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Abstract: Atrial fibrillation (AF) is a cardiac arrhythmia caused by electrophysiological anomalies in the atrial
tissue, tissue degradation, structural abnormalities, and comorbidities. A direct relation exists between AF and
altered mitochondrial activity resulting from membrane potential loss, contractile dysfunction, or decreased
ATP levels. This review aimed to elucidate the role of mitochondrial oxidative mechanisms in AF
pathophysiology, the impact of mitochondrial oxidative stress on AF initiation and perpetuation, and current
therapies. This review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
Extension for Scoping Reviews. PubMed, Excerpta Medica Database, and Scopus were explored until June 2023
using "MESH terms." Bibliographic references from relevant papers were also included. Oxidative stress is an
imbalance that causes cellular damage from excessive oxidation, resulting in conditions such as AF. An
imbalance in reactive oxygen species production and elimination can cause mitochondrial damage, cellular
apoptosis, and cardiovascular diseases. Oxidative stress and inflammation are intrinsically linked, and
inflammatory pathways are highly correlated with the occurrence of AF. AF is an intricate cardiac condition
that requires innovative therapeutic approaches. The involvement of mitochondrial oxidative stress in the
pathophysiology of AF introduces novel strategies for clinical treatment.

Keywords: oxidative stress; atrial fibrillation; mitochondrial dysfunction; Inflammation; antioxidant drug
discovery

1. Introduction

Atrial fibrillation (AF) is the most frequent and clinically significant arrhythmia and a substantial
risk factor for stroke and heart failure (HF) [1]. It describes an abnormal pattern of electrical activity
in the atrium, which results in inefficient contraction of the atrium [2]. More than 33 million
individuals are affected with AF, and the likelihood of having AF rises with age [3, 4].
Electrophysiological and atrial remodeling alterations are believed to be the primary causes of the
development from paroxysmal to persistent AF [5]. AF evolution is driven by atrial fibrosis, which is
a hallmark of atrial structural remodeling [6]. Although clinical studies of AF have significantly
advanced, effective therapeutic techniques are still needed to prevent AF [7].

As the heart is an energy-starved organ, an adequate source of cardiac energy is necessary for
appropriate functioning [8]. Electrical and mechanical remodeling of the heart caused by AF may
significantly impair energy metabolism, mainly through glucose and lipid metabolism [9,10]. Several
studies have shown a reduction in ATP generation in the atrial tissues of patients with AF, and mice
treated with angiotensin (Ang) Il have been demonstrated to indicate unreliable energy metabolism
in the atrium [11,12]. Mitochondria are important organelles responsible for creating energy and are
considered crucial participants in the energy metabolism and redox status of the myocardium [13,14].
The development of AF may be accompanied by mitochondrial dysfunction, which can result in
inadequate ATP production and build-up of reactive oxygen species (ROS), further disrupting [15].
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Recent studies have shown that inflammation and oxidative stress play pivotal roles in the
structural and electrical alterations of the atrial tissue, potentially contributing to the pathogenesis of
AF [16,17]. Infiltration of inflammatory cells and calcium accumulation during episodes of
heightened atrial rhythm in AF may cause oxidative damage within the atrial myocardium [18]. This,
in turn, may expedite the development of atrial fibrosis, thereby facilitating its progression. The
predominant generators of ROS within atrial tissue are the mitochondrial electron transport chain,
xanthine oxidase, uncoupled nitric oxide synthase (NOS), and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases [19]. Xanthine oxidase is posited to play an instrumental role in redox
signaling across various cardiovascular disorders, particularly emphasizing its involvement in AF
(Figure 1) [20-25].

Noninvasive therapies for AF are still unclear. However, several medications are effective and
safe for treating either the preventive or definitive forms of the disease [10]. However, some drugs
have limited efficacy and pose considerable risks to patients. Moreover, these therapies are more
related to electrical than structural disturbances [5]. In addition, there are combination
pharmacotherapies that can treat AF, such as drugs prescribed for diabetes mellitus (DM) and other
disorders, including dipeptidyl peptidase-4 inhibitors; selective sodium-glucose cotransporter
inhibitors 2, ubiquinone, metformin, thiazolidinediones, fibrates, trimetazidine, and ranolazine [4].

Figure 1. Pathophysiological mechanisms underlying initiation and maintenance of atrial fibrillation
(AF). Summary of upstream modulatory factors underlying risk factors and pathophysiological AF-
associated mechanisms. Abbreviations: PITX2, paired-like homeodomain transcription factors 2;
KCNNS3, Potassium Ca2+-Activated Channel, If = funny current, LTCC = L-type Ca2+ channel, RyR2
=ryanodine receptor 2; SERCA2a, SR Ca2+ ATPase; cAMP, 3',5'-cyclic adenosine monophosphate;
PKA and PKG, protein kinase A and G; CaMKII, Ca?-calmodulin dependent protein-kinase type-II;
NO, nitric oxide; ROS, reactive oxygen species; NADPH, nicotinamide adenine dinucleotide
phosphate; c¢GMP, cyclic guanosine monophosphate; AP, action potential; SR, sarcoplasmic
reticulum; EADs/DADs, early/delayed afterdepolarizations; Cx40/43, connexin 40/43; AF, atrial
fibrillation. Source: Beneke K., Molina C.E. Molecular basis of atrial fibrillation initiation and
maintenance. Hearts 2021, 2, 170-187 [https://doi.org/10.3390/hearts2010014].

Antiarrhythmic agents include pharmacological or radiofrequency catheter ablation, which uses
rate- or rhythm-control agents. Both effectively prevent secondary episodes of AF, but are still far
from treating all forms [6, 7]. Therefore, a better understanding of AF mechanisms is urgently
required to develop more effective therapeutic approaches. However, we aimed to correlate the role
of mitochondrial oxidative stress and point out the role of ROS in the genesis of AF to elucidate recent
promising pharmacological therapies.

2. Methods

2.1. Type of Study

This study is a scoping literature review based on the stages proposed by the Preferred
Reporting ltems for Systematic Reviews and Meta-Analysis for Scoping Reviews. The final protocol
was prospectively registered in the Open Science Framework on November 28, 2023. Electronic
databases such as PubMed, Excerpta Medica Database, and Scopus were searched up to October 2023
utilizing the combination of MESH terms "Oxidative Stress,” “Mitochondrial,” AND "“Atrial
Fibrillation." Additionally, bibliographic references were manually checked for relevant articles
included in this review.

2.2. Review Question

The review question was formulated using the PCC strategy. Problem: AF; Concept: Oxidative
stress and mitochondrial dysfunction; Context: Emerging pharmacological therapeutic possibilities.
Thus, the review question was: “How do oxidative stress and mitochondrial dysfunction modulate
atrial fibrillation from the perspective of therapeutic possibilities?”
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2.3. Protocol and Registration

This review was registered in the Open Science Framework (DOI registry
10.17605/OSF.I0O/VSZ72). It can be accessed through the following link: https://doi.org/
10.17605/OSF.I0/VSZ72, November 04, 2023.

2.4. Eligibility Criteria

This review includes primary and secondary studies that evaluated genetic changes and/or
mitochondrial dysfunction in hypertrophic cardiomyopathy (among other variables, such as
oxidative stress). Secondary studies that were not considered (excluded) were reviews, editorials,
books, expert opinion articles, dissertations, theses, and conference abstracts.

2.5. Sources of Information and Search Strategy

Studies were searched in the following databases: Excerpta Medica Database, SciVerse Scopus,
and PubMed. The search strategy was formulated from a combination of controlled descriptors
and/or keywords related to the topic without applying restrictions related to the language of the
publication period. In addition, a manual search was conducted on the reference lists from the
initially selected studies to identify other eligible studies.

2.6. Process of Study Selection

The identified studies were imported into Rayyan software, and duplicates were removed.
Studies without duplicates were evaluated and selected based on eligibility criteria by three
independent and blinded reviewers by reading the titles and abstract of the studies (A.S.MJr, H.V.,
and A.L.), followed by reading the full text of the selected studies in phase 1. A fourth reviewer solved
disagreements in the study selection process (D.A.M.).

