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Exercise training protects the heart against Ischemia-Reperfusion injury: a central role for mitochondria?
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Ischemic heart disease is one of the main causes of morbidity and mortality worldwide. Physical exercise is an effective lifestyle intervention to reduce the risk factors for cardiovascular disease and also to improve cardiac function and survival in patients with ischemic heart disease. Among the strategies that contribute to reduce heart damages during ischemia and reperfusion, regular physical exercise is efficient both in rodent experimental models and in humans. However, the cellular and molecular mechanisms of the cardioprotective effects of exercise remain unclear. During ischemia and reperfusion, mitochondria are crucial players in cell death, but also in cell survival. Although exercise training can influence mitochondrial function, the consequences on heart sensitivity to ischemic insults remain elusive. In this review, we describe the effects of physical activity on cardiac mitochondria and their potential key role in exercise-induced cardioprotection against ischemia-reperfusion damage. Based on recent scientific data, we discuss the role of different pathways that might help to explain why mitochondria are a key target of exercise-induced cardioprotection.

Introduction

Cardiovascular disease, including ischemic heart disease, is the first cause of morbidity and mortality worldwide [START_REF] Benjamin | American Heart Association Council on Epidemiology and Prevention Statistics Committee and Stroke Statistics Subcommittee, Heart Disease and Stroke Statistics-2018 Update: A Report From the American Heart Association[END_REF]. Physical exercise is an effective lifestyle intervention for reducing cardiovascular disease risk factors, and for improving cardiac function and survival in patients with ischemic heart disease [START_REF] Paul | Exercise and Physical Activity in the Prevention and Treatment of Atherosclerotic Cardiovascular Disease[END_REF][START_REF] Brinks | Lifestyle Modification in Secondary Prevention[END_REF][START_REF] Nystoriak | Cardiovascular Effects and Benefits of Exercise[END_REF]. Moreover, among the strategies for reducing heart damage during ischemia and reperfusion (IR), regular physical exercise is efficient in rodent experimental models [START_REF] Quindry | Exercise-Induced Cardioprotection and the Therapeutic Potential of RIPC[END_REF] and also in humans [START_REF] Ejlersen | Prognostic impact of physical activity prior to myocardial infarction: Case fatality and subsequent risk of heart failure and death[END_REF]. However, the cellular and molecular mechanisms of the cardioprotective effects of exercise remain unclear, although their unraveling could help to identify new strategies and new therapeutic targets to reduce heart vulnerability to IR injuries.

Mitochondria are under the spotlight as a key trigger of post-ischemic reperfusion injuries. Indeed, in severe myocardial ischemia, damage to the mitochondrial electron transport chain occurs mainly during the ischemic period. Post-ischemic reperfusion of tissues that contain ischemia-damaged mitochondria leads to mitochondrial dysfunction-driven injuries due to excessive reactive oxygen species (ROS) production and calcium dysregulation. This results in mitochondrial permeability transition pore (mPTP) opening, followed by membrane permeation, swelling, disruption of mitochondria, and release of pro-apoptotic factors [START_REF] Kwong | Physiological and Pathological Roles of the Mitochondrial Permeability Transition Pore in the Heart[END_REF].

Over the last decade, several studies have demonstrated that changes in mitochondrial function are key steps in the exercise benefits on cardiac function. Overall, exercise training improves cardiac mitochondrial oxidative phosphorylation [START_REF] Conley | Mitochondria to motion: optimizing oxidative phosphorylation to improve exercise performance[END_REF][START_REF] Fiorenza | High-intensity exercise training enhances mitochondrial oxidative phosphorylation efficiency in a temperature-dependent manner in human skeletal muscle: implications for exercise performance[END_REF], promotes mitochondrial clearance of ROS, and increases mitochondria number, size and clearance [START_REF] Hood | Mechanisms of exercise-induced mitochondrial biogenesis in skeletal muscleThis paper is one of a selection of papers published in this Special Issue, entitled 14th International Biochemistry of Exercise Conference -Muscles as Molecular and Metabolic Machines, and has undergone the Journal's usual peer review process[END_REF][START_REF] Wang | Exercise Prevents Cardiac Injury and Improves Mitochondrial Biogenesis in Advanced Diabetic Cardiomyopathy with PGC-1α and Akt Activation[END_REF] in the heart. Thus, exercise-induced cardioprotection from IR injury might be mainly explained by the improvement of the myocardial antioxidant status and calcium homeostasis [START_REF] French | Exercise-induced protection against myocardial apoptosis and necrosis: MnSOD, calcium-handling proteins, and calpain[END_REF][START_REF] Hamilton | Exercise, antioxidants, and HSP72: protection against myocardial ischemia/reperfusion, Free Radic[END_REF].

Although the effect of physical exercise on mitochondria are evident in healthy and pathological heart, its role in exercise-induced cardiac pre-conditioning and in the subsequent limitation of IR injuries is less obvious. In this review, we focus on the effects of physical activity on cardiac mitochondria and on its potential key role in exercise-induced cardioprotection during IR.

Mitochondria in cardiac ischemia/reperfusion injuries

Mitochondria are important intracellular organelles present in all eukaryotic cells. Due to their key roles in energy production and regulation of cell stress pathways, mitochondria are central targets for understanding tissue injury, particularly in the heart during IR. The role of mitochondria in IR injuries has been extensively reviewed [START_REF] Ong | The mitochondrial permeability transition pore and its role in myocardial ischemia reperfusion injury[END_REF][START_REF] Chouchani | A Unifying Mechanism for Mitochondrial Superoxide Production during Ischemia-Reperfusion Injury[END_REF][START_REF] Cadenas | ROS and redox signaling in myocardial ischemia-reperfusion injury and cardioprotection[END_REF]. In this section, we summarize some key concepts that will be used in our review.

a. Mitochondrial structure and function in the heart

The mitochondrion structure in physiological conditions has been well characterized and reviewed [START_REF] Hom | Morphological dynamics of mitochondria -A special emphasis on cardiac muscle cells[END_REF][START_REF] Bonora | Targeting mitochondria for cardiovascular disorders: therapeutic potential and obstacles[END_REF]. Cardiomyocytes contain two types of mitochondria: subsarcolemmal (SSM) and intermyofibrillar (IFM) mitochondria that can be differentiated on the basis of their location, morphology, and functions (respiratory and calcium retention capacity). IFM are located between parallel bundles of myofibrils close to the sarcoplasmic reticulum (SR) Ca 2+ release sites. They are relatively uniform in size and shape (mostly tubular) [START_REF] Ong | Mitochondrial morphology and cardiovascular disease[END_REF]. On the other hand, SSM are observed immediately below the sarcolemma and are more variable in shape and size (mostly lamelliform) than IFM. Shape differences can be important because mitochondrial morphology and function are correlated. Moreover, Boengler et al [START_REF] Boengler | Presence of connexin 43 in subsarcolemmal, but not in interfibrillar cardiomyocyte mitochondria[END_REF] reported that in cardiomyocytes, connexin 43, also known as gap junction α protein 1 (GJA1), is only present at the inner membrane of SSM. This could contribute to explain the functional differences between SSM and IFM because several studies indicate that mitochondrial connexin 43 modulates mitochondrial respiration at complex I of the electron transport chain, oxygen consumption, ROS production, and adenosine triphosphate (ATP) synthesis [START_REF] Frank | Impairment of Diazoxide-Induced Formation of Reactive Oxygen Species and Loss of Cardioprotection in Connexin 43 Deficient Mice[END_REF][START_REF] Denuc | New protein-protein interactions of mitochondrial connexin 43 in mouse heart[END_REF][START_REF] Boengler | Mitochondria and ageing: role in heart, skeletal muscle and adipose tissue[END_REF][START_REF] Rodríguez-Sinovas | Mitochondrial Cx43, an important component of cardiac preconditioning[END_REF].

In adult cardiomyocytes, mitochondria produce 90% of ATP and occupy 30% of the cell volume. As the heart is continuously contracting in a rhythmic manner, it needs a fast and effective intracellular energy source to match the cardiomyocyte high energy demands [START_REF] Barth | Ultrastructural quantitation of mitochondria and myofilaments in cardiac muscle from 10 different animal species including man[END_REF][START_REF] Ventura-Clapier | Bioenergetics of the failing heart[END_REF]. Besides their critical role in energy production, mitochondria are also involved in other key cellular processes, such as Ca 2+ homeostasis, free radical production and cell death. Therefore, mitochondria are key players during normal and pathological heart function.

Mitochondria generate cellular energy in the form of ATP through oxidative phosphorylation (OX-PHOS). Briefly, mitochondria import substrates from the cytosol and use them to fuel the tricarboxylic acid (TCA) cycle, leading to the production of reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin adenine dinucleotide (FADH2) for oxidation by the electron transport chain (ETC). ETC contribute to generate the mitochondrial membrane potential (ΔΨm) and the pH gradient (ΔpHm) used to drive ATP synthesis by ATP synthase (also known as complex V). Approximately 60-70% of all produced ATP supports cardiac contraction, and the remaining 30-40% supports the sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase (SERCA) and other ion pumps [START_REF] Doenst | Cardiac Metabolism in Heart Failure -Implications beyond ATP production[END_REF].

As previously reviewed [START_REF] Edoardo | Calcium Signaling and Reactive Oxygen Species in Mitochondria[END_REF], mitochondria are also the site of other important processes. Particularly, the regulation of cellular Ca 2+ homeostasis affects many other cell signaling pathways, free radical production, and cell death. When cardiac workload is increased, higher intracellular Ca 2+ level contributes to the regulation of cardiac excitation-contraction coupling, and also to the fine balance between mitochondrial function and dysfunction. Indeed, mitochondria can remove Ca 2+ from the cytosol through the mitochondrial Ca 2+ uniporter (MCU), a highly selective Ca 2+ channel. Increased Ca 2+ level in the mitochondrial matrix stimulates oxidative phosphorylation (OX-PHOS) by activating dehydrogenases of the TCA cycle [START_REF] Denton | Regulation of mitochondrial dehydrogenases by calcium ions[END_REF][START_REF] Griffiths | Mitochondrial calcium as a key regulator of mitochondrial ATP production in mammalian cells[END_REF], ATP synthase, and adenine nucleotide translocator [START_REF] Denton | Regulation of mitochondrial dehydrogenases by calcium ions[END_REF].

However, excessive Ca 2+ can become a pathological stimulus, resulting in ROS overproduction, loss of ΔΨm, mitochondrial swelling, cytochrome C release, and apoptosis [START_REF] Harisseh | A modified calcium retention capacity assay clarifies the roles of extra-and intracellular calcium pools in mitochondrial permeability transition pore opening[END_REF].

As largely reviewed [START_REF] Zorov | Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release[END_REF], mitochondria are also the main intracellular source of ROS that are continually generated as by-products of the electron transport chain. Thanks to an efficient enzymatic antioxidant system, in physiological conditions, ROS production is restricted to subcellular sites [START_REF] Dedkova | Mitochondria-mediated cardioprotection by trimetazidine in rabbit heart failure[END_REF] and can participates in redox signaling [START_REF] Cadenas | ROS and redox signaling in myocardial ischemia-reperfusion injury and cardioprotection[END_REF][START_REF] Santos | Redox signaling in the cardiomyocyte: From physiology to failure[END_REF]. However, in some conditions, dysfunction of the respiratory chain can results in a strong increase in ROS production. Within a specific concentration range, ROS can induce the cell stress response and activate apoptosis by increasing the mitochondrial membrane permeability transition and/or by modulating pro-and anti-apoptotic proteins of the Bcl2 family [START_REF] Youle | The BCL-2 protein family: opposing activities that mediate cell death[END_REF].

b. Mitochondria, a key trigger of cardiac ischemia/reperfusion injuries

As heart function is strictly dependent on aerobic metabolism, cardiac cells are highly vulnerable to depletion of O2 and substrates. This can affect also mitochondrial function. As mentioned above, mitochondria are able to control both cell death and several aspects of cell survival. Although the function of mitochondria in IR injuries has been previously reviewed [START_REF] Maneechote | Roles of mitochondrial dynamics modulators in cardiac ischaemia/reperfusion injury[END_REF][START_REF] Morciano | Mechanistic Role of mPTP in Ischemia-Reperfusion Injury[END_REF][START_REF] Consolini | Mitochondrial Bioenergetics During Ischemia and Reperfusion[END_REF], in this section we summarize their central role during IR (Figure . 1).

