
Investigational antiarrhythmic agents: promising drugs in early 
clinical development

Jordi Heijman1, Shokoufeh Ghezelbash2, and Dobromir Dobrev2

1Department of Cardiology, Cardiovascular Research Institute Maastricht, Faculty of Health, 
Medicine, and Life Sciences, Maastricht University, Maastricht, The Netherlands 2Institute of 
Pharmacology, West German Heart and Vascular Center, Faculty of Medicine, University 
Duisburg-Essen, Essen, Germany

Abstract

Introduction: Although there have been important technological advances for the treatment of 

cardiac arrhythmias (e.g., catheter ablation technology), antiarrhythmic drugs (AADs) remain the 

cornerstone therapy for the majority of patients with arrhythmias. Most of the currently available 

AADs were coincidental findings and did not result from a systematic development process based 

on known arrhythmogenic mechanisms and specific targets. During the last 20 years, our 

understanding of cardiac electrophysiology and fundamental arrhythmia mechanisms has 

increased significantly, resulting in the identification of new potential targets for mechanism-based 

antiarrhythmic therapy.

Areas covered: Here, we review the state-of-the-art in arrhythmogenic mechanisms and AAD 

therapy. Thereafter, we focus on a number of antiarrhythmic targets that have received significant 

attention recently: atrial-specific K+-channels, the late Na+-current, the cardiac ryanodine-receptor 

channel type-2, and the small-conductance Ca2+-activated K+-channel. We highlight for each of 

these targets available antiarrhythmic agents and the evidence for their antiarrhythmic effect in 

animal models and early clinical development.

Expert opinion: Targeting AADs to specific subgroups of well-phenotyped patients is likely 

necessary to detect improved outcomes that may be obscured in the population at large. In 

addition, specific combinations of selective AADs may have synergistic effects and may enable a 

mechanism-based tailored antiarrhythmic therapy.
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1. Introduction

Cardiovascular disease remains the most common cause of death and disability in the 

developed world [1]. A significant fraction of the cardiovascular disease-related deaths are a 

direct or indirect consequence of cardiac arrhythmias [2, 3]. For example, approximately 

20% of all deaths occur suddenly, often due to ventricular tachyarrhythmias degenerating 

into ventricular fibrillation and sudden cardiac arrest [4]. Similarly, approximately half of 

the patients with chronic heart failure (HF) die from ventricular arrhythmias [5]. Atrial 

fibrillation (AF) is the most common clinically-relevant cardiac arrhythmia, affecting 30 

million people worldwide. AF is also strongly associated with increased morbidity and 

mortality and is designated the underlying cause of death in more than 15% of deaths [6]. 

Despite significant technological advances, e.g., regarding catheter ablation therapy, 

antiarrhythmic drugs (AADs) remain the most commonly used treatment for cardiac 

arrhythmias. For example, the EURObservational Research Programme Atrial Fibrillation 

registry indicates that 36% of AF patients receive AADs for rhythm control therapy and 

more than 80% receive beta-blockers for rate control treatment [7]. Likewise, 15% of 

implantable cardiac defibrillator recipients receive adjunctive AAD therapy [8]. On average, 

these AADs reduce the arrhythmia burden in a wide range of patients [9, 10, 11]. However, 

currently available AADs have suboptimal efficacy and a relatively high risk of adverse 

effects, notably drug-induced proarrhythmia or organ toxicity [12, 13]. In addition, current 

AADs can strongly interact with numerous other drugs, e.g., by inhibiting P-glycoprotein-

mediated drug transport, thereby further increasing the risk of adverse effects. Thus, there is 

a clear unmet clinical need for safer and more effective AADs.

During the last 25 years our understanding of the molecular and cellular basis of cardiac 

electrophysiology and the mechanisms underlying cardiac arrhythmias in diverse clinical 

conditions has increased substantially [14, 15, 16, 17]. This has resulted in the identification 

of a number of novel AAD targets and new compounds aiming to provide mechanism-based 

therapy. Although so far none of these attempts have been able to outperform existing 

AADs, a number of targets and drugs in preclinical development have shown promising 

results. Here, we first review the state-of-the-art in arrhythmogenic mechanisms and AAD 

therapy. Thereafter, we discuss important general considerations for the development of new 

AADs and apply these considerations to a number of recent compounds directed at a few 

promising targets.

2. Fundamental mechanisms of cardiac arrhythmias and antiarrhythmic 

therapy

2.1 Cardiac electrophysiology and arrhythmia mechanisms

Cardiac arrhythmias require a vulnerable substrate and an acute initiating trigger that 

generally develop due to interactions between genetic predispositions, environmental 

factors, and cardiovascular or other diseases (Figure 1) [14, 15, 17]. In addition, if 

arrhythmias persist, for example in the case of AF or ventricular electrical storm, the 

arrhythmia itself can produce cardiac remodeling that further promotes arrhythmia 

maintenance and progression [14, 18]. Ectopic activity, the generation of electrical activity 
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independent of the normal activation sequence initiated by the sinus node, can maintain an 

arrhythmia when occurring repetitively at high frequency, even in the absence of an 

arrhythmogenic sustrate. Furthermore, ectopic activity can produce unidirectional block of 

electrical activity, acting as the initiating trigger for reentry in the presence of a vulnerable 

substrate. Ectopic activity can result from abnormal automaticity, as well as early- or 

delayed afterdepolarizations (EADs and DADs, respectively). EADs are secondary 

depolarizations arising before full repolarization of the action potential (AP) that occur 

during excessive repolarization prolongation. DADs, on the other hand, result from 

spontaneous diastolic Ca2+-release events from the intracellular stores of the sarcoplasmic 

reticulum (SR) that produce a depolarizing transient-inward current after full repolarization 

of the AP [12, 19].

