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Abstract

Chronic heart failure (CHF) remains a leading cause of global mortality, characterized by

profound molecular and biochemical disturbances, including nitric oxide (NO) system

dysfunction, mitochondrial impairment, and oxidative stress. While standard therapies

such as ACE inhibitors, SGLT2 inhibitors, and beta-blockers address clinical symptom:s,

their capacity to interrupt the underlying biochemical mechanisms of cardiomyopathy is

often limited. This review examines the pathophysiological role of impaired NO produc-
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1. Introduction

Heart failure is currently one of the leading causes of mortality in most countries
worldwide. It affects 0.5-2% of the adult population; however, among individuals over 65
years of age, the prevalence rises to 6-10% [1-3]. Despite significant advances in the treat-
ment of cardiovascular diseases, the prevalence of chronic heart failure (CHF) not only
remains high but continues to increase steadily. According to various reports, the annual
incidence reaches approximately 300 cases per 100,000 population. Depending on disease
severity, mortality rates in CHF vary considerably, ranging from 15% to 50% [4—6]. More
than 40% of patients with signs of CHF present with terminal, class III-IV functional clas-
sification of the disease. In 2023, decompensated CHF was the cause of hospitalization in
cardiology departments for nearly every second patient (49%), and CHF was listed in the
diagnosis of 92% of those admitted to such facilities. The one-year mortality rate for pa-
tients with clinically manifest CHF reaches 26-29% [7]. The main causes of CHF are myo-
cardial infarction, hypertension, cardiomyopathy, and valvular heart diseases [8,9]. After
myocardial infarction, the heart usually adapts through a pathophysiological process
known as cardiac remodeling, which involves alterations in the structure and function of
cardiomyocytes as well as in the extracellular matrix of the non-infarcted myocardium.
These changes result in significant modifications of cardiac shape and volume, progres-
sive ventricular dilatation, and impaired contractile function [10]. The analysis of the
mechanisms underlying disorders in CHF remains an exceptionally complex task. They
have proven to be much broader, more diverse, and more intricate than previously as-
sumed [11,12]. Therefore, the investigation of the molecular mechanisms of cardiomyo-
cyte injury in CHF, the identification of potential pharmacological targets, and the devel-
opment of novel cardioprotective agents represent a crucial task for modern medicine and
pharmacy. Based on the above, we set the goal of generalizing and structuring the inter-
connected NO-dependent mechanisms of cardiac destruction in CHF based on the analy-
sis of the results of fundamental and clinical studies, as well as evidence of the interrup-
tion of these mechanisms in basic heart failure therapy and new potential drugs. Based on
an analysis of open sources and the results of our own research, this paper summarizes
and systematizes data on the leading molecular and biochemical mechanisms of cardi-
odestruction (nitric oxide system disturbances, apoptosis, oxidative stress, substrate alter-
ations, energy deficit, and mitochondrial dysfunction) in CHF. Furthermore, it highlights
the role of NO-dependent cardioprotective mechanisms of both standard medications and
novel original compounds.

2. Molecular and Biochemical Mechanisms of Myocardial Dystrophy in
CHF—Focus on Nitric Oxide (NO)

The development of heart failure involves multiple mechanisms. One of the most
critical links in CHF pathogenesis is oxidative stress, as evidenced by damage induced by
reactive oxygen species (ROS), including lipid peroxidation, as well as a decrease in anti-
oxidant levels and sulfhydryl groups. Damage to myofibrils and impaired regulation of
intracellular calcium under the influence of ROS are also key mechanisms commonly as-
sociated with the pathogenesis of CHF [13,14]. The targets of apoptosis in CHF are not
limited to cardiomyocytes but also include endothelial cells, as indicated by caspase acti-
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vation and internucleosomal DNA degradation [15]. In the pathogenesis of CHF, addi-
tional mechanisms have been identified, such as alterations in the high-energy phosphate
pool and the development of secondary mitochondrial dysfunction against the back-
ground of energy deficiency [16]. All these molecular mechanisms of molecular and bio-
chemical disturbances are closely associated with alterations in the myocardial nitroxider-
gic system (Figure 1).
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Figure 1. Cascade of Molecular and Biochemical Reactions Leading to Cardiac Destruction in
Chronic Heart Failure.

Multiple mechanisms are involved in cardiac destruction in CHF, but oxidative stress is the most
studied pathogenesis. This is evidenced by functional and structural damage caused by lipid pe-
roxidation, oxidative modification of proteins and nucleic acids, and reactive oxygen species
(ROS) triggered by deprivation of the antioxidant system. The following ROS play a role in the
pathogenesis of CHF: superoxide radical (O,-), hydroxyl radical (OH-), hydrogen peroxide (H.O),
singlet oxygen (O*;), ozone (O,), hypochlorite anion (OCl-), peroxyl radicals (ROO), alkoxyl radi-
cals (RO,), as well as active forms of nitric oxide, which are formed from NO during its increased
production under the influence of ROS: peroxynitrite (ONOO-), nitrosonium cation (NO+), nitrox-
ide anion (NO-) and S-nitrosothiols. In CHF, the main pathways for the formation of nitric oxide
ROS are: discoordination of mitochondrial electrotransport chains against the background of in-
creased expression of NAD(P)H oxidase in secondary mitochondrial dysfunction, decreased pO2
in the myocardium, accumulation of reduced forms of pyridine nucleotides; accumulation of cate-
cholamines, their precursors and metabolic products, activation of adenyl nucleotide metabolism
and increased expression of xanthine oxidase, imbalance of trace elements in the myocardium (Fe,
Cu, Zn, Mn, etc.), increased arachidonic acid metabolism, decreased expression of antioxidant
enzymes (superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase) and defi-
ciency of endogenous antioxidants (a-tocopherol, glutathione, cysteine, etc.), increased production
of NO under the influence of iNOS. Uncontrolled production of ROS and NO leads to oxidative
stress, resulting in increased formation of cytotoxic and cardiotoxic products (MDA, 8-epi-isopros-

tanes, 8-hydroxyguanine, 4-hydroxy-trans-2-nonenal, carbonyl derivatives of proteins (aldehydes

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018

4 of 32

and ketones)). Oxidative stress causes changes in intracellular pathways, in Red/Oxi-signaling,
aggravates secondary mitochondrial dysfunction, causes endothelial dysfunction, receptor desen-
sitization and secondary channelopathies, and subsequently leads to myocardial hypertrophy,
damage to the functional activity of the heart, apoptosis of cardiomyocytes, increased maladaptive

remodeling and causes the progression of CHF.

2.1. Mitochondrial Dysfunction and Impairments of Energy Metabolism in CHF

Mitochondria represent the most extensively and progressively damaged subcellular
organelles in cardiac pathology, including CHF [17-20]. In CHF, energy metabolism is
impaired, characterized by reduced ATP production due to mitochondrial dysfunction
and a shift from efficient glucose oxidation to less efficient fatty acid oxidation. Cardio-
myocytes experience an energy deficit, a significant decrease in ATP required for cardiac
contractile activity, which leads to diminished cardiac function and efficiency. It is highly
likely that the energy deficit in CHF is associated with the development of secondary mi-
tochondrial dysfunction. Mitochondrial dysfunction in CHF causes changes in substrate
preference and alterations in transcriptional and signaling pathways, thereby triggering
apoptosis, inflammation, and ROS generation [21-25]. These disturbances lead to ultra-
structural pathological changes, such as mitochondrial swelling and the formation of my-
elin figures within mitochondria [26]. In a doxorubicin-induced CHF model in rats, it was
found that the oxidation of long-chain fatty acids in cardiac mitochondria was signifi-
cantly reduced, whereas glucose metabolism was increased, indicating an overall shift
from an aerobic to an anaerobic metabolic state [27].

Such changes in both glycolysis and mitochondrial oxidative metabolism in CHF are
driven not only by transcriptional alterations of key enzymes involved in these metabolic
pathways but also by modifications in the redox state of NAD*/NADH and metabolite
signaling, which promote post-translational epigenetic changes in the regulation of genes
encoding energy metabolism enzymes. Alterations in glucose fate, beyond its flux through
glycolysis or glucose oxidation, also contribute to the pathology of CHF [28].

This described metabolic shift is characteristic of CHF and can lead to significant lac-
tate accumulation and lactic acidosis. The role of NO and various NOS isoforms in the
development of mitochondrial dysfunction in CHF is also well established. Excessive NO
production, in the context of increased iNOS expression and thiol antioxidant deficiency,
leads to damage of the mitochondrial electron transport chain and may contribute to the
development of mitochondrial dysfunction in CHF (Figure 2) [29-31].
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Figure 2. The Role of Mitochondrial Dysfunction in Myocardial Injury in Chronic Heart Failure.

It has been shown that in CHF, mitochondria represent an important source of NO
and its cytotoxic derivatives. Mitochondrial NOS is significantly activated in response to
acute and chronic myocardial ischemia, mitochondrial calcium uptake, increased super-
oxide radical levels, as well as in response to inflammation and elevated concentrations of
IL-1p and TNF-a. Mitochondrial production of NO and superoxide radicals leads to their
interaction and formation of a highly reactive species —peroxynitrite, which in turn trig-
gers the opening of the mitochondrial permeability transition pore (mPTP) [32,33]. Perox-
ynitrite (ONOO") also nitrosylates cytochrome C in mitochondria, leading to altered func-
tion; in particular, it becomes incapable of supporting electron transfer in the respiratory
chain [34]. Additionally, peroxynitrite (ONOO"), through nitrosylation of active sites in
mitochondrial membrane proteins, negatively affects calcium homeostasis in cardiomyo-
cytes during CHF and myocardial ischemia [32,35]. Mitochondria are known to play a key
role in the regulation of intracellular calcium, which is essential for the excitation—contrac-
tion coupling of cardiomyocytes.

In CHF, the myocardium exhibits a decreased density of intact mitochondria and an
increased density of mitochondria with pronounced ultrastructural abnormalities, includ-
ing enlarged size, fragmented outer membranes, disrupted cristae, electron-lucent matrix,
cardiolipin deficiency in the inner membrane, and cristae remodeling [36].

Mitochondrial dysfunction also leads to suppression of the expression of numerous
enzymes, such as succinate dehydrogenase, malate dehydrogenase, and superoxide dis-
mutase, as well as protective proteins, including HSP70 and HIF-1a [37,38]. Persistent mi-
tochondrial dysfunction initiates mechanisms of both extracellular and intracellular apop-
tosis. This occurs through the irreversible opening of the mPTP and the release of large
amounts of pro-apoptotic factors into the cytosol. The opening of the mPTP is induced by
NO and its reactive derivatives —peroxynitrite and the nitrosonium ion—which nitrosyl-
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ate and subsequently oxidize the sulfhydryl (-SH) groups of cysteine residues in mito-
chondrial inner membrane antiporter proteins, leading to increased polarity and permea-
bility for ions and proteins [39,40].

2.2. Impaired Delivery of Oxidative Substrates in the Myocardium in CHF

In heart failure, cardiomyocytes exhibit metabolic inflexibility, characterized by re-
duced fatty acid oxidation and increased glycolysis. This shift decreases ATP output and
elevates ROS levels due to Krebs cycle dysregulation and glycolysis activation [41]. Mito-
chondria in endothelial cells during CHF begin to utilize increased amounts of fatty acids,
which further enhances ROS production, reduces NO generation due to decreased eNOS
expression, and exacerbates mitochondrial dysfunction [42]. Under normal conditions,
NO regulates the transport and utilization of fatty acids in the myocardium by affecting
their transport across the sarcolemma via FAT/CD36, influencing both fatty acid uptake
and subsequent mitochondrial $-oxidation. In myocardial ischemia and CHF, dysregula-
tion of the NO system, characterized by reduced bioavailability and elevated concentra-
tions of reactive NO species, can lead to excessive fatty acid accumulation and lipotoxicity
in the myocardium [43]. In the blood of patients with CHF, both with preserved and re-
duced ejection fraction, as well as in experimental models of CHF, elevated concentrations
of ketone bodies have been observed. Ketone bodies are considered evolutionarily con-
served fuels for myocardial cellular metabolism, intended to supply energy during peri-
ods of ischemia and substrate deprivation, and their increase is generally regarded as
adaptive. However, the question of the adaptiveness of ketogenesis in CHF remains under
investigation [44].

Increased ketone body oxidation is accompanied by a parallel upregulation of keto-
lytic enzymes, -hydroxybutyrate dehydrogenase-1 (BDH1) and succinyl-CoA:3-oxoacid
CoA transferase (SCOT), in the heart. Insufficient expression of these enzymes, particu-
larly SCOT, may be associated with increased severity of CHF [45]. This occurs due to
increased iNOS production in CHF. NO deficiency leads to reduced SCOT expression and
a marked decline in myocardial energy capacity during CHF [36]. Impaired delivery of
oxidative substrates, energy depletion, oxidative stress, and cardiomyocyte apoptosis in
CHF primarily result from mitochondrial dysfunction [37].

3. Dysregulation of the Nitric Oxide System in CHF

In CHE, iNOS plays a significant role, as lactic acidosis can activate its expression in
endothelial and vascular smooth muscle cells, leading to NO overproduction. Excess NO
induces vasodilation, further exacerbating the condition by reducing vascular tone and
arterial pressure, which can impair cardiac contractility and increase the risk of arrhyth-
mias and hypotension [46]. In CHF, eNOS expression is reduced, leading to decreased NO
production and contributing to endothelial dysfunction, impaired cardiac conduction,
and diminished contractility. Reduced eNOS expression results in decreased vasodilation,
increased oxidative stress, and heightened inflammation, which further impair vascular
function and promote the progression of heart failure. In the myocardial microcirculation
of patients with heart failure, decreased eNOS expression and reduced basal NO release
have been observed [47,48]. Left ventricular dysfunction leads to reduced stroke volume,
which in turn diminishes shear stress.

3.1. Reactive Oxygen Species and Energy Metabolism in the Myocardium

There is evidence for the impact of ROS on PGC-1a and PGC-13—transcriptional
coactivator proteins that play a key role in the regulation of energy metabolism, mitochon-
drial function, and mitochondrial biogenesis under both physiological conditions and car-
diovascular pathology. PGC-1a and PGC-1f3 are partially functionally redundant, but
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both are required for normal development and proper functioning of the organism, par-
ticularly the cardiovascular system and skeletal muscles. PGC-la mediates adaptive
changes in physical activity patterns through the myocyte enhancer factor 2 and HIF-1a
under hypoxic conditions [49]. The expression and promoter activity of PGC-1a and PGC-
1B are increased in response to ROS, leading to altered expression of genes involved in
mitochondrial electron transport as well as mitochondrial and cytosolic energy produc-
tion systems. Different ROS concentrations exert distinct effects on PGC-1a and PGC-1p
expression: levels slightly above physiological promote their expression and enhance mi-
tochondrial biogenesis during cardiac hypertrophy, whereas high ROS concentrations
suppress these factors, contributing to energy deficit and mitochondrial dysfunction
[50,51]. Furthermore, varying ROS levels generated by NADPH oxidase 4 (NOX4) in car-
diomyocytes can modulate myocardial angiogenesis under pressure-overload-induced
stress [52].

3.2. ROS and Heart Failure

Excessive production of ROS by damaged mitochondria in CHF suppresses antioxi-
dant defenses, leading to oxidative damage. Elevated levels of stable oxidative stress
markers have been shown to positively correlate with worsening cardiac hemodynamic
parameters in CHF. ROS-induced signaling contributes to cardiac remodeling by regulat-
ing the coordinated enlargement of cardiomyocytes, mitochondrial biogenesis, and capil-
lary density during CHF. Moreover, in CHF, ROS modulate apoptotic signaling pathways
[53]. Currently known ROS include: superoxide radical (O2), hydroxyl radical (¢OH), hy-
drogen peroxide (H202), singlet oxygen ('Oz), ozone (Os), hypochlorite anion (OCI-), per-
oxyl radicals (ROO¢), and alkoxyl radicals (RO¢®). In addition, reactive nitrogen species
(RNS), which are derived from NO, include peroxynitrite (ONOO"), nitrosonium cation
(NO"), nitroxide anion (NO-), and S-nitrosothiols. These reactive nitrogen species are gen-
erated as a result of oxidative modification under the influence of ROS when the antioxi-
dant system is impaired. Reactive forms of NO play a critical role in the pathogenesis of
CHEF and other cardiovascular diseases [54,55]. The formation of certain types of ROS and
RNS is biochemically coupled with the generation of other reactive species and free radi-
cals. The hydroxyl radical (¢OH) is a powerful oxidizing agent, active in electron ac-
ceptance, donation, and transfer reactions. It is involved in the oxidative modification of
proteins, nucleic acids, and prostaglandins. Hydrogen peroxide (H20:) acts as a pro-oxi-
dant and has high diffusibility. It activates transcription factors such as NF-kappa B and
APO-1, and regulates the expression of Cyclooxygenase-2 (COX-2) and iNOS. Singlet ox-
ygen ('O2) and ozone (Os) are also strong oxidants; however, their exact role in the patho-
genesis of cardiovascular diseases remains unclear [56]. The peroxyl radical (ROO®) ex-
hibits lower oxidative potential compared with the hydroxyl radical but possesses higher
diffusibility. It has been implicated in carcinogenesis and myocardial remodeling. The
alkoxyl radical (RO®) is highly reactive with lipids, leading to their oxidative modifica-
tion. It participates in the formation of cytotoxic and cardiotoxic compounds such as trans-
nonenals, malondialdehyde, and other products of lipid peroxidation [57,58]. The hypo-
chlorite anion (OCI") is a potent oxidizing agent, with greater diffusibility than peroxyni-
trite (ONOO"). It participates in the oxidation of sulfonic and disulfonic groups in proteins
and DNA, as well as in the chlorination of tyrosine residues. OCI- disrupts multiple sig-
naling pathways, initiates apoptosis, receptor desensitization, and affects transcriptional
processes [59].