It is now widely accepted that cell death, which occurs during post-ischemic reperfusion, is strongly mediated by mPTP activation that contribute not only to the cell bioenergetics defects, but also to membrane disruption and release of pro-apoptotic factors [START_REF] Kwong | Physiological and Pathological Roles of the Mitochondrial Permeability Transition Pore in the Heart[END_REF]. During reperfusion, mPTP activation is triggered by a complex interplay between ROS production and Ca 2+ overload [START_REF] Consolini | Mitochondrial Bioenergetics During Ischemia and Reperfusion[END_REF][39] (Figure 1, point 5). Indeed, excessive mitochondrial Ca 2+ accumulation strongly increases the risk of mPTP activation, leading to ΔΨm collapse, mitochondrial respiration inhibition, and cell death [START_REF] Hajnóczky | Mitochondrial calcium signalling and cell death: approaches for assessing the role of mitochondrial Ca2+ uptake in apoptosis[END_REF]. Activation of mPTP is also facilitated by increased production of mitochondrial matrix ROS [START_REF] Görlach | Calcium and ROS: A mutual interplay[END_REF] (Figure 1, point 4). The interplay between these factors appears complex because increased mitochondrial matrix [Ca 2+ ] is associated with increased ROS production during reperfusion and ROS influences the function of a variety of Ca 2+ channels, pumps and exchangers [START_REF] Görlach | Calcium and ROS: A mutual interplay[END_REF]. In addition, ΔΨm collapse also contributes to increase mitochondrial ROS production in a "ROS-induced ROS release" manner [START_REF] Zorov | Reactive oxygen species (ROS)-induced ROS release: a new phenomenon accompanying induction of the mitochondrial permeability transition in cardiac myocytes[END_REF]. It is now proposed that reverse electron transport at the level of complex I is a unifying mechanism to explain excessive ROS production during early reperfusion [START_REF] Chouchani | A Unifying Mechanism for Mitochondrial Superoxide Production during Ischemia-Reperfusion Injury[END_REF]. Indeed, Chouchani et al [START_REF] Chouchani | Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS[END_REF] reported that during ischemia, in absence of oxygen, succinate stores electrons. During reperfusion, succinate is rapidly re-oxidized by succinate dehydrogenase, resulting in a reverse electron transport at mitochondrial complex I [START_REF] Chouchani | Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS[END_REF]. Interestingly, complex I inhibition with rotenone limit ROS, oxidative damage and IR injuries [START_REF] Chen | Reversible blockade of electron transport during ischemia protects mitochondria and decreases myocardial injury following reperfusion[END_REF] and inhibition of succinate accumulation during ischemia with dimethyl malonate reduced ROS production upon reperfusion [START_REF] Chouchani | Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS[END_REF].

During IR, mitochondria are critical for cell death, but also for cell survival. Indeed, most survival signaling pathways converge to mitochondria. It is now well established that ischemic conditioning protects the heart from IR through the activation of the Reperfusion Injury Salvage Kinase (RISK) and Survivor Activating Factor Enhancement (SAFE) signal transduction pathways. Interestingly, these signaling pathways converge to mitochondria where they inhibit mPTP activation [START_REF] Ovize | Working Group of Cellular Biology of Heart of European Society of Cardiology, Postconditioning and protection from reperfusion injury: where do we stand? Position paper from the Working Group of Cellular Biology of the Heart of the European Society of Cardiology[END_REF]. Therefore, targeting mPTP activation during reperfusion is a relevant strategy for heart protection. In mice, pharmacological inhibition or genetic ablation of cyclophilin D prevents mPTP activation during IR, and results in reduced infarction size [START_REF] Lim | Mitochondrial cyclophilin-D as a potential therapeutic target for postmyocardial infarction heart failure[END_REF]. Moreover, cyclosporine A, an immunosuppressive agent, blocks mPTP activation by binding to cyclophilin D [START_REF] Waldmeier | Inhibition of the mitochondrial permeability transition by the nonimmunosuppressive cyclosporin derivative NIM811[END_REF][START_REF] Mewton | CIRCUS Study Investigators, Rationale and design of the Cyclosporine to ImpRove Clinical oUtcome in STelevation myocardial infarction patients (the CIRCUS trial)[END_REF]. This strategy shown very promising results in different experimental models, but failed to reduce the probability of death or heart failure in patients treated with cyclosporine A before percutaneous coronary interventions [START_REF] Cung | Cyclosporine before PCI in Patients with Acute Myocardial Infarction[END_REF]. This result clearly emphasizes the need of more research to decipher the mechanisms of IR and cardioprotection.

Cardiac mitochondrial adaptations to exercise training.

The energetic impact of exercise training and its consequence on mitochondrial and metabolic processes have been previously reviewed [START_REF] Powers | Mechanisms of exerciseinduced cardioprotection[END_REF][START_REF] Fulghum | Metabolic Mechanisms of Exercise-Induced Cardiac Remodeling[END_REF][START_REF] Huertas | Stay Fit, Stay Young: Mitochondria in Movement: The Role of Exercise in the New Mitochondrial Paradigm[END_REF]. As these adaptations contribute to explain the potential key role of mitochondria in exercise-induced cardioprotection, we summarize here the major effects of exercise training on cardiac mitochondria (Figure . 2).

The heart has high energy demands because of its rhythmic contraction. During exercise, the heart energy expenditure strongly increases. To adapt the heart metabolism to the increased workload and higher energy expenditure, mitochondrial ATP production is increased. Indeed, mitochondria occupy more than 30% of the cardiomyocyte volume and produce more than 30 kg of ATP per day [START_REF] Hwang | Mitochondrial dynamics in the heart as a novel therapeutic target for cardioprotection[END_REF]. The metabolic phenotype of an exercise-trained heart is different from that of a sedentary heart. A trained heart is characterized by enhanced fatty acid and glucose oxidation and lower glycolysis rates [START_REF] Stanley | Myocardial substrate metabolism in the normal and failing heart[END_REF]. Its higher ability to adapt its metabolism to acute stress is explained by increased expression of AMPK, peroxisome proliferator-activated receptor-coactivator-1 (PGC-1α) and PI3K to promote fatty acid and glucose oxidation, glucose uptake, and mitochondrial biogenesis [START_REF] Mihaylova | The AMPK signalling pathway coordinates cell growth, autophagy and metabolism[END_REF][START_REF] Cantó | AMPK regulates energy expenditure by modulating NAD+ metabolism and SIRT1 activity[END_REF][START_REF] Kahn | AMP-activated protein kinase: ancient energy gauge provides clues to modern understanding of metabolism[END_REF][START_REF] Towler | AMP-activated protein kinase in metabolic control and insulin signaling[END_REF]. Acute exercise is also associated with increased ROS production in the heart, especially as electron transport chain byproducts. Elevated ROS level is deleterious for the heart. Conversely, "physiological" ROS production is considered to be a trigger of the heart adaptations to exercise.

a. The impact of exercise training on energetic metabolism

Considering the ability of the heart to use multiple substrates, it is classically termed as a "metabolic omnivore". Indeed, different energy substrates, such as fatty acids, carbohydrates, ketones and amino acid, contribute to meet the high energy demand of the heart. At rest, fatty acid oxidation is the biggest contributor to ATP production (~40-60%) while carbohydrates metabolism generates the remainder (~20-40%). During exercise, adipose tissue lipolysis and muscles glycolysis increase the circulating levels of fatty acids and lactate which are used by the heart to respond to increased energy demands [START_REF] Fulghum | Metabolic Mechanisms of Exercise-Induced Cardiac Remodeling[END_REF][START_REF] Chatham | Lactate -the forgotten fuel![END_REF] (Figure 2, point 1). Increased in circulating lactate especially is considered as a key element of cardiac response to exercise, since 1) during exercise its contribution to total oxidative metabolism become preponderant [START_REF] Fulghum | Metabolic Mechanisms of Exercise-Induced Cardiac Remodeling[END_REF] and 2) lactate, as an anaplerotic substrate, is proposed to positively impact fatty acid oxidation in the heart [START_REF] Goodwin | Improved energy homeostasis of the heart in the metabolic state of exercise[END_REF]. Thus repetitive boots of exercise (i.e. exercise training) leads to specific metabolism adaptations that may contribute to improve cardiac response to metabolic energetic stress. In skeletal muscle, the impact of exercise training on energetic metabolism is well described and has been extensively reviewed [START_REF] Perry | Mitochondrial adaptations to exercise in human skeletal muscle: a possible role for cristae density as a determinant of muscle fitness[END_REF]. The effect on cardiac muscle is less clear. In cardiac myocytes, mitochondrial density and cardiac workload seem to be highly correlated [START_REF] Tuomainen | The role of cardiac energy metabolism in cardiac hypertrophy and failure[END_REF]. This suggests that exercise training increases mitochondrial biogenesis in the heart in healthy [START_REF] Vettor | Exercise training boosts eNOS-dependent mitochondrial biogenesis in mouse heart: role in adaptation of glucose metabolism[END_REF] and also pathological [START_REF] Wang | Exercise Prevents Cardiac Injury and Improves Mitochondrial Biogenesis in Advanced Diabetic Cardiomyopathy with PGC-1α and Akt Activation[END_REF] conditions. However, only few studies investigated the effect of exercise training on mitochondrial density in healthy heart, with contradictory results (see section 2b: "Impact of exercise on mitochondrial network"). Exercise training also activates PPARα that leads to an increase in the expression of genes encoding factors involved in cellular fatty acid oxidation, particularly fatty acid transport protein 1 (FATP1), carnitine palmitoyltransferase I (CPTI), medium-chain acyl-CoA dehydrogenase (MCAD), and acyl carrier protein (ACP) [START_REF] Dobrzyn | Expression of lipogenic genes is upregulated in the heart with exercise training-induced but not pressure overload-induced left ventricular hypertrophy[END_REF][START_REF] Castro | Cardiac molecular-acclimation mechanisms in response to swimming-induced exercise in Atlantic salmon[END_REF]. As mentioned above, the use of lactate by the heart is increased in response to exercise. Interestingly, in the exercise trained heart, lactate transporter MCT1 expression is increased [START_REF] Bonen | The expression of lactate transporters (MCT1 and MCT4) in heart and muscle[END_REF]. In addition, as every single exercise bout increases the [AMP]/[ATP] ratio, exercise training results in AMPK activation in the heart [START_REF] Coven | Physiological role of AMP-activated protein kinase in the heart: graded activation during exercise[END_REF], thus influencing the activity of several key proteins involved in cardiac energetic metabolism. Specifically, AMPK promotes GLUT4 translocation to the cellular membrane, facilitating glucose uptake by cardiomyocytes, and increases glucose oxidation by increasing 6-phosphofructo-2-kinase (PFK2) activity [START_REF] Vettor | Exercise training boosts eNOS-dependent mitochondrial biogenesis in mouse heart: role in adaptation of glucose metabolism[END_REF][START_REF] Marsin | Phosphorylation and activation of heart PFK-2 by AMPK has a role in the stimulation of glycolysis during ischaemia[END_REF][START_REF] Hafstad | High intensity interval training alters substrate utilization and reduces oxygen consumption in the heart[END_REF].

Recently it has been reported, in skeletal muscle, that exercise training increases the expression of electron transport chain components in mitochondria and their assembly in super-complexes [START_REF] Greggio | Enhanced Respiratory Chain Supercomplex Formation in Response to Exercise in Human Skeletal Muscle[END_REF]. This is considered a novel adaptive mechanism of skeletal muscles to increased energy demands. In addition, muscle mitochondrial supercomplexes assembly in response to exercise provide a minor production of ROS and lower mitochondrial oxidative damages [START_REF] Huertas | Antioxidant effect of exercise: Exploring the role of the mitochondrial complex I superassembly[END_REF]. However, no information is available on the myocardium.

When the effect of exercise training on myocardial bioenergetics is evaluated in beating heart using 31 P nuclear magnetic resonance ( 31 P-NMR) spectroscopy, the results are not so obvious. For instance, studies on athletes [START_REF] Zhang | Relationships between myocardial bioenergetic and left ventricular function in hearts with volume-overload hypertrophy[END_REF] and exercise-trained rats [START_REF] Spencer | Function and bioenergetics in isolated perfused trained rat hearts[END_REF], in which hearts from trained and sedentary individuals were compared, detected only few differences in high energy phosphate levels. Specifically, they found a trend toward lower phosphocreatine/ATP ratio in trained hearts; however, the net ATP synthesis flux was unchanged compared with sedentary hearts. Conversely, another study in which the heart of rats was challenged by increasing its workload reported that purine efflux is reduced in the heart of trained rats. This suggests that the myocardium metabolic status is improved by exercise training [START_REF] Fenning | Cardiac adaptation to endurance exercise in rats[END_REF]. In this study, the authors also used 31 P-NMR spectroscopy in isolated hearts and found that phosphocreatine and the phosphocreatine to ATP ratio were decreased, whereas creatine, AMP and ADP concentrations increased in trained hearts. Some discrepancies in the literature could be explained by the use of different exercise training strategies (swimming vs running) [START_REF] Stuewe | Exercise Training Enhances Glycolytic and Oxidative Enzymes in Canine Ventricular Myocardium[END_REF]. Altogether, it seems that in physiological conditions, exercise training results in subtle adaptive changes of myocardial energy production. However, these subtle adaptations could play a key role in the heart capacity to adapt its energetic response to stress. This point will be discussed below (section 3.a).

b. The impact of exercise training on the mitochondrial network.

