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Abstract: Heart failure (HF) remains a major medical and social problem. The NT-pro-brain natriuretic
peptide (NT-proBNP) and its active form, brain-type natriuretic peptide (BNP), in a simple blood
test are the gold-standard biomarkers for HF diagnosis. However, even good biomarkers such
as natriuretic peptides fail to predict all the risks associated with HF due to the diversity of the
mechanisms involved. The pathophysiology of HF is determined by numerous factors, including
oxidative stress, inflammation, neuroendocrine activation, pathological angiogenesis, changes in
apoptotic pathways, fibrosis and vascular remodeling. High readmission and mortality rates prompt
a search for new markers for the diagnosis, prognosis and treatment of HE. Oxidative-stress-mediated
inflammation plays a crucial role in the development of subsequent changes in the failing heart and
provides a new insight into this complex mechanism. Oxidative stress and inflammatory biomarkers
appear to be a promising diagnostic and prognostic tool in patients with HF. This systematic review
provides an overview of the current knowledge about oxidative stress and inflammation parameters
as markers of HF.

Keywords: heart failure; oxidative stress; inflammation; biomarkers

1. Introduction

HF remains one of the biggest health issues facing people around the world. The
increasing numbers of new HF cases and high readmission and mortality rates have created
a major medical and social problem. The increased prevalence of HF is due to the aging of
the population, improved survival after myocardial infarction and increasing prevalence
of cardiovascular risk factors [1]. HF is considered a result and the final stage of chronic
diseases related to the circulatory system. Three-quarters of HF patients are diagnosed with
hypertension, and many of them have ischemic heart disease, heart attacks, arrhythmia or
heart defects. All these situations lead to damage to the heart muscle and to the insufficient
pumping of blood to supply the tissues [2—4].

The gold standard for detecting HF is a simple blood test for NT-pro-brain natriuretic
peptide (NT-pro BNP) and its active form, brain-type natriuretic peptide (BNP). These
markers were discovered in 1988 and are now recommended in the guidelines of the
European Society of Cardiology (ESC) Clinical Practice Guidelines and the American
(AHA/ACC/HFSA) Guidelines for the assessment of HF [5,6].

In clinical practice, NT-pro BNP is a better marker than BNP because of the lower
biological diversity and longer plasma half-life [5]. The usefulness of NT-pro BNP for
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risk stratification varies depending on the stage of HF, time of assessment and duration
of follow-up. However, there is no conclusive evidence that the plasma NT-pro BNP
concentration is a guide for more effective therapy [7].

Even good biomarkers such as natriuretic peptides fail to predict all the risks associated
with HE. This is due to the enormous diversity of mechanisms involved in the development
of HE. A large number of clinical and experimental studies prove that oxidative stress and
the activation of inflammation plays a crucial role in the pathophysiology of HE. Increased
oxidative stress and inflammation can be classified as new risk factors for cardiovascular
diseases. There is a need for a new tool to improve the effectiveness of diagnosis, prognosis
and treatment of patients with no HF symptoms.

Oxidative stress and inflammation contribute to HF’s development and progression.
These mechanisms are responsible for cardiac remodeling in HF. Changes affect intra-
cellular signaling pathways, the redox state of the cell, proliferation of fibroblasts and
activation of intracellular matrix metalloproteinases, leading to changes in the structure of
the extracellular matrix and to hypoxia [8,9].

2. Hypoxia and Heart Metabolism

In adult hearts, chronic exposure to hypoxia enhances the adaptive capacity of the
heart, particularly its glucose metabolism, offering protection against acute hypoxia. In
heart failure, reduced oxygen use leads to metabolic remodeling, referred to as a “fuel-
depleted engine,” contributing to the complex changes observed in affected patients [10].
Hypoxia, a condition characterized by a lack of oxygen, plays a central role in the devel-
opment and metabolic changes seen in HF [10]. During cardiac development, the heart
initially operates in a hypoxic environment and undergoes metabolic shifts as it transitions
from a hypoxic to a normoxic state. However, HF leads to pathological metabolic remod-
eling, involving changes in substrate utilization, increased oxidative stress and even the
re-expression of fetal-associated genes. During acute stress, the heart shifts from a “glucose-
fatty acid cycle” to prioritize carbohydrate catabolism to meet adenosine-5-triphosphoric
acid (ATP) demands. However, persistent stress, such as chronic hemodynamic over-
load, triggers a shift from an adult to fetal metabolic phenotype, resulting in extensive
metabolic remodeling. This adaptive switch, initially beneficial, ultimately leads to insulin
insensitivity and a loss of metabolic flexibility. Some studies addressing the timing of
cardiac energetic impairment in HF suggest that it occurs only in advanced stages. How-
ever, pioneering studies using 31P NMRs (Phosphorus-31 nuclear magnetic resonance)
identified a reduction in myocardial energy reserves as a potent prognostic indicator in
HE even when ATP levels seem to be initially maintained. Mitochondrial dysfunction,
including reduced density and disrupted structure, intensifies oxidative damage, lead-
ing to cardiomyocyte loss. Interestingly, the relationship between the sodium—potassium
pump function and metabolism is bidirectional. While declining ATP levels might affect
ion transport, evidence suggests that NKA inhibition and elevated Na may influence the
mitochondrial metabolism [11,12]. This process is guided by hypoxia-inducible factors
(HIFs), with HIF-1o being vital for embryonic survival and metabolic adaptations during
development [10,12]. HIF-1« is a master regulator of oxygen homeostasis, responding
to varying oxygen levels indirectly through enzymes such as prolyl hydroxylases and
asparagine hydroxylase. In hypoxia, these enzymes are inhibited, allowing HIF-1«x to
move to the nucleus, where it pairs with other molecules to regulate the hypoxia response
genes [11]. HIF-1«, responding to hypoxia, plays a crucial role in modulating inflamma-
tory processes, particularly in monocyte differentiation to macrophages and subsequent
cytokine production. Macrophages, in turn, release various cytokines, fostering a positive
feedback loop between tumor necrosis factor « (TNF-«) and HIF-1«, bolstering mono-
cyte differentiation. Controversies exist regarding the effects of monocyte/macrophage
actions and HIF-1« in cardiac remodeling under hypoxia. While some studies suggest
that HIF-1x-induced macrophage accumulation suppresses heart fibrosis through cytokine
OSM (Oncostatin M), which might have beneficial effects, other research indicates that
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OSM produced by macrophages contributes to inflammatory processes and cardiomyocyte
remodeling. Chronic and intermittent hypoxia upregulates several HIF-1«x target genes,
leading to the increased expression of molecules, such as inducible nitric oxide synthase
(iNOS), endothelin-1 (ET-1) and angiotensin-converting enzyme (ACE). While iNOS has a
protective role against oxidative stress and apoptosis in the heart, ET-1 and ACE are associ-
ated with cardiac hypertrophy. However, the direct relationship between these molecules
and hypobaric hypoxia-induced right ventricular hypertrophy (RVH) remains unclear.
Nonetheless, studies in other types of hypoxia have shown that angiotensin II receptor
blockers reduce RVH, suggesting a potential link [11,13]. Furthermore, chronic hypoxia
significantly contributes to right heart failure (RHF) through factors such as pulmonary
hypertension and cardiovascular comorbidities. This leads to RVH and metabolic changes,
including the increased production of reactive oxygen species (ROS) [12,13]. These find-
ings emphasize the importance of considering hypoxia in the cardiac metabolism and its
implications in both HF and related conditions, offering potential therapeutic insights.

3. Hypoxia and Mitochondrion

Mitochondria, the cell’s energy producers, are also involved in hypoxia and can trigger
oxidative stress. Mitochondrial DNA (mtDNA) is especially vulnerable, potentially leading
to reduced cellular respiration and ATP production. Mitochondria play a pivotal role in the
intricate web of oxidative stress, having a profound impact on heart health. Often referred
to as the “powerhouse of the cell”, these organelles serve a dual purpose in both gener-
ating and mitigating reactive oxygen species (ROS) [14,15]. Under normal physiological
conditions, mitochondria primarily produce ROS as byproducts of the electron transfer
process in the mitochondrial respiratory chain, and complexes I and III are prominent
contributors. Proteins, such as p66shc, monoamine oxidases (MAOs) and NADPH oxidase
(NOX4), also add to the pool of mitochondrial ROS. These ROS, including superoxide
anion and hydrogen peroxide, typically function as vital signaling molecules for processes
such as heart development and cardiomyocyte maturation. However, when the delicate
balance of ROS production is disrupted, oxidative stress ensues [14-16]. In the case of
ischemia-reperfusion injury (IRI), the temporary lack of blood flow during myocardial
ischemia triggers mitochondrial dysfunction. Subsequent reperfusion exacerbates ROS
production, ultimately resulting in tissue necrosis. Mitochondrial damage, including the
opening of the mitochondrial permeability transition pore (MPTP), plays a crucial role in
IRI-induced myocardial injury [14,15]. In HF, chronic oxidative stress is linked to an eleva-
tion in ROS levels through proteins such as NADPH oxidase 2 (NOX2) and NOX4. These
ROS contribute to cardiac hypertrophy and remodeling, ultimately compromising cardiac
function. Research into the precise role of NOX4 in HF is ongoing, highlighting the intricate
interplay of mitochondrial ROS in cardiac pathophysiology [14,16]. Maintaining mitochon-
drial quality is achieved through two primary pathways: the ubiquitin—proteasome system
(UPS) and mitophagy. The UPS pathway degrades damaged mitochondrial proteins, while
mitophagy selectively removes entire dysfunctional mitochondria, safeguarding overall mi-
tochondprial health [15,16]. Recent research has uncovered additional mechanisms through
which mitochondria contribute to the pathophysiology of HF. These mechanisms include
metabolic flux bottlenecks, redox imbalances, protein modifications, disruption of mito-
chondrial calcium homeostasis and inflammation. Each of these mechanisms underscores
the multifaceted role of mitochondria in cardiac health and their significance in maintaining
the delicate balance between ROS signaling and oxidative stress [16,17]. In conclusion,
mitochondria, with their dual role in both ROS generation and mitigation, have a profound
impact on oxidative stress and its implications for cardiac health. The balance between ROS
generation and scavenging within these organelles is a critical determinant of cardiac phys-
iology and pathophysiology [14,16,17]. Oxidative stress refers to an imbalanced condition
in which the production of reactive oxygen and nitrogen species (ROS/RNS) exceeds the
body’s capacity to detoxify these harmful molecules. This imbalance can result in damage
to various cellular components and tissues, including the mitochondria, which serve as
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the energy-producing organelles within cells [9,18]. Abnormalities in ryanodine receptor
(RyR2) activity are implicated in HF development. Dysfunctional RyR2 can cause diastolic
Ca?" leaking, reducing contractile force generation. These issues may result from direct
oxidative modifications, hyperphosphorylation by enzymes sensitive to the intracellular
redox state and ROS-activated Ca?* /calmodulin-dependent protein kinase IT (CaMKII),
promoting Ca?* overload [9]. Redox-induced alterations in the sarcoplasmic reticulum and
Ca?*-ATPase activity contribute to abnormal Ca?* handling and contractile failure. ROS
can impair diastolic function through disulfide bridge formation within specific cardiac
proteins [9,18]. ROS-induced disruptions in cellular ion homeostasis may promote ventric-
ular arrhythmias through mechanisms, such as focal triggered activity, re-entrant circuits
and early afterdepolarizations (EADs). Oxidative stress can create areas of inhomogeneous
excitability, leading to ventricular arrhythmias through re-entrant circuits.

4. Oxidative Stress and Inflammation in Cardiac Remodeling and HF

Oxidative stress and inflammation are interdependent conditions that occur simulta-
neously. Oxidative stress products enhance pro-inflammatory responses, whereas inflam-
matory cells release ROS at the site of inflammation and promote oxidative damage [10].

ROS attract circulating inflammatory cells through multiple mechanisms, such as
upregulation of chemokines, activation of neutrophil integrins and expression of surface
adhesion molecules by endothelial cells [9].

Oxidative stress and inflammation are responsible for the activation of signaling
molecules in myocardial remodeling and failure. ROS activate a variety of hypertrophy
signaling kinases and transcription factors. Among others, it activates tyrosine kinase Src,
GTP binding protein Ras, protein kinase C, mitogen-activated protein kinases (MAPKSs)
and Jun-nuclear kinase (JNK) [19-21].

ROS-generating enzymes such as NOX 2 contribute to hypertrophy [9,18]. The
NADPH oxidases (NOXs), abundantly present in the vascular system, serve as pivotal en-
zymes in generating ROS. They facilitate the conversion of oxygen into a superoxide anion
by utilizing an electron from NADPH. These enzymes, consisting of catalytic molecules
known as Nox, have five identified isoforms, notably Nox1, Nox2 and Nox4, which hold
significance in the pathophysiology of HF, reliant on the presence of p47phox and the GT-
Pase. Nox-4, primarily localized to mitochondria in cardiac myocytes, plays a crucial role
in increasing ROS production and subsequent cardiac remodeling due to factors such as
pressure overload and aging. NADPH oxidase activity amplifies significantly in response
to various triggers linked to the pathophysiology of HF, including mechanical stretch,
angiotensin II, ET-1 and TNF-« [18,22-28].

