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Abstract

:

Safety assessment of pharmaceuticals is a rapidly developing area of pharmacy and medicine. The new advanced guidelines for testing the toxicity of compounds require specialized tools that provide information on the tested drug in a quick and reliable way. Ion channels represent the third-largest target. As mentioned in the literature, ion channels are an indispensable part of the heart’s work. In this paper the most important information concerning the guidelines for cardiotoxicity testing and the way the tests are conducted has been collected. Attention has been focused on the role of selected ion channels in this process.
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1. Introduction


Safety Pharmacology is one of the most dynamically developing disciplines, whose objective is to assess the potential risks of improperly conducted pharmacotherapy. Evaluation of the safety in the use of a substance is a key part of placing a new medicine on the market. The Organization for Economic Co-operation and Development (OECD) has proposed a number of guidelines for drug safety testing [1,2]. However, the continuous development of medicine allows the extension and refinement of the test panel that a new molecule must undergo before it can be released for use by patients. Toxic effects of compounds on the most important organs is one of the frequent reasons for eliminating substances from further tests. Additionally, safety tests are also performed for medicines already approved for use. Such trials are required, e.g., to register new indications for “old” drugs.



All abovementioned activities require a suitable definition of the antitargets. They are defined as undesirable molecular targets that play an essential role in the proper functioning of cells. Down modulation of an antitarget results in clinically unacceptable side effects, initiation of disease, or deleterious alterations in disease progression. This results in shorter onset time of the disease, increased disease burden, poorer patient outcome, or decreased survival time.



The amphiphilic nature of lipid molecules, which contain both polar and hydrophobic parts, determines the weak permeability of lipid bilayers for broad range of substances and thus allows the membranes to perform barrier functions effectively in the cells. Since the lipid bilayer of cell membranes is almost impermeable to ions, their transport is possible through specialized transmembrane transport proteins called ion channels. These are defined as macromolecular pores made of many protein subunits through which ions can passively move through the cell membrane [3]. More than 650 types of human ion channels have been identified so far [4,5,6]. Additionally, scientists have proven that different types of ion channels make up about 1.5% of the human genome [7]. Ion channels are the third-largest target for existing drugs (after G-protein coupled and nuclear receptors). When the channel is open, there is little interaction between the channel protein and the types of ions that pass through it, since the channel itself does not undergo conformational change to allow the ions to pass through [3]. It is the fastest type of transport protein, allowing movement at up to 108 ions per second, which is equal to electric current of a few picoamperes (10−12A) generated by the ionic flow through a single open channel [8]. Commonly the magnitude of potential difference across the cell membrane of living cells is 10−3 V. This enables cells to communicate quickly and play a fundamental role, allowing vital functions, such as the brain receiving and processing information, the heart beating, and muscles working [7]. Therefore, ion channels play a crucial role in several important physiological and pathological processes.



Since many heart diseases result from disruption of the normal ion channel function, this work is devoted to reviewing selected antitargets for cardiotoxicity. This article reviews the transport proteins KV11.1, NaV1.5, and CaV1.2 as potential undesirable drug targets. Recent topics related to in silico cardiotoxicity studies are presented in a concise form. The review includes a historical overview of the cardiotoxicity of drugs, the functions, and the structure of KV11.1, NaV1.5, and CaV1.2. Considering the wide application of the molecular docking technique, the key properties of the structural subunits of the studied heart ion channels and a set of selected drugs inhibitory potencies values are gathered.




