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Abstract

:

Simple Summary


Despite the development of cutting-edge treatments, coronary artery disease (CAD) morbidity and mortality rates remain present at high levels. New cardioprotective approaches are crucial to improve the health of patients. Remote ischemic conditioning (RIC) seems to be the most promising method for heart repair. Recently, it has been shown that small, anuclear, bilayered lipid membrane particles, known as extracellular vesicles (EVs), are the drivers of signal transduction in either cardiac ischemia/reperfusion injury (IRI) or RIC. We will discuss how EVs can be used as a new drug delivery mechanism and how they can be employed in cardiac treatment.




Abstract


Despite the development of cutting-edge treatments, coronary artery disease (CAD) morbidity and mortality rates remain present at high levels. Therefore, new cardioprotective approaches are crucial to improve the health of patients. To date, experimental investigations of acute ischemia-reperfusion injury (IRI) have generally demonstrated the efficacy of local ischemic preconditioning and postconditioning cardioprotection techniques as well as of remote conditioning. However, application in clinical settings is still highly controversial and debated. Currently, remote ischemic conditioning (RIC) seems to be the most promising method for heart repair. Protective factors are released into the bloodstream, and protection can be transferred within and across species. For a long time, the cross-function and cross-transmission mechanisms of cardioprotection were largely unknown. Recently, it has been shown that small, anuclear, bilayered lipid membrane particles, known as extracellular vesicles (EVs), are the drivers of signal transduction in cardiac IRI and RIC. EVs are related to the pathophysiological processes of cardiovascular diseases (CVDs), according to compelling evidence. In this review, we will first review the current state of knowledge on myocardial IRI and cardioprotective strategies explored over the past 37 years. Second, we will briefly discuss the role of EVs in CVD and the most recent improvements on EVs as prognostic biomarkers, diagnostic, and therapeutic agents. We will discuss how EVs can be used as a new drug delivery mechanism and how they can be employed in cardiac treatment, also from a perspective of overcoming the impasse that results from neglecting confounding factors.
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1. Introduction


Worldwide, cardiovascular diseases (CVDs), ischemic heart conditions, and acute myocardial infarction (AMI) continue to be the primary causes of mortality and morbidity [1]. A major cause of illness and death relies on myocardial blood flow arrest involving the coronary tree and depends on thromboembolism or atherosclerosis. Myocardial infarction (MI)-related morbidity and mortality have been shown to correlate with the extent of myocardial damage. Indeed, infarct size increases with the duration of ischemia [2,3,4]. By decreasing the period of ischemia, treatments that immediately reperfuse the tissue, such as coronary stenting and balloon angioplasty, have considerably improved patient outcomes [5,6]. Despite these improvements, AMI continues to be the major worldwide cause of death [5,7]. Indeed, the best method for minimizing the extent of a myocardial infarct and improving the clinical outcomes after AMI is early and effective myocardial reperfusion with thrombolytic treatment or primary percutaneous coronary intervention (PCI). However, ischemia/reperfusion injury (IRI) can result from the restoration of blood flow to the ischemic myocardium [8]. Extracellular vesicles (EVs) have been shown to be involved in signal transduction in cardiac IRI and remote ischemic conditioning (RIC). Novel cardioprotective methods are needed to maintain cardiac cells in a healthy status and prevent the occurrence of heart failure. Cardiovascular research has therefore investigated methods to minimize IRI, resulting in the development of cardioprotective strategies also allowing a better knowledge of the molecular aspects of IRI. Investigating new cardioprotective strategies to provide a solid foundation for future translation into clinical practice has been the challenge of recent years. In this brief review, we consider the mechanisms of cardiomyocyte death triggered by IRI and then the complex signaling pathways elicited by ischemic conditioning, which include modification of sarcolemmal receptors and cytosolic kinases, as well as modulation of redox aspects, Ca2+ ions overload, mitochondrial permeability transition pore (mPTP) formation, and proteolysis. Finally, we will discuss the putative role of EVs in CVDs and cardioprotection and the most recent improvements on EVs as prognostic and diagnostic biomarkers. We will also discuss how EVs can be used as a novel drug delivery mechanism and how they can be used in cardiac treatment. We hope that a better understanding of EVs can help to overcome the impasse due to neglecting confounding factors, such as age, sex, comorbidities, and comedications (for reviews, see [9,10,11,12,13]).




2. Ischemia/Reperfusion Injury


The heart is responsible for the continuous supply of blood and nutrients to the entire body and to itself and does so through efficient pumping activity. This strenuous work involves the recycling of at least 6 kg of adenosine triphosphate (ATP) per day in a resting subject. Most ATP is produced through the aerobic oxidation of fatty acids [14]. Hence, the myocardium has a high oxygen demand, which is closely related to organ performance, and, therefore, disruption of oxygen supply has acute functional effects on cardiac activity: the myocardium does not tolerate hypoxia. Hence, heart cells die rapidly in cases of deficient blood supply through several mechanisms of death, but cells also die when blood flow is restored, and that is reperfusion injury [15,16]. The mechanisms that lead to the death of these cells are diverse. Mitochondrial-dependent and -independent pathways of cell death during cardiac IRI have been recapitulated by Davidson et al. [17]. In this brief review, we will consider some of them.



2.1. Pathophysiology of Myocardial Ischemia/Reperfusion Injury


Myocardial hypoxia can result from the reduction in coronary blood flow, which causes several metabolic and functional alterations, including mitochondrial electron transport chain inefficiency. Reduced ATP synthesis in mitochondria causes anaerobic metabolism, defective sodium–potassium pumps, and ribosome detachment from the endoplasmic reticulum [18,19]. ATP and antioxidants are produced at reduced rates during anaerobic metabolism in the cell. Therefore, during hypoxia, the myocardium forms and consumes less ATP. Hence, retention of sodium in cells and potassium outflow are caused by defective Na+-K+-ATPase pumps. Since the quantity of sodium in the cell increases and its transmembrane gradient is reduced, the sodium–hydrogen (Na+-H+) exchanger (NHE) and sodium–calcium (3-Na+/1-Ca2+) exchanger (NCX) become less active and intracellular Ca2+ and H+ increase. Moreover, because of ATP deficiency, malfunction on the cell surface of Ca2+-ATPase pumps and on the endoplasmic reticulum of Sarco-Endoplasmic Reticulum Calcium ATPase 2 (SERCA2), Ca2+-ATPase pumps promote calcium overload. Hydrogen, sodium, and calcium ion excess in cells results in hyperosmolarity, which promotes water flow into the cytoplasm and cell swelling. The retention of hydrogen ions and lactic acid might result in metabolic acidosis. Hence, low intracellular pH (pHi) impairs enzyme function and causes nuclear chromatin to clump next to each other. On the other hand, calcium overload favors calpain activation, hypercontracture (contraction band necrosis) and mPTP opening/formation. In addition to the switch to anaerobic metabolism and the dysfunction of ionic pumps, reduced ATP production contributes to the aforementioned ribosome detachment, negatively affecting protein synthesis [18,19]. Later, during the reperfusion phase, blood flow replenishes the ischemic tissue with nutrients and oxygen. Since cells in the ischemic phase have reduced concentrations of antioxidant agents, they undergo increased production of reactive oxygen species (ROS) when oxygen returns [15]. ROS generate oxidative stress, driving DNA damage, endothelial dysfunction, and local inflammatory reactions. Calcium overload exacerbates mitochondrial dysfunction, and cell death also driven by cellular structural damage may occur through several mechanisms [17].



2.1.1. Oxidative Stress


It is commonly assumed that ROS are the main culprits behind macromolecular deterioration and represent the harmful byproducts of aerobic metabolism. Both ischemia and reperfusion can favor a “burst” of ROS production from the mitochondria [20,21]. Although early reperfusion is the most effective strategy to save ischemic tissue, as mentioned above, restoration of blood flow can promote pathological processes that cause greater myocardial damage than the primary ischemic insult [8]. Reperfusion is associated with an increase in ROS production [22], but it is unclear where these ROS originate or if they play a critical role in myocardial damage [23,24]. In isolated cardiomyocytes, sub-lethal hydrogen peroxide generation during simulated ischemia contributes to cell death during reperfusion, which is mediated by the reperfusion oxidant “burst” [25]. It has been demonstrated that oxidative stress during ischemia primes cardiomyocytes towards cell death during reperfusion. Nevertheless, ROS and increased calcium are thought to work together to cause the opening of mPTP, which is considered a key mediator of reperfusion injury [26]. Of note, pathological conditions involving the onset of oxidative stress, such as diabetes, make the heart more susceptible to ischemic damage and less likely to be protected by conditioning maneuvers [27]. An interesting finding for the scope of this review is that diabetes impairs RIC-induced cardioprotection by exosomes [28,29].



In summary, myocardial IRI pathophysiology is characterized by oxidative stress because ROS synthesis increases when oxygen supply is restored after ischemia. Nevertheless, while huge amounts of ROS are harmful, especially in the presence of comorbidities, and can cause or contribute to cardiomyocyte death, low levels of oxidants can be cardioprotective in conditioning approaches [23,24].




2.1.2. Calcium Overload


Adequate intra-sarcolemmal Ca2+ levels in myocardial fibers, in addition to contractile function, are essential for cell survival. A series of primary and secondary active mechanisms operate to extrude free Ca2+ from the cytoplasm and transport it outside the cells. Transporters and pumps located on the plasma membrane, as well as the sarcoplasmic reticulum and SERCA2 pump, which transports Ca2+ within the reticulum itself, and mitochondrial Ca2+ transporters play important roles in keeping calcium levels under tight regulation within cardiomyocytes and organelles [30].



Ischemia and hypoxia disrupt the natural equilibrium of cells during the ischemia–reperfusion damaging process, which leads to an inadequate cell energy supply. As stated above, the energy-dependent Na+-K+-ATPase are less active when ATP levels are low, so intracellular levels of Na+ increase and NCX slows down. Therefore, increased intracellular Ca2+ concentration is the consequence of compensatory ion exchange; precisely, Ca2+ overload during ischemia is mainly due to the slowing down of the NCX, whereas during reperfusion it is largely due to the entry of this ion through the same exchanger. Indeed, NCX can also work in reverse mode as early as during the preceding ischemia, but especially during the first few minutes of reperfusion. The reverse operation of NCX is the consequence of an altered trans-membrane Na+ gradient, which results also from an increase in intracellular Na+ concentration associated with pHi correction mechanisms by NHE. An elevation in glycolytic processes accompanying lactic acid production, acidification of the cytosol, and a drop in pHi is seen after a hypoxic/ischemic event because cells remain in ATP deficiency and cannot oxidize fatty acids due to mitochondrial dysfunction. Due to a constant accumulation of Na+ within the cell, NHE does not effectively balance the increase in hydrogenation during ischemia. A functioning deficit of the ATPase pumps promotes additional Na+ buildup. This accumulation, as said, causes the NCX to change direction, especially during reperfusion, thus increasing the level of Ca2+ inside the cells which is made worse by malfunctioning of the Ca2+-ATPases, as well as by reperfusion, which washing out extracellular H+ speeds up the NHE, further increasing Na+ entry and altering the trans-membrane Na+ gradient.



