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Annomayus. OCHOBHBIM (PaKTOPOM, OTIPENENSIIONINM TIPOTHO3 TI0CIIe TIepeHe-
CEHHOT'O OCTPOTO KOPOHAPHOTO CUHAPOMA, SIBISIETCS 00BEM HEOOPATUMO MOBpE-
XICHHOM TKaHM cephia (Miav pa3Mep MHbapkTa). B akcriepruMeHTaIbHBIX MC-
CJIEMOBAHUSIX TIOKA3aHO, YTO PA3IMIHbIe KapANOTIPOTEKTUBHBIE BMEIIATEIhCTBA,
BBITIOJTHEHHBIE B paHHEM pernepdy3MoOHHOM Iepuofe U BKIovaolnne hapma-
KOJIOTUYECKOE ITOCTKOHIUITMOHUPOBaHNE, CTIOCOGHBI CYIIIECTBEHHO YMEHBIIATh
pa3mep nHbapkra. [TomBITKY MepeHoca 3TUX TaHHBIX B KIMHUYECKYIO TTPAKTUKY
OKAa3aJ1MCh HEYAAYHBIMU, B T.U. BCIEACTBUE HEONITUMAIBbHBIX (hapMaKOKUHETHYE-
CKUX TTapaMeTPOB MCITOIb3YeMBIX ITpENapaToB, MX HU3KON OMOMTOCTYITHOCTU WU
HaJIMYUSI CEPhe3HBIX TOOOUYHBIX 3(PHeKTOB Mpu cucteMHOM BBeneHuu. s pe-
LIEHUST 9TUX MPOOJIEM B MTOCTIEIHUE TOAbI BEAETCS pa3paboTKa CUCTEM HallpaB-
JICHHOM TOCTaBKM KapauONPOTEKTOPOB B 30HY UIIIEMHUYECKOTO-perephy3MOHHOTO
TTOBPEXIEHUST MUOKap/a C TIOMOIIbI0 HAHOPa3MepHBIX HocuTeneil. CBsI3bIBaHUE
C HaHOYACTULIAMU TaKMX COEIUHEHU, KaK aleHO3UH, UUKJIOCIIOPUH A, 9pUTpPO-
MO3THUH, MUOTIMTa30H M TOHOPBI Ta30TPAHCMUTTEPOB, ITO3BOJISIET TOOUTHCS MX
MPENMYIIECTBEHHOTO HAKOIIEHUSI B CEP/IIe C MOCTIESAYIONINM KOHTPOIUPYEMBIM
BBICBOOOXIEHUEM. DKCIIEPUMEHTATbHBIE UCCIENOBAHUS B 00JIACTU HaMpaBlIeH-
HOM TOCTaBKM KapAMOIPOTEKTOPOB MOKA3bIBAIOT 60JIee BHICOKYIO MHMAPKT-JIH-
MUTUPYIONTYIO 3(P(HEKTUBHOCTD CBSI3aHHBIX C HAHOUACTUIIAMU COequHeHn. [ist
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aKTUBHOM HampaBJIeHHON NJOCTaBKM KapaUOIPOTEKTOPOB HAUMHAIOT UCITOIb30-
BaTbcs MIaTGOPMBbI, colepxKalive cneuruduueckue Hampapasole JUraHibl,
a TakKxKe TpYIIUPOBKU, YYBCTBUTENIbHBIE K JJOKAJTbHBIM YCIOBUSIM CPEbl U BHEIII-
HUM BO3IEICTBUSIM, HAIIpUMep K YIbTpa3ByKy. HaubGobliiee KOJTUYECTBO HCCIe-
JIOBaHMIi, CBI3aHHBIX C pa3pabOTKOI CUCTeM HalpaBJeHHOI JOCTAaBKMU Kapau-
OIPOTEKTOPOB, KacaeTcs JOHOPOB CEPOBOAOPONA U afeHOo3uHA. [lepcnieKTUBbI
COBEPIICHCTBOBAHUS CHUCTEM HalpaBJICHHOM JOCTaBKU CBA3aHBI C AaKTUBHBIM
TapreTMpoBaHUEM MOBPEXIECHHON TKaHU MUOKap/a, B T.4. MyTEM MCMOJb30Ba-
HUSI OMOMOIOOHBIX TTOKPHITUI JIEKAPCTBEHHBIX HAHOYACTUIL HA OCHOBE MeMOpaH
TPOMOOIIMTOB 1 JICIKOLIUTOB.

Katouessie crosa: HatipaBieHHast TOCTaBKa, HAHOYACTUIIBI, UIIIEMUSI, periepdy3us,
pa3mep nHbpapKTa, KapAUOMPOTEKIHsI, TA30TPAHCMUTTEPhI

Qunancuposanue. ViccnenoBaHue BBITOIHEHO 3a c4eT TpaHTa Poccuiickoro Hayd-
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1/2; MTII — mutoxonnpuanbHas nopa; AOK — aktuBHble ¢hopmbl Kuciopona; ['TII-1 — nrokaroHononoo-
HbII enTu- 1.
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Abstract. The main determinant of prognosis in acute coronary syndrome is the
volume of irreversibly damaged cardiac tissue (or infarct size). Experimental studies
have shown that various cardioprotective interventions performed in the early rep-
erfusion period and including pharmacological postconditioning can significantly
reduce infarction size. Attempts to transfer these data to clinical practice have been
unsuccessful, including due to suboptimal pharmacokinetic parameters of the drugs
used, their low bioavailability, or the presence of serious side effects with systemic
administration. To solve these problems, in recent years, systems for targeted deliv-
ery of cardioprotectors to the area of ischemic-reperfusion myocardial injury using
nanosized carriers have been developed. Binding of compounds such as adenosine,
cyclosporine A, erythropoietin, pioglitazone, and gasotransmitter donors to nano-
particles allows for their preferential accumulation in the heart with subsequent con-
trolled release. Experimental studies in the field of targeted delivery of cardioprotec-
tors show higher infarction-limiting efficiency of nanoparticle-bound compounds.
Platforms containing specific targeting ligands, as well as groups sensitive to local
environmental conditions and external influences, such as ultrasound, are beginning
to be used for active targeted delivery of cardioprotectors. The largest number of
studies related to the development of targeted delivery systems of cardioprotectors
are focused on donors of hydrogen sulfide and adenosine. Prospects for improving
targeted delivery systems are associated with active targeting of damaged myocardial
tissue, including the use of biomimetic coatings of drug-loaded nanoparticles based
on platelet and leukocyte membranes.
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BBEAEHUE

HNmemunyeckas 6ose3Hb cepaua (MbC) mponokaeT ynepXuBaTh IIepBOE MECTO CPEU
IIPUYMH CMEPTH B MUpe [ 1], mpuaeM IMpOrHO3bI 3KCIIEPTOB CBUACTEILCTBYIOT O TOM, UTO
o1a TeHneHuns coxpanutcs mo 2050 r. [2]. [Iupokoe mpuMeHeHNe SKCTPEHHOI peBa-
cKynsgpusanuu 1mpu nHdapkre Muokapaa (MM), Boieniiee B KIMHAYECKYIO MPAKTUKY
B Hauaje 2000-X romoB, MpUBEIO K 3HAUMMOMY YMEHBIIEHUIO JIETAIbHOCTA B OCTPOM
nepuoae UM. Ilpu 3TOM JeTalbHOCTh B TeueHue 1 roga mocie nepeHeceHHoro UM
coxpaHsieTcs Ha ypoBHe 15—21%, He CHUXKAsCh B IPYIINE MNalMEeHTOB CTapIIEro BO3pacTa
B mocnenHue 20 net [3]. BoccTaHOBIEHUE KPOBOTOKA MO UH(DAPKT-3aBUCUMOI apTeprUn
COITPOBOXIAETCS BOSHUKHOBEHUEM JOTIOJTHUTEILHOTO pernepd@y3MOHHOTO TOBPEKICHUS
MMOKapaa, KOTOPO€ B HEKOTOPBIX CIIy4asix MPUBOIUT K YBEJIMUEHUIO pazMepa nH(bapKTa
B 2 pa3a [4]. ITpouecc penepdy3MOHHOIO MOBPEXKASHUS MUOKapaa MaTOreHeTUYeCKU
HEOTHIEJIMM OT HapyIIeHWi, UMEIOLINX MECTO B MOMEHT BOCCTaHOBJICHUSI KPOBOTOKA,
a CTeTeHb BRIPaKeHHOCTH HEOOpaTUMOTO pernepdy3nOHHOTO TTOBPEKIECHMS 3aBUCUT OT
MIPONOJCKUTEILHOCTH MPEIIICCTBYIOICH UIIIEeMUH, TIO3TOMY 3TOT BapHUaHT ITaTOJIOTHH
ClIeyeT TpaKTOBaTh Kak uileMuueckoe-penepdysnoHHoe nospexaenue (MPIT). Me-
xaHu3Mbl MPI1 BKITIOYaloT Takue acIeKThl, KaK YCWICHHUE MPONYKIIUY aKTUBHBIX (hopM
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kuciopona (ROS) ¢ okcuaaTUBHBIM MOBpPEXIEHUEM OMOMOJIEKYJI, BHYTPUKIETOYHbIMI
OTEK BCJIEACTBYE (DOPMUPOBAHUS IPAIMEHTa OCMOJISIPHOCTH MEXIY BHYTPHU - 1 BHEKJIE-
TOYHOI cpenoit, BOCCTAHOBJICHNE COKPATUTEILHOM (PYHKIINY CAapKOMEPOB C Pa3BUTHEM
TUTIEPKOHTPAKTYPHI, IPOrPECCUPYIOLINE HAPYIIIEHUSI MIOHHOTO TOMEOCTa3a KapIruOMu-
OLIMTOB, MUKPOCOCYIVCTast OOCTPYKIIMS M 3aMyCK arolnTo3a 3a CYET OTKPBITHS MUTO-
XoHIpuanbHoit mopsl (MTII) [5].

DMOUpUYECKUE IKCIIePUMEHTaTbHbIE HaX0AKM B Havase 1990-x rr. mpuBesu K gpop-
MHPOBaHHUIO OOIIMPHOTO HAYYHOTO HAIIPABJICHMS, CBSI3aHHOTO C M3YICHHEM Pa3Ind-
HBIX CITOCO00B yMeHbllIeHUsI HeoopaTuMoro MPIT Muokapna v moy4uBIlIero Ha3BaHue
KapIuomnpoTeKIuu [6]. B HauaqbHOM Tepuoae U3ydeHust KapauonpOTEeKTUBHBIX BO3-
NeCTBUIT BHUMaHME UCClIea0BaTe el ObLIO COCPENOTOYeHO Ha pa3IMYHbIX BapuaHTax
WIIEMUYECKOTO KOHIUITMOHNPOBAHUS MUOKapAa, T.e. MHAYKIINKY HECKOJIbKHNX KpaT-
KOBPEMEHHBIX 3ITM30[I0B UILIEeMUK-peTnepdhy3uu nepen TeCTOBOM uilleMuei (MpeKoH-
IuuuoHupoBaHue) [7] unu cpasy mocie Hee (mocTKoHOUMoHupoBaHue) [8]. Beckope
ObLT onucaH (heHOMEH TMCTAHTHOTO UIIIEMUYECKOTO KOHAUIIMOHNPOBAHMS, KOTOPBIM
MIpeaITojiaraeT Co3IaHNe SITU3000B HIIeMU-perepdy3nun yIaJleHHEBIX OT cepAlla opra-
HOB (CKEJIETHOM MBIIIIIbI, TTOYKX, TOHKOM KMIITKW) U TAKXKe MOXET peaan30BaThCs 10,
B XOJe WU nocJje TectoBoit umemuu [9, 10]. Bblio mokazaHo, 4YTO Mpe- U MOCTKOHIU -
mnonupoBanue ([IpeK u IToctK coorBeTCTBeHHO) yMeHBIIAOT pa3Mep UM B HeCKOJIb-
KO pa3, 4TO BEI3BAJIO BCIUIECK MHTEpeca K BO3MOXHOCTH IMTPaKTUIECKOTO ITPUMEHEHUS
X KapaIHOIIPOTEKTUBHOTO MTOTeHIIMA a. BMecTe ¢ TeM IMMOIBITKI HEITOCPEICTBEHHOTO
HCII0JIb30BaHUS Pa3IMYHbIX BAPMAHTOB UIIEMUYECKOI0 KOHAUIIMOHUPOBAHUS MMU-
oKapaa B KJIMHMYECKOM mpakTuke y nanueHToB ¢ UM He yBeHuanuch ycnexoMm [11].
[MapaniaenbHO MPOMCXOAUIO HAKOIUIEHHE 3HAHUN O MOJIEKYJISIPHBIX MeXaHU3Max
KOHIWITMOHUPOBAHMSI MHOKapaa, YTO MTO3BOJMIO Pa30UTh Ipoilecc (pOopMUPOBAHMUS
MOBBIIIEHHOH ycTolunBocTH Muokapaa K MPIT Ha Tpu aTama — TpurrepHslii, Meaua-
TOopHBIN U 3 dexropHsii [12, 13]. Ctano oueBUAHO, YTO UHDAPKT-TUMUTUPYIOIIUAN
9 deKT KOHAUITMOHUPOBAHUS MOXET ObITh BOCIIPOM3BENEH C ITOMOIIBIO PAa3TUYHBIX
¢dapMaKOJIOTHIECKUX areHTOB, aKTUBUPYIOIINX KapAUOIPOTEKTUBHYIO KICTOYHYIO
nporpamMmy [14]. OcobeHHO NTpUBIIeKATEIbHBIM BapMaHTOM JIEKApCTBEHHOTO BO3/IEi -
CTBUS C TOUYKH 3pECHUST BO3MOXHOM TPAaHCIISIINN JaHHEBIX B KIIMHUKY CTaja0 hapMaKo-
snornyeckoe IMoctK, mpu KoTopoM KapauompoTEeKTOP BBOIUTCS IIepel perepdy3neii
MMOKap/a, BbI3bIBasl ocjiabjieHre MOBPEXIeHUs, BOZHUKAIOIIETO B a3y perepdy-
3uu [15]. HecmoTpst Ha oOHamexuBalolye pe3yabTaThl psiga HeOOIbIINX KIIMHUYECKUX
KCCIIeIOBaHUI, HU OOWH M3 (PapMaKOJOTMYECKUX KapANOIPOTEKTOPOB B HACTOSIIIIEE
BpeMsI He BKIIIOUCH B JACHCTBYIOIINE PEeKOMEHIAIINM 110 BeAeHUO mamueHToB ¢ UM
BCJIENCTBYE HEIOCTATOYHBIX 10Ka3aTeIbCTB 3((HEKTUBHOCTH. DTO MOXET OOBSICHSTh-
CsI pa3IMIHBIMU TIPUINHAMH, CPEAU KOTOPHBIX TPYTHOCTDH SKCTPATIOISIUN SKCITePH -
MEHTaJIbHBIX JAHHBIX Ha YeJIOBEKa, HEMOCTaTOYHOE UCIOJIb30BaHUE B DKCIIEPUMEHTE
Momeneil KOMOPOUIHOCTH M TOJUIIparMa3uy, HeadeKBaTHRIM AU3ailH KIMHIYIECKUX
uccnegoBaHuii u aAp. [16]. I1pu 3TOM 0gHO# M3 BasKHEHIIMX TPUYMH SBJISETCST HU3Kas
OMOOOCTYITHOCTH (DAapMAaKOJOTMIECKUX areHTOB, MCIIOIb3YEMBIX IS KapAUOIPOTEK-
1IMU, B 0€30IMacHBIX AMana3oHax 103. OTa mpobjieMa MOXET ObITh pellieHa IMyTeM IIpU-
MEHEHUS HallpaBJICHHOM TOCTaBKI KapAUOIIPOTEKTOPOB C IIOMOIIBI0 HAHOPa3MEPHBIX
yactul [17]. CucteMHOe BBeleHUE CBSI3aHHOTO C HAHOYACTHUIICH NeiiCTBYIOIIETO Be-
IIEeCTBA COMPOBOXIAECTCS YBEIMUCHUEM €ro CTaAOMIILHOCTY U YMEHBIIEHUEM 00beMa
pacmpenesieHUsI 3a CYET CEJIEKTUBHOIO HAKOIIJICHUSI B ITIOBPEXICHHOM MUOKApIE, YTO
CIOCOOCTBYET OMHOBPEMEHHOMY YBETMUECHUTO 3((HEKTUBHOCTH Y YMEHBIIICHUIO pHCKa
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no6ouHbIX 3¢ PekToB. B mocaenHue rofapl B 1uTepaType aKTUBHO 00CYX1aeTCs BO3-
MOXHOCTb HACCUBHOM M aKTUBHOM HAMPaBJIeHHON! JOCTABKY Pa3IUYHBIX KAPAUOIIPO-
TEKTOPOB C IIOMOILbIO HAHOYACTHII.

enbio 0630pa SBJISIETCS KPUTUYECKUIM aHAIM3 COBPEMEHHBIX ITOIXOI0B K MpobJie-
Me TapreTHOI KapaIuoLUUTOINpOTeKIIMK. B 0630pe npoaHaM3npoBaHbl BCE UMEIOIINECS
SKCIIEpUMEHTAJIbHbIE JaHHbBIE O TAPreTHO! NOCTaBKe KapAMOMPOTEKTUBHBIX areHTOB
B 300y UPII Muokapna, monydeHHsie Ha Momensax MPII in vivo. B aHanu3 BKITIOUEHBI
TOJILKO T€ MOJIEKYJIbI, KOTOPhIE BO3IEMCTBYIOT Ha KJIaCCMUECKHE MeXaHU3Mbl paHHEH
kapauonpotekimu. [Touck mutepatypbl 6bU1 IpoBeneH B 6a3ax naHHbIXx PubMed, Scopus,
Google Scholar u Web of Science 3a mocnenuue 20 net. HarmpasiaeHHast mocraBKa aHTHOK-
CHIAHTOB, IPOTUBOBOCIIAJIUTEIbHBIX CPEACTB, aHTMOTCHHBIX (DAKTOPOB POCTA U IPYTUX
TpeIaparoB, BIMSIIOIIMX Ha OTHEIbHBIC 3BeHbs MaToreHe3a MM u moctuHdapKTHOTO
perapaTuBHOTO OTBETa, He SBJISLIach MPEIMETOM TaHHOTO 0030pa. B Havase craThu
MPUBOISTCS KpaTKKe COBPEMEHHBIE JaHHbBIE O CUTHAIBHBIX MEXaHU3MaX KapIUOIIPOTEK -
LMY Y TeX TepalleBTUYECKUX MUILICHSIX, HAa KOTOPhIC BO3ACICTBYIOT pacCMaTpruBaeMble
TapreTHHIE Iperaparhl.