Mitochondrial function is dependent on a highly dynamic and connected network of mitochondria that adapt their size and morphology. This dynamic network has a life cycle that includes mitochondrial biogenesis, rearrangements via fission-fusion, and mitophagy of damaged mitochondria. These processes are critical for proper mitochondrial functioning because alterations in the network capacity to adapt to changes in the cell environment are associated with impaired oxidative phosphorylation, and global metabolic dysfunction. Some works suggest that exercise can influence the cardiac mitochondrial network life cycle; however, data are limited and results are often contradictory.

In skeletal muscle, exercise training is well known to increase PGC-1, a key regulator of mitochondrial biogenesis, and mitochondrial density [START_REF] Wu | The unfolded protein response mediates adaptation to exercise in skeletal muscle through a PGC-1α/ATF6α complex[END_REF][START_REF] Yan | Exercise training-induced Regulation of Mitochondrial Quality[END_REF]. In cardiac muscle, only few studies in rodents addressed the effects of exercise training on mitochondrial ultrastructure/density with controversial results [START_REF] Arcos | Changes in ultrastructure and respiratory control in mitochondria of rat heart hypertrophied by exercise[END_REF][START_REF] Oscai | Effects of exercise on cardiac weight and mitochondria in male and female rats[END_REF]. Overall, it seems that exercise training increases mitochondrial biogenesis in the heart [START_REF] Vettor | Exercise training boosts eNOS-dependent mitochondrial biogenesis in mouse heart: role in adaptation of glucose metabolism[END_REF][START_REF] Arcos | Changes in ultrastructure and respiratory control in mitochondria of rat heart hypertrophied by exercise[END_REF][START_REF] Dworatzek | Sex differences in exercise-induced physiological myocardial hypertrophy are modulated by oestrogen receptor beta[END_REF] (Figure 2, point 2). However, a study in which swimming training [START_REF] Oscai | Effects of exercise on cardiac weight and mitochondria in male and female rats[END_REF] and indirect evidence of mitochondrial biogenesis (mitochondrial proteins per gram of ventricular tissue) were used did not detect any impact of exercise training in male and female rats, despite the development of cardiac hypertrophy.

Another key element of mitochondrial network rearrangements is the balance between mitochondrial fusion and fission. Mitochondrial fission is usually induced by pathological stress, such as ischemia, and is associated with dysfunctional mitochondria. However, it has been recently shown that inhibition of fission results in cardiac dysfunction [START_REF] Coronado | Physiological Mitochondrial Fragmentation Is a Normal Cardiac Adaptation to Increased Energy Demand[END_REF]. This suggests that fission also plays a key role in the normal cardiac response to stress. In rat skeletal muscle, acute exercise (90 minutes) increases the level of two regulators of mitochondrial fission, Fis1 (a gene encoding an outer mitochondrial membrane protein bound to dynamin-1-like protein, DRP1, a docking protein) and Dnm1L (the gene encoding DRP1) [START_REF] Moore | The impact of exercise on mitochondrial dynamics and the role of Drp1 in exercise performance and training adaptations in skeletal muscle[END_REF] (Figure 2, point 2). This is not so evident, since Huertas et al [START_REF] Huertas | Human muscular mitochondrial fusion in athletes during exercise[END_REF] reported that acute exercise in athletes results in skeletal muscle mitochondrial fusion. After 30 days of exercise training, the gene expression levels of mitochondrial fission regulators were reduced, whereas the expression levels of mitochondrial fusion genes were increased [START_REF] Moore | The impact of exercise on mitochondrial dynamics and the role of Drp1 in exercise performance and training adaptations in skeletal muscle[END_REF] (Figure 2, point 2). In line with some results obtained on skeletal muscle, mitochondrial fission is reported as a normal response of the heart to increased energy demand and is dependent on β1-adrenergic receptors stimulation [START_REF] Coronado | Physiological Mitochondrial Fragmentation Is a Normal Cardiac Adaptation to Increased Energy Demand[END_REF].

However, no clear evidence exists concerning the impact of exercise training on the cardiac mitochondrial network. In healthy cardiac muscle, 8 weeks of exercise training increased the number of and decreased the size of mitochondria in the heart [START_REF] Dworatzek | Sex differences in exercise-induced physiological myocardial hypertrophy are modulated by oestrogen receptor beta[END_REF][START_REF] Jia | Postinfarction exercise training alleviates cardiac dysfunction and adverse remodeling via mitochondrial biogenesis and SIRT1/PGC-1α/PI3K/Akt signaling[END_REF]. Conversely, Ghahremani et al., [START_REF] Ghahremani | Mitochondrial dynamics as an underlying mechanism involved in aerobic exercise training-induced cardioprotection against ischemia-reperfusion injury[END_REF] found that after IR, expression of mitofusin 1 (Mfn1) and 2 (Mfn2), two genes encoding proteins involved in mitochondrial fusion, was increased and that of Drp1, a key regulator of mitochondrial fission, was decreased in exercise-trained rats compared with sedentary controls [START_REF] Ghahremani | Mitochondrial dynamics as an underlying mechanism involved in aerobic exercise training-induced cardioprotection against ischemia-reperfusion injury[END_REF]. Additional studies are clearly needed to clarify the impact of exercise (acute or training) on the mitochondrial fusion/fission balance and its role in the cardiac response to exercise. Also the results on mitophagy after exercise are contradictory. Li et al. [START_REF] Li | Acute Exercise-Induced Mitochondrial Stress Triggers an Inflammatory Response in the Myocardium via NLRP3 Inflammasome Activation with Mitophagy[END_REF] reported that mitophagyrelated proteins are significantly upregulated during the early stages of acute exercise and recovery. However, Coronado et al. [START_REF] Coronado | Physiological Mitochondrial Fragmentation Is a Normal Cardiac Adaptation to Increased Energy Demand[END_REF] found that after acute exercise, the pro-mitophagy proteins Parkin and PINK1 are decreased in mitochondrial fractions. Thus, mitophagy might also contribute to the rearrangement of the mitochondrial network in response to cardiac stress; however, the effect of acute exercise is not clear, and that of exercise training has not been clearly investigated, to the best of our knowledge. Thus, additional studies are needed to improve our knowledge and understanding of the effects of acute and chronic exercise on the mitochondrial network. Whether this phenomenon might contribute to exercise-induced cardioprotection will be discussed below (section 3.e).

c. Impact of exercise training on mitochondrial ROS production and antioxidant defenses.

The impact of exercise training on ROS production and antioxidant defenses has been extensively reviewed [START_REF] Powers | Exercise-induced improvements in myocardial antioxidant capacity: the antioxidant players and cardioprotection[END_REF][START_REF] Done | Traustadóttir, Nrf2 mediates redox adaptations to exercise[END_REF]. Here, the available data in cardiac mitochondria are summarized (Figure 2, point 3).

In the heart, exercise-induced mechanical and metabolic stress promotes the production of ROS and reactive nitrogen species (RNS) [START_REF] Kretzschmar | Aging, training and exercise. A review of effects on plasma glutathione and lipid peroxides[END_REF][START_REF] Nikolaidis | Redox biology of exercise: an integrative and comparative consideration of some overlooked issues[END_REF]. It is thought that this ROS/RNS burst in response to a single bout of exercise triggers many of the adaptive processes observed in response to repeated exercise (i.e. exercise training). Indeed, when exercise training is associated with antioxidant intake, the beneficial effects of exercise training on cardiac muscles are lost [START_REF] Venditti | Vitamin E supplementation modifies adaptive responses to training in rat skeletal muscle[END_REF]. As previously reviewed [START_REF] Done | Traustadóttir, Nrf2 mediates redox adaptations to exercise[END_REF], the activation of nuclear factor erythroid 2-related factor 2 (Nrf2), which is a strong regulator of antioxidant enzymes and cellular stress resistance, is a key trigger of molecular adaptations to exercise. While ROS was initially considered a potent damaging molecule, it is now clear that it also plays an important role in cell signaling. A single exercise bout is sufficient to increase Nrf2 gene expression in cardiac [START_REF] Muthusamy | Acute exercise stress activates Nrf2/ARE signaling and promotes antioxidant mechanisms in the myocardium, Free Radic[END_REF] muscles. Muthusamy et al. [START_REF] Muthusamy | Acute exercise stress activates Nrf2/ARE signaling and promotes antioxidant mechanisms in the myocardium, Free Radic[END_REF] reported that exercise-induced Nrf2 Antioxidant Response Element (ARE) is abolished in Nrf2 KO mice, whereas ROS level after acute exercise is comparable in wild type and Nfr2 KO mice. As a result, the exercise-induced increase in SOD1, SOD2, catalase and GPx level is not observed in Nrf2 KO mice [START_REF] Muthusamy | Acute exercise stress activates Nrf2/ARE signaling and promotes antioxidant mechanisms in the myocardium, Free Radic[END_REF]. Thus, in myocardium, mitochondrial glutathione (GSH) and MnSOD as well as cytosolic CuZnSOD and catalase are increased by exercise in an Nrf2-dependent manner [89][92]. This phenomenon is reported to contribute to exercise-induced cardioprotection [START_REF] Powers | Exercise-induced improvements in myocardial antioxidant capacity: the antioxidant players and cardioprotection[END_REF][START_REF] Shanmugam | Exercise Mediated Nrf2 Signaling Protects the Myocardium From Isoproterenol-Induced Pathological Remodeling[END_REF]. Nrf2 activation in the heart in response to acute exercise has been related to NOX4-dependent ROS [START_REF] Hancock | Myocardial NADPH oxidase-4 regulates the physiological response to acute exercise[END_REF]. Considering that NOX4 has been shown to localize also in mitochondria, especially in the heart [START_REF] Ago | Upregulation of Nox4 by hypertrophic stimuli promotes apoptosis and mitochondrial dysfunction in cardiac myocytes[END_REF], Kasai et al [START_REF] Kasai | Regulation of Nrf2 by Mitochondrial Reactive Oxygen Species in Physiology and Pathology[END_REF] proposed that mitochondrial NOX4 is a key trigger of Nrf2 activation in response to exercise. Interestingly, the essential role of Nrf2-ARE observed in the heart of animal models was confirmed on human skeletal muscles [START_REF] Done | Traustadóttir, Nrf2 mediates redox adaptations to exercise[END_REF] and correlates with the level of mitochondrial H2O2 [START_REF] Wang | Acute exercise stress promotes Ref1/Nrf2 signalling and increases mitochondrial antioxidant activity in skeletal muscle[END_REF].

This contribute to reduce mitochondrial ROS production, without any effect on respiration [START_REF] Crilly | The role of Nrf2 in skeletal muscle contractile and mitochondrial function[END_REF].

Increased level of TNF-α and IL-1β in response to exercise also contribute to the adaptive antioxidant response of the heart. Indeed, the administration of the neutralizing antibodies targeting those cytokines abolished the activation of Mn-SOD in response to a single boot of exercise [START_REF] Yamashita | Exercise provides direct biphasic cardioprotection via manganese superoxide dismutase activation[END_REF]. Interestingly, injection of TNF-α can mimic the response to exercise and the use of an antioxidant (MPG) before the exercise session blunt the adaptive response to exercise. In skeletal muscles, the activation of the nuclear factor kappa B (NFκB) in response to exercise is well described and proposed to be a key trigger of training adaptations, such as antioxidant enzyme [START_REF] Ji | Acute exercise activates nuclear factor (NF)-kappaB signaling pathway in rat skeletal muscle[END_REF] or NOS [START_REF] Lima-Cabello | Eccentric exercise induces nitric oxide synthase expression through nuclear factor-kappaB modulation in rat skeletal muscle[END_REF] induction. In the heart, its role is less evident. Acute exercise activates myocardial NFκB in rats [START_REF] Balan | Acute exercise activates myocardial nuclear factor kappa B[END_REF], whereas 6 weeks of exercise training decrease the cardiac level of NFκB and increase the level of IκB, known as a protein that keeps NFκB in an inactive state [START_REF] Pala | Coenzyme Q10 Supplementation Modulates NFκB and Nrf2 Pathways in Exercise Training[END_REF].

Altogether, it is clear that ROS production during a single boot of exercise triggers an Nrf2dependent or -independent antioxidant response that, when the exercise is repeated (i.e. exercisetraining), certainly contributes to increase the cardiac muscle capacity to cope with deleterious oxidative stress. This point will be discussed below (section 3.b).

Mitochondria and exercise-induced cardioprotection: potential pathways and mechanisms.

Clearly, exercise training can influence mitochondrial function and response to acute stress.

Consequently, mitochondrial adaptations to exercise training should constitute a key feature of exerciseinduced cardioprotection. However, the underlying mechanisms remain unclear. In this paragraph, several pathways and mechanisms that could explain how mitochondria contribute exercise-induced cardioprotection will be described (Figure . 3).

a. Energetic metabolism and mitochondrial respiration

During ischemia, decreased ATP levels disrupt the activity of key pump proteins that control ion homeostasis in cardiac cells. This results in Ca 2+ overload that contributes to altering cardiomyocyte homeostasis and to increasing ROS production, calpain activation, contractile impairment, and ultimately cell death. During post-ischemic reperfusion, ATP synthesis recovery is essential to restore cardiac homeostasis and function.

