrow ap-
erture passage leads to the formation of a blockage of
the channel and greatly impedes the flows (Figure 6, a).
By increasing the pressure, it is still possible to break
through the blockage, but in the end the entire surface of
the channel becomes dirty, and synthesis is impossible
(Figure 6, b). The addition of various surfactants does
not solve the problem either.

For these reasons, it was decided to abandon the syn-
thesis of MNP in MFCs with T-shaped topology and de-
velop a more complex synthesis scheme. It is a system of
4 input and 1 output interfaces connected by a system of
channels (Figure 7). Interfaces 1 and 2 are designed to sup-
ply a continuous medium from mineral oil. Two different
inputs for the same medium are necessary for the supply
of oil at different speeds, which implements the supply of
microemulsions of aqueous solutions at different speeds
and thus allows efficient mixing using internal recircula-
tion inside the droplet. Interfaces 3 and 4 are designed to
feed the channels with aqueous solutions of iron sulfate
and ammonia hydrate, which are dispersed phases. In
cross-lines 5, droplets of aqueous solutions are formed by
by focusing the flow. Then the droplets enter the reaction
chamber 6 with an array of walls for inhibiting droplets.
Here they merge and move further along the channels.
The serpentine section of the channels 7 is necessary for
better mixing of the droplet volume through the reaction
of the dispersed phase on the channel walls. Interface 8 is
used to output reaction products from the MFC.
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MICROFLUIDIC SYNTHESIS AND
THERANOSTIC SYSTEMS

Theranostics is defined, among other things, as an
approach to the development of pharmaceutical compo-
sitions, which consists in a comprehensive solution of
therapeutic and diagnostic problems by creating drugs
that are both a means of early diagnosis and a therapeu-
tic agent [32].

The American scientific community identifies ther-
anostics as part of personalized, precision medicine, in
which drugs are selected individually for each patient
based on their predicted response or individual risk of
disease [33]. In both cases, the use of multi-cascade mi-
crofluidic systems is quite interesting for the synthesis
of such objects. According to the PubMed database,
publications on theranostics originate from the 90s,
where a systematic approach based on accuracy and se-
lectivity began to be used for drug development [34]. At
the same time, the term itself was introduced by Fun-
chauser in 2002 and defined as the integration of two
modalities, that is, therapy and medical imaging into a
single “package” of material to overcome undesirable
variations in bio-distribution and therapeutic efficacy
[35]. At the same time, the number of publications on
this topic is constantly growing (Figure 8 a). Microfluid-
ics began to develop actively in the early 2000s (Fig. 8.
b), and the number of articles is also steadily increasing.
However, there is only a limited number of publications
on the use of microfluidics in theranostics, currently not
exceeding one hundred publications per year (Figure 8.
c). Apparently, this is due to the difficulties of synthesis
and modification of nano-objects in narrow channels.
Currently, the task of synthesizing theranostics objects
based on microfluidic technologies is reduced to two

a

aspects: the synthesis of nanoparticles themselves and
their modification. For this purpose, MFCs of various
topologies are used [36]. The general schematic of such
synthesis can be illustrated in Figure 9. It includes the
synthesis of nanoparticles, spacer, immobilization of
the active substance, coating, contrast immobilization,
as well as purification from intermediate reaction prod-
ucts [37]. Operation control is possible at each stage. In
the synthesis of nanoparticles, this is the size distribu-
tion control by dynamic light scattering (DLS) [38], FT-
IR analysis [39] at the stages of immobilization of active
substances and the fluorescence analysis [40, 41] during
immobilization of fluorophores. All these types of anal-
ysis, as well as PCR and others, can be implemented in
separate microchips [42-46].

SENSORS BASED ON MICROFLUIDIC
SYSTEMS

The integration of micro-devices with different chip
designs has led to an increase in the analysis functionality
using such systems. For example, fast and sensitive micro-
fluidic systems can detect various biological objects, such
as proteins, nucleic acids, cells, pathogens, etc. [47—49].
However, the objects of interest to researchers may not
only have a biological nature, but also contain specific
ions, dissolved gases, drugs and toxins [50]. Therefore,
microfluidic biosensors are used in various fields, for ex-
ample, for the diagnosis of diseases [51], food safety con-
trol [52] and environmental monitoring [53].

Currently, the most commonly used microfluidic
platform is known as a “laboratory-on-chip” (LOC) or a
total microanalysis system (micro-TAS) [54, 55].

Devices based on LOC technology combine sever-
al laboratory functions on a single crystal ranging in

b

Figure 6. Contamination of T-shaped topology MFC in the process of MNP synthesis:

a — initial contamination; b — complete filling
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b

Figure 7. MFC topology for the synthesis of magnetic nanoparticles (a) and suspension of droplets

containing nanoparticles (b)

size from a few square millimeters to several square
centimeters. Compared to conventional systems, these
platforms have many advantages, for example, a high
surface-to-volume ratio, precise fluid control, low sam-
ple consumption and a high degree of integration with
functional components [56]. There are chip-integrated
microfluidic biosensors designed for so-called point-of-
care diagnosis (POC) [57]. Microfluidics provides sim-
ple and fast analysis of small samples. Moreover, sever-
al sensors and sensing zones can be built into microflu-
idic chips to increase their usefulness. It is assumed that
the ideal chip-integrated biosensor will be inexpensive,
compact, fast and sensitive.

Recently, a flexible and easily stretchable MFC-in-
tegrated electrochemical sensor [58] has been manufac-
tured. This makes it possible to simulate physiological
and biomechanical parameters of blood vessels in vivo
and simultaneously monitor mechanically induced bio-
chemical signals in real time. A microfluidic biosensor
has been developed for online sensitive detection of sal-
monella based on immuno-magnetic separation, fluo-
rescent marking and video processing on a smart phone
[59]. Magnetic nanoparticles were used to separate and
efficiently concentrate the target bacteria, resulting in
the formation of magnetic bacteria, which were then
marked with fluorescent microspheres. After that, flu-

orescent bacteria were continuously injected into the
MFC and illuminated by a fluorescent microscopic sys-
tem, and fluorescent spots were counted online using an
application for smart phone based on the interframe dif-
ference algorithm to determine the number of bacteria.

One of the varieties of LOC is the “organ on chip”
(OOC) technology which arose from the desire to re-
place experimental models with animals [60].

OOC platforms are a new generation of three-dimen-
sional models of cell cultures that better simulate the
dynamic, physico-chemical, biochemical and microar-
chitectural properties of the microenvironment of living
organs. Organ-on-chip microphysiological systems are
flexible and can be designed to simulate the required
types of organs and tissues for the opening process and
drug development [61, 62]. For example, the lung-on-
chip model is used to study the physical and physiologi-
cal aspects of alveolar tissue [63].

An important direction in the development of test
microfluidic systems is the diagnosis of viral diseases.
Such systems can be based on both OOC technology
and biosensors for POC. One of these sensors is a smart
phone-based platform for highly sensitive and selective
detection of avian influenza virus based on colorimetric
detection using nanomaterials [64]. Three-dimensional
nanostructures that serve as a framework for the conju-
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Figure 9. General flowchart diagram for synthesizing objects for theranostics

gation of antibodies to capture the avian influenza virus
are made on their PDMS structures in the form of a her-
ringbone using a template of ZnO nanorods. After the
virus is captured, a colorimetric reaction based on gold
nanoparticles on a crystal makes it possible to detect the
virus with the naked eye. An example of a test system
based on OOC is the study on virus-host interactions
and human reactions on the “lungs-on-chip” and “intes-
tine-on-chip” models [65] .

