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In the last 25 years, EP Europace has published more than 300 basic and translational science articles covering different arrhythmia types (ranging from 
atrial fibrillation to ventricular tachyarrhythmias), different diseases predisposing to arrhythmia formation (such as genetic arrhythmia disorders and 
heart failure), and different interventional and pharmacological anti-arrhythmic treatment strategies (ranging from pacing and defibrillation to dif
ferent ablation approaches and novel drug-therapies). These studies have been conducted in cellular models, small and large animal models, and 
in the last couple of years increasingly in silico using computational approaches. In sum, these articles have contributed substantially to our patho
physiological understanding of arrhythmia mechanisms and treatment options; many of which have made their way into clinical applications. This 
review discusses a representative selection of EP Europace manuscripts covering the topics of pacing and ablation, atrial fibrillation, heart failure 
and pro-arrhythmic ventricular remodelling, ion channel (dys)function and pharmacology, inherited arrhythmia syndromes, and arrhythmogenic car
diomyopathies, highlighting some of the advances of the past 25 years. Given the increasingly recognized complexity and multidisciplinary nature of 
arrhythmogenesis and continued technological developments, basic and translational electrophysiological research is key advancing the field. EP 
Europace aims to further increase its contribution to the discovery of arrhythmia mechanisms and the implementation of mechanism-based precision 
therapy approaches in arrhythmia management.
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Introduction
In the last 25 years, EP Europace has published more than 300 basic and 
translational science articles covering different arrhythmia types [ran
ging from atrial fibrillation (AF) to ventricular tachyarrhythmias (VT)], 
different diseases predisposing to arrhythmia formation [such as genet
ic arrhythmia disorders and heart failure (HF)], and different interven
tional and pharmacological anti-arrhythmic treatment strategies 
(ranging from pacing and defibrillation to different ablation approaches 
and novel drug therapies) (Figures 1 and 2). These studies have been 
conducted in cellular models, small and large animal models, and in 
the last couple of years increasingly in silico using computational ap
proaches (Figure 3). In sum, these articles have contributed substantially 
to our pathophysiological understanding of arrhythmia mechanisms and 

treatment options; many of which have made their way into clinical ap
plications. This review discusses a selection of representative manu
scripts on pacing and ablation; AF; HF and pro-arrhythmic ventricular 
remodelling; ion-channel (dys)function and pharmacology; as well as in
herited arrhythmia syndromes and arrhythmogenic cardiomyopathies 
to highlight some of the advances of the past 25 years.

Pacing and ablation
The basic and translational articles on pacing and ablation published in 
the last 25 years in EP Europace range from ‘classical’ translational ex
perimental studies investigating novel pacing or ablation strategies con
ducted in larger experimental animal models,2,3 via mechanistic studies 
exploring the impact of pacing, scar formation after ablation, to novel 

Europace (2023) 25, 1–11 
https://doi.org/10.1093/europace/euad210

TRANSLATIONAL RESEARCH

D
ow

nloaded from
 https://academ

ic.oup.com
/europace/article/25/8/euad210/7247406 by U

niversitaetsbibliothek Bern user on 30 August 2023

https://orcid.org/0000-0003-0095-0084
https://orcid.org/0000-0002-1418-108X
https://orcid.org/0000-0003-0009-2884
https://orcid.org/0000-0001-9355-4958
https://orcid.org/0000-0001-6999-841X
mailto:c.a.remme@amsterdamumc.nl
https://creativecommons.org/licenses/by-nc/4.0/


innovative investigations of bio-artificial pacemakers or optical pacing. 
In recent years, these experimental studies have been complemented 
by several computational whole-heart electro-mechanical studies pro
viding insight into the electrophysiology of pacing and ablation.

The classical translational experimental studies—and particularly 
their consequences for current state-of-the-art clinical approaches— 
will be discussed in dedicated reviews on ‘Cardiac pacing’, ‘Clinical EP 
and AF ablation’, and ‘Clinical EP and VT ablation’ published in this issue. 
Here, we will focus primarily on the mechanistic insights obtained.

Ablation—insights into scar formation
Several manuscripts investigated the biophysical consequences and scar 
formation after ablation and factors facilitating recurrency. Among them, 
a sophisticated ablation study conducted in mice characterized spatio
temporal diverse electrophysiological changes within the lesion and be
yond the border zone.4 Moreover, they showed that late recovery of 
electrical conduction in individual lesions can lead to arrhythmia recur
rence—consistent with the clinical observation of the association 
between loss of bi-directional conduction block and arrhythmia recur
rence. Other studies investigated the differences in scar/lesion formation 
in healthy and diseased myocardium (low- to intermediate-voltage 
areas),5,6 identifying differences in the depth, width, and homogeneity 
of the lesions, which has clinical implications for performing ablations 
in diseased myocardium.

Pacing—impact on synchronicity and 
heterogeneity in repolarization
Basic/translational articles have focused on the impact of pacing the heart 
at different anatomical sites and/or different parts of the myocardial wall 
(e.g. endo- vs. epicardium) and the potential pathophysiological conse
quences of the associated dyssynchrony.7 Xu et al. demonstrated in arte
rially perfused canine left-ventricular (LV) wedge preparations that 
epicardial pacing promoted transmural repolarization dispersion and re- 
entry formation, while this was reduced by midmyocardial LV pacing.8

