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Abstract

:

To date, worldwide, atrial fibrillation is the most common cardiovascular disease in adults, with a prevalence of 2% to 4%. The trigger of the pathophysiological mechanism of arrhythmia includes several factors that sustain and exacerbate the disease. Ectopic electrical conductivity, associated with the resulting atrial mechanical dysfunction, atrial remodeling, and fibrosis, promotes hypo-contractility and blood stasis, involving micro endothelial damage. This causes a significant local inflammatory reaction that feeds and sustains the arrhythmia. In our literature review, we evaluate the role of HMGB1 proteins, heat shock proteins, and S100 in the pathophysiology of atrial fibrillation, offering suggestions for possible new therapeutic strategies. We selected scientific publications on the specific topics “alarmins” and “atrial fibrillation” from PubMed. The nonsystematic review confirms the pivotal role of molecules such as S100 proteins, high-mobility group box-1, and heat shock proteins in the molecular pattern of atrial fibrillation. These results could be considered for new therapeutic opportunities, including inhibition of oxidative stress, evaluation of new anticoagulant drugs with novel therapeutic targets, molecular and genetic studies, and consideration of these alarmins as predictive or prognostic biomarkers of disease onset and severity.
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1. Introduction


Atrial fibrillation (AF) is the most common cardiac arrhythmia in the world, with an estimated prevalence of 2 to 4% [1]. It is defined as supraventricular tachyarrhythmia with uncoordinated atrial electrical activation, which results in chaotic and irregular activation of atrial pacemaker cells and thus ineffective mechanical contraction of the atrial chambers [2]. Advanced age is one of the independent risk factors, correlated with multiple disorders such as diabetes, hypertension, heart failure, obesity, and obstructive sleep apnea syndrome (OSAS) [3]. Because of the aging of the global population, it is expected to be more prevalent in individuals aged over 65 by 2060 [4,5]. The interaction of distinct factors, such as inflammation, structural remodeling, fibrosis, and ion-channel dysfunction, guarantees the onset of a complex pathophysiological mechanism that starts atrial fibrillation and worsens structural and electrical changes in the atria [2]. The generation of quick multiple ectopic electrical pulses is able to start and sustain irregular electrical activity of atrial fibrillation. The most common locations of occurrence of ectopic foci are the pulmonary veins, whose isolation is the cornerstone of catheter ablation procedures [6,7], and less commonly the interatrial septum, coronary sinus, and superior vena cava [8,9]. These electrical alterations also help the AF-associated hypercoagulable state. Failed electrical regularity and excessive ectopic contractility antagonize local atrial hypo contractility, increasing endothelial expression of plasminogen activator inhibitor (PAI-1) [10], contributing to clot generation. Various diseases are risk factors for the occurrence of AF, such as hypertension [11], heart failure [12] and diabetes [13,14]. Their common factor is represented by the inflammatory state involved in each of these disorders, which plays a key role in the pathophysiology of AF by mediating the production of cytokines and reactive oxygen species that can increase the disease state, fibrosis, and atrial remodeling [15]. Hypo contractility, as well as blood stasis, promotes the development of endothelial microdamage, which attracts the migration and infiltration of several cells of the innate immune system, including macrophages and leukocytes. This mechanism damages the atrial architecture, promoting an inflammatory process, remodels the walls of the atrium, fostering fibrous tissue growth and destroying cardiomyocytes, thus increasing the local inflammatory response and helping the expression of endothelial adhesion molecules and inflammatory cytokines [16,17]. Alarmins represent a group of endogenous molecules characterized by multiple functions. They can be classified into three categories: (1) granule-derived, as α- and β-defensins, cathelicidin (LL37/cathelicidin-related antimicrobial peptide (CRAMP), eosinophil-derived neurotoxin (EDN) and granulysin; (2) nuclear form, including HMGB-1, HMGN1, IL-33, and IL-1α; (3) cytoplasmic, as heat shock proteins (HSP-60, -70, -90, and -96), S100 proteins, ATP and uric acid [18]. These intracellular proteins are generally released as inflammatory signal mediators and represent the first defense against infections, as well as during trauma and various metabolic, physical or chemical injuries [19,20]. Their release can attract additional inflammatory molecules, such as leukocytes, triggering a massive immune local response [21] and activating dendritic cells. Roh et al. [22] reported that alarmins and various damage-associated molecular patterns (DAMPS), such as HMGB1, S100 and HSP-70, play a key role in the pathogenesis of inflammatory diseases. Several studies have shown a key role for HMGB1, heat shock proteins and s100 proteins in AF physiopathology. In our review, we showed how alarmins are very often involved in the inflammatory mechanism underlying AF disease. In this process, the involvement of various inflammatory markers is established in the literature [23,24]. Taken this into account, we performed a non-systematic review about the role of HMGB1, heat shock proteins and S100 alarmins in the pathophysiological mechanisms of AF, hypothesizing their role as potential novel therapeutic targets for arrhythmia.




2. Methods


The search was conducted on PubMed and limited to the articles published until 15 June 2022. We used the following MeSH terms: “S100”, “HMGB1”, “heat shock proteins”, “IL-33”, “IL-1a”, “defensins”, “ropocamptide”, and “atrial fibrillation”. We selected articles by title and abstract; the entire article was read in case the title/abstract indicated that the association between atrial fibrillation and alarmins had been evaluated. We decided to exclude the following alarmins because we found no results: IL-1α, IL-33, ropocamptide, and defensins. Articles were included in our review based on the following inclusion criteria: English language, publication in peer-reviewed journals. Articles were excluded according to the title, abstract or full text for irrelevance to the topic at hand. Other exclusion criteria were review articles, meta-analyses, editorial comments, case reports, and non-English articles. Three authors (L.O., M.G., D.T.) conducted the initial search and separate review, selecting articles according to the inclusion and exclusion criteria. Finally, we included studies dealing with molecular, animal and human targets.




3. Results and Discussion


Overall, 31 articles dealt with the association between AF and HMGB1, S100 and heat shock proteins, as displayed in Table 1, Table 2 and Table 3, respectively.