Today, the problem of detecting the SARS-CoV-2 vi-
rus is an acute problem. The main diagnostic methods
are now genomic (including PCR, real-time RT-PCR,
sequencing) and serological/immunological tests (fo-
cused on detection antibodies or antigens in biological
samples taken from patients). With a high degree of re-
liability of these methods, they have a number of signif-
icant disadvantages expressed in high cost, duration of
analysis and dependence of the accuracy of the results
on the methods of material collection, compliance with
storage conditions, transportation and sample prepara-
tion. All this complicates mass screening, especially in
remote regions with insufficient infrastructure [66—
69]. Some of these problems can be solved by immobi-

lizing viral antigens or proteins of its targets on the sur-
face of nanoparticles, followed by their use to determine
the markers of viral infection (both nucleic acids and
viral proteins, and antibodies against them). In recent
years, new methods of nanodiagnostics for early sensi-
tive detection of viral infections have been considered
as the most accessible and effective in the context of an
epidemic. They do not require a large volume of the test
sample or a special sample preparation and can be used
even at home, which reduces the risk of cross-infection
of others [70]. In order to enhance the signal when de-
tecting pathogens, the surfaces of nanoparticles are eas-
ily modified with polyvalent ligands or other biomole-
cules [71]. Surface functionalization gives nanoparticles
the ability to interact with specific biomarkers of infec-
tion, such as viral RNA, viral proteins and virus-spe-
cific antibodies [72, 73]. The unique physico-chemical
characteristics of nanoparticles (optical, reaction and/or
fluorescent properties) allow them converting the fact of
interaction with biomarkers into measurable detection
signals [74, 75]. All this makes it possible to formulate
a new scheme for detecting viruses and, in particular,
COVID-19 (Figure 10).
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The main component of the system is a fluores-
cent agent (FA), which is characterized by fluorescent
quenching while reducing the intensity of the inducing
radiation or shifting its wavelength. Colloidal quantum
dots (QDs), which by their physical nature are nanopar-
ticles, can act as FAs. QDs are conjugated with antibod-
ies to the virus or with a protein that is tropic to any
part of the virus. Such a conjugate can be launched into
the channel of a microfluidic chip, where it mixes with
blood and enters another chip for detection. The scheme
can be portable and adapted for various viruses.

CONCLUSION

Despite the relatively recent introduction of microflu-
idic synthesis, it has proved highly efficient in reproducing
micro- and nanoparticles in a controlled environment.

Successful synthesis and application of micro- and
nanoparticles based on microfluidics have the following
features:

1. Fast and sufficient mixing in microfluidic
channels leads to monodisperse particles with a rela-
tively high yield.

2. Control over the synthesis conditions allows
you to accurately regulate the physical and chemical

properties and minimize their deviation from batch to
batch.

3. Systematic integration of several procedures
into a single microfluidic device makes it possible to
produce micro- and nanoparticles with the desired com-
plex structure in one step.

4. Microreactor technology provides improved
process control based on well-defined active unit cell
microstructures that can be reproduced to obtain higher
chemical production volumes.

All these advantages allow us to draw a conclusion
about the prospect of large-scale use of microfluidics for
biomedical purposes. Currently, the use of microfluidic
devices in such areas as synthesis of drugs [76], PCR
analysis [77], cell research [78], synthesis of radiophar-
maceuticals [79] and many others is already close to
practical implementation.
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PE3IOME

Amunonno3 — rpynmna 3a00eBaHUN, XapaKTePU3YIOMMUXCS BHEKJICTOUYHBIM OTJIOKCHHEM
B TKaHSX U OpraHax GUOPHIIISIPHOTO OelTKa (aMIIIONa), COCTOSIIINX U3 -CKJIauaThIX TTa-
ctuH. KimmHu4eckue mposBIIeHUS U SHIOCKOIMYECKasi KapTHHA aMIJION103a pa3HooOpasHa
Y MaJioCTielIu(UIHA, B CBSI3U C YEM Y CIICI[UATUCTOB BOSHUKAIOT TPYIHOCTH C TIOCTAHOBKON
nuarnos3a. Hambouee 4acTo mposiBICHUS CO CTOPOHBI JKETYA0YHO-KHILIEYHOTO TPAKTa OTMe-
garoTcs nmpu AL-amuionmo3e. Mopdoiornueckuii TMarHo3 ycTaHaBIWBAIOT MPU OOHAPY-
JKEHUH XapaKTEPHOTO sI0JIOYHO-3€JICHOTO JIBOWHOTO JTyYENPENIOMIICHUS B MOJISIPU30BAHHOM
CBETE TOCJIe OKpPAIIMBAHUS KOHTO KpAaCHBIM. B MaHHOUW cTaThe MpeCcTaBIeHbI KIMHUYECKHE
ciaydau AUarHOCTUKU aMUJIOU 1032 KEITYJOUHO-KUIIIEYHOTO TPAKTAa U COBPEMEHHBIC TaHHBIC
JIATEPATYPHL.

KaroueBrnie ciaoBa: AL-amuiionno3, AA-aMUION103, aMUIION ], aMHJIOMI03, YHI0CKOMIHS.
Jns yumuposanusi: Cononuyvin E.I., Anuesa FO.11L, Ceiigheounosa C.I. u op. Amunoudos

arceny0oyHo-Kuueuno2o mpakma. Kiunuuecxkue ciyyau. Poccutickutl scypHan nepconanusu-
posannou meduyunovl. 2021;1(1):237-253.
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BBEAEHUE

AMuion 103 — rpyiina 3a00JIeBaHH, XapaKTepU3Yy-
IOIIMXCSI BHEKJIETOYHBIM OTJIOKEHUEM B TKaHSX U Op-
ranax GuOpuIIApHOTo OeIKa (AMHUIIONAA), COCTOSIIINX
n3 P-ckmagdateix mactuH [1]. Jlmarno3 ycraHaBiu-
BalOT IpU OOHAPY)KEHUHU XapaKTEPHOro sS0JI0YHO-3e-
JIEHOTO JIBOMHOTO JIy4elpeIOMJICHUS B MOJIAPU30BaH-
HOM CBETE ITOCJIC OKpAITNBAHMS KOHTO KPacHEIM [2, 3].
CornacHo TpHHSATOH MeXIyHapOIHBIM OOMIECTBOM
amunonno3a HomeHnkiuatype (International Society of
Amyloidosis), nepBast OykBa A 0003HaYaeT aMUJIOH/I,
a cienytomue OyKBBI OTHOCATCS K OENKy-TpeAlne-
CTBCHHUKY: A (amMmIougHBIH A-mipoTenH), L (Jterkume
nenu uMmyHornoOynuaoB), TTR (TpaHcTHpeTHH),
B2M (B2 -muxporiobynun), B (B-nporeun), IAPP
(OCTPOBKOBBIN aMUJIOUIHBIN MOTUTIENTH) U 11p. [4].

[lepsuunbiii AL-amunonnio3 sABisieTcss Hambosee
pacrpocTpaHeHHOW (GOpMOH C TeHepaIm30BaHHBIM
OTJIO)KEHHEM H30BITOYHBIX CBETOBBIX LENeH, acco-
LUUPOBaH C MJIa3MOKJIETOYHON THCKpa3uel U UMEET
Makcumaiibaoe nopaxenue JXKT [5]. AL-amunonmnos
BBI3BIBACTCS JTUCKpa3Wed IIa3MaTHYECKUX KIETOK,
KOTOpasi MOXET BO3HHMKATh cama 10 ce0Oe Wi ObITh
CBsI3aHAa CO MHOXKECTBEHHOM MHUEIOMOH [6].

Bropuunbiii A A-amMuIou03 cBsi3aH ¢ WH(EKIIH-
OHHBIMH, BOCMAJUTEIBHBIMA WM PEKe HEOIIaCTH-
4ecKUMH 3aboneBaHusAIMU. MeXaHU3M TOpaKeHUs
OpraHoOB 3aKJIIOYaeTCs B TOM, YTO Ha (oHE Bocmau-
TEJIBHOTO TIpoIlecca MPOUCXOIUT IOBBIICHHE Oenka
ocTpoii ¢a3sl (SAA), 9aCTh KOTOPOTO OTKJIAIBIBACTCS
B OpraHax ¥ TKaHsIX B BUIC aMIJIOUTHEIX (UOPHILI [5].
JlaHHas maToNOTHS BCTPEUYAETCs MPU PEBMATOWTHOM
aptpute, Oone3nn KpoHa, aHKMIJIO3HPYIOIIEM CIOH-
auiute, cuaapome Pelitepa, ncopuase, nporpeccupy-
IOII[EM CHCTEMHOM CKJIEpO3€e, EPBUYHOM OMIHApHOM
APPO3€, CTPOMAIBHBIX OMYXONAX >KEITyI0YHO-KH-
LIEYHOTO TPaKTa U IPU APYTUX 3a00JICBaHUSIX.