Reentry can occur around a fixed anatomical obstacle when the balance between conduction 

velocity (CV) and effective refractory period (ERP) allows tissue to become re-excitable 

before the reentrant impulse arrives [20]. As such, reentry is promoted by short ERP, 

spatially heterogeneous ERP and repolarization alternans, as well as slow, heterogeneous 

conduction. Reentry can also occur within a purely functional substrate. The stability of 

functional reentry depends on local repolarization and conduction properties and sink-to-

source relationships between the wavefront’s excitatory current and the current employed to 

excite neighboring tissue [20], which can be modulated by different AADs.

Most AADs act at the level of the individual ion channel, altering total membrane current 

and/or intracellular ion fluxes, thereby affecting cardiac electrophysiological properties that 

modulate the risk of ectopic activity and reentry. In addition, many AADs indirectly regulate 

cardiac electrophysiology by blocking the regulation of the heart by the autonomic nervous 

system through inhibition of various G-protein-coupled receptor signaling pathways. As 

such, a detailed understanding of cardiac cellular electrophysiology is required to understand 

the properties and limitations of current and novel AADs. The main properties of cardiac 

cellular electrophysiology and intracellular Ca2+-handling, including differences between 

atrial and ventricular cardiomyocytes, have been discussed in detail elsewhere. Here, we 

provide a brief summary and we refer the interested reader to recent reviews on this topic 

[14, 17, 19, 21, 22, 23] for more information.

The AP upstroke is mediated by the Na+-current (INa). The subsequent repolarization profile 

controls the AP shape and is determined by the balance between multiple ion-currents, each 

with their specific kinetic characteristics and regulation. These currents include the 

depolarizing L-type Ca2+-current (ICa,L), responsible for initiating SR Ca2+-release through 

ryanodine-receptor channels type-2 (RyR2), producing the systolic Ca2+-transient and 

activating excitation-contraction coupling, as well as a wide range of repolarizing K+-

currents [24]. These include the transient-outward K+ current (Ito), inward-rectifier K+-

currents activated under basal conditions (IK1) or in response to vagal stimulation 

(acetylcholine-activated IK,ACh), and multiple delayed-rectifier K+-currents with distinct 

kinetics (e.g., slow IKs, rapid IKr and ultra-rapid IKur). Following SR Ca2+-release through 

RyR2 channels, Ca2+ homeostasis is maintained through re-uptake into the SR by the SR 

Ca2+-ATPase (SERCA2a) complex, as well as through Ca2+ extrusion via the Na+/Ca2+-

exchanger type-1 (NCX1). Finally, Na+ and K+ homeostasis is maintained primarily through 
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the Na+-K+-ATPase. Recent work has identified several additional ion-channels that 

modulate cardiac electrophysiology and arrhythmogenesis, including two-pore domain K+-

channels [25, 26], small-conductance Ca2+-activated K+-channels (SK-channels) [27, 28], 

and transient-receptor potential (TRP)-channels [29], all of which represent novel potential 

therapeutic targets.

2.2 Antiarrhythmic therapies

Although attempts have been made to provide a more mechanistic classification of AADs 

(e.g., in the Sicilian Gambit [30]), AADs remain most commonly classified according to 

Vaughan Williams and Singh (Table 1) [9, 31]. This classification initially grouped AADs 

into those depressing cardiac excitability (Class I), those blocking β-adrenoceptors (Class 

II), and those prolonging repolarization (Class III). Later, it was identified that the 

mechanisms for Class I and Class III actions corresponded to Na+- and K+-channel 

inhibition, respectively. The discovery of the Ca2+-channel blocker verapamil in the 1970s 

resulted in the definition of Class IV AADs and other AADs with diverse mechanisms of 

action (e.g., adenosine, digitalis, ivabradine) were finally grouped together in Class V [31].

Inhibition of INa through Class I AADs decreases cardiomyocyte excitability and reduces the 

likelihood of ectopic activity (Figure 1). In addition, this process prolongs the ERP without 

changing AP duration (APD) through prolongation of the so-called post-repolarization 

refractoriness (i.e., the time between completion of an AP and the availability of sufficient 

Na+-channels to initiate the next AP), thereby reducing the likelihood of reentry. Finally, INa 

plays an important role in producing the depolarizing force for cell-to-cell communication. 

As such, its inhibition may slow CV, thereby promoting reentry. Class I AADs are further 

subdivided into Class IA-C, based on the affinity between different channel states and 

kinetics of inhibition (intermediate unbinding kinetics for Class IA, fast for Class IB, and 

slow for class IC), which, together with differential effects on other ion channels, determine 

the actual electrophysiological effects of each AAD. For example, the slow unbinding 

kinetics from the Na+ channel in combination with ischemia-induced Na+-channel 

inactivation likely explain why Class IA and IC AADs are contraindicated in patients with 

ischemic heart disease and myocardial infarction. In addition, heterogeneous prolongation of 

ventricular ERP due to inhibition of K+ channels may contribute to the proarrhythmic 

potential of Class IA and Class IC, but not Class IB AADs [32]. Conversely, Na+-channel 

inhibition may also destabilize reentrant circuits by altering the local sink-to-source 

relationship [15]. In addition to their therapeutic use in a variety of cardiovascular diseases, 

β-blockers have pronounced antiarrhythmic effects, for example by limiting the 

proarrhythmic effects of a sudden increase in sympathetic activation on cardiac 

electrophysiology and Ca2+-handling, resulting in their classification as Class II AADs. In 

addition, sympathetic stimulation is known to reduce the antiarrhythmic efficacy of Class I 

and Class III AADs. Thus, β-blockers help to preserve the antiarrhythmic effects of other 

AADs [33]. Inhibition of K+-currents, most notably IKr, which is inhibited by numerous 

antiarrhythmic and non-antiarrhythmic drugs and which is the primary target of Class III 

AADs, prolongs APD and ERP, thereby reducing the likelihood of reentry. However, 

excessive APD prolongation may promote EAD-mediated arrhythmogenesis (Figure 1). 