3.1. HMGB-1 and Human Studies


High-mobility group box-1 (HMGB1) protein, also called amphoterin, is an alarmin named for its high electrophoretic mobility. HMGB1, encoded by a gene located on chromosome 13q12, is a non-histone structural chromatin-binding protein with 215 amino acids and a molecular weight of 25 kDa. The protein contains two homologous proximal DNA-binding domains, called A-box (9–79 aa) and B-box (95–163 aa), and a C-terminal acidic tail (186–215 aa) with repeated glutamic and aspartic acid residues. Two nuclear localization signals (NLS1 and NLS2) and two nuclear export signals (NES) drive the translocation of HMGB1 from the nucleus to the cytoplasm. The localization of HMGB1 is pivotal for its function and plays a key role in acute and chronic inflammation, with effects in several diseases [54]. HMGB1 is located in the nucleus, cytosol, or extracellular space, where it is passively released from lytic cell death or actively secreted by viable cells. Under physiological conditions, HMGB1 is anchored in the nucleus. When HMGB1 is released, it modulates cellular stress responses and inflammation [55]. Several studies confirmed a key role of HMGB1 in AF (Figure 1). Qu et al. showed the higher incidence of postoperative AF in patients with rs2249825 polymorphism of HMGB1 protein receiving elective cardiac surgery (CABG). High levels of HMGB1 protein were related with genotype CG + GG versus genotype CC [56]. Recent onset postoperative AF is one of the most common complications after cardiac surgery [31]. The injury triggers a local inflammatory response that results in elevated serum concentrations of inflammatory biomarkers. This could represent a close correlation between oxidative stress and HMGB1; as the first increases, so does the second one. Such a concept would open possibilities for anti-AF therapies accurately targeting the inflammatory state underlying the pathology. Higher concentrations of tissue factor (TF) and HMGB1 protein were found in the left atrial appendage (LAA) tissue of 45 patients with AF and thrombosis receiving surgical valve replacement for rheumatic disease, compared with patients without thrombosis. This study showed a linear correlation of HMGB1 with TF, myeloid differentiation factor 88 (MyD88) and nuclear factor kB (NfkB) [57]. It was also shown that high levels of oxidative stress proteins, such as malondialdehyde and hsCRP, are positively correlated with HMGB1 levels in AF patients. HMGB1 protein, in association with TF, plays a key role in the downstream regulation of MyD88/NfkB, suggesting that HMGB1 could cause thrombosis through the MyD88/NfkB pathway. The relationship between HMGB1 and thrombogenesis is carried out through the RAGE, TLR4 and MyD88 pathways, with activation of platelets (TLR-4, TLR-2), determining thrombosis in LAA. Another study suggests evidence for immune-mediated platelet activation (TRL-2, TRL-4 and HMGB1 protein) in the left atria of patients with AF, in which Toll-like receptor 2 and Toll-like receptor 4 were higher in persistent AF, which could suggest the hypothesis that the role of HMGB1 in atrial thrombogenesis in AF patients could be via TLR-2 and TRL-4 [32]. As is well known, the cardio-embolic risk caused by AF is the basis of the therapeutic pathway with the aim of reducing stroke incidence [33]. While macroscopically, atrial noncompliance, atrial remodeling and fibrosis, and blood stasis may be causes, HMGB1 appears to independently control high thrombogenic activity in patients with AF and plays a key role in the thrombogenic process. This suggests a new role for HMGB1 in thrombogenesis in AF patients and new potential goals for future anticoagulant therapies. Increasing the serum concentration of HMGB1 was achieved in 86 patients with paroxysmal AF and persistent AF. The serum concentration of HMGB1 was higher in persistent AF patients [58]. HMGB1 was discovered to have various functions within a molecular pathway. When it resides outside the cell, it is one of the most powerful signals of inflammation, mediated by the innate immune system; when it resides in the nucleus, HMGB1 binds and folds the DNA helix, with the purpose of protein formation and ensuring nuclear biochemical processes [30]. In our case, it appeared to be highly represented in patients with AF, correlating its concentration with that of MDA and HS-CRP, which represents another inflammatory protein. HMGB1 could be the amplifier of the inflammatory response with the recall of proinflammatory cytokines such as IL-1, tumor necrosis factor (TNF) and IL-6, which handle atrial remodeling and fibrosis, as well as in the onset of post-surgical AF. Moreover, exactly where the inflammatory mechanism is continuous and constant, as in permanent AF, it seems to occur in higher concentrations than in the paroxysmal AF condition, as an independent predictor of AF.




3.2. S100 Protein and Human Studies


In this review, we also analyzed the role of the S100 proteins. Generally, S100s are calcium-binding proteins and modulators of various enzymatic activities, including differentiation, inflammation, proliferation, migration, apoptosis, Ca2+ homeostasis, and energy metabolism [59,60]. S100 proteins are a subfamily of EF-hand, calcium-binding proteins with integrated dimeric structure that can form higher-order oligomers [61]. They represent some of the major second messenger transducers of intracellular Ca2+ signals. They also play a significant role in the extracellular environment, which is pivotal in the innate immune response and activation of inflammation. Out of the 25 different S100 genes, only S100A7, S100A8, S100A9 and S100A12 have been identified as modulators of innate immunity. The family of S100 proteins is exceptionally large; to date, it appears that S100A4 and S100β are related to AF in the literature (Figure 2). Scherschel et al. showed higher concentrations of S100β protein in AF patients undergoing catheter ablation. Neuronal injury by the intrinsic cardiac autonomic nervous system (ICSN) upon catheter treatment released damage-associated molecular pattern proteins (DAMPs) as S100β protein. In vitro studies dealing with murine intracardiac neurons showed that S100β decreased potential action and increased neuronal cell growth [62]. This confirms its well-known role as an inflammatory biomarker. At the same time, the trophic role of S100β was also shown, which, released from glial cells through the RAGE receptor, would be able to regenerate peripheral cardiac nerves. Moreover, at 6 months after surgery, patients had fewer recurrences of AF. This would demonstrate a high protective role of the molecule in the onset of AF and could reveal its crucial role as a predictor marker of disease. Kato et al. showed that, in the atrial tissue of AF patients (paroxysmal AF, persistent AF) undergoing left atrial appendectomy during cardiac surgery, extension of atrial fibrosis was related with the amount of S100A4 protein [27]. Another novel therapeutic approach to prevent atrial remodeling could be to evaluate S100A4 protein, known as fibroblast specific protein 1 (FSP1), related to endothelial–mesenchymal transition of endothelium atrial cells and with the amount of fibrosis and atrial size. It was demonstrated that high concentrations of this molecule positively correlated with fibrotic depositions in the left atrium and atrial size. [30]. Scherschel et al. [26] showed high levels of S100β protein in paroxysmal AF patients undergoing pulmonary vein isolation (PVI) with different techniques, either radiofrequency (RF) or cryoballoon (CB), confirming its role as a biomarker of neurological damage. A study of 243 patients showed that AF patients had high levels of cerebral injury-related circulation proteins, such as TAU protein, astrocyte-specific glial acidic fibrillary protein (GFAP), and growth differential factor 15 (GDF15), but no calcium-binding protein B S100β [29]. Sramko et al. [28] evaluated S100B concentrations in patients with atrial fibrillation after catheter ablation who underwent brain MRI before and after the procedure. They investigated whether detection of ablation-related brain damage could be improved by assessment of S100B protein, a biomarker of brain damage. Very high values were recorded immediately after the procedure in patients with permanent atrial fibrillation; moreover, they appeared to be directly related to atrial size. The analysis of these two studies led to the evaluation of S100β as a biomarker that is extremely sensitive to cardiac damage but not specific to brain damage. More importantly, this protein is an early marker of blood–brain barrier opening that may precede neuronal damage, possibly influencing future therapeutic strategies. Furthermore, high concentrations of S100β are indicators of recent brain damage and predictors of adverse pathology outcome or possible diagnostic means to differentiate extensive from minor and transient damage [25].