Cewmeiinblil amunongo3 (ATTR) nmeer Heckonbko
noaTumnoB. Hawubosiee pacrnpocTpaHEHHBINH Hacie-
CTBEHHBIM ayTOoCOMHO-mOMUHAHTHBIH ATTR-ammio-
MJ103 OOYCIIOBIIEH MYTalMsIMA B MOJICKYJIE TPaHCTH-
peTuHa (KOTOPBIH BBIpaOaTHIBAETCS B TEUYCHM) WIIH
BO3pacTHBIM HapylUIEHHEM CEeKpeId TeTpaMepoB
TpaHCTHUPETUHA TeYeHbl0. B 00omnx ciydasx mpouc-
XOIUT pacmaj TeTpaMepoB TPAHCTUPETHHA JI0 MOHO-
MepOB, 00J1a/Ial0NIUX BBIPAKECHHON HECTaOUITBHOCTHIO
koH(popmanuu Genka [7].

KIIMHWYECKUE NMPOABJIEHNA

[lopaxenne co CTOPOHBI >KEITyIOYHO-KHUIIEYHO-
ro TpakTa yaie mnposiBisgercs npu AL-amuionnose.
B potoBoii nojoctr Hanboee 9acThIM MPOSIBJICHUEM

I I . KITMHWYECKWE CJZTYHAN | CLINICAL CASES

SIBJSIETCS MaKpPOIJIOCCUS, KOTOpPask MOXET BBI3bIBATh
amHO® BO CHE, HAapylUICHWE peud, OpallbHyIo aucda-
ruro, 3aTpynHeHust npu skeBaHuu [8]. Co CTOpPOHBI
MUIIEBOAa OCHOBHBIMH CUMIITOMAMHU SBJISIOTCS: JIHC-
¢arwust, 60sb B rpynu, uzxora u psota [9]. Taxxe B nu-
[IEBOJIC MOTYT HaOJIOAAThCS MAaHOMETPUYECKHE H3-
MEHEHHSI, KOTOPbIE MPOSBIAIOTCS MPEUMYIIIECTBEHHO
npu AL-amunounose. Onpenensercs HU3KOE JaBiie-
HHE B HUIKHEM IHUIICBOIHOM CPUHKTEPE U CHUIKCHHE
aMITUTY/ABl COKpAIIEHMH, B TO BpeMs KaK BEpXHUH
COUHKTED THUINEBOAA U TJIOTKA PabOTAIOT HOPMAJIBHO
[10]. JlamHas kapTwHA HAOIIOMAETCS TPH axajlas3wu.
B otnwume or mauomaTthyeckoW axajasud, y Tallu-
EHTOB JOCTATOYHO OBICTPO MOSIBISIIOTCSI CUMIITOMBI,
U OHU pe3Ko TepstoT Bec [11]. ¥V manueHToB ¢ aMmuiion-
JI030M TIOpa)keHNe JKeTyIKa MPOSIBISETCS TOIUTHOTOM,
pBOTOM, 0ONBI0 B 3mHTacTpaidbHOW obOmacth. Takoke
BO3MOYKHBI OCJIOKHEHUsI B BUJie iepdopannii, CBUIIEH
U KpoBoTeueHui [12, 13].

HauOonpiias crerneHb OTIOKEHUS aMUIIOW/a Ha-
OnromaeTcss B TOHKOM KHIIKE, B MHTUME W aJBEHTHUIINN
COCYJ/IOB, TEM CaMbIM ITOpaXkasi COCYIUCTYIO ceTh. Korma
CTEHKa COCY/1a YTOJIIIAETCS €€ TPOCBET CY’KAETCA U B KO-
HEYHOM UTOT'€ TIOJHOCTBIO 3aKyIOPHBACTCS, TPOMOHPY-
eTcsl, YTO MIPUBOJIMT K UILIeMUU U nH apkry [14]. Takxke
aMIJION]] OTKJIAJbIBACTCS MEXKITy MBIIIEYHBIMH BOJIOK-
HaMH, BBI3bIBas aTpO(HUIO COCEIHUX BOJIOKOH 3a CYET
C/aBJIEHUS, TaK YTO B KOHEYHOM HTOTE BECh MBIIICUHBIN
cioi 3amenseTcst amuiIonaoM. K KIMHIYeCKUM TposB-
JICHWSAM Y TIAIMEHTOB C aMIIOWI030M TOHKOM KHIIIKH
OTHOCATCS: TMapesi, crearopes, moTeps Oenka, KpOoBOT-
eueHue, HEeIPOXOAUMOCTb, Niepdopalysi, THBArMHALUS,
MTHEBMAT03, 3a10p U MCEBI000CTPYKIHS [5].

Knumanveckue mposBIEHUS aMHUJIOH03a TOJCTON
KHUIIKA MOTYT UIMHUTHPOBATh Takue 3a00JeBaHMs, KaK
BOCIIAJINTENIBHOE 3a00jIeBaHNe KUIIeUHUKa [15], 3110-
KayeCTBEHHBbIC HOBOOOpa3oBaHus [16], uieMuyecKui
koaut [17, 18] u konnareHoBbIl Koaut [19].

AVNATHOCTUKA

B nuarnoctuke aMuiIon03a KEIyA0YHO-KUIIIeU-
HOTO TpaKTa BaXHBIM ACICKTOM SIBJISICTCS THUCTOJIO-
TUYECKOE HMCCIIeIOBaHUE OHOMTATOB ¢ OOHAPYKEHHUEM
XapaKTEPHOTro S0JI0YHO-3eTICHOTO JBOWHOTO JIyUernpe-
JIOMJICHHUSI B OYarax CKOIUICHHS aMUJIOMAA TMpPHU HC-
CJICJIOBAHMM B TOJISPU30BaHHOM cBeTe. HeoOxommmo
OTMETHUTb, YTO KaXKIblH KOHKPETHBIH aMUJIOWIHBIN
OeIlOK WMEeT MPEUMYIIECTBEHHOE MEeCTO OTIOXKe-
HUS B KEIYJOYHO-KUIIEYHOM TpakTe. AMuiong AL,
AP2MG (B2-mukpornodynun) u ATTR umeroT Ten-
JICHITUIO OTKJIAIBIBATHCS B MOACIU3UCTOM CIIOE, TOTIA
KaK aMrion AA MMeeT TeHJCHITNIO OTKJIaIbIBaThCs
B MOBEPXHOCTHBIX ciosx [20, 21]. Hanbonee kpymHoe
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WCCIIeZIOBaHNE OIpeNeIeHns] Hanbojee 4acTol JioKa-
JTU3alMA TIOPAKEHUS KEIYJI0YHO-KUIIIEYHOTO TpaK-
ta 6but0 mpoeaeHo B 2016 rony Freudenthaler et al.
Onu mpoaHaan3upoBasn 542 MalMeHTa ¢ aMUIONI0-
30M W TOpaKeHHWEM KeNyJIOYHO-KHUIIIEYHOTO TPaKTa.
B pesynbrate ObLIO BBISIBJICHO, YTO YaCTOTA OTIIOXKE-
HUW amuiouaa npu ouorcuu Obuta 38 % B TOJICTOM
kuinke, 23 % B xenyuake, 17 % B npsmMoii kuiike, 16 %
B JIBEHAANATUIIEPCTHON KHUIIKe U 6 % B TOmIeW wiIn
noAB30IHON kulke [21-23]. Emie B ogHOM KpyITHOM
peTpocrekTuBHOM uccnenoBanuu Cowan et al. o6cne-
nmoBanu 2334 manuenta, y 76 (3,3 %) mo pe3yiabraTaMm
Ouorcuy OBLJI0 TUAaTHOCTUPOBAHO MOPAKCHHE KEITY-
JOYHO-KHUIIIEYHOTO TPaKTa, aMHJIOUAHBIE (PUOPUIIIBI
ObTu aeHTuGUuIHpoBaHsl B 50 % B TOHKOW KHIIIKE,
44 % B xenynke u 32 % B toactoii kuike [24]. IIpo-
AHAIM3UPOBAB PsIJ UCCICIOBAHUN, OTPAKAIOIIUX CTE-
TIEHb OTJIOXCHUS aMHUJIONa, MOJKHO C/IEJIaTh BHIBOMBI,
YTO TOHKAs W TOJCTAasl KHUIIKU MOTYT OBITH ITOIXOJS-
IIUM MECTOM JJIsl SHJOCKOITMYECKOI OMOTICHH, TaK KaK
SIBJISIFOTCS. HAMOOJIee YacTOW JIOKaJlM3alue OTIIokKe-
HHSl aMHUJIOWJIA 10 CPABHCHHIO C APYTHMH OTIEIaMU
KEITYJ0THO-KHIIIEYHOTO TPAKTA.