2. Historical Overview of Drug Cardiotoxicity


The statistics show that the risk of cardiotoxicity is one of the most common reasons for withholding or withdrawing drugs from the market [9,10]. This unwanted effect is shared by a large number of non-cardiovascular drugs. The statistics show that up to 70% of potential medicines are either not approved for further testing or their use is limited [11]. Additionally, it has been estimated that approximately 2–3% of all drug prescriptions involve medications that may unintentionally cause long QT syndrome [12]. The first drugs that were removed from clinical use due to cardiotoxicity were encainide (proarrhthmic effect) and terodiline (QT interval prolongation) (Figure 1) [13,14]. Terdynafine, cisaprid, astemizole, sertindol, thoridazine, grepafloxacin have been removed due to heart toxicity [15] (Figure 1). In 2020, there was information about QT prolongation for other drugs: osilodrostat, carbetocid, selpercatinib, and rucaparib [16]. In 2005, the Council on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use suggested principles for checking new molecules for the risk of inducing potentially fatal arrhythmias (e.g., torsade the points (TdP)) caused by blocking the human Ether-à-go-go-Related Gene (hERG, KV11.1) [17,18]. The first antitarget in compound cardiotoxicity studies was thus defined [11]. This was based on the observed correlation between electrocardiogram QT prolongation and patients’ risk of TdP arrhythmia. The preclinical and clinical studies proposed in S7B and E14 were implemented and are now widely used in the pharmaceutical industry and regulatory agencies [17,18]. These assumptions were accepted as the crucial elements of the compound cardiotoxicity assessment. However, subsequent years of research have demonstrated that proarrhythmic effect, QT prolongation, and hERG blocking cannot be treated as the only determinants of the occurrence of TdP [19]. Verapamil and ralonazine are examples of drugs that are strong inhibitors of the hERG channel and at the same time devoid of the risk of inducing arrhythmias and vice versa, serious disorders of cardiomyocyte electrophysiology caused by drugs that are weak hERG inhibitors (e.g., sotalol, alluzosin) [20,21]. Thus, it proves the insufficient specificity of the tests based only on the assessment of the hERG channel blocking potential [22]. The risk of drug-induced TdP is rather balanced by multiple internal cardiac ionic currents that define ventricular repolarization [23]. Thus, for the first time in 2013, a new strategy was applied for a real proarrhythmic risk assessment of molecules: Comprehensive In Vitro Proarrhythmia Assay (CiPA). CiPA is utilized in the first stages of drug research and focuses on the three most important areas. The first one is the assessment of the interaction of molecules with three ion channel models. In addition to studying the interaction of molecules with hERG, CiPA proposes two additional ion channels gated by voltage, which are essential for the development of arrhythmia: NaV1.5., CaV1.2. The second area of CiPA concerns in silico simulations of action potential (AP) responsible for arrhythmia. The third area of CiPA’s research is advanced cellular testing using cardiomyocytes derived from pluripotent stem cells (iPSC-CM) [24].




3. VGICs—Voltage-Gated Ion Channels


The mechanism of opening and closing of ion channels is referred to as gating. It is the progression of the channel through various conformational states. Channel activation is the transition from the rest (closed) state to the open state under the influence of a trigger stimulus (membrane depolarization or ligand binding). Permeation is the passage of ions through the open channel. Therefore, gating process control ion permeation [8] participating in cellular signaling is dependent on cation flow driven by electrochemical gradient. Voltage-gated Na+, Ca2+, and K+ channels share a common molecular architecture. They also possess the same set of three voltage-dependent functionally distinct states, i.e., closed (or resting), activated (or open), and inactive [12]. They are divided into two types: selective towards one type of ion (such as potassium, sodium, or calcium channel) and non-selective, which are capable of transporting any type of ion through the membrane (e.g., N-methyl-D-aspartate receptor) [25]. The important determinants of selectivity are size, valency, and hydration energy [5]. Under physiological conditions, the Na+ and Ca2+ channels are inward cell currents and those flowing through the K+ channels are outward currents. Besides the channels that open or close depending on the value of the cell transmembrane potential (so-called voltage-gated ion channels (VGICs)), there are also channels gating independently on transmembrane potential, controlled by other external or intracellular factors.