CUTHAJIbBHBIE MEXAHUN3MbI KAPANOITPOTEKLINN

IIpencrasieHust 0 MONEKYISIPHBIX MEXaHU3MAaX KapAUOMPOTEKIIMU UCXOTHO CHhOpMU-
pOBaJIICh HA OCHOBE M3y4eHUs (heHOMeHa niemmaeckoro I[peK mmokapma. OTMeHa MH-
dapkr-mumutupyoomiero aciicteus I[peK Ha hoHe mpuMmeHeHUsT (hapMaKOIOTTIECKOTO
MHTUOUTOPA WU TeHETUYECKOM A ISLIMY TOM WU MHOM MOJIEKYJIIPHO MUILIEHU CITY>KUT
JIOKA3aTeJIbCTBOM €€ YYacTUsl B KapAUOIPOTEKTUBHOM OTBeTe. MH(papKT-TUMUTHPYIO-
it apdekt [peK ycrpansercs non neiicTBreM 0J10KaTOPOB PELENTOPOB PA3INYHBIX
0MOJIOTUYECKU AKTUBHBIX BEIIECTB, YPOBEHDb KOTOPHIX ITOBBIIIACTCS B MUOKapPIE B XOHe
KOPOTKMX 3MU30I0B UIlleMUKU-penepdy3un. DTU BellecTBa MOJYyYUIM Ha3BaHUE TPU-
rrepoB KapauonpoTekuuu (puc. 1). MHorve U3 HUX, Kak U CUHTETUYECKUE JTUTAHIbI
COOTBETCTBYIOIINX PEICIITOPOB, MO3Xe MEPElUIN B KATETOpHio (papMaKoJIOTHISCKIX
MHIYKTOPOB (MUMETUKOB) KOHAMLIMOHUPOBaHUS MUOKapaa. MakTUYecKy TpUITePHbIIA
9Tamn npu JoKajibHOM uiiemMudyeckoM IIpeK peanusyercs myreMm ayTo- v apakpuHHOMN
TYMOpPaJbHOU CUTHAIM3AalMHY, a TIPU TUCTAHTHOM KOHIUIIMOHUPOBAHUU — O0JIee CI0XK-
HBIM CIIOCOOOM, C Y9acTHUEM SHIOKPUHHON M HeHMpOreHHON perymsuni. CBsSI3bIBaHUEC
MOJICKYJIBI-TPUITEPA C PEIIETITOPOM MHUIIMUPYET 3TAIl BHYTPUKICTOUHOMN CUTHATU3AIIN
(Mu MenuaTOpPHBIN 3Tall), B X0Ie KOTOPOro MHbopMaIys o cyoeTalbHOM MOBPEXIe-
HUU KapAMOMHUOLIUTOB 32 CUET aKTUBALIMU HECKOJIbKIUX KWHA3HBIX KACKAI0B MepenaeTcs
Ha KoHeuHbIN 2 dekTop [TpeK. Koneunrrit apekTop — 3T0 MOJIEKYIIPHBIf KOMIUIEKC,
HEMOCPENCTBEHHO OTBETCTBEHHBII 32 COXpaHEHME XKM3HECITOCOOHOCTH KJIETKH B YCJIO-
Busix UPII. Hekoroprle BellecTBa, 3amycKaroline KapauonpoTeKIINIO, HHAYILIUPYIOT
BHYTPUKJIETOUHBIE KMHA3BI 1/ WM KOHEUHBIEe 3(h(PeKTOphl HEpellenTOPpHBIM myTeM [ 18].
Hitxe KOpOoTKO TIpeacTaBiIeHEl CBeIeHN 00 OCHOBHEBIX TPUTTEPax KapaUOIIPOTEKIINH,
BHYTPUKJIETOYHBIX CUTHAJbHBIX KacKagaxX M KOHEUHBIX 3 deKTopax.

Tpueeepnuiii sman

IMocne onucanusa dpenomena IToctK ObBIIO MOKa3aHO, YTO OOJBITMHCTBO TPU-
ITepOB KOHAUIIMOHUPOBAHUS MMOKapaa Mpy 3K30TeHHOM BBEISHUM B Hayaje pe-
nep@y3umn CriocoOHBI OKa3blBaTh COMOCTABUMBIN C TMpeaullieMUYeCKUM BBEACHUEM
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MHOaPKT-TUMUTHPYIOMINI 3G eKT, a 6J10Kama pelelTOPOB M CUTHAIBHBIX ITyTeH KOHIM -
LIMOHUPOBAHHUS B IIEpPBBIE MUHYTHI pertepdy3un OTMEHSIET 3TOT 3(PMEKT, UYTO MOCITYKUIIO
HEOITPOBEPKUMBIM JT0Ka3aTeIbCTBOM CYIIECTBOBaHMS HEOOPAaTHMOTO perepdy3MOHHOTO
noBpexaeHus [19]. Kpome Toro, 3T gaHHbIe MPUBEIN K MPEANOJIOKEHUIO O TOM, YTO
IIpeK, xak u ITocTK, oka3biBaeT CBOM 3allIUTHBIN 3(EKT MyTeM OcJ1abjeHNs He UIlie-
MUYECKOM, KaK CYUTAIOCH paHee, a penepdy3noHHoi coctapistomeii UPIT. dpyrumu
crnoBamu, I1peK u ITocTK akTMBMPYIOT ONMHAKOBBIE CUTHAJIBHBIE MEXaHU3MBI, HO TIpU

~
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IIpeK TpurrepHbIit 1 MEAUATOPHEIIA 3TAITBl MPEIIISCTBYIOT TECTOBOM MIIEMUU U “Tia-
MSTB” 0 HUX COXpaHsIeTCs B KJIETKe 10 MOMEHTA HacTyIuIeHUs perepdy3nu, a mpu [ToctK
BCE 3Talbl KApAVOIIPOTEKTUBHOIO OTBETA PEATU3YIOTCS MPAKTUIECKN OTHOBPEMEHHO
B IIEpBble MUHYThI penepdy3uu.

Peuenmopﬂbte MEXAHU3IMbL lcapduonpomeicuuu

B peanmzanum KapauoIpOTeKTUBHOTO 3(Pp(eKTa KOHIUIIMOHNPOBAHUS MIOKapaa
MPUHUMAIOT YYacTUe HECKOJIbKO Pa3HOBUIHOCTEN MEMOPaHHBIX PELIEITOPOB, AKTUBU-
PYEMBIX COOTBETCTBYIOIIMMU JUTaHAAMU (puc. 1).

Conpsncernnvie ¢ G-oeaxom peyenmopot (G-Protein Coupled Receptors, GPCR). AkTuBa-
ust GPCR, npuBopsiias K KapAMonpoTeKTUBHOMY OTBETY, TPOMCXOIUT MO AeCTBEM
TaKMX JIMTAHIIOB, KaK aleHO3WH, OpaguKUHWUH, KaTeX0JIAMUHBI, OITMOUIHbBIC TIETITUIHI,
YPOKOPTHH, alleTUJIXOJIUH, TTI0KaroHononooHslii nentua-1 (GLP-1), mpocTarmanauHsl,
SMOKCURIKO3aTpUEHOBAs KUcioTa, aHrnoteH3uH 11 u supotenun-1 [20]. Yacts u3 HUX
0o0pasyeTcsl SHIOTeHHO TIPH Pa3IMIHBIX BapHaHTaX KOHINIIMOHUPOBAHUS MUOKapIa,
B TO BpPeMsI KaK APYrre aKTUBUPYIOT KapAUOMPOTEKTUBHYIO CUTHAIU3AIUIO TOJIBKO MTPU
5K30T€HHOM BBEICHUU.

Peuyenmopsi chaxmopos pocma. DK30TeHHOE BBEACHHUE TaKMX (haKTOPOB POCTa, KaK
WHCYJIUH, (pakTop pocTa ¢prudpoosacToB-1 1 Ipyrux, MpUBOAUT K YMEHBLICHUIO pa3Mepa
nH@AapKTa, 9YTO OIMOCPEIOBAHO aKTHBAIIMEH CUTHAIBHBIX IYTeii, CBI3aHHBIX C peIell-
TopaMu, 00JIaJaloIIMMU TUPO3UHKMHA3HOM aKTUBHOCTHIO [21]. CBs3bIBaHME JTUTaHAA
¢ pelentopom akTopa pocrta, Kak u ¢ boabiinHcTBoM GPCR, akTUBUpYET KITIOUeBO

Puc. 1. Drarmmsl peayM3aivivi paHHETO KapIUOMPOTEKTUBHOTO oTBeTa. CTpekaMu 0603HAYSHBI CTUMY -
JIPYIOIUE BO3ACUCTBYS, MEPIICHANKYISIPHBIMY JIMHUSIMU — UHTUOUpYIomue. [omy6oii iBeT — 27e-
MeHTbl NO-PKG curHanbHoro nytu, xeatbiit — RISK-mytu, 3enensiii — SAFE-nytu. IMosicHeHust
B TeKcTe. Yenosnvie o603nauenus: GLP-1 — rmokaroHonono6Hsblit nentun-1; EPO — sputrponostus;
FGF — dakrop pocra ¢pubpobaactoB; TNF-a — dakTop Hekpo3a omnyxoneii-o; CAMP — nukinueckuii
aneHo3nHMoHodochaT; PKA — nporenHkuHaza A; PI3K — docharununmuosuron-30OH-kuHaza;
MEKI1/2 — mutoreH-akTuBUpyeMast iporenHkuHasza 1/2; JAK1/2 — sHyc-kunaza 1/2; eNOS — aH-
notenuanbHasi NO-cuHTasa; PDK1/2 — docdhonHoszuton-3aBucuMas nporenHkuHasa 1/2; ERK1/2 —
KWHa3a, peryjimpyeMasl BHEKJIeTOUHbIMU curHaniamu 1/2; H,S — cepoBonopon; NO — MOHOOKCHUA
azora; STAT3 — npeoOpazoBaTeb CUTHAIA U aKTUBATOp TpaHckpunuuu 3; cGMP — nukinnueckuit
ryaHosuHMoHodocdat; ROS — akruBHbIe opMbl Kuciopona; Akt — nmporeuHkuHasa B; PKG —
nporenHkrHaza G; PKC — nmporennkunasa C; p70s6K — nporennkunasza p70s6; GSK3p — kuHaza
mkoreHcuHTassl 33; KATP — AT®-3aBrcUMBIil KaTMEeBBII KaHAIT

Fig. 1. Stages of early cardioprotective response. Arrows indicate stimulating effects, perpendicular lines
indicate inhibitory effects. Blue color — elements of the NO-PKG signaling pathway, yellow — RISK
pathway, green — SAFE pathway. Explanations in the text. Legend: GLP-1 — glucagon-like peptide-1;
EPO — erythropoietin; FGF — fibroblast growth factor; TNF-a — tumor necrosis factor-a; cAMP —
cyclic adenosine monophosphate; PKA — protein kinase A; PI3K — phosphatidylinositol-30OH kinase;
MEK1/2 — mitogen-activated protein kinase 1/2; JAK1/2 — Janus kinase 1/2; eNOS — endothelial NO
synthase; PDK1/2 — phosphoinositol-dependent protein kinase; ERK1/2 — extracellular signal-regulated
kinase 1/2; H,S — hydrogen sulfide; NO — nitrogen monoxide; STAT3 — signal transducer and activator
of transcription 3; cGMP — cyclic guanosine monophosphate; ROS — reactive oxygen species; Akt —
protein kinase B; PKG — protein kinase G; PKC — protein kinase C; p70s6K — protein kinase p70s6;
GSK3p — glycogen synthase kinase 33; KATP — ATP-dependent potassium channel
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KapAMOIIPOTEKTUBHBIN ITyTh KMHA3, MPENOTBPAIIAIINUX penephy3MOHHOE MTOBPEXIeHNE
(Reperfusion Injury Salvage Kinases, RISK) [22].

Peyenmoput yumorxunos. @akTop Hekposa omyxojeii-o (TNF-a) u uHTepiaeiikuH-6
HE TOJBKO CTUMYJIUPYIOT KapaAMOIPOTEKTUBHBIM OTBET IMPU 3K30T€HHOM BBEACHUU
B HEOOJIBIITNX 103aX 3a CUET aKTUBAIIMU COOTBETCTBYIOIINX PEIIENITOPOB, HO U YYaCTBY-
0T B peaJiM3allii SHIOTeHHBIX KapAUOIIPOTEKTUBHBIX (peHOMEHOB, Takux Kak [IpeK
u [ToctK [23]. Ctumynsaums peuenTopoB IMTOKUHOB IMTPUBOAUT K aKTUBALIUM Kapauo-
MPOTEKTUBHOI'O CUTHAJILHOTO MYTH — ITyTU YCUJIEHUS (haKTOopa, aKTUBUPYIOIIETO BHIKH-
BaHue (Survivor Activating Factor Enhancement, SAFE) [24].

Peyenmopei c eyanuramuyuinasznoi akmuernocmoio. CTUMYISILIVS PELIETITOPOB HATPUTA-
YPEeTUIECKUX MEeNTHUAOB A 1 B COOTBETCTBYIOIIMMM JIMTAHIAMU, B TOM YHCJIC B HaJaje
penepdy3un mocje TeCTOBOU UIlIeMUU, IIPUBOIUT K 3HAUMMOMY YMEHBIIIEHUIO pa3Mepa
uHdapkTa [25]. JIuraHa-penenTopHbIii KOMIUIEKC CTUMYJIMPYET MEMOPaHOCBSI3aHHYIO
TYaHWJIATIIMKIIA3y, YTO TIIPUBOIUT K YBETMUCHUIO TIPOIYKIINH IIMKIIMIECKOTO TYaHO3WH-
MoHo(pocdara (cGMP), aktuBannu nporemukuHasbel G (PKG) u 3ammrte Mmuokapna,
MPEUMYIIECTBEHHO MOCPEICTBOM aKTUBALIMU MUTOXOHIPpUATbHBIX ATM-3aBUCHMBIX
kameBblx (MKATP) xanasos [26].

Hepeuenmopnvie mpueeeput

KapanonpoTeKTUBHBIN OTBET MOXET MHUIMUPOBATHCS HEPELIENITOPHBIM MyTeEM
C yYyacTHeM TaKWX SHIOTEHHBIX CTUMYJIOB, KaK IMOBBIIICHNE BHEKJIETOUHOM KOHIIEH-
tpauuu Ca’t, ymepeHHoe yBeaudeHue obpasosanusa ROS u Bo3neiicTBue razoTpaHc-
MHTTEPOB, K KOTOPBIM OTHOCSTCS MOHOOKcHA a3oTa (NO), MmoHookcun yriepona (CO)
u ceposonopor (H,S). TpansutopHoe noBbIIeHNe KOHUeHTpaunn Ca’" BLI3BIBAET
KapaIMOMpOTEeKIIMIO 32 CYET aKTUBALIUU KITFOUEBOTO MeAUaTOpa KOHAUIIMOHUPOBAHUS —
npoternHkrHa3bl C [27]. ROS urpatotT HeomHO3HAYHYIO POJIb B MEXaHU3MaX KapaUOIpO-
texuuun 1 MPI1 muokapma, mocKoibKy HebobInre KommaectBa ROS, obpasyromuecs
B xoze [IpeK, obmagaloT curHaabHOM YHKLIMEN, CTUMYIUPYS KapaAUOIIPOTEKTUBHbBIE
KuHa3skl [28], a MaccuBHOe oOpa3oBaHue ROS B xone uieMuu M, 0COOEHHO, pernep-
(by3uu BeICTyMaeT B pOJIM BaKHEMIIEro MexaHu3Ma perepdy3MoHHOTO MMOBPEXACHUS
muokapaa [29]. CursanbHag pyakumst ROS nMeeT BaxkHOe 3HaYeHUE B MEXaHU3Max
JIoKanpHOTro nimemudeckoro I1peK, Ho He ygacTByeT B KapaIMOIIPOTEKIIUH, OTIOCPEI0-
BaHHoIi guctanTHBIM [TpeK [30, 31]. Bknan sngoreHHo oopasyouierocsst NO B mexa-
HU3MBI KapAMOTIPOTEKIIMM TAKXKe 3aBUCUT OT TUIa KOHIULIMOHUpoBaHus. Tak, 6oKkana
o6pazoBanust NO He TPUBOOUT K yCTPpaHEHUIO 3(hdekTa TOKaAITHLHOTO NIIIEMUYECKOTO
IIpeK [32], Ho ycTpanser addekt [MoctK n nucrantHoro IMpeK [33]. [Tpu aTOM 3K30-
reHHoe BBeneHre NO WM ero JOHOPOB 001a1aeT BhIpakeHHBIM KapIHMOIIPOTEKTUBHBIM
neiictBueM [34]. U3BectHO, yTo NO Kak HEMOCPENCTBEHHO 3a CUE€T HUTPO3UJIMPOBa-
Hus SH rpynn uucrtenHa, Tak U OMOCpenoBaHHO yepe3 curHaibHblil myTh NO-PKG
aktuBupyeT mKATP-kaHanbl, a Takke yMeHbIIAaeT BEepOoITHOCTL OTKpuITUS MTII [35]
1 MOOYJIMPYET aKTUBHOCTH IpeoOpa3oBaTelisl CUIHAAa U aKTUBaTOpa TPaHCKPUIILIUHA
3 (STAT3) [36]. Ycunenue obpasoBaHus 3HaA0reHHoro H,S yyacTByeT B Kapmuomnpo-
tekTuBHOM 3 dekTe [IpeK u [TocTK [37]. Dk3orenHoe BBeaeHue H,S u ero noHopoB
TaKKe 00J1amaeT KapouoIIpOTEKTUBHBIM IEMCTBUEM, UTO MOXET OBITh CBSI3aHO C aKTH-
BallMel KWHA3HI, peryaupyemMoi BHekiIeTouHbIMU curHamamu (ERK1/2), n aktuBamu-
eit mKATP-kananoB u Mmonynsiueit STAT3 [38, 39]. Mexanusm neiictBust H,S, kak
1 NO, ocHOBaH Ha MOCTTPAHCISLMOHHON MoaudUKaluu 0eJIKOB, HO MpearoaraeT

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



CUTHAJIbHBIE MEXAHU3Mbl KAPAVUOTTPOTEKLIMW U HATIPABJIEHHAS JOCTABKA / 53
SIGNALING MECHANISMS OF CARDIOPROTECTION AND TARGETED DELIVERY

cyapbrunpupoBanue SH rpynn aMUHOKHMCIOTHBIX OCTATKOB LIUCTEUHA. XOTS 3K30-
reHHoe BBeaeHue CO yMmeHbIaeT pazMep MHbAapKTa, JaHHBINA Ta30TPAHCMUTTED HE
y4acTBYeT B 00ecTieYeHUM KapANOTIPOTEKTUBHOTO 3hheKTa pa3HbIX BUAOB KOHIUIIN-
oHupoBaHusg Muokapaa [40].

BHympuKﬂen’ZO‘iHble CUCHANbHblE KACKAObL

CBs3bIBaHME BHIOTEHHO 00pa3yIolerocs B Xoue KOHIMIIMOHUPOBAHUSI MUOKapaa
JINOO0 BK30TEHHO BBEICHHOTO JIMTaHIa ¢ 0003HAYeHHBIMHU BBIIIIEC PEIETITOPAMU, IKC-
MIPECCUPYIOIINMICS Ha TTOBEPXHOCTU CApKOJEMMBI, COIIPOBOXIAETCS aKTHUBaLUeit
BHYTPUKJIETOYHBIX CUTHAJIBHBIX ITyTei. B HacTosiiee BpeMsl AeTaJIbHO ONUCAHBI TPU
KapauornpoTeKTUBHBIX cuTHaIbHBIX ITyTU — RISK, NO-PKG u SAFE. OtneasHoe MecTo
3aHMMaeT IpoTenHKMHa3a C. Mexny CUTHAJIbHBIMU ITYTSIMU UMEIOTCS CJIOXKHBIC B3au-
MoneiictBus. Tak, HanmpuMmep, B ycioBusix nedunura STAT3 — kirtoueBoro KOMIOHEeHTa
1yt SAFE — KOHIMIIMOHUPYIOIIXE CTUMYJIBI He 3aIlUIIAI0T MUOKAP U HE aKTUBUPYIOT
takne KomrmoHeHTH RISK-myti, kak mpotemaknHasa B (Akt) m ERK1/2 [41]. Heko-
TOpBIe KapaIHOTPOTEKTUBHBIE BO3ICIICTBHS BEI3BIBAIOT OMHOBPEMEHHYIO CTUMYIISIIIHIO
RISK- u SAFE-nyteii, Torna Kak apyrue o0ecreymBaloT KapIuonpoTEeKIHUIO 32 CUeT
aKTUBALIMY TOJILKO OMHOTO U3 TyTeit [42].

