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Pesiome. OKCMAATMBHUAT CTPEC Urpae KpUTMYHA POMs B PasBUTUETO M MPOrpecusiTa Ha CbpAeYHOCHA0BUTE 3abonsBaHus. Toau
0630p NpeacTaBs CbLLHOCTTA Ha OKCMAATVUBHIS CTPEC U HEeroBaTa Bpbaka CbC ChpfeyHoCchaoBuTe npobnemn. O6ebxaat
C€ MeXaHNU3M1Te Ha Bb3HWKBAHE Ha CTPeca, HEroBUTE BIMSHIAS BbPXY KNETbYHIUTE CTPYKTYPU 1 Bb3MOXHITE TepaneBThy-
HU CTpaTermy 3a HamansiBaHe Ha BpeHuTe edekTu. Pasrnexpaar ce akTyarnHu u3cnenBaHist U NepcnekTuBI 3a GbaeLm

MOCOKM B 06MacTTa Ha OKCUOATUBHIS CTPEC 1 CbpAEYHOCHI0BIUTE 3abonsaBaHNS.
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Abstract. Oxidative stress plays a critical role in the development and progression of cardiovascular diseases. This review presents
the essence of oxidative stress and its association with cardiovascular issues. It discusses the mechanisms underlying
stress formation, its impacts on cellular structures, and potential therapeutic strategies to mitigate its harmful effects.
Current research and future perspectives in the field of oxidative stress and cardiovascular diseases are also explored.
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BbBEOEHUE INTRODUCTION

Cardiovascular diseases have a multifactorial
genesis and are the leading cause of mortality world-
wide according to data from the World Health Orga-
nization (WHO) for 2010 [1]. The pathophysiology of
cardiovascular diseases, predominantly caused by

CbpaedHocbaoBuTe 3abonsiBaHust MMaT MynTu-
(hakTOpHa reHesa n ca Bogellata NpuynHa 3a CMbpT
no cBeTa crnoped AaHHM Ha CBeToBHaTa 3[paBHa Op-
raHnsaums (C30) 3a 2010 r. [1]. MNMaTodmsmonorusaTa
Ha cbpaeyYHOCHAOBUTE 3aboNsiBaHNs, MPUYNHEHA Npe-
AVMHO OT aTepockneposa, BKM4YBa MpPeycTpoMCTBO

Ha KPbBOHOCHUTE CbA0BE, KOETO MOXeE Aa [oBeae 40
orpaHuYaBaHe Ha KpbBOOOpPALLEHMETO 1 [0 3acAraHe
Ha CbPLIETO U HepBHaTa cucTema. CbpaeYHOCHA0BUTE
3ab0nsABaHNA BKIMIOYBAT HSIKOMKO HO3OMOMMYHM eau-
HULWM KaTo KOpOoHapHa GOMecT, WHCYMT, XWUMNepToHus,

atherosclerosis, involves vascular remodeling, which
may lead to restriction of blood flow and subsequent
involvement of the heart and nervous system. Cardio-
vascular diseases encompass several nosological en-
tities such as coronary artery disease, stroke, hyper-
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cbpaeyvyHa HedoCTaTbYHOCT, BPOAEHM CbpAeYHN 3ab0-
naBaHna n cbaosu 3abonssaHna. OCHOBHUTE PUCKO-
B/ (paKkTOpu 3a CbpAeYHOCbAOBUTE 3abonsBaHusa ca
3aTNbCTSABaHe, 3axapeH AnabeT, TITIHOMyLeHe, 3a-
cefHan 1 He3gpPaBOCNOBEH HAYNH HA XPaHEHE, KaKTO U
reHeTu4yHa npeapasnonoxeHoct. CTapeeHeTo € CbLyo
€0VH OT PUCKOBETE, TbI KaTo MOBMLUABA pasnpoc-
TPaHEHNETO Ha CbpPOEYHOCHOOBUTE 3ab0NsABaHMS OC-
HOBHO Mopaan 3acunBaHETO Ha OKCMAATUBHMUS CTpec.
[encTBnTenHoO, OKCMOATUBHUAT CTPEC € BaeH dak-
TOp, BNUSIEL Ha Mporpecusita Ha CbpAedYHOCHbAOBUTE
3abonsBaHus. B To3n 00630p e pasrnegame pusno-
nornyHaTa ponsd Ha npoaykuusaTa Ha peakTUBHU KUC-
nopoaHu suagose (ROS) B cbpueTo n cbaosete. Cneq
TOBa LWe pasrnegamMe 3HadeHue Ha OKCuaaTUBHUSA
CTpecC npu cbpaeyHoCbAoBUTE 3abonsaBaHna 1 Lie ce
dokycupame Bbpxy ROS, nponsseaeHn ot NAPDH-ok-
cugasarta unm no Bpeme Ha AUCKYHKLMS Ha CbAoBUS
eHgoTen unn mutoxoHgpuute [17]. B nocnegHata Yact
Ha nperrnega e pasrnegaMme HOBUTE TepaneBTUYHU
cTpaTermm, KOUTO B MOMEHTa Ce u3yyaBaT M LenaTt
KOMMIMEeKCHa 3alMTa Ha CbpAeYHOCbA0oBaTa CUCTEMA.

Ponsi HA OKCUAATUBHUA CTPEC NPU
CbPAEYHOCHOOBU 3ABOJIABAHUA

PeaktusHute kmucnopogHu Bugose (ROS) ca Bu-
COKOPEAKTUBHU XMMUYHM BUOOBE, CbObpKaLlM KUCHO-
poA, BKIYMTENHO cynepokcnaHus (O, ) n xmapokeur-
HuTe (OH-) aHMOHM, KaKTO U BOOOPOAHMS MEepoKcug
(H,0,) [31]. Mpn HopmanHW U3MOMNOTMYHU YCIIOBUA
HuBaTa Ha ROS ce KOHTponupaT CTPUKTHO Ype3 Oew-
HOCTTa Ha aHTUOKCMOAHTHN EH3UMW, BKIT. Cynepokcug
avcmyTasaTta, katanasarta v rmyTaTMoH nepokcuaasa-
Ta [7]. B cbpueto ROS urpaaT ocHoBHa pons 3a kne-
TbyHaTa XOMeocTasa MPU HUCKN KOHLUEHTpauuu, Tbi
KaTo perynupart MHOXeCTBO (PM3NOMOrMYHN CUTHAMHM
nbTUWwa 1 GuonormyHm npouecu [19]. OkemaaTUBHUAT
cTpec ce gedwmHMpa kaTo aucbanaHc Mexay npowus-
BoacTBoTO Ha ROS n eHOoreHHUTEe aHTUOKCUMAAHTHN
MEexaHM3MK 3a 3awuTa, KaTto pes3ynTaTbT € Npekomep-
H1n ROS, cBbp3aHN ¢ MHOXECTBO MaTom3nonormyHm
nbTULLA B cbpueTo [8].

CBOBOAHU PAOUKANU U AKTUBHU
®OPMU HA KucnopopA (ROS)

CeoboagHuTe pagukanu ca napamarHUTHU 4acTtu-
LW — MOMEKYnn, aToMu NN NOHW, NPUTEXaBaLLy eanH
nnn noBeye HecOBOEHWU EIIeKTPOHU B eNleKTpOoHHaTa
cn obBMBKa. HecoBoeHUTe enekTpoHu obycnaeaTt no-
BMLLEHATa PeaKTUBHOCT Ha cBoboAHWA paaukan [5, 6].
CeobogHuTe pagukanu yyacTBaT B BEPWKHU peakuuu,
npu KOoUTo ce obpasyBaTt HOBWM CBOOOAHM pagukanu. B
pe3ynTar Ha OKUCNUTENHO-PenyKUMOHHUTE MpoLEecH,

tension, heart failure, congenital heart diseases, and
vascular diseases.The main risk factors for cardio-
vascular diseases include obesity, diabetes mellitus,
smoking, sedentary lifestyle and unhealthy diet, as
well as genetic predisposition. Aging is also a risk fac-
tor, as it increases the prevalence of cardiovascular
diseases mainly due to the enhancement of oxidative
stress. Indeed, oxidative stress is an important factor
influencing the progression of cardiovascular diseas-
es. In this review, we will examine the physiological
role of reactive oxygen species (ROS) production in
the heart and blood vessels. We will then discuss the
significance of oxidative stress in cardiovascular dis-
eases and focus on ROS produced by NADPH oxi-
dase or during dysfunction of vascular endothelium or
mitochondria [17]. In the final part of this review, we
will examine new therapeutic strategies currently un-
der investigation that aim to provide comprehensive
protection of the cardiovascular system.

ROLE OF OXIDATIVE STRESS
IN CARDIOVACCULAR DISEASES

Reactive oxygen species (ROS) are highly reactive
oxygen-containing chemical species, including the su-
peroxide (O,) and hydroxyl (OH-) anions, as well as
hydrogen peroxide (H,0O,) [31]. Under normal phys-
iological conditions, ROS levels are tightly controlled
through the activity of antioxidant enzymes, including
superoxide dismutase, catalase, and glutathione per-
oxidase [7]. In the heart, ROS play a fundamental role
in cellular homeostasis at low concentrations, as they
regulate numerous physiological signaling pathways
and biological processes [19]. Oxidative stress is de-
fined as an imbalance between ROS production and
endogenous antioxidant defense mechanisms, result-
ing in excessive ROS levels associated with multiple
pathophysiological pathways in the heart [8].

FREE RADICALS AND REACTIVE OXYGEN
SPECIES (ROS)

Free radicals are paramagnetic particles — mol-
ecules, atoms, or ions possessing one or more un-
paired electrons in their electron shell. The presence
of unpaired electrons determines the increased reac-
tivity of free radicals [5, 6]. Free radicals participate in
chain reactions in which new free radicals are formed.
As a result of oxidation—reduction processes occur-
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KOWTO MpoTMYaT B opraHuM3ma, ce obpasyBaT akTUBHM
dopmmn Ha kucnopoga (ROS) [6, 8]. ROS e TepmuH,
BKIMIOYBALL, KaKTO CBOOOAHM KMCNOPOA-ChbAbpXKallm
pagukanu (CynepokCcuaeH, XMAPOKCUMIEH, NEPOKCUMEH
N XMAPOMNepPOKCUNEH pagmkan), Taka U BOOOPOAEH ne-
pokeua (H,0,), xunoxnoputHa kucenvHa (HCIO), o3oH
(O,), TpnokenpaH (H,0,) [31]. B Hakom cnyyam ROS ce
dopmupaTt cneundunyHo, 3a ga nocnyxart 3a U3BbpL-
BaHe Ha OCHOBHUW OMOXUMWYHU NPOLIECU, AOKATO B ApY-
r crnyvyau Te npegcTaBnsaBart NpogykTn Ha MeTabonuT-
HUW npouecu [7, 8].

OCHOBHM xapaKTepUCTUKN Ha Han-4ecTo
cpelaHnTe akTUBHU POopMM Ha Kucnopoga
(ROS) B opraHuama

Cynepokcunpg — obpasyBa ce 4pe3 eqHOENEKTPOH-
Ha pegyKkuust Ha kucropoda. Ton Moxe fa Bb3HUKHE
KaKTO npuv MeTabonNUTHM Npouecu, Taka u npu obnby-
BaHe ¢ paguauusi. CynepokenabT e ocHoBeH ROS npo-
OYKT, KOTO MOXe Aa B3aMMOLeNcTBa C ApYrn MOSeKy-
nn, obpasysaviku BTopmyHm ROS [31].

BopopoaeH nepokcup — o6pasyBa ce 4pes CroH-
TaHHa OMCMyTaLuMs Ha CynepokcuaHu pagukanu. o
MOJieKyriHaTa cu CTpyKkTypa Hanogobsisa Bogarta v au-
yHaMpa MHOro 6bP30 KaKTOo B KNeTKaTa, Taka U B MeX-
OYKNeTbYHOTO NPOCTpaHCTBO. BogopogHUsT nepokecna
MMa 3Ha4MTenNHa porsi B KNeTbyHaTa curHanmsaumus u
€ BaXKEeH 3a KreTbyHaTa pegokc-xomeocTasa [64].

XnapoKCUIMHUAT paguKan € equH OT NpoayKTuTe
Ha egHOeNeKkTpoHHaTa peayKuns Ha MOMNEKYTHUSA KUC-
nopog. Tor e U3KMYNTENHO PeakTUBEH U UMa KpaTbk
XMBOT B cpaBHeHue ¢ gpyrnte ROS. dopmupa ce no
HSAKOMIKO pasfMyHM MexaHuM3bMa, BKIl. pa3nagaHe Ha
BodaTta Noj BAMsiHUE Ha MoHU3upalla pagvauns [65].

M3TtouyHuum Ha ROS B xuBaTa kneTka

CobLlyecTByBaT Ba OCHOBHM M3TO4YHUKA Ha ROS B
KneTkaTa:

o EK30reHHM M3TOYHUUU — (DU3NYHU U XMMUYHU
dhakTopK, KaTto MoHuaMpawm mbueHns, UV paguaums,
BMCOKO HansraHe Ha K1Cnopogd, TOMIIMHHW Bb3OENCTBIS,
YNTPasBYyK 1 MHOYCTPUAIHU XUMUYHU 3aMbPCUTENN, MO-
rat ga reHepupat ROS kato cTpaHuyeH npogykT [31].

e EHporeHHn nstouyHnum — ROS ca dyHkunoHan-
HW NPOAYKTU, NONyYeHU Ype3 AeACTBUETO Ha KNeTbu-
HUTe 3aWwunTHN MexaHmamu (kato NADPH okcupasHus
KOMMIIEKC U AnxaTenHarta Bepura B MUTOXOHAPUUTE) U
B KreTbYyHaTa UMyHHa cuctema (Hanp. daroumtmparim
KNETKM KaTo MOHOUMTM 1 Makpodparm) [36].

MpoayuupaHe Ha ROS npu TpeTupaHe
C XMMMHOTepaneBTULIU

XumunoTepaneBTuuMTe, Kato  aHTpauuKNnHUTE
(Hanp. AoKcopy6MLMH), BUHKPUCTUH, eTono3uag 1 ap.,
reHepupar 3HaunTenHo konuyectso ROS npu TAXHOTO

ring in the body, reactive oxygen species (ROS) are
generated [6, 8]. ROS is a term encompassing both
oxygen-containing free radicals (superoxide, hydrox-
yl, peroxyl, and hydroperoxyl radicals) and non-radical
oxygen derivatives such as hydrogen peroxide (H,O,),
hypochlorous acid (HCIO), ozone (O,), and trioxygen
(H,0,) [31]. In some cases, ROS are generated delib-
erately to perform essential biochemical processes,
whereas in others they represent by-products of met-
abolic reactions [7, 8].

Main Characteristics of the Most Common
Reactive Oxygen Species (ROS) in the Body

Superoxide — formed through one-electron reduc-
tion of oxygen. It may arise during metabolic processes
as well as during radiation exposure. Superoxide is a
primary ROS product capable of interacting with other
molecules to form secondary ROS [31].

Hydrogen peroxide — formed through sponta-
neous dismutation of superoxide radicals. Its molecular
structure resembles water and it diffuses rapidly both
within the cell and in the intercellular space. Hydrogen
peroxide plays a significant role in cellular signaling
and is essential for cellular redox homeostasis [64].

Hydroxyl radical — one of the products of one-elec-
tron reduction of molecular oxygen. It is extremely re-
active and has a very short lifespan compared with
other ROS. It is formed through several mechanisms,
including water radiolysis under the influence of ioniz-
ing radiation [65].

Sources of ROS in the Living Cell

There are two main sources of ROS in the cell:

e Exogenous sources — physical and chemical
factors such as ionizing radiation, UV radiation, high
oxygen pressure, thermal exposure, ultrasound, and
industrial chemical pollutants, can generate ROS as a
by-product [31].

e Endogenous sources — ROS are functional
products generated through the action of cellular de-
fense mechanisms (such as the NADPH oxidase com-
plex and the mitochondrial respiratory chain) and within
the cellular immune system (e.g., phagocytic cells such
as monocytes and macrophages) [36].