Increased ROS, the destruction of cell membranes, and interference with mitochondrial function are just a few of the mechanisms involved in calcium excess-mediated cell damage [30], which also leads to enzyme activation (e.g., calpain). These alterations last until ATP synthase, Na+/K+-ATPase activity, and membrane potential are restored, otherwise cell death inflammatory processes occur.




2.1.3. Nitric Oxide and Nitroxyl


Other key players in the ischemia/reperfusion scenario are nitric oxide (NO) and its sibling nitroxyl (HNO). NO is a well-known messenger involved in the relaxation and vasodilation of vascular smooth muscle and can induce protein modification through several metabolic pathways. The half-life of NO is only a few seconds, making it incredibly sensitive and labile. It has been asserted that it can prevent mPTP opening at physiological concentrations [31]. Numerous studies indicate that the NO-cyclic guanosine monophosphate (cGMP) pathway has a significant protective function against IRI [32]. cGMP is produced when NO binds to soluble cGMP. Then, cGMP stimulates protein kinase G (PKG), which controls several of NO’s activities, including mitochondrial function and mPTP opening. When pathological conditions are present, NO production, either insufficient or excessive, results in detrimental events. HNO donors also inhibit mPTP opening, thus limiting myocyte loss upon reperfusion, a beneficial effect that requires translocation of protein kinase C epsilon isoform (PKCε) into mitochondria whereas activation of mitochondrial K+ channels may be there with NO but not with HNO [33].




2.1.4. Mitochondrial Permeability Transition Pore Opening


The revision of current knowledge stems from the discovery that mitochondria are not only the main energy producers of the cell, but also play a crucial role in the decision to live or die [34]. It is well-established that mitochondrial dysfunction is a key factor in the pathophysiology of numerous cardiac disorders, including IRI. Although the exact molecular nature of mPTP is unknown, it is recognized that extensive and long-duration mPTP opening mediates the fatal permeability alterations that initiate mitochondrial-dependent death in these disorders [35].



Events Triggering the mPTP Opening


Numerous pathophysiological events boost the mPTP opening. High mitochondrial Ca2+ concentrations ([Ca2+]m), in particular, can produce mitochondrial calcium overload-related defects that are easily noticeable in cardiac cells, including mitochondrial membrane potential (ΔΨm) depolarization and reduction of ATP production [36]. Extra [Ca2+]m, together with ROS, contributes to the binding of cyclophilin D (CyPD) to the inner mitochondrial membrane (IMM), promoting the formation of mPTP and possibly sustains its role in determining the heart damage [37]. Additionally, elevated [Ca2+]m results in an excessive increase in ROS production, which oxidizes IMM lipids and proteins. The mPTP opening ensures that this oxidation enhances the non-selective IMM permeability, which causes the IMM to enlarge and lose the cristae surface before irreversible mitochondrial malfunction results in cell death. Opening of mPTPs is caused by reperfusion of the heart following ischemia.




Consequences of the mPTP Opening


Firstly, the IMM is impermeable to all but a few specific compounds and ions under normal circumstances. However, under stressful circumstances, the mitochondrial inner membrane’s mPTP opening can occur, allowing any molecule smaller than 1.5 kDa to freely enter [38]. All small molecular weight solutes penetrate the membrane readily when the mPTP opens, but proteins do not, and as a result, they exert a colloidal osmotic pressure that causes mitochondria swelling [39]. Secondly, protons can pass easily through the inner membrane. As a result, oxidative phosphorylation becomes decoupled [40]. The proton-translocating ATPase then actively hydrolyzes ATP instead of synthesizing it. This causes the disruption of ionic and metabolic balance and the activation of degradative enzymes such as phospholipases, nucleases, and proteases. Intracellular ATP concentrations also drop quickly under such conditions. Without pore closure, these modifications will irreversibly harm the cell, leading to necrotic death. Even if closure does take place, the swelling and outer membrane breach in the mitochondria may be enough to start the apoptotic cascade.




Transient and Long-Lasting mPTP Opening


The mPTP is maintained tightly closed under normal physiological circumstances while activated under pathological conditions. Actually, it has been proposed that transient mPTP opening occurs without affecting cell viability [41], and that even these transient mPTP openings may contribute to the cardioprotection induced by ischemic preconditioning (see below) [42]. However, there are currently no specific techniques or interventions to distinguish between short- and long-lasting openings, especially in entire hearts (ex vivo or in vivo).



As mentioned above, the principal reason for mPTP’s long-lasting opening is mitochondrial calcium overload, which occurs when the amount of calcium in the mitochondrial matrix is significantly increased. This is especially true when other factors such as oxidative stress, adenine nucleotide depletion, high phosphate concentrations, and mitochondrial depolarization are present [38,40]. There is growing evidence that mPTP’s long-lasting opening is crucial in the change from reversible to irreversible reperfusion damage since these circumstances are precisely what the heart goes through during post-ischemic reperfusion [38,40].



ATP synthase has recently been shown to function as the primary “uniporter” of mitochondrial K+ ions, i.e., the main pathway of K+ entry into mitochondria. Thus, both H+ and K+ ions entry is proportional to ATP synthesis, regulating matrix volume and the matching of energy supply and demand. This discovery could be of revolutionary importance in the context of cardioprotection [43,44].







3. Cardioprotective Strategies


Numerous therapies that give strong cardioprotection in experimental animal models of acute ischemia and reperfusion damage have been identified. However, there has been a distressing lack of success in implementing these cardioprotective medications for patient benefit in the clinical setting of AMI. On this topic there are several reviews; the reader can start from the elegant recent reviews by COST Action EU-CARDIOPROTECTION CA16225 [10,13]. The fact that AMI is multifactorial and affects various cell types, including immune cells, platelets, fibroblasts, endothelium, and smooth muscle cells, in addition to cardiomyocytes, may play a significant role. In individuals with comorbidities and/or co-medications, cardioprotective strategies may not be protective because some protective pathways may be impaired; yet, many cardioprotective strategies considering combinations of medications may not be as effective since they use similar targets and end-effectors. Nevertheless, recent research indicates that combining additive or synergistic multitarget therapy (targeting multi-cells, -pathways, -strategies) may be necessary for the best cardioprotection [11]. Numerous cardioprotective methods to prevent myocardial IRI have been offered during the past three decades [45]. Based on the protective mode, time of administration, and cellular and intracellular target, they may be generally categorized into several groups. The cardioprotective techniques that have undergone the greatest research involve either the application of brief, carefully controlled bouts of ischemia and reperfusion (ischemic conditioning), the administration of chemicals (pharmacology), or the use of physical interventions, including thermic approaches. Ischemic conditioning, including local pre-conditioning (IPC), post-conditioning (IPostC), and RIC, is the backbone of cardioprotective therapies against ischemia reperfusion damage in preclinical studies. Although the mechanisms of ischemic conditioning are only partially known, they are likely to be numerous. Cardioprotective approaches can also be described based on the moment they are used, i.e., prior to, during, or following ischemia. Prior (IPC), during (per-conditioning, PerC), or right after (IpostC) an ischemic event are the possible applications of the conditioning stimuli.



3.1. Target for Cardioprotective Therapies


By their ultimate goals/targets, cardioprotective therapies can be further divided: ion exchangers and channels, proteases, ROS, contractile elements, or components of the mPTP are some examples of molecular targets under the first category that are primarily implicated in necrotic cell death. These approaches have hardly ever advanced to clinical trials and have often focused on the use of currently available pharmacological agents [10,11,13]. Cyclosporine A, specifically targeting the mPTP, represents a peculiar case. Cyclosporine A, indeed, had conflicting preclinical outcomes and was ineffective in large clinical studies. Acute myocardial IRI may also trigger other types of cell death, such as apoptosis, autophagy, necroptosis, and pyroptosis, all of which may influence the size of the subsequent MI to variable degrees and offer potential new targets for cardioprotection. The NO/cGMP/PKG cascade, Reperfusion Injury Salvage Kinase (RISK), and Survivor Activating Factor Enhancement (SAFE) pathways, mitochondrial morphology, and cardiomyocyte metabolism are examples of targets in the second category. Last but not least, cardioprotective techniques can either rescue cardiomyocytes or non-cardiomyocyte cells including platelets or leukocytes [46]. The myocardium comprises a variety of different cell types, particularly endothelial cells, fibroblasts, smooth muscle cells, and neuronal cells, which seem to be relevant actors in myocardial IRI, despite cardiomyocytes being the working cells in the heart and the most vulnerable to IRI. Of note, microRNA (miRNA) and exosomes, secreted mostly by endothelium and fibroblasts (i.e., the “secretome”) may support cardioprotective signaling [47,48,49,50,51].




3.2. Pre-Conditioning


Beginning in 1972, Braunwald and coworkers reported that the infarct size may be decreased by cardioprotective measures in addition to being dependent on the length of ischemia, the area at risk, and collateral flow [52]. Only fourteen years later, in 1986, Murry et al. [53] observed in an animal model that a brief period of coronary occlusion followed by a brief period of reperfusion decreased the area of MI brought on by a later protracted fatal ischemia/reperfusion phase [33]. A preconditioned state was produced via protective signal transduction, as demonstrated by Liu et al. in 1991 [54]. In fact, it has been demonstrated that several cardiac Gi-coupled receptors may stimulate IPC [55]. The heart develops a protective state that is identical to IPC when adenosine or an adenosine A1 receptor-selective agonist is injected into the coronary arteries for five minutes before occluding a coronary branch. On the other hand, a non-IPC heart was unaffected by an adenosine receptor antagonist, which prevented IPC protection. In contrast with adenosine A2 receptors, which are Gs-coupled and work to dilate the coronary arteries, A1 receptors are Gi-coupled and function to reduce the heart rate. Actually, the Consortium for preclinicAl assESsment of cARdioprotective medicines (CAESAR), a multicenter network of experimental research centers, has shown the infarct size-limiting effects of IPC in all examined species, including mouse, rat, rabbit, cat, dog, sheep, baboon, and humans, and has also proved that these treatments are beneficial [56,57].