Nitric oxide synthases (NOSs), essential for nitric oxide (NO) synthesis, are involved
in HF, potentially producing harmful O~2 instead of NO, increasing ROS generation.
RNS, derived from nitric oxide and superoxide through enzymatic activity, play a role in
oxidative stress and can lead to the formation of free radicals [7,22,28]. Under pathological
conditions, NOS can become uncoupled, resulting in the generation of superoxide (O?")
as a byproduct of nitric oxide synthesis, often associated with electron leakage during
mitochondprial respiration [7].

These changes activate the process of apoptosis, another important contributor to
remodeling and dysfunction, induced by ROS-mediated DNA and mitochondrial damage
as well as the activation of proapoptotic signaling kinases [23].

In the next step, ROS lead to the activation of the nuclear enzyme poly (ADP-ribose)
polymerase-1 (PARP-1). PARP-1 regulates the expression of inflammatory mediators, which
facilitate the progression of cardiac remodeling. ROS also stimulate transcription factors
such as nuclear factor-iB and activator protein-1 to stimulate matrix metalloproteinase
(MMP) expression [24].

MMPs play a pivotal role in normal tissue remodeling processes, such as cell migration,
invasion, proliferation and apoptosis. The activity of MMP has been shown to be increased
in failing hearts [25].
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The increased activity of MMPs resulting from excessive ROS production might influ-
ence the structural properties of the myocardium by providing an abnormal extracellular
environment that interacts with myocytes. Oxidative stress and inflammation also affect
contractile function by modifying proteins involved in excitation—contraction coupling [26].

The right ventricle (RV) exhibits heightened vulnerability to oxidative stress in compar-
ison to the left ventricle (LV). This increased susceptibility in the RV is partly attributed to its
inability to regulate the expression of manganese superoxide dismutase, which contributes
to oxidative stress in the RV [7,27,28]. Oxidative stress plays a pivotal role in pulmonary
vascular remodeling, with monocytes accumulating in pulmonary arterioles, leading to
ROS generation. This accumulation of ROS contributes to an elevated presence of free
radicals in the context of pulmonary hypertension (PH) [7,28].

5. Antioxidant Defense

The endogenous defense mechanisms against reactive oxygen species (ROS) encom-
pass a range of vital components. These include superoxide dismutase (SOD), catalase,
glutathione peroxidase (GPx), nicotinamide adenine dinucleotide (NAD+) and glutathione
(GSH). In HF, a notable feature is the reduction in the activity of these antioxidant en-
zymes, especially SOD, catalase and GPX, resulting in elevated oxidative stress [9,18,26].
In HF models, diminished levels of NAD+ and GSH have been associated with worsened
outcomes, as they are pivotal in redox reactions and the detoxification of ROS. Encourag-
ingly, supplementation with NAD+ precursors, such as nicotinamide riboside (NR), has
demonstrated significant potential in enhancing cardiac function and redox equilibrium in
HF [18,26].

SODs are metalloproteinases with a pivotal role in transforming superoxide anions
(.0%7) into hydrogen peroxide (HyO;). These highly effective antioxidant enzymes detoxify
superoxide anions, preventing their reaction with nitric oxide (NO) and the formation of
peroxynitrite (ONOO-). SODs encompass three isoforms—cytosolic SOD1, mitochondrial
SOD2 and extracellular SOD3—each requiring distinct metallic cofactors and dimerization
for activity [26,27].

Catalase is an enzyme specializing in the detoxification of hydrogen peroxide, with
its function dependent on the hydrogen peroxide concentration. At high concentrations,
it primarily acts as a catalytic detoxifier, while at lower concentrations, it predominantly
functions as a peroxidase. Catalase exists as a tetrameric heme protein [26,27].

GPxs are tetrameric selenoproteins found in the cytoplasm, nuclei and mitochondria.
They are responsible for detoxifying H,O, into water and eliminating peroxide residues
from lipids. This process relies on the reducing capabilities of the glutathione/glutathione
disulfide (GSH/GSSG) couple and involves the continuous reduction of GSSG to GSH,
aided by glutathione reductase and NADPH generated through the pentose phosphate
pathway [7,26,28]. Various non-enzymatic antioxidants also contribute to shielding cells
from ROS damage. GSH is a major intracellular thiol, primarily present in its reduced form.
It serves several antioxidant roles, including acting as a cofactor for Gpx, a transition metal
chelator and a regenerator of vitamins C and E. Additionally, albumin is often regarded
as the plasma equivalent of GSH. Vitamin C (ascorbic acid) is recognized as the most
effective water-soluble antioxidant in human plasma, while vitamin E (tocopherol) helps
combat lipid peroxidation due to its lipophilic nature and membrane location [26-28].
These antioxidant mechanisms are vital for neutralizing ROS and preserving cellular redox
balance. Their proper functioning is of the utmost importance in safeguarding cells and
tissues from oxidative stress and its associated damage [26-28].

Thiols, such as cysteine and glutathione (GSH), are of paramount significance as an-
tioxidants, ensuring the maintenance of cellular redox balance and counteracting oxidative
stress [28].

The efficacy of interventions designed to restrain ROS production, such as xanthine
oxidase inhibitors (e.g., allopurinol) and NOS uncoupling inhibitors, varies across different
clinical trials. Moreover, the supplementation of exogenous antioxidants, such as vitamins E,
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Cand A, has not consistently led to improved cardiovascular outcomes in HF patients [18,26].
A.van der Pol et al. suggest that future strategies for mitigating oxidative stress in HF could
concentrate on two primary approaches: augmenting endogenous antioxidant capacity
through GSH and NAD+ precursor supplementation and enhancing the expression and
activity of antioxidant-producing enzymes linked to the -glutamyl cycle and NAD+
production [18,26,27]. Currently, the pathophysiological concept of HF emphasizes the
enormous role of oxidative parameters and inflammatory markers. It is important to isolate
a panel of oxidative stress and inflammation parameters, which, on the one hand, could
play a role as prognostic parameters and, on the other hand, allow for a better explanation
of the presence of clinical symptoms and determine a patient’s prognosis for outcome. Most
importantly, however, the panel of parameters should also affect treatment selection, which,
as a consequence, would inhibit some processes that damage the heart or even improve
its function.

6. Biomarkers in Heart Failure

The pathophysiology of HF is determined by many factors, including oxidative stress,
inflammation, neuroendocrine activation, severe angiogenesis, changes in apoptotic path-
ways, fibrosis and vascular remodeling. The oxidative-stress-mediated inflammation seems
crucial in the development of subsequent changes in the failing heart and provides a new
insight into this complex pathophysiological mechanism. The simultaneous measurement
of several HF biomarkers will allow us to better describe the patient’s metabolic situation
and provide more personalized treatments for HF as well as estimate the future risk of car-
diovascular events. Because of the unsatisfactory current therapeutic results, any attempt
to find a new method for the detection and treatment of HF is worthy of attention.

The multiple-biomarker approach has been tested, but it remains unclear whether its
economic burden and reproducibility are suitable for practical use [29-32]. Table 1 shows
the markers we discuss in terms of their usefulness in laboratory diagnostics.

Table 1. Oxidative stress and inflammatory parameters in heart failure.

Rutine Used in

Biomarker Laboratory Medicine Availability of Ready Kits Methods
Apelin NO YES ELISA
FGF-23 NO YES ELISA/CLIA
Galectin 3 NO YES ELISA/CLIA
GDF 15 YES YES ELISA/CLIA
Klotho NO YES ELISA
Collagen YES YES ELISA/CLIA
MDA YES YES COLORIMETRIC/FLUOROMETRIC/ELISA
sST2 NO YES ELISA
SH NO YES COLORIMETRIC
Uric acid YES YES COLORIMETRIC/FLUOROMETRIC
MPO NO YES FLUOROMETRIC /SPECTROPHOTMETRIC/ELISA
Ceruloplasmin YES YES ELISA
Bilirubin YES YES COLORIMETRIC/ELISA
NOX2-derived peptide NO NO WESTERN-BLOTT
Nitrotyrosine NO YES ELISA
F2-Isoprostanes NO YES ELISA
8-Hydroxyguanosine NO YES ELISA
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Search Strategy

A systematic search was conducted to assess the oxidative stress and inflammatory
markers using the following databases: PubMed, Web of Science, MEDLINE and SCO-
PUS. In the search, we were most interested in articles from the last 6 years. Thanks to
this, we managed to choose the newest and most interesting markers within our interests.
The literature search was performed using “oxidative stress markers and HF” (about
610 articles), “inflammatory markers and HF” (about 965 articles), “oxidative stress and
inflammatory markers and HF” (about 140 articles), as well as other synonymous terms.

6.1. Inflammatory and Fibrosis Biomarkers
6.1.1. Apelin

Apelin is a novel adipokine that acts as an endogenous ligand of the specific orphan
apelin receptor (APJ). Apelin is part of the apelinergic system, which includes apelin,
ELABELA (ELA) and the APJ receptor. Apelin plays a crucial role in the cardiovascular
system. Under normal conditions, it enhances cardiac contractility, increases stroke volume,
causes vasodilation, promotes diuresis and lowers blood pressure [33]. This system is
expressed in various human tissues and organs, including the heart [33]. Apelin exists in
various isoforms, with apelin-36 being a prominent one. An increase in the plasma level of
apelin-36 has been associated with oxidative stress [34,35]. Apelin-36 has positive inotropic
effects, i.e., enhancing the force of heart muscle contraction. It widens blood vessels too,
reducing resistance and making it easier for the heart to pump blood and helps protect
against the development of atherosclerosis [34-37]. Apelin-36 may be used as a biomarker
of HF. In cases of HF, the plasma levels of apelin-36 increase along with signs of oxidative
stress [34,36]. Ferdinal et al. proved that chronic systemic hypoxia can lead to ventricular
hypertrophy, myocardial structural damage and ventricular remodeling. Apelin-36 levels
were found to be elevated in this context, indicating its role in the development of HF [34].
Oxidative stress, marked by an increase in reactive oxygen species (ROS), has been linked
to increased apelin levels. Apelin appears to be associated with regulating the oxidative
stress response in the heart [34]. The progression of HF involves multiple pathogenic
processes, including the renin—angiotensin—aldosterone system (RAAS), the sympathetic
nervous system, inflammation and oxidative stress [36,37]. A study by Goidescu et al.
demonstrated that the serum angiotensin-converting enzyme 2 (ACE2) and apelin-13
activity are correlated with an unfavorable clinical evolution in patients with reduced
ejection fraction HF [36]. These biomarkers can be useful for evaluating the prognosis of
patients and may play a role in understanding the molecular pathways involved in HF
progression [35,36].

6.1.2. FGF23

Fibroblast growth factor 23 (FGF-23) is a hormone primarily originating from bones. It
plays a significant role in regulating the renal phosphate balance and vitamin D metabolism.
In the context of HF, particularly in heart failure with preserved ejection fraction (HFpEF),
FGF-23 has drawn considerable attention due to its potential influence on cardiovascular
health [38]. Some studies have shown that elevated levels of FGF-23 are associated with
left ventricular hypertrophy (LVH) and a poorer prognosis. This association has been
observed in various heart conditions, including chronic kidney disease (CKD), ischemic
cardiomyopathy and heart failure with reduced ejection fraction (HFrEF) [39,40]. However,
the role of FGF-23 in myocardial abnormalities commonly seen in HFpEF, such as left
ventricular diastolic dysfunction, LVH, interstitial fibrosis and right ventricular dysfunction,
is not well understood [38—40]. In a study by Benes et al., FGF-23 emerged as one of the
most significantly different proteins in the blood plasma of HFrEF patients with severe RV
dysfunction. FGF-23 showed potential as a biomarker for RV dysfunction in HFrEF patients,
as it exhibited a strong correlation with RV dysfunction, regardless of other factors, such
as congestion. In contrast to BNP, an established HF biomarker associated with both RV
and LV dysfunction, FGF-23 specifically reflected RV dysfunction. The study suggests that
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FGF-23 may serve as an innovative biomarker for identifying RV dysfunction in patients
with HFrEF. This is particularly important because there is currently no specific biomarker
for RV dysfunction, and FGF-23 could aid in the diagnosis and monitoring of this condition
in HFrEF patients [40,41].

In a study by Damien Gruson et al., the FGF-23 levels were found to be significantly
higher in HFpEF patients compared to controls. FGF-23 was associated with multiple risk
factors, signs of cardiac dysfunction and markers of renal impairment. Notably, the FGF-23
levels were correlated with myocardial fibrosis [38,41].