According to the research of International Union of Primary and Clinical Pharmacology and the British Pharmacological Society, ion channels are the third-largest target group for drugs [26,27]. They participate in controlling physiological and pathological processes in the body. VGICs take part in generating and transmitting information within the cells of the central and peripheral nervous and cardiovascular systems [25]. For example, it has been estimated that about 350 types of ion channels exist in the mammalian brain, including 145 VGICs [28]. At the root of certain diseases (e.g., neuropathic pain or epilepsy) is abnormal functioning of the channels [29,30]. In the recently proposed changes to the cardiovascular safety assessment paradigm (CiPA initiative), inter alia, by indicating the need to assess drug interactions with cardiac VGIC (such as: KV11.1, NaV1.5, and CaV1.2) and their impact on the electrophysiology of human ventricular cells using in silico and/or in vitro tests. It should be emphasized that these three classes of ion channels not only represent useful targets with potential therapeutic applications, but also indicate undesirable targets (also known as antitargets) to be avoided because of the side effects they cause when their function is altered [31].




4. VGICs—Structure


The molecular architecture of the voltage-gated ion channel families consists of four subunits arranged to form a common pore structural theme. Ion channels consist of pore-forming α-subunits (also called α1-subunits) and accessory α2−, β−, δ−, γ-subunits. The α-subunit is inserted into the lipid bilayer of the cellular membrane and constitutes the channel pore through which ions pass (Figure 2). Commonly, α-subunits and accessory subunits are members of large protein families that evolutionarily possess similar structural elements, i.e., comparable amino acid sequences. This is reflected in the names of the subunits and their genes. For example, the gene encoding the α-subunit of the cardiac Ca2+ channel is called CACNC1C: calcium channel, isoform 1, α-subunit. The α-subunit is termed CaV1.2: Ca2+ channel family, subfamily 1, member 2; the subscript “V” means that channel gating is regulated by transmembrane voltage changes (voltage dependent) [32].



4.1. Potassium Ion Channels


The largest and most diverse group of cationic ion channels is those transporting potassium ions. It has been established that K+ channels occur in the plasma membrane of almost all animal cells. Due to this, they represent a large family of therapeutic targets/antitargets for drug development. According to the literature, the human genome encodes 40 voltage-gated potassium channels [7], which are involved in diverse physiological processes ranging from repolarization of neuronal or cardiac APs, over-regulating calcium signaling and cell volume, to driving cellular proliferation and migration. This group includes 12 subfamilies, located in the brain, heart, and muscles (KV1–KV12) [28,33]. The main building blocks of these proteins are α subunits, which contain pores selective in potassium ions. Both the amino terminus (N-terminus) and the C-terminus of α subunits are located on the intracellular side of the membrane (Figure 2 and Table 1). Interaction of KV11.1 with its β-subunit, i.e., Mink-related peptide 1 (MiRP1, encoded by KCNE2) [34] induces earlier activation and accelerates deactivation. In this way the ancillary protein (UniProtKB references code: Q9Y6J6) [35] modulates the gating kinetics and enhances stability of the channel complex. It has a single transmembrane segment, a long extracellular N-terminus, and a short intracellular C-terminus [36] (Figure 2).



