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Abstract

:

Heart failure is a complex syndrome responsible for high rates of death and hospitalization. Ischemic heart disease is one of the most frequent causes of heart failure and it is normally attributed to coronary artery disease, defined by the presence of one or more obstructive plaques, which determine a reduced coronary blood flow, causing myocardial ischemia and consequent heart failure. However, coronary obstruction is only an element of a complex pathophysiological process that leads to myocardial ischemia. In the literature, attention paid to the role of microcirculation, in the pathophysiology of ischemic heart disease and heart failure, is growing. Coronary microvascular dysfunction determines an inability of coronary circulation to satisfy myocardial metabolic demands, due to the imbalance of coronary blood flow regulatory mechanisms, including ion channels, leading to the development of hypoxia, fibrosis and tissue death, which may determine a loss of myocardial function, even beyond the presence of atherosclerotic epicardial plaques. For this reason, ion channels may represent the link among coronary microvascular dysfunction, ischemic heart disease and consequent heart failure.
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1. Introduction


Heart failure (HF) is a complex syndrome responsible for high rates of death and hospitalization among the general population worldwide. One of the most frequent causes of HF is ischemic heart disease (IHD), which leads to the loss of myocardial tissue and contractile force [1]. Coronary artery disease (CAD) determines a myocardial reduction in oxygen supply, which causes an impairment of myocardial contraction and relaxation [2,3]. In this context, the “modern” cardiology focuses much of its attention on the study of epicardial atheromatous plaque, its etiology, its prevention and its diagnostic and therapeutic interpretation. As early as the 1970s, the effects of progressive narrowing, due to a stenosis, on coronary flow, at rest and at maximum levels, have been described [4]. In fact, a reduction in the diameter of a coronary artery ≥50% limits its maximum vasodilatory capacity, while a reduction ≥85% determines a reduction in flow, even at rest. The pathophysiological continuum between obstructive atherosclerosis of the epicardial coronary arteries, myocardial ischemia and HF is now well defined. Angiographic data have confirmed the relationship between the severity and the extent of coronary atherosclerotic disease and survival [5]. However, in the literature, several studies suggest that coronary obstruction is only an element of a complex multifactorial pathophysiological process that leads to myocardial ischemia [6]. Furthermore, it is also known that abnormalities, in the function and structure of the coronary microcirculation, are linked to various clinical conditions [2,3]. An insufficient interest in coronary microcirculation and its pathophysiological role is devoted in clinical practice. What does this vascular network, made up of coronary arterioles with a diameter between 50 and 200 microns, really represent? Does a cardiologist really have to take this into account in complex decision-making?




2. Coronary Blood Flow and its Regulation Mechanisms: Role of Ion Channels


From a physiological point of view, the oxygen consumption of myocardial tissue is about 75–80% at rest [7]. Consequently, in conditions of increased metabolic demand by the myocardium, the main compensation mechanism is represented by the Coronary Flow Reserve (CFR) [2,3,4,7,8,9]. This represents the ability of the coronary circulation to dilate in response to the increased requests, expressed as the ratio between the maximum amount of flow in hyperemia, with respect to its value in resting conditions [2,3,4,7,8,9]. In reality, in conditions of extreme physical exercise, the increase in flow may not fully compensate for the increase required, thus, a further increase in oxygen extraction is necessary [7]. In this context, it is useful to remember that in the coronary microcirculation about 60% of the coronary resistance is determined [2,3,4,7,8,9]. There are several regulatory mechanisms for CFR: (i) the endothelial, (ii) the nervous, (iii) the myogenic and (iv) the metabolic mechanisms [2,3,4,7,8,9]. (i) The coronary endothelium acts through a variety of vasoactive substances, known as endothelium-derived hyperpolarizing factor (EDHF) [7,10,11]. EDHF represents a class of vasodilators that produce hyperpolarization, and thus, release smooth muscle cells, by inhibiting voltage-gated Ca++ channels. In coronary microcirculation, the endothelium determines flow-dependent vasodilation, which is mainly mediated by nitric oxide (NO) [7,10,11]. This is formed by the endothelial NO Synthase Enzyme (eNOS), in response to acetylcholine and shear stress, or tangential stress, causing dilation of vascular smooth muscle cells (VSMCs) [7,10,11]. These actions are mediated by the increase in cyclic guanosine monophosphate (cGMP) and the consequent activation of potassium Ca++-activated channel (KCa) and adenosine triphosphate-sensitive potassium (KATP) channels [2,3,4,7,8,9,10,11]. In addition, asymmetric dimethylarginine (ADMA), an inhibitor of the endogenous NOS enzyme, is a known risk factor for cardiovascular diseases, through the impairment of the synthesis of NO by eNOS [12,13]. (ii) The nervous mechanisms of regulation of resistance to the coronary vascular network depend on the orthosympathetic and parasympathetic nervous system [7,14,15,16]. The first works as a vasoconstrictor through the α-receptors present on the epicardial vessels and as a vasodilator through the β-receptors of the intramyocardial vessels and the KCa channels [7,14,15,16]. Instead, the parasympathetic system acts through acetylcholine, which causes vasodilation, through the production of NO by eNOS, in physiological endothelial conditions [7,10,11,12,13,14,15,16,17]. (iii) Myogenic mechanisms act through coronary self-regulation systems that keep blood flow constant, despite changes in perfusion pressure in response to the increasing tone of the coronary VSMCs. The increase in myogenic tone depends on the Ca++-dependent signal through the L-type Ca++ channels and the voltage-gated potassium (Kv) channels [7,18]. (iv) Changes in coronary flow have a greater effect on the larger caliber arterioles and on the small arteries, while the release of vasoactive metabolites mainly affects the small arterioles and capillaries [3,4,7,8,19,20]. The metabolic regulation works through adenosine, adenosine triphosphate (ATP), adenosine diphosphate (ADP), prostaglandins and reactive oxygen species (ROS), by dilating arterioles with a diameter of less than 100 microns [3,4,7,8,19,20]. An imbalance between supply and demand of oxygen leads to adenosine-induced vasodilation, mainly by stimulating KATP channels [7,19,20]. In fact, in normal conditions, creatine kinase inhibits adenylate kinase and, through inhibition by ATP, the KATP channels are mostly in a “closed” state [7,19,20]. Hypoxia, on the other hand, reduces the activity of creatine kinase and increases the adenylate kinase activity [7,19,20]. This causes the production of adenosine monophosphate (AMP), the opening of the KATP channels, hyperpolarization of the membrane and coronary vasodilation [3,4,7,8,19,20].



Coronary blood flow (CBF) regulation, at the microcirculatory level, is mainly controlled by the myocardial metabolic demand [3,4,7,8,9,18,19,20]. Therefore, an alteration of the regulation mechanisms leads to a dysfunction of coronary vasomotor tone and myocardial ischemia, beyond the presence of atherosclerotic plaque in epicardial vessels [3,4,7,8,9,21,22,23].



However, there is no clear consensus about the real role of the systems responsible for the cross talk between coronary flow and myocardial metabolism [3,4,7,8,9,21,22,23].



In literature, the central role of coronary ion channels in metabolic coronary vasodilation has been described [3,4,7,8,9,18,24,25,26]. In fact, as described, in acute stress conditions, such as myocardial ischemia, the physiological CBF compensatory response and CFR are linked to numerous coronary ion channels activity [3,4,7,8,9,18,24,25,26]. The vascular smooth muscle tone is, in fact, regulated by the membrane potential, which controls the amount of Ca++ in the sarcoplasm through the voltage-gated Ca++ channels [3,4,7,8,9,18,24,25,26]. Membrane hyperpolarization, through the opening of K+ channels in smooth coronary muscle cells, reduces the activation of L-type Ca++ channels, leading to a reduction in intracellular Ca++ and vasodilation [7,14,15,16,24,25,26]. On the other hand, the closure of the K+ channels leads to the depolarization of the membrane and causes vasoconstriction [7,14,15,16,24,25,26]. Three major classes of K+ channels have been identified in coronary vasculature (endothelial and VSMCs): KATP channels, KCa channels and Kv channels [3,4,7,8,9,14,15,16,18,24,25,26]. Numerous other ion channels have been described in the complex architecture of coronary vasomotor tone, such as Ca++, sodium (Na+) and Transient Reception Potential (TRP) ion channels [3,4,7,8,9,14,15,16,18,24,25,26].




3. Coronary Microcirculation in the Pathophysiology of Ischemic Heart Disease and Heart Failure


IHD, and in particular CAD, represents the main cause of HF [27,28]. However, CAD, and in particular the presence of an atherosclerotic plaque in epicardial coronary arteries, does not always determine myocardial ischemia and, on the other hand, myocardial ischemia is not always justified by the presence of an atherosclerotic plaque. In CAD patients, myocardial systolic dysfunction has been described as the main pathophysiological mechanism involved in HF [27,28]. Classically, patients with IHD who develop HF have a clinical history of myocardial infarction with atherosclerotic disease of epicardial arteries, as shown by coronary angiography [27,28]. However, the absence of atherosclerotic plaques assessed by coronary angiography cannot exclude the presence of coronary microvascular dysfunction (CMD) as pathophysiological mechanism of HF [27,28]. In these patients, a prevalent diastolic dysfunction has been proposed [27]. Moreover, CMD may represent the pathophysiological substrate of left ventricular diastolic dysfunction [27,28].



In the literature, an increasing number of studies underline the central role of CMD in the pathophysiology of IHD and HF, beyond atherosclerotic disease [3,4,8,9,29,30]. Moreover, CMD represents one of several pathophysiological mechanisms, which may cause type II myocardial infarction [31]. CMD is due to an impairment of microvascular endothelial and non-endothelial adaptation of CBF to myocardial metabolic demands and it may be associated with myocardial ischemia, independently from CAD [3,4,7,8,9,10,21,22,23]. Impairment of mediators of CBF regulation, such as coronary ion channels, may lead to CMD. Moreover, CMD, which alters hemorheological features of CBF, may promote atherosclerotic plaques development in epicardial vessels, through the increase of shear stress and the prolonged exposition of coronary vessels wall to low density lipoproteins (LDL), ROS, inflammation mediators and advanced glycation end-products (AGEs) [3,4,7,8,9,10,21,22,23]. There are several methods through which CMD can be assessed. Transthoracic echocardiogram, cardiac magnetic resonance and positron emission tomography (PET) scan can be used to evaluate CFR non-invasively, while coronary angiography can be used to assess it invasively [28,31]. During coronary angiography, intracoronary administration of acetylcholine and adenosine may be used to evaluate endothelial dependent and independent vasodilation respectively. CMD is defined by a CFR < 2. 0 [28,31].