Accordingly, the use of Class III AADs is contraindicated in settings in which repolarization 
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is prolonged. Finally, Class IV AADs inhibit ICa,L, lowering Ca2+ influx and potentially 

reducing intracellular Ca2+ overload, thereby decreasing the likelihood of spontaneous SR 

Ca2+-release events and DADs. In addition, Class IV AADs reduce conduction of electrical 

impulses through the atrioventricular node, where the AP upstroke is largely mediated by 

ICa,L. As such, Class IV AADs along with β-blockers (Class II AADs) are used to lower the 

ventricular response rate in patients with AF. However, ICa,L inhibition may also shorten 

APD, promoting reentry and can have pronounced negative inotropic effects. The use of 

Class IV AADs is therefore contraindicated in patients with impaired left ventricular 

function.

Taken together, as summarized in Figure 1, all AAD classes exhibit both pro- and 

antiarrhythmic properties, even when only their primary class effect is considered. However, 

it should be emphasized that almost all AADs affect multiple other targets in addition to the 

one of their primary site of action (Table 1), resulting in a complex electrophysiological 

profile that may be pro- or antiarrhythmic depending on the actual clinical condition.

3. General considerations for novel antiarrhythmic drugs

Most currently available AADs have been derived from naturally available compounds (e.g., 

quinidine adapted from a compound from the bark of the cinchona tree) or were originally 

developed for other purposes (e.g., amiodarone and sotalol were initially developed for the 

treatment of angina). The multiple electrophysiological effects of each of these compounds 

make mechanism-based therapy difficult, because it is unknown which targets contribute to 

the desired antiarrhythmic effect in a given patient and which may increase the risk of 

adverse effects. Recently, a more mechanistic approach to AAD development has been 

initiated. An important aspect that has received considerable attention is chamber specificity 

of AAD effects, particularly for rhythm control treatment of AF [12, 34, 35, 36]. Drugs that 

target atrial-specific ion currents, such as the ultra-rapid delayed-rectifier K+-current (IKur, 

discussed below), are expected to have fewer ventricular proarrhythmic side effects, 

allowing more effective treatment of AF. Other properties for novel AADs that should be 

considered include the disease-specific regulation of the target protein. For example, if an 

ion channel inhibited by a new AAD is upregulated under the clinical condition that is being 

addressed, then the effect of this AAD would be expected to be larger, whereas an AAD 

targeting a protein that is already downregulated is expected to be less effective. Similarly, 

drugs with forward use dependence (i.e., showing stronger effects at fast rates, typical for 

Class IC drugs such as flecainide) would be expected to have a better efficacy-to-safety ratio 

for the treatment of tachyarrhythmias (AF or ventricular tachycardia) than drugs with reverse 

use dependence (e.g., most Class III AADs) [37].

In addition to these AAD-related properties, a mechanism-based antiarrhythmic therapy 

requires careful phenotyping and stratification of patients based on known 

electrophysiological differences that may influence the efficacy or safety of antiarrhythmic 

therapy. For example, women have a shorter atrial ERP but longer ventricular APD and ERP, 

at least in part due to regulation of ion-channel expression and function by sex hormones 

[38]. As such, women have an increased risk for drug-induced ventricular arrhythmias. 

Similarly, other genetic or acquired differences in electrophysiological properties may favor 
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specific proarrhythmic mechanisms in an individual patient. Ideally, such 

electrophysiological differences can be exploited in the future to improve the efficacy and 

safety of AAD therapy. For example, initial data have suggested that pharmacogenetic-

guided selection of Class I vs. Class III drugs in patients with AF may improve the response 

to AAD therapy [39, 40]. This approach is currently being tested in a preliminary feasibility 

study (NCT02347111). Similarly, recent work has shown that a genetic risk score can be 

used as a predictor for drug-induced proarrhythmia in response to AAD therapy [41]. These 

approaches may facilitate a personalized AAD therapy with improved efficacy-to-safety 

ratio. However, such precision medicine critically depends on the availability of multiple 

AADs with distinct electrophysiological targets (Figure 2).

4. Promising antiarrhythmic targets and agents

A large number of potential antiarrhythmic targets and agents have been discussed in a 

number of excellent recent review articles. For example, several reviews have focused on 

atrial-selective K+-channel blockers for AAD therapy in AF [34, 35, 36], AADs against 

atrial and ventricular arrhythmias targeting Ca2+-handling abnormalities [42, 43], or 

personalization of AAD therapy [40]. Here, we focus on several targets and the agents 

directed against these targets that have received considerable attention during the last few 

years.

4.1 The ultra-rapid delayed-rectifier K+-current (IKur) and acetylcholine-activated inward-
rectifier K+-current (IK,ACh)