The KV11.1 channel (encoded by the hERG gene) is the best-known potassium ion channel. Brief characteristic membrane topology and structural organization of the KV11.1 subunit are presented in Figure 2 and Table 1. In the last decade of the twentieth century it was found that KV11.1 plays a crucial role in cardiac repolarization, especially in the later phases of the AP based on its unique kinetics. KCNH2 gene codes for the KV11.1 channel, known as the human Ether-à-go-go-Related Gene (hERG), carries the delayed rectifier potassium current (IKr). IKr is a key component in repolarization of the myocardium [38]. Opening of the channel and rapid transport of potassium ions driven by the electrochemical potential gradient occur just after depolarization of the cell membrane, in the first stages of functional potential. Repolarization results in a reopening of the channel, resulting in the termination of the potential/excitation [39]. For this reason, the hERG current is the most common target for QT interval-prolonging drugs [40]. Drugs blocking the hERG potassium channels (referred to as “hERG inhibitors’’) reduce the IKr and prolong cardiac repolarization, which appears as prolongation of the heart rate-corrected QT (QTc) interval on the electrocardiogram (ECG), and this predisposes arrhythmias [41]. Therefore, it is commonly well accepted as an antitarget in cardiac risk assessment. Moreover, these channels have also been identified in neurons, thus explaining the fact that a disruption of Kv activity may also lead to epilepsy [30,39]. The function of the hERG gene-coded channel can be impaired by a number of drugs. One of them is terfenadine (TNF), a second-generation antihistamine [42]. According to numerous studies, the combination of TNF with the protein encoded by the hERG gene is a direct cause of prolonged QT and thus strong ventricular arrhythmia [43]. Consequently, the use of TNF was abandoned in the USA in favor of its active metabolite, fexofenadine [44]. However, the strong interaction between TNF and KV11.1 is a benchmark in testing the inhibitory power of the KV11.1 channel relative to other drugs.




4.2. Calcium Ion Channels


The role of calcium in normal heart activity was first mentioned in 1883 [45]. In the 1990s, there was evidence of the effect of Ca2+ ions on muscle cells [46]. Nowadays, it is widely acknowledged that calcium is involved in many cellular processes. The Ca2+ channel family contains at least ten members that are distinguished by their structure, subunit composition, location, biophysical properties, and pharmacology. By controlling the entry of Ca2+ into cells, these proteins have a critical role in a broad range of cellular processes, such as neurotransmitter release, second messenger cascades, cardiac excitation and contraction, and gene regulation supporting learning and memory [47]. The studies indicate that calcium ion channels are involved in myocardial contraction, hormonal regulation, and nervous system function. Voltage-gated Calcium Channels (VGCaCs) are complex proteins consisting of four or five subunits. The channel is built of one central pore-forming α1 subunit, five β subunits, four α2δ subunits, and five γ subunits [31]. The most important α1 subunit is responsible for the major biophysical and functional properties of the channel, while the auxiliary subunits α2δ, β, and γ control channel expression, membrane incorporation. Those auxiliary subunits are also involved in the drug binding and gating characteristics of the central unit (Figure 2). Drugs that block Ca2+ channels are used in the treatment of epilepsy, chronic pain, and cardiovascular disorders (including hypertension, angina pectoris, and cardiac arrhythmias) [48]. The α2 subunit is completely extracellular, whereas the δ subunit has a single membrane-spanning segment with a very short intracellular part that anchors the α2δ subunit (encoded by CACNA2D1-4) complex to the α1C subunit. Both α2 δ subunits are disulfide-linked proteins. The β subunit (Cavβ1- Cavβ4, encoded by the CACNB1-4 gene) is entirely intracellular and is tightly bound to a highly conserved motif in the cytoplasmic linker between domains I and II of the α1C subunit [5]. The γ subunit is composed of four transmembrane segments and intracellular N- and C-termini (Figure 2.).



The location of VGCaCs in many different cells has resulted in the classification of the currents according to the rate of ion conduction within the channel. Long opening currents are observed after strong depolarization, mainly within muscle and hormone cells. They are inhibited by drugs such as dihydropyridine or benzodiazepines. They take part in the initiation of the neurotransmission. T-type currents are initiated when a slight depolarization occurs. These currents are short-term and resistant to the abovementioned blocking substitutions, while they are blocked by mibefradil (withdrawn from treatment for side effects, Figure 1) [49]. According to current differences three groups of ionic channels have been distinguished: Cav1 mediating the transfer of L-type currents, CaV2 mediating the transfer of N-, P/Q-, and R-type currents, CaV3 mediating the transfer of T-type currents. In cardiac muscle, two types of voltage-dependent Ca2+ channels, the L-type and the T-type, transport Ca2+ into the cells.