3.3. Heat Shock Proteins and Human Studies


Heat shock proteins (HSPs) are molecular chaperones that are key to the preservation of cellular functions by preventing misfolding and aggregation of polypeptides and facilitating protein folding. The main function of HSPs is to serve as molecular chaperones, which are necessary for the folding of newly synthesized proteins and for the protection of proteins during exposure to stressful situations, including heat shock. Different cellular sites, such as the cytosol, endoplasmic reticulum, and mitochondria, have specific HSPs to meet their requirements [63]. In our review of the literature, heat shock proteins were shown to be the most studied proteins in the field of AF. We analyzed 11 human studies, eight animal studies, and two cell studies. In this section, we will show the results obtained on humans. Mandal et al. [64] recruited 80 patients undergoing elective coronary artery bypass surgery and showed that intracellular, but not serum, HSP70 levels were negatively correlated with post-operative AF, showing higher concentrations in patients not developing arrhythmia. With the aim of understanding whether the development of postoperative AF was related to different concentrations of atrial myocardium HSP70, Rammos et al. [37] demonstrated that patients with low preoperative HSP70 levels in the atrial myocardium had a significantly higher incidence of postoperative AFIB. In addition, patients without rhythm disturbances had significantly higher preoperative cellular HSP70 expression than patients with AFIB. However, HSP70 presence did not correlate with the time of AFIB onset, nor the duration or the resistance of AFIB reversal to different administered medications. Underlying this result would be the protective antiarrhythmic role of the molecule. This is explained by the fact that intracellular HSP70 and serum HSP70 play separate roles. It would have a protective role only inside the cell, losing this function when released into the serum. Demidov et al. [35] confirmed the cardioprotective role of HSP70 in humans, examining correlations between HSP70 levels in the patients’ hearts and the blood markers of cardiomyocyte alteration. Conversely, concentrations of soluble HSP70 may be a marker of stress-induced cellular damage, not correlating with intracellular levels. Pizon et al. [65], comparing the plasma HSP70 concentrations in eight men undergoing procedures with CPB (CABG group, coronary artery bypass) and eight men undergoing off-pump surgery (OPCAB group), showed that cardiopulmonary bypass (CPB) leads to an increase in circulating HSP70. In the CABG group, a gradual, continuous increase in the plasma concentration of HSP70 was observed during surgery, with the maximum peak 1 h after surgery, in clear contrast with the OPCAB group, in which a small, but not statistically significant, increase in HSP70 was found 1 h after surgery. In both groups, higher postoperative values were found for circulating HSP70 among patients with AF compared with the non-AF group. In line with earlier reports, Rigopoulos et al. [66] demonstrated a correlation between circulating serum HSP70 and the inflammatory cytokines serum interleukin-2 (sIL-2) and serum interleukin-4 (sIL-4) (Figure 3) with cardioversion and AF recurrence within 1 year. Among 90 patients with ROAF and 30 controls, it was found on the one hand that sHSP70 and sIL-2 were higher in patients with AF, while on the other hand, sIL-4 showed lower concentrations than in controls. Moreover, patients who did not undergo cardioversion showed high levels of inflammatory cytokines. From this, we conclude that serum HSP70 may have a key role as a prognostic marker of AF recurrence. A prognostic role in AF development can also be suggested for serum anti-HSP70 concentration. Among 45 patients admitted to the hospital for elective coronary artery bypass graft (CABG) surgery, Oc et al. demonstrated the association of circulating anti-HSP70 antibodies before and after surgery with postoperative AF [67]. Kornej et al. [42], with the aim of analyzing the association between HSP70, anti-HSP70 antibodies and their changes after catheter ablation of AF, found that anti-HSP70 antibody levels were associated with the type of AF; patients with persistent AF had higher anti-HSP70 antibody titers than their counterparts with paroxysmal AF, and both HSP70 and anti-HSP70 increased after ablation injury. In addition, longer ablation times with higher energies would correspond to an increase in both molecules. Furthermore, the increase in HSP70 and anti-HSP70 antibodies was associated with higher frequency of AF recurrence 6 months after the procedure. These results lead to the hypothesis of a possible, crucial role not only of inflammation, but also of autoimmunity, in the development of AF, triggering the question: what if AF could be an autoimmune disease? This is an intriguing observation already posed in the literature, where evidence would explain the occurrence of this kind of arrhythmia in patients with autoimmune diseases (Graves’ disease, rheumatic diseases, etc.) [44]. A high concentration of HSP70 represented a cellular stress response and an adaptive reaction to chaotic muscle activity [68,69]. It was shown that mortalin, mitochondrial heat shock protein 70 (mhsp70), an essential component of the mitochondrial import machinery, was 2.19-fold increased in its content in the atrial myocardium of patients with chronic AF, compared with patients with sinus rhythm. Afzal et al. [36] showed that the presence of methionine at the position 493 (493Thr) substitution in the HSP 70-Hom gene, coding for the HSP70 protein, located on chromosome 6p21.3 [43], was correlated with a higher incidence of postoperative AF, independent of other risk factors. Allende et al. [70] performed a microarray analysis in the peripheral blood cells of eight AF and stroke patients and eight AF subjects without stroke, discovering a stroke-related gene expression pattern. They found that HSPA1B, which encodes for the 70 kDa protein (Hsp70), resulted from a down-regulated gene in stroke individuals, thus reaching the definitive conclusion that down-regulation of Hsp70 actively plays a role in the cardio-embolic stroke pathogenesis. These results, in agreement with earlier findings, suggest a cytoprotective and antiarrhythmic role of the HSP70 protein. More studies could be conducted on the genetic mechanisms underlying AF, thus facilitating new management strategies for these patients. In addition, the involvement of these molecules also in hypercoagulability opens up possible therapeutic scenarios for new targets of anticoagulant therapies. In agreement, in a sub-analysis of the RIP-Heart study [49], it was decided to evaluate, through a genome-wide association study (GWAS), the correlation between genetic variants and the risk of occurrence of postoperative cardiologic diseases, including AF. The study, conducted on 1170 patients, showed that single nucleotide polymorphisms (SNP) of some loci, including that of HSPA8, are associated with new-onset AF in the postoperative setting. Other heat shock proteins have been evaluated in the literature. Marion et al. [52] evaluated the relationship between serum HSP levels and the presence of AF, stage of AF, and AF recurrence after electro cardioversion (ECV) or pulmonary vein isolation (PVI). Serum HSP-27, HSP-70, cvHSP and HSP-60 levels did not differentiate between AF stages and controls in sinus rhythm. However, HSP27 levels were increased during follow-up in patients with AF recurrence after ablative therapy, and this may lead to consideration of this marker as a predictor of disease. Finally, Brundel et al. [53] found a protective role of HSP27 in AF, demonstrating that upregulation of this protein by an induced injury, such as mild heat shock or by the drug geranylgeranyl acetone (GGA), protectively attenuates the induced myolysis and thus prevents electrical and structural remodeling. Moreover, HSP27 expression levels seem to be inversely correlated with the duration of arrhythmia and the extent of myolysis in paroxysmal and persistent AF.