IKur is the prototypical atrial-selective target for Class III AADs. Inhibition of IKur would be 

expected to prolong atrial ERP, destabilizing reentrant arrhythmias, e.g., in the setting of AF, 

without potential proarrhythmic ventricular effects. In atrial cardiomyocytes or multicellular 

preparations from patients with persistent (“chronic”) AF, inhibition of IKur with agents such 

as MK-0448, XEN-D0101 / XEN-D0103, F373280, and BMS919373, consistently prolongs 

APD [34, 44]. However, in atrial cardiomyocytes from patients with sinus rhythm or 

paroxysmal AF, inhibition of IKur shortened APD at pacing rates corresponding to normal 

resting heart rates [34, 36, 44], thus potentially favoring the (re)initiation of AF episodes. In 
vivo, MK-0448 prolongs atrial ERP and terminates sustained AF in dogs, but has no effect 

on ERP in humans [45], possibly due to the aforementioned rate- and disease-dependent 

effects and administration to patient with atrial flutter instead of AF [36]. A number of other 

properties further complicate the therapeutic use of IKur blockers. For example, several loss-

of-function mutations in Kv1.5, the pore-forming subunit of the IKur channel, have been 

identified in patients with familial AF [46] and inhibition of IKur in a computer model of the 

human atrial cardiomyocyte generated proarrhythmic EADs in the setting of simulated 

sympathetic stimulation [47], suggesting that excessive inhibition of IKur may have 

proarrhythmic effects. At high doses, compounds such as MK-0448 may also block other K
+-currents (e.g., IKs), potentially leading to drug-induced ventricular proarrhythmia. 

Recently, even more selective IKur blockers have been proposed (e.g., MK-1832 [48]), but 

their antiarrhythmic effects in humans are unknown. Finally, some, but not all studies 

suggest that IKur is downregulated in patients with chronic AF [49], which would be 

expected to lower the efficacy of blocking this current. Phase-II clinical studies with 
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different IKur blockers studying the antiarrhythmic efficacy are currently ongoing (e.g., 

NCT01831856 for F373280) or have been completed (e.g., NCT02156076 for BMS919373 

or EUCTR2013–004456-38 for XEN-D0103), but to the best of our knowledge no positive 

results have been published for these trials.

Similar to IKur, IK,ACh is predominantly expressed in atrial cardiomyocytes and has received 

significant attention as atrial-selective therapeutic target [15, 34, 35, 36]. IK,ACh is activated 

by the neurotransmitter acetylcholine via muscarinic receptors. Although maximal 

muscarinic-receptor activated IK,ACh is decreased in patients with AF, the receptor-

independent ‘constitutively active’ component (IK,AChc) is significantly increased and may 

contribute to reentry-promoting ERP shortening [50]. Many currently available AADs 

including flecainide and dronedarone also affect IK,ACh and a number of moderately 

selective IK,ACh blockers have been developed. Most of these compounds (e.g., NTC-801, 

AZD2927, A7071, XEN-R0706) have shown antiarrhythmic effects in animal models and 

some, but not all, prolong repolarization in human atrial tissue samples (reviewed in [34, 35, 

36]), suggesting potential anti-AF effects in patients. Some of these compounds have also 

been evaluated in early clinical studies, but efficacy was limited and development of these 

compounds has been halted [34, 36].

4.2 The two-pore-domain K+-current (IK2P)

The family of two-pore-domain K+ channels (K2P) encompasses a wide-range of K+-

channels that are regulated by numerous signals including temperature, pH and membrane 

stretch [22, 36]. Several members of this family, including the TASK-1 (K2P3.1) and 

TREK-1 (K2P2.1) channels are expressed in the heart, contributing to the background or 

steady-state K+-current. Inhibition of these channels would be expected to have a Class III 

effect, prolonging repolarization and destabilizing reentrant arrhythmias. In the human heart 

TASK-1 is only expressed in the atria, enabling atrial-selective antiarrhythmic therapy of AF, 

similar to IKur blockers. In fact, several IKur blockers appear to have a comparable affinity 

for TASK-1 as for IKur [51], suggesting that their antiarrhythmic effects may be partially 

mediated by TASK-1 blockade. Indeed, in contrast to IKur, the expression of TASK-1 is 

significantly upregulated in patients with chronic AF, which should increase the 

antiarrhythmic efficacy of TASK-1 inhibition [25]. On the other hand, the expression of 

TASK-1 is downregulated in patients with left ventricular dysfunction, suggesting that 

TASK-1 inhibition may be less effective under these conditions [26], although the 

consequences of TASK-1 inhibition will also depend on the remodeling of other ion 

channels that determine the atrial repolarization reserve. Several existing AADs also 

partially inhibit TREK-1 (e.g., vernakalant) or TASK-1 (e.g., amiodarone) at clinically 

relevant concentrations [52], further supporting the potential antiarrhythmic effect of K2P-

channel inhibition. A moderately selective compound (A293) for TASK-1 channels is 

available for experimental studies and a more selective TASK-1 inhibitor (ML365) has 

recently been described [34, 53]. In isolated guinea pig hearts with augmented TASK-1 by 

changes in pH, both A293 and ML365 selectively prolonged atrial ERP, but only had limited 

antiarrhythmic effects in the setting of acute AF [54]. Studies in mice are further 

complicated by the fact that in contrast to humans TASK-1 is expressed in both atria and 

ventricles. In agreement, TASK-1 knockout mice have prolonged QTc interval, suggesting 
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an increased risk of ventricular proarrhythmia upon TASK-1 inhibition in mice [36, 55]. 

Finally, because TASK-1 is expressed in numerous other cell types, TASK-1 inhibitors may 

also have unwanted extra-cardiac side effects [36]. These data further highlight the need for 

selecting the appropriate patient cohort for a given AAD. Gene therapy provides an 

alternative approach to locally modify K2P-channel expression. Recent work has shown that 

adenovirus-mediated overexpression of TREK-1 in the right atrium normalizes the 

prolonged atrial ERP in the setting of combined AF and HF and improved sinus rhythm 

maintenance [56]. Although the exact antiarrhythmic mechanisms require further study, 

these data support K2P channels as potentially effective antiarrhythmic targets.