RISK-nymuo

VYuactue RISK-nytu B MexaHu3Max KapAuONpOTEKIIMU ObLTIO OOHapyxXeHo Yel-
lon ¢ coaBt. B 2002 1., KOrma ObLJIO TTOKa3aHO, YTO KJIIOYEBbIE KOMIIOHEHTHI JaHHOTO
myti — docharuauanaosuTon-30H-kunaza (PI3K), Akt 1 ERK1/2 — akTuBupyIoT-
cs B paHHeM penepdy3noHHOM nepuone nocie BeeaeHus aurannoB GPCR [43, 44].
K HacrosiiieMy BpeMeHM 0OHapyKeHO He MeHee 25 TUraHaoB MeMOpaHHbBIX PELIENTO-
poB, akTuBUpyoIrx RISK-1yTh 1 THAYHMPYIOIMX KApAUOIIPOTEKTUBHBIM OTBET [45].
CurnanpHblil TyTh RISK akTHBHpYyeTCS Mpy UIleMUYeCKOM KOHINIIMOHUPOBAHUN
MUoKapnaa, mpudeM ero akrusaiys rmpu [IpeK coxpaHseTcst B xone HIIeMUYeCKOI (ha3bl
MOBPEXIEHUS U pean3yeT KapaAUuOoIpOTeKTUBHBIN 3 (PeKT B penepdy3noHHOM (pa3e
3a cyeT yMeHblneHus oTKpbiThst MTII [46]. DTO IpUBOOUT K YMEHBIIEHUIO NHTEH-
CHBHOCTH aIlonTo3a, CHIXKEHUIO0 OKCUIATUBHOTO CTpecca, YMEHbBIICHUIO KaJTbIIUeBOI
Meperpy3ku MUTOXOHAPUI U NPyTruM 3 dekTam, crmocodcTByonM ociadneHuto MPIT
muokapaa [47]. Ilyre RISK umeer aBa pycia, KoTopble KOHBEPrupyiot Ha p70s6-Ku-
Ha3ze, GochopuInpyst U aKTUBUPYS ee; aKTUBUpoBaHHast p70s6-KWHa3a MoaaBisieT
aKTUBHOCTb KMHa3bl IukoreHcuHTasbl-33 (GSK-3B) (puc. 1). OagHO pyc/io CUTHANIb-
Horo mytu RISK mpencraBieno PI3K-Akt, a BTopoe — MUTOTeH-aKTUBUPYEMBIMU
nporenHkuHazamMu MEK1/2 u ERK1/2. Mexnay aTuMu 1ByMsT BETBSIMU OTHOTO TYTH
HMMEIOTCSI pELMITPOKHBIE OTHOIIEHMSI, TIOCKOJIbKY MHIMOMPOBaHNE OJHOTO U3 KacKa-
JIOB BBI3BIBAET aKTUBAIMIO BTOporo U Haoo0opoT [48]. I[TockonbKy akTuBHasg GSK-3f3
crocobcTByeT oTKpHITHIO MTII, TTOmaBiIeHME €€ aKTUBHOCTH B Pe3y/IbTaTe aKTUBALIH
RISK nyTu nmeeT BeIpaxkeHHbIE KapaAUOIPOTEKTUBHbBIE MocaencTrus [49]. U3BecTHO,
yto nHrudbuposanne GSK-3[3 MoxeT BbI3bIBATh KAPIUOIIPOTEKIINIO HE TOJIBKO 3a CUET
nofasyieHus oTKpbITUa MTII, HO ¥ nyTeM IPYTMX MEXaHNU3MOB, HATIPUMED MOAYIALUN
aytoaruu [50].
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NO-PKG-nympo

DupotenuanbHasg NO-cuHTasa (eNOS) urpaer BaxkHEHUIIYIO poJib B MeXaHMU3Max
KJIaccM4YecKoit KapauonpoTeKunu. Ee akTuBauus mpu UIeMU4ecKoM KOHIUIIMOHM -
pOBaHMK MUOKapaa MPOUCXOAUT B pe3yabTare curHanm3anuu yepe3 GPCR kak nep-
BUYHO Tof AeiicTBueM CAMP-3aBucuMoil mpoTeuHKMHA3bl A [51], TaKk M1 BTOPUYHO IO,
nerictBueM KoMnoHeHTOB RISK -yt — dhochorHO3UTON-3aBUCUMOI TPOTEUHKUHA3BI
(PDK1/2) u Akt [52]. O6pa3zyrommiicst B pe3yibsrate aktuaimu eNOS okcu a3oTa cTu-
MYJIUPYET pacTBOPUMYIO I'YaHWJIATIINKIIA3Y, YTO IIPUBOIUT K YBEIMUCHIIO KOHIICHTPAIIUHA
¢GMP n aktuBaumu PKG. Mumensio PKG sBistercs mKATP-kaHai, oTKpeITHE KOTO-
pOTO BBICTYITAET B POJIU KIIFOU€BOT0 3(h(HEeKTOPHOTIO MeXaHM3Ma KapauoIpoTeKLuu [53].
ITpu nmemumueckom IoctK aktusaiys PKG nonoaHUTEIbHO TPUBOAUT K MOJABICHUIO
GYHKIMM HAaTPpU-ITPOTOHHOTO OOMEHHMKA, YTO 3aMemsieT Bo3BpaT pH kK HopMme u 3a
CYET ITOTO MPEMHSATCTBYET HACTYIJICHUIO penep(y3noOHHOTO MoBpexneHus [54].

Ilpomeunxunasza C

Ponb nporennkunasbl C (PKC) B curHaabHBIX MexaHu3Max uineMudeckoro IMpeK
ObL1a BriepBble MoKa3aHa enle B 1994 1. [55]. PKC akTuBupyeTcs Kak B pe3yasTaTe CTUMY-
JISILIMU CO CTOPOHBI BropuyHoro MecceHmkepa GPCR nuanuunriuiepoa, Tak u noj Bjau-
saHueM PI3K-Akt ocu [56]. HauGoJiee BaxXHOI B KOHTEKCTE KAPIUOMPOTEKLIMU U30(DOP-
moii PKC sasnsgerca PKCe, monBepraroiiasicss TpaHCIOKAUU B MATPUKC MUTOXOHIPUIA
¢ nmocnenytomeit crumyisuneit mKATP-kananos [57]. PKCe takke TpaHciaomupyercs
B CapKOILIa3MaTUICCKUI pETUKYJIYM, TIe IO €€ ACHCTBUEM IIPOUCXOIUT YMEHBIIICHNE
koHueHTpauyuu Ca?* [58].

SAFE-nymo

Posb curHanbHoro nytu SAFE B KapauonpoTekyu Ob1a yoeauTeIbHO MPOAEeMOH-
crpupoBaHa Lecour B 2009 1. [59] Ha OCHOBE HJaHHBIX O TOM, YTO KapIUOIIPOTCKTHUB-
HBII OTBET MOXET OBITh MHIYIIMPOBaH (hakTropoM Hekposa omyxoieit-a (TNF-a) mpu
CBSI3BIBAHUH C PEILICTITOPOM 2-TO THIIA ¢ ITOCIeayIoleii akTuBalueii Inyc-kuHassl 1/2
(JAK1/2) u STAT3. I1pu 3ToM nipoTeKTUBHBIH 3 dekT TN F-a coxpaHsieTcs B yCI0BUSIX
dapmakonorndyeckoro uuruouponanusi Akt u ERK1/2, uro cBuaeTenbCTByeT O HeE3aBU-
cumoctu curHanm3anuu yepe3 mytd SAFE u RISK [23]. ITyts SAFE akTuBupyetcs: He
Tojbko TNF-a, HO ¥ TaKUMM HAOTE€HHBIMU JIMTaHAAMU, KaK c(OUHTO3UH-1 (ocdar,
MEJIATOHWH U 3pUTPONOSTUH. [JaHHBIN CUTHAJIBHBII ITyTh HEOOXOMMM IJIST KOHAWIIN -
OHHMPOBAaHUS MUOKapa, IMpUIeM OCHOBHBIM MCTOYHUKOM 3HmoreHHoro TNF-a misa
€ro CTUMYJISILINY SIBJISTFOTCSI KapmuoMHUOLUTHI [24]. KirroueBeiM 3memeHTOM iy SAFE
apisietcss STAT3, pochopunupoBaHHas ¢popmMa KOTOPOro OOHApPYKMUBAETCs B sIIpe
1 MUTOXOHIIpUsX KaparoMuouuToB mocie MPIT [60]. @yukums STAT3 momnymupyetcst
KapauonpoTeKTUBHBIMU razorpaHcmutrepamu NO u H,S. AktuBupoBaHHbIif STAT3
nHruoupyer GSK-3p [61] v yMeHbIaeT BepoATHOCTb OTKpbITHst MTII [62].

Koneunvie sgpghexmopor kapouonpomexuyuu

JIns oOHapyKeHUsI KOHEUHBIX 3((HEeKTOPOB KapAUOMPOTEKILIMU TTOTPEOOBAIOCH CY-
LIECTBEHHO OO0JIbllIe BPEMEHM, YeM UISI OTTMCAHUST PELENITOPHBIX M CUTHAJIBbHBIX MeXa-
H13MOB. [Ipy 35TOM OCHOBHBIE THITOTE3bI O KJIIETOYHOM JIOKAJTU3aIIUA MOJICKYISIPHOTO
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addexTopa cripaBeyIuBO CBA3BIBAIM €T0 C MUTOXOHAPUSMU, UTPAIOIIUMU KITIOUEBYIO
poib Kak B MexaHusmax MPI1 muokapna, Tak u B 3amure ot MPII. B konie 90-x — Ha-
yajie 2000-X rr. JOMUHUPOBAJIO MPENCTaBIEHUE O EAMHCTBEHHOM KOHEUHOM 3 heKTope
kapouonporekin — mKATP-kanane [63]. AkruBanys mKATP-kanamoB HeoGxoqnma
IUIS peaiu3alliyi pa3IuyHbIX BApMaHTOB KOHAUIIMOHUPOBAHUS MUOKApAa, MOCKOJIbKY
CeJIeKTUBHas (hapMaKoJIoTHIecKas 0JI0Kaga 3TUX KaHAJIOB IMIPEMSATCTBYeT (hOPMUPOBA-
Hu1o 3amuTHOTO 3 dekTa [64]. mKATP-kanan aktusupyercs NO, H,S, PKC, PKG, Akt
n ERK1/2, 1.¢. BceMM OCHOBHBIMU CUTHAJIBLHBIMH MYTSIMU KapAUOIIPOTEKIINK. Mexa-
HU3MBI TOBBIIIEHUS ycToitunBocT Muokapaa K MPIT B pesynsrate aktuBanyu mKATP-
KaHaJIOB MOTYT BKJIIOUATh YCUJICHNE TKAHEBOTO IBIXaHUS U OTpaHNYCHUE KaJbIINEBOMN
Meperpy3ku MUTOXOHAPHI, a TaKxKe YMeHbllIeHHe aronTo3a [65]. Heobxomnmo oTtMme-
TUTh, 4TO, MoMuMO MKATP-kaHanoB, cyliecTByeT HecKoabko TUuoB KATP-kaHanos,
JloKanu3oBaHHBIX B capkojieMMe (SKATP). Btu kaHanbl Takke UTpaloT BaxKHYIO POJIb
B KapAMOIPOTEKIIMU, OCOOEHHO y TPBI3YHOB, I KOTOPBIX XapaKTepHa BbICOKas Ya-
CTOTa CepACYHBIX COKpAILEHUI. DTO CBSI3aHO ¢ TeM, uTo akTuBaius sSKATP-kaHamoB
COIMPOBOXIAETCS COKpaIlleHUEM MPOIOIKUTENBHOCTU (ha3bl MIaTO MOTEHIMAIA AeHi-
CTBU#A, orpaHndeHneM nocryruiennsa Ca’t yepes KaHanbl L-Tuna u coxpaHeHHEM ITyia
AT® [66]. BropbIM BaxXHEHIIIMM MOJIEKYISIPHBIM 3(h(HEKTOPOM KapauOMpPOTEKIIUH, JIO-
KaJIM30BaHHBIM B MUTOXOHIPUSX, sIBiIsieTcst MTII — MyJIBTUIIPOTEMHOBHIN KOMILIEKC,
PEeTYJIMPYIOIIUI MPOHUIIAEMOCTb BHYTPEHHE MeMOpaHbl MUTOXOHApHUiA [47]. 3BeCTHO,
4yTO B HOpMe U1 B Xome nimemun MTII mpenMyIiiecTBeHHO HAXOIUTCS B 3aKPHITOM COCTOSI-
Huu. [Tpu aTOM B Havase penepdy3uu co3aaeTcs Uenblii psii yCIAOBUMA, CIIOCOOCTBYIOIIUX
otkpbITHi0 MTII. K HUM OTHOCSATCS TTOBBIIICHNE BHYTPUKICTOUHONH KOHIIEHTPAIIUHN
Ca’", unteHcuBHOE ob6paszoBaHue ROS u 6bicTpas Hopmanusauus pH [67]. TTocnen-
CTBUSI IJTUTEILHOTO M MHTEHCUBHOTO OTKPHITHS MTII BKIII09AIOT IPOTPECCUPYIOITNIA
OKCHUIATHMBHBII CTpece, TIEPErpysKy MaTpukca MuToxoHapuii Ca?*, pekpaiieHue npo-
nykuny AT® u 3a1mycK armonro3a KapoIuoOMHOIUTOB. [IprMedaTeIbHO, 9TO TO3MPOBAHHOE
1 KpaTKoBpeMeHHoe oTKpbiTe MTII, HanmpoTuB, yyacTByeT B 3allycKe MeXaHU3MOB
KapauonpoTtekiuu [68]. BeposiTHOCTb HeKOHTpoIMpyeMoro otkpbitiust MTII B paH-
HeM penep¢hy3rMOHHOM IepHOoae CHIDKACTCS B pe3y/IbTaTe pa3HbIX BApUAHTOB KOHIU -
LIMOHMPOBaHUS MUOKapaa. [Ipy1 3TOM B poJii OCHOBHOTO MOJIEKYJISIPHOTO MEXaHU3Ma
sHporeHHoro nHrnouposanuss MTII BeicTynaeT momasineHue aktuBHOCTH GSK-3f mox
NeiCTBMEM KOHEUHBIX 2J1eMeHTOB cuTHaIbHBIX ITyTelt RISK u SAFE. AktuBHocts MTII
MOXET TaKxKe HermocpencTBeHHO MomyrupoBaTthes NO u STAT3. Takum o6pa3om, B Ha-
cTosiiee BpeMst MIeHTUMOUIIMPOBaHbI IBa OCHOBHBIX KOHEYHbBIX 3(h(eKTopa Kapauonpo-
texkuun — mKATP-kanan u MTII. Cnenyer momuepKHYTh, YTO KapAUOIPOTEKTUBHbII
OTBET MpelrojaraeT MpOTUBOMNOJOXHbIE U3MEHEHUSI aKTUBHOCTY 3TUX JIBYX KaHAaJIOB,
a UMEeHHO, yBelnmdeHUe ITpoHnnaeMocT mKATP-kaHama 1 CHIDKeHHE BEPOSTHOCTH
otkpeiTuss MTII. CortacHo HEKOTOPBIM JaHHBIM, MepeyeHb KOHEYHBIX 3((HEKTOPOB
KapAUOIIPOTEKIINN MOXET OBITh CYIIECTBEHHO PacCIIMpeH, IMTOCKOJIbKY B pealnu3anun
3alIUTHOTO 3(h(heKkTa KOHIUIIMOHMPOBAHNS MUOKapaa MPUHUMAIOT YIacTUe MUTOXOH -
JpyaJibHbIE U CAPKOJIEeMMaJTbHbIE KOHHEKCHUHbBI, (hePMEHT aJIbAETUIIETUIPOTeHa3a U He-
KOTOpbIE OETKU LIMTOCKENETA, MONACPXKUBAIOIINE LIEIOCTHOCTh KJIETKHU U Y4aCTBYIOLIUE
B peryJsiiuu ee oobema [69].

AHaIW3 JTaHHBIX JTUTEPATYPhl O CUTHAJIIBHBIX MEXaHU3MaX MIIIEMUIEeCKOT0 KOHIM-
LIMOHUPOBAaHUS MUOKapJa MOKa3blBaeT, UTO (hapMaKOJIOTMYeCKUe KapauoIpoOTeK-
THUBHBIC ar€HTHI MOT'YT OBITh OTHECEHBI K OMHOM M3 CICAYIOIINX IPYIIL: 1) 3HOOTeH-
Hble U cuHTeTnYeckue auranasl GPCR m apyrux penenTopos, 3a1eiicTBOBAaHHBIX
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B peaJIM3alMi TPUTTEPHOTO 3Tama; 2) HEPELENTOPHBIE TPUTTEPHI, CPENN KOTOPBIX
HauOOJbIIINE MEPCIIEKTUBHI MIPAaKTUUECKOro npuMeHeHus cBsizanbsl ¢ H,S u NO;
3) 610kaTopbl HeKOHTpoaupyeMoro oTKpbiTUst MTII u aktuBaTopsl KATP-kaHanos;
4) cTUMYSITOPBI KMHA3, OTHOCSIIUXCS K KAPAUOTIPOTEKTUBHBIM CUTHAJIBHBIM TTYTIM
RISK, SAFE u NO-PKG.