ROS Production During Chemotherapeutic
Treatment

Chemotherapeutic agents such as anthracyclines
(e.g., doxorubicin), vincristine, etoposide, and others
generate significant amounts of ROS during their use
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NpunoXeHne 3a nevyeHne Ha pasnuyHu BUOOBE PakoBu
3abonsaeanus [4]. Tean ROS moraT ga gosenat go yB-
pexaaHe Ha KrneTbyHaTa peoKc-xomeocTasa 1 aa ob-
0aT CBbpP3aHN CbC CTPAHUYHUTE TOKCUYHU e(]beKTI/I Ha
XuMnotepanmata — Hanp. KapanoToKCUYHOCTTA, KOETO
ce Habrntogasa npu gokcopyouumH [4].

AHTMOKCMOAHTHATa cucrtema

HAKonmko aHTUMOKCMAAHTHW MexaHusbma npesa-
nasgaT OMOMOrMYHUTE CUCTEMU OT TOKCMYHOCTTA Ha
ROS. Te BkntouBaT KakToO aHTUOKCUOAHTHU EH3UMU
CbC CrneunduyHO pasnpegeneHne (Kato cynepokcus
ancmyTtasa (SOD), katanasa, rmyTaTvoH nepokcraasa,
rnyTaTuoH-S-TpaHcdepasa u rmnoko3a-6-gpocdar ae-
XvaporeHasa), Taka U HeEH3UMHWN aHTUOKCUOAHTM KaTo
ounmpybuH, a-Tokodepon n B-kapoTeH [5].

e Cynepokcup pgucmyrtasatra (SOD) e wmerta-
NONPOTENH, KONTO KaTanuaupa TpaHchopmaumsaTa Ha
cynepokcua aHvoH (eO,”) BbB BOAOPOAEH NepoKcua
(H,0,). Toit e Hait-e(hEKTUBHUAT aHTUOKCUAAHTEH eH-
3um npu xopata. SOD npegoTtBpatsiBa 0Opa3yBaHeTO
Ha nepokcuHnTput (ONOO"), MHXMbMpankm peakuusta
My ¢ asoteH okeug (NO). B 4oBeLkus opraHu3bm Cb-
wecrtByBaT Tpyn usocopmm Ha SOD ¢ pasnuyHo cy6-
KneTbyHO pasnpegenenne: SOD1 B umTtosona, SOD2
B mMutoxoHapumte n SOD3 B ekcTpauenynapHoOTo
npocTpaHcTBOo. BkntouBaHeto Ha SOD e gokasaHo B
pPa3nuYHN CbpAeYHOCHAO0BU 3abonsBaHus; HanpumMep,
HegocTUrbT Ha SOD2 BoaM OO MUTOXOHAPUANeEH OK-
CvaaTUBEH CTPeC U XMnepTpodusa Ha CbpaeyHUTE Mu-
ounTun [5].

e KaTtanasarta e TeTpamepeH XeMeH NPOTEWNH, Ae-
TOKCUKMPALL, BOAOPOAHMS NMEPOKCUA 40 BOAA U KUCIIO-
poa. Ta geMoHCTpupa kaTanMTuyHa AETOKCMKaLMOHHA
aKTUBHOCT MpM BMCOKa KOHUeHTpauma Ha H,O,, kato
CbLLO Taka MOXe Aa nepokcuanpa pasnumyHm cyberpa-
TV NPU HUCKa KOHLIEHTpauna Ha BoaeH nepokcug [5].

¢ MepokcupenokcuHute (Prx) ca eH3umu, KoMTo
peayumpaTt pasnnyHn NepoKkcuan, BKIIOYUTENHO BOAO-
POAEH MepoKcUA M NEepPOKCUHUTPUT. B 4YoBellkus op-
raHM3bM CbLLECTBYBAT LIECT pPasnmyHnM n3oopmMm Ha
Prx cbc cneuyndunyHo KNeTbYHO pasnpeneneHue. Prx2
n Prx4 yyacteat B kapguomuonartusta u cbpaeyHara
HegocTaTbYHOCT [5].

e MyTtatnoHbT (GSH) e BaxeH BbTpEeKNeTbyeH
TMOMNEH aHTUOKCUAAHT, KOWTO npeobnagasa B peay-
uupaHata cu popma (GSH). Toin Mma MHOXeCTBO aH-
TMOKCUAAHTHM CBOWCTBA, BKI1. XenMpaHe Ha NpexogHu
MeTanu n Bb3cTaHoBuTen Ha sButammHn C n E. GSH
pearupa ¢ XuapoKCUNHUS pagukan u nepokcnau [5].

e AckopbuHoBa kucenuHa (ButammH C). Bura-
MuH C e BOOOPa3TBOPUM aHTUOKCUAAHT, KOWTO Ce npu-
nobuBa OCHOBHO 4pe3 xpaHaTa. Ton € U3KMUYUTESTHO
edeKTUBEH B NpedoTBpaTaABaHETO Ha NUNnaHa Nepok-
cunpaums [43].

in the treatment of various types of malignancies [4].
These ROS may disrupt cellular redox homeostasis
and are associated with toxic side effects of chemo-
therapy — for example, cardiotoxicity, which is observed
with doxorubicin therapy [4].

The Antioxidant System

Several antioxidant mechanisms protect biolog-
ical systems from ROS toxicity. These include an-
tioxidant enzymes with specific distribution (such
as superoxide dismutase (SOD), catalase, gluta-
thione peroxidase, glutathione-S-transferase, and
glucose-6-phosphate dehydrogenase), as well as
non-enzymatic antioxidants such as bilirubin, a-to-
copherol, and p-carotene [5].

e Superoxide dismutase (SOD) is a metallopro-
tein that catalyzes the conversion of the superoxide an-
ion (e0,") into hydrogen peroxide (H,0,). It is the most
efficient antioxidant enzyme in humans. SOD prevents
the formation of peroxynitrite (ONOO-) by inhibiting
its reaction with nitric oxide (NO). In the human body,
three isoforms of SOD exist with different subcellular
distribution: SOD1 in the cytosol, SOD2 in mitochon-
dria, and SOD3 in the extracellular space. The involve-
ment of SOD has been demonstrated in various car-
diovascular diseases; for example, deficiency of SOD2
leads to mitochondrial oxidative stress and hypertrophy
of cardiac myocytes [5].

e Catalase is a tetrameric heme protein that
detoxifies hydrogen peroxide into water and oxygen.
It exhibits catalytic detoxification activity at high
concentrations of H,O, and can also peroxidize
various substrates at low hydrogen peroxide
concentrations [5].

e Peroxiredoxins (Prx) are enzymes that reduce
various peroxides, including hydrogen peroxide and
peroxynitrite. In the human organism, six different Prx
isoforms exist with specific cellular distribution. Prx2
and Prx4 are involved in cardiomyopathy and heart
failure [5].

¢ Glutathione (GSH) is an important intracellular
thiol antioxidant that predominates in its reduced form
(GSH). It possesses multiple antioxidant properties,
including chelation of transition metals and regeneration
of vitamins C and E. GSH reacts with hydroxyl radicals
and peroxides [5].

e Ascorbic acid (vitamin C) is a water-soluble
antioxidant obtained primarily through diet. It is highly
effective in preventing lipid peroxidation [43].
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e ButamuH E (a-Tokodepon) BknoyBa pasnuyHu
n3oMepun Ha Tokodepori U € OCHOBEH aHTUOKCUMAAHT,
npefoTBparaBall, NMnuaHaTa nepokcugaums bnaroga-
peHve Ha cBosiTa nNunodunHa Npupoga U MecTonosno-
XXEHne B KNeTbyHnTE Membpaxu [66].

OkcupaTtuBeH cTpec u HeroBuTte Bb3OencTBus
BBbpPXY YOBELUKUA OpraHn3bm

OKcuaaTMBHUAT CTPEC MOXe Aa UMa KakTo nsmo-
NOrMYHO, Taka M NaToNOrMYHO Bb3OEeNCTBME BbPXY YO-
BeLLKNS opraHn3bM [67]. PU3NONOrMYHUAT edpekT Ha
OKCUAATUBHUS CTPEC BKIIOYBA HAKOM KMOYOBU (PYHK-
LUK, UrpaeLin BaxkHa pons 3a HOpPMasnHoOTO OyHKLMO-
HUpaHe Ha opraHu3ma:

e CurHanmsaumsi Ha knetkn. OKCugaHTUTE yyacT-
BaT BbB BaXXHW CUTHANHM NbTULLA B KMNETKATE, KOETO
perynvpa Knerb4yHaTa pennukaums, pactexa n npome-
HUTEe BbB hopMata 1 PyHKUMATa Ha KneTkuTe [67].

e ViIMyHHa doyHKUmMs. Hsakomn cBoboaHM pagukanu ce
M3romn3BaT OT MMyHHaTa cUCTEMa 3a YHULLOXaBaHe Ha
MHpekumn Ypes paroumTosa n apyru MexaHnsmu [68].

e Metabonuavm. OKcugaHTUTe ydacTBaTt B MeTa-
GonUTHUTE NMpouecu, kaTo nomMaraT 3a pasrpaxgaHeTo
Ha rfoKo3a 3a NPOM3BOACTBO HA EHeprus.

e Perynaumns Ha reHeTuyHaTa ekcnpecus. Okcu-
OaHTUTe MoraT [a BNUSAT Ha aKTUBHOCTTA Ha reHnTe u
TEXHUTE PYHKUUN B KIETKUTE, PErynmpankm pasnmnyHu
BGuonornyHm npouecu [69].

e Perynauna Ha cbpaedHocbaoBaTa  OYHKUUA.
OKcupaTMBHUAT CTPEC urpae MoroXuTenHa ponsi B
NOAAbPXKAHETO Ha HopMarnHaTa yHKLMSA Ha CbpLETo
N KPbBOHOCHWUTE CbAOBE. HUCKMTE HMBaA Ha okcuaaTu-
BEH CTpec MoraT Aa noaabpXaT HOpMarHUsa CbpaeYeH
puUTBM 1 Aa perynupar cbaosus ToHyc [70].

MaTonornyHnAT edekT Ha OKCuMAaTUBHUS CTpec
BKIMtOYBA HeraTtuBHW Nocrneguum Bbpxy pasfnvyHu ac-
NEeKTU Ha YOBELLKUSA opraHm3bM. B natonornyHm ycno-
BUS, peakTuBHUTE kucropogHu supgose (ROS) morat
Aa npeavsBuKaT OKCMAATMBHM Moaudumkaumm Ha oc-
HOBHUTE KITETBYHU KOMMOHEHTU KaTO NuUnuan, npoTe-
nHn 1 OHK [69]. Tesn okcngaTuBHM NpOMEHU MoraT Aa
gosefaT 4o AMCHYHKLUMS B CbPLETO M CbaoBaTa CuC-
Tema, KaTo:

e [uccdyHkuMa Ha cbpueto: ROS moxe ga mo-
AynupaT CbKpaTMMOCTTa 4Ype3 oKcugaumsi Ha npoTe-
mHn kato SERCA 2A un cbkpawaBawuTte nNpoTEUHU
aKTUH 1 TPOMOMMO3UH, KOETO BOAM A0 AUCHYHKLMSA B
CbpaeyvHUTE CbKpaLleHUs 1 MOXe [ia HapyLuu Hopmar-
HWUS cbpaedeH putbm [70].

e lucchyHkuma Ha cbpoBeTe: OKCMAATUBHUAT
CTpec Npeau3BUKBa eHAoTenHa AUCAYHKUUSA, BKITHO-
YMTENHO HamansaBaHe Ha GuopocTaBkaTta Ha as3oTeH
okeng (NO), KOWMTO € KINYOoB 3a PerynmpaHeTo Ha Cb-
00BUSA TOHYC. To3M npouec Moxe Aa YBENnuYM CKIOH-
HOCTTa KbM Bb3narieHue 1 ga JonpuHece 3a pasBu-

e Vitamin E (a-tocopherol) comprises various
tocopherol isomers and is a major antioxidant that
prevents lipid peroxidation due to its lipophilic nature
and localization within cellular membranes [66].

Oxidative Stress and Its Effects on the Human
Body

Oxidative stress may exert both physiological and
pathological effects on the human organism [67].

Physiological effects of oxidative stress

The physiological effects include several key func-
tions essential for normal body function:

e Cell signaling. Oxidants participate in important
intracellular signaling pathways regulating cell repli-
cation, growth, and changes in cell shape and func-
tion [67].

o Immune function. Certain free radicals are used
by the immune system to destroy infections through
phagocytosis and other mechanisms [68].

e Metabolism. Oxidants participate in metabolic
processes, assisting in glucose breakdown for energy
production.

e Regulation of gene expression. Oxugants can in-
fluence gene activity and cellular functions, regulating
various biological processes [69].

e Regulation of cardiovascular function. Oxidative
stress plays a positive role in maintaining normal cardi-
ac and vascular function. Low levels of oxidative stress
can support normal heart rhythm and regulate vascular
tone [70].

The pathological effects include negative con-
sequences affecting various aspects of the human
organism. Under pathological conditions, reactive
oxygen species (ROS) can induce oxidative modifi-
cations of major cellular components such as lipids,
proteins, and DNA [69]. These oxidative changes
may lead to dysfunction of the heart and vascular
system, including:

e Cardiac dysfunction: ROS may modulate con-
tractility through oxidation of proteins such as SER-
CA2a and the contractile proteins actin and tropo-
myosin, leading to impaired cardiac contraction and
disruption of normal heart rhythm [70].

e Vascular dysfunction: Oxidative stress induc-
es endothelial dysfunction, including reduced bio-
availability of nitric oxide (NO), which is crucial for reg-
ulation of vascular tone. This process may increase
inflammatory susceptibility and contribute to the de-
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TMeTO Ha aTtepockrneposa U Apyrn CbpAe4yHOCHO0BU
3abonsaBaHus [71].

e lucnunugemusn: OKCUOATUBHUAT CTPEC MOXe
Ja yyacTBa B pPas3BMTMETO Ha AMCNUNMAEMUSA 4Ype3
okncnutenHy npomenn B LDL xonectepona, koeTo CcTu-
MynMpa Bb3nanuTeNHUSA Npouec 1 MoXxe Aa LONpUHe-
ce 3a POPMUPAHETO Ha aTepPOCKIEPOTUYHN Mnaku [72].

Tesun acnekTn nogyepTasar CroXHUS U ABYCTPaHEH
XapakTep Ha OKCMOATUBHUSI CTPEC, KOMTO MOXe Aa 6bae
KaKToO Monie3eH, Taka 1 BpefeH B 3aBMCUMOCT OT Hero-
BOTO HMBO M KOHTEKCTa Ha AeNHOCTTa My B opraHm3ma.

