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1  |  INTRODUC TION

1.1  |  Congenital and acquired long QT syndrome

Long QT syndrome (LQTS) is a relatively rare and potentially fatal 
cardiac disorder characterized by a prolongation of the QT interval 
of the surface electrocardiogram (ECG) and T- wave abnormalities.1 
Lengthening of the QT interval is due to a delay in the repolariza-
tion phase of the action potential (AP) of ventricular cardiomyocytes 

(Figure 1). Delayed repolarization can favor the development of early 
afterdepolarizations (EADs) (Figure 1), oscillating depolarizations of 
the membrane potential of ventricular cardiomyocytes emerging 
during phase 2 or 3 of the action potential (Figure 1).1,2 EADs are 
thought to result mainly from the reopening of L- type calcium chan-
nels (ICa,L)1,2 and be facilitated by the increase in the late component 
of the cardiac sodium current (INa,L).3 They constitute a major pro- 
arrhythmic risk factor for the generation of the potentially fatal ar-
rhythmia Torsades de Pointes (TdP)1,2 with the risk of degeneration 
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Abstract
In the human heart, the rapid delayed rectifier K+ current (IKr) contributes significantly 
to ventricular action potential (AP) repolarization and to set the duration of the QT 
interval of the surface electrocardiogram (ECG). The pore- forming (α) subunit of the 
IKr channel is encoded by KCNH2 or human ether- à- go- go- related gene 1 (hERG1). 
Impairment of hERG function through either gene mutation (congenital) or pharmaco-
logical blockade by diverse drugs in clinical use (acquired) can cause a prolongation of 
the AP duration (APD) reflected onto the surface ECG as a prolonged QT interval or 
Long QT Syndrome (LQTS). LQTS can increase the risk of triggered activity of ventric-
ular cardiomyocytes and associated life- threatening arrhythmia. Current treatments 
all focus on reducing the incidence of arrhythmia or terminating it after its onset but 
there is to date no prophylactic treatment for the pharmacological management of 
LQTS. A new class of hERG modulators (agonists) have been suggested through di-
rect interaction with the hERG channel to shorten the action potential duration (APD) 
and/or increase the postrepolarisation refractoriness period (PRRP) of ventricular car-
diomyocytes protecting thereby against triggered activity and associated arrhythmia. 
Although promising drug candidates, there remain major obstacles to their clinical 
development. The aim of this review is to summarize the latest advances as well as the 
limitations of this proposed pharmacotherapy.
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into ventricular fibrillation (VF) and sudden cardiac death (SCD)1,2 
(Figure 1).

LQTS can be inherited, and mutations in 17 genes coding α or β 
and accessory subunits of major ion channels of the cardiac AP have 
been associated with numerous familial cases of LQTS to date.4,5 
There are currently three predominant forms of congenital LQTS 
(cLQTS), with mutations to genes KCNQ1 (LQT1), KCNH2 (LQT2), and 
SCN5A (LQT3), accounting for 75% of all genotype positive cases.4 
Each of these genes encodes particularly pore- forming (α) subunits 
of key ionic channels of the cardiac action potential. Thus, KCNQ1 en-
codes the Kv7.1 channel giving rise to the slow- delayed rectifier K+ 
current IKs,

4,5 which along with the rapid delayed rectifier K+ current 
IKr (Kv11.1 protein channel; KCNH2 gene also known as hERG1 gene) 
control the duration of the repolarization phase of the cardiac AP.4,5,6,7 
The SCN5A gene encodes the Nav1.5 sodium channel underlying INa 
that mainly governs the initial depolarization phase of the AP.4,5,7

The syndrome can also be acquired due to electrolyte imbal-
ance, medical conditions such as thyroid disease, or most commonly 
due to pharmacological inhibition of the pore- forming α- subunit of 
the IKr/IhERG channel by commonly used medications (also known as 
the drug- induced long QT syndrome, diLQTS, or acquired long QT 
syndrome, aLQTS).2,6,7 Pharmacological blockade of the IKr/IhERG 
channel is a major issue for drug development, and although the in-
cidence of TdP with specific drugs is low, the strong link between 

the IKr channel and TdP requires that all new pharmaceutical agents 
must be screened against this channel as part of preclinical assess-
ments of cardiac safety.2,6 [Correction added on June 22, 2020, after 
first Online publication: "This paragraph was duplicated, hence it has 
been removed.]