JTOCTABKA KAPAUOIMPOTEKTUBHBIX CYBCTAHLIMH B MHWOKAPJ
C ITOMOIIbIO HAHOPASMEPHBIX HOCUTEJIEU

Psn coenuneHuii, 061anaomux BeIpaxxeHHbIM UHDaPKT-TUMUTUPYIOIIUM 3hdheK-
TOM B BKCIIEPUMEHTAIbHBIX pa00TaX Ha XXMBOTHBIX, ObLT MPOTECTUPOBAH B KJIIMHUYE-
CKMX UCCIIEAOBAHUSIX C yIaCTUEM NallueHTOB ¢ UM, KOTOPBIM BBIMOJHSUTUCH YPECKOX-
HblE€ KOPOHAPHbIE BMEIIATENbCTBA C LIENIbI0 9KCTPEHHOU peBaCKYIsSIpU3allui MUOKap/a.
HenonHelit mepedyeHb KapIMOMPOTEKTUBHBIX MPENapaToB, NU3yYEHHBIX B HEOOJIBIIIUX
KJIMHUYECKUX UCCIENOBAHUSIX, BKIIOYACT aIeHO3UH, SpUTPOITO3TUH, MHIruouTop MTII
nukiocrnopuH A, aktusatop KATP-kaHanoB u noHop NO HUKOpaHIWIT, TPEACEePAHBII
HaTpuitypeTudeckuii mentua, 1oHop NO HUTPUT HATpUsI, arTOHUCT perentopoB GLP-1
skceHaTua v ap. [20]. HecMoTps Ha HamMuKe KapauonpoTeKTUBHOTO 3¢ dexra, 3adhuK-
CHPOBAHHOE B HEKOTOPBIX U3 3TUX UCCICIOBAHUN, HU OIVH MpernapaT He MoKa3aj 3Ha-
YyuMoOro yaydliueHus ucxonoB UM B uccnenoBanusx 3-it ¢assl [70]. OgHo U3 NpuynuH
MOXET SIBIISITbCS HENOCTIKEeHUE 3 (PEKTUBHOI KOHIIEHTpaLMy Iperapata B 30He MPIT
MMOKapaa BCJIEACTBUE KOPOTKOTO BPEMEHU TMOJYXU3HUA MOJIEKYJIBI JIEKapCTBa B KPO-
BOTOKE, OOJIBIIIOTO 00BbeMa pacTpeaeieHUs WK HATUUUST CEPhe3HBIX J0303aBUCUMBbIX
MoOOYHBIX 3(PPeKTOB, OTPaHUYMBAIOIIUX O€30MaCHbI AMana3oH n03. Tak, cucteMm-
HOE NMPUMEHEHUE aIEHO3UHA COTPOBOXAAECTCS apTePUaTbHON TMIIOTEH3UEe 1 Opanu-
kapaueii [71], uukiiocnoprH A BbI3bIBaeT UMMYHocCyIpeccuto [72], a H,S oka3biBaeT
TOKCUYECKOE JECTBUE HA UEHTPAJIbHYIO HEPBHYIO CUCTEMY, BbI3BIBAET TMIIOTEH3UIO
U TofiaBJieHue AbixaHus [73]. OTU faHHbIE CTUMYIMPOBaAIU (DOPMUPOBAHUE KOHLIETTLIMU
HaIlpaBJIeHHOM JOCTaBKU KapauornpoTeKTopoB B 30Hy MPII Muokapna ¢ nmoMmolibo
HaHoOpa3MepHbIX HocuTeseil. Mcnonb3oBaHre Harpy>KeHHbBIX JEMCTBYIOIIMM Bellle-
CTBOM HOCUTEJEil O3BOJISIET JOOUTHCS UX M30MPATETbHOTO HAKOIUIEHUST B TTIOBPE-
XIEHHOU TKaHU C YMEHBbIIIEHUEM 00beMa pacnpeneaeHusl, MOBBICUTh CTAOUIBHOCTD
JIOCTaBJIIEMOTO TIpenapara 1 00ecneunTh eT0 KOHTPOJIUPYEMOE, TTPOJIOHTUPOBAHHOE
BbICBOOOXIeHNE. CeTeKTUBHOCTh HAaKOTIEHUSI KOMILIEKCOB “Iipenapar—HaHOYacTH -
ua” B 3oHe MUPII mocturaercs 3a cueT ABYX CTpaTerMii — IMacCUBHOM M aKTUBHOM 10-
ctaBkM (puc. 2) [74]. B ciyyae nacCUBHOM JOCTaBKU UMEET MECTO MPEUMYILIECTBEHHbII
BBIXOJ HAHOYACTUII, COIEPXKAIIMX MPETapar, B TKAHU C TOBBIIIEHHO TPOHUIIAEMOCThIO
MMKPOCOCYIIOB, K KOTOPBIM OTHOCUTCS M ntoaseprimuiics MPIT muoxkapn [75, 76]. Ak-
TUBHAsI IOCTaBKAa MTO3BOJISIET YCUITUTD CEIEKTUBHOCTh HAKOTUICHUSI HAHOYACTUIL B 30HE
MOBPEXACHMS 3a CYET HECKOJBbKUX MOAXOAO0B: 1) MpUcoenrMHEeHUS K TOBEPXHOCTH Jie-
KapCTBEHHOUM HAHOYACTUIIBI T.H. HAMIPABISIOMINX JIUTAHIOB — MOJIEKYJ, crielnuduye-
CKM B3aMMOJEMCTBYIOIIUX C TOBEPXHOCTHBIMU WJIM BHYTPUKJIETOUHBIMU MapKepaMu
B 30He MHTepeca [77]; 2) MOKPBITHS HAHOYACTUI] MeMOpaHaMK COOCTBEHHBIX KIIETOK
KpOBU (TPpOMOOLIMTOB, HEUTPOGDUIOB, MOHOIIUTOB), COAEPXKAILIMMU HAOOp OEJIKOB
U TJIMKOTIPOTEVHOB 71 00ECIIeueHUsl aare3n K SHIOTENNIO TTOBPEXKACHHBIX KOPO-
HapHBIX COCYAOB 1 BBIXOJa B TKaHb [78]; 4) obecrneyeHUsT “pacKpbITUsI” JI€KapCTBEH-
HBIX HAHOYACTUII B TOBPEXIEHHOM MHOKAPAE 32 CYET BHEIIHETO (hOKYCMPOBAHHOTO
BO3IEMCTBUSI, Yallle BCEro YIbTPa3BYKOBOIo [79]; 5) BKIIOUEHUS B COCTaB HAHOYACTULIbI
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Puc. 2. BappaHTbl HanpaBJIEHHOM TO0CTaBKY KapAMOMPOTEKTUBHBIX areHTOB B 30HY MILIEMUM-pENep-
(y3um Muokapza ¢ MOMOIIbI0O HAHOPa3MepHBIX HocuTeneil. [losicHeHusT B TekcTe. (a) — maccuBHasK
HarpaBlieHHas noctaBka [81—91]; (0) — akTUBHas TOCTaBKa C TTIOMOIIIBIO IIPUBUTHIX HA TIOBEPXHOCTh
HAHOYACTUIL HAMPABJISIONIMX JUTAHI0B, B3aUMOICUCTBYIOIIMX C MapKepaMu MOBPEXIEHUs Ha H-
JIOTEJIMOLIMTAX U KapauomuouuTax [92—94]; (B) — aKTMBHAs J10CTaBKa B MUTOXOHJIPUU C ITOMOILIbIO
MUTOXOH/IPUATBHO-OPUEHTUPOBAHHBIX JIUTAHAOB [95—97]; (T) — aKTUBHas TOCTaBKa C MOMOIIBIO
OMOITOIOOHBIX HAHOCTPYKTYP, MOKPBITHIX MeMOpaHoii TpoMbouToB [98—100]; (1) — TapreTHast yib-
Tpa3BYKOBas NeCTPYKLIMS HAHOUYACTULL, colepxkaliux kapauornporekrop [98, 101]; (€) — akTuBHas
JIOCTaBKa 3a CYET MCITOIb30BAaHUS HAHOYACTHI, YyBCTBUTEIBHBIX K JIOKAJTbHBIM U3MECHEHUSIM (DU3U-
KO-XUMUYECKUX MapaMeTpoB cpensl [95, 97, 102, 103]
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Fig. 2. Variants of targeted delivery of cardioprotective agents to the myocardial ischemia-reperfu-
sion zone using nanosized carriers. Explanations in the text. (a) — passive targeted delivery [§1-91];
(6) — active delivery using targeting ligands grafted onto the surface of nanoparticles that interact with
damage markers on endothelial cells and cardiomyocytes [92—94]; (B) — active delivery to mitochondria
using mitochondria-targeted ligands [95—97]; (r) — active delivery using biosimilar nanostructures coated
with platelet membrane [98—100]; (n) — targeted ultrasound destruction of nanoparticles containing
a cardioprotective drug [98, 101]; (e) — active delivery through the use of nanoparticles sensitive to local
changes in the physicochemical parameters of the environment [95, 97, 102, 103]

pH- 11 pemoKc-4yBCTBUTEIBHBIX 3JIEMEHTOB, PEarnpyONINX Ha JIOKAIbHBIC M3MECHEHMST
cpenbl B 30He noBpexnaeHus [80]. I[NepeuuncienHble moaxonsl B nociaeanue 15—20 net
pa3pabaTHIBAIOTCSA B MPEKIMHUYESCKUX W KIMHUYIESCKUX UCCICTOBAHUSX IIJIsI aKTUB-
HOM TOCTaBKY IIPOTUBOOITYXOJIEBBIX IIPETapaToB, HO B MOCJIEAHUE TONBI B TUTEpaType
HAYMHAIOT IMOSIBJISITHCSI COOOIICHUST O MPUMEHEHNN aHAJIOTUYIHBIX CUCTEM TOCTaBKHU
KapauornpotekTopoB B 30Hy U PII Muokapna.
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ITpu cucTeMaTHYECKOM aHAIN3¢ JIMTePATyPHI, ITOCBIIICHHOM HAIIPaBJICHHO TOCTaB-
K€ KapaMOIIPOTEKTUBHEIX MpenapaTtoB B Muokap rpu M PI1, Obimn npeHTUdUIIMpOBaHbL
23 uccnenoBanms, 10 13 KOTOPHIX ITOCBSIIEHBI JOCTABKE ra30TPAHCMUTTEPOB, a TAKXKE UX
JIOHOPOB/TIPENIIeCTBEHHUKOB (Ta01. 1), u 13 — nocTaBKe KapaMOIpPOTEKTOPOB C pa3Ind-
HBIMM MeXaHu3MaMu aeiicTBug (Tadj. 2). Bce BBINMOJHEHHbIE K HACTOSIIEMY BpEMEHU
HCCIIeOBaHMsI TIPOBEICHBI Ha JKUBOTHBIX O€3 COITYTCTBYIOIIEi ITaTtoiornu. TeM He MeHee
WCCJIENOBaHUSI HA MOMAEISIX KOMOPOUTHOCTH MMEIOT OOJIbIIIOe 3HAUYEHUE JUIST OLICHKHU
TPaHCIISIIITOHHOTO MOTEeHIINAIA 3THX pa3paboToK.

Hanpag/zeHHaﬂ docmaeka ecazompancmummepoes U ux 00H0p06’

Hnst nocraku H,S 1 NO B MroOKap UCTIOIb30BAIMCH PA3IMIHbIE TI0 XUMHUYECKO-
My CTPOEHUIO HAHOPa3MepHbIE OOBEKTHI — JIEHIPUMEPHI TTOJIMAMUI0AMIHA 4-TO TTIOKO-
nenus [102], HanHoyacTHIbl Me3omopucToro kpemuesema [90, 100] u Me3omopucToro
okcupaa xenesa [91], opraHndecKue MoJIMMepHbIe HAHOYACTUIIHI TOJIMIAKTUI-JIUKO-
smna [98] u moamMosIouHoM KucaoTel [99], a Takke kBaHTOBBIe ToUKU CdSe/ZnS [92]
1 HAaHOYACTULIBI CYIb(pUIa IMHKA, TOKPBIThIE TMATypoHOBOI KuciaoToit [103]. IuameTp
OOJIBIIIMHCTBA HAHOYACTHII, 32 UCKITIOYCHUEM JIEHAPUMEPOB, UMEIOIINX MaJTble pa3Mephl,
U KPYIHBIX JUMUAIHBIX MUKpPOYACTULL ¢ nuaMmetrpoM dosiee 2000 HM, BapbupoBai ot 10
1o 300 aM. ITpakTHYecKH BO BCEX MCCICIOBAHUSIX B KAUSCTBE MEHCTBYIOIIETO BEIIeCTBA
HCIIOIb30BAIMCH TOHOPHI Ta30TPaHCMUTTEPOB. Tak, mjst BeicBoOoxkneHus: H,S mpume-
Hsu anasumantpucyiabdun [90, 91, 100], cynbdun nmraka [103], pH-3aBUcHMBII 1O0HOD
JK-1 [99]. Ilpu sTtoM B nocaenHeit padore goHop JK-1 coyetanu ¢ 1oCTaBKOit MHIU-
outopa mTOR panamuiimua. B ogHOM uccienoBaHUY B TUMUIHBIE MUKPOBE3UKYJIBI
nHkoprnopupoBaiu cam H,S B coueranuu ¢ okradroprnponanom [101] u emte B omHOM
OCYIIECTBIISIA TOCTAaBKY IJIa3MUIbI, KOOUPYIOIIeil OCHOBHOM (pepMeHT cuHTe3a H,S
B CEpICIHO-COCYANCTOM CUCTEME — IIMCTAaTUOHUH-Y-JIna3y [92]. JIist BEICBOOOXIECHUS
NO HaHOYACTUIIBI CoAepKaan TaKhe JOHOPbI, KaK S-HUTP030-N-alleTUITNCHULINIIA-
muH [102], N-muazennymauosnar [95] 1 BNNG6 [98].

B BocbMM M3 ecsATH paboT cUCTeMa JOCTaBKY OblTa aKTMBHOM U TIpemrycMaTpuBaa
HaJIMYMe CTUMYJISILIMU BBICBOOOXAEHUS MIpernapara u3 IeHapruMepa ryratuoHom [102],
TapreTHYIO YIBTPa3BYKOBYIO IECTPYKIIMIO MUKPOBE3HNKYJI [101], mOKpBITHE HAHOYACTHIL
MemOpaHoii TpoMobo1uToB [98—100], pH-3aBucuMoe BhICBOOOXKICHUE CYIbduaa IIMH-
Ka [103] u mpucoenuHeHue K MOBEPXHOCTU HAHOYACTUII MENITUIHOIO HAMPaBISIOLIETO
JIMTaHAa aHTUOTeH3WHa I, 06J1aIaroIIero TPOMHOCTHIO K KJIeTKaM MOBPEXICHHOTO MU-
okapaa [92]. B ucciegoBanuu Hou ¢ coaBT. akTuBHas1 focTaBka noHopa NO obecrieum-
BaJIach IByMS ITOAXOXAMU OMHOBPEMEHHO — MCITOIb30BaHUEM PEIOKC-IyBCTBUTEILHOTO
sneMeHTa qudeHmIdocpHNIA 1 MUTOXOHIPUAIEHO HAIPaBJICHHOTO BEIECTBA TPU-
denundocoduna [95].

Bce uccnenoBaHus, cBsI3aHHbIE C JOCTABKOI Ta30TPaHCMUTTEPOB B MUOKAp/, ObLIU
BBITIOJTHEHBI Ha MEJIKUX TPhI3yHaX — MBIIIAX U Kpbicax. B momaBisionieM OOIbITH-
CTBE cJIy4yaeB ucnosyb3oBaiu moneau MPIT Muokapaa ¢ BHyTpMBEHHBIM BBEIEHUEM Jie-
KapCTBEHHBIX HAHOYACTHII B paHHEM perephy3MOHHOM IIEPUOIe, YTO COOTBETCTBYET
COBpEMEHHOI napagurme jedeHus nauueHToB ¢ UM. Tonbko B ogHOM paborte ObLia
HCITOIb30BaHa MOJEIb MIEPMAaHEHTHOM MepeBsSI3KU KOPOHAPHOI apTepuu C MHTPaMU-
OKapIMaJlbHBIM BBEICHWEM HaHOYACTUIL Cyabdhuaa HuHKa yepe3 30 MUH mocje ulle-
muu [103].
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Benymumu mapamerpamu npu olieHKe 3¢ GheKTUBHOCTY HAHOPa3MEPHBIX CUCTEM
JOCTaBKU BBICTYIAIU pa3Mep MHGbApKTa U KOHLIEHTPALMS OMOXUMHUYECKUX MapKEPOB
MOBpEXAEeHUsT MMOKapaa B KpoBU. JJocTaBka ra30TpaHCMUTTEPOB B COCTaBe HaHOYA-
CTHII COIPOBOXAAIACH 3HAUMMBIM YMEHBIICHUEM TTOBPEXICHUST BO BCEX MOTOOHBIX
ucciaenoBaHusX. B psime paboT aBTOphl OATBEPKAaIN (haKT HAKOILIEHWS HAHOYACTHII
B 30He UPII ¢ nomouibio BU3yaan3upyrimux Metonos [92, 98—100] 1ubdo aetekTupoBaiu
MPOJIOHTMpOBaHHOE BbicBobOXIeHue H,S B muokapne [90, 103]. Bo MHorux paborax,
IMOMKMO YCUJIeHUsI UHPAPKT-TUMMUTUPYIOLIEro 3 deKTa, CBI3bIBAHUE KAapAUOIPOTEK-
TOPOB C HAHOYACTULAMHU IIPUBOIMUIO K YMEHBILEHUIO BhIPAXXEHHOCTH OKCUIATUBHOIO
cTpecca M MHTEHCMBHOCTH aIonTo3a KapnuoMuoiuTtoB. [Tockonsky H,S obnanaer reii-
OTPOITHBIMU aHTMOTEHHBIMU M MPOTUBOBOCTIAIMTEILHBIMU CBOMCTBAMMU, B psiie paboT
OBLIO MOATBEPXKIEHO YCUIeHUEe 3TUX 3((EKTOB MPU UCTIOJIb30BAHUY HaIlpaBJIeHHOM
noctaBku [98, 99, 103]. YuuTeiBasg HEOOXOAUMOCTH IeMOHCTpauuu 3OHEKTUBHOCTH
C UCIIOJIb30BAHUEM HE TOJbKO MOP(OIOrMYECKUX, HO U (PYHKLIMOHAIBHBIX KPUTEPUEB,
B GOJIBLIMHCTBE MTPOaHAIM3MPOBAHHBIX UCCIEI0BAHMI ObUIO ITOKA3aHO, YTO HAIIPABJIEH-
Hasl TOCTaBKa KapAUOIIPOTEKTOPOB COMPOBOXAACTCS 3HAUMMBIM YBEIMYECHHEM (hpaKIIuu
BBIOpOCa 1 (hpaKIIMU YKOpOUEHUsI JIeBOro xkenynouka (JIXK), a Takke CHUXKEHHEM KOHeu-
HO-CHUCTOJINYECKOTO U KOHEUHO-TMACTOJIMYECKOTO pa3mepoB JIK.

Hanpasaennas docmaska Kapouonpomexmopos ¢ panudHbIMU MEXAHU3Mamu oeiicmeust

B Tabi. 2 npencraBieHbl pe3yabTaThl UCCAEIOBAaHUM, TTOCBSIIEHHBIX HAIlPpaBJICH-
HOI JOCTaBKe KapAMOMpPOTEeKTUBHBIX cyOocTaHLuMil B Muokapn rmpu MPII. B kauecTBe
JEVCTBYIOIIMX BEIIECTB B JAHHOM CJTyyae UCIOJIb30BATUCH afeHO3MHTpUdocdar [81],
anieHo3uH [82, 83, 89, 94|, umukinocropuH A [84, 96, 97], aronnct PPAR-y perientopos
MIONINTA30H, objlagammnii crrocooHocThio aktTuBupoBaTh PI3K u Akt [88], aronuct
IP peunenTopa npocramukianaa ONO-1301 [87], aronuct penentopoB GLP-1 skceHa-
Tix [86], spuTpornoaTuH [93] 1 MHTMOUTOP AEIeHUSI MUTOXOHIPUIA 1, KOTOPBIii 06IagaeT
CMOCOOHOCTBIO MOAABSIThL EpMeaduIn3al1io BHELIHE MeMOpaHbl MUTOXOHIPUIA [85].
B xauecTBe cpencTBa JOCTaBKU 3TUX KapAMOMPOTEKTOPOB MPENMYIIIECTBEHHO UCITONb-
30BAJINCh OPTaHNYECKUE TTOJTUMEPHBIC YACTUIILI TTOIMIAKTUI-TIIUKOINAA, JINTTHIHEIC
HAHOYACTHIIBI U IUTIOCOMBI ¢ mruamMeTpoM ot 10 mo 270 M. Bce mccaemoBaHus BBITION -
HEHBI Ha XOPOIIIO0 BauaAnpoBaHHBIX Monensix M PI1 Mruokapma Ha rppi3yHax ¢ BBEICHUEM
CBOOOIHBIX U CBSI3aHHBIX C HAHOYACTUIIAMMU IIperapaToOB BHYTPUBEHHO OMHOMOMEHTHO
¢ perniepdysueit. B pabote Tokutome ¢ coaBT. [88] JaHHbBIe O HAINlpaBJIEHHON AOCTAaBKe
MMYOTIIMTa30HA C ITOMOIIbI0 HAHOYACTHUII TIOJIMJIaKTHI -[JTMKOJINIA ObLIN JOTIOTHUTETEHO
BaIMAMPOBAHBI HA MOAEIA UIIEMUK-perepdy3ni MUOKApIa CBUHBH.