Over the past few years, some authors have hypothesized the central role for CMD in the pathophysiology of HF and in myocardial remodeling [29,30,31,32].



Moreover, other authors have suggested a link between CMD, through endothelial dysfunction, and severity of symptoms in HF patients [32,33]. According to ALLAHAT trial and MEDIA (The Metabolic Road to Diastolic Heart Failure) European registry for HF, a high body mass index is often seen in these patients and cardiovascular risk factors, such as arterial hypertension, diabetes mellitus and dyslipidemia may lead to HF through microvascular dysfunction. Endothelial dysfunction is associated with a reduced bioavailability of NO and reduced activity of KATP. Moreover, CMD stimulates cardiomyocytes hypertrophy, fibrosis and microvascular rarefaction, which are the main histological alterations seen in HF [32,34,35,36].



Additionally, Paulus et al. [34] and Franssen et al. [37] focused on the possible role of CMD in the pathophysiology of HF. They identified a possible sequence of events that may bring HF. All the cardiovascular risk factors contribute to a systemic pro- inflammatory state. In HF patients, there is a high tumor necrosis factor alfa (TNF-α), interleukin 6 (IL-6), pentraxin 3 and ST2 blood concentration [34,38,39]. However, systemic inflammation is not predictive for the risk to develop HF [34,40]. At microcirculation, the inflammatory state, but also each risk factor directly, may cause a higher production of ROS, an increased expression of chemokines and selectins, such as vascular cell adhesion protein 1 (VCAM-1) and E-selectin, mitochondrial function impairment and reduced NO availability [37]. Moreover, a physical training program seems to determine an upregulation of eNOS, beyond its impact on ion channels, improving symptoms and exercise tolerance in HF patients [34,41]. NO deficiency reduces protein kinase G activity, which, together with lower Phospholamban phosphorylation, induced by ROS, causes the persistence of high levels of Ca++ in cardiomyocytes, endothelial cells and smooth muscle cells, increasing the cardiac wall stiffness and coronary vasoconstriction [34,42]. Inflammation leads to fibrosis and cardiomyocytes hypertrophy [34,43]. Myocardial hydrogen peroxide (H2O2) and superoxide anions are significantly increased in HF. There are several sources of ROS such as mitochondria, eNOS, xanthine oxidase and nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidase, NOX 2 and 4. In HF patients, NOX2 is upregulated in coronary endothelial cells and not in cardiomyocytes, focusing on the role of microvascular dysfunction as primum movens in the pathological alteration and cardiac remodeling in HF [37,44].



In this context, some authors distinguish patients with preserved and reduced left ventricular ejection fraction (LVEF), as suggested by the European Society of Cardiology (ESC) classification of HF [27]. However, in the study of pathophysiology of HF, several limitations of using the mere LVEF are described in literature [45,46,47,48,49]. In fact, LVEF is not clearly associated with clinical features and pathophysiological mechanisms related to HF [45,46,47,48,49]. LVEF is not enough to distinguish diastolic from systolic dysfunction [45,46,47,48,49]. Moreover, LVEF does not consider the complexity of HF, which is a multiorgan syndrome [45,46,47,48,49]. For this reason, other classification to stage HF, more completely, are proposed. Regarding this, HLM classification, which follows the TNM classification used to stage cancers, seems to be interesting [45,46,47,48]. The parameter “H” defines the heart damage, “L” the involvement of lungs and “M” the malfunction of peripheral organs. HLM classification provides an evaluation of all organs involved in HF, integrating instrumental, clinical and laboratory parameters [45,46,47,48].




4. Ion Channels in Ischemic Heart Disease and Heart Failure


Ion channels are end-effectors of CBF regulation mechanisms and they have a central role in the adaptation of CBF in response to cardiomyocytes metabolism, through the continuous modulation of coronary vascular tone. They modulate the state of contraction and relaxation of VSMCs and the endothelial function [4,7]. For this reason, the impairment of their function, which may be genetically determined or acquired, as a consequence of the exposition to cardiovascular risk factors, represents an important mechanism, which may lead to CMD. As previously described, CMD may represent a cause of myocardial infarction [28,31]. It may lead to diastolic dysfunction in HF [27]. Moreover, an involvement of ion channels and CMD in the ischemia and diastolic dysfunction related to several cardiomyopathies, such as hypertrophic and restrictive cardiomyopathies, have been described [23,30,32,33,34,35,36,37]. Ion channels are also expressed by cardiomyocytes where they are involved in the regulation of myocardial contractility and excitability [7,50].



Several studies demonstrate the central role of dysfunctional ion channels in the determinism of IHD through CMD, also independently from CAD, and in HF pathophysiology [3,4,8,9,10,21,22,23,29,32,33]. Moreover, several genetic variants about coronary and cardiac ion channels encoding genes are also associated to IHD and HF, beyond cardiovascular risk factors [9,51]. For this reason, ion channels have been studied as a target for IHD, and for reduced contractility and arrhythmias in HF [52]. Overall, abnormal levels of intracellular Na+ [52,53,54], downregulation of K+ [52,55,56] channel and Ca++ cycling defects have the most important effects in HF determinism.



4.1. ATP-Sensitive Potassium (KATP) Channel


KATP channels are expressed by cardiomyocytes, coronary endothelial and smooth muscle cells, where they regulate myocardial contractility and relaxation and coronary vascular tone, through the regulation of intracellular Ca++ concentration [57].



KATP channels belong to the Kir channel family (inward rectifiers). KATP are molecular biosensors capable of translating changes in intracellular metabolism into responses in membrane excitability, in order to maintain homeostasis.



Through close integration with cellular metabolic pathways, coronary KATP channels have a well-defined role in maintaining cardiac performance, under stress conditions. The cardioprotective properties of KATP channels are underlined by studies with knock-out animal models for the genes coding for the regulatory subunits (Kir 6.x and SURx) of the channel, which make the heart more vulnerable to ischemic damage leading to HF. Furthermore, the inhibition of the function of KATP channels leads to a greater susceptibility to pathological Ca++-dependent remodeling, the progression of organ failure and death [58,59,60], with the result that KATP channels are necessary for the adaptive response of the heart during stress. Studies in men reveal additional cardiac vulnerability to stress factors, mediated by genetic variations of KATP channels. In fact, several studies have correlated genetic polymorphisms, capable of determining a dysfunction in the ionic channel, linked with HF, susceptibility to dilated cardiomyopathy and electrical instability [61,62,63]. In particular, a higher frequency of a particular polymorphism for the KATP channel has been described in patients with HF [61] able to alter its function [62,63]. In fact, the correct functioning of the KATP channels is essential in humans for optimal cardiac performance, during an increasing metabolic demand, caused by physical exercise, and in case of myocardial energy deficit, induced by HF.



Several genetic variants of KATP may associate CMD with IHD and HF. Knockout mice for a SUR2 subunit showed higher risk to develop coronary vasospasm and arterial hypertension, while a missense mutation, A1513T, and frameshift mutation (Fs.1524), expressed in heterozygosity, about SUR2A, were associated with reduced myocardial systolic function in dilated cardiomyopathy [64]. In patients with IHD and chronic HF, a steady and aerobic physical training is important for rehabilitation. It improves cardiac function and the quality of life, reducing mortality [57]. Kraljevic et al. [57] demonstrated that physical exercise increases the expression of the KATP subunit SUR2A, protecting cardiomyocytes against ROS damage and improving their contractile function. Moreover, the inhibition of KATP, through the use of Glibenclamide, is associated with a reduction of intracellular Ca++ handling induced by exercise, demonstrating the close association between intracellular Ca++ concentration, improving cardiac contractile function and KATP activity [57].



Physical exercise is involved in the protection of myocardium from ischemia and in the recovery of fail cardiomyocytes, after myocardial ischemia, because it determines an increase in myocardium contractility, through a reduction of action potential duration of cardiomyocytes. According to the increase of myocardial metabolism and storage of AMP in cardiomyocytes, KATP function increases progressively [65,66,67]. Wang et al. demonstrated an upregulation of cardiomyocytes KATP expression and function and a reduced action potential duration, induced by regular physical exercise [65]. This mechanism is related to a quick repolarization, reduced intracellular Ca++ overload and a prolonged diastolic time with reduced energy consumption for cardiomyocytes, mainly at high heart rate [65].



In several tissues, among which myocardium, ischemia, determined by the interruption of blood flow, and the quick reperfusion define ischemia-reperfusion injury, in which ROS play a central role. During myocardial infarction, ischemia reperfusion injury is the main mechanism that leads to necrosis and apoptosis [68]. Ischemic preconditioning is an important myocardial mechanism against ischemia reperfusion injury [68]. Before a prolonged state of ischemia, there are small periods of transient ischemia and reperfusion, which trigger several protective mechanisms, leading to ischemic preconditioning [68]. Among them, a transient accumulation of a sub-lethal levels of ROS has been described [68]. Moreover, Hypoxia-inducible factor 1 (HIF-1) may play an important role in the regulation of myocardial protective genes expression, in the late phase of ischemic preconditioning [68]. However, ROS have a central role in cardiomyocytes death in several pathological conditions, such as IHD and HF.



The mitochondrial permeability transition (MPT) induction represents a central mechanism in cardiomyocytes’ death [69]. Mitochondrial permeability transition represents a big channel permeable to several ions and molecules and it is associated with mitochondrial membrane potential dispersion [69]. It may be involved in mitochondrial Ca++ homeostasis, in physiological condition [69]. MPT may be activated by ROS production, causing the dispersion of mitochondrial membrane potential and triggering a burst generation of ROS [69]. This important mechanism, which may lead to cell death, explaining the coupling between ROS and MPT, is defined by ROS-induced ROS release [69]. Moreover, it couples long chains of mitochondria in the same cell and its development and reversibility depends on the antioxidants cell systems function [69]. In cardiomyocytes, NO may stabilize thiol groups, in conditions of strong oxidative stress, playing a role against MPT induction and apoptosis [69].



Several studies have shown the central role of eNOS and NO up-regulation in cardioprotective effects of late preconditioning [70,71,72].