By contrast, endocardial vs. epicardial LV pacing had no differential effects 
on cardiac re-synchronization in an experimental model of non-ischaemic 

cardiomyopathy, while baso-apical differences were observed, with im
proved re-synchronization upon basal stimulation—regardless of endo- 
or epicardial origin.9 Similarly, Tsvetkova et al. demonstrated increased dis
persion of repolarization with apical pacing compared to basal pacing, and 
could additionally demonstrate that the acute haemodynamic response of 
the ventricle was better when pacing originated in the region with the long
est rather than the shortest repolarization duration, indicating that baseline 
repolarization characteristics may be important for lead position selec
tion.10 Studies investigating the differences between LV epicardial and right 
ventricular (RV) endocardial pacing in explanted Langendorff-perfused hu
man myopathic hearts revealed that despite a lack of a decrease in global 
epicardial activation delays by LV epicardial pacing (as compared to RV 
endocardial pacing), LV endocardial activation was obtained earlier,11 indi
cating importance of LV endocardial activation for re-synchronization. All 
these investigations have potential translational impact for further opti
mization of re-synchronization therapies. How the efficacy of such therap
ies can be evaluated best has also been studied in-depth, with the LV 
end-systolic volume,12 the so-called heart-arterial coupling13 and the 
pulse arrival time (the time the pulse waves need to travel from the 
LV to the lower limb14) as potential markers of an acute response to car
diac re-synchronization therapy in experimental studies. These results 
require further clinical validation. To complement these insights into 
dys-synchronicity and re-synchronization approaches, combined experi
mental and in silico modelling approaches have facilitated the evaluation 
and optimization of lead placement for re-synchronization therapy.15–17

Moreover, computational model-computed 3D LV activation times 
were shown to correlate strongly with the reduction in LV end-systolic 
volume and simulated CRT correlated strongly with end-systolic volume 
reduction in patients.18 Furthermore, modelling has shown that septal in
farctions or RV dysfunction negatively affect the magnitude of the ‘pre- 
ejection leftward septal motion’ in the left bundle branch block, which 
has been proposed as another marker to assess the efficacy of re- 
synchronization therapy.19

Novel pacemaking approaches
Not only pacing with ‘standard’ pacemaker devices but also investiga
tions with modified and bio-artificial pacemakers have been published 
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Figure 1 Overview of the basic and translational cardiac electrophysiology topics that have been covered in EP Europace. In all topics, pathophysio
logical mechanism and novel therapy approaches are investigated. Generated with biorender.
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in EP Europace. Among these, Haeberlin et al. investigated the feasibility 
of sunlight-powered cardiac pacing and demonstrated successfully that 
a battery-less pacemaker could be powered by a solar module and 
could pace a pig in vivo.20 In a completely different approach, Chan 
et al. investigated the impact of different ion currents for bio-artificial 
pacemaker design in a monolayer of neonatal rat ventricular cardio
myocytes. The authors concluded that the combination of IK1 and If de
termined the threshold for pacemaker activity, while If additionally 
functioned as a membrane potential oscillator to determine the basal 
firing frequency.21

Mapping and mechanistic insights into 
activation patterns and conduction
Several studies have used high-density mapping of the atria to increase 
the understanding of atrial conduction heterogeneities22 and anti- 
arrhythmic mechanisms of drugs based on a reduction of these com
plex atrial propagation patterns.23 Moreover, some approaches have 
been developed to generate patient-specific in silico models—using 
atlas-based methods to characterize patient-specific ventricular activa
tion patterns,24 or to improve VT substrate identification25 or anti- 
tachycardia pacing efficacy.26 Additionally, it has been demonstrated 
that automatic reconstruction of the left atrial activation from sparse 
intracardiac contact recordings can be achieved by an inverse estimate 
of fibre structure and anisotropic conduction in a patient-specific com
putational model.27 In silico pace mapping has also been employed to 
predict left vs. right outflow tract origin in idiopathic ventricular ar
rhythmias in patient-specific electrophysiological simulations.28

Atrial fibrillation
AF remains the most common clinically relevant cardiac arrhythmia, 
negatively affecting the morbidity and mortality of millions of individuals 
worldwide.29 Accordingly, AF has received significant attention in EP 
Europace over the last 25 years, with more than 80 basic/translational 
papers published on this topic. These papers span the full spectrum 
of mechanisms of atrial remodelling and arrhythmogenesis, therapeutic 
strategies, and biomarkers, employing a wide range of model systems to 
investigate disease-mechanisms, including isolated cardiomyocytes, hu
man atrial samples, animal models, and computer models.

Insights into atrial fibrillation mechanisms
Conceptually, the mechanisms of AF involve a vulnerable substrate, of
ten characterized by structural remodelling, and electrophysiological 

changes that promote ectopic activity, which in turn can initiate re- 
entry as the primary AF-maintaining mechanism.30 Both cellular elec
trophysiological and calcium-handling remodelling associated with AF 
or AF-promoting conditions, as well as structural remodelling and its 
consequences for conduction and re-entry have been extensively inves
tigated in EP Europace. For example, advancing age is one of the most 
consistent risk factors for AF development: Biliczki et al. revealed that 
electrical remodelling occurs in a qualitatively similar manner in the 
left- and right atrium of patients and that age-related miR-328 dysregu
lation and reduced ICa,L may contribute to increased AF susceptibility 
with age.31 Animal models have been extensively used to characterize 
genetic determinants and potential adverse consequences of the 
disease- or AF-induced atrial remodelling.32 O’Reilly et al. investigated 
the p.M1875T variant in SCN5A, revealing a gain-of-function of INa 

that increases excitability, promotes familial AF, and reduces the anti- 
arrhythmic effects of flecainide.33 Likewise, Koo et al. identified that at
rial tachycardia-induced upregulation of constitutively active 
acetylcholine-activated inward-rectifier K+ current contributes to pro
thrombotic atrial hypo-contractility in dogs.34 In addition, large animal 
models have been used to study the signalling pathways involved in at
rial remodelling, including the role of oxidative stress and inflamma
tion.35,36 Finally, histological and mapping studies in human atria have 
provided insight into the structural remodelling and conduction abnor
malities associated with AF.22,37 However, establishing a causal link be
tween structural remodelling and conduction abnormalities in patients 
is highly challenging. As such, computer models have been used exten
sively to characterize in detail the electrophysiological consequences of 
structural remodelling.38,39 Together, these studies have established a 
wide array of potential AF-promoting mechanisms.