3.3. Pathways of ROS Generation in Heart Failure

In cardiovascular diseases, the activation of ROS production may be attributed to the
following mechanisms [60]: discoordination of mitochondrial electron transport chains
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against the background of increased expression of NAD(P)H oxidase, decreased pO: in
the myocardium, and accumulation of reduced forms of pyridine nucleotides; accumula-
tion of catecholamines, their precursors, and metabolic products; activation of adenine
nucleotide metabolism and increased expression of xanthine oxidase; imbalance of trace
elements in the myocardium (Fe, Cu, Zn, Mn, etc.); enhanced metabolism of arachidonic
acid; decreased expression of antioxidant enzymes (superoxide dismutase, catalase, glu-
tathione peroxidase, glutathione reductase); and deficiency of endogenous antioxidants
(a-tocopherol, glutathione, cysteine, etc.).

A significant increase in the activity and expression of NOX4 in myocardial mito-
chondria has been observed both in patients with CHF and in experimental animals with
various models of CHF. It has been reported that mitochondrial-localized NOX4 in cardi-
omyocytes mediates mitochondrial dysfunction and decreases mitochondrial DNA
(mtDNA) content in the heart during pathological hypertrophy caused by pressure over-
load and CHF, through the induction of oxidative damage to mitochondrial respiratory
complexes and mtDNA [61]. It is also known that NOX4, localized perinuclearly in the
endoplasmic reticulum of cardiomyocytes, protects them from pressure overload by pro-
moting myocardial angiogenesis and enhancing the mitochondrial energetic response
[62]. These data indicate that ROS produced within cardiomyocytes are important com-
ponents of an adaptive and coordinated signaling pathway when the heart faces overload
stress. However, excessive ROS production during ischemia and arterial hypertension
leads to mitochondrial bioenergetic impairment (Figure 3), which hinders the heart’s ad-
aptation to chronic stress and contributes to the development of CHF [63].
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Figure 3. The ROS-NO-Mitochondrial Dysfunction Pathway in the Development of CHF.

Current views on the pathogenesis of CHF indicate that the expression of mitochon-
drial NOX4 in cardiomyocytes, in response to decreased pOs, is a primary source of su-
peroxide radical production. NOX4 plays a key role in initiating and mediating mitochon-
drial dysfunction, cardiomyocyte apoptosis, suppression of transcription, and ultimately,
left ventricular dysfunction and CHF development [64,65]. Moreover, fibrosis, collagen
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deposition, and activation of metalloproteinases involved in myocardial remodeling dur-
ing CHF depend on the amount of ROS produced by NOX4. NOX4 participates in the
phenotypic transformation of fibroblasts into myofibroblasts, which is associated with the
progression of end-stage heart failure [66]. ROS generated by NADPH oxidase, the mito-
chondrial electron transport chain, and pro-inflammatory cytokines activate mitogen-ac-
tivated protein kinases (MAPKSs) and transcription factors. These, in turn, modulate ion
channel functions and ultimately enhance neuronal activity and sympathetic outflow in
cardiovascular diseases, particularly in angiotensin II-dependent CHF [67].

Studies indicate that xanthine oxidase is an important source of ROS in cardiovascu-
lar diseases, particularly in CHF. ROS produced by xanthine oxidase during the conver-
sion of xanthine to uric acid, as part of adenine nucleotide degradation under ischemic
conditions, lead to impaired endothelium-dependent vasodilation, reduced cardiac con-
tractility, and disease progression [68]. ROS are generated in the cyclooxygenase pathway
as byproducts at the peroxidase site during prostaglandin synthesis. COX-2 converts ara-
chidonic acid into prostaglandin PgGz, which undergoes peroxide oxidation to prosta-
glandin PgXs. ROS are produced during this two-step enzymatic process [69]. In CHF,
COX-2 expression is induced and upregulated in the myocardium in response to inflam-
matory cytokines and hypoxia via the nuclear factor-kB (NF-kB) signaling pathway. In-
creased COX-2 activity leads to the production of prostaglandins, which play a complex
role in the progression of CHF, as well as the generation of ROS. It is hypothesized that
COX-2 activation in CHF is associated with left ventricular hypertrophy and the activation
of apoptosis [70,71].

Transition metals (Fe, Cu, Zn, Mn) also contribute to ROS generation in the myocar-
dium through redox reactions, particularly via their variable oxidation states. These d-
block elements participate in biological processes such as the electron transport chain and
enzymatic catalysis, which generate ROS, including superoxide radicals and hydrogen
peroxide [72,73]. Among all d-block elements, iron is the most well-known for its role in
ROS production. Iron plays a central role in the Fenton and Haber—Weiss reactions —key
chemical processes that generate the most cytotoxic ROS, namely hydroxyl radicals. In
CHF, a paradoxical situation is observed: despite iron deficiency, the Fenton reaction is
activated, leading to increased production of hydroxyl radicals [74]. Iron metabolism in
CHF is highly complex, and the mechanisms regulating both systemic and cellular iron
homeostasis in cardiovascular diseases remain insufficiently elucidated. Notably, even
subphysiological concentrations of iron, under conditions of low pH, elevated hydrogen
peroxide levels, and compromised antioxidant defense, may initiate the Fenton reaction
[75]. It is also known that Cu?* effectively induces Fenton-like reactions and promotes hy-
droxyl radical formation [76]. Other sources of ROS in mitochondria are the enzymes
monoamine oxidase A (MAO-A) and B, both located in the outer mitochondrial mem-
brane. They catalyze the oxidative deamination of neurotransmitters and biogenic amines,
leading to the formation of superoxide radical, singlet oxygen, and hydrogen peroxide
[77]. In cardiomyocytes, MAO-A is localized in the outer mitochondrial membrane and
contributes to the production of ROS, leading to the accumulation of autophagosomes,
mitochondrial fusion, the formation of a conjugate of microtubule-associated protein 1
light chain 3-phosphatidylethanolamine (LC3-PE), and the accumulation of the autoph-
agy receptor p62 and ubiquitinated proteins. The superoxide radical, singlet oxygen, and
hydrogen peroxide generated by MAO-A can directly affect mitochondrial function and
inhibit sphingosine kinase, resulting in ceramide accumulation and, consequently, cardi-
omyocyte apoptosis [78].

3.4. Antioxidant System of the Myocardium in CHF
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The myocardial antioxidant system plays an important role in maintaining various
components of energy metabolism, catecholamine metabolism, and prostaglandin synthe-
sis, as well as in regulating the physiological levels of ROS required for proper cell signal-
ing. A reduction in individual components of this system, or its overall activity, leads to
uncontrolled ROS production and the development of oxidative stress [79].

It has been noted that in CHF, myocardial activity of mitochondrial Mn-SOD and
extracellular Fe-SOD is markedly reduced, contributing to uncontrolled ROS generation
through various metabolic pathways. This decline enhances oxidative stress, leading to
further ventricular dysfunction, remodeling, and worsening of disease prognosis. A de-
crease in Fe-SOD mRNA and protein expression has been shown to correlate with the
severity of CHF. The expression level of Fe-SOD serves as an informative marker for both
CHEF prognosis and the potential for endogenous myocardial cytoprotection. Reduced Fe-
SOD expression in heart failure has been associated with increased oxidative stress in the
myocardium and endothelial dysfunction. Moreover, total SOD activity and that of its
isoenzymes are useful predictors of adverse outcomes in patients with CHF and reduced
ejection fraction due to dilated cardiomyopathy. Total SOD, Mn-50OD, and Cu/Zn-SOD
provide moderate improvement in risk stratification when used in combination with tra-
ditional biomarkers and enhance prognostic assessment [80,81]. Catalase plays a crucial
role in protecting the myocardium from oxidative stress by decomposing hydrogen per-
oxide. A low catalase level has been associated with an increased risk of mortality in se-
vere heart failure. A decrease in catalase levels in the coronary sinus correlates with ele-
vated oxidative stress products and one-year mortality in patients with severe CHF [82].

CHEF is characterized by decreased GPx4 activity and activation of oxidative stress,
which leads to excessive production of free lipid radicals, including lipid aldehydes capa-
ble of irreversibly modifying critical cellular components of cardiomyocytes. These self-
propagating free lipid radicals can disrupt various metabolic and signaling pathways, re-
sulting in irreversible structural and functional alterations in the myocardium and con-
tributing to the progression of CHF. GPx4 has demonstrated high prognostic value for
predicting atrial fibrosis recurrence in CHF and shows a negative correlation with trans-
forming growth factor 3, indicating a possible role of ferroptosis in the development of
atrial fibrosis [83,84]. The endogenous antioxidant a-tocopherol is capable of protecting
fatty acids and membrane phospholipids by scavenging peroxyl radicals and terminating
the free-radical chain reaction. Recent studies have shown that low plasma concentrations
of a-tocopherol directly correlate with increased mortality and elevated levels of oxidative
stress markers in patients with cardiovascular diseases, including CHF [85]. Thus, the re-
duction in myocardial antioxidant defense in CHF is not only a cause of increased ROS
production and oxidative stress development but also contributes to the initiation of fer-
roptosis, inflammation, and fibrosis.

3.5. Oxidative Stress and CHF

Oxidative stress, defined as excessive production of ROS against a background of
diminished antioxidant defense and the formation of cyto- and cardiotoxic products of
oxidative modification of proteins, lipids, and nucleic acids, is considered a key factor in
the pathogenesis of heart failure [86]. Oxidative stress plays a crucial role in the patho-
physiology of cardiac remodeling and heart failure. It induces alterations in intracellular
pathways and redox signaling, leading to cellular dysfunction and damage to the func-
tional activity of the target organ, the heart. These effects exacerbate maladaptive remod-
eling and contribute to the progression of CHF [87]. Oxidative stress also promotes myo-
cardial tissue inflammation in CHF, contributing to an increased risk of comorbid condi-
tions such as obesity, diabetes mellitus, and sleep apnea [88,89]. For example, oxidative
stress induced by hypertrophic stimuli leads to the oxidation of cysteine SH residues in
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class II histone deacetylases, which are major negative regulators of cardiac hypertrophy.
This event results in the translocation of oxidized products into the cytosol and disruption
of transcriptional processes involving NF-«kB and the nuclear factor of activated T-cells.
Oxidized thiols negatively affect the enhancer factor II—a short DNA region that, by in-
teracting with other transcription factors, promotes gene or gene cluster transcription
from core promoters. Oxidative suppression of the enhancer factor in cardiomyocytes
contributes to cardiac hypertrophy in CHF [90]. A significant negative correlation has
been found between malondialdehyde levels and left ventricular ejection fraction in pa-
tients with CHF. It is also known that the levels of lipid peroxides and 8-isoprostanes, the
main biochemical markers of oxidative stress, are elevated in the plasma and pericardial
fluid of CHF patients and positively correlate with disease severity [91].

Stable products of oxidative stress and ROS stimulate tyrosine kinase Src, the GTP-
binding protein Ras, protein kinase C, MAPKSs, and c-Jun N-terminal kinase, thereby in-
ducing apoptosis, an important contributor to remodeling and dysfunction. Apoptosis is
triggered by ROS and oxidative stress-mediated damage to DNA and mitochondria, as
well as by the activation of pro-apoptotic signaling kinases. ROS and oxidative stress
products (such as aldehydes, ketones, and lipid peroxides) cause DNA strand breaks, ac-
tivating the nuclear enzyme poly(ADP-ribose) polymerase 1 (PARP-1). PARP-1 regulates
the expression of various inflammatory mediators that promote the progression of cardiac
remodeling. ROS can also activate matrix metalloproteinases (MMPs), a family of proteo-
lytic enzymes. MMPs are usually secreted in an inactive form and are post-translationally
activated by ROS through interactions with critical cysteine residues in the propeptide
autoinhibitory domain. In addition, ROS stimulate the transcription of NF-«xB and activa-
tor protein-1, which upregulate MMP expression. Increased MMP activity has been
demonstrated in heart failure, accompanied by elevated markers of oxidative stress.

3.6. NO and Apoptosis in CHF

Cardiomyocyte apoptosis makes a significant contribution to the loss of cardiac tissue
and function, ultimately leading to CHF. Various factors, including oxidative stress, im-
paired NO signaling, inflammation, and mitochondrial dysfunction, can trigger cardio-
myocyte apoptosis in CHF. The ultimate consequence of increased cardiomyocyte apop-
tosis is not only a reduction in the heart’s contractile capacity but also the promotion of
adverse remodeling, fibrosis, and, ultimately, increased morbidity and mortality associ-
ated with end-stage heart failure [92,93]. The mitochondrial pathway of apoptosis is pri-
marily mediated by the intrinsic signaling cascade, which involves the release of pro-
apoptotic factors from mitochondria. The key players in this pathway are members of the
Bax family and NO, both of which regulate mitochondrial membrane permeability. When
cells experience stress or damage, pro-apoptotic proteins promote the release of cyto-
chrome c from mitochondria into the cytosol. This release activates caspases, particularly
caspase 9, which subsequently triggers effector caspases such as caspase 3, ultimately
leading to cellular degradation and death [94,95]. In addition, ROS and reactive nitrogen
species (RNS) can further amplify apoptotic signaling and promote cell death [96]. It has
been shown that NO modulators can inhibit apoptosis by affecting caspase-3 expression
or by enhancing the expression of the heat shock protein HSP70 [38,97].

At physiological concentrations, NO produced through endogenous or pharmaco-
logical mechanisms can interrupt IL-13-dependent apoptotic pathways, whereas NO
overproduction by inducible synthases or pharmacological donors enhances apoptosis
through the formation of peroxynitrite (ONOO") [98]. Measures aimed at preserving NO,
reducing its conversion by ROS into peroxynitrite (ONOO-), and enhancing the activity
of SOD and glutathione-dependent enzymes can inhibit the initiating mechanisms of
apoptosis. Oxidative stress, hypoxia, and ischemia, which reduce NO bioavailability and

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018

12 of 32

increase the formation of peroxynitrite, nitrosonium ions, and protein nitrosylation, am-
plify pro-apoptotic signaling transmitted via Fas receptors. Additionally, activation of ni-
trosative stress and the presence of cytotoxic concentrations of NO in the cell lead to a
decrease in the mitochondrial anti-apoptotic protein Bcl-2 and induction of c-Fos. High
concentrations of NO can also affect SH-dependent Fe? regeneration mechanisms and en-
hance ferroptosis. H2O2, whose excess is observed under reduced expression of SOD, cat-
alase, and GPx in CHF, contributes to the amplification of NO-dependent apoptotic mech-
anisms [99]. Similarly, ascorbic acid can enhance the pro-oxidant properties of iron and
promote ferroptosis under pH alterations. Low catalase levels contribute to the amplifica-
tion of H202-induced apoptosis [100].

Macrophages expressing inducible iNOS, characterized by condensed nuclei and cy-
toplasm, play a specific role in initiating NO-dependent apoptotic mechanisms. NO re-
leased by activated macrophages leads to their functional suppression and, ultimately,
apoptosis. Several studies using S-nitrosothiols have demonstrated the role of transnitro-
sylation reactions in apoptosis. These reactions mediate the transfer of active NO species
to the SH groups of low-molecular-weight thiols (such as glutathione and cysteine) and
signaling proteins, altering or suppressing their function and thereby initiating apoptosis
[101,102]. Based on experimental studies, it can be suggested that an increase in reactive
nitrogen species, even under conditions of low NO production, leads to inhibition of mi-
tochondrial oxidative phosphorylation through nitrosylation of electron transport chain
enzymes and translocator proteins of the outer mitochondrial membrane. Reactive nitro-
gen species are also capable of inducing phospholipid peroxidation and oxidation of thiol
groups present on mitochondrial membrane proteins. Altogether, these processes ulti-
mately result in the massive release of pro-apoptotic factors from mitochondria [103,104].
The release of mitochondrial pro-apoptotic proteins, including cytochrome c, and the sub-
sequent activation of caspases in CHF lead to cellular dysfunction, apoptosis, and contrib-
ute to systolic impairment. The concept of “seeing hope in death” refers to the idea that,
although apoptosis contributes to heart failure progression, this process can be inter-
rupted in many cardiomyocytes, creating “zombie myocytes” that retain nuclei but suffer
from cytoplasmic damage. These cells, though dysfunctional, may retain the potential for
recovery through cytoplasmic reconstruction. Pharmacological interventions aimed at in-
hibiting NO-dependent mechanisms of apoptosis could therefore represent a novel ther-
apeutic approach for CHF [105].