NO has a central role in the adaptive response of coronary vascular tone to myocardial metabolism and in myocardial contractile response [70,71,72]. During cardiac ischemia, NO production is increased because of the activation of Inducible Nitric Oxygen Synthase (iNOS). There is a link between mitochondrial KATP and iNOS activity in mice [70]. Mitochondrial KATP is activated by NO production induced by iNOS, during ischemia. Moreover, NO induces up-regulation of iNOS activity, through nuclear factor κ light chain enhancer of activated B cells (NFκB) [70].



In case of IHD, during reperfusion, the release of hydroxyl radical (OH), from mitochondria, [73,74,75] determines a contractile dysfunction known as myocardial stunning [72,75]. Moreover, OH plasmatic levels, in IHD patients, are linked to the risk to develop HF, in patients with acute myocardial ischemia [73,76]. In order to prevent reperfusion damages and myocardial stunning, activation of mitochondrial KATP channels determines stabilization of mitochondrial membrane and reduction of OH release and, therefore, failing myocardial protection against OH- induced damage [73,77,78]. However, mitochondrial KATP channels opening may lead to increasing ROS production and release because they provoke mitochondrial matrix alkalization, involving complex I and III [79]. Moreover, blocking KATP channels with sulfonylurea worsens left ventricular function [73]. In HF patients, the genetic variants E23K and I337V of KCNJ11, encoding for Kir6.2 subunit, has been related to end-diastolic volume and mass of the left ventricle [80]. Moreover, regarding the same gene KCNJ11, the single nucleotide polymorphism rs5215_G/G seems to represent a protective factor against IHD, independently from cardiovascular risk factors [9,81].



Several studies have shown the role of KATP as target in the treatment of IHD and acute and chronic HF [82,83,84]. Several molecules, such as Levosimendan and Nicorandil, induce coronary vasodilation through the opening of KATP, improving CBF, myocardial metabolism and contractility [82,83,84]. They also have a beneficial effect on other organs whose functions are compromised in HF as kidney, lungs and liver [82,83,84].




4.2. Potassium Calcium-Activated Channel (KCa) Channels


KCa channel family consists of small (SKCa), intermediate (IKCa) and large conductance (BKCa) channels [7]. KCa channels regulate the efflux level of K+ to maintain ideal levels of membrane potential in VSMCs and endothelial cells, resulting in an appropriate vascular tone [7]. The impaired function of all three subtypes of KCa may be associated with a dysregulation of coronary vascular tone, in response to myocardial oxygen and metabolites supply [7].



In physiological conditions, the hyperpolarization of coronary endothelial cells and following vasodilation are determined by an increase of intracellular Ca++ and vasoactive substances release, mediated by IKCa and SKCa channels [7]. The same two channels’ subtypes, not BKCa channels, are involved in thrombin-related endothelium dependent vasodilation [7]. In addition, bradykinin induces coronary endothelium dependent vasodilation, through SKCa and BKCa channels [7]. H2O2-induced coronary vasodilation is mediated by BKCa, IKCa and SKCa channels and, in diabetic patients, the endothelial dysfunction seems to be associated with the impairment of SKCa and IKCa channels [7]. In patients affected by heart disease, coronary dilation, mediated by adenosine, involves SKCa channels [7].



BKCa channels are also involved in the neural mechanism of CBF regulation. These subtypes of channels are activated in relation to β-adrenoceptors stimulation by catecholamines [7].



Oliván-Viguera et al. [85] studied the coupling between IKCa3.1 activity and endothelial dysfunction, in cardiovascular disease and diabetes. Using SKA-121 and SKA-111, which are strong positive modulators of the IKCa3.1 channel, an improved cells’ hyperpolarization and endothelial dependent coronary vasodilation, induced by bradykinin, has been showed in rats [85]. It underlines the potential role of IKCa3.1 as therapeutic target against endothelial dysfunction [85].



Mishra et al. [86] tested the role of SKA-31, a positive modulator of SKCa2.3 and IKCa3.1, on coronary endothelial dependent vasodilation, in diabetes mellitus. SKA 31 restored the vasodilatory response to bradykinin and adenosine. Therefore, through SKA-31, SKCa2.3 and IKCa3.1 reduce coronary vascular tone, increasing CBF also in advanced phases of diabetes mellitus [86]. These channels determine VSMCs relaxation because they have a role in endothelial hormone-related production of NO, together with an hyperpolarizing effect, which reaches VSMCs through myo-endothelial gap junctions [86].



BKCa channels are involved in the response of smooth coronary muscle cells to endothelial stimulation, providing an important negative feedback mechanism to vasoconstrictor responses [87]. Moreover, BKCa channels are activated by the increase in intracellular Ca++ concentration and membrane depolarization. These channels have a decisive role in adjusting the depolarization response and in balancing coronary vasoconstriction. In fact, multiple vasoconstrictive substances inhibit BKCa channels, such as angiotensin II, endothelin and thromboxane A2. BKCa channels have been identified as effectors of vasodilatation induced by the phospholipase A2 and lipoxygenase metabolites [88]. Other studies have highlighted the role of BKCa channels in H2O2-induced coronary vasodilation [89,90,91]. Furthermore, in metabolic syndrome, CMD is related to the decrease in the function of BKCa channels, in VSMCs [89]. The reduced function of the BKCa channel leads to inappropriate coronary vasoconstriction [89,90,91] and, consequently, to dysfunction of the microcirculation. BKCa channel is also involved, in the animal model, in cardioprotection, through preconditioning, after short ischemic damages. In fact, blocking the BKCa channel deletes the cardioprotection mechanisms [90]. In addition, it has been shown that Peroxynitrite (ONOO-), consisting of the interaction of superoxide with NO, inhibits physiological vasodilation, mediated by BKCa channels, expressed on VSMCs of human coronary arterioles [91].



In arterioles of CAD patients, Nishijima et al. demonstrated a shift from a Kv1.5-BKCa to a predominant BKCa vasodilation, induced by H2O2 [92]. BKCa expression is reduced by high glucose levels and it is increased in several pathological conditions, such as atherosclerosis and hypertension, in order to compensate for reduced Kv1.5 expression [92].



Plasma aldosterone levels are associated with cardiovascular mortality, also independently from cardiovascular risk factors. Moreover, a gain of function of renin-angiotensin-aldosterone system (RAAS) has been associated with several cardiovascular pathological conditions, such as hypertension, myocardial infarction and HF. Aldosterone mediates vascular and cardiac remodeling associated with these diseases. Recently, Khan et al. focused on the role of aldosterone in the determinism of microvascular dysfunction and related condition, such as IHD and HF. Independently from arterial blood pressure and metabolic alterations, aldosterone reduced coronary adenosine induced vasodilation, determining downregulation of several K+ channels, among which KCa. It may reduce the expression of genes KCNN3 and KCNN4 encoding for SKCa2.3 and IKCa1, respectively. For this reason, aldosterone antagonists may have a specific role against CMD associated with IHD and HF [93].



Cyclic adenosine monophosphate (cAMP) is one of the main molecules in determining vasodilation and guaranteeing cardiac perfusion. The synthesis of cAMP is linked to the activity of the Adenylyl Cyclase, while its degradation takes place through the activity of the phosphodiesterases (PDEs), in particular PDE3 and PDE4 [94,95,96,97]. BKCa channels activation determines VSMCs relaxation and they are activated by increasing intracellular Ca++ levels, linked to Ca++ influx or the activation of ryanodine receptors, and by cAMP signaling [95,98,99]. BKCa channel activity is reduced in many animal models of HF [94,98]. The relationship among cAMP-PDE-BKCa has a central role in vascular tone regulation and inhibition of PDE3 and PDE4 improved vasodilation, in coronary circulation [95]. Sildenafil is a PDE5 inhibitor, but it also has many effects on different mechanism linked to cardio-protection [100]. Sildenafil works by activating mitochondrial ATP-sensitive K+ channels, determining mitochondrial membrane stabilization especially during ischemic-reperfusion injury [100]. Mitochondrial KCa, located on the inner membrane of mitochondria, are also activated by sildenafil and they are involved in myocardial protection, by reducing Ca++ overload in cardiomyocytes and hyperpolarizing mitochondrial membrane [100,101].




4.3. Voltage-Gated Potassium (Kv) Channels


The family of Kv channels have a central role in the regulation of metabolism, through an oxidation-reduction process [3,4,102]. In this way, mitochondrial H2O2 production, linked to the metabolism through a feed-forward mechanism, controls the vascular tone, by opening redox-sensitive Kv channels [103]. A study has shown that H2O2-dependent vasodilation is mediated by Kv channels [103]. Different types of Kv channels are expressed in cardiac and coronary tissue, although Kv1.5 seems to play a major role in smooth muscle cells. It has been observed that Kv1.5 mice -/- have insufficient metabolic vasodilation and that the imbalance between metabolism and coronary flow leads to cardiac dysfunction [104]. The Kv1.5 channels are, in fact, critical for metabolic dilation, in the coronary circulation [105]. In addition, during hyperglycaemia states, peroxynitrite production damages the Kv channels, compromising CBF and myocardial perfusion, which can chronically lead to heart muscle failure [106]. Liu et al. demonstrated that a reduced coronary independent vasodilation could be explained also by an impair of Kv channels, mediated by ROS and AGEs, in diabetes. ROS and AGEs induce VSMCs damage, causing inflammation, through NF-κB pathway. Moreover, the reduction of AGEs and the inhibition of NF-κB pathway improve CBF regulation, contrasting CMD [107]. Nishijima et al. focused on the role of Kv1 family channels in vasodilation and its possible different impact on arteriolar blood flow regulation, between CAD and non-CAD patients [92]. In arterioles of CAD patients, they found a reduced H2O2-related vasodilation. It may be due to a reduced VSMCs surface expression of Kv1.5 channels, induced by ROS, which seems to mainly impair the membrane protein trafficking. Those mechanisms may be involved in the microvascular dysfunction associated with CAD [92]. Ohanyan et al. studied the possible role of the Kv1.3 coronary ion channel, in the metabolic cross talk between CBF and cardiomyocytes’ metabolic demand [108]. These authors observed a reduced vasodilatory response in Kv1.3 knock out mice and in those treated with correolide, a Kv1.3 channel blocker, during increasing myocardial work [108]. Moreover, the Kv1.3 channel is involved in H2O2 coronary related vasodilation, but not in acetylcholine- and adenosine-induced vasodilation [108]. An impairing of the Kv1.3 channel may be associated with CMD, although there is an absence of specific genetic studies which confirm this relationship in human [108].