2.7. Process of Data Extraction from Selected Studies

The data of the selected studies was rigorously analyzed and collected by three independent and
blinded reviewers by filling out a characterization table in Microsoft Word Software, which contains
the characteristics of the study: identification (citation), study design, and country where the study
was developed; aspects of atrial fibrillation pathophysiology: concept, mitochondrial dysfunction,
oxidative stress, and metabolic disorders; and primary outcome: emerging pharmacological
therapeutic possibilities.

2.8. Risk of Bias Assessment or Quality Assessment

Because this scoping review was conducted to identify knowledge gaps, no risk of bias or quality
assessment was conducted according to the manual published by the Joanna Briggs Institute.

2.9. Data Synthesis

A qualitative synthesis of the selected studies' data is provided, describing the genetic mutation
and mitochondrial dysfunction proposed in each study, according to the etiology of hypertrophic
cardiomyopathy, whether it originates from a genetic mutation (sarcomeric or mitochondrial) or
dysfunctions in cellular metabolism, among others. A descriptive table summarizes all this
information.

3. Results

Among the 2,175 articles in the initial search, 37 were selected for the final analysis (Figure 2).
Primary data from each study are presented in Supplementary Table 1. The main categories of
analysis were mitochondrial dysfunction and oxidative stress modulators focusing on new
therapeutic possibilities.
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Figure 2. Preferred Reporting ltems for Systematic Reviews and Meta-Analysis flowchart
demonstrating the identification, screening, and studies included in this research.

3.1. Oxidative Stress

3.1.1. Mitochondrial Dysfunction

Oxidative phosphorylation occurs when electrons from the transport chain react with oxygen
molecules to generate ROS. Mitochondria are a significant source of ROS in cardiomyocytes, with the
average production balanced by cellular antioxidant mechanisms [26]. Increased ROS levels can
activate calcium-dependent transcription factors. However, sustained and uninhibited increases can
lead to mitochondrial damage, mitochondrial DNA damage, and damage to proteins and lipids. High
ROS levels can impair creatine kinase and disrupt the balance between ATP and ADP. Oxidative
damage to mitochondrial DNA coincides with a decrease in the energy-producing capacity of the
heart mitochondria, leading to an increase in ROS release. This can lead to AF pathology, associated
with electrophysiological, contractile, and structural remodeling [26]. Oxidative stress (OS) in AF is
arrhythmogenic, affecting ion currents, the coupling of myocardial cells, and the extracellular matrix.
It prolongs the potential of action, induces triggered activity, delays cardiac conduction, reduces
repolarization, interferes with cell joints, and activates inflammatory pathways. Various OS
biomarkers, such as uric acid and gamma-glutamyl transferase enzyme, vitamin C and E levels, and
plasma antioxidant status, have been associated with AF development, severity, and recurrence [27]

The electron transport chain plays a crucial role in atrial remodeling during AF pathogenesis.
Patients with paroxysmal AF have higher levels of total oxidant state and DNA damage than healthy
controls [28]. ROS, which are physiological products of human metabolism, can result in homeostasis
deregulation, affecting systemic balance and local levels, such as in the heart. Other sources of ROS
in the AF scenario include NADPH oxidase, xanthine oxidases, NOS disconnection,
myeloperoxidase, and monoamine oxidases [27,29]. NADPH oxidase contributes significantly to
atrial OS and is associated with hyperglycemia, hyperlipidemia, hypertension, increased plasma fatty
acid levels, and increased Ang Il levels. The primary mechanism of NADPH oxidase activation is the
increased activity of Ras-related C3 botulinum toxin substrate 1 (Racl), leading to fibrosis through
the positive regulation of connective tissue growth factors expression [27]. Antioxidant defense
mechanisms include glutathione, superoxide dismutase, and thioredoxins. However, glutathione
levels in the atrial tissues of patients with AF are low, possibly because of the downregulation of type
L calcium flow due to S-nitrosylation caused by the accumulation of calcium induced by atrial
tachycardia [27].

OS covers both aspects of the pathophysiological alteration of AF, contributing to electrical and
structural remodeling, often coinciding [28, 30]. A decrease in the action potential in the auricles and
an increase in the heart rate [31] are observed, causing electrophysiological changes in K* and Ca?*
currents and premature secondary depolarization. This leads to electrical heterogeneity, which is a
crucial factor in promoting AF [28,32]. Oscillations in cardiac contraction are influenced by the levels
of ROS and ions such as Ca%, which, in excess, can result in the pathological opening of the
mitochondrial permeability transition pore, superconnection in the excitation-contraction process,
and maintenance of AF [28,32]. This is because of the ability of Ca? to enter myocytes through
voltage-dependent L-type calcium channels and activate ryanodine receptors (RyR2) in the
sarcoplasmic reticulum, causing an increase in the release of Ca? ions [32]. Conversely, the oxidation
of RyR2, driven mainly by mitochondrial OS, results in calcium leakage from the SR, constituting a
possible therapeutic target for AF [33].

Ang II plays a role in electrical remodeling and shortening of the action potential and refractive
period [34]. Activation of the renin-angiotensin system (RAS) is linked to AF, particularly in
hypertension. This leads to fibrotic changes in the atrium, causing electrophysiological abnormalities
and increasing the likelihood of AF development. Ang II stimulates the transformation of atrial
fibroblasts into myofibroblasts, impeding AF remodeling. RAS inhibitors have been shown to reduce
AF incidence in patients with hypertension [35].
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Structural remodeling is linked to inflammatory processes, fibrosis, and aging and contributes
to the persistence of arrhythmia [36]. Oxidative damage, particularly in patients with permanent AF,
is mediated by the hydroxyl and peroxynitrite radicals. These changes affect atrial myocyte energy
generation and contractility, leading to significant changes in cardiac conduction parameters, such as
myocyte geometry, interstitial space size, and GAP joint conductivity and location [36].

ROS are crucial for cellular signaling and gene expression regulation, and their production and
elimination imbalances can lead to mitochondrial damage, cell apoptosis, and cardiovascular
diseases [27,37,38]. NADPH oxidase (NOX) is a critical enzyme in generating OS during AF [37], as
it generates ROS, such as superoxide, triggering a cascade of reactions and changes, as illustrated in
Figure 3 [39]. NOX has multiple isoforms that can influence various processes and contribute to
chronic diseases, such as hypertension, hyperlipidemia, and HF [40]. Cardiovascular-related
isoforms, NOX 2 and NOX4 inhibit atrial remodeling and reduce inflammation associated with AF
[40,41]. NOX activity is exacerbated in fibrillating atria, especially in the presence of systemic
hormones, such as Ang II and aldosterone [39]. Patients with permanent AF and paroxysmic AF
showed a significant increase in NOX4 levels compared with non-AF subjects. Therapeutic
approaches involving mitochondria, antioxidant use, and selective NADPH oxidase inhibitors offer
substantial efficacy in treating AF [28].

Figure 3. Diagrams of oxidative stress production pathways. Source: Wang, W.; Kang, P.M.
Oxidative Stress and Antioxidant Treatments in Cardiovascular Diseases. Antioxidants 2020, 9, 1292.
https://doi.org/10.3390/antiox9121292

Promising strategies focus on early interventions targeting the initial stages of ROS generation.
However, the limited efficacy of antioxidant interventions when applied after oxidative damage has
been established. Therefore, identifying OS in the early stages can contribute to the progression of
chronic AF, allowing timely preventive interventions such as lifestyle modifications and vitamin
supplements as antioxidant treatments [26].