3.4. Heat Shock Proteins and Animal Studies


According to our literature search, animal studies provided contradictory results on the supposed protective role of HSP70 in AF. Extensive evidence confirms that ischemic heart disease is a major trigger for the onset of AF [38,71,72]. In this regard, Sakabe et al. [73] demonstrated that overexpression of HSP70 has a protective role in the development of AF. In that study, they analyzed the effects of geranylgeranylacetone (GGA), an orally active inducer of HSP, on the development of AF on the substrate of atrial fibrillation associated with acute atrial ischemia in four groups of mongrel dogs. The authors thus demonstrated that GGA prevents ischemia-induced atrial conduction abnormalities and suppresses AF, and thus suggested that HSP induction could be a useful new anti-AF intervention for patients with coronary artery disease. Cross-referencing these two variables, it was observed that GGA-treated dogs were more resistant to the development of AF in both modalities, independently of undergoing atrial ischemia or not. This is related to the demonstrated overexpression of HSP70, which appears to have a protective role against ventricular myocardial ischemic insults and against AF. These findings would suggest that orally administered agents that induce the expression of HSP may be protective against some forms of AF in patients with coronary artery disease. In contrast to the previously mentioned study, a study by Vitadello et al. [39] did not find a cardiac protective role for HSP70 in fibrillating goat hearts. The authors observed that GRP94 levels were elevated in fibrillating goat atrial myocytes compared with normal atria and returned to control levels in atrial myocardium from cardioverted goats. Wakisaka et al. [34] confirmed the protective role of heat shock protein 72 (HSP72). They showed that overexpression of HSP72 induced by hyperthermia has a protective role against AF both in cell and in vivo. This was performed using Angiotensin II in rat fibroblasts and cardiomyocytes, knowing the profibrotic effects responsible for the development of AF. With the use of hyperthermia, they achieved overexpression of HSP72 and observed that the incidence of arrhythmia was lower where HSP72 was elevated. To confirm, they used a siRNA targeted to HSP72 in cells subjected to angiotensin II, and, with the reduction in HSP72 levels, a decrease in the antifibrotic effect was seen. In vivo, the use of repeated hyperthermia led to induction of HSP72 expression, resulting in attenuation of induced left atrial fibrosis and playing a key role in preventing atrial fibrosis and AF where Angiotensin II was involved. In their study, Li et al. [40] analyzed, on mouse cells, the kv 1.5 channel, which defines ultra-rapid delayed-rectifier potassium current (IKur), encoded by the KCNA5 gene, and Carboxyl-terminus heat shock cognate 70-interacting protein CHIP, E3 ubiquitin ligase composed of several components including HSC70. CHIP protein regulates the level of Kv1.5 protein and potassium channel function. The conclusions were that HSC70, which is an important part of CHIP, when downregulated, allows a higher incidence of AF than HSP70, the presence of which seems to be correlated with a lower incidence of AF, and this allows us to state that the expression of HSP70 seems to have a protective role in the development of AF in animals, as well. Completely contrasting hypotheses to the protective role of HSP70 in the literature have been advanced by Sapra et al. [47]. In a mouse model with HF and thus susceptible to AF, they studied the therapeutic potential of BGP-15, a hydroxamic acid derivative, which, when administered orally, induces HSP70 expression. It was observed that treatment with BGP-15 attenuated the increase in atrial size and lung weight, resulting in improved cardiac function, left ventricular size and systolic function, reduced cardiac fibrosis and collagen deposition; moreover, treatment with BGP-15 for 4 weeks was able to prevent or reduce arrhythmia episodes in the cohort of treated transgenic mice compared with the control group of transgenic mice that had not received it. However, surprisingly, these benefits did not come from the induction of HSP70, which was actually not increased in concentration, but from insulin-like growth factor receptor 1 (IGF1R). Thus, the focus was shifted to IGF1R and its expression, because an increase was seen in BGP-15-treated mice, while it was also observed that even in the absence of HSP70, cardiac fibrosis, molecular markers associated with cardiac pathology, and collagen deposition, were reduced. In light of this, the study suggested that HSP70 does not play a role in protecting against the development of atrial fibrosis, and this contradicts the studies seen to date. The study of AF extends to the nuclear pore complex, thanks to Zhang et al. [45], who for the first time identified the mutation in the NUP155 gene, which encodes a member of the nucleoporins—components of the nuclear pore complex (NPC)—as the cause of arrhythmia onset. Homozygous NUP155/mice die earlier than heterozygotes with the AF phenotype. This mutation is associated with inhibition of HSP70 mRNA export and nuclear import of HSP70 protein. Thus, although indirectly, the protective role of HSP-70 was confirmed. The genetic basis of AF could thus provide insights for new therapeutic and diagnostic approaches. In another study, the authors showed the protective role of HSP70 protein and atrial fibrillation in four groups of mice with cardiomyopathy (CM). HSP70 protein was higher in acute and stressful conditions such as CM, ischemia and induced atrial fibrillation. In particular, HSP70 was higher in the group with both CM and AF. However, a statistical correlation between AF inducibility rates and HSP70 in CM was not found in this study because AF in CM is induced by fibrosis involved in atrial remodeling [41]. In fact, Bernardo et al. [46] proved that chronically higher levels of HSP70 in a transgenic mouse model with heart failure and AF due to overexpression of muscle-restricted coiled-coil (MURC) did not improve reverse cardiac remodeling, fibrosis, and episodes of arrhythmia. Therefore, the overexpression of HSP70 had a protective role in stress condition such as ischemia and AF but showed no benefit in chronic cardiac disease.




3.5. Heat Shock Proteins and Cell Studies


Autophagy appears to be an important mechanism underlying atrial remodeling in AF. Wiersma et al. [48] proved that autophagy-induced endoplasmic reticulum (ER) stress perpetuates AF in a culture of HL-1 atrial cardiomyocytes, in Drosophila, in dogs, and in atrial biopsy specimens from patients with AF. The fascinating clinical implication of the discovery is that blockade of ER stress, by the chemical chaperone 4-phenylbutyrate (4PBA) and overexpression of the ER chaperone HSPA5, has been shown to inhibit activation of autophagy and thereby block electrical dysfunction and next atrial remodeling, in many in vitro and in vivo AF models. This may be a new therapeutic strategy, with a new molecular target, to limit the progression of AF, whereas, although indirectly, heat shock proteins cover a protective role for the disease. This is even more interesting when one considers that the molecular basis of many diseases triggering AF, such as diabetes mellitus, ischemic heart disease, and hypertension, derives precisely from endoplasmic reticulum stress [51,74,75,76]. Thus, a pleiotropic role of the 4-phenylbutyrate inhibitor, already approved for clinical use in urea cycle disorders, could be hypothesized. Han et al. [77] showed that laminin A/C nuclear mutation was associated with AF. The authors extracted the LMNA gene in a group of 610 patients with AF. They showed that the LMNA p.Arg399Csy mutation could be involved in the pathogenesis of AF. Nevertheless, p.Arg399csy mutation compromised the integrity of the nucleus under stress. Lamin A mutation replacement interaction of nucleoporin NUP 155, whose mutation is associated with familial AF, as described above. This weak linkage between p.Arg399Cys Lamin A mutation and NUP 155 is involved in alteration of HSP70 mRNA export and HSP70 protein import. In fact, immunostaining showed that the level of HSP70 was lower. Finally, the authors showed that LMNA mutation reduced a sodium current with alteration of the non-ion-channel gene. This complex mechanism could be involved in another pathogenesis of AF.





4. Conclusions and Future Perspectives


In summary, the link between alarmins and the pathophysiological mechanism of atrial fibrillation is clear and well known in the literature. The next level to be addressed could consider HMGB1, heat shock proteins and S100 proteins as new therapeutic targets for future medicine. We have seen an almost direct correlation between HMGB1 and oxidative stress in the inflammatory process of AF. This could allow HMGB1 to be evaluated as a possible diagnostic and prognostic biomarker of tissue damage. Wu et al. observed that HMGB1 is higher in patients with permanent AF, because they experienced a continuous inflammatory tissue damaging impulse. Therefore, we can consider HMGB1 as a prognostic factor of arrhythmia. The greatest risk of AF is stroke. From early studies, management of anticoagulation therapy has been the cornerstone along with rate control therapy [50,78]. There has been a shift, except for some conditions, from vitamin K inhibitors to new oral anticoagulants targeting factor X (rivaroxaban, apixaban, edoxaban) and factor IIa (dabigatran), each with their respective dosages [2,79]. To date, the literature has shown a prothrombotic and pro-coagulative role of HMGB1, increased in patients with AF and atrial thrombosis. Therefore, another therapeutic approach could consist precisely in an upcoming HMGB1-blocking anticoagulant therapy. Research on S100β was also in line with what was already known about the molecule. S100β appears to be increased in circulation in patients with AF after ablation injury or after pulmonary vein isolation surgery. Moreover, its behavior seems to be inversely proportional to recurrence. It would be useful to evaluate its use as an inflammatory biomarker of disease state. Furthermore, hypothesizing the protective role against recurrence, it could also be considered as a possible prognostic marker. This protein is an early marker of blood–brain barrier opening that may precede neuronal damage; indeed, it has been shown to be extremely sensitive to cardiac damage but not very specific to brain damage. In addition, high concentrations of S100β are indicators of recent brain damage. Thus, it becomes explicable as a predictor of adverse pathological outcomes or as a possible diagnostic means to differentiate extensive from minor and transient damage. This is a basis for the hypothesis of influencing future therapeutic and diagnostic strategies, such as evaluating its concentration as a possible indicator of brain damage, although not specific, and thus becoming a key point in risk stratification of patients. Finally, there is no shortage of the role of S100A4 as a predictor of disease state, the concentration of which seems to correlate with the state of fibrosis of the left atrium. In this case, one could then consider the molecule as a direct indicator of cardiac damage from arrhythmia and, perhaps with more in-depth studies, refer to target dosages that could fall within the objective criteria for identifying the anatomical damage of arrhythmia. In our review, the study of heat shock proteins in AF showed unique results in humans and cells but discordant results in animals. The contrast comes from the hypothesis of a protective role of HSP70 in the development of atrial fibrillation. In particular, many studies demonstrate its protective role when intracellular, at high concentrations in patients who do not develop arrhythmia after cardiac injury, such as bypass, and at low concentrations preoperatively in patients who later develop arrhythmia. At the serum level, on the other hand, it becomes an important marker of cellular damage and oxidative stress, also related to increased IL-2 AND IL-4. Could this, like S100β alarmin, also be considered a useful new parameter for stratifying the risk of developing AF? Even more intriguing is the hypothesis of considering AF as an autoimmune disease, if one looks at the results of Korney et al. in which both HSP-70 and antiHSP-70 antibodies were shown to be increased in two cases: (1) in patients with permanent atrial fibrillation; (2) in patients who developed recurrences after catheter ablation. These results can lead us to hypothesize a possible key role not only of inflammation, but also of autoimmunity in the development of AF, triggering the question: what if atrial fibrillation could be an autoimmune disease? Would it open possibilities for hypothetical monoclonal antibody therapies? Finally, if HSP70 is considered as a protective biomarker, novel oral therapies that induce gene expression of the molecule could also be investigated and better explored to protect against the development of arrhythmia, as has already been discussed above in animal models. With these fascinating opportunities, several hypotheses for use could be considered, including inhibition of oxidative stress, evaluation of different mechanisms of action of anticoagulant therapies, genetic studies, and consideration of these alarmins as predictive or prognostic biomarkers of disease onset or severity.