As discussed above (section 2.a), exercise induces the expression of mitochondrial respiratory chain/TCA cycle proteins, and also of mitochondrial creatine kinase [START_REF] Zoll | Preserved response of mitochondrial function to short-term endurance training in skeletal muscle of heart transplant recipients[END_REF]. This enhances mitochondrial oxidative capacity both quantitatively and qualitatively, and could contribute to maintain the energy homeostasis during IR insults [START_REF] Bowles | Exercise training improves metabolic response after ischemia in isolated working rat heart[END_REF] and to improve the heart functional recovery and ion homeostasis.

There is no clear evidence of a direct link between the integrity of mitochondrial bioenergetics and exercise-induced cardioprotection, as previously reviewed and discussed [START_REF] Powers | Exercise-induced improvements in myocardial antioxidant capacity: the antioxidant players and cardioprotection[END_REF]. Alleman et al [START_REF] Alleman | Exercise-induced protection against reperfusion arrhythmia involves stabilization of mitochondrial energetics[END_REF] reported that the recovery of mitochondrial energetics (rate of O2 consumption) after anoxia/reoxygenation is improved in exercised animals compared with sedentary controls. The authors also showed that the mitochondrial H2O2 production to O2 consumption ratio was 2-fold higher in mitochondria from sedentary than exercised animals. This strongly suggests that exercise training results in lower ROS production relative to O2 consumption. In agreement, it has been shown that exercise training limits the alteration of the respiratory control ratio in mitochondria exposed to anoxiareoxygenation in vitro [START_REF] Ascensão | Effects of endurance training and acute doxorubicin treatment on rat heart mitochondrial alterations induced by in vitro anoxia-reoxygenation[END_REF]. Tao et al [START_REF] Tao | Exercise Training Protects Against Acute Myocardial Infarction via Improving Myocardial Energy Metabolism and Mitochondrial Biogenesis[END_REF] reported that in mice, ischemia is associated with downregulation (mRNA and protein levels) of enzymes involved in fatty acid metabolism and also of PPAR-α and PPAR-γ. The same authors also showed that glucose transporter 1 (Glut-1) and glycogen synthase 1 (Gsy1) were significantly induced in ischemic hearts, without changes in Glut-4 mRNA level.

Interestingly, all these changes were blunted in the heart of exercise-trained mice and were associated with increased mitochondrial biogenesis following acute myocardial infarction. These results could contribute to explain the higher recovery of mitochondrial energetics during reperfusion. Therefore, it seems that increased mitochondrial biogenesis and coupling, together with a preserved β-oxidation, might help cardiac cells to cope with IR.

Mitochondrial PTP opening during reperfusion also can contribute to alter ATP synthesis recovery during reperfusion. Indeed, in condition of ΔΨm loss, the F1F0-ATP synthase actively hydrolyzes rather than synthesizes ATP, leading to cell death [START_REF] Halestrap | Mitochondrial permeability transition pore opening during myocardial reperfusion--a target for cardioprotection[END_REF][START_REF] Bernardi | The mitochondrial permeability transition pore: Molecular nature and role as a target in cardioprotection[END_REF]. Yet, the beneficial impact of exercise on mPTP activation remains controversial [START_REF] Starnes | Exercise training decreases rat heart mitochondria free radical generation but does not prevent Ca2+-induced dysfunction[END_REF]. In some studies, exercise could limit mPTP activation during IR [START_REF] Marcil | Exercise training induces respiratory substrate-specific decrease in Ca2+-induced permeability transition pore opening in heart mitochondria[END_REF][START_REF] Pons | Regular treadmill exercise restores cardioprotective signaling pathways in obese mice independently from improvement in associated co-morbidities[END_REF], with subsequent beneficial effects on ΔΨm, mitochondrial energetics, and reperfusion arrhythmias [START_REF] Alleman | Exercise-induced protection against reperfusion arrhythmia involves stabilization of mitochondrial energetics[END_REF]. How exercise training can blunt mPTP activation remains unknown, and needs further investigation. Some hypotheses are discussed below.

Among the channels affected by the change in ATP levels during IR, the ATP-sensitive potassium channels are well described. These energy-sensing channels, present in the sarcolemma (sarcoKATP) and in mitochondria (mitoKATP) of cardiac myocytes, are important regulators of cardiac myocyte function. SarcoKATP or mitoKATP channel opening before an IR insult confers cardioprotection [START_REF] Gross | Sarcolemmal versus mitochondrial ATP-sensitive K+ channels and myocardial preconditioning[END_REF]. The activation of sarcoKATP channels by a conditioning strategy can shorten the cardiac action potential duration, and then protect the myocardium. Their activation can also trigger the opening of mitoKATP channels, with subsequent protection of mitochondria during IR [START_REF] Garlid | Cardioprotective effect of diazoxide and its interaction with mitochondrial ATP-sensitive K+ channels. Possible mechanism of cardioprotection[END_REF]. As previously reviewed [START_REF] Powers | Exercise-induced improvements in myocardial antioxidant capacity: the antioxidant players and cardioprotection[END_REF], sarcoKATP channels contribute to exercise-induced cardioprotection [START_REF] Quindry | Ischemia reperfusion injury, KATP channels, and exercise-induced cardioprotection against apoptosis[END_REF], whereas the role of mitoKATP channels needs to be better investigated.

b. ROS production and antioxidant defenses

During the first few minutes of reperfusion, the initial damaging event is a ROS burst, including mitochondrial ROS [START_REF] Loor | Mitochondrial oxidant stress triggers cell death in simulated ischemia-reperfusion[END_REF][START_REF] Zweier | Direct measurement of free radical generation following reperfusion of ischemic myocardium[END_REF]. It is thought that superoxide is generated mainly in complex I and III, and to a lesser extent in complex II [START_REF] Korge | Reactive Oxygen Species Production Induced by Pore Opening in Cardiac Mitochondria: The Role of Complex II[END_REF] of the mitochondrial electron transport chain and that it can directly causes oxidative damage [START_REF] Chouchani | Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS[END_REF][START_REF] Hansford | Dependence of H2O2 formation by rat heart mitochondria on substrate availability and donor age[END_REF]. It can also act through the formation of H2O2 and other damaging species. Increased ROS production contributes to mPTP opening, resulting in apoptosis. In addition, ROS-mediated mitochondrial damage results in the release of DAMPs and in the oxidation of protein, DNA and lipids. Mitochondrial damage can trigger intrinsic and extrinsic cell death pathways, thereby contributing to IR injuries [START_REF] Murphy | Mechanisms underlying acute protection from cardiac ischemia-reperfusion injury[END_REF].

In this context, it seems important to limit mitochondrial ROS production during the first few minutes of reperfusion and to blunt the subsequent pathological cascade. As mitochondrial oxidative stress is the major contributor of IR injury, many studies have investigated the effectiveness of antioxidant strategies [START_REF] Myung | Korean Meta-Analysis Study Group, Efficacy of vitamin and antioxidant supplements in prevention of cardiovascular disease: systematic review and meta-analysis of randomised controlled trials[END_REF][START_REF] Maroz | Reactivity of ubiquinone and ubiquinol with superoxide and the hydroperoxyl radical: implications for in vivo antioxidant activity[END_REF]. Conventional antioxidants have limited effects. In contrast, mitochondria-targeted antioxidants, such as MitoQ, attenuate heart dysfunction and mitochondrial damage after IR in rats [START_REF] Adlam | Targeting an antioxidant to mitochondria decreases cardiac ischemiareperfusion injury[END_REF], and could represent a promising strategy.

It is acknowledged that the increased antioxidant capacity after physical exercise contribute to reduce myocardial injury during IR [START_REF] Hamilton | Exercise, antioxidants, and HSP72: protection against myocardial ischemia/reperfusion, Free Radic[END_REF][START_REF] Powers | Exercise-induced improvements in myocardial antioxidant capacity: the antioxidant players and cardioprotection[END_REF][START_REF] Kihlström | Protection effect of endurance training against reoxygenation-induced injuries in rat heart[END_REF]. Exercise training results in reduced mitochondrial oxidant production and improved mitochondrial antioxidant enzyme activity (MnSOD, CuZnSOD and GPx) (Figure 3, point 2). This is associated with protection of cardiac SSM and IFM from IR-induced alteration in OX-PHOS and oxidative damage [START_REF] Lee | Exercise protects cardiac mitochondria against ischemia-reperfusion injury[END_REF]. Judge et al [START_REF] Judge | Exercise by lifelong voluntary wheel running reduces subsarcolemmal and interfibrillar mitochondrial hydrogen peroxide production in the heart[END_REF] reported that lifelong voluntary wheel activity decreased H2O2 production in myocardial mitochondria of Fischer rats compared with their sedentary peers. The effect was comparable in SSM and IFM. Using a proteomic approach, Kavazis et al [START_REF] Kavazis | Exercise training induces a cardioprotective phenotype and alterations in cardiac subsarcolemmal and intermyofibrillar mitochondrial proteins[END_REF] confirmed that exercise training modulates both SSM and IFM and results in a cardioprotective phenotype [START_REF] Kavazis | Exercise training induces a cardioprotective phenotype and alterations in cardiac subsarcolemmal and intermyofibrillar mitochondrial proteins[END_REF]. They found that the level of monoamine oxidase, an important source of ROS, was reduced in IFM and SSM. In SSM, this was associated with an increase in the expression of the mitochondrial-specific H2O2-scavaging enzyme peroxiredoxin III. Among the antioxidant enzymes that are implicated in reducing cardiac injuries during IR, increased MnSOD activity is one of the main triggers of exercise beneficial effects [START_REF] Yamashita | Exercise provides direct biphasic cardioprotection via manganese superoxide dismutase activation[END_REF][START_REF] Hamilton | MnSOD antisense treatment and exercise-induced protection against arrhythmias, Free Radic[END_REF][START_REF] Kwon | Mitochondrial Antioxidant Enzymes and Endurance Exercise-induced Cardioprotection against Ischemia-Reperfusion Injury[END_REF]. In agreement, prevention of MnSOD increase in exercise-trained heart using an antisense oligodeoxyribonucleotide reduced, but did not completely abolish the ability of exercise to protect the heart [START_REF] French | Exercise-induced protection against myocardial apoptosis and necrosis: MnSOD, calcium-handling proteins, and calpain[END_REF]. This strongly suggests that MnSOD plays an important role, but that other cardioprotective mechanisms may be involved. The pool of mitochondrial GSH is another key element of the ROS detoxification system. Exercise training has no effect on the pool of total GSH and on the ratio of reduced to oxidized glutathione (GSH/GSSG) [START_REF] Judge | Exercise by lifelong voluntary wheel running reduces subsarcolemmal and interfibrillar mitochondrial hydrogen peroxide production in the heart[END_REF][START_REF] Frasier | Exercise-induced cardiac preconditioning: how exercise protects your achy-breaky heart[END_REF]. However, GSH replenishment after IR is improved in the heart of exercise-trained animals [START_REF] Frasier | Exercise-induced cardiac preconditioning: how exercise protects your achy-breaky heart[END_REF]. This is explained by the beneficial effect of exercise training on glutathione reductase activity [START_REF] Frasier | Redox-dependent increases in glutathione reductase and exercise preconditioning: role of NADPH oxidase and mitochondria[END_REF]. Indeed, when glutathione reductase is inhibited with BCNU, exercise-induced cardioprotection is abolished. Moreover, in isolated cardiomyocytes, GSH recovery during reoxygenation correlates with the mitochondrial ability to maintain ΔΨm [START_REF] Alleman | Exercise-induced protection against reperfusion arrhythmia involves stabilization of mitochondrial energetics[END_REF].

It is now well established that complex I is the major source of oxidative damage during IR. This complex is highly sensitive to IR [START_REF] Hansford | Dependence of H2O2 formation by rat heart mitochondria on substrate availability and donor age[END_REF]. Starnes and Olsen [START_REF] Starnes | Exercise training decreases rat heart mitochondria free radical generation but does not prevent Ca2+-induced dysfunction[END_REF] demonstrated that 16 weeks of endurance exercise training reduces ROS production in cardiac mitochondria through specific adaptations of complex I, but does not improve mitochondrial tolerance to calcium overload. They found that rotenone, which blocks the complex I, abolishes the difference in H2O2 production by mitochondria of exercised and sedentary hearts.

As mentioned above, ROS directly impact the integrity of several targets such as DNA, membranes and proteins, but can also contribute to the activation of redox signaling pathways involving posttranslational redox protein modifications. The balance between oxidized and reduced forms of signaling proteins is influenced by local generation of ROS and by the level of reductants such as glutathione. Such key proteins involved in the cardiac excitation contraction coupling, such as ryanodine receptors, sarco/endoplasmic reticulum Ca 2+ -ATPase and Myosin Binding protein C, are well described to be redox sensitive [START_REF] Santos | Redox signaling in cardiac myocytes[END_REF] and impacted by redox changes in response to physical activity [START_REF] Bellinger | Remodeling of ryanodine receptor complex causes "leaky" channels: A molecular mechanism for decreased exercise capacity[END_REF][START_REF] Chakouri | Stress-induced protein Sglutathionylation and phosphorylation crosstalk in cardiac sarcomeric proteins -Impact on heart function[END_REF].