Various molecules and medications have been investigated as potential therapeutic agents for
AF. In this context, dipeptidyl peptidase-4 (DPP-4) inhibitors, selective sodium-glucose cotransporter
2 inhibitors (SGLT2-i), ubiquinone (coenzyme Q10, CoQ10), trimetazidine, and ranolazine, as well as
experimental treatments targeting mitochondria and other biomolecular targets, such as relaxin-2,
Costunolide, Febuxostat, Wenxin Keli (WXKL). With these treatments, clinical benefits such as
improved mitochondrial function, reduced postoperative AF, lower risk of new AF episodes, reduced
mortality, decreased risk of AF recurrence after cardioversion, and reduced atrial electrical and
structural remodeling are expected [28].

The cardioprotective effects of DPP-4 inhibitors are related to the mitigation of OS through the
reduction of ROS, improvement of mitochondrial function, preservation of mitochondrial biogenesis,
and reduction of inflammation. The therapeutic potential of DPP4 inhibitors was confirmed in an
observational study by Chang et al. involving more than 90,000 patients with diabetes, in which the
addition of a DPP-4 inhibitor as a second-line antidiabetic treatment reduced the onset of AF by 35%
[28].

SGLT2-i has been shown to reduce arterial resistance by improving endothelial function,
normalizing sodium and calcium cytosolic concentrations, reducing ROS synthesis, reducing
systemic inflammation, and inhibiting atrial fibrosis and myocyte hypertrophy. They are more
effective in reducing the risk of HF than DPP-4 inhibitors in patients with diabetes [28]. SGLT2-i can
activate AMP-activated protein kinase (AMPK) in various tissues, suppress pro-inflammatory
molecules, increase adiponectin levels, and reduce inflammatory markers in the myocardium [42].
Treatment with SGLT2-i has been shown to reduce mortality and hospitalization in patients with HF,
regardless of the presence of diabetes. They also neutralize ROS production in cardiomyocytes,
promoting alterations in atrial remodeling and reducing the AF load. However, the effects of SGLT2-
i on the Ca? cycle, Na* balance, inflammatory signaling, mitochondrial function, and energy balance
are not yet conclusive [42]. A recent analysis of the DECLARE-TIMI 58 study showed a 19% reduction
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in the incidence of AF in patients with diabetes, regardless of pre-existing AF or HF. Effective AF
prevention can transform this approach into HF treatment [42—44].

Metformin, a first-line antidiabetic drug, effectively prevents HF by mitigating atrial
remodeling. A 13-year study of 645,710 patients with type 2 diabetes reported that metformin
reduced the incidence of AF by 19%. It activates AMPK Src kinase and normalizes the expression of
connectives, thereby decreasing the refractive period, induction, and duration of AF. Metformin also
prevents atrial electrical and structural remodeling by activating the AMPK/peroxisome proliferator-
activated receptor (PPAR)-y coactivator 1a(PGC-1)/PPAR pathway and normalizing metabolic
activity.

Metformin is concentrated in the mitochondria and helps preserve mitochondrial function by
improving oxygen consumption and the activity of complexes I, II, and IV. It also promotes heart
function by promoting mitochondrial respiration and biogenesis by upregulating PGC-1. This
essential mitochondrial cofactor transports electrons from complex I to II and from complex II to III
of the respiratory chain. CoQI10 is an effective antioxidant, membrane stabilizer, cofactor of
mitochondrial disconnecting proteins, calcium-dependent channel stabilizer, metabolic regulator,
and indirect regulator of cell growth and signaling molecule formation [30]

Exogenous CoQ10 supplementation can help treat cardiovascular diseases, including HF, AF,
and myocardial infarction, as well as risk factors such as hypertension, insulin resistance,
dyslipidemia, and obesity. In randomized clinical trials, inflammatory and OS indicators were
significantly reduced in these diseases [45].

Trimetazidine, an anti-aging drug approved for ischemic cardiomyopathy, acts directly on the
activity of the respiratory chain via the activation of complex I and normalizes the expression of
regulatory factors of mitochondrial biogenesis. Although its beneficial action on mitochondrial
function outside of the ischemic context has not yet been proven, its antiarrhythmic activity has been
postulated to prevent structural atrial remodeling, reduce induction, and shorten the induction of AF
[28].

Relaxin-2, a pleiotropic hormone, has significant therapeutic potential for treating AF. Elevated
levels of relaxin-2 are associated with reduced expression of inflammatory markers, hydrogen
peroxide concentration, and inflammation and OS genes. In vitro, treatment with relaxin-2 has
demonstrated its ability to inhibit the migration of atrial heart fibroblasts and reduce the expression
of profibrotic molecules [46].

Costunolide, a sesquiterpene lactone with anti-inflammatory and anti-fibrotic properties,
reduces inflammation and fibrosis caused by Ang II in mice. Costunolide has been shown to preserve
mitochondrial function and reduce OS, which are crucial for mitochondrial dysfunction [47]. Xu et al.
[48] explored the effects of Febuxostat, an XO inhibitor, on AF susceptibility. They hypothesized that
XO inhibitors could mitigate vulnerability to hypertension-related AF by improving the intracellular
ROS environment and inhibiting the ox-Ca?-calmodulin dependent protein-kinase type-II (CaMKII)
signaling pathway, which regulates heart contraction [48,49].

Both Febuxostat and Allopurinol significantly suppressed atrial remodeling related to
hypertension and the perpetuation of AF. CaMKII oxidation and RyR2 hyperphosphorylation were
restored, representing a breakthrough in our understanding of AF pathogenesis. Febuxostat also
exerts its antioxidant effects by directly combating ROS. However, further clinical research is
required to validate its use in the treatment of AF [48,49]

WXKIL, a traditional Chinese medicine, treats various heart arrhythmias, including AF. A 2020
study by Gong et al. suggested that WXKL is essential for improving mitochondrial function,
reducing OS, and preventing atrial remodeling in diabetic rats. This study showed that WXKL
improves mitochondrial function, promotes increased basal and maximum mitochondrial
respiration, and reduces endoplasmic reticulum oxidoreductase production. Its atrial selectivity in
blocking the peak sodium stream is an essential feature of WXKL. It effectively regulates the
activation of signaling pathways induced by hydrogen peroxide, preventing profibrotic cellular
activity and thereby preventing atrial remodeling [50].
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Andrographolide, an active ingredient in the medicinal plant Andrographis paniculata, has
numerous pharmacological properties, including anti-hyperglycemic, antipyretic, anti-
inflammatory, anticancer, anti-leishmaniosis, increased fertility, human immunodeficiency virus
activity, cardiovascular benefits, immunomodulation, and choleretic action. Andrographolide has
proven beneficial in AF by reducing heart cell apoptosis, improving mitochondrial function,
demonstrating antioxidant properties, and regulating inflammation and calcium homeostasis genes.
It also activates the transcription pathways involved in the antioxidant response, such as factor-2-
related erythroid nuclear [51].

Elamipretide, also known as Bendavia, MTP-131, or S5-31, is a pioneering class of drugs that
explicitly targets the mitochondria. It improves mitochondrial efficiency and reduces the production
of ROS by stabilizing the mitochondrial membrane and cytochrome C, increasing ATP production,
normalizing the ATP/ADP ratio, and reducing tumor nuclear factor (TNF) and C-reactive protein
(PCR) levels. Other drugs targeting the mitochondria are under evaluation for their safety and
effectiveness, and their potential to support mitochondrial function in AF prevention must be
investigated in future perspectives [28].

Fibrates, which are PPAR agonists, are commonly used to treat hypertriglyceridemia, reduce
hepatic apoC-IIl levels, and stimulate lipoprotein lipase-mediated lipolysis. They influence
mitochondrial function via the PPAR/PGC-1 pathway. In animal experimental AF models,
fenofibrate mitigates metabolic remodeling by regulating the PPAR-/sirtuin route 1/PGC-1, thereby
reversing the shortening of the atrial refractory period. Bezafibrate positively affects mitochondrial
biogenesis by increasing gene expression and mitochondrial DNA [28].

Therefore, an antioxidant-rich diet is essential for therapy [29]. Like vitamin E, vitamin C
eliminates several ROS, such as Oz, OH, peroxynitrite, sulthydryl radicals, and oxidized low-density
lipoprotein [30,37].

Other molecules have also been the target of the study, as seen in Table 1.