Author Contributions


Conceptualization, E.I. and G.M.; methodology, A.T.; software, M.G.-D.F.; validation, E.I., G.M. and S.G.; formal analysis, A.T.; investigation, L.O.; resources, M.G.-D.F.; data curation, D.T.; writing—original draft preparation, E.I.; writing—review and editing, G.M.; visualization, S.G.; supervision, S.G.; project administration, E.I.; funding acquisition, G.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are taken from previously published articles since this is a review of the current literature to date.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Benjamin, E.J.; Muntner, P.; Alonso, A.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.; Das, S.R.; et al. American Heart Association Council on Epidemiology and Prevention Statistics Committee and Stroke Statistics Subcommittee. Heart Dis. Stroke Stat. 2019 Update A Rep. Am. Heart Assoc. Circ. 2019, 139, e56e528. [Google Scholar]

	



Hindricks, G.; Potpara, T.; Dagres, N.; Arbelo, E.; Bax, J.J.; Blomström-Lundqvist, C.; Boriani, G.; Castella, M.; Dan, G.-A.; Dilaveris, P.E.; et al. 2020 ESC Guidelines for the diagnosis and management of atrial fibrillation developed in collaboration with the European Association for Cardio-Thoracic Surgery (EACTS): The Task Force for the diagnosis and management of atrial fibrillation of the European Society of Cardiology (ESC) Developed with the special contribution of the European Heart Rhythm Association (EHRA) of the ESC. Eur. Heart J. 2021, 42, 373–498, Erratum in: Eur. Heart J. 2021, 42, 507. [Google Scholar] [CrossRef] [PubMed]

	



Hart, R.G.; Pearce, L.; Aguilar, M.I. Meta-analysis: Antithrombotic Therapy to Prevent Stroke in Patients Who Have Nonvalvular Atrial Fibrillation. Ann. Intern. Med. 2007, 146, 857–867. [Google Scholar] [CrossRef]

	



Colilla, S.; Crow, A.; Petkun, W.; Singer, D.E.; Simon, T.; Liu, X. Estimates of Current and Future Incidence and Prevalence of Atrial Fibrillation in the U.S. Adult Population. Am. J. Cardiol. 2013, 112, 1142–1147. [Google Scholar] [CrossRef]

	



Krijthe, B.P.; Kunst, A.; Benjamin, E.; Lip, G.Y.; Franco, O.; Hofman, A.; Witteman, J.C.; Stricker, B.H.; Heeringa, J. Projections on the number of individuals with atrial fibrillation in the European Union, from 2000 to 2060. Eur. Heart J. 2013, 34, 2746–2751. [Google Scholar] [CrossRef] [PubMed]

	



Lau, D.H.; Linz, D.; Schotten, U.; Mahajan, R.; Sanders, P.; Kalman, J.M. Pathophysiology of Paroxysmal and Persistent Atrial Fibrillation: Rotors, Foci and Fibrosis. Heart Lung Circ. 2017, 26, 887–893. [Google Scholar] [CrossRef] [PubMed]

	



Lau, D.H.; Linz, D.; Sanders, P. New Findings in Atrial Fibrillation Mechanisms. Card Electrophysiol. Clin. 2019, 11, 563–571. [Google Scholar] [CrossRef]

	



European Heart Rhythm Association (EHRA); European Cardiac Arrhythmia Scoiety (ECAS); American College of Cardiology (ACC); American Heart Association (AHA); Society of Thoracic Surgeons (STS); Calkins, H.; Brugada, J.; Packer, D.L.; Cappato, R.; Chen, S.A.; et al. HRS/EHRA/ECAS expert Consensus Statement on catheter and surgical ablation of atrial fibrillation: Recommendations for personnel, policy, procedures and follow-up. A report of the Heart Rhythm Society (HRS) Task Force on catheter and surgical ablation of atrial fibrillation. Heart Rhythm. 2007, 4, 816–861. [Google Scholar] [CrossRef]

	



Bhatt, H.V.; Fischer, G.W. Atrial Fibrillation: Pathophysiology and Therapeutic Options. J. Cardiothorac. Vasc. Anesthesia 2015, 29, 1333–1340. [Google Scholar] [CrossRef]

	



Li, Q.; Lai, Y.; Gao, X.; Li, X.; Deng, C.-Y.; Guo, H.; Zhao, J.; Yang, H.; Xu, Y.; Wu, S.; et al. Involvement of plasminogen activator inhibitor-1 and its related molecules in atrial fibrosis in patients with atrial fibrillation. PeerJ 2021, 9, e11488. [Google Scholar] [CrossRef]

	



Yagi, S.; Akaike, M.; Aihara, K.-I.; Ishikawa, K.; Iwase, T.; Ikeda, Y.; Soeki, T.; Yoshida, S.; Sumitomo-Ueda, Y.; Matsumoto, T.; et al. Endothelial Nitric Oxide Synthase–Independent Protective Action of Statin Against Angiotensin II–Induced Atrial Remodeling via Reduced Oxidant Injury. Hypertension 2010, 55, 918–923. [Google Scholar] [CrossRef] [PubMed]

	



Harada, M.; Van Wagoner, D.R.; Nattel, S. Role of Inflammation in Atrial Fibrillation Pathophysiology and Management. Circ. J. 2015, 79, 495–502. [Google Scholar] [CrossRef] [PubMed]

	



Harada, M.; Nattel, S. Implications of Inflammation and Fibrosis in Atrial Fibrillation Pathophysiology. Card. Electrophysiol. Clin. 2021, 13, 25–35. [Google Scholar] [CrossRef] [PubMed]

	



Huxley, R.R.; Filion, K.B.; Konety, S.; Alonso, A. Meta-Analysis of Cohort and Case–Control Studies of Type 2 Diabetes Mellitus and Risk of Atrial Fibrillation. Am. J. Cardiol. 2011, 108, 56–62. [Google Scholar] [CrossRef] [PubMed]

	



Saito, S.; Teshima, Y.; Fukui, A.; Kondo, H.; Nishio, S.; Nakagawa, M.; Saikawa, T.; Takahashi, N. Glucose fluctuations increase the incidence of atrial fibrillation in diabetic rats. Cardiovasc. Res. 2014, 104, 5–14. [Google Scholar] [CrossRef]