AKTHBHAsI JOCTaBKa KapAMOIIPOTEKTOPOB ITpUMeHsutachk B 1/3 pabor. Tak, Yamada
¢ coasT. [93] B aKcepuMeHTe Ha KPOJIMKaX MCITOIb30BaIM IS 3allIMTH MHOKapaa OT
30-MMHYTHOM MIIEMUHU C TIOCHenyolleil penepdy3ueii SpuTPOIO3TUH, YITaKOBAHHbII
B JIMIIOCOMBI C TIPUBUTHIM Ha MX IMOBEPXHOCTh YIJIEBOMHBIM JuraHaoM Sialyl-Lewis X,
KOTOPBIi B HOpME 3KCIIpecCUpyeTcst Ha MeMOpaHe JIEHKOLIMTOB. B mpyrom nccienoBaHum
IS TIOBBILIEHUS 3(P(PEKTUBHOCTU AOCTABKU aICHO3MHA, 3aKJIIOYEHHOTO B JIUMUIHbIE
HAHOYACTHIIBI, B KAYECTBE HAIIPABIISIIONIETO JIMTaHIa MCIIOIb30BaJICs IIPeACepaHbIIA Ha-
Tpuitypetudeckuii mentun [94]. Jnsa akTUBHOI JOCTaBKU IIUKJIOCIIOpUHA A B COCTaBe
HaHOYACTHUII U3 MOJWJIAKTUI-TJIMKoIuAa Obl1 mpuMeHeH nentua C3ero—Iumnepa SS31,
CBSI3BIBAIOIINICS C KAPAWOJIMITMHOM BHYTPEHHE MeMOpaHbl MUTOXOHIPHIA.

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
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B nocnenHue roabl oTMevyaeTcs TEHACHIIMS K pa3paboTke 0oJiee CIIOXHBIX, MHOTO-
KOMTIOHEHTHBIX CUCTEM aKTUBHOMW JOCTaBKM, COAEPXKAIINX B CBOEM COCTaBE HAHOPAa3-
MEPHBI HOCUTEJb, OMHO UM HECKOJIBKO NEMCTBYIOIIMX BEIIECTB C pa3HBIM MEXaHU3MOM
JIEACTBUS, HATTPABJISIONINI JIMTAHT M PEIOKC-IyBCTBUTENIbHYIO IPYIITTUPOBKY. [TprMepom
Takoit MHOTOGYHKITMOHAIBHON TUIAT(OPMBI MOXKET CIIY>KUTh CUCTEMA TOCTABKU 11M-
KJIOCTIOpMHA A Ha OCHOBE TMOJIWIAKTUI-TIMKOINIA, CHAOKEeHHAsT MUTOXOHAPUATIbHBIM
HaInpaBJIsiloIIMM JuranaoM B Bune nentun C3ero—Ilumiepa SS31 u penokc-4yBCTBU-
TEJbHBIM 3JIEMEHTOM, COAEPKAIIUM THOJI-KeTOHOBYIO rpymity [97]. KoHcTpynpoBaHue
MOMOOHBIX CUCTEM, TPEOYIolee MEXINCIIUTTIMHAPHOTO TTOIX0/a, a TAKXKe UX MOCIeTy-
I01lIee BCECTOPOHHEE UCITBITAHME HA OMOJIOTMYECKUX 0OBEKTaX MOTYT CITIOCOOCTBOBATH
PEIIeHUIO CIOXKHOM 3alauyy — TapreTHOM KapauonpoTeKiuuu mpu UM.

SAKJIIOYEHUE

KapnuornpoTeKTUBHBIM OTBET MPU MILEMUYECKOM KOHAMIIMOHUPOBAHUY MUOKapaa
WA 9K30TeHHOM BBEICHUU er0 (papMaKOJIOTMISCKIX MUMETUKOB BKITIOYAET TPH B3au-
MOCBSI3aHHBIX 3Talla — TPUITEPHBIIA, MEAUATOPHBII 1 3G GeKTOPHBIA. Bbipake HHBII 3a-
LIUTHBII OTEHLIMAl HEKOTOPBIX (hapMaKOJIOIMYECKUX KApAUOIIPOTEKTOPOB, YOSIUTEb-
HO TIPOIEMOHCTPUPOBAHHBIN B SKCITIEPUMEHTAIBHBIX MCCICIOBAHUSIX, 10 HACTOSIILIETO
BpEMEHHU He PealM30BaH B BUIE JICUCOHBIX TEXHOJIOTHM B KITMTHIUYECKOM IPaKTUKE, B TOM
YHCJIe BCIACACTBHE HEOITUMAIbHBIX (hapMaKOKMHETUYECKUX TTApaMETPOB MOJICKYJI, X
HU3KOI OMOAOCTYITHOCTH UM HAJWYKS 3HAUMMBIX TTOOOYHBIX 3(ppeKToB. CBA3bIBAHUE
KapIUOMPOTEKTUBHBIX CYOCTAHIIMI pa3TMUHBIX TPYIIIT ¢ HAHOPa3MePHBIMUA HOCUTEISIMHA
ITO3BOJISET IIPUOIMU3UTHCS K PEIICHUIO YKa3aHHBIX IIPO00JIeM, ITOCKOJIBbKY HAHOYACTHIIHI
o0ecreynBaloT He TOJbKO 3¢(h(eKT HallpaBIeHHON JOCTaBKU IIPU CUCTEMHOM BBelE-
HUU, HO U 3(p(PeKT rpagyaibHOTO BEICBOOOXAECHUS TIpenapaTa B MUOKapae. DKCIepu-
MEHTaJIbHBIC VCCIEIOBAHUS TTOCIICAHNX JIET TTOKA3BIBAIOT, YTO ITACCMBHAS U aKTUBHAS
Harpas/JIeHHast JOCTaBKa MPEenapaToB, CTUMY/IMPYIOLIUX KAapAUOIPOTEKTUBHEIA OTBET,
COIIPOBOXIAETCSI MX M30MPAaTeIbHBIM HAKOIICHUEM B 30HE MOBPEXKICHUS U YCUICHM -
eM TeparneBTrueckoro 3¢ dekra. Hanbosblnee KOJIM4eCTBO UCCICAOBAHUI, CBI3aHHBIX
¢ pa3paboTKOIf CUCTeM HaIlpaBJIEHHOM JOCTaBKM KapAMOTIPOTEKTOPOB, KacaeTCsT TIOHO-
POB cepoBoaOpoaa U afeHOo3uHA. [1epCIeKTUBBI COBEPIICHCTBOBAHMSI CCTEM HAIpaB-
JIEHHOM OCTaBKU CBSI3aHbI C AKTUBHBIM TapreTUPOBAaHMEM MOBPEXIESHHOM TKaHU, B TOM
YHUCIIe TTyTEM MCIIOIb30BaHMsI OMOMIOTOOHBIX TOKPBITHI JIEKapCTBEHHBIX HAHOYACTHI]
Ha OCHOBE MeMOpaH TPOMOOIIMTOB M JICHKOIIUTOB.

CIIMCOK JIMTEPATYPLI

1.  GBD 2021 Causes of Death Collaborators. Global burden of 288 causes of death and
life expectancy decomposition in 204 countries and territories and 811 subnational
locations, 1990—2021: a systematic analysis for the Global Burden of Discase Study
2021. Lancet. 2024. Vol. 403. No. 10440. Pp. 2100—2132.
https://doi.org/10.1016/S0140-6736(24)00367-2

2. Shi H., Xia Y., Cheng Y. et al. Global burden of ischaemic heart disease from 2022
to 2050: projections of incidence, prevalence, deaths, and disability-adjusted life
years. Eur. Heart J. Qual. Care Clin. Outcomes. 2025. Vol. 11. No. 4. Pp. 355-366.
https://doi.org/10.1093/ehjqcco/qcac049

ROSSHSKIJ FIZIOLOGICHESKI) ZHURNAL IM. .M. SECHENOVA /
RUSSIAN JOURNAL OF PHYSIOLOGY, 2026, vol. 112, no. 1



68

10.

11.

12.

13.

14.

15.

16.

BOPILEB u 1p. / BORSHCHEYV et al.

Szummer K., Wallentin L., Lindhagen L. et al. Improved outcomes in patients with
ST-elevation myocardial infarction during the last 20 years are related to implemen-
tation of evidence-based treatments: experiences from the SWEDEHEART registry
1995—2014. Eur. Heart J. 2017. Vol. 38. No. 41. Pp. 3056—3065.
https://doi.org/10.1093 /eurheartj/ehx515

Yellon D.M., Hausenloy D.J. Myocardial reperfusion injury. N. Engl. J. Med. 2007.
Vol. 357. No. 11. Pp. 1121—1135. https://doi.org/10.1056/NEJMra071667

Mnsaxro E.B., Iletpumies H.H., I'anaryn3za M.M. u np. Kapouonpomexuyus: ¢pynoa-
MmeHmanwvhvie u Kaunuveckue acnekmot. CI10.: HIT-ITpunT, 2013.

Baxter G.F., Yellon D.M. Ischaemic preconditioning of myocardium: a new par-
adigm for clinical cardioprotection? Br. J. Clin. Pharmacol. 1994. Vol. 38. No. 5.
Pp. 381—387. https://doi.org/10.1111/j.1365-2125.1994.tb04371.x

Murry C.E., Jennings R.B., Reimer K.A. Preconditioning with ischemia: a de-
lay of lethal cell injury in ischemic myocardium. Circulation. 1986. Vol. 74. No. 5.
Pp. 1124—1136. https://doi.org/10.1161/01.cir.74.5.1124

nsxto E.B., l'narynza M.M., CreipeHnckuii A.B. u np. KapauonpoTrekTuBHbIE
3¢ deKTh eHOMEHa UITEMUIECKOTO MOCTKOHANIIMOHUPOBAaHUS MUOKapna. Kap-
duonoeusn. 2005. T. 45. Ne 7. C. 44—48.

Przyklenk K., Bauer B., Ovize M. et al. Regional ischemic “preconditioning”
protects remote virgin myocardium from subsequent sustained coronary occlusion.
Circulation. 1993. Vol. 87. No. 3. Pp. 893—899.
https://doi.org/10.1161/01.cir.87.3.893

bayrun A.E., T'anarynza M.M., Jauenko C.B. u np. BiusgHue gucraHTHOTO ullle-
MMYECKOTO IPEKOHIUIIMOHUPOBAHUS Ha T€YEHME IIePUOIEPALMOHHOIO IIepruoaa
IIPpY U30JIMPOBAHHOM IIPOTE3NPOBAHNM aOPTAIBLHOTO KilaltaHa. Kiuxuueckas aue-
cmesuonoeus. 2014. T. 3. C. 11-17.

Heusch G., Gersh B.J. ERICCA and RIPHeart: two nails in the coffin for car-
dioprotection by remote ischemic conditioning? Probably not! Eur. Heart J. 2016.
Vol. 37. No. 2. Pp. 200—202. https://doi.org/10.1093 /eurheartj/ehv606

Ilerpumes H.H., Illnsaxro E.B., Bnacos T.J. u np. MinemMuyeckas aganTtaluust Mu-
oKapa: IaTo(U3NOJIOTMIECKIe MEXaHU3MBI 1 BOBMOXKHEIC TICPCITIEKTUBBI PAKTH-
yecKoro npuMeHeHus1 (0030p IuTepatyphl). Poccuiickuil gpuzuonsoeuueckuil icypHan.
um. U.M. Ceuenosa. 2001. T. 87. Ne 5. C. 688—705.

Galagudza M.M., Blokhin I1.0., Shmonin A.A. et al. Reduction of myocardial
ischemia-reperfusion injury with pre- and postconditioning: molecular mechanisms
and therapeutic targets. Cardiovasc. Hematol. Disord. Drug Targets. 2008. Vol. 8.
No. 1. Pp. 47—65. https://doi.org/10.2174/187152908783884966

Roth S., Torregroza C., Feige K. et al. Pharmacological Conditioning of the Heart:
An Update on Experimental Developments and Clinical Implications. Int. J. Mol.
Sci. 2021. Vol. 22. No. 5. 2519. https://doi.org/10.3390/ijms22052519

Khan H., Kashyap A., Kaur A. et al. Pharmacological postconditioning: a molecular
aspect in ischemic injury. J. Pharm. Pharmacol. 2020. Vol. 72. No. 11. Pp. 1513—1527.
https://doi.org/10.1111/jphp.13336

Heusch G. Critical Issues for the Translation of Cardioprotection. Circ. Res. 2017.
Vol. 120. No. 9. Pp. 1477—1486. https://doi.org/10.1161/CIRCRESAHA.117.310820

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

CUTHAJIBHBIE MEXAHUW3MbI KAPAUOIMPOTEKLINM U HATTPABJIEHHASI JOCTABKA / 69
SIGNALING MECHANISMS OF CARDIOPROTECTION AND TARGETED DELIVERY

Luo Q., Sun W., Li Z. et al. Biomaterials-mediated targeted therapeutics of
myocardial ischemia-reperfusion injury. Biomaterials. 2023. Vol. 303. 122368.
https://doi.org/10.1016/j.biomaterials.2023.122368

Pagliaro P., Weber N.C., Femmino S. et al. Gasotransmitters and noble gases in car-
dioprotection: unraveling molecular pathways for future therapeutic strategies. Basic
Res. Cardiol. 2024. Vol. 119. No. 4. Pp. 509—544.
https://doi.org/10.1007/s00395-024-01061-1

Hausenloy D.J., Yellon D.M. Preconditioning and postconditioning: united at
reperfusion. Pharmacol. Ther. 2007. Vol. 116. No. 2. Pp. 173—191.
https://doi.org/10.1016/j.pharmthera.2007.06.005

Heusch G. Molecular basis of cardioprotection: signal transduction in ischemic
pre-, post-, and remote conditioning. Circ. Res. 2015. Vol. 116. No. 4. Pp. 674—699.
https://doi.org/10.1161/CIRCRESAHA.116.305348

Hausenloy D.J., Yellon D.M. Cardioprotective growth factors. Cardiovasc.
Res. 2009. Vol. 83. No. 2. Pp. 179—194. https://doi.org/10.1093/cvr/cvp062

Rossello X., Yellon D.M. The RISK pathway and beyond. Basic Res. Cardiol. 2017.
Vol. 113. No. 1. 2. https://doi.org/10.1007/s00395-017-0662-x

Lecour S., Suleman N., Deuchar G.A. et al. Pharmacological preconditioning with
tumor necrosis factor-alpha activates signal transducer and activator of transcription-3
at reperfusion without involving classic prosurvival kinases (Akt and extracellular
signal-regulated kinase). Circulation. 2005. Vol. 112. No. 25. Pp. 3911-3918.
https://doi.org/10.1161/CIRCULATIONAHA.105.581058

Hadebe N., Cour M., Lecour S. The SAFE pathway for cardioprotection: is this
a promising target? Basic Res. Cardiol. 2018. Vol. 113. No. 2. 9.
https://doi.org/10.1007/s00395-018-0670-5

Ren B., Shen Y., Shao H. et al. Brain natriuretic peptide limits myocardial infarct
size dependent of nitric oxide synthase in rats. Clin. Chim. Acta. 2007. Vol. 377.
No. 1-2. Pp. 83—87. https://doi.org/10.1016/j.cca.2006.08.027

Costa A.D., Garlid K.D., West I.C. et al. Protein kinase G transmits the
cardioprotective signal from cytosol to mitochondria. Circ. Res. 2005. Vol. 97. No. 4.
Pp. 329—336. https://doi.org/10.1161/01.RES.0000178451.08719.5b

Miyawaki H., Zhou X., Ashraf M. Calcium preconditioning elicits strong protec-
tion against ischemic injury via protein kinase C signaling pathway. Circ. Res. 1996.
Vol. 79. No. 1. Pp. 137—146. https://doi.org/10.1161/01.res.79.1.137

Tullio F., Angotti C., Perrelli M.G., Penna C., Pagliaro P. Redox balance and car-
dioprotection. Basic Res. Cardiol. 2013. Vol. 108. No. 6. 392.
https://doi.org/10.1007/s00395-013-0392-7

Dhalla N.S., Ostadal P., Tappia P.S. Involvement of oxidative stress and antiox-
idants in modification of cardiac dysfunction due to ischemia-reperfusion inju-
ry. Antioxidants. 2025. Vol. 14. No. 3. 340. https://doi.org/10.3390/antiox14030340

IMerpumen H.H., ngxro E.B., Lpipaux B.A. u np. Poab cBOGOIHBIX pagnKaaoB
KHCJIOPOIa B MEXaHM3MaX JIOKAJTbHOTO ¥ AUCTAHTHOT'O UIIEMUYECKOTO ITPEKOHIN-
LIMOHUPOBaHUsI MUoKapna. Becmuux PAMH. 2006. Ne 8. C. 10—15.

Galagudza M.M., Sonin D.L., Vlasov T.D. et al. Remote vs. local ischaemic
preconditioning in the rat heart: infarct limitation, suppression of ischaemic
arrhythmia and the role of reactive oxygen species. Int. J. Exp. Pathol. 2016. Vol. 97.
No. 1. Pp. 66—74. https://doi.org/10.1111 /iep.12170

ROSSHSKIJ FIZIOLOGICHESKI) ZHURNAL IM. .M. SECHENOVA /
RUSSIAN JOURNAL OF PHYSIOLOGY, 2026, vol. 112, no. 1



70

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

BOPILEB u 1p. / BORSHCHEYV et al.