1.2  |  Current clinical management of LQTS and 
use of hERG agonist drug molecules as a potential 
new therapy

The first- choice pharmacotherapy for symptomatic congenital LQTS 
patients is β- adrenergic receptor blockade in an attempt to reduce 
the occurrence of cardiac events.1,4,5,8 However, limitations to the ef-
ficacy of blockade remain, with syncope, aborted cardiac arrest, and 
LQTS- related death reported in patients receiving β- blocker therapy, 
particularly in cLQT2 patients.8 Treatment for the acquired form, sec-
ondary to pharmacological hERG blockade, is largely supportive. First- 
line treatment consists mainly of the withdrawal of the culprit drug 
and/or managing electrolyte imbalances in order to restore ventricular 
action potential duration (APD) to within the physiological range and 
thereby mitigate against the risk of TdP and associated arrhythmia.7

For both forms of LQTS, if ongoing arrhythmic risk remains suffi-
ciently high, implantation of an implantable cardioverter defibrillator 

F I G U R E  1  Diagram linking main causes of LQTS and associated arrhythmia with their effects on biological markers of the human cardiac 
ventricular repolarization. Left: LQTS is a cardiac disorder either due to mutations to genes encoding key ionic conductances of the cardiac 
AP or to pharmacological blockade of the IKr channel causing delayed repolarization (↑APD; red) (upper panel). This delay translates onto the 
ECG as a prolongation of the QT interval (LQT; red) (lower panel). Right: When in excess, delayed repolarization can favor at the cellular level 
the reopening of Ca2+ and/or Na+ channels. These outward currents generate early afterdepolarizations (EADs; red) that are depolarizing 
oscillations of the membrane potential of ventricular cardiomyocytes (upper panel). The triggered activity arising from EADs increases the 
risk of the life- threatening arrhythmia Torsades de Pointes (TdP; red) arrhythmia that can degenerate into ventricular fibrillation (lower 
panel). LQTS patients can also experience syncope and sudden death.
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(ICD) is indicated,4,9 with the associated risk of complications this 
brings.9 There is in fact a significant burden of morbidity and mor-
tality seen as a result of procedural complications, infection, as well 
as the ongoing implications on quality of life and the risk of inappro-
priate shocks.9 Additionally, the young age of many patients receiv-
ing ICD therapy for LQTS increases the likelihood of device- related 
complications during the patient's lifetime.9 Current treatment for 
the management of LQTS, therefore, focuses on either reducing the 
incidence of arrhythmia triggers by careful management of electro-
lytes and concurrent medication or terminating the arrhythmia after 
onset (ICD implantation). To date, however, there is no effective or 
evidence- based treatment for preventing the onset of TdP in the 
first place, which could be useful for the management in patients of 
recurrent cardiac arrhythmia associated either with cLQTS or long- 
term treatment therapies with QT- prolonging agents.

Various pharmacotherapeutic options have been evaluated. 
Thus, the off- label use of sodium channel blockers such as mexile-
tine or ranolazine for the genetic- specific therapy of LQT310 has 
been suggested in the 2015 guidelines of the European Society of 
Cardiology (ESC) as an effective clinical practice.11 These agents 
are thought to reduce the risk of triggered activity through their re-
ported inhibitory effects on INa,L.

10,11 Although not directly target-
ing the underlying mechanism of the disease (i.e., defective hERG 
activity), inhibitors of INa,L have also been suggested to be effective 
for the treatment of LQT210; however, clinical investigations to 
demonstrate their efficacy and safety are still ongoing.12 The late 
sodium blockers mexiletine and lidocaine have also been suggested 
for the management of diLQTS,13– 15 especially in cases refractory 
to conventional interventions where removal of culprit drug and or 
ICD implantation is undesirable or contraindicated.13,14 Another pro-
posed target has been the selective activation of IKr/IhERG by small 
activator drug molecules (hERG agonists) to increase repolarization 
reserve and counteract LQTS- associated triggered activity. This po-
tential mechanism- based therapy has been investigated in several 
in vitro, in vivo, and in silico studies16– 32 for the management of the 
effects of both LQT2- associated mutations to hERG120,24– 28 and/or 
pharmacological blockade of the hERG channel.16– 21,23,31 Although 
promising drug candidates, there are still major drawbacks to their 
preclinical development and consequently none of these drug mol-
ecules have to date been trialled in clinical settings. This review will 
therefore focus on the antiarrhythmic benefit of some of the most 
effective hERG activators identified to date from various in vitro, in 
vivo, and in silico experimental models of LQTS. It will also highlight 
the limitations of the proposed strategy.

2  |  THE I K r/I h ERG CHANNEL STRUC TURE 
FUNC TION IN REL ATION TO C ARDIAC 
REPOL ARIZ ATION AND LQTS

In the human heart, the rapid delayed rectifier K+ current (IKr/IhERG) 
contributes significantly to ventricular AP repolarization and to set the 
duration of the QT interval of the surface ECG.1,6 The pore- forming 

α- subunit of the hERG channel has six transmembrane domains (6; see 
also Figure 2A) comprising common structures with other Kv channels 
as well as unique features (6; see also Figure 2A). Four α- subunit assem-
ble in tetramers to produce functional channels.6 Two main alternate 
transcripts of hERG1 (hERG1a and hERG1b) are thought to coassemble 
to form functional sarcolemmal IKr channel tetramers proteins with the 
hERG1b isoform possessing a shorter, distinct N- terminus.6,33 It has 
been suggested that hERG may coassemble with β accessory subunits 
of the KCNE family contributing thus to native IKr (for review in 6), in-
cluding coassembly with MinK- related peptide 1 (MiRP1; KCNE2 gene) 
or the regulatory β- subunit MinK (KCNE1 gene).6 Figure 2B shows the 
contribution of IKr/IhERG during the time course of a ventricular AP. Due 
to its fast inactivation, IKr/IhERG contributes minimally to the ventricular 
AP (Figure 2B). However, as depolarization progresses, IKr/IhERG ampli-
tude increases throughout early repolarization during the AP plateau 
thus giving rise to hERG resurgent current. IKr declines during terminal 
repolarization but its slow deactivation allows for some repolarizing 
current to flow after the completion of the action potential during the 
diastolic interval (Figure 2B). Consequently, IKr can act to offset EADs, 
potentially arrhythmogenic premature depolarizations at the start of 
the diastolic interval.6,34