Table 1. New target molecules for AF treatment.

KL1333 Increases mitochondrial activity and reduces oxidative stress in fibroblasts in
patients with mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
events. It also increases NAD* levels and stimulates sirtuin 1/AMP-activated
protein kinase/peroxisome proliferator-activated receptor-gamma coactivator
lalphasignaling [52].

KH176 By interacting with the thioredoxin system and the enzymatic mechanism of
peroxiredoxin, the drug KH176 can effectively reduce elevated cellular levels of
reactive oxygen species and protect primary cells deficient in oxidative
phosphorylation from redox disorders [28,53].

Ru360 The study of Pool et al. demonstrated that Ru360 prevents mitochondrial
overload of Ca%, dysfunction of this organelle, and, consequently, contractile
dysfunction. However, it is used only in preclinical settings [37].

Antioxidant SS31 [ The antioxidant SS31, currently tested in clinical trials, improves the coupling of
electron transport chain complexes, and thus enhances mitochondrial
bioenergetics and suppresses the abundance of ROS and oxidative stress [37].

NAD~ It is a possibility for preserving mitochondrial function since homeostasis of
supplementation | NAD* improves function by reducing oxidative stress and DNA damage [37].
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L-glutamine It has nutraceutical potential for the treatment of AF, as it stabilizes the
microtubular network, increases the expression of heat shock protein in
degenerative and inflammatory diseases, and contributes to the suppression of
ROS and DNA damage induced by ROS due to its antioxidant activity [37].

3.1.2. Electrical and Arrhythmogenic Array

In this context, a disorder in intracellular calcium homeostasis constitutes a factor that
retroactively drives mitochondrial dysfunction and, consequently, electrical remodeling. This is
because the ion is involved in calcium-dependent mitochondrial processes. Calcium entering the cell
triggers the subsequent release of calcium from the SR. It then binds to troponin C in fine filaments
and is propelled by ATP, resulting in muscle contraction. The production of ATP, in turn, occurs
through oxidative phosphorylation, a process also dependent on calcium, which involves the
absorption of this ion by its corresponding mitochondrial uniporter. This capture triggers the
activation of the tricarboxylic acid cycle and the movement of electrons through the (I-V) complexes
of the electron transport chain. Therefore, calcium plays several crucial roles in mitochondria,
including activating enzymes related to the Krebs cycle, regulating ATP production, and modulating
the activity of the mitochondrial complexes responsible for the electron transport chain. Therefore,
the inadequate management of intracellular calcium levels can result in mitochondrial dysfunction,
which affects energy production and cardiac function. A precise balance of calcium concentration is
essential for coordinating intracellular mitochondrial events and electrical processes for effective
cardiac contraction.

Thus, activation of the renin-angiotensin-aldosterone system (RAAS) is involved in the
pathophysiology of atrial remodeling in AF [36,54]. As mentioned by Hadi et al.,, the signaling
pathway Ang II/Racl/signal transducer and activator of transcription 3 (STAT3) is crucial in the atrial
myocardium and participates in the structural remodeling of the atria [55]. In cultivated atrial
myocytes and fibroblasts, Ang Il-induced phosphorylation of tyrosine 3 transcription factors STAT3
using a Racl-dependent mechanism was inhibited by Racl-negative, losartan, and simvastatin. In
atrial myocytes, activation of STAT3 by Racl involves a direct interaction between the two. An
indirect paracrine effect on atrial fibroblasts mediated this activation. STAT3 activation, when
constitutively active, resulted in increased protein synthesis, whereas the negative dominant form of
STAT3 annulls Ang II-induced protein synthesis in atrial myocytes and fibroblasts. In addition, high
levels of Ang Il and phosphorus-STAT3 were detected in the atrial tissues of patients with AF [55].

Korantzopoulos et al. showed that the atrial tissues of patients with AF exhibit high levels of
angiotensin-converting enzyme and increased Ang II receptor expression. Ang II and inflammation
can increase the synthesis of superoxide, a significant cellular oxidative species, through the enzymes
XO and NADPH oxidase [35,54]. Ang II stimulates the production of Oz through NADPH oxidase,
activating the angiotensin type 1 receptor, and the inhibition of Ang II production contributes to the
reduction of OS in vascular structures. Additionally, the atrial tissues of patients with AF show high
angiotensin-converting enzyme levels and increased Ang Il receptors [54]. As for aldosterone levels,
patients with AF have high concentrations of this hormone, which are significantly reduced after the
restoration of sinus rhythm [30].

The RAAS has received increasing attention owing to its role in developing heart conditions,
including AF. Recent studies, such as that conducted by Zhao et al. (2020), have highlighted the
beneficial effects of aliskiren (ALS) in mitigating atrial remodeling and reducing susceptibility to AF.
Unlike other drugs that act on the RAAS, aliskiren directly inhibits renin. It binds to the active sites
of renin, preventing the formation of Ang I, and, consequently, RAAS activation. Previous studies
have demonstrated that ALS suppresses changes in ion channel expression in chronic atrial
tachycardia-induced AF models. However, Zhao et al. deepened their knowledge of the therapeutic
potential of ALS in AF, noting its ability to mitigate atrial remodeling. ALS has been shown to reduce
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inflammation and OS and regulate the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)
signaling pathway, which plays an essential role in protecting heart tissue [56].

Ranolazine is an anti-anginal drug with antiarrhythmic properties that effectively inhibits
sodium currents [28,37]. It reduces the likelihood of developing AF by approximately 50%, increases
the success rate of cardioversion with amiodarone, and decreases the time required for sinus rhythm
restoration. In addition, ranolazine improves mitochondrial function, mitigates OS, and suppresses
apoptosis [28,37].

3.1.3. Structural Rearrangement and Myocardial Fibrosis

Structural remodeling correlates with inflammatory processes, fibrosis, and aging, constituting
the primary underlying mechanism for perpetuating this arrhythmia [36]. In these scenarios, cellular
damage is usually mediated by hydroxyl and peroxynitrite radicals, which trigger considerable
oxidative damage, particularly in patients with permanent AF [30]. These oxidative modifications
have crucial effects on atrial myocyte energy generation and contractility [30]. From this perspective,
it is evident that the three primary parameters undergo substantial changes, resulting in
maladjustments in cardiac conduction: remodeling of the geometry of cardiac myocytes, modification
of the size of the interstitial space, and variations in the conductivity and location of GAP joints [36].

Heart fibrosis is associated with various cardiovascular diseases and aging. The natural
hypertrophy of cardiomyocytes in the context of fibrosis results from mechanical stress, such as
stretching of muscle fibers. However, fibrosis disrupts the connection between muscle fibers and
impairs electrical conductivity, impacting the conductance in the heart tissue and thus contributing
to AF, as illustrated in Figure 4 [35]. Fibrosis plays a central role in structural remodeling. Hadi et al.
highlighted alterations in the expression of nine genes that indicate the development of fibrosis in
patients with AF. Several fundamental signaling routes have been proposed based on experiments
using animal models and human studies. OS, inflammatory processes, and Ang Il and transformative
growth factor beta (TGF-f3) influence fibrosis associated with AF. These factors, among others,
regulate intermediates in the signaling pathways, such as NADPH oxidase, MAP kinases, and
nuclear factor kappa B (NF-kB). In addition, TNF-a expression is increased in patients with AF.
Comparison of right appendicular atrial samples among patients with and without AF revealed a
significant increase in right appendicular atrial fibrosis and TNF-a protein expression in patients with
AF [57].