Post H., Schulz R., Behrends M. et al. No involvement of endogenous nitric oxide
in classical ischemic preconditioning in swine. J. Mol. Cell. Cardiol. 2000. Vol. 32.
No. 5. Pp. 725—733. https://doi.org/10.1006/jmcc.2000.1117

Rassaf T., Totzeck M., Hendgen-Cotta U.B. et al. Circulating nitrite contributes
to cardioprotection by remote ischemic preconditioning. Circ. Res. 2014. Vol. 114.
No. 10. Pp. 1601—1610. https://doi.org/10.1161/CIRCRESAHA.114.303822

Schulz R., Kelm M., Heusch G. Nitric oxide in myocardial ischemia/reperfusion
injury. Cardiovasc. Res. 2004. Vol. 61. No. 3. Pp. 402—413.
https://doi.org/10.1016/j.cardiores.2003.09.019

Ohtani H., Katoh H., Tanaka T. et al. Effects of nitric oxide on mitochondrial
permeability transition pore and thiol-mediated responses in cardiac myocytes. Nitric
Oxide. 2012. Vol. 26. No. 2. Pp. 95—101. https://doi.org/10.1016/j.niox.2011.12.007

Ljubkovic M., Shi Y., Cheng Q. et al. Cardiac mitochondrial ATP-sensitive
potassium channel is activated by nitric oxide in vitro. FEBS Lett. 2007. Vol. 581.
No. 22. Pp. 4255—4259. https://doi.org/10.1016/j.febslet.2007.07.071

Huang Y.E., Tang Z.H., Xie W. et al. Endogenous hydrogen sulfide mediates the
cardioprotection induced by ischemic postconditioning in the early reperfusion
phase. Exp. Ther. Med. 2012. Vol. 4. No. 6. Pp. 1117—1123.
https://doi.org/10.3892/etm.2012.733

Lambert J.P., Nicholson C.K., Amin H. et al. Hydrogen sulfide provides
cardioprotection against myocardial/ischemia reperfusion injury in the diabetic state
through the activation of the RISK pathway. Med. Gas Res. 2014. Vol. 4. No. 1. 20.
https://doi.org/10.1186,/s13618-014-0020-0

Hu Q., Lukesh J.C. IIT Ha2S donors with cytoprotective effects in models of MI/R in-
jury and chemotherapy-induced cardiotoxicity. Antioxidants. 2023. Vol. 12. No. 3. 650.
https://doi.org/10.3390/antiox 12030650

Andreadou I., Iliodromitis E.K., Baxter G.F. et al. Interaction of cardiovascular
nonmodifiable risk factors, comorbidities and comedications with ischemia/
reperfusion injury and cardioprotection by pharmacological treatments and ischemic
conditioning. Pharmacol. Rev. 2023. Vol. 75. No. 1. Pp. 159-216.
https://doi.org/10.1124/pharmrev.121.000348

Yu L., Li B., Zhang M., Jin Z. et al. Melatonin reduces PERK-elF2a-ATF4-
mediated endoplasmic reticulum stress during myocardial ischemia-reperfusion
injury: role of RISK and SAFE pathways interaction. Apoptosis. 2016. Vol. 21. No. 7.
Pp. 809—824. https://doi.org/10.1007 /s10495-016-1246-1

Suleman N., Somers S., Smith R. et al. Dual activation of STAT-3 and Akt
is required during the trigger phase of ischaemic preconditioning. Cardiovasc.
Res. 2008. Vol. 79. No. 1. Pp. 127—133. https://doi.org/10.1093/cvr/cvn067

Schulman D., Latchman D.S., Yellon D.M. Urocortin protects the heart from reper-
fusion injury via upregulation of p42/p44 MAPK signaling pathway. Am. J. Physiol.
Heart Circ. Physiol. 2002. Vol. 283. No. 4. Pp. H1481—-H1488.
https://doi.org/10.1152/ajpheart.01089.2001

Bell R. M., Yellon D.M. Bradykinin limits infarction when administered as an ad-
junct to reperfusion in mouse heart: the role of PI3K, Akt and eNOS. J. Mol. Cell.
Cardiol. 2003. Vol. 35. No. 2. Pp. 185—193.
https://doi.org/10.1016/S0022-2828(02)00310-3

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

CUTHAJIbHBIE MEXAHU3Mbl KAPAVUOMTPOTEKLIMW U HATIPABJIEHHAA JOCTABKA / 71
SIGNALING MECHANISMS OF CARDIOPROTECTION AND TARGETED DELIVERY

Yellon D.M., Beikoghli Kalkhoran S., Davidson S.M. The RISK pathway leading to
mitochondria and cardioprotection: how everything started. Basic Res. Cardiol. 2023.
Vol. 118. No. 1. 22. https://doi.org/10.1007 /s00395-023-00992-5

Hausenloy D.J., Tsang A., Mocanu M.M. et al. Ischemic preconditioning protects by
activating prosurvival kinases at reperfusion. Am. J. Physiol. Heart Circ. Physiol. 2005.
Vol. 288. No. 2. Pp. H971—-H976. https://doi.org/10.1152/ajpheart.00374.2004

Bernardi P., Gerle C., Halestrap A.P. et al. Identity, structure, and function of the
mitochondrial permeability transition pore: controversies, consensus, recent advances,
and future directions. Cell Death Differ. 2023. Vol. 30. No. 8. Pp. 1869—1885.
https://doi.org/10.1038/s41418-023-01187-0

Hausenloy D.J., Mocanu M.M., Yellon D.M. Cross-talk between the survival kinas-
es during early reperfusion: its contribution to ischemic preconditioning. Cardiovasc.
Res. 2004. Vol. 63. No. 2. Pp. 305-312.
https://doi.org/10.1016/j.cardiores.2004.04.011

Juhaszova M., Zorov D.B., Kim S.H. et al. Glycogen synthase kinase-3 mediates
convergence of protection signaling to inhibit the mitochondrial permeability
transition pore. J. Clin. Invest. 2004. Vol. 113. No. 11. Pp. 1535—1549.
https://doi.org/10.1172/JC119906

Zhai P., Sciarretta S., Galeotti J. et al. Differential roles of GSK-3[3 during myocardial
ischemia and ischemia/reperfusion. Circ. Res. 2011. Vol. 109. No. 5. Pp. 502—511.
https://doi.org/10.1161 /CIRCRESAHA.111.249532

Michell B.J., Chen Z.P., Tiganis T. et al. Coordinated control of endothelial nitric-
oxide synthase phosphorylation by protein kinase C and the cAMP-dependent
protein kinase. J. Biol. Chem. 2001. Vol. 276. No. 21. Pp. 17625—17628.
https://doi.org/10.1074/jbc.C100122200

Yang C., Talukder M.A., Varadharaj S. et al. Early ischaemic preconditioning re-
quires Akt- and PKA-mediated activation of eNOS via serinel1176 phosphoryla-
tion. Cardiovasc. Res. 2013. Vol. 97. No. 1. Pp. 33—43.

https://doi.org/10.1093 /cvr/cvs287

Penna C., Mancardi D., Rastaldo R. et al. Intermittent activation of bradykinin
B2 receptors and mitochondrial KATP channels trigger cardiac postconditioning
through redox signaling. Cardiovasc. Res. 2007. Vol. 75. No. 1. Pp. 168—177.
https://doi.org/10.1016/j.cardiores.2007.03.001

Inserte J., Garcia-Dorado D. The cGMP/PKG pathway as a common mediator of
cardioprotection: translatability and mechanism. Br. J. Pharmacol. 2015. Vol. 172.
No. 8. Pp. 1996—2009. https://doi.org/10.1111/bph.12959

Ytrehus K., Liu Y., Downey J.M. Preconditioning protects ischemic rabbit heart by pro-
tein kinase C activation. Am. J. Physiol. 1994. Vol. 266. No. 3 Pt. 2. Pp. H1145—H1152.
https://doi.org/10.1152/ajpheart.1994.266.3.H1145

Tong H., Chen W., Steenbergen C. et al. Ischemic preconditioning activates
phosphatidylinositol-3-kinase upstream of protein kinase C. Circ. Res. 2000. Vol. 87.
No. 4. Pp. 309-315. https://doi.org/10.1161/01.RES.87.4.309

Ohnuma Y., Miura T., Miki T. et al. Opening of mitochondrial KATP channel
occurs downstream of PKC-¢ activation in the mechanism of preconditioning. Am.
J. Physiol. Heart Circ. Physiol. 2002. Vol. 283. No. 1. Pp. H440—H447.
https://doi.org/10.1152/ajpheart.00434.2001

ROSSHSKIJ FIZIOLOGICHESKI) ZHURNAL IM. .M. SECHENOVA /
RUSSIAN JOURNAL OF PHYSIOLOGY, 2026, vol. 112, no. 1



72

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

BOPILEB u 1p. / BORSHCHEYV et al.

Yamamura K., Steenbergen C., Murphy E. Protein kinase C and precondition-
ing: role of the sarcoplasmic reticulum. Am. J. Physiol. Heart Circ. Physiol. 2005.
Vol. 289. No. 6. Pp. H2484—H2490. https://doi.org/10.1152/ajpheart.00590.2005

Lecour S. Activation of the protective Survivor Activating Factor Enhancement
(SAFE) pathway against reperfusion injury: Does it go beyond the RISK path-
way? J. Mol. Cell. Cardiol. 2009. Vol. 47. No. 1. Pp. 32—40.
https://doi.org/10.1016/j.yjmcc.2009.03.019

Szczepanek K., Xu A., Hu Y. et al. Cardioprotective function of mitochondrial-
targeted and transcriptionally inactive STAT3 against ischemia and reperfusion
injury. Basic Res. Cardiol. 2015. Vol. 110. No. 6. 53.

https://doi.org/10.1007 /s00395-015-0509-2

Moh A., Zhang W., Yu S. et al. STAT3 sensitizes insulin signaling by negatively
regulating glycogen synthase kinase-3 3. Diabetes. 2008. Vol. 57. No. 5. Pp. 1227—1235.
https://doi.org/10.2337/db06-1582

Boengler K., Hilfiker-Kleiner D., Heusch G. et al. Inhibition of permeability
transition pore opening by mitochondrial STAT3 and its role in myocardial ischemia/
reperfusion. Basic Res. Cardiol. 2010. Vol. 105. No. 6. Pp. 771-785.
https://doi.org/10.1007 /s00395-010-0124-1

Ghosh S., Standen N.B., Galifianes M. Evidence for mitochondrial KATP channels
as effectors of human myocardial preconditioning. Cardiovasc. Res. 2000. Vol. 45.
No. 4. Pp. 934—940. https://doi.org/10.1016/S0008-6363(99)00407-1

O'Rourke B. Evidence for mitochondrial K™ channels and their role in cardiopro-
tection. Circ. Res. 2004. Vol. 94. No. 4. Pp. 420—432.
https://doi.org/10.1161/01.RES.0000117583.66950.43

Yamada M. Mitochondrial ATP-sensitive K* channels, protectors of the
heart. J. Physiol. 2010. Vol. 588. Pt. 2. Pp. 283—286.
https://doi.org/10.1113 /jphysiol.2009.179028

Suzuki M., Sasaki N., Miki T. et al. Role of sarcolemmal K(ATP) channels in
cardioprotection against ischemia/reperfusion injury in mice. J. Clin. Invest. 2002.
Vol. 109. No. 4. Pp. 509—516. https://doi.org/10.1172/JCI114270

Murphy E., Eisner D.A. How does mitochondrial Ca>* change during ischemia and
reperfusion? Implications for activation of the permeability transition pore. J. Gen.
Physiol. 2025. Vol. 157. No. 1. €202313520. https://doi.org/10.1085/jgp.202313520

Hausenloy D., Wynne A., Duchen M. et al. Transient mitochondrial permeabili-
ty transition pore opening mediates preconditioning-induced protection. Circula-
tion. 2004. Vol. 109. No. 14. Pp. 1714—1717.
https://doi.org/10.1161/01.CIR.0000126294.81407.7D

HuobynbHukoB C.}10., Macinos JI.H., LlenokuHa A.B. u np. [Ipo6ieMa KOHEYHOTO
addekTopa UIIEeMUYECKOro MIPEeKOHAUIIMOHUPOBaHMS cepaua. Poccuiickuil ¢usu-
onoeuueckuii ucypran um. .M. Ceuenosa. 2016. T. 102. Ne 4. C. 421—435.

Ferdinandy P., Andreadou 1., Baxter G.F. et al. Interaction of cardiovascular
nonmodifiable risk factors, comorbidities and comedications with ischemia/
reperfusion injury and cardioprotection by pharmacological treatments and ischemic
conditioning. Pharmacol. Rev. 2023. Vol. 75. No. 1. Pp. 159-216.
https://doi.org/10.1124/pharmrev.121.000348

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

CUTHAJIbHBIE MEXAHU3Mbl KAPAVUOTTPOTEKLIMWY U HATIPABJIEHHAS JOCTABKA / 73
SIGNALING MECHANISMS OF CARDIOPROTECTION AND TARGETED DELIVERY

Nieri P., Martinotti E., Calderone V. et al. Adenosine-mediated hypotension in in
vivo guinea-pig: receptors involved and role of NO. Br. J. Pharmacol. 2001. Vol. 134.
No. 4. Pp. 745-752. https://doi.org/10.1038 /sj.bjp.0704301

Liddicoat A.M., Lavelle E.C. Modulation of innate immunity by cyclosporine A.
Biochem. Pharmacol. 2019. Vol. 163. Pp. 472—480.
https://doi.org/10.1016/j.bcp.2019.03.022

Rumbeiha W., Whitley E., Anantharam P. et al. Acute hydrogen sulfide-induced
neuropathology and neurological sequelae: challenges for translational neuropro-
tective research. Ann. N. Y. Acad. Sci. 2016. Vol. 1378. No. 1. Pp. 5—16.
https://doi.org/10.1111 /nyas.13148

Attia M.F., Anton N., Wallyn J. et al. An overview of active and passive target-
ing strategies to improve the nanocarriers efficiency to tumour sites. J. Pharm.
Pharmacol. 2019. Vol. 71. No. 8. Pp. 1185—1198. https://doi.org/10.1111/jphp.13098

Galagudza M.M., Korolev D.V., Sonin D.L. et al. Targeted drug delivery into
reversibly injured myocardium with silica nanoparticles: surface functionalization,
natural biodistribution, and acute toxicity. Int. J. Nanomed. 2010. Vol. 5. Pp. 231-237.
https://doi.org/10.2147 /ijn.s8719

Vagena I.A., Malapani C., Gatou M.A. et al. Enhancement of EPR Effect for
Passive Tumor Targeting: Current Status and Future Perspectives. Appl. Sci. 2025.
Vol. 15. No. 6. 3189. https://doi.org/10.3390/app15063189

Yoo J., Park C., Yi G. et al. Active Targeting Strategies Using Biological Ligands for
Nanoparticle Drug Delivery Systems. Cancers. 2019. Vol. 11. No. 5. 640.
https://doi.org/10.3390/cancers11050640

Zhu L., Zhong Y., Wu S. et al. Cell membrane camouflaged biomimetic nanopar-
ticles: focusing on tumor theranostics. Mater. Today Bio. 2022. Vol. 14. 100228.
https://doi.org/10.1016/j.mtbio.2022.100228

Liu S., Zhang Y., Liu Y. et al. Ultrasound-targeted microbubble destruction remodels
tumour microenvironment to improve immunotherapeutic effect. Br. J. Cancer. 2023.
Vol. 128. No. 5. Pp. 715—725. https://doi.org/10.1038 /s41416-022-02076-y

Mi P. Stimuli-responsive nanocarriers for drug delivery, tumor imaging, therapy and
theranostics. Theranostics. 2020. Vol. 10. No. 10. Pp. 4557—4588.
https://doi.org/10.7150/thno.38069

Verma D.D., Hartner W.C., Levchenko T.S. et al. ATP-loaded liposomes effectively
protect the myocardium in rabbits with an acute experimental myocardial
infarction. Pharm. Res. 2005. Vol. 22. No. 12. Pp. 2115-2120.
https://doi.org/10.1007/s11095-005-8354-x

Takahama H., Minamino T., Asanuma H. et al. Prolonged targeting of ischemic/
reperfused myocardium by liposomal adenosine augments cardioprotection in rats.
J. Am. Coll. Cardiol. 2009. Vol. 53. No. 8. Pp. 709-717.
https://doi.org/10.1016/j.jacc.2008.11.014

Galagudza M.M., Korolev D.V., Postnov V.N. et al. Passive targeting of
ischemic-reperfused myocardium with adenosine-loaded silica nanoparticles. /nt.
J. Nanomed. 2012. Vol. 7. Pp. 1671—1678. https://doi.org/10.2147/1JN.S29511

Ikeda G., Matoba T., Nakano Y. et al. Nanoparticle-Mediated Targeting of
Cyclosporine A Enhances Cardioprotection Against Ischemia-Reperfusion Injury
Through Inhibition of Mitochondrial Permeability Transition Pore Opening. Sci.
Rep. 2016. Vol. 6. 20467. https://doi.org/10.1038/srep20467

ROSSHSKIJ FIZIOLOGICHESKI) ZHURNAL IM. .M. SECHENOVA /
RUSSIAN JOURNAL OF PHYSIOLOGY, 2026, vol. 112, no. 1



74

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

BOPILEB u 1p. / BORSHCHEYV et al.

Ishikita A., Matoba T., Ikeda G. et al. Nanoparticle-Mediated Delivery of
Mitochondrial Division Inhibitor 1 to the Myocardium Protects the Heart from
Ischemia-Reperfusion Injury Through Inhibition of Mitochondria Outer Membrane
Permeabilization: A New Therapeutic Modality for Acute Myocardial Infarction.
J. Am. Heart Assoc. 2016. Vol. 5. No. 7. e003872.
https://doi.org/10.1161/JAHA.116.003872

Zhang Y., Qian P., Zhou H. et al. Pharmacological Signatures of the Exenatide
Nanoparticles Complex Against Myocardial Ischemia Reperfusion Injury. Kidney
Blood Press. Res. 2018. Vol. 43. No. 4. Pp. 1273—1284.
https://doi.org/10.1159/000492409

Yajima S., Miyagawa S., Fukushima S. et al. Prostacyclin analogue-loaded
nanoparticles attenuate myocardial ischemia/reperfusion injury in rats. JACC Basic
Transl. Sci. 2019. Vol. 4. No. 3. Pp. 318—331.
https://doi.org/10.1016/j.jacbts.2018.12.006

Tokutome M., Matoba T., Nakano Y. et al. Peroxisome proliferator-activated
receptor-gamma targeting nanomedicine promotes cardiac healing after acute
myocardial infarction by skewing monocyte/macrophage polarization in preclinical
animal models. Cardiovasc. Res. 2019. Vol. 115. No. 2. Pp. 419—431.
https://doi.org/10.1093/cvr/cvy200

Brusini R., Tran N.L.L., Cailleau C. et al. Assessment of Squalene-
Adenosine Nanoparticles in Two Rodent Models of Cardiac Ischemia-
Reperfusion. Pharmaceutics. 2023. Vol. 15. No. 7. 1790.
https://doi.org/10.3390/pharmaceutics 15071790

Sun X., Wang W., Dai J. et al. A long-term and slow-releasing hydrogen sulfide do-
nor protects against myocardial ischemia/reperfusion injury. Sci. Rep. 2017. Vol. 7.
No. 1. 3541. https://doi.org/10.1038 /s41598-017-03941-0

Wang W., Liu H., Lu Y. et al. Controlled-releasing hydrogen sulfide donor based
on dual-modal iron oxide nanoparticles protects myocardial tissue from ischemia-
reperfusion injury. Int. J. Nanomed. 2019. Vol. 14. Pp. 875—888.
https://doi.org/10.2147/1JN.S186225

Wang Q., Xue X., Wang P. et al. Angiotensin 1 peptide-conjugated CdSe/ZnS
quantum dots for cardiac-specific hydrogen sulfide targeted therapy in myocardial
ischemia-reperfusion injury. Front. Pharmacol. 2024. Vol. 15. 1435282.
https://doi.org/10.3389/fphar.2024.1435282

Yamada Y., Kobayashi H., Iwasa M. et al. Postinfarct active cardiac-targeted delivery
of erythropoietin by liposomes with sialyl Lewis X repairs infarcted myocardium in
rabbits. Am. J. Physiol. Heart Circ. Physiol. 2013. Vol. 304. No. 8. Pp. H1124—H1133.
https://doi.org/10.1152/ajpheart.00707.2012

YulJ., Li W,, Yu D. Atrial natriuretic peptide modified oleate adenosine prodrug
lipid nanocarriers for the treatment of myocardial infarction: in vitro and in vivo
evaluation. Drug Des. Devel. Ther. 2018. Vol. 12. Pp. 1697—1706.
https://doi.org/10.2147/DDDT.S166749

HouJ., He H., Huang S. et al. A mitochondria-targeted nitric oxide donor triggered
by superoxide radical to alleviate myocardial ischemia/reperfusion injury. Chem.
Commun. 2019. Vol. 55. No. 9. Pp. 1205—1208.
https://doi.org/10.1039/C8CC07304J

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



CUTHAJIbHBIE MEXAHU3Mbl KAPAVUOTTPOTEKLIMWY U HATIPABJIEHHAS JOCTABKA / 75
SIGNALING MECHANISMS OF CARDIOPROTECTION AND TARGETED DELIVERY

96. Zhang C.X., Cheng Y., Liu D.Z. et al. Mitochondria-targeted cyclosporin A delivery
system to treat myocardial ischemia reperfusion injury of rats. J. Nanobiotechnol. 2019.
Vol. 17. No. 1. 18. https://doi.org/10.1186/s12951-019-0451-9