6.1.3. Galectin-3

Galectin-3 (Gal-3) is a protein belonging to the 35 kDa lectin family, produced by
macrophages during phagocytosis. Human Gal-3 is encoded by the LGALS3 gene, located
on chromosome 14, and has a chimeric structure with a single carbohydrate recognition do-
main (CRD) connected to an N-terminal domain and the ability to form pentamers [42,43].
Gal-3 is involved in many biological processes, including inflammation, cell growth and
apoptosis. Through the differentiation of pattern cells, it participates in angiogenesis [44].
By interacting with survival-related proteins, it induces endothelial cell migration and
proliferation. Gal-3 found in the cell nucleus regulates gene transcription and pre-mRNA
intron excision. Gal-3, present on the cell surface, regulates the diffusion, compartmental-
ization and endocytosis of cell membrane glycoproteins, and it also activates and retains
T lymphocytes. Gal-3 in the extracellular environment induces cell adhesion and has
pro-apoptotic properties [42-44].

Gal-3 expression increases the inflammation and cell damage caused by stretching or
squeezing cardiac muscle fibers. As a marker of fibrosis, Gal-3 also has cardioprotective
effects. Two large, community-based cohort studies, “Rancho Bernardo Study”, and a report
by De Boer et al. show Gal-3 as a biomarker of prognostic significance, being an important
predictor of mortality and readmission in chronic heart diseases [43,44]. Adding Gal-3 to a
panel of BNP and hsTroponin-I biomarkers assessed in patients with heart failure allows for
a more precise determination of the possibility of adverse events, such as excessive death
rate. To date, Gal-3 measurement is recommended by the 2017 Guidelines of the American
Heart Association for risk stratification and prognostic evaluation in patients with HF [45].

The GAL-3 in Acute HF (GALA) study revealed that levels of Gal-3 measured on
admission were predictive of mortality within 30 days and short-term outcomes with a
good degree of accuracy. Nevertheless, as regards longer-term consequences, specifically
1-year mortality rates, Gal-3 exhibited a somewhat decreased predictive power in this
particular context [45,46]. Recent cardiovascular health studies, including the Relaxin in
Acute Heart Failure (RELAX-AHF) and the ProBNP Outpatient Tailored Chronic Heart
Failure (PROTECT) trials, did not unearth any discernible predictive utility associated with
Gal-3 for the prospect of a patient’s demise over the course of 6 months. The conclusions
from these meticulous investigations bring into question the broader applicability of Gal-3
as a prognostic marker for intermediate-term mortality and underline the complex nature
of HF prognosis [44—46].

6.1.4. GDF 15

Differentiation factor-15 (GDF-15) is a cytokine associated with inflammation and
tissue regulation, primarily found in most tissues and plasma. It appears to have a protec-
tive role in the heart based on animal models and is linked to reduced growth hormone
activation in rat cardiomyocytes. GDF-15 is considered a potential biomarker for cardio-
vascular risk [47,48]. A meta-analysis by Jin-Wen Luo et al. suggests that elevated GDF-15
levels are associated with an increased risk of all-cause mortality in congestive heart failure
(CHF) patients, especially those with ischemic causes. The predictive power of GDF-15 is
more significant in CHF patients with ischemic causes, and it may be a useful predictor of
adverse outcomes in stable CHF patients [48,49]. GDF-15 plays a role in oxygen-sensitive
gene regulation through HIF and is involved in angiogenesis and fetal heart development
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in a hypoxic environment. After birth, higher oxygen levels limit HIF-1x activity, and
changes in mitochondrial dynamics play a role in cardiac function. GDF-15 is produced in
response to mitochondrial stress and is significant in various tissues [49,50]. GDE-15is a
versatile protein, with roles in inflammation, heart protection and mitochondrial function.
It is emerging as a biomarker for assessing various cardiovascular and health conditions,
including heart failure and COVID-19 [50,51].

6.1.5. Klotho

Klotho is a pleiotropic protein that, in humans, is encoded by the KL gene (known as o-
klotho or klotho), located on chromosome 13q12. The three klotho subfamilies are a-klotho,
-klotho and y-klotho, of which a-klotho is most highly expressed in many organs and
tissues. Klotho may exist in a membrane-bound form or in a soluble circulating form that
is predominant in humans. Klotho is associated with various physiological processes in
the body, including its potential role in heart diseases. Klotho protein is emerging as a key
player that can influence and modulate various aspects of heart function and disease [51,52].
The klotho protein has been linked to the regulation of various cellular processes, including
endothelial function, oxidative stress, inflammation and fibrosis, all of which are critical
factors in the development and progression of heart diseases [51-53].

Klotho is found in the cells of the sinoatrial node, where its expression is probably
crucial for the functioning of some ion channels that regulate the excitability of heart
cells. «-Klotho modulates ion channels in the cell membrane, including Na* /phosphate
cotransporters, Na*/K*"-ATPases, Ca?* channels and heart-specific potassium channels.
These channels determine the electrical stimulation of the heart and repolarization and
participate in the abnormal stimulation of the myocardium after hypertrophy [51,52]. The
endothelium lines blood vessels from the inside, and its malfunction is a characteristic
feature of many cardiovascular diseases. Klotho has been shown to have a protective
effect on endothelial cells by regulating the availability and increased secretion of NO,
which helps dilate vessels and regulate blood flow, thus significantly reducing the risk
of atherosclerosis [51-53]. The klotho protein exhibits anti-inflammatory properties by
inhibiting the activation of TNF-« nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) in endothelial cells, which allows for the modulation of inflammatory
cytokines that may help alleviate the inflammatory processes associated with atherosclerosis
and other cardiovascular diseases [53].

Klotho counteracts oxidative stress. s-Klotho inhibits insulin and insulin-like growth
factor 1 (IGF-1) signaling pathway, which increases resistance to oxidative stress, thus
demonstrating anti-apoptotic and anti-aging effects [52,54]. «-Klotho inhibits angiotensin
II-induced cardiomyocyte proliferation and fibrosis of cardiac connective tissue cells. More-
over, klotho inhibits the expression of FGF23 and microRNA-132 in the heart, which also
limits the development of cardiac fibrosis and hypertrophy. Decreased levels of klotho
potentially contribute to the development of fibrotic heart disease [51,52,54]. The klotho
protein, originally associated with aging and longevity, is emerging as a potential biomarker
for heart disease due to its involvement in critical cellular processes of the cardiovascular
system. Monitoring klotho levels may aid in the early detection, risk assessment and treat-
ment of heart disease; however, further research and clinical trials are needed to determine
its usefulness and diagnostic accuracy.

6.1.6. Collagen

Myocardial fibrosis, a key player in the structural transformation of the heart during
HF, has come under intense scrutiny as researchers explore molecules that could serve as
biomarkers for myocardial fibrosis. Myocardial fibrosis occurs when the production of
collagen, particularly types I and II, outpaces its degradation. This imbalance gives rise to
two distinct forms of fibrosis: macroscopic replacement fibrosis, often seen in post-ischemic
scars, and microscopic reactive fibrosis, affecting the interstitial and perivascular spaces.
The latter is frequently associated with chronic conditions, such as hypertension, aortic
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stenosis, cardiomyopathies and other chronic causes of HF, where collagen type I fibers
outnumber type III [55-57]. Traditionally, the gold standard for evaluating myocardial
fibrosis, both qualitatively and quantitatively, has been myocardial biopsy. This invasive
procedure has been used to correlate candidate biomarkers with histological evidence of
fibrosis. Interstitial fibrosis, characterized by the abnormal accumulation of collagen, has
been linked to LV systolic and diastolic dysfunction, arrhythmias and an increased risk of
sudden cardiac death, making it a potential predictor of therapy response in HF [56,57].
Among the array of circulating biomarkers, three have stood out for their correlations
with histological myocardial fibrosis: serum carboxy-terminal propeptide of procollagen
type I (PICP), serum amino-terminal propeptide of procollagen type III (PIIINP) and
serum collagen type I telopeptide (CITP) [57]. PICP, originating during the extracellular
conversion of type I procollagen into type I collagen, has been found elevated in HF
patients. It is in accord with the degree of dysfunction in patients with a reduced ejection
fraction and is linked to mortality in both HF with preserved ejection fraction and HF
with reduced ejection fraction. Moreover, PICP has been associated with the occurrence of
ventricular arrhythmias in advanced HF and demonstrates responsiveness to treatments
involving drugs such as loop diuretics and mineralocorticoid receptor antagonists [56,57].
PIIINP, arising from the extracellular conversion of type III procollagen to type III collagen,
correlates with the volume of myocardial tissue replaced by collagen III fibers, known as
the myocardial collagen III volume fraction (CIIIVF), measured using specific imaging
techniques. Notably, treatment for HF with spironolactone has been linked to a concomitant
reduction in the extension of CIIIVF and the concentration of PIIINP. Recent findings also
underline the correlation between serum PIIINP levels and the outcomes and severity of
HF [55-57]. Recent research has shed light on the potential significance of a biomarker
called procollagen type III N-terminal peptide (PIIINP) in understanding and managing
HE, particularly in African Americans. Mansour et al. provide unique insights into the
role of PIIINP and its implications for personalized treatment strategies in this specific
population [56,57]. PIIINP is a biomarker closely associated with cardiac fibrosis, a key
factor in the progression of HF. The deposition of collagen in the myocardium, a process
known as cardiac fibrosis, can lead to structural damage and impaired heart function.
Understanding the role of PIIINP in cardiac fibrosis is critical in devising effective strategies
for diagnosing and treating HF [55-57]. One of the key findings of the study was the
correlation between PIIINP levels and genetic ancestry. PIIINP levels were inversely
correlated with West African ancestry, suggesting that genetic influences play a role in
the development of cardiac fibrosis in African Americans [56]. The discovery that PIIINP
levels are linked to mortality risk suggests that PIIINP could be a valuable biomarker
for identifying African American heart failure patients who may benefit from additional
therapies aimed at combating fibrosis. This could potentially improve patient outcomes
and enhance personalized treatment strategies [55,56].

6.1.7. sST2

Soluble Suppression of Tumorigenicity 2 (sST2) is a member of the interleukin-1 (IL-1)
receptor family, with two primary forms: cellular (ST2L) and soluble (sST2). ST2L acts as a
receptor for the cytokine interleukin-33 (IL-33), providing cardioprotection by regulating
the heart’s response to stress and injury. Conversely, sST2 acts as a decoy receptor, under-
mining this protection, and elevated sST2 levels are associated with increased mortality
and risk in HF patients. Monitoring sST2 can be instrumental in patient management and
evaluating HF treatments [46,58,59]. The ST2-R2 score, which includes sST2, can predict LV
reverse remodeling and all-cause mortality. sST2 levels are also independently associated
with atrial fibrillation in HF patients, suggesting its usefulness as a marker for recurrent
atrial fibrillation [58,59]. Despite robust evidence of its prognostic value, the 2022 HF
management guidelines, in contrast to the 2013 guidelines, do not recommend sST2 as a
biomarker. The European Society of Cardiology guidelines take a similar stance [46,58].
In acute HF, sST2 plays a pivotal role in prognosis, especially in assessing the risk of fa-
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tal outcomes. It serves as a valuable predictor of hospital readmission due to HF when
measured at discharge [46,55]. Studies, such as ASCEND-HF, MADIT-CRT and Val-HeFT,
have demonstrated that serial measurements of sST2 provide valuable insights into prog-
nosis. Elevated sST2 levels, both at admission and persisting throughout hospitalization,
are associated with a higher long-term mortality risk [46,55]. A study by Pascual-Figal
et al. established that in chronic heart failure, sST2 has independent prognostic value.
Elevated levels are linked to the discontinuation of HF therapy, sudden cardiac death and
adverse outcomes in patients with left ventricular systolic dysfunction. However, further
research is needed to fully understand its advantages compared to other cardiac-specific
markers [46,55,58].

6.2. Oxidative Stress Biomarkers
6.2.1. Malondialdehyde

Malondialdehyde (MDA) is a marker of lipid peroxidation secondary to increased
oxidative stress. In the context of HF and its assessment, the MDA concentration is used to
evaluate the extent of lipid peroxidation, which is a process where cell membrane lipids
are damaged by oxidative stress, leading to the formation of MDA as a byproduct [60-62].
MDA is described as a low-molecular-weight aldehyde that is formed by free radical attacks
on polyunsaturated fatty acids. It is used as a biomarker of oxidative damage [61,62]. In a
study by Wojciechowska et al., MDA was found to be an independent risk factor for death
or heart transplantation in patients with ischemic heart failure (ICM). In nonischemic heart
failure (nICM), the MDA /PSH (sulthydryl groups) ratio has been identified as a risk factor
for death or heart transplantation. Higher levels of MDA were associated with adverse
outcomes [61-63]. Romuk et al. evaluated the importance of oxidative stress biomarkers in
predicting prognosis, including death and a combined endpoint of heart transplantation
or death, in HF patients. Out of a number oxidative stress markers under study, MDA
was found to be an independent predictor of both death and the combined endpoint
(heart transplantation or death). Higher serum MDA levels were associated with a 103%
increased risk of death and a 100% increased risk of the combined endpoint per pmol/L.
The results suggest that an oxidative stress marker such as MDA may play a crucial role in
the pathophysiology of HF that is independently related to poor prognosis [46,61-63].

