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Restoring mitochondrial Ca2+uptake in metabolic cardiomyopathy: A new promising target to treat atrial fibrillation
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Atrial fibrillation pathophysiology in metabolic disorders

Changing dietary habits, often imposed by social and economic contexts, have led to a dramatic worldwide increase in overweight and obesity over the past 50 years. Cardiovascular complications are the leading cause of death in obesity and diabetes. Metabolic syndrome, which accompanies the development of obesity and precedes type 2 diabetes, increases the incidence and burden of heart failure and arrhythmias and the risk of sudden cardiac death. Among these cardiovascular complications, atrial fibrillation is the most common sustained arrhythmia, with a 20% higher risk in patients with metabolic syndrome [START_REF] Schlesinger | Prediabetes and risk of mortality, diabetes-related complications andcomorbidities: umbrella review of meta-analyses of prospective studies[END_REF]. The mechanisms under-lying the initiation and promotion of atrial fibrillation, especially in metabolic syndrome, are poorly understood, and atrial fibrillation tends to be the common endpoint of multifactorial alterations, combining atrial tissue remodelling and cellular defects [START_REF] Mason | Cellular and mito-chondrial mechanisms of atrial fibrillation[END_REF].

At the cellular level, it is now accepted that the shortening of the action potential as well as altered calcium (Ca2+) cycling predispose to ectopic activity and re-entry [START_REF] Mason | Cellular and mito-chondrial mechanisms of atrial fibrillation[END_REF]. At each cardiac cycle, the action potential triggers the opening of L-type Ca2+andsubsequent Ca2+entry into the cell, which in turn activates the ryanodine receptors (RyR2) embedded in the sarcoplasmic reticulum membrane. The synchronized opening of RyR2 induces a massive cytosolic release of Ca2+ from the sarcoplasmic reticulum, which triggers cell contraction in the presence of adenosine triphosphate (ATP). During relaxation, Ca2+ is mainly pumped back into the sarcoplasmic reticulum through the Ca2+ATPase(SERCA2a) and partially extruded from the cardiomyocyte by the sodium-calcium exchanger (NCX). In addition, mitochondria were suggested to participate in the shaping of cytosolic Ca2+bytaking up Ca2+, although this remains debated [START_REF] Bertero | Calcium signaling and reactive oxygen speciesin mitochondria[END_REF]. Several mechanisms underlie the pathological beat-to-beat remodelling of the excitation-contraction coupling contributing to the initiation and maintenance of atrial fibrillation [START_REF] Mason | Cellular and mito-chondrial mechanisms of atrial fibrillation[END_REF]. Disturbances in Ca2+cycling, coined as "alternans", arise from alterations in the L-type Ca2+chan-nel and NCX activity, which will translate into a reduction in action potential duration, and/or from a reduced Ca2+sequestration by the sarcoplasmic reticulum due to a lower SERCA2a activity. In addition, this Ca2+mishandling is worsened by the production of reactive oxygen species, which oxidizes RyR2, thereby destabilizing the channel closed state and increasing its open probability. This "leaky" RyR2 can trigger premature Ca2+release responsible for after-depolarizations and subsequent ectopic activity [START_REF] Roussel | Palmitoylcarnitine increases RyR2 oxidation and sarcoplasmic reticulum Ca2+leak in cardiomyocytes: role of adenine nucleotide translocase[END_REF]. Besides, recent evidence suggests that impaired metabolic supply and mitochondrial function are arrhythmogenic substrates in the context of obesity and diabetes [START_REF] Suffee | Impacts of a high fat diet on the metabolic profile and the pheno-type of atrial myocardium in mice[END_REF][START_REF] Montaigne | Mitochondrial dysfunction as an arrhythmogenic substrate: a translationalproof-of-concept study in patients with metabolic syndrome in whom post-operative atrial fibrillation develops[END_REF]. These dysregulations in both cellularCa2+handling and energy production directly point towards the mitochondrion as a central player in atrial fibrillation, especially because mitochondrial Ca2+is considered the masterpiece in the dynamic control of myocardial energy production (Fig. 1).