More than 500 loss of function mutations within hERG1 have been 
linked with LQT2 located in various regions of its α- subunit.4,35 It is the 
second most common subtype affecting 25– 30% of LQTS individuals4,5 
with most LQT2- linked mutations being missense mutations that cause 
the misfolding and result in the retention of the channel complex within 
the endoplasmic reticulum (ER) of Kv11.1 proteins.35 Retention within 
the ER impairs the trafficking of the hERG channel to the cell mem-
brane thereby causing a reduction in IKr/IhERG.

4,35 To a lesser extent, 
some of this loss of function mutations (<10% of all LQT2 mutations) 
can reduce IKr/IhERG through impairment of the hERG channel gating 
or K+ permeation.35 Some LQTS mutations have also been located in 
the KCNE2 gene (LQT6),4,5,36 but they are by comparison rare variants 
(<0.1% of all LQTS individuals)5,36 and are thought to have limited clini-
cal significance in the absence of additional predisposing factors.36

The strong link between hERG channel dysfunction, diLQTS, and 
associated TdP lies in hERG's unique structural features of its pore inner 
cavity. First, it lacks the highly conserved pro- X- pro- motif that, in other 
voltage- gated potassium channels, reduces the volume of the pore 
inner cavity.2,6,37 Secondly, its pore contains specific aromatic amino 
acid residues (tyrosine at 652 and phenylalanine at 656; Y652 and F656) 
in the S6 helices of the channel,2,6,37 with deep hydrophobic pockets 
surrounding the central cavity, suggested to contribute to the channel's 
unusual sensitivity to diverse drugs, as identified in a recent cryo- EM 
modeling study (38; for review39). Further, many pharmacological agents 
may also be contingent to varying extents upon the channel's gating 
kinetics to exert their inhibitory effects (reviewed in2,6,37). Thus, strong 
experimental evidence supports the notion that high- affinity drug 
blockade of the hERG channel may be strongly dependent on the con-
formational changes associated with inactivation gating. In this scheme 
(updated in great detail in the new cryo- EM structure of the hERG 
channel in39), the inactivation- dependent conformation changes would 
optimize drug inhibitor molecules' interaction with S6 and/or pore helix 
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residues of the inner cavity thus facilitating their binding and/or reten-
tion in the channel inner cavity.2,6,37,39 Some hERG inhibitors have also 
been reported to demonstrate a tendency to become trapped within 
the channel's central cavity upon closure of the channel's activation 
gate2,6,37; another mechanism accounting for hERG's unique tropism for 
drugs that may increase pro- arrhythmic risk (for review 2,6,37).

3  |  CL A SSIFIC ATION OF hERG AGONISTS

To date, 20 drug agonist molecules (activators) of the hERG channel 
have been identified and categorized into four different types de-
pending on their main reported mechanisms of action (40; see also 
Figure 3). Some, however, have also been reported to exhibit multiple 
mechanisms of actions (40,41; see also Figure 4). These pharmacological 
agents display great structural diversity (see Figures 3, 4). They also 
exhibit complex biophysical interactions with the hERG channel and 
enhance IhERG amplitude through various mechanisms (see Tables 1– 3 
for their various properties and/or effects). Tables 1– 3 list all hERG ag-
onist molecules reported to date along with an indication of their mo-
lecular determinants of actions if mapped, effects on other cardiac and 
noncardiac ion channels, antiarrhythmic benefit against the effects of 
congenital and/or acquired LQTS, and associated pro- arrhythmic risk. 
Agonists exhibiting a type 1 mechanism primarily enhance hERG cur-
rent by slowing the closure of the channel's activation gate (deactiva-
tion) but may also cause a modest reduction in the channel's ability to 
inactivate (Table 1). Type 2 agonists (see Table 1) act mainly through 

a rightward shift in the voltage dependence of inactivation, whereas 
type 3 (Table 2) and type 4 agonists (Table 2) negatively shift the volt-
age dependence of activation (also known as “facilitators”) or increase 
the open probability of the channel (type 4 also known as “pore modi-
fiers”), respectively. Also included is an additional table (Table 3) listing 
all activators that may combine properties from up to three different 
classes and/or that are yet to be formerly categorized either because 
of the lack of thorough investigation of their biophysical effects on the 
hERG channel (e.g., LUF7244), they may exhibit features of their own 
(e.g., ITP- 2) or because of the interlaboratory variability in the charac-
terization of their biophysical effects.