In addition, protein kinase A, which play a central role in the normal response of the heart to adrenergic stress, is also activated by ROS [START_REF] Zima | Redox regulation of cardiac calcium channels and transporters[END_REF]. Its ROS-dependent overactivation contribute to cardiac dysfunction following myocardial infarction [START_REF] Andre | Subendocardial increase in reactive oxygen species production affects regional contractile function in ischemic heart failure[END_REF]. Mitochondria are especially at the center of redox processes. Indeed mitochondria generate ROS but also respond to ROS-mediated changes in cellular redox state. It has been established, notably using redox-proteomic approach, that many key proteins involved in mitochondrial function are sensitive to redox changes, such as cysteine oxidation, sglutathionylation, s-nitrosylation, and acylation [START_REF] Handy | Redox regulation of mitochondrial function[END_REF]. Such redox-post-translational modifications were reported to modulate mitochondrial ROS production. Indeed, as discussed below (section 3d. Nitric oxide bioavailability and mitochondria), s-nitrosylation of mitochondrial key proteins of the ETC contribute to protect the myocardium during IR [START_REF] Chouchani | Cardioprotection by S-nitrosation of a cysteine switch on mitochondrial complex I[END_REF][START_REF] Sun | Ischaemic preconditioning preferentially increases protein Snitrosylation in subsarcolemmal mitochondria[END_REF]. Cyclophilin D is also sensitive to snitrosylation, which delays the activation of mPTP [START_REF] Amanakis | Cysteine 202 of Cyclophilin D is a site of multiple post-translational modifications and plays a role in cardioprotection[END_REF]. On the contrary, s-glutathionylation of complex I subunit is associated with increased mitochondrial ROS production [START_REF] Taylor | Oxidative Posttranslational Modification of Tryptophan Residues in Cardiac Mitochondrial Proteins[END_REF]. Finally, deregulation of mitochondrial glutathionylation in the heart of Glutaredoxin-2 KO mice, reduced mitochondrial OX-PHOS and ATP output [START_REF] Mailloux | Glutaredoxin-2 is Required to Control Oxidative Phosphorylation in Cardiac Muscle by Mediating Deglutathionylation Reactions[END_REF]. Thus, despite redox regulations are certainly central in the response of the heart to exercise [START_REF] Margaritelis | Redox basis of exercise physiology[END_REF], their contributions in exercise-induced cardioprotection, especially at the level of the mitochondria, remain to be clarified.

Altogether, it seems that exercise training modulation of the mitochondrial redox state, of ROS production and of the sensitive equilibrium between ROS production and scavenging constitutes an important, but not the only trigger of cardioprotection (Figure 3, point 2).

c. Mitochondrial Ca 2 + homeostasis

During excitation-contraction coupling, Ca 2+ transient triggers myofilament interaction and then sarcomere shortening, but also contributes to regulate mitochondrial function. The MCU channels allow the passage of calcium ions from the cytosol to mitochondria and contribute to regulate the subsequent equilibrium between cytosolic and mitochondrial Ca 2+ level. Interestingly, calcium uptake by mitochondria is essential because at physiological levels, it can stimulate various metabolic processes, such as activation of mitochondrial dehydrogenases. At higher levels, calcium ions can be detrimental, by initiating cell death pathways (apoptosis and necrosis). The regulation of the cytosolic concentration of calcium ions, especially during IR, could constitute a key trigger of exercise-induced cardioprotection (Figure 3

, point 2).

To the best of our knowledge, no study has investigated the impact of exercise training on cardiac mitochondrial calcium uptake and MCU expression. In human skeletal muscles, 9 weeks of physical activity increases MCU level [START_REF] Zampieri | Physical exercise in aging human skeletal muscle increases mitochondrial calcium uniporter expression levels and affects mitochondria dynamics[END_REF]. Considering the equilibrium between cytosolic and mitochondrial calcium concentration, one can hypothesize that the effect of exercise training on key calcium handling proteins could contribute to the regulation of mitochondrial calcium load. As previously reviewed [START_REF] Kemi | Exercise-induced changes in calcium handling in left ventricular cardiomyocytes[END_REF][START_REF] Kemi | Mechanisms of exercise-induced improvements in the contractile apparatus of the mammalian myocardium[END_REF], exercise training results in more effective coupling of the L-type Ca 2+ current to RyR2 Ca 2+ release [START_REF] Kemi | Aerobic fitness is associated with cardiomyocyte contractile capacity and endothelial function in exercise training and detraining[END_REF], and faster [Ca 2+ ]i transient decay that is partly explained by increased SERCA2a level [START_REF] Kemi | Myocardial sarcoplasmic reticulum Ca2+ ATPase function is increased by aerobic interval training[END_REF]. Such effect of physical activity on key Ca 2+ handling proteins could contribute to improve the regulation of Ca 2+ homeostasis during IR and to protect the heart. It has been reported that exercise training ability to increase the level of cardiac SERCA2a plays a key role in heart protection during IR [START_REF] French | Ischemia-reperfusion-induced calpain activation and SERCA2a degradation are attenuated by exercise training and calpain inhibition[END_REF][7] [START_REF] Lee | Exercise protects cardiac mitochondria against ischemia-reperfusion injury[END_REF]. Moreover, as exercise training can limit calpain activation [START_REF] French | Ischemia-reperfusion-induced calpain activation and SERCA2a degradation are attenuated by exercise training and calpain inhibition[END_REF] and ROS-dependent protein carbonylation [START_REF] French | Exercise-induced protection against myocardial apoptosis and necrosis: MnSOD, calcium-handling proteins, and calpain[END_REF] during IR, the degradation of calcium handling proteins, including SERCA2a [START_REF] French | Exercise-induced protection against myocardial apoptosis and necrosis: MnSOD, calcium-handling proteins, and calpain[END_REF], is reduced in exercise-trained heart. All these beneficial effects contribute to improve Ca 2+ handling regulation during post-ischemic reperfusion, and certainly to limit mitochondrial matrix Ca 2+ overloading during IR. However, direct proofs are still lacking.

Therefore, one can hypothesize that exercised heart can better cope with calcium overloading during IR and that this might contribute to prevent calcium-dependent mPTP activation in mitochondria.

However, only few and contradictory data exist. Magalhães et al [START_REF] Magalhães | Modulation of cardiac mitochondrial permeability transition and apoptotic signaling by endurance training and intermittent hypobaric hypoxia[END_REF] reported that swelling in response to Ca 2+ is delayed in mitochondria isolated from exercised hearts. Exercise training results also in increased mitochondrial Ca 2+ retention capacity (CRC), suggesting delayed mPTP activation in response to Ca 2+ overload (Figure 3, point 2). This has been observed also in skeletal muscle from a model of chronic critical ischemia in response to antioxidant treatment (N-acetyl-cysteine) [START_REF] Lejay | Critical Limb Ischaemia Exacerbates Mitochondrial Dysfunction in ApoE-/-Mice Compared with ApoE+/+ Mice, but N-acetyl Cysteine still Confers Protection[END_REF], and was obvious in heart mitochondria from healthy [START_REF] Marcil | Exercise training induces respiratory substrate-specific decrease in Ca2+-induced permeability transition pore opening in heart mitochondria[END_REF] and ob/ob mice [START_REF] Pons | Regular treadmill exercise restores cardioprotective signaling pathways in obese mice independently from improvement in associated co-morbidities[END_REF]. The authors explained this last result by the increased phosphorylation of GSK3β in wild type and also ob/ob mice [START_REF] Pons | Regular treadmill exercise restores cardioprotective signaling pathways in obese mice independently from improvement in associated co-morbidities[END_REF]. On the other hand, Starnes et al [START_REF] Starnes | Exercise training decreases rat heart mitochondria free radical generation but does not prevent Ca2+-induced dysfunction[END_REF] observed that exercise training reduces mitochondrial ROS production without consequences on mitochondrial tolerance to Ca 2+ overload. Finally, in hearts from rats with type 1 diabetes, exercise training reduces mitochondrial CRC, but only exercise training with insulin therapy can improve mitochondrial CRC [START_REF] Da Silva | Attenuation of Ca2+ homeostasis, oxidative stress, and mitochondrial dysfunctions in diabetic rat heart: insulin therapy or aerobic exercise?[END_REF].

The level of mitochondrial Ca 2+ has been recently associated with a physical link between mitochondria and endoplasmic/sarcoplasmic reticulum (ER/SR). The existence of physical links between ER and mitochondria is based on the co-sedimentation of ER particles with mitochondria and electron microscopy observations of the close relationship between mitochondria and ER [START_REF] Shore | Two fractions of rough endoplasmic reticulum from rat liver. I. Recovery of rapidly sedimenting endoplasmic reticulum in association with mitochondria[END_REF]. It has been proposed that such ER-mitochondrial associations, named mitochondria-associated membranes (MAMs), include a variety of proteins, such as the inositol 1,4,5-trisphosphate receptors (IP3R) on the ER, voltage-dependent anion-selective channel protein (VDAC) in mitochondria, and GRP75 that regulates ER-mitochondrial Ca 2+ transfer. Among the biological functions of ER/SR-mitochondria interactions, Ca 2+ signaling has a pivotal role. During IR, inhibition of Ca 2+ entry in mitochondria, using pharmacological agents or by genetic ablation of MCU, reduces necroptosis and apoptosis [START_REF] Oropeza-Almazán | Small Interfering RNA Targeting Mitochondrial Calcium Uniporter Improves Cardiomyocyte Cell Viability in Hypoxia/Reoxygenation Injury by Reducing Calcium Overload[END_REF], notably by modulating calcium imbalance [START_REF] Seidlmayer | Distinct mPTP activation mechanisms in ischaemia-reperfusion: contributions of Ca2+, ROS, pH, and inorganic polyphosphate[END_REF], mitochondrial potential and ROS production [START_REF] Rasmussen | Inhibition of MCU forces extramitochondrial adaptations governing physiological and pathological stress responses in heart[END_REF], and by blocking mPTP opening [START_REF] Luongo | The Mitochondrial Calcium Uniporter Matches Energetic Supply with Cardiac Workload during Stress and Modulates Permeability Transition[END_REF]. As reviewed recently [START_REF] Zhou | ER-Mitochondria Microdomains in Cardiac Ischemia-Reperfusion Injury: A Fresh Perspective[END_REF], ER-mitochondrial interactions contribute to several key processes during IR, such as autophagy, calcium imbalance, mitochondrial fission, ROS production, and apoptosis. However, the effect of exercise training on MAMs has never been investigated. How exercise training might influence MAMs and mitochondrial function during IR could constitute an innovative research axis.

To summarize, exercise training clearly influences the ability of cardiac cells to regulate Ca 2+ homeostasis and to protect key calcium handling proteins during IR. It is not known whether this could contribute to prevent mitochondrial Ca 2+ overload during IR, leading to cardiac protection during IR. It seems that in exercised heart, mitochondria are less sensitive to Ca 2+ overloading, but with conflicting results. Finally, although MAMs are an interesting new target to decipher the cardioprotective effect of exercise training, no data is available on this topic. Additional studies are needed to improve our understanding of the interplay between calcium homeostasis and mitochondria in exercise-induced cardioprotection.

d. Nitric oxide bioavailability and mitochondria

Nitric oxide (NO), a freely diffusible gaseous compound, is implicated in different biological processes, such as neurotransmission [START_REF] O'dell | Tests of the roles of two diffusible substances in long-term potentiation: evidence for nitric oxide as a possible early retrograde messenger[END_REF] and vascular tone regulation [START_REF] Rapoport | Agonist-induced endothelium-dependent relaxation in rat thoracic aorta may be mediated through cGMP[END_REF]. This molecule is produced by the conversion of L-arginine to L-citrulline in the presence of oxygen by NO synthases (NOSs). Exogenous NO sources also exist, such as S-nitroglutathione, nitroglycerine and nitrite.