6.2.2. Sulfthydryl Groups

SHs are produced in the body from endogenous sources, such as cysteine, and are
synthesized by enzymes such as cystathionine y-lyase (CSE) and 3-mercaptopyruvate
sulfurtransferase (3-MST).

The heart is considered a significant source of SH, and changes in its metabolism can
have implications for heart function. SH interacts with NO and has a strong bond with
it. SH has cardioprotective effects and contributes to vasodilation, reductions in blood
pressure and a decrease in heart tissue injury. It plays a role in myocardial fibrosis and
inhibits the transforming growth factor-31/drosophila mothers against the decapentaplegic
protein (TGF-1/Smad3) signaling pathway, reducing collagen deposition in the heart,
which can lead to HE. SH is involved in reducing oxidative stress and inflammation, both
of which are detrimental to heart tissue. SH can also protect mitochondrial function,
reduce apoptosis in heart muscle cells and have antioxidant effects, which are critical for
preventing heart damage during ischemia/reperfusion injury. Bajic et al. suggest that
a high homocysteine concentration (HHcy) can impair the synthesis of SH, potentially
contributing to cardiovascular problems [61,64,65].

SH, represented as protein sulthydryl groups (PSH), are integral components of pro-
teins, contributing to the stability and proper function of various biomolecules in the body.
PSH can be easily oxidized by ROS, and, once oxidized, they are less effectively reduced
in the bloodstream when compared to their intracellular counterparts. Consequently, the
depletion of free thiols in the bloodstream serves as an indicator of a relatively stable
systemic redox balance. Wojciechowska et al. investigated the prognostic value of PSH
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in HF patients, comparing those with ICM and nICM. The study revealed that PSH did
play a prognostic role, although there were differences between the two patient groups.
Specifically, in patients with ICM, PSH did not independently predict the study endpoint
(comprising all-cause mortality or urgent heart transplantation). Conversely, in patients
with nICM, the MDA /PSH ratio emerged as an independent risk factor for the study
endpoint. These findings highlight the importance of considering PSH in a broader spec-
trum of redox biomarkers when assessing their role in predicting outcomes in HF patients.
Notably, their prognostic relevance differs significantly between patients with ischemic and
nonischemic cardiomyopathy [61,64—67].

6.2.3. Uric Acid

Uric acid is the end product of purine metabolism and has both protective and detri-
mental effects. Xanthine oxidoreductase (XO) is an enzyme involved in purine metabolism
and generates ROS while metabolizing xanthine into uric acid. Elevated ROS production
due to increased uric acid levels can contribute to cardiovascular diseases and worsen
HF [68-70]. High uric acid levels are associated with oxidative stress, inflammation and
endothelial dysfunction, all of which are key factors in HF progression [69,71,72]. Elevated
XO activity, resulting in increased uric acid production, is linked to HF development.
XO-derived ROS contribute to endothelial dysfunction, inflammation and myocardial
apoptosis, all of which are factors in HF pathophysiology [69]. Uric acid has emerged as a
potential prognostic biomarker in HE. Elevated uric acid levels are associated with poorer
outcomes in HF patients, including an increased risk of all-cause mortality, cardiovascular
mortality and readmission [69]. Uric acid levels also correlate with symptom burden and
can predict the severity of HF according to the New York Heart Association (NYHA) classi-
fication [71]. The Taiwan M]J cohort studies suggest that the impact of uric acid may differ
between men and women with HF. In women, elevated uric acid levels are associated with
a higher cardiovascular hazard ratio, which may be related to hormonal differences [69].
Uric acid levels are associated with central hemodynamic parameters in advanced HF
patients, particularly the left-sided filling pressure (PCWP) and cardiac index (CI). This
indicates that elevated uric acid levels are linked to altered hemodynamics in HF patients,
potentially contributing to disease severity [70-73].

6.2.4. Myeloperoxidase

Myeloperoxidase (MPO) is an enzyme produced during inflammation and oxidative
stress by activated white blood cells. It significantly contributes to tissue damage in HF
by inducing oxidative damage through the formation of reactive oxidants and radicals.
These pathways significantly influence the development of coronary artery disease, vascu-
lar diseases and HF, contributing to atherogenesis, plaque vulnerability and ventricular
remodeling [74,75]. In HF, increased MPO activity has been linked to various diseases,
including atherosclerosis. Its association with vascular dysfunction, mediated by reduced
NO availability and other mechanisms, contributes to impaired vasodilation, ATP depletion
and increased purine metabolism [7]. Elevated MPO levels serve as a robust predictor of
coronary artery disease risk. In chronic HF, these levels are strongly associated with HF
prevalence, efficiently identifying HF patients. When combined with other markers such as
C-reactive protein (CRP) and NT-proBNP, MPO levels significantly improve HF detection
and correlate with severe HF and adverse clinical outcomes [7,74,76]. Chronic inflam-
mation significantly impacts HF progression, particularly in HFpEF and HFrEF. HFpEF
involves systemic and cardiac inflammation triggered by metabolic risk factors, activating
endothelial cells and upregulating NOX2. Conversely, HFrEF may stem from inflammation
initiated by myocardial infarction, sustained during tissue regeneration and remodeling,
often involving immune cell infiltration [76,77]. Nitrosative stress, notably represented
by the marker 3-nitrotyrosine (3-NT), is relevant in HFpEF’s pathogenesis. Elevated 3-NT
levels, a result of reactive nitrogen species under oxidative stress, are observed in myocar-
dial samples from HFpEF patients compared to HFrEF. MPO derived from leukocytes
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contributes to vascular dysfunction and cardiovascular diseases, including HFpEF [75,76].
Several studies exploring the role of MPO in chronic HF have shown that elevated MPO
levels are correlated with uric acid levels in HFpEF patients. Additionally, MPO levels
in HFrEF patients correlated with HF severity markers and were predictive of adverse
clinical outcomes. While MPO shows promise as a diagnostic and prognostic marker in
HE its utility in the diagnosis of acute HF varies. Reichlin et al. suggest a potential role
for MPO in risk management in acute HF, showing associations with 1-year mortality and
long-term clinical outcomes, albeit with mixed diagnostic value compared to BNP [75-77].
Soluble NOX2, a significant contributor to oxidative stress, plays a crucial role in HF. It has
been associated with heart conditions, particularly postoperative atrial fibrillation (POAF).
Studies highlight the critical role of oxidative stress in POAF development, particularly the
production of ROS such as superoxide (O%7), with NOX2’s inhibition showing potential
in managingatrial fibrillation (AF) complications [7,78,79]. Moreover, increased levels of
soluble NOX2-derived peptide were strongly associated with elevated serum isoprostane,
a marker of oxidative stress, in persistent/PAF patients, suggesting a role for NOX2 in
oxidative stress observed in POAF patients. In AF, NOX2-generated O?~ in the left atrial
appendage (LAA) was associated with left atrial enlargement. Patients with POAF exhib-
ited higher basal myocardial O?~ production, indicating increased oxidative stress, further
supported by elevated urine F2-isoprostanes and isofurans [7,78,80]. Studies implicate
NOX2 as a significant source of ROS in cardiovascular diseases, that is, ICM and AF, poten-
tially leading to HF. Specifically, NOX2 in cardiomyocytes significantly contributes to ROS
generation, especially in LVH, a crucial component in HF progression. Monitoring NOX2
activity, particularly through sSsNOX2-dp, shows promise in assessing cardiac remodeling
post-myocardial infarction, contributing significantly to its pathogenesis [78,80,81]. Despite
the potential of SNOX2-dp as a biomarker in HF and cardiovascular diseases, compre-
hensive research is essential to establish its diagnostic and prognostic value. Nonetheless,
evidence consistently underscores the substantial contribution of NOX2 to oxidative stress
in HE, suggesting the potential utility of SNOX2-dp as a valuable biomarker for monitoring
oxidative stress levels in HF [79-82].

6.2.5. 8-Hydroxyguanosine

8-Hydroxyguanosine (8-oxo(d)G) is an extensively studied product of nucleic acid
oxidation formed by guanine oxidation, disrupting DNA pairing and causing gene muta-
tions [79,83]. 8-oxoGsn, a metabolite reflecting oxidative damage to RNA, plays a significant
role in heart disease through its association with oxidative stress [83-86]. Elevated levels of
urinary 8-oxoGsn, indicative of RNA oxidative damage, have been linked to poor physical
performance and cognitive impairment, suggesting a relationship between oxidative stress
and a decline in these functions, which are also common in heart disease [83,84]. Repair
mechanisms exist to mitigate the mutagenic effects of 8-oxoGsn, involving proteins, such
as human polynucleotide phosphorylase (hPNPase), Y box binding protein 1 (Yb-1) and
heterogeneous nuclear ribonucleoproteins (hnRNP), which silence and degrade damaged
RNA [83,84]. Additionally, ATM serine/threonine kinase, a protein known for its role in the
DNA damage response, may participate in the cellular response to RNA oxidative damage,
although the precise mechanism has not been fully understood [83]. The metabolite of
8-0x0(d)G, known as 8-0xoGsn, is detected in urine and serves as a biomarker for oxidative
damage. Si-Min Yao et al. demonstrated that elevated levels of urinary 8-oxoGsn were
associated with aging-related diseases, suggesting a potential link with heart disease and
poorer prognosis. Therefore, urinary 8-oxoGsn may serve as a valuable biomarker for
assessing oxidative damage and evaluating the progression of heart disease. However,
further research is needed to confirm these findings and establish causality, as well as to
identify associated risk factors and determine the utility of urinary 8-oxoGsn in clinical
practice for managing heart disease [85,87].
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6.2.6. F2-Isoprostanes

F2-Isoprostanes (IsoPs), generated from arachidonic acid breakdown, are detected in
various cellular contexts, notably in monocytes during atherosclerosis driven by oxidative
stress [88-91]. Elevated levels of IsoPs have been observed in the urine of individuals with
unstable angina, indicating their potential as biomarkers for prognosticating complications
in nonfatal myocardial infarction and HF progression [88]. IsoPs are primarily derived
from tissue phospholipids and undergo hydrolysis to their free acid form, with subse-
quent metabolism, predominantly in the liver, and excretion in urine [90,91]. However,
interpreting changes in unmetabolized IsoPs from urine requires caution due to potential
disproportionate increases in renal disease. Reliable measurements of IsoPs involve stable
isotope dilution mass spectrometry, which offers advantages over immunoassays by en-
suring accuracy and minimizing variability [90]. IsoPs have been linked to coronary heart
disease risk factors, disease extent and outcomes, supporting their role in atherogenesis.
Elevated IsoP levels correlate with the severity of coronary heart disease and predict ad-
verse cardiac events, suggesting their utility as prognostic markers. Heravi et al. analyzed
associations between traditional cardiovascular disease risk factors and urinary and plasma
isoprostane concentrations, which indicate systemic oxidative stress. The investigators
found that different assays exhibited varying levels of effectiveness and sometimes contra-
dictory correlations with specific cardiovascular disease risk factors. This implies that the
type of body fluid analyzed and the isoprostane entity measured can influence the observed
associations. Therefore, it is recommended to view isoprostanes as complementary rather
than interchangeable in assessing oxidative stress. Additionally, while urinary isoprostanes
are convenient, adjusting for urine creatinine levels could lead to significant confounding
when comparing groups with different serum creatinine concentrations. The study also
found consistently higher isoprostane concentrations in women, smokers, sedentary indi-
viduals and those with higher body mass index (BMI) and plasma triglycerides, suggesting
greater oxidative stress and a potentially increased cardiovascular disease risk in these
groups [89].

6.2.7. Nitrotyrosine

Epidemiological studies have identified correlations between cardiovascular disease
and the levels of 3-nitrotyrosine (NT), a marker of nitrosative stress, and asymmetric
dimethylarginine (ADMA), an endogenous inhibitor of NO synthase [76,92,93]. NT is a
marker of nitrosative stress resulting from the nitration process, affecting tyrosine residues
in plasma proteins and atherosclerotic lesions. NT levels have been observed to rise in
various inflammatory conditions, including peripheral thrombosis (PT) [92]. ADMA serves
as an endogenous inhibitor of NO synthase, leading to enzyme uncoupling and subse-
quent peroxynitrite production, thereby inducing nitrosative stress in vascular endothelial
and smooth muscle cells [76,92]. Oxidative and nitrosative stress can trigger immune
responses and inflammasome activation, exacerbating inflammation and contributing to
cardiovascular disease progression [92,93]. Ferlazzo et al. evaluated the inflammatory
status by analyzing the transcription levels of inflammasome-associated genes in peripheral
blood mononuclear cells (PBMCs) from recruited subjects. The results highlight significant
alterations in the levels of ADMA, NT and Coenzyme Q10 (Co Q10) in individuals with PT,
coronary artery disease (CHD) or both conditions, suggesting their potential as biomarkers
for endothelial dysfunction and inflammation [92].