DHJOCKONMYECKHE MPOSBICHUS aMUIION103a KETy-
JIOYHO-KHUIIIEYHOTO TPaKTa Pa3HOOOpa3HbI U HECIICIH-
¢uunbl. Ha cnu3ucThix 000109KaxX MOTYT OIIPECIISATCS
9pO3UH, W3B3BICHHS, 3EPHUCTOCTH CIU3HUCTOM, IIO-
JIUTIBI, YTOJIIICHNE CKIIAJIOK JKEITyIKa, TOJCITH3UCTHIE
reMaToMbl, eTeXuajbHble 37eMeHTHI |5, 20]. Boamox-
HbI U OCJIOXKHCHUSI, BKJIFOUAIOIIKE B CeOs: JUIATALINIO
TOJICTOM KuIKku [25, 26], iceBnoo0CcTpyKIuio [27-29],
CTPUKTYpPHI, peKTallbHOe KpoBoTeueHue [25-30], 3aBo-
port [26] u nepdoparuto [31]. OmHO U3 pETPOCHIEKTHB-
HBIX UCCTICIOBAHUMN, N3yUaBIINX KOPPEISIUIO PACIONO-
JKEHHS OTJIOKEHUI aMUJIONJIa U €0 DHJIOCKOITMYECKUI
BHJI, TI0Ka3aj0, YTO IAllMCHTHl C TOBEPXHOCTHBIMHU

9H/IOCKOITMYECKUMHU TTOPAKCHUSIMH OOBIYHO HMEOT
OTJIO)KCHUS aMUJION A B COOCTBEHHOM IIJIACTHHKE, B TO
BpeMs KakK MAIlUEHTHI C 3€PHUCTON WIIU YTOJIIICHHON
CIIM3UCTON 000JOYKON TIPH SHIOCKOIIUHA UMEIOT OTJIO-
JKEHUST aMUJIONIA B TIOJACIM3UCTON oboouke [32, 33].

lida et al. mpoBenu uccnenoBaHue, B KOTOPOM Olie-
HWIHA Pa3Indusl MOJOKUTETHHBIX PE3yJIbTaTOB NP dH-
JTOCKOTTMIECKOW OMOTICHY Y TIAITMEHTOB ITPU CUCTEMHOM
aMUJIOU/I03€ C MOPAKEHUEM IKETYIOUYHO-KULIEYHOTO
TpakTa, OMoNTaThl Opaik KaK U3 U3MCHEHHBIX YUaCTKOB
CIIM3UCTOM 000JI0UKHU, TAK U U3 HEM3MEHEHHBIX. [ IporienT
MOJIOKUTEIBHBIX PE3YJILTaTOB OMOICHHN KeayaKa ObuI
3HAYUTEIIBHO BBIIIE Y NAIIMEHTOB C 3HJ0CKOINYECKUMHU
JIAHHBIMU, Y€M Y TAIMEeHTOB 0e3 TakuX pe3yibraroB (80
vs. 44 %), ananornyHas TCHICHIIHS HaOMI0aaIach B TOH-
KOH KHIIIKE W TOJICTOM Kuiuke. OgHAKo B ABEHAIIATH-
MEPCTHON KUIITKE U TIPSIMOM KUILIKE JI0OCTOBEPHON pa3HU-
Lbl B MPOLIEHTHOM COOTHOLUEHUH MEXIy NalleHTaMu
He HaOronanock (89 vs 90 %) (tadm. 1) [21].

B nmarHocTtuke amMujion103a TOJCTOM KHIIKU HC-
TIOJIB3YETCS DHIOCKOMHS C BRICOKUM Pa3pEIICHUEM U B
pexuMe y3Koro crekrtpa. is amuionnosa npsMoi
KHUIIIKW XapaKTepHa 3epHUCTOCTh CIU3UCTON 000J104-
K U TIOSBJICHHUE Y3EJIKOB CEPOBATO-3EJICHOTO IIBETA
MpU TPUMEHCHUN Y3KOCHEKTPAJIBHON 3HIOCKOIHUH,
BEPOSTHO, 3TO CBSI3aHO C OTJIOKEHHEM aMHUJIOMIHOIO
Oeirka B COOCTBEHHOM IIJIACTHHKE. DTOT METO MOYKET
MOMOYb OTJIMYUTH PEKTANBHBIC OTIOKCHUS aMUJIOU 1A
OT HEOIJIACTUYECKUX mopaxkenuit [34, 35].

JIEMEHUE

B nHacTosimee Bpemsi 0OIICIPUHSATHIX TPOTOKOJIOB
JIEYEHUS] aMUJION]103a JKEJTYJIOYHO-KUIIIEUHOT'O0 TPAKTa
HE CylllecTBYeT. JleueHrue 3aBUCUT OT NMPUYUMH, KITUHHU-
YECKUX MPOSBICHUH U THUTIA aMUJIOUIHOTO OelKa.

Ta6nuua N2 1. Paznnuma B 4acToTE NONOXUTESIbHbIX Pe3y/ibTaToB
Nnpuv 3HJ,0CKONMUYECKOM GMONCUN CUCTEMHOIo aMmunionpo3sa ¢ nopaxkeHnem KT
y NayMeHTOB C UK 6€3 3HAO0CKONMUYECKUX AaHHbIX

Asexanuatu- ToHKasn Toncran Mpamasn
Mokasatenu Xenypok nepcTHas
KULUKa KULIKa KULIKa
KULIKa

C SHAOCKOMMUECKIMM 76,00 % 89,00 % 50,00 % 89,00 % 88,00 %
OaHHbIMU
Bes srpockonuyeckmx 44,00 % 90,00 % 25,00 % 33,00 % 78,00 %
OaHHbIX
P-3HaueHne 0,02 0,96 0,47 0,02 0,6
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Tepanus AL-amuiiongo3a HampaBjeHa Ha CHHU-
KEHHUE MPONYKLHH JIETKUX LeNeld MOHOKJIOHAJIBHOTO
HMMYHOIJIOOY/IMHA MyTeM TIOAaBlIeHUs Mpoiude-
pauuu Iia3MaTUYeCKUX KJIETOK. Tepamueil nepBoid
JIWHAHA, OCOOCHHO y OOJBHBIX C BBICOKUM PHCKOM
OBICTPOrO MPOTrPECCUPOBAHU S, CYUTAIOT KOMOMHUPO-
BaHHBIE CXEMbI Ha OCHOBE OopTezommba, Mendanana
n aexkcamera3oHa. Ilo Mepe nOCTHMKEHUS peMUCCUU
Y HEKOTOPBIX OOJBHBIX NPUMEHSIOT BBICOKOJO3HYIO
XUMUOTEPAINI0 C TOAJEPKKOH ayTOJOTHYHBIMH
CTBOJIOBBIMH KJIETKaMH, KOTOPAsl MMO3BOJIAET JOCTHYb
JUTUTeNbHOM pemuccuu. Heobxonum cTporuii mondop
OOJBHBIX B CBA3U CO MHOKECTBEHHBIMHU ITPOTHUBOIIO-
Ka3aHUsAMH [36].

Ha ¢one adpdextuBHOI OOpHOBI C BOCHAJICHHEM
MPOMCXOANUT TMOAABJICHHE MPOAYKIUH OeiKa-mpen-
LIECTBEHHUKA, YTO SIBJSAETCS TJIABHOM LIEIBIO 4 Je-
geHus AA-amminonmo3a. B pesymprare yMeHbIIaeT-
csl BbIpaOOTKa CHIBOPOTOYHOIO aMMJIOWJHOIO Oenka
A u peaxuus ocTpoi (asbl.

Buonoruveckue nmpenapartsl (B TOM YKCIIe HHTHOU-
topel ®HO, uHTEpIEHKIH-6, pUTYyKCUMAa0), ITUTOCTA-
TUKHU UTPAIOT KJIIOUEBYIO POJIb B JICUCHUHM OCHOBHBIX
XPOHMUYECKHUX BOCHAJIUTENbHBIX COCTOSHUH, TaKUX
KaK peBMaTOMIHBINA apTpuT, 6one3nb Kpona, ncopuas
u np. CpenctBoM BeIOOpa st JieueHUss A A-aMuIou-
71032 TIpU TEePUOANYECKON OOJIE3HU W TSHKENOW Tpo-
rpeccupyroleil mogarpe ciuyKut koaxuuH. Ipu ero
MIOCTOSHHOM MPUEME MOXHO TOJTHOCTBIO IPEKPATUTH
PELMAMBUPOBAHUE IPUCTYTIOB Y OOJBIIMHCTBA 0OJb-
HBIX W 3aTOPMO3UTH Y HHUX Pa3BUTHE aMUJIOHWI03a,
BO3MOYKEH TTOKM3HEHHBIN IMpUeM KoixumuHa [36, 37].