4.3 The late Na+-current (INaL)

Class I AADs targeting the cardiac Na+-channel are among the oldest AADs. There is a 

wide range of Na+-channel blocking agents with specific affinities for different channel 

states (e.g., open-state versus inactivated-state block) and different kinetic properties (with 

off rates of channel dissociation ranging from milliseconds to several seconds). Both genetic 

(long-QT syndrome type-3) and acquired (e.g., hypoxia, ischemia) pathological conditions 

can disrupt normal Na+ gating, resulting in an increased late (also known as persistent or 

non-inactivating) component of the Na+-current (INaL). Increased INaL prolongs 

repolarization duration and promotes EAD-mediated arrhythmogenesis [31, 57]. In addition, 

increased INaL may alter intracellular Na+ homeostasis, subsequently causing proarrhythmic 

changes in intracellular Ca2+ due to effects on NCX1 [57]. As such, inhibition of INaL would 

be expected to be antiarrhythmic and agents preferentially targeting INaL have received 

significant attention recently [31].

Ranolazine was originally discovered for the therapy of angina and is a multi-channel 

blocker inhibiting primarily IKr and INaL at therapeutic concentrations, with an 

approximately 10-fold selectivity for INaL over peak INa [57]. A variety of experimental 

studies and case series in patients with increased INaL due to long-QT syndrome type-3 [58], 

recurrent ventricular arrhythmias refractory to classical AAD therapy [59], or frequent 

ventricular ectopic activity [60], support the therapeutic potential of ranolazine for 

ventricular arrhythmias in patients [61]. Similarly, a number of small-scale clinical studies 

have evaluated ranolazine for rhythm control of AF and recent meta-analyses [62, 63] 

support the antiarrhythmic effects of ranolazine in AF patients. Recently, ranolazine was 

also evaluated in a larger cohort of high-risk patients with implantable cardiac defibrillators 

(RAID trial), showing a non-significant 16% reduction in the primary endpoint of 

ventricular arrhythmia, and a significant 27% reduction in ventricular tachycardia requiring 

anti-tachypacing versus placebo [64]. Thus, although ranolazine is not officially approved as 

an AAD, it appears to have important antiarrhythmic properties. Based on these results, a 

number of AADs selectively targeting INaL have been developed. For example, the selective 

INaL inhibitor GS-458967 has more potent antiarrhythmic effects than ranolazine in a 

number of animal models of atrial and ventricular arrhythmias [65, 66]. However, the 

compound also produces use-dependent block of Na+ channels in the central and peripheral 

nervous system, which results in a very small therapeutic index [66]. GS-6615 (also known 

as eleclazine) is an alternative INaL blocker developed to overcome some of the limitations 

of GS-458967 [67]. In particular, eleclazine has a lower affinity for neuronal Nav1.1 
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channels, retains a strong selectivity for INaL and is able to suppress drug-induced Torsades 

des Pointes arrhythmias more potently than ranolazine [67]. In addition, eleclazine has 

strong antiarrhythmic properties against ischemia-induced ventricular arrhythmias in rabbits 

[67] and autonomically-induced AF [68] and VT [69] in pigs. These positive results in 

animal studies prompted a number of early clinical trials, investigating the safety and 

antiarrhythmic effect of eleclazine in patients with implantable cardioverter defibrillators 

(NCT02104583), in the setting of hypertrophic cardiomyopathy (Liberty-HCM; 

NCT02291237), and in patients with gain-of-function mutations in the Na+-channel leading 

to long-QT syndrome type-3 (NCT02300558). However, all three of these studies have 

recently been discontinued, likely due to limited efficacy or safety concerns [70]. Thus, the 

therapeutic value of selective INaL inhibition in patients remains uncertain and requires 

further investigation in subsequent prospective clinical studies.

4.4 The cardiac RyR2 and abnormal intracellular Ca2+ handling

Spontaneous SR Ca2+-release events and subsequent Ca2+-driven DADs potentially leading 

to triggered activity have been implicated in both atrial (e.g., paroxysmal and chronic AF 

[14]) and ventricular arrhythmias (e.g., in the setting of heart failure or with 

catecholaminergic polymorphic ventricular tachycardia [CPVT] due to mutations in RyR2 or 

the SR Ca2+ buffer calsequestrin [19]). As such, modification of RyR2 gating to reduce the 

number of large spontaneous SR Ca2+-releases continues to receive significant attention 

[71]. Several clinically available compounds are known to target RyR2. For example, 

dantrolene is a muscle relaxant that in addition to RyR1 in skeletal muscle cells also affects 

RyR2 in cardiomyocytes. Dantrolene has antiarrhythmic effects in different animal models 

[72, 73] and normalizes Ca2+-handling abnormalities in atrial cardiomyocytes from patients 

with AF and ventricular cardiomyocytes from patients with HF without affecting APD or 

contractility [74]. The exact molecular antiarrhythmic effect of dantrolene on RyR2 remains 

incompletely understood, but is not related to direct channel-blocking activity and requires 

presence of calmodulin, a Ca2+-binding protein and regulator of RyR2 [71, 72, 73]. A 

number of Na+-channel blockers including tetracaine, flecainide and ranolazine have also 

been shown to target RyR2 [42]. However, the exact state-dependent blocking mechanism 

critically determines the antiarrhythmic effect [75]. In particular, tetracaine blocks RyR2 in 

the closed state, elevating SR Ca2+ load and increasing the likelihood of potentially 

proarrhythmic Ca2+ waves [75]. However, tetracaine-derivatives (e.g., EL9) have been 

developed recently, which show antiarrhythmic effects in CPVT models without effects on 

heart rate, QRS duration or inotropy, although[76] the exact mechanisms of action of EL9 

are still unknown [76]. In contrast to tetracaine, flecainide and ranolazine are open-state 

blockers that increase the number of microscopic Ca2+ sparks but reduce the number of 

proarrhythmic Ca2+ waves [42, 75]. However, the physiological relevance of flecainide-

mediated RyR2 inhibition remains a topic of active debate and may be part of a complex 

triple mode of action also involving reduced excitability and changes in intracellular Na+ 

and Ca2+ levels [77, 78, 79, 80]. The relative contribution of each mode of action is likely 

distinct for different experimental and clinical conditions. The β-blockers carvedilol and 

nebivolol also reduce single RyR2 channel open time (despite increasing open frequency), 

suppress spontaneous Ca2+ waves and reduce arrhythmogenesis in CPVT animal models 