Exercise training can increase NO bioavailability in the cardiovascular system [START_REF] Maiorana | Exercise and the Nitric Oxide Vasodilator System[END_REF] and also in other tissues, for instance the adipose tissue [140][141]. This effect is mainly dependent on the activation of the endothelial isoform of NOS (eNOS) [START_REF] Hood | Mechanisms of exercise-induced mitochondrial biogenesis in skeletal muscleThis paper is one of a selection of papers published in this Special Issue, entitled 14th International Biochemistry of Exercise Conference -Muscles as Molecular and Metabolic Machines, and has undergone the Journal's usual peer review process[END_REF] [START_REF] Chakouri | Stress-induced protein Sglutathionylation and phosphorylation crosstalk in cardiac sarcomeric proteins -Impact on heart function[END_REF]. In the heart, exercise has no impact on eNOS level, but it increases eNOS phosphorylation on its main activation site (ser1177) and its dimerization [START_REF] Farah | Exercise-induced cardioprotection: a role for eNOS uncoupling and NO metabolites[END_REF]. Calvert et al [START_REF] John | Exercise Protects Against Myocardial Ischemia-Reperfusion Injury via Stimulation of β3-Adrenergic Receptors and Increased Nitric Oxide Signaling: Role of Nitrite and Nitrosothiols[END_REF] reported that eNOS activation with exercise is dependent on β3-adrenergic receptor stimulation by catecholamine. The impact of exercise training on other NOS isoforms is less evident. In myocardium, exercise effect on neuronal NOS (nNOS) remains controversial, with [START_REF] Wang | Aerobic exercise protects against pressure overload-induced cardiac dysfunction and hypertrophy via β3-AR-nNOS-NO activation[END_REF] or without [START_REF] Fiorenza | High-intensity exercise training enhances mitochondrial oxidative phosphorylation efficiency in a temperature-dependent manner in human skeletal muscle: implications for exercise performance[END_REF][10] positive actions. Exercise does not have any effect on inducible NOS (iNOS) in healthy rodents [START_REF] Fiorenza | High-intensity exercise training enhances mitochondrial oxidative phosphorylation efficiency in a temperature-dependent manner in human skeletal muscle: implications for exercise performance[END_REF] [START_REF] Hood | Mechanisms of exercise-induced mitochondrial biogenesis in skeletal muscleThis paper is one of a selection of papers published in this Special Issue, entitled 14th International Biochemistry of Exercise Conference -Muscles as Molecular and Metabolic Machines, and has undergone the Journal's usual peer review process[END_REF].

Interestingly, the ability of exercise training to activate eNOS constitutes a key trigger of exercise-induced cardioprotection. Genetic ablation [START_REF] John | Exercise Protects Against Myocardial Ischemia-Reperfusion Injury via Stimulation of β3-Adrenergic Receptors and Increased Nitric Oxide Signaling: Role of Nitrite and Nitrosothiols[END_REF] or pharmacological inhibition of eNOS (by L-NAME or L-NIO) [START_REF] Farah | Exercise-induced cardioprotection: a role for eNOS uncoupling and NO metabolites[END_REF] abolishes exercise-induced cardioprotection in rodents. Moreover, Calvert et al [START_REF] John | Exercise Protects Against Myocardial Ischemia-Reperfusion Injury via Stimulation of β3-Adrenergic Receptors and Increased Nitric Oxide Signaling: Role of Nitrite and Nitrosothiols[END_REF] demonstrated that genetic ablation of β3-adrenergic receptors abolishes the ability of exercise to activate eNOS, resulting in the total loss of cardioprotection. This eNOS-dependent cardioprotection is mediated through the increase of NO metabolites storage (i.e., nitrite and S-nitrothiols) before ischemia and higher protein S-nitrosylation during early reperfusion, without significant changes in cGMP level [START_REF] Farah | Exercise-induced cardioprotection: a role for eNOS uncoupling and NO metabolites[END_REF]. Although eNOS role in exercise-induced cardioprotection seems obvious, the underlying mechanisms and the interplay between eNOS-NO and mitochondria are not clear.

The endothelial isoform of NOS is involved in several cardioprotective pathways. First, eNOS role was explained by activation of the NO-cyclic guanosine monophosphate-cGMP-dependent protein kinase (NO-cGMP-PKG) pathway [START_REF] Inserte | The cGMP/PKG pathway as a common mediator of cardioprotection: translatability and mechanism[END_REF]. However, recent results by Elizabeth Murphy's group suggest that NO protective effect is not related primarily to activation of the soluble guanylate cyclase (sGC)/cGMP/PKG signaling pathway, but to direct protein S-nitrosylation by NO [START_REF] Sun | Essential role of nitric oxide in acute ischemic preconditioning: S-Nitros(yl)ation versus sGC/cGMP/PKG signaling?[END_REF]. This was confirmed by the finding that selective deletion of PKG in cardiomyocytes has no effect on cardioprotection by post-conditioning or by using a mitochondrial-specific NO donor (mitoSNO) [START_REF] Methner | Protection through postconditioning or a mitochondria-targeted Snitrosothiol is unaffected by cardiomyocyte-selective ablation of protein kinase G[END_REF].

In the last decade, protein S-nitrosylation, defined as the binding of one NO moiety to a thiol group of a cysteine residue [START_REF] Penna | Protein S-nitrosylation in preconditioning and postconditioning[END_REF], has emerged as an important modulator of cardiovascular functions, and might have a major role in cardioprotection mechanisms. This post-translational modification can alter protein activity, but also prevent the irreversible oxidation of cysteine thiol groups. S-nitrosylation plays important roles in the cardioprotection by ischemic pre-conditioning [141][175]. As previously reviewed by Sun and Murphy [START_REF] Sun | Protein S-Nitrosylation and Cardioprotection[END_REF], more than 1000 proteins are S-nitrosylated in the heart, and mitochondrial proteins constitute key targets of NO-dependent cardioprotection [START_REF] Chouchani | Identification and quantification of protein S-nitrosation by nitrite in the mouse heart during ischemia[END_REF]. S-nitrosylation of mitochondrial proteins influences many mitochondrial functions, such as Ca 2+ handling, mPTP opening and mitochondrial respiration [START_REF] Brookes | Calcium, ATP, and ROS: a mitochondrial love-hate triangle[END_REF][START_REF] Wang | Nitric oxide donors protect murine myocardium against infarction via modulation of mitochondrial permeability transition[END_REF][START_REF] Borutaite | S-nitrosothiol inhibition of mitochondrial complex I causes a reversible increase in mitochondrial hydrogen peroxide production[END_REF]. Accordingly, heart incubation with a mitochondrialspecific NO donor (mitoSNO) protects the heart during IR [START_REF] Chouchani | Cardioprotection by S-nitrosation of a cysteine switch on mitochondrial complex I[END_REF], and improves post-myocardial infarction cardiac function [START_REF] Methner | Mitochondria selective S-nitrosation by mitochondria-targeted S-nitrosothiol protects against post-infarct heart failure in mouse hearts[END_REF]. Chouchani et al [START_REF] Chouchani | Cardioprotection by S-nitrosation of a cysteine switch on mitochondrial complex I[END_REF] proposed that this protection is explained by specific S-nitrosylation of the ND3 subunit of mitochondrial complex I after ischemia. This leads to a transient block of complex I in a low activity state and limits ROS production during reperfusion.

MitoSNO also reversibly inhibits mitochondrial respiration by competing with O2 on the ferric heme group of complex IV (cytochrome C oxidase) in the electron transport chain [START_REF] Prime | A mitochondriatargeted S-nitrosothiol modulates respiration, nitrosates thiols, and protects against ischemia-reperfusion injury[END_REF]. Moreover NO binding to complex IV confers cell resistance to apoptosis [START_REF] Erusalimsky | Nitric oxide and mitochondrial signaling: from physiology to pathophysiology[END_REF]. In addition, S-nitrosylation of cyclophilin D, a critical regulator of mPTP activation, preserves mitochondrial integrity during IR [START_REF] Kohr | Characterization of potential S-nitrosylation sites in the myocardium[END_REF][START_REF] Bibli | Nitroglycerine limits infarct size through S-nitrosation of cyclophilin D: a novel mechanism for an old drug[END_REF]. Thus, considerable data have been accumulated on the key role of NO bioavailability close to mitochondria in protecting the myocardium during the first minute of reperfusion. The existence of an intrinsic mitochondrial NOS (mtNOS) is still debated, and no conclusive evidence has been provided. Indeed, there is no evidence that the different NOS isoforms harbor a mitochondrial targeting sequence that allows passing through the inner mitochondrial membrane [START_REF] Lacza | Mitochondrial nitric oxide synthase: current concepts and controversies[END_REF]. However, eNOS might dock to the outer mitochondrial membrane and provide a source of NO close to the mitochondrial respiratory enzymes [START_REF] Gao | Docking of Endothelial Nitric Oxide Synthase (eNOS) to the Mitochondrial Outer Membrane A PENTABASIC AMINO ACID SEQUENCE IN THE AUTOINHIBITORY DOMAIN OF eNOS TARGETS A PROTEINASE K-CLEAVABLE PEPTIDE ON THE CYTOPLASMIC FACE OF MITOCHONDRIA[END_REF]. In agreement, Sun et al [START_REF] Sun | Disruption of Caveolae Blocks Ischemic Preconditioning-Mediated S-Nitrosylation of Mitochondrial Proteins[END_REF] demonstrated that methyl-beta-cyclodextrin (MbetaCD), a cholesterol-sequestering agent that disrupts caveolae and blunts the association of eNOS with caveolin-3, abolishes ischemic pre-conditioning-induced S-nitrosylation of mitochondrial proteins and consequently cardioprotection. This work suggests that caveolin-3 is implicated in transducing eNOS/NO/S-nitrosylation cardioprotective signaling to mitochondria, the end effector. Finally, swimming training induces mitochondrial biogenesis in an eNOS-dependent manner [START_REF] Vettor | Exercise training boosts eNOS-dependent mitochondrial biogenesis in mouse heart: role in adaptation of glucose metabolism[END_REF].

In conclusion, NO seems a potent cardioprotective molecule; however, when NO levels are too high, especially in pro-oxidative conditions such as during IR, NO reacts with ROS to produce RNS [START_REF] Farah | NO Better Way to Protect the Heart during Ischemia-Reperfusion: To be in the Right Place at the Right Time[END_REF]. Nitro-oxidative stress, through tyrosine nitration, might also contribute to mitochondrial dysfunction during IR [START_REF] Tatarkova | Tyrosine nitration of mitochondrial proteins during myocardial ischemia and reperfusion[END_REF]. In obese mice, high iNOS level in the myocardium is associated with increased protein nitrotyrosination and higher heart vulnerability to IR. Interestingly, iNOS level is normalized by exercise training that contributes to reduce the nitro-oxidative stress and heart sensitivity to IR [START_REF] Kleindienst | Exercise does not activate the β3 adrenergic receptor-eNOS pathway, but reduces inducible NOS expression to protect the heart of obese diabetic mice[END_REF].

Thus, strong indirect evidences suggest that eNOS role in exercise-induced cardioprotection could be explained by NO-mitochondria interactions (Figure 3, point 3). However, direct proofs are lacking.

e-Mitochondrial networks and mitophagy

Imbalance in the mitochondrial network dynamics is associated with many disorders, including cardiovascular disease [START_REF] Hall | Mitochondrial fusion and fission proteins: novel therapeutic targets for combating cardiovascular disease[END_REF] [START_REF] Suárez-Rivero | Mitochondrial Dynamics in Mitochondrial Diseases[END_REF]. Brady et al. [START_REF] Brady | Proapoptotic BCL-2 family members and mitochondrial dysfunction during ischemia/reperfusion injury, a study employing cardiac HL-1 cells and GFP biosensors[END_REF] and then others [START_REF] Maneechote | Differential temporal inhibition of mitochondrial fission by Mdivi-1 exerts effective cardioprotection in cardiac ischemia/reperfusion injury[END_REF][START_REF] Sharp | Dynamin-related protein 1 (Drp1)-mediated diastolic dysfunction in myocardial ischemia-reperfusion injury: therapeutic benefits of Drp1 inhibition to reduce mitochondrial fission[END_REF][START_REF] Vásquez-Trincado | Mitochondrial dynamics, mitophagy and cardiovascular disease[END_REF] described changes in mitochondrial morphology in HL-1 cardiac muscle cells upon sustained ischemia. They observed a shift towards mitochondrial fission associated with loss of mitochondrial fusion. Mitochondrial fission during IR contributes to explain the heart dysfunction and injuries [START_REF] Maneechote | Differential temporal inhibition of mitochondrial fission by Mdivi-1 exerts effective cardioprotection in cardiac ischemia/reperfusion injury[END_REF][START_REF] Sharp | Dynamin-related protein 1 (Drp1)-mediated diastolic dysfunction in myocardial ischemia-reperfusion injury: therapeutic benefits of Drp1 inhibition to reduce mitochondrial fission[END_REF][START_REF] Vásquez-Trincado | Mitochondrial dynamics, mitophagy and cardiovascular disease[END_REF]. Excessive mitochondrial fission leads to apoptosis activation during cardiac IR injury [START_REF] Ong | Inhibiting mitochondrial fission protects the heart against ischemia/reperfusion injury[END_REF]. Conversely, inhibition of mitochondrial fission exerts cardioprotection [START_REF] Maneechote | Differential temporal inhibition of mitochondrial fission by Mdivi-1 exerts effective cardioprotection in cardiac ischemia/reperfusion injury[END_REF][START_REF] Sharp | Dynamin-related protein 1 (Drp1)-mediated diastolic dysfunction in myocardial ischemia-reperfusion injury: therapeutic benefits of Drp1 inhibition to reduce mitochondrial fission[END_REF]. In agreement, Ong et al [START_REF] Ong | Inhibiting mitochondrial fission protects the heart against ischemia/reperfusion injury[END_REF] demonstrated that inhibition of DRP1 (mitochondria fission promoter) reduces mitochondrial fragmentation in rat cardiomyocytes during IR injury and increases the proportion of adult cardiac myocytes with elongated mitochondria. This was confirmed in healthy [START_REF] Maneechote | Differential temporal inhibition of mitochondrial fission by Mdivi-1 exerts effective cardioprotection in cardiac ischemia/reperfusion injury[END_REF][START_REF] Ong | New roles for mitochondria in cell death in the reperfused myocardium[END_REF][START_REF] Dong | Inhibition of mitochondrial fission as a molecular target for cardioprotection: critical importance of the timing of treatment[END_REF] and diabetic rodents [START_REF] Ding | Inhibition of Drp1-Mediated Mitochondrial Fission Protects Diabetic Heart against Ischemia-Reperfusion Injury[END_REF], and was associated with fewer cardiac injuries following IR [START_REF] Sharp | Dynamin-related protein 1 (Drp1)-mediated diastolic dysfunction in myocardial ischemia-reperfusion injury: therapeutic benefits of Drp1 inhibition to reduce mitochondrial fission[END_REF][START_REF] Sharp | Inhibition of the Mitochondrial Fission Protein Drp1 Improves Survival in a Murine Cardiac Arrest Model[END_REF][START_REF] Stutzman | Mdivi-1, a Novel Mitochondrial Fission Inhibitor, Exerts Cardioprotective Effects in Myocardial Ischemia/Reperfusion (MI/R) Injury[END_REF]. Moreover, the administration of a pharmacological mitochondrial fusion promoter prior to ischemia induction also exerts cardioprotection by improving both cardiac mitochondrial function and dynamics regulation [START_REF] Maneechote | Differential temporal inhibition of mitochondrial fission by Mdivi-1 exerts effective cardioprotection in cardiac ischemia/reperfusion injury[END_REF]. Therefore, limiting mitochondrial fission and promoting mitochondrial fusion at reperfusion onset are efficient cardioprotective strategies (Figure 3,point 4).