4  |  MOLECUL AR DETERMINANTS OF 
hERG AGONIST AC TIONS ON THE I K r/I h ERG 
CHANNEL

Molecular determinants of the agonist activity of most hERG activa-
tors are yet to be elucidated, but a few studies have indicated the 
existence of multiple binding sites for agonist drug molecules on the 
hERG channel.17,19,21,22,27,42– 54 This is in contrast with hERG inhibi-
tors which in their vast majority bind within the inner cavity of the 
channel.2,6,37,39 The existence of multiple binding sites was first sup-
ported by the experimental observation that some hERG activators 
have a reported dual mode of action,22,23,27,44– 47 acting as inhibitors 
at high concentrations.22,23,27,44– 47 Structural and mutagenesis stud-
ies later identified several binding sites located on the intracellular 

F I G U R E  2  (A) Schema of a single α- subunit of the hERG channel. Structure of the hERG α- subunit comprises six helical transmembrane 
segments (S1– S6). The α- helices S1 to S4 constitute the voltage- sensing domain (VSD); while α- helices S5 and S6 (in green) delimit the pore 
domain (PD). Distinctive structures important to hERG function are a short S4– S5 linker and an intracellular N- terminus containing a PAS 
domain (purple) and a short CAP domain (yellow). The isoform hERG1b (not shown) exhibits a shorter N- term which is thought to underlie in 
part the differential biophysical properties between both isoforms. Also of importance is the C- terminus containing a cNBHD domain (red) 
coupled to the pore by a C- linker (grey). (B) Time course of IKr/IhERG (solid black line) during the course of a mathematically modeled human 
ventricular action potential (superimposed in dashed line). Representative time course of IhERG recorded at 37°C during a ventricular AP 
voltage command from hEK- 293B cells stably expressing WT hERG1a. Due to its fast inactivation, IKr/IhERG amplitude is small throughout the 
duration of the plateau phase (phase 2) of the action potential. As depolarization progresses IKr/IhERG increases to then peak during phase 3 
of the AP giving rise to “resurgent IKr/IhERG.” Due to its slow deactivation, IKr/IhERG produces some repolarizing current (“diastolic” IKr/IhERG) 
sometimes after completion of the AP (phase 4). Black arrows indicate the direction of repolarization.
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side of the hERG channel, with residues located in S4 and S4– S5 
linker42,44,48– 50 or at sites overlapping that of hERG canonical drug 
inhibitor- binding site.55 These studies also reported potential bind-
ing sites for hERG agonists on the extracellular side of the hERG 
channel near the selectivity filter.42,50– 53,56

The molecular mechanism(s) by which activators mediate their 
pharmacologic effects remain controversial.39,42 They are thought to 
act mainly by modifying the hERG channel's gating properties and/
or pharmacological sensitivity either directly or allosterically.39,42 
Thus, activators with binding sites overlapping that of the canonical 

F I G U R E  3  Molecular graphical representations of type 1– 4 hERG activator drug molecules. Type 1– 4 activators exhibit great structural 
diversity. All chemical structures were drawn as two- dimensional structures using the chemical structure drawing program ChemDraw®.
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F I G U R E  4  Molecular graphical representations of uncategorized hERG activator drug molecules. All chemical structures were drawn as 
two- dimensional structures using the chemical structure drawing program ChemDraw®.
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binding site for high- affinity block were suggested to directly com-
pete with hERG inhibitors for binding within the inner cavity.55 In 
contrast, hERG activators with binding sites distinct from that of the 
hERG canonical binding site have been suggested to not compete 
with drug inhibitor molecules for binding onto the hERG channel 
for some54 or for others to produce negative allosteric modula-
tion of hERG channel pharmacological sensitivity.17,19,20,39 Agonist 
drug molecules reported to act as negative allosteric modulators 
of hERG high- affinity pharmacological blockade were first identi-
fied in radioligand experiment assays (namely LUF7244, LUF7346, 
VU0405601, and MLT- 531).19 In this study, the incomplete disso-
ciation of the high- affinity inhibitor dofetilide from the hERG ca-
nonical binding site in the presence of LUF7244 indicated that the 
two drug molecules had nonoverlapping binding sites.19 However, 
LUF7244 has recently been suggested in a docking simulation into 
the hERG pore domain to bind below the selectivity filter within the 
inner cavity to a site that might overlap that of the hERG canonical 
binding site for high- affinity block.17 This would suggest direct com-
petition between LUF7244 and dofetilide drug molecules and con-
flict with radioligand experimental findings from the initial report.19 
However, in the scheme of high- affinity block of the hERG chan-
nel (see Section 2 in this review) and similar to previously reported 
data for activator PD118057,52 this could still be interpreted as an 
allosteric effect of LUF7244 that would modulate hERG pharmaco-
logical sensitivity to dofetilide, primarily via its ability in suppressing 
inactivation- dependent conformational changes of the inner cavity 
a key determinant of hERG high- affinity blockade (see Section 2).  
Although this is plausible, further investigations are warranted to 
support this scenario as data obtained from docking simulation 
of LUF7244 into hERG's pore inner cavity were not supported by 
data obtained from mutagenesis studies. The mechanism proposed 
on the basis of the data obtained from radioligand binding assays 
 remains therefore to date the most likely mechanistic hypothesis for 
LUF7244 interactions with the hERG channel. Finally, it should be 
noted that the ability to allosterically reduce hERG inhibitors’ inter-
actions with the channel's inner cavity may not be specific to hERG 
activators such as LUF7244, that is, exhibiting strong modulation of 
inactivation gating, but a shared characteristic with other types as 
suggested in functional or in silico experimental studies of the ef-
fects of type 1 LUF734619,57 and type 4 activator PD- 118057.39