[81, 82]. Interestingly, a non-β-blocking nebivolol enantiomer, (l)-nebivolol, as well as non-
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β-blocking carvedilol derivatives (e.g., VK-II-86), also suppress spontaneous SR Ca2+-

release events and CPVT. Taken together, these data support RyR2 modulation as a potential 

target for novel AADs [81, 82], although the exact molecular approach that is needed to 

stabilize RyR2 closure during diastole (including different forms of state-dependent pore 

block and correction of physiological regulation of channel stability) requires further 

delineation and validation. Alternatively, upstream therapy to reduce RyR2 dysfunction has 

also been proposed. For example, Ca2+/calmodulin-dependent kinase-II (CaMKII)-mediated 

hyperphosphorylation has been implicated in Ca2+-handling abnormalities in both AF and 

HF, contributing to acute arrhythmia initiation and long-term cardiac remodeling [83]. As 

such, CaMKII inhibition has been proposed as an alternative approach to prevent RyR2 

dysfunction [42, 43], although the potential side effects of CaMKII inhibition outside the 

heart make the selective targeting of CaMKII within the cardiac RyR2 complex a big 

challenge.

Despite encouraging preclinical data there is a paucity of clinical data on specific RyR2-

targeting compounds. Based on initial work with less selective compounds such as K201 / 

JTV519 [42, 75], the class of rycal compounds has been proposed as novel potential AADs 

targeting leaky RyR2 [84]. Some lead compounds from this class (e.g., ARM036, also 

known as aladorian) exhibit antiarrhythmic effects in an animal model of HF [84] and have 

been tested in phase IIa studies for future use in patients with HF and arrhythmias (e.g., 

ISRCTN14227980). Although aladorian itself has been discontinued for undisclosed 

reasons, it might provide a basis for the development of second generation rycal compounds. 

On the other hand, recent data also suggest that although RyR2 inhibition reduces 

spontaneous SR Ca2+-release events, it may promote proarrhythmic Ca2+-driven cardiac 

alternans [85]. Thus, the exact therapeutic value of RyR2 modulation is still unclear and a 

carefully balanced RyR2 modulation might be the best approach to achieve clinically 

relevant antiarrhythmic efficacy.

4.5 The small-conductance Ca2+-activated K+-current (ISK)

Functional cardiac SK channels were first demonstrated in 2003 [86]. Under physiological 

conditions, SK channels show predominant atrial expression and have been implicated in the 

regulation of atrial electrical activity in a variety of studies [27, 36]. SK channels couple to 

L-type Ca2+-channels and respond to RyR2-mediated SR Ca2+ release. Moreover, SK2-

channel trafficking is Ca2+-dependent, such that a rise in Ca2+ during tachyarrhythmias is 

predicted to increase the membrane localization of SK2 channels [27, 42]. Accordingly, 

short-term atrial burst-pacing in dogs, which leads to cellular Ca2+ overload, accelerates 

SK2 membrane trafficking to the plasma membrane and causes proarrhythmic AP 

shortening in pulmonary veins [87]. Similarly, upregulation of SK-channel activity in failing 

rabbit hearts contributes to post-shock AP shortening and recurrent spontaneous ventricular 

fibrillation initiated by NCX1-mediated late phase-3 EADs [28]. On the other hand, the 

expression of SK channels is upregulated in end-stage HF, which may protect against 

excessive repolarization prolongation and stabilize the resting membrane potential. Genetic 

variants in SK channels have been associated with AF in genome-wide association studies, 

but the remodeling of SK channels in AF patients remains controversial, with both increased 

and decreased SK currents reported in patients with AF [36, 88, 89].
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Inhibition of SK channels would be expected to prolong ERP, reducing the likelihood of 

reentry. However, inhibition of SK channels re-expressed in ventricular cardiomyocytes of 

the failing heart may further reduce repolarization reserve and could promote ventricular 

arrhythmias. In agreement, blockade of SK channels has been shown to be either 

antiarrhythmic or proarrhythmic in various animal models [27]. Apamin, the active 

neurotoxin in bee venom, is a highly-selective SK-channel blocker that is often used to 

identify the SK current experimentally. Because apamin cannot be applied to humans, other 

compounds with different mechanisms of SK-channel inhibition, including modulation of 

the Ca2+ sensor (e.g., NS8593) and direct channel pore block (e.g., UCL1684 and ICAGEN) 

[36] have been developed. Currently used AADs do not appear to target SK channels, with 

only dofetilide and propafenone showing some inhibition at suprapharmacological 

concentrations [90]. Interestingly, an SK-channel activator (NS309) has recently been 

described to attenuate Ca2+-dependent arrhythmia in hypertrophic rat hearts by regulating 

SK channels on the mitochondrial membrane, thereby reducing mitochondrial production of 

reactive oxygen species that promote RyR2 dysfunction [91]. By contrast, the SK-channel 

blocker UCL1684 promoted oxidative stress. Taken together, modulation of SK channels 

appears a promising antiarrhythmic strategy, but data about the antiarrhythmic effects in 

patients are lacking. Again, proper selection of the right cohort of patients will be critical 

given the potential proarrhythmic effects of SK-channel modulation. Importantly, SK-

channel inhibition appears to be the only antiarrhythmic drug strategy that has not yet been 

disproven in the clinical setting and first-in-man studies employing selective SK-channel 

inhibitors in AF patients are expected in the near future.