Nitrosative stress, evidenced by increased levels of 3-NT, plays a pivotal role in
HFpEF pathogenesis, affecting the Inositol-Requiring Enzyme 1x-X-Box Binding Protein 1
(IRE1x-XBP1) pathway [76]. Elevated circulating 3-NT levels are associated with increased
fibrosis and structural remodeling of the myocardium, highlighting their potential role as a
diagnostic marker and therapeutic target [76,92,93].

Mommot et al. investigated circulating levels of MPO and 3-NT in HFpEF, HFrEF and
healthy individuals. They found significantly elevated 3-NT levels in HFpEF compared to
other groups, suggesting a distinct pathogenic mechanism involving oxidative/nitrosative
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stress in HFpEF. However, MPO levels did not significantly differ between groups, chal-
lenging previous findings associating MPO with HFpEF [76].

6.2.8. NOX2-Derived Peptide

A novel approach to assessing NOX activity has emerged, involving the detection of a
soluble NOX2-derived peptide (sNOX2-dp). This peptide, originating from the extramem-
brane portion of NOX2, is measurable in serum and plasma using the ELISA method,
facilitating its clinical application. Initial investigations indicate that SNOX2-dp primarily
originates from blood cells, with a minor contribution of endothelial cells [7,94,95]. How-
ever, comprehensive studies on its stability, metabolism and clearance are still lacking,
limiting its widespread use. Despite this, there is growing interest in exploring sSNOX2-dp
as a potential biomarker, particularly in cardiovascular diseases such as HF [96,97].

In HE, NOX activity, especially in cardiomyocytes, is a significant source of ROS,
contributing to pathological processes such as LVH and cardiac remodeling. Studies have
demonstrated elevated NOX activity in failing myocardium, suggesting its potential as
a therapeutic target and a prognostic indicator. While NOX2 appears to play a pivotal
role in HF pathogenesis, the involvement of other NOX isoforms, i.e., NOX4, remains less
understood and requires further investigation [94-96].

Furthermore, NOX2 has been implicated in AF, where increased NOX2 activity con-
tributes to atrial remodeling and oxidative stress. Elevated levels of SNOX2-dp have been
observed in AF patients, indicating its potential utility as a diagnostic marker in this context.

Overall, while the diagnostic and prognostic value of sNOX2-dp in HF and AF requires
further validation through larger prospective studies, emerging evidence suggests its
promising role as a biomarker for assessing oxidative stress and disease progression in
cardiovascular conditions [7,97].

6.2.9. Bilirubin

Liver dysfunction is prevalent in acute HF and chronic HF patients, contributing to
adverse outcomes. The albumin-bilirubin (ALBI) score, initially developed for liver disease
assessment, holds promise in predicting prognosis in HF patients [98-100]. The ALBI score
integrates serum albumin and total bilirubin levels and has shown promise in predicting
prognosis in patients with hepatocellular carcinoma. In HF, albumin and bilirubin have
been identified as prognostic factors [98,101]. A study by Takayuki Kawata et al. suggested
that the ALBI score at admission could predict in-hospital mortality in acute HF patients,
with a high ALBI score correlating with increased mortality [98,99]. Hypoalbuminemia,
common in HE, serves as a predictor for short-term prognosis, influenced by factors such
as nutritional intake and systemic inflammation. Liver dysfunction associated with acute
HF contributes to hypoalbuminemia and elevated serum bilirubin levels. The ALBI score,
reflecting liver congestion and dysfunction, may provide insights into HF prognosis. De-
spite its origin in hepatocellular carcinoma, application of the ALBI score can be extended
for assessment of liver dysfunction in various conditions, including HF. Similar to the
best-established prognostic indicators, it can offer valuable information for patient manage-
ment in acute HF admissions; however, large-scale studies are needed for validation of the
relationships. Studies demonstrate associations between liver function markers and HF
outcomes, with high bilirubin levels correlating with poorer prognosis [98,99,101].

Furthermore, the ALBI score remains independently associated with mortality in
chronic HF patients, suggesting its utility as a risk assessment tool [101,102]. In ST-elevation
MI (STEMI) patients undergoing primary percutaneous coronary intervention (PCI), ele-
vated bilirubin levels are independently associated with an increased risk of in-hospital
Major Adverse Cardiac Events (MACESs), indicating its potential as a predictive biomarker
for adverse cardiac events [102]. However, further research is warranted to explore long-
term outcomes and the impact of bilirubin levels post-discharge in STEMI patients. Overall,
these findings emphasize the importance of liver function markers, particularly bilirubin,
in assessing and managing HF and STEMI patients [101,102].
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6.2.10. Ceruloplasmin

Ceruloplasmin (Cp) is a liver-secreted protein crucial for maintaining copper balance
in the body, binding to approximately 90% of plasma copper ions [103-105]. It exhibits
antioxidant properties, acts as an oxidase and possesses ferroxidase activity, essential for
iron metabolism. Clinical studies have linked elevated Cp levels with metabolic disorders,
including metabolic syndrome, diabetes and cardiovascular diseases. Cp is an acute-phase
reactant protein whose plasma concentration increases in response to inflammation, trauma
or infection [106].

Smyta-Gruca et al. analyzed the association between oxidative /antioxidative balance
markers and all-cause mortality in heart transplant candidates. The study included 154
patients with advanced HF who underwent qualification for heart transplantation. Markers
such as Cp and catalase (CAT) showed excellent predictive power for identifying patients
at high risk of death [103]. The study suggests that oxidative stress markers, particularly
Cp and CAT, along with creatinine levels, could serve as valuable prognostic indicators
in HF patients [103]. These findings highlight the importance of oxidative stress in HF
progression and the potential utility of oxidative/antioxidative balance markers in the risk
stratification and management of HF patients [103-105].

HFrEF involves complex physiological pathways, including oxidative stress, inflam-
mation and iron deficiency [104]. Patients with HFrEF experience exercise intolerance
due to reduced cardiac output, leading to symptoms such as dyspnea and fatigue [104].
Cp, an enzyme involved in iron metabolism and antioxidant activity, has emerged as a
potential biomarker in HFrEF. Studies by Lazar-Poloczek et al. have shown associations
between elevated Cp levels and an increased severity of HE, though its precise role in the
disease process remains unclear [103-105]. The findings suggest that elevated Cp levels are
associated with reduced exercise capacity and increased oxidative stress in HFrEF patients.
Additionally, positive correlations were found between Cp levels and hepatic enzymes,
suggesting a possible link between liver function and Cp metabolism. Overall, these results
contribute to the understanding of the potential role of Cp as a biomarker in HFrEF and
highlight its association with oxidative stress in the disease process. Further research is
needed to elucidate the multifaceted role of Cp in heart failure pathology [104].

Romuk et al. investigated the prognostic value of Cp concentration, along with other
common risk factors, in patients with HF [105]. The study demonstrated that patients with
higher Cp levels, especially when combined with elevated NT-proBNP levels, faced an
increased risk of all-cause mortality or heart transplantation within a year [105]. However,
after adjusting for various factors, Cp alone did not remain a significant predictor. Notably,
the combination of Cp and NT-proBNP concentrations showed better predictive accuracy
than either biomarker alone. Other factors, such as left ventricular ejection fraction (LVEF),
peak oxygen consumption (peak VO2) and certain treatments, were also identified as
independent predictors of outcome. The study highlights the potential usefulness of Cp
and NT-proBNP measurements in identifying high-risk HF patients [105].

7. Conclusions

Novel biomarkers in HF may improve diagnosis and prognosis. A multi-marker
strategy is beneficial and can increase diagnostic accuracy and improve risk stratification
in HF. The problem lies in choosing the most appropriate panel of markers for effective
HF prevention and early diagnosis. It seems a difficult task to identify a panel of markers
that characterized by sufficient sensitivity and specificity, which is the most important
requirement for a new test to be clinically useful. Therefore, researchers should continue to
look for the most effective markers.

Funding: This work was funded by the Medical University of Silesia, grant no. PCN-1-190/K/1/0.

Conflicts of Interest: The authors declare that there are no conflicts of interest regarding the publica-
tion of this paper.



Medicina 2024, 60, 760 17 of 21

References

1. Bahit, M.C,; Kochar, A.; Granger, C.B. Post-Myocardial Infarction Heart Failure. JACC Heart Fail. 2018, 6, 179-186. [CrossRef]

2. Heidenreich, P.A.; Bozkurt, B.; Aguilar, D.; Allen, L.A.; Byun, J.J.; Colvin, M.M.; Deswal, A.; Drazner, M.H.; Dunlay, S.M.;
Evers, L.R. AHA/ACC/HFSA Guideline for the Management of Heart Failure: A Report of the American College of Cardiol-
ogy/American Heart Association Joint Committee on Clinical Practice Guidelines. Circulation 2022, 145, e895-e1032.

3. Abraham, W.T.; Fonarow, G.C.; Albert, N.M.; Stough, W.G.; Gheorghiade, M.; Greenberg, B.H.; O’Connor, C.M.; Sun, J.L.; Yancy,
C.W.; Young, J.B. Predictors of in-hospital mortality in patients hospitalized for heart failure: Insights from the Organized
Program to Initiate Lifesaving Treatment in Hospitalized Patients with Heart Failure (OPTIMIZE-HF). ]. Am. Coll. Cardiol. 2008,
52,347-356. [CrossRef] [PubMed]

4. Loehr, L.R.;; Rosamond, W.D.; Chang, PP; Folsom, A.R.; Chambless, L.E. Heart failure incidence and survival (from the
Atherosclerosis Risk in Communities study). Am. J. Cardiol. 2008, 101, 1016-1022. [CrossRef]

5. Salah, K;; Stienen, S.; Pinto, Y.M.; Eurlings, L.W.; Metra, M.; Bayes-Genis, A.; Verdiani, V.; Tijssen, ].G.P.; Kok, W.E. Prognosis
and NT-proBNP in heart failure patients with preserved versus reduced ejection fraction. Heart 2019, 105, 1182-1189. [CrossRef]
[PubMed]

6. Januzzi, ].L.; van Kimmenade, R.; Lainchbury, J.; Bayes-Genis, A.; Ordonez-Llanos, J.; Santalo-Bel, M.; Pinto, Y.M.; Richards, M.
NT-proBNP testing for diagnosis and short-term prognosis in acute destabilized heart failure: An international pooled analysis of
1256 patients: The International Collaborative of NT-proBNP Study. Eur. Heart J. 2006, 27, 330-337. [CrossRef] [PubMed]

7. Ng,M.L.; Ang, X,; Yap, K.Y;; Ng, ].].; Goh, E.C.H.; Khoo, B.B.].; Richards, A.M.; Drum, C.L. Novel Oxidative Stress Biomarkers
with Risk Prognosis Values in Heart Failure. Biomedicines 2023, 15, 917. [CrossRef]

8.  Bertero, E.; Maack, C. Calcium Signaling and Reactive Oxygen Species in Mitochondria. Circ. Res. 2018, 122, 1460-1478. [CrossRef]

9. Aimo, A,; Castiglione, V.; Borrelli, C.; Saccaro, L.F.; Franzini, M.; Masi, S.; Emdin, M.; Giannoni, A. Oxidative stress and
inflammation in the evolution of heart failure: From pathophysiology to therapeutic strategies. Eur. J. Prev. Cardiol. 2020, 27,
494-510. [CrossRef]

10. McGarrya, T.; Biniecka, M.; Douglas; Vealeb, J.; Fearona, U. Hypoxia, oxidative stress and inflammation. Free Radic. Biol. Med.
2018, 125, 15-24. [CrossRef]

11.  Aksentijevi¢a, D.; Shattockb, M.]. With a grain of salt: Sodium elevation and metabolic remodelling in heart failure. . Mol. Cell
Cardiol. 2021, 161, 106-115. [CrossRef]

12.  Pena, E.; Brito, J.; El Alam, S.; Siques, P. Oxidative Stress, Kinase Activity and Inflammatory Implications in Right Ventricular
Hypertrophy and Heart Failure under Hypobaric Hypoxia. Int. J. Mol. Sci. 2020, 21, 6421. [CrossRef]

13.  Yamashita, K.; Ito, K.; Endo, J.; Matsuhashi, T.; Katsumata, Y.; Yamamoto, T.; Shirakawa, K.; Isobe, S.; Kataoka, M.; Yoshida, N.;
et al. Adrenal cortex hypoxia modulates aldosterone production in heart failure. Biochem. Biophys. Res. Commun. 2020, 524,
184-189. [CrossRef]

14. Peoples, ].N,; Saraf, A.; Ghazal, N.; Pham, T.T.; Kwong, ].Q. Mitochondrial dysfunction and oxidative stress in heart disease. Exp.
Mol. Med. 2019, 51, 162. [CrossRef]

15. Tahrir, EG.; Langford, D.; Amini, S.; Ahooyi, T.M.; Kamel, K. Mitochondrial Quality Control in Cardiac Cells: Mechanisms and
Role in Cardiac Cell Injury and Disease. ]. Cell Physiol. 2019, 234, 8122-8133. [CrossRef] [PubMed]