BrnusiHneTo Ha oKCMOaTUBHUA CTPEC BbPXY
cbpueTo

CbpaeyHa xuneptpodusa. CopgedHata xvnept-
podus e yBennyeHne Ha pasmepa Ha KapamomMuouum-
TuTe n 3agebensBaHe Ha cTeHaTa Ha CbpaeYHUTE Ka-
Mepu (nsBa unu AsicHa kamepa), KOeTo ce Habntogasa
npu yBennyeHo paboTHO HaToBapBaHe Ha cbpueTo. B
Ha4yanoTo TOBa Ce CMATa 3a afanTUBHA peakuusi, Kosi-
TO NO3BOMsIBa Ha CbPLETO Aa ce npucnocobu KeM no-
BULLEHNSA paboTeH ToBap 1 bromexaHunyeH ctpec [73].
MpogbmkaBalLata xuneptpodus obaye moxe ga go-
BeJe A0 ManaganTuBHO NpeHapexaaHe Ha CbpaeyHus
MYCKYI1, KOETO € acouMMpaHo C HeroBaTa ANCKYHKUMS
N cbpaeyHa HegocTaTbyHOCT [73].

dusmonornyHaTa xunepTpodus, Kato Tasu, KosTo
ce criyyBa crnef TPeHMpOBKa MnM No Bpeme Ha bpe-
MEHHOCT, € Haco4YeHa KbM nogabp)KaHe Ha HopmarHa-
Ta CbKpPaTUMOCT Ha CbPpLUETO M MpefoTBpaTaABaHe Ha
HebnaronpusTHU edeKkTn B AbIITOCPOYEH nnaH [74]. B
CpaBHEHUE C TOBa naTtoformyHaTa xmneptpodus, Kos-
TO ce HabnogaBa Npy MNAUUEHTU C XPOHWUYHA XUNep-
TOHWS UMK cnef MHAAapPKT Ha MUoKapaa, YecTo BoAu
00 cbpdedHa OUCHYHKUMSA, CbpAedHa HegocTaTbuy-
HOCT U MU3MEHeHUs B eKcTpauernyrnapHata marpuua,
KOWUTO MoraT Aa HacbpyasaTt pmbposaTta. MonekynHa-
Ta natoreHesa Ha CbpAevHaTa XunepTpodusi BKIHOY-
Ba pasnuyHuM akTopu, cpend KOUTO OKCMAATUBHUAT
cTpec e wmaeHTudumumpaH Kato KIYOB MOCPEOHUK
npu pas3nuyHn etmonornn. MiacnegsaHnst nokasear, ye
NPy pasnuMyHM MOAENW Ha CbpaeyHa xunepTpodus
NPy MULLIKX, OKCMOATUBHUAT CTPEC € CBbp3aH C LecT
00N KNeTbYyHU Mpoueca, BKAYUTENHO CTapeeHe,
KOHTPaKuus, pa3BoMHN NPOLIECH, KNeTbYHa AndepeH-
umaums n nponudepaunsa [74]. NscnegBaHusa CbLuo
Taka AeMOHCTpMpaT, Ye rmobanHnaT nokasaren 3a Ok-
cvaaTMBEH CTPecC, KOMTO BKMIOYBA MokasaTenn 3a Ok-
CYAaTUBHO yBpEeXAaHe M aHTUOKCUMOAHTEH Kanauutert
(OXY-SCORE), mOoxe ga pasrpaHuvym nuua ¢ xunepT-
podusa Ha ngBata Kamepa, He3aBUCUMO OT ApyruTe
puckoBu daktopm [75] OcBeH ToBa BUCOKMTE HMBA Ha
NPOTEMHOBM KapbOHUIMHN CbeanHEHNs B NnasmaTta ce
CBbp3BaT C EKCLEHTpMYHa xuneptpocusa Ha nseaTa
Kamepa npu nauMeHTn C XPOHUYHa xemogunanusa [75].

velopment of atherosclerosis and other cardiovascu-
lar diseases [71].

e Dyslipidemia: Oxidative stress may participate
in the development of dyslipidemia through oxidative
modificationof LDL cholesterol, stimulatinginflammatory
processes and contributing to atherosclerotic plaque
formation [72].

These aspects highlight the complex and dual na-
ture of oxidative stress, which may be both beneficial
and harmful depending on its level and the biological
context in which it acts.

Effects of Oxidative Stress on the Heart

Cardiac hypertrophy. Cardiac hypertrophy is
characterized by enlargement of cardiomyocytes and
thickening of the walls of the heart chambers (left or
right ventricle), observed under conditions of increased
cardiac workload. Initially, it is considered an adaptive
response that allows the heart to adjust to increased
workload and biomechanical stress [73]. However, per-
sistent hypertrophy may lead to maladaptive remodel-
ing of the myocardium, which is associated with cardi-
ac dysfunction and heart failure [73].

Physiological hypertrophy, such as that occurring
after exercise or during pregnancy, is aimed at main-
taining normal cardiac contractility and preventing ad-
verse long-term effects [74]. In contrast, pathological
hypertrophy, observed in patients with chronic hyper-
tension or after myocardial infarction, often leads to
cardiac dysfunction, heart failure, and alterations in the
extracellular matrix that may promote fibrosis.

The molecular pathogenesis of cardiac hypertro-
phy involves multiple factors, among which oxidative
stress has been identified as a key mediator in various
etiologies. Studies show that in different mouse models
of cardiac hypertrophy, oxidative stress is associated
with six common cellular processes, including aging,
contraction, developmental processes, cellular differ-
entiation, and proliferation [74]. Research also demon-
strates that a global oxidative stress index, incorpo-
rating markers of oxidative damage and antioxidant
capacity (OXY-SCORE), can distinguish individuals
with left ventricular hypertrophy regardless of other risk
factors [75]. Furthermore, high plasma levels of protein
carbonyl compounds are associated with eccentric left
ventricular hypertrophy in patients undergoing chronic
hemodialysis [75].
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OkcnpaTuBHUAT CTpec yvacTBa B natodumsmonorusata
Ha cbpaedHaTa xuneptpodus He caMmo Ype3 MbTUuLla,
perynupann ot NADPH okcugasa, KCaHTUH okcuaasa
1N MUTOXOHApWanHaTa Bepura Ha eneKkTPOHHUST TpaHC-
MopT, HO CbLLIO Taka Ype3 HapyLleHust B MeTabonmama,
MUTOXOHAPUAaNHaTa AUCKHYHKUUA, Bb3INaneHneTo u
HapylweHaTa aBTtodarus [73, 74]. Te3an mnscnensaHus
nogyepTaBaTt Ba)XHOCTTa HA OKCUAATUBHUA CTPEC KaTo
KpUTUYHa NaToU3NONONMYHa XapakTepucTMka npu
cbpaevHaTa xuneptpodus [73, 74]. Pa3bupaHeTo Ha
MEeXaHM3MUTE, Ype3 KOMTO OKCUAATUBHUAT CTPeC BMU-
sie Ha pa3BUTUETO Ha xunepTpodusiTa, MOXe Aa JoBe-
e [0 pa3paboTBaHETO HA HOBW CTpaTErnn 3a HEMHOTO
NPeBEHLUS 1 NeYeHne.

MCXEMUYHA BONECT HA CBHPLETO

Ponsa Ha okcuaatuMBHMSA CTPeC M aHTMOKCUOAHTHa-
Ta 3awmTa. MicxemmnyHata 6onect Ha cbpueTo (MBC) e
CBbp3aHa Cc gucnunuaemmnst n gucbanaHc mexagy npo-
N3BOACTBOTO Ha peakTUBHU kucropoaHu sugose (ROS)
N EH3UMHW/HEEH3UMHWN aHTUOKCUOAHTHUN 3aLLUUTHU CUC-
Temu. ToBa BOAW 4O eHAOTENHa ANCHYHKLUNS U pa3Bu-
TVE Ha aTepockriepo3a B KOPOHapHUTE apTepumn, KOETO
€ XapaKTepHOo 3a NaumneHTUTEe C KOpOHapHa apTepuarn-
Ha 6onect (KAB) [46]. OkcnaaTUBHUAT CTpec ce CMs-
Ta 3a HOB PaKTOp Ha PUCK, OTFOBOPEH 3a Pa3BUTUETO
Ha KAB 1 urpae pons B nporHosata u Ka4ecTBOTO Ha
XMBOT Ha naumeHTute [46]. OKCMAATUBHUAT CTPEC He
CaMo 4e e CBbp3aH C aTepocknepos3aTa, HO CbLUO Taka
MOXe [a Npeav3BrKa oKcugaTMBHa MoandUKaLms unm
yBpexaaHe Ha nunugute, AHK 1 npotenHute, KoeTo
nma BpegHu eekTy BbpXy CTPyKTypaTta U yHKLMATa
Ha cbaoBaTa cuctema [46, 49]. Cpen OCHOBHUTE CBO-
6oOHM pagukanu, ydacTBalm B OKCUMOATUBHUS CTPEC,
ca cynepokcugeH pagvkan (O,7), BOOOPOAEH NEepOkK-
cung (H,0,), xuapokeunHuat pagukan (OH), nepokcun-
HuaT pagukan (RO), n xmaponepoKCUnHMAT paamkan
(HRO") [49]. OcBeH TsIX, peakTUBHUSA OKCUAATUBEH
cTpec BkntouBa M a3oTHU Buagose (RNS), kato nepo-
KeuHUTPUT (ONOO-), KOETO € 0CODEHO BaXKHO 3a NaTo-
reHesaTta Ha KAB [49]. ROS yBpexagaT Krno4oBu More-
Kynn B CUrHamnHuWTe nMbTuUlla, ydyacTBally B CbOOBOTO
Bb3nasnieHve, 1 HapyllaBaT OCHOBHM GMOMOneKkynu B
KNeTKNTe, BOAELUM OO OKCMAATMBHA Moamndukaums Ha
nUNUanTE, KOETO NpaBu TE3W NUNUAN aTeporeHHn [49].
[MaBHUTE M3TOYHULM HA OKCUMAATUBEH CTPEC BKITHOY-
BaT paroumTHaTa nsodgopma Ha NADPH okcupasata
(Nox2 n Nox1), kcaHTuH okcnpasata (XO) u anceyHk-
umnoHanHus eNOS [48, 49]. PuckoBu pakTopu KaTo xu-
neprunUAEMnst, XMNeprimkemMusl, NyLeHe, X1MnoKcusi 1
apyrm aktusmpat NADPH okcupasarta ypes pasnnyHu
CUrHanHu nbTuwla [76]. YCTaHOBEHO €, Ye yBEeNTMYeHo-
To ocBoboxgasaHe Ha ROS ot NADPH okcupasute u
MUTOXOHAPWANHUTE eH3MMW BOAU A0 XMnepTpodud Ha

Oxidative stress contributes to the pathophysiology
of cardiac hypertrophy not only through pathways reg-
ulated by NADPH oxidase, xanthine oxidase, and the
mitochondrial electron transport chain, but also through
metabolic disturbances, mitochondrial dysfunction, in-
flammation, and impaired autophagy [73, 74]. These
findings emphasize the importance of oxidative stress
as a critical pathophysiological feature of cardiac hy-
pertrophy [73, 74]. Understanding the mechanisms by
which oxidative stress influences hypertrophy develop-
ment may lead to the development of new preventive
and therapeutic strategies.

IscHEMIC HEART DISEASE

Role of oxidative stress and antioxidant defense.
Ischemic heart disease (IHD) is associated with dys-
lipidemia and an imbalance between the production of
reactive oxygen species (ROS) and enzymatic/non-en-
zymatic antioxidant defense systems. This imbalance
leads to endothelial dysfunction and the development
of atherosclerosis in the coronary arteries, characteris-
tic of patients with coronary artery disease (CAD) [46].

Oxidative stress is considered a novel risk factor
responsible for the development of CAD and plays a
role in prognosis and quality of life in affected patients
[46]. Oxidative stress is not only associated with ath-
erosclerosis but can also induce oxidative modification
or damage to lipids, DNA, and proteins, adversely af-
fecting vascular structure and function [46, 49].

Among the principal free radicals involved in ox-
idative stress are superoxide radical (O,”), hydrogen
peroxide (H,O,), hydroxyl radical (OH), peroxyl radical
(RO), and hydroperoxyl radical (HRO") [49]. In addition,
reactive nitrogen species (RNS), such as peroxynitrite
(ONOQ"), are included in oxidative stress processes
and are particularly important in the pathogenesis of
CAD [49].

ROS damage key molecules in signaling pathways
involved in vascular inflammation and disrupt essential
cellular biomolecules, leading to oxidative lipid modifi-
cation that renders lipids atherogenic [49]. Major sourc-
es of oxidative stress include the phagocytic isoforms
of NADPH oxidase (Nox2 and Nox1), xanthine oxidase
(XO), and dysfunctional endothelial nitric oxide syn-
thase (eNOS) [48, 49].

Risk factors such as hyperlipidemia, hyperglycemia,
smoking, hypoxia, and others activate NADPH oxidase
through various signaling pathways [76]. Increased
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KapguomuoumTute, hnbposa 1 yBenmyeHme Ha MeTa-
nonpoTtenHasute [76]. MaBHUAT MEXaHU3bM 3a akTu-
Bauust Ha NADPH okcupasarta € meguvpaH ot curHan-
Hus nbT Ha PKCa/B2, kato npotenH knHasa C wrpae
kntoyoBa pons [76]. p47phox, OCHOBEH perynatop Ha
Nox2 (gp91phox), e BaxkeH 3a akTmBaumsata Ha NADPH
okcupasata. Ekcnpecusita Ha p47phox e yBennyeHa
npu nauneHtn ¢ KAb n HagHopmeHo Terno [76, 77].
KcaHTMH okcupasaTa, KOATO € 3HaYMTENnHO MoBuLe-
Ha npu nauneHTn ¢ KAB 1 HagHOpPMEHO Terno, urpae
CblLO BaXHa pofs KaTto CTMMynaTop Ha yBenuieHus
okcupaTtuBeH ctpec [76, 77]. acnegBaHusa nokasaxa,
Ye MauMeHTU C MOBULLEH MHAOEKC Ha TernecHa Mmaca
(BMI), konto ovakBaT KOpOHapHO apTepuanHo 6arna-
cvpaHe (AKB), oeMoHcTpupaT noBuLIEHa aKTUBHOCT
Ha okcupaTtueHua ctpec (ROS), yBennyeHa ekcnpe-
cus Ha eHsumun, npoussexgawm ROS (kato p47phox n
KCaHTWH OKCMAasa), HamarieHa eKCnpecust Ha aHTUOK-
CvaaHTM (KaTo MUTOXOHAPWanHa angexua gexumgpore-
Ha3sa, xemokcureHasa-1 n eNOS) n noBuLIeHN MapKepu
Ha Bb3naneHue B cepyma [48, 49]. Nog4yepTtasa ce, 4e
naumeHTuTe ¢ MHoroknoHosa KAB mmaT 3HauuTerHo
Nno-BMCOKMN HMBaA Ha ManoHguangerng (MDA) n no-Hu-
CKM HMBa Ha rnyTatuoH (GSH), obiaTta aHTMOKCUOAHT-
Ha crnocobHocT Ha nnasmata (TAC) 1M akTMBHOCT Ha
rnyTaTMoHNepokcuaasa B epuTpoLMTUTE CNpSIMO Te3un
C edHO- Mnu ABYKINOHOBO CTEHO3MpaHe Ha KopoHap-
HuTe aptepun [48]. N3cnepBaHusTa Ha ABonxacaHu un
Kon. [49] nokaseaT 3HAUMTENHO HaMarneHne Ha aHTUO-
keuganTtute npu naunenTn ¢ KAB. Cnopen Tekywimte
OaHHKU, cepyMHUTEe HuBa Ha C-peakTUBEH MPOTEUH C
BMncoka vyBctButenHoct (hs-CRP), cnanuHoBa kncenm-
Ha (SA), ButpoHekTuH (VN), nHxmbuTop Ha akTuBaTopa
Ha nnasmuHoreHa-1 (PAI-1), okcugupan LDL (Ox-LDL)
n manoxvgnangerng (MDA) ca 3Ha4MTENHO MOBULLEHM
npu naumeHTn ¢ KAB B cpaBHeHMe CbC 34paBaTa KOH-
TponHa rpyna. JlunugHata nepokcuaaums, npeanssu-
kaHa ot ROS, Boau 0o obpasyBaHETO Ha HEHACUTEHU
angexunan, kato akponeuH n manonanangerng (MDA),
KOWUTO MposBABAaT TOKCUYHW edekTu. M3cnegsaHe oT
Munmas n cbTp. AEMOHCTPUPA 3HAYUTENHO NO-BUCOKO
CEepyMHO HMBO Ha manoHauangerng (MDA) n 3Hauun-
TEMNHO no-HamaneHa obla aHTUOKCHAaHTHa Cnocob-
HocT Ha nnasmarta (TAC) npu naumneHTn ¢ KAB []. U3-
cnefgBaHe Ha HuWHWMY n cbTp. Nokasea, 4Ye OCHOBHUAT
NPOAYKT Ha nunuaHata nepokcugauusi, peakTuBHUTE
BellecTBa Ha TMobapbutyposaTta kucenuHa (TBARS),
€ 3HaAYMTENHO MO-BMCOK MPW MauUMEHTUM C KOpOHapHa
apTepuanHa 6onect (CAD) B cpaBHeEHME C KOHTPOS-
HaTta rpyna [10]. B cbLLiOTO BpeEMe, aHTMOKCUOAHTHOTO
OENCTBME HA MHOXECTBO CEPYMHWU aHTUOKCUOAHTU €
3HauuTenHo no-Hucko [10, 48]. TBARS Boau oo no-Ha-
TaTblUHO 0Bpa3dyBaHe Ha CBOOOAHM KUCNOPOOHN paau-
kanu (ROS) n gencrtea Bbpxy npotenHu n OHK, koeto
OKasBa aTeporeHHun n mytareHHun edpektn [10, 48].