	



Chen, G.; Chelu, M.G.; Dobrev, D.; Li, N. Cardiomyocyte Inflammasome Signaling in Cardiomyopathies and Atrial Fibrillation: Mechanisms and Potential Therapeutic Implications. Front. Physiol. 2018, 9, 1115. [Google Scholar] [CrossRef]

	



Van Linthout, S.; Miteva, K.; Tscho¨pe, C. Crosstalk between fibroblasts and inflammatory cells. Cardiovasc Res. 2014, 102, 25. [Google Scholar] [CrossRef]

	



Yang, D.; Han, Z.; Oppenheim, J.J. Alarmins and immunity. Immunol Rev. 2017, 280, 41–56. [Google Scholar] [CrossRef]

	



Rider, P.; Voronov, E.; Dinarello, C.A.; Apte, R.N.; Cohen, I. Alarmins: Feel the Stress. J. Immunol. 2017, 198, 1395–1402. [Google Scholar] [CrossRef]

	



Oppenheim, J.J.; Yang, D. Alarmins: Chemotactic activators of immune responses. Curr. Opin. Immunol. 2005, 17, 359–365. [Google Scholar] [CrossRef]

	



Chen, G.Y.; Nuñez, G. Sterile inflammation: Sensing and reacting to damage. Nat. Rev. Immunol. 2010, 10, 826–837. [Google Scholar] [CrossRef] [PubMed]

	



Roh, J.S.; Sohn, D.H. Damage-Associated Molecular Patterns in Inflammatory Diseases. Immune Netw. 2018, 18, e27. [Google Scholar] [CrossRef] [PubMed]

	



Karam, B.S.; Chavez-Moreno, A.; Koh, W.; Akar, J.G.; Akar, F.G. Oxidative stress and inflammation as central mediators of atrial fibrillation in obesity and diabetes. Cardiovasc. Diabetol. 2017, 16, 120. [Google Scholar] [CrossRef] [PubMed]

	



Packer, M. Characterization, Pathogenesis, and Clinical Implications of Inflammation-Related Atrial Myopathy as an Important Cause of Atrial Fibrillation. J. Am. Heart Assoc. 2020, 9, e015343. [Google Scholar] [CrossRef]

	



Marchi, N.; Rasmussen, P.; Kapural, M.; Fazio, V.; Kight, K.; Mayberg, M.R.; Kanner, A.; Ayumar, B.; Albensi, B.; Cavaglia, M.; et al. Peripheral markers of brain damage and blood-brain barrier dysfunction. Restor. Neurol. Neurosci. 2003, 21, 109–121. [Google Scholar]

	



Scherschel, K.; Hedenus, K.; Jungen, C.; Münkler, P.; Willems, S.; Anwar, O.; Klatt, N.; Eickholt, C.; Meyer, C. Impact of the ablation technique on release of the neuronal injury marker S100B during pulmonary vein isolation. EP Eur. 2020, 22, 1502–1508. [Google Scholar] [CrossRef]

	



Kato, T.; Sekiguchi, A.; Sagara, K.; Tanabe, H.; Takamura, M.; Kaneko, S.; Aizawa, T.; Fu, L.-T.; Yamashita, T. Endothelial–mesenchymal transition in human atrial fibrillation. J. Cardiol. 2016, 69, 706–711. [Google Scholar] [CrossRef]

	



Sramko, M.; Peichl, P.; Wichterle, D.; Tintera, J.; Maxian, R.; Weichet, J.; Knesplova, L.; Franekova, J.; Pasnisinova, S.; Kautzner, J. A Novel Biomarker-Based Approach for the Detection of Asymptomatic Brain Injury During Catheter Ablation of Atrial Fibrillation. J. Cardiovasc. Electrophysiol. 2013, 25, 349–354. [Google Scholar] [CrossRef]

	



Galenko, O.; Jacobs, V.; Knight, S.; Bride, D.; Cutler, M.J.; Muhlestein, J.B.; Carlquist, J.L.; Anderson, J.L.; Knowlton, K.U.; Bunch, T.J. Circulating Levels of Biomarkers of Cerebral Injury in Patients with Atrial Fibrillation. Am. J. Cardiol. 2019, 124, 1697–1700. [Google Scholar] [CrossRef]

	



Dumitriu, I.E.; Baruah, P.; Manfredi, A.; E Bianchi, M.; Rovere-Querini, P. HMGB1: An immmune odyssey. Discov. Med. 2005, 5, 388–392. [Google Scholar]

	



Echahidi, N.; Pibarot, P.; O’Hara, G.; Mathieu, P. Mechanisms, Prevention, and Treatment of Atrial Fibrillation After Cardiac Surgery. J. Am. Coll. Cardiol. 2008, 51, 793–801. [Google Scholar] [CrossRef] [PubMed]

	



Gurses, K.M.; Kocyigit, D.; Yalcin, M.U.; Canpinar, H.; Evranos, B.; Canpolat, U.; Yorgun, H.; Sahiner, L.; Guc, D.; Aytemir, K. Platelet Toll-like receptor and its ligand HMGB-1 expression is increased in the left atrium of atrial fibrillation patients. Cytokine 2018, 103, 50–56. [Google Scholar] [CrossRef] [PubMed]

	



Migdady, I.; Russman, A.; Buletko, A.B. Atrial Fibrillation and Ischemic Stroke: A Clinical Review. Semin. Neurol. 2021, 41, 348–364. [Google Scholar] [CrossRef]

	



Wakisaka, O.; Takahashi, N.; Shinohara, T.; Ooie, T.; Nakagawa, M.; Yonemochi, H.; Hara, M.; Shimada, T.; Saikawa, T.; Yoshimatsu, H. Hyperthermia treatment prevents angiotensin II-mediated atrial fibrosis and fibrillation via induction of heat-shock protein 72. J. Mol. Cell Cardiol. 2007, 43, 616–626. [Google Scholar] [CrossRef]

	



Demidov, O.N.; Tyrenko, V.V.; Svistov, A.; Komarova, Y.Y.; Karpishenko, A.I.; Margulis, B.A.; Leonidovich Shevchenko, Y. Heat shock proteins in cardiosurgery patients. Eur. J. Cardio-Thoracic Surg. 1999, 16, 444–449. [Google Scholar] [CrossRef]

	



Afzal, A.R.; Mandal, K.; Nyamweya, S.; Foteinos, G.; Poloniecki, J.; Camm, A.J.; Jahangiri, M.; Xu, Q. Association of Met439Thr Substitution in Heat Shock Protein 70 Gene with Postoperative Atrial Fibrillation and Serum HSP70 Protein Levels. Cardiology 2007, 110, 45–52. [Google Scholar] [CrossRef]

	



Rammos, K.S.; Koullias, G.J.; Hassan, M.O.; Argyrakis, N.P.; Voucharas, C.G.; Scarupa, S.J.; Cowte, T.G. Low preoperative HSP70 atrial myocardial levels correlate significantly with high incidence of postoperative atrial fibrillation after cardiac surgery. Cardiovasc. Surg. 2002, 10, 228–232. [Google Scholar] [CrossRef]

	



Hu, L.; Wang, Z.; Carmone, C.; Keijer, J.; Zhang, D. Role of Oxidative DNA Damage and Repair in Atrial Fibrillation and Ischemic Heart Disease. Int. J. Mol. Sci. 2021, 22, 3838. [Google Scholar] [CrossRef]

	



Vitadello, M.; Ausma, J.; Borgers, M.; Gambino, A.; Casarotto, D.C.; Gorza, L. Increased Myocardial GRP94 Amounts During Sustained Atrial Fibrillation. Circulation 2001, 103, 2201–2206. [Google Scholar] [CrossRef]

	