Rhythm-control therapy approaches for 
atrial fibrillation
AF therapy comprises anticoagulation, rate- or rhythm control therapy, 
and risk-factor management.29 The basic/translational science papers 
on AF therapy published in EP Europace, however, have primarily fo
cused on advances in rhythm-control therapy. There has been a long 
history of translational studies evaluating the antiarrhythmic effects of 
existing or novel antiarrhythmic drugs (AADs) in large animal models. 
In one of the first of these studies, Chandra et al. compared the effects 
of the Class IC AAD propafenone, Class III AAD dofetilide, and 
KCB-328, a novel inhibitor of the rapid delayed-rectifier K+ current 
in dogs with complete atrio-ventricular block, demonstrating pro
nounced differences in efficacy and safety.40 Propafenone was most ef
fective in terminating AF, and both propafenone and KCB-328 were 
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less pro-arrhythmic than dofetilide.40 Other studies have employed 
Langendorff-perfused hearts to study the electrophysiological effects 
of AADs to provide more control over the pro-arrhythmic trigger. 
For example, Milberg et al. showed that acute atrial dilatation signifi
cantly increased the incidence of AF in isolated rabbit hearts.41

Ranolazine and flecainide, but not sotalol, suppressed stretch-induced 
AF. Since then, various novel AADs have been evaluated but none 
have made it to clinical approval for rhythm control of AF.42 At present, 
one of the few targets still actively pursued in clinical studies is the small- 
conductance Ca2+-activated K+ (SK) channel. Gatta et al. have shown 
that the SK-channel inhibitor AP14145 can effectively terminate per
sistent AF in goats.43 Termination of AF was preceded by an abrupt or
ganization of the arrhythmia, with a decline in the number of fibrillation 
waves. In contrast to the declining interest in AADs, catheter ablation of 
AF has developed rapidly in the past 25 year.42 The number of experi
mental preclinical studies on this topic has been relatively limited, with 
available basic/translational studies primarily evaluating the histopatho
logical effects of different ablation modalities (see above).2,3 In addition, 
translational studies in large animal models have investigated the effects 
of other invasive AF therapies such as renal sympathetic denervation.44

There has furthermore been significant interest in the development 
of computational models to improve ablation therapy,45 evaluating, 

e.g. the emergence of new arrhythmia sources following virtual ablation 
of re-entrant drivers,46 or the synergistic antiarrhythmic effects of ab
lation and AAD therapy targeting the inward-rectifier K+ current.47

These studies have highlighted the potential value of patient-tailored 
therapeutic approaches, but several challenges, e.g. related to the acqui
sition and implementation of atrial imaging data remain. For example, 
the specific representation chosen to model fibrosis has a large effect 
on rotor dynamics,48 and microstructural variations in cardiac tissue 
(not detectable with current clinical imaging modalities) may facilitate 
the formation of isolated sites of wavefront breakthrough, potentially 
enabling abnormal electrical activity in small tissue regions to develop 
into more widespread re-entrant activity.49

Biomarkers for risk stratification and 
predictors of therapeutic response
Despite these advances, the success rate of currently available AF ther
apies remains variable. Moreover, a significant fraction of AF patients is 
asymptomatic, hindering early diagnosis and subsequent initiation of an
ticoagulation and rhythm-control therapies to reduce the likelihood of 
adverse AF-associated events. Biomarkers can be used for risk stratifi
cation and as predictors of therapeutic response, potentially facilitating 
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earlier detection and adjustments in AF therapy to maximize therapeut
ic success. Both blood-derived molecular markers and ECG features 
have been used as biomarkers. For example, Berger et al. have shown 
that post-ablation changes in circulating galectin-3 levels, but not base
line values, predict AF recurrence after thoracoscopic ablation.50

Similarly, Zeemering et al. have shown that biomarkers of AF complex
ity obtained from 12-lead ECGs are better predictors of successful 
pharmacological cardioversion and progression to persistent AF com
pared with common clinical and echocardiographic predictors.51

More recently, these blood-based and ECG-derived biomarkers have 
been combined with modern machine-learning approaches to improve 
risk prediction.52,53 While these biomarkers have shown some promise 
in predicting incident AF or AF recurrence, most are not used in routine 
clinical practice.

Taken together, it is apparent that the papers in EP Europace have 
contributed significantly to our understanding of AF pathophysiology 
and treatment. Nevertheless, translating these insights into improved 
clinical management of patients with AF has proven difficult and 
many knowledge gaps remain.54,55 Future basic/translational studies 
are expected to address some of these gaps, helping to establish the 
most effective and safe mechanism-based therapy in an individual AF pa
tient based on clinical parameters, as well as blood-based and ECG- or 
imaging-derived biomarkers.

Heart failure, remodelling, and 
arrhythmogenesis
In the last 25 years, basic/translational research published in EP Europace 
has contributed to a better understanding of electrical alterations that 
induce arrhythmias in cardiac hypertrophy and HF, as well as new ap
proaches to prevent those arrhythmias. Since about half of the patients 
with cardiac hypertrophy or HF die suddenly due to fatal ventricular ar
rhythmias, a better understanding of the intimate mechanisms is 
needed to prevent sudden death. Cardiac remodelling in hypertrophy 
and HF affects the individual cardiac myocytes, but also the communi
cation, regional characteristics, extracellular matrix, neurohormonal 
regulation, etc.56 Studies published in EP Europace have elucidated vari
ous aspects of the relationship between contractile dysfunction and ar
rhythmogenesis, addressing basic mechanisms as well as risk predictors.