VGCaCs can exist in a resting, open, or inactive form. The opening of the ion channel occurs during the depolarization of the cell membrane, which leads to an inflow of calcium ions into the cell and its excitation. Thus, depolarization leads to the transition from inactive to open state; however, it can be modified by the action of neurotransmitters or hormones [50,51].



The CaV1.2 channels dominate the functional activity in the working myocardium [51,52]. Additionally, CaV1.2 belong to the L-type Ca2+ channels and are critical to maintain the action potential plateau, to accelerate pacemaker activity in the sinoatrial node, and to support conduction through the atrioventricular node. Because of their importance in the normal cardiovascular function, screening of new drug candidates for their activity on CaV1.2 channels is considered an important safety measure in developing new pharmaceuticals which are devoid of undesirable cardiovascular side effects [53]. Malfunction or mutation of the gene encoding CaV1.2 can lead to the occurrence of diseases (e.g., Timothy syndrome), which are manifested by the QT- prolongation [54]. Moreover, a sustained increase in the inflow of ions to the cell due to channel hyperactivity leads to hypertrophy of the myocardium, which results in failure and hypertension. The CaV1.2 channels play a dominant role in peripheral vasoconstriction and are the target of Ca2+ channel blockers used to treat hypertension [40]. The studies conducted in 1960 resulted in the discovery of the VGCaC blockade mechanism, allowing for the development of drugs inhibiting the flow of Ca2+ ions [55]. Three groups of drugs are commonly used in the treatment: nifedipine, verapamil, and diltiazem. The mechanism of action of these drugs is based on the blocking of L-channels that lead to vasodilation [47].




4.3. Sodium Channels


Voltage-gated sodium channels (VGNaCs) were first described in the electric eel Electrophorus electricus in 1976 [56]. They became the model on which the whole group of ion channels was characterized. They initiate APs in nerves, muscles, and other electrically excitable cells [57]. Blocking VGNaCs makes these cells less excitable [58]. Eukaryotic VGNaCs are composed of α and β subunits. Subunit α contains pore-forming and voltage-sensing domains to control the penetration of Na+ ions through the membrane. Subunits α are encoded by the SCNXA gene (where X = 1 − 9, depending on the ion channel type). Auxiliary subunits β modulate gating and regulate the channel expression [59]. So far, four subunits β (β1–β4) have been identified [57,59]. β-Subunits have a single transmembrane segment, a long extracellular N-terminus, and a short intracellular C-terminus. Presently, there are nine different types of α subunits, from which individual ion channels (NaV1.1–NaV1.9) have been isolated. So far, NaV1.5 is the best studied channel, which is the most common in myocardial cells.



VGNaCs are important targets for the development of drugs, because mutations in different human sodium channel isoforms have causal relationships with a range of neurological and cardiovascular diseases [60,61].



Depending on the location, the channels have different functions. NaV1.1–NaV1.3 are most abundant in the Central Nervous System. They are the therapeutic target of several drugs in pain, stroke, or migraine (Nav1.1). This location also contains Nav1.6 channels, which are used to treat multiple sclerosis. The proper activity of the musculoskeletal system is regulated by the Nav1.4 channel. Nav1.7–1.9 function mainly in the peripheral nervous system, used to treat pain and nociceptive disorders [62].