Li, P.; Kurata, Y.; Maharani, N.; Mahati, E.; Higaki, K.; Hasegawa, A.; Shirayoshi, Y.; Yoshida, A.; Kondo, T.; Kurozawa, Y.; et al. E3 ligase CHIP and Hsc70 regulate Kv1.5 protein expression and function in mammalian cells. J. Mol. Cell Cardiol. 2015, 86, 138–146. [Google Scholar] [CrossRef]

	



Min, T.J.; Jo, W.-M.; Shin, S.Y.; Lim, H.E. The protective effect of heat shock protein 70 (Hsp70) in atrial fibrillation in various cardiomyopathy conditions. Heart Vessel. 2014, 30, 379–385. [Google Scholar] [CrossRef] [PubMed]

	



Kornej, J.; Reinhardt, C.; Kosiuk, J.; Arya, A.; Hindricks, G.; Adams, V.; Husser, D.; Bollmann, A. Response of circulating heat shock protein 70 and anti-heat shock protein 70 antibodies to catheter ablation of atrial fibrillation. J. Transl. Med. 2013, 11, 49. [Google Scholar] [CrossRef] [PubMed]

	



Milner, C.; Campbell, R. Polymorphic analysis of the three MHC-linked HSP70 genes. Immunogenetics 1992, 36, 357–362. [Google Scholar] [CrossRef]

	



Gollob, M.H. Atrial fibrillation as an autoimmune disease? Heart Rhythm. 2013, 10, 442–443. [Google Scholar] [CrossRef]

	



Zhang, X.; Chen, S.; Yoo, S.; Chakrabarti, S.; Zhang, T.; Ke, T.; Oberti, C.; Yong, S.L.; Fang, F.; Li, L.; et al. Mutation in Nuclear Pore Component NUP155 Leads to Atrial Fibrillation and Early Sudden Cardiac Death. Cell 2008, 135, 1017–1027. [Google Scholar] [CrossRef] [PubMed]

	



Bernardo, B.C.; Sapra, G.; Patterson, N.L.; Cemerlang, N.; Kiriazis, H.; Ueyama, T.; Febbraio, M.A.; McMullen, J.R. Long-Term Overexpression of Hsp70 Does Not Protect against Cardiac Dysfunction and Adverse Remodeling in a MURC Transgenic Mouse Model with Chronic Heart Failure and Atrial Fibrillation. PLoS ONE 2015, 10, e0145173. [Google Scholar] [CrossRef]

	



Sapra, G.; Tham, Y.K.; Cemerlang, N.; Matsumoto, A.; Kiriazis, H.; Bernardo, B.C.; Henstridge, D.C.; Ooi, J.Y.Y.; Pretorius, L.; Boey, E.J.H.; et al. The small-molecule BGP-15 protects against heart failure and atrial fibrillation in mice. Nat. Commun. 2014, 5, 5705. [Google Scholar] [CrossRef]

	



Wiersma, M.; Meijering, R.A.M.; Qi, X.; Zhang, D.; Liu, T.; Hoogstra-Berends, F.; Sibon, O.C.M.; Henning, R.H.; Nattel, S.; Brundel, B.J.J.M. Endoplasmic Reticulum Stress Is Associated With Autophagy and Cardiomyocyte Remodeling in Experimental and Human Atrial Fibrillation. J. Am. Heart Assoc. 2017, 6, e006458. [Google Scholar] [CrossRef]

	



Westphal, S.; RIPHeart-Study Collaborators; Stoppe, C.; Gruenewald, M.; Bein, B.; Renner, J.; Cremer, J.; Coburn, M.; Schaelte, G.; Boening, A.; et al. Genome-wide association study of myocardial infarction, atrial fibrillation, acute stroke, acute kidney injury and delirium after cardiac surgery—A sub-analysis of the RIPHeart-Study. BMC Cardiovasc. Disord. 2019, 19, 26. [Google Scholar] [CrossRef]

	



Atwood, J.E.; Albers, G.W. Anticoagulation and atrial fibrillation. Herz 1993, 18, 27–38. [Google Scholar]

	



Bravo-San Pedro, J.M.; Kroemer, G.; Galluzzi, L. Autophagy and Mitophagy in Cardiovascular Disease. Circ. Res. 2017, 120, 1812–1824. [Google Scholar] [CrossRef] [PubMed]

	



Van Marion, D.M.S.; Lanters, E.A.H.; Ramos, K.S.; Li, J.; Wiersma, M.; Bulte, L.B.-T.; Muskens, A.J.Q.M.; Boersma, E.; De Groot, N.M.S.; Brundel, B.J.J.M. Evaluating Serum Heat Shock Protein Levels as Novel Biomarkers for Atrial Fibrillation. Cells 2020, 9, 2105. [Google Scholar] [CrossRef] [PubMed]

	



Brundel, B.J.; Henning, R.H.; Ke, L.; van Gelder, I.C.; Crijns, H.J.; Kampinga, H.H. Heat shock protein upregulation protects against pacing-induced myolysis in HL-1 atrial myocytes and in human atrial fibrillation. J. Mol. Cell Cardiol. 2006, 41, 555–562. [Google Scholar] [CrossRef] [PubMed]

	



Casciaro, M.; Gangemi, S.; Imbalzano, E.; Quartuccio, S.; Di Salvo, E.; Crea, T. Association between HMGB1 and asthma: A literature review. Clin. Mol. Allergy 2017, 15, 12. [Google Scholar] [CrossRef]

	



Taverna, S.; Tonacci, A.; Ferraro, M.; Cammarata, G.; Cuttitta, G.; Bucchieri, S.; Pace, E.; Gangemi, S. High Mobility Group Box 1: Biological Functions and Relevance in Oxidative Stress Related Chronic Diseases. Cells 2022, 11, 849. [Google Scholar] [CrossRef]

	



Qu, C.; Wang, X.-W.; Huang, C.; Qiu, F.; Xiang, X.-Y.; Lu, Z.-Q. High mobility group box 1 gene polymorphism is associated with the risk of postoperative atrial fibrillation after coronary artery bypass surgery. J. Cardiothorac. Surg. 2015, 10, 88. [Google Scholar] [CrossRef]

	



Xu, Q.; Bo, L.; Hu, J.; Geng, J.; Chen, Y.; Li, X.; Chen, F.; Song, J. High mobility group box 1 was associated with thrombosis in patients with atrial fibrillation. Medicine 2018, 97, e0132. [Google Scholar] [CrossRef]

	



Wu, Y.; Zhang, K.; Zhao, L.; Guo, J.; Hu, X.; Chen, Z. Increased serum HMGB1 is related to oxidative stress in patients with atrial fibrillation. J. Int. Med. Res. 2013, 41, 1796–1802. [Google Scholar] [CrossRef]

	



Donato, R.; Cannon, B.R.; Sorci, G.; Riuzzi, F.; Hsu, K.; Weber, D.J.; Geczy, C.L. Functions of S100 proteins. Curr. Mol. Med. 2013, 13, 24–57. [Google Scholar] [CrossRef]

	



Gonzalez, L.L.; Garrie, K.; Turner, M.D. Role of S100 proteins in health and disease. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2020, 1867, 118677. [Google Scholar] [CrossRef]

	



Kozlyuk, N.; Monteith, A.J.; Garcia, V.; Damo, S.M.; Skaar, E.P.; Chazin, W.J. S100 Proteins in the Innate Immune Response to Pathogens. Adv. Struct. Saf. Stud. 2019, 1929, 275–290. [Google Scholar] [CrossRef]

	



Scherschel, K.; Hedenus, K.; Jungen, C.; Lemoine, M.D.; Rübsamen, N.; Veldkamp, M.W.; Klatt, N.; Lindner, D.; Westermann, D.; Casini, S.; et al. Cardiac glial cells release neurotrophic S100B upon catheter-based treatment of atrial fibrillation. Sci. Transl. Med. 2019, 11, eaav7770. [Google Scholar] [CrossRef] [PubMed]