Berwick et al. focused on the electromechanical interaction between Kv and the voltage-gated L-type Ca++ channel Cav1.2, in coronary VSMCs, and its influence on CBF regulation [109]. Obesity and metabolic syndrome could reduce Kv channel expression and function, increasing Cav1.2 activity, causing intracellular Ca++ overloading with significant vasoconstriction [109]. According to Berwick et al., this mechanism may contribute to CMD in obesity [109]. Moreover, the administration of nifedipine, a Ca++ channel blocker, reduced microvascular resistances and improved the adaptation of CBF relatively to myocardial oxygen consumption (MVO2) in obese, but not in lean swine [109].



Hypertension and diabetes mellitus reduce Kv7 channel expression by arterial VSMCs, a condition that contributes to microvascular dysfunction in these pathological conditions. In a study by Morales-Cano et al., the enhancement of Kv7 channel, through the administration of a peroxisome proliferator-activated receptor-β/δ (PPARβ/δ) agonist, improved coronary microvascular tone, during a hyperglycemic state [110]. A PPARβ/δ agonist could protect the expression of genes KCNQ 1, 4 and 5, which encode the Kv7 channel, which was severely compromised by hyperglycemia [110].



Although atrial and ventricular arrhythmias are not always associated with the presence of myocardial dysfunction, ischemic scar or ion channels alterations [111], they have a great impact on mortality in IHD and HF patients [112]. However, several alterations in cardiac ion channels, related to HF, have been described [113,114].



Sridhar et al. studied Kv atrial channels in chronic HF and their role in the HF-related atrial fibrillation [113]. They demonstrated an unchanged atrial myocardium Kv4.3 subunit expression, but increased K+ currents mediated by Kv4, due to an overexpression of Kv channel-interacting protein 2 (KChIP2) [113]. KChlP2 overexpression is involved in regional atrial myocardium differences of transient outward K+ current (Ito), in HF [113]. Moreover, it is involved in Kv1.5 membrane trafficking, which may be one of the causes of a reduced Kv1.5 expression they observed [113]. These mechanisms may be involved in the reduction of atrial outward K+ current 4-aminopyridine sensitive (IKur), seen in HF [113]. Suzuki et al. showed a downregulation of Kv4.2 in mice with HF induced by dilated cardiomyopathy [114]. Left ventricular Kv4.2 expression, in HF mice, was 60% compared to the wild type model by the first month and it reduced to 25% by the second month [114].




4.4. Transient Receptor Potential (TRP) Channels


TRP channels represent a big family of ion channels expressed by several cells, among which endothelial and VSMCs of coronary arteries and cardiomyocytes [115,116]. TRP channels are permeable to several cations and they are mainly involved in the Ca++ currents regulation, through the cell membrane [115,116]. They have a role in several cell functions, such as proliferation, migration, differentiation, relaxation and contraction [115,116]. Several stimuli are able to activate TRP channels, such as ROS, shear stress, paracrine factors, phospholipids and mechanical stress [115,116]. Moreover, in the cardiovascular system, their role is even more important in pathophysiological conditions. Several studies underline TRP channels involvement in the pathophysiology of myocardial hypertrophy and remodeling, arrhythmias, arterial and pulmonary hypertension, CMD, atherosclerosis, IHD and HF [115,116]. Several types of TRP channels are expressed in blood vessels and in coronary arteries. TRP channels are involved both in microvascular dysfunction and in atherosclerosis [115,116]. TRPA1, TRPV1-4 and TRPC1-6, are expressed on the endothelial cell surface and they allow the passage of Ca++, regulating endothelial dependent vasodilation in response to several molecules, such as EDHF, NO and prostacyclin [115,116]. Kochukov et al. demonstrated a role in endothelial dependent vasodilation for TRPC1 and 3; indeed, knockout mice for these channels showed a reduced aortic vasodilation, in response to carbachol [116,117] According to Willette et al., the administration of a TRPV4 agonist, GSK1016790A, determined vasodilation by EDHF and a consequent reduction of arterial blood pressure [117,118]. Freichel et al. demonstrated that knockout mice for TRPC4 showed a reduced vasodilatory response to acetylcholine [115,119]. Earley et al. showed that the TRPV4 channel was involved in the coupling of endothelial dependent vasodilation and VSMCs relaxation, through the interaction with BKCa and ryanodine receptor [116,120]. TRPM4 and 7, TRPC1, 5 and 6, andTRPV1, 2 and 4 are expressed by VSMCs, and they are involved in the myogenic regulation of vascular tone [116,121]. Knockout mice for TRPM4 showed a greater vascular tone and they were hypertensive [115,122], while through the inhibition of TRPC6, a reduced VSMCs contraction has been demonstrated [123].



TRP channels may also have a role in atherosclerosis and CAD. Wei et al. found that TRPV1 was involved in the progression of atherosclerotic process, in apolipoprotein E knockout mice [116,124]. Allowing a better endothelial dependent vasodilation, through the channel gain of function, the single nucleotide polymorphism I957V of TRPC4 could have a protective role against myocardial ischemia [116,125]. TRPC1, 3, 4 and 6 are involved in post-ischemic angiogenesis in myocardium. This process represents important compensatory mechanisms after myocardial ischemic injury, which directly involves microcirculation and it is mainly sustained by vascular endothelial growth factor (VEGF). TRP channels contributes to Ca++ influx, as a consequence of the coupling between VEGF and its receptors, allowing endothelial cells proliferation and migration. TRP channels are also associated with cardiac remodeling, fibrosis and HF, after myocardial infarction [115,116]. TRP channels, modulating intracellular Ca++ concentrations, seem to be associated with ischemia reperfusion injury and preconditioning [115,116].





5. Conclusions


Myocardial blood flow adaptation to different metabolic conditions is essential for normal myocardial function. This adaptive process requires a complex system of factors. Several mechanisms are involved in myocardial flow regulation, including metabolic and neurohumoral factors and physical influences, such as changes in intraluminal pressure or effects induced by shear stress on the vessel wall. In this context, the role of coronary ion channels is crucial in matching CBF to metabolic demands (Figure 1). Due to their role in repolarization, in coronary vascular cells (endothelial and smooth muscle), changes in the expression or activity of ion channels often result in vascular tone abnormalities. Thus, pathophysiological conditions, characterized by the development of vascular hyperactivity, including arterial hypertension, dyslipidemia, diabetes mellitus and genetic variations, such as mutations or polymorphisms, can lead to alterations in the expression or function of coronary ion channels. Furthermore, anomalies in the activity of these channels caused by ROS, during diabetes-induced oxidative stress, cause dysfunction in vascular resistance control. This damages the regulatory system dependent on myocyte metabolism, which inevitably leads, in the long term, to the development of coronary artery microcirculation dysfunction and myocardial insufficiency. This can be considered a new paradigm in the pathophysiology of HF, whereby an inability of the coronary circulation to satisfy the metabolic demands of the heart, due to microcirculation dysfunction and its regulatory mechanisms, including ion channels, leads to the development of hypoxia, fibrosis and tissue death, which eventually results in a loss of myocardial function, even beyond the atherosclerotic epicardial plaque [3,4,45,46,47,48,126,127,128]. In addition, current therapies used in HF, such as beta-blockers, ACE inhibitors and aldosterone antagonists, reduce myocardium oxygen demand and reduce dysfunction effect in metabolic vasodilation. The imbalance between oxygen supply and demand, due to an alteration of cardiac microcirculation and coronary ion channels, is even more evident with high levels of cardiac work. Thus, pharmacological interventions, able to reduce cardiac work, also minimize the reduction of the effects of microcirculation dysfunction, and they probably slow the progression of the disease. In recent years, scientific literature has turned its attention towards the study of coronary microcirculation and its regulators, including ion channels, also with regard to the pathophysiological continuum that links microcirculatory dysfunction to IHD and HF. However, further research is still needed to shed light on this intriguing, yet still unexplored aspect.







Author Contributions


Conceptualization: P.S. and A.D.; Methodology, P.S., A.D., M.P., F.I., L.I.B., M.V.M., and C.L.; Data Curation, M.P., F.I., L.I.B., M.V.M., and C.L.; Writing—Original Draft Preparation, P.S. and A.D.; Writing—Review and Editing, M.P., F.I., L.I.B., M.V.M., C.L., V.M., and M.M.; Supervision, V.M., M.M., and F.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors would like to thank Sarah Parish for her assistance in reviewing the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chaudhry, M.A. Heart Failure. Curr. Hypertens Rev. 2019, 15, 7. [Google Scholar] [CrossRef]

	



Gould, K.L.; Lipscomb, K. Effects of coronary stenoses on coronary flow reserve and resistance. Am. J. Cardiol. 1974, 34, 48–55. [Google Scholar] [CrossRef]

	



Severino, P.; D’Amato, A.; Netti, L.; Pucci, M.; De Marchis, M.; Palmirotta, R.; Volterrani, M.; Mancone, M.; Fedele, F. Diabetes Mellitus and Ischemic Heart Disease: The Role of Ion Channels. Int. J. Mol. Sci. 2018, 19, 802. [Google Scholar] [CrossRef] [PubMed]

	



Fedele, F.; Severino, P.; Bruno, N.; Stio, R.; Caira, C.; D’Ambrosi, A.; Brasolin, B.; Ohanyan, V.; Mancone, M. Role of ion channels in coronary microcirculation: A review of the literature. Future Cardiol. 2013, 9, 897–905. [Google Scholar] [CrossRef]

	



Ferrari, R.; Fox, K. Heart rate reduction in coronary artery disease and heart failure. Nat. Rev. Cardiol. 2016, 13, 493–501. [Google Scholar] [CrossRef] [PubMed]

	



Marzilli, M.; Merz, C.N.; Boden, W.E.; Bonow, R.O.; Capozza, P.G.; Chilian, W.M.; DeMaria, A.N.; Guarini, G.; Huqi, A.; Morrone, D.; et al. Obstructive Coronary Atherosclerosis and Ischemic Heart Disease: An Elusive Link! J. Am. Coll. Cardiol. 2012, 60, 951–956. [Google Scholar] [CrossRef]

	



Goodwill, A.G.; Dick, G.M.; Kiel, A.M.; Tune, J.D. Regulation of Coronary Blood Flow. Compr. Physiol. 2017, 7, 321–382. [Google Scholar] [CrossRef]

	