4.6 Transient receptor potential (TRP) channels

The family of transient receptor potential channels includes dozens of channels divided over 

7 subfamilies, including canonical (TRPC), vallinoid (TRPV), and melastatin-related 

(TRPM) variants. TRP channels respond to a wide range of signals including pressure, 

temperature, pain, etc. [92]. A number of TRP channels are expressed in the heart and have 

been implicated in the regulation of cellular Ca2+-influx, thereby modulating cardiac 

function and remodeling [92]. For example, TRPC3 and TRPM7 have been shown to 

regulate Ca2+-influx in atrial fibroblasts, promoting their transition to myofibroblasts and 

increasing reentry-promoting collagen synthesis [93]. In agreement, inhibition of TRPC3 

with pyrazole-3 suppressed AF in an animal model [93]. Interestingly, several SK-channel 

blockers also act as blockers of TRPM7 [94]. Several TRP channels including TRPC1 [95] 

and TRPM4 [29] are also expressed in cardiomyocytes, thereby directly modulating cardiac 

electrophysiology and potentially contributing to arrhythmogenesis. Indeed, mutations in 

TRPM4 have been associated with cardiac conduction disease, Brugada syndrome and long-

QT syndrome [96, 97]. Thus, modulation of TRP channels may have antiarrhythmic effects. 

Their involvement in a wide range of pathological conditions has produced significant 

interest in drugs targeting TRP channels [98]. However, given their diverse functions, 

selective targeting of cardiac TRP channels will likely be required to develop safe and 

effective AADs. Although significant progress is being made in the development of 

compounds targeting TRP channels, few selective compounds are available at present and 

their antiarrhythmic effects in patients are unknown [94, 98].
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5. Conclusion

AADs still remain the cornerstone treatment for patients with heart rhythm disorders. All 

currently available AADs have multiple electrophysiological targets and diverse pro- and 

antiarrhythmic effects. Thus, there is a clear unmet clinical need for safer and more effective 

antiarrhythmic drugs. Recent research has identified a number of targets with promising 

properties (selective chamber occurrence, upregulation under disease conditions), including 

atrial-selective K+-currents (IKur, TASK-1), INaL, RyR2 and SK-channels. Several 

compounds modulating these targets have been developed and have shown promising 

antiarrhythmic effects in preclinical studies. However, so far none of these compounds have 

been successful in clinical trials, indicating that there is still an important translational gap in 

the development of modern AADs. A better preclinical target validation in humanized 

animal models in combination with verification of importance in human tissue specimen 

might help to improve the translational potential of novel antiarrhythmia targets. Future 

studies will also need to improve our understanding of the fundamental arrhythmia 

mechanisms in individual patients to identify the optimal target group for the next generation 

of antiarrhythmic agents. Finally, the goal will be to develop selective compounds for these 

targets devoid of toxic side effects, which would preclude clinical application independent of 

the antiarrhythmic efficacy, to improve the treatment options for patients with arrhythmias.

6. Expert Opinion

Recent advances in our understanding of cardiac electrophysiology have enabled new 

mechanism-based AAD therapies. Promising drugs in early clinical development attempt to 

exploit chamber-selectivity and, to a lesser extent, other electrophysiological properties to 

produce more effective and safer therapeutic strategies. Despite encouraging results in 

preclinical studies, the efficacy of these drugs in patients have so far been rather 

disappointing. Thus, there is indeed still a large translational gap between preclinical and 

clinical development of new AADs [15]. However, this might be expected given the 

complexity of AAD development, which requires a careful balance between antiarrhythmic 

effects and proarrhythmic potential that is applicable under a wide range of conditions that 

dynamically remodel cardiac electrophysiology. Indeed, even AF itself is known to produce 

extensive ion-channel remodeling that modulates the effect of AADs. Furthermore, the 

development of AADs is hindered by interspecies differences in electrophysiology, making 

it difficult to predict drug effects in humans prior to testing in patients. Indeed, modulation 

of the recently identified IK2P is theoretically interesting, but data in large animal models are 

scarce and in vivo data in patients are lacking. Similarly, SK channels are receiving 

significant attention as promising AAD targets in the setting of AF, but their antiarrhythmic 

potential in patients has not yet been demonstrated.

Besides addressing intrinsic limitations of the new AADs per se, the importance of selecting 

the proper patient population, particularly in the first clinical trials is essential for further 

AAD development. A more targeted use of AADs for specific subpopulations of patients 

(precision medicine) in the first clinical trials might be the best way to unmask potential 

antiarrhythmic effects, thereby enabling detection of improved outcomes that may be 

obscured in the bigger pool of less well-phenotyped patient populations. In addition, using 
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specific combinations of selective AADs may have synergistic effects and enable a 

mechanism-based tailored antiarrhythmic therapy. Indeed, virtually all AADs used in 

clinical practice affect multiple ion channels. For example, amiodarone is the most effective 

AAD available to date and inhibits a wide range of ion channels, including Na+-channels, 

multiple K+-channels and L-type Ca2+-channels, as well as α- and β-adrenoceptors, thereby 

exhibiting effects of AAD classes I-IV (Table 1). However, amiodarone’s application is 

limited by its severe extra-cardiac toxicity and several derivatives (including dronedarone 

and budiodarone) have been developed [99]. These derivatives are also multi-channel 

blockers, albeit with distinct affinities for individual ion channels, and their moderate 

antiarrhythmic effects in some patient populations are associated with lower toxicity than 

amiodarone [100, 101]. The selective dopamine reuptake inhibitor vanoxerine, originally 

developed for the treatment of Parkinsons disease, has shown antiarrhythmic effects by 

blocking IKr, INa and ICa,L, but its development as an AAD was recently halted due to safety 

concerns in the RESTORE SR trial (NCT02454283) [102]. Similarly, ranolazine inhibits 

both INaL, IKr and RyR2, all of which may contribute to its antiarrhythmic effects. Recently, 

experimental data in human cardiomyocytes and the small-scale HARMONY trial have 

shown that a combination of ranolazine with low-dose dronedarone has more pronounced 

antiarrhythmic effects than each AAD alone [103, 104]. Thus, targeting a combination of ion 

channels likely has synergistic antiarrhythmic effects. However, it may be desirable to 

achieve multi-channel block through a specific combination of selective compounds instead 

of the ‘shotgun approach’ offered by amiodarone or dronedarone with or without additional 