Dysfunction of VGNaCs can lead to a number of problems. Until now, more than 1000 disturbances caused by mutations in the NaV channels have been identified. It should be noted that about 400 diseases are caused by a mutation of the NaV1.5 gene [63]. Moreover, the channel NaV1.5 (next to NaV1.2) has the highest number of reported mutations among all nine NaV channels. Mutations in NaV1.5 result in many cardiac channelopathies [64]. Mutations leading to a reduction of the sodium current can result in disorders such as Brugada syndrome, sick sinus syndrome, and cardiac conduction defect and others. Strengthening the function of the aforementioned channel is a leading cause of the occurrence of sudden infant death syndrome and stillbirth, whereas the reason for arrhythmias and prolonged QT can be both stimulating and inhibiting NaV1.5 activity [63,65]. Recent evidence suggests that a failure of the channels NaV1.1-NaV1.3 and NaV1.6 can lead to epilepsy or maintenance of the epileptic state [60]. Current scientific papers emphasize that NaV1.7 overactivity can determine the pain sensation even when sympathetic neuronal excitability is reduced [66]. In turn, NaV1.8 and NaV1.9 take part in setting up inflammatory pain [67]. Nonetheless, there are a multitude of substances used to control VGNaCs activity by blocking the sodium channels. According to the above, abnormal inflow and load of Na+ is associated with neuronal damage. Tetradotoxin and batrachotoxin, which are naturally occurring toxins, strongly block the activity of sodium channels [60,68]. Therefore, drugs have been elaborated to treat diseases caused by overactivation of VGNaCs. The most commonly used drugs are first-generation antiarrhythmic medications and those used to treat epilepsy (e.g., lamotrigine, phenytoin, or carbamazepine) [69]. The drugs used in arrhythmia are listed in Figure 3 [70]. On the other hand, it is important to avoid interactions of potential non-cardiovascular drugs on NaV1.5, as well as hERG due to potential off-target activity [63].





5. Mechanism of Ion Channel Inhibition


Although the general mechanism of ion channel inhibition is well known, the detailed description is still unclear and controversial. Voltage-dependent gating can be triggered in a variety of ways, and the mechanisms of VGIC operation are important tools to understand the signaling behavior of the channel [71]. The mechanisms of ion channel inhibition can be categorized in two classes, i.e., pore plugging, and allosteric binding. The former includes inhibitors capable of binding in the pore region once they enter the channel; in consequence they physically block the pore disabling the ion transport. The latter group is inhibitors that require a specific binding site, the site is usually an extracellular side of the pore, but there are known exceptions. The allosteric inhibitor binds to the channel at the binding site causing conformational changes of the protein that prevents the normal function of the channel [12]. Table 1 summarizes the pore forming region in KV11.1, NaV1.5, and CaV1.2 channels.




6. In Silico Methods for Testing the Risk of Cardiotoxicity


One of the most popular and accurate in-silico methods is the molecular docking technique [72]. This method determines the affinity (the binding of compounds to the channel) and how a given drug binds to the active site of a protein (also known as binding modes/pose). It is a source of information about the physiological and pathological mechanism of action of many substances [73]. It should be mentioned here that channels KV11.1, NaV1.5, CaV1.2 can be treated in two ways. First, they are therapeutic targets for cardiac arrhythmia and hypertension. Secondly, they should be treated as antitargets in cardiac risk assessment. This entails the necessity of opposite approaches in interpretation of the channel’s blocking effects. In the first case, research is conducted to search for molecules that bind to a specific therapeutic target (e.g., Class III antiarrhythmic drugs). In the second, research is focused on looking for molecules that avoid strong binding to the unwanted targets (i.e., many noncardiac drugs) [11,74]. Commonly, Ki is characterized by the dissociation constant of the complex, which is determined by competitive radioligand binding, and the blocking of the passage of ions through the channel. In the computational approach, Ki is determined in the computational process. In vivo desirable and undesirable effects of a drug are generally related to its concentration at the sites of action [75]. The passage of some ions through the channel is characterized by the IC50 concentration, ensuring a 50% reduction in selected ion current, which is determined by electrophysiological methods in the channel-expressing cells. For the majority of compounds, only data obtained by one of experimental methods are available. It should be emphasized here that the values of these parameters are generally well correlated (IC50 ≈ Ki). Based on the assumption that the calculated Ki reflects the drug binding affinity for a specific therapeutic target and the IC50 (or pIC50) more reflects the functional potency of the inhibitor for the drug, it is widely accepted that the use of calculated Ki (or pKi) is helpful in determining the likelihood that a particular drug will inhibit a particular protein target and result in a clinically relevant drug interaction. For this we usually assume that the IC50 corresponds to the numerical value of Ki (or pIC50 ≈ pKi). By convention, a pIC50 ≤ 4 (or pKi) is commonly used as threshold and can be considered to be an inactive compound for the studied protein [76,77]. In Table 2, pIC50 of selected drugs and corresponding ion channels were collected. By matching the calculated Ki values with the corresponding data from Table 2, we are able to assess, for example, the cardiotoxicity of drugs by analyzing their interaction with ion channels [78]. From a safety pharmacological point of view, lower pIC50 (pKi) value for channels KV11.1, NaV1.5, CaV1.2 are desirable.