Severino, P.; D’Amato, A.; Netti, L.; Pucci, M.; Infusino, F.; Maestrini, V.; Mancone, M.; Fedele, F. Myocardial Ischemia and Diabetes Mellitus: Role of Oxidative Stress in the Connection between Cardiac Metabolism and Coronary Blood Flow. J. Diabetes Res. 2019, 2019, 1–16. [Google Scholar] [CrossRef]

	



Fedele, F.; Mancone, M.; Chilian, W.M.; Severino, P.; Canali, E.; Logan, S.; De Marchis, M.L.; Volterrani, M.; Palmirotta, R.; Guadagni, F. Role of genetic polymorphisms of ion channels in the pathophysiology of coronary microvascular dysfunction and ischemic heart disease. Basic Res. Cardiol. 2013, 108, 387. [Google Scholar] [CrossRef]

	



Zuchi, C.; Tritto, I.; Carluccio, E.; Mattei, C.; Cattadori, G.; Ambrosio, G. Role of endothelial dysfunction in heart failure. Heart Fail. Rev. 2020, 25, 21–30. [Google Scholar] [CrossRef]

	



Godo, S.; Shimokawa, H. Endothelial Functions. Arterioscler. Thromb. Vasc. Biol. 2017, 37, e108–e114. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Gutterman, D.D. Vascular control in humans: Focus on the coronary microcirculation. Basic Res. Cardiol. 2009, 104, 211–227. [Google Scholar] [CrossRef] [PubMed]

	



Böger, R.H. Asymmetric Dimethylarginine, an Endogenous Inhibitor of Nitric Oxide Synthase, Explains the “L-Arginine Paradox” and Acts as a Novel Cardiovascular Risk Factor. J. Nutr. 2004, 134, 2842S–2847S. [Google Scholar] [CrossRef] [PubMed]

	



Chilian, W.M.; Harrison, D.G.; Haws, C.W.; Snyder, W.D.; Marcus, M.L. Adrenergic coronary tone during submaximal exercise in the dog is produced by circulating catecholamines. Evidence for adrenergic denervation supersensitivity in the myocardium but not in coronary vessels. Circ. Res. 1986, 58, 68–82. [Google Scholar] [CrossRef]

	



Chilian, W.M.; Ackell, P.H. Transmural differences in sympathetic coronary constriction during exercise in the presence of coronary stenosis. Circ. Res. 1988, 62, 216–225. [Google Scholar] [CrossRef] [PubMed]

	



Herrmann, J.; Kaski, J.C.; Lerman, A. Coronary microvascular dysfunction in the clinical setting: From mystery to reality. Eur. Heart J. 2012, 33, 2771–2783. [Google Scholar] [CrossRef]

	



Tiefenbacher, C.P.; Chilian, W.P. Heterogeneity of coronary vasomotion. Basic Res. Cardiol. 1998, 93, 446–454. [Google Scholar] [CrossRef]

	



Westerhof, N.; Boer, C.; Lamberts, R.R.; Sipkema, P. Cross- Talk Between Cardiac Muscle and Coronary Vasculature. Physiol. Rev. 2006, 86, 1263–1308. [Google Scholar] [CrossRef] [PubMed]

	



Dick, G.M.; Tune, J.D. Role of potassium channels in coronary vasodilation. Exp. Biol. Med. 2010, 235, 10–22. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, H.; Bao, L.; Kefaloyianni, E.; Taskin, E.; Okorie, U.; Hong, M.; Dhar-Chowdhury, P.; Kaneko, M.; Coetzee, W.A. AMP-activated protein kinase connects cellular energy metabolism to KATP channel function. J. Mol. Cell. Cardiol. 2012, 52, 410–418. [Google Scholar] [CrossRef]

	



Camici, P.G.; D’Amati, G.; Rimoldi, O. Coronary microvascular dysfunction: Mechanisms and functional assessment. Nat. Rev. Cardiol. 2015, 12, 48–62. [Google Scholar] [CrossRef] [PubMed]

	



Bairey Merz, C.N.; Pepine, C.J.; Shimokawa, H.; Berry, C. Treatment of coronary microvascular dysfunction. Cardiovasc. Res. 2020, cvaa006. [Google Scholar] [CrossRef] [PubMed]

	



Camici, P.G.; Tschöpe, C.; Carli, M.F.D.; Rimoldi, O.; Van Linthout, S. Coronary microvascular dysfunction in hypertrophy and heart failure. Cardiovasc. Res. 2020, cvaa023. [Google Scholar] [CrossRef] [PubMed]

	



Berwick, Z.C.; Moberly, S.P.; Kohr, M.C.; Morrical, E.B.; Kurian, M.M.; Dick, G.M.; Tune, J.D. Contribution of voltage-dependent K+ and Ca2+ channels to coronary pressure-flow autoregulation. Basic Res. Cardiol. 2012, 107, 264. [Google Scholar] [CrossRef]

	



Standen, N.B.; Quayle, J.M. K+ channel modulation in arterial smooth muscle. Acta Physiol. Scand. 1998, 164, 549–557. [Google Scholar] [CrossRef]

	



Jackson, W.F. Potassium Channels in the Peripheral Microcirculation. Microcirculation 2005, 12, 113–127. [Google Scholar] [CrossRef]

	



Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.F.; Coats, A.J.S.; Falk, V.; González-Juanatey, J.R.; Harjola, V.P.; Jankowska, E.A.; et al. ESC Scientific Document Group. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC). Developed with the special contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2016, 37, 2129–2200. [Google Scholar] [CrossRef]

	



Knuuti, J.; Wijns, W.; Saraste, A.; Capodanno, D.; Barbato, E.; Funck-Brentano, C.; Prescott, E.; Storey, R.F.; Deaton, C.; Cuisset, T.; et al. ESC Scientific Document Group. 2019 ESC Guidelines for the diagnosis and management of chronic coronary syndromes: The Task Force for the diagnosis and management of chronic coronary syndromes of the European Society of Cardiology (ESC). Eur. Heart J. 2020, 41, 407–477. [Google Scholar] [CrossRef]

	



Padro, T.; Manfrini, O.; Bugiardini, R.; Canty, J.; Cenko, E.; De Luca, G.; Duncker, D.; Eringa, E.C.; Koller, A.; Tousoulis, D.; et al. ESC Working Group on Coronary Pathophysiology and Microcirculation position paper on coronary microvascular dysfunction in cardiovascular disease. Cardiovasc. Res. 2020, cvaa003. [Google Scholar] [CrossRef]

	



Shah, S.J.; Lam, C.S.P.; Svedlund, S.; Saraste, A.; Hage, C.; Tan, R.S.; Beussink-Nelson, L.; Ljung Faxén, U.; Fermer, M.L.; Broberg, M.A.; et al. Prevalence and correlates of coronary microvascular dysfunction in heart failure with preserved ejection fraction: PROMIS-HFpEF. Eur. Heart J. 2018, 39, 3439–3450. [Google Scholar] [CrossRef]

	



Ibanez, B.; James, S.; Agewall, S.; Antunes, M.J.; Bucciarelli-Ducci, C.; Bueno, H.; Caforio, A.L.P.; Crea, F.; Goudevenos, J.A.; Halvorsen, S.; et al. ESC Scientific Document Group. 2017 ESC Guidelines for the Management of Acute Myocardial Infarction in Patients Presenting with ST-segment Elevation: The Task Force for the Management of Acute Myocardial Infarction in Patients Presenting with ST-segment Elevation of the European Society of Cardiology (ESC). Eur. Heart J. 2018, 39, 119–177. [Google Scholar] [CrossRef] [PubMed]

	



Miličić, D.; Jakuš, N.; Fabijanović, D. Microcirculation and Heart Failure. Curr. Pharm. Des. 2018, 24, 2954–2959. [Google Scholar] [CrossRef] [PubMed]

	



Borlaug, B.A.; Olson, T.P.; Lam, C.S.; Flood, K.S.; Lerman, A.; Johnson, B.D.; Redfield, M.M. Global cardiovascular reserve dysfunction in heart failure with preserved ejection fraction. J. Am. Coll. Cardiol. 2010, 56, 845–854. [Google Scholar] [CrossRef] [PubMed]

	



Paulus, W.J.; Tschöpe, C. A novel paradigm for heart failure with preserved ejection fraction: Comorbidities drive myocardial dysfunction and remodeling through coronary microvascular endothelial inflammation. J. Am. Coll. Cardiol. 2013, 62, 263–271. [Google Scholar] [CrossRef]

	



Zile, M.R.; Baicu, C.F.; Ikonomidis, J.S.; Stroud, R.E.; Nietert, P.J.; Bradshaw, A.D.; Slater, R.; Palmer, B.M.; Van Buren, P.; Meyer, M.; et al. Myocardial stiffness in patients with heart failure and a preserved ejection fraction: Contributions of collagen and titin. Circulation 2015, 131, 1247–1259. [Google Scholar] [CrossRef]

	



Mohammed, S.F.; Hussain, S.; Mirzoyev, S.A.; Edwards, W.D.; Maleszewski, J.J.; Redfield, M.M. Coronary microvascular rarefaction and myocardial fibrosis in heart failure with preserved ejection fraction. Circulation 2015, 131, 550–559. [Google Scholar] [CrossRef]

	



Franssen, C.; Chen, S.; Unger, A.; Korkmaz, H.I.; De Keulenaer, G.W.; Tschöpe, C.; Leite-Moreira, A.F.; Musters, R.; Niessen, H.W.; Linke, W.A.; et al. Myocardial Microvascular Inflammatory Endothelial Activation in Heart Failure with Preserved Ejection Fraction. JACC Heart Fail. 2016, 4, 312–324. [Google Scholar] [CrossRef]

	



Shah, K.B.; Kop, W.J.; Christenson, R.H.; Diercks, D.B.; Henderson, S.; Hanson, K.; Li, S.Y.; de Filippi, C.R. Prognostic utility of ST2 in patients with acute dyspnea and preserved left ventricular ejection fraction. Clin. Chem. 2011, 57, 874–882. [Google Scholar] [CrossRef]

	



Matsubara, J.; Sugiyama, S.; Nozaki, T.; Sugamura, K.; Konishi, M.; Ohba, K.; Matsuzawa, Y.; Akiyama, E.; Yamamoto, E.; Sakamoto, K.; et al. Pentraxin 3 is a new inflammatory marker correlated with left ventricular diastolic dysfunction and heart failure with normal ejection fraction. J. Am. Coll. Cardiol. 2011, 57, 861–869. [Google Scholar] [CrossRef]