4. Modern Perspectives on Pharmacological Therapy of CHF: Focus on
B-Adrenergic Blockers

Strategies for the prevention and treatment of CHF have evolved significantly over
the past two decades [106]. The stages of CHF have been redefined to include the concept
of pre-heart failure (pre-HF), which encompasses asymptomatic patients who have devel-
oped structural or functional cardiac abnormalities or exhibit elevated plasma levels of
natriuretic peptides or cardiac troponins [107]. First-line therapy for patients with CHF
with reduced ejection fraction (HFrEF) includes foundational treatment with angiotensin-
converting enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs), (3-blockers,
mineralocorticoid receptor antagonists, sodium-glucose co-transporter 2 (SGLT2) inhibi-
tors, and diuretics. For patients with heart failure with mildly reduced ejection fraction
(HFmrEF) or preserved ejection fraction (HFpEF), first-line therapy typically includes
SGLT2 inhibitors, 3-blockers, and diuretics [108].

4.1. Sodium—Glucose Co-Transporter 2 (SGLT2) Inhibitors
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Over the past decade, SGLT2 inhibitors have been used in patients with type 2 dia-
betes mellitus (T2DM) to control blood glucose levels. However, among antihyperglyce-
mic agents, only SGLT2 inhibitors (empagliflozin, canagliflozin, dapagliflozin) have
demonstrated a positive cardiovascular prognosis. In a subsequent study, only empagli-
flozin was shown to reduce both all-cause and cardiovascular mortality [109]. Therefore,
SGLT?2 inhibitors have recently emerged as a new class of drugs with proven efficacy in
the treatment of CHF [110]. Studies investigating the mechanisms of SGLT2 inhibitors
have shown that their cardioprotective effects are not related to glucose-lowering actions.
Evidence indicates that SGLT2 inhibitors exert positive hemodynamic effects, including
reductions in blood pressure, cardiac preload and afterload, and vascular resistance, as
well as decreased sympathetic activity and left ventricular mass (LVM). According to sev-
eral researchers, this mechanism largely accounts for the beneficial hemodynamic effects
of SGLT?2 inhibitors [111]. Another mechanism underlying the cardioprotective effects of
SGLT?2 inhibitors is their ability to modulate the activity of membrane Na*/H* exchangers
(NHE) isoforms 1 and 3, whose expression is increased in CHF and T2DM [112]. SGLT2
inhibitors lower glucose and insulin levels, increase glucagon concentrations, and en-
hance the production of the ketone -hydroxybutyrate and its conversion to acetoacetate.
They also promote the utilization of ketones and free fatty acids as energy substrates, in-
creasing compensatory energy production, which may improve systolic function and my-
ocardial remodeling [113]. However, SGLT2 inhibitors activate a relatively inefficient
ATP-generating pathway, namely the utilization of ketones and free fatty acids. Consid-
ering that SGLT2 is not expressed in the human myocardium and that data are lacking on
the effects of SGLT2 inhibitors on myocardial substrate utilization, mitochondrial func-
tion, and the phosphotransfer system in patients with CHF, the impact of these drugs on
myocardial energy metabolism remains largely unknown [114]. The cardioprotective ef-
fect of empagliflozin in a CHF model was also reflected in the reduced expression of COX-
2 and interleukin-1p (IL-1B), independent of T2DM [115]. SGLT2 inhibitors may enhance
NO production and improve endothelial function by promoting eNOS phosphorylation
(activation) and reducing ROS generation in diabetic rats. They increase NO levels by pre-
venting its interaction with superoxide radicals. However, data on these effects remain
very limited [116]. Alongside ACE inhibitors and [-blockers, SGLT2 inhibitors constitute
a scientifically validated foundational therapy for patients with HFrEF. A recent meta-
analysis involving 95,444 participants across 75 studies demonstrated that the combina-
tion of ACE inhibitors, 3-blockers, and SGLT2 inhibitors was most effective in reducing
all-cause mortality and the composite outcome of cardiovascular death or first hospitali-
zation for HFrEF. However, data on the efficacy of SGLT2 inhibitors for cardiovascular
outcomes in patients with CHF with HFpEF remain lacking [117]. However, the impact of
SGLT?2 inhibitors on myocardial metabolism in CHF remains unclear and continues to be
an open question for researchers.

4.2. Diuretics

Loop diuretics are the most commonly used diuretics due to their rapid onset of ac-
tion and high efficacy. They reversibly inhibit the Na*/2Cl-/K* cotransporter in the thick
ascending limb of the loop of Henle, where approximately one-third of filtered sodium is
reabsorbed. This inhibition reduces sodium and chloride reabsorption and increases diu-
resis. Loop diuretics also enhance prostaglandin synthesis, which causes renal and venous
vasodilation. This mechanism explains some cardiac effects, such as reduced pulmonary
artery wedge pressure. Common loop diuretics include furosemide, bumetanide, torase-
mide, and ethacrynic acid [118,119].

Thiazide diuretics inhibit the sodium-chloride transporter in the distal segment of
the ascending limb of the nephron and the early portion of the distal convoluted tubule.
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They limit maximal urine dilution, thereby increasing free water clearance and promoting
sodium and chloride excretion through the renal tubular epithelium. Thiazides also re-
duce peripheral vascular resistance via a mechanism that is not yet fully understood, re-
sulting in lowered arterial blood pressure [120].

Potassium-sparing diuretics used in the treatment of CHF include the aldosterone
receptor antagonists spironolactone and eplerenone. They act on the cortical segment of
the collecting ducts, reducing sodium and water reabsorption while increasing the excre-
tion of hydrogen and potassium ions, with their effects mediated by antagonism of min-
eralocorticoids. They also significantly reduce the harmful effects of aldosterone on the
cardiovascular system. Spironolactone is a non-selective aldosterone receptor antagonist,
which can result in endocrine-related side effects, such as gynecomastia.

While there are three main classes of diuretics (loop diuretics, thiazide diuretics in-
cluding metolazone, and potassium-sparing diuretics), loop diuretics are most commonly
used due to their potent natriuretic effect. At the same time, despite their relatively modest
diuretic effect, potassium-sparing diuretics have been shown to significantly improve
long-term outcomes in patients with symptomatic CHF. Diuretics may negatively affect
myocardial metabolism, potentially altering glucose and lipid levels, enhancing cardiac
remodeling, and adversely influencing the NO system [118].

4.3. ACE Inhibitors

ACE inhibitors are a cornerstone in the treatment of heart failure, particularly HFrEF.
They improve cardiac function and survival by reducing angiotensin I levels, which leads
to vasodilation (reducing afterload) and decreased aldosterone production (reducing fluid
retention and preload) [121].

Compounds containing a sulfhydryl group, such as captopril (Capoten), exhibit a
stronger vasodilatory effect. In most patients who have suffered a myocardial infarction,
as well as in those with CHF, long-term treatment with captopril has been shown to re-
duce mortality [122]. ACE inhibitors exhibit anti-ischemic effects to a greater or lesser ex-
tent, both those containing roups, such as captopril (Capoten), sistopril, and tenziomin,
and those that do not, including enalapril (Renitec, Vasotec, Enap, Enam, Ednit), cilazapril
(Inhibace), quinapril (Accupro, Accupril), perindopril (Prestarium, Coversyl), ramipril
(Tritace, Altace, Delix), spirapril (Repress), trandolapril (Gopten, Odrik), and fosinopril
(Fozinorm, Moex). It is also important to consider the indications for the use of drugs from
other pharmacological groups in the treatment of patients with ischemic heart disease.
ACE inhibitors improve the course of CHF by reducing afterload, preload, and systolic
wall tension, which leads to an increase in cardiac output without raising heart rate [123].
Since the 1980s, several large prospective randomized placebo-controlled trials have
demonstrated that ACE inhibitor therapy reduces overall mortality, particularly in pa-
tients with heart failure with reduced ejection fraction [22,50,124].

According to clinical trial data, the combination of candesartan with ACE inhibitors,
in addition to standard heart failure therapy, leads to a further reduction in cardiovascular
mortality in patients with CHF. In this setting, careful monitoring of renal function and
serum potassium levels is required [125]. The study results indicate that valsartan is as
effective as captopril in patients who have experienced acute myocardial infarction with
heart failure and/or left ventricular systolic dysfunction and can be used as an alternative
treatment in patients intolerant to ACE inhibitors [126]. Despite these findings, ACE in-
hibitors remain the first-line therapy for patients who have experienced myocardial in-
farction, while ARBs may be used in cases of proven intolerance. Although the use of ACE
inhibitors may appear beneficial in patients with heart failure and preserved left ventric-
ular systolic function, there are currently no large-scale clinical trials confirming this hy-
pothesis. Evidence suggests that ACE inhibitors can influence NO levels both directly and
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indirectly —by preventing the formation of angiotensin II (which reduces NO production)
and by inhibiting bradykinin degradation (which stimulates local NO release). An in-
crease in NO levels within the microvasculature of coronary arteries and the myocardium
contributes to vasodilation, decreased myocardial oxygen demand, modulation of con-
tractility, and improved left ventricular function. Conversely, a reduction in NO produc-
tion caused by certain ACE inhibitors may exacerbate endothelial dysfunction. These find-
ings highlight the need for further investigation into the NO-related effects of different
agents within this pharmacological class [127]. New therapeutic perspectives are emerg-
ing with the use of ACE inhibitors. Pharmacological modulation of angiotensin II receptor
activity may trigger signaling pathways that promote regeneration of damaged endothe-
lium and prevent vascular thrombosis in heart failure [128]. It has also been shown that
pharmacological modulation of the angiotensin II receptor plays a promotive role in the
differentiation of bone marrow mesenchymal stem cells into keratinocytes and enhances
reparative regeneration processes [129]. It is known that ACE inhibitors promote the ex-
pression of ACE2, which mediates the entry of SARS-CoV-2 into cells, causing COVID-19
[130]. Therefore, concerns have arisen regarding the safety of patients receiving ACE in-
hibitor therapy. However, studies have shown that angiotensin Il is a potent activator of
the enzyme ADAM17, a protease that cleaves ACE2. Once ACE2 binds to the viral spike
protein, it facilitates viral entry into the cell. Thus, inhibition of angiotensin II production
by ACE inhibitors may actually reduce the likelihood of infection [131].

4.4. B-Adrenergic Blockers

Over the past decade, CHF has evolved from being a contraindication to a direct in-
dication for the use of B-adrenergic blockers. It is well established that activation of the
sympathetic-adrenal system lies at the core of the cardiovascular continuum in HF, play-
ing, along with the renin-angiotensin system, a key role at all stages—from the impact on
risk factors to the development of overt CHF. From this perspective, the use of B-blockers
is entirely logical. The modern rationale for 3-blocker therapy in CHF is based on nearly
30 years of experimental and clinical pilot studies and is strongly supported by the results
of well-known multicenter trials. By the late 1990s, 3-blockers had become a mainstay in
the treatment of CHF. Alongside ACE inhibitors, [3-blockers are considered first-line
agents in HF therapy because they improve survival rates, reduce hospitalizations, in-
crease ejection fraction (EF), and decrease both the mass and sphericity of the left ventricle.
[B-Blockers exert their cardioprotective effects primarily by reducing heart rate, myocar-
dial contractility, and oxygen demand of cardiomyocytes [132].

Currently, three generations of 3-adrenergic blockers are distinguished according to
their pharmacological properties. First-generation (3-blockers are non-selective, blocking
both {3i- and Pa-receptors (e.g., propranolol [anaprilin], nadolol, timolol). These agents are
associated with significant side effects, which considerably limit their clinical use. Second-
generation (-blockers are cardioselective, as they selectively block Pi-receptors (e.g.,
metoprolol, bisoprolol, atenolol). They produce fewer adverse effects compared with first-
generation agents and demonstrate better long-term tolerability and a strong evidence
base for improving survival in patients with CHF. Third-generation p-blockers may be
either highly selective for Bi-receptors (e.g., nebivolol, betaxolol) or non-selective (e.g.,
carvedilol, labetalol, carteolol). These drugs possess additional anti-ischemic, endothelio-
tropic, antioxidant, antiproliferative, antihypertrophic, and antiapoptotic properties, with
minimal side effects. B-blockers of the first and second generations are often referred to as
traditional, whereas those of the third generation are known as 3-blockers with additional
pharmacological properties [133,134].
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The mechanism of action of this group of drugs is associated with the attenuation of
sympathetic influences on the myocardium and a reduction in myocardial oxygen de-
mand. The most widely used agent in clinical practice is anaprilin (propranolol), which
exhibits antianginal, antihypertensive, and antiarrhythmic properties, although these ef-
fects become pronounced only at higher doses. This phenomenon is attributed to the
membrane-stabilizing effect of propranolol. Propranolol suppresses the activity of the si-
noatrial node and ectopic foci of excitation, increases the effective refractory period of the
atrioventricular node, decreases the automaticity of cardiac cells, inhibits conduction
through the atrioventricular node, and reduces myocardial excitability. Under the influ-
ence of propranolol, a decrease in overall cardiac workload is also observed. In addition,
the drug exhibits a mild sedative effect. In cases of acute myocardial infarction, propran-
olol has been shown to reduce mortality and improve quality of life [135].

Among the side effects of non-selective 3-adrenoblockers are bronchospasm, hyper-
glycemia, atrioventricular block, increased peripheral vascular tone, physical fatigue, de-
compensation of heart failure, hypertriglyceridemia, hyperglycemia, insulin resistance,
reduced exercise tolerance, impotence, and decreased cognitive function of the central
nervous system [136-138]. Selective (3-blockers such as atenolol, bisoprolol, metoprolol,
and nebivolol do not cause bronchospasm, peripheral blood stasis, or alterations in glu-
cose tolerance. Among the cardioselective [31-blockers, atenolol, bisoprolol, and metopro-
lol succinate remain the reference drugs for the treatment of CHF in many countries. In
recent years, nebivolol has been widely used [139,140].

Data on the effects of bisoprolol on the NO system are limited and contradictory.
There is some evidence that bisoprolol exhibits endothelial-protective activity and in-
creases NO production in diabetes. However, the potency of this effect is significantly
weaker than that of nebivalol. There is also evidence that bisoprolol lacks this effect. A
study of bisoprolol in patients with HFrEF involving 2647 participants demonstrated a
significant 34% reduction in mortality [141]. Metoprolol is a selective B1-blocker charac-
terized by a shorter duration of action compared with atenolol and bisoprolol. In the
Metoprolol in Dilated Cardiomyopathy (MDC) study, which included 383 patients with
HFrEF, treatment with metoprolol resulted in a 34% reduction in the relative risk of all-
cause mortality [142]. Nebivolol is a selective [31-receptor antagonist that also stimulates
[33-receptors, leading to NO production and vasodilation. Nebivolol is currently the only
well-studied p-blocker with NO-mimetic activity. Experimentally, nebivolol modulates
eNOS expression, leading to excess NO without causing oxidative stress. In animal mod-
els, nebivolol normalizes the eNOS/iNOS ratio, limits oxidative stress during cardiac is-
chemia/repudiation, stimulates endothelial adenosine triphosphate production, increases
endothelial calcium levels via P2Y receptors, and determines calcium-dependent activa-
tion of eNOS. Nebivolol is able to inhibit ROS formation by mitochondrial energy-pro-
ducing systems in experiments [143]. In the study “Study of the Effects of Nebivolol In-
tervention on Outcomes and Rehospitalization in Seniors with Heart Failure,” which in-
cluded more than 2000 patients over the age of 70 with reduced ejection fraction, a signif-
icant reduction was observed in the combined endpoint of all-cause mortality and hospi-
talizations related to CHF [144]. Among third-generation adrenergic blockers with addi-
tional peripheral vasodilating properties, “hybrid” adrenergic blockers are distin-
guished —such as labetalol, celiprolol, dilevalol, carvedilol, bucindolol, nebivolol, alti-
oprim, and cardiotril. These agents are used in the treatment of angina pectoris, ischemic
heart disease, hypertension, and CHF [134,145]. Currently, carvedilol is the most widely
used agent—a moderately selective 3-blocker without intrinsic sympathomimetic activity
that also exhibits peripheral vasodilatory properties due to a-adrenergic blockade. By
blocking cardiac -adrenergic receptors, carvedilol can lower blood pressure and reduce
heart rate, while not decreasing cardiac output. Carvedilol inhibits the renin—angiotensin—
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aldosterone system by blocking renal 3-adrenergic receptors, resulting in reduced plasma
renin activity. Through al-adrenergic blockade, the drug induces peripheral vasodilation,
thereby decreasing systemic vascular resistance. Experimentally, carvedilol was able to
increase eNOS expression during cadmium cardiotoxicity and normalize the eNOS/iNOS
ratio during cardiac ischemia/reperfusion. The experiment also found that carvedilol in-
creased NO production by influencing P2Y purine receptors on glomerular endothelial
cells [143].