In general, infarct size, apoptosis, endothelial dysfunction, and activation, as well as neutrophil adhesion and inflammation are all generally decreased by IPC. It also lessens arrhythmias and stunning [58]. Additionally, IPC decreases mitochondrial metabolism while promoting endothelial function and vascular response to endothelium-dependent vasodilatation [58,59,60,61,62]. IPC was initially described as an instantaneous adaptation of the heart to relatively short coronary occlusions [63]. Subsequently, IPC has been found to be a biphasic phenomenon, with an initial protective phase that develops minutes after the initial ischemic insult and lasts 2 to 3 h, and a late (or delayed) phase that appears 12 to 24 h later and lasts 3 to 4 days. The electrocardiogram (ECG), infarct size, cardiac contractility, frequency of arrhythmias, and biochemical tests, such as troponin or creatine kinase release, are some of the methods used to evaluate the effectiveness of IPC stimulation. Nevertheless, the evaluation of the reduction of the infarct size is the standard method to estimate myocardial healing in preclinical studies. Adenosine, bradykinin, and opioids are among the numerous defensive chemicals generated by the myocardium after a brief preconditioning ischemia that work together to induce the preconditioned state by activating PKC. While bradykinin and opioids couple to PKC through a complicated route that comprises, in order, Akt, NO synthase, guanylyl cyclase, PKG, opening of mitochondrial ATP-sensitive potassium channels (KATP), and activation of PKC by redox signaling, adenosine couples directly to PKC through the phospholipases. Even the opioid and bradykinin coupling are different from one another; the former stimulates phosphatidylinositol 3-Kinase (PI3K) via transactivation of the epidermal growth factor receptor, whilst the latter has an unidentified coupling mechanism. Protection results from the activation of the survival kinases Protein Kinase B/Akt (PKB/Akt) and Extracellular Signal-Regulated Kinases (ERK), which prevent the early stages of reperfusion from leading to the formation of mPTPs. Since PKC in some way favors communication from adenosine A2 receptors early in reperfusion, these kinases must be active to obtain cardioprotection. By phosphorylating Glycogen Synthase Kinase-3β (GSK-3β), the survival kinases are considered to prevent the formation of mPTP. The protective pathways operate for only a couple of hours and then fade away, in the so-called first window of protection, only to reappear after 24–48 h in the so-called second window of protection [64].




3.3. Postconditioning


The major limitation of IPC for cardioprotective therapy is the need to act before the ischemic event occurs, which is impossible to predict in the case of AMI. By interrupting myocardial reperfusion with a few short episodes (a few seconds) of myocardial ischemia, Zhao et al. in 2003 obtained the remarkable finding that the heart might be protected against IRI. This process is known as “ischemic postconditioning” [65,66]. The researchers discovered that administering three cycles of 30 s left anterior descending (LAD) coronary artery occlusion and reflow within one minute of myocardial reperfusion reduced MI size in canine hearts by 44%. IPostC was found to provide a wide range of benefits in addition to limiting MI, including decreased myocardial edema, oxidative stress and polymorphonuclear neutrophil buildup, as well as the retaining of endothelial function. These results were in line with postconditioned hearts’ lower myocardial reperfusion damage [66]. In contrast with the IPC stimulus, which consists of one to four short ischemia–reperfusion cycles (e.g., four 5-min ischemias spaced five minutes apart), the IPostC stimulation is brief, lasting only three to six cycles of ischemia and reperfusion (most often of 5–60 s ischemia duration separated by 5–60 s reperfusion). For a change in mitochondrial function in IPC, short bouts of ischemia and reperfusion are necessary, but in IPostC, the intermittent or stuttering reperfusion is likely the most crucial component of the procedure. Small animal cardiac models of IRI require intermittent ischemia and reperfusion conditioning periods of 5–10 s, while larger animal models and humans require IPostC treatments lasting 30 to 60 s [67]. It has been suggested that postconditioning during coronary angioplasty protects the human heart in a multicenter, randomized, controlled study. The research included thirty individuals who had coronary angioplasty for an ongoing AMI. As a consequence of four one-minute occlusions of the affected coronary arteries, the IPostC group’s infarct area was reduced by 36%, according to the results, which were caused by the balloon used for the angioplasty. Since then, several other small studies in humans have confirmed protection from ischemic postconditioning. However, large randomized trials have failed to demonstrate any benefit, although they have not reported deleterious effects [10,13].




3.4. Remote Ischemic Conditioning


An intriguing phenomenon, known as RIC, is induced by short periods of ischemia and reperfusion applied to a vascular bed, tissue, or organ. These ischemia/reperfusions confer general protection and make tissues and organs distant from the point of application resistant to damage caused by prolonged ischemia followed by reperfusion. RIC, about three decades ago, was first observed in the heart [68]. These brief periods of distant ischemia/reperfusion can occur before (preconditioning), after (postconditioning) or simultaneously (preconditioning) with the prolonged coronary occlusion that causes the infarction [69]. RIC has been demonstrated to be effective primarily by the reduction of infarct size [47,65,70]. Of course, conditioning does not offer protection when the coronary arteries are permanently occluded; instead, it only works when there is subsequent reperfusion, limiting the so-called IRI [71]. Via humoral [72] and neuronal paths from the distant stimulus site, RIC activates various defensive mechanisms in the cardiovascular system that are comparable to those that are engaged by local preconditioning. Additionally, RIC reduces platelet activation, endothelial impairment, and the inflammatory process in response to IRI [73,74,75,76]. The neural process and timeline of remote ischemic preconditioning (RIPC) of human endothelium were examined by Loukogeorgakis et al. [77]. The study confirmed that RIPC also acts in two stages to protect endothelial cells against ischemia damage in arterial vessels: an initial phase that is engaged right away and lasts up to four hours, and an additional phase that begins after 24 h of RIPC stimulation and lasts for at least 48 h. The administration of the autonomic ganglion blocker trimethaphan (16 mg/min intravenous infusion), which decreased both the early and delayed stages of RIPC, demonstrated that both phases of protection were dependent on the preservation of autonomic function. It has been found that the formation of free ROS increases during remote preconditioning, which may cause redox signaling to provide cardioprotection [78,79,80,81]. In order to provide cardioprotection during the ischemic phase, the sudden ROS increase during RIPC may enhance the production of heat shock proteins (HSP-70, HSP-25) that provide cardioprotection by reducing oxidative stress. This brief spike in ROS also elevates antioxidant enzymes (Mn superoxide dismutase and glutathione peroxidase) inside the stressed heart areas [82]. Additionally, redox signaling may have an impact on genes that regulate inflammation, such as Early growth response-1 (Egr-1), and a reduction in Egr-1 gene expression may lessen ischemia damage and provide cardioprotection [83]. An intriguing systematic review and meta-analysis found that none of the experimental factors examined by meta-regression could account for the high variability in RIPC-induced cardioprotection [84]. The research showed that studies lack uniformity in terms of study design and quality. Therefore, there is a critical need for more thorough in vivo research, with an emphasis on thoroughly describing RIPC/RIC methods and examining the possible effects of comorbidities. The CONDI2/ERIC-PPCI trial, the most current and pertinent study that impacts negatively on the efficacy of the RIPC procedure, showed that patients who received the RIPC therapy lacked adequate myocardial protection [85]. The importance of the release of circulating cardioprotective triggers in response to RIPC has been confirmed in a recent study, which also highlights that the lack of response to circulating cardioprotective factors may be due to metabolic alterations within the myocardium [86].



It is clear that remote conditioning culminates in a systemic response. To this end, further investigation is needed to determine whether there are many more factors capable of transmitting the conditioning stimulus to properly apply the cardioprotection of remote conditioning to patients with CVDs. Even though humoral and neuronal responses have been attributed to the conditioned response of RIC, it is still unexplained how cardioprotective signals are shared between organs at this time. Particularly, it has recently been established that EVs contribute as sources of signal transduction in cardiac IRI and RIC [87]. Similar circumstances exist to EVs that are released from the heart after ischemia preconditioning [28]. In addition, Ma et al. also observed that following RIC procedures in rats, there is a quick rise in cardioprotective microparticles, primarily originating from platelets [88]. Goals for applied research have been greatly boosted by the finding that EVs take part in the transmission of information in physiological and pathological settings. Similar to RIC, drugs may modify EVs content. For instance, Silva-Palacios and colleagues investigated if citicoline alters the composition of exosomes in patients with AMI undergoing coronary angioplasty to see if these vesicles may be transmitters of cardioprotective agents. They discovered that this drug alters certain miRNAs that are involved in cardioprotection. In particular, cell death increased in the presence of exosomes from infarcted patients, whereas incubation of cardiomyoblasts with exosomes from patients treated with citicoline did not affect cell viability [89]. The need for more study is emphasized by these preliminary findings, especially to discover new tools that will allow researchers to generate novel ideas and conduct their work with greater accuracy and precision. However, until we have a clearer understanding of the molecular processes taking place at the cellular and subcellular levels, the EVs signaling field will not be able to stand on its own.





4. Extracellular Vesicles: Novel Communication Concept for Cardioprotective Maneuvers


Mammals’ development and homeostatic maintenance depend on cell–cell communication, which enables quick and effective reactions to changes or dangers in the milieu that affect host cells. In addition to the traditional mechanisms of cell-to-cell interaction and the release of soluble compounds such as cytokines, inflammatory mediators, metabolites, and hormones, EVs are another form of intercellular communication [90].



EVs are small, anuclear, bilayered lipid membrane particles that are released by practically all cell types. They are abundant in a variety of bioactive compounds, including lipids, proteins, amino acids, mRNAs, and miRNAs (Figure 1) [91,92]. Their composition essentially depends on the unique (patho)physiological condition at the time of EVs packing and secretion, in conjunction with the origin of the cells [91].



The term “extracellular vesicle” has been adopted by the International Society of Extracellular Vesicles (ISEV) as a standard name for particles that the cell naturally releases but cannot replicate and are confined by a lipid bilayer [93]. According to the ISEV, EVs can be categorized as small (less than 100 nm in diameter) and medium–large (greater than 100 nm in diameter). EVs can be released from several cardiovascular cell types including endothelial cells, cardiomyocytes, macrophages, and fibroblasts, but can also be released from extracardiac cells erythrocytes and platelets. Intriguingly, some EVs derived from the vasculature and some from cardiomyocytes may play a role in cardioprotection [94,95].



EVs may be recovered from a range of bodily fluids, including blood and plasma, and they have been demonstrated implicated in a number of pathophysiological and cardioprotection processes. As a result, it has been suggested that EVs can be used as both a disease biomarker and a curative agent [96,97]. To have this impact, EVs must integrate with recipient cell membranes, either physically with the cellular membranes or with the endosomal membrane following endocytic absorption. There is a huge amount of proof that EVs can penetrate cells and discharge their message. Nevertheless, there has been much disagreement in the literature regarding the mechanism behind the incorporation of EVs into cells [98]. Specifically, a number of processes, including clathrin-mediated endocytosis (CME), phagocytosis, macropinocytosis, and plasma or endosomal membrane fusion, have been described for EVs absorption (Figure 1). The many processes by which EVs can be assimilated by recipient cells were discussed in an intriguing review provided by Mulcahi and colleagues [99]. In that review, several methodologies were also highlighted using the uptake mechanism which was shown [99].



Applications of EVs in Therapy and Their Roles as Prognostic and Diagnostic Biomarkers for CVDs


As also previously indicated, there is considerable evidence that EVs play a role in maintaining homeostasis; however, the focus now is on how EVs become dysregulated during illness [100].



CVDs, which comprise a myriad of pathological conditions, including coronary artery disease (CAD), stroke, hypertension, and peripheral arterial disease, remain the leading cause of morbidity and mortality worldwide. EVs have a role in CVDs, communication involving cardiomyocytes, fibroblasts, smooth muscle cells, and endothelial cells, as well as the management of heart regeneration, ventricular remodeling, and angiogenesis (Figure 2). Numerous fundamental scientific and clinical investigations on EVs and cardioprotection have been conducted and the roles of EVs in CVDs have already been increasingly understood (for review see [101]). EVs can exert a plethora of effects in the ischemic and post-ischemic heart that lead to maladaptive remodeling, including fibrosis, angiogenesis, immune cell recruitment, and inflammation, but also to post-ischemic scar resolution [102,103]. EVs are also involved in atrial fibrillation (AF) progression. For instance, Shaihov-Teper et al. demonstrate a causal relationship between epicardial fat and AF, attributing a clear profibrotic, proinflammatory, and proarrhythmic effect of EVs derived from epicardial fat [104].