	



Kalogeropoulos, A.; Georgiopoulou, V.; Psaty, B.M.; Rodondi, N.; Smith, A.L.; Harrison, D.G.; Liu, Y.; Hoffmann, U.; Bauer, D.C.; Newman, A.B.; et al. Health ABC Study Investigators. Inflammatory markers and incident heart failure risk in older adults: The Health ABC (Health, Aging, and Body Composition) study. J. Am. Coll. Cardiol. 2010, 55, 2129–2137. [Google Scholar] [CrossRef]

	



Edelmann, F.; Gelbrich, G.; Düngen, H.D.; Fröhling, S.; Wachter, R.; Stahrenberg, R.; Binder, L.; Töpper, A.; Lashki, D.J.; Schwarz, S.; et al. Exercise training improves exercise capacity and diastolic function in patients with heart failure with preserved ejection fraction: Results of the Ex-DHF (Exercise training in Diastolic Heart Failure) pilot study. J. Am. Coll. Cardiol. 2011, 58, 1780–1791. [Google Scholar] [CrossRef] [PubMed]

	



Kohr, M.J.; Davis, J.P.; Ziolo, M.T. Peroxynitrite increases protein phosphatase activity and promotes the interaction of phospholamban with protein phosphatase 2a in the myocardium. Nitric Oxide 2009, 20, 217–221. [Google Scholar] [CrossRef] [PubMed]

	



Calderone, A.; Thaik, C.M.; Takahashi, N.; Chang, D.L.; Colucci, W.S. Nitric oxide, atrial natriuretic peptide, and cyclic GMP inhibit the growth-promoting effects of norepinephrine in cardiac myocytes and fibroblasts. J. Clin. Investig. 1998, 101, 812–818. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Perino, A.; Ghigo, A.; Hirsch, E.; Shah, A.M. NADPH oxidases in heart failure: Poachers or gamekeepers? Antioxid. Redox Signal. 2013, 18, 1024–1041. [Google Scholar] [CrossRef]

	



Fedele, F.; Mancone, M.; Adamo, F.; Severino, P. Heart Failure with Preserved, Mid-Range, and Reduced Ejection Fraction: The Misleading Definition of the New Guidelines. Cardiol. Rev. 2017, 25, 4–5. [Google Scholar] [CrossRef]

	



Severino, P.; Mather, P.J.; Pucci, M.; D’Amato, A.; Mariani, M.V.; Infusino, F.; Birtolo, L.I.; Maestrini, V.; Mancone, M.; Fedele, F. Advanced Heart Failure and End-Stage Heart Failure: Does a Difference Exist. Diagnostics 2019, 9, 170. [Google Scholar] [CrossRef]

	



Fedele, F.; Severino, P.; Calcagno, S.; Mancone, M. Heart Failure: TNM-like classification. J. Am. Coll. Cardiol. 2014, 63, 1959–1960. [Google Scholar] [CrossRef]

	



Severino, P.; Maestrini, V.; Mariani, M.V.; Birtolo, L.I.; Scarpati, R.; Mancone, M.; Fedele, F. Structural and myocardial dysfunction in heart failure beyond ejection fraction. Heart Fail. Rev. 2020, 25, 9–17. [Google Scholar] [CrossRef]

	



Potter, E.; Marwick, T.H. Assessment of Left Ventricular Function by Echocardiography: The Case for Routinely Adding Global Longitudinal Strain to Ejection Fraction. JACC Cardiovasc. Imaging 2018, 11, 260–274. [Google Scholar] [CrossRef]

	



Priest, B.T.; McDermott, J.S. Cardiac ion channels. Channels 2015, 9, 352–359. [Google Scholar] [CrossRef]

	



Zhang, X.; Yoon, J.Y.; Morley, M.; McLendon, J.M.; Mapuskar, K.A.; Gutmann, R.; Mehdi, H.; Bloom, H.L.; Dudley, S.C.; Ellinor, P.T.; et al. A common variant alters SCN5A-miR-24 interaction and associates with heart failure mortality. J. Clin. Investig. 2018, 128, 1154–1163. [Google Scholar] [CrossRef] [PubMed]

	



Doshi, D.; Marx, S.O. Ion channels, transporters, and pumps as targets for heart failure therapy. J. Cardiovasc. Pharmacol. 2009, 54, 273–278. [Google Scholar] [CrossRef] [PubMed]

	



Baartscheer, A.; Schumacher, C.A.; van Borren, M.M.; Belterman, C.N.; Coronel, R.; Fiolet, J.W. Increased Na+/H+-exchange activity is the cause of increased [Na+]i and underlies disturbed calcium handling in the rabbit pressure and volume overload heart failure model. Cardiovasc. Res. 2003, 57, 1015–1024. [Google Scholar] [CrossRef]

	



Baartscheer, A.; Hardziyenka, M.; Schumacher, C.A.; Belterman, C.N.; van Borren, M.M.; Verkerk, A.O.; Coronel, R.; Fiolet, J.W. Chronic inhibition of the Na+/H+—Exchanger causes regression of hypertrophy, heart failure, and ionic and electrophysiological remodelling. Br. J. Pharmacol. 2008, 154, 1266–1275. [Google Scholar] [CrossRef] [PubMed]

	



Janse, M.J. Electrophysiological changes in heart failure and their relationship to arrhythmogenesis. Cardiovasc. Res. 2004, 61, 208–217. [Google Scholar] [CrossRef] [PubMed]

	



Nabauer, M.; Kaab, S. Potassium channel down-regulation in heart failure. Cardiovasc. Res. 1998, 37, 324–334. [Google Scholar] [CrossRef]

	



Kraljevic, J.; Høydal, M.A.; Ljubkovic, M.; Moreira, J.B.; Jørgensen, K.; Ness, H.O.; Bækkerud, F.H.; Dujic, Z.; Wisløff, U.; Marinovic, J. Role of KATP Channels in Beneficial Effects of Exercise in Ischemic Heart Failure. Med. Sci. Sports Exerc. 2015, 47, 2504–2512. [Google Scholar] [CrossRef]

	



Kane, G.C.; Behfar, A.; Dyer, R.B.; O’Cochlain, D.F.; Liu, X.K.; Hodgson, D.M.; Reyes, S.; Miki, T.; Seino, S.; Terzic, A. KCNJ11 gene knockout of the Kir6.2 KATP channel causes maladaptive remodeling and heart failure in hypertension. Hum. Mol. Genet. 2006, 15, 2285–2297. [Google Scholar] [CrossRef]

	



Olson, T.M.; Terzic, A. Human KATP channelopathies: Diseases of metabolic homeostasis. Pflugers Arch. Eur. J. Physiol. 2010, 460, 295–306. [Google Scholar] [CrossRef]

	



Zlatkovic, J.; Arrell, D.K.; Kane, G.C.; Miki, T.; Seino, S.; Terzic, A. Proteomic profiling of KATP channel-deficient hypertensive heart maps risk for maladaptive cardiomyopathic outcome. Proteomics 2009, 9, 1314–1325. [Google Scholar] [CrossRef]

	



Reyes, S.; Park, S.; Johnson, B.D.; Terzic, A.; Olson, T.M. KATP channel Kir6.2 E23K variant overrepresented in human heart failure is associated with impaired exercise stress response. Hum. Genet. 2009, 126, 779–789. [Google Scholar] [CrossRef] [PubMed]

	



Kane, G.C.; Liu, X.K.; Yamada, S.; Olson, T.M.; Terzic, A. Cardiac KATP channels in health and disease. J. Mol. Cell. Cardiol. 2005, 38, 937–943. [Google Scholar] [CrossRef] [PubMed]

	



Riedel, M.J.; Steckley, D.C.; Light, P.E. Current status of the E23K Kir6.2 polymorphism: Implications for type-2 diabetes. Hum. Genet. 2005, 116, 133–145. [Google Scholar] [CrossRef] [PubMed]

	



Bienengraeber, M.; Olson, T.M.; Selivanov, V.A.; Kathmann, E.C.; O’Cochlain, F.; Gao, F.; Karger, A.B.; Ballew, J.D.; Hodgson, D.M.; Zingman, L.V.; et al. ABCC9 mutations identified in human dilated cardiomyopathy disrupt catalytic KATP channel gating. Nat. Genet. 2004, 36, 382–387. [Google Scholar] [CrossRef]

	



Wang, X.; Fitts, R.H. Effects of regular exercise on ventricular myocyte biomechanics and KATP channel function. Am. J. Physiol. Heart Circ. Physiol. 2018, 315, H885–H896. [Google Scholar] [CrossRef]

	



Foster, M.N.; Coetzee, W.A. KATP channels in the cardiovascular system. Physiol. Rev. 2016, 96, 177–252. [Google Scholar] [CrossRef]

	



Nichols, C.G. KATP channels as molecular sensors of cellular metabolism. Nature 2006, 440, 470–476. [Google Scholar] [CrossRef]

	



Cadenas, S. ROS and Redox Signaling in Myocardial Ischemia-Reperfusion Injury and Cardioprotection. Free Radic. Biol. Med. 2018, 117, 76–89. [Google Scholar] [CrossRef]

	



Zorov, D.B.; Filburn, C.R.; Klotz, L.O.; Zweier, J.L.; Sollott, S.J. Reactive Oxygen Species (ROS)-induced ROS Release: A New Phenomenon Accompanying Induction of the Mitochondrial Permeability Transition in Cardiac Myocytes. J. Exp. Med. 2000, 192, 1001–1014. [Google Scholar] [CrossRef]

	



Wang, Y.; Kudo, M.; Xu, M.; Ayub, A.; Ashraf, M. Mitochondrial K(ATP) channel as an end effector of cardioprotection during late preconditioning: Triggering role of nitric oxide. J. Mol. Cell. Cardiol. 2001, 33, 2037–2046. [Google Scholar] [CrossRef]

	



Guo, Y.; Jones, W.K.; Xuan, Y.T.; Tang, X.L.; Bao, W.; Wu, W.J.; Han, H.; Laubach, V.E.; Ping, P.; Yang, Z.; et al. The late phase of ischemic preconditioning is abrogated by targeted disruption of the inducible NO synthase gene. Proc. Natl. Acad. Sci. USA 1999, 96, 11507–11512. [Google Scholar] [CrossRef] [PubMed]

	