JUist nedyeHus: HacJIEACTBEHHOIO aMUJIOMA03a He-
00XOAMMO YCTPaHUTh HCTOYHUK BBIPAOOTKH T'eHe-
THYECKH H3MEHeHHOro Oenka. [leueHb BbIpabaThIBa-
eT OONBIIYI0 YacTh IUPKYJIHPYIOIIErO0 B OpraHU3Me
TTP-6enka. OproTomuyeckass TpPaHCIUIAHTAITUS IIe-
YeHW MOXKET OBITH HCIIOJB30BaHa ISl 3HAYMTEIBHO-
ro CHIDKEHHS MPOAYKLUWW MAaTOTEHHOTro Oenka, Tak
Kak OOJbHAasi Me4YeHb, BBIAEIAIONIAs MYTHPOBABIIYIO
dhopmy TTP, 3amensieTcs meYeHbI0, KOTOPas BBIACIISICT
HOpMaJbHBINA Oenok [38].

NMPOrHO3

[IporHo3 3aBUCHUT OT THIIA AMUJIOMA, €r0 ITHOJO-
UM U CTENICHH MOpa)keHus: opraHos. AL-amuionnos
CBsI3aH C HambOosee HEOIArONPUSTHBIMU HCXOIaMHU.
Kax nmpaBuiio, npu JaHHOM THIIE aMHJION103a Y TaIlH-
CHTOB BOBJICYCH JKEJIYZOYHO-KUIIEUHBIH TPAKT U OHU
UMEIOT Ooliee TsKelloe TeueHne u 0ojiee HU3KYIO BbI-
xuBaemMocTs. [Ipu A A-amunonose ypoBeHb ocTpoda-
30BOI'0 PEaKTHBHOI'0 Oejlka aMHUJIoua A B CBIBOPOTKE
KpPOBU KOppeIupyeTcs co cMepTHOCThIO. Hecmorps
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HA TO YTO OCJIOXHECHHS CO CTOPOHBI JKEIYJIOYHO-KH-
[IEYHOTO TPAaKTa MOTYT MPHUBECTH K YXY/IICHUIO 00-
ero 3a00JIeBaHUS, OHU OOBIYHO HE SBIISIOTCS TIPHIH-
HOM cMepTH [3].

KJIIMHW4YECKWE HABJTIOOEHUA

B nanHOM cooOmIeHnH MBI TIPEJCTABISAEM JIBA CITY-
qas amuionno3a JKKT, BersiBaenasix B ®I'bY « HMUILL
uM. B. A. AnmazoBa» Munsapasa Poccun. OcHoBHas
1EJIb IEMOHCTPALMK MT0Ka3aTh 0COOEHHOCTH 3HI0CKO-
nuyeckoi kapTuHbl amunongoza XKKT.

ITanmentka XK., 44 roga, mocTynuia B KIMHUKY
c kajobamMu Ha OOJM B )KHBOTE, PBOTY C MIPOXKHIIKA-
MM KPOBH, TaK)e OHa OTMeYaJia HECKOJIbKO dIH30/0B
PBOTHI «KodeitHoit rymeiy. [Ipu oOcienoBanny B aMm-
OyJIaTOpHBIX YCIOBUAX OBLIT 3alOA03PEH aMHUIION]I03
JKEITYJOYHO-KUIIIEYHOTO TPaKTa. YUYUTHIBAs HapacTa-
HUE CUMIITOMAaTHKH, MOSBICHUE «CHUMIITOMOB TPEBO-
rU» U He BepU(DUUIMPOBAHHBIA AMATHO3 aMUIIOHJIO-
3a, MAIlMeHTKa C MOI03PEHNEM Ha MOHOKJIOHAJIHHYIO
raMMariaTiio OblTa TOCITUTAIHU3UPOBAHA B KIMHUKY
U1l 1000CIIeIoBaHuSl M ONpPEICNCHHS JalbHeHIeH
TaKTHKH JieueHus. B xoxe nabopaTopHO-HHCTPYMEH-
TaJIbHOTO 00cCIeoBaHNs OBIN BBISBIEH CHCTEMHBIM
AL-aMuion103, acCOllMUPOBAHHBIA CO MHOYKECTBEH-
HOU MUEJIOMOH.

[Ipn mpoBeneHUMN PHAOCKOMHUUYECKOI0 HCCIIEA0Ba-
HUS B MTUIIEBOJIE HA CIU3UCTON 000JIOUKE OMpeess-
JUCh €AUHUYHBIE, KPACHOTO I[BETA, TIJIOCKHUE, C YeT-
KUMH TPaHUIAMH TATHA C TIAKOH MOBEPXHOCTHIO,
pasmepom 2—4 mmM. IIpu ocmoTpe B pexume LCI ¢ uc-
nosibzoBanneM ZOOM co3gaBajioch BIeYaTJIEHHE
0 TIO/ICI3UCTOM PACIIOJIOKEHHUH TaHHBIX JIEMEHTOB.
B xenynke Oblia BBISIBIEHA BBIpaKEHHAs] KOHTAKT-
Hasi PAHUMOCTb CITM3UCTON 000JIOYKH KEITyIKa, MHO-
KEeCTBEHHBIC (PMKCHPOBAHHBIE CTYCTKH, TEMOpPpariu,
spo3uu. B nykoBuile nBEHAANATUNEPCTHOW KHIIKU
ciausncTas 00onodka Oblla KOHTaKTHO-paHUMA, PHU-
CyHOK penbeda ee acHMMETPUYHBIN. BrimomHeHa
MynbTH(OKaIbHAs Ouoncus, pe3yJabTaTtoM KOTO-
poii SABIsIIOCH OOHApYXEHHE OTIOXKECHHH aMUJIouJa
(puc. 1-3).

ITanunentka K., 55 mer, mocTynuiaa B KIUHHUKY
¢ ka00amMu Ha 00pa30BaHUs B MOJIOYHBIX JKeJe3ax.
B xome oOumupHOro j1abopaTOpHO-MHCTPYMEHTAb-
HOTr'0 00clieloBaHUE MAIMEHTKE OBbLI BBICTABIICH M-
arHo3 muenoma beHc-/[>koHca ¢ cexpenuei Jerkou
uenu Kappa, I A ct., ISS. Beuno npoBeaeHo rucro-
JIOTMYECKOoe MCCIIeIOBaHUE OMONTAaTa MOJIOYHOW Ke-
Je3bl, B KOTOPOM ONpPeNeNsiioch AUPPy3HOE MacCHB-
HOE OTIIOXKECHHE aMuionja. B Moue Obu1 0OHApYXKEH
MOHOKJIOHAJIBHBIN KOMITOHEHT (Oenmok berc-J/[>komHca),
U MIPY KOJIMYECTBEHHOM OIpPECIICHUH JIETKUX Lernei
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Karma JistMOa B MOYe OTMeYasach CEeKperus a0 6
Mr/oa (Beime pedepeHcHbIx 3HaueHuit). Ilpy MPT
cepAua BBISIBJICHO NAaTOJIOTHYECKOE HAKOIIJICHHE KOH-
TPACTHOTO BEIIECTBA B MHOKAPJIE JIEBOTO JKEIYA0UKa,
MIPABOTO JKEJIYA0YKA U MTPENICEPAHHA, YTO MOKET OBITh
00yCJIOBJICHO MPOSIBJICHUEM aMHIIon103a. [lannenTke
ObLIO Ha3HAUYEHO CKPUHHHTOBOE JHJIOCKOIIHNYECKOE
o0cre0BaHme BEPXHUX OT/ACIIOB eIy I0YHO-KUIIIeY-
HOrO TpakTa JUIsl OlleHKHU ciau3ucTo. Ilpu ocmoTpe
B 00JIaCTH JTHA XKEeJTy/Ka OIpeaesiack N3MEHEHHas,

KOHTaKTHO-PAaHUMasl CIIM3UCTas ¢ 0ECCTPYKTYPHBIMH
ouaramu KpacHoro mBeta. IIpu Ouorncum n3meHeH-
HBIX YYaCTKOB I'MCTOJIOTUYCCKU 6I)IJ'IO BBISIBJICHO OT-
JIOXKEHHUE aMujonja ¢ s0JI04HO-3€JIeHbIM CBEUCHUEM
MpU OKpacke KOHTO KpacHbIM (puc. 4, 5). 3a Bpems
FOCIUTAJIN3AUM Ha OCHOBAHHMM TOJYYEHHBIX JaH-
HBIX OBLI BBICTABIICH Auaruo3: Muemnoma benc-J»xoH-
ca ¢ cekpernueit jgerkoit menu Kappa, I A ct., ISS —
1 c1. [lepBuunbIii cuctemMHublit AL-amMmuiiono3 ¢ mo-
paxenuem cepaua, KKT, MonouHbIX xenes.

