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Juceprairisi TpUCBAYEHA BCTAHOBIEHHIO MITOXOHAPIATBHUX MEXaHI3MIB
KapJIIOMPOTEKINT y IIypiB MNpH 1HCYJIHOPE3UCTECHTHOCTI 1 BIUIMBI TIMOKCUYHOTO
MPEKOH U FOBAHHH.

B excnepumentax Ha 72 gopociaux Irypax camiiB JnHIii  Bictap 3
BUKOPHUCTAaHHSAM TAaTO(di310J0TIYHUX (MOJICTIOBAHHS 1HCYJIHOPE3UCTECHTHOCTI Y
IIypiB, TIMOKCUYHE NMPEKOHAULIIOBaHHS, ieMis-penepdy3is 130Jb0BaHOTO CepLs 3a
metonoMm Jlanrenmopda), ¢izionoriyHuX (JOCHIKEHHS (QYHKIT 1307b0OBAaHUX
MITOXOHIpi# moJsiporpadiyHuM MetogoM YaHca), 610XiMIYHHUX (3MIHU BYTJIEBOHOTO
Ta JIMAHOTO MeETaboJi3My, IHCYJIHOTOJICPAHTHUN TECT, AaKTHBHICTh IIPO- Ta
AHTUOKCUJAAHTHUX (EepMEHTIB, Mop(poMeTpuuHUX (BU3HAYCHHS PO3MIpY 1H(APKTY
MioKapaa), MOPQOJIOTIYHUX (eIEKTPOHHA MIKPOCKOIIis), MOJIEKYISIPHO-010I0TTUHUX
(Bu3HAYCHHS PIBHS €KcIpecis Oilka KoakThBaTopa lo. perentopa, akKTHBOBAHOTO
nposideparopom nepokcrucom rama (PGC-1a) B Miokap i METO0M iMyHOOJIOTHHTY),
CTATUCTUYHUX METOMIB JOCHIKCHHS BCTAHOBJICHO MITOXOHIpiadbHI MeXaHi3MU
KapIOMPOTEKINI y IIypiB TPH IHCYJIHOPE3UCTEHTHOCTI 1 BIUIMBI TIMOKCHYHOTO
MPEKOHTUI FOBAHHH.

OpepskaHi Ip¥ BUKOHAHHI POOOTH PE3YIbTaTH XapaKTEPU3YIOTHCS HAYKOBOIO
HOBHU3HOIO. Briepie BCTaHOBJIEHO, IO PO3BUTOK 1HCYJIIHOPE3UCTEHTHOCTI MMiCIIA
BXKMBAaHHS BHUCOKOXXHPOBOI JIETH TPOTATOM 2 THXKHIB  CYIPOBOKYETHCS
nepeOy0BOI0 OKHCHEHHSI EHEPreTUYHUX CyOCTpaTiB y MITOXOHApIAX B OIK
noripiieHHs: okucHeHHs: HAJ[-3anexxnoro cyoctpary riyrtamary 1 ®AJl-3anexHoro
CyKIIMHAaTy, B Tol 4yac sk okucHeHHs HAJI-3anexxHoro minmigHoro cyocrpary

NaJbMITOLTy JIEMOHCTPYBAJIO TEHJCHINIO 10 3pocTaHHsa. OnepkaHi IOKa3HUKHU



CBIYaTh MPO 3POCTaHHS BUKOPUCTAHHS JIMIAIB MITOXOHIPISIMHU SIK €HEPreTUYHOTO
cyOCcTpary, 10 CYNPOBO/KYBAIOCS €(PEKTHUBHOIO eJIMIHAIEI0 HYTPITUBHUX
TPUTTIIEPUIIB 3 NepudepuyHoi KpoBl. Y MiokapAl BiaOyBanacs MoMipHa aKTHUBALIis
BUTbHOPAJUKAIbHUX  TPOLECIB 31  3pOCTaHHSAM  aKTUBOBAaHMX  IMPOJIYKTIB
T100apOITypoBOi KUCIOTH Ha 17%, a B SKOCTI OCHOBHOI KOMIIEHCATOPHOI JIAHKH
AHTHOKCUIAHTHOTO 3aXUCTy OyJa 3ajlisTHa cUcTeMa TIyTaTioHy. B Miokapi 3pocTana
ekcrpecis MiToxoHapianbHoro peryisitopa PGC-la, cmoctepiranocst KiIbKiCHE
3pOCTaHHs cyOcapKoieMaabHO1 Ta IHTPpaMio(GiOpHIISIPHOT CYyOIIONyJIsAIii MiITOXOH PN
Ta aKTUBAIllA iX BHYTPIKIITHHHUX 3B S3KIB 3 IHITUMH OpTraHEIaMU.

Brepmie  oxapakTepu3oBaHO — KapAIMPOTEKTOPHI  NPOSBU  aKTUBALl
MITOXOHJplalbHUX MEXaHI3MIB B 1HCYJIHOPE3UCTEHTHOMY MIOKap/i, a came,
MOCTIIIEMIYHE TOKpPAIIEHHS CKOPOTIMBOI (PYHKIT cepls, OOMEXEHHs MpOsBIB
OKHCHOTO CTpPECY, MOIIKOKEHHS MITOXOHPIH Ta MPOsIBIB iX AUCHYHKIIII.

Brnepiie BCTaHOBJIEHO, IO BUKJIMKAHUM 1HCYJIHOPE3UCTEHTHICTIO PO3Ja
MEXaHI3MIB E€HEPreTUYHOr0 MEeTadoJI3My MPHU3BOJUB J0 3POCTAHHS YYTJIUBOCTI
MITOXOHJpPIA A0  BIUIMBY  TIMOKCUYHOTO  NPEKOHJHWIIIOBAHHS,  IPOSBIB
MITOXOH/IPIaNbHOI NTUC(YHKINT 1 3HIXKEHHSI BHECKY OKHCHOTO (OCPOpHUIIOBAHHS y
cuHTe31 aneHosuHTpudocdhary. B mux ymoBax TIMOKCUYHE NPEKOHIMIIIIOBAHHS
3aJIy4aso y MioKap/i 10JJaTKOBI MTPOTEKTUBHI MEXaH13MHU, 30KpeMa, MITOXOHAPIaJIbHI.
Y xommiekci [ eldeKkTpoHTpaHCHOPTHOTO JaHIora BigOyBanacs cyOcTpaTHa
nepeOyaoBa B OIK OKHCHEHHS JIMiIB, 3017IbIIYBAJIOCh CHPSHKEHHS OKWCHEHHS 1
dochopuntoBanHsa, a TakKoXK BiAOyBajacsi akTuUBalisg Triaikodizy. [inmokcuuHe
MPEKOHIMIIIOBAHHS  1HCYJIHOPE3UCTEHTHUX TBApUH BII3HAYAIOCA AKTHBAIIIEIO
MITOXOH/IPI1aJIbHOTO arapaTy MIOKapay Ta EHEPreTUYHOro MeTabo13My, BIJICYTHICTIO
MITOXOHJpPIJIbHOI Ta eHjoTenianbHoi AuchyHkuii. CTUMYIIOBAIOCS 3POCTaHHSA
ekcrpecii 6i1ka PGC-la y mpaBoMy HUTYHOUKY, IO MOX€E BKa3yBaTH Ha OUIbIIY
HaIpPy>KEHICTh EHEPreTUYHOTO METa00JI13MY 1 MIAKIIOUEHHS TOAATKOBUX MEXaH13MIB
KapJ1OMpOTeKIi. AKTHBI3yBaJlacs MITOXOHJApiadbHA JIWHAMIKa B MIiOKapAl 3
SMMIHAINIEI0  YIIKOHDKEHUX OpraHes NUisixoMm Mitodarii 1 6i0reHe3oM HOBHX

MITOXOHpi. OJIHAaK TMOKCUYHE MPEKOHIUIIIOBAaHHS TP 1HCYJIIHOPE3UCTEHTHOCTI
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HIATPUMYBAJIO TUIBKH CTPYKTYpPHY MPOTEKIII0 B MIOKapi MpH imemii-penepdysii,
ToA1 sIK GyHKITIOHATIBHA Ta MeTabOo I1uHa MPOTEKITis 30epiragacs JIMIIEe YaCTKOBO Yepe3
3MEHILECHHS e(peKTUBHOCTI MITOXOHJIp1aJIbHOTO JTUXAHHS npu
1HCYJIIHOPE3UCTEHTHOCTI.

Bnepmie  BcraHoBieHo, 1o akTMBalisg ~ omocepenkoBanux — PGC-la
KOMIICHCATOPHUX MEXaHI3MiB, a caMme, CTHUMYJIAIIl MITOXOHApIadbHOro OiOreHesy,
Iepexo/ly MITOXOHJIpIA Ha BXKMBAHHS 1HIIUX €HEPreTUUHUX CyOCTpaTiB, 0OMEKEHHS
OKHCHOTO CTpecy, 3a0e3nedyBanacs NpHu 1HCYJIIHOPE3UCTEHTHOCTI Ta BIUIMBI TIMOKCIT
3pOCTaHHAM €KCIpecii boro O1IKa y MiOKap/ii, AKka nepeBakaja y IpaBoMy IITYHOUKY
cepisi, a TakoK 30UIblIeHHsAM BMIcTy aktuBaropa PGC-lo minmonpoTeiHiB BHCOKOi
HIUTBHOCTI Y IEpU(PEPUUHINA KPOBI.

OpepkaHi pe3ysbTaThd MarwTh (yHIAMEHTaJIbHE 1 MPaKTUYHE 3HAYEHHS.
BcTanoBiieHO HOBI BiJIOMOCTI MPO MITOXOHAPialibHI KOMIIEHCATOPHI MEXaHI3MH TpU
1HCYJIIHOPE3UCTEHTHOCTI, Kl CHPHUSAIOTh BIJHOBJIEHHIO BYIJIEBOJHOIO 1 JIIMIAHOIO
MeTaboJiMy B MIOKap/l, TMOCUJICHHIO MITOXOH/APIAJBLHOTO amapary cepus 1
E€HepreTHYHOTO 3a0e3MedeHHsI Horo QyHKIIIi, 0 00MEXY€e PO3BUTOK OKUCHOTO CTPECY
Ta imeMigyHo-penepPy3iiiHe MOIIKOIKEHHS Miokapaa. BcTaHOBIEHO HOBI BiJJOMOCTI
Ipo  MEXaHI3MU  PO3BUTKY  MPEKOHIUWINIOBAHHS  MIOKapJia B yMOBax
1HCYJIIHOPE3UCTEHTHOCTI, a came, 3aimydyeHHs PGC-1o0—3anexHuX MITOXOHIplaabHUX
MEXaHI3MIB JI0 CTPYKTYpHOi MPOTEKIli MioKapy Ta BTpary (QYyHKIIOHATHHOI
MIPOTEKIIIT 32 paXyHOK OOMEXKEHHSI eHEPIreTUIHOT0 METa00I113My MITOXOH/PIH.

Pe3ynbrat poOOTH MOXKYTh OyTH BHKOPUCTAHI y KIIIHIYHIA MEIWUMHI —
KapioJIoTii Ta KapaioxXipyprii — 3 METOI YTOYHEHHS PEKOMEHJalliid 100
3aCTOCYBaHHA METO/AIB MNPEKOHJMIIIIOBAHHS Ta TIMOKCUTEpamii y XBOpUX 3
METa0OJIYHUMHU TIOPYIICHHSIMH, a TaKOXX Yy HAayKOBMX Ta OCBITHIX 3akjajax
MEJIMYHOTO MPODIITIO.

Kuarw4oBi cioBa: cepiie, 1HCYIIHOPE3UCTEHTHICTh, METAOOIIYHUN CHUHJIIPOM,
BUCOKOXXHUPOBA  Ji€Ta, TIMOKCIsA, TPEKOHIUIIOBAHHS, imemis, penepdysisd,
KapJIOMPOTEKIIisl, MITOXOHJpPIi, MITOXOHIpiadbHa IUCQYHKINS, OKHCHHM CTpec,

mMop@dornoriuni 3minu, PGC-1a, mypu.



ANNOTATION

Kozlovska M.G. Mitochondrial mechanisms of cardioprotection in insulin
resistance and hypoxic preconditioning.

Dissertation for the degree of Doctor of Philosophy in the field of knowledge 22
"Health Care" in the specialty 222 "Medicine". — Bogomoletz Institute of Physiology
NAS of Ukraine, Kyiv, 2025.

The dissertation is devoted to the establishment of mitochondrial mechanisms of
cardioprotection in insulin resistance and the effect of hypoxic preconditioning on rats.

In experiments on 72 adult male Wistar rats using pathophysiological (modeling
of insulin resistance in rats, hypoxic preconditioning, ischemia-reperfusion of the
isolated heart according to the Langendorff method), physiological (study of the
function of isolated mitochondria using the Chance polarographic method),
biochemical (changes in carbohydrate and lipid metabolism, insulin tolerance test,
activity of pro- and antioxidant enzymes, morphometric (determination of the size of
myocardial infarction), morphological (electron microscopy), molecular biological
(determination of the level of expression of the coactivator 1 peroxisome proliferator-
activated receptor gamma (PGC-1a) protein in the myocardium by immunoblotting),
and statistical research methods, mitochondrial mechanisms of cardioprotection in rats
with insulin resistance and the influence of hypoxic preconditioning were established.