Mitochondrial Ca2+dysregulation as an arrhythmogenic substrate

During each heartbeat, mitochondria take up a fraction of the cytosolic Ca2+released by the sarcoplasmic reticulum. Ca2+entermitochondria through the voltage-dependent anion channel and the mitochondrial Ca2+uniporter complex (MCUC), located in the outer and inner membrane, respectively. Inside mitochondria, Ca2+stimulates several key steps of the oxidative metabolism, which increases the ATP production to meet the myocardial energetic requirement. More specifically, Ca2+promotes activation of the pyruvate dehydrogenase (PDH) by inducing its dephosphorylation. PDH allows the pyruvate issued from glycolysis to enter the Krebs' cycle, thus supplying the mitochondrial respiratory chain with more electron donors NADH and FADH2as the cardiac work-load increases. Montaigne's group previously demonstrated that preoperative mitochondrial dysfunction of the atrial myocardium, evidenced as a decreased mitochondrial respiratory chain activity, is associated with the occurrence of atrial fibrillation after cardiac surgery in patients with metabolic syndrome, identifying for the first time the mitochondrion as a key player in the pathogenesis of atrial fibrillation [START_REF] Montaigne | Mitochondrial dysfunction as an arrhythmogenic substrate: a translationalproof-of-concept study in patients with metabolic syndrome in whom post-operative atrial fibrillation develops[END_REF]. To go further, focusing on the mitochondrial Ca2+dynamics in these metabolic syndrome patients, we identified a new arrhythmogenic mechanism under-lying the development of atrial fibrillation. We demonstrated a down regulation of the dynamic mitochondrial Ca2+uptake in atrial tissue from patients with metabolic syndrome, which was associated with a sustained reduction in mitochondrial Ca2+content as evidenced by the increased phosphorylation of PDH. These data explain the decreased carbohydrate-driven mitochondrial respiration described by Montaigne et al. [START_REF] Montaigne | Mitochondrial dysfunction as an arrhythmogenic substrate: a translationalproof-of-concept study in patients with metabolic syndrome in whom post-operative atrial fibrillation develops[END_REF]. The reduction in Ca2+uptakewas associated with a structural remodelling of the MCUC, evidenced by an overexpression of the gatekeeper subunit MICU1, highlighting a new post-translational regulation of this protein complex in cardiac bioenergetics and diseases.

Such a decrease in the dynamic mitochondrial Ca2+uptake is susceptible to promote fluctuations in ATP synthesis. This would have several effects on excitation-contraction coupling. First, activation of the ATP-dependent potassium channel will shorten the action potential and decrease refractory periods, causing reentrant arrhythmia [START_REF] Akar | The mitochondrial ori-gin of postischemic arrhythmias[END_REF]. Concomitantly, this can lead to alterations in Ca2+cycling as: 1) the metabolic oscillations would affect the ATP-dependent Ca2+reuptake through SERCA2a, which would in turn alter the RyR2 activity by increasing the Ca2+-induced Ca2+releaseprocess and propagation of the local Ca2+release [START_REF] Pacher | Ca2+marks: miniature calcium signals insingle mitochondria driven by ryanodine receptors[END_REF] and; 2) the beat-to-beat fluctuations in sarcoplasmic reticulum Ca2+contentcan induce alternans in sarcoplasmic reticulum Ca2+release that activate the NCX and the inward rectifying potassium current IK1,resulting in action potential heterogeneity [START_REF] Fauconnier | Ryanodine recep-tor leak mediated by caspase-8 activation leads to left ventricular injury aftermyocardial ischemia-reperfusion[END_REF][START_REF] Fauconnier | Cardiomy-ocytes hypertrophic status after myocardial infarction determines distincttypes of arrhythmia: role of the ryanodine receptor[END_REF].

Moreover, changes in metabolic supply and fluctuation in the mitochondrial respiration rate may increase reactive oxy-gen species production and subsequent RyR2 oxidation, favouring ectopic activity (Fig. 1). Therefore, the correction of mitochondrialCa2+uptake appears to be an attractive strategy to counteract most of the cellular defects observed in atrial fibrillation.