5  |  ANTIARRHY THMIC AC TIONS OF hERG 
AGONISTS

Antiarrhythmic benefits with the use of hERG activator drug mol-
ecules have been reported in several in vitro, in vivo, and in silico 
experimental models of cLQTS and/or diLQTS.16– 32 However, these 
studies also revealed an increased risk of triggered activity and as-
sociated arrhythmia attached to their use in animal and in silico mod-
els.16,24,30,32 It was initially suggested that the antiarrhythmic benefit 
of hERG agonists would be proportional to their potency in hinder-
ing the hERG's channel C- type inactivation,16,21,29– 31 with this effect N
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mediating an increase in resurgent IhERG (also see Section 2), thereby 
increasing the postrepolarization refractory period (PRRP). However, 
a risk of overcorrection of the APD to the point of triggering arrhyth-
mia associated with the use of hERG activators exhibiting type 2 
mechanism of actions has also been reported,14,16,30,58 with this ef-
fect being concentration- dependent.16,24,30 Thus, at high concentra-
tions, the type 2 activator ICA- 105574 has been reported to cause, 
in various animal and human models, pharmacologically induced 
short QT syndrome (SQTS) and associated arrhythmia,16,24,30,58 rais-
ing caution in its use. In contrast, type 1 activators, by mainly slow-
ing down the rates of IKr/IhERG deactivation, may cause an increase in 
persistent IKr in early diastole thereby increasing cellular PRRP and 
counteracting potentially arrhythmogenic premature depolariza-
tions (18,26 see also Section 3 in this review). Consequently, their use 
has been suggested as a safer alternative to that of type 2 activa-
tors,18,26 which through their mediated removal of inactivation alone 
have been associated with a high risk of overcorrection of the APD 
and associated arrhythmia.16,24,30,58 Reports of the effects of ago-
nist drug molecules exhibiting type 3 or 4 properties for the phar-
macological management of diLQTS and cLQTS are by comparison 
scarce,22,59 although they have been reported to increase the PRRP 
and shorten the QT interval but potentially to the point of triggering 
arrhythmia such as the type 3 hERG activator mallotoxin or type 4 
PD118057.21,60,61 Given the limited investigations of the use of type 
3 and 4 activators for the pharmacological management of LQTS, 
the next section will focus on a few examples of the most effective 
type 1 and 2 hERG agonists to date and review their reported antiar-
rhythmic benefits as well as associated pro- arrhythmic risk for the 
management of LQTS.

6  |  hERG AGONIST DRUG C ANDIDATES 
FOR THE PHARMACOLOGIC AL 
MANAGEMENT OF LQTS

The type 1 activator RPR260243 was the first discovered hERG 
agonist23 and shown to be effective against dofetilide- induced ar-
rhythmia in both guinea pig23 and zebrafish hearts.18 In the zebrafish 
heart, actions of the type I activator RPR260243 at 30 μM were as-
sociated with abbreviated APD, reduced triangulation of the AP, and 
increased refractory period through enhancement of hERG protec-
tive currents.18 An increase in the slope of the restitution curve was 
also observed and although reported as a potential antiarrhythmic 
benefit in this study this mechanism may carry a pro- arrhythmic 
risk18; which raises caution. In a recent study from the same group, 
investigating the effects of RPR260243 on the fast- deactivating 
congenital LQT2- associated R56Q hERG mutant,26 RPR260243 was 
suggested to selectively increase hERG protective current in the 
early refractory period through its ability to reduce the hERG chan-
nel's rates of deactivation.26 Little to no increase in resurgent hERG 
amplitude during the AP was observed26; suggesting that the use 
of low concentrations of RPR260243 carries a limited risk of over-
correction of the APD while effectively protecting against triggered N
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activity. This study may constitute a proof of concept of a potential 
mechanism- based therapy for the management of LQT2- associated 
hERG deactivation defective mutants (the main cause of LQT2 see 
Section 2) using RPR260243.