AADs, whereby the exact antiarrhythmic mechanism remains unknown. For example, recent 

work has shown that additional inhibition of specific K+-currents (ISK, IKr or IKur) also 

potentiated the AF-selective antiarrhythmic effects of Na+-channel inhibition with specific 

state-dependent blockers [105, 106, 107], providing a proof-of-concept for mechanism-

based AAD combinations. These drug combinations may include compounds directed at the 

targets discussed in this review. The mechanism-based AAD combination approach 

represents a paradigm-shift from an AAD-centered ‘one-size-fits-most approach’ to a 

patient-oriented ‘precision medicine’ (Figure 2). This approach will naturally raise new 

challenges, for example regarding pharmacokinetic drug-drug interactions affecting efficacy 

or safety that will have to be evaluated in both animal models and clinical studies, and will 

make clinical evaluation in appropriately powered trials more challenging. Nonetheless, 

advances in clinical trial design and improved understanding of antiarrhythmic therapies are, 

at least in theory, expected to enable mechanism-based tailored antiarrhythmic therapy 

resulting in improved therapeutic options for the millions of patients suffering from cardiac 

arrhythmias.
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Article Highlights

• Antiarrhythmic drugs, commonly grouped in Vaughn Williams Class I-IV 

according to their primary electrophysiological target, remain the most 

common treatment for patients with heart rhythm disorders.

• All antiarrhythmic drugs have multiple electrophysiological targets and 

diverse pro- and antiarrhythmic effects and there is a clear unmet clinical need 

for safer and more effective antiarrhythmic drugs.

• Recent research has identified a number of targets with promising properties 

(e.g., selective chamber occurrence, upregulation under disease conditions), 

including atrial-specific K+-currents (IKur, TASK-1), INaL, RyR2 and SK 

channels.

• Several compounds modulating these targets have been developed and have 

shown promising antiarrhythmic effects in preclinical studies. However, so far 

none of these compounds have been successful in clinical trials, although 

inhibition of TASK-1 and SK channels has not been tested yet.

• Future studies will need to improve our understanding of the fundamental 

arrhythmia mechanisms in individual patients to identify the optimal target 

group for the next generation of antiarrhythmic agents.
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Figure 1. Fundamental arrhythmogenic mechanisms and antiarrhythmic therapies.
Ectopic activity, often resulting from delayed or early afterdepolarizations (DADs or EADs, 

respectively), and reentry, promoted by short and heterogeneous effective refractory periods, 

Ca2+-driven repolarization alternans and slow heterogeneous conduction, are the 

predominant arrhythmogenic mechanisms involved in the initiation and maintenance of 

cardiac arrhythmias. Both mechanisms are influenced by interactions between the genetic 

predisposition, environmental factors, and (non-) cardiovascular diseases. Almost all AADs 

exhibit both pro- and antiarrhythmic effects. For example, Class I AADs (blocking cardiac 

Na+ channels) decrease excitability, reducing the likelihood of ectopic activity and prolong 

effective refractory period, reducing reentry, but can promote reentry by slowing conduction 

velocity. Similarly, Class III AADs prolong effective refractory period, reducing reentry, but 

can promote EAD-mediated ectopic activity.
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Figure 2. Paradigm shift in antiarrhythmic drug (AAD) therapy.
Most of the currently available AADs were coincidental findings, affect numerous 

electrophysiological targets and are applied to a heterogeneous group of patients in a ‘one-

size-fits-most approach’ (left panel), resulting in limited efficacy and substantial adverse 

effects including proarrhythmia and extracardiac toxicity. Future ‘precision medicine’ 

approaches will likely provide a tailored, mechanism-based therapy by a deliberate 

combination of a number of selective AADs based on individual arrhythmia mechanisms 

(right panel).
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Table 1.
Overview of commonly used antiarrhythmic drugs (AADs) and their electrophysiological 
targets.

Only targets with a half-maximal inhibitory concentration (IC50) of a similar order of magnitude as that of the 

primary target are listed [12].

Class AAD Primary target Other targets Comments

IA Quinidine INa (intermediate kinetics) IKr, Ito

IB Lidocaine INa (fast kinetics)

IB Mexiletine INa (fast kinetics)

IB Ranolazine INa IKr, RyR2, ICa,L Preferentially inhibiting INaL

IC Flecainide INa (slow kinetics) IKr, RyR2

IC Propafenone INa (slow kinetics) IKr, RyR2, βAR

II Metoprolol β1AR

II Nebivolol β1AR RyR2, NOS

II Carvedilol βAR RyR2, αAR

III Amiodarone IKr IK,ACh, IK2P, ICa,L, INa, βAR, αAR, M2R Exhibits effects of all four classes

III Dronedarone IKr IK,ACh, IK2P, ICa,L, INa, βAR, αAR Exhibits effects of all four classes

III Dofetilide IKr

III Sotalol IKr βAR

III Vernakalant IKr INa, IKur, IK2P

IV Verapamil ICa,L IKr

V Ivabradine If

V Digitalis INaK
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