Myocardial remodelling and repolarization
At the cardiomyocyte level, myocardial remodelling is associated with 
alterations in the expression, location, and function of ion channels, 
which collectively induce a prolongation of the action potential 
(AP) duration (APD). APD prolongation per se may induce focal ar
rhythmogenic events (early afterdepolarizations [EADs]); however, 
several observations point to the role of remodelling in disrupting 
the physiological repolarization pattern. Arrhythmogenesis has been in
tensively studied in the atrioventricular-(AV-)block dog model, charac
terized by bradycardia-induced APD prolongation and, in the long run, 
by myocardial remodelling. In this setting, arrhythmia facilitation (during 
anaesthesia) only occurred at a time compatible with myocardial re
modelling.57 Nonetheless, cellular studies suggest that even in non- 
remodelled myocytes, adrenergic activation during bradycardia may 
induce a profound imbalance between inward and outward currents 
promoting EADs.58 The observations in the AV-block model do not ar
gue against this further possibility, because they were conducted under 
conditions (anaesthesia) minimizing autonomic activity. In the chronic 
AV-block model, arrhythmias were consistently initiated at the site of 
maximal local gradients in repolarization time (RT), as opposed to 
APD gradients. Initiation was consistently found at the site with shorter 
RT,59 which may suggest phase 2 re-entry. Unlike APD, RT includes the 
time for impulse conduction to the recording site, which adds 

perturbed propagation as a factor. Notably, TdP continuation was as
sociated with conduction slowing.59 In accordance, Munkler et al. found 
that the best predictor of arrhythmia degeneration to ventricular fibril
lation (VF), even superior to the steepness of APD restitution, was the 
ratio between RT and cycle length (CL).60 While stressing again the role 
of local repolarization timing, this result points to excitation prematur
ity as a crucial factor in the transition between organized and chaotic 
electrical activity.

Structural remodelling is common in HF, both in the setting of reduced 
and preserved ejection fraction, and is expected to contribute to arrhyth
mogenic risk. Computer modelling may integrate structural and electro
physiological abnormalities, e.g. by tuning a reaction–diffusion model of 
the human heart to reproduce measured ECGs and electrogram 
data.61 Deng et al. demonstrate that virtual heart simulations persona
lized based on MRI data may provide a novel risk stratification modality 
to non-invasively and effectively identify patients with LV ejection fraction 
(LVEF)  > 35% who could benefit from an implantable cardioverter- 
defibrillator (ICD).62

Sarcoplasmic Ca2+ release and 
arrhythmogenesis
Sarcoplasmic reticulum (SR) Ca2+ release through ryanodine receptors 
(RyR) plays an important role in arrhythmogenesis in the remodelled 
and failing heart. Once released from the SR, Ca2+ can induce a depolar
izing current when extruded from the cell through the Na+/Ca2+ ex
changer, which may provoke delayed after depolarizations (DADs) 
and influence AP repolarization. Highly relevant to HF-related SR in
stability is the ‘vicious loop’ linking enhanced RyR open probability to 
activation of Ca2+/calmodulin-dependent protein kinase II (CaMKII): en
hanced RyR opening during rest increases cytosolic Ca2+, which acti
vates CaMKII; this, in turn, phosphorylates RyRs, increasing open 
probability.63 The role of such a vicious loop in arrhythmogenesis 
was assessed by Sosalla et al. in human atrial cardiomyocytes from pa
tients with AF.64 Albeit performed in atrial cardiomyocytes, this study 
nicely illustrates a principle likely also applicable to ventricular cardio
myocytes and identifies therapeutic targets. Blocking RyRs, and/or inhi
biting CaMKII, decreased the occurrence of Ca2+ sparks (visible events 
of RyR2 openings) in these cardiomyocytes. To get better insight into 
the role of CaMKII, atrial cells from CaMKII overexpressing mice 
were compared to wildtype. RyR blockade decreased Ca2+ sparks, 
Ca2+ waves, and after depolarizations (both EADs and DADs) in trans
genic cardiomyocytes, but not in wildtype cells.64 CaMKII inhibition had 
similar effects in the two genotypes, but it did not add to the effect of 
RyR blockade; moreover, RyR blockade suppressed AF inducibility in 
vivo.64

The cardiomyocyte ultrastructure is also remodelled in HF, contrib
uting to pro-arrhythmic alterations. Specifically, a rarefication of trans
verse (T) tubules is often found in HF. T-tubules are membrane 
invaginations penetrating into the cell, which synchronize Ca2+ release 
across the cell with the AP. The decrease in the T-tubule network is 
associated with delayed Ca2+ release, which affects the AP shape. A de
ficiency of dysferlin, a protein involved in T-tubule stabilization, has 
been reported to sensitize to adrenergically induced arrhythmias.65

Indeed, dysferlin gene deletion was found to cause loss of transverse 
T-tubules, with ‘transverse-axial tubule system axialization’, associated 
with ICaL downregulation and arrhythmogenic SR instability.65