16. Zhou, B,; Tian, R. Mitochondrial dysfunction in pathophysiology of heart failure. J. Clin. Investig. 2018, 128, 3716-3726. [CrossRef]
[PubMed]

17.  Bhatti, ].S.; Bhatti, G.K.; Reddy, P.H. Mitochondrial dysfunction and oxidative stress in metabolic disorders-A Step towards
mitochondria based therapeutic strategies. Biochim. Biophys. Acta 2017, 1863, 1066-1077. [CrossRef] [PubMed]

18. vander Pol, A.; van Gilst, W.H.; Voors, A.A.; van der Meer, P. Treating oxidative stress in heart failure: Past, present and future.
Eur. ]. Heart Fail. 2019, 21, 425-435. [CrossRef] [PubMed]

19. Moris, D.; Spartalis, M.; Tzatzaki, E.; Spartalis, E.; Karachaliou, G.S.; Triantafyllis, A.S.; Karaolanis, G.I; Tsilimigras, D.L;
Theocharis, S. The role of reactive oxygen species in myocardial redox signaling and regulation. Ann. Transl. Med. 2017, 5, 324.
[CrossRef]

20. Lismont, C.; Revenco, I.; Fransen, M. Peroxisomal hydrogen peroxide metabolism and signaling in health and disease. Int. |. Mol.
Sci. 2019, 20, 3673. [CrossRef]

21. Kasai, S.; Shimizu, S.; Tatara, Y.; Mimura, J.; Itoh, K. Regulation of Nrf2 by mitochondrial reactive oxygen species in physiology
and pathology. Biomolecules 2020, 10, 320. [CrossRef]

22. Nakamura, T.; Tsyjita, K. Current trends and future perspectives for heart failure treatment leveraging cGMP modifiers and the
practical effector PKG. J. Cardiol. 2021, 78, 261-268. [CrossRef]

23.  Cesselli, D.; Jakoniuk, I.; Barlucchi, L.; Beltrami, A.P,; Hintze, T.H.; Nadal-Ginard, B.; Kajstura, J.; Leri, A.; Anversa, P. Oxidative
stress-mediatedcardiac cell death is a major determinant of ventricular dysfunction and failure in dog dilated cardiomyopathy.
Circ. Res. 2001, 89, 279-286. [CrossRef]

24. Palomer, X.; Barroso, E.; Zarei, M.; Botteri, G.; Vazquez-Carrera, M. PPARB /6 and lipid metabolism in the heart. Biochim. Biophys.
Acta 2016, 1861, 1569-1578. [CrossRef] [PubMed]

25.  Werbner, B.; Tavakoli-Rouzbehani, O.M.; Fatahian, A.N.; Boudina, S. The dynamic interplay between cardiac mitochondrial

health and myocardial structural remodeling in metabolic heart disease, aging, and heart failure. J. Cardiovasc. Aging. 2023, 3, 9.
[CrossRef]


https://doi.org/10.1016/j.jchf.2017.09.015
https://doi.org/10.1016/j.jacc.2008.04.028
https://www.ncbi.nlm.nih.gov/pubmed/18652942
https://doi.org/10.1016/j.amjcard.2007.11.061
https://doi.org/10.1136/heartjnl-2018-314173
https://www.ncbi.nlm.nih.gov/pubmed/30962192
https://doi.org/10.1093/eurheartj/ehi631
https://www.ncbi.nlm.nih.gov/pubmed/16293638
https://doi.org/10.3390/biomedicines11030917
https://doi.org/10.1161/CIRCRESAHA.118.310082
https://doi.org/10.1177/2047487319870344
https://doi.org/10.1016/j.freeradbiomed.2018.03.042
https://doi.org/10.1016/j.yjmcc.2021.08.003
https://doi.org/10.3390/ijms21176421
https://doi.org/10.1016/j.bbrc.2020.01.088
https://doi.org/10.1038/s12276-019-0355-7
https://doi.org/10.1002/jcp.27597
https://www.ncbi.nlm.nih.gov/pubmed/30417391
https://doi.org/10.1172/JCI120849
https://www.ncbi.nlm.nih.gov/pubmed/30124471
https://doi.org/10.1016/j.bbadis.2016.11.010
https://www.ncbi.nlm.nih.gov/pubmed/27836629
https://doi.org/10.1002/ejhf.1320
https://www.ncbi.nlm.nih.gov/pubmed/30338885
https://doi.org/10.21037/atm.2017.06.17
https://doi.org/10.3390/ijms20153673
https://doi.org/10.3390/biom10020320
https://doi.org/10.1016/j.jjcc.2021.03.004
https://doi.org/10.1161/hh1501.094115
https://doi.org/10.1016/j.bbalip.2016.01.019
https://www.ncbi.nlm.nih.gov/pubmed/26825692
https://doi.org/10.20517/jca.2022.42

Medicina 2024, 60, 760 18 of 21

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Zima, A.V.; Blatter, L.A. Redox regulation of cardiac calcium channels and transporters. Cardiovasc. Res. 2006, 71, 310-321.
[CrossRef] [PubMed]

Dubois-Deruy, E.; Peugnet, V.; Turkieh, A.; Pinet, F. Oxidative Stress in Cardiovascular Diseases. Antioxidants 2020, 9, 864.
[CrossRef] [PubMed]

Bodnar, P.; Mazurkiewicz, M.; Chwalba, T.; Romuk, E.; Ciszek-Chwalba, A.; Jache¢, W.; Wojciechowska, C. The Impact of
Pharmacotherapy for Heart Failure on Oxidative Stress—Role of New Drugs, Flozins. Biomedicines 2023, 11, 2236. [CrossRef]
[PubMed]

Milinkovig, I.; Polovina, M.; Simeunovi¢, D.S.; ASanin, M.; Seferovi¢, PM. Oxidative stress and inflammation in heart failure: The
best is yet to come. Eur. J. Prev. Cardiol. 2020, 27, 490-493. [CrossRef]

Yang, Y.; Bazhin, A.V.; Werner, J.; Karakhanova, S. Reactive oxygen species in the immune system. Int. Rev. Immunol. 2013, 32,
249-270. [CrossRef]

Berezin, A.E.; Berezin, A.A. Biomarkers in Heart Failure: From Research to Clinical Practice. Ann. Lab. Med. 2023, 43, 225-236.
[CrossRef]

Bayes-Genis, A.; Aimo, A.; Jhund, P; Richards, M.; de Boer, R.A.; Arfsten, H.; Fabiani, I.; Lupdn, J.; Anker, S.D.; Gonzalez, A.; et al.
Biomarkers in heart failure clinical trials. A review from the Biomarkers Working Group of the Heart Failure Association of the
European Society of Cardiology. Eur. J. Heart Fail. 2022, 24, 1767-1777. [CrossRef] [PubMed]

Rozwadowski, J.; Borodzicz-Jazdzyk, S.; Czarzast, K.; Cudnoch-Jedrzejewska, A. A Review of the Roles of Apelin and ELABELA
Peptide Ligands in Cardiovascular Disease, Including Heart Failure and Hypertension. Med. Sci. Monit. 2022, 28, e938112.
[CrossRef] [PubMed]

Ferdinal, F.; Limanan, D.; Rini, R.D.; Alexsandro, R.; Helmi, R. Elevated Levels of Apelin-36 in Heart Failure Due to Chronic
Systemic Hypoxia. Int. ]. Angiol. 2019, 28, 194-199. [CrossRef] [PubMed]

Sato, T.; Sato, C.; Kadowaki, A.; Watanabe, H.; Ho, L.; Ishida, J.; Yamaguchi, T.; Kimura, A.; Fukamizu, A.; Penninger, ] M.; et al.
ELABELA-AP]J axis protects from pressure overload heart failure and angiotensin II-induced cardiac damage. Cardiovasc. Res.
2017, 113, 760-769. [CrossRef]

Goidescu, C.M.; Chiorescu, R.M.; Diana, M.-H.L.; Mocan, M.; Stoia, M.A.; Anton, EP.; Farcas, A.D. ACE2 and Apelin-13:
Biomarkers with a Prognostic Value in Congestive Heart Failure. Hindawi Dis. Mark. 2021, 2021, 5569410. [CrossRef]

Shin, K.; Kenward, C.; Rainey, ] K. Apelinergic System Structure and Function. Compr. Physiol. 2017, 8, 407—450. [CrossRef]
[PubMed]

Gruson, D.; Maisin, D.; Pouleur, A.C.; Ann, S.A.; Rousseau, M.F. CA125, Galectin-3 and FGF-23 are interrelated in heart failure
with reduced ejection fraction. EJIFCC 2023, 34, 103-109. [PubMed]

Roy, C.; Lejeune, S.; Slimani, A.; de Meester, C.; Ahn As, S.A.; Rousseau, M.E; Mihaela, A.; Ginion, A.; Ferracin, B.; Pasquet, A,;
et al. Fibroblast growth factor 23: A biomarker of fibrosis and prognosis in heart failure with preserved ejection fraction. ESC
Heart Fail. 2020, 7, 2494-2507. [CrossRef]

di Giuseppe, R.; Kiihn, T.; Hirche, F,; Buijsse, B.; Dierkes, J.; Fritsche, A.; Kaaks, R.; Boeing, H.; Stangl, G.I.; Weikert, C. Potential
Predictors of Plasma Fibroblast Growth Factor 23 Concentrations: Cross-Sectional Analysis in the EPIC-Germany Study. PLoS
ONE 2015, 10, €0133580. [CrossRef]

Benes, J.; Kroupova, K.; Kotre, M.; Petrak, J.; Jarolim, P.; Novosadova, V.; Kautzner, ].; Melenovsky, V. FGF-23 is a biomarker of RV
dysfunction and congestion in patients with HFrEF. Sci. Rep. 2023, 13, 16004. [CrossRef] [PubMed]

Smereczyniska-Wierzbicka, E.; Pietrzak, R.; Werner, B. A Scoping Review of Galectin-3 as a Biomarker of Cardiovascular Diseases
in Pediatric Populations. Int. ]. Environ. Res. Public Health 2022, 19, 4349. [CrossRef] [PubMed]

Uluca, U.; Sen, V,; Ece, A.; Tan, 1.; Karabel, D.; Aktar, F.; Karabel, M.; Balik, H.; Giines, A. Serum galectin-3 levels in children with
chronic hepatitis B infection and inactive hepatitis B carriers. Med. Sci. Monit. 2015, 21, 1376-1380. [CrossRef] [PubMed]
Blanda, V.; Bracale, U.M.; Di Taranto, M.D.; Fortunato, G. Galectin-3 in Cardiovascular Diseases. Int. |. Mol. Sci. 2020, 21, 9232.
[CrossRef] [PubMed]

Castiglione, V.; Aimo, A.; Vergaro, G.; Saccaro, L.; Passino, C.; Emdin, M. Biomarkers for the diagnosis and management of heart
failure. Heart Fail. Rev. 2022, 27, 625-643. [CrossRef] [PubMed]

Shrivastava, A.; Haase, T.; Zeller, T.; Schulte, C. Biomarkers for Heart Failure Prognosis: Proteins, Genetic Scores and Non-coding
RNAs. Front. Cardiovasc. Med. 2020, 7, 601364. [CrossRef] [PubMed]

May, B.M.; Pimentel, M.; Zimerman, L.I; Rohde, L.E. GDF-15 as a Biomarker in Cardiovascular Disease. Arg. Bras. Cardiol. 2021,
116, 494-500. [CrossRef] [PubMed]

Luo, J.-W.; Duan, W.-H.; Song, L.; Yu, Y.-Q.; Shi, D.-Z. A Meta-Analysis of Growth Differentiation Factor-15 and Prognosis in
Chronic Heart Failure. Front. Cardiovasc. Med. 2021, 8, 630818. [CrossRef] [PubMed]

Rochette, L.; Dogon, G.; Zeller, M.; Cottin, Y.; Vergely, C. GDF15 and Cardiac Cells: Current Concepts and New Insights. Int. J.
Mol. Sci. 2021, 22, 8889. [CrossRef]

Jiang, J.; Thalamuthu, A.; Ho, J.E.; Mahajan, A.; Ek, W.E.; Brown, D.A.; Breit, S.N.; Wang, TJ.; Gyllensten, U.; Chen, M.H.; et al. A
Meta-Analysis of Genome-Wide Association Studies of Growth Differentiation Factor-15 Concentration in Blood. Front. Genet.
2018, 9, 97. [CrossRef]