Figure 4. Molecular mechanisms of SGLTi on redox signaling in cardiomyocytes. Source: Goat, D.;
Semmler, L.; Oeing, C.U.; Alogna, A.; Schiattarella, G.G.; M. Pieske, B.; Heinzel, F.R.; Hohendanner,
F. Implications of SGLT Inhibition on Redox Signalling in Atrial Fibrillation. Int. ]. Mol. Sci. 2021, 22,

5937. https://doi.org/10.3390/ijms22115937

Increased activity of Racl, driven by Ang II and TGF-1, seems to be the main mechanism of
activation of NADPH oxidase in this context, resulting in fibrosis through increased expression of
connective tissue growth factor. In addition, the enzyme myeloperoxidase, released by activated
polymorphonuclear neutrophils, is associated with atrial fibrosis and remodeling [26]. A recent study
by Yagi et al. showed that pitavastatin reduces the incidence of Ang II-induced atrial fibrillation,
increases the left atrium, mitigates fibrosis and heart hypertrophy, and negatively regulates Racl
activity in mice [58].

Galectin-3 (Gal-3) belongs to the lectin family and plays a role in cell differentiation,
fibrinogenesis, and inflammation. Gal-3 induces fibrosis by activating fibroblasts and endocardial
cells, thereby increasing the extracellular matrix. Evidence indicates that Gal-3 plays an essential role
in the acute phase of the inflammatory response, triggering the activation of neutrophils and mast
cells, and is involved in the transition to chronic inflammation, resulting in fibrogenesis and tissue
fibrosis. In addition, the N-terminal prohormone of brain natriuretic peptide is correlated with the
degree of fibrosis in the atria of patients with AF and serum collagen remodeling markers [59].

Hydrogen sulfide (H2S) has been studied in this context because of its beneficial properties in
human physiology and potential role as a cardiovascular protector. Studies have suggested that H»5


https://doi.org/10.3390/ijms22115937
https://doi.org/10.3390/ijms22115937
https://doi.org/10.20944/preprints202311.1221.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 November 2023 doi:10.20944/preprints202311.1221.v1

10

plays a role in reducing AF and mitigating atrial fibrosis. These beneficial effects are related to the
PI3K/Akt/eNOS signaling pathway, which regulates the production of ROS and, therefore,
participates in maintaining the redox balance in the heart tissue. H2S can significantly increase the
activation of this signaling pathway, which leads to a reduction in atrial fibrosis. Furthermore, HzS
does not seem to negatively affect glucose metabolism, which is relevant in the context of DM. H2S
can, therefore, be a potential and promising strategy for mitigating atrial fibrosis and reducing the
incidence of AF in patients with diabetes without exacerbating the metabolic imbalances associated
with DM [60].

Thiazolidinediones prevent AF and reduce its recurrence after electrical cardioversion [28].
Pioglitazone is responsible for prolonging glycemic control because of its ability to increase beta-cell
activity and reduce insulin resistance. The drug has beneficial effects on cardiac risk factors,
substitutes indicators of cardiovascular disease, and reduces the frequency of cardiac events in
individuals with diabetes. Individuals with non-diabetic insulin resistance have a lower risk of
recurrence of transitory ischemic attacks and ischemic strokes. Pioglitazone reduces the risk of AF by
inhibiting atrial remodeling. In addition, it is effective in treating the symptoms of diseases associated
with insulin resistance, such as nonalcoholic steatohepatitis and polycystic ovary syndrome.
Pioglitazone is an effective drug in patients with insulin resistance and diabetes; however, it is
underused because of the toxicity of other thiazolidinediones [61].

3.2. OS Modulators

3.2.1. Inflammation

OS and inflammation are intrinsically related, and several clinical studies have shown a strong
association of inflammatory pathways with the presence and recurrence of early or late AF [30,55,62].
Local and systemic OS proceeds with producing and releasing pro-inflammatory cytokines, such as
interleukin (IL)-1p, 2, 6, 8, 10, and 12, C-reactive protein (CRP), vascular endothelial growth factor,
TGF, TNF-a, and CD40. The OS and inflammatory state generate changes in intracellular calcium
management and the concentrations of this ion, resulting in electrical remodeling, shortened heart
cycles, and recurring episodes of AF [55].

Inflammasomes play a crucial role in the innate immune response and maintenance of tissue
homeostasis. The NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome
activates caspase-1, mature ILs 1 and 18, which play significant roles in the cardiovascular system. In
addition, high-cholesterol diets in the Western world can trigger inflammatory responses dependent
on the NLRP3 inflammasome, thus influencing the reprogramming of the innate immune system.
The inflammatory process involves the production of various cytokines, primarily generated by the
mitochondria, through different molecular pathways associated with the elevation of ROS levels.
This triggers the activation of inflammasome NLRP3. The influence of acute and chronic
inflammation, along with OS, has been associated with the triggering of atrial and ventricular
fibrillation, as evidenced by experimental and clinical studies. Cardiovascular risk factors, such as
hypertension, obesity, insulin resistance, metabolic syndrome, aging, and neurological disorders,
cause a state of inflammation and OS, predisposing patients to heart arrhythmias. Disturbances in
the redox state and an increase in pro-inflammatory cytokines can cause cardiac channelopathy,
affecting ion channels and gap junction canals, such as connexin (Cx)43 and Cx40, as well as the
activation of connexin hemichannels and abnormal calcium regulation. These changes are crucial in
the induction and maintenance of atrial and ventricular fibrillation. Dysbiosis of the intestinal
microbiota, which produces bioactive metabolites, can contribute to pro-arrhythmic inflammation-
related actions. Environmental factors such as air pollutants and artificial night lighting can also
predispose patients to cardiovascular disorders related to inflammation and OS, thereby promoting
heart arrhythmias. Therefore, connexin hemichannel inhibition may be an effective strategy for
treating inflammation and preventing arrhythmias. Furthermore, recent studies have revealed the
inflammatory functions of heart immune cells, highlighting that leukocytes can be arrhythmogenic,
affect tissue composition, or interact with cardiomyocytes. Recent studies have also identified the
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presence of genetically determined systemic inflammation in cardiovascular diseases, highlighting
the NLRP3 inflammasome as a promising therapeutic target (Table 2) [63].

Furthermore, NF-kB is crucial in regulating gene transcription in response to the redox state.
This is relevant to conditions of injury and inflammatory stress. NF-kB negatively regulates the
transcription of the heart's sodium channel in response to OS, suggesting that it may influence other
aspects of the pathophysiology of AF and serve as a therapeutic target [57]. In addition, its activation
results in the expression of genes involved in inflammation, such as TNF-a, iNOS, IL-1f3, and matrix
metalloproteinases. These processes contribute to activating oxidases such as NOX, triggered by
agents such as Ang II and atrial stretching, creating a vicious cycle in which the activation of NOX
promotes AF, and the AF itself contributes to NOX activation [58].

In the context of the evaluation of inflammatory markers, CRP [6] has been highlighted. It plays
a role at the systemic level, with pro-inflammatory and anti-inflammatory actions [55], and locally, it
influences nitric oxide deficiency, contributing to increased thrombogenic risk [64,65]. CRP levels
may be elevated in some patients with AF; however, the underlying mechanism has not yet been
fully clarified [55]. In addition, in cases of permanent AF, we expected to find more significant levels
of high-sensitivity C-reactive protein (hs-CRP) than in paroxysmal AF [64]. As the disease progresses
and becomes chronic, structural remodeling of the left atrium occurs, often indirectly increasing hs-
CRP values [55]. Ang also plays a significant role in inflammatory processes.

The increase in plasma levels of IL-6, PCR, and plasma viscosity corroborates the existence of an
inflammatory state in patients with chronic AF. These inflammatory indices are related to the
prothrombotic state. They may be linked to the clinical condition of patients with underlying vascular
diseases and comorbidities not just the presence of AF [55]. However, AF provides a state of
hypercoagulability even in the absence of an underlying heart disease [54,55]. Abnormalities in
hemostasis, fibrinolysis, endothelium, and platelets may be present in AF, which may increase the
risk of thromboembolism and stroke. An explanation for the high incidence of thromboembolism in
patients with AF, with or without valvular heart disease, is the high levels of beta-thromboglobulin
and platelet factor 4 [55]. Furthermore, Ferro et al. found that increased soluble CD40L levels
predicted vascular events in patients with AF. This reinforces the hypothesis that increased platelet
activation affects clinical progression [55].