Rakhit, R.D.; Edwards, R.J.; Marber, M.S. Nitric oxide, nitrates and ischaemic preconditioning. Cardiovasc. Res. 1999, 43, 621–627. [Google Scholar] [CrossRef]

	



Maack, C.; Dabew, E.R.; Hohl, M.; Schäfers, H.J.; Böhm, M. Endogenous activation of mitochondrial KATP channels protects human failing myocardium from hydroxyl radical-induced stunning. Circ. Res. 2009, 105, 811–817. [Google Scholar] [CrossRef] [PubMed]

	



Zweier, J.L.; Talukder, M.A. The role of oxidants and free radicals in reperfusion injury. Cardiovasc. Res. 2006, 70, 181–190. [Google Scholar] [CrossRef]

	



Bolli, R.; Marban, E. Molecular and cellular mechanisms of myocardial stunning. Physiol. Rev. 1999, 79, 609–634. [Google Scholar] [CrossRef]

	



Valgimigli, M.; Merli, E.; Malagutti, P.; Soukhomovskaia, O.; Cicchitelli, G.; Antelli, A.; Canistro, D.; Francolini, G.; Macri, G.; Mastrorilli, F.; et al. Hydroxyl radical generation, levels of tumor necrosis factor alpha, and progression to heart failure after acute myocardial infarction. J. Am. Coll. Cardiol. 2004, 43, 2000–2008. [Google Scholar] [CrossRef]

	



Costa, A.D.; Pierre, S.V.; Cohen, M.V.; Downey, J.M.; Garlid, K.D. cGMP signalling in pre- and post-conditioning: The role of mitochondria. Cardiovasc. Res. 2008, 77, 344–352. [Google Scholar] [CrossRef]

	



Ardehali, H.; O’Rourke, B. Mitochondrial K (ATP) channels in cell survival and death. J. Mol. Cell. Cardiol. 2005, 39, 7–16. [Google Scholar] [CrossRef]

	



Costa, A.D.T.; Garlid, K.D. Intramitochondrial Signaling: Interactions Among mitoKATP, PKCepsilon, ROS, and MPT. Am. J. Physiol. Heart Circ. Physiol. 2008, 295, H874–H882. [Google Scholar] [CrossRef]

	



Strutynskyi, R.B.; Voronkov, L.G.; Nagibin, V.S.; Mazur, I.D.; Story, D.; Dosenko, V.E. Changes of the Echocardiographic Parameters in Chronic Heart Failure Patients with Ile337val, Glu23lys, and Ser1369ala Polymorphisms of Genes Encoding the ATP-sensitive Potassium Channels Subunits in the Ukrainian Population. Ann. Hum. Gene 2018, 82, 272–279. [Google Scholar] [CrossRef]

	



Severino, P.; D’Amato, A.; Netti, L.; Pucci, M.; Mariani, M.V.; Cimino, S.; Birtolo, L.I.; Infusino, F.; De Orchi, P.; Palmirotta, R.; et al. Susceptibility to ischemic heart disease: Focusing on genetic variants for ATP-sensitive potassium channel beyond traditional risk factors. Eur. J. Prev. Cardiol. (accepted).

	



Ahmed, L.A. Nicorandil: A drug with ongoing benefits and different mechanisms in various diseased conditions. Indian J. Pharmacol. 2019, 51, 296–301. [Google Scholar] [CrossRef]

	



Herpain, A.; Bouchez, S.; Girardis, M.; Guarracino, F.; Knotzer, J.; Levy, L.; Liebregts, T.; Pollesello, P.; Ricksten, S.E.; Riha, H.; et al. Use of Levosimendan in Intensive Care Unit Settings: An Opinion Paper. J. Cardiovasc. Pharmacol. 2019, 73, 3–14. [Google Scholar] [CrossRef] [PubMed]

	



Nieminen, M.S.; Buerke, M.; Parissis, J.; Ben-Gal, T.; Pollesello, P.; Kivikko, M.; Karavidas, A.; Severino, P.; Comín-Colet, J.; Wikström, G.; et al. Pharmaco-economics of levosimendan in cardiology: A European perspective. Int. J. Cardiol. 2015, 199, 337–341. [Google Scholar] [CrossRef] [PubMed]

	



Oliván-Viguera, A.; Sofía Valero, M.; Pinilla, E.; Amor, S.; García-Villalón, Á.L.; Coleman, N.; Laría, C.; Calvín-Tienza, V.; García-Otín, Á.L.; Fernández-Fernández, J.M.; et al. Vascular Reactivity Profile of Novel KCa 3.1-Selective Positive-Gating Modulators in the Coronary Vascular Bed. Basic Clin. Pharmacol. Toxicol. 2016, 119, 184–192. [Google Scholar] [CrossRef]

	



Mishra, R.C.; Wulff, H.; Cole, W.C.; Braun, A.P. A Pharmacologic Activator of Endothelial KCa Channels Enhances Coronary Flow in the Hearts of Type 2 Diabetic Rats. J. Mol. Cell. Cardiol. 2014, 72, 364–373. [Google Scholar] [CrossRef]

	



Barlow, R.S.; White, R.E. Hydrogen peroxide relaxes porcine coronary arteries by stimulating BKCa channel activity. Am. J. Physiol. 1998, 275 (Pt 2), H1283–H1289. [Google Scholar]

	



Thengchaisri, N.; Kuo, L. Hydrogen peroxide induces endothelium-dependent and -independent coronary arteriolar dilation: Role of cyclooxygenase and potassium channels. Am. J. Physiol. Heart Circ. Physiol. 2003, 285, H2255–H2263. [Google Scholar] [CrossRef]

	



Borbouse, L.; Dick, G.M.; Asano, S.; Bender, S.B.; Dincer, U.D.; Payne, G.A.; Neeb, Z.P.; Bratz, I.N.; Sturek, M.; Tune, J.D. Impaired function of coronary BKCa channels in metabolic syndrome. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H1629–H1637. [Google Scholar] [CrossRef]

	



Cao, C.M.; Xia, Q.; Gao, Q.; Chen, M.; Wong, T.M. Calcium-activated potassium channel triggers cardioprotection of ischemic preconditioning. J. Pharmacol. Exp. Ther. 2005, 312, 644–650. [Google Scholar] [CrossRef]

	



Liu, Y.; Terata, K.; Chai, Q.; Li, H.; Kleinman, L.H.; Gutterman, D.D. Peroxynitrite Inhibits Ca2-Activated K Channel Activity in Smooth Muscle of Human Coronary Arterioles. Circ. Res. 2002, 91, 1070–1076. [Google Scholar] [CrossRef] [PubMed]

	



Nishijima, Y.; Cao, S.; Chabowski, D.S.; Korishettar, A.; Ge, A.; Zheng, X.; Sparapani, R.; Gutterman, D.D.; Zhang, D.X. Contribution of Kv 1.5 Channel to Hydrogen Peroxide-Induced Human Arteriolar Dilation and Its Modulation by Coronary Artery Disease. Circ. Res. 2017, 120, 658–669. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.; Alex, I.M.; Scott, M.B.; Bysani, C.; Douglas, K.B.; Shawn, B.B. Aldosterone Impairs Coronary Adenosine-Mediated Vasodilation via Reduced Functional Expression of Ca 2+-activated K + Channels. Am. J. Physiol. Heart Circ. Physiol. 2019, 317, H357–H363. [Google Scholar] [CrossRef] [PubMed]

	



Idres, S.; Perrin, G.; Domergue, V.; Lefebvre, F.; Gomez, S.; Varin, A.; Fischmeister, R.; Leblais, V.; Manoury, B. Contribution of BKCa channels to vascular tone regulation by PDE3 and PDE4 is lost in heart failure. Cardiovasc. Res. 2019, 115, 130–144. [Google Scholar] [CrossRef]

	



Inoue, T.; Sakai, Y.; Morooka, S.; Hayashi, T.; Takayanagi, K.; Yamaguchi, H.; Kakoi, H.; Takabatake, Y. Vasodilatory capacity of coronary resistance vessels in dilated cardiomyopathy. Am. Heart J. 1994, 127, 376–381. [Google Scholar] [CrossRef]

	



Kiuchi, K.; Sato, N.; Shannon, R.P.; Vatner, D.E.; Morgan, K.; Vatner, S.F. Depressed betaadrenergic receptor-and endothelium-mediated vasodilation in conscious dogs with heart failure. Circ. Res. 1993, 73, 1013–1023. [Google Scholar] [CrossRef] [PubMed]

	



Hu, X.Q.; Zhang, L. Function and regulation of large conductance Ca2þ-activated Kþ channel in vascular smooth muscle cells. Drug Discov. Today 2012, 17, 974–987. [Google Scholar] [CrossRef] [PubMed]

	



Latorre, R.; Castillo, K.; Carrasquel-Ursulaez, W.; Sepulveda, R.V.; Gonzalez-Nilo, F.; Gonzalez, C.; Alvarez, O. Molecular determinants of BK channel functional diversity and functioning. Physiol. Rev. 2017, 97, 39–87. [Google Scholar] [CrossRef]

	



Wan, E.; Kushner, J.S.; Zakharov, S.; Nui, X.W.; Chudasama, N.; Kelly, C.; Waase, M.; Doshi, D.; Liu, G.; Iwata, S.; et al. Reduced vascular smooth muscle BK channel current underlies heart failure-induced vasoconstriction in mice. FASEB J. 2013, 27, 1859–1867. [Google Scholar] [CrossRef]

	



Wang, X.; Fisher, P.W.; Xi, L.; Kukreja, R.C. Essential role of mitochondrial Ca2+-activated and ATP-sensitive K+ channels in sildenafil-induced late cardioprotection. J. Mol. Cell. Cardiol. 2008, 44, 105–113. [Google Scholar] [CrossRef]

	



Sasaki, N.; Sato, T.; Ohler, A.; O’Rourke, B.; Marban, E. Activation of mitochondrial ATP-dependent potassium channels by nitric oxide. Circulation 2000, 101, 439–445. [Google Scholar] [CrossRef] [PubMed]

	



Dwenger, M.M.; Ohanyan, V.; Navedo, M.F.; Nystoriak, M.A. Coronary microvascular Kv1 channels as regulatory sensors of intracellular pyridine nucleotide redox potential. Microcirculation 2018, 25. [Google Scholar] [CrossRef]

	



Rogers, P.A.; Dick, G.M.; Chilian, W.M. Hydrogen Peroxide (H2O2) Activates Voltage-Gated K+ (KV) Channels in Coronary Smooth Muscle Cells. FASEB J. 2006, 20, A1397. [Google Scholar]