The type 2 activator ICA- 105574 is the most potent activator to 
date and one of the first type 2 activators reported. It was first re-
ported that concentrations below 5 μM (EC50 IhERG 0.5 μM) prevent 
moxifloxacin- induced ventricular tachycardia and fibrillation in 
Langendorff- perfused guinea pig hearts,16 with this effect suggested 
to be mediated by its ability to completely reverse IhERG inhibition by 
moxifloxacin to control levels.16 However, applied alone at the single 
concentration of 10 μM, and consistent with its reported strong mod-
ulation of IKr amplitude/kinetics,16,30,45 actions of ICA- 105574 were 
reported to cause an overcorrection of the APD16,30,58 to the point of 
triggering ventricular fibrillation.16,58 The bisphenol NS1643, which 
also acts predominantly by reducing hERG channel inactivation but 
with modest potency compared with ICA- 105574,16,31 was reported 
to exhibit a similar pro- arrhythmic risk,31,58 suggesting a strong link 
between pro- arrhythmic risk and activator- mediated attenuation of 
inactivation gating.58,60,61 The pro- arrhythmic effect of ICA- 105574 
was elucidated in a recent study examining the effects of this agent 
in a human- induced pluripotent stem cell- derived cardiomyocyte 
(hiPSC- CM) model of cLQT2- associated A422T hERG mutant.24 In 
this model, actions of ICA- 105574 at concentrations ≥3 μM were as-
sociated with an earlier peak in resurgent IKr/IhERG during the action 
potential of LQT2- A422T expressing hiPSC- CMs.24 This effect was 
suggested to cause early repolarization resulting in an overcorrec-
tion of the APD that in turn may shorten the QT interval to pro- 
arrhythmic levels (SQT).24 Altogether, although ICA- 105574 had 
the ability to correct for the electrophysiological effects of mutant 
LQT2- A422T, the risk of pharmacologically induced SQT associated 
with the use of concentrations as low as 3 μM24 raises concerns. 
Furthermore, across the ventricular wall, pro- arrhythmic effects of 
ICA- 105574 have been suggested at higher concentrations to be as-
sociated with a significantly amplified transmural dispersion of repo-
larisation (TDR) and instability of the QT interval16,58; both reported 
to be strong biomarkers of pro- arrhythmic risk.2,58 Similarly, NS1643 
was reported to also markedly amplify these two biomarkers but 
only in the presence of an IKs inhibitor,16 which is consistent with its 
reported modest modulation of IhERG kinetics compared with ICA- 
105574 but also provides further evidence of the strong correlation 
between impaired inactivation gating and high pro- arrhythmic risk.

The type (1/2) activator LUF7244 shares structural similarities 
with the type 2 activator ICA- 10557417 and has been reported to 
act primarily through attenuation of rapid inactivation,17 although 
its effects have also been associated with significant slowing of the 
hERG channel's deactivation kinetics.17 Further investigations are 
therefore warranted before this pharmacological agent can be for-
merly categorised as a type 2 or mixed 1/2 activator. This agent has 
been reported to have a higher selectivity for hERG relative to other 
ion channels (LUF7244 at 10 μM had no effects on IKIR2.1, INav1.5, ICa- L, 
and IKs but doubled IKr

17). In contrast, RPR260243 at 30 μM exhibited 
weak inhibition of ICa- L

23 which may underlie its effects on APD at 

this concentration. In a model of the canine atrioventricular block,17 
10 μM LUF7244 prevented dofetilide- induced TdP arrhythmia in in-
tact canine hearts. It failed, however, to return dofetilide- induced 
APD prolongation to baseline in both hiPSC- CMs and ventricular 
dog cardiomyocytes,17 indicating that the antiarrhythmic action of 
LUF7244 becomes apparent at lower concentrations than its effect 
against dofetilide- induced AP prolongation observed at the single- 
cell level.17 Altogether this suggests that (i) complete channel un-
block may not be necessary to restore normal hERG activity and 
(ii) LUF7244 allosteric modulation of hERG pharmacological sen-
sitivity may be secondary to the changes induced to the channel's 
gating properties,17 which is in accord with the proposed model of 
LUF7244- mediated allosteric coupling between channel's gating 
and drug inhibitor interactions with hERG's inner cavity (see Section 
4 in this review). Further experimental investigations are, however, 
required to highlight the exact underlying mechanism. Another po-
tential use of great clinical relevance for LUF7244 was highlighted 
in a recent study showing that pretreatment with a combination of 
LUF7244 and the high affinity inhibitor dofetilide, but not LUF7244 
alone, enhanced the membrane expression of both WT and traffick-
ing defective LQT2- associated G601S hERG mutant.25 Class III an-
tiarrhythmic drugs such as dofetilide have been reported to rescue 
the expression of trafficking defective hERG channels but because 
of their IKr/IhERG inhibitory properties, this has been of little clinical 
relevance.25 The use of hERG agonist to mitigate the inhibitory ef-
fects of drug inhibitors that have been shown to be effective in res-
cuing defective channel trafficking, in both congenital and acquired 
forms of LQTS, may therefore constitute a new therapeutic tool.