Olejnik, A.; Krzywonos-Zawadzka, A.; Banaszkiewicz, M.; Bil-Lula, I. Ameliorating Effect of Klotho Protein on Rat Heart during
I/R Injury. Oxid. Med. Cell Longev. 2020, 2020, 6427284. [CrossRef] [PubMed]


https://doi.org/10.1016/j.cardiores.2006.02.019
https://www.ncbi.nlm.nih.gov/pubmed/16581043
https://doi.org/10.3390/antiox9090864
https://www.ncbi.nlm.nih.gov/pubmed/32937950
https://doi.org/10.3390/biomedicines11082236
https://www.ncbi.nlm.nih.gov/pubmed/37626732
https://doi.org/10.1177/2047487319900294
https://doi.org/10.3109/08830185.2012.755176
https://doi.org/10.3343/alm.2023.43.3.225
https://doi.org/10.1002/ejhf.2675
https://www.ncbi.nlm.nih.gov/pubmed/36073112
https://doi.org/10.12659/MSM.938112
https://www.ncbi.nlm.nih.gov/pubmed/36523134
https://doi.org/10.1055/s-0038-1676340
https://www.ncbi.nlm.nih.gov/pubmed/31452587
https://doi.org/10.1093/cvr/cvx061
https://doi.org/10.1155/2021/5569410
https://doi.org/10.1002/cphy.c170028
https://www.ncbi.nlm.nih.gov/pubmed/29357134
https://www.ncbi.nlm.nih.gov/pubmed/37455845
https://doi.org/10.1002/ehf2.12816
https://doi.org/10.1371/journal.pone.0133580
https://doi.org/10.1038/s41598-023-42558-4
https://www.ncbi.nlm.nih.gov/pubmed/37749114
https://doi.org/10.3390/ijerph19074349
https://www.ncbi.nlm.nih.gov/pubmed/35410028
https://doi.org/10.12659/MSM.894035
https://www.ncbi.nlm.nih.gov/pubmed/25968249
https://doi.org/10.3390/ijms21239232
https://www.ncbi.nlm.nih.gov/pubmed/33287402
https://doi.org/10.1007/s10741-021-10105-w
https://www.ncbi.nlm.nih.gov/pubmed/33852110
https://doi.org/10.3389/fcvm.2020.601364
https://www.ncbi.nlm.nih.gov/pubmed/33330662
https://doi.org/10.36660/abc.20200426
https://www.ncbi.nlm.nih.gov/pubmed/33566936
https://doi.org/10.3389/fcvm.2021.630818
https://www.ncbi.nlm.nih.gov/pubmed/34805295
https://doi.org/10.3390/ijms22168889
https://doi.org/10.3389/fgene.2018.00097
https://doi.org/10.1155/2020/6427284
https://www.ncbi.nlm.nih.gov/pubmed/33123314

Medicina 2024, 60, 760 19 of 21

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Tyurenkov, I.N.; Perfilova, V.N.; Nesterova, A.A.; Glinka, Y. Klotho Protein and Cardio-Vascular System. Biochemistry 2021, 86,
132-145. [CrossRef] [PubMed]

Wu, S.E.; Chen, W.L. Soluble klotho as an effective biomarker to characterize inflammatory states. Ann. Med. 2022, 54, 1520-1529.
[CrossRef] [PubMed]

Xu, ].-P; Zeng, R.-X.; He, M.-H,; Lin, S.-S.; Guo, L.-H.; Zhang, M.-Z. Associations Between Serum Soluble x-Klotho and the
Prevalence of Specific Cardiovascular Disease. Front. Cardiovasc. Med. 2022, 9, 899307. [CrossRef] [PubMed]

Biasucci, L.M.; Maino, A.; Grimaldi, M.C.; Cappannoli, L.; Aspromonte, N. Novel Biomarkers in Heart Failure: New Insight in
Pathophysiology and Clinical Perspective. J. Clin. Med. 2021, 10, 2771. [CrossRef]

Osokina, A.; Karetnikova, V.; Polikutina, O.; Ivanova, A.; Gruzdeva, O.; Dyleva, Y.; Kokov, A.; Brel, N.; Pecherina, T.; Barbarash,
O. Prognostic potential of cardiac structural and functional parameters and N-terminal propeptide of type III procollagen in
predicting cardiac fibrosis one year after myocardial infarction with preserved left ventricular ejection fraction. Aging 2021, 13,
194-203. [CrossRef] [PubMed]

Mansour, I.N.; Bress, A.P.; Groo, V.; Ismail, S.; Wu, G.; Patel, S.R.; Duarte, J.D.; Kittles, R.A.; Stamos, T.D.; Cavallari, L.H.
Circulating Procollagen Type III N-Terminal Peptide and Mortality Risk in African Americans With Heart Failure. J. Card. Fail.
2016, 22, 692-699. [CrossRef] [PubMed]

Lotierzo, M.; Dupuy, A.M.; Kalmanovich, E.; Roubille, E; Cristol, J.P. sST2 as a value-added biomarker in heart failure. Clin. Chim.
Acta 2020, 501, 120-130. [CrossRef] [PubMed]

Sciatti, E.; Merlo, A.; Scangiuzzi, C.; Limonta, R.; Gori, M.; D’Elia, E.; Aimo, A.; Vergaro, G.; Emdin, M.; Senni, M. Prognostic
Value of sST2 in Heart Failure. J. Clin. Med. 2023, 12, 3970. [CrossRef]

Niewiadomska, J.; Kasztura, M.; Janus, I.; Chelmecka, E.; Stygar, D.M.; Frydrychowski, P.; Wojdyto, A.; Noszczyk-Nowak, A.
Punica granatum L. Extract Shows Cardioprotective Effects Measured by Oxidative Stress Markers and Biomarkers of Heart
Failure in an Animal Model of Metabolic Syndrome. Antioxidants 2023, 12, 1152. [CrossRef]

Wojciechowska, C.; Jache¢, W.; Romuk, E.; Ciszek, A.; Bodnar, P.; Chwalba, T.; Waliczek, M.; Gasior, M.; Rozentryt, P. Serum
Sulfhydryl Groups, Malondialdehyde, Uric Acid, and Bilirubin as Predictors of Adverse Outcome in Heart Failure Patients due
to Ischemic or Nonischemic Cardiomyopathy. Oxid. Med. Cell Longev. 2021, 2021, 6693405. [CrossRef] [PubMed]

Romuk, E.; Wojciechowska, C.; Jache¢, W.; Zemta-Woszek, A.; Momot, A.; Buczkowska, M.; Rozentryt, P. Malondialdehyde and
Uric Acid as Predictors of Adverse Outcome in Patients with Chronic Heart Failure. Oxid. Med. Cell Longev. 2019, 2019, 9246138.
[CrossRef]

Huang, Y. The novel regulatory role of IncRNA-miRNA-mRNA axis in cardiovascular diseases. |. Cell Mol. Med. 2018, 22,
5768-5775. [CrossRef] [PubMed]

Gomes, C.P.C.; Schroen, B.; Kuster, G.M.; Robinson, E.L.; Ford, K.; Squire, I.B.; Heymans, S.; Martelli, F.,; Emanueli, C.; Devaux, Y.;
et al. Regulatory RN As in Heart Failure. Circulation 2020, 141, 313-328. [CrossRef]

Bajic, Z.; Sobot, T.; Skrbic, R.; Stojiljkovic, M.P,; Ponorac, N.; Matavulj, A.; Djuric, D.M. Homocysteine, Vitamins B6 and Folic
Acid in Experimental Models of Myocardial Infarction and Heart Failure—How Strong Is That Link? Biomolecules 2022, 12, 536.
[CrossRef] [PubMed]

Mak, LT.; Freedman, A.M.; Dickens, B.F.; Weglicki, W.B. Protective effects of sulfhydryl-containing angiotensin converting
enzyme inhibitors against free radical injury in endothelial cells. Biochem. Pharmacol. 1990, 40, 2169-2175. [CrossRef]

Frenay, A.S.; de Borst, M.H.; Bachtler, M.; Tschopp, N.; Keyzer, C.A.; van den Berg, E.; Bakker, S.J.L.; Feelisch, M.; Pasch, A.; van
Goor, H. Serum free sulfthydryl status is associated with patient and graft survival in renal transplant recipients. Free Radic. Biol.
Med. 2016, 99, 345-351. [CrossRef]

Qin, S.; Xiang, M.; Gao, L.; Cheng, X.; Zhang, D. Uric acid is a biomarker for heart failure, but not therapeutic target: Result from
a comprehensive meta-analysis. ESC Heart Fail. 2023, 10, 78-90. [CrossRef]

Kumri¢, M.; Borovag, J.A.; Kurir, T.T.; Bozi¢, J. Clinical Implications of Uric Acid in Heart Failure: A Comprehensive Review. Life
2021, 11, 53. [CrossRef]

George, J.; Carr, E.; Davies, J.; Belch, ].J.; Struthers, A. High-dose allopurinol improves endothelial function by profoundly
reducing vascular oxidative stress and not by lowering uric acid. Circulation 2006, 114, 2508-2516. [CrossRef]

Deis, T.; Rossing, K.; Ersbell, M.K.; Wolsk, E.; Gustafsson, F. Uric acid in advanced heart failure: Relation to central haemodynamics
and outcome. Open Heart 2022, 9, €002092. [CrossRef]

Anker, S.D.; Doehner, W.; Rauchhaus, M.; Sharma, R.; Francis, D.; Knosalla, C.; Davos, C.H.; Cicoira, M.; Shamim, W.; Kemp,
M.; et al. Uric acid and survival in chronic heart failure: Validation and application in metabolic, functional, and hemodynamic
staging. Circulation 2003, 107, 1991-1997. [CrossRef]

Sakai, H.; Tsutamoto, T.; Tsutsui, T,; Tanaka, T.; Ishikawa, C.; Horie, M. Serum level of uric acid, partly secreted from the failing
heart, is a prognostic marker in patients with congestive heart failure. Circ. J. 2006, 70, 1006-1011. [CrossRef] [PubMed]
Chaikijurajai, T.; Tang, W.H.W. Reappraisal of Inflammatory Biomarkers in Heart Failure. Curr. Heart Fail. Rep. 2020, 17, 9-19.
[CrossRef] [PubMed]

Ramos-Mondragon, R.; Lozhkin, A.; Vendrov, A.E.; Runge, M.S.; Isom, L.L.; Madamanchi, N.R. NADPH Oxidases and Oxidative
Stress in the Pathogenesis of Atrial Fibrillation. Antioxidants 2023, 12, 1833. [CrossRef]


https://doi.org/10.1134/S0006297921020024
https://www.ncbi.nlm.nih.gov/pubmed/33832412
https://doi.org/10.1080/07853890.2022.2077428
https://www.ncbi.nlm.nih.gov/pubmed/35603960
https://doi.org/10.3389/fcvm.2022.899307
https://www.ncbi.nlm.nih.gov/pubmed/35795366
https://doi.org/10.3390/jcm10132771
https://doi.org/10.18632/aging.202495
https://www.ncbi.nlm.nih.gov/pubmed/33431713
https://doi.org/10.1016/j.cardfail.2015.12.016
https://www.ncbi.nlm.nih.gov/pubmed/26721774
https://doi.org/10.1016/j.cca.2019.10.029
https://www.ncbi.nlm.nih.gov/pubmed/31678574
https://doi.org/10.3390/jcm12123970
https://doi.org/10.3390/antiox12061152
https://doi.org/10.1155/2021/6693405
https://www.ncbi.nlm.nih.gov/pubmed/33936385
https://doi.org/10.1155/2019/9246138
https://doi.org/10.1111/jcmm.13866
https://www.ncbi.nlm.nih.gov/pubmed/30188595
https://doi.org/10.1161/CIRCULATIONAHA.119.042474
https://doi.org/10.3390/biom12040536
https://www.ncbi.nlm.nih.gov/pubmed/35454125
https://doi.org/10.1016/0006-2952(90)90250-o
https://doi.org/10.1016/j.freeradbiomed.2016.08.024
https://doi.org/10.1002/ehf2.14535
https://doi.org/10.3390/life11010053
https://doi.org/10.1161/CIRCULATIONAHA.106.651117
https://doi.org/10.1136/openhrt-2022-00209
https://doi.org/10.1161/01.CIR.0000065637.10517.A0
https://doi.org/10.1253/circj.70.1006
https://www.ncbi.nlm.nih.gov/pubmed/16864933
https://doi.org/10.1007/s11897-019-00450-1
https://www.ncbi.nlm.nih.gov/pubmed/31916187
https://doi.org/10.3390/antiox12101833

Medicina 2024, 60, 760 20 of 21

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Momot, K.; Krauz, K.; Czarzasta, K.; Zarebiriski, M.; Puchalska, L.; Wojciechowska, M. Evaluation of Nitrosative/Oxidative Stress
and Inflammation in Heart Failure with Preserved and Reduced Ejection Fraction. Int. J. Mol. Sci. 2023, 24, 15944. [CrossRef]
[PubMed]

Piek, A.; Koonen, D.PY.; Schouten, E.M.; Lindtstedt, E.L.; Michaélsson, E.; de Boer, R.A,; Sillj¢, HH.W. Pharmacological
myeloperoxidase (MPO) inhibition in an obese/hypertensive mouse model attenuates obesity and liver damage, but not cardiac
remodeling. Sci. Rep. 2019, 9, 18765. [CrossRef] [PubMed]