Carvedilol has been successfully used in the treatment of arterial hypertension, CHF,
and stable angina pectoris. In the US Carvedilol Heart Failure Study (which included 1094
patients with HFrEF), the use of carvedilol was associated with a 27% reduction in the risk
of hospitalization due to cardiovascular causes and a 38% reduction in the combined risk
of hospitalization or death [146]. Hemodynamic studies in patients with CHF have
demonstrated that carvedilol possesses a safer profile compared with other agents, par-
ticularly in terms of cardiac index and systemic vascular resistance [147]. Beta-blockers
exert an anti-apoptotic effect in heart failure by reducing harmful chronic adrenergic stim-
ulation of the heart, which can lead to cardiomyocyte death. By blocking these toxic ef-
fects, beta-blockers protect cardiomyocytes from apoptosis and necrosis, thereby slowing
the detrimental process of left ventricular remodeling, improving cardiac function, and
ultimately reducing mortality in patients with CHF [147,148]. Treatment with (3-blockers
such as metoprolol, carvedilol, and bisoprolol inhibits oxidative stress reactions while im-
proving the clinical course of CHF. The antioxidant effects of B-blockers have not been
sufficiently studied and require further investigation; however, several mechanisms have
been proposed. First, the -blocking effect is important, since catecholamines induce the
production of ROS in the myocardium. Second, the anti-ischemic and negative chrono-
tropic effects also play a significant role. Third, 3-blockers are believed to possess scav-
enging properties that depend on their chemical structure [149,150].

Thus, B-adrenergic blockers are indicated for CHF of any severity and have secured
a firm position among first-line therapies for this condition. However, current HF treat-
ment guidelines do not provide differentiated schemes for the use of B-blockers based on
their affinity for various 3-adrenergic receptor subtypes, or on their effects on myocardial
and systemic metabolism. Unresolved issues include the differential application of 3-
blockers across diverse HF patient categories and the early detection of resistance to these
drugs. It also remains unclear in which clinical scenarios a particular 3-blocker would be
most appropriate. These gaps underscore the need for further studies on the efficacy of -
blockers in HF, as well as the development of novel molecules exhibiting B-adrenergic
blocking activity with additional properties, such as antioxidant, metabolotropic, NO-mi-
metic, and anti-apoptotic effects [151].

4.5. Medicines of Different Groups Used for Heart Failure

Vericiguat is methyl (4,6-diamino-2-(5-fluoro-1-(2-fluorobenzyl)-1H-pyrazolo [3,4-
b]pyridin-3-yl)pyrimidin-5-yl) carbamate, a stimulator of soluble guanylate cyclase (sGC).
As we wrote above, modulation of the biological effects of NO looks quite attractive from
the point of view of preventing the occurrence and progression of endothelial dysfunc-
tion, which is considered as the most important mechanism of CHF development. And
considering that the bioavailability of NO in CHF is significantly reduced due to oxidative
stress and antioxidant deficiency, the use of donors and precursors of NO synthesis in the
form of nitrates, derivatives of sydnone imine, and L-arginine, which do not address the
main causes of decreased NO bioavailability, is characterized by low efficiency. An alter-
native approach is the modulation of the activity of NO-dependent salt-soluble guanylate
cyclase. The progression of CHF is associated with decreased soluble guanylate cyclase
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activity, decreased tissue perfusion, and increased peripheral vascular resistance, accom-
panied by a deficiency of circulating NO and oxidative stress. Vericiguat actively restores
the NO-sGC-cGMP signaling pathway by directly stimulating sGC independently and
synergistically with NO. This increases intracellular cGMP levels, which can improve my-
ocardial and vascular function. Vericiguat has been FDA-approved since 2021. Clinical
trials of vericiguat in patients with CHF and an ejection fraction of less than 45% have
shown some positive results, although further research is required [24,152]. Serelaxin is a
recombinant analog of the endogenous human peptide relaxin 2, which belongs to the
RXFP1 (Relaxin Family Peptide Receptor 1) family of relaxins, which exert a direct vaso-
dilatory effect through stimulation of membrane-associated G-protein-coupled receptors.
Serelaxin activates signaling pathways (AMPK-AKT), leading to eNOS expression, as well
as a number of slow-type signaling pathways (ALK 5/Smad2/3), promoting stimulation
of the endothelin type B receptor and the expression of proangiogenic growth factors. Ser-
elaxin has confirmed its ability to significantly reduce the severity of dyspnea in patients
with acute heart failure; however, the drug did not affect mortality rates or the need for
rehospitalizations in the short term. However, the use of serelaxin resulted in a significant
decrease in the plasma levels of sodium uretic peptide, troponin T, and creatinine in pa-
tients with acute heart failure, a decrease in pulmonary vascular pressure, and an increase
in daily diuresis [153-155]. All this requires additional research. In the 1970s, direct renin
inhibitors were developed: enalkiren, remikiren, and zankiren, which were studied in pa-
tients with arterial hypertension. However, these drugs had low bioavailability and un-
suitable pharmacokinetic parameters when administered orally. The emergence of a new
representative of direct renin inhibitors—aliskiren—a drug for oral administration signif-
icantly increased interest in this group of drugs. Aliskiren inhibits the binding of renin to
specific receptors and inhibits the formation of angiotensin II through renin-dependent
and renin-independent mechanisms. Aliskiren prevents the “escape” phenomenon char-
acteristic of other modulators of the renin-angiotensin system — ACE inhibitors and angi-
otensin receptor blockers. Clinical trials showed that aliskiren, compared with placebo,
contributed to a small reduction in the relative risk of cardiovascular death and rehospi-
talization due to CHF. Clinical trials of aliskiren were stopped due to an increased inci-
dence of hyperkalemia, hypotension, and end-stage renal disease, and a lack of significant
clinical benefit [156-161]. Omecamtiv mecarbil, a low-molecular-weight cardiac myosin
activator, is a promising drug with significant inotropic potential for the treatment of
CHF. Compared with 1-stimulants (milrinone, vesnarinone, and dobutamine), it does
not increase calcium influx from the sarcoplasmic reticulum. It has been experimentally
established that by binding to the catalytic domain of cardiomyocyte myosin ATPase,
omecamtiv mecarbil increases the rate of myosin transition to the actin-bound state, lead-
ing to an increase in the contact time of the actomyosin complex and an increase in stroke
and minute volumes while reducing heart rate [162-164]. Clinical studies have shown that
the use of omecamtiv mecarbil in patients with CHF with reduced ejection fraction re-
sulted in an increase in stroke volume, left ventricular ejection fraction, and a decrease in
heart rate, without affecting blood pressure. Omecamtiv mecarbil has also demonstrated
efficacy and safety in the treatment of CHF with reduced ejection fraction and low systolic
pressure. However, omecamtiv mecarbil’s effectiveness in reducing cardiovascular mor-
tality has been somewhat disappointing for its developers and clinicians [165]. In a pooled
analysis of the effects of all doses used, the effect of omecamtiv mecarbil on dyspnea was
not different from that of placebo. Results from recent clinical trials of omecamtiv mecarbil
in CHF with reduced ejection fraction (~27-28%) did not show significant reductions in
overall mortality or improvements in exercise capacity and did not reveal any significant
benefit in terms of overall functional status [166]. Thus, among the drugs developed for
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the treatment of CHF with a new mechanism of action, omecamtiva mecarbil and sere-
laxin proved successful at the initial stage of research. Large clinical trials will show how
effective they really are in the treatment of CHF.

4.6. 1,2,4-Triazole Derivatives as Promising Agents for Cardioprotection in Heart Failure

1,2,4-Triazole derivatives exhibit a broad spectrum of pharmacological activities, in-
cluding anti-hypoxic, anti-ischemic, antioxidant, growth-stimulating, antiviral, and anti-
inflammatory effects [167,168]. 1,2,4-Triazole derivatives are of particular interest as po-
tential cardioprotective agents. Among 3-methyl-1,2,4-triazolyl-5-carboxylic acids and
their salts, several compounds have demonstrated cardioprotective activity in rat models
of myocardial infarction. Within this subgroup, notable salts include morpholine, sodium,
and monoethanolamine salts of 3-methyl-1,2,4-triazolyl-5-thioacetic acid, with the most
prominent representative being thiotriazoline. Thiotriazoline, the first member of the class
of metabolotropic cyto- and cardioprotectors, exhibits anti-ischemic, cardioprotective, an-
tioxidant, energotropic, membrane-protective, and immunomodulatory properties. The
results of preclinical studies on animal models are presented in the review [169-171].

Results from multicenter randomized studies support the inclusion of thiotriazoline
in the comprehensive treatment of cardiovascular diseases as a metabolotropic cardiopro-
tector. Thiotriazoline reduces the frequency and duration of ischemic episodes and car-
diac rhythm disturbances, increases tolerance to physical exertion, and improves both the
quality and longevity of life in patients with stable angina, myocardial infarction, post-
infarction myocardial remodeling, and CHEF, thereby enhancing prognosis and patient
quality of life. Thiotriazoline has demonstrated good tolerability and safety when admin-
istered in a daily dose of 600 mg over an 8-week course for the treatment of ischemic heart
disease, stable angina (functional class II-III), and CHF (8298 patients in total). Clinical
trials have shown a low incidence of adverse effects, approximately 3%, which were mild
to moderate in severity and not directly attributable to the drug. The proven effects of
thiotriazoline include a significant reduction in the incidence of ventricular arrhythmias
and correction of rhythm disturbances, as well as a beneficial effect on quality of life, as
described in the review [172]. The mechanism of action of thiotriazoline, established in
experimental studies on animal models of myocardial ischemia, involves increasing the
expression of antioxidant enzymes, reducing the concentration of free radicals, activating
the compensatory malate—aspartate energy shuttle, normalizing the function of the Krebs
cycle, and initiating redox-dependent expression of transcription factors under ischemic
conditions [173,174]. Further modification of the thiotriazoline molecule led to the creation
of a new compound with the following structure: L-lysine 3-methyl-1,2,4-triazolyl-5-thio-
acetate, named Angiolin. Angiolin increases the bioavailability of NO, normalizes the ex-
pression of eNOS and iNOS mRNA, and increases the density of myocardial vascular en-
dothelial cells and VEGF expression in the myocardium of rats and rabbits during the
moderation of experimental myocardial infarction, myocardial ischemia, and CHF in rats
and rabbits. Angiolin normalizes systolic blood pressure, reduces the manifestations of
ischemic dysfunction of the left ventricle—increases left ventricular pressure, increases
working and stroke volumes, and reduces total peripheral vascular resistance. Angiolin
improves myocardial energy metabolism by activating the compensatory malate-aspar-
tate shunt of ATP formation during myocardial ischemia [175-177]. Cardioprotective
properties were also identified in 4-amino-1,2,4-triazole derivatives [178]. Among them,
the most active identified compound was 1-(3-phenylethyl)-4-amino-1,2,4-triazolium bro-
mide (working name Hypertril), a cardioselective beta-blocker with NO-mimetic effect,
demonstrating antihypertensive, antianginal, antiischemic, fibrinolytic, and antioxidant
properties [179]. Administration of Hypertril to rats with experimental myocardial infarc-
tion and CHF resulted in normalization of ECG and cardiohemodynamic parameters—a
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reduction in systolic and diastolic myocardial dysfunction and restoration of autonomic
mechanisms of heart rate regulation. This also reduced cardiac preload by decreasing
heart rate, while increasing stroke volume. It also reduced cardiac afterload by decreasing
total vascular resistance. Administration of Hypertril to rats with experimental CHF re-
sulted in a significant increase in myocardial NOS activity in the cytosol and mitochondria
due to an increase in eNOS (increased eNOS-positive cell density and increased eNOS
expression), and also contributed to the normalization of myocardial iNOS expression. A
course of intragastric administration of Hypertril to animals with experimental CHF re-
duces the manifestations of secondary mitochondrial dysfunction and normalizes myo-
cardial energy metabolism —an increase in the charge of the inner mitochondrial mem-
brane and an increase in ATP levels in the cytosol and mitochondria. The potential drug
Hypertril exhibits a pronounced antihypertensive and cardioprotective effect after 15 days
of administration in SHR rats with stable arterial hypertension, manifested by a significant
decrease in blood pressure and a reduction in target organ damage in the heart. It also
mitigates disturbances in the L-arginine-NOS-NO system in the myocardium in arterial
hypertension. Hypertril exhibits NO-mimetic properties, enhancing NO synthesis by in-
creasing the expression of endothelial NOS in the myocardium. Administration of Hyper-
tril to hypertensive rats reduces cardiomyocyte nuclear density to levels observed in nor-
motensive rats [32,180,181]. Based on comprehensive experimental studies and analysis
of data on disturbances in cardiac electrical activity, autonomic regulation of heart rate,
oxidative stress activation, impaired energy metabolism and ATP production, as well as
dysfunction of the nitric oxide system, we obtained new insights into the role of altered
expression of iNOS and eNOS mRNA in the pathogenesis of CHF. These studies demon-
strated that the severity of disturbances in cardiac electrical activity and autonomic regu-
lation, oxidative stress, and energy deficit are associated with dysfunction of the myocar-
dial NO system. Our experimental studies have shown some advantage (in terms of the
effect on some molecular, biochemical, immunohistochemical, and electrophysiological
parameters) of Hypertril over traditional beta-blockers of different generations (metopro-
lol, carvedilol, bisoprolol, and nebivolol) in experimental CHF [182-184].

The potential of Hypertril as a treatment for cardiovascular diseases has been con-
firmed by other studies [185]. It should be emphasized that the identified properties of the
cardioprotective action of new molecules of 1,2,4-triazole derivatives aimed at interrupt-
ing the interconnected NO-dependent mechanisms of cardiac destruction in heart failure
are consistent with the data of the modern literature demonstrating the key role of dis-
turbances in cellular metabolism, oxidative stress, the nitroxidergic system, mitochondrial
dysfunction, immune response and endothelial dysfunction in the pathogenesis of a wide
range of cardiovascular diseases [186]. The pharmacological activity of 1,2,4-triazole de-
rivatives, in particular their antioxidant, anti-inflammatory, cardioprotective, beta-block-
ing, and cytoprotective properties, has been demonstrated in experimental studies [186],
which further confirms the possibility of using 1,2,4-triazole as a basis for the construction
of new potential drugs. Furthermore, genetic and transcriptional features described in
studies of cardiovascular, endocrine, and immune-inflammatory diseases [187] highlight
the key role of molecular abnormalities in the development of pathology, providing a sci-
entific basis for the development of new approaches to pathogenetic therapy [188,189].
Thus, our results on the experimental evaluation of the efficacy of new potential drugs
and the study of their mechanism of action fit organically into the modern scientific con-
text and confirm the prospects for further study of these drugs as means of targeted action
on key links in cardiac dysfunction.

5. Study Limitations
Several Key Limitations Should Be Noted
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Incomplete Pathway Analysis: The review did not comprehensively analyze all po-
tential NO-related pathways involved in the pathogenesis of CHF. The study did not an-
alyze the role of NO in initiating ferroptosis in CHF, the role of NO in the mechanisms of
inflammatory responses in CHF, or the role of NO in immunological activation. The study
did not analyze cardiac fibrosis pathways, autophagy, epigenetic regulation, or the cardi-
orenal-metabolic axis. The review did not analyze the duration of the cardioprotective
effects of basic medications, and the potential for sustained benefits remains unexplored.

Unexplored Sex Differences: The review did not analyze potential sex differences in
the formation of NO-dependent mechanisms of cardiac destruction in CHF or potential
sex differences in drug response, limiting the generalizability of the results.

6. Translational and Clinical Significance of the Study

The most important results of the study for clinical medicine should be noted. There
is the possibility of using the following as additional diagnostic biomarkers in a laboratory
diagnosis of CHF: Markers of mitochondrial dysfunction, namely circulating mtDNA,
which significantly increases in the blood with mitochondrial damage —specifically, im-
paired integrity of the mitochondrial outer membrane and opening of the mitochondrial
permeability pore (mPTP), cytochrome C, lactate/pyruvate ratio, manganese-dependent
superoxide dismutase (intramitochondrial); a change in its activity indicates mitochon-
drial damage, NAD(P)H oxidase, the activity of which is associated with mitochondrial
dysfunction; markers of the nitroxidergic system, including a decrease in the level of sta-
ble NO metabolites (NOx) and an increase in the level of nitrosative stress markers (nitro-
tyrosine) may be potential diagnostic and prognostic indicators in heart failure and indi-
cate a decrease in NO bioavailability. A decrease in reduced glutathione and a decrease
in glutathione peroxidase activity may also indicate a decrease in NO bioavailability. Re-
duced eNOS expression and a decrease in the eNOS/iNOS ratio may also be potential
diagnostic markers of CHF. Impaired NO metabolism is a key pathogenetic marker in
many cases of heart failure with preserved ejection fraction. These markers can help dif-
ferentiate chronic heart failure and predict its severity, along with standard diagnostic
markers.