97. Zhang X., Sun Y., Yang R. et al. An injectable mitochondria-targeted nanodrug
loaded-hydrogel for restoring mitochondrial function and hierarchically attenuat-
ing oxidative stress to reduce myocardial ischemia-reperfusion injury. Biomaterials.
2022. Vol. 287. 121656. https://doi.org/10.1016/j.biomaterials.2022.121656

98. XulL., ChenY., Jin Q. et al. A novel ultrasound-responsive biomimetic nanoparticle
for targeted delivery and controlled release of nitric oxide to attenuate myocardial
ischemia reperfusion injury. Small Struct. 2023. Vol. 4. 2300004.
https://doi.org/10.1002/sstr.202300004

99. LiuL.,YaoY., LiuY. et al. Targeted H.S-Mediated Gas Therapy with pH-Sensitive
Release Property for Myocardial Ischemia-Reperfusion Injury by Platelet
Membrane. Biomater. Res. 2024. Vol. 28. 0061. https://doi.org/10.34133/bmr.0061

100. Chen Y., Lin L., Xu L. et al. Platelet-mimicking nanoparticles loaded with diallyl
trisulfide for mitigating myocardial ischemia-reperfusion injury in rats. Colloids Surf.
B Biointerfaces. 2025. Vol. 248. 114460.
https://doi.org/10.1016/j.colsurfb.2024.114460

101. Chen G., Yang L., Zhong L. et al. Delivery of hydrogen sulfide by ultrasound
targeted microbubble destruction attenuates myocardial ischemia-reperfusion
injury. Sci. Rep. 2016. Vol. 6. 30643. https://doi.org/10.1038 /srep30643

102. Johnson T.A., Stasko N.A., Matthews J.L. et al. Reduced ischemia/reperfusion
injury via glutathione-initiated nitric oxide-releasing dendrimers. Nitric Oxide. 2010.
Vol. 22. No. 1. Pp. 30—36. https://doi.org/10.1016/j.ni0x.2009.11.002

103. Zhan Y., Zhao X., Liu R. et al. Alleviation of myocardial infarction by hydrogen
sulfide-releasing nanoparticles: mechanisms and therapeutic effects. J. Mater. Chem.
B. 2025. Vol. 13. No. 28. Pp. 8358—8367. https://doi.org/10.1039/D5TB00672D

REFERENCES

1. GBD 2021 Causes of Death Collaborators. Global burden of 288 causes of death and
life expectancy decomposition in 204 countries and territories and 811 subnational
locations, 1990—2021: a systematic analysis for the Global Burden of Disease Study
2021. Lancet. 2024;403(10440):2100—2132.
https://doi.org/10.1016/S0140-6736(24)00367-2

2. Shi H., Xia Y., Cheng Y. et al. Global burden of ischaemic heart disease from 2022
to 2050: projections of incidence, prevalence, deaths, and disability-adjusted life
years. Eur. Heart J. Qual. Care Clin. Outcomes. 2025;11(4):355—366.
https://doi.org/10.1093/ehjqcco/qcae049

3. Szummer K., Wallentin L., Lindhagen L. et al. Improved outcomes in patients with
ST-elevation myocardial infarction during the last 20 years are related to implemen-
tation of evidence-based treatments: experiences from the SWEDEHEART registry
1995—-2014. Eur. Heart J. 2017;38(41):3056—3065.
https://doi.org/10.1093/eurheartj/ehx515

ROSSHSKIJ FIZIOLOGICHESKI) ZHURNAL IM. .M. SECHENOVA /
RUSSIAN JOURNAL OF PHYSIOLOGY, 2026, vol. 112, no. 1



76

10.

11.

12.

13.

14.

15.

16.

BOPILEB u 1p. / BORSHCHEYV et al.

Yellon D.M., Hausenloy D.J. Myocardial reperfusion injury. N. Engl.
J. Med. 2007;357(11):1121—1135. https://doi.org/10.1056/NEJMra071667

Shlyakhto E.V., Petrishchev N.N., Galagudza M.M. et al. Kardioprotektsiya: funda-
mental'nyye i klinicheskiye aspekty [Cardioprotection: fundamental and clinical as-
pects]. St. Petersburg: NP-Print; 2013. (In Russ.)

Bell R. M., Yellon D.M. Ischaemic preconditioning of myocardium: a new paradigm
for clinical cardioprotection? Br. J. Clin. Pharmacol. 1994;38(5):381—387.
https://doi.org/10.1111/j.1365-2125.1994.tb04371.x

Murry C.E., Jennings R.B., Reimer K.A. Preconditioning with ischemia: a delay
of lethal cell injury in ischemic myocardium. Circulation. 1986;74(5):1124—1136.
https://doi.org/10.1161/01.cir.74.5.1124

Shlyakhto E.V., Galagudza M.M., Syrenskii A.V. et al. Kardioprotektivnyye effekty
fenomena ishemicheskogo postkonditsionirovaniya miokarda [Cardioprotective ef-
fects of the phenomenon of ischemic postconditioning of the myocardium]. Kardi-
ologiya. 2005;45(7):44—48. (In Russ.)

Przyklenk K., Bauer B., Ovize M. et al. Regional ischemic “preconditioning” pro-

tects remote virgin myocardium from subsequent sustained coronary occlusion. Cir-
culation. 1993;87(3):893—899. https://doi.org/10.1161/01.cir.87.3.893

Bautin A.E., Galagudza M.M., Datsenko S.V. et al. Vliyaniye distantnogo ishemich-
eskogo prekonditsionirovaniya na techeniye perioperatsionnogo perioda pri
izolirovannom protezirovanii aortal'nogo klapana [Effect of remote ischemic pre-
conditioning on the course of the perioperative period in isolated aortic valve re-
placement]. Klinicheskaya anesteziologiya. 2014;3:11—17. (In Russ.)

Heusch G., Gersh B.J. ERICCA and RIPHeart: two nails in the coffin for cardioprotec-
tion by remote ischemic conditioning? Probably not! Eur. Heart J. 2016;37(2):200—202.
https://doi.org/10.1093/eurheartj/ehv606

Petrishchev N.N., Shlyakhto E.V., Vlasov T.D. et al. Ishemicheskaya adaptatsi-
ya miokarda: patofiziologicheskiye mekhanizmy i vozmozhnyye perspektivy prak-
ticheskogo primeneniya (obzor literatury) [Myocardial ischemic preconditioning:
pathophysiological mechanisms and prospects of clinical application (a literature re-
view)]|. Rossiyskiy fiziologicheskiy zhurnal. im. I.M. Sechenova. 2001;87(5):688—705.
(In Russ.)

Galagudza M. M., Blokhin 1.0., Shmonin A.A., Mischenko K.A. Reduction of
myocardial ischemia-reperfusion injury with pre- and postconditioning: molecu-
lar mechanisms and therapeutic targets. Cardiovasc. Hematol. Disord. Drug Targets.
2008;8(1):47—65. https://doi.org/10.2174/187152908783884966

Roth S., Torregroza C., Feige K. et al. Pharmacological Conditioning of the Heart:
An Update on Experimental Developments and Clinical Implications. Int. J. Mol.
Sci. 2021;22(5):2519. https://doi.org/10.3390/ijms22052519

Khan H., Kashyap A., Kaur A., Singh T.G. Pharmacological postconditioning:
a molecular aspect in ischemic injury. J. Pharm. Pharmacol. 2020;72(11):1513—1527.
https://doi.org/10.1111 /jphp.13336

Heusch G. Critical Issues for the Translation of Cardioprotection. Circ.
Res. 2017;120(9):1477—1486. https://doi.org/10.1161 /CIRCRESAHA.117.310820

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

CUTHAJIbHBIE MEXAHU3Mbl KAPAVUOTIPOTEKLIMU U HATTIPABJIEHHAS JOCTABKA / 77
SIGNALING MECHANISMS OF CARDIOPROTECTION AND TARGETED DELIVERY

Luo Q., Sun W., Li Z. et al. Biomaterials-mediated targeted therapeutics of myocar-
dial ischemia-reperfusion injury. Biomaterials. 2023;303:122368.
https://doi.org/10.1016/j.biomaterials.2023.122368

Pagliaro P., Weber N.C., Femmino S. et al. Gasotransmitters and noble gases in car-
dioprotection: unraveling molecular pathways for future therapeutic strategies. Basic
Res. Cardiol. 2024;119(4):509—544. https://doi.org/10.1007/s00395-024-01061-1

Hausenloy D.J., Yellon D.M. Preconditioning and postconditioning: united at rep-
erfusion. Pharmacol. Ther. 2007;116(2):173—191.
https://doi.org/10.1016/j.pharmthera.2007.06.005

Heusch G. Molecular basis of cardioprotection: signal transduction in ischemic pre-,
post-, and remote conditioning. Circ. Res. 2015;116(4):674—699.
https://doi.org/10.1161 /CIRCRESAHA.116.305348

Hausenloy D.J., Yellon D.M. Cardioprotective growth factors. Cardiovasc. Res.
2009;83(2):179—194. https://doi.org/10.1093/cvr/cvp062

Rossello X., Yellon D.M. The RISK pathway and beyond. Basic Res. Cardiol.
2017;113(1):2. https://doi.org/10.1007 /s00395-017-0662-x

Lecour S., Suleman N., Deuchar G.A. et al. Pharmacological preconditioning with
tumor necrosis factor-alpha activates signal transducer and activator of transcrip-
tion-3 at reperfusion without involving classic prosurvival kinases (Akt and extracel-
lular signal-regulated kinase). Circulation. 2005;112(25):3911—-3918.
https://doi.org/10.1161/CIRCULATIONAHA.105.581058

Hadebe N., Cour M., Lecour S. The SAFE pathway for cardioprotection: is this
a promising target? Basic Res. Cardiol. 2018;113(2):9.
https://doi.org/10.1007/s00395-018-0670-5

Ren B., Shen Y., Shao H. et al. Brain natriuretic peptide limits myocardial infarct size
dependent of nitric oxide synthase in rats. Clin. Chim. Acta. 2007;377(1—-2):83—87.
https://doi.org/10.1016/j.cca.2006.08.027

Costa A.D., Garlid K.D., West 1.C. et al. Protein kinase G transmits the cardiopro-
tective signal from cytosol to mitochondria. Circ. Res. 2005;97(4):329—336.
https://doi.org/10.1161/01.RES.0000178451.08719.5b

Miyawaki H., Zhou X., Ashraf M. Calcium preconditioning elicits strong pro-
tection against ischemic injury via protein kinase C signaling pathway. Circ.
Res. 1996;79(1):137—146. https://doi.org/10.1161/01.res.79.1.137

Tullio F., Angotti C., Perrelli M.G. et al. Redox balance and cardioprotection. Basic
Res. Cardiol. 2013;108(6):392. https://doi.org/10.1007/s00395-013-0392-7

Dhalla N.S., Ostadal P., Tappia P.S. Involvement of oxidative stress and antioxidants
in modification of cardiac dysfunction due to ischemia-reperfusion injury. Antioxi-
dants. 2025;14(3):340. https://doi.org/10.3390/antiox14030340

Petrishchev N.N., Shlyakhto E.V., Tsyrlin V.A. et al. The role of oxygen free radicals
in the mechanisms of local and distant ischemic preconditioning of the myocardi-
um. Vestn. RAMN. 2006;(8):10—15. (In Russ.)

Galagudza M.M., Sonin D.L., Vlasov T.D. et al. Remote vs. local ischaemic precon-
ditioning in the rat heart: infarct limitation, suppression of ischaemic arrhythmia and
the role of reactive oxygen species. Int. J. Exp. Pathol. 2016;97(1):66—74.
https://doi.org/10.1111 /iep.12170

ROSSHSKIJ FIZIOLOGICHESKI) ZHURNAL IM. .M. SECHENOVA /
RUSSIAN JOURNAL OF PHYSIOLOGY, 2026, vol. 112, no. 1



78

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

BOPILEB u 1p. / BORSHCHEYV et al.

Post H., Schulz R., Behrends M. et al. No involvement of endogenous nitric oxide in
classical ischemic preconditioning in swine. J. Mol. Cell. Cardiol. 2000;32(5):725—733.
https://doi.org/10.1006 /jmcc.2000.1117

Rassaf T., Totzeck M., Hendgen-Cotta U.B. et al. Circulating nitrite contributes to car-
dioprotection by remote ischemic preconditioning. Circ. Res. 2014;114(10):1601—1610.
https://doi.org/10.1161/CIRCRESAHA..114.303822

Schulz R., Kelm M., Heusch G. Nitric oxide in myocardial ischemia/reperfusion
injury. Cardiovasc. Res. 2004;61(3):402—413.
https://doi.org/10.1016/j.cardiores.2003.09.019

Ohtani H., Katoh H., Tanaka T. et al. Effects of nitric oxide on mitochondrial per-
meability transition pore and thiol-mediated responses in cardiac myocytes. Nitric
Oxide. 2012;26(2):95—101. https://doi.org/10.1016/j.niox.2011.12.007

Ljubkovic M., Shi Y., Cheng Q. et al. Cardiac mitochondrial ATP-sensitive potassi-
um channel is activated by nitric oxide in vitro. FEBS Lett. 2007;581(22):4255—4259.
https://doi.org/10.1016/j.febslet.2007.07.071

Huang Y.E., Tang Z.H., Xie W. et al. Endogenous hydrogen sulfide mediates the
cardioprotection induced by ischemic postconditioning in the early reperfusion
phase. Exp. Ther. Med. 2012;4(6):1117—1123. https://doi.org/10.3892/etm.2012.733

Lambert J.P., Nicholson C.K., Amin H. et al. Hydrogen sulfide provides cardiopro-
tection against myocardial/ischemia reperfusion injury in the diabetic state through
the activation of the RISK pathway. Med. Gas Res. 2014;4(1):20.
https://doi.org/10.1186,/s13618-014-0020-0

Hu Q., Lukesh J.C. II1. H.S donors with cytoprotective effects in models of MI/R
injury and chemotherapy-induced cardiotoxicity. Antioxidants. 2023;12(3):650.
https://doi.org/10.3390/antiox12030650

Andreadou I., Iliodromitis E.K., Baxter G.F. et al. Interaction of cardiovascular non-
modifiable risk factors, comorbidities and comedications with ischemia/reperfusion
injury and cardioprotection by pharmacological treatments and ischemic condition-
ing. Pharmacol. Rev. 2023;75(1):159-216.

https://doi.org/10.1124 /pharmrev.121.000348

Yu L., Li B., Zhang M., Jin Z. et al. Melatonin reduces PERK-eIF2a-ATF4-me-
diated endoplasmic reticulum stress during myocardial ischemia-reperfusion injury:
role of RISK and SAFE pathways interaction. Apoptosis. 2016;21(7):809—824.
https://doi.org/10.1007/s10495-016-1246-1

Suleman N., Somers S., Smith R. et al. Dual activation of STAT-3 and Akt is re-
quired during the trigger phase of ischaemic preconditioning. Cardiovasc. Res.
2008;79(1):127—133. https://doi.org/10.1093/cvr/cvn067

Schulman D., Latchman D.S., Yellon D.M. Urocortin protects the heart from rep-
erfusion injury via upregulation of p42/p44 MAPK signaling pathway. Am. J. Physiol.
Heart Circ. Physiol. 2002;283(4):H1481—H1488.
https://doi.org/10.1152/ajpheart.01089.2001

Bell R.M., Yellon D.M. Bradykinin limits infarction when administered as an adjunct

to reperfusion in mouse heart: the role of PI3K, Akt and eNOS. J. Mol. Cell. Cardiol.
2003;35(2):185—193. https://doi.org/10.1016/S0022-2828(02)00310-3

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

CUTHAJIbHBIE MEXAHU3Mbl KAPAVUOTTPOTEKLIMWY U HATIPABJIEHHAS JOCTABKA / 79
SIGNALING MECHANISMS OF CARDIOPROTECTION AND TARGETED DELIVERY

Yellon D.M., Beikoghli Kalkhoran S., Davidson S.M. The RISK pathway leading
to mitochondria and cardioprotection: how everything started. Basic Res. Cardiol.
2023;118(1):22. https://doi.org/10.1007/s00395-023-00992-5

Hausenloy D.J., Tsang A., Mocanu M.M. et al. Ischemic preconditioning protects
by activating prosurvival kinases at reperfusion. Am. J. Physiol. Heart Circ. Physi-
ol. 2005;288(2):H971—-H976. https://doi.org/10.1152/ajpheart.00374.2004

Bernardi P., Gerle C., Halestrap A.P. et al. Identity, structure, and function of the
mitochondrial permeability transition pore: controversies, consensus, recent advanc-
es, and future directions. Cell Death Differ. 2023;30(8):1869—1885.
https://doi.org/10.1038 /s41418-023-01187-0

Hausenloy D.J., Mocanu M.M., Yellon D.M. Cross-talk between the survival kinases
during early reperfusion: its contribution to ischemic preconditioning. Cardiovasc.
Res. 2004;63(2):305—312. https://doi.org/10.1016/j.cardiores.2004.04.011

Juhaszova M., Zorov D.B., Kim S.H. et al. Glycogen synthase kinase-3 mediates
convergence of protection signaling to inhibit the mitochondrial permeability transi-
tion pore. J. Clin. Invest. 2004;113(11):1535—1549.
https://doi.org/10.1172/JC119906

Zhai P., Sciarretta S., Galeotti J. et al. Differential roles of GSK-3f during myocar-
dial ischemia and ischemia/reperfusion. Circ. Res. 2011;109(5):502—511.
https://doi.org/10.1161/CIRCRESAHA.111.249532

Michell B.J., Chen Z.P., Tiganis T. et al. Coordinated control of endothelial ni-
tric-oxide synthase phosphorylation by protein kinase C and the cAMP-dependent
protein kinase. J. Biol. Chem. 2001;276(21):17625—17628.
https://doi.org/10.1074/jbc.C100122200

Yang C., Talukder M.A., Varadharaj S. et al. Early ischaemic preconditioning re-
quires Akt- and PKA-mediated activation of eNOS via serine1176 phosphorylation.
Cardiovasc. Res. 2013;97(1):33—43. https://doi.org/10.1093/cvr/cvs287

Penna C., Mancardi D., Rastaldo R. et al. Intermittent activation of bradykinin
B2 receptors and mitochondrial KATP channels trigger cardiac postconditioning
through redox signaling. Cardiovasc. Res. 2007;75(1):168—177.
https://doi.org/10.1016/j.cardiores.2007.03.001

Inserte J., Garcia-Dorado D. The cGMP/PKG pathway as a common mediator of cardi-
oprotection: translatability and mechanism. Br. J. Pharmacol. 2015;172(8):1996—2009.
https://doi.org/10.1111/bph.12959

Ytrehus K., Liu Y., Downey J.M. Preconditioning protects ischemic rabbit heart by
protein kinase C activation. Am. J. Physiol. 1994;266(3):H1145—H1152.
https://doi.org/10.1152/ajpheart.1994.266.3.H1145

Tong H., Chen W., Steenbergen C. et al. Ischemic preconditioning activates phosphati-
dylinositol-3-kinase upstream of protein kinase C. Circ. Res. 2000;87(4):309—-315.
https://doi.org/10.1161/01.RES.87.4.309

Ohnuma Y., Miura T., Miki T. et al. Opening of mitochondrial KATP channel occurs
downstream of PKC-¢ activation in the mechanism of preconditioning. Am. J. Phys-
iol. Heart Circ. Physiol. 2002;283(1):H440—H447.
https://doi.org/10.1152/ajpheart.00434.2001

ROSSHSKIJ FIZIOLOGICHESKI) ZHURNAL IM. .M. SECHENOVA /
RUSSIAN JOURNAL OF PHYSIOLOGY, 2026, vol. 112, no. 1



80

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

BOPILEB u 1p. / BORSHCHEYV et al.