We recently summarized studies on the beneficial effects of EVs supplied by various cell types in the cardiovascular system in a review article published by our research team and other colleagues [96]. EVs govern pathological processes such as atherosclerosis, hypertension, and MI by releasing their content into the target cell as well as physiological processes such as tissue repair and coagulation [105,106]. Briefly, the most pertinent discoveries we have reported involve specific miRNAs delivered through EVs that have been considered as prognostic and diagnostic criteria in various clinical situations. In particular, recent studies have revealed a rise of circulating miRNAs in the plasma of subjects with AMI [107,108]. In contrast to the traditional markers, troponin, and creatine–kinase MB (CK-MB), miRNA-208a has been clearly found in all individuals suffering from AMI 4 h after the onset of chest pain [107]. Circular RNAs (circRNAs), which are widely carried by EVs, have gained attention more recently [108]. It has also demonstrated the existence of crosstalk among cardioprotective pathways, EVs, and conditioning maneuvers [109]. It has been proposed that EVs released from the heart after ischemia are necessary for cardioprotection induced by remote conditioning, highlighting the importance of vesicular transfer mechanisms and interaction within the heart in remote cardioprotection [109].



Some studies have proposed RNA in EVs as biomarkers of CAD (Figure 2); for example, recently, circRNA, circNPHP4 resulted to be upregulated in EVs derived from monocytes of CAD sufferers, being correlated with clinical–pathological status [110]. Transported proteins in EVs can also serve as biomarkers of CVDs. For example, plasma factor H-linked complement protein (FHR-1) was found to be elevated in subjects with atherosclerosis [111], while the EVs’ connexin-43 was found to be downregulated in patients with ST-elevation myocardial infarction (STEMI) [112].



As stated in Section 3.1, it is well-recognized that cardioprotection requires the activation of beneficial myocardium signals, which primarily activate the RISK and SAFE pathways [113]. For instance, the activation of several kinases, including PI3k-Akt, Mek/Erk [114,115,116], and the downstream effector, GSK3β [117], is required for the RISK pathway, which was initially characterized by Yellon and Hausenloy group [8,35,42]. Interestingly, the RISK is blunted by diabetes [118]. The Janus Kinase (Jak) and Signal Transducer and Activator of Transcription 3(STAT3) were discovered as a part of the SAFE cascade, which inhibits mPTP opening [119,120,121]. In addition, to act as a transcription factor, STAT3 also exerts pro-survival non-genomic effects resulting in the protection of the mitochondrial function from IRI. As part of the SAFE enhancing pathway, which converges on the mitochondria and affects their function by interacting with other cardioprotective pathways, STAT3 has emerged as a key player in cardioprotection. There is evidence to support STAT3 as a metabolic network promoter. The management of the electron transport chain, the formation of ROS, the homeostasis of Ca2+, and the suppression of opening the transition pore of mitochondrial permeability are just a few examples of processes that STAT3 may drive to preserve mitochondrial functions [122]. Pre-treatment of the rat heart with STAT3 antagonist led us to demonstrate that STAT3 is crucial for EVs-induced cardioprotection [49]. Interestingly, a recent study revealed that a hypoxia-inducible circRNA that is highly expressed in cardiac endothelial cells, namely circWhsc1, can be released from EVs and can activate tripartite motif 59 binding to STAT3, thereby increasing its phosphorylation and inducing cardiomyocyte protection and proliferation [123].



Bioengineering to improve the use of EVs as therapeutic tools is a rapidly expanding field and evidence for the possible therapeutic role of EVs in CVDs is growing [124]. Cardiovascular research is constantly focused on using EVs in a clinical context to treat CVDs or stop disease progression by delivering certain medications, proteins, miRNA, and functional genes. Promising findings have been found in attempts to discover cell-derived exosomes harboring cardioprotective compounds. Additionally, the development of EVs as a means of medicinal administration is being made possible by mounting evidence about the mechanisms used in EVs cargo sorting [125]. In this regard, modification of the cargo or surface area of EVs isolated or EVs enriched with miR-21 has been able to reduce apoptosis in the hearts of infarcted mice [126]. Cells overexpressing Chemokine receptor 4 (CXCR4) also release EVs enriched in this receptor exerting cardioprotective effects [127]. Conjugation of peptides to isolated EVs improved functional recovery of the heart [128]. In addition to the direct use of EVs as therapeutic agents, identifying the impact of currently used drugs on EV-mediated communication is also a fertile field [89].



Human health preservation has not yet benefited fully, although both pharmacological and mechanical techniques have consistently improved preclinical models [90]. Conversely to preclinical studies, the major challenges in applying cardioprotective medicines to humans come from the variety of endpoints, the complexity of estimating long-term effects, and the presence of co-morbidities in patients [129].



Other investigations in addition to this significant clinical trial, have recently uncovered several features on EVs and RIPC. A local inflammatory response can be “shaped” by EVs produced from an ischemic myocardium, and serum-derived EVs from patients that have received coronary artery bypass grafts have been reported to be enriched in miRNA-21 [130,131]. Furthermore, following RIPC in rats, Ma et al. [88] demonstrated a fast boost in cardio-protective micro-particles, primarily produced from platelets. In a recent study, Abel et al. [132] looked at EVs obtained from anesthetized subjects who had received RIPC and coronary artery bypass graft surgery. The results of this investigation showed that EVs generated in response to RIPC are beneficial towards H9c2 apoptosis caused by hypoxia. It was not explored how they affected hypoxia and reoxygenation (H/R) [131]. Moreover, besides the work by Haller et al. [133], which described the cell of origin of EVs in patients with STEMI and exposed to RIPC, no studies have been performed on the cardio-protective qualities of circulating EVs isolated from acute coronary syndrome (ACS) patients, regardless of whether they had undergone RIPC or not. Despite the most current research and efforts to exploit the potential cardioprotective capabilities of EVs, there is still much to understand. Firstly, it is crucial to examine how EVs react to conditioning stimuli, by means of their cargo. Once these mechanisms are known, it may be possible to prevent the delivery of dangerous molecules while favoring those that can activate protective mechanisms. We have recently shown in patients with ACS that both RIPC and PCI (involving periods of additional ischemia) and inflammatory conditions reprogram EVs load, changing the cardioprotective properties of EVs and thus affecting the functional capacity of RIPC [28,30].





5. Conclusions and Perspectives


The preconditioning studies that began 37 years ago have enabled us to better understand the mechanisms of IRI that we described above. As we have seen, myocardial IRI can result from an AMI produced by abrupt coronary obstruction. To reduce damage and myocardial scar development, resulting in unfavorable myocardial remodeling and heart failure, coronary perfusion must be restored. PCI and coronary artery bypass grafting have allowed early revascularization/reperfusion, thus minimizing the ischemic area of the myocardium. However, as is well known, reperfusion per se promotes intensified and accelerated myocardial damage, known as IRI. This process is largely amplified by inflammation through numerous mechanisms of interaction [96]. We have seen that conditioning strategies, including RIC, may or may not reduce infarct size depending on several characteristics, including sex, age, strain, and environmental aspects of the animals. Over the years, we realized that it was difficult to translate cardioprotective phenomena into the clinic, in part because we overlooked these confounding factors in our laboratory experiments, where we used healthy and generally male animals. Several recent reviews consider these confounding factors in cardioprotection (e.g., [9,10,11,12,13]).



Recently, Heusch’s group observed that RIPC does not reduce myocardial infarct size in a porcine model, but humoral factors are released from the protective strategy and induce—when transferred—a reduction in infarct size in isolated rat hearts [86]. The authors do not analyze the nature of transferable cardioprotective factors. However, this important study paves the way for future investigations that could better understand transferable factors, including EVs. EVs can potentially be markers of disease and therapeutic agents, and hopefully they can provide us with information on the role of various confounding factors.



Therefore, we can conclude with some recommendations: (1) in planning our future experimental studies on cardioprotection, we need to consider confounding factors, including age, gender, genetic background, and standard co-treatments; (2) in translating the results to the clinic, we must consider multi-target strategies and must study the right patient population and test the efficacy of treatments in high-risk patients [134]; (3) we need to identify reliable indicators of the effectiveness of our therapeutic interventions: can EVs be useful? Only well-designed future studies can answer this question.







Author Contributions


Conceptualization, P.P., C.P. and S.C., formal analysis, P.P., C.P. and S.C. writing—original draft preparation, P.P., C.P. and S.C.; writing—review and editing, P.P., C.P., C.R., M.G. and S.C.; supervision, P.P. and C.P. All authors have read and agreed to the published version of the manuscript.




Funding


The research activities of this group is funded by Progetto B/2021/0159 (Fondo Beneficenza Intesa San Paolo) and by ex 60%-RILO (MUR) to P.P. and C.P.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors of this work have been supported by ex 60%-RILO (MUR) and by Progetto B/2021/0159 (Fondo Beneficenza Intesa San Paolo). We acknowledge Fondo di Beneficenza Intesa San Paolo for the support.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results. All authors have read the journal’s policy on the disclosure of potential conflicts of interest. Moreover, all authors declare that there are no conflict of interest to disclose. All authors have read the journal’s authorship statement.