Theoretical rationale for the inclusion in complex therapy of CHF: pharmacological
agents for the correction of mitochondrial dysfunction and energy metabolism (direct mi-
toprotectors, activators of cytosolic-mitochondrial shunts, macroergic agents); pharmaco-
logical agents for the correction of the nitric oxide system (positive modulators of eNOS
expression, NO synthesis precursors, agents that increase NO bioavailability and protect
it from reactive oxygen species).

Theoretical justification for the development and creation of new original agents
combining the properties of beta-blockers and NO-mimetics, antioxidants, and myopro-
tectors. The promise of the results presented in the review is confirmed by the fact that the
new potential drugs Angiolin (as a metabolite-tropic cardio- and endothelioprotector) and
Hypertril (as a beta-blocker and NO-mimetic) have been approved for clinical trials and
phase 1 trials and have been admitted to phase 2 trials.

7. Conclusions

Recently, national cardiology societies have developed guidelines for the treatment
of CHF with reduced left ventricular ejection fraction. However, recommendations for the
drug treatment of CHF with mid- and preserved left ventricular ejection fractions are be-
ing refined and require additional research. Basic approaches to CHF therapy consider
diuretics, vasodilators, and inotropic agents as initial symptomatic therapy. These agents
are used as a temporary measure to reduce fatigue, dyspnea, edema, fluid retention, and
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achieve hemodynamic stability. However, these agents have virtually no impact on pa-
tient survival or readmission rates. As the study results presented in the review demon-
strate, increased survival, reduced readmissions, and improved clinical outcomes occur
with the inclusion of appropriately selected ACE inhibitors, angiotensin receptor blockers,
and, especially, beta-blockers in the treatment regimen. The presented material on the
mechanisms of myocardial injury in CHF demonstrates the complexity of their analysis,
interactions, and the order of initiation. The emergence of new experimental and clinical
data shows that these mechanisms are much broader, more diverse, and more complex
than previously understood. However, given a number of substantiated promising target
links in the progression of CHF (mitochondrial dysfunction, apoptosis, impaired absorp-
tion of energy metabolism substrates, dysfunction in the NO system), as well as taking
into account comorbid conditions of various types of CHF (diabetes mellitus, chronic kid-
ney disease, obesity, hyperuricemia, hypothyroidism, arterial hypertension, atrial fibrilla-
tion, COPD), which worsen the prognosis, increase the number of hospitalizations and
mortality and determine the need to search for new ways of effective treatment. Based on
this, new principles in such areas of CHF treatment include mitoprotection, NO modula-
tion, improvement of myocardial energy metabolism, antioxidant modulation, anti-in-
flammatory action, membrane protection, and anti-apoptotic action. These can improve
survival, reduce the risk of non-fatal clinical outcomes, and enhance the quality of life and
clinical status of patients with CHF. This can be achieved through the development of new
original drugs, such as beta-blockers with additional properties (antioxidant, NO-modu-
lating, anti-apoptotic, mitoprotective, and anti-inflammatory), as well as by evaluating
these properties in standard therapy drugs or combining them with metabolite-modifying
agents. The results presented and summarized in this review contribute to a broader un-
derstanding of the NO-related molecular and biochemical mechanisms underlying the
development of myocardial dystrophy in CHF, as well as the effects of ACE inhibitors,
diuretics, and 3-blockers of various generations, and the novel drug Hypertril, used in the
treatment of cardiovascular diseases, on energy metabolism and the nitric oxide system.
These insights may aid in the rational selection of these agents for inclusion in compre-
hensive CHF therapy.

Author Contributions: Conceptualization, I.B., O.P., O.G., N.B., V.R. and D.S.; methodology, S.O.,
P.P., OK, LB, O.P. and O.G,; software, N.B.,, V.R,, D.S., S.O., P.P. and O.K,; validation, I.B., O.P.,
O.G,, N.B,, V.R. and D.S,; formal analysis, S.0., P.P., O.K, I.B., O.P. and O.G,; investigation, N.B.,
VR, DS, S.0, P.P. and O.K,; data curation, I.B., O.P., O.G,, N.B,, V.R. and D.S.; writing—original
draft preparation, S.0., P.P,, O.K,, I.B., O.P. and O.G.; writing—review and editing, N.B., V.R,, D.S.,
S.0., P.P. and O.K,; visualization, I.B., O.P., O.G., N.B,, V.R. and D.S; supervision, 5.0., P.P., O.K,,
I.B., O.P. and O.G,; project administration, N.B., V.R., D.S., 5.0., P.P. and O.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The paper contains the original contributions made during the study;

further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Shahim, B.; Kapelios, C.J.; Savarese, G.; Lund, L.H. Global public health burden of heart failure: An updated review. Card. Fail.
Rev. 2023, 9, ell. https://doi.org/10.15420/cfr.2023.05.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 23 of 32

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ran, J.; Zhou, P.; Wang, J.; Zhao, X.; Huang, Y.; Zhou, Q.; Zhai, M.; Zhang, Y. Global, regional, and national burden of heart
failure and its underlying causes, 1990-2021: Results from the Global Burden of Disease Study 2021. Biomark. Res. 2025, 13, 16.
https://doi.org/10.1186/s40364-025-00728-8.

Montalto, M.; D’Ignazio, F.; Camilli, S.; Di Francesco, S.; Fedele, M.; Landi, F.; Gallo, A. Heart failure in older patients: An
update. J. Clin. Med. 2025, 14, 1982. https://doi.org/10.3390/jcm14061982.

Savarese, G.; Lund, LH. Global public health burden of heart failure. Card. Fail. Rev. 2017, 3, 7-11.
https://doi.org/10.15420/cfr.2016:25:2.

Sapna, F.; Raveena, F.; Chandio, M.; Bai, K; Sayyar, M.; Varrassi, G.; Khatri, M.; Kumar, S.; Mohamad, T. Advancements in
heart failure management: A comprehensive narrative review of emerging therapies. Cureus 2023, 15, e46486.
https://doi.org/10.7759/cureus.46486.

Dattani, S. Death rates from cardiovascular disease have fallen dramatically —What were the breakthroughs behind this? Our
World Data 2025. Available online: https://ourworldindata.org/cardiovascular-deaths-decline (accessed on 4 August 2025).
Guaricci, A.L; Sturda, F.; Russo, R; Basile, P.; Baggiano, A.; Mushtaq, S.; Fusini, L.; Fazzari, F.; Bertandino, F.; Monitillo, F.; et
al. Assessment and management of heart failure in patients with chronic kidney disease. Heart Fail. Rev. 2024, 29, 379-394.
https://doi.org/10.1007/s10741-023-10346-x.

Shams, P.; Malik, A.; Chhabra, L. Heart failure (congestive heart failure). In StatPearls [Internet]; StatPearls Publishing: Treasure
Island, FL, USA, 2025. Available online: https://www.ncbi.nlm.nih.gov/books/NBK430873 (accessed on 26 June 2025).

Hong, W.; Zhu, Y.; Qi, M.; Wang, X.; Fang, M. The dioxygenase TET2 regulates pathological cardiac hypertrophy. Life Sci. 2025,
379, 123915. https://doi.org/10.1016/j.1fs.2025.123915.

Yong, J.; Tao, J.; Wang, K,; Li, X.; Yang, Y. Post-myocardial infarction cardiac remodeling: Multidimensional mechanisms and
clinical prospects of stem cell therapy. Stem Cell Rev. Rep. 2025, 21, 1369-1427. https://doi.org/10.1007/s12015-025-10888-7.
Singh, R K., 4th; Meshram, R.J.; Tiwari, A. A review of the mechanism of action of drugs used in congestive heart failure in
pediatrics. Cureus 2023, 15, €33811. https://doi.org/10.7759/cureus.33811.

Ciuca-Pand, M.-A.; Boulmpou, A; Ileri, C.; Manzi, G.; Golino, M.; Ostojic, M.; Galimzhanov, A.; Busnatu, S.; Mega, S.; Perone,
F. Chronic heart failure and coronary artery disease: Pharmacological treatment and cardiac rehabilitation. Medicina 2025, 61,
211. https://doi.org/10.3390/medicina61020211.

Chawla, H.V; Singh, N.; Singh, S.B. The association between oxidative stress and the progression of heart failure: A systematic
review. Cureus 2024, 16, e55313. https://doi.org/10.7759/cureus.55313.

Wrébel-Nowicka, K.; Wojciechowska, C.; Jache¢, W.; Zalewska, M.; Romuk, E. The role of oxidative stress and inflammatory
parameters in heart failure. Medicina 2024, 60, 760. https://doi.org/10.3390/medicina60050760.

Del Re, D.P.; Amgalan, D.; Linkermann, A.; Liu, Q.; Kitsis, R.N. Fundamental mechanisms of regulated cell death and implica-
tions for heart disease. Physiol. Rev. 2019, 99, 1765-1817. https://doi.org/10.1152/physrev.00022.2018.

Zhang, Z.; Zhao, X.; Zhang, X.; Wan, S.; An, P.; Zhu, Y.; Luo, Y.; Luo, ]. Mitochondrial cardiovascular diseases: Molecular mech-
anisms,  multi-omics  exploration and  therapeutic  strategies. J. Adv. Res. 2025, 82,  347-365.
https://doi.org/10.1016/j.jare.2025.07.021.

Paraskevaidis, I.; Kourek, C.; Farmakis, D.; Tsougos, E. Mitochondrial dysfunction in cardiac disease: The fort fell. Biomolecules
2024, 14, 1534. https://doi.org/10.3390/biom14121534.

Pavlovi¢, N.; Todorovi¢, P.; Maglica, M.; Kumri¢, M.; Vukojevi¢, K.; Pogoreli¢, Z.; Bozi¢, J. Mitochondrial dysfunction in cardi-
omyopathy and heart failure: From energetic collapse to therapeutic opportunity. Biomolecules 2025, 15, 1572.
https://doi.org/10.3390/biom15111572.

Guo, S;; Hu, Y.; Ling, L.; Yang, Z.; Wan, L.; Yang, X.; Lei, M.; Guo, X,; Ren, Z. Molecular mechanisms and intervention ap-
proaches of heart failure (review). Int. ]. Mol. Med. 2025, 56, 125. https://doi.org/10.3892/ijmm.2025.5566.

Paillard, M.; Abdellatif, M.; Andreadou, I.; Bar, C.; Bertrand, L.; Brundel, B.].J.M.; Chiva-Blanch, G.; Davidson, S.M.; Dawson,
D.; Di Lisa, F.; et al. Mitochondrial targets in ischaemic heart disease and heart failure, and their potential for a more efficient
clinical translation. Eur. J. Heart Fail. 2025, 27, 1720-1736. https://doi.org/10.1002/ejhf.3674.

Siasos, G.; Tsigkou, V.; Kosmopoulos, M.; Theodosiadis, D.; Simantiris, S.; Tagkou, N.M.; Tsimpiktsioglou, A.; Stampouloglou,
P.K.; Oikonomou, E.; Mourouzis, K;; et al. Mitochondria and cardiovascular diseases-from pathophysiology to treatment. Ann.
Transl. Med. 2018, 6, 256. https://doi.org/10.21037/atm.2018.06.21.

Liu, H; Wang, S.; Wang, J.; Guo, X,; Song, Y.; Fu, K;; Gao, Z,; Liu, D.; He, W.; Yang, L.L. Energy metabolism in health and
diseases. Signal Transduct. Target. Ther. 2025, 10, 69. https://doi.org/10.1038/s41392-025-02141-x.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 24 of 32

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Qian, X.; Zai, Z.; Tao, Y.; Lv, H;; Hao, M.; Zhang, L.; Zhang, X.; Xu, Y.; Zhang, Y.; Chen, F. Acidosis regulates immune progres-
sion in rheumatoid arthritis by promoting the expression of cytokines and co-stimulatory molecules in synovial fibroblasts. Mol.
Med. 2025, 31, 136. https://doi.org/10.1186/s10020-025-01181-x.

Gallo, G.; Rubattu, S.; Volpe, M. Mitochondrial dysfunction in heart failure: From pathophysiological mechanisms to therapeu-
tic opportunities. Int. J. Mol. Sci. 2024, 25, 2667. https://doi.org/10.3390/ijms25052667.

Tang, Z,; Jiang, Y.; Ling, H.; Shen, Y.; Wu, X,; Chu, C.H.; Zhao, L.S.; Gan, X. Hydrogel-based mitochondrial therapies: A new
frontier in disease treatment. Biomaterials 2026, 330, 124071. https://doi.org/10.1016/j.biomaterials.2026.124071.

Khan, T.; Waseem, R.; Zehra, Z.; Aiman, A.; Bhardwaj, P.; Ansari, J.; Hassan, M.I.; Islam, A. Mitochondrial dysfunction: Patho-
physiology and mitochondria-targeted drug delivery approaches. Pharmaceutics 2022, 14, 2657. https://doi.org/10.3390/pharma-
ceutics14122657.

Lopaschuk, G.D.; Karwi, Q.G.; Tian, R.; Wende, A.R.; Abel, E.D. Cardiac energy metabolism in heart failure. Circ. Res. 2021, 128,
1487-1513. https://doi.org/10.1161/CIRCRESAHA.121.318241.

Sun, Q.; Karwi, Q.G.; Wong, N.; Lopaschuk, G.D. Advances in myocardial energy metabolism: Metabolic remodelling in heart
failure and beyond. Cardiovasc. Res. 2024, 120, 1996-2016. https://doi.org/10.1093/cvr/cvae231.

Roy, R.; Wilcox, J.; Webb, A.].; O’Gallagher, K. Dysfunctional and dysregulated nitric oxide synthases in cardiovascular disease:
Mechanisms and therapeutic potential. Int. ]. Mol. Sci. 2023, 24, 15200. https://doi.org/10.3390/ijms242015200.

Fujii, J;, Homma, T. Osaki, T. Superoxide radicals in the execution of cell death. Antioxidants 2022, 11, 501.
https://doi.org/10.3390/antiox11030501.

Pall, M.L. The NO/ONOO-cycle as the central cause of heart failure. Int. J. Mol. Sci. 2013, 14, 22274-22330.
https://doi.org/10.3390/ijms141122274.

Belenichev, I.; Popazova, O.; Bukhtiyarova, N.; Savchenko, D.; Oksenych, V.; Kamyshnyi, O. Modulating nitric oxide: Implica-
tions for cytotoxicity and cytoprotection. Antioxidants 2024, 13, 504. https://doi.org/10.3390/antiox13050504.

Liu, C.J; Wang, L.K,; Tsai, F.M. The application and molecular mechanisms of mitochondria-targeted antioxidants in chemo-
therapy-induced cardiac injury. Curr. Issues Mol. Biol. 2025, 47, 176. https://doi.org/10.3390/cimb47030176.

Mantle, D.; Hargreaves, I.P. Coenzyme Q10 and autoimmune disorders: An overview. Int. ]. Mol. Sci. 2024, 25, 4576.
https://doi.org/10.3390/ijms25084576.

Katori, T.; Donzelli, S.; Tocchetti, C.G.; Miranda, K.M.; Cormaci, G.; Thomas, D.D.; Ketner, E.A.; Lee, M.].; Mancardi, D.; Wink,
D.A.; et al. Peroxynitrite and myocardial contractility: In vivo versus in vitro effects. Free Radic. Biol. Med. 2006, 41, 1606-1618.
https://doi.org/10.1016/j.freeradbiomed.2006.08.023.

Ng, SM.; Neubauer, S.; Rider, O.J. Myocardial metabolism in heart failure. Curr. Heart Fail. Rep. 2023, 20, 63-75.
https://doi.org/10.1007/s11897-023-00589-y.

Belenichev, LF.; Aliyeva, O.G.; Popazova, O.O.; Bukhtiyarova, N.V. Involvement of heat shock proteins HSP70 in the mecha-
nisms of endogenous neuroprotection: The prospect of using HSP70 modulators. Front. Cell. Neurosci. 2023, 17, 1131683.
https://doi.org/10.3389/fncel.2023.1131683.

Chu, Q.; Gu, X.; Zheng, Q.; Wang, J.; Zhu, H. Mitochondrial mechanisms of apoptosis and necroptosis in liver diseases. Anal.
Cell. Pathol. 2021, 2021, 8900122. https://doi.org/10.1155/2021/8900122.

Endlicher, R.; Drahota, Z.; Stefkova, K.; Cervinkové, Z.; Kudera, O. The mitochondrial permeability transition pore—Current
knowledge of its structure, function, and regulation, and optimized methods for evaluating its functional state. Cells 2023, 12,
1273. https://doi.org/10.3390/cells12091273.

Xu, X.; Pang, Y.; Fan, X. Mitochondria in oxidative stress, inflammation and aging: From mechanisms to therapeutic advances.
Signal Transduct. Target. Ther. 2025, 10, 190. https://doi.org/10.1038/s41392-025-02253-4.