The mechanisms leading to mitochondrial fission during IR remain unclear. The complex interplay between ROS production and Ca 2+ overload during IR is directly involved in excessive mitochondrial fission [START_REF] Hom | Regulation of mitochondrial fission by intracellular Ca2+ in rat ventricular myocytes[END_REF][START_REF] Chen | Ischemic defects in the electron transport chain increase the production of reactive oxygen species from isolated rat heart mitochondria[END_REF]. Plotnikov and co-workers [START_REF] Plotnikov | Interrelations of mitochondrial fragmentation and cell death under ischemia/reoxygenation and UV-irradiation: Protective effects of SkQ1, lithium ions and insulin[END_REF] reported that pre-treatment with a mitochondrial-targeted antioxidant (SkQ1) limits IR-induced mitochondrial fragmentation [START_REF] Plotnikov | Interrelations of mitochondrial fragmentation and cell death under ischemia/reoxygenation and UV-irradiation: Protective effects of SkQ1, lithium ions and insulin[END_REF]. In addition, incubation with thapsigargin to induce Ca 2+ release from the sarcoplasmic reticulum resulted in mitochondrial fission in neonatal rat ventricular cardiomyocytes [START_REF] Hom | Regulation of mitochondrial fission by intracellular Ca2+ in rat ventricular myocytes[END_REF]. This effect was mediated by calcineurin-dependent activation of DRP1 that subsequently promoted mitochondrial fission. Physical exercise represents an efficient strategy to regulate calcium homeostasis [START_REF] French | Ischemia-reperfusion-induced calpain activation and SERCA2a degradation are attenuated by exercise training and calpain inhibition[END_REF] and to improve the antioxidant status [START_REF] Kemi | Exercise-induced changes in calcium handling in left ventricular cardiomyocytes[END_REF][START_REF] Kemi | Mechanisms of exercise-induced improvements in the contractile apparatus of the mammalian myocardium[END_REF][START_REF] Teixeira De Lemos | Regular Physical Exercise as a Strategy to Improve Antioxidant and Anti-Inflammatory Status: Benefits in Type 2 Diabetes Mellitus[END_REF][START_REF] Simioni | Oxidative stress: role of physical exercise and antioxidant nutraceuticals in adulthood and aging[END_REF]. Both could contribute to blunt mitochondrial fission during IR.

To the best of our knowledge, only one study proposed that mitochondrial dynamics could be implicated in exercise-induced cardioprotection [START_REF] Ghahremani | Mitochondrial dynamics as an underlying mechanism involved in aerobic exercise training-induced cardioprotection against ischemia-reperfusion injury[END_REF]. However, only biochemical measurements were provided in this study without data on mitochondrial morphology, network and function. The authors reported higher Mfn1 and Mfn2 levels and lower Drp1 level in the heart of exercise-trained rats after IR [START_REF] Ghahremani | Mitochondrial dynamics as an underlying mechanism involved in aerobic exercise training-induced cardioprotection against ischemia-reperfusion injury[END_REF]. Similarly, Jiang et al [START_REF] Jiang | Aerobic Interval Training Attenuates Mitochondrial Dysfunction in Rats Post-Myocardial Infarction: Roles of Mitochondrial Network Dynamics[END_REF] showed that 8 weeks of aerobic interval training performed after myocardial infarction influences mitochondrial function and limits the pathological remodeling of the mitochondrial network.

In this work, aerobic interval training increased Mfn2 and Opa1 level and decreases Drp1 expression.

Inactivation of the ERK1/2-JNK-P53 signaling pathway and increased nuclear levels of PGC-1α might explain the beneficial effect of exercise training. Thus, one can hypothesize that exercise training can also influence mitochondrial dynamics during IR and that this could contribute to modulate heart vulnerability.

Mitophagy is another important feature of mitochondrial dynamics [START_REF] Twig | Fission and selective fusion govern mitochondrial segregation and elimination by autophagy[END_REF]. Mitophagy is an essential housekeeping process to maintain functional mitochondria and eliminate impaired mitochondria. Recent studies suggest a specific role of mitophagy regulators in cardioprotection [START_REF] Kubli | Parkin Protein Deficiency Exacerbates Cardiac Injury and Reduces Survival following Myocardial Infarction[END_REF][START_REF] Siddall | Loss of PINK1 Increases the Heart's Vulnerability to Ischemia-Reperfusion Injury[END_REF][START_REF] Hamacher-Brady | Enhancing Macroautophagy Protects against Ischemia/Reperfusion Injury in Cardiac Myocytes[END_REF]. However, the exact nature of the relationship between mitophagy and cardioprotection is still unclear. The role of mitophagy in exercise-induced cardioprotection has been discussed [START_REF] Lee | Potential signaling pathways of acute endurance exercise-induced cardiac autophagy and mitophagy and its possible role in cardioprotection[END_REF], and a recent study showed that following acute exercise preconditioning, increased autophagy after 30 minutes is converted into mitophagy within 24 hours, and is associated with cardioprotection [START_REF] Yuan | Parkin Mediates Mitophagy to Participate in Cardioprotection Induced by Late Exercise Preconditioning but Bnip3 Does Not[END_REF].

Administration of wortmannin, to inhibit autophagy, led to the attenuation of exercise-induced cardioprotection. However, the objective of this work was to protect the heart against heart injuries caused by exhausting exercise, and no data on mitophagy during IR was provided.

Although exercise modulation of the mitochondrial network during stress could contribute to exerciseinduced cardioprotection, strong scientific evidences are lacking and additional studies are needed.

Particularly, two different aspects need to be clarified, i) the direct or indirect (through the regulation of Ca 2+ and redox homeostasis) effect of exercise training on the heart mitochondrial network, and ii) the link between mitochondrial network rearrangement and heart sensitivity to IR.

f. Mitochondria and inflammatory stress

Mitochondria are implicated in various innate immune pathways [START_REF] West | Mitochondria in innate immune responses[END_REF]. Mitochondria can stimulate the innate immune system through production of DAMPs that are implicated in many inflammation diseases. Moreover, mitochondrial dysfunctions have been linked to activation of the NLRP3 inflammasome, a molecular platform activated in response to cell danger to trigger the innate immune defenses. Activation of the innate immune system leads to inflammation, participates in IR injury, and can persist weeks or months after the first damage [START_REF] Arslan | Innate immune signaling in cardiac ischemia[END_REF]. Consequently, fibrotic scar tissue will replace dead cells with an important tissue remodeling for months after IR injury [START_REF] Frangogiannis | Regulation of the inflammatory response in cardiac repair[END_REF]. These mechanisms can lead to structural and functional alterations in organs that may cause long-term consequences, for instance, chronic heart disease.

Therefore, modulation of inflammation might partly explain the beneficial effects of exerciseinduced cardioprotection. Although it is accepted that some beneficial effects of regular exercise are exerted through its anti-inflammatory effects [START_REF] Gleeson | The anti-inflammatory effects of exercise: mechanisms and implications for the prevention and treatment of disease[END_REF], acute exercise also increases the production of inflammatory cytokines, such as interleukin (IL) 1β and tumor necrosis factor α (TNFα) [START_REF] Yamashita | Exercise provides direct biphasic cardioprotection via manganese superoxide dismutase activation[END_REF], linked to ROS release [START_REF] Yamashita | Exercise provides direct biphasic cardioprotection via manganese superoxide dismutase activation[END_REF]. However, this acute pro-inflammatory response could contribute to the beneficial adaptations observed in response to exercise training. Indeed, as mentioned above (section 2c), some studies showed that IL-1β and TNFα activate MnSOD [START_REF] Yamashita | Exercise provides direct biphasic cardioprotection via manganese superoxide dismutase activation[END_REF][START_REF] Eddy | Tumor necrosis factor-α pretreatment is protective in a rat model of myocardial ischemia-reperfusion injury[END_REF]. In the heart, acute exercise can also trigger activation of the NLRP3 inflammasome. On the other hand, some authors found that the blood levels of IL-6 and TNFα were not changed after 3 weeks of exercise training [START_REF] Boyd | Reducing the Intensity and Volume of Interval Training Diminishes Cardiovascular Adaptation but Not Mitochondrial Biogenesis in Overweight/Obese Men[END_REF]. Conversely, others reported that exercise training is associated with a reduction of inflammatory cytokines in the heart [START_REF] Chen | Exercise training augments Sirt1-signaling and attenuates cardiac inflammation in D-galactose induced-aging rats[END_REF][START_REF] Liao | An anti-EpCAM antibody EpAb2-6 for the treatment of colon cancer[END_REF].

IR is associated with a pathological activation of the immune system [START_REF] Eltzschig | Ischemia and reperfusion--from mechanism to translation[END_REF], and mitochondria participate in this inflammatory response in the heart [START_REF] Mukhopadhyay | Mitochondrial reactive oxygen species generation triggers inflammatory response and tissue injury associated with hepatic ischemia-reperfusion: therapeutic potential of mitochondrially-targeted antioxidants[END_REF]. In several pathological situations, exercise training is an efficient strategy to reduce inflammation. Recently, Otaka et al [START_REF] Otaka | Myonectin Is an Exercise-Induced Myokine That Protects the Heart From Ischemia-Reperfusion Injury[END_REF] reported that exercise training increases the level of circulating myonectin, a myokin secreted by skeletal muscle in response to exercise. Myonectin contributes to protect the heart during IR by suppressing apoptosis and inflammation. In diabetic animals that underwent IR, exercise training reduces the levels of TNFα [START_REF] Sharma | Temporal dynamics of pre and post myocardial infarcted tissue with concomitant preconditioning of aerobic exercise in chronic diabetic rats[END_REF] and iNOS [START_REF] Kleindienst | Exercise does not activate the β3 adrenergic receptor-eNOS pathway, but reduces inducible NOS expression to protect the heart of obese diabetic mice[END_REF], two drivers of inflammation. The normalization of iNOS overexpression in this model contributed to explain the cardioprotective effect of exercise training. Nevertheless, these studies did not assess or discuss the role of mitochondria. Physical activity also increases sirtuin 1 (SIRT1) signaling, which contributes to reduce cardiac inflammation [START_REF] Chen | Exercise training augments Sirt1-signaling and attenuates cardiac inflammation in D-galactose induced-aging rats[END_REF]. SIRT1 is a NAD( + )-dependent protein deacetylase that suppresses NF-κB signaling via deacetylation, leading to lower proinflammatory cytokines [START_REF] Tuon | Physical Training Regulates Mitochondrial Parameters and Neuroinflammatory Mechanisms in an Experimental Model of Parkinson's Disease[END_REF][START_REF] Tang | Sirt1 and the Mitochondria[END_REF]. SIRT1 upregulation also promotes complex I activity [START_REF] Tuon | Physical Training Regulates Mitochondrial Parameters and Neuroinflammatory Mechanisms in an Experimental Model of Parkinson's Disease[END_REF] and limits cardiac mitochondrial alterations in diabetic cardiomyopathy [START_REF] Ma | SIRT1 Activation by Resveratrol Alleviates Cardiac Dysfunction via Mitochondrial Regulation in Diabetic Cardiomyopathy Mice[END_REF]. Another interesting study on aging and cardiac inflammation found that as expected, aging leads to higher TNFα, NF-κB, COX2 and iNOS expression, while exercise training alleviates this effect. Aging also causes deterioration of mitochondrial functions and higher oxidative stress [START_REF] Chen | Role of Parkin and endurance training on mitochondrial turnover in skeletal muscle[END_REF]. The authors proposed that exercise training may enhance SIRT1, PGC-1α and AMPK expression in cardiomyocytes, and thus limits the aginginduced expression of pro-inflammatory mediators and promotes energetic metabolic adaptations.