Neurohumoral activation and 
arrhythmogenesis
The role of neurohumoral activation in arrhythmogenesis is a classical 
concept, supported by innumerable studies. Nonetheless, novel infor
mation continues to emerge, suggesting potential therapeutic targets 
and strategies. Coutinho et al. showed that pharmacologic activation 
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of the type 2 angiotensin converting enzyme (ACE2) reverts electro
physiological remodelling in diabetic cardiomyopathy.66 This extends 
previous evidence of the cardioprotective effect of ACE2 activation 
to electrophysiological aspects of remodelling in diabetes and suggests 
ACE2 as a pleiotropic target, also affecting arrhythmias, in this condi
tion. Also relevant to arrhythmogenesis in metabolic disorders is the ob
servation by Chen et al. that renal denervation may prevent sympathetic 
hyperactivity and VF inducibility in rabbits fed a high-fat diet (HFD) with 
or without HF, thus showing the protective role of this procedure.67

Concerning the role of inflammation-activated signals, Zuo et al. showed 
that TNFα destabilizes the SR in adult atrial myocytes, mainly through in
creased reactive oxygen species (ROS) and CaMKII activation.68 This 
work provided the first demonstration of TNFα effects in native atrial 
myocytes at clinically relevant cytokine concentrations.

Regarding the more classical pro-arrhythmic effect of beta-adrenergic 
activation, a computational study proposed that the kinetics of auto
nomic changes are important in triggering the transition from VT to 
VF.69 In a two-dimensional rabbit myocardial model, including kinetic as
pects of adrenergic target modulation; this study showed that the tran
sition between VT and VF occurred only if β-adrenergic stimulation 
was sudden.70 This occurred because adrenoreceptor-induced ICaL en
hancement preceded IK increase, resulting in a transient dysbalance of re
polarizing currents promoting repolarization delay and instability. Sala 
et al. showed that APD response to adrenergic stimulation differs be
tween guinea-pig and canine myocytes because of differences in the early 
repolarization course, thus emphasizing the importance of AP contour 
per se in setting its response to autonomic modulation.71 Sex-related dif
ferences in the effect of adrenergic activation on SR Ca2+ release through 
RyRs channels (viewed as Ca2+ sparks) were studied by Fisher et al. in hu
man remodelled hearts,72 evaluating ventricular myocytes from hyper
trophied and failing hearts. While only a trend for sex differences was 
found in hypertrophy, in HF spontaneous Ca2+ release events were sig
nificantly more frequent in males.72

Sympathetic cardiac innervation is also altered in several other car
diac diseases, including ischaemic cardiomyopathy. Indeed, studies in 
EP Europace have demonstrated that ventricular electrical remodelling 
and function could be improved in ischaemic cardiomyopathy by target
ing remodelling of cardiac sympathetic re-innervation with thoracic 
spinal cord stimulation73 or targeted ablation of cardiac sympathetic 
neurons.74

Cardiac desynchronization and 
electro-mechanical derangements
A further point of interest is the crosstalk between electrical and mech
anical derangements in cardiac desynchronization, a common and at 
least partially correctible feature of cardiac disease. Van Weperen 
et al. evaluated the effect of dyssynchronous activation in the chronic 
AV-block model.75 Mechanical dyssynchrony, resulting from idioventri
cular rhythm, was paralleled by increased arrhythmia inducibility and 
could be partially reversed by cardiac re-synchronization therapy. 
Van Middendorp et al. assessed the relationship between drug-induced 
conduction slowing and mechanical dyssynchrony.76 When adminis
tered in repeated doses to patients with left bundle branch block 
(LBBB), flecainide slowed ventricular conduction more than vernaka
lant, while the two drugs equally impaired both systolic and diastolic 
function.76 Nonetheless, at least in the low dose range, a correlation be
tween conduction slowing and mechanical impairment was observed, 
suggesting a primary role of dyssynchrony in the haemodynamic effect 
of both drugs and pointing to desynchronization as an important com
ponent of the haemodynamic deterioration induced by AADs.

The long-term impact of frequent ventricular ectopy on cardiac func
tion widely varies among subjects. Therefore, whether otherwise be
nign extrasystoles should be treated is a frequent clinical conundrum. 
Gurukripa et al. investigated the value of post-extrasystolic potentiation 

(PESP) of LVEF, measured early, in predicting the impact of 12 weeks 
ventricular bigeminy on contractile function.77 They found that strong 
initial PESP predicted less decay of LVEF during the bigeminy period. 
However, once bigeminy-induced reduction in LVEF had been installed, 
higher PESP correlated with lower LVEF.77 Since LVEF PESP can be 
measured by a simple echocardiogram, the results of this work may as
sist in deciding whether frequent extrasystoles should be treated.

Ion channel (dys)regulation and 
pharmacology
Various ion channels contribute to cardiac depolarization and repolar
ization, with their concerted interplay underlying action potentials. 
Studies published in EP Europace have explored the role of ion channel 
(dys)regulation in arrhythmogenesis and their potential impact as anti- 
arrhythmic targets. These investigations have mostly addressed this in 
relation to AF, ventricular arrhythmias, and (inherited) sudden cardiac 
death.