ROS release from NADPH oxidases and mitochondri-
al enzymes has been shown to lead to cardiomyocyte
hypertrophy, fibrosis, and increased matrix metallopro-
teinases [76]. The primary mechanism of NADPH oxi-
dase activation is mediated via the PKCa/B2 signaling
pathway, in which protein kinase C plays a key role [76].

p47phox, a major regulator of Nox2 (gp91phox), is
essential for NADPH oxidase activation. Expression of
p47phox is increased in patients with CAD and obesity
[76, 77]. Xanthine oxidase, significantly elevated in pa-
tients with CAD and obesity, also plays an important role
as a stimulator of increased oxidative stress [76, 77].

Studies have shown that patients with elevated body
mass index (BMI) awaiting coronary artery bypass graft-
ing (CABG) exhibit increased oxidative stress activity
(ROS), increased expression of ROS-producing enzymes
(such as p47phox and xanthine oxidase), decreased ex-
pression of antioxidants (such as mitochondrial aldehyde
dehydrogenase, heme oxygenase-1, and eNOS), and el-
evated serum inflammatory markers [48, 49].

It has been emphasized that patients with multives-
sel CAD have significantly higher levels of malondialde-
hyde (MDA) and lower levels of glutathione (GSH), total
antioxidant capacity (TAC) of plasma, and erythrocyte
glutathione peroxidase activity compared with those with
single- or double-vessel coronary stenosis [48].

Studies by Abolhasani et al. [49] demonstrate a sig-
nificant reduction in antioxidants in CAD patients. Ac-
cording to current data, serum levels of high-sensitivity
C-reactive protein (hs-CRP), sialic acid (SA), vitronec-
tin (VN), plasminogen activator inhibitor-1 (PAI-1), oxi-
dized LDL (Ox-LDL), and malondialdehyde (MDA) are
significantly elevated in patients with CAD compared
with healthy controls.

Lipid peroxidation induced by ROS leads to the for-
mation of unsaturated aldehydes such as acrolein and
malondialdehyde (MDA), which exert toxic effects. A
study by Yilmaz et al. demonstrated significantly higher
serum MDA levels and markedly reduced total antiox-
idant capacity (TAC) in CAD patients. A study by Ninic
et al. showed that the main lipid peroxidation product,
thiobarbituric acid reactive substances (TBARS), is
significantly higher in patients with coronary artery dis-
ease compared with controls [10].

At the same time, the antioxidant activity of numer-
ous serum antioxidants is significantly reduced [10, 48].

TBARS promotes further formation of reactive ox-
ygen species and acts on proteins and DNA, exerting
atherogenic and mutagenic effects [10, 48].
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Moxem fOa 3akrnioumMMm, Ye OKCUAATUBHUAT CTpec
urpae Knio4voBa ponsd B pasBUMTMETO WM natoreHesata
Ha KOpoHapHa apTepuarnHa 60mnecT U Bb3HUKBAHETO
Ha HeMHWTEe yCroxHeHus. Ypes moaynaums Ha MHOro
CINOXHN 1 pa3HOOOpa3HN MOMEKYNHN MbTULA U pas-
NNYHM OMOMONEKYNU, OKCUAATUBHUAT CTPEC MOXe Aa
O6bae HamaneH. B momeHTa ce npoBexgaT HOBU U3-
crnefBaHus U Npoy4YBaHWs, KOUTO y4acTBaT B TO3U U3-
KIMIOYUTENHO CroXXeH buonoruyeH npouec. Te moraT ga
OTKPUAT HOBW TEPaANEBTUYHN LLENU U, B KpariHa CMETKa,
0a HamansaT pa3BUTUETO 1 ycrioxkHeHusaTa Ha CAD.

MpeacbpagHoto MbXxaeHe ([IM) e wusBecTHa
CbpaevyHa apuTMUs, YUATO HaNMYHOCT 3HAYUTENHO
BMoLLaBa XunBOTa Ha NauueHTUTe 1 yBenunyasa pucka
OT Cepuo3Hu 3abonsBaHmsa U cmbpTHOCT [33]. Obnro-
CPOYHOTO NOAAbPXKAHE Ha HOPMarHUS CUHYCOB PUTHM
npu naumeHtute ¢ M npepcraBnsBa 3HAYMTENHO
npean3BuKaTerncTBo, NOpaan aganTUBHUTE MPOMEHN,
KOWTO HacCTbMBaT B CbpAeyHaTa TbKaH, BKMOYUTENHO
€NeKkTpU4ecko M CTPYKTYpHO pemogenupaHe. Mexa-
HU3MWTE, KOUTO JOMNPUHACAT 33 MHULUMPAHETO 1 Noa-
ObpxaHeto Ha MM, ocTtaBat crnabo pasbpaHu, HO ce
cunTa, Ye BKMYBAT Bb3narieHne 1 OKCMaaTUBEH CTPEC
[13]. acneaBaHuaTa nokasear, Ye Bb3nanuTenHn uH-
duntpaTtn, MMokapaHa Hekposa 1 ubposa ca 4ecTo
NpUCHCTBALUM B NpeacbpaHata TbkaH Npy NaumeHTu
¢ namnonatunyHo MNMM. JJonbnHMTENHO, Mapkepn Ha Bb3-
naneHne kato uHtepneskuH 6 (IL-6) n C-peakTmseH
NPOTEUH Ca yBeNnu4eHu npu Tesm naumeHTtn. Okcmaa-
TMBHUAT CTPEC Urpae CbLLO Taka KI4voBa pons B na-
ToreHesaTta Ha 1M [13]. EkcnepuMeHTanHun nacnensa-
HMS MOKas3BaT, Ye HMBaTa Ha ackopbWHOBa KucenvHa
HamansiBaT, a HATPUPAHETO Ha MPOTEMHU (Mapkep 3a
OKCUOATMBEH M HUTPO3aTMBEH CTPEC) Ce yBernu4yaBa
npu mogenu Ha M [33]. OcBeH ToBa, BUOXUMUYHMK
OaHHW nogdepTaBaTt ponsata Ha NEPOKCUHUTPUT U XU-
OPOKCUNHWN pafivkanu KaTto NpOAYKTU Ha reHepaumsaTa
Ha KucnopoaHu pagukanu B Tesn ycnosus [33]. One-
paTvBHaTa peBackynapusauus Ha MMokapga YecTto ce
ycnoxHsaea ot MM n e acounmnpaHa ¢ yBenuyeHme Ha
OKCUAMPaH ryTaTUoOH U NunuaHa nepokcugauus. Bob-
npekn Ye TekyLmTe in vivo nacrneaBaHus ca 3aTpygHe-
HW OT NuncaTa Ha HagexXxgHW MeToau 3a Konmy4ecTBeHO
onpefensHe Ha OKCUAATUBHUSA CTpec, paspaboTkaTa
Ha HOBM MeTOOM 3a M3mepBaHe Ha F2-usonpoctanu-
Te NPefocTaBs Bb3MOXHOCT 3a TOYHA OLIEHKA Ha TO3u
npouec in vivo [33]. NHTepecHOTO B3aumMoaencTeaune
Mexay Bb3narieHue 1 oKCuaaTuBeH CTpec nogyepTasa
HeobxoaMmocTTa oT No-Aobpo pa3dbupaHe Ha Te3n Me-
XaHN3MM, KOETO MOoXe [a BOAM A0 pa3paboTBaHEeTo Ha
no-eeKkTVBHN TepaneBTUYHN cTpaTerum 3a MNM.

CbpaeyHata HeAOCTaTbYHOCT CbC 3anaseHa
dpakumsa Ha nstnackeaHe (HFpEF) e xapaktepusnpaHa
C AmacTtonHa AMCKYHKUMS Ha CbpPLETO, KOATO NMpous-
TM4a OT KOMMIIEKCEH MEXaHU3bM, BKITHOYUTENHO OKCU-

We may conclude that oxidative stress plays a key
role in the development and pathogenesis of coronary
artery disease (CAD) and in the occurrence of its com-
plications. Through modulation of numerous complex
and diverse molecular pathways and various biomol-
ecules, oxidative stress may be attenuated. Current-
ly, new experimental and clinical studies are being
conducted that address this highly complex biological
process. These investigations may identify novel ther-
apeutic targets and ultimately reduce the progression
and complications of CAD.

Atrial fibrillation (AF) is a well-known cardiac ar-
rhythmia whose presence significantly impairs patients’
quality of life and increases the risk of serious morbidity
and mortality [33]. Long-term maintenance of normal si-
nus rhythm in patients with AF represents a major chal-
lenge due to adaptive changes occurring in cardiac tis-
sue, including electrical and structural remodeling. The
mechanisms contributing to the initiation and mainte-
nance of AF remain incompletely understood but are be-
lieved to involve inflammation and oxidative stress [13].

Studies demonstrate that inflammatory infiltrates,
myocardial necrosis, and fibrosis are frequently present
in atrial tissue in patients with idiopathic AF. Additionally,
inflammatory markers such as interleukin-6 (IL-6) and
C-reactive protein are elevated in these patients. Oxida-
tive stress also plays a key role in the pathogenesis of
AF [13]. Experimental studies show that ascorbic acid
levels decrease, while protein nitration (a marker of ox-
idative and nitrosative stress) increases in AF models
[33]. Furthermore, biochemical data highlight the role of
peroxynitrite and hydroxyl radicals as products of oxy-
gen radical generation under these conditions [33].

Surgical myocardial revascularization is frequent-
ly complicated by AF and is associated with increased
oxidized glutathione levels and lipid peroxidation. Al-
though current in vivo investigations are limited by the
lack of reliable methods for quantifying oxidative stress,
the development of novel techniques for measuring
F2-isoprostanes provides an opportunity for accurate
in vivo assessment of this process [33]. The complex
interaction between inflammation and oxidative stress
underscores the need for a better understanding of
these mechanisms, which may lead to the develop-
ment of more effective therapeutic strategies for AF.

Heart failure with preserved ejection fraction
(HFpEF) is characterized by diastolic dysfunction of
the heart resulting from a complex mechanism in-
volving oxidative stress and inflammation [78-80].
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patmBeH ctpec u Bb3naneHue [78-80]. Tean npouecn
UrpasiT KNtoyoBa pors B pa3BMTUETO Ha BonecTTa 1 B3a-
MMOLENCTBMETO M C ApYrn hakTopu, Kato komopbuan-
TETU U CbCTOSIHUSA Ha CKeneTHUTe myckynu [78, 79, 80].

1. OkcupaTuBeH cTpec U Bb3naneHue: [pu
HFpEF, okcuoaTnMBHMAT CTpec € HapylleH BbB BCUY-
KA KOMMOHEHTU Ha CbpAevyHUs MeTabonmabM, BKMO-
YNTENHO MUWOKapOHWUS U MUKPOBACKYMNapHUS eHgoTen
[78]. EkcnepumeHTanHn uacneaBaHns M aHanuMsu Ha
YOBELLKN TbKaHW AEMOHCTpUpaT, Ye NMpou3BOLCTBOTO
Ha peakTuBHU kucnopogHu sugose (ROS) ot eHpgoTe-
na e yBenu4yeHo, a brogoCcTbNHOCTTA Ha a30TeH OKCUA
(NO) e HamaneHa [78]. ToBa ce OAbImKM Ha yBenuyeHa-
Ta okcugaumsa u HamaneHa npoaykumsa Ha NO, koeTo
BOOW OO0 OMCYHKUMS Ha eHOoTena u HamaneHa pe-
nakcaums Ha cboBaTta CTeHa.

2. MexaHusmu 3a aucdyHkumsa: HuckuTe HuBa
Ha NO okasBaT BNMsiHME BbpXy NpoAyKUMATa Ha uu-
KnuyeH ryaHo3nmHmoHodocdatr (cGMP) upes ryaHu-
naTtuuknasa v nocrnegsailarta akTMBHOCT Ha MPOTEWH
knHasa G (PKG) [79]. HegocTaTtbyHuaT curHan Ha PKG
BOOM OO XMnepTpodus Ha KapguoMmoLuMTUTE U MOBU-
LeHa MuoKapaHa ,purngHocTt” 4ype3 dhoccopunuaa-
UMst Ha TUTKH, KOETO € BaXHa Kaysa 3a guacronHara
ancoyHkums npu HFpEF [79].

3. Bb3naneHue u ¢ubposa: BbsnanutenHute
npoLuecH CbLLO UrpasT KNYoBa porns B pa3BMTUETO Ha
HFpEF, kato OTroBopbT Ha Bb3nanuTENHU LIUTOKUHU
kato TNFa n IL-6 e cBbp3aH C yBenmyeHn HMBa Ha Kna-
cndukaumaTa Ha New York Heart Association (NYHA)
W HamarnsiBaHe Ha ppakuuaTa Ha nstnacksaxe [80, 81].
Bb3nanutenHuTe oTroBopu JonpuHacaT 3a obpasysa-
HETO Ha MexayTbkaHHa ubposa Ype3 CTUMynupaHe
Ha KorareHoBa NpoJyKuUMsi U NPOMEHN B MUKPOLMPKY-
nauusaTa Ha cbpLeTo.

Cb4yeTaHMETO OT OKCMAATMBEH CTpPecC, Bbanare-
HMEe M N3MEHEHUs BbB BackyrnapHaTa yHKUUSA urpa-
AT porsiTa Ha KNoYoBM MEXaHW3MKM B naToreHesara Ha
HFpEF. Pa3bunpaHeTo Ha Te3n MexaHM3mmn e KpUTU4HO
3a pasBUTUETO Ha HOBM TepaneBTUYHW cCTpaTerum u
noaxoam 3a ynpaBreHne Ha Ta3n CceprosHa KMHUYHa
cutyaums [78-81].

3Haunma porns MMa u npuapyxaBalmaT Komopou-
OWTET, KaTo:

e O6e3UTeTHLT Mrpae 3Ha4yMma porns Kato KoMop-
OuoeH chakTop Npu pasBUTMETO Ha CbpAeYHa HeJoc-
TaTbYyHOCT. B cnegcteme Ha xuneptpoduaTa n xunep-
nnasusaTa Ha agunounTuTe, obesneyaBally eHEPrUiHM
3anacu 1 perynupaium metabonuTHM npouecu, ce ak-
TMBUPAT pPasnuyHy NaTtouanonorMyHu MexaHu3mu,
KOWUTO MoraT fa yBenuyaTt pucka oT CbpAedHa Hegoc-
TaTbyHOCT [82-85]:

1. MpoBb3NanNnUTeNHN LUTOKUHU U aAUNOKUHMU:
B xunokcnyHaTa cpega MacTHaTta TbkaH CTMMynuvpa
NPON3BOACTBOTO Ha NPOBbL3NANUTENHN LIMTOKMHN KaTo

These processes play a key role in disease de-
velopment and in its interaction with other factors,
such as comorbidities and skeletal muscle alter-
ations [78-80].

1. Oxidative stress and inflammation: In HF-
pEF, oxidative stress is disrupted in all components
of cardiac metabolism, including the myocardium
and the microvascular endothelium [78]. Experimen-
tal studies and analyses of human tissue demon-
strate that endothelial production of reactive oxygen
species (ROS) is increased, while nitric oxide (NO)
bioavailability is reduced [78]. This results from in-
creased oxidation and decreased NO production,
leading to endothelial dysfunction and impaired vas-
cular wall relaxation.

2. Mechanisms of dysfunction: Reduced NO
levels influence cyclic guanosine monophosphate
(cGMP) production via guanylate cyclase and subse-
quent protein kinase G (PKG) activity [79]. Impaired
PKG signaling leads to cardiomyocyte hypertrophy and
increased myocardial stiffness through titin phosphor-
ylation, which is a major cause of diastolic dysfunction
in HFpEF [79].