Doenst, T.; Nguyen, T.D.; Abel, E.D. Cardiac metabolism in heart failure: Implications beyond ATP production. Circ. Res. 2013,
113, 709-724. https://doi.org/10.1161/CIRCRESAHA.113.300376.

Da Dalt, L.; Cabodevilla, A.G.; Goldberg, .].; Norata, G.D. Cardiac lipid metabolism, mitochondrial function, and heart failure.
Cardiovasc. Res. 2023, 119, 1905-1914. https://doi.org/10.1093/cvr/cvad100.

Liu, K.; Yang, Y.; Yang, ].H. Underlying mechanisms of ketotherapy in heart failure: Current evidence for clinical implementa-
tions. Front. Pharmacol. 2024, 15, 1463381. https://doi.org/10.3389/fphar.2024.1463381.

Kaluba, F.C.; Rogers, T.J.; Jeong, Y.J.; House, R.].; Waldhart, A.; Sokol, K.H.; Daniels, S.R.; Lee, C.]J.; Longo, J.; Johnson, A.; et al.
An alternative route for 3-hydroxybutyrate metabolism supports cytosolic acetyl-CoA synthesis in cancer cells. Nat. Metab.
2025, 7, 2033-2044. https://doi.org/10.1038/s42255-025-01366-y.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 25 of 32

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Sun, H; He, J; Ru, Y,; Yin, S; Xie, Y.; Yin, L.; Wei, H.; Wu, L.; Liu, S. Monitoring succinyl-CoA:3-oxoacid CoA transferase
nitration in mitochondria using monoclonal antibodies. Biochem. Biophys. Res. Commun. 2011, 415, 239-244.
https://doi.org/10.1016/j.bbrc.2011.10.014.

Tran, N.; Garcia, T.; Aniqa, M.; Alj, S.; Ally, A.; Nauli, S.M. Endothelial nitric oxide synthase (eNOS) and the cardiovascular
system: In physiology and in disease states. Am. |. Biomed. Sci. Res. 2022, 15, 153-177. PMID: 35072089.

Drera, A.; Rodella, L.; Brangi, E.; Riccardi, M.; Vizzardi, E. Endothelial dysfunction in heart failure: What is its role? J. Clin. Med.
2024, 13, 2534. https://doi.org/10.3390/jcm13092534.

Grizelj, I.; Cavka, A.; Bian, ].T.; Szczurek, M.; Robinson, A.; Shinde, S.; Nguyen, V.; Braunschweig, C.; Wang, E.; Drenjancevic,
L; et al. Reduced flow- and acetylcholine-induced dilations in visceral compared to subcutaneous adipose arterioles in human
morbid obesity. Microcirculation 2015, 22, 44-53. https://doi.org/10.1111/micc.12164.

Zong, Y.; Li, H,; Liao, P.; Chen, L.; Pan, Y.; Zheng, Y.; Zhang, C.; Liu, D.; Zheng, M.; Gao, ]. Mitochondrial dysfunction: Mecha-
nisms and advances in therapy. Signal Transduct. Target. Ther. 2024, 9, 124. https://doi.org/10.1038/s41392-024-01839-8.

Abu Shelbayeh, O.; Arroum, T.; Morris, S.; Busch, K.B. PGC-1a is a master regulator of mitochondrial lifecycle and ROS stress
response. Antioxidants 2023, 12, 1075. https://doi.org/10.3390/antiox12051075.

Labbé, P.; Thorin, E.; Thorin-Trescases, N. The dual role of NOX4 in cardiovascular diseases: Driver of oxidative stress and
mediator of adaptive remodeling. Antioxidants 2025, 14, 1137. https://doi.org/10.3390/antiox14091137.

Kowalczyk, P.; Krych, S.; Kramkowski, K.; Jeczmyk, A.; Hrapkowicz, T. Effect of oxidative stress on mitochondrial damage and
repair in heart disease and ischemic events. Int. |. Mol. Sci. 2024, 25, 12467. https://doi.org/10.3390/ijms252212467.

Wilmes, V.; Kur, LM.; Weigert, A.; Verhoff, M.A.; Gradhand, E.; Kauferstein, S. iNOS expressing macrophages co-localize with
nitrotyrosine staining after myocardial infarction in humans. Front. Cardiovasc. Med. 2023, 10, 1104019.
https://doi.org/10.3389/fcvm.2023.1104019.

Nigam, M.; Punia, B.; Dimri, D.B.; Mishra, A.P.; Radu, A.F,; Bungau, G. Reactive oxygen species: A double-edged sword in the
modulation of cancer signaling pathway dynamics. Cells 2025, 14, 1207. https://doi.org/10.3390/cells14151207.

Onyango, A.N. Endogenous generation of singlet oxygen and ozone in human and animal tissues: Mechanisms, biological
significance, and influence of dietary components. Oxid. Med. Cell. Longev. 2016, 2016, 2398573.
https://doi.org/10.1155/2016/2398573.

Valgimigli, L. Lipid peroxidation and antioxidant protection. Biomolecules 2023, 13, 1291. https://doi.org/10.3390/biom13091291.
Dragoev, S.G. Lipid peroxidation in muscle foods: Impact on quality, safety and human health. Foods 2024, 13, 797.
https://doi.org/10.3390/foods13050797.

Hawkins, C.L.; Pattison, D.I.; Davies, M.]. Hypochlorite-induced oxidation of amino acids, peptides and proteins. Amino Acids
2003, 25, 259-274. https://doi.org/10.1007/s00726-003-0016-x.

Caturano, A.; Rocco, M.; Tagliaferri, G.; Piacevole, A.; Nilo, D.; Di Lorenzo, G.; Iadicicco, I.; Donnarumma, M.; Galiero, R.;
Acierno, C,; et al. Oxidative stress and cardiovascular complications in type 2 diabetes: From pathophysiology to lifestyle mod-
ifications. Antioxidants 2025, 14, 72. https://doi.org/10.3390/antiox14010072.

Vendrov, A.E.; Lozhkin, A.; Hayami, T.; Levin, ].; Silveira Fernandes Chamon, J.; Abdel-Latif, A.; Runge, M.S.; Madamanchi,
N.R. Mitochondrial dysfunction and metabolic reprogramming induce macrophage pro-inflammatory phenotype switch and
atherosclerosis progression in aging. Front. Immunol. 2024, 15, 1410832. https://doi.org/10.3389/fimmu.2024.1410832.
Aranda-Rivera, A.K.; Cruz-Gregorio, A.; Arancibia-Herndndez, Y.L.; Hernandez-Cruz, E.Y.; Pedraza-Chaverri, J. RONS and
oxidative stress: An overview of basic concepts. Oxygen 2022, 2, 437-478. https://doi.org/10.3390/oxygen2040030.

Szekeres, F.L.M.; Walum, E.; Wikstrém, P.; Arner, A. A small molecule inhibitor of Nox2 and Nox4 improves contractile func-
tion after ischemia-reperfusion in the mouse heart. Sci. Rep. 2021, 11, 11970. https://doi.org/10.1038/s41598-021-91575-8.

Bao, Y.; Hu, C.; Wang, B,; Liu, X;; Wu, Q.; Xu, D.; Shi, Z; Sun, C. Mitochondrial reverse electron transport: Mechanisms, patho-
physiological roles, and therapeutic potential. Biology 2025, 14, 1140. https://doi.org/10.3390/biology14091140.

Qu, Z,; Meng, H.; Guo, L.; Xiao, Z; Pan, Y.; Shuai, W.; Huang, H. USP38 stabilizes NOX4 and activates CaMKII to enhance
ventricular arrhythmias susceptibility in CKD mice. Free Radic. Biol. Med. 2025, 237, 344-356. https://doi.org/10.1016/j.freerad-
biomed.2025.06.005.

Sorescu, D.; Griendling, K.K. Reactive oxygen species, mitochondria, and NAD(P)H oxidases in the development and progres-
sion of heart failure. Congest. Heart Fail. 2002, 8, 132-140. https://doi.org/10.1111/j.1527-5299.2002.00717 x.

Dong, H.; Ming, S.; Fang, J.; Li, Y.; Liu, L. Icariin ameliorates angiotensin II-induced cerebrovascular remodeling by inhibiting
Nox2-containing NADPH oxidase activation. Hum. Cell 2019, 32, 22-30. https://doi.org/10.1007/s13577-018-0220-3.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 26 of 32

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Mitsubayashi, T.; Suita, K.; Ohnuki, Y.; Ishikawa, M.; Ito, A.; Matsuo, I.; Miyamoto, G.; Abe, M.; Morii, A.; Mototani, Y.; et al.
Xanthine oxidase inhibitor allopurinol preserves cardiac function after experimental malocclusion induced by occlusal dishar-
mony in mice. ]. Physiol. Sci. 2025, 75, 100029. https://doi.org/10.1016/j.jphyss.2025.100029.

Givertz, M\M.; Mann, D.L,; Lee, K.L,; Ibarra, J.C.; Velazquez, E.J.; Hernandez, A.F.; Mascette, A.M.; Braunwald, E. Xanthine
oxidase inhibition for hyperuricemic heart failure patients: Design and rationale of the EXACT-HF study. Circ. Heart Fail. 2013,
6, 862-868. https://doi.org/10.1161/CIRCHEARTFAILURE.113.000394.

Schirone, L.; Forte, M.; Palmerio, S.; Yee, D.; Nocella, C.; Angelini, F.; Pagano, F.; Schiavon, S.; Bordin, A.; Carrizzo, A.; etal. A
review of the molecular mechanisms underlying the development and progression of cardiac remodeling. Oxid. Med. Cell. Lon-
gev. 2017, 2017, 3920195. https://doi.org/10.1155/2017/3920195.

Zhao, Y.; Zheng, Q.; Gao, H.; Cao, M.; Wang, H.; Chang, R.; Zeng, C. Celecoxib alleviates pathological cardiac hypertrophy and
fibrosis via M1-like macrophage infiltration in neonatal mice. iScience 2021, 24, 102233. https://doi.org/10.1016/j.isci.2021.102233.
Ghosh, S.; Das, C.K,; Uddin, S,; Stripp, S.T.; Engelbrecht, V.; Winkler, M.; Leimkiihler, S.; Brocks, C.; Duan, J.; Schéfer, L.V.; et
al. Protein dynamics affect O2-stability of group B [FeFe]-hydrogenase from Thermosediminibacter oceani. J. Am. Chem. Soc.
2025, 147, 15170-15180. https://doi.org/10.1021/jacs.4c18483.

Vana, F.; Szabo, Z.; Masarik, M.; Kratochvilova, M. The interplay of transition metals in ferroptosis and pyroptosis. Cell Div.
2024, 19, 24. https://doi.org/10.1186/s13008-024-00127-9.

Fatima Shad, K.; Kanti Das, T. Introductory chapter: Role of Fenton and Haber-Weiss reaction in epilepsy. In Epilepsy-Seizures
Without Triggers; IntechOpen: London, UK, 2023. https://doi.org/10.5772/intechopen.108727.

Abe, C.; Miyazawa, T., Miyazawa, T. Current use of Fenton reaction in drugs and food. Molecules 2022, 27, 5451.
https://doi.org/10.3390/molecules27175451.

Cheng, R.; Li, G,; Fan, L.; Jiang, J.; Zhao, Y. Therapeutic iminoboronate-based polymersomes with a Cu(Il)-mediated Fenton
reaction-enhanced ROS-response. Chem. Commun. 2020, 56, 12246-12249. https://doi.org/10.1039/d0cc03607b.

Wang, Y.M,; Feng, L.S,; Xu, A,; Ma, X.H.; Zhang, M.T.; Zhang, J. Copper ions: The invisible killer of cardiovascular disease
(review). Mol. Med. Rep. 2024, 30, 210. https://doi.org/10.3892/mmr.2024.13334.

Byrne, N.J.; Rajasekaran, N.S.; Abel, E.D.; Bugger, H. Therapeutic potential of targeting oxidative stress in diabetic cardiomyo-
pathy. Free Radic. Biol. Med. 2021, 169, 317-342. https://doi.org/10.1016/j.freeradbiomed.2021.03.046.

Mongirdiené, A.; Liuizé, A.; Karc¢iauskaité, D.; Mazgelyte, E.; Liekis, A.; Sadauskieng, I. Relationship between oxidative stress
and left ventricle markers in patients with chronic heart failure. Cells 2023, 12, 803. https://doi.org/10.3390/cells12050803.
Jomova, K.; Alomar, S.Y.; Alwasel, S.H.; Nepovimova, E.; Kuca, K.; Valko, M. Several lines of antioxidant defense against oxi-
dative stress: Antioxidant enzymes, nanomaterials with multiple enzyme-mimicking activities, and low-molecular-weight an-
tioxidants. Arch. Toxicol. 2024, 98, 1323-1367. https://doi.org/10.1007/s00204-024-03696-4.

Romuk, E.; Jache¢, W.; Kozielska-Nowalany, E.; Birkner, E.; Zemta-Woszek, A.; Wojciechowska, C. Superoxide dismutase ac-
tivity as a predictor of adverse outcomes in patients with nonischemic dilated cardiomyopathy. Cell Stress Chaperones 2019, 24,
661-673. https://doi.org/10.1007/s12192-019-00991-3.

Szyller, J.; Antoniak, R.; Wadowska, K.; Bil-Lula, I.; Hrymniak, B.; Banasiak, W.; Jagielski, D. Redox imbalance in patients with
heart failure and ICD/CRT-D intervention: Can it be an underappreciated and overlooked arrhythmogenic factor? Front. Physiol.
2023, 14, 1289587. https://doi.org/10.3389/fphys.2023.1289587.

Stolwijk, ].M.; Stefely, J.A.; Veling, M.T.; van’t Erve, T.].; Wagner, B.A.; Raife, T.J.; Buettner, G.R. Red blood cells contain enzy-
matically active GPx4 whose abundance anticorrelates with hemolysis during blood bank storage. Redox Biol. 2021, 46, 102073.
https://doi.org/10.1016/j.redox.2021.102073.

Liu, T.; Zhou, D.T,; Liu, F.; Long, D.Y,; Yang, Y.; Li, M.M.; Zhao, X.; Li, C.Y.; Wang, W.; Jiang, C.X; et al. Glutathione peroxidase
4 as a potential biomarker for atrial fibrosis and recurrence of atrial fibrillation. Heart Rhythm O? 2025, 6, 622-630.
https://doi.org/10.1016/j.hro0.2025.02.001.

Bencsik, P.; Gomori, K.; Szabados, T.; Santha, P.; Helyes, Z.; Jancso, G.; Ferdinandy, P.; Gorbe, A. Myocardial ischaemia reper-
fusion injury and cardioprotection in the presence of sensory neuropathy: Therapeutic options. Br. J. Pharmacol. 2020, 177, 5336
5356. https://doi.org/10.1111/bph.15021.

Tsutsui, H.; Kinugawa, S.; Matsushima, S. Oxidative stress and heart failure. Am. J. Physiol. Heart Circ. Physiol. 2011, 301, H2181-
H2190. https://doi.org/10.1152/ajpheart.00554.2011.

Guo, Z,; Tian, Y.; Liu, N.; Chen, Y.; Chen, X,; Yuan, G.; Chang, A.; Chang, X.; Wu, ]J.; Zhou, H. Mitochondrial stress as a central
player in the pathogenesis of hypoxia-related myocardial dysfunction: New insights. Int. ]. Med. Sci. 2024, 21, 2502-2509.
https://doi.org/10.7150/ijms.99359.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 27 of 32

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

D’Amato, A.; Cestie, C.; Ferranti, F.; Segato, C.; Prosperi, S.; Germano, R.; Myftari, V.; Bartimoccia, S.; Castellani, V.; Badagliacca,
R.; et al. Implications of oxidative stress in the pathophysiological pathways of heart failure. Int. |. Mol. Sci. 2025, 26, 5165.
https://doi.org/10.3390/ijms26115165.

Franssen, C.; Chen, S.; Hamdani, N.; Paulus, W.J. From comorbidities to heart failure with preserved ejection fraction: A story
of oxidative stress. Heart 2016, 102, 320-330. https://doi.org/10.1136/heartjn]-2015-307787.

Milinkovi¢, 1.; Polovina, M.; Simeunovié, D.S.; Asanin, M.; Seferovié, P.M. Oxidative stress and inflammation in heart failure:
The best is yet to come. Eur. ]. Prev. Cardiol. 2020, 27, 490-493. https://doi.org/10.1177/2047487319900294.

Romuk, E.; Wojciechowska, C.; Jache¢, W.; Nowak, J.; Niedziela, J.; Malinowska-Borowska, J.; Gtogowska-Gruszka, A.; Birkner,
E.; Rozentryt, P. Comparison of oxidative stress parameters in heart failure patients depending on ischaemic or nonischaemic
aetiology. Oxid. Med. Cell. Longev. 2019, 2019, 7156038. https://doi.org/10.1155/2019/7156038.