B

Puc. 1. AL-aMmunnoupo3 Yy XXeHLWUHbI, 44 ropa, 3HA0CKONMYeCcKasa KapTUHa:

A — Ha cnmM3uncTon 06004Ke NMLWeBoaa onpeaenaAnTCA eANHNYHbIE, KPAaCHOIO LBETa, NMIIOCKUE, C YeT-
KUMW rpaHnLaMn NATHa C rMafKon MOBEPXHOCTbIO, padMepoM 2—4 MM; npu ocMoTpe B pexunme LCl ¢ ne-
nonb3oBaHneMm ZOOM cospgaeTcsa BrneyaTneHne 0 NOACN3NCTOM PacrosIOXEHNN OaHHbIX 3JIEMEHTOB;

B, B — cnusucTana ob6ono4yka B Tefne N aHTpasibHOM OTAENe KOHTaKTHO-pPaHMas, C MHOXECTBEHHbIMU

dUKCUpPOBaHHbBIMUK CFYCTKaMn He6ObLIOrO pasMepa, HEPHOro LiBETa, a TaKXXe reMopparnyeckuMm apo-
3NAMU, MPENMYLLECTBEHHO B TeSe Xenynka; npn ocMotpe B pexxumax LCI, BLI, ZOOM cnunsuctan npeg-
CcTaBsieHa o4araMmm atpodum n rmnepnnasnu, C NpM3HakaMn KMLWe4YHON MeTannasnm; pesbed cams3ncTom
HE COOTBETCTBYET XEeNYA04YHOMY, aCUMMETPUYEH, ONPeaENATCA pacllpeHHble Kanuninapbl; obpalwaeT
Ha ceba BHMMaHWe BbipaXkeHHas KOHTaKTHasA paHUMOCTb;

[l — nykoBuua oBeHaLaTUNEPCTHON KULWKN O4aroBo rmrnepeMmnpoBaHa, KOHTaKTHO-paHuMas, pucy-
HOK penbeda acMMMeTpPUYEH
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Puc. 2. AL-amnnounpos gBeHagULaTUNEPCTHOW KULLKU Y XKEHLWMUHbI, 44 ropa,
rMcTosiorM4ecKoe uccrsiegoBaHue:

A — amMmunounpg B COBCTBEHHOW MfaCTUHKE OBEHAALATUMNEPCTHOM KULWIKW, OKpacKa — remMaTOKCU-
NINH-903UH, yBenndeHune x600;

b — nccnepoBaHve B NonNApmM3oBaHHOM CBETE, OKpaCcKa KOHIo KpacHbIM, yBennyeHmne x600

A 5) B

Puc. 3. AL-aMmnnounpos x)enypKa y )XeHLWUHbl, 44 roga, ruCToNorM4ecKkoe nccrnepoBaHue:
A — amMmuniong, B UHTEPCTULMN COOCTBEHHOIN MACTUHKN CNN3NCTON O0O60NOYKN enyaKa, OKpacka —
reMaToOKCUINH-3031H, yBenundeHue x600;
B — okpawwuBaHue KoHro KpacHbIM, yBenndeHme x600;
B — vccnepoBaHume B NofspM30BaHHOM CBETE, OKpPAaCKa KOHIo KpacHbIM, yBenundeHne x600

A b B

Puc. 4. AL-amnnoupo3 enyakKa y }eHLuHbl, 55 neT, 3HO0CKONUYeCcKasa KapTuHa:
A—BTeneun aHTpaJibHOM OTAEN1E Ha (I)OHe anOdDVII/I onpenenAarTcAa y4aCcTKN Flpl-(OI?I rmnepemMmmnu;
B — B 06nacTn AHa enyaKa onpeaenaeTca KOHTaKTHO-PaHNMbIN y4acTOK U3MEHEHHON CAIM3NCTON
C BECCTPYKTYPHbIMU o4aramu;
B — B pexunme y3Koro cnekTpa pMCcyHOK HEPErynsApHbIA, MECTaMN OTCYTCTBYET
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Puc. 5. AL-amunonpo3s )enyaKa y XXeHLUHbl, 55 neT, ructosiorMdyeckoe UccrsiegoBaHuUe:

A — 6uonTaT cM3nCcTon 0600UKM enynKa ¢ dnbpo3oM CO6CTBEHHON NIAcTUHKN, OKpacka — reMa-
TOKCUJTNH-303WH, anbLNaHoBbIN CUHWIA, yBenndeHne x100;

B — 6mnonTaT cnM3ncTom 060I0UKM KENYAKa, OKpacka — KOHIo KpacHbii, yBenndeHmne x200, nonapu-
3aLOHHAaA MUKPOCKOMNKWA; OTIOXKEHNA aMuionga MMerT A6/104HO-3e1eHOe CBEYEHME B MONIAPN30BaH-

HOM CBETE

Kaxk moka3pIBarOT JaHHBIC CIyYau, Y OJHON U3 Ta-
LIUEHTOK ObLJIa SIBHASI CHMIITOMATHKa CO CTOPOHBI XKe-
JIyAJOYHO-KHMIICYHOTO TPaKTa, 4YTO U IOMOTJIO JUAaTrHO-
CTUPOBaATh aMUJION103. B ciydae apyroil nmauueHTKU
Kajgo0 CO CTOPOHBI HKENyIOYHO-KHUIIIEYHOT'O0 TpaKTa
He HaOII0/Ialloch, OJHAKO HACTOPOKEHHOCTH KIIMHU-
IOHUCTOB U TIHaTeHLHBIfI OCMOTDp IIpU SHAOCKOIINYECKOM
HCCJIICAOBAHUHN TAKXC IMOMOITIM HE MPOIYCTUTH JaH-
HoOe 3a00NeBaHue.

BblBOAbl

AMUIIONJI03 — TSDKENOE CHCTEMHOE 3a0oJieBaHue,
KOTOPOE B Psijie CITyYaeB MOPAXKAeT JKeNyJOUHO-KHUIIIeY-
HBI TpakT. DHJOCKONWYECKAs KapTUHA aMHJIOMI03a
KEJTYyIOYHO-KHIIIEYHOT 0 TPAKTa MaJOCTICHU(pUIHA U HE
MMeeT MaTOrHOMOHWYHBIX IMpH3HAKoB. JlaHHOEe 3a00-
JIeBaHUE MMeEET HeOJIAronpUsTHBIA MPOTHO3, TIO3TOMY
Ba)kHA €ro paHHss JuarHoctuka. [Ipu sHIOCKOMHUYE-
CKOM HCCIICZIOBaHMH HEOOXOMM TIIATEIBHBIA OCMOTP
CITU3HUCTOH OOOJIOUKH IKEIYIOUHO-KHIIEYHOrO TPaKTa
KakK B OEJIOM CBETE, TaK U C UCIIOIh30BAHUEM JIOTIOHHU-
TENILHBIX PEKUMOB (YBEIMYCHUE, Y3KOCIIEKTPATbHBIN
pexxum). Tlpy MOmO3peHUH HA aMHJIOUI03 JKEeIya0u-
HO-KHIIEYHOrO TpaKTa HeoOXomuMm 3abop marepuana
HE TOJIBKO M3 MOAO3PUTCIIbHBIX, HO U W3 HCU3MCHCH-
HBIX yYaCTKOB. YUUTEIBAs HanboJee yactoe oOHapyke-
HUE aMHJIOWIHBIX OTJIOKEHHUU B JBEHAINATHIICPCTHOM
KHILIKE ¥ IPSMOI KUIIKe, peKOMEHI0BaH 3a00p obpas-
LIOB CIIM3UCTON 000JI0UKH MMEHHO U3 IAHHBIX OT/EIIOB.
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ABSTRACT

Amyloidosis is a group of diseases characterized by extracellular deposition of fibrillar pro-
tein (amyloid) in tissues and organs, consisting of B-sheet plates. The clinical manifestations
and the endoscopic picture of amyloidosis are diverse and not very specific, which makes it
difficult for specialists to make a diagnosis. The most common manifestations from the gas-
trointestinal tract are observed in AL-amyloidosis. The morphological diagnosis is made by
detecting the characteristic apple-green birefringence in polarized light after staining with
Congo red. This article presents clinical cases of diagnosis of amyloidosis of the gastrointes-
tinal tract and modern literature data.