Atrial ion channels and atrial fibrillation
In addition to structural alterations, AF is associated with remodelling of 
ion channels.30 In particular, reduced L-type calcium (ICa,L) and in
creased inward-rectifier K+ currents (IK1) contribute to APD shorten
ing, and more pronounced ICa,L reduction has been shown in human 
atria of older patients.31 Consequently, many studies have explored 
the therapeutic potential of targeting ion channels to prevent AF. 
Earlier publications employed compounds acting on multiple ion chan
nels, demonstrating beneficial effects on atrial-effective refractory per
iods (atrial ERP), AF inducibility, and/or AF termination.78,79 More 
specific approaches to prolong APD and prevent re-entrant arrhyth
mias include the use of IKr blockers. However, since these often display 
reverse use dependence, their atrial refractoriness prolonging effect is 
reduced at high rates and hence their efficacy is likely limited in the set
ting of AF. Attempting to circumvent this, Chandra and colleagues 
showed that KCB-328, an IKr blocker that prolongs APD without exhi
biting significant reverse use dependence, terminated 
tachypacing-induced AF in 50% of dogs by prolonging the atrial ERP 
and increasing atrial activation time, while at the same time prolonging 
QT-intervals to a lesser extent than dofetilide.40 While K+ channel 
blockers can terminate re-entry by increasing APD and wavelength, a 
modelling study published in EP Europace showed that it can also pro
mote wave breaks in the pulmonary vein (PV) region by increasing elec
trical heterogeneity and consequently act pro-arrhythmic.80

Interestingly, such pro-arrhythmogenic effects were not observed for 
amiodarone, which not only prevented re-entry but also decreased 
the likelihood of wave break generation.80 Moreover, Loewe et al. 
showed that there are also significant differences in the frequency 
and concentration-dependent effects of amiodarone and dronedarone 
and between different atrial substrates, providing possible explanations 
for the superior efficacy of amiodarone.81 As discussed in the AF sec
tion above, atrial-selective ion channel modulators have been devel
oped and investigated, including blockers of the ultra-rapid 
delayed-rectifier current K+ (IKur), small-conductance Ca2+-activated 
K+ -currents (SK), and the G-protein-gated acetylcholine-activated 
inward-rectifier current (IKAch).

34,43,47 In addition to remodelling of 
K+ and Ca2+ channels, alterations in sodium channel function have 
also been reported in AF. While reduced peak sodium current (INa) 
may contribute to conduction slowing, enhanced late INa leads to 
pro-arrhythmic intracellular Na+ and Ca2+ dysregulation; both pro
cesses may, in fact, play a pro-arrhythmic role in the setting of various 
stages of AF, i.e. paroxysmal vs. persistent AF.82

Besides pharmacological strategies directly targeting ion channels, 
other approaches have also been reported in EP Europace. For instance, 
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Kharche et al. evaluated the potential ‘pharmacological remodelling’ ef
fects of chronic beta blockade in mathematical models of human atrial 
cells and 3D tissue. They observed that beta blocker therapy, in add
ition to beneficial acute effects, may also chronically suppress AF by in
creasing ERP and preventing re-entry due to a long-term adaptational 
decrease in Ito and IK1.

83 Other modelling work has shown that tem
poral variations in acetylcholine concentration can modulate the com
plexity of re-entrant atrial arrhythmias through modulation of IK,ACh.

84

The anti-ageing protein klotho, which is mainly expressed in kidneys but 
also the heart, is reduced in patients with kidney disease and correlated 
with AF incidence. In isolated-rabbit PV tissue preparations and cardi
omyocytes, klotho administration was found to reduce PV automati
city, ICa,L, late INa, and DAD occurrence by inhibiting PI3K/Akt 
signalling and CaMKII activation.85 Another study demonstrated that 
macrophage migration inhibitory factor (MIF; an inflammatory cytokine 
highly expressed in the setting of AF) increased ICa,L, late INa, Ca2+ over
load, ROS, and arrhythmogenesis in rabbit PV, which was prevented by 
pharmacological inhibition of late INa and CaMKII as well as increased 
ROS scavenging.36 These studies show the rationale for identifying (mo
lecular) pathways underlying AF-associated electrophysiological re
modelling to develop novel therapeutic strategies.

Ion channels and ventricular 
depolarization, ventricular repolarization, 
and arrhythmias
Ventricular ion channels play a crucial part in cardiac depolarization, 
conduction, and excitation-contraction coupling. In addition, their 
proper function is crucial for maintaining normal cardiac repolarization 
and preventing arrhythmias such as TdP and VF; this is also reflected by 
the fact that mutations in ion channel genes are associated with arrhyth
mia syndromes (discussed in the next section). AP alternans is consid
ered particularly pro-arrhythmic, and Orini et al. found that biopsies 
from human hearts showed higher RNA expression of calsequestrin, 
ryanodine receptor, and genes underlying IK1 and Ito at alternans- 
susceptible sites.86 In addition, sarcolemmal ion-channel remodelling 
may indirectly modulate Ca2+ handling and contractility. Using compu
tational modelling, Maleckar et al. showed that restoring APD of 
HF cardiomyocytes to its pre-failing state does not ameliorate 
Ca2+-transient dysfunction; however, restoration of AP notch depth 
appeared to impart modest benefit.87

Ion channels are critically regulated by catecholamines, a process 
highly relevant for the regulation of excitation-contraction coupling 
during rest vs. activity (see also the section on HF). High, toxic levels 
of catecholamines are thought to contribute to Takotsubo syndrome, 
and a study by Huang et al. in EP Europace showed that high levels of 
epinephrine triggered arrhythmias and prolonged APD through activat
ing alpha-adrenoceptors with subsequent effects on ICa,L and INa.