The type 1 activator LUF7346 was reported to activate IhERG 
through the slowing of channel deactivation but unlike RPR260243 
exhibits relatively significant attenuation of hERG inactivation 
gating20 however with no reported associated increase in pro- 
arrhythmic risk.20 This may be in part due to its reported limited 
effects on other ion channels (IKs, ICaL, INa, and IK1)20 compared with 
RPR260243.23 More likely, this may be due to LUF73466's possible 
prolonging effects of postrepolarization refractoriness which are yet 
to be thoroughly examined. LUF7346 effects have been compara-
tively less well studied with only one study showing that this agent 
can reverse the phenotype of isogenic pairs of iPSC cells containing 
the LQT2- associated c.A2987T (N996I) KCNH2 mutation,20 while 
also able to rescue channel function following drug- induced QT pro-
longation in this same model.20 A similar strategy to increase IhERG 
elicited from LQT2- associated hERG trafficking- defective mutants 
was previously investigated for the type 1,2,3 NS1643 [Correction 
added on June 22, 2022, after first Online publication: In the sen-
tence 'A similar strategy ...', type 2 has been changed to type 1, 2, 3.],62  
type 2 ICA- 105574,28 type 4 PD- 118057,59 and ITP- 228 but with 
mixed results (28,59 see also Tables 1– 3 in “Reported benefit for 
LQTS”), suggesting that LUF7346 combined with its suggested ef-
fect on postrepolarization refractoriness would be of superior antiar-
rhythmic benefit for the management of cLQTS. Also of clinical value 
in this study are the reported recapitulating effects of LUF7346 on 
an LQT1 and a Jervell and Lange Nielsen (JLNS)- associated KCNQ1 
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mutant channels (20; see also Table 1 “Reported benefit for LQTS”), 
suggesting that LUF7346 may also be of use for the management of 
other forms of cLQTS. Similar positive effects in hiPSCMs harbor-
ing JLNS- associated KCNQ1 mutations were reported for the type 
1,2 activator MLT- 53129 and activator with multiple mechanisms 
of actions (types 1, 2, 3) NS1643,63 with effects of both activators 
suggested to be mainly mediated through their modulation of the 
hERG's channel inactivation but not deactivation gating. Altogether, 
this would suggest that LUF7346 with its combined effects on 
APD and postrepolarization refractoriness through its modulation 
of hERG's deactivation gating may provide superior antiarrhythmic 
benefit to that of NS1643 or MLT- 531 for the management of the 
effects associated with JLNS.

7  |  LIMITATIONS OF THE PROPOSED 
STR ATEGY

Although the selective activation of IKr/IhERG by its drug agonist mol-
ecules appears to be a promising strategy for the pharmacological 
management of LQTS, there are still many potential drawbacks to ad-
dress before these results can be validated in clinical studies. First, a 
growing body of experimental evidence suggests that hERG agonist 
drug molecules may exhibit narrow therapeutic windows that may 
be attributable, in part, to the reported dual mode of action of hERG 
activators acting as blockers at high concentrations22,23,27,44– 47 and 
in part to the selectivity hERG activators exhibit for hERG relative 
to other ion channels (see row “Channel selectivity” in Tables 1– 3). 
Thus, the agonist drug molecule NS1643 with reported mixed type 
1, 2, and possibly 3 properties was shown at low concentration to be 
effective against triggered activity in in vitro and ex vivo experimen-
tal models but was later revealed by in silico modeling of the human 
cardiomyocyte to enlarge the vulnerable window for the develop-
ment of reentry circuits thereby increasing pro- arrhythmic risk.32 
This effect was suggested to be related to NS1643's inhibitory ef-
fects against Nav1.5 channels.32 A similar effect was reported for 
the activator MC- II- 157c an analog of NS1643 with enhanced hERG 
agonist activity compared with NS1643,64 suggesting that widening 
the window for agonist activity does not overrule inhibitory effects 
against Nav1.5 and associated pro- arrhythmic risk. Attempts to ra-
tionally design derivatives of hERG activator drug molecules to turn 
these compounds into full agonist drug molecules of the hERG chan-
nel have failed,48,57 with limited effect and reported loss of agonist 
activity for derivatives of NS1643 and LUF7346.48,57 Altogether, 
this suggests that the iterative design of hERG activators to enhance 
their therapeutic window may have limited applications.

Another critical factor that may underlie narrow therapeutic win-
dows is the increased pro- arrhythmic risk associated with the strong 
modulation of the hERG's channel gating properties, mainly inacti-
vation, by some hERG agonist drug molecules (see Sections 5 and 6 
in this review). Further, at high concentrations, some hERG agonists 
have been shown to impact negatively on biomarkers of the arrhyth-
mogenic substrate (e.g., TDR and/or QT instability16,58,60,61). This is 

critical as pharmacological strategies for the management of LQTS 
that had only aimed to modulate positively the triggers of arrhyth-
mia have shown limitations.32,58,60,61,64 All together this should be 
considered in future studies aiming to validate hERG agonist as drug 
candidates for the pharmacological management of LQTS. Finally, 
it has been reported that hERG agonist NS3623 impaired cardiac 
conduction in Langendorff- perfused guinea pig hearts.65 This agent 
has also been suggested to induce adverse activation of IKr in both 
the sinus node and vagal fibers,66 where IKr/IhERG participates in the 
control of the heart rhythm.6 Modulation of the pacemaking activity 
in the sinus node by native IKr has been suggested to be underlined 
by a slow decay in persistent diastolic IKr (see Sections 2 and 5 in this 
review) that would favor the firing of a new AP (67also reviewed in 6),  
with inhibition of IKr reported to be associated with slowing of SA 
node firing.6 A similar role has been reported for IKr in rabbit atrio-
ventricular (AV) nodal cells,68 suggesting that IKr may also partici-
pate in the auriculo- ventricular conduction. In that context, it could 
be speculated that hERG agonist- mediated increase in IKr/IhERG, and 
type 1 activators in particular for their mediated increase in per-
sistent diastolic IKr, may modify both pacemaking activity of the 
SA node and conduction through the AV node. These unintended 
potential effects of hERG agonists on both cardiac conduction and 
pacemaking activity could be critical because heart rate and length 
of the QT interval are correlated with reported greater QT prolon-
gation at slow heart rates. Altogether this highlights the need for 
further investigations.