7. Conclusions and Perspective


Despite the fact that the electrical excitability of nervous and muscle tissue has attracted the attention of scientists for three centuries, many issues remain unclear and controversial to this day. Of course, the substantial development in this area cannot be overlooked! It is worth emphasizing that since the mid-1990s, researchers have been addressing issues related to the cardiological safety of drugs that are being developed and already used. In the past 25 years, pro-arrhythmic risk testing has dominated the assessment of cardiovascular safety and the discipline of safety pharmacology. The regulatory guidelines (clinical and non-clinical) developed so far have focused mainly on inhibition of the human Ether-à-go-go-Related (hERG) gene and pulse-corrected QT prolongation (QTc). However, in our opinion, the science of cardiac safety must evolve, and this evolution should be multidirectional. Undoubtedly, modern technology creates a multitude of different possibilities, the use of which should create conditions for a better understanding of the pharmacology of cardiac safety. Unquestionably, in silico tests based on the molecular docking technique are one such possibility. The key seems to be proper understanding and differentiation of concepts such as desirable and undesirable therapeutic goals. On the other hand, however, we should be aware that, under certain therapeutic conditions, our therapeutic targets become primary antitargets (i.e., undesirable targets) in drug development. Antitargets are molecular systems that play an essential role in the normal functioning of cells and tissues and their blockage causes potentially serious side effects. This results in poorer treatment outcomes or a shorter patient survival time. Since many drugs can bind to ion channels, block ion flow, and interfere with the regulation of the action potential, leading to drug-induced arrhythmias or “proarrhythmias”, these structures appear to be appropriate antitargets in assessing cardiac risk.
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	VGICs
	Voltage-Gated Ion Channels



	VGKCs
	Voltage-Gated Potassium Channels



	VGNaCs
	Voltage-Gated Sodium Channels



	VGCaCs
	Voltage-Gated Calcium Channels



	hERG
	Human Ether-à-go-go-Related Gene



	TdP
	Torsade the points



	CiPA
	Comprehensive In Vitro Proarrhythmia Assay
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Figure 1. Drugs withdrawn from market due to proarrhythmic effect (purple), myocardial infarction (green), torsadogenic potential, i.e., QT interval prolongation and torsade the points (TdP) effect (red). 
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Figure 2. Schematic view of the structure’s subunits of cardiac ion channels. α1−subunits of K+ channels consist of one single subunit (domain or core motif), while Na+ channels and Ca2+ channels consist of four serially-linked homologous domains (I–IV). Each subunit contains six transmembrane segments (S1–S6). The S5 and S6 segments and the membrane-associated pore loop (often called the P loop or P segment or P region) between them form the central pore through which ions flow down their electrochemical gradient. The S4 transmembrane domain is the voltage-sensor (gating modifier). K+ channel is a tetramer assembly of α subunits. While Na+ and Ca2+ channels consist of four subunits co-assembled to form a single functional channel. The β, α2δ, and γ subunits enhance cell surface expression and modulate the voltage dependence and gating kinetics of the α1 subunits and channel sensitivity to endogenous ligands and pharmacological agents. These accessory subunits determine ion channel tissue specificity. 
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Figure 3. Classification of cardiac antiarrhythmic drugs. 
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Table 1. Overview of the key properties of the structural subunits of cardiac ion channels [37].
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	Name
	hKV11.1/KCNH2
	hNaV1.5/SCN5A
	hCaV1.2/CACNC1C