To conclude, exercise training can clearly modulate cardiac cell inflammation in several pathologies, including IR. The link between the modulation of mitochondrial defects and inflammation in response to exercise training remains unclear. New studies should investigate the implication of exercise-induced reduction of inflammation in IR and the potential links with mitochondria.

g. Exercise training, remote conditioning of cardiac mitochondria?

Cardioprotection in response to exercise training could also be explained by remote conditioning. Michelsen et al [START_REF] Michelsen | Exercise-induced cardioprotection is mediated by a bloodborne, transferable factor[END_REF] were the first to report that cardioprotection can be transferred from an exercise pre-conditioned human to an isolated perfused rabbit heart. They suggested a role of opioid receptors in this remote transferable cardioprotection, because cardioprotection was abolished in the presence of naxolone, an antagonist of opioid receptors. In this study, interaction with mitochondria was not tested; however, it is known that stimulation of κ-opioid receptors in the heart delays mPTP opening in response to Ca 2+ [START_REF] Zhang | Kappa-opioid receptors mediate cardioprotection by remote preconditioning[END_REF]. Several candidates have been proposed to explain the ability of exercise training to induce remote cardiac conditioning. Among the circulating transferable factors, red blood cells are an important source of NO, a well-known protecting agent (see chapter 3d). Indeed, as previously reviewed [START_REF] Suvorava | Exercise-Induced Cardioprotection via eNOS: A Putative Role of Red Blood Cell Signaling[END_REF], increased shear stress during exercise stimulates NO metabolic activity of red blood cells. This might contribute to protect the heart against IR insults. High stimulation of skeletal muscles during exercise also could be implicated in remote conditioning. During exercise, muscles produce several cytokines that are considered potent remote cardioprotective molecules (for review [START_REF] Fiuza-Luces | Exercise benefits in cardiovascular disease: beyond attenuation of traditional risk factors[END_REF]). McGinnis et al [START_REF] Mcginnis | Interleukin-6 mediates exercise preconditioning against myocardial ischemia reperfusion injury[END_REF] showed that exercise exerts cardioprotection via IL-6 that originates from skeletal muscle. These author did not provide any link between IL-6 and mitochondrial function; however, it is known that IL-6 increases the inner mitochondrial membrane polarization and prevents reperfusion-induced changes in mitochondrial functions [START_REF] Smart | IL-6 induces PI 3-kinase and nitric oxide-dependent protection and preserves mitochondrial function in cardiomyocytes[END_REF]. Moreover, irisin, another myokin secreted by skeletal muscle in response to exercise [START_REF] Qiu | Chronic Exercise Training and Circulating Irisin in Adults: A Meta-Analysis[END_REF], suppresses mPTP activation, mitochondrial swelling, and thus protects the heart during IR [START_REF] Wang | Irisin plays a pivotal role to protect the heart against ischemia and reperfusion injury[END_REF]. Increased SOD1 level in the heart could explain irisin-induced protection of heart mitochondria. Finally, myonectin is another exercise-induced myokine that contributes to exercise-induced cardioprotection by reducing apoptosis and inflammation in the heart during IR [START_REF] Otaka | Myonectin Is an Exercise-Induced Myokine That Protects the Heart From Ischemia-Reperfusion Injury[END_REF]. However, no evidence of potential interactions between myonectin and mitochondria has been provided yet. Other blood circulating factors, also described as exerkines, such as extra-cellular vesicles [START_REF] Bei | Exercise-induced circulating extracellular vesicles protect against cardiac ischemia-reperfusion injury[END_REF], plasmatic microRNAs, including miR-1192 [START_REF] Wang | Exercise protects the heart against myocardial infarction through upregulation of miR-1192[END_REF] and miR-342-5p [START_REF] Hou | Longterm Exercise-Derived Exosomal miR-342-5p: A Novel Exerkine for Cardioprotection[END_REF], or brain-derived neurotrophic factor [START_REF] Wang | Involvement of brain-derived neurotrophic factor in exercise-induced cardioprotection of post-myocardial infarction rats[END_REF] could be good candidates to explain remote conditioning of the heart by exercise. However, no data is available on their possible interaction with mitochondria, especially during IR.

To conclude, it is not known yet whether the heart is intrinsically or remotely conditioned in response to exercise. As exercise training is a systemic and integrative strategy that influences several organs/tissues, it seems obvious that complex interplays between several remote and intrinsic pathways contribute to protect the myocardium during IR (Figure 3).

Conclusion

Exercise training is an efficient strategy to reduce cardiovascular risk factors. Exercise training can also decrease the heart sensitivity to IR in animal models and in humans [START_REF] Crisafulli | mitochondrial permeability transition pore; IR, ischemia reperfusion; MCU, mitochondrial calcium uniporter; NO, nitric oxide; cGMP, cyclic guanosine monophosphate ; PKG, protein kinase G; GPCR, G protein-coupled receptors[END_REF]. However, the cellular mechanisms of exercise-induced cardioprotection remain elusive. In this review, we tried to summarize the potential links between signaling pathways activated by exercise training and mitochondria.

Mitochondria are an end-effector of cell death during IR, but are also organelles towards which all cardioprotective pathways converge. Nevertheless, many potential pathways remain to be investigated and few definitive conclusions can be drawn. Exercise training can clearly influence the cardiac cell redox state and Ca 2+ homeostasis, and both could contribute indirectly to render the mitochondria less sensitive to IR. Conversely, the direct effect of exercise training on mitochondrial function in the heart is less evident. Future studies should determine how exercise training can influence i) the regulation of the mitochondrial network, ii) the mitochondrial regulation of Ca 2+ handling and mPTP activation, iii) the complex interplay between inflammation and mitochondria, and finally iv) the interaction between mitochondria and exercise-dependent redox-signaling. This could help to improve our understanding of the cardioprotection mechanisms and perhaps, to identify new protective pathways. During myocardial ischemia, the restriction in O2 supply inhibits oxidative phosphorylation (OX-PHOS) and switches the cell energetic metabolism to anaerobic glycolysis, resulting in lactic acid accumulation and intracellular acidosis [START_REF] Benjamin | American Heart Association Council on Epidemiology and Prevention Statistics Committee and Stroke Statistics Subcommittee, Heart Disease and Stroke Statistics-2018 Update: A Report From the American Heart Association[END_REF]. Consequently, pH decreases and cell functions are impaired. Na + /H + exchanger (NHE) extrudes H + , leading to intracellular Na + overload. Excess Na + is exported via the activation of the 2Na + /Ca 2+ exchanger (NCX) in reverse mode. This results in cytosolic Ca 2+ overload (2). As ATP is progressively depleted during ischemia, ion pumps cannot function properly and this contributes to exacerbate the intracellular Ca 2+ increase. The rise in Ca 2+ during ischemia and reperfusion leads to mitochondrial Ca 2+ accumulation. OX-PHOS inhibition is the primary cause of low ATP production and is associated with low mitochondrial membrane potential (Δψm). Both acidic pH and low mitochondrial potential contribute to maintain the mPTP channels in the closed state during ischemia (3).

During reperfusion, the rapid re-establishment of OX-PHOS and Δψm associated with mitochondrial Ca 2+ overload results in a strong rise in reactive oxygen species (ROS) production in mitochondria (4). A complex interplay between ROS production and Ca 2+ overload triggers mPTP opening (5), leading to Δψm collapse, mitochondrial respiration inhibition, mitochondrial swelling and disruption, and cell death (6).

MCU, mitochondrial Ca 2+ uniporter; mPTP, mitochondrial permeability transition pore.

FIGURE 2: Effect of acute exercise and exercise training on cardiac mitochondria

Acute exercise results in an abrupt increase in glucose uptake and oxidation. Increased AMPK activation in response to exercise contributes to promote glucose uptake during physical activity. In the case of moderate and prolonged exercise, adipose tissue lipolysis and muscles glycolysis increase the circulating levels of fatty acids and lactate which are used by the heart to respond to increased energy demands (1). Recently, it has been shown that adrenergic and metabolic stress in response to exercise also results in cardiac mitochondrial fragmentation that contributes to the metabolic response upon increased cardiac workload. In addition, acute exercise might have a positive effect on mitophagy to eliminate impaired organelles (2). Acute exercise also increases the circulating level of TNF-α and IL-1β, as well as cardiac cytosolic and mitochondrial ROS production (3). These elements contribute to the normal heart response to exercise and constitute the key triggers of cardiac adaptations to exercise training. Indeed, exercise training increases the activity of enzymatic antioxidant defenses through ROSdependent activation of Nrf2 (3).

Exercise training improves the cardiac response to high-energy expenditure. Several adaptations of cardiac metabolic pathways contribute to increase ATP production by the heart during stress situations. For instance, exercise training increases the levels of CD36, fatty acid transport protein 1 (FATP1) and carnitine palmitoyl-transferase I (CPTI). This contribute to improve free fatty acid (FFA) uptake and to increase the β-oxidation. Moreover, exercise training is associated with higher level of the lactate transporter MCT1 and of glycolysis. Although only few data are available, exercise training might also influence the mitochondrial network via i) its positive effect on mitochondrial fusion, and ii) its ability to increase mitochondrial biogenesis through PGC1α activation. (2). Finally, Nrf2 activation in response to exercise (Nrf2-ARE) contribute to reduce mitochondrial ROS (mtROS) production by increasing antioxidant capacity (3). E, epinephrine; NE, Norepinephrine; SOD, superoxide dismutase; GSH, reduced glutathione; CAT, catalase; Nrf2, nuclear factor erythroid-2-related factor 2 ; NFκB, nuclear factor kappa B; OX-PHOS, oxidative phosphorylation; MCT1, Monocarboxylate transporter 1; GLUT, Glucose transporter; PGC1α, peroxisome proliferator-activated receptor γ coactivator 1 ; NOX-4, NADPH Oxidase 4. The mechanisms of exercise-induced cardioprotection need to be thoroughly investigated, but several pathways have been already implicated in reducing the heart sensitivity to ischemia-reperfusion. First, exercise training is a stressful situation for many organs, including heart and muscle. This leads to the production of several exerkines (mainly from muscles, but also brain, red blood cells, and other tissues) that contribute to the heart remote conditioning. In the heart, remote or direct conditioning can be explained by:

(1) Exercise training influences cardiac metabolic processes and improves the cardiac response to stressful situations. One could hypothesize that the higher ability of trained heart to maintain energy homeostasis during post-ischemic reperfusion might contribute to maintain ΔΨm and to limit mPTP activation. This could also promote F1F0-ATP synthase activity to sustain ATP synthesis during reperfusion. In addition, activation of sarcolemma (sarcoKATP) and/or mitochondrial (mitoKATP) channels by exercise induces cellular and/or mitochondrial hyperpolarization and then protects mitochondria and myocardium during ischemia reperfusion.

(2) The regulation of cytosolic Ca 2+ concentration, especially during IR, could constitute another key trigger of exercise-induced cardioprotection. Exercise influences the ability of cardiac cells to regulate calcium homeostasis and to protect key calcium handling proteins (SERCA) during IR. As mitochondrial Ca 2+ overload is a key trigger of ROS production and mPTP activation, the ability of the exercise-trained heart to regulate calcium homeostasis even during IR could limit mitochondrial Ca 2+ overload and thus cell death. In addition, some results suggest that in exercise-trained heart, mitochondria are less sensitive to increased Ca 2+ load with delayed mPTP activation. Mitochondrial Ca 2+ concentration is intricately related to mitochondrial ROS production. The capacity of mitochondria of exercise-trained hearts to scavenge ROS during IR has been largely studied and reviewed. It is now acknowledged that exercise training improves mitochondrial antioxidant enzyme activity that contributes to exercise-induced cardioprotection.

(3) Given the key role of eNOS in exercise-induced cardioprotection, we propose that exercise increases NO bioavailability close to mitochondria, contributing to exercise-induced cardioprotection. NO cardioprotective effects might be mediated i) indirectly through the activation of the cGMP-PKG pathway and of downstream survival signaling cascades that converge to mitochondria, and/or ii) through direct protein S-nitrosylation (SNO) of different mitochondrial targets implicated in ROS production (complex I of the electron transport chain, for example) or in mitochondrial swelling (cyclophilin D, for example). Mitochondrial biogenesis in response to exercise training also is dependent on the eNOS-NO pathway.

(4) Finally, as exercise training seems an efficient strategy to blunt the complex vicious interplay between ROS and Ca 2+ overloading during IR, one can hypothesize that exercise training can also influence mitochondrial dynamics during IR by preventing mitochondrial fission and promoting mitochondrial fusion. Exercise training also promotes mitophagy of impaired mitochondria, which could also contributes to limit mitochondrial-dependent stress during IR. These effects of exercise training on mitochondrial dynamics certainly help to maintain the pool of functional and less vulnerable mitochondria during IR. 
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