PCR positively correlated with the risk of stroke and was related to risk and prognostic factors,
such as mortality and vascular events. High IL-6 levels are independent predictors of stroke or death
in patients at a high risk of AF. In addition, high levels of F1.2 are associated with clinical risk factors
for stroke in AF, while increased levels of beta-thromboglobulin are linked to manifestations of
atherosclerosis [55].

In patients with AF, increased plasma levels of sCD40L were observed, which correlated with
increased levels of vascular endothelial growth factor, angiopoietin-2, and tissue factor. This
interaction among platelets, angiogenic markers, and tissue factors may play a role in determining
the origin of the prothrombotic state associated with AF. In addition to sCD40L, patients with AF
show significantly higher levels of monocyte-1 chemotactic protein (MCP-1), hs-CRP, intercellular
adhesion molecule (ICAM), and vascular cell adherence protein (VCAM), which reach higher levels
in patients with atrial thrombosis, VCAM, and MCP-1 are independent predictors of atrial
thrombosis and ischemic stroke in patients with AF. However, even after successful direct electrical
cardioversion, the recovery of ICAM, VCAM, and MCP-1 levels, and CD40 expression in platelets
can take up to five weeks because of the persistence of underlying atrial structural abnormalities,
which are not normalized immediately with the restoration of sinus rhythm [55,65].

AF is not an absolute prerequisite for developing prothrombogenic changes in the atrial
endocardium. In many patients with AF, arrhythmia may be secondary to pre-existing structural
changes, which are prothrombogenic in the atrial myocardium and endocardium, a phenomenon
known as “endocardial remodeling” [55].

In addition, Hadi et al. revealed that platelet P-selectin levels were considerably lower in patients
with AF who did not receive antithrombotic therapy than in healthy patients. Even if P-selectin is
expressed on the platelet surface in AF, the absolute levels of plateletvP-selectin are low. This result
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can be explained by two theories: (1) P-selectin is reduced in the platelets after platelet activation,
consequently increasing in the plasma. 2) P-selectin, expressed on the platelet surface during
activation, changes its configuration and can be detected using a specific antibody during flow
cytometry. Since this study used an enzyme-linked immunosorbent assay test to detect platelet P-
selectin, the antibody may have detected only P- Selectin granules without recognizing membrane P-
selectin. The second hypothesis is supported by the fact that membrane P-selectin represents 90% of
the P-selectin in the lysate, whereas 10% is sP-selectin in the membrane of platelet granules [55].

Concerning thrombotic events, CRP was positively correlated with the risk of stroke, related to
risk factors and prognosis, and associated with the risk of AF recurrence. Patients with a moderate-
to-high risk of stroke have lower levels of CD40 ligands [55] and higher levels of CRP [30,55].
Simvastatin effectively modulates CD40 expression and may contribute positively to reducing the
risk of intra-atrial thrombosis [55]. In addition, CRP-reducing therapies with statins, such as
atorvastatin, can prevent AF and electrical and structural remodeling by preventing inflammation
[30,37,55]. Statins inhibit OS by preventing the synthesis of free oxygen radicals induced by NADPH
oxidase [66].

Neuman et al. reinforced the hypotheses that statins prevent electrical remodeling in rapid
stimulation-induced AF, reduce the load of AF after surgery, and prevent the recurrence of AF
following cardioversion [66]. In addition, statins induce Kruppel-like transcription factor 2 in
endothelial cells, an essential mediator of cell quiescence that regulates the expression of several
target genes and promotes an anti-inflammatory and antithrombotic endothelial phenotype [19].

Statins also appear to mitigate the signaling of growth factors activated by Ang II, thrombin,
endothelial growth factor, platelet-derived growth factor, and profibrotic growth factor 3; they can
exert a potent anti-inflammatory and antithrombotic effect on blood monocyte macrophages,
reducing the expression of pro-inflammatory cytokines and coagulation factors; can indirectly reduce
the cytotoxic activity of T cells against endothelial cells; and can activate the pathway of
phospholipase A-cyclooxygenase, shifting the balance to a greater synthesis of prostacyclin, a
vasodilator and an anti-inflammatory [19].

Corticosteroids are anti-inflammatory drugs with immunomodulatory properties. This class of
drugs appears to have indirect antioxidant properties, mainly due to the attenuation of the
inflammatory state. There is scientific evidence that corticosteroids significantly reduce CRP and
atrial endothelial NOS levels.

Carvedilol is a slightly selective 31 blocker that becomes non-selective at higher doses. It has al
blocking and antioxidant properties, modulating effects on various ion channels and currents. In
addition, it is superior to other selective 31 blockers, such as metoprolol and atenolol, in suppressing
postoperative AF. The hypothesis that carvedilol is superior to other beta-blockers in treating AF is
explained, at least in part, by its antioxidant effects [30].

The anti-inflammatory effects of omega-3 fatty acids are remarkable and can be attributed to
substituting arachidonic acid in cell membranes. Unlike arachidonic acid, which is a precursor of pro-
inflammatory mediators such as prostaglandins and thromboxane, omega-3 fatty acids, such as
eicosapentaenoic acid and docosahexaenoic acid, promote the formation of anti-inflammatory
mediators similar to resolvins and proteins that inhibit pro-inflammatory cytokines. The modulation
of ionic and conveyor channels, as well as the properties of the cell membrane, is one of the direct
actions of omega-3 fatty acids that can influence the occurrence of AF. Supplementation with omega-
3 fatty acids affects the function of ion channels in generating cardiac action potentials, stabilizing
electrical activity, and prolonging the refractory period of cardiomyocytes. In addition, omega-3 fatty
acids can preserve the heart's structural integrity, partly through the modulation of proteins such as
Cx43, which is essential for the function of cardiac GAP joints and, therefore, for preventing structural
remodeling of the heart. Another crucial aspect of the action of omega-3 fatty acids is their ability to
reduce OS in heart cells. However, the effectiveness of omega-3 fatty acids in preventing AF may
depend on the clinical background and individual conditions. Clinical studies have shown varying
results, and more research is needed to determine the ideal circumstances under which
supplementation with omega-3 fatty acids can be the most effective [63], as shown in Table 2.
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Table 2. Therapeutic possibilities and their respective main effects for AF treatment.

Therapeutic Main effects
possibilities
Statins Reduction of C-reactive protein (CRP); prevention of inflammation,
consequently preventing electrical and structural remodeling; prevention
of oxygen free radical (ROS) synthesis induced by NADPH oxidase.
Steroids Anti-inflammatory activity, indirect antioxidant, and
immunomodulatory properties. Promotes reduction of atrial endothelial
protein nitric oxide synthase levels and CRP levels.
Carvedilol al blocking and antioxidant properties, anti-oxidation effects, in
addition to exerting modulating effects on ionic channels and currents.
Dipeptidyl Reduction of ROS, promoting improvement of mitochondrial

Peptidase-4 inhibitors

oxidative stress; improvement of mitochondrial function; preservation of
mitochondrial biogenesis; and reduction of inflammation.

Selective Sodium-
Glucose Cotransporter
2 Inhibitors

Reduction of arterial resistance, improving endothelial function;
normalization of sodium and calcium cytosolic concentrations; reduction
of ROS synthesis, promoting prevention of atrial remodeling and
reduction of atrial fibrillation (AF) burden; promotion of less systemic
inflammation; inhibition of atrial fibrosis and cardiomyocyte hypertrophy.
In addition, it promotes a 19% reduction in AF in patients with diabetes,
regardless of pre-existing AF or heart failure. In addition, they are
suspected of promoting the reduction of pro-inflammatory molecules,
increasing adiponectin, and suppressing inflammatory markers in the
myocardium.

Ubiquinone

Anti-inflammatory, antioxidant activity has a beneficial effect on
mitochondrial function and significantly suppresses DNA damage.

Thiazolidinediones

Reduction of atrial remodeling. They prevent the recurrence of AF
after electrical cardioversion, reduce cardiac risk factors and surrogate
indicators of cardiovascular disease, and reduce the frequency of cardiac
events in individuals with diabetes.