	UniProtKB
	Q12809
	Q14524
	Q13936



	pore-forming
	612–632: VTALYFTFSSLTSVGFGNVSP
	884–904: FFHAFLIIFRILCGEWIETMW
	694–715: QSLLTVFQILTGEDWNSVMYDG



	ion selectivity sequence motif
	GYG
	DEKA
	EEEE



	cariac disease
	Long Qt Syndrome; Short Qt Syndrome
	Atrial Fibrillation, Familial, Brugada Syndrome; Cardiomyopathy, Dilated; Long Qt Syndrome; Progressive Familial Heart Block (Type Ia); Sick Sinus Syndrome, Autosomal Recessive; Sudden Infant Death Syndrome; Ventricular Fibrillation During Myocardial Infarction, Susceptibility to acquired arrhythmia
	Long QT, Brugda Syndrome, Timothy Syndrome



	sequence identity 1
	88.66%
	66.70%
	70.3%







1 Sequence identity between the template and the modeled sequence.
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Table 2. Comparison of pIC50 values (i.e., the negative logarithm of the IC50 value) of selected drugs.
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	Drug
	hNaV1.5
	hCaV1.2
	hKV11.1





	ajmaline
	5.09 [79]
	4.15 [80]
	5.98 [81]



	amiodarone
	5.32 [82]
	5.57 [83]
	7.52 [21]



	amitryptyline
	4.70 [84]
	4.94 [85]
	5.48 [86]



	bepridil
	5.43 [21]
	6.68 [21]
	7.48 [87]



	chlorpromazine
	5.37 [88]
	n/a [88]
	5.83 [89]



	cibenzoline
	5.11 [90]
	4.52 [91]
	4.65 [92]



	cisapride
	4.83 [21]
	n/a [21]
	8.19 [93]



	desipramine
	5.82 [21]
	5.77 [21]
	5.86 [94]



	diltiazem
	5.05 [95]
	6.35 [96]
	4.76 [97]



	diphenhydramine
	4.39 [21]
	3.64 [21]
	5.28 [92]



	dofetilide
	3.52 [98]
	4.22 [99]
	8.30 [100]



	fluvoxamine
	4.40 [21]
	5.31 [21]
	5.51 [101]



	haloperidol
	5.15 [102]
	5.77 [102]
	7.57 [103]



	imipramine
	5.44 [88]
	5.08 [89]
	5.47 [101]



	mexiletine
	4.37 [104]
	4.00 [105]
	4.30 [106]



	mibefradil
	6.01 [107]
	6.81 [108]
	5.74 [92]



	nifedipine
	4.43 [88]
	7.22 [109]
	3.56 [110]



	nitredypine
	4.44 [88]
	9.46 [111]
	5.00 [101]



	phenytoin
	4.31 [21]
	3.99 [21]
	4.00 [101]



	pimozide
	7.27 [112]
	6.79 [113]
	7.70 [101]



	prenylamine
	5.60 [21]
	5.91 [21]
	7.19 [21]



	propafenone
	5.92 [21]
	5.74 [21]
	6.36 [114]



	propranolol
	5.68 [21]
	4.74 [21]
	5.55 [115]



	quetiapine
	4.77 [21]
	4.98 [21]
	5.24 [116]



	quinidine
	4.78 [21]
	4.81 [21]
	6.52 [117]



	risperidone
	3.99 [21]
	4.14 [21]
	6.82 [101]



	sertindole
	5.64 [118]
	5.05 [118]
	7.85 [101]



	sotalol
	n/a [119]
	n/a [119]
	7.07 [119]



	tedisamil
	4.70 [120]
	n/a [121]
	5.60 [101]



	terfenadine
	6.01 [21]
	6.43 [21]
	8.05 [115]



	thioridazine
	5.74 [21]
	5.89 [21]
	7.48 [101]



	verapamile
	4.38 [21]
	7.00 [21]
	6.84 [97]
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