Vermot, A.; Petit-Hértlein, I.; Smith, S.M.E.; Fieschi, . NADPH Oxidases (NOX): An Overview from Discovery, Molecular
Mechanisms to Physiology and Pathology. Antioxidants 2021, 10, 890. [CrossRef] [PubMed]

Dutta, S.; Rittinger, K. Regulation of NOXO1 activity through reversible interactions with p22 and NOXA1. PLoS ONE 2010, 5,
€10478. [CrossRef]

Chen, F; Haigh, S.; Barman, S.; Fulton, D.J. From form to function: The role of Nox4 in the cardiovascular system. Front. Physiol.
2012, 3, 412. [CrossRef]

Honjo, T; Otsui, K.; Shiraki, R.; Kawashima, S.; Sawamura, T.; Yokoyama, M.; Inoue, N. Essential role of NOXA1 in generation of
reactive oxygen species induced by oxidized low-density lipoprotein in human vascular endothelial cells. Endothelium 2008, 15,
137-141. [CrossRef] [PubMed]

Bedard, K.; Krause, K.H. The NOX family of ROS-generating NADPH oxidases: Physiology and pathophysiology. Physiol. Rev.
2007, 87, 245-313. [CrossRef] [PubMed]

Zhang, X.; Li, L. The Significance of 8-oxoGsn in Aging-Related Diseases. Aging Dis. 2020, 11, 1329-1338. [CrossRef] [PubMed]

Li, Z.; Chen, X,; Liu, Z,; Ye, W.; Li, L,; Qian, L.; Ding, H.; Li, P.; Aung, L.H.H. Recent Advances: Molecular Mechanism of RNA
Oxidation and Its Role in Various Diseases. Front. Mol. Biosci. 2020, 7, 184. [CrossRef] [PubMed]

Jiang, S.; Cui, J.; Zhang, L.-Q.; Liu, Z.; Zhang, Y.; Shi, Y.; Cai, J.-P. Role of a Urinary Biomarker in the Common Mechanism of
Physical Performance and Cognitive Function. Front. Med. 2022, 9, 816822. [CrossRef]

Yao, S.-M.; Zheng, P.-P.; He, W.; Cai, J.-P.; Wang, H.; Yang, ]J.-F. Urinary 8-OxoGsn as a Potential Indicator of Mild Cognitive
Impairment in Frail Patients With Cardiovascular Disease. Front. Aging Neurosci. 2021, 13, 672548. [CrossRef]

Varghese, J.; Bhat, V.; Chianeh, Y.R.; Kamath, V.; Al-Haj Husain, N; Ozcan, M. Salivary 8-hydroxyguanosine levels in smokers
and non-smokers with chronic periodontitis. Odontology 2020, 108, 569-577. [CrossRef]

Katsioupa, M.; Kourampi, I.; Oikonomou, E.; Tsigkou, V.; Theofilis, P.; Charalambous, G.; Marinos, G.; Gialamas, I.; Zisimos, K;
Anastasiou, A.; et al. Novel Biomarkers and Their Role in the Diagnosis and Prognosis of Acute Coronary Syndrome. Life 2023,
13,1992. [CrossRef]

Heravi, A.S.; Zhao, D.; Michos, E.D.; Doria De Vasconcellos, H.; Ambale-Venkatesh, B.; Lloyd-Jones, D.; Schreiner, PJ.; Reis, ].P;
Shikany, ].M.; Lewis, C.E.; et al. Oxidative Stress and Cardiovascular Risk Factors: The Coronary Artery Risk Development in
Young Adults (CARDIA) Study. Antioxidants 2023, 12, 555. [CrossRef]

Davies, S.S.; Roberts, L.J., 2nd. F2-isoprostanes as an indicator and risk factor for coronary heart disease. Free Radic. Biol. Med.
2011, 50, 559-566. [CrossRef]

Thatcher, T.H.; Peters-Golden, M. From Biomarker to Mechanism? F2-isoprostanes in Pulmonary Fibrosis. Am. J. Respir. Crit. Care
Med. 2022, 206, 530-532. [CrossRef] [PubMed]

Ferlazzo, N.; Curro, M.; Isola, G.; Maggio, S.; Bertuccio, M.P.; Trovato-Salinaro, A.; Matarese, G.; Alibrandi, A.; Caccamo,
D.; Ientile, R. Changes in the Biomarkers of Oxidative/Nitrosative Stress and Endothelial Dysfunction Are Associated with
Cardiovascular Risk in Periodontitis Patients. Curr. Issues Mol. Biol. 2021, 43, 704-715. [CrossRef] [PubMed]

Bertozzi, G.; Ferrara, M.; Di Fazio, A.; Maiese, A.; Delogu, G.; Di Fazio, N.; Tortorella, V.; La Russa, R.; Fineschi, V. Oxidative
Stress in Sepsis: A Focus on Cardiac Pathology. Int. J. Mol. Sci. 2024, 25, 2912. [CrossRef] [PubMed]

Heymes, C.; Bendall, ].K.; Ratajczak, P.; Cave, A.C.; Samuel, ].L.; Hasenfuss, G.; Shah, A.M. Increased myocardial NADPH
oxidase activity in human heart failure. . Am. Coll. Cardiol. 2003, 41, 2164-2171. [CrossRef]

Zhang, M.; Brewer, A.C.; Schroder, K.; Santos, C.X.; Grieve, D.].; Wang, M.; Anilkumar, N.; Yu, B.; Dong, X.; Walker, S.J.; et al.
NADPH oxidase-4 mediates protection against chronic load-induced stress in mouse hearts by enhancing angiogenesis. Proc.
Natl. Acad. Sci. USA 2010, 107, 18121-18126. [CrossRef] [PubMed]

Kim, Y.M.; Guzik, T].; Zhang, Y.H.; Zhang, M.H.; Kattach, H.; Ratnatunga, C.; Pillai, R.; Channon, K.M.; Casadei, B. A Myocardial
Nox2 Containing NAD(P)H Oxidase Contributes to Oxidative Stress in Human Atrial Fibrillation. Circ. Res. 2005, 97, 629-636.
[CrossRef]

Cangemi, R.; Celestini, A.; Calvieri, C.; Carnevale, R.; Pastori, D.; Nocella, C.; Vicario, T.; Pignatelli, P; Violi, F. Different behaviour
of NOX2 activation in patients with paroxysmal/persistent or permanent atrial fibrillation. Heart 2012, 98, 1063-1066. [CrossRef]
[PubMed]

Kawata, T.; Ikeda, A.; Masuda, H.; Komatsu, S. Association Between Albumin-Bilirubin Score at Admission and In-Hospital
Mortality in Patients with Acute Heart Failure. Int. Heart J. 2021, 62, 829-836. [CrossRef] [PubMed]

Bohm, M.; Butler, J.; Krawczyk, M.; Mahfoud, F.; Haring, B.; Filippatos, G.; Ferreira, J.P.; Pocock, S.J.; Brueckmann, M.; Ofstad,
A.P; et al. Liver tests, cardiovascular outcomes and effects of empagliflozin in patients with heart failure and preserved ejection
fraction: The EMPEROR-Preserved Trial. Eur. J. Heart Fail. 2023, 25, 1375-1383. [CrossRef]

Wang, H.; Jia, Q.; Shi, J.; Hu, Y. Prognostic value of serum bilirubin in patients with heart failure: Protocol for a systematic review
and metaanalysis. Medicine 2021, 100, 22. [CrossRef]


https://doi.org/10.3390/ijms242115944
https://www.ncbi.nlm.nih.gov/pubmed/37958927
https://doi.org/10.1038/s41598-019-55263-y
https://www.ncbi.nlm.nih.gov/pubmed/31822739
https://doi.org/10.3390/antiox10060890
https://www.ncbi.nlm.nih.gov/pubmed/34205998
https://doi.org/10.1371/journal.pone.0010478
https://doi.org/10.3389/fphys.2012.00412
https://doi.org/10.1080/10623320802125433
https://www.ncbi.nlm.nih.gov/pubmed/18568954
https://doi.org/10.1152/physrev.00044.2005
https://www.ncbi.nlm.nih.gov/pubmed/17237347
https://doi.org/10.14336/AD.2019.1021
https://www.ncbi.nlm.nih.gov/pubmed/33014540
https://doi.org/10.3389/fmolb.2020.00184
https://www.ncbi.nlm.nih.gov/pubmed/32850971
https://doi.org/10.3389/fmed.2022.816822
https://doi.org/10.3389/fnagi.2021.672548
https://doi.org/10.1007/s10266-020-00496-x
https://doi.org/10.3390/life13101992
https://doi.org/10.3390/antiox12030555
https://doi.org/10.1016/j.freeradbiomed.2010.11.023
https://doi.org/10.1164/rccm.202205-0914ED
https://www.ncbi.nlm.nih.gov/pubmed/35763804
https://doi.org/10.3390/cimb43020051
https://www.ncbi.nlm.nih.gov/pubmed/34287264
https://doi.org/10.3390/ijms25052912
https://www.ncbi.nlm.nih.gov/pubmed/38474158
https://doi.org/10.1016/S0735-1097(03)00471-6
https://doi.org/10.1073/pnas.1009700107
https://www.ncbi.nlm.nih.gov/pubmed/20921387
https://doi.org/10.1161/01.RES.0000183735.09871.61
https://doi.org/10.1136/heartjnl-2012-301952
https://www.ncbi.nlm.nih.gov/pubmed/22628539
https://doi.org/10.1536/ihj.21-080
https://www.ncbi.nlm.nih.gov/pubmed/34276023
https://doi.org/10.1002/ejhf.2922
https://doi.org/10.1097/MD.0000000000026180

Medicina 2024, 60, 760 21 of 21

101.

102.

103.

104.

105.

106.

Sungur, A.; Sungur, M.A.; Yildinmtiirk, O. Effect of albuminbilirubin score on prognosis in ambulatory heart failure patients with
reduced ejection fraction. Turk. Kardiyol. Dern. Ars. 2024, 52, 96-102. [CrossRef]

Ying, C.; Liu, C.F; Guo, D.Q.; Du, Z.R.; Wei, Y.J. Predictive values of bilirubin for in-hospital adverse events in patients with
ST-segment elevation myocardial infarction after primary percutaneous coronary intervention. Clinics 2023, 78, 100306. [CrossRef]
Smyta-Gruca, W.; Szczurek-Wasilewicz, W.; Skrzypek, M.; Karmarnski, A.; Romuk, E.; Jurkiewicz, M.; Gasior, M.; Szygula-
Jurkiewicz, B. Ceruloplasmin, Catalase and Creatinine Concentrations Are Independently Associated with All-Cause Mortality in
Patients with Advanced Heart Failure. Biomedicines 2024, 12, 662. [CrossRef]

Lazar-Poloczek, E.; Romuk, E.; Rozentryt, P.; Duda, S.; Gasior, M.; Wojciechowska, C. Ceruloplasmin as Redox Marker Related to
Heart Failure Severity. Int. ]. Mol. Sci. 2021, 22, 10074. [CrossRef]

Romuk, E.; Jache¢, W.; Zbrojkiewicz, E.; Mroczek, A.; Niedziela, J.; Gasior, M.; Rozentryt, P.; Wojciechowska, C. Ceruloplasmin,
NT-proBNP, and Clinical Data as Risk Factors of Death or Heart Transplantation in a 1-Year Follow-Up of Heart Failure Patients.
J. Clin. Med. 2020, 9, 137. [CrossRef] [PubMed]

Jiang, Q.; Wang, N.; Lu, S.; Xiong, J.; Yuan, Y,; Liu, J.; Chen, S. Targeting hepatic ceruloplasmin mitigates nonalcoholic
steatohepatitis by modulating bile acid metabolism. J. Mol. Cell Biol. 2024, 15, mjad060. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(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/10.5543/tkda.2023.04488
https://doi.org/10.1016/j.clinsp.2023.100306
https://doi.org/10.3390/biomedicines12030662
https://doi.org/10.3390/ijms221810074
https://doi.org/10.3390/jcm9010137
https://www.ncbi.nlm.nih.gov/pubmed/31947878
https://doi.org/10.1093/jmcb/mjad060
https://www.ncbi.nlm.nih.gov/pubmed/37771074

	Introduction 
	Hypoxia and Heart Metabolism 
	Hypoxia and Mitochondrion 
	Oxidative Stress and Inflammation in Cardiac Remodeling and HF 
	Antioxidant Defense 
	Biomarkers in Heart Failure 
	Inflammatory and Fibrosis Biomarkers 
	Apelin 
	FGF23 
	Galectin-3 
	GDF 15 
	Klotho 
	Collagen 
	sST2 

	Oxidative Stress Biomarkers 
	Malondialdehyde 
	Sulfhydryl Groups 
	Uric Acid 
	Myeloperoxidase 
	8-Hydroxyguanosine 
	F2-Isoprostanes 
	Nitrotyrosine 
	NOX2-Derived Peptide 
	Bilirubin 
	Ceruloplasmin 


	Conclusions 
	References