Key words: AA-amyloidosis, AL-amyloidosis, amyloid, amyloidosis, endoscopy.
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INTRODUCTION

Amyloidosis is a group of diseases characterized by
extracellular deposition of fibrillar protein (amyloid)
consisting of B-pleated sheets in tissues and organs [1].
The diagnosis is made when characteristic apple-green
birefringence is detected in polarized light after the
congo is stained red [2, 3]. According to the nomen-
clature adopted by the International Society of Amy-
loidosis, the first letter A stands for amyloid, and the
following letters refer to the precursor protein: A ( amy-
loid A-protein), L (immunoglobulin light chains), TTR
(transstyretin), f2M (B2-microglobulin), B (B protein),
IAPP (islet amyloid polypeptide), etc. [4].

Primary AL amyloidosis is the most common form
with generalized deposition of excess light chains, is
associated with plasma cell dyscrasia and has the maxi-
mum GIT lesion [5]. AL amyloidosis is caused by plas-
ma cell dyscrasia, which may occur on its own or be
associated with multiple myeloma [6].

Secondary AA amyloidosis is associated with in-
fectious, inflammatory or less often neoplastic diseas-
es. The mechanism of organ damage is that against the
background of the inflammatory process, an increase in
the acute phase protein (SAA) occurs, part of which is
deposited in organs and tissues in the form of amyloid
fibrils [5 ]. This pathology occurs in rheumatoid arthri-
tis, Crohn’s disease, ankylosing spondylitis, Reiter’s
syndrome, psoriasis, progressive systemic sclerosis,
primary biliary cirrhosis, stromal tumors of the gastro-
intestinal tract and other diseases.

Familial amyloidosis (ATTR) has several subtypes.
The most common hereditary autosomal dominant
ATTR amyloidosis is due to mutations in the trans-
styretin molecule (which is produced in the liver) or
age-related disorder of transstyretin tetramers secretion
by the liver. In both cases, transstyretin tetramers break
down to monomers with pronounced protein conforma-
tion instability [7].

CLINICAL MANIFESTATIONS

Damage from the gastrointestinal tract is more of-
ten manifested in AL amyloidosis. In the oral cavity,
the most common manifestation is macroglossia, which
can cause sleep apnea, speech disorders, oral dyspha-
gia and chewing problems [8]. The main symptoms
of the esophagus are: dysphagia, chest pain, heartburn
and vomiting [9]. Manometric changes can also be ob-
served in the esophagus, which are manifested mainly
in AL amyloidosis. Low pressure in the lower esopha-
geal sphincter and a decrease in the amplitude of con-
tractions are determined, while the upper sphincter of
the esophagus and pharynx work normally [10]. This

picture is observed with achalasia. Unlike idiopathic
achalasia, patients develop symptoms quickly enough
and lose weight drastically [11]. In patients with am-
yloidosis, gastric damage is manifested by nausea,
vomiting, epigastric pain. Complications in the form of
perforations, fistulas and bleeding are also possible [12,
13].

The greatest degree of amyloid deposition is ob-
served in the small intestine, in intima and adventitia
of blood vessels, thereby affecting the vascular net-
work. When the wall of a vessel thickens, its lumen
narrows down and eventually gets completely clogged
and thrombosed, which leads to ischemia and heart at-
tack [14]. Also, amyloid is deposited between the mus-
cle fibers, causing atrophy of neighboring fibers due to
compression, so that eventually the entire muscle layer
is replaced by amyloid. Clinical manifestations in pa-
tients with small intestine amyloidosis include: diar-
rhea, steatorrhea, protein loss, bleeding, obstruction,
perforation, invagination, pneumatosis, constipation,
and pseudoobstruction [5].

Clinical manifestations of large intestine amyloido-
sis can mimic diseases such as inflammatory bowel dis-
ease [15], malignant neoplasms [16], ischemic colitis
[17, 18] and collagen colitis [19].

DIAGNOSTICS

An important aspect in the diagnosis of amyloidosis
of the gastrointestinal tract is the histological examina-
tion of biopsy species with the detection of the character-
istic apple-green birefringence in the foci of the amyloid
clusters when examined in polarized light. It should be
noted that each particular amyloid protein has a predom-
inant place of deposition in the gastrointestinal tract. AL
amyloid, AB2mg (B2-microglobulin) and ATTR tend to
be deposited in the submucosal layer, while AA amyloid
tends to be deposited in the surface layers [20, 21]. The
largest study to determine the most frequent localization
of gastrointestinal lesions was conducted in 2016 by
Freudenthaler et al. They analyzed 542 patients with am-
yloidosis and gastrointestinal lesions. As a result, it was
revealed that the frequency of amyloid deposits during
biopsy was 38% in the colon, 23% in the stomach, 17%
in the rectum, 16% in the duodenum and 6% in the je-
junum or ileum [21-23]. In another major retrospective
study, Cowan et al. examined 2334 patients, in 76 (3.3%)
patients biopsy diagnosed gastrointestinal tract lesions;
amyloid fibrils were identified in 50% in the small intes-
tine, 44% in the stomach and 32% in the large intestine
[24]. After analyzing a number of studies reflecting the
degree of amyloid deposition, it can be concluded that
the small and large intestines may be a suitable place for
endoscopic biopsy, as they are the most frequent local-
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ization of amyloid deposits compared to other parts of
the gastrointestinal tract.

Endoscopic manifestations of gastrointestinal am-
yloidosis are diverse and nonspecific. Erosions, ulcer-
ations, mucosal granularity, polyps, thickening of the
gastric folds, submucosal hematomas and petechial el-
ements can be determined on the mucous membranes
[5, 20]. Eventual complications may also include: co-
lon dilation [25, 26], pseudo-obstruction [27—29],
strictures, rectal bleeding [25—30], inversion [26] and
perforation [31]. One of the retrospective surveys that
studied the correlation between the location of amyloid
deposits and its endoscopic appearance showed that pa-
tients with superficial endoscopic lesions usually have
amyloid deposits in the lamina propria, while patients
with granular or thickened mucosa during endoscopy
have amyloid deposits in the submucosa [32, 33].

lida et al. conducted a study assessing the differenc-
es in positive results of endoscopic biopsy in patients
with systemic amyloidosis accompanied with gastro-
intestinal tract lesion; biopsy samples were taken both
from altered areas of the mucous membrane, and from
unaltered ones. The percentage of positive gastric bi-
opsies was significantly higher in patients with endo-
scopic data than in patients without such results (80 vs.
44%), a similar trend was observed in the small intes-
tine and large intestine. However, in the duodenum and
rectum, there was no reliable difference in the percent-
age between patients (89 vs 90%) (Table 1) [21].

The diagnosis of amyloidosis of the large intestine
uses high-resolution and narrow-spectrum endoscopy.
Rectal amyloidosis is characterized by mucosal gran-
ularity and grayish-green nodules when using nar-
row-spectrum endoscopy, probably due to the depo-
sition of amyloid protein in the lamina propria. This
method can help distinguish rectal amyloid deposits
from neoplastic lesions [34, 35].
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TREATMENT

Currently, there are no generally accepted protocols
for the treatment of gastrointestinal amyloidosis. Treat-
ment depends on the causes, clinical manifestations and
type of amyloid protein.

The therapy of AL amyloidosis is aimed at reducing
the production of monoclonal immunoglobulin light
chains by suppressing the proliferation of plasma cells.
Combined regimens based on bortezomib, melphalan
and dexamethasone are considered to be first-line ther-
apy, especially in patients with a high risk of rapid pro-
gression. As remission is achieved in some patients,
high-dose chemotherapy with autologous stem cell
support is used, which allows for long-term remission.
Strict selection of patients is necessary due to multiple
contraindications [36].