Hajam, Y.A.; Rani, R.; Ganie, S.Y.; Sheikh, T.A.; Javaid, D.; Qadri, S.S.; Pramodh, S.; Alsulimani, A.; Alkhanani, M.F.; Harakeh,
S.; et al. Oxidative stress in human pathology and aging: Molecular mechanisms and perspectives. Cells 2022, 11, 552.
https://doi.org/10.3390/cells11030552.

Wu, D; Deng, D.; Tang, B. Programmed cell death in heart failure: Mechanisms, impacts, and therapeutic prospects. Rev. Car-
diovasc. Med. 2025, 26, 38407. https://doi.org/10.31083/RCM38407.

Ostadal, P.; Tappia, P.S. Involvement of oxidative stress in mitochondrial abnormalities during the development of heart dis-
ease. Biomedicines 2025, 13, 1338. https://doi.org/10.3390/biomedicines13061338.

Dho, S.H.; Cho, M.; Woo, W.; Lee, H.; Lee, S.K. Caspases as master regulators of programmed cell death: Apoptosis, pyroptosis
and beyond. Exp. Mol. Med. 2025, 57, 1121-1132. https://doi.org/10.1038/s12276-025-01470-9.

Navarro-Yepes, ].; Burns, M.; Anandhan, A.; Khalimonchuk, O.; del Razo, L.M.; Quintanilla-Vega, B.; Pappa, A.; Panayiotidis,
M.L; Franco, R. Oxidative stress, redox signaling, and autophagy: Cell death versus survival. Antioxid. Redox Signal. 2014, 21,
66-85. https://doi.org/10.1089/ars.2014.5837.

Wang, Y.; Branicky, R.; Nog, A.; Hekimi, S. Superoxide dismutases: Dual roles in controlling ROS damage and regulating ROS
signaling. J. Cell Biol. 2018, 217, 1915-1928. https://doi.org/10.1083/jcb.201708007.

Vanin, A.F. Physico-chemistry of dinitrosyl iron complexes as a determinant of their biological activity. Int. ]. Mol. Sci. 2021, 22,
10356. https://doi.org/10.3390/ijms221910356.

Chen, Y.-C; Chen, Y.-H.; Chiu, H.; Ko, Y.-H.; Wang, R.-T.; Wang, W.-P.; Chuang, Y.-J.; Huang, C.-C; Lu, T.-T. Cell-penetrating
delivery of nitric oxide by biocompatible dinitrosyl iron complex and its dermato-physiological implications. Int. ]. Mol. Sci.
2021, 22, 10101. https://doi.org/10.3390/ijms221810101.

Lee, KH.; Cha, M.; Lee, B.H. Neuroprotective Effect of Antioxidants in the Brain. Int. . Mol. Sci. 2020, 21, 7152.
https://doi.org/10.3390/ijms21197152.

Timoshnikov, V.A.; Selyutina, O.Y.; Polyakov, N.E.; Didichenko, V.; Kontoghiorghes, G.]J. Mechanistic Insights of Chelator
Complexes with Essential Transition Metals: Antioxidant/Pro-Oxidant Activity and Applications in Medicine. Int. ]. Mol. Sci.
2022, 23, 1247. https://doi.org/10.3390/ijms23031247.

Herb, M.; Schramm, M. Functions of ROS in Macrophages and Antimicrobial Immunity. Antioxidants 2021, 10, 313.
https://doi.org/10.3390/antiox10020313.

Kashfi, K.; Kannikal, J.; Nath, N. Macrophage Reprogramming and Cancer Therapeutics: Role of iNOS-Derived NO. Cells 2021,
10, 3194. https://doi.org/10.3390/cells10113194.

Sharifi-Rad, M.; Anil Kumar, N.V.; Zucca, P.; Varoni, E.M.; Dini, L.; Panzarini, E.; Rajkovic, J.; Tsouh Fokou, P.V.; Azzini, E.;
Peluso, I; et al. Lifestyle, Oxidative Stress, and Antioxidants: Back and Forth in the Pathophysiology of Chronic Diseases. Front.
Physiol. 2020, 11, 694. https://doi.org/10.3389/fphys.2020.00694.

Solomon, S.D.; Rizkala, A.R.; Lefkowitz, M.P.; Shi, V.C.; Gong, J.; Anavekar, N.; Anker, S.D.; Arango, ].L.; Arenas, ].L.; Atar, D,;
et al. Baseline Characteristics of Patients With Heart Failure and Preserved Ejection Fraction in the PARAGON-HEF Trial. Circ.
Heart Fail. 2018, 11, e004962. https://doi.org/10.1161/CIRCHEARTFAILURE.118.004962.

Lee, M\MLY ; Sattar, N. A review of current key guidelines for managing high-risk patients with diabetes and heart failure and
future prospects. Diabetes Obes. Metab. 2023, 25, 33—47. https://doi.org/10.1111/dom.15085.

Bozkurt, B. Contemporary pharmacological treatment and management of heart failure. Nat. Rev. Cardiol. 2024, 21, 545-555.
https://doi.org/10.1038/s41569-024-00997-0.

Giraldo-Gonzalez, G.C.; Roman-Gonzalez, A.; Canas, F.; Garcia, A. Molecular Mechanisms of Type 2 Diabetes-Related Heart
Disease and Therapeutic Insights. Int. ]. Mol. Sci. 2025, 26, 4548. https://doi.org/10.3390/ijms26104548.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 28 of 32

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

123.

124.

125.

126.

127.

Kolesnyk, M.Y.; Maistrovych, Y.Y. The role of sodium-glucose cotransporter-2 inhibitors in the treatment of different pheno-
types of chronic heart failure. Mod. Med. Technol. 2024, 16, 60-67. https://doi.org/10.14739/mmt.2024.1.296545.

Shah, K.S.; Fang, J.C. Sodium-Glucose Cotransporter 2 Inhibitors in Heart Failure. Annu. Rev. Pharmacol. Toxicol. 2022, 62, 109—
120. https://doi.org/10.1146/annurev-pharmtox-052120-014725.

Lopaschuk, G.D.; Verma, S. Mechanisms of Cardiovascular Benefits of Sodium Glucose Co-Transporter 2 (SGLT2) Inhibitors:
A State-of-the-Art Review. JACC Basic Transl. Sci. 2020, 5, 632-644. https://doi.org/10.1016/j.jacbts.2020.02.004.

Verma, S.; McMurray, J.J.V. SGLT2 inhibitors and mechanisms of cardiovascular benefit: A state-of-the-art review. Diabetologia
2018, 61, 2108-2117. https://doi.org/10.1007/s00125-018-4670-7.

Iborra-Egea, O.; Santiago-Vacas, E.; Yurista, S.R.; Lupon, J.; Packer, M.; Heymans, S.; Zannad, F.; Butler, J.; Pascual-Figal, D.;
Lax, A.; et al. Unraveling the Molecular Mechanism of Action of Empagliflozin in Heart Failure with Reduced Ejection Fraction
with or Without Diabetes. JACC Basic Transl. Sci. 2019, 4, 831-840. https://doi.org/10.1016/j.jacbts.2019.07.010.

Honka, H.; Solis-Herrera, C.; Triplitt, C.; Norton, L.; Butler, J.; DeFronzo, R.A. Therapeutic Manipulation of Myocardial Metab-
olism: JACC State-of-the-Art Review. ]. Am. Coll. Cardiol. 2021, 77, 2022-2039. https://doi.org/10.1016/j.jacc.2021.02.057.

Shi, X.; Verma, S.; Yun, J.; Brand-Arzamendi, K.; Singh, K.K,; Liu, X.; Garg, A.; Quan, A.; Wen, X.Y. Effect of empagliflozin on
cardiac biomarkers in a zebrafish model of heart failure: Clues to the EMPA-REG OUTCOME trial? Mol. Cell. Biochem. 2017,
433, 97-102. https://doi.org/10.1007/s11010-017-3018-9.

Durante, W.; Behnammanesh, G.; Peyton, K.J. Effects of Sodium-Glucose Co-Transporter 2 Inhibitors on Vascular Cell Function
and Arterial Remodeling. Int. ]. Mol. Sci. 2021, 22, 8786. https://doi.org/10.3390/ijms22168786.

Monzo, L.; Ferrari, I.; Cicogna, F.; Tota, C.; Cice, G.; Girerd, N.; Calo, L. Sodium-glucose co-transporter 2 inhibitors in heart
failure: An updated evidence-based practical guidance for clinicians. Eur. Heart ]. Suppl. 2023, 25, C309-C315.
https://doi.org/10.1093/eurheartjsupp/suad055.

Blebea, N.M.; Puscasu, C.; Stefanescu, E.; Stanigut, A.M. Diuretic therapy: Mechanisms, clinical applications, and management.
J. Mind Med. Sci. 2025, 12, 26. https://doi.org/10.3390/jmms12010026.

Palazzuoli, A.; Mazzeo, P.; Fortunato, M.; Cadeddu Dessalvi, C.; Mariano, E.; Salzano, A.; Severino, P.; Fedele, F. The changing
role of loop diuretics in heart failure management across the last century. J. Clin. Med. 2024, 13, 1674.
https://doi.org/10.3390/jcm13061674.

Trullas, J.C.; Morales-Rull, J.L.; Casado, J.; Carrera-Izquierdo, M.; Sanchez-Marteles, M.; Conde-Martel, A.; Davila-Ramos, M.F.;
Llacer, P.; Salamanca-Bautista, P.; Pérez-Silvestre, J.; et al. Combining loop with thiazide diuretics for decompensated heart
failure: The CLOROTIC trial. Eur. Heart ]. 2023, 44, 411-421. https://doi.org/10.1093/eurheartj/ehac689.

Aziz, S.; Hamid, A.; Shaikh, A.; Mansoor, R.; Owings, A. Unveiling disparities in heart failure and cirrhosis related mortality:
CDC WONDER 1999 to 2020. Dig. Dis. Sci. 2025, 70, 2128-2137. https://doi.org/10.1007/s10620-025-08970-8.

Stoiljkovic, M.; Jakovljevic, V.; Milosavljevic, J.; Bolevich, S.; Jeremic, N.; Canovic, P.; Fisenko, V.P.; Tikhonov, D.A.; Krylova,
LN.; Bolevich, S.; et al. Cardioprotective role of captopril: From basic to applied investigations. Int. J. Mol. Sci. 2025, 26, 7215.
https://doi.org/10.3390/ijms26157215.
122. Singh, B.; Cusick, A.S.; Goyal, A. ACE inhibitors. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA,

2025. Available online: https://www.ncbi.nlm.nih.gov/books/NBK430896 (accessed on 4 May 2025).

Greenberg, B. Medical management of patients with heart failure and reduced ejection fraction. Korean Circ. J. 2022, 52, 173-197.
https://doi.org/10.4070/kcj.2021.0401.

Ikhapoh, I.A.; Pelham, C.J.; Agrawal, D.K. Synergistic effect of angiotensin II on vascular endothelial growth factor-A-mediated
differentiation of bone marrow-derived mesenchymal stem cells into endothelial cells. Stem Cell Res. Ther. 2015, 6, 4.
https://doi.org/10.1186/scrt538.

Tocci, G.; Citoni, B.; Presta, V.; Leoncini, G.; Viazzi, F.; Bonino, B.; Volpe, M.; Pontremoli, R. Effects of dual inhibition of renin-
angiotensin-aldosterone system on cardiovascular and renal outcomes: Balancing the risks and the benefits. Intern. Emerg. Med.
2020, 15, 373-379. https://doi.org/10.1007/s11739-019-02257-3.

Pfeffer, M.A.; McMurray, J.J.V.; Velazquez, E.J.; Rouleau, J.L.; Keber, L.; Maggioni, A.P.; Solomon, S.D.; Swedberg, K.; Van de
Werf, F.; White, H.; et al. Valsartan, captopril, or both in myocardial infarction complicated by heart failure, left ventricular
dysfunction, or both. N. Engl. J. Med. 2003, 349, 1893-1906. https://doi.org/10.1056/NEJM0a032292.

Papapostolou, N.; Gregoriou, S.; Katoulis, A.; Makris, M. Five-membered nitrogen heterocycles angiotensin-converting enzyme
(ACE) inhibitors induced angioedema: An underdiagnosed condition. Pharmaceuticals 2024, 17, 360.
https://doi.org/10.3390/ph17030360.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 29 of 32

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Jiang, X;; Wu, F;; Xu, Y.; Yan, ].X;; Wu, Y.D,; Li, S.H,; Liao, X,; Liang, ].X,; Li, Z.H.; Liu, H.W. A novel role of angiotensin II in
epidermal cell lineage determination: Angiotensin II promotes the differentiation of mesenchymal stem cells into keratinocytes
through the p38 MAPK, JNK and JAK?2 signalling pathways. Exp. Dermatol. 2019, 28, 59-65. https://doi.org/10.1111/exd.13837.
Xu, Q.; Hou, W.; Zhao, B.; Fan, P.; Wang, S.; Wang, L.; Gao, ]. Mesenchymal stem cells lineage and their role in disease devel-
opment. Mol. Med. 2024, 30, 207. https://doi.org/10.1186/s10020-024-00967-9.

Ferrari, F.; Martins, V.M.; Fuchs, F.D.; Stein, R. Renin-angiotensin-aldosterone system inhibitors in COVID-19: A review. Clinics
2021, 76, €2342. https://doi.org/10.6061/clinics/2021/e2342.

Augustine, R.; Abhilash, S.; Nayeem, A.; Salam, S.A.; Augustine, P.; Dan, P.; Maureira, P.; Mraiche, F.; Gentile, C.; Hansbro,
P.M.; et al. Increased complications of COVID-19 in people with cardiovascular disease: Role of the renin-angiotensin-aldoste-
rone system (RAAS) dysregulation. Chem. Biol. Interact. 2022, 351, 109738. https://doi.org/10.1016/j.cbi.2021.109738.

Kunj, M.; Kumar, D.; Kumar, A. The effects of beta blockers on exercise tolerance and quality of life in congestive heart failure
patients. |. Pharm. Bioallied Sci. 2025, 17, S1532-S1534. https://doi.org/10.4103/jpbs.jpbs_1817_24.

do Vale, G.T.; Ceron, C.S.; Gonzaga, N.A.; Simplicio, ]J.A.; Padovan, J.C. Three generations of B-blockers: History, class differ-
ences and clinical applicability. Curr. Hypertens. Rev. 2019, 15, 22-31. https://doi.org/10.2174/1573402114666180918102735.
Oliver, E.; Mayor, F., Jr.; D’Ocon, P. Beta-blockers: Historical perspective and mechanisms of action. Rev. Esp. Cardiol. Engl. Ed.
2019, 72, 853-862. https://doi.org/10.1016/j.rec.2019.04.006.

Shahrokhi, M.; Gupta, V. Propranolol. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2025. Available
online: https://www.ncbi.nlm.nih.gov/books/NBK557801 (accessed on 17 July 2025).

Belsey, J.; Savelieva, I.; Mugelli, A.; Camm, A.]. Relative efficacy of antianginal drugs used as add-on therapy in patients with
stable angina: A systematic review and meta-analysis. Eur. J. Prev. Cardiol. 2015, 22, 837-848.
https://doi.org/10.1177/2047487314533217.

Marti, H.P.; Pavia Lopez, A.A.; Schwartzmann, P. Safety and tolerability of 3-blockers: Importance of cardioselectivity. Curr.
Med. Res. Opin. 2024, 40, 55-62. https://doi.org/10.1080/03007995.2024.2317433.

Safarudin, F.; Iloabuchi, C.O.; Ladani, A.; Sambamoorthi, U. The association of beta-blocker use to cognitive impairment among
adults with hypertension or cardiovascular diseases in the United States. Chronic Pain Manag. 2020, 4, 125.
https://doi.org/10.29011/2576-957x.100025.

Farzam, K.; Jan, A. Beta blockers. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2025. Available online:
https://www.ncbi.nlm.nih.gov/books/NBK532906 (accessed on 22 August 2025).

Liu, X.; Yu, H,; Pei, J.; Chu, J.; Py, J.; Zhang, S. Clinical characteristics and long-term prognosis in patients with chronic heart
failure and reduced ejection fraction in China. Heart Lung Circ. 2014, 23, 818-826. https://doi.org/10.1016/j.hlc.2014.02.022.
Yamashina, A.; Nishikori, M.; Fujimito, H.; Oba, K. Identification of predictive factors interacting with heart rate reduction for
potential beneficial clinical outcomes in chronic heart failure: A systematic literature review and meta-analysis. Int. ]. Cardiol.
Heart Vasc. 2022, 43, 101141. https://doi.org/10.1016/j.ijcha.2022.101141.

Pascual-Figal, D.; Bayes-Genis, A. Looking for the ideal medication for heart failure with reduced ejection fraction: A narrative
review. Front. Cardiovasc. Med. 2024, 11, 1439696. https://doi.org/10.3389/fcvm.2024.1439696.