88

Pro-arrhythmic APD prolongation may occur secondary to increased 
late INa or reduced IKs or IKr; the latter may also be a side-effect of cer
tain (non-cardiac) drugs such as for instance fluconazole.89 While many 
studies have focused on compounds that can counter such 
pro-arrhythmic APD prolongation, most of these are not specific and 
often block multiple ion channels. For example, commonly used Ca2+ 

channel blockers may also inhibit IKr, which according to a study using 
a multiscale human torso model may significantly affect the electro
physiological properties of the ventricle.90 Moreover, multiple cardiac 
drugs are often prescribed to patients which may induce synergistic 
pro-arrhythmic effects. For instance, the co-existence of dronedarone 
and digitalis in patients with both AF and HF may prolong APD, post- 
repolarization refractoriness, and increase the vulnerability to VF, as de
monstrated in rabbit hearts.91

Nevertheless, several studies published in EP Europace have demon
strated the beneficial anti-arrhythmic effects of drugs targeting (multiple) 
ion channels. Andersson and colleagues investigated the combined ion 

channel blocker AZD1305 in dog cardiomyocytes and rabbit ventricular 
preparations. They found that AZD1305 inhibited both late INa and IKr 

yet attenuated excessive APD prolongation and repolarization instability 
induced by a short-long-short CL pattern, indicating that block of late 
INa may attenuate IKr-induced repolarization liability following sudden 
slowing of rhythm.92 Vernakalant is another drug displaying a mixed block 
of both Na+ and K+ channels, which has been investigated for potential 
atrial-specific benefits in the setting of AF. However, a study published in 
EP Europace demonstrated that vernakalant also prolongs ventricular 
APD, ERP, and post-repolarization refractoriness in rabbit hearts; never
theless, in contrast to sotalol, vernakalant neither increased dispersion of 
repolarization nor facilitated arrhythmias.93 Interestingly, a later study re
ported anti-arrhythmic effects in a rabbit model of drug-induced, acquired 
long QT syndrome (LQTS), with vernakalant again decreasing dispersion in 
repolarization.94 Similarly, the antihistamine antazoline, which is known to 
block IK-ATP, reduced dispersion of repolarization and had anti-arrhythmic 
effects in drug-induced rabbit models of both short (SQTS) and LQTS syn
dromes, despite prolonging ventricular repolarization.95 The same group 
reported that the sodium channel blocker mexiletine suppressed torsade 
de pointes in drug-induced LQTS2 and LQTS3 models by reducing spatial 
dispersion of repolarization, and eliminated VF in the SQTS model by in
creasing ERP.96 Inhibitors of late INa, including mexiletine have shown 
APD shortening, anti-arrhythmic, and other beneficial effects and confirm 
late INa as an important target for the development of novel pharmaco
logical approaches.97–99 While whole-heart studies remain important for 
investigating the effects of drugs on arrhythmogenesis, human-induced 
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are now in
creasingly used for drug safety studies, allowing for patch clamp and multi 
electrode array assessments of APD and beat-to-beat variability in repolar
ization as markers of pro-arrhythmic risk of compounds.100 Altomare et al. 
have shown that although cardiac differentiation efficiency was improved 
in hiPSCs of cardiac vs. non-cardiac origin, no major functional differences 
were observed between hiPSC-CMs of different somatic cell origins.101 It 
is expected that these in vitro approaches will be increasingly used for drug 
discovery, i.e. employing medium/high throughput electrophysiological as
says and compound screens.

Inherited arrhythmia syndromes 
and arrhythmogenic 
cardiomyopathies
The basic and translational articles on inherited cardiac disorders pub
lished in the last 25 years in EP Europace range from review articles cov
ering the main inherited channelopathies, cardiomyopathies, and 
conduction disorders to in-depth mechanistic studies revealing novel 
insights into the pathophysiology of these conditions, experimental re
search investigating pro- or anti-arrhythmic effects of endogenous 
modifiers or exogenous factors such as drugs and studies exploring no
vel therapeutic approaches.

The clinical characteristics of these inherited diseases and their gen
etic background will be discussed in detail in this issue’s review on 
‘Clinical Cardiogenetics’. We focus here more on the mechanistic in
sights into arrhythmogenesis obtained through these articles and the 
resulting novel, mechanism-based anti-arrhythmic therapeutic ap
proaches. Most mechanistic studies were published on LQTS, sodium 
channelopathies, and arrhythmogenic cardiomyopathy (ACM).

Long QT syndrome
Long QT syndrome is a genetic channelopathy caused mostly by either 
loss-of-function variants in genes encoding repolarizing K+ currents 
(KCNQ1/IKs or KCNH2/IKr; LQTS1 and LQTS2) or gain-of-function var
iants in SCN5A encoding for the depolarizing sodium current (LQTS3); 
in sporadic cases, mutations in other genes such as those encoding 
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(subunits of) other ion channels or the cardiac RyR have been de
scribed.102,103 All these variants lead to pathologically prolonged car
diac repolarization predisposing to ventricular polymorphic TdP 
tachycardia and sudden cardiac death. In LQTS1 and LQTS2, arrhyth
mias are typically triggered by sympathetic activation and rely on an ar
rhythmogenic substrate with regional heterogeneity in cardiac 
repolarization predisposing to functional block and re-entry formation. 
While arrhythmias related to LQTS3 occur mostly during rest and 
sleep, a study published in EP Europace revealed that also in 
(drug-induced) LQTS3 sympathetic activation by epinephrine increased 
pro-arrhythmic triggers—and importantly—had dose-dependent op
posite effects on repolarization and triggering events.104 As discussed 
above, the important role of regional heterogeneity of repolarization 
was also demonstrated in acquired LQTS.59

Despite being caused by variants in cardiac ion channels, leading primar
ily to electrical changes (e.g. of cardiac repolarization), more and more clin
ical and experimental evidence is accumulating that patients with LQTS 
also manifest with mechanical—particularly diastolic—dysfunction,105 as 
demonstrated exemplarily in LQTS1 and LQTS2106 and in a study pub
lished in EP Europace for the first time also in LQTS3 patients.107

Regarding the latter, intracellular calcium dysregulation secondary to en
hanced late INa may play an important role.108 Interestingly, enhanced 
late INa has also been observed in LQTS2 rabbit cardiomyocytes and 
as such may contribute to both arrhythmogenesis and mechanical 
dysfunction.109