Trimetazidine

Reduction of ROS synthesis by acting directly on the activity of the
respiratory chain. In addition, it prevents structural atrial remodeling,
reduces the inducibility of AF, and shortens the duration of AF.

Ranolazine

Reduction of oxidative stress, improvement of mitochondrial
function, suppression of apoptosis, and reduction of the likelihood of
developing AF by approximately 50%. In addition, it increases the success
rate of amiodarone cardioversion.

A dietrich in
antioxidants

Vitamins E and C are antioxidants and eliminate ROS, such as Oz,
OH, peroxynitrite, sulfhydryl radicals, and oxidized low-density
lipoprotein.

Mitochondrial
transcription factor A
(TFAM)

It increases ATP content by upregulating NADH 1 mitochondrial
coded dehydrogenase and cytochrome c oxidase one mitochondrially coded
expression levels.

Relaxin-2

Reduction of oxidative stress (decrease in plasma levels of hydrogen
peroxide and ROS), inhibition of profibrotic molecules, and suppression of
inflammation, with a decrease in gene expression of inflammatory
markers. In vitro, treatment with relaxin-2 inhibited the migration of
normal human atrial cardiac fibroblasts. Furthermore, it reduced mRNA
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and protein levels of the profibrotic molecule, transforming growth factor-
betal (TGF-f1).

Reduces inflammation and fibrosis induced by angiotensin II,

Costunolide  |improves mitochondrial function, alleviates oxidative stress by countering

excessive ROS production, and activates the factor-2-related erythroid
nuclear signaling pathway.

Reduces the production of ROS, inhibits xanthine oxidase, and
Febuxostat combats oxidative stress and inflammation, showing a decrease in
inflammatory markers and the activity of antioxidant enzymes.
Additionally, it positively influences AF by regulating the TGF-1/Smad
signaling pathway, which plays a role in collagen production and fibrosis.

Attenuates electrical and structural atrial remodeling induced by
Aliskiren rapid atrial pacing, reducing inflammation and oxidative stress.
Furthermore, it regulates the PI3K/Akt signaling pathway.

Antiarrhythmic properties and selective inhibition of atrial sodium

Wenxin Keli current. It improves mitochondrial function by increasing respiration and

reducing ROS production. In diabetic rats, Wenxin Keli prevents AF by

enhancing atrial remodeling and restoring mitochondrial function.

Activation of the PI3K/Akt/eNOS signaling pathway is associated

Hydrogen sulfide with a reduction in the production of ROS. H2S can reduce diabetes-

induced AF, decreasing the incidence and persistence of AF without

affecting glucose metabolism.

Reduction of cardiac cell apoptosis, improvement of mitochondrial
Andrographolide | function, antioxidant role, regulation of calcium homeostasis genes, and
influence on transcription factors like factor-2-related erythroid nuclear.

Activation of AMPK Src kinase, normalization of connective tissue
Metformin expression, and prevention of atrial remodeling via the AMPK/PGC-
1/PPAR pathway. Preserves mitochondrial function, improving
oxygenation and activity of complexes I, II, and IV. Increases PGC-1 and
Coenzyme Q10 expression, providing antioxidant benefits and membrane
stabilization.

Impact mitochondrial function through the PPAR/PGC-1 pathway,
Fibrates potentially mitigating metabolic remodeling by regulating the
PPAR/sirtuin route 1/PGC-1, thereby reversing the shortening of the atrial

refractory period.

Elamipretide It improves mitochondrial efficiency and reduces the production of
ROS by stabilizing the mitochondrial membrane and cytochrome C,
increasing ATP production, normalizing the ATP/ADP ratio, and reducing
TNF and CRP levels.

Genetic therapy Restores average heart rate and improves heart rate control in animal
models of AF. However, they have not yet reached the phase of
widespread clinical use.
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3.2.2. Genetics

ROS plays a role in gene regulation and contributes to the induction and maintenance of AF
through various mechanisms. This includes interactions with proteins, nucleic acids, and other
molecules that can alter the structure of the atrium and cause tissue damage [38]. Furthermore,
specific genes are positively and negatively regulated in response to the clinical conditions of AF. The
positive regulation is associated with monoamine B oxidase, which increases the release of hydrogen
peroxide and calcium ions. In contrast, negative regulation is conducted by enzymes such as
glutathione peroxidase [38]. Adenosine, produced by the degradation of ATP and ADP in
cardiomyocytes and endothelial cells, exerts cardioprotective effects by activating adenosine
receptors [67]. It has been shown that patients with AF have increased expression of the adenosine
A2A receptor in the right atrium compared with non-AF subjects, which suggests the contribution of
this receptor to the development of AF [68].

In most cases of AF, predisposing factors include systemic and cardiac disorders such as
hypertension, HF, and valvular diseases. These conditions eventually lead to atrial enlargement,
fibrosis, and electrical abnormalities. In less common situations, AF may be primarily triggered by
an isolated electrical disorder or a genetic predisposition, as evidenced by recent large-scale genomic
association studies. This is due to the relatively rare mutations in cardiac potassium and sodium
channels and RyR2 receptors [69]. Several experimental studies have indicated that AF is associated
with modifications in genetic regulation, likely contributing to the positive feedback cycle
perpetuating this arrhythmia. Studies conducted on families with AF predisposition have identified
several gene loci that significantly regulate susceptibility to this condition, including 11p15, 21q22,
17q, 7q35-36, 5p13, 6q14-16, and 10q22. Some of these loci encode subunits of cardiac potassium
channels, such as KCNQ1, KCNE2, KCNJ2, and KCNH2. In addition, other studies have identified
genes related to potassium and sodium channels (SCN5A), structural proteins such as sarcolipin,
regulators of the RAS, genes that influence the coupling between cells, and genes related to OS and
inflammatory mediators. In this context, potassium channels are essential for determining the resting
membrane potential and cell repolarization after the occurrence of an action potential, and changes
in the activity of these canals, whether an increase or decrease, may predict a greater susceptibility to
AF. Significant reductions were also observed in the expression of mRNA encoding the alpha
subunits of L-type calcium channels. These observations indicate that transcriptional regulation is a
molecular mechanism underlying the alterations in ion channel expression and atrial electrical
remodeling. Gene expression profiles comparing individuals with AF and healthy individuals
suggest that transcription factors are affected by AF and that some of these factors are involved in
redox signaling [57].

Liu et al. investigated the association between mitochondrial transcription factor A (TAFM) and
AF and its effect on cardiomyocyte ATP content. Left atrial appendix samples were collected from 20
patients with a normal sinus rhythm and 20 patients with AF. TAFM expression levels were
evaluated in both tissues. A tachypacing model was constructed to assess ATP content, cell viability,
and expression levels of TAFM, NADH 1 mitochondrial coded dehydrogenase, cytochrome c oxidase
one mitochondrially coded, central subunit 1 of ubiquinone reduction-oxidation of NADG, and
subunit 6C of cytochrome C oxidase. The effects of overexpression and inhibition of TAFM have also
been investigated. The results showed that TAFM expression levels were reduced in tachypacing AF
tissues and cardiomyocytes, and the restoration of TAFM increased ATP content through the positive
regulation of NADH 1 mitochondrial coded dehydrogenase and cytochrome c oxidase one
mitochondrially coded expression levels in tachypacing cardiomyocytes. These findings suggest that
TAFM may be a new therapeutic target for treating patients with AF [70].

Genetic therapy is a promising therapeutic approach; however, it remains experimental.
Generally, genetic constructs inserted into adenoviral vectors are used to deliver genes directly to the
heart muscle, either by direct injection into the muscle, application to the surface of the heart, or
infusion through the coronary arteries. These gene-based approaches successfully restored the
average heart rate and improved heart rate control in animal models of AF. However, they have yet
to reach widespread clinical use [28].
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Figure 5. Pharmacological interventions targeting basic mechanisms of atrial fibrillation.
Abbreviations: SGLT2, sodium-glucose cotransporter 2; DDP-4, dipeptidyl peptidase-4; TZDs,
thiazolidinediones; TMZ, trimetazidine. Source: Muszynski P., Bonda T.A. Mitochondrial
dysfunction in atrial fibrillation mechanisms and pharmacological interventions. J. Clin. Med. 2021
May 28, 10, 2385 [doi: 10.3390/jcm10112385] [PMID: 34071563] [PMCID: PMC8199309].