3. Inflammation and fibrosis: Inflammatory
processes also play a central role in HFpEF devel-
opment, as the response to inflammatory cytokines
such as TNF-a and IL-6 is associated with higher
New York Heart Association (NYHA) functional class
and reduced ejection fraction [80,81]. Inflammatory
responses contribute to interstitial fibrosis by stim-
ulating collagen production and altering cardiac mi-
crocirculation.

The combination of oxidative stress, inflammation,
and vascular dysfunction represents key mechanisms
in the pathogenesis of HFpEF. Understanding these
mechanisms is critical for the development of new ther-
apeutic strategies and management approaches for
this serious clinical condition [78—81].

Comorbid conditions also play a significant role,
including:

e Obesity is an important comorbid factor in the
development of heart failure. As a result of adipocyte
hypertrophy and hyperplasia — processes that ensure
energy storage and regulate metabolic activity —
multiple pathophysiological mechanisms are activated
that may increase the risk of heart failure [82—85]:

1. Proinflammatory cytokines and adipokines:
In the hypoxic environment of adipose tissue,
production of proinflammatory cytokines such as IL-1,
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IL-1, IL-6, IL-23, TNFa 1 TGFB [82]. Te3n uMTOKMHM He
camo yBenu4yaeaTt Bb3nanuternHata peakuusi, HO 1 yc-
KopsiBaT Nporpecusita Ha cbpaevHaTa HegoCTaTbYHOCT
ypes pasnuyHn mexaHuamm [82].

2. AQUNOKMHU M ponsaTa UM: ANgOCTEPOHBT Ha-
npuMep MOXe [a Ce MpPoM3BEXA4a KaKTo OMPEKTHO OT
agunouMTuTe, Taka 1 4pes nMbTula, MHOyuMpaHu ot
nentuHa [83]. JlenTuHbT, B CBOW pef, CTUMynuvpa aH-
TMOTEH3UH-11 1 MPON3BOACTBOTO Ha anfgoCTEPOH, KaTo
yBenMyaBa 3a4bpXaHeTo Ha COMl U Boda 4pe3 akTu-
Bauus Ha B2-peuenTtopute Ha 6bOpeuunte [83]. Tesun
npouecu OONPUHAcAT 3a yBENUYeH nnasmeH obem u
HaToBapBaHe Ha cbpueTo [83].

3. Cuctemu RAAS u SNS: lNoBuLLeHa akTUBHOCT
Ha CUCTEMUTE 33 PEHUH-aHMMOTEH3UH-angoCTEePOH
(RAAS) n cumnaTtunyHata HepsHa cuctema (SNS) noa-
ObpXa M yBenvMyaBa CUCTEMHOTO Bb3narneHue. Toea
CbCTOsIHME BoaM [0 bmbpo3a M yBeEnMYEeH nnasmeH
o6em, KOUTO OOMbIHWTENHO HaTOBapBaT CbPLETO U
crnocobcTBaT 3a pasBUTMETO Ha CbpAeyHa HedocTa-
TbYHOCT [84].

4. Onetn c BUCOKO CbAbpPXKaHMe Ha Ma3HUHU U
Henpunu3nH: BucoknTe HMBa Ha Ma3HWHK B ueTarta u
caMu agaumnoumTy CTUMynupaTt Npou3BoACTBOTO Ha He-
NPUNU3NH, KONTO Aerpagnpa HaTpuypeTUYHU NenTuaun,
OTrOBOPHW 3a HaTpuesBus 6anaHCc n n3BogHaTa (PyHk-
uMs Ha cbpueTo [85].

e 3axapHuaT guabet (guabet Tvn 2) urpae CbLuo
TOMKOBa 3Ha4MMa porst KOMKO CbpAeyYHOCHOOBO Cb-
nbTcTBaLLO 3abonsiBaHe kakTo npu HFpEF (cbppeyvHa
HeQOCTaTbYHOCT C 3anaseHa ppakums Ha u3Tnacksa-
He), Taka n npu HFrEF (cbpaeyHa HegocTaTbyHOCT C
HamaneHa ¢pakums Ha uaTtnacksaHe) [30]. BaxHute
MexaHM3MU, KOUTO 0BsICHABAT Ta3n Bpb3Ka, BKITHOYBAT:

1. MHCcynuHOBa pPEe3UCTEHTHOCT M XUMeprnu-
kemusi: VHcynmMHOBaTa pe3NCTEHTHOCT W XWUMEpPrnu-
KemusiTa 3aemMat LEeHTparHo MSACTO B Pa3BUTUETO Ha
cbpaeyHa amcdyHkums npu gnabet [50]. Te ctumynupar
yBenuyeHa akTMBHOCT Ha pocchoeHonnmpysaTkapOoKCu-
KMHa3a un gucperynaumsa Ha mukpoPHK 1 ekzocomm [51,
52]. Toea Bogn go yBenuuyeHve Ha NFKB n curHanHus
MOZYNaTop Ha UMKIUYHUS afeHOo3MH-5-MoHodocdar,
KaKTo M HamansiBaHe Ha CUrHammute Ha NMEepPOKCU3OMEH
nponvdgepaTop-akTUBMpPaH peLenTop-y 1 SapeH dakTop
epuTpons 2-cebp3aH hakTop 2, KOUTO HOPMarHO Hacbp-
YyaBarT [T1I0KO30BaTa XOMeocTa3a U MMaTt aHTu-Bb3nanu-
TENHW 1 aHTU-XMNEePTPONYHN peakumm [51].

2. NpousBoAcTBO Ha NPOBBL3NANIUTENIHA LUTO-
knHu u ROS: YBenunyennatr NFkB ctumynupa npous-
BOZCTBOTO Ha NPOBBb3NanNUTenHu LMTokuHmn kato TNFa,
IL-1 v IL-6, kakTO 1 Ha nHdnamosomn [52]. Tean um-
TOKMHU U MH(NAMO30MU OOMBIAHUTENHO HacbpyaBaT
yBenMyaBaHeTo Ha npoussoacTBoTo Ha ROS (peakTue-
HW KMCINOPOAOHM BMOOBE), KOETO MOXE Aa MOBMusie Ha
CcbpAeyHaTa pyHKUMSA 1 cTpykTypaTa [52].

IL-6, IL-23, TNF-a, and TGF-f is stimulated [82]. These
cytokines not only amplify inflammatory responses
but also accelerate heart failure progression through
multiple mechanisms [82].

2. Adipokines and their role: Aldosterone, for
example, may be produced directly by adipocytes
or via leptin-induced pathways [83]. Leptin, in turn,
stimulates angiotensin Il and aldosterone production,
increasing salt and water retention through activation
of renal [2-receptors [83]. These processes
contribute to increased plasma volume and cardiac
workload [83].

3. RAAS and SNS activation: Increased activity
of the renin—angiotensin—aldosterone system (RAAS)
and the sympathetic nervous system (SNS) sustains
and amplifies systemic inflammation. This state
promotes fibrosis and plasma volume expansion,
further burdening the heart and contributing to heart
failure development [84].

4. High-fat diets and neprilysin: High dietary fat
intake and adipocytes themselves stimulate neprilysin
production, which degrades natriuretic peptides
responsible for sodium balance and cardiac excretory
function [85].

e Diabetes mellitus (type 2) is an equally
significant cardiovascular comorbidity in both HFpEF
(heart failure with preserved ejection fraction) and
HFrEF (heart failure with reduced ejection fraction)
[30]. Key mechanisms explaining this association
include:

1. Insulin resistance and hyperglycemia: In-
sulin resistance and hyperglycemia play a central
role in the development of cardiac dysfunction in
diabetes [50]. They stimulate increased phosphoe-
nolpyruvate carboxykinase activity and dysregula-
tion of microRNAs and exosomes [51, 52]. This leads
to increased NF-kB activity and cyclic adenosine
monophosphate signaling modulation, along with re-
duced signaling of peroxisome proliferator-activated
receptor-y (PPAR-y) and nuclear factor erythroid 2—
related factor 2 (Nrf2), which normally promote glu-
cose homeostasis and exert anti-inflammatory and
anti-hypertrophic effects [51].

2. Production of proinflammatory cytokines
and ROS: Increased NF-kB activity stimulates pro-
duction of proinflammatory cytokines such as TNF-aq,
IL-1, and IL-6, as well as inflammasomes [52]. These
cytokines and inflammasomes further enhance ROS
production, potentially affecting cardiac structure
and function [52].
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3. Cucrtemu RAAS u SNS: lNoBuniLeHa akTUBHOCT
Ha cucTemMuTe 3a PEeHWH-aHMMOTEH3NH-anaoCTEPOH
(RAAS) 1 cumnatumyHaTa HepBHa cuctema (SNS), kou-
TO Ca YecTo MOBULLIEHM Npu AnabeT, cTuMynupar npo-
N3BOACTBOTO Ha MPOOYKTW OT KpaeH FMMUKUIUHE [52].
Tesn npoagykTn HacbpyasaT npom3BoacTBoTo Ha ROS
N aKTMBaumsiTa Ha MUTOreH-aKTMBMPaHa NPOTENHKUHA-
3a (MAPK) B cbpLEeTO, KOETO MOXe Aa AoMpuHece 3a
XnnepTpodums Ha nsBaTa kamepa n oumbposa [51].

4. MukpoBacKynapHa AvcchyHKUMA U Bb3narne-
Hue: RAAS n SNS cbllo Taka ca CBbp3aHM C MUKPO-
BackynapHa AUChYHKUUS U MPOrPeCMBHO Bb3nanexve,
KOETO yBernu4yasa Npou3BOACTBOTO HA aAXE3NOHHN MO-
nekynu n untokuHm [50]. ToBa CbCTOSAHNE yCcumnBa npe-
xoga Ha Makpodarnte KbM NpoBb3nanuTenHa gopma
M1 1 moxe Aa Hacbp4yu ucxemusaTa Ha Mrokapaa [52].

e AptepuanHaTta xuneptoHus (AX) urpae Kpu-
TUYHa pons B NMporpecusita Ha CbpAEeYHOTO YBpexXaa-
He, ocobeHO 4Ype3 CTMMynMpaHe Ha Bb3nanuTenHus
OTrOBOP Y yBENM4YaBaHe Ha NMpOM3BOACTBOTO Ha peak-
TMBHM KkucnopoghHu sugose (ROS) [53]. ETo Hakom oT
KMoYOBUTE MeXaHn3MK, Ype3 konto AX Brvsie Ha Cbp-
OEeYHOTO 34paBe U PYHKLMS:

1. Bb3nanuteneH otroBop M ROS: Bwucokoto
KPBBHO HansraHe CTMMynuvpa Bb3nanutenHus oTroBop B
cbpaevHocbaoBaTa cucTeMa. YBENMYEHOTO KPBBHO Ha-
nsraHe 1 B1COKaTa CorneHa amera ca CBbp3aHu ¢ yBenu-
YeHne Ha HMBaTa Ha numcounTuTe T-NOMOLLHUTE KNETKN
17 (Th17), kouto moraTt ga aktmempart mbTa Ha p38-MAPK
n MuToreH-akTuBmMpaHa nporenHkmHasa (MAPK), Bogen-
KM OO YBENMYEHO MPOM3BOACTBO HAa MPOBbL3MANUTENHM
umMToKMHM Kato IL-6, IL-17, TNFa n IFN [53].

2. BnuaHue Ha conTta: [1pekoMepHUAT npuem
Ha con yBenv4yaBa M3passiBaHETO Ha peLenTopu KaTto
Toll-like receptors (TLRs), nndnamosomu n P2 x 7 pe-
uentopu [54]. Tesn peuenTopu UrpasT BaxkHa pons B
yBenu4aBaHeTO Ha Bb3NanuTernHuTe npouecu npu xu-
nepToHunaTa.

3. CucteMHM Bb3NANUTENTHA MexaHusMu: Xu-
nepToHusATa MHOyLMpa CUCTEMHO Bb3naneHue, KOeTo
yBenvyaBa akTMBHOCTTa Ha CMMMaTMKycoBaTa HepBHa
cucTemMa 1 cuctemMaTta 3a pPeHUH-aHrMOoTEeH3WH-angoc-
TepoH (RAAS) [55]. Te3an cuctemu nogabpxaT Bb3-
nanuTenHuTe OTFOBOPU U yBeNuyaBaT XUMEPTOHUSTA
ypes pasnuyHn mexaHmsamu [55].

B3etn 3aegHo, Te3n MexaHW3MM nopdepTaBart
cnoxHarta Bpb3ka Mexay AX 1 cbpaedHaTa ANChYHK-
uMs. YnpaBneHWeTo Ha KpbBHOTO HansdraHe v onTuMu-
3aumsTa Ha guertata Morat da urpasaTt BaxHa pons B
HamarnsiBaHeToO Ha Bb3nanuTenHUTe NpoLecu N pucko-
BETE 3a CbpAeYHM 3abonsiBaHWUs Mpu NaunMeHTn ¢ Xu-
NepTOHUS.

¢ XpoHuyHaTa ob6CcTpyKTMBHa 6enogpobHa bonecT
(XOBB) e cBbp3aHa CbC CbpAEHHOCHO0BU 3ab0NsBaHMS,
0cobeHO C aTepockrepos3a U CbpAaeyHa HedoCTaTbYHOCT,

3. RAAS and SNS activation: Increased activity
of the renin—angiotensin—aldosterone system (RAAS)
and sympathetic nervous system (SNS), commonly
elevated in diabetes, stimulates formation of advanced
glycation end products (AGEs) [52]. These products
promote ROS production and activation of mitogen-
activated protein kinase (MAPK) pathways in the
heart, contributing to left ventricular hypertrophy and
fibrosis [51].

4. Microvascular dysfunction and inflamma-
tion: RAAS and SNS are also associated with micro-
vascular dysfunction and progressive inflammation,
which increase the production of adhesion molecules
and cytokines [50]. This state promotes the polariza-
tion of macrophages toward the proinflammatory M1
phenotype and may contribute to myocardial isch-
emia [52].

o Arterial hypertension (AH) plays a critical role in
the progression of cardiac damage, particularly through
stimulation of inflammatory responses and increased
production of reactive oxygen species (ROS) [53]. Key
mechanisms by which AH affects cardiac health and
function include:

1. Inflammatory response and ROS: Elevated
blood pressure stimulates inflammatory responses in
the cardiovascular system. High blood pressure and
high-salt diets are associated with increased levels of
T-helper 17 (Th17) lymphocytes, which can activate
the p38-MAPK and mitogen-activated protein kinase
(MAPK) pathways, leading to increased production of
proinflammatory cytokines such as IL-6, IL-17, TNF-q,
and IFN-B [53].

2. Effect of salt: Excessive salt intake increases
the expression of receptors such as Toll-like receptors
(TLRs), inflammasomes, and P2X7 receptors [54].
These receptors play a key role in amplifying inflam-
matory processes in hypertension.

3. Systemic inflammatory mechanisms: Hy-
pertension induces systemic inflammation, which en-
hances activity of the sympathetic nervous system and
the renin—angiotensin—aldosterone system (RAAS)
[55]. These systems sustain inflammatory responses
and further exacerbate hypertension through multiple
mechanisms [55].

Taken together, these mechanisms highlight the
complex relationship between AH and cardiac dysfunc-
tion. Effective blood pressure management and dietary
optimization may play an important role in reducing in-
flammatory processes and cardiovascular risks in pa-
tients with hypertension.

e Chronic obstructive pulmonary disease
(COPD) is associated with cardiovascular diseas-
es, particularly atherosclerosis and heart failure,
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ypes pasHoobpasHy NaToPU3NONOTNYHI MEXaHU3MU [56)].
ETo kakBo e BaxHO Oa ce pasbepe 3a Bpb3KaTa Mexgy
XOBb n cbpoeuHocbOOBUTE 3a60NSABaHUS:

1. XpoHuuHoto Bb3naneHue: XOBb e xapaktepu-
3MpaHa ¢ HUCKOMHTEH3MBHO, HO XPOHMYHO Bb3nanuTern-
HO cbCTOsIHME B BenuTe apoboee [56]. ToBa Bb3naneHne
NpvBMAMYa NEBKOLUTU KbM CTEHWUTE Ha MyrnMOHanHuTe
CboBe, KOETO BOAM OO YBEMMYEHO MECTHO MPOMU3BOa-
CTBO Ha peakTuBHU kucnopogHu eBuagose (ROS) n Bb3-
nanutenHu umTtokuHu, kato TNFa n CRP [56].