Yamamura K., Steenbergen C., Murphy E. Protein kinase C and precondi-
tioning: role of the sarcoplasmic reticulum. Am. J. Physiol. Heart Circ. Physiol.
2005;289(6):H2484—H2490. https://doi.org/10.1152/ajpheart.00590.2005

Lecour S. Activation of the protective Survivor Activating Factor Enhancement
(SAFE) pathway against reperfusion injury: Does it go beyond the RISK pathway?
J. Mol. Cell. Cardiol. 2009;47(1):32—40. https://doi.org/10.1016/j.yjmcc.2009.03.019

Szczepanek K., Xu A., Hu Y. et al. Cardioprotective function of mitochondrial-tar-
geted and transcriptionally inactive STAT3 against ischemia and reperfusion injury.
Basic Res. Cardiol. 2015;110(6):53. https://doi.org/10.1007/s00395-015-0509-2

Moh A., Zhang W., Yu S. et al. STAT3 sensitizes insulin signaling by negatively reg-
ulating glycogen synthase kinase-3 (3. Diabetes. 2008;57(5):1227—1235.
https://doi.org/10.2337 /db06-1582

Boengler K., Hilfiker-Kleiner D., Heusch G. et al. Inhibition of permeability tran-
sition pore opening by mitochondrial STAT3 and its role in myocardial ischemia/
reperfusion. Basic Res. Cardiol. 2010;105(6):771-785.

https://doi.org/10.1007 /s00395-010-0124-1

Ghosh S., Standen N.B., Galifianes M. Evidence for mitochondrial KATP channels as
effectors of human myocardial preconditioning. Cardiovasc. Res. 2000;45(4):934—940.
https://doi.org/10.1016/S0008-6363(99)00407-1

O'Rourke B. Evidence for mitochondrial K* channels and their role in cardioprotec-
tion. Circ. Res. 2004;94(4):420—432.
https://doi.org/10.1161/01.RES.0000117583.66950.43

Yamada M. Mitochondrial ATP-sensitive K* channels, protectors of the heart.
J. Physiol. 2010;588(2):283—286. https://doi.org/10.1113/jphysiol.2009.179028

Suzuki M., Sasaki N., Miki T. et al. Role of sarcolemmal K(ATP) channels in
cardioprotection against ischemia/reperfusion injury in mice. J. Clin. Invest.
2002;109(4):509-516. https://doi.org/10.1172/JCI14270

Murphy E., Eisner D.A. How does mitochondrial Ca?* change during ischemia and
reperfusion? Implications for activation of the permeability transition pore. J. Gen.
Physiol. 2025;157(1):¢202313520. https://doi.org/10.1085/jgp.202313520

Hausenloy D., Wynne A., Duchen M. et al. Transient mitochondrial permeabili-
ty transition pore opening mediates preconditioning-induced protection. Circula-
tion. 2004;109(14):1714—1717. https://doi.org/10.1161/01.CIR.0000126294.81407.7D

Tsibulnikov S.Y., Maslov L.N., Tsepokina A.V. et al. Problema konechnogo effektora
ishemicheskogo prekonditsionirovaniya serdtsa [ Problem of end effector of ischemic
preconditioning of the heart]. Rossiyskiy fiziologicheskiy zhurnal im. 1. M. Sechenova.
2016;102(4):421—435. (In Russ.)

Ferdinandy P., Andreadou I., Baxter G.F. et al. Interaction of cardiovascular non-
modifiable risk factors, comorbidities and comedications with ischemia/reperfusion
injury and cardioprotection by pharmacological treatments and ischemic condition-
ing. Pharmacol. Rev. 2023;75(1):159-216.
https://doi.org/10.1124/pharmrev.121.000348

Nieri P., Martinotti E., Calderone V. et al. Adenosine-mediated hypotension in in vivo
guinea-pig: receptors involved and role of NO. Br. J. Pharmacol. 2001;134(4):745—752.
https://doi.org/10.1038/sj.bjp.0704301

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

CUTHAJIbHBIE MEXAHU3Mbl KAPAVUOMTPOTEKLIMW U HATIPABJIEHHA A JOCTABKA / 81
SIGNALING MECHANISMS OF CARDIOPROTECTION AND TARGETED DELIVERY

Liddicoat A.M., Lavelle E.C. Modulation of innate immunity by cyclosporine A. Bi-
ochem. Pharmacol. 2019;163:472—480. https://doi.org/10.1016/j.bcp.2019.03.022

Rumbeiha W., Whitley E., Anantharam P. et al. Acute hydrogen sulfide-induced neu-
ropathology and neurological sequelae: challenges for translational neuroprotective
research. Ann. N. Y. Acad. Sci. 2016;1378(1):5—16. https://doi.org/10.1111 /nyas.13148

Attia M.F., Anton N., Wallyn J. et al. An overview of active and passive targeting
strategies to improve the nanocarriers efficiency to tumour sites. J. Pharm. Pharma-
col. 2019;71(8):1185—1198. https://doi.org/10.1111 /jphp.13098

Galagudza M.M., Korolev D.V., Sonin D.L. et al. Targeted drug delivery into revers-
ibly injured myocardium with silica nanoparticles: surface functionalization, natural
biodistribution, and acute toxicity. Int. J. Nanomed. 2010;5:231—-237.
https://doi.org/10.2147/ijn.s8719

Vagena [.A., Malapani C., Gatou M.A. et al. Enhancement of EPR Effect for Passive
Tumor Targeting: Current Status and Future Perspectives. Appl. Sci. 2025;15(6):3189.
https://doi.org/10.3390/app15063189

Yoo J., Park C., Yi G. et al. Active Targeting Strategies Using Biological Ligands for
Nanoparticle Drug Delivery Systems. Cancers. 2019;11(5):640.
https://doi.org/10.3390/cancers11050640

Zhu L., Zhong Y., Wu S. et al. Cell membrane camouflaged biomimetic nanoparti-
cles: focusing on tumor theranostics. Mater. Today Bio. 2022;14:100228.
https://doi.org/10.1016/j.mtbio.2022.100228

Liu S., Zhang Y., Liu Y. et al. Ultrasound-targeted microbubble destruction remod-
els tumour microenvironment to improve immunotherapeutic effect. Br. J. Can-
cer. 2023;128(5):715—725. https://doi.org/10.1038/s41416-022-02076-y

Mi P. Stimuli-responsive nanocarriers for drug delivery, tumor imaging, therapy and
theranostics. Theranostics. 2020;10(10):4557—4588.
https://doi.org/10.7150/thno.38069

Verma D.D., Hartner W.C., Levchenko T.S. et al. ATP-loaded liposomes effectively
protect the myocardium in rabbits with an acute experimental myocardial infarc-
tion. Pharm. Res. 2005;22(12):2115—2120.

https://doi.org/10.1007 /s11095-005-8354-x

Takahama H., Minamino T., Asanuma H. et al. Prolonged targeting of ischemic/rep-
erfused myocardium by liposomal adenosine augments cardioprotection in rats. J. Am.
Coll. Cardiol. 2009;53(8):709—717. https://doi.org/10.1016/j.jacc.2008.11.014

Galagudza M.M., Korolev D.V., Postnov V.N. et al. Passive targeting of ischem-
ic-reperfused myocardium with adenosine-loaded silica nanoparticles. Int. J. Na-
nomed. 2012;7:1671—1678. https://doi.org/10.2147/1JN.S29511

Ikeda G., Matoba T., Nakano Y. et al. Nanoparticle-Mediated Targeting of Cy-
closporine A Enhances Cardioprotection Against Ischemia-Reperfusion Injury
Through Inhibition of Mitochondrial Permeability Transition Pore Opening. Sci.
Rep. 2016;6:20467. https://doi.org/10.1038 /srep20467

Ishikita A., Matoba T., Ikeda G. et al. Nanoparticle-Mediated Delivery of Mi-
tochondrial Division Inhibitor 1 to the Myocardium Protects the Heart from Is-
chemia-Reperfusion Injury Through Inhibition of Mitochondria Outer Membrane
Permeabilization: A New Therapeutic Modality for Acute Myocardial Infarction.
J. Am. Heart Assoc. 2016;5(7):¢003872. https://doi.org/10.1161/JAHA.116.003872

ROSSHISKIJ FIZIOLOGICHESKI) ZHURNAL IM. .M. SECHENOVA /
RUSSIAN JOURNAL OF PHYSIOLOGY, 2026, vol. 112, no. 1



82

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

BOPILEB u 1p. / BORSHCHEYV et al.

Zhang Y., Qian P., Zhou H. et al. Pharmacological Signatures of the Exenatide Na-
noparticles Complex Against Myocardial Ischemia Reperfusion Injury. Kidney Blood
Press Res. 2018;43(4):1273—1284. https://doi.org/10.1159/000492409

Yajima S., Miyagawa S., Fukushima S. et al. Prostacyclin analogue-loaded nanopar-
ticles attenuate myocardial ischemia/reperfusion injury in rats. JACC Basic Transl.
Sci. 2019;4(3):318—331. https://doi.org/10.1016/j.jacbts.2018.12.006

Tokutome M., Matoba T., Nakano Y. et al. Peroxisome proliferator-activated recep-
tor-gamma targeting nanomedicine promotes cardiac healing after acute myocardi-
al infarction by skewing monocyte/macrophage polarization in preclinical animal
models. Cardiovasc. Res. 2019;115(2):419—431. https://doi.org/10.1093/cvr/cvy200

Brusini R., Tran N.L.L., Cailleau C. et al. Assessment of Squalene-Adenosine Nan-
oparticles in Two Rodent Models of Cardiac Ischemia-Reperfusion. Pharmaceutics.
2023;15(7):1790. https://doi.org/10.3390/pharmaceutics15071790

Sun X., Wang W., Dai J. et al. A long-term and slow-releasing hydrogen sulfide do-
nor protects against myocardial ischemia/reperfusion injury. Sci. Rep. 2017;7(1):3541.
https://doi.org/10.1038/s41598-017-03941-0

Wang W., Liu H., Lu Y. et al. Controlled-releasing hydrogen sulfide donor based on
dual-modal iron oxide nanoparticles protects myocardial tissue from ischemia-rep-
erfusion injury. Int. J. Nanomed. 2019;14:875—888.

https://doi.org/10.2147 /1IN.S186225

Wang Q., Xue X., Wang P. et al. Angiotensin 1 peptide-conjugated CdSe/ZnS quan-
tum dots for cardiac-specific hydrogen sulfide targeted therapy in myocardial is-
chemia-reperfusion injury. Front. Pharmacol. 2024;15:1435282.
https://doi.org/10.3389/fphar.2024.1435282

Yamada Y., Kobayashi H., Iwasa M. et al. Postinfarct active cardiac-targeted delivery
of erythropoietin by liposomes with sialyl Lewis X repairs infarcted myocardium in
rabbits. Am. J. Physiol. Heart Circ. Physiol. 2013;304(8):H1124—H1133.
https://doi.org/10.1152/ajpheart.00707.2012

Yul., Li W., Yu D. Atrial natriuretic peptide modified oleate adenosine prodrug lipid
nanocarriers for the treatment of myocardial infarction: in vitro and in vivo evalua-
tion. Drug Des. Devel. Ther. 2018;12:1697—1706.
https://doi.org/10.2147/DDDT.S166749

Hou J., He H., Huang S. et al. A mitochondria-targeted nitric oxide donor triggered
by superoxide radical to alleviate myocardial ischemia/reperfusion injury. Chem.
Commun. 2019;55(9):1205—1208. https://doi.org/10.1039/C8CC07304J)

Zhang C.X., Cheng Y., Liu D.Z. et al. Mitochondria-targeted cyclosporin A deliv-
ery system to treat myocardial ischemia reperfusion injury of rats. J. Nanobiotech-
nol. 2019;17(1):18. https://doi.org/10.1186/s12951-019-0451-9

Zhang X., Sun Y., Yang R. et al. An injectable mitochondria-targeted nanodrug
loaded-hydrogel for restoring mitochondrial function and hierarchically attenuat-
ing oxidative stress to reduce myocardial ischemia-reperfusion injury. Biomaterials.
2022;287:121656. https://doi.org/10.1016/j.biomaterials.2022.121656

Xu L., Chen Y., Jin Q. et al. A novel ultrasound-responsive biomimetic nanoparticle
for targeted delivery and controlled release of nitric oxide to attenuate myocardial
ischemia reperfusion injury. Small Struct. 2023;4:2300004.
https://doi.org/10.1002/sstr.202300004

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



CUTHAJIbHBIE MEXAHU3Mbl KAPAVUOTTPOTEKLIMWY U HATIPABJIEHHA S JOCTABKA / 83
SIGNALING MECHANISMS OF CARDIOPROTECTION AND TARGETED DELIVERY

99. Liu L., Yao Y., Liu Y. et al. Targeted H2S-Mediated Gas Therapy with pH-Sensi-
tive Release Property for Myocardial Ischemia-Reperfusion Injury by Platelet Mem-
brane. Biomater. Res. 2024;28:0061. https://doi.org/10.34133 /bmr.0061

100. Chen Y., Lin L., Xu L. et al. Platelet-mimicking nanoparticles loaded with diallyl
trisulfide for mitigating myocardial ischemia-reperfusion injury in rats. Colloids Surf-
B: Biointerfaces. 2025;248:114460. https://doi.org/10.1016/j.colsurfb.2024.114460

101. Chen G., Yang L., Zhong L. et al. Delivery of hydrogen sulfide by ultrasound
targeted microbubble destruction attenuates myocardial ischemia-reperfusion injury.
Sci. Rep. 2016;6:30643. https://doi.org/10.1038 /srep30643

102. Johnson T.A., Stasko N.A., Matthews J.L. et al. Reduced ischemia/reperfusion
injury via glutathione-initiated nitric oxide-releasing dendrimers. Nitric Oxide.
2010;22(1):30—36. https://doi.org/10.1016/j.niox.2009.11.002

103. Zhan Y., Zhao X., Liu R. et al. Alleviation of myocardial infarction by hydrogen
sulfide-releasing nanoparticles: mechanisms and therapeutic effects. J. Mater. Chem.
B. 2025;13(28):8358—8367. https://doi.org/10.1039/D5TB00672D

CBEJEHHNA Ob ABTOPAX

Bbopuies I0puit FOpreBrY — K.6.H., 3aBeaytouuit HayuHo-uccienoBatesbCKuM OTIEIOM
$U3MOSIOrNYeCKOM MUKPOIHI03K0IOTUY MHCTUTYTA 3KCIIepUMEHTAIbHON MEIUIINHBI
®OIrby “HMMUILI um. B.A. Anmazoa” Munznpasa Poccun, Cankrt-IletepOypr,

Poccuiickast @enepanns; HaydHbIiA COTpYAHUK JlaGopaTopuy XuMuonpoduaIaKTUKK paKa
u onkodapmakosorun PI'byY “HMMUII onkonornu um. H.H. TTerposa”, Cankr-IleTepOypr,
Poccuiickas @enepanust

E-mail: niscon@mail.ru

https://orcid.org/0000-0003-3096-9747

ConuH Amutpuii JJeOHUIOBUY — K.M.H., 3aBeAylomnii HaygyHo-ucciaenoBaTe1bCKUM
OTHEJIOM MUKPOLUMPKYISALUY U MeTaboar3Ma MruoKapaa MHCTUTYyTa aKCiepruMeHTaIbHOM
menuuuHel ®I'BY “HMMUILI um. B.A. Anmasoa” Munsapasa Poccun, Cankr-IletepOypr,
Poccuiickaa ®enepanus

E-mail: sonin_dl@almazovcentre.ru

https://orcid.org/0000-0003-1705-7217

MunacsH Capkuc MuUHacoBUY — K.M.H., CTapIIMii HAyYHbII cOTpyaHUK HayuHo-
HCCJIEIOBATEILCKOTO OTAeIa MUKPOLMPKYISILINY U MeTabon3Ma Muokapaa MHctutyra
sKkcnepuMeHTalbHOU MeauuHbel PT'BY “HMMUILI nm. B.A. AnmazoBa” Munznpasa Poccun,
Cankr-IletepOypr, Poccuiickasg Pengepanus

E-mail: carkis@yandex.ru

https://orcid.org/0000-0001-6382-5286

lanaryasza Muxaun MuxaiiioBuy — 1.M.H., 4i.-kKopp. PAH, nupektop MHcTUTYTA
sKcnepuMeHTalbHOM MeguuHbel ®T'BY “HMMUILI um. B.A. AnmasoBa” Mun3npasa Poccun,
Cankr-IletepOypr, Poccuiickas @enepanus; mpodeccop kadeaps maToGu3nosIornu
®IrboOY BO “IICII6I'MY umMm. W.I1. [TaBnoBa” Munznpasa Poccuu, Cankr-IletepOypr,
Poccuiickaa ®enepanus; iaBHbII HayYHBIA COTPYIHUK MHCTUTYTa aHAITUTUYECKOTO
npubopoctpoenus PAH, Caukr-IlerepOypr, Poccuiickas ®denepanus

E-mail: galagudza@almazovcentre.ru

https://orcid.org/0000-0001-5129-9944

ROSSHISKIJ FIZIOLOGICHESKI) ZHURNAL IM. .M. SECHENOVA /
RUSSIAN JOURNAL OF PHYSIOLOGY, 2026, vol. 112, no. 1



84 BOPILEB u 1p. / BORSHCHEYV et al.

AUTHOR INFORMATION

Borshhev, Jurij J. — Cand. Sc. (Biology), Head of the Physiological Microendoecology Research
Department of the Institute of Experimental Medicine, Almazov National Medical Research
Center of the Ministry of Health of the Russian Federation, St. Petersburg, Russian Federation;
Research Associate at the Laboratory of Cancer Chemoprevention and Oncopharmacology of the
Petrov National Medical Research Center of Oncology, St. Petersburg, Russian Federation
E-mail: niscon@mail.ru

https://orcid.org/0000-0003-3096-9747

Sonin, Dmitrij L. — Cand. Sc. (Medicine), Head of the Research Department of Myocardial
Microcirculation and Metabolism, Almazov National Medical Research Center of the Ministry
of Health of the Russian Federation, St. Petersburg, Russian Federation

E-mail: sonin_dl@almazovcentre.ru

https://orcid.org/0000-0003-1705-7217

Minasjan, Sarkis M. — Cand. Sc. (Medicine), Senior Research Officer at the Research
Department of Myocardial Microcirculation and Metabolism, Almazov National Medical
Research Center of the Ministry of Health of the Russian Federation,

St. Petersburg, Russian Federation

E-mail: carkis@yandex.ru

https://orcid.org/0000-0001-6382-5286

Galagudza, Mikhail M. — Ph.D. (Medicine), Corresponding Member of the RAS, Director of
the Institute of Experimental Medicine of the Almazov National Medical Research Center of
the Ministry of Health of the Russian Federation, St. Petersburg, Russian Federation; Professor
at the Department of Pathophysiology, Pavlov First Saint Petersburg State Medical University,
St. Petersburg, Russian Federation; Senior Research Associate at the Institute for Analytical
Instrumentation of the RAS, St. Petersburg, Russian Federation

E-mail: galagudza@almazovcentre.ru

https://orcid.org/0000-0001-5129-9944

[Moctynuna B pegakuuio 09.09.2025
IMocne nopabotku 17.10.2025
IMpuHsara k nyonukanuu 18.10.2025

Received September 9, 2025
Revised October 10, 2025
Accepted October 10, 2025

POCCUNCKHUUN ®U3SUOJIOTUYECKH M XKYPHAJ UM. U.M. CEUEHOBA /
RUSSIAN JOURNAL OF PHYSIOLOGY. 2026. T. 112. Ne 1