Belenichev, I.; Goncharov, O.; Abramov, A.; Kucherenko, L.; Bukhtiyarova, N.; Makyeva, L.; Ryzhenko, V.; Semenov, D. The
state of the myocardial nitrooxidergic system during modeling of doxorubicin-induced chronic heart failure and administration
of beta-blockers of various generations. Farmacia 2024, 72, 1048-1058. https://doi.org/10.31925/farmacia.2024.5.7.

Wong, Y.W.; Haqqani, H.; Molenaar, P. Roles of 3-adrenoceptor subtypes and therapeutics in human cardiovascular disease:
Heart failure, tachyarrhythmias and other cardiovascular disorders. Handb. Exp. Pharmacol. 2024, 285, 247-295.
https://doi.org/10.1007/164_2024_720.

Singh, S.; Preuss, C.V. Carvedilol. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2025. Available online:
https://www.ncbi.nlm.nih.gov/books/NBK534868 (accessed on 22 August 2025).

Karwath, A; Bunting, K.V.; Gill, S.K;; Tica, O.; Pendleton, S.; Aziz, F.; Barsky, A.D.; Chernbumroong, S.; Duan, J.; Mobley, A.R.;
et al. Redefining (3-blocker response in heart failure patients with sinus rhythm and atrial fibrillation: A machine learning cluster
analysis. Lancet 2021, 398, 1427-1435. https://doi.org/10.1016/50140-6736(21)01638-X.

Zhang, X.; Szeto, C.; Gao, E.; Tang, M.; Jin, ]J.; Fu, Q.; Makarewich, C.; Ai, X,; Li, Y.; Tang, A_; et al. Cardiotoxic and cardiopro-
tective features of chronic [-adrenergic signaling. Circ. Res. 2013, 112, 498-509.
https://doi.org/10.1161/CIRCRESAHA.112.273896.

Parichatikanond, W.; Duangrat, R.; Kurose, H.; Mangmool, S. Regulation of 3-adrenergic receptors in the heart: A review on
emerging therapeutic strategies for heart failure. Cells 2024, 13, 1674. https://doi.org/10.3390/cells13201674.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 30 of 32

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Nakamura, K.; Murakami, M.; Miura, D.; Yunoki, K.; Enko, K.; Tanaka, M.; Saito, Y.; Nishii, N.; Miyoshi, T.; Yoshida, M.; et al.
Beta-blockers and oxidative stress in patients with Theart failure. Pharmaceuticals 2011, 4, 1088-1100.
https://doi.org/10.3390/ph4081088.

Toyoda, S.; Haruyama, A.; Inami, S.; Arikawa, T.; Saito, F.; Watanabe, R.; Sakuma, M.; Abe, S.; Nakajima, T.; Tanaka, A.; et al.
Effects of carvedilol vs bisoprolol on inflammation and oxidative stress in patients with chronic heart failure. ]. Cardiol. 2020,
75, 140-147. https://doi.org/10.1016/j.jjcc.2019.07.011.

Masarone, D.; Martucci, M.L.; Errigo, V.; Pacileo, G. The Use of (3-Blockers in Heart Failure with Reduced Ejection Fraction. J.
Cardiovasc. Dev. Dis. 2021, 8, 101. https://doi.org/10.3390/jcdd8090101.

Ziyaev, A.A.; Sasmakov, S.A.; Toshmurodov, T.T.; Abdurakhmanov, ].M.; Ikramov, S.A.; Khasanov, S.S.; Ashirov, O.N.;
Ziyaeva, M.A.; Begimqulova, D.B. Synthesis and biological activity of 5-substituted-2,4-dihydro-1,2,4-triazole-3-thiones and
their derivatives. Organics 2025, 6, 41. https://doi.org/10.3390/org6030041.

Lombardi, C.M.; Cimino, G.; Pagnesi, M.; Dell’Aquila, A.; Tomasoni, D.; Ravera, A.; Inciardi, R.; Carubelli, V.; Vizzardi, E.;
Nodari, S; et al. Vericiguat for heart failure with reduced ejection fraction. Curr. Cardiol. Rep. 2021, 23, 144.
https://doi.org/10.1007/s11886-021-01580-6.

Wolowiec, L.; Jasniak, A.; Osiak-Gwiazdowska, J.; Czapliniska, D.; Szymczak, A.; Pecherz, J.A.; Grzesk, G. Long-acting relaxin
analogues: A novel tool in cardiology. Front. Pharmacol. 2025, 16, 1626469. https://doi.org/10.3389/fphar.2025.1626469.

Teerlink, J.R.; Cotter, G.; Davison, B.A_; Felker, G.M.; Filippatos, G.; Greenberg, B.H.; Ponikowski, P.; Unemori, E.; Voors, A.A.;
Adams, K.E.; et al. Serelaxin, recombinant human relaxin-2, for treatment of acute heart failure (RELAX-AHF): A randomised,
placebo-controlled trial. Lancet 2013, 381, 29-39. https://doi.org/10.1016/50140-6736(12)61855-8.

Metra, M.; Teerlink, J.R.; Cotter, G.; Davison, B.A.; Felker, G.M.; Filippatos, G.; Greenberg, B.H.; Pang, P.S.; Ponikowski, P.;
Voors, A.A,; et al. Effects of serelaxin in patients with acute heart failure. N. Engl. ]. Med. 2019, 381, 716-726.
https://doi.org/10.1056/NEJMo0a1801291.

Fisher, N.D.; Meagher, E.A. Renin inhibitors. ]. Clin. Hypertens. 2011, 13, 662-666. https://doi.org/10.1111/j.1751-
7176.2011.00514.x.

Jadhav, M,; Yeola, C.; Zope, G.; Nabar, A. Aliskiren, the first direct renin inhibitor for treatment of hypertension: The path of its
development. J. Postgrad. Med. 2012, 58, 32-38. https://doi.org/10.4103/0022-3859.93250.

Alshahrani, S. Renin-angiotensin-aldosterone pathway modulators in chronic kidney disease: A comparative review. Front.
Pharmacol. 2023, 14, 1101068. https://doi.org/10.3389/fphar.2023.1101068.

European Cardiovascular Disease. Aliskiren: A new class of renin inhibitor for the treatment of hypertension. Eur. Cardiovasc.
Dis. 2006, 2, 17-19. https://doi.org/10.15420/ecr.2006.0.2.17.

Sen, S.; Sabirly, S.; Ozyigit, T.; Uresin, Y. Aliskiren: Review of efficacy and safety data with focus on past and recent clinical
trials. Ther. Adv. Chronic Dis. 2013, 4, 232-241. https://doi.org/10.1177/2040622313495288.

Zhang, ].T.; Chen, K.P.; Guan, T.; Zhang, S. Effect of aliskiren on cardiovascular outcomes in patients with prehypertension: A
meta-analysis of randomized controlled trials. Drug Des. Dev. Ther. 2015, 9, 1963-1971. https://doi.org/10.2147/DDDT.S575111.
Kallash, M.; Frishman, W.H.; Aronow, W.S. Omecamtiv mecarbil, a cardiac myosin activator with potential efficacy in heart
failure. Arch. Med. Sci. Atheroscler. Dis. 2025, 10, e43—e47. https://doi.org/10.5114/amsad/205547.

Ramadan, M.M.; Alshawi, A.L.; Mostafa, Y.A.; Al-Obeid, M.T.; Elmahal, M. Omecamtiv mecarbil in systolic heart failure: Clin-
ical efficacy and future directions of a novel myosin-activating inotropic agent. Cureus 2025, 17, e82128.
https://doi.org/10.7759/cureus.82128.

Kaplinsky, E.; Mallarkey, G. Cardiac myosin activators for heart failure therapy: Focus on omecamtiv mecarbil. Drugs Context
2018, 7, 212518. https://doi.org/10.7573/dic.212518.

Metra, M.; Pagnesi, M.; Claggett, B.L.; Diaz, R.; Felker, G.M.; McMurray, J.J.V.; Solomon, S.D.; Bonderman, D.; Fang, J.C.; Fon-
seca, C.; et al. Effects of omecamtiv mecarbil in heart failure with reduced ejection fraction according to blood pressure: The
GALACTIC-HF trial. Eur. Heart . 2022, 43, 5006-5016. https://doi.org/10.1093/eurheartj/ehac293.

Zhou, S,; Liu, Y.; Huang, X.; Wu, C.; Pérszédsz, R. Omecamtiv mecarbil in the treatment of heart failure: The past, the present,
and the future. Front. Cardiovasc. Med. 2024, 11, 1337154. https://doi.org/10.3389/fcvm.2024.1337154.

Lewis, G.D.; Voors, A.A.; Cohen-Solal, A.; Metra, M.; Whellan, D.J.; Ezekowitz, ].A.; Bhm, M.; Teerlink, ]J.R.; Docherty, K.F.;
Lopes, R.D.; et al. Effect of omecamtiv mecarbil on exercise capacity in chronic heart failure with reduced ejection fraction: The
METEORIC-HF randomized clinical trial. JAMA 2022, 328, 259-269. https://doi.org/10.1001/jama.2022.11016.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 31 of 32

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Teerlink, J.R,; Diaz, R.; Felker, G.M.; McMurray, J.J.V.; Metra, M.; Solomon, 5.D.; Adams, K.F.; Anand, I.; Arias-Mendoza, A.;
Biering-Serensen, T.; et al. Cardiac myosin activation with omecamtiv mecarbil in systolic heart failure. N. Engl. J. Med. 2021,
384, 105-116. https://doi.org/10.1056/NEJMo0a2025797.

Strzelecka, M.; Swiqtek, P. 1,24-Triazoles as important antibacterial agents. Pharmaceuticals 2021, 14, 224.
https://doi.org/10.3390/ph14030224.

Lao, Y.; Wang, Y.; Chen, J.; Huang, P.; Su, R; Shi, J.; Jiang, C.; Zhang, ]J. Synthesis and biological evaluation of 1,2,4-triazole
derivatives as potential Nrf2 activators for the treatment of cerebral ischemic injury. Eur. ]. Med. Chem. 2022, 236, 114315.
https://doi.org/10.1016/j.ejmech.2022.114315.

Belenichev, L.E.; Vizir, V.A.; Mamchur, V.Y.; Kuriata, O.V. Place of tiotriazoline in the gallery of modern metabolitotropic med-
icines. Zaporozhye Med. |. 2019, 21, 2310-1210. https://doi.org/10.14739/2310-1210.2019.1.155856.

Popazova, O.; Belenichev, I.; Bukhtiyarova, N.; Ryzhenko, V.; Oksenych, V.; Kamyshnyi, A. Cardioprotective activity of phar-
macological agents affecting NO production and bioavailability in the early postnatal period after intrauterine hypoxia in rats.
Biomedicines 2023, 11, 2854. https://doi.org/10.3390/biomedicines11102854.

Belenichev, I.; Popazova, O.; Bukhtiyarova, N.; Ryzhenko, V.; Pavlov, S.; Suprun, E.; Oksenych, V.; Kamyshnyi, O. Targeting
mitochondrial dysfunction in cerebral ischemia: Advances in pharmacological interventions. Antioxidants 2025, 14, 108.
https://doi.org/10.3390/antiox14010108.

Nagorna, O.O. Cardio- and Endothelial-Protective Properties of Derivatives of 1,2,4-triazole. Ph.D. Thesis, Institute of Pharma-
cology and Toxicology of the National Academy of Medical Sciences of Ukraine, Kyiv, Ukraine, 2018; 346p.

Drapak, I.; Perekhoda, L.; Demchenko, N.; Suleiman, M.; Rakhimova, M.; Demchulk, I.; Taran, S.; Seredynska, N.; Gerashchenko,
I. Cardioprotective activity of some 2-arylimino-1,3-thiazole derivatives. Sci. Pharm. 2019, 87, 7. https://doi.org/10.3390/sci-
pharm87010007.

Mazur, I; Belenichev, I.; Kucherenko, L.; Bukhtiyarova, N.; Puzyrenko, A.; Khromylova, O.; Bidnenko, O.; Gorchakova, N.
Antihypertensive and cardioprotective effects of new compound 1-(B-phenylethyl)-4-amino-1,2,4-triazolium bromide (Hyper-
tril). Eur. J. Pharmacol. 2019, 853, 336-344. https://doi.org/10.1016/j.ejphar.2019.04.013.

Belenichev, I.; Goncharov, O.; Bukhtiyarova, N.; Kuchkovskyi, O.; Ryzhenko, V.; Makyeyeva, L.; Oksenych, V.; Kamyshnyi, O.
Beta-blockers of different generations: Features of influence on the disturbances of myocardial energy metabolism in doxorubi-
cin-induced chronic heart failure in rats. Biomedicines 2024, 12, 1957. https://doi.org/10.3390/biomedicines12091957.

Goncharov, O.; Belenichev, I.; Abramov, A.; Popazova, O.; Kucherenko, L.; Bukhtiyarova, N.; Pavliuk, I. Influence of experi-
mental heart failure therapy with different generations of 3-adrenergic blockers on cardiac electrical activity (ECG) and auto-
nomic regulation of heart rhythm (ARHR). Pharmacia 2023, 70, 1157-1165. https://doi.org/10.3897/pharmacia.70.e110924.
Kucherenko, L.; Derevianko, N.; Borsuk, S.; Khromylova, O.; Bihdan, O.; Skoryna, D. Development of an optimal method for
the quantitative determination of 1-(8 phenylethyl)-4-amino-1,2,4-triazolium bromide in a solution for injection. Res. ]. Pharm.
Technol. 2025, 18, 2998-3002. https://doi.org/10.52711/0974-360X.2025.00429.

Parniuk, N.V. Development of Technology and Standardization of “Hypertril” Tablets. [Ph.D. thesis]. National University of
Pharmacy: Kharkiv, Ukraine, 2016. Available online: https://ru.scribd.com/document/811871788 (accessed on 5 October 2025).
Volchyk, I.A. Search Cardioprotective Agents Among Derivatives of 4-amino-1,2,4-triazole. Ph.D. Thesis, Odessa National Med-
ical University: Odessa, Ukraine, 2015. Available online: http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiir-
bis_64.exe?Z21ID=&121DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=full-
webr&C21COM=5&S21CNR=20&S21P01=08&S21P02=0&S21P03=A=&S21COLOR-
TERMS=1&S521STR=%D0%92%D0%BE%D0%BB%D1%87%D0%B8%D0%BA%20%D0%AE$ (accessed on 5 October 2025).
Vona, R; Pallotta, L.; Cappelletti, M.; Severi, C.; Matarrese, P. The Impact of Oxidative Stress in Human Pathology: Focus on
Gastrointestinal Disorders. Antioxidants 2021, 10, 201.

Koval, H.D.; Chopyak, V.V.; Kamyshnyi, O.M.; Kurpisz, M.K. Transcription regulatory factor expression in T-helper cell differ-
entiation pathway in eutopic endometrial tissue samples of women with endometriosis associated with infertility. Cent. Eur. ].
Immunol. 2018, 43, 90-96. https://doi.org/10.5114/ceji.2018.74878.

Nosulenko, I.S.; Voskoboynik, O.Y.; Berest, G.G.; Safronyuk, S.L.; Kovalenko, S.I.; Kamyshnyi, O.M.; Polishchuk, N.M.; Sinyak,
R.S.; Katsev, A.V. Synthesis and Antimicrobial Activity of 6-Thioxo-6,7-dihydro-2H-[1,2,4]triazino[2,3-c]-quinazolin-2-one De-
rivatives. Sci. Pharm. 2014, 82, 483-500. https://doi.org/10.3797/scipharm.1402-10.

Bilyi, A.K.; Antypenko, L.M.; Ivchuk, V.V.; Kamyshnyi, O.M.; Polishchuk, N.M.; Kovalenko, S.I. 2-Heteroaryl-[1,2,4]triazolo[1,5-
c]quinazoline-5(6 H)-thiones and Their S-Substituted Derivatives: Synthesis, Spectroscopic Data, and Biological Activity.
Chempluschem 2015, 80, 980-989. https://doi.org/10.1002/cplu.201500051.

https://doi.org/10.3390/biomedicines14051018



Biomedicines 2026, 14, 1018 32 of 32

187.

188.

189.

Boutitah-Benyaich, I.; Eixarch, H.; Villacieros-Alvarez, J.; Hervera, A.; Cobo-Calvo, A.; Montalban, X.; Espejo, C. Multiple scle-
rosis: Molecular pathogenesis and therapeutic intervention. Signal Transduct. Target. Ther. 2025, 10, 324.
https://doi.org/10.1038/s41392-025-02415-4.

Zou, H.; Zhang, S.; Cui, X.; Xu, H.; Zhou, Z.; Cheng, D.; Han, Y.; Tang, Y.; Dong, A.; Dong, X. Advancements in the investigation
of the mechanisms underlying cognitive aging. Biogerontology 2025, 26, 158. https://doi.org/10.1007/s10522-025-10300-4.

Chiles, R.; Al-Horani, R.A. Vericiguat: A new hope for heart failure patients. Cardiovasc. Ther. 2022, 2022, 1554875.
https://doi.org/10.1155/2022/1554875.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biomedicines14051018