	



Tsan, M.-F.; Gao, B. Heat shock proteins and immune system. J. Leukoc. Biol. 2009, 85, 905–910. [Google Scholar] [CrossRef] [PubMed]

	



Mandal, K.; Torsney, E.; Poloniecki, J.; Camm, A.J.; Xu, Q.; Jahangiri, M. Association of High Intracellular, But Not Serum, Heat Shock Protein 70 With Postoperative Atrial Fibrillation. Ann. Thorac. Surg. 2005, 79, 865–871. [Google Scholar] [CrossRef]

	



Pizon, M.T.; Gburek, T.; Sztefko, K. Kinetics of plasma heat shock protein HSP-70 release in coronary artery surgery: On-pump versus off-pump. Minerva Chir. 2006, 61, 483–491. [Google Scholar]

	



Rigopoulos, A.G.; Kalogeropoulos, A.S.; Tsoporis, J.N.; Sakadakis, E.A.; Triantafyllis, A.S.; Noutsias, M.; Gupta, S.; Parker, T.G.; Rizos, I. Heat Shock Protein 70 Is Associated With Cardioversion Outcome and Recurrence of Symptomatic Recent Onset Atrial Fibrillation in Hypertensive Patients. J. Cardiovasc. Pharmacol. 2020, 77, 360–369. [Google Scholar] [CrossRef]

	



Oc, M.; Ucar, H.I.; Pinar, A.; Akbulut, B.; Oc, B.; Akyon, Y.; Kanbak, M.; Dogan, R. Heat Shock Protein70: A New Marker for Subsequent Atrial Fibrillation Development? Artif. Organs 2008, 32, 846–850. [Google Scholar] [CrossRef]

	



Takahashi, M.; Chesley, A.; Freyssenet, D.; Hood, D.A. Contractile activity-induced adaptations in the mitochondrial protein import system. Am. J. Physiol. Physiol. 1998, 274, C1380–C1387. [Google Scholar] [CrossRef]

	



Kirmanoglou, K.; Hannekum, A. Expression of mortalin in patients with chronic atrial fibrillation. Basic Res. Cardiol. 2004, 99, 404–408. [Google Scholar] [CrossRef]

	



Allende, M.; Molina, E.; Guruceaga, E.; Tamayo, I.; González-Porras, J.R.; Gonzalez-López, T.J.; Toledo, E.; Rabal, O.; Ugarte, A.; Roldán, V.; et al. Hsp70 protects from stroke in atrial fibrillation patients by preventing thrombosis without increased bleeding risk. Cardiovasc. Res. 2016, 110, 309–318. [Google Scholar] [CrossRef]

	



Theodorakis, G. Coronary artery disease and atrial fibrillation. Hell. J. Cardiol. 2017, 58, 213–214. [Google Scholar] [CrossRef] [PubMed]

	



Asanin, M.; Vasiljevic, Z.; Matic, M.; Vujisic-Tesic, B.; Arandjelovic, A.; Marinkovic, J.; Ostojic, M. Outcome of Patients in Relation to Duration of New-Onset Atrial Fibrillation following Acute Myocardial Infarction. Cardiology 2006, 107, 197–202. [Google Scholar] [CrossRef] [PubMed]

	



Sakabe, M.; Shiroshita-Takeshita, A.; Maguy, A.; Brundel, B.J.; Fujiki, A.; Inoue, H.; Nattel, S. Effects of a heat shock protein inducer on the atrial fibrillation substrate caused by acute atrial ischaemia. Cardiovasc. Res. 2008, 78, 63–70. [Google Scholar] [CrossRef] [PubMed]

	



Abdellatif, M.; Sedej, S.; Carmona-Gutierrez, D.; Madeo, F.; Kroemer, G. Autophagy in Cardiovascular Aging. Circ. Res. 2018, 123, 803–824. [Google Scholar] [CrossRef]

	



Ren, J.; Zhang, Y. Targeting Autophagy in Aging and Aging-Related Cardiovascular Diseases. Trends Pharmacol. Sci. 2018, 39, 1064–1076. [Google Scholar] [CrossRef]

	



Sciarretta, S.; Maejima, Y.; Zablocki, D.; Sadoshima, J. The Role of Autophagy in the Heart. Annu. Rev. Physiol. 2018, 80, 31–38. [Google Scholar] [CrossRef]

	



Han, M.; Zhao, M.; Cheng, C.; Huang, Y.; Han, S.; Li, W.; Tu, X.; Luo, X.; Yu, X.; Liu, Y.; et al. Lamin A mutation impairs interaction with nucleoporin NUP155 and disrupts nucleocytoplasmic transport in atrial fibrillation. Hum. Mutat. 2018, 40, 310–325. [Google Scholar] [CrossRef]

	



López-Sendón, J.; Merino, J.L. Poor Anticoagulation Control in Atrial Fibrillation: How Much Longer? Rev. Esp. Cardiol. 2015, 68, 740–742. [Google Scholar] [CrossRef]

	



Steffel, J.; Verhamme, P.; Potpara, T.S.; Albaladejo, P.; Antz, M.; Desteghe, L.; Haeusler, K.G.; Oldgren, J.; Reinecke, H.; Roldan-Schilling, V.; et al. The 2018 European Heart Rhythm Association Practical Guide on the use of non-vitamin K antagonist oral anticoagulants in patients with atrial fibrillation. Eur. Heart J. 2018, 39, 1330–1393. [Google Scholar] [CrossRef]








[image: Ijms 23 15946 g001 550] 





Figure 1. HMGB1 appears to be highly represented in patients with atrial fibrillation, correlating its concentration with malondialdehyde (MDA) and C-reactive protein (HS-CRP), which represents another inflammatory protein. HMBG1 could be amplifier of the inflammatory response with the recall of proinflammatory cytokines such as IL-1, tumor necrosis factor (TNF) and IL-6, which handle atrial remodeling, fibrosis and in the onset of post-surgical AF. 
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Figure 2. S100β is released because of the neuronal injury of the intrinsic cardiac autonomic nervous system (ICSN), which releases other damage-associated molecular pattern proteins (DAMPs). At the same time, the trophic role of S100β is also shown, which, released from glial cells, through the RAGE receptor would be able to regenerate peripheral cardiac nerves. 
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Figure 3. High levels of HSP70 have been shown in patients with atrial fibrillation as a protective antiarrhythmic molecule, correlating with sIL-2 (green arrow) and inversely correlated with sIL-4 concentration (red arrow). 
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Table 1. Studies evaluating S100 proteins.
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	References
	Year
	Target





	Sramko et al. [25]
	2014
	Humans



	Kato et al. [26]
	2016
	Humans



	Scherschel et al. [27]
	2019
	Humans



	Galenko et al. [28]
	2019
	Humans



	Scherschel et al. [29]
	2020
	Humans
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Table 2. Studies evaluating HMGB1 proteins.
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	References
	Year
	Target





	Yongbo Wu [30]
	2013
	Humans



	Can Qu [31]
	2015
	Humans



	Qiwen Xu et al. [32]
	2018
	Humans



	Kadri Murat Gurses [33]
	2018
	Humans
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Table 3. Studies evaluating heat shock proteins.
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	References
	Year
	Target





	Maurizio Vitadello et al. [34]
	2001
	Animals



	Kyriakos St. Rammos et al. [35]
	2002
	Humans



	Kiriakos Kirmanoglou et al. [36]
	2004
	Humans



	Kaushik Mandal et al. [37]
	2005
	Humans



	Bianca J.J.M. Brundel et al. [38]
	2006
	Cells



	Bianca J.J.M. Brundel et al. [38]
	2006
	Humans



	Masao Sakabe et al. [39]
	2007
	Animals
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