Mitochondrial Ca2+and MCUC as new therapeutic targets to treat atrial fibrillation in metabolic disorders

Owing to the lack of target-specific treatment and the significant side-effects of current strategies (anticoagulation, anti-arrhythmic drugs and catheter ablation), treatment of atrial fibrillation remains an unmet clinical need, despite increasing knowledge of the mechanisms underlying its pathogenesis. Consequently, we hypothesized that a pharmacological strategy restoring mitochondrial Ca2+uptake through MCUC-positive modulation would prevent atrial fibrillation. Previous work by Montero et al. identified kaempferol as a potent MCUC agonist, increasing mitochondrialCa2+uptake through the uniporter complex [START_REF] Montero | Direct activation of the mitochondrial calcium uni-porter by natural plant flavonoids[END_REF]. Kaempferol, a natural flavonoid found in green leafy vegetables, was shown to be cardioprotective in several preclinical studies reflecting a large variety of cardiac diseases [START_REF] Kamisah | Cardioprotectiveproperties of Kaempferol: a review[END_REF]. More specifically, kaempferol reduced cardiac arrhythmias in cellular and animal models of catecholaminergic polymorphic ventricular tachycardia, a genetic disease that is also characterized by altered Ca2+handling [START_REF] Schweitzer | Suppression of arrhythmia by enhancing mitochondrial Ca2+uptake in cat-echolaminergic ventricular tachycardia models[END_REF].In a mouse model that recapitulated both the clinical and molecular settings of metabolic syndrome and MCUC remodelling, we demonstrated that kaempferol could acutely restore MCUC activity and prevent atrial fibrillation. Thus, these results validate the strategy aimed at treating atrial fibrillation by restoring MCUC function. Other compounds such as efsevin, a voltage-dependent anion channel agonist, or spermine, another MCUC agonist, have been shown to increase mitochondrial Ca2+uptake and reduced Ca2+alternans and arrhythmias [START_REF] Schweitzer | Suppression of arrhythmia by enhancing mitochondrial Ca2+uptake in cat-echolaminergic ventricular tachycardia models[END_REF][START_REF] Oropeza-Almazan | Mitochondrial calcium uniportercomplex activation protects against calcium alternans in atrialmyocytes[END_REF]. However, as for kaempferol, their low affinity and specificity hamper their translational potential. In a more translational effort, the clinically approved drugs disulfiram and ezetimibe, which are also able to increase mitochondrial Ca2+and prevent arrhythmias, could be good candidates to validate this strategy in patients [START_REF] Sander | Approved drugs ezetimibe and disulfiram enhance mitochondrial Ca2+uptakeand suppress cardiac arrhythmogenesis[END_REF]. However, since disulfiram should not be prescribed to patients with heart failure or diabetes, ezetimibe may be the most accessible compound to address this issue. Limited clinical data are already available from a post hoc analysis of a randomized controlled trial comparing placebo with ezetimibe + statin in a population of patients with aortic stenosis [START_REF] Bang | Effectof lipid lowering on new-onset atrial fibrillation in patients with asymptomaticaortic stenosis: the Simvastatin and Ezetimibe in Aortic Stenosis (SEAS) study[END_REF]. Although ezetimibe did not reduce the incidence of new-onset atrial fibrillation in these patients, its role in preventing atrial fibrillation in other clinical settings warrants further study, particularly to determine whether the MCUC-dependent mechanism of atrial fibrillation exists outside the metabolic syndrome, and its putative role in atrial fibrillation maintenance. In any case, these different drugs might be considered as lead compounds to develop target-specific treatments of atrial fibrillation (Fig. 2) to address the upcoming growth in patients with cardiac arrhythmias [START_REF] Piot | Prospective evolution ofcardiac arrhythmia care: 2030 vision[END_REF].

Overall, our work brings the preclinical proof-of-concept that restoring mitochondrial Ca2+homeostasis by directly targeting the MCUC is a novel therapeutic strategy to treat atrial fibrillation and therefore proposes a future antiarrhythmic approach for patients with atrial fibrillation.
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