8  |  PERSPEC TIVES

Although some hERG agonist drug molecules may constitute prom-
ising drug candidates, there are still extensive preclinical studies in 
animal and/or in silico models to carry out before these drugs can 
be proposed for early stages of clinical trials; including preliminary 
studies of their efficacy, toxicity, pharmacokinetics, and safety in-
formation. Thus, knowledge is lacking on the effects associated with 
the long- term use of hERG agonist drug molecules on both cardiac 
and noncardiac tissues. Kv11.1 channels are widely distributed in 
various organs and IKr takes part in many biological processes.6 Some 
hERG activators have already been reported to exhibit a differential 
effect against noncardiac (neuronal) isoforms of the hERG channel 
and/or other members of the “erg” channel family (see Tables 1– 3, 
row “channels selectivity”). This would be suggestive of a possible 
differential effect of IKr activation in noncardiac tissues. However, 
this remains hypothetical as there is to date no information available 
on hERG activator drug molecules transport across the blood– brain 
barrier and/or whether their effects would be limited to the pe-
ripheral circulation. Also of importance is the reported interspecies 
variation in the response of IKr to hERG agonist actions (discussed  
in 17,18,58). This is likely due to the interspecies variability in the rela-
tive expression of ionic channels and related APD reliance on IKr with 
some cardiac animal models suggested to be more susceptible to the 
role of IKr in the development of EADs/mechanism of arrhythmia.69 
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It could also be related to the suggested relative importance of the 
isoform hERG1b in human repolarization as opposed to other spe-
cies.6,33 To date, only two studies have suggested differential sensi-
tivity to hERG agonist actions of heteromeric channels hERG1a/1b 
compared with homomeric hERG1a channels;28,70 highlighting that 
our understanding of hERG agonist exact actions against native car-
diac IKr is rather limited. All together this warrants mandatory inves-
tigations in human relevant studies for the full characterization of 
the effects of hERG activators on human ventricular repolarization 
and of their adverse toxicity.

A first step toward better translational characterization of the ef-
fects of hERG agonist would be to comprehensively assess their car-
diac effects in line with the recommendations of the Comprehensive 
in Vitro Pro- arrhythmia Assay (CiPA) initiative.71 This initiative 
was first established to develop a new paradigm for assessing pro- 
arrhythmic risk associated with the use of drugs in development 
and expand our understanding of torsadogenic mechanisms beyond 
hERG pharmacological blockade. It advocates for the generalized as-
sessment of a drug's effect on multiple ion channels, integration of 
these effects in a computer model of the human cardiomyocyte to 
predict pro- arrhythmic risk as well as the use of fully integrated bi-
ological systems with human stem cell- derived cardiomyocytes, and 
ECG analysis in early phase I clinical trials.71 Although some studies 
have partially addressed some of the CiPA recommendations, this 
strategy needs to be generalized as it could offer valuable insights 
into the safety of the use of hERG agonists for the management of 
both congenital and acquired LQTS.

Also, of importance for future evaluations is the clinical rele-
vance of experimental conditions. In fact, there has been limited 
attention to whether experimental conditions are representative of 
common clinical settings where more than one QT- prolonging fac-
tor may occur concomitantly, generating an amplifying effect.2,7 The 
question of how the actions of hERG activators will react to con-
comitant presence of one or more drugs (polypharmacy), a genetic 
predisposition (polymorphism), underlying cardiac condition such as 
myocardial infarction or a combination of all these aggravating fac-
tors as seen in elderly patients7 still needs to be comprehensively 
addressed.

9  |  CONCLUSION

Since the discovery of the first hERG activator in 2005, it has now 
emerged that type 1 hERG activators, as opposed to other types of 
hERG agonist (particularly type 2 with their strong modulation of 
inactivation gating and related increased pro- arrhythmic risk), may 
constitute good candidates for the pharmacological management 
of congenital and drug- induced LQTS. Their progress as therapeu-
tic agents, however, still lacks critical preclinical knowledge of their 
actions.

In parallel, new pharmacological therapies for the management 
of LQTS are emerging. Thus, the use of late sodium current blockers 
such as mexiletine, ranolazine, and/or lidocaine have been suggested 

for the management of cLQTS,3 but also diLQTS13,15 especially in 
cases refractory to conventional interventions where removal of 
culprit drug and or ICD implantation are undesirable or contraindi-
cated.13 Mechanism- based therapies for the management of cLQTS 
have also been explored. Thus, in patients with hERG trafficking de-
fