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MOLECULAR MECHANISMS OF LEFT VENTRICULAR SYSTOLIC DYSFUNCTION:
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Pestome. CwcTonHaTa AMCHYHKUNS Ha NSBaTa kamepa € KPaHWAT pe3ynTaT OT KOMMMEKCHU CTPYKTYPHW, KNETBYHM 11 MOMEKYTHU
HapyLUeHWs, 3acsralyy CbkpaTUTENHUS anapaT Ha MUOKapAa W HeroBaTa eHepruiiHa xomeocTasa. HactoswmsT 063op
pasrnexnaa Kro4yoB1Te MexaHn3Mu, CTOSILLM B OCHOBATa Ha TO3M MPOLIEC, KATO aKLIEHTUPa BbPXY MUOKApPAHOTO ChKpaLle-
HWe 1 perynauusta My OT kanuuesata AuHamuka U CbCTOSIHUETO Ha capkoMepuTe. MpeAcTaBeHn ca 0CHOBHUTE dakTopy,
BOfELLM A0 Pa3BUTME Ha CUCTOMHA ANCHYHKLNS — 0BEMHO 1 TEH3NOHHO 0BpeMeHsIBaHe, UCXeMUs, Bb3naneHne, amuno-
WAHW W APYTV HATPYMBaHWS, HEBPOXOPMOHAHA aKTMBALWS 1 eHOOKPUHHI HapYLLEHMS, OKeaT1BeH cTpec. [lombnHuTen-
HO Ce pasrnexaar KNeTbYHM 1 MOMEKYMHU MexaHn3mu, BkntouutenHo fedektn B SERCA2a n Na*/Ca?* obmeHHuK, nato-
nornyeH egnyke Ha Ca?* npe3 RyR2, npomeHn B TUTWHA, yBpeXaaHe Ha M1ounameHTuTe, npoTeasoMHa ANCHYHKLMS,
HapyLLeHa aBTodarus, enureHeTnyHa perynawus, MUTOXoHApHanHa AMCYHKLMS, CTPEC Ha eHAOMNA3MEHNS PETUKYYM
1 HapyLUeH1s BbB Bpb3kaTa Mexay kneTkute. KOMNNEKCHOTO B3aUMOAENCTBUE MeXAY Te3n npoLecy Boaw Ao nporpe-
CMBHO MPeCTPYKTypupaHe Ha Muokapaa, dmbposa, eHeprieH AednLMT 1 HapyLLEHWE Ha CbKpaTUTenHaTa cnocobHOCT Ha
Muokapgaa. Mo3HaBaHeTo Ha Te3n MeXaH13MK e OT 3HayeHue 3a no-[obpoTo pa3dbupaHe Ha naToreHesaTa Ha cUCTOMNHaTa
BUCKYHKLNS, KaKTO 1 3a pa3paboTBaHETO Ha HOBM TEPaNeBTUYHN CTPaTerun 3a NOBMNSBAHETO i

Kniouosu aymu: MMOKapAHO CbKpaLLEHWE, KOHTPaKTUMUTET, CUCTONHA (YHKLNS, CUCTOMHA ANCHYHKLMS

Agnpec
3a KopecnongeHums:  [1-p AHgpei VBaHoB, am, e-mail: andrewaivanov12@gmail.com

Abstract. Left ventricular systolic dysfunction results from complex structural, cellular, and molecular disorders affecting the
contractile apparatus of the myocardium and its energy homeostasis. This review discusses the key mechanisms of this
process, with emphasis on myocardial contraction and its regulation by calcium dynamics and integrity of the sarcomeres.
The main factors leading to the development of systolic dysfunction are presented: volume and tension overload, ischemia,
inflammation, amyloid and other deposits, neurohormonal activation and endocrine disorders, oxidative stress. In addition,
cellular and molecular mechanisms are presented, such as defects in SERCAZ2a, and Na*/Ca** exchanger, pathological
Ca?* efflux through RyR2, alterations in titin phosphorylation, myofilament damage, proteasome dysfunction, impaired
autophagy, epigenetic regulation, endoplasmic reticulum stress, and abnormalities in intercellular connectivity. The
complex interaction between these processes leads to progressive myocardial remodeling, fibrosis, energy deficit, and
impaired myocardial contractility. Understanding these mechanisms is important for better understanding the pathogenesis
of systolic dysfunction as well as for the development of new therapeutic strategies for its treatment.

Key words: myocardial contraction, contractility, systolic function, systolic dysfunction
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YBop

CwuctonHata gucyHKUUS Ha nsiBaTta kamepa e Kpan-
HWUAT pe3ynTaT OT KOMMIEKCHU CTPYKTYPHU, KIETBYHMU 1
MOMEKYIHU HapyLUEHUs], 3acaraly KOHTPaKTUITHNS ana-
paT Ha MMOKapAa 1 HeroBaTa eHepruiHa XxomeocTasa.
Ta e ocHOBEH NaToU3MONOrMyeH MexaHu3bM, CTOSLL
B OCHOBaTa Ha CbpAeyHaTa HeOOCTaTbYHOCT C peayun-
paHa dpakumna Ha natnackeadHe (HFrEF). Xapakrepuau-
pa ce C HEBb3MOXHOCT 3a reHepupaHe Ha agekBaTHO
HanpexeHve 1 ygapeH ob6em 3a fgafgeHaTta cTeneH Ha
HaToBapBaHe. Pa3Butveto 1 e pesyntat OT B3aumo-
OEVCTBME Mexay XemoamHamudHu daktopu (06emMHo
1 TEH3MOHHO ODPEMEHSABAHE), UCXEMUS, Bb3NanuTenHu
npouecu, HEBPOEHAOKPUHHM NMPOMEHM, KaKTO U KIeTbY-
HW 1 MOMeKynH1 aedekTn, 3acsaralim Kanumesarta ou-
HaMmuvKa, MUTOXOHApWanHata (OyHKUMS U CTPyKTypHaTa
OpraHM3aums Ha capkoMmepuTe.

CbKpaweHue 1 cuctonHa pyHKuus

MexaHnyHaTa akTMBHOCT Ha MMOKapaa e CBbp3aHa
CbC CapKoOMepUTE — BMCOKOOPraHM3npaHu CTPYKTYpW,
n3rpageHu ot Tpu Tuna BrnakHa [47]:

INTRODUCTION

Left ventricular systolic dysfunction is the final result
of complex structural, cellular, and molecular disorders
affecting the myocardial contractile apparatus and its
energy homeostasis. Itis the primary pathophysiological
mechanism of heart failure with reduced ejection fraction
(HFrEF). It is characterized by an inability to generate
adequate tension and stroke volume for a given level of
load. Its development results from interactions between
hemodynamic factors (volume and pressure overload),
ischemia, inflammatory processes, neuroendocrine
changes, as well as cellular and molecular defects in-
volving calcium handling, mitochondrial function, and
the structural organization of sarcomeres.

Contraction and systolic function

The mechanical activity of the myocardium is as-
sociated with sarcomeres, which are highly organized
structures made up of three types of fibers [47]. These
fibers include:

Tabnuua 1. CbkpaweHusa // Table 1. Abbreviations

Abbreviation/CbkpauweHue Meaning/3Ha4enue

ATO/ATP AneHoanHTpudochat/Adenosine triphosphate
JIKILV NeokamepeH/Left ventricular

ACEi Angiotensin-converting enzyme inhibitors
AF Atrial fibrillation

ARB Angiotensin receptor blockers

CaMKIl Ca?/calmodulin-dependent protein kinase |l
ECM Extracellular matrix

eNOS Endothelial nitric oxide synthase

ET-1 Endothelin-1

HFrEF Heart failure with reduced ejection fraction
IGF-1 Insulin-like growth factor-1

LOX Lysyl oxidase

MAPK Mitogen-activated protein kinase

MRA Mineralocorticoid receptor antagonists
NF-kB Nuclear factor kappa B

PKA Protein kinase A

PKC Protein kinase C

PKG Protein kinase G

RAAS Renin-angiotensin-aldosterone system
ROS Reactive oxygen species

RyR2 Ryanodine receptor type 2

SERCA2a Sarco/endoplasmic reticulum Ca*-ATPase 2a
SR Sarcoplasmic reticulum

Tnl Troponin |

UPR Unfolded protein response

UPS Ubiquitin-proteasome system

BARK B-adrenergic receptor kinase
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— nebenu dunameHTn ¢ gnameTbp okono 15 nm,
OCHOBHO CbCTaBEHMW OT HAKOMKO CTOTUH MOSEKYNn Mu-
0o3uH ll;

— ThHKM (hUNaMeHTn ¢ AMaMeTbp OKOMo 7 nm, U3-
rpagenn ot 300-400 akTMHOBU MOMEKYNU;

— TUraHTCKN enacTUYEH MNPOTEUH TUTUH (KOHHEKTUH).

B HOpma cbpOeyHOTO CbKpalleHWe ce WHUMLUK-
pa OT nponarvpawivMs akuMOHEeH MNoTeHumarn, reHe-
pupaH OT CUHYCOBWUTE MNENCMENKbPHU Knetku [134].
Mpn penonsipusaumaTa Ha membpaHata ce oTBapsT
BonTax-3aBucumute L-tun Ca?* kaHan4eTa Ha UMTOMN-
nasMeHarta MembpaHa, Npe3 KoUTo 3anoysa HaBnM3a-
He Ha Ca? KbM BbTPeLUHOCTTa Ha kneTkarta (dwr. 1).
lMocpencTBom TN 2 KaHanyeraTa Ha pMaHOAVHOBUTE
peuenTopu To3u HavaneH uHonykc Ha Ca?" npegus-
BukBa Ca? ednykc OT capKoMnasMeHusi peTuKymnyMm,
KaTo KOHLEHTpauusaTa Ha KanumeBnte NOHWN B LUTO30-
na 6bp30o ce nosuwasa. Te ce CBbP3BAT C TPOMOHUH C
Ha TPOMOHMHOBMS KOMMIEKC, CbCTaBeH OT Tpu cybean-
Huum — Tpononu C, | n T. Cnegpa cBbp3BaHe Ha TPOMo-
HMHAa C TPOMOMMO3MHA, Pa3MoSIoXKeH Mo AbJKMHATA Ha
aKTMHOBUSA hunamMeHT. Tlpy HUCKM KOHUEHTpaummn Ha
KanumMeBuTe NOHM TPOMOMMO3MHBT ONoKMpa CBbp3Ba-
LNTe mMecTa 3a MMO3MH Ha akTuHa [92]. MNpu nosuwa-
BaHe Ha KOHLUEeHTpauusiTa Ha KanumMeBuTe NOHU TPorno-
MWO3MHBT OCBODOXAAaBa CBbp3BaLLMTE MecTa U AaBsa
Bb3MOXHOCT 3a B3aMMOAENCTBME MexXZy MUO3uHa U
akTnHa [135]. NMoemaHeTo Ha Ca?* oT capkonnasme-
HUst peTukynym ypes Ca?*-ATdasza u n3BexgaHeTo My
n3BbH knetkaTta ot Na*/Ca? oOGMeHHUK Boau A0 NMOHU-
aBaHe Ha uuTonnasmeHoto Ca?* HMBO M penakcauus
Ha kneTtkata. YyBCTBUTENHOCTTa Ha MMobunameHTmTe
kbMm Ca?* ce perynupa ot dochopunmpaHeTo Ha Tpo-
noHuH | (Tnl) npu cepnHoBM octatbum 23 1 24. doc-
dopuMpaHeTo Ha MMO3UH-CBbP3BaLLMs npoTenH C un
perynaTopHaTta fieka Bepura Ha MMO3uHa CbLUO MNpo-
MEHS1 YyBCTBUTEMHOCTTA KbM KanuueBuTe NOHWU, HO B
no-marnka cteneH [134].

CbppeyHa Npon3BOAUTENHOCT — TOBa € Crocob-
HOCTTa Ha CbpLETO Aa M3TrackBa KPbB KbM apTepuarn-
HoTo pycno. Npedctassa ce Kato cbpaedeH Oedbut nnm
kaTo yaapeH obem. Cpen dpaktopute, MogynvpaLiy Cbp-
AevYHaTa MpOoM3BOAUTENHOCT, Ca CbpAevHaTa 4ecTora,
npea- n CriegHaToBapBaHETO, KOHTPAKTUITHOTO CbCTOS-
HVe Ha MuoKapaa, KaMepHaTa reomeTpus, purngHocTTa/
KbMMalbHCBT Ha MMOKapaa, BEHTPYKYINoapTeEPUAanHoOTO
KynnupaHe, HeBpoXyMoparnHaTta akTMBHOCT [88].

MHoTponusa — TOo31 TepMUH ce M3Mnon3Ba 3a O3Ha-
YaBaHe Ha cunaTta Ha MYCKYMNHOTO CbKpalleHue, T.e.
HanpeXXeHNeTo, reHepMpaHo No Bpeme Ha CbKpalle-
HueTo. Cunara, cb3fgaBaHa Npu CbKpaLleHMETO Ha 13-
OnupaH MycKyn 3aBuCK OT Ob/KMHATa Ha capkomepu-
Te, UHTpauenynapHaTa KOHLEHTpauus Ha KanuuesuTe
MOHM, CKOPOCTTa Ha CKbCSBAaHe Ha CapKoOMepuTe Mpu
CbKpalleHne cpeLly HyneBO HaToBapBaHe, Tuna Ha

—thick filaments with a diameter of about 15
nm, mainly composed of several hundred myosin Il
molecules,

— thin filaments with a diameter of approximately 7
nm, made up of 300-400 actin molecules,

— giant elastic protein titin (connectin).

Usually, cardiac contraction is initiated by a prop-
agating action potential generated by sinus pace-
maker cells [134]. Upon membrane depolarization,
voltage-gated L-type Ca?* channels in the cytoplas-
mic membrane open, allowing Ca?* to enter the cell
(Fig. 1). Via type 2 ryanodine receptor channels,
this initial influx of Ca?* triggers Ca?* efflux from the
sarcoplasmic reticulum. Consequently, cytosolic cal-
cium ion concentration rapidly increases. The ions
then bind to troponin C of the troponin complex,
which consists of three subunits — troponin C, I, and
T. Troponin then binds to tropomyosin, which is lo-
cated along the length of the actin filament. At low
calcium ion concentrations, tropomyosin blocks the
myosin binding sites on actin [92]. When the con-
centration of calcium ions increases, tropomyosin
releases the binding sites and allows interaction be-
tween myosin and actin [135]. The reuptake of Ca?*
into the sarcoplasmic reticulum by Ca2?*-ATPase and
its extrusion from the cell by the Na*/Ca?* exchang-
er leads to a decrease in the cytoplasmic Ca?* level
and relaxation. Myofilament Ca?* sensitivity depends
on the phosphorylation of troponin | (Tnl) at serine
sites 23 and 24. Phosphorylation of myosin-binding
protein C and the myosin regulatory light chain also
alters the sensitivity to calcium ions, but to a lesser
extent [134].

Cardiac performance (the ability of the heart to
eject blood into the arterial system) is expressed as
cardiac output or as stroke volume. Factors which
modulate cardiac performance include heart rate,
preload and afterload, myocardial contractile state,
ventricular geometry, myocardial stiffness/compli-
ance, ventriculo-arterial coupling, and neurohumoral
activity [88].

Inotropy is a term used to describe the strength
of muscle contraction, i.e., the tension generated
during contraction. In an isolated muscle, force de-
pends on sarcomere length, intracellular calcium
ion concentration, the velocity of sarcomere short-
ening during contraction against zero load, myosin
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Action potential reaches T-tubules

Y

Cardiomyocyte membrane depolarization

Y

Activation of voltage-gated Ca®* channels

Y

Ca?* influx through

the cell membrane

Y

Activation of Ca?*-dependent receptors of the SR (RyR2)

Ca? efflux from SR

to cytosol via RyR2

h 4

Ca?" binding to troponin C

h 4

Ca**-induced conformational change of the
troponin—tropomyosin complex

A

r

Tropomyosin releases actin's binding sites for
myosin

Cross-bridge cycling

# (ATP-dependent)

Formation of actomyosin bridges

h

r

Contraction

ATP-dependent
ATP - ADP + Pi (energy)

%

PKA-mediated phosph

orylation of troponin |

)

A

r

[

J- sensitivity of myofilaments to Ca?*

]

Phospholamban (PLB) —— SERCAZ2a (Ca**-ATPase in SR) — Ca?* re-entry into SR
NCX (Na*/Ca?! exchanger) — Ca?* efflux from cells (3Na* ¢ 1Ca?*)
PMCA (plasma Ca®*-ATPase) — Ca’+ efflux from cells

v

Ca* removal

from cytosol

)

ATP-dependent

L ATP = ADP + Pi (energy)

4

[

Relaxation

Cokpallenus // Abbreviations: ATP — ageHo3nHTpudocdar // adenosine triphosphate, ADP — ageHosuHaudocdar // adenosine diphosphate,

®ur. 1. MocnegoBaTenHocT oT cbOUTUSI NpK CbpaedHOTO cbkpalleHue // Fig. 1. Sequence of events in cardiac contraction

Pi — HeopraHuyeH gocdar // inorganic phosphate
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MUo3uMHa (anda nnm 6eta) n cbCTosAHNETO Ha docdo-
punupaHe Ha M1o3nHa. 3a npakTUYeckn Lenm NHOTpo-
nusaTta ce geduHunpa kato ,cuna“ [88].

dakTopn, onpegensm MHOTPOMHOTO CbCTOSHUE
(nHOTpONUSTA):

¢ [IbmkuHa Ha MycKyra, CBbp3aHa C XeTepOMETPUY-
HaTa aBToperynauust (Mexanm3bm Ha Frank-Starling).

o XoMeoMeTpu4iHa aBTOperynauusi (eektT Ha von
Anrep — MOBWLLABaHE Ha MWOKAPAHWS KOHTPaKTUIATET,
pa3BMBALLO Ce A0 MWHYTU Cred nokavyBaHe Ha cregHaTo-
BapBaHeT0) [10, 38, 114]. bea T031 echekT NOBULLEHMETO Ha
A0PTHOTO HamnsiraHe 6y BogWIo 0 HamarnsBaHe Ha yaap-
HWs1 06eM 1 KOMNPOMETMPAHE Ha opraHHaTa nepdyausi.

e OTHOLWEHMEe ,cuna-yectota“ (XpOHOTPOMHa
nHoTponus, edekt Ha cTbnbarta). B Hopma nosuwa-
BaHETO Ha YecToTaTa Ha CbKpalleHusiTa Boau 40 yBe-
nMyaBaHe Ha cunarta MM BCreacTBMe Ha MHOTOKPaTHO
noBTapsLo ce HaBnu3aHe Ha Ca?* ¢ Bcska crnepBalya
Aenonsapusauns U HaTpynBaHe Ha LMTO30MEeH Kanuun
[16]. MNpwn BrowaBaHe Ha cbpAaeyHaTa PYHKUMS reH-
HaTa ekcrpecus ce NPOMEHS OT HOPMarnHWs TUMN npu
Bb3pPaCTHM KbM TO3U OT heTanHUS XUBOT C pe3yntar
— VHBEpPCUS Ha KpMBaTa cuna-vyecrora.

e ABTOHOMHa aKTMBHOCT. BarycoBoto akTuBu-
paHe noTucka MHOTPONuUsiTa MHOro 6bpP30 (B pamkuTe
Ha cekyHOn, ocobeHo B npeacbpaudaTta), Kato edek-
TbT € ha30BO 3aBMCUM OT MOMEHTA Ha CTMMynauus
B CbPAEYHMSA LMK, KaTO OT3By4YaBaHETO MY CbLLO €
6bp30 [49, 82]. 3a pa3nuka OT TOBa, CUMNATUKYCOBUAT
(B-appeHepruyeH) NonoXnTeneH NHOTPONeH edekT ce
pa3BuBa No-6aBHO — B pamMK/TE Ha HAKOMKO OO0 AeceT-
KM CEKYHOU, ThbI KaTO MEXaHU3MBbT My M3MCKBa Nocpe-
OHMLM 1 bocdopunmpaHe Ha TapreTHU MOSEKYu.

KoHTpakTunureT — cnocoOHOCT 3a pa3BMBaHe Ha
HanpeXXeHne 1 JOCTUraHe Ha CKOPOCT Ha CKbCsIBaHE Ha
MUOLIUTMTE MPU CbKPALLEHNETO HA MMOKapaa npu du-
KCupaHa cbpAevHa YecToTa, HE3aBUCMMO OT Npe- U
cnegHatosapBaHeTo [16]. lNoBuwaea ce npy cumnatu-
KycoBa CTUMynauusi, Bb34eNCTBNE Ha KaTexOonaMuHMu,
MeOuKaMEeHTU, KanumeBn NOHW, xuneptepmusa (nomno-
XuTeneH NHoTponeH edekT). [oBuwaBaHeTo Ha Mu-
OKapOHUSA KOHTPaKTUIMTET OOUKHOBEHO Ce NpeacTaBs
KaTo e4HOMNOCOYHa MPOMSIHA Ha cunaTta u CKopocTTa Ha
CbKpalleHMeTo, NpeacTaBeHa C U3MeCcTBaHe Ha KpuBa-
Ta cuna-ckopocT [88]. KpnBaTta Ha MOLLHOCTTa Cce reHe-
pvpa OT NPOM3BELEHMNETO Ha cunara u CKOpocTTa BbB
BCsIKa TOYKa OT KpuBaTa cuna-ckopocT [88].

OCHOBHU NMPUYUHU 3A PASBUTUE
HA CUCTOJIHA ANCOYHKLUA

Ob6eMHO oGpeMeHsiBaHe U NleBOKaMepHa guna-
Tauumsa

Mpy XpoHNYHO 0BemMHO OBpemMeHsiBaHe, KakBOTO €
Hanuue Hanp. Npu MuTpanHa v aopTHa peryprutauus,

type (alpha or beta), and myosin phosphorylation
state. For practical purposes, inotropy is defined as
“force” [88].

Determinants of the inotropic state (inotropy):

e Muscle length, related to heterometric autoregu-
lation (the Frank—Starling mechanism).

e Homeometric autoregulation (von Anrep ef-
fect — an increase in myocardial contractility devel-
oping within minutes after an increase in afterload)
[10,38,114]. Without this effect, an aortic pressure el-
evation would reduce stroke volume and compromise
organ perfusion.

e Force-frequency relation (chronotropic inot-
ropy, staircase effect). Typically, increasing heart rate
leads to an increase in force due to repeated Ca?* entry
with each depolarization and accumulation of cytoso-
lic calcium [16]. In depressed cardiac function, gene
expression shifts from the normal adult pattern toward
the fetal program, resulting in inversion of the force—
frequency curve.

e Autonomic activity. Vagal activation suppresses
inotropy very rapidly (within seconds, especially in the
atria), and the effect depends on the timing of stimula-
tion in the cardiac cycle and also dissipates quickly [49,
82]. In contrast, sympathetic (B-adrenergic) positive
inotropic effect develops more slowly (over several
to tens of seconds) because its mechanism requires
second messengers and phosphorylation of target
molecules.

Contractility — the ability to develop tension and a
rate of myocyte shortening during myocardial contrac-
tion at a fixed heart rate, independent of preload and af-
terload [16]. It increases with sympathetic stimulation,
the action of catecholamines, drugs, calcium ions, hy-
perthermia, etc. (positive inotropic effect). The increase
in myocardial contractility is usually represented as a
unidirectional change in the force and velocity of con-
traction, illustrated by a shift of the force—velocity curve
[88]. The power curve is generated from the product of
force and velocity at each point of the force—velocity
curve [88].

LEADING CAUSES OF SYSTOLIC
DYSFUNCTION

Volume overload and left ventricular dilatation

With chronic volume overload as in mitral and
aortic regurgitation, ventricular septal defect, or
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AedekT Ha MexaykamepHata nperpaga unv npoxoanm
apTepuarneH MpoTOK, nsBaTa Kamepa ce pasLumpsisa,
3a Ja noeme yBenuyeHusi NpuToK Ha KpbB [63, 64, 96].
[MbpBOHAYanHO B pesynTar OT ToBa MO MexaHu3Ma Ha
Frank-Starling HacTbnBa KOMNeHCaTopHO yBenuMyaBaHe
Ha yaapHusi obem. C BpemeTo obave NpekomMepHOTO pas-
TAraHe Ha KamepHWUTe CTeHM BOAM OO npepasTdraHe Ha
capkomepwuTe, O HapyllaBaHe Ha reoMmeTpusita Ha Ka-
Mepara, MHOUATPaUust C Bb3nanuTerHn KMNeTkn, YBpexX-
OaHe 1 peopraHn3aums Ha eKCcTpauenynapHusi MaTpukc,
00 U3TbHSIBAHE Ha CTEHUTE, KaTo CbLUEBPEMEHHO BCe
noBeYye HapacTBa CTPECHT Ha KamepHaTta cTeHa [28, 98].
Cnep gocturaHe Ha rpaHuLaTa oT OKOMo 2.2 um ObmKu-
Ha Ha capkoMepuTe KaMepHUST yaapeH obem 3anodvsa
Aa Hamansea. Pa3BuBa ce eHeprueH geuumt B mmroup-
TUTE N Ce aKTMBMPAT CUrHanu 3a anontosa U pemoge-
nvpaHe. Bcriegcteue Ha ToBa HacTbMBa MPOrPECUMBHO
HamansiBaHe Ha KOHTpaKTUnMTeTa. XpOHUYHOTO 06EMHO
obpemeHsiIBaHe CbLLO Taka Bogu OO akTUBMpaHe Ha pe-
HUH—AHIMOTEH3NH—angocTepoHoBata cuctema (RAAS)
1 0O pasBuTMe Ha pmbposa. AHMMOTEH3NH Il cTumynupa
dmbpobnacTHaTta nponudepaums 1 CUHTE3a Ha KonareH,
B CrefcTBMe Ha KOETO HACTbMNBa MHTepcTUUManHa u-
Opo3a 1 pemoaenvpaHe Ha MMoKapaa, kato brokupaHe-
T0 Ha RAAS (ACE nHxmbutopu, 6riokepun Ha aHrMoTeH3u-
HOBUWTE PeLEenTopu, MUHEPaNKOPTUKOUAHN aHTaroHNCTH)
3Ha4YMMO MOHWKaBa PeMOoAenMpaHeTo 1 nogodpsisa npe-
XMBSEMOCTTa Npu nauMeHTUTe CbC CbpaeYHa HegocTa-
TbyHOCT (CH) [8, 57]. Pe3yntatbT OT onucaHuTe NpOMeHm
npu obemHo JIK obpemeHsiBaHe € NoCTeNneHHO pa3BuBa-
LLIa Ce CUCTONHA ONCHYHKLMS.

TeH3MOHHO 0OpeMeHsiBaHe

lMpn apTepuanHa XWNepToOHWs, KNnamHa aopTHa
CTEeHO3a M ApYyrM BapuvaHTu Ha OBCTPYyKUUS Ha M3XO-
OdAma KpbBOTOK, JIK doyHKUMOHMpPa cpeLly NOBULLIEHO
cnegHatoBapBaHe [63, 95]. MexaHM3MbT 3a aganTa-
UMst KbM MOBULLIEHOTO CriegHaToBapBaHE € KOHLEH-
TpnyHaTa JIK xuneptpodus, noHmxkaeala cTpeca Ha
cTeHaTa 1 nomaralla 3a nogabplkaHe Ha momneHaTa
dyHKUMA BbNPEKM NOBULLEHOTO crieaHaToBapBaHe [62,
115, 127]. YBennyaBaHeTo Ha gebenuHarta Ha kamep-
HaTa CTeHa He e NPUAPYXEHO OT CbOTBETHO pasBUTHE
Ha KOPOHapHOTO CbAOBO PYyCcro (HeagekBaTHa aHrmo-
reHesa). Toea npaBu cybeHaokapga no-nogatnve Ha
nexemus [23]. XvneptpompanusaT MUOKapa Msmckea
noeeue eHeprus. [pn HeagekBaTHaTa KOpoHapHa nep-
dy3nss ToBa BOOU OO XPOHUYEH eHeprymeH Aeduuut,
ncxemus n aktmeBupaHe Ha anontosata [107]. OcseH
TOBa B MHTEPCTULMYMa Ce HaTpynBa KonareH — nHTep-
cTMumanHa ¢ubposa, nosuvLaBalia puUrngHocTTa Ha
MUOKapAa M OOMbIIHUTENHO HapyllaBalla KOHTPaKTu-
nuteta [107]. B ToBa hmbpo3HO pemogenvpaHe y4acT-
BaT XOPMOHasnHu (Hanp. aHrmoTeH3uH I, angocTepoH)
M Bb3NanuTenHU nbTuwa, ycuneawm dgubposara u

patent ductus arteriosus, the left ventricle dilates to
accommodate the increased inflow [63,64,96]. Ini-
tially, via the Frank—Starling mechanism, this results
in compensatory augmentation of stroke volume.
Over time, however, excessive wall stretch leads to
sarcomere overstretching, distortion of ventricular
geometry, inflammatory cell infiltration, injury and
reorganization of the extracellular matrix, and wall
thinning, while wall stress progressively rises [28,
98]. After reaching a limit of about 2.2 um of sarco-
mere length, ventricular stroke volume begins to de-
crease. An energy deficit develops in myocytes and
signals for apoptosis and remodeling are activated.
As a result, a progressive decrease in contractility
occurs. Chronic volume overload also leads to acti-
vation of the renin-angiotensin-aldosterone system
(RAAS) and the development of fibrosis. Angiotensin
Il stimulates fibroblast proliferation and collagen syn-
thesis, resulting in interstitial fibrosis and myocardial
remodeling, and RAAS blockade (ACEi, ARB, MRA)
significantly reduces remodeling and improves sur-
vival in heart failure patients [8, 57]. The net effect of
these changes in LV volume overload is a gradually
developing systolic dysfunction.

Pressure overload

In arterial hypertension, valvular aortic steno-
sis, and other types of outflow obstruction, the left
ventricle functions against increased afterload [63,
95]. The mechanism of adaptation to the increased
afterload is concentric left ventricular hypertrophy,
which reduces wall stress and helps maintain the
pump function despite increased afterload [62, 115,
127]. The increase in ventricular wall thickness is
not accompanied by a corresponding development
of the coronary vascular bed (inadequate angiogen-
esis). This makes the subendocardium more prone
to ischemia [23]. The hypertrophied myocardium
requires more energy. In inadequate coronary per-
fusion, this leads to chronic energy deficiency, isch-
emia, and activation of apoptosis [107]. In addition,
collagen accumulates in the interstitium, i.e. inter-
stitial fibrosis develops that increases myocardial
stiffness and further impairs contractility [107]. This
fibrotic remodeling involves hormonal (e.g. angio-
tensin I, aldosterone) and inflammatory pathways,
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pemMoaenunpaHeTo Ype3 aktusmpaHe Ha TGF-3, MAPK,
NF-kB v gp. n yckopsiBalim npeMmHaBaHETO KbM CUC-
TOMNHa AMCAYHKLMSA U KNUHUYHO n3saseHa CH [20, 91].
PasBuTtureto Ha CH 3HaumTenHo BnoLuasa nporHo3a-
Ta Npu NauMeHTUTE C TEH3NOHHO ODpeMeHsiBaHe, KaTo
npu GONHWTE CbC CUMMNTOMaTM4YHATa aopTHa KranHa
CTeHO3a cpegHaTta npexussemMocT e nog 5 roa. [100].

MwuvokapgHa ncxemus

HamaneHusiT kopoHapeH KpbBOTOK € MpuyvHa 3a
HeJOCTUr Ha KUCMOPOL U eHeprusa B KapanoMuounTu-
Te. ToBa B CBbpP3aHO C HamaneHo obpasyBaHe Ha AT®
npu aepobHusi metabonuabM. Jluncata Ha gocrarby-
HO eHeprunHu cybcTpaTn HapyllaBa akTMBHOCTTA Ha
noHHute nomnu, Bkn. SERCA2a (sarco/endoplasmic
reticulum Ca?*-ATPase 2a) n Na*/K*-ATda3a, koeTo e
npuyvHa 3a BbTPEKNeTbYeH Kanumes gucbanaHc cbC
CbOTBETHUTE NOCNEACTBUS.

Mpn mMmnokapaeH nHGapKT Hekpo3aTa Ha Kapguwo-
MUoOUMTMTE BOAM OO0 3aryba Ha KOHTPaKTUIEH Mu-
okapa. ToBa e npsika NpUYnHa 3a BroOLIaBaHE Ha CuUcC-
TonHaTa (OyHKLUMS, KaTo KaMepPHOTO pemoaenupaHe ot
CBOS CTpaHa AOMbIIHUTENHO 3aabnboyaBa CUCTOMHA-
Ta ancoyHkuma [35]. OceeH ToBa ca Hanuue M 30HU
Ha ucxemus 6e3 Hekposa. Npu MrokapaHa nexemusi ce
pas3BMBaT NPOMEHN KaTO MUTOXOHAPUANHa AUCHYHK-
ums, nosuweHo obpasyBaHe Ha ROS u npomsHa Ha
KanuueBaTa AMHaMuKa, BOOELLM A0 MOHWMXKaBaHe Ha
KOHTpakTunuteta. JOnbrHUTENEH MEXaHW3bM € Xu-
GepHMpaHMAT MUOKapa, NPU XPOHWYHO MOHWXEHa nep-
dy3nss — cbCcTodAHME Ha meTabonuTHa agantauus C
HapyLleHO MUTOXOHOPWANHO AuliaHe u 3abaBeHo mn3-
YeprneaHe Ha AT® c nocrenBallo NOTUCKAHE Ha KOH-
TpaKTUNUTETa C pe3ynTaT 3anas3BaHe Ha KreTb4yHaTa
XKM3HEeCnoCcoBHOCT, HO 3a cMeTKa Ha edheKTMBHOCTTA Ha
nomneHata dyHkums [60]. Hanuue e B3anmopencTame
Mexay Te3un npouecu — octpa 3aryba Ha TbKaH, Xpo-
HUYHW CTPYKTYPHU N (PYHKLMOHANMHN HapYLLUEHUS N Me-
TabonuTHa agantauus. B KpaliHa cmeTka ce goctura
00 MPOrpecuBHO BMOLIABAHE Ha CUCTONHaTa PyHKLMS
Ha naBaTa kamepa.

Bb3naneHue

VIMYHHMAT OTroBOp Npy MUOKapAMT BOAM OO MH-
duntpaumsa ot IMMAOLMTU U Makpodarn, ocBoboxaa-
BaHe Ha unToknHu (Hanp. TNF-a) n gupekTHO yBpex-
AaHe Ha kapguomuouuTuTe. PedyntaTbT € KneTbyHa
Hekpo3a, anonto3a u 3aryba Ha mwuokapg. B Hsakou
crnyyauv Bb3nanutenHarta peakums npoTuya ¢ T.Hap. uu-
TOkuHOBa Oyps, 4ONBHUTENHO yBpeXaalla MMokapaa
N Bodella go nporpecus Ha 3abonaBaHeTo. B gonbn-
HeHne, Mpu Bb3nareHne e Hanuue akTMBMpaHe Ha
¢punbpobnacTute n cekpeumnsa Ha KOMNOHeHTU Ha ECM
(konareH I/Ill), kakTo M 0BpasyBaHe Ha LUTOKMHU U Ma-
TPUKCHW MEeTanonpoTenHasn, KOETO € NPMYnHa 3a pas-

enhancing fibrosis and remodeling through activa-
tion of TGF-B, MAPK, NF-kB, etc. and accelerating
the transition to systolic dysfunction and clinically
manifest HF [20, 91].

The development of heart failure significantly wors-
ens the prognosis in patients with pressure overload,
and in patients with symptomatic aortic valve stenosis,
the mean survival is less than 5 years [100].

Myocardial ischemia

Reduced coronary blood flow causes a lack of ox-
ygen and energy in cardiomyocytes. This is associat-
ed with decreased ATP formation in aerobic metabo-
lism. The lack of sufficient energy substrates disturbs
the activity of ion pumps, including SERCA2a and
Na*/K*-ATPase, which causes an intracellular calcium
imbalance.

In myocardial infarction, cardiomyocyte necro-
sis leads to loss of contractile myocardium. This is a
direct cause of deterioration of systolic function, with
ventricular remodeling, in turn, further worsening sys-
tolic dysfunction [35]. In addition, there are also areas
of ischemia without necrosis. In myocardial ischemia,
changes such as mitochondrial dysfunction, increased
ROS formation and altered calcium dynamics devel-
op, leading to a decrease in contractility. An additional
mechanism is the hibernated myocardium in chronical-
ly reduced perfusion — a state of metabolic adaptation
with impaired mitochondrial respiration and delayed
ATP depletion with subsequent suppression of contrac-
tility, with the result — preservation of cell viability, but
at the expense of the efficiency of the pumping function
[60]. There is an interaction between these process-
es — acute tissue loss, chronic structural and functional
disorders, and metabolic adaptation. Ultimately, this
leads to a progressive deterioration of left ventricular
systolic function.

Inflammation

The immune response in myocarditis results in
lymphocyte and macrophage infiltration, cytokine re-
lease (e.g., TNF-a), and direct cardiomyocyte damage.
The result is cell necrosis, apoptosis, and loss of myo-
cardium. In some cases, the inflammatory response
develops with the so-called “cytokine storm,” further
damaging the myocardium and leading to disease pro-
gression. In addition, inflammation involves activation
of fibroblasts and secretion of ECM components (col-
lagen I/1ll), as well as the production of cytokines and
matrix metalloproteinases, which causes destruction
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pyliaBaHe Ha HopMariHUS ekcTpauenynapeH MaTpukc,
passuTMe Ha hnbposa 1 NaTornorMyHo pemogenupaHe
Ha Muokapga [26, 79]. [Npu yacT oT naumeHTUTE Bb3Na-
NeHMeTo e caMoorpaHnu4aBaLlo ce, HO Npu Apyru npe-
MWHaBa B XpOHU4YHa a3a u Bogu A0 nporpecupaiia
CUCTONHa ANCYHKLUMS, KaTo NO TakbB HAYUH MUOKap-
AVNTBT € eAHOBPEMEHHO N OCTBP, U XPOHWYEH ETUOMO-
rmyeH goaktop 3a CH [128].

OkcupaTuBeH CTpec U MUTOXOHAPUANHa
anceyHkumnsa

Ob6pa3syBaHeTO Ha peakTUBHW KUCMOPOAHU BUAO-
Be (ROS) e yHuBepcaneH mexaHW3bM 3a yBpexaa-
He Ha muokapga. ROS Bb3gencTsar Bbpxy nunuaute
B KMNeTbyHUTE MembpaHu, mogmnduumpar 6entbum 1
yBpexgar mutoxoHgpuanHata [OHK. Hapywasa ce
€MNeKTPOHHOTPaHCMOopTHaTa Bepura 1 MpoaykumsTa Ha
AT®. lNMoBULLEHNAT OKCUOATUBEH CTPEC € CbMNPOBOAEH
C n34yeprnBaHe Ha aHTUOKCUOAHTHUTE EH3UMU U OpYyrv
MOMeKynu, perynmpawm pegokc-6anaxca [37]. MNo gaH-
HM Ha Tsutsui U cbTp. okcuaatTMBHUAT cTpec npu CH
Ce Ob/MKM OCHOBHO Ha yBeNu4YeHo obpasyBaHe Ha pe-
akTnBHW kucropogHu sugose (ROS), a He TonkoBa Ha
oTcnabBaHeTO Ha aHTUMOKCMAAHTHaTa 3alumTa B CbpLie-
70 [129]. YBpeaeHuTe n HeagekBaTHO (PyHKLMOHMPALLM
MUTOXOHAPWM Npoussexaat roremu konmdectsa ROS,
KOWTO Ce HaTpynBaT B KneTkaTa 1 3agbnboyasaTt yBpex-
AaHeTo Ha mwuokapga. MuToxoHgpwuanHaTta AUCHYHK-
uMs BOOW OO KanuueBo obpemeHsiBaHe M aKTUBMpPaHe
Ha npoanonTto3Hn curHann [37]. MutoxoHapuanHuTe
HapyLLUEeHNs1 C HapyLUEeHO NPOM3BOACTBO Ha E€Heprus U
n3dyeprnBaHe Ha eHeprunHuTe 3anacu, HaTpynsBaHe Ha
Ca?", obpasyBaHe Ha ROS u HapyLleHO BbTPEKNETbY-
HO MpefaBaHe Ha cuUrHanm ca CBbp3aHu CbC CbpaeyHa
AVCAYHKUMS B XO[a Ha pa3BUTMETO Ha peauua cbpaey-
HY 3abonsBaHus. Bcuuko ToBa HamansiBa eHepruHus
pes3epB Ha KMeTKUTE M orpaHu4aBa CroCOBHOCTTa UM
Aa reHepupar agekBaTHa KOHTpakTunHa cuna. MNpu xpo-
HWYHM 3abonsaBaHus ToBa € eauH OT BOAeluMTe Mexa-
HM3MK 3a Nporpecusita KbM CUCTOMNHa ONCHYHKLMS.

3abonaBaHusa ¢ MHPUNTPaUUsa U HaTpynBaHe
B MUOKapaa

KbMm Tasu rpyna cnagat 3abonsiBaHus, Npyu KOUTO
B Muokapaa ce oTtnarat abHopMHM 6enTbun, NMNuam
UnNn BbMexuapaTn, BOAELWN A0 CTPYKTYPHU U (DYHK-
LMOHANHN HapyLLeHns B Hero.

AmMunongosarta e knacumvecks npumep 3a 3abo-
nsBaHe, nNpu koeto abHopMHM BenTbuu ce oTnarar B
MHTEpCTUUMYMa Ha Muokapga [43]. HatpynsaHeTo Ha
amMmuron Mexay MmoumMTuTe Boau A0 NoBulLaBaHe Ha
pUrMOHOCTTa Ha MWoKapaa v [0 MoCcTerneHHo Hapylla-
BaHe Ha KaMepPHOTO MbITHEHE N KOHTpaKTUnuTeTa. Tesun
NMPOMEHN Ca CbMNPOBOAEHN OT KOMIMpPEeCcus 1 3HaduTen-
Ha peayKumst Ha JiyMeHa Ha UHTpaMyparnHuTe CboBe,

of the normal extracellular matrix, development of fi-
brosis, and pathological remodeling of the myocardium
[26,79]. In some patients, the inflammation is self-limit-
ing, but in others it progresses to a chronic phase and
leads to progressive systolic dysfunction, thus making
myocarditis both an acute and chronic etiological factor
for heart failure [128].

Oxidative stress and mitochondrial
dysfunction

The formation of reactive oxygen species (ROS)
is a common mechanism of myocardial damage. ROS
affect lipids in cell membranes, modify proteins, and
damage mitochondrial DNA. The electron transport
chain and ATP production are disturbed. Increased
oxidative stress is accompanied by depletion of an-
tioxidant enzymes and other molecules regulating re-
dox balance [37]. According to Tsutsui et al., oxidative
stress in heart failure is mainly due to increased for-
mation of ROS, rather than to impaired antioxidant de-
fense [129]. Damaged and inadequately functioning
mitochondria produce large amounts of ROS, which
accumulate in the cell and exacerbate myocardial
damage. Mitochondrial dysfunction leads to calcium
overload and activation of signals inducing apoptosis
[37]. Mitochondrial disorders with impaired energy
production and depletion of energy stores, Ca?* accu-
mulation, formation of reactive oxygen species, and
impaired intracellular signaling are associated with
cardiac dysfunction in the course of the development
of a number of heart diseases. All of this reduces the
energy reserve of cells and limits their ability to gen-
erate adequate contractile force. In chronic diseases,
this is one of the leading mechanisms for the progres-
sion of systolic dysfunction.

Diseases with infiltration and depositions
in the myocardium

This group includes diseases in which abnormal
proteins, lipids or carbohydrates are deposited in the
myocardium, leading to structural and functional disor-
ders in the myocardium.

Amyloidosis is a classic example of a disease
where abnormal proteins are deposited in the myo-
cardial interstitium [43]. The accumulation of amy-
loid fibrils between myocytes leads to an increase
in myocardial stiffness, and a gradual worsening of
ventricular filling and contractility. These changes
are accompanied by compression and a significant
reduction of the lumen of intramural vessels, as well
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KakTo U HamansiBaHe Ha NIbTHOCTTA Ha Kanunspure
[24]. ToBa Boau 0o BnolaBaHe Ha nepdy3ndara, KOeTo
OOMBAHUTENHO HapyllaBa eHepruiHua mMetabonusbm
Ha KapgvoMuoumTUTE.

MopobHu edbekTn ce Habniogasat n npu apyrn 6o-
NecTu C HaTpynBaHe, Hanpuvep npu bonectta Ha Pab-
pu (X-CBbp3aHO NIM3030MHO 3abonsiBaHe ¢ AepuumT Ha
anda-ranakrosungasa [6]), Mpu KOATO B JIN3030MUTE Ha
KapouomMmoumMTuTe ce HaTpynsaT ccpuHronunuam (oc-
HoBHoO globotriaosylceramide, Gb3), kaTto cneacTeueTo
€ NM3030MHa AMCAYHKLMSA, Bb3naneHme, OKkCMaaTuBeH
cTpec [40]. PasBumBaT ce xmneptTpodus Ha MUOLMTUTE,
HapylleHMe Ha KarnuueBaTa XOMeocTasa, arnornTosa,
Hekpo3a 1 punbposa [6].

Mpu rmukoreHosn (Hanp. 6onect Ha lNMomne) npe-
KOMEPHOTO NIN3030MHO HaTpynBaHe Ha rMUKOreH B MU-
oKapda BOOM OO Ae3opraHu3aums Ha capKkomepuTe,
XMNepTpousl, CMyLLEHUSI B KOHTPAKTUIHUSA anapart u
nporpecupawa CH [84].

PeHVIH-aHFVIOTeH3VIH-annOCTepOHOBa cucrtema

XpOHUYHO noBuLleHaTa akTnBHocT Ha RAAS e xa-
pakTepHa 3a peavua CbpaeyHoOCbA0BM 3abonsiBaHms U
€ eaMH OT OCHOBHUTE MexaHn3Mm B nporpecusTa Ha CH
[48, 66]. AHrMoTeHsuH Il cTumynupa xuneptpodusaTa un
dpubposarta ypes MAPK n TGF-B curHanHu kackagw,
KOeTO BOoAM 0 pemoaenupaHe Ha Mvokapaa. Angocre-
POHBT yBEMNMYyaBa KPpbCTOCAaHOTO CBbp3BaHe Ha Kona-
reHa ype3 LOX [106, 112]. B pesynTart Ha Te3n edhekTun
HacTbMNBaT CTPYKTYPHU NPOMEHU, NOBMMsBaLLM Hebna-
FONpUSITHO CbKpaTMMOCTTa Ha Muokapga. OcBeH ToBa
RAAS ycunBa okcmgaTtMBHMSA CTPEC 1 Bb3nanutenHmiTe
npouecwu, yBpexaaluy KapamoM1MounTUTe 1 HapyLuaBa-
WM KOHTpakTunuTeTa. [NpoabimKUTENHOTO akTuBUpa-
He Ha cucTemara Boau A0 nporpecupaiia cUcTorHa
ancoyHkums, kato brnokmpaHeto n (ACE nHxmnbutopu,
ARB, M1HEPanNoKOPTUKONOHM aHTAarOHUCTN) € OCHOBEH
TepaneBTUYeH nogxod npu nauneHtute cbe CH [66].

XpoHu4Ha B-agpeHepruyHa akTuBaums

Mpn xpoHndyHa CH ce ycTaHOBsIBAaT MNOBULLEHM
nnasMeHn HMBa Ha KaTexonaMuHWTe, CreacTBue OT
nepcucTvpalla CuMnaTUKoaapeHeprmiHa axkTuBauums.
B HavanHuTe cTagum TOBa akTuBMpa B-agpeHeprud-
HUTe peLenTopu B KapaAMOMUOUUTUTE, KaTo yBennyasa
unknmyHnsa AMO®, aktuumpa npotenHkuHasa A (PKA)
M MoBMLLABa KOHTpaKTUNuUTETa upe3 doccopunupaHe
Ha kanuuesu kaHan4yeta, pocdonambaH 1 TPONOHWH |.
XpoHunyHaTa ctumynaumsi obade Bogm 4O HamarnsiBaHe
Ha 4yBCTBMTENHOCTTA U Bposi Ha B-peuenTopute ypes
MexaHM3MK, BKMYBaLLM [B-agpeHopeuenTopHa KMHasa
(BARK) 1 nHTepHanusmpaHe Ha peuentopute [74, 131,
132]. ToBa noTncka oTroBopa Ha MMokapaa KbM cumna-
TUKYCOBUTE CTUMYyNW. HamaneHata 4yBCTBUTEMNHOCT "
NHXMBUPaHETO Ha B-agpeHeprmyHnTe peuenTopu morat

as by a decrease in capillary density [24]. This re-
sults in reduced perfusion that further disturbs car-
diomyocyte energy metabolism.

Similar effects occur in other storage diseases, for
example Fabry disease (X-linked lysosomal disorder
due to a-galactosidase deficiency [6]), in which sphin-
golipids (mainly globotriaosylceramide, Gb3) accumu-
late in cardiomyocyte lysosomes, leading to lysosomal
dysfunction, inflammation, and oxidative stress [40].
Myocyte hypertrophy, calcium homeostasis disorder,
apoptosis, necrosis, and fibrosis develop [6].

In glycogenoses (e.g., Pompe disease), exces-
sive lysosomal glycogen storage in the myocardium
causes sarcomere disorganization, hypertrophy, dis-
turbances in the contractile apparatus, and progres-
sive HF [84].

Renin-angiotensin—aldosterone system

Chronically increased RAAS activity is found in a
number of cardiovascular diseases and is one of the pri-
mary mechanisms in heart failure progression [48,66].
Angiotensin |l stimulates hypertrophy and fibrosis via
MAPK and TGF-B cascades, leading to myocardial re-
modeling. Aldosterone increases collagen cross-link-
ing via LOX [106, 112]. These effects lead to structural
changes that adversely affect myocardial contractility.
In addition, the RAAS enhances oxidative stress and
inflammatory processes that damage cardiomyocytes
and impair contractility. Prolonged activation of this
system leads to progressive systolic dysfunction, and
its blockade (ACE inhibitors, ARBs, mineralocorticoid
antagonists) is the main therapeutic approach in pa-
tients with heart failure [66].

Chronic B-adrenergic activation

In chronic heart failure, elevated plasma levels of
catecholamines are found, as a consequence of per-
sistent sympathoadrenergic activation. In the initial
stages, this activates (-adrenergic receptors in car-
diomyocytes, increasing cyclic AMP, activating protein
kinase A (PKA), and increasing contractility by phos-
phorylation of calcium channels, phospholamban, and
troponin I. Chronic stimulation, however, leads to a
decrease in the sensitivity and number of B-receptors
through mechanisms involving B-adrenergic receptor
kinase (BARK) and receptor internalization [74, 131,
132]. This inhibits the myocardial response to sympa-
thetic stimuli. Beta-adrenergic receptor desensitization
or down-regulation can be considered an adaptive pro-
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a ce pasrnexgar kaTto aganTuseH npouec (aencrealy
kaTo B-agpeHepruyHa bnokaga), npeanassall yBpene-
HOTO CbpLie OT pa3BUTME Ha NeTarnHU KaMepHN apuTMnm
npv YCNOBUS Ha MOBMLLEHA CUMMNATMUKYCOBa aKTUBHOCT
1 NOBULLEHN HMBA Ha KaTexonamuHute npu CH [80]. Yc-
NMOpeaHO C TOBa Ce HabnogasaT n3vepnBaHe Ha eHep-
MWHUTE pe3epBu, HapylleHa MUTOXOHApUanHa yHk-
umns 1 HatpyneaHe Ha Ca?' B umTo3ona.

BakeH KOMNOHEHT e akTuBMpaHeTo Ha Ca?*/kanmo-
OynuH-3aBucumara npotenHkmHasa Il (CaMKIl), kosiTo
docopunupa puaHognHosute peuentopu (RyR2) un
KanuueBuTe KaHanyeTa, NpU4MHa 3a CMOHTaHeH anac-
TorneH edgnykc Ha Ca? 1 NoBULLEH PUCK OT pasBuUTMe
Ha puTbMHN HapyweHusa [130, 133, 138]. XpoHu4HO
noBuLleHaTa [(-agpeHeprnyHa akTMBHOCT CbLUO Taka
BOAM [0 aKTMBMPAHE Ha NbTULLA Ha arnonTo3a U HEKPo-
3a, JONpUHacAKM 3a nporpecuBHa 3aryba Ha pyHk-
UnoHupawm kapguommouunTn. KpanHuaT pesyntart e
nocTeneHHa peaykums Ha KOHTpakTunHaTa OyHKUMS 1
pasBUTME Ha M3paseHa CUCTONHA ANCHYHKLMS.

EHpoKpuHHM 3a6onsBaHuA/HapyLweHus

Xurio- u xunepmupeoudusbm

TupeongHUTE XOPMOHWU perynupar ekcnpecusTa
Ha KMYOBM CbPAEYHU FEHU UM NMOBMAMSIBAT UHOTPOMU-
ATa, Ny3nTponusaTa, cbpaeyHata YectoTta u nepudep-
HaTa xemoguHamuka. T3 mHAyuMpa TpaHcKpunuusTa
Ha a-MHC n SERCA2a, gokato notucka 3-MHC, koeto
€ CBbp3aHO C MOBMLUABAHE HA KOHTPaKTUMHaTa KuHe-
TVKa u penakcauusTa [32, 55, 139]. MNpn xuneptmnpeo-
MOn3bM CbpLETO (PyHKLMOHMPA B YCIIOBUSI HA Xunep-
MeTabonmabM, KaTo ca Hanvue Taxnkapausi, NOBULLEH
KOHTPAKTUIUTET, YBENUYEH MUHYTEH 00eM, NoBULLEHA
KncnopogHarta KOHCymMaumsi MU PUCK OT PUTBLMHU Ha-
pywenus [1, 90]. XpOHMYHO NOBULLEHUTE TUPEOUAHU
XOPMOHW ycunBaT OKCUOATUBHUSA cTpec (YBEenU4eHo
reHepupaHe Ha ROS n/vunu nsyepneaHe Ha aHTUOKCU-
JaHTHaTa 3aluTa), KOeTo Boan A0 MUTOXOHAPUAITHO
yBpexaaHe, Ca*-gucperynawums 1 enekTpuyecka Hec-
TabunHocr [42, 87].

Mpn xmMnoTMpeomamMsbm ce yCTaHOBSABAT Hamare-
Ha ekcnpecus/aktnBHocT Ha SERCA2a n nsmecrtsa-
He Ha MMWO3WHOBUS U30eH3MMeH npodun kbM B-MHC
(no-6aBHa mnsodopma), peayumpaHa B-agpeHepruyHa
YyBCTBUTENHOCT, HAManeHa fny3vTponus 1 NoHWKaBa-
He Ha KoHTpakTunuteTa [32, 55, 59, 139]. MNapanenHo
ce pasBuMBaT MHTEpPCTUUMAnHM MPOMEHU (HaTpynBaHe
Ha MMKO3aMMWHOIMMKaHW U KonareH), yBenuyeHa pwu-
rMMOHOCT U HapyLUIEeHWe KaKTo Ha guacTonHara, Taka u
cuctonHata yHkums [30, 41].

M npu gBata Tuna HapylleHve Ha TupeouaHa-
Ta (PyHKUMS KOMBMHaUMsITa OT FeHHO npenporpamu-
paHe Ha KOHTPAKTMUMHMSA anapat, MUTOXOHApuanHa
ancoyHkumsa, ROS-megumpaHo yBpexaaHe 1 pemoae-
nupaHe Ha ECM Boam 0o CTPYKTYPHO U (PYHKLIMOHAHO

cess (acting as B-adrenergic blockade) that protects
the damaged heart from developing lethal ventricular
arrhythmias under conditions of increased sympathet-
ic activity and elevated catecholamine levels in heart
failure [80]. Depletion of energy reserves, impaired mi-
tochondrial function, and accumulation of Ca** in the
cytosol are also observed.

An important component is the activation of Ca*/
calmodulin-dependent protein kinase 1l (CaMKIl),
which phosphorylates ryanodine receptors (RyR2) and
calcium channels, causing spontaneous diastolic Ca?*
efflux and an increased risk of developing rhythm dis-
orders [130, 133, 138]. Chronically elevated 3-adren-
ergic activity also leads to activation of apoptosis and
necrosis pathways, contributing to the progressive loss
of functioning cardiomyocytes. The result is a gradual
reduction in contractile function and the development
of marked systolic dysfunction.

Endocrine diseases/disorders

Hypo- and hyperthyroidism

Thyroid hormones regulate the expression of key
cardiac genes and influence inotropy, lusitropy, heart
rate, and peripheral hemodynamics. T3 induces tran-
scription of a-MHC and SERCAZ2a, and inhibits B-MHC,
changes associated with enhanced contractile kinetics
and relaxation [32, 55, 139]. In hyperthyroidism, the
heart operates under hypermetabolic conditions with
tachycardia, increased contractility and cardiac out-
put, higher oxygen consumption, and increased risk of
arrhythmias [1, 90]. Chronically increased thyroid hor-
mones intensify oxidative stress (greater ROS genera-
tion and/or antioxidant depletion), leading to mitochon-
drial injury, Ca?* dysregulation, and electrical instability
[42, 87].

In hypothyroidism, SERCA2a expression/activity is
reduced and the myosin isoenzyme profile shifts toward
B-MHC (the slower isoform), B-adrenergic sensitivity is
reduced, lusitropy is impaired, and contractility is de-
creased [32, 55, 59, 139]. In parallel, interstitial changes
develop (accumulation of glycosaminoglycans and col-
lagen), with increased rigidity, and impairment of both
diastolic and systolic function [30, 41].

In both types of thyroid dysfunction, the combina-
tion of genetic reprogramming of the contractile ap-
paratus, mitochondrial dysfunction, ROS-mediated
damage, and ECM remodeling leads to structural and
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pemMoaennpaHe Ha MMokapAda CbC CKITOHHOCT KbM pas-
BUTME Ha cucTonHa aucdyHkumna n CH [87, 90, 143].

3axapeH duabem

[vnabetHata  Kapguomuonatus  npeacTaensisa
CTPYKTYPHO 1 (PYHKLMOHAIHO yBpexaaHe Ha MvoKapaa
npv nuua ¢ anabet (6e3 Bpb3ka C kOpoHapHa Gonect
Uny xmnepToHust). MNpn Hest € Bb3MOXHO Hanm4me KakTo
Ha CUCTOrMHa, Taka U Ha gmactonHa aucdyHkumua [11].
XpOHMYHATa XMMNEPTIMKEMMUS N HATPYNBaHETO Ha MacT-
HW KUCENVHM (C TAXHaTa JIMMOTOKCUYHOCT) BOAST 40 00-
pasyBaHe Ha AGE (advanced glycation end products)
N peaKkTMBHU KUCMOPOAHWN BMaoBe. Te3an daktopu, 3a-
e[HO C MUTOXOHApvanHata ANCYHKUUS, ca npuymHa
3a yBpexJaHe Ha CbpAeYHUst MyCKyrn 1 AOMNpUHAcAT 3a
naTtonorn4Ho pemogenupaHe n ¢unbposa [51,109, 125].
OcBeH T0Ba, Npu 3axapeH anabetr SERCA2a e Hamare-
Ha unn yHKUMOHAMHO NOTUCHATa, KOETO Cce oTpassiBa
HeraTyBHO BbpXY Kanuuesarta perynaums, pernakcauus-
Ta W KOHTpakTunHata yHkuus [146].

Akpomezarnusi

AkpomeranusaTta e npuynHa 3a pasBUTUE Ha KOH-
LEeHTpUYHa xuneptpodmsa Ha Mnokapaa, Kosito ¢ Bpe-
METO MOXe [a nporpecupa A0 KamepHa gunartauus,
NHTepcTUuManHa ubposa 1 NOHWXKEH KOHTPaKTUMu-
TeT [116]. Pa3BMTneTo Ha CbpAEYHOTO 3acsaraHe npe-
MUHaBa npes: (1) akTUBEH XMNEpPKUHETUYEH CTaaun,
(2) ctagun Ha xunepTpodus 1 pemMogenupaHe ¢ UH-
TepctuumanHa ¢wmbposa u (3) TepmmnHanHa ¢asa c
avnartaums Ha Kamepute, u3pas3eHa CUCTONHa U Au-
acTonHa AUCKYHKUMS M 3acTolHa CbpAeyHa Hepoc-
TaTbyHOCT. HekoHTponupanuaT GH/IGF-1 ctatyc npu
aKpoMeranusi e CBbp3aH C NMOBULLEH PUCK OT apuUTMuu,
cbpAeyHa He[oCTaTbYHOCT M paHHa CMBPT, Makap 4ye
KNVHWUYHO M3sIBEHaTa CUCTOMNHa AUCYHKUMS e cpaB-
HUTENHO psaka [29].

®eoxpomouyumom

PeoXpOMOLIMTOMBT, Ype3 XpOoHMYHaTa cekpeuuns
Ha KaTexornamuHW, BOOW OO TOKCUYHO yBpexdaHe Ha
MUOKapaa, KOeTo MOXe fa ce m3sBM Kato obpatuma
Takotsubo-nogo6Ha kapanoMmonaTns Npu ocTpo Bb3-
Oencteue (0T3ByYaBalLla cres OTCTpaHsaABaHE Ha TYMO-
pa) [67, 123, 141]. MNpu npogbrmkUTENHa eKCnos3nuns
edeKkTUTe BKMNIOYBAT MUTOXOHAPUAIHO YBpexaaHe,
KanuueB AmcbanaHc W akTMBMpaHe Ha anonTosara,
OOMpMHAacsLWOo 3a pas3BMTUETO Ha ¢mbposa u nporpe-
cvpalla cuctonHa amcdyHkums [44, 67, 111, 123].

Xunepkopmuuu3sbm

XvnepkopTuumamMbT MOXe Aa Obae npuymnHa 3a
KoHueHTpu4Ha JIK xunepTtpoduma v HapylleHa auac-
TOMHa M CUCTONHa (PYHKLMS, YeCTO nokassallm Nogo-
OpeHue crnieq Tepanus [27]. C TeyeHne Ha BPEMETO B
MuoKapaa ce pasBuBaT MHTepcTuumnanHa ¢ubposa u

functional remodeling of the myocardium with a ten-
dency to develop systolic dysfunction and heart failure
[87, 90, 143].

Diabetes mellitus

Diabetic cardiomyopathy is a structural and func-
tional myocardial disease in people with diabetes (not
caused by coronary artery disease or hypertension). It
may present with systolic and diastolic dysfunction [11].
Chronic hyperglycemia and fatty acid accumulation
(with their lipotoxicity) lead to the formation of AGEs
(advanced glycation end products) and reactive oxy-
gen species. These factors, together with mitochon-
drial dysfunction, are responsible for cardiac muscle
damage and contribute to pathological remodeling
and fibrosis [51, 109, 125, 146]. Furthermore, in diabe-
tes SERCAZ2a is reduced or functionally suppressed,
which negatively affects calcium regulation, relaxation,
and contractile function [146].

Acromegaly

Acromegaly causes concentric myocardial hy-
pertrophy that may progress to ventricular dilatation,
interstitial fibrosis, and reduced contractility [116].
Cardiac involvement evolves through: (1) an active
hyperkinetic stage, (2) a stage of hypertrophy and re-
modeling with interstitial fibrosis, and (3) a terminal
phase with chamber dilatation, marked systolic and
diastolic dysfunction, and congestive HF. In acromeg-
aly, uncontrolled GH/IGF-1 status is associated with
increased arrhythmia, HF, and premature death risk,
although overt systolic dysfunction is relatively un-
common [29].

Pheochromocytoma

Pheochromocytoma, via chronic catecholamine
secretion, causes toxic myocardial injury that may
present as a reversible Takotsubo-like cardiomy-
opathy with acute exposure (resolving after tumor
removal) [67, 123,141]. In cases with prolonged
exposure, effects include mitochondrial damage,
calcium imbalance, and apoptosis, contributing to
fibrosis and progressive systolic dysfunction [44,
67, 111, 123].

Hypercortisolism

Hypercortisolism can cause concentric LV hyper-

trophy and impaired diastolic and systolic function, of-
ten improving after treatment [27]. Over time, interstitial
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Mnochnbpunonusa, a CUrHanmHUAT NbT Ha aTporuH-1
akTuBmpa npoteonusa [45]. KopTnsonbT npegu3sBuk-
Ba KapAuMomMuouuTHa Xxuneptpodums ypes B3anMmo-
OenCTBMeE C IMIoKoKopTMKomaHus peuentop [70].

XunozoHadusbm

X/NoroHaaM3MbT U HUCKWUTE HMBA Ha TECTOCTEPOH
npy MbXETe CbLLUO Ce CBbp3BaT C MOBMLUEH PUCK OT
pa3BUTUE Ha CbpAaedHa HegocTaTbyHOCT [5]. NoHmxke-
HOTO HMBO Ha aHOPOreHWTe BOAM OO HamareHa ekc-
npecus Ha KanuueBuTe KaHarnyeTa, KakTo U 0O MOBU-
LUEeH OKcMaaTMBEH CTpec M 3aryba Ha MyckyrnHa maca
— CbCTOSIHUS, KOUTO KOMMNPOMETUPAT MUOKAPLAHUS KOH-
TpakTUNUTET 1 aganTtaumsta KbM HaToBapsaHe [39].

Xunepnapamupeoudusbm

Mpu xunepnapatvpeongnsbM MOBULIEHUTE HUBA
Ha napatupeoungHusa xopmoH (PTH) npeamsBukear kan-
LuMeBo obpeMeHsiBaHe Ha kapguomuouuTtute [19,46].
ToBa BOOW 0O MUTOXOHAPWANHa AUCHYHKLUSA, akTUBK-
paHe Ha curHanu 3a anonTo3a U NOBULLEHA CKITOHHOCT
KbM PUTBbMHMW HapyLLIEHUS, KaTo XPoHMYHaTa cbopma ce
CBbp3Ba C pasBUTME Ha NeBOKaMepHa XunepTpoduns,
WHTEpPCTULMANHN NPOMEHN N NOCTENEHHO BrioLlaBaHe
Ha cuctonHara yHkums [19, 121].

HapyweHa asmogpazusi

ABTObarvstTa € KpuTMYeH npouec 3a nogabpxa-
He Ha KrneTbyHaTa XoMeocTasa Ypes paspyLlaBaHe Ha
yBpeaeHu opraHenu u npotenHu. lNpekomepHata nnm
HeJocTaTbyHaTa aBTodarnsa HapyllaBa €eHeprunHus
GanaHc 1 Boau 40 HaTpynBaHe Ha TOKCUMYHM arperaTty,
KOETO e NpuYMHa 3a KreTbyHa CMBbPT U yCKopsiBa Npo-
rpecusita KbM KOHTpakTunHa gucoyHkumna [52, 56, 771].

MukposackynapHa OucyHKUus u eHOomersnHa

cueHanusauyusi

HapyleHnsaT eHaoTeneH KOHTPON BbpXy Basoau-
nartaumsiTa u aHrmoreHesata BOAM A0 MUKpOBacKynap-
HO OOycCrnoBeHa MCXeMUsl, BbMPEKN 3anas3eHuTe enwu-
KapAHW KOpoHapHu apTepuu. 0eduumTbT Ha asoTeH
oKcua 1 noBMLIEHaTa NPOAyKUMSA Ha eHJoTenuH-1 ca
npyvyMHa 3a BriollaBaHe Ha MuokapgHata nepdysus
M NoBuLLIaBaHe Ha cregHatoBapBaHeTo [7]. MNoBuiwe-
HUTe HMBa Ha ET-1 He camo npeansBuKBaT OMPEKTHa
Ba30KOHCTPUKUMA, HO U noTtuckat enpotenHata NO
cnHtaza (eNOS) (upes PKC-3aBuUCMM MexaHU3bM),
HamansBaviku npogykumsita Ha a3oteH okeug [15]. Ex-
potenuH-1 (ET-1) noBuwasa 1 npogykumsita Ha cyne-
pokcuaHn aHnoHn (Ype3 NADPH okcnpasa/PKC) [94].

KRNETBYHU U MONEKYNHU MEXAHU3MU
Oedekty B SERCA2a

SERCA2a e O0CHOBHUMAT TpaHcrnopTep, BbBeX4all
Ca?* B capkonnasMeHus peTukynym no Bpeme Ha pe-

fibrosis and myofibrillolysis develop, and the atrogin-1
pathway activates proteolysis [45]. Cortisol induces
cardiomyocyte hypertrophy via the glucocorticoid re-
ceptor [70].

Hypogonadism

Hypogonadism and low testosterone in men were
also associated with a higher risk of HF [5]. Reduced
androgen levels decrease the expression of calcium
channels and increase oxidative stress while promoting
muscle mass loss — conditions that compromise myo-
cardial contractility and adaptation to workload [39].

Hyperparathyroidism

In hyperparathyroidism, elevated parathyroid hor-
mone (PTH) causes cardiomyocyte calcium overload
[19,46]. This leads to mitochondrial dysfunction, acti-
vation of apoptotic signals, and a higher probability of
arrhythmias (chronic disease is associated with LV hy-
pertrophy, interstitial changes, and gradual worsening
of systolic function) [19, 121].

Impaired autophagy

Autophagy is critical for cellular homeostasis by de-
grading damaged organelles and proteins. Excessive
or insufficient autophagy disturbs energy balance and
leads to accumulation of toxic aggregates, causing cell
death and accelerating progression to contractile dys-
function [52, 56, 77].

Microvascular dysfunction and endothelial

signaling

Impaired endothelial control of vasodilation and
angiogenesis leads to microvascular ischemia despite
preserved epicardial coronary arteries. Deficiency of
nitric oxide and increased production of endothelin-1
lead to worsening of myocardial perfusion and an in-
crease in afterload [7]. Elevated ET-1 levels not only
induce direct vasoconstriction but also suppress eNOS
(via a PKC-dependent mechanism), thereby reducing
nitric oxide production [15]. ET-1 also increases the
production of superoxide anions (through NADPH oxi-
dase/PKC) [94].

CELLULAR AND MOLECULAR MECHANISMS

SERCAZ2a defects

SERCAZ2a is the primary transporter responsi-
ble for moving Ca?* into the sarcoplasmic reticulum
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nakcauudata. B 4oBelwkus mMuokapa TO3M MeXaHU3bM
ocurypsiea okono 70% ot peabcopbumaTta Ha Kanuu-
€BU WOHM B CapKOMmasMeHusi pPeTUKynym Mo Bpeme
Ha guactona [71,104]. Mpn NOHWXeHa aKTMBHOCT Ha
SERCA2a kanuueBuTe NOHU ce 3agbpXaT B LMUTO-
30na 1M He morat ga 6baaTr M3nonsBaHu oNTUMasiHO
npy cnegpawoTo CbKpalleHue. ToBa MOBULUEHME Ha
uutonnasmeHoto Ca?* HMBO BOAWM KaKTO OO AMacTon-
Ha OMCKYHKUMS, Taka U A0 MNOTMCKaHe Ha CbKpaTu-
MOCTTa Ha KapguomwuouuTtute. HapylweHneto moxe
da ce ObJKU Ha NOCTTpaHCnaunoHHU Moamndurkaumu,
OKCMAATMBEH CTPEC UNKN MOHWXKEeHa reHHa ekcrnpecus
[9]. BbacTtaHoBsiBaHeTO Ha hyHkumaTa Ha SERCA2a
€ noTteHuManeH TepaneBTUYEH TapreT 3a fieyeHne Ha
cbpaevHaTa HegoCTaTbYHOCT (reHHa Tepanus, hapmMa-
KONMOrn4YHmn aktnsatopw) (dwur. 2).

OucdyHkumua Ha Na*/Ca?* o6MeHHUK

Na*/Ca?" obmeHHuk (NCX) perynupa kanuvesus
GanaHc, kaTto obOukHOBeHO u3Bexga Ca?* oT knet-
kaTa. B natonornyHu ycnosusi Tom mMoxe ga pabotu
B obpaTeH pexum 1 ga sbBexga Ca? B uutosona c
pe3ynTaTt — KanuuMeBo ODpeMeHsiBaHE Ha KneTkute
[99,101]. OncdyHkumaTa Ha NCX e ocobeHo n3paseHa
npu Ncxemus, cbpgedHa HedoCTaTbyYHOCT U HapyLUeH
enekTponuteH Ganaxc [89, 118].

MaTonornyeH ecdnykc Ha Ca** npe3 RyR2

PvwaHognHoBuTe peuentopu ocBoboxgasatr Ca?
OT capKkonnasMeHus peTrKyniyM no Bpeme Ha npoueca
Ha Bb30Oy)XOeHMe U CbKpalleHne — T. Hap. Kanuui-3a-
BMCMMO Kanuueso ocBoboxaaBaHe. MNpu natonornyHm
cbeTosHUA (hocdopunmparHe ot CaMKIIl, okncneHune
ot ROS) Te crasat ,nponycknuem® n no3sonsasat He-
KOHTponupaH ecrnykc Ha Ca?* oT capkonnasmMeHus pe-
Tvkynym [17, 130]. ToBa n34yeprnBa BbLTPEKNETbYHUTE
3anacu 1 notucka CbKpalleHuUeTo. YcnopegHo ¢ ToBa
NOBULLEHOTO LMTO30MHO Ca? HMBO MoBMLWIaBa pucka
OT nosiBa Ha pUTbMHU HapyweHus [12]. AncyHkum-
aTa Ha RyR2 e kno4oBa Bpb3ka Mexay MONekynHuTe
MEXaHU3MUN U KIMHUYHO M3sBEHaTa CUCTONHA Hegoc-
TaTbYyHOCT.

NMpomeHeHO hochopunmpaHe Ha TUTUHA

TUTUHDBT € TMraHTCKN enacTu4eH NpoTenH, pery-
nupaty nacuBHaTa purngHocT Ha Mmokapga. docgo-
punupaHeto My ot PKA/PKG noHmxaBa purngHocT-
Ta, [okaTo xunodochopunmpaHeTo 8 noBuLlaBa
[75]. OkcupaTuBHU mMoamMdukaumMm Cblo MoraT aa
YBPEAST TUTUHA U Ja NOBNMAAT cunaTta Ha CbKpalye-
HueTo [75]. Mo TakbB HAYMH, TUTUHBT € MOSEKyNHa
Bpb3Ka Mexay MeTabonuTHU, CUTHAMHU N MeXaHn4-
HU paKTOpU, MMaLLKN OTHOLLEHME KbM curata Ha Mu-
OKapOHOTO CbKpallleHue.

during relaxation. In the human myocardium, this
mechanism accounts for approximately 70% of cal-
cium ion reuptake into the sarcoplasmic reticulum
during diastole [71,104]. With reduced SERCAZ2a
activity, calcium ions are retained in the cytosol and
cannot be used optimally in the next contraction.
This increase in the cytoplasmic Ca** level leads to
both diastolic dysfunction and depression of cardio-
myocyte contractility. The disorder may be due to
post-translational modifications, oxidative stress or
decreased gene expression [9]. SERCA2a function
restoration is a potential therapeutic target in the
treatment of heart failure (e.g. gene therapy, phar-
macological activators) (Fig. 2).

Na*/Ca** exchanger dysfunction

Na*/Ca?" exchanger (NCX) regulates calcium bal-
ance, generally associated with Ca** extrusion out of
the cell. Under pathological conditions, it can operate in
reverse mode, importing Ca" into the cytosol and pro-
ducing calcium overload [99, 101]. NCX dysfunction is
particularly prominent in ischemia, HF, and electrolyte
imbalance [89, 118].

Abnormal Ca* efflux through RyR2

Ryanodine receptors release Ca** from the sar-
coplasmic reticulum during the process of excitation—
contraction coupling, the so-called calcium-dependent
calcium release. Under pathological conditions (phos-
phorylation by CaMKII, oxidation by ROS), they be-
come ‘leaky’ and allow uncontrolled efflux of Ca?* from
the sarcoplasmic reticulum [17, 130]. This depletes in-
tracellular stores and inhibits myocyte contraction. At
the same time, the increased cytosolic Ca** level rais-
es the risk of arrhythmias [12]. RyR2 dysfunction is a
key link between molecular mechanisms and clinically
manifested systolic heart failure.

Altered titin phosphorylation

Titin is a giant elastic protein that regulates the
passive stiffness of the myocardium. Its phosphoryla-
tion by PKA/PKG decreases stiffness, whereas hypo-
phosphorylation has an opposite effect [75]. Oxidative
modifications may also damage titin and affect contrac-
tile force [75]. Thus, titin represents a molecular link
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MpomsaHa B MuocdmnameHTute n Ca*
YYBCTBUTESTHOCT

Mpn nocTTpaHcnaumoHHn mogudmkaumm (doc-
dopunmpaHe, OKUCIEHWe, MpPoTeonns3a) NpoTenHuTe,
marpaxagaium muounameHTUTe, Kato TPOMOHUH I/T 1
MWO3MH-CBbpP3BaLLMA NpoTenH C, TbpnAaT U3MEHEHUS
BbB (pyHKUMATa cu [14, 22, 81, 83, 108]. HapyweHa-
Ta perynaums Ha B3aumMogenCTBUETO aKTUH—MWO3UH U
npoMeHeHaTa YyBcTBUTENHOCT KbM Ca?" BOgAT OO Ha-
MansBaHe Ha cunarta Ha CbKpalleHWeTo 1 HapyLuaBa-
He Ha npoueca Ha penakcaums.

OuncdyHKuMAa Ha YOUKBUTUH—NpPOTea3oMHaTa
cucrtema

Y6ukBuTMH—NpoTea3omHaTta cuctema (UPS) e oc-
HOBHMAT MeXaHuW3bM 3a paspyllaBaHe Ha yBpeOeHM
M NaTonorMyHO HarbHaTU NMPOTEUHW B KapAMOMUOLU-
TuTe. MNpn cbpaevHa HEQOCTATBLYHOCT Ce yCTaHOBsIBA
HamarneHa npoTea3oMHa aKTMBHOCT, KOETO BOAM A0
HaTpynBaHe Ha HedyHKLMOHANHMN NPOTENHN, HapyLLla-
BalllM opraHM3auusiTa Ha CapKkOMepUTe U cUrHanHuTe
nbTUwa [34, 50, 102].

MwukpoPHK n enureHeTn4yHa perynauus

MukpoPHK (miRNA) n envreHeTnyHn mogmduka-
umn (metunupare Ha HK, XMCTOHHWM npomerun) pery-
nupat ekcrnpecusTa Ha reHu, CBbp3aHn C KanumesoTo
npegaBaHe Ha cUrHanu, MUToxoHApuanHata yHKUms
W CTPYKTYpHUTE npoteuHu [31, 78, 117]. HapyweHnaTta
UM peryrnauus Boau A0 peMofennpaHe Ha Muokapaa,
xuneptpodusa n pubposa.

Ctpec Ha capkonnasmeHus petukynym n UPR

lMpeToBapBaHETO Ha CapKOMMa3MeHUs PETUKYITYM
C HenpaBWiHO HarbHaTu npotemHn aktusupa UPR
(unfolded protein response), UnATo Len e Bb3CTaHOBS-
BaHe Ha npoTteocTa3arta. XpOHUYHOTO aKTMBMPaHeE Ha
UPR oba4e npemunHaBa B nNpoanonTo3Ha nporpama c
yyactmeto Ha CHOP u kacnasa-12, koeTto Boau o 3a-
ryba Ha KapaAMOMMOUMUTM 1 BOLIABAHE Ha KOHTPaKTu-
nuteta [86, 124, 137].

OncdyHKUMA Ha MeXAyKNneTbYHUTE BPb3KU
(gap junctions u gecmozomm)

LlenkoBugHnTe KOHTaKTU (gap junctions) ocuryps-
BaT eneKkTpuyeckaTta MPOBOAMMOCT, AOKaTO 4ECMO30-
MUTE MNOAAbPXaT MeXaHW4YHaTa CBbP3aHOCT Mexay
muounTute. dedektnte unm pemogenupaHeTo Ha Tesun
CTPYKTYPW HapyluaBaT CUMHXPOHHOCTTa Ha CbKpalle-
HWeTO ¥ npegpasnonarar KbM apuTMUM 1 HapyLUeHne
Ha nomneHaTa dyHkuus [54, 58, 140].

between metabolic, signaling, and mechanical factors
related to myocardial contractile strength.

Myofilament alterations and Ca?* sensitivity

Post-translational modifications (phosphoryla-
tion, oxidation, proteolysis) of myofilament proteins
such as troponin I/T and myosin-binding protein C
alter their function [14, 22, 81, 83, 108]. Disturbed
regulation of actin—-myosin interaction and altered
Ca?" sensitivity reduce force generation and impair
relaxation.

Ubiquitin—proteasome system dysfunction

The ubiquitin—proteasome system (UPS) is the
main pathway for degrading damaged and misfolded
proteins in cardiomyocytes. In HF, proteasome activity
is reduced, leading to accumulation of nonfunctional
proteins that disrupt sarcomere organization and sig-
naling pathways [34, 50, 102].

MicroRNAs and epigenetic regulation

MicroRNAs (miRNAs) and epigenetic modifications
(DNA methylation, histone changes) regulate the ex-
pression of genes related to calcium signaling, mito-
chondrial function, and structural proteins [31, 78, 117].
Their dysregulation drives myocardial remodeling, hy-
pertrophy, and fibrosis.

Sarcoplasmic reticulum stress and UPR

Overloading the SR with misfolded proteins ac-
tivates the UPR (unfolded protein response) to re-
store proteostasis. Chronic UPR activation, however,
shifts to a pro-apoptotic program involving CHOP and
caspase-12, leading to cardiomyocyte loss and im-
paired contractility [86, 124, 137].

Dysfunction of intercellular connections
(gap junctions and desmosomes)

Gap junctions provide electrical coupling between
myocardial cells, and desmosomes ensure a mechan-
ical link. Defects or remodeling of these structures
negatively affect the synchrony of contraction and
predispose to arrhythmias and pump dysfunction [54,
58, 140].
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TEPANEBTUYHU TAPFETU NPU CH,
CBBbP3AHU C MONEKYNHUTE U KNETBYHU
MEXAHU3MU HA MUOKAPOHOTO
CBbKPALLEHUE U PENIAKCALUUA

HatpueBo-kanmeBa AT®aza. Na‘'/K* ATdasa
(chur. 2) e eH3um, nokanmsmpaH B KrneTbyHaTa MeM-
OpaHa, TpaHcnopTupalw, Na* n K* cpelly KOHUeHTpa-
LUWOHHWS UM rpagneHT [4]. 3a Bcsika KOHCyMuUpaHa Mo-
nekyna AT® 1a nssexga 3 Na* loHa U3BBH Knetkata u
BbBexaa 2 K* noHa B Hesl, KaTo No TakbB Ha4YMH Jonpu-
Hacs 3a oTpuuaTeNHMSA NOTEHLMAan Ha NOKON B Cbpaey-
HUTe knetku [97]. NoBMwaBaHETO Ha BbTPEKIETbYHA-
Ta KOHUEHTpaumsi Ha Na* MOHW Npu NOTUCKAHETO N, OT
CBOs cTpaHa, Boau Ao pa3msiHa Ha Na* cpewy Ca?* no-
cpegcteoM Na*/Ca?* obMeHHUK (B CboTHoLeHue 3:1)
N CbOTBETHO yBeNnM4yaBaHe Ha Konmu4yectBoTo Ha Ca?
B KneTkaTta. Pe3yntatbT € NonoXuTeneH MHOTPOMEH
edekt. OcBeH cBOeTO NomneHo gencreme, Na*/K* AT-
dasza B3anMoAencTBa CbC CbCEAHM MPOTEUHU, KOETO
MMa 3a pesyntaTr akTMBMPaHEe Ha KNeTbYHU CUrHamHu
NbTULWA, perynmpaiin KneTbyHmsa pactex [4].

KanumeBa ceHcuTuzauus. JlekapcTBeHuTe cpen-
CTBa KanuueBM CEHCUTM3IATOPW YyBenuyaeaT YyBCTBU-
TEMHOCTTA Ha KOHTPaKTUIHWUTE NPOTEMHU KbM Ca?,
6e3 ToBa Ja € CBbp3aHO CbC 3HAYUMO MOBMLLEHME
Ha [Ca?]i [76]. OcHOBHM NpeacTaBUTENM Ha Tasw rpy-
na megukameHtTn ca Levosimendan m Pimobendan.
Levosimendan ce cBbp3Ba ¢ TponoHuH C (cur. 2), no-
BMLLIABA YyBCTBUTENMHOCTTa My KbM Ca?* u nosuiaea
MuokapgHus koHTpaktunutet [105, 120]. Opyr mexa-
HU3bM Ha AencTBme Ha Levosimendan e oTBapsiHe Ha
AT®-3aBncmnTe K* KaHanu Ha knetTb4yHaTa MembpaHa
Ha CbOOBWUTE MaAKOMYCKYINHU KneTku, ednykc Ha K*
M3BbH KreTkaTa, Xxvneprnonapusaumsi n penakcaums Ha
KNeTknTe c pesyntat — Basoaunataums [21, 73, 144].
Pimobendan e kanuneB ceHcUTM3aTOpP, CBBLP3BALL, CE C
TponoHWH C, KaKTo 1 MHXMBUTOP Ha dpocdoamecTepasa
Il (vHogmnaTaTop kato Levosimendan), nanonasaH oc-
HOBHO BbB BETEpPMHapHaTa MmeauumHa [18].

O6pa3yBaHe Ha aKTOMMO3MHOBUTE MOCTYe-
Ta. Cb3gageH e HOB Krac MeguMKameHTU — MUO3WHO-
BM aKkTMBaTopw, Mpsko nogobpsBalim yHKLMATA Ha
CapkoMepuTe M CbOTBETHO MUWOKapPAHUS KOHTPaKTU-
NUTET Ypes3 noenusiBaHe oOpadyBaHETO Ha HarnpeyHu
MoCcTYeTa Mexady akTuHa u muosumHa [69]. MMbpBuaT
MegukameHT OoT To3n knac e Omecamtiv mecarbil.
lMocpeacTsoM CBOETO AeWCTBME TOW yBenu4yasa npo-
ObIMKATENHOCTTa Ha CUCTONHOTO M3TIIackBaHe, KaTo B
CbLLOTO BpEME He MOoBMLIABa KMCIopogHaTa KOHCyMa-
unsa Ha muokapga [69]. Cnopepn pesynTtatute OT Npo-
yuBaHeTo COSMIC-HF (Chronic Oral Study of Myosin
Activation to Increase Contractility in Heart Failure)
npunoxeHneto Ha Omecamtiv mecarbil B npogbrxe-
Hue Ha 20 ceamuum e JOBENo 40 yaoblihkaBaHe Ha Bpe-

THERAPEUTIC TARGETS IN HF RELATED
TO MOLECULAR AND CELLULAR
MECHANISMS OF MYOCARDIAL
CONTRACTION AND RELAXATION

Sodium-potassium ATPase. Na*/K*-ATPase (Fig-
ure 2) is an enzyme localized in the cell membrane
that transports Na* and K* against their concentration
gradients [4]. For each ATP molecule consumed, it re-
moves 3 Na* ions from the cell and introduces 2 K*
ions, thereby contributing to the negative resting mem-
brane potential of cardiac cells [97]. The increase in
the intracellular concentration of Na* ions in enzyme
inhibition, in turn, leads to the exchange of Na* for Ca?*
through the Na*/Ca?* exchanger (in a ratio of 3:1) and,
accordingly, to an increase in the amount of Ca?* in the
cell. The result is a positive inotropic effect. In addi-
tion to its pumping action, Na*/K*-ATPase interacts with
neighbouring proteins, resulting in activation of cell sig-
naling pathways that regulate cell growth [4].

Calcium Calcium-sensitizing
drugs increase the sensitivity of contractile proteins
to Ca?* without a significant increase in [Ca?*]i [76].
The main representatives of this group of drugs are
levosimendan and pimobendan. Levosimendan
binds to troponin C (Figure 2), increases its sensi-
tivity to Ca?*, and increases myocardial contractility
[105, 120]. Another mechanism of action of levosi-
mendan is the opening of ATP-dependent K* chan-
nels of the cell membrane of vascular smooth muscle
cells, efflux of K* outside the cell, hyperpolarization
and relaxation of the cells leading to vasodilation [21,
73, 144]. Pimobendan is a calcium sensitizer that
binds to troponin C, as well as a phosphodiesterase
Il inhibitor (inodilator drug like levosimendan), used
mainly in veterinary medicine [18].

Formation of actomyosin cross-bridges. A
new class of drugs has been created — myosin acti-

sensitization.

vators, directly improving the function of sarcomeres
and, accordingly, myocardial contractility by influenc-
ing the formation of cross-bridges between actin and
myosin [69]. The first drug in this class is omecamtiv
mecarbil. Through its action, it increases the duration
of systolic ejection, while at the same time not increas-
ing myocardial oxygen consumption [69]. In the COS-
MIC-HF study (Chronic Oral Study of Myosin Activation
to Increase Contractility in Heart Failure), the admin-
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METO Ha nu3TnacksaHe ¢ 25 ms, yBenuyaBaHe Ha yaap-
HUa obem ¢ 3.6 ml, HamansiBaHe Ha NeBOKaAMeEpPHUsI
TenecucToneH gnameTsp ¢ 1.8 mm n TeneamnacTonHus
anameTtbp ¢ 1.3 mm, noHWXXaBaHe Ha CbpAeyHaTa vyec-
TOTa ¢ 3 yaapa/min, KakTo 1 MOHWXaBaHe Ha HUBOTO Ha

istration of omecamtiv mecarbil for 20 weeks led to a

prolongation of ejection time by 25 ms, an increase in
stroke volume by 3.6 ml, a decrease in left ventricular
end-systolic diameter by 1.8 mm and end-diastolic di-
ameter by 1.3 mm, a decrease in heart rate by 3 beats/
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NT-proBNP ¢ 970 pg/ml [126]. Cnopef no-KbCHO ny6-
NNKYBaHW OaHHW OT TOBa MpoyyBaHe npu nauneHTuTe
C XPOHMYHA CbpAeyHa HegocTaTbyHOCT Omecamtiv
mecarbil noBnusasa GnaronpuaTHO M NeBoKaMmepHaTa
MuokapgHa gecopmaums [13].

OTcTpaHsaBaHe Ha Ca?' oHu oT uuTo3ona (obpa-
THO noemMaHe Ha Ca?* B SR, Ca?* echnykc U3BbH KneTka-
Ta) OT 3HaYeHue 3a penakcauusata Ha kKapgnuoMmmoLmuTa.

e VluxmbupaHe Ha NHE1 (Na*/H* obmeHHuk 1),
n3Bexpaw, H* ebBexpgaw, Na* B knetkata. [Notucka-
HeTto Ha NHE1 uma 3a pesyntat HamansiBaHe Ha ak-
TMBHOCTTa Ha oOpaTHus pexum Ha NCX — pexum,
npuuvHa 3a KanumeBO OOpeMeHsiBaHe Ha KIeTKuTe
[3]. CneactBueto ot notuckaHeto Ha NHE1 n NCX e
nogobpsiBaHe Ha AnactonHata (PyHKUMS, HamansBaHe
Ha CKITOHHOCTTa KbM pa3BUTWE Ha PUTbMHU HapyLle-
HUSA U pegyKkuus Ha CBbp3aHaTa C UCXeMUS KINeTbyHa
cmbpT. lNMpegcraButeny Ha MeguKameHTUTe, UHXMOU-
Topu Ha NHE1, ca Cariporide n Eniporide. o gaHHu
ot npoy4yBaHeto EXPEDITION Cariporide nva kapgu-
OMNPOTEKTUBEH eDEKT CpeLLy M1UoKapaeH UHMAPKT npu
naumeHTn, NOANOXEHN Ha KopoHapeH bawnac [85], Ho
CbLLIOTO NPOYyYBaHe Noka3sa Mo-BUCOKA YeCToTa Ha WH-
CynTuTe, ObIiKalla ce Ha napagokcaneH edekT Bbp-
Xy TpombouuTHaTa arperauus, ¢ pesyntaT no-Bucoka
obLa cMbpTHOCT [25], KOETO e 1 NpuyMHa 3a npexae-
BPEeMEeHHO npekpaTsiBaHe Ha npoy4ysaHeTo. Eniporide
e no-paHeH NHE1-uHxmbutop, nokassal, HamarneHa
NHGAapKTHa 30Ha Npu ekcnepumMeHTanHn mogenu. o
OaHHW Ha Zeymer U CbTp. obayve MPUIIOKEHMETO Ha
Eniporide npeau penepdyauns He Boan Ao HamarnsBaHe
Ha ronemuHaTta Ha MHdapKTa, Kakto u He nogobpsea
M3Xofa MO OTHOLUEHWE Ha CMBbPT, KapAMOreHEeH LUOK,
CH un xuBoTO3acTpalwiaBaly aputMumn (Mpoy4vBaHe
ESCAMI, dasa 2) [147]. B cbLwoTO BpeMe ce ycTaHo-
BAIBa MOHWXXaBaHe Ha 4yecToTaTa Ha CbpaevHaTa He-
OOCTaTbYHOCT MpU NaLMeHTUTE C NO-KbCHO Hayarno Ha
penepdy3noHHaTta Tepanus (> 4 yac) [147].

¢ NMopoGpsiBaHe Ha 06paTHOTO NoemMaHe Ha Ca?
B SR nocpeactBom SERCA2a. Jlorukata 3a noenu-
aBaHe Ha SERCA2a npu neyerveto Ha CH e B T0Ba,
ye npy CH HenHaTa akTUBHOCT € MOHWXEeHa, KOEeTo e
CBbp3aHO KaKTO C HamarneH KOHTPaKTUIUTET, Taka u
C guactonHa aucdyHkumsa. OnuTBaHO e BbBexaaHe
Ha HopMmanHu konve Ha SERCA2a reHa ¢ usnonsea-
He Ha apeHoacouumnpaH Bupyc (AAV1) (npoyyBaHe
CUPID) [65]. MbpBOHa4anHWTe AaHHM OT NpoyYBaHe-
TO ca obHazexaaBallW, HO NO-KbCHO TO € NpekpaTeHo
BbB (pa3a 2b nopagu nunca Ha 3Ha4um GnaronpuaTeH
edekT OT Ta3n Tepanusa B cpaBHeHne ¢ nnauebo [53].

e MotuckaHe Ha Na*/Ca?* ob6meHHuK (NCX). Kak-
TO OeLle NMOCOYEHO MO-rope, NMpPU XPOHMYHA CbpAeYHa
HegocTaTb4HOCT akTMBHOCTTA NCX B obpaTeH pexum
€ nosulleHa BcreacTasne notuckaHeto Ha SERCA2a u
akTmBupaHeto Ha NHE1 cbC CbOTBETHWUTE HeraTvBHU

min, as well as a reduction of the level of NT-proBNP
by 970 pg/ml [126]. According to later published data
from this study in patients with chronic heart failure,
omecamtiv mecarbil also has a beneficial effect on left
ventricular myocardial deformation [13].

Removal of Ca? ions from the cytosol (reuptake
of Ca?" into the SR, Ca?* efflux out of the cell), which is
important for cardiomyocyte relaxation.

¢ Inhibition of NHE1 (Na*/H* exchanger 1), which
removes H* and introduces Na* into the cell. Suppres-
sion of NHE1 reduces the activity of the reverse mode
of NCX — a mechanism that causes calcium overload
in cells [3]. The consequence of the suppression of
NHE1 and NCX is an improvement in diastolic func-
tion, a decrease in the tendency to develop rhythm dis-
orders, and a reduction in ischemia-related cell death.
Representatives of the NHE1 inhibitor drugs include
cariporide and eniporide. According to data from the
EXPEDITION study, Cariporide has a cardioprotec-
tive effect against myocardial infarction in patients un-
dergoing coronary bypass grafting [85], but the same
study showed a higher incidence of stroke due to a
paradoxical effect on platelet aggregation, resulting in
higher overall mortality [25], which was also the rea-
son for premature termination of the study. Eniporide
is an earlier NHE1 inhibitor that showed reduced infarct
area in experimental models. According to data from
Zeymer et al., however, the administration of eniporide
before reperfusion did not reduce infarct size, nor did
it improve the outcome in terms of death, cardiogen-
ic shock, heart failure, or life-threatening arrhythmias
(ESCAMI study, phase 2) [147]. At the same time, a
decrease in the incidence of heart failure was observed
in patients with a later start of reperfusion therapy (> 4
hours) [147].

e Improvement of Ca?* reuptake in SR by
SERCAZ2a. The logic for targeting SERCAZ2a in the
treatment of heart failure (HF) is that in HF its activi-
ty is reduced, which is associated with both reduced
contractility and diastolic dysfunction. Gene transfer of
SERCAZ2a using adeno-associated virus (AAV1) has
been attempted (CUPID study) [65]. Initial survey data
were encouraging, but the study was terminated in
phase 2b due to a lack of a significant beneficial effect
of this therapy compared to placebo [53].

¢ Inhibition of the Na*/Ca?* exchanger (NCX).
As mentioned above, in chronic heart failure, NCX
activity in the reverse mode is increased due to the
suppression of SERCA2a and the activation of NHE1,
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edeKTn BbpXy MroKapaHaTa yHKUus. B momeHTa pas-
pabotBaHeTo Ha nHxnbutopn Ha NCX (SEA-0400, SN-
6, ORM-10103 n ORM-10962 v ap.) e Ha ekcnepumeH-
TaneH etan [68, 72, 113, 136]. 3acera Hama ogobpeHn
3a KnMHWYHO npunoxeHne NCX-uHxmbutopn. Cnopen
Sipido 1 cbTp. hapmakonormyHoTo GnokmpaHe Ha NCX
npyu CH moxe ga 6bae oT nonsa, HO Han-BEPOSTHO B
cneunduyHM CUTyaLun, Kato YacT oT KOMOUHMpaH nog-
xopg [119]. FeHeTnYHMAT noaxof 3a HxnbupaHe Ha NCX
BKMOYBa T.Hap. antisense onuroHykneotuan (ASO)
[103] n PHK nHTepdepeHumsa (RNAI) [61].

¢ MotuckaHe Ha Ca?* AT®asa Ha nnasmanema-
Ta 4 (PMCAA4). lixubupaHeTo 1 pegyumpa Kanumesus
ednykc ot knetkute. Npu TEH3MOHHO obpemeHsaBaHe
notnuckaHeto Ha PMCA4 npepotepartsiBa XpOHUYHOTO
pemogenupaHe n passutueto Ha CH upe3 meguupa-
HO OoT oubpobnacTute mogynmpaHe Ha Wnt curHaneH
nbT [122]. UHxnbmnpaHeTo n ob6aye He NOBNMSBa AbIrO-
CPOYHUS M3X0A4 cred MuokapaeH uHdapkT [122]. Kbm
MOMEHTa HAMa ofobpeHn nekapcTBeHW cpeacTea, ce-
nekTuBHO notuckawm PMCA4 npu xopa.

e [Ipyru ekcnepvMeHTanHu nogxoau. Te BKIHOY-
BaT pa3paboTBaHETO W/UNKM OLeHKaTa Ha Tepanes-
TU4yHaTa edeKkTMBHOCT u Be3onacHocT Ha RyR2 cra-
ounusatopu [2, 110], MUTOXOHOPWANHN MOZynaTopu
(elamipretide [33], NAD* npekypcopu [36], kOeH3uM
Q10 [142]), aHTudpmbposHmn cpeactea (TGF-B nHxnbum-
Topu [93], ranekTuH-3 nHxmnbutopu [145]) n ap.

3AKNIOYEHUE

JleBokamepHaTa cucTonHa AMcdyHKUMSA e pesynTaT
OT CINOXHU U B3aMMOCBbP3aHW MPOLECH, BKIIHOYBALLM
XEMOANHAMUYHW, METabonUTHW, Bb3NanuTenHW, HEeB-
POXOPMOHASTHM 1 MOEKYIMHN MexaHnammn. OGeMHOTO 1
TEH3MOHHOTO OOpPEMEHsIBaHe, UCXeEMUSATA, Bb3nanuTern-
HUTE npouecu, eHOOKPUHHUTE HaPYLUEHUA N HEBPOXY-
MoparnHaTta akTmBauusa BOOAT OO0 CTPYKTYPHO U (PyHK-
LUMOHanHo pemogenvpaHe Ha muokapga. Ha knetb4Ho
1N MOJEKYrnHO HMBO KanuueBaTta gucperynaund, MUTO-
XxoHApuanHata AWMCAHYHKUMS, OKCMOATUBHUST CTpeC,
HaTpynBaHUATa, HapyLlleHaTa aBTodarnsa n gedektute
B CMrHanHuWTe MbTuLla NpegusBMKBaT NPOrpecuBHa 3a-
ryba Ha KOHTpaKTUIHa cnocoOHOCT. POKYCHT BbPXY MO-
NeKynHUTE MEXaHN3MM Ha KanuuesaTa aucperynauus n
KOHTpaKTUINHaTa AUCHYHKUNS € CbLUECTBEH €IEMEHT B
pa3paboTBaHeTO Ha HOBM BMOOBE feveHne Ha CH.

He e deknapupaH KOHGIUKmM Ha uHmepecu
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CONCLUSION

Left ventricular systolic dysfunction results from
complex, interconnected processes including hemo-
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tile capacity. Focusing on the molecular mechanisms
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