Against the background of effective inflammation
control, the production of the precursor protein is sup-
pressed, which is the main goal for the treatment of AA
amyloidosis. As a result, the production of serum am-
yloid protein A and the acute phase reaction decrease.

Biologics (including TNF inhibitors, interleukin-6,
rituximab) and cytostatics play a key role in the treat-
ment of major chronic inflammatory conditions, such
as theumatoid arthritis, Crohn’s disease, psoriasis etc.
Colchicine is the remedy of choice for the treatment
of AA amyloidosis in recurrent illness and severe pro-
gressive gout. When used constantly, it is possible to
completely stop the recurrence of seizures in most pa-
tients and slow down the development of amyloidosis
in them; lifelong colchicine intake is possible [36, 37].
For the treatment of hereditary amyloidosis, it is neces-
sary to eliminate the source of the genetically modified
protein production. The liver produces most of the TTR
protein circulating in the body. Orthotopic liver trans-
plantation can be used to significantly reduce the pro-
duction of pathogenic protein, since the diseased liver,

Table 1. Differences in the frequency of positive results
in endoscopic biopsy of systemic amyloidosis with gastrointestinal lesion in patients with

or without endoscopic data

Indicators Stomach Duodenum Small intestine inli-::;?iie Rectum
With endoscopic data 76,00 % 89,00 % 50,00 % 89,00 % 88,00 %
No endoscopic data 44,00 % 90,00 % 25,00 % 33,00 % 78,00 %
P-value 0.02 0.96 0.47 0.02 0.6
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which secretes the mutated form of TTP, is replaced by
the liver, which secretes normal protein [38].

PROGNOSIS

The prognosis depends on the type of amyloid, its
etiology and the degree of organ damage. AL amyloi-
dosis is associated with the most unfavorable outcomes.
Typically, in patients with this type of amyloidosis the
gastrointestinal tract is involved and they have a more
severe course and a lower survival rate. In AA-amyloi-
dosis, the level of acute-phase reactive protein amyloid
A in the blood serum correlates with mortality. Although
gastrointestinal complications may worsen the overall
disease, they are not usually a cause of death [3].

CLINICAL OBSERVATIONS

In this report, we present two cases of gastrointes-
tinal amyloidosis identified at the Almazov National
Medical Research Centre of the Ministry of Health of
Russia. The main purpose of the demonstration is to
show the features of the endoscopic picture of gastroin-
testinal amyloidosis.

Patient J., 44 years old, was admitted to the clin-
ic with complaints of abdominal pain, vomiting with
blood streaks, and she also noted several episodes of
vomiting “spent coffee grounds”. During an outpatient
examination, gastrointestinal amyloidosis was suspect-
ed. Given the increase in symptoms, the appearance of

C

Fig. 1. AL amyloidosis in a woman, 44 years old, endoscopic picture:
A — single red flat spots with clear borders and a smooth surface, 2-4 mm in size are determined on
the mucous membrane of the esophagus; when examined in LCI mode using ZOOM, the submucosal lo-

cation of these elements is presumed,;

B, C — the mucous membrane in the body and antrum is contact-vulnerable, with multiple fixed clots

of small size, black color, as well as hemorrhagic erosions, mainly in the body of the stomach; when exam-
ined in LCI, BLI, ZOOM modes, the mucosa is represented by foci of atrophy and hyperplasia, with signs
of intestinal metaplasia; the mucosa relief does not correspond to the gastric one, it is asymmetrical,
capillary dilatation is determined; pronounced contact vulnerability is drawing attention;

D — the duodenal bulb is focally hyperemic, contact-vulnerable, the relief pattern is asymmetric

Tom N21 ‘ 1 ‘ 2021‘ 249



II. KIIMHWYECKWE CJTYSAU | CLINICALC S

A

Figure 2. AL amyloidosis of the duodenum in a woman, 44 years old, histological
examination:
A — amyloid in the lamina propria of the duodenum, color — hematoxylin-eosin, magnification x600;
B — polarized light study, staining with Congo red, magnification x600

A B

Figure 3. Gastric AL amyloidosis in a woman, 44 years old, histological examination:

A — amyloid in the interstitia of the lamina propria of the gastric mucosa, hematoxylin-eosin stain,
magnification x600;

B — staining with Congo red, magnification x600;

C — polarized light study, staining with Congo red, magnification x600

Figure 4. Gastric AL amyloidosis in a woman, 55 years old, endoscopic picture:

A — in the body and antrum, areas of bright hyperemia are determined against the background of
atrophy;

B — in the area of the fundus of the stomach, a contact-vulnerable area of the altered mucosa with
structureless foci is determined;

C — in the narrow spectrum mode, the pattern is irregular, sometimes absen
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Figure 5. Gastric AL amyloidosis in a woman, 55 years old, histological examination:
A — biopsy of the gastric mucosa with fibrosis of the lamina propria, hematoxylin-eosin stain, alcian

blue, magnification x100;

B — biopsy of the gastric mucosa, Congo red stain, magnification x 200, polarization microscopy;

amyloid deposits glow apple-green in polarized light

“anxiety symptoms” and the unverified diagnosis of
amyloidosis, the patient with suspected monoclonal
gammopathy was hospitalized in the clinic for addi-
tional examinations and determination of further treat-
ment tactics. A laboratory and instrumental examina-
tion revealed systemic AL amyloidosis associated with
multiple myeloma.

During endoscopic examination in the esophagus,
single red flat spots with a smooth surface of 2—4 mm
in size were determined on the mucous membrane.
When viewed in LCI mode using ZOOM, the submuco-
sal location of these elements was presumed. The stom-
ach revealed pronounced contact vulnerability of the
gastric mucosa, multiple fixed clots, hemorrhages, and
erosions. In the duodenal bulb, the mucous membrane
was contact-vulnerable, its relief pattern was asymmet-
rical. A multifocal biopsy was performed, which result-
ed in the detection of amyloid deposits (Figures 1—3).

Patient Zh., 55 years old, was admitted to the clinic
with complaints of mammary gland formations. During
an extensive laboratory and instrumental examination,
the patient was diagnosed with Bence Jones myeloma
with Carr light chain secretion, st. I A, ISS. A histo-
logical examination of a breast biopsy was performed,
in which a diffuse massive deposition of amyloid was
determined. A monoclonal component (Bence Jones
protein) was detected in the urine, and the quantifica-
tion of the light chains of kappa lambda in the urine
showed secretion up to 6 mg/dL (above the reference
values). MRI of the heart revealed a pathological accu-
mulation of contrast agent in the myocardium of the left

ventricle, right ventricle and atria, which may be due
to the manifestation of amyloidosis. The patient was
assigned a screening endoscopic examination of the
upper gastrointestinal tract to assess the mucosa. When
examined in the area of the fundus of the stomach, an
altered, contact-vulnerable mucosa with unstructured
foci of red color was determined. Biopsy of the altered
areas histologically revealed amyloid deposition with
an apple-green glow when stained with Congo red
(Figures 4, 5). During hospitalization, based on the data
obtained, the diagnosis was made: Bence Johns myelo-
ma with Carr light chain secretion, st. I A, ISS — 1 st.
Primary systemic AL amyloidosis with damage to the
heart, gastrointestinal tract and mammary glands.

As these cases show, one of the patients had obvious
symptoms from the gastrointestinal tract, which helped
diagnose amyloidosis. In the case of another patient, no
gastrointestinal complaints were observed, but the vig-
ilance of clinicians and a thorough examination during
the endoscopic examination also helped not to miss this
disease.

CONCLUSIONS

Amyloidosis is a severe systemic disease that in some
cases affects the gastrointestinal tract. The endoscopic
picture of of the gastrointestinal amyloidosis is not very
specific and has no pathognomonic signs. This disease
has an unfavorable prognosis, so its early diagnosis is
important. Endoscopic examination requires a thorough
examination of the mucous membrane of the gastrointes-
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tinal tract both in white light and using additional modes
(enlargement, narrow-spectrum mode). If amyloidosis of
the gastrointestinal tract is suspected, it is necessary to
take material not only from the abnormal areas, but also
from the unaltered ones. Taking into account the most
frequent detection of amyloid deposits in the duodenum
and rectum, it is recommended to take samples of the
mucous membrane from these departments.
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