References


	



Mensah, G.A.; Roth, G.A.; Fuster, V. The Global Burden of Cardiovascular Diseases and Risk Factors: 2020 and Beyond. J. Am. Coll. Cardiol. 2019, 74, 2529–2532. [Google Scholar] [CrossRef] [PubMed]

	



Geltman, E.M.; Ehsani, A.A.; Campbell, M.K.; Schechtman, K.; Roberts, R.; Sobel, B.E. The influence of location and extent of myocardial infarction on long-term ventricular dysrhythmia and mortality. Circulation 1979, 60, 805–814. [Google Scholar] [CrossRef] [PubMed]

	



Kelle, S.; Roes, S.D.; Klein, C.; Kokocinski, T.; de Roos, A.; Fleck, E.; Bax, J.J.; Nagel, E. Prognostic value of myocardial infarct size and contractile reserve using magnetic resonance imaging. J. Am. Coll. Cardiol. 2009, 54, 1770–1777. [Google Scholar] [CrossRef] [PubMed]

	



Stone, G.W.; Selker, H.P.; Thiele, H.; Patel, M.R.; Udelson, J.E.; Ohman, E.M.; Maehara, A.; Eitel, I.; Granger, C.B.; Jenkins, P.L.; et al. Relationship Between Infarct Size and Outcomes Following Primary PCI: Patient-Level Analysis From 10 Randomized Trials. J. Am. Coll. Cardiol. 2016, 67, 1674–1683. [Google Scholar] [CrossRef] [PubMed]

	



Francone, M.; Bucciarelli-Ducci, C.; Carbone, I.; Canali, E.; Scardala, R.; Calabrese, F.A.; Sardella, G.; Mancone, M.; Catalano, C.; Fedele, F.; et al. Impact of primary coronary angioplasty delay on myocardial salvage, infarct size, and microvascular damage in patients with ST-segment elevation myocardial infarction: Insight from cardiovascular magnetic resonance. J. Am. Coll. Cardiol. 2009, 54, 2145–2153. [Google Scholar] [CrossRef]

	



Ibáñez, B.; Heusch, G.; Ovize, M.; Van de Werf, F. Evolving therapies for myocardial ischemia/reperfusion injury. J. Am. Coll. Cardiol. 2015, 65, 1454–1471. [Google Scholar] [CrossRef]

	



Boersma, H.; Califf, R.; Collins, R.; Deckers, J.W.; Simoons, M.L. Selection of reperfusion therapy for individual patients with evolving myocardial infarction. Eur. Heart J. 1997, 18, 1371–1381. [Google Scholar]

	



Yellon, D.M.; Hausenloy, D.J. Myocardial Reperfusion Injury. N. Engl. J. Med. 2007, 357, 1121–1135. [Google Scholar] [CrossRef]

	



Efentakis, P.; Andreadou, I.; Iliodromitis, K.E.; Triposkiadis, F.; Ferdinandy, P.; Schulz, R.; Iliodromitis, E.K. Myocardial Protection and Current Cancer Therapy: Two Opposite Targets with Inevitable Cost. Int. J. Mol. Sci. 2022, 23, 14121. [Google Scholar] [CrossRef]

	



Lecour, S.; Andreadou, I.; Bøtker, H.E.; Davidson, S.M.; Heusch, G.; Ruiz-Meana, M.; Schulz, R.; Zuurbier, C.J.; Ferdinandy, P.; Hausenloy, D.J. IMproving Preclinical Assessment of Cardioprotective Therapies (IMPACT) criteria: Guidelines of the EU-CARDIOPROTECTION COST Action. Basic Res. Cardiol. 2021, 116, 52. [Google Scholar] [CrossRef]

	



Davidson, S.M.; Ferdinandy, P.; Andreadou, I.; Bøtker, H.E.; Heusch, G.; Ibáñez, B.; Ovize, M.; Schulz, R.; Yellon, D.M.; Hausenloy, D.J.; et al. Multitarget Strategies to Reduce Myocardial Ischemia/Reperfusion Injury: JACC Review Topic of the Week. J. Am. Coll. Cardiol. 2019, 73, 89–99. [Google Scholar] [CrossRef]

	



Alloatti, G.; Penna, C.; Comità, S.; Tullio, F.; Aragno, M.; Biasi, F.; Pagliaro, P. Aging, sex and NLRP3 inflammasome in cardiac ischaemic disease. Vascul. Pharmacol. 2022, 145, 107001. [Google Scholar] [CrossRef]

	



Ferdinandy, P.; Hausenloy, D.J.; Heusch, G.; Baxter, G.F.; Schulz, R. Interaction of risk factors, comorbidities, and comedications with ischemia/reperfusion injury and cardioprotection by preconditioning, postconditioning, and remote conditioning. Pharmacol. Rev. 2014, 66, 1142–1174. [Google Scholar] [CrossRef]

	



Neely, J.R.; Morgan, H.E. Relationship Between Carbohydrate and Lipid Metabolism and the Energy Balance of Heart Muscle. Annu Rev Physiol. 2003, 36, 413–459. [Google Scholar] [CrossRef]

	



Mastrocola, R.; Penna, C.; Tullio, F.; Femminò, S.; Nigro, D.; Chiazza, F.; Serpe, L.; Collotta, D.; Alloatti, G.; Cocco, M.; et al. Pharmacological Inhibition of NLRP3 Inflammasome Attenuates Myocardial Ischemia/Reperfusion Injury by Activation of RISK and Mitochondrial Pathways. Oxid. Med. Cell. Longev. 2016, 2016, 5271251. [Google Scholar] [CrossRef]

	



Del Re, D.P.; Amgalan, D.; Linkermann, A.; Liu, Q.; Kitsis, R.N. Fundamental mechanisms of regulated cell death and implications for heart disease. Physiol. Rev. 2019, 99, 1765–1817. [Google Scholar] [CrossRef]

	



Davidson, S.M.; Adameová, A.; Barile, L.; Cabrera-Fuentes, H.A.; Lazou, A.; Pagliaro, P.; Stensløkken, K.O.; Garcia-Dorado, D. EU-CARDIOPROTECTION COST Action (CA16225). Mitochondrial and mitochondrial-independent pathways of myocardial cell death during ischaemia and reperfusion injury. J. Cell. Mol. Med. 2020, 24, 3795. [Google Scholar] [CrossRef]

	



Wu, M.Y.; Yiang, G.T.; Liao, W.T.; Tsai, A.P.; Cheng, Y.L.; Cheng, P.W.; Li, C.Y.; Li, C.J. Current Mechanistic Concepts in Ischemia and Reperfusion Injury. Cell. Physiol. Biochem. 2018, 46, 1650–1667. [Google Scholar] [CrossRef]

	



Wang, H.B.; Yiang, G.T.; Ding, J.W.; Chen, L.H.; Li, S.; Liu, X.W.; Yang, C.J.; Fan, Z.X.; Yang, J. RNAi-Mediated Down-Regulation of CD47 Protects against Ischemia/Reperfusion-Induced Myocardial Damage via Activation of eNOS in a Rat Model. Cell. Physiol. Biochem. 2016, 40, 1163–1174. [Google Scholar] [CrossRef]

	



Hausenloy, D.J.; Yellon, D.M. Myocardial ischemia-reperfusion injury: A neglected therapeutic target. J. Clin. Investg. 2013, 123, 92–100. [Google Scholar] [CrossRef]

	



Cadenas, S.; Aragonés, J.; Landázuri, M.O. Mitochondrial reprogramming through cardiac oxygen sensors in ischaemic heart disease. Cardiovasc. Res. 2010, 88, 219–228. [Google Scholar] [CrossRef] [PubMed]

	



Braunersreuther, V.; Jaquet, V. Reactive Oxygen Species in Myocardial Reperfusion Injury: From Physiopathology to Therapeutic Approaches. Curr. Pharm. Biotechnol. 2011, 13, 97–114. [Google Scholar] [CrossRef] [PubMed]

	



Tullio, F.; Angotti, C.; Perrelli, M.G.; Penna, C.; Pagliaro, P. Redox balance and cardioprotection. Basic Res. Cardiol. 2013, 108, 392. [Google Scholar] [CrossRef] [PubMed]

	



Pagliaro, P.; Penna, C. Redox signalling and cardioprotection: Translatability and mechanism. Br. J. Pharmacol. 2015, 172, 1974. [Google Scholar] [CrossRef]

	



Robin, E.; Guzy, R.D.; Loor, G.; Iwase, H.; Waypa, G.B.; Marks, J.D.; Hoek, T.L.; Schumacker, P.T. Oxidant Stress during Simulated Ischemia Primes Cardiomyocytes for Cell Death during Reperfusion. J. Biol. Chem. 2007, 282, 19133–19143. [Google Scholar] [CrossRef]

	



Di Lisa, F.; Bernardi, P. Modulation of Mitochondrial Permeability Transition in Ischemia-Reperfusion Injury of the Heart. Advantages and Limitations. Curr. Med. Chem. 2015, 22, 2480–2487. [Google Scholar] [CrossRef]

	



Ansari, M.; Kurian, G.A. Diabetic animal fed with high-fat diet prevents the protective effect of myocardial ischemic preconditioning effect in isolated rat heart perfusion model. J. Biochem. Mol. Toxicol. 2020, 34, e22457. [Google Scholar] [CrossRef]

	



Davidson, S.M.; Andreadou, I.; Barile, L.; Birnbaum, Y.; Cabrera-Fuentes, H.A.; Cohen, M.V.; Downey, J.M.; Girao, H.; Pagliaro, P.; Penna, C. Circulating blood cells and extracellular vesicles in acute cardioprotection. Cardiovasc. Res. 2019, 115, 1156–1166. [Google Scholar] [CrossRef]

	



Wider, J.; Undyala, V.V.R.; Whittaker, P.; Woods, J.; Chen, X.; Przyklenk, K. Remote ischemic preconditioning fails to reduce infarct size in the Zucker fatty rat model of type-2 diabetes: Role of defective humoral communication. Basic Res. Cardiol. 2018, 113, 16. [Google Scholar] [CrossRef]

	



Kalogeris, T.; Baines, C.P.; Krenz, M.; Korthuis, R.J. Cell Biology of Ischemia/Reperfusion Injury. Int. Rev. Cell Mol. Biol. 2012, 298, 229–317. [Google Scholar]

	



Correa, F.; Buelna-Chontal, M.; Chagoya, V.; García-Rivas, G.; Vigueras, R.M.; Pedraza-Chaverri, J.; García-Niño, W.R.; Hernández-Pando, R.; León-Contreras, J.C.; Zazueta, C. Inhibition of the nitric oxide/cyclic guanosine monophosphate pathway limited the cardioprotective effect of post-conditioning in hearts with apical myocardial infarction. Eur. J. Pharmacol. 2015, 765, 472–481. [Google Scholar] [CrossRef]

	



Penna, C.; Cappello, S.; Mancardi, D.; Raimondo, S.; Rastaldo, R.; Gattullo, D.; Losano, G.; Pagliaro, P. Post-conditioning reduces infarct size in the isolated rat heart: Role of coronary flow and pressure and the nitric oxide/cGMP pathway. Basic Res. Cardiol. 2006, 101, 168–179. [Google Scholar] [CrossRef]

	



Mancardi, D.; Pagliaro, P.; Ridnour, L.A.; Tocchetti, C.G.; Miranda, K.; Juhaszova, M.; Sollott, S.J.; Wink, D.A.; Paolocci, N. HNO Protects the Myocardium against Reperfusion Injury, Inhibiting the mPTP Opening via PKCε Activation. Antioxidants. 2022, 11, 382. [Google Scholar] [CrossRef]

	



Chen, C.L.; Zhang, L.; Jin, Z.; Kasumov, T.; Chen, Y.R. Mitochondrial redox regulation and myocardial ischemia-reperfusion injury. Am. J. Physiol. Cell Physiol. 2022, 322, C12–C23. [Google Scholar] [CrossRef]

	



Hausenloy, D.J.; Schulz, R.; Girao, H.; Kwak, B.R.; De Stefani, D.; Rizzuto, R.; Bernardi, P.; Di Lisa, F. Mitochondrial ion channels as targets for cardioprotection. J. Cell. Mol. Med. 2020, 24, 7102–7114. [Google Scholar] [CrossRef]

	



Igbavboa, U.; Zwizinski, C.W.; Pfeiffer, D.R. Release of mitochondrial matrix proteins through a Ca2+-requiring, cyclosporin-sensitive pathway. Biochem. Biophys. Res. Commun. 1989, 161, 619–625. [Google Scholar] [CrossRef]

	



Hurst, S.; Hoek, J.; Sheu, S.S. Mitochondrial Ca2+ and regulation of the permeability transition pore. J. Bioenerg. Biomembr. 2016, 49, 27–47. [Google Scholar] [CrossRef]