The results obtained during the work are characterized by scientific novelty. It
was established for the first time that the development of insulin resistance after the
use of high-fat diet for 2 weeks is accompanied by a restructuring of the oxidation of
energy substrates in mitochondria towards the deterioration of the oxidation of the
NAD-dependent substrate glutamate and FAD-dependent succinate, while the
oxidation of the NAD-dependent lipid substrate palmitoyl showed a tendency to
increase. The obtained indicators indicate an increase in the use of lipids by
mitochondria as an energy substrate, which was accompanied by the effective
elimination of nutritional triglycerides from the peripheral blood. In the myocardium,

there was a moderate activation of free radical processes with an increase in activated
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products of thiobarbituric acid by 17%, and the glutathione system was involved as the
main compensatory link of antioxidant protection. In the myocardium, the expression
of the mitochondrial regulator PGC-1a increased, a quantitative increase in the
subsarcolemmal and intramyofibrillar subpopulations of mitochondria and activation
of their intracellular connections with other organelles was observed.

For the first time, cardioprotective manifestations of activation of mitochondrial
mechanisms in insulin-resistant myocardium were characterized, namely, postischemic
improvement of cardiac contractile function, limitation of manifestations of oxidative
stress, damage to mitochondria and manifestations of their dysfunction.

For the first time, it was established that the disorder of energy metabolism
mechanisms caused by insulin resistance led to an increase in the sensitivity of
mitochondria to the effects of hypoxic preconditioning, manifestations of
mitochondrial dysfunction and a decrease in the contribution of oxidative
phosphorylation to the synthesis of adenosine triphosphate. Under these conditions,
hypoxic preconditioning involved additional protective mechanisms in the
myocardium, in particular, mitochondrial ones. In complex | of the electron transport
chain, substrate rearrangement towards lipid oxidation occurred, the coupling of
oxidation and phosphorylation increased, and glycolysis was activated. Hypoxic
preconditioning of insulin-resistant animals was marked by activation of the
myocardial mitochondrial apparatus and energy metabolism, the absence of
mitochondrial and endothelial dysfunction. An increase in PGC-1a protein expression
was stimulated in the right ventricle, which may indicate a greater intensity of energy
metabolism and the connection of additional cardioprotection mechanisms.
Mitochondrial dynamics in the myocardium were activated with the elimination of
damaged organelles by mitophagy and the biogenesis of new mitochondria. However,
hypoxic preconditioning in insulin resistance maintained only structural protection in
the myocardium during ischemia-reperfusion, while functional and metabolic
protection was preserved only partially due to a decrease in the efficiency of

mitochondrial respiration in insulin resistance.
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It was first established that the activation of PGC-1a-mediated compensatory
mechanisms, namely, stimulation of mitochondrial biogenesis, the transition of
mitochondria to the use of other energy substrates, and the limitation of oxidative
stress, was ensured in insulin resistance and the influence of hypoxia by an increase in
the expression of this protein in the myocardium, which prevailed in the right ventricle
of the heart, as well as by an increase in the content of the PGC-1a activator high-
density lipoproteins in peripheral blood.

The results obtained are of fundamental and practical importance. New
information has been established about mitochondrial compensatory mechanisms in
insulin resistance, which contribute to the restoration of carbohydrate and lipid
metabolism in the myocardium, strengthening the mitochondrial apparatus of the heart
and energy supply of its function, which limits the development of oxidative stress and
ischemic-reperfusion injury of the myocardium. New information has been established
about the mechanisms of myocardial preconditioning development in conditions of
insulin resistance, namely, the involvement of PGC-1o—dependent mitochondrial
mechanisms in the structural protection of the myocardium and the loss of functional
protection due to the limitation of mitochondrial energy metabolism.

The results of the work can be used in clinical medicine - cardiology and cardiac
surgery - in order to clarify recommendations for the use of preconditioning methods
and hypoxia therapy in patients with metabolic violations, as well as in scientific and
educational institutions of the medical profile.

Keywords: heart, insulin resistance, metabolic syndrome, high-fat diet, hypoxia,
preconditioning, ischemia, reperfusion, cardioprotection, mitochondria, mitochondrial

dysfunction, oxidative stress, morphological changes, PGC-1aq, rats.
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1HCYJIIHOPE3UCTEHTHICTIO TpPH TINOKCMYHOMY NpeKoHauIlitoBaHHl. [laronoriuna
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KOH(EepeHIlis CTYJIEHTIB Ta MOJIOJUX BYCHUX 3 MDKHAPOJHOK YyyacTio «Bif
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