	



Guarini, G.; Kiyooka, T.; Ohanyan, V.; Pung, Y.F.; Marzilli, M.; Chen, Y.R.; Chen, C.L.; Kang, P.T.; Hardwick, J.P.; Kolz, C.L.; et al. Impaired Coronary Metabolic Dilation Leads to Heart Failure During Pressure Overload. Circulation 2012, 126, A18543. [Google Scholar] [CrossRef]

	



Ohanyan, V.A.; Bratz, I.N.; Guarini, G.; Yin, L.; Chilian, W.M. Kv 1.5 Channels Play a Critical Role in Coronary Metabolic Dilation. Circulation 2010, 122, A16997. [Google Scholar]

	



Li, H.; Gutterman, D.D.; Rusch, N.J.; Bubolz, A.; Liu, Y. Nitration and Functional Loss of Voltage-Gated K Channels in Rat Coronary Microvessels Exposed to High Glucose. Diabetes 2004, 53, 2436–2442. [Google Scholar] [CrossRef]

	



Liu, Q.; Hua, B.; Su, W.; Di, B.; Yu, S.; Gao, S.; Liu, H.; Zhao, X.; Li, W.; Li, H. AGEs Impair Kv Channel-Mediated Vasodilation of Coronary Arteries by Activating the NF-κB Signaling Pathway in ZDF Rats. Biomed. Pharmacother. 2019, 120, 109527. [Google Scholar] [CrossRef]

	



Ohanyan, V.; Yin, L.; Bardakjian, R.; Kolz, C.; Enrick, M.; Hakobyan, T.; Luli, J.; Graham, K.; Khayata, M.; Logan, S.; et al. Kv1.3 Channels Facilitate the Connection Between Metabolism and Blood Flow in the Heart. Microcirculation 2017, 24. [Google Scholar] [CrossRef]

	



Berwick, Z.; Dick, G.M.; O’Leary, H.A.; Bender, S.B.; Goodwill, A.G.; Moberly, S.P.; Kohr Owen, M.; Miller, S.J.; Obukhov, A.G.; Tune, J.D. Contribution of Electromechanical Coupling Between Kv and Ca v1.2 Channels to Coronary Dysfunction in Obesity. Basic Res. Cardiol. 2013, 108, 370. [Google Scholar] [CrossRef]

	



Morales-Cano, D.; Moreno, L.; Barreira, B.; Pandolfi, R.; Chamorro, V.; Jimenez, R.; Villamor, E.; Duarte, J.; Perez-Vizcaino, F.; Cogolludo, A. Kv7 Channels Critically Determine Coronary Artery Reactivity: Left-Right Differences and Down-Regulation by Hyperglycaemia. Cardiovasc. Res. 2015, 106, 98–108. [Google Scholar] [CrossRef]

	



Lavalle, C.; Mariani, M.V.; Piro, A.; Straito, M.; Severino, P.; Della Rocca, D.G.; Forleo, G.B.; Romero, J.; Di Biase, L.; Fedele, F. Electrocardiographic features, mapping and ablation of idiopathic outflow tract ventricular arrhythmias. J. Interv. Card. Electrophysiol. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Severino, P.; Mariani, M.V.; Maraone, A.; Piro, A.; Ceccacci, A.; Tarsitani, L.; Maestrini, V.; Mancone, M.; Lavalle, C.; Pasquini, M.; et al. Triggers for Atrial Fibrillation: The Role of Anxiety. Cardiol. Res. Pract. 2019, 18, 1208505. [Google Scholar] [CrossRef] [PubMed]

	



Sridhar, A.; Nishijima, Y.; Terentyev, D.; Khan, M.; Terentyeva, R.; Hamlin, R.L.; Nakayama, T.; Gyorke, S.; Cardounel, A.J.; Carnes, C.A. Chronic heart failure and the substrate for atrial fibrillation. Cardiovasc. Res. 2009, 84, 227–236. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, T.; Shioya, T.; Murayama, T.; Sugihara, M.; Odagiri, F.; Nakazato, Y.; Nishizawa, H.; Chugun, A.; Sakurai, T.; Daida, H.; et al. Multistep ion channel remodeling and lethal arrhythmia precede heart failure in a mouse model of inherited dilated cardiomyopathy. PLoS ONE 2012, 7, e35353. [Google Scholar] [CrossRef] [PubMed]

	



Falcón, D.; Galeano-Otero, I.; Martín-Bórnez, M.; Fernández-Velasco, M.; Gallardo-Castillo, I.; Rosado, J.A.; Ordóñez, A.; Smani, T. TRPC Channels: Dysregulation and Ca 2+ Mishandling in Ischemic Heart Disease. Cells 2020, 9, 173. [Google Scholar] [CrossRef] [PubMed]

	



Yue, Z.; Xie, J.; Yu, A.S.; Stock, J.; Du, J.; Yue, L. Role of TRP Channels in the Cardiovascular System. Am. J. Physiol. Heart Circ. Physiol. 2015, 308, H157–H182. [Google Scholar] [CrossRef]

	



Kochukov, M.Y.; Balasubramanian, A.; Noel, R.C.; Marrelli, S.P. Role of TRPC1 and TRPC3 Channels in Contraction and Relaxation of Mouse Thoracic Aorta. J. Vasc. Res. 2013, 50, 11–20. [Google Scholar] [CrossRef]

	



Willette, R.N.; Weike, B.; Nerurkar, S.; Yue, T.L.; Doe, C.P.; Stankus, G.; Turner, G.H.; Ju, H.; Thomas, H.; Fishman, C.E.; et al. Systemic Activation of the Transient Receptor Potential Vanilloid Subtype 4 Channel Causes Endothelial Failure and Circulatory Collapse: Part 2. J. Pharmacol. Exp. Ther. 2008, 326, 443–452. [Google Scholar] [CrossRef]

	



Freichel, M.; Suh, S.H.; Pfeifer, A.; Schweig, U.; Trost, C.; Weissgerber, P.; Biel, M.; Philipp, S.; Freise, D.; Droogmans, G.; et al. Lack of an Endothelial Store-Operated Ca2+ Current Impairs Agonist-Dependent Vasorelaxation in TRP4-/- Mice. Nat. Cell Biol. 2001, 3, 121–127. [Google Scholar] [CrossRef]

	



Earley, S.; Heppner, T.J.; Nelson, M.T.; Brayden, J.E. TRPV4 Forms a Novel Ca2+ Signaling Complex with Ryanodine Receptors and BKCa Channels. Circ. Res. 2005, 97, 1270–1279. [Google Scholar] [CrossRef]

	



Inoue, R.; Jian, Z.; Kawarabayashi, Y. Mechanosensitive TRP Channels in Cardiovascular Pathophysiology. Pharmacol. Ther. 2009, 123, 371–385. [Google Scholar] [CrossRef] [PubMed]

	



Mathar, I.; Vennekens, R.; Meissner, M.; Kees, F.; Van der Mieren, G.; Camacho, L.; Juan, E.; Uhl, S.; Voets, T.; Hummel, B.; et al. Increased Catecholamine Secretion Contributes to Hypertension in TRPM4-deficient Mice. J. Clin. Investig. 2010, 120, 3267–3279. [Google Scholar] [CrossRef] [PubMed]

	



Welsh, D.G.; Morielli, A.D.; Nelson, M.T.; Brayden, J.E. Transient Receptor Potential Channels Regulate Myogenic Tone of Resistance Arteries. Circ. Res. 2002, 90, 248–250. [Google Scholar] [CrossRef] [PubMed]

	



Wei, J.; Ching, L.C.; Zhao, J.F.; Shyue, S.K.; Lee, H.F.; Kou, Y.R.; Lee, T.S. Essential Role of Transient Receptor Potential Vanilloid Type 1 in Evodiamine-Mediated Protection Against Atherosclerosis. Acta Physiol. 2013, 207, 299–307. [Google Scholar] [CrossRef]

	



Jung, C.; Gené, G.G.; Tomás, M.; Plata, C.; Selent, J.; Pastor, M.; Fandos, C.; Senti, M.; Lucas, G.; Elosua, R.; et al. A Gain-Of-Function SNP in TRPC4 Cation Channel Protects Against Myocardial Infarction. Cardiovasc. Res. 2011, 91, 465–471. [Google Scholar] [CrossRef]

	



Severino, P.; Netti, L.; Mariani, M.V.; Maraone, A.; D’Amato, A.; Scarpati, R.; Infusino, F.; Pucci, M.; Lavalle, C.; Maestrini, V.; et al. Prevention of Cardiovascular Disease: Screening for Magnesium Deficiency. Cardiol. Res. Pract. 2019, 2, 4874921. [Google Scholar] [CrossRef]

	



Severino, P.; Mariani, M.V.; Fedele, F. Futility in cardiology: The need for a change in perspectives. Eur. J. Heart Fail. 2019, 21, 1483–1484. [Google Scholar] [CrossRef]

	



Basoli, A.; Cametti, C.; Satriani, F.G.; Mariani, P.; Severino, P. Hemocompatibility of stent materials: Alterations in electrical parameters of erythrocyte membranes. Vasc. Health Risk Manag. 2012, 8, 197–204. [Google Scholar] [CrossRef]








[image: Ijms 21 03167 g001 550] 





Figure 1. Represents the role of coronary ion channels matching coronary flow to metabolic demands, in coronary microcirculation. An increasing myocardial metabolic request requires an increase in coronary flow, through the action of various regulators in coronary microcirculation. As the metabolic demand increases, the coronary ion channels determine the hyperpolarization of the membrane and the closure of voltage-dependent Ca++ channels. As a consequence, the concentration of intracellular Ca++ decreases, and this leads to a decreasing tone of the coronary smooth muscle cell, resulting in the vasodilatory response. Abnormality function or expression of these ion channels, disturbing the communication between metabolism and coronary microcirculation, can lead to heart disease, ischemia and heart failure. KCa: potassium Ca++-activated channel; KATP: ATP-sensitive potassium channels; Kv: voltage-gated potassium channels; TRP: transient receptor potential; cAMP: cyclic adenosine monophosphate; PKA: protein kinase A; EDHF: endothelial derived hyperpolarizing factor; NO: nitric oxide; ROS: reactive oxygen species; PLC: phospholipase C; IP3: inositol trisphosphate; DAG: diacylglycerol; PKC: protein kinase C. 
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