	



Halestrap, A.P. The mitochondrial permeability transition: Its molecular mechanism and role in reperfusion injury. Biochem. Soc. Symp. 1999, 66, 181–203. [Google Scholar]

	



Petronilli, V.; Nicolli, A.; Costantini, P.; Colonna, R.; Bernardi, P. Regulation of the permeability transition pore, a voltage-dependent mitochondrial channel inhibited by cyclosporin A. Biochim. Biophys. Acta 1994, 1187, 255–259. [Google Scholar] [CrossRef]

	



Halestrap, A.P.; Kerr, P.M.; Javadov, S.; Woodfield, K.Y. Elucidating the molecular mechanism of the permeability transition pore and its role in reperfusion injury of the heart. Biochim. Biophys. Acta 1998, 1366, 79–94. [Google Scholar] [CrossRef]

	



Petronilli, V.; Penzo, D.; Scorrano, L.; Bernardi, P.; Di Lisa, F. The mitochondrial permeability transition, release of cytochrome c and cell death. Correlation with the duration of pore openings in situ. J. Biol. Chem. 2001, 276, 12030–12034. [Google Scholar] [CrossRef]

	



Hausenloy, D.; Wynne, A.; Duchen, M.; Yellon, D. Transient mitochondrial permeability transition pore opening mediates preconditioning-induced protection. Circulation 2004, 109, 1714–1717. [Google Scholar] [CrossRef] [PubMed]

	



Juhaszova, M.; Kobrinsky, E.; Zorov, D.B.; Nuss, H.B.; Yaniv, Y.; Fishbein, K.W.; de Cabo, R.; Montoliu, L.; Gabelli, S.B.; Aon, M.A.; et al. ATP Synthase K+-and H+-Fluxes Drive ATP Synthesis and Enable Mitochondrial K+-”Uniporter” Function: I. Characterization of Ion Fluxes. Function 2021, 3, zqac001. [Google Scholar] [CrossRef] [PubMed]

	



Juhaszova, M.; Kobrinsky, E.; Zorov, D.B.; Nuss, H.B.; Yaniv, Y.; Fishbein, K.W.; de Cabo, R.; Montoliu, L.; Gabelli, S.B.; Aon, M.A.; et al. ATP Synthase K+-and H+-fluxes Drive ATP Synthesis and Enable Mitochondrial K+-”Uniporter” Function: II. Ion and ATP Synthase Flux Regulation. Function 2022, 3, zqab065. [Google Scholar] [CrossRef] [PubMed]

	



Hausenloy, D.J.; Garcia-Dorado, D.; Bøtker, H.E.; Davidson, S.M.; Downey, J.; Engel, F.B.; Jennings, R.; Lecour, S.; Leor, J.; Madonna, R.; et al. Novel targets and future strategies for acute cardioprotection: Position Paper of the European Society of Cardiology Working Group on Cellular Biology of the Heart. Cardiovasc. Res. 2017, 113, 564–585. [Google Scholar] [CrossRef]

	



Abrial, M.; Da Silva, C.C.; Pillot, B.; Augeul, L.; Ivanes, F.; Teixeira, G.; Cartier, R.; Angoulvant, D.; Ovize, M.; Ferrera, R. Cardiac fibroblasts protect cardiomyocytes against lethal ischemia-reperfusion injury. J. Mol. Cell. Cardiol. 2014, 68, 56–65. [Google Scholar] [CrossRef]

	



Lassen, T.R.; Just, J.; Hjortbak, M.V.; Jespersen, N.R.; Stenz, K.T.; Gu, T.; Yan, Y.; Su, J.; Hansen, J.; Bæk, R.; et al. Cardioprotection by remote ischemic conditioning is transferable by plasma and mediated by extracellular vesicles. Basic Res. Cardiol. 2021, 116, 16. [Google Scholar] [CrossRef]

	



Penna, C.; Femminò, S.; Tapparo, M.; Lopatina, T.; Fladmark, K.E.; Ravera, F.; Comità, S.; Alloatti, G.; Giusti, I.; Dolo, V.; et al. The Inflammatory Cytokine IL-3 Hampers Cardioprotection Mediated by Endothelial Cell-Derived Extracellular Vesicles Possibly via Their Protein Cargo. Cells 2020, 10, 13. [Google Scholar] [CrossRef]

	



D’Ascenzo, F.; Femminò, S.; Ravera, F.; Angelini, F.; Caccioppo, A.; Franchin, L.; Grosso, A.; Comità, S.; Cavallari, C.; Penna, C.; et al. Extracellular vesicles from patients with Acute Coronary Syndrome impact on ischemia-reperfusion injury. Pharmacol. Res. 2021, 170, 105715. [Google Scholar] [CrossRef]

	



Femminò, S.; D’Ascenzo, F.; Ravera, F.; Comità, S.; Angelini, F.; Caccioppo, A.; Franchin, L.; Grosso, A.; Thairi, C.; Venturelli, E.; et al. Percutaneous Coronary Intervention (PCI) Reprograms Circulating Extracellular Vesicles from ACS Patients Impairing Their Cardio-Protective Properties. Int. J. Mol. Sci. 2021, 22, 10270. [Google Scholar] [CrossRef]

	



Lionetti, V. The Role of Exosomes in Health and Disease. Int. J. Mol. Sci. 2022, 23, 11011. [Google Scholar] [CrossRef]

	



Maroko, P.R.; Libby, P.; Covell, J.W.; Sobel, B.E.; Ross, J.; Braunwald, E. Precordial S-T segment elevation mapping: An atraumatic method for assessing alterations in the extent of myocardial ischemic injury. The effects of pharmacologic and hemodynamic interventions. Am. J. Cardiol. 1972, 29, 223–230. [Google Scholar] [CrossRef]

	



Murry, C.E.; Jennings, R.B.; Reimer, K.A. Preconditioning with ischemia: A delay of lethal cell injury in ischemic myocardium. Circulation 1986, 74, 1124–1136. [Google Scholar] [CrossRef]

	



Liu, G.S.; Thornton, J.; Van Winkle, D.M.; Stanley, A.W.; Olsson, R.A.; Downey, J.M. Protection against infarction afforded by preconditioning is mediated by A1 adenosine receptors in rabbit heart. Circulation 1991, 84, 350–356. [Google Scholar] [CrossRef]

	



Cohen, M.V.; Yang, X.M.; Liu, G.S.; Heusch, G.; Downey, J.M. Acetylcholine, Bradykinin, Opioids, and Phenylephrine, but not Adenosine, Trigger Preconditioning by Generating Free Radicals and Opening Mitochondrial KATP Channels. Circ. Res. 2001, 89, 273–278. [Google Scholar] [CrossRef]

	



Jones, S.P.; Tang, X.L.; Guo, Y.; Steenbergen, C.; Lefer, D.J.; Kukreja, R.C.; Kong, M.; Li, Q.; Bhushan, S.; Zhu, X.; et al. The NHLBI-Sponsored Consortium for preclinicAl assESsment of cARdioprotective Therapies (CAESAR): A new paradigm for rigorous, accurate, and reproducible evaluation of putative infarct-sparing interventions in mice, rabbits, and pigs. Circ. Res. 2015, 116, 572–586. [Google Scholar] [CrossRef]

	



Bolli, R. CAESAR’s legacy: A new era of rigor in preclinical studies of cardioprotection. Basic Res. Cardiol. 2021, 116, 33. [Google Scholar] [CrossRef]

	



Pagliaro, P.; Gattullo, D.; Rastaldo, R.; Losano, G. Ischemic preconditioning-From the first to the second window of protection. Life Sci. 2001, 69, 1–15. [Google Scholar] [CrossRef]

	



Quarrie, R.; Cramer, B.M.; Lee, D.S.; Steinbaugh, G.E.; Erdahl, W.; Pfeiffer, D.R.; Zweier, J.L.; Crestanello, J.A. Ischemic preconditioning decreases mitochondrial proton leak and reactive oxygen species production in the postischemic heart. J. Surg. Res. 2011, 165, 5–14. [Google Scholar] [CrossRef]

	



Dawn, B.; Bolli, R. Role of nitric oxide in myocardial preconditioning. Ann. N. Y. Acad. Sci. 2002, 962, 18–41. [Google Scholar] [CrossRef]

	



Berȩsewicz, A.; Ma̧czewski, M.; Duda, M. Effect of classic preconditioning and diazoxide on endothelial function and O2− and NO generation in the post-ischemic guinea-pig heart. Cardiovasc. Res. 2004, 63, 118–129. [Google Scholar] [CrossRef] [PubMed]

	



Pagliaro, P.; Moro, F.; Tullio, F.; Perrelli, M.G.; Penna, C. Cardioprotective pathways during reperfusion: Focus on redox signaling and other modalities of cell signaling. Antioxid. Redox Signal. 2011, 14, 833–850. [Google Scholar] [CrossRef] [PubMed]

	



Bolli, R. The Late Phase of Preconditioning. Circ. Res. 2000, 87, 972–983. [Google Scholar] [CrossRef] [PubMed]

	



Downey, J.M.; Davis, A.M.; Cohen, M.V. Signaling pathways in ischemic preconditioning. Heart Fail. Rev. 2007, 12, 181–188. [Google Scholar] [CrossRef] [PubMed]

	



Hausenloy, D. Cardioprotection Techniques: Preconditioning, Postconditioning and Remote Con-ditioning (Basic Science). Curr. Pharm. Des. 2013, 19, 4544–4563. [Google Scholar] [CrossRef]

	



Zhao, Z.Q.; Corvera, J.S.; Halkos, M.E.; Kerendi, F.; Wang, N.P.; Guyton, R.A.; Vinten-Johansen, J. Inhibition of myocardial injury by ischemic postconditioning during reperfusion: Comparison with ischemic preconditioning. Am J Physiol Heart Circ Physiol. 2003, 285, 579–588. [Google Scholar] [CrossRef]

	



Skyschally, A.; Van Caster, P.; Iliodromitis, E.K.; Schulz, R.; Kremastinos, D.T.; Heusch, G. Ischemic postconditioning: Experimental models and protocol algorithms. Basic Res. Cardiol. 2009, 104, 469–483. [Google Scholar] [CrossRef]

	



Przyklenk, K.; Bauer, B.; Ovize, M.; Kloner, R.A.; Whittaker, P. Regional ischemic ‘preconditioning’ protects remote virgin myocardium from subsequent sustained coronary occlusion. Circulation 1993, 87, 893–899. [Google Scholar] [CrossRef]

	



Heusch, G.; Bøtker, H.E.; Przyklenk, K.; Redington, A.; Yellon, D. Remote Ischemic Conditioning. J. Am. Coll. Cardiol. 2015, 65, 177–195. [Google Scholar] [CrossRef]

	



Penna, C.; Sorge, M.; Tullio, F.; Comità, S.; Femminò, S.; Brancaccio, M.; Pagliaro, P. A TRICk to Improve the Effectiveness of RIC: Role of Limb Temperature in Enhancing the Effectiveness of Remote Ischemic Conditioning. Biology 2022, 11, 146. [Google Scholar] [CrossRef]

	



Heusch, G. Cardioprotection: Chances and challenges of its translation to the clinic. Lancet 2013, 381, 166–175. [Google Scholar] [CrossRef]

	



Shimizu, M.; Tropak, M.; Diaz, R.J.; Suto, F.; Surendra, H.; Kuzmin, E.; Li, J.; Gross, G.; Wilson, G.J.; Callahan, J.; et al. Transient limb ischaemia remotely preconditions through a humoral mechanism acting directly on the myocardium: Evidence suggesting cross-species protection. Clin. Sci. 2009, 117, 191–200. [Google Scholar] [CrossRef]

	



Pedersen, C.M.; Cruden, N.L.; Schmidt, M.R.; Lau, C.; Bøtker, H.E.; Kharbanda, R.K.; Newby, D.E. Remote ischemic preconditioning prevents systemic platelet activation associated with ischemia-reperfusion injury in humans. J. Thromb. Haemost. 2011, 9, 404–407. [Google Scholar] [CrossRef]

	



Kharbanda, R.K.; Mortensen, U.M.; White, P.A.; Kristiansen, S.B.; Schmidt, M.R.; Hoschtitzky, J.A.; Vogel, M.; Sorensen, K.; Redington, A.N.; MacAllister, R. Transient limb ischemia induces remote ischemic preconditioning in vivo. Circulation 2002, 106, 2881–2883. [Google Scholar] [CrossRef]

	



Konstantinov, I.E.; Arab, S.; Kharbanda, R.K.; Li, J.; Cheung, M.M.; Cherepanov, V.; Downey, G.P.; Liu, P.P.; Cukerman, E.; Coles, J.G.; et al. The remote ischemic preconditioning stimulus modifies inflammatory gene expression in humans. Physiol. Genomics 2004, 19, 143–150. [Google Scholar] [CrossRef]

	



Shimizu, M.; Saxena, P.; Konstantinov, I.E.; Cherepanov, V.; Cheung, M.M.; Wearden, P.; Zhangdong, H.; Schmidt, M.; Downey, G.P.; Redington, A.N. Remote ischemic preconditioning decreases adhesion and selectively modifies functional responses of human neutrophils. J. Surg. Res. 2010, 158, 155–161. [Google Scholar] [CrossRef]

	



Loukogeorgakis, S.P.; Panagiotidou, A.T.; Broadhead, M.W.; Donald, A.; Deanfield, J.E.; MacAllister, R.J. Remote ischemic preconditioning provides early and late protection against endothelial ischemia-reperfusion injury in humans: Role of the autonomic nervous system. J. Am. Coll. Cardiol. 2005, 46, 450–456. [Google Scholar] [CrossRef]

	



Chen, Y.; Shin, Y.K.; Bassham, D.C. YKT6 is a Core Constituent of Membrane Fusion Machineries at the Arabidopsis trans-Golgi Network. J. Mol. Biol. 2005, 350, 92–101. [Google Scholar] [CrossRef]

	



Weinbrenner, C.; Schulze, F.; Sárváry, L.; Strasser, R.H. Remote preconditioning by infrarenal aortic occlusion is operative via δ1-opioid receptors and free radicals in vivo in the rat heart. Cardiovasc. Res. 2004, 61, 591–599. [Google Scholar] [CrossRef]

	



Khanna, G.; Diwan, V.; Singh, M.; Singh, N.; Jaggi, A.S. Reduction of Ischemic, Pharmacological and Remote Preconditioning Effects by an Antioxidant N-Acetyl Cysteine Pretreatment in Isolated Rat Heart. Yakugaku Zasshi 2008, 128, 469–477. [Google Scholar] [CrossRef]

	



Shahid, M.; Tauseef, M.; Sharma, K.K.; Fahim, M. Brief femoral artery ischaemia provides protection against myocardial ischaemia–reperfusion injury in rats: The possible mechanisms. Exp. Physiol. 2008, 93, 954–968. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.S.; Chien, C.T.; Ma, M.C.; Tseng, Y.Z.; Lin, F.Y.; Wang, S.S.; Chen, C.F. Protection ‘outside the box’ (skeletal remote preconditioning) in rat model is triggered by free radical pathway. J. Surg. Res. 2005, 126, 92–101. [Google Scholar] [CrossRef] [PubMed]

	



Mudaliar, H.; Rayner, B.; Billah, M.; Kapoor, N.; Lay, W.; Dona, A.; Bhindi, R. Remote ischemic preconditioning attenuates EGR-1 expression following myocardial ischemia reperfusion injury through activation of the JAK-STAT pathway. Int. J. Cardiol. 2017, 228, 729–741. [Google Scholar] [CrossRef] [PubMed]

	



Bromage, D.I.; Pickard, J.M.; Rossello, X.; Ziff, O.J.; Burke, N.; Yellon, D.M.; Davidson, S.M. Remote ischaemic conditioning reduces infarct size in animal in vivo models of ischaemia-reperfusion injury: A systematic review and meta-analysis. Cardiovasc. Res. 2017, 113, 288–297. [Google Scholar] [PubMed]

	



Hausenloy, D.J.; Kharbanda, R.K.; Møller, U.K.; Ramlall, M.; Aarøe, J.; Butler, R.; Bulluck, H.; Clayton, T.; Dana, A.; Dodd, M.; et al. Effect of remote ischaemic conditioning on clinical outcomes in patients with acute myocardial infarction (CONDI-2/ERIC-PPCI): A single-blind randomised controlled trial. Lancet 2019, 394, 1415–1424. [Google Scholar] [CrossRef]

	



Lieder, H.R.; Skyschally, A.; Sturek, M.; Heusch, G.; Kleinbongard, P. Remote ischemic conditioning in Ossabaw minipigs induces the release of humoral cardioprotective triggers, but the myocardium does not respond with reduced infarct size. Am. J. Physiol. Heart Circ. Physiol. 2022, 323, H1365–H1375. [Google Scholar] [CrossRef]

	



Barani, B.; Rajasingh, S.; Rajasingh, J. Exosomes: Outlook for Future Cell-Free Cardiovascular Disease Therapy. Adv. Exp. Med. Biol. 2017, 998, 285–307. [Google Scholar]

	



Ma, F.; Liu, H.; Shen, Y.; Zhang, Y.; Pan, S. Platelet-derived microvesicles are involved in cardio-protective effects of remote preconditioning. Int. J. Clin. Exp. Pathol. 2015, 8, 10832. [Google Scholar]

	



Silva-Palacios, A.; Arroyo-Campuzano, M.; Flores-García, M.; Patlán, M.; Hernández-Díazcouder, A.; Alcántara, D.; Ramírez-Camacho, I.; Arana-Hidalgo, D.; Soria-Castro, E.; Sánchez, F.; et al. Citicoline Modifies the Expression of Specific miRNAs Related to Cardioprotection in Patients with ST-Segment Elevation Myocardial Infarction Subjected to Coronary Angioplasty. Pharmaceuticals. 2022, 15, 925. [Google Scholar] [CrossRef]

	



Pitt, J.M.; Kroemer, G.; Zitvogel, L. Extracellular vesicles: Masters of intercellular communication and potential clinical interventions. J. Clin. Investg. 2016, 126, 1139–1143. [Google Scholar] [CrossRef]

	



Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200, 373–383. [Google Scholar] [CrossRef]

	



Yáñez-Mó, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [Google Scholar] [CrossRef]

	



Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [Google Scholar] [CrossRef]

	



Hegyesi, H.; Pallinger, É.; Mecsei, S.; Hornyák, B.; Kovácsházi, C.; Brenner, G.B.; Giricz, Z.; Pálóczi, K.; Kittel, Á.; Tóvári, J.; et al. Circulating cardiomyocyte-derived extracellular vesicles reflect cardiac injury during systemic inflammatory response syndrome in mice. Cell. Mol. Life Sci. 2022, 79, 84. [Google Scholar] [CrossRef]

	



Sluijter, J.P.G.; Davidson, S.M.; Boulanger, C.M.; Buzás, E.I.; de Kleijn, D.P.V.; Engel, F.B.; Giricz, Z.; Hausenloy, D.J.; Kishore, R.; Lecour, S.; et al. Extracellular vesicles in diagnostics and therapy of the ischaemic heart: Position Paper from the Working Group on Cellular Biology of the Heart of the European Society of Cardiology. Cardiovasc. Res. 2018, 114, 19–34. [Google Scholar] [CrossRef]

	



Femminò, S.; Penna, C.; Margarita, S.; Comità, S.; Brizzi, M.F.; Pagliaro, P. Extracellular vesicles and cardiovascular system: Biomarkers and Cardioprotective Effectors. Vascul. Pharmacol. 2020, 135, 106790. [Google Scholar] [CrossRef]

	



Terrasini, N.; Lionetti, V. Exosomes in Critical Illness. Crit. Care Med. 2017, 45, 1054–1060. [Google Scholar] [CrossRef]

	



Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome Isolation and Analysis. Cells 2019, 8, 727. [Google Scholar] [CrossRef]

	



Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J. Extracell. Vesicles 2014, 4, 3. [Google Scholar] [CrossRef]

	



Record, M.; Carayon, K.; Poirot, M.; Silvente-Poirot, S. Exosomes as new vesicular lipid transporters involved in cell-cell communication and various pathophysiologies. Biochim. Biophys. Acta 2014, 1841, 108–120. [Google Scholar] [CrossRef]

	



Chong, S.Y.; Lee, C.K.; Huang, C.; Ou, Y.H.; Charles, C.J.; Richards, A.M.; Neupane, Y.R.; Pavon, M.V.; Zharkova, O.; Pastorin, G.; et al. Extracellular Vesicles in Cardiovascular Diseases: Alternative Biomarker Sources, Therapeutic Agents, and Drug Delivery Carriers. Int. J. Mol. Sci. 2019, 20, 3272. [Google Scholar] [CrossRef] [PubMed]

	



Tian, C.; Hu, G.; Gao, L.; Hackfort, B.T.; Zucker, I.H. Extracellular vesicular MicroRNA-27a* contributes to cardiac hypertrophy in chronic heart failure. J. Mol. Cell. Cardiol. 2020, 143, 120–131. [Google Scholar] [CrossRef] [PubMed]

	



Ranjan, P.; Kumari, R.; Goswami, S.K.; Li, J.; Pal, H.; Suleiman, Z.; Cheng, Z.; Krishnamurthy, P.; Kishore, R.; Verma, S.K. Myofibroblast-Derived Exosome Induce Cardiac Endothelial Cell Dysfunction. Front. Cardiovasc. Med. 2021, 8, 676267. [Google Scholar] [CrossRef] [PubMed]

	



Shaihov-Teper, O.; Ram, E.; Ballan, N.; Brzezinski, R.Y.; Naftali-Shani, N.; Masoud, R.; Ziv, T.; Lewis, N.; Schary, Y.; Levin-Kotler, L.P.; et al. Extracellular Vesicles From Epicardial Fat Facilitate Atrial Fibrillation. Circulation 2021, 143, 2475–2493. [Google Scholar] [CrossRef]

	



Caccioppo, A.; Franchin, L.; Grosso, A.; Angelini, F.; D’Ascenzo, F.; Brizzi, M.F. Ischemia Reperfusion Injury: Mechanisms of Damage/Protection and Novel Strategies for Cardiac Recovery/Regeneration. Int. J. Mol. Sci. 2019, 20, 5024. [Google Scholar] [CrossRef]

	



Dignat-George, F.; Boulanger, C.M. The many faces of endothelial microparticles. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 27–33. [Google Scholar] [CrossRef]

	



Li, C.; Pei, F.; Zhu, X.; Duan, D.D.; Zeng, C. Circulating microRNAs as novel and sensitive biomarkers of acute myocardial Infarction. Clin. Biochem. 2012, 45, 727–732. [Google Scholar] [CrossRef]

	



Wang, K.; Gan, T.Y.; Li, N.; Liu, C.Y.; Zhou, L.Y.; Gao, J.N.; Chen, C.; Yan, K.W.; Ponnusamy, M.; Zhang, Y.H.; et al. Circular RNA mediates cardiomyocyte death via miRNA-dependent upregulation of MTP18 expression. Cell Death Differ. 2017, 24, 1111–1120. [Google Scholar] [CrossRef]

	



Giricz, Z.; Varga, Z.V.; Baranyai, T.; Sipos, P.; Pálóczi, K.; Kittel, Á.; Buzás, E.I.; Ferdinandy, P. Cardioprotection by remote ischemic preconditioning of the rat heart is mediated by extracellular vesicles. J. Mol. Cell. Cardiol. 2014, 68, 75–78. [Google Scholar] [CrossRef]

	



Xiong, F.; Mao, R.; Zhang, L.; Zhao, R.; Tan, K.; Liu, C.; Xu, J.; Du, G.; Zhang, T. CircNPHP4 in monocyte-derived small extracellular vesicles controls heterogeneous adhesion in coronary heart atherosclerotic disease. Cell Death Dis. 2021, 12, 948. [Google Scholar] [CrossRef]

	



Irmscher, S.; Zipfel, S.L.H.; Halder, L.D.; Ivanov, L.; Gonzalez-Delgado, A.; Waldeyer, C.; Seiffert, M.; Brunner, F.J.; von der Heide, M.; Löschmann, I.; et al. Factor H-related protein 1 (FHR-1) is associated with atherosclerotic cardiovascular disease. Sci. Rep. 2021, 11, 22511. [Google Scholar] [CrossRef]

	



Martins-Marques, T.; Ribeiro-Rodrigues, T.; de Jager, S.C.; Zuzarte, M.; Ferreira, C.; Cruz, P.; Reis, L.; Baptista, R.; Gonçalves, L.; Sluijter, J.P.; et al. Myocardial infarction affects Cx43 content of extracellular vesicles secreted by cardiomyocytes. Life Sci. Alliance 2020, 3, e202000821. [Google Scholar] [CrossRef]

	



Ito, H. No-reflow phenomenon and prognosis in patients with acute myocardial infarction. Nat. Clin. Pract. Cardiovasc. Med. 2006, 3, 499–506. [Google Scholar] [CrossRef]

	



Gough, D.J.; Koetz, L.; Levy, D.E. The MEK-ERK Pathway Is Necessary for Serine Phosphorylation of Mitochondrial STAT3 and Ras-Mediated Transformation. PLoS ONE 2013, 8, e83395. [Google Scholar] [CrossRef]

	



Rossello, X.; Yellon, D.M. The RISK pathway and beyond. Basic Res. Cardiol. 2018, 113, 2. [Google Scholar] [CrossRef]

	



Hausenloy, D.J.; Tsang, A.; Mocanu, M.M.; Yellon, D.M. Ischemic preconditioning protects by activating prosurvival kinases at reperfusion. Am. J. Physiol. Hear. Circ. Physiol. 2005, 288, 971–976. [Google Scholar] [CrossRef]

	



Ghaderi, S.; Alidadiani, N.; Dilaver, N.; Heidari, H.R.; Parvizi, R.; Rahbarghazi, R.; Soleimani-Rad, J.; Baradaran, B. Letter to the editor regarding article, ‘Role of glycogen synthase kinase following myocardial infarction and ischemia-reperfusion’. Apoptosis 2019, 24, 541. [Google Scholar] [CrossRef]

	



Tyagi, S.; Singh, N.; Virdi, J.K.; Jaggi, A.S. Diabetes abolish cardioprotective effects of remote ischemic conditioning: Evidences and possible mechanisms. J. Physiol. Biochem. 2019, 75, 19–28. [Google Scholar] [CrossRef]

	



Heusch, G.; Musiolik, J.; Kottenberg, E.; Peters, J.; Jakob, H.; Thielmann, M. STAT5 Activation and Cardioprotection by Remote Ischemic Preconditioning in Humans. Circ. Res. 2012, 110, 111–115. [Google Scholar] [CrossRef]

	



Lecour, S. Multiple protective pathways against reperfusion injury: A SAFE path without Aktion? J. Mol. Cell. Cardiol. 2009, 46, 607–609. [Google Scholar] [CrossRef]

	



O’Sullivan, K.E.; Breen, E.P.; Gallagher, H.C.; Buggy, D.J.; Hurley, J.P. Understanding STAT3 signaling in cardiac ischemia. Basic Res. Cardiol. 2016, 111, 27. [Google Scholar] [CrossRef] [PubMed]

	



Comità, S.; Femminò, S.; Thairi, C.; Alloatti, G.; Boengler, K.; Pagliaro, P.; Penna, C. Regulation of STAT3 and its role in cardioprotection by conditioning: Focus on non-genomic roles targeting mitochondrial function. Basic Res. Cardiol. 2021, 116, 56. [Google Scholar] [CrossRef] [PubMed]

	



Wei, G.; Li, C.; Jia, X.; Xie, J.; Tang, Z.; Jin, M.; Chen, Q.; Sun, Y.; He, S.; Li, X.; et al. Extracellular vesicle-derived CircWhsc1 promotes cardiomyocyte proliferation and heart repair by activating TRIM59/STAT3/Cyclin B2 pathway. J. Adv. Res. 2022, 22, 00293-4. [Google Scholar] [CrossRef]

	



Sánchez-Alonso, S.; Alcaraz-Serna, A.; Sánchez-Madrid, F.; Alfranca, A. Extracellular Vesicle-Mediated Immune Regulation of Tissue Remodeling and Angiogenesis After Myocardial Infarction. Front. Immunol. 2018, 9, 2799. [Google Scholar] [CrossRef] [PubMed]

	



Rahmati, S.; Shojaei, F.; Shojaeian, A.; Rezakhani, L.; Dehkordi, M.B. An overview of current knowledge in biological functions and potential theragnostic applications of exosomes. Chem. Phys. Lipids 2020, 226, 104836. [Google Scholar] [CrossRef] [PubMed]

	



Song, Y.; Zhang, C.; Zhang, J.; Jiao, Z.; Dong, N.; Wang, G.; Wang, Z.; Wang, L. Localized injection of miRNA-21-enriched extracellular vesicles effectively restores cardiac function after myocardial infarction. Theranostics 2019, 9, 2346–2360. [Google Scholar] [CrossRef]

	



Ciullo, A.; Biemmi, V.; Milano, G.; Bolis, S.; Cervio, E.; Fertig, E.T.; Gherghiceanu, M.; Moccetti, T.; Camici, G.G.; Vassalli, G.; et al. Exosomal Expression of CXCR4 Targets Cardioprotective Vesicles to Myocardial Infarction and Improves Outcome after Systemic Administration. Int. J. Mol. Sci. 2019, 20, 468. [Google Scholar] [CrossRef]

	



Wang, X.; Chen, Y.; Zhao, Z.; Meng, Q.; Yu, Y.; Sun, J.; Yang, Z.; Chen, Y.; Li, J.; Ma, T.; et al. Engineered Exosomes With Ischemic Myocardium-Targeting Peptide for Targeted Therapy in Myocardial Infarction. J. Am. Heart Assoc. 2018, 7, e008737. [Google Scholar] [CrossRef]

	



Heusch, G. Critical Issues for the Translation of Cardioprotection. Circ. Res. 2017, 120, 1477–1486. [Google Scholar] [CrossRef]

	



Loyer, X.; Zlatanova, I.; Devue, C.; Yin, M.; Howangyin, K.Y.; Klaihmon, P.; Guerin, C.L.; Kheloufi, M.; Vilar, J.; Zannis, K.; et al. Intra-Cardiac Release of Extracellular Vesicles Shapes Inflammation Following Myocardial Infarction. Circ. Res. 2018, 123, 100–106. [Google Scholar] [CrossRef]

	



Frey, U.H.; Klaassen, M.; Ochsenfarth, C.; Murke, F.; Thielmann, M.; Kottenberg, E.; Kleinbongard, P.; Klenke, S.; Engler, A.; Heusch, G.; et al. Remote ischaemic preconditioning increases serum extracellular vesicle concentrations with altered micro-RNA signature in CABG patients. Acta Anaesthesiol. Scand. 2019, 63, 483–492. [Google Scholar] [CrossRef]

	



Abel, F.; Murke, F.; Gaida, M.; Garnier, N.; Ochsenfarth, C.; Theiss, C.; Thielmann, M.; Kleinbongard, P.; Giebel, B.; Peters, J.; et al. Extracellular vesicles isolated from patients undergoing remote ischemic preconditioning decrease hypoxia-evoked apoptosis of cardiomyoblasts after isoflurane but not propofol exposure. PLoS ONE 2020, 15, e0228948. [Google Scholar] [CrossRef]

	



Haller, P.M.; Jäger, B.; Piackova, E.; Sztulman, L.; Wegberger, C.; Wojta, J.; Gyöngyösi, M.; Kiss, A.; Podesser, B.K.; Spittler, A.; et al. Changes in Circulating Extracellular Vesicles in Patients with ST-Elevation Myocardial Infarction and Potential Effects of Remote Ischemic Conditioning-A Randomized Controlled Trial. Biomedicines 2020, 8, 218. [Google Scholar] [CrossRef]

	



Hausenloy, D.J.; Ntsekhe, M.; Yellon, D.M. A future for remote ischaemic conditioning in high-risk patients. Basic Res. Cardiol. 2020, 115, 35. [Google Scholar] [CrossRef]








[image: Biology 12 00308 g001 550] 





Figure 1. Mechanisms of release and uptake of extracellular vesicles (EVs). EVs that are released by practically all cell types, are categorized as small and medium-large. It has been demonstrated that clathrin or lipid raft-mediated endocytosis can take up EVs. As uptake processes, phagocytosis and macropinocytosis have also been noted. In the recipient cell, EVs release their cargo, such as miRNA, circRNA, and mRNA. 
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Figure 2. Implications of extracellular vesicles (EVs) in cardiovascular diseases (CVDs). Several cells release EVs that deliver their cargo to cardiac cells. EVs have been involved in diagnostics and therapeutics applications and drug delivery systems. EVs are a potential diagnostic and prognostic biomarker for CVDs, including heart failure, acute coronary syndrome, myocardial infarction, and atherosclerosis. 
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