2. NMynmoHanHa xunepTtoHus: Nponndepauusata
Ha MHTMMaTa W rMagKuTe MyCKYIHU KINeTKM Ha nyrnmo-
HanHuTe Cba0Be, MHAYLUMPaHa OT YBENUYEHOTO Bb3na-
neHve, MOXe Aa goBefe 40 pa3BuUTME Ha NynMOHarnHa
XUNEepPTOHUs. Tasn XMnepToHnsl, MOXe Aa nNpean3Buka
AeCHOoKamepHa CbpAeyvHa HegocTaTbyHoCT [57].

3. CuctemHu nocneguum: Bb3nanutenuute uu-
TOKWHK, npou3BeaeHn B Genute gpobose, morat ga
BMSI3aT B CUCTEMHUSA KPBBOTOK M A BIUSAST HErATUBHO
Ha cbpaeyHaTa pyHkuus. NMosuweHuTe HMBa Ha TNFaq,
CRP u IL-6 ca acouuunpaHu ¢ yBeENUYEHO akTMBUPaAHE
Ha T-numdounTn, nponssoacTeo Ha IFNB n ob6pasysa-
He Ha aTepoCKNepoTUYHM Nnakn [56].

4. YckopeHa aTtepockrnepo3a: XpoHM4yHaTa Xumno-
kcusa npu XOBB vHaoyumnpa npoussoactso Ha ROS u
XemMoauHamMu4eH CTpec, KOMTO 3acureaT aTepockre-
posata [57]. ToBa MoxXe ga JonpuHece 3a UCXeMUYHa
CbpaeyvHa HeOoCTaTbYyHOCT, U3TOLLEHME Ha MyCKynaTy-
pata un kaxekcus [571].

5. HeBpoxopMoHarnHa aktuBauua: AHMMOTEH3NH
[I, ypes ctumynupaHe Ha RAAS, ycunea nponudepa-
uMsiTa Ha rmagkara Myckyrnatypa B NyJIMOHanHuTe Cb-
0O0Be M MHAyumupa Ba3oKOHCTpUKUMS [57]. ToBa moxe
Oa OOMpUHECe 3a NynMoHanHaTa XMnepToHUS U TEXKN
HapyLleHuns B ra3000MeHa, KOUTO OKa3BaT LOMbIIHUTE-
NeH CTpec BbpXy cbpaeyHaTa dyHKUnA[56].

Bcuuku Te3an mexaHusMuy nogvepTaBaT BaXHOCTTa
Ha KOMMMEKCHUS NOAXO4 B YNpaBneHUEeTO Ha nauneH-
™ ¢ XOBb u cbpgeyHocbaoBu 3abonsasaHus. Edek-
TMBHOTO JIEYEHNE U KOHTPOI Ha Bb3NaneHneTo 1 Xmmno-
KCusTa ca OT CbLUECTBEHO 3HayeHve 3a HamansiBaHe
Ha pucka OT pas3BUTME HA CEPUO3HM CbPAEYHN YCIOX-
HEeHWS Mpu Te3n NaumneHTn.

¢ XpOHU4YHOTO 6L0peyHO 3abonsiBaHe (XB3) 1 cbp-
AedHocbaoBuTE 3ab0nsBaHNs MMaT TsICHA B3aUMOCBbP-
3aHOCT M MoraT B3aMMHO [a BrollaBaT CbCTOSHUETO Ha
nauMeHTMTe Nopagy pasHoobpasne OT MEXaHU3MU:

1. BzaumopencTBue Mexay cbpaeyHata u 66-
peyHaTa cyHKLHUA:

o HamaneH 6b6peyeH KPpbBOTOK M rnomepyrHa
duntpaumnsa: CbpaedHata nomneHa AUCHYHKUMUS U
NOBULLEHOTO LEHTparnHO BEHO3HO HansdraHe morat aa
HamanaT 6bOpeYHMa KPbBOTOK 1 NEPdY3MOHHOTO Ha-
nsraHe, KOETO BOAM A0 HamareHue Ha rrmoMepynHaTa
duntpauyus [58].

through multiple pathophysiological mechanisms
[56]. Key aspects of the COPD-cardiovascular con-
nection include:

1. Chronic inflammation: COPD is characterized
by low-grade, chronic pulmonary inflammation [56].
This inflammation attracts leukocytes to the walls
of pulmonary vessels, resulting in increased local
production of ROS and inflammatory cytokines such as
TNF-a and CRP [56].

2. Pulmonary hypertension: Proliferation of the
intima and smooth muscle cells in pulmonary vessels,
induced by heightened inflammation, can lead to
pulmonary hypertension. This condition may trigger
right ventricular heart failure [57].

3. Systemic effects: Inflammatory cytokines
produced in the lungs can enter the systemic circulation
and negatively impact cardiac function. Elevated
levels of TNF-a, CRP, and IL-6 are associated with
increased T-lymphocyte activation, IFN-B production,
and atherogenic plaque formation [56].

4. Accelerated atherosclerosis: Chronic hypoxia
in COPD promotes ROS production and hemodynamic
stress, which exacerbate atherosclerosis [57]. This
contributes to ischemic heart failure, skeletal muscle
exhaustion, and cachexia [57].

5. Neurohormonal activation: Angiotensin I,
through stimulation of the RAAS, enhances smooth
muscle proliferation in the pulmonary vessels and
induces vasoconstriction [57]. This may contribute to
pulmonary hypertension and severe gas-exchange
impairments, imposing additional stress on cardiac
function [56].

All these mechanisms underscore the importance
of a comprehensive approach in managing patients
with COPD and cardiovascular diseases. Effective
treatment and control of inflammation and hypoxia are
essential to reduce the risk of serious cardiac compli-
cations in these patients.

e Chronic kidney disease (CKD) and cardiovas-
cular diseases are closely interconnected and can mu-
tually exacerbate patient conditions through multiple
mechanisms:

1. Cardiorenal interactions:

o Reduced renal blood flow and glomerular fil-
tration: Cardiac pump dysfunction and elevated cen-
tral venous pressure can reduce renal perfusion and
filtration pressure, leading to decreased glomerular
filtration [58].
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o AktuBaums Ha SNS n RAAS: XB3 ctumynu-
pa akTuBauusiTa Ha CMMMATMKOBA HEpBHa cucTema U
PEHVH-aHIMOTEH3NH-an4oCcTepoHoBaTa cucTemMa, Koe-
TO MOXe [a YCUNN OKCUOATUBHUS CTPEC 1 Aa HapyLiu
YHKUMATA HA eHOO0TENHUTE U MYCKYITHUTE KIeTKM Ha
cbposeTte [59].

o HartpynBaHe Ha TOKCUHU: [ToBMLIEHaTa a3oT-
Ha 3agpbXxka B opraHmama npu XB3 Boan go Hatpyn-
BaHe Ha TOKCUMYHW MPOJYKTW OT IMUKUpaHe, KOUTO MOo-
raT Aa umar NpoTMBOBB3NANUTENHN U NPOPUOPOTUYHM
edeKTn BbpXy CbpAeYHaTa TbKaH U Aa Hapywar obpa-
OoTKaTa Ha Kanuu ot kapgnomuouunTute [61].

2. CTeHO3a Ha 6bOpeyHaTa apTepus U cbpaeyHa
HepgocTaTb4yHOCT: CTeHo3aTa Ha 6bbpedHaTa apTepust
€ He3aBUCUM NPELMKTOP 3a pa3BUTME HA CbpAeYyHa He-
OO0CTaTbyHOCT Npu nauneHTn ¢ XbB3, Tl kKaTo BOAU 4O
Cepro3HM 6bOPEYHN U CbpAaeYHN HapyLeHus [60].

3. Xemoauanusa v Bb3naneHueTo: Borpeku ye
xemoguanusarta € epekT1BHa Npu OTCTpaHsABaHe Ha as-
OTHaTa 3adpbXKa M MOBULLEHUS KpeaTUHWH npu XB3,
CbLLIECTBYBa PMCK OT Bb3nanuTenHn peakumm n ycunea-
He Ha CUCTEMHOTO Bb3narieHne BCreacTBME HA B3aUMO-
OEVCTBUETO Ha KpbBTa C AnanuaHata membpaHa [60].

Te3n MexaH3MM Noka3ear CroxHaTa Bpb3ka Mexay
O6bLOpeyHOTO 3abonsiBaHe N CbpaedYHOCHAOBUTE 3ab0ns-
BaHWs, nogyepTaBankm HEOBXoaUMOCTTa OT KOMMMEKCHO
ynpaereHne Ha nauuveHTuTe ¢ KoMopobuamTeTn oT Tesn
OBe cuctemMHn 3abonsiBaHus. EQEKTMBHOTO neveHve
TpsbBa Oa ce dokycupa He camo Bbpxy nogobpsBsa-
He Ha 6bbpevHaTa PyHKUMS 1 KOHTPON Ha CbpaeyHaTta
OVCYHKLMS, HO M BbpXy HamarsiBaHe Ha Bb3nanurer-
HUTE NPOLIECN N OKCUOATUBHUSI CTPEC, KOUTO UrPasiT KITto-
YOBa ponsi B matoreHe3ara Ha 3abonsBaHusaTa.

TEPANEBTUYHU CTPATErMU

M3cnepgBaHuata B obnactra Ha aHTUOKCUOAHT-
HaTa Tepanua U TepaneBTUYHUS NOTeHUMan Ha pas-
NUYHW BUTAMUHU NpeaniaraT Ba)KHWU NEepCneKkTuBM 3a
yrnpaBrneHne Ha CbpAeyvyHOCbAOBUTE 3abonsBaHug,
BKJ1. YpEe3 CHWXXaBaHe Ha OKCMOATUBHUSI CTPec U Mo-
nobpsiBaHe Ha KapamoBackynapHaTta dyHkums [17,
46, 44, 62, 63].

1. ButamuH C u chonueBa kucenuHa: ButamuH
C n cbonmesarta knucenuHa ce CBbp3BaT C NpeaoTBpaTs-
BaHETO Ha pa3KkbCBaHETO Ha a30TeH OKCUMA CMHTasaTa
(NOS) 1 uHxubnpaHe Ha eHpgoTenHata AUCHYHKUUS.
ToBa BoAM OO0 3aWmMTa Ha eHOoTena v noTeHuyuanHa
KapauonpoTtekums [44].

2. XOMOLMCTENH N XOMOLIMCTEMHOBA XUMoTe-
3a: Bucokute HmBa Ha 0o6LL XOMOUMUCTENH CE CBbP3-
BaT C aTepockneposa u TpoMOoeMBonmMyHn cbouTns
ypes3 MHAYKUMS Ha OKCuOATMBEH CTPEC U eHAaoTenHa
ancdyHkuma. MNMprembT Ha dponuesBa KncenuHa, BuTa-
MWH B12 n ButamuH B6 Moke 3Ha4MTenHo ga Hamanm

o Activation of SNS and RAAS: CKD stimulates
activation of the sympathetic nervous system and the
renin—angiotensin—aldosterone system, which can
increase oxidative stress and impair endothelial and
vascular smooth muscle cell function [59].

o Accumulation of toxins: Elevated nitrogen
retention in CKD leads to accumulation of toxic
glycation products, which can exert pro-inflammatory
and pro-fibrotic effects on cardiac tissue and disrupt
calcium handling in cardiomyocytes [61].

2. Renal artery stenosis and heart failure: Renal
artery stenosis is an independent predictor for the de-
velopment of heart failure in CKD patients, as it leads
to severe renal and cardiac dysfunction [60].

3. Hemodialysis and inflammation: Although he-
modialysis effectively removes nitrogenous waste and
elevated creatinine in CKD, there is a risk of inflam-
matory reactions and amplification of systemic inflam-
mation due to blood interaction with the dialysis mem-
brane [60].

These mechanisms highlight the complex relation-
ship between kidney disease and cardiovascular dis-
ease, emphasizing the need for comprehensive man-
agement of patients with comorbidities affecting these
two systemic conditions. Effective therapy should fo-
cus not only on improving renal function and controlling
cardiac dysfunction but also on reducing inflammatory
processes and oxidative stress, which play a central
role in disease pathogenesis.

THERAPEUTIC STRATEGIES

Research in antioxidant therapy and the therapeutic
potential of various vitamins offers important perspec-
tives for managing cardiovascular diseases, including
reducing oxidative stress and improving cardiovascular
function [17, 46, 44, 62, 63].

1. Vitamin C and Folic Acid: Vitamin C and folic
acid are associated with preventing endothelial nitric
oxide synthase (NOS) uncoupling and inhibiting endo-
thelial dysfunction. This leads to endothelial protection
and potential cardioprotection [44].

2. Homocysteine and the Homocysteine
Hypothesis: Elevated total homocysteine levels
are linked to atherosclerosis and thromboembolic
events through induction of oxidative stress and
endothelial dysfunction. Supplementation with folic
acid, vitamin B12, and vitamin B6 can significantly
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HMBaTa Ha XOMOLMCTEUH U Aa nogobpu KapaMoBacky-
napHara yHkums [62].

3. Butamun D: ButamuH D e cBbp3aH C nogo-
OpeHne Ha oKCuOaTMBHUSA CTPEC M Bb3NanuTenHute
MapKepu Npu 3aTnbCTENN NITbXOBeE, KOETO nogyepTasa
HeroBaTa porns B NOOObPKaAHETO Ha 34paBeTo Ha Cbp-
JeyHocbaoBata cuctema [63].

4. ButamuH E: ButamuH E, ocobeHo a-Tokodepo-
NbT, AEMOHCTPUPA CUIMHU aHTUOKCUAAHTHM CBOWCTBA,
KOWTO BOAAT OO 3HAYUTENHO HamansiBaHe Ha nunua-
HaTa nepokcugaumst U nogobpsiBaHe Ha CcbpaedHa-
Ta PYyHKLMS, KaTo Ce OLEeHsiIBa Ype3 napameTpu KaTto
dpakumsa Ha m3TnackBaHe, pakUmMst Ha CKbCsBaHe,
cbpaeveH 0ebuT n yaapeH obem [44].

O6006LaBariki, Te3n JaHHU nogvepTaBaT BaXHOCT-
Ta Ha BUTAMUHWUTE KaTo MOTEHLManHW TepaneBTUYHU
cpencTBa 3a HamansiBaHe Ha OKCMOATUMBHMS CTpec U
nogobpsBaHe Ha Kapgouo-BacKynapHOTO 3apaBe. Bb-
NpeKn 4Ye ekcrnepvMeHTanHUTe MOLENUN U HSAKOW KNn-
HUYHW JaHHW NOOKPENsT Te3n TepaneBTUYHN NOAX0AMN,
HeoOxoOQMMoO e fa ce npoBedaT OOMbIIHUTENHW rone-
MW KIMMHUYHW NPOYYBaHWs, 3a Ja Ce YCTaHOBWU CUryp-
HOCTTa M eeKTUBHOCTTA UM MNPU pasnmMyHK Monyna-
unn 1 3abonsBaHus.

MonudeHonuTe ca rpyna BeLlecTBa, KOUTO ce
cpeLlar B pacTeHusiTa U ca U3BeCTHU CbC CBOUTE MHO-
robporiHu Non3u 3a 34paBeTo, BKI1. C aHTUOKCUOAHTHU
1N NPOTMBOBBb3MNANUTENHN cBoncTBa [46]. ETO HsAKOM
KIHOYOBU acrekTu Ha TsaxHaTa poris B CbpAeYHOCHO0-
BOTO 34paBe:

1. AHTMOKCUAAHTHU cBowncTBa: [lonudeHonute
Ce N3BECTHM CbC CUMTHWUTE CUM aHTUOKCUAAHTHW CBON-
CTBa, KOUTO MOMaraTt B HamansBaHETO Ha OKCMAATUB-
HUS cTpec B opraHuama [46]. OkcMaaTUBHUAT CTpec
€ BaxeH (paKTop B pa3BUTUETO Ha Pas3fUYHU Cbpaed-
HOCBbAOBW 3aboNsBaHWs, BKITHOYMTENHO aTepOCKepo-
3a 1 cbpaevHa HegocTaTbyHocCT [17].

2. Non3u 3a metabonuama u KapauoBacKy-
napHaTta dyHKuua: VscnegsaHusa nokaseat, 4e rMo-
nudeHonuTe morat ga nogobpAt metabonmama Ha
rnoKo3aTa U Aa HamanaT HMBaTa Ha xonecTtepon [46].
Hanpvmep ekcTpakTi OT nonndeHornm B YepBEHO BUHO
ca AEMOHCTpMpanu TakMea nonaun npu XXMBOTUHCKM MO-
Oenn cbC 3axapeH anabert [46].

3. EHpoTenHa dyHKUMA n xuneptoHus: Pesse-
paTponbT, KOWTO € eAVH OT U3BECTHUTE nonudeHonu,
MOXe fa nogobpu eHpooTenHata OyHKUMSA 1M Oa npe-
JoTtepaTtu xuneptoHusaTa [46]. Toi yBennyasa ekcnpe-
cuaTa M akTMBHOCTTA Ha €HOOTENHWUsI a30TeH OKCUA
cuHTasa (eNOS), kosTo Nnomara 3a pasLmnpsBaHeTo Ha
KPBbBOHOCHUTE CbAOBE U KOHTPOMMpaHe Ha KPBbBHOTO
HangraHe [46].

4. MpotuBoBBb3nanutTenHu edektn: OcBeH aH-
TMOKCMAAHTHUTE CBOWCTBA, nonudeHonute wumat wu
NPOTUBOBBL3NANUTENHO AencTtBue. Te moraT ga Ha-

reduce homocysteine levels and improve cardio-
vascular function [62].

3. Vitamin D: Vitamin D has been associated with
improvements in oxidative stress and inflammatory
markers in obese rats, highlighting its role in maintain-
ing cardiovascular health [63].

4. Vitamin E: Vitamin E, especially a-tocopherol,
demonstrates strong antioxidant properties, leading
to a significant reduction in lipid peroxidation and im-
provement in cardiac function, as measured by param-
eters such as ejection fraction, fractional shortening,
cardiac output, and stroke volume [44].

In summary, these data emphasize the impor-
tance of vitamins as potential therapeutic agents for
reducing oxidative stress and improving cardiovascu-
lar health. While experimental models and some clin-
ical data support these therapeutic approaches, fur-
ther large-scale clinical trials are needed to establish
their safety and efficacy across different populations
and diseases.

Polyphenols are a group of compounds found in
plants known for their numerous health benefits, in-
cluding antioxidant and anti-inflammatory properties
[46]. Key aspects of their role in cardiovascular health
include:

1. Antioxidant properties: Polyphenols are well
recognized for their strong antioxidant activity, which
helps reduce oxidative stress in the body [46]. Oxida-
tive stress is a key factor in the development of various
cardiovascular diseases, including atherosclerosis and
heart failure [17].

2. Metabolic and cardiovascular benefits:
Studies indicate that polyphenols can improve glu-
cose metabolism and reduce cholesterol levels [46].
For example, polyphenol extracts in red wine have
demonstrated such benefits in animal models of dia-
betes [46].

3. Endothelial Function and Hypertension:
Resveratrol, a well-known polyphenol, can improve en-
dothelial function and prevent hypertension [46]. It in-
creases the expression and activity of endothelial nitric
oxide synthase (eNOS), which promotes vasodilation
and helps regulate blood pressure [46].

4. Anti-inflammatory Effects: In addition to anti-
oxidant properties, polyphenols exhibit anti-inflamma-
tory effects. They can reduce inflammatory markers
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ManaT Bb3nanuTenHUuTe Mapkepu 1 a npegorespartsar
Bb3NanuTenHn NpoLecu, KOUTo UrpasT ponsi B naTorno-
rmaTa Ha CbpAeyHoCbAoBaTa cuctema.

5. 3awmTa Ha cbpaeyHaTa CTPYKTypa U pyHK-
umaA: EkcnepMmeHTanHu gaHHM nokasear, Ye nonmdeHo-
nnTe KaTo pe3BepaTpos MoraT Aa 3alUTAT CbpaevHuTe
KrneTku ot xuneptpodums n onbposa, KOUTO ca xapakTep-
HW 3a pasnuyHu Kapavonatui. Te CbLUOo Taka MoraTt ga
noJobpAT cbpaevHaTa pyHKUMS 1 Aa yBenuyaT npogbii-
YKUTENHOCTTA Ha >XMBOT MPU XXMBOTHM Mogenu [46].

Tean HabntogeHns nogdepTaBaT MoTeHumana Ha no-
n1ceHonUTe KaTo HOBM TEPANEBTUYHN MHCTPYMEHTU B Ne-
YEHMETO Ha CbpAeyHOCLAOBUTE 3abonsBaHus. Bbnpeku
Ye npeaBapuUTENHUTE AaHHM ca obelyaBallm, Heobxoam-
MO € Aa ce npoBedaT AOMbIHUTENHN KIMHUYHU 13cnea-
BaHMWS, 3a a Ce NOTBbPAAT Te3M NOM3n 1 Aa ce YCTaHOBU
onTuUmarnHara 4o3vpoBKa 1 eMKacHOCT Npu xopara.

MuTOXOHAPUANHOOPUEHTUPAHUAT AHTUOKCUAAH-
TeH nogxod MpefcTaensiBa MHOBaTUBHA cTpaTervs 3a
6opba cbC cbpaeyHOCHA0BUTE 3abonsaBaHMS Ypes Liene-
Haco4YeHO HamarnsiBaHe Ha MPOW3BOACTBOTO HA PeaKTVB-
HU kncropoahn Bugose (ROS) B MUTOXOHOPUMTE, KOUTO
ca OCHOBHMS M3To4HUK Ha ROS B kneTkute [44]. ETO Ha-
KOW KIHOHYOBYM acnekTn 1 HanpeabLmM B Ta3u obnacr:

1. MitoTEMPO:

o MitoTEMPO e muTOXoHApuanHo-opueHTupaH
MUMETMYEH cynepokcug gucmyTtasa (SOD), konTo e
cnocobeH Aa Hamanu NPou3BOACTBOTO HA MUTOXOHA-
puaneH cynepokCuaeH aHMOH M BOOOPOAEH NMepokcug,
(H202). Ton e geMOHCTpUpaH ga Hamansaea Xxunep-
TOHMATA NPV MULLKW, MHOYUMPAHa OT aHTMOTEH3MH I
n geokcukoptmkocTepoH auetaTt (DOCA), u ga nogo-
OpsiBa guacTornHarta yHKLMS Ha CbPLETO MPU MULLKK
C AveTta, borata Ha MasHuHMU [44].

o [Mpw in vitro ycnosusi, MitoTEMPO ce e nokasan
edeKkTUBEH B HaMansiBaHETO Ha MUTOXOHOPWanNHUTe
ROS npu kneTkn Ha YoBeLlKka aopTa U KapaAUOMUOLINTY
Ha MULLIKK, TPETUPAHN C BUCOKa [03a rMnoko3sa [44].

2. MUTOKUHOH:

o MWTOKWHOH € [Opyr areHT, KOWTO uenM MuTo-
XOHApUMTE C uUen nogobpsiBaHe Ha TaxHaTa OyHKUMS
Yypes oNTUMM3NPaHE Ha OKCUAOPEAYKUMOHHUTE NPOLIECH.
Tol BKMOYBA EK30rEHEH YOUXMHOH, CBbP3aH ¢ nunodu-
NeH KaTuMoH TpudpeHundocdoHmeB. MUTOKMHOH € fo-
KasaHo, Ye edheKkTMBHO nogobpsiBa MUTOXOHApMANHaTa
YHKUMS 1 MOXe [a urpae pons B nogobpsisaHeTo Ha
KapgnomMuonaTumTe, CBbp3aHun C okenaopeaykumsita [44].

o Bwbnpeku nonoxuTtenHute cu epekTun, ca oTKpu-
TM W HSKOW NOTEHUManHW HebnaronpuaTHW nocnegu-
UM OT NMPUSTOXKEHNETO HA MUTOKMHOH, KaTto Hanpumep
yBenuyeHo npounssoacteo Ha ROS n genonsipusauus
Ha MembpaHaTa, KOeTO MOXe [a JoBefe A0 anonTosa.
Tean acnekTn U3NCKBaT AOMbIHUTENHN U3CreaBaHUs
n oNTUMMU3aLMA Ha LO3MPOBKaTa 3a [a ce rapaHtvpa
Ge3onacHocTTa 1 eprKkacHoOCTTa My.

and prevent inflammatory processes that contribute to
cardiovascular pathology.

5. Protection of Cardiac Structure and Func-
tion: Experimental data indicate that polyphenols
such as resveratrol can protect cardiac cells from
hypertrophy and fibrosis, which are characteristic
of various cardiopathies. They can also improve
cardiac function and increase lifespan in animal
models [46].

These findings highlight the potential of polyphe-
nols as novel therapeutic agents for cardiovascular
diseases. Although preliminary data are promising,
further clinical studies are needed to confirm these
benefits and establish optimal dosing and efficacy in
humans.

Mitochondria-targeted antioxidant therapy is
an innovative approach for combating cardiovascu-
lar diseases by selectively reducing the production
of reactive oxygen species (ROS) in mitochondria,
the primary source of cellular ROS [44]. Key aspects

include:
1. MitoTEMPO:

o MitoTEMPO is a mitochondria-targeted su-
peroxide dismutase (SOD) mimetic capable of reduc-
ing mitochondrial superoxide and hydrogen peroxide
(H202) production. It has been shown to lower angio-
tensin |- and deoxycorticosterone acetate (DOCA)-in-
duced hypertension in mice and improve diastolic car-
diac function in high-fat diet models [44].

o In vitro, MitoTEMPO effectively reduces mi-
tochondrial ROS in human aortic cells and mouse
cardiomyocytes exposed to high glucose concen-
trations [44].

2. MitoQ (Mitokinoon):

o MitoQ is a mitochondria-targeted compound
designed to enhance mitochondrial function by
optimizing redox processes. It consists of exogenous
ubiquinone linked to a lipophilic triphenylphosphonium
cation. MitoQ has been shown to improve mitochondrial
function and may benefit cardiomyopathies associated
with oxidative stress [44].

o Despite its benefits, potential adverse effects
have been observed, such as increased ROS produc-
tion and membrane depolarization, which can trigger
apoptosis. These findings highlight the need for further
research and dose optimization to ensure safety and
efficacy.



OkcngatmBeH CTpec 1 Heroea ponsi...

81

3. MepcnekTvBU U orpaHUYeHNUs1 Ha aHTUOKCUAAHT-
HaTa Tepanusi Npy Cbpae4yHOCHAO0BU 3abonsaBaHUA

MuTOXOHOPWANHO OPUEHTUPAHUTE AHTMOKCUOAHTU
kato MitoTEMPO 1 MWUTOKMHOHMHOBATUBHW CTpaTteruu,
HaCOYeHM KbM CneungryHO HamansiBaHe Ha MUTOXOHA-
pnanHute ROS, OCHOBHUAT M3TOYHMK Ha OKCUOATUBEH
CTpec B cbpaeyHuTe Knetkn. Bbnpeku obelyasawiyre
NPEAKINMHUYHN PE3yNnTaTh ca HY>KHW JOMbIHUTENHWN KNn-
HWYHM NPOyYBaHUs 3a OLEHKa Ha edmkacHocTTa 1 6es-
onacHocTTa um npu xopa. KntodoBute cbobpaxeHus ca
ONTUMArHO Jo3upaHe, NPOObIMKUTENHOCT Ha NIEYEHNETO
N MVHUMU3VMPaAHE Ha MOTEHUMAIHUTE HEXenaHu peak-
LK, KaTto nosumLleHo npomssoacteso Ha ROS n anontosa
Ha KapouoMUOLUTUTE.

KnuHnyHn npoyyBaHuMA 3a aHTMOKCMAAHTHATa Te-
panus npu CC3 gaear pas3HooOpasHu pesynTatv, Bce
OLLIe OCTaBaLy NpeaMeT Ha akTUBHO Hay4HO 13crieaBaHe
n pebartun. Bunpekn 4ye aHTUOKCUAAHTUTE — KaTo BUTaMU-
Hn (C, D, E, cdbonmesa kucenuHa) 1 nonmdpeHonm (Hanp.
resveratrol), noka3eat NoTeHUMan 3a 3alumTa CpeLLy OK-
cMOaTvBEH CTPeC U eHOoTenHa AMCyHKUMS B eKcrnepu-
MEHTAITHN YCMOBMWS, B KIMHUYHU U3NMUTaHUST eDEKTHT UM
€ MNO-CroXeH N YeCcTo HeeqHo3HayeH [86-89].

Hepoctatbum Ha TeKywmuTe uscnegBaHus

¢ Jlunca Ha cneundmyHocT: [loBeyeTo oTpuua-
TEeNHW pe3yntaTn OT KMUHWYHK NpoyYBaHUsA MoraTt Aa
ce 0BsCHAT ¢ nunca Ha cneumM@UYHOCT Ha M3non3ea-
HUTE aHTUOKCUAAHTHU MOSMEKYNN CrPAMO U3TOYHULK-
Te Ha npous3BoacTBo Ha ROS, kaTto mutoxoHapuuTe.
ToBa 03Ha4aBa, Ye Makap 4e aHTUOKCUAAHTUTE MoraT
Aa HamanaT oKcuaaTMBHMS CTpec, Te MOoXe Ada He ca
OOCTaTb4yHO €(PEKTUBHU B KOHTEKCTa Ha KOHKPETHUTE
MEeXaHM3MU 1 NaToNornm, KOUTO M NPUYNHABAT.

e dapMaKkoKMHeTUKa U [o3upoBKa: PeakuuaTa
mexay BUT. C 1 CynepoKCUOHMS aHMOH Hanp. € U3Kmko-
ynTenHo cnaba B CpaBHEHWE C Ta3n Mexay Cynepok-
cngHmnsa aHnoH 1 NO. ToBa MOXe da M3UCKBa BUCOKM
0031, TPYOHW 3a NOCTUraHe Ypes oparneH npueM, KOeTo
Oa gosede OO Hee@eKTUBHOCT Ha CTaHOapTHUTE pe-
XUMW Ha NPUNOXEHME Ha aHTUOKCUAAHTHU BELLECTBa.

e Mpotokonu n go3mpoBku: Cnaboct Ha MHOroO
OT KIIMHWYHUTE MpPOYyYBaHMS C MOMUEEHONMU, BKI. U
pesBepaTpors, e pa3HoobpasneTo OT MPOTOKOMNU U O0-
3MPOBKM, KOETO 3aTPyAHSIBA N3BEXAAHETO HA AUPEKTHU
3aKnYeHns 3a TaxHaTa edheKkTUBHOCT 1 6e30NacHOCT.

Te3n nscnenBaHus We Tpsabea ga agpecupaTt Kak-
TO edheKTMBHOCTTA, Taka U MOTEeHUMANHUTE CTPaHUYHU
edekTu, 3a Aa ce rapaHT1pa 6€30MacHOTO NPUIOXEHNE
Ha MUWUTOXOHAPUANHO-OPUEHTUPAHN aHTUOKCUMAAHTU B
KNMHUYHATa nNpakTuka.

Pe3ynTtatm ot nacnegBaHusTa

e ButammHu: MHOXeCTBO Npoy4YBaHns C BUTaMUHU
He ycnsBaT fa AokaaT 3HauyMMo nogobpeHue B Knu-
HUYHUTE U3XOA4M MPU MALVEHTU CbC CbpAEYHOCHOOBM
3abonsiBaHus [43]. Hakon gopu cbobLuiaBaTt 3a yBenu-

3. Perspectives and Limitations of Antioxidant
Therapy in Cardiovascular Diseases

Mitochondria-Targeted Antioxidants — agents
such as MitoTEMPO and Mitoquinone represent in-
novative strategies, aimed at specifically reducing
mitochondrial ROS, the primary source of oxidative
stress in cardiac cells. Despite promising preclinical
results, clinical studies are still needed to evaluate
their efficacy and safety in humans. Key consider-
ations include optimal dosing, treatment duration,
and minimizing potential adverse effects, such
as increased ROS production and cardiomyocyte
apoptosis.

Clinical Studies on Antioxidants — vitamins (C,
D, E, folic acid) and polyphenols (e.g., resveratrol),
have shown potential to protect against oxidative
stress and endothelial dysfunction in experimental
models. However, clinical trial results are inconsis-
tent and often ambiguous, with outcomes varying

across different studies [86-89].
Limitations of Current Approaches

e Lack of specificity: Many antioxidants act non-
specifically, without targeting key ROS sources such
as mitochondria, which may limit their effectiveness in
certain pathologies. This means that while antioxidants
can reduce oxidative stress, they may not be effective
enough in the context of the specific mechanisms and
pathologies that cause them.

e Pharmacokinetics and dosing: For example,
the reaction between vitamin C and superoxide anion
is weak compared to that between superoxide anion
and NO. This requires high doses that are difficult
to achieve orally, potentially reducing therapeutic
efficacy.

e Protocols and dosing inconsistencies: Poly-
phenol studies, including those on resveratrol, often
differ in protocol and dose, making it difficult to draw
direct conclusions regarding their efficacy and safety.

These mitochondria-targeted therapies represent
a promising frontier in cardiovascular medicine by ad-
dressing the root source of oxidative stress within car-
diac cells.

Research Findings

e Vitamins: Numerous studies with vitamins
have failed to demonstrate significant improvements
in clinical outcomes in patients with cardiovascular
diseases [43]. Some even report an increased
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YeHa 4YeCcToTa Ha XPOHUYHA CbpAeYHa HEAOCTaTbYHOCT.
PesyntaTtute OT npoyyBaHe Ha Sesso 1 CbTP., NOKa3Bar,
ye BuT. E n C He goBexaaTt A0 3HAYMMO HamaneHve Ha
pucka ot CC3 nnum o6Lua CMbPTHOCT cpef MbXe nekapu
B pamkuTe Ha Physicians® Health Study Il (PHS 11) [43]. B
KOHKPETHOTO M3crneaBaHe He € YCTaHOBEH CTaTUCTuYe-
CKM 3Ha4YMM eekT Ha BUT. E BbpXy CbpaevyHOCHO0BUTE
WMHUMAEHTN, BKN. MHCyNT [43]. CbLuo Taka, BUT. C He no-
Kasa 3Ha4MMO BMMsiHME BbpXYy NPefoTBpaTsBaHETO Ha
CCS3 cpep 1as3u rpyna mbxe [43]. Tean gaHHu nog4yepra-
BaT HeoOXOQUMOCTTa OT AOMbLIHUTENHWU M3crenBaHns
n no-gobpo pasbupaHe Ha MexaHU3MuTe, Ype3 KOUTO
@HTMOKCUAAHTUTE U BUTaMUHWUTE MOraT Aa BIUSAAT Ha
30paBeTo Ha CbPLETO M CbaoBaTa cucTema.

e PesBepatpon: 3a pesBepatpona vMma pasHo-
POAHW OaHHM — HSAKOW M3crnenBaHus nokas3saT Mnoro-
XUTENMHW epekTn BbpXy Bb3NaneHMeTo u eHaoTenHara
OncyHKUMS, okaTo ApYyrn He ycnsisaTt Aa noTebpaaTt
nogo6Hu ecbektn. ToBa Mmoxe fa 6bae CBbpP3aHo € pas-
NVKUTE B MPOTOKONMUTE U AO3NTE HA NPUIOXKEHME.

e CtatnHn. CTtaTuHMTe ca Krac nekapcrea, u3-
BECTHM CbC CNocobHOCTTa CM [a MOHWXKaBaT HMBaTa
Ha LDL xonecTtepon B KpbBTa Ype3 MHXMbmpaHe Ha Xu-
apokcumetunrnytapun-KoA pepyktasata (HMG-CoA
pefykTasaTa), KnioyoB €H3MM B MPOM3BOACTBOTO Ha
XOonecTeporn B YepHoapobHuTe kneTku. Mmat n aHtu-
OKCVAAHTHU CBOWCTBA, KOUTO MOraT a urpasaT BaXKHa
ponsg 3a obwaTta um bnarotBopHa eekTmMBHOCT. [1po-
y4BaHMsITa NOKa3Bar, Ye Te He caMO HamansaeaT pucka
ot CC3 upes pegykumus Ha xonecrepora, HoO Morar aa
MOHWXKAT M OKCUOATUBHUSA CTPEC U Bb3NaneHMeTo B Cb-
OOBETe Ype3 aHTMOKCUOAHTOHOTO cu gerictene. Ctatu-
HUTE MMaT bnaronpuaTHO Bb3gencTeue 3a [45]:

— MNoHmxaBaHe Ha xonecTtepona — UHxubupart npo-
OyKUMSITa Ha XOMnecTepon B YepHUsi Apob, KOeTo Jonpu-
Hacs 3a HamanseaHe Ha HuBata Ha LDL B kpbBTa [45].

— AHTUOKCUOAHTHM CBOWCTBA — MOraT fa uMmat aH-
TUOKCMOAHTEH edhekT, HamarnsaBarku NPOM3BOACTBOTO Ha
PEeaKTMBHU KUCIOPOOHM BMAOBE WM noBuLLaBaTt obLiata
aHTVMOKCMAAHTHA 3allmTa Ha KneTkuTe [45].

— MpoTnBOB3INANUTENHN MEXAHN3MWN - CBbP3BAT Ce
N C HamarnsiBaHe Ha Bb3MNanuTENHUSA OTroBOpP B CbAO-
BWUTE CTEHW, KOETO € BaXKHO 3a npegoTBpaTsBaHe Ha
aTepockneposa u gpyrm CC3 [45.

Bbaewo pasBuTne

MuToxoHApuanHo-Haco4YeHUTe aHTUOKCUAAH-
TU: VIHTEpeCHT B MUTOXOHOPWUANHO-OPUEHTMPAHMWS aH-
TnokcuaaHTeH noaxof, kato MitoTEMPO 1 MUTOKMHOH,
€ 3HaunTerneH. Benpeku 4e B MOMEHTa HAKOWM IaHHU ca
obellaBalu, Te ce HyXXAasT OT NO-HATaATbLUHW KIUHNY-
HW U3crneaBaHng, 3a Aa Ce YCTaHOBU TsixHaTa pearnHa
CTOMHOCT U MPUNOXMMOCT NPU MauMeHTU C pasnuy-
HN CbpAEeYHOCHOOBU CbCTOSHUA. M3cnegBaHeTo Ha
Handy DE v cbTp. (2009) ce dokycupa BbpXy ponsarta
Ha rmyTaTnoH nepokcuaasa 1 (GPx1) B perynvpaHeTo

incidence of chronic heart failure. For example, the
study conducted by Dr. Sesso and her team showed
that vitamins E and C did not significantly reduce the
risk of cardiovascular disease or overall mortality
among male physicians in the Physicians’ Health
Study Il (PHS 11) [43]. In this study, published in JAMA
in 2008, no statistically significant effect of vitamin
E on cardiovascular events, including stroke, was
observed [43]. Similarly, vitamin C did not show a
significant effect in preventing cardiovascular disease
in this male cohort [43]. These findings highlight the
need for further research and a better understanding
of the mechanisms through which antioxidants and
vitamins may influence cardiovascular health.

o Resveratrol: Data on resveratrol are heteroge-
neous — some studies demonstrate positive effects
on inflammation and endothelial function, while oth-
ers fail to confirm these benefits. These discrepan-
cies may be related to differences in study protocols
and dosing.

e Statins: Statins are a class of drugs known for
their ability to lower LDL cholesterol by inhibiting HMG-
CoA reductase, a key enzyme in cholesterol synthesis
in liver cells. In addition to their lipid-lowering effects,
statins are recognized for their antioxidant properties,
which may contribute to their overall therapeutic benefit.
Studies show that statins reduce cardiovascular risk
not only through cholesterol lowering but also by
decreasing oxidative stress and vascular inflammation.
Statins have a beneficial effect on [45]:

— Cholesterol lowering: Statins inhibit cholester-
ol production in the liver, contributing to reduced LDL
cholesterol levels in the blood [45].

— Antioxidant properties: Statins may have a
antioxidant effect by reducing ROS production and
enhancing the overall antioxidant defense of cells
[45].

— Anti-inflammatory mechanisms: Statins are
also associated with reduced inflammatory respons-
es in vascular walls, which is important for preventing
atherosclerosis and other cardiovascular diseases
[45].

Future development

Mitochondria-targeted antioxidants: Interest in
mitochondria-targeted antioxidants, such as MitoTEMPO
and Mitoquinone, is growing. Although some data are
promising, further clinical studies are required to deter-
mine their true value and applicability in patients with
various cardiovascular conditions.
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Ha MUTOXOHApWanHata YHKUMSA U 3awuTarta cpeLty
okcnpaTtueeH ctpec. GPx1 e egHa OT OCHOBHUTE MU-
TOXOHOPUANHN aHTUOKCUOAHTHU €H3MMU, KOMTO KaTta-
NNTUYHO pasrpaxgaTt nepokcuauTe, BKI. BOAOPOLAHMS
NepoKCcuA, KOWTO € YECTO CpeLLaH PeakTUBEH KUCIOpOo-
aeH Bug (ROS) B mutoxoHgpuute [44]. [NpoyyBaHeTo
nokasea, 4e GPx1 urpae knio4oBa pons B 3awiurara Ha
MuToxoHapuanHata OHK, nunugnTe n 6entbunHmTE OT
OKCMAATUBHO yBpexaaHe. To e Cblo Taka BaXKeH 3a
perynMpaHeTo Ha MUTOXOHOPWanHatTa YHKLMSA Ypes
KOHTpOnupaHe Ha HuMBata Ha ROS B MuUTOXOHOpUUTE
[44]. MoBunweHoTo HMBO Ha ROS moxe ga poseae Ao
MUTOXOHAPMAaNHa AMCEYHKUUSA, KOETO OT CBOS CTpaHa
MOXe [a urpae ponsi B pasBUTUETO HA pasfiMyHKU na-
TONOrnK, BKNIOYMTENHO KapAMOBacKynapHu 3abonssa-
HWS 1 HeBpoaereHepaTusHu 6onectu [44].

O600LLEeHO, KNUHUYHUTE U3crneaBaHus B obnacTTta
Ha aHTUMOKCUOAHTHaTa Tepanus 3a CbpAeYHOCHOO0BM
3abonsaBaHMs ocTaBaT KOMIMMEKCHN U U3NUCKBAT AOMbI-
HUTEMNHN YCUNKUSA 3a onpefensHe Ha Har-ePekTUBHUTE
1 GesonacHu cTpaTernm 3a feveHue.

3AKNIOYEHUE

MoBULLEHMAT OKCUAATUBEH CTPEC uUrpae 3HavymMma
pornsi B pasBUTMETO Ha pasfMyHM CbpAeYHOCHOO0BU
3abonaBaHus. Te3n 3abonsBaHMs ca CrOXHU U Yec-
TO Ce pa3BuBaT Mof BrMsiHAE Ha MHOXeCTBO natodu-
3MOMOrMYHM MEXaHU3MM, KaTo OKCMAATMBHUS CTpec
€[VH OT KITHYOBUTE €TUONOrMYHN dhakTopu. Bbnpeku
MHOX€eCTBOTO M3crneiBaHnsi B obnactra Ha aHTUOKCK-
OaHTHaTa Tepanusi, NOBEYETO KIUHWYHWU MpOoy4BaHus
ca oTpuuaTtenHu, KOeTo MoXe Aa ce obsCHU ¢ nunca-
Ta Ha cneunduryHOCT Ha aHTUOKCUOAHTHUTE MOJSIEKY-
nn CNpsiMO U3TOYHULMTE Ha npomn3BoacTBo Ha ROS u
CINOXHOCTTa Ha camute 3abonsBaHus.

BbBexgaHeTo Ha MUTOXOHAPWANHO-HACOYEHN Te-
panun e obellaBalla cTpaternsa 3a nogobpsisaHe Ha
eeKTUBHOCTTa Ha HenekapcTBeHW Tepanuu, KaTo
Hanpumep duandecknTe ynpaxHeHus. duandeckute
yrpaXHeHUs ca [oKa3aHO edEeKTMBEH HayuH 3a Mo-
nobpsiBaHe Ha MUTOXOHOPUANHUA MeTabonMsbm Ha
CbpLUETO KakTO Mpv 30paBu WHAMBUAOW, Taka v npuv
NauMeHTM CbC CbpOeYHOCHAOBM 3abonsaBaHus. Tesu
HabniogeHns HacbpyaBaT HayvyHaTa OOLHOCT Aa npo-
ObIDKN n3cnefBaHusaTa B obrnactra Ha oKkCuaaTtuBHUS
CTpPEec 1 aHTMOKCUAAHTHUTE Tepanuu, ¢ Len ga ce on-
penensaT no-e@eKkTMBHM U NEPCOHANM3NPaHN NOAXOAM
3a leyeHne Ha CbpaevYHOCHA0BUTE 3abonsiBaHUS.

Taka 4ye MuTOXOHApPUaNHaTa YHKLNOHAMHOCT ur-
pae KpUTUYHa porisi B PerynupaHeTo Ha OKCMaaTUBHUS
CTpec, KaTo nogobpsiBaHETO M MOXe Aa UMa 3HaduTe-
neH noteHuman 3a 6baewmTe TepaneBTMYHM CcTpaTe-
TN NpY CbpAeYHOCHO0BM 3abonsaBaHus.

He e deknapupaH KOHGAUKM Ha UHMepecu

A study by Handy DE et al. (2009) focused on the
role of glutathione peroxidase 1 (GPx1) in regulating
mitochondrial function and protecting against oxidative
stress. GPx1 is one of the main mitochondrial antioxi-
dant enzymes that catalytically degrade peroxides, in-
cluding hydrogen peroxide, a common reactive oxygen
species (ROS) in mitochondria [44]. The study shows
that GPx1 plays a crucial role in protecting mitochondri-
al DNA, lipids, and proteins from oxidative damage. Itis
also essential for regulating mitochondrial function by
controlling ROS levels within mitochondria [44]. Elevat-
ed ROS levels can lead to mitochondrial dysfunction,
which may contribute to the development of various
pathologies, including cardiovascular and neurodegen-
erative diseases [44].

In summary, clinical research in antioxidant therapy
for cardiovascular diseases remains complex and re-
quires further effort to determine the most effective and
safe treatment strategies.

CONCLUSION

Increased oxidative stress plays a significant role
in the development of various cardiovascular diseases.
These diseases are complex and often develop under
the influence of multiple pathophysiological mecha-
nisms, with oxidative stress being one of the key eti-
ological factors. Despite numerous studies in the field
of antioxidant therapy, most clinical trials have yielded
negative results, which may be explained by the lack of
specificity of antioxidant molecules toward the sourc-
es of ROS production and the inherent complexity of
these diseases.

The introduction of mitochondria-targeted therapies
represents a promising strategy to enhance the effec-
tiveness of non-pharmacological interventions, such as
physical exercise. Physical activity has been proven to
improve mitochondrial metabolism in the heart, both in
healthy individuals and in patients with cardiovascular
diseases. These observations encourage the scientific
community to continue research into oxidative stress
and antioxidant therapies, aiming to develop more ef-
fective and personalized approaches for the treatment
of cardiovascular conditions.

Thus, mitochondrial functionality plays a critical
role in regulating oxidative stress, and its improvement
may have significant potential for future therapeutic
strategies in cardiovascular disease.
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