Sex differences are known to modulate the arrhythmogenic risk in 
LQTS with women having a higher risk than men in general; and 
particularly during the postpartum phase.110 In transgenic LQTS2 rab
bit models, it was demonstrated that the postpartum-associated 
hormones oxytocin and prolactin exert their QT/APD-prolonging, 
pro-arrhythmic effects primarily by blocking the slow delayed-rectifier 
current IKs,

111 leading to the recommendation to avoid oxytocin appli
cations during delivery in LQTS patients (www.azcert.com). Similarly, 
several studies have revealed the mechanisms by which sex hormones 
impact cardiac repolarization and triggered activity thereby causing the 
observed sex differences in arrhythmic risk in LQTS.112 In addition, gen
etic modifiers are more and more recognized to play a role in determin
ing the phenotype in LQTS.102

For LQTS3 a gene-specific mechanism-based therapy exists, namely 
mexiletine, which targets the pathologically enhanced late INa.

113

Several novel mechanism-based therapies have been tested in other 
LQTS models and genotype-specific efficacy could be revealed for 
the IKs-activator docosahexaenoic acid in LQTS2,114 and the inhibition 
of the serum/glucocorticoid-regulated kinase 1—a modulator of patho
logically enhanced late INa current—mainly in LQTS2 and to a lesser, 
variant-specific extent in LQTS1.98 Similarly, in drug-induced LQTS2 
and LQTS3, anti-arrhythmic APD-dispersion reducing effects were ob
served upon treatment with vernakalant, another blocker of late INa,

94

further indicating that late INa is also—secondarily—increased in the 
potassium channelopathy LQTS2. In addition, novel gene therapy ap
proaches have been developed and tested in hiPSC-CM derived from 
LQTS1 and LQTS2 patients.115,116

Sodium channelopathies (other than 
LQTS3)
While gain-of-function mutations in SCN5A lead to LQTS3, 
loss-of-function SCN5A mutations are known to be associated with 
other clinical phenotypes such as Brugada syndrome (BrS) and cardiac 
conduction disease.102 In addition, both gain- and loss-of-function 
SCN5A mutations have also been linked to AF, dilated cardiomyopathy, 
and more recently also ACM.108 Regarding the latter, alterations in 
Ca2+ dysregulation and/or non-ionic effects of sodium channel dysfunc
tion on e.g. cytoskeletal or adhesion proteins may be involved in this 
process.108 Ca2+ dysregulation secondary to enhanced late INa has 

furthermore been shown to affect AV-conduction in mice carrying 
the Scn5a-1798insD mutation.97 Another phenotype linked to SCN5A 
mutations is multifocal ectopic Purkinje-related premature contrac
tions (MEPPC), which is clinically characterized by atrial and ventricular 
ectopy as well as dilated cardiomyopathy and is thought to result from 
an increased window current and/or gating pore current. In a recent 
study, Calloe et al. demonstrated that flecainide treatment reduced 
the window current in hiPSC-CMs with the SCN5A-G231D mutation, 
and had beneficial effects in patients carrying this mutation.117

Despite the well-established link with Na+ channels, SCN5A mutations 
are found in only 20% of BrS patients, and their presence is not neces
sarily always causally related since SCN5A genetic variants are frequently 
observed in the general population, some of which do not affect Na+ 

channel function.118 Overall, BrS is characterized by extensive variability 
in disease severity as well as reduced penetrance, and a polygenic basis 
is now increasingly recognized.102

Arrhythmogenic cardiomyopathy
ACM is caused by mutations in genes encoding predominantly cardiac 
desmosomal proteins, leading to fibro-fatty replacement of the right (or 
both) ventricle and ventricular arrhythmias, particularly during exercise.119

The mechanisms underlying pathogenic desmoglein-2 variants in the pro
peptide cleavage-site have been investigated in the human heart and epi
thelial and cardiac cellular models and it has been demonstrated that the 
variants impair desmosomal interactions between N-terminal extracellular 
domains upon cellular stress,120 thus providing more evidence for the 
stress-/exercise-mediated deterioration of the disease. Imaging-based 
patient-specific computer simulations were used to better characterize 
the electro-mechanical substrate in ACM, revealing increased heterogen
eity in regional RV contractility and most changes in the basal RV free 
wall.121 The genetic culprit, however, remains elusive in up to 50% of 
ACM patients.122 In some patients, large deletions or duplications are pre
sent but are difficult to detect by the conventional PCR-based Sanger se
quencing method. Using the multiplex ligation-dependent probe 
amplification method, a patient with a complete deletion of all PKP2 coding 
exons was identified.123 As mentioned above, more recently SCN5A muta
tions have also been associated with ACM; Na+ channels are located in 
close proximity to desmosomal proteins within the intercalated disc re
gion, and as such may impact on cell–cell adhesion.119 Ongoing research 
is increasingly uncovering involved signalling pathways in ACM, with the 
potential of identifying novel therapeutic targets.

Conclusions and outlook
Clearly, basic/translational research published in the last 25 years in EP 
Europace has made an enormous contribution to our current under
standing of cardiac arrhythmias. The journal aims to continue publishing 
key studies to further increase our knowledge on arrhythmia mechan
isms and define potential novel targets for therapy, maintaining the cur
rent basic-translational focus and keeping in mind potential clinical 
impact. With the growing complexity of cardiovascular disease manage
ment and the development of more precision medicine approaches, 
this will become increasingly important, and EP Europace aims to further 
increase its contribution to the discovery of arrhythmia mechanisms 
and implementation of mechanism-based precision therapy approaches 
in arrhythmia management.
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