3.2.3. Damage to Mitochondrial DNA

With the aging process and accumulation of exogenous stress, as in the case of AF, free radicals
and ROS can overload the antioxidant system, damaging cellular structures such as lipids, proteins,
and DNA [28,71]. Increased OS makes mitochondrial DNA (mtDNA) susceptible to damage and
mutations owing to its inadequate and ineffective repair ability during replication. This leads to the
progressive accumulation of damage to mtDNA, which is significantly higher in patients with AF
than those with sinus rhythm [71]. The hypothesis for this finding is related to managing intracellular
calcium levels. Owing to the high amount of Ca?" in the cytoplasm, mitochondria absorb large
amounts of this ion to maintain intracellular ion homeostasis. This accumulation of calcium in the
mitochondrial matrix of heart cells of patients with AF can alter the potential of the mitochondrial
membrane, promoting the reduction of ATP synthesis, excessive production of ROS, inhibition of
antioxidant mechanisms, and damage to lipids, proteins, and DNA [30,54,71]. In parallel with the
levels of oxidative lesions, patients with AF present cardiomyocytes with a higher content and mass
of mtDNA, increased synthesis of mitochondrial respiratory enzymes, and increased proliferation of
mitochondria, both in bodily tissues under OS and in the affected tissues of patients with
mitochondrial myopathies [32,55]. This high number of mtDNA copies may result from a
compensatory feedback mechanism owing to an impaired respiratory chain [71].

A study conducted by Lin et al. identified a series of accumulated oxidative lesions in the atrial
muscle mtDNA of patients with AF, with the deletion of 4977 mtDNA base pairs being the most
relevant and significantly found in patients with AF. This was accompanied by higher levels of 8-
OHJG, a modified nucleic acid that is an essential indicator of oxidative DNA damage. In addition,
the activity of mitochondrial complexes I and II decreases considerably, whereas that of complex V
increases in patients with AF, accompanied by an increase in superoxide production. Owing to acute
OS and excessive accumulation of Ca?* in mitochondria, mtDNA is rapidly damaged, resulting in
mitochondria with impaired bioenergetic functions, especially in mitochondrial complexes I and II.
This generates an excellent production of ROS in the atrial muscles of patients with AF. Despite a
compensatory mechanism involving the activity of oligomycin-sensitive ATPase, the compensatory
production in mitochondria is not practical for reducing OS. It accelerates the cycle of oxidative
damage in various cellular components, with an emphasis on mtDNA. Although some mtDNA
repair enzymes can mitigate damage, most defective mtDNA molecules can escape repair and
degradation processes, resulting in progressive accumulation of oxidative damage [28,32,55,71].

3.2.4. Aging and Comorbidities

The systemic conditions of the human body - the presence of hypertension, HF, DM, and obesity
- predispose patients to the most varied clinical situations and associated comorbidities, including
arrhythmias, such as AF [72,73]. Therefore, aging is one of the most relevant risk factors for the onset
of AF, as it correlates with increased oxidative damage [30,36,38]. With increasing age, certain
conditions can favor this clinical condition, such as DNA deletions, fibrosis, hypertrophy, and
electrical and structural cardiac remodeling [32,36]. In addition, aged heart muscles usually
experience calcium overload, which influences the process of electrical remodeling, as calcium has a
central influence on cell-cell adherence [27]. Obesity, in turn, is a systemic condition that can induce
the appearance of AF by direct mechanisms - infiltration of adipocytes in the atrial heart muscle - and
indirect mechanisms — an increase in pro-inflammatory cytokines and a change in the
characterization of macrophages from M2 to M1, favoring inflammation [34].
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3.3. NF-xB

AF-associated tachycardia triggers mitochondrial dysfunction and OS, which induces pro-
inflammatory pathways through inflammasome activation involving NF-«B, caspase-1, and NLRP-3
[28,54]. The activation of the NF-kB signaling pathway is accompanied by the induction of the
expression of the target genes of NF-«B in the atrial tissue, as shown in Figure 6 [54, 74].

Figure 6. The mechanisms regulated by HSPs in atrial fibrillation. Intracellular HSP70s and HSP60
participate in autophagy, ER-stress, and oxidative stress reactions, exerting antioxidative and
antiapoptotic effects and preventing atrial remodeling. However, when released into the
extracellular matrix in a free state, HSP60 and HSP70 bind to TLRs on the surface of the membrane
to induce inflammatory responses by activating the MyD88/NF-«kB pathway. HSP, heat shock
protein; UPR, unfolded protein response; GRP78, glucose-regulated protein 78; elF2a, a-subunit of
eukaryotic initiation factor 2; ATF4, activating transcription factors 4, CHOP, CCAAT/enhancer-
binding protein homology protein; IP3R1, inositol 1,4,5-trisphosphate receptors; VDACI, voltage-
dependent anion channel-1; SOD, superoxide dismutase; AIF, apoptosis-inducing factor; eEF2,
eukaryotic elongation factor 2, NF-«B, nuclear factor kappa B, TLR4, Toll-like receptors 4.
Source: Liu D.; Han X.; Zhang Z.; Tse G.; Shao Q.; Liu T. Role of heat shock proteins in
atrial fibrillation: From molecular mechanisms to diagnostic and therapeutic
opportunities. Cells 2022 Dec 30, 12, 151 [doi: 10.3390/cells12010151] [PMID: 36611952]
[PMCID: PM(C9818491].

Compared with patients with sinus heart rthythm, the atrial tissue of patients with AF shows a
significant increase in carbonylated proteins, a decrease in the content of tissue-free thiols, and
increased nuclear presence of NF-kB. In addition, the expression of NF-«B target genes, such as lectin-
like oxidized LDL receptor-1, ICAM-1, and heme oxygenase-1, is increased in patients with AF, with
a more pronounced elevation during fibrillation. Heme oxygenase-1, a redox-sensitive induction
protein, plays a role in cytoprotection against OS. Simultaneously, excess lectin-like oxidized LDL
receptor-1 contributes to increased superoxide production and adhesion molecule expression,
resulting in an ascending regulatory process [54].

In addition, an increase in NF-«B inhibitor alpha (IxBa) phosphorylation was observed, a crucial
regulatory step in NF-«xB activation. This phosphorylation directs the IxkBa to polyubiquitination
and subsequent degradation mediated by the proteasome. The release of IxkBa exposes the NF-«B's
nuclear location signal, facilitating its translocation. Intracellular increases in calcium and ROS trigger
an immediate response of the transcription factor NF-kB. Additionally, OS mediates the
prothrombotic response to target genes by activating NF-xB signaling [54].

4. Conclusions

Currently, the treatment of AF mainly involves anticoagulation and therapies to control the heart
rate or rhythm. The choice between these therapeutic approaches for specific patient groups remains
debatable. In addition, attention has been focused on modifiable risk factors, emphasizing underlying
cardiovascular diseases, comorbidities, and their relationship with AF.

Therefore, understanding the biomolecular mechanisms underlying AF pathophysiology is
paramount for advancing research and developing new therapeutic modalities. An in-depth study of
these mechanisms provides a solid basis for identifying specific therapeutic targets that can be
targeted more accurately and effectively to control symptoms and address the underlying causes of
arrhythmia. A better understanding of the biomolecular mechanisms of AF will enable the
exploration of new therapeutic approaches, including the development of targeted drugs, genetic
therapies, and innovative treatments. In addition, it helps optimize existing interventions, making
them more targeted and personalized to meet the needs of specific patients.

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/xxx/s1, Table S1: Main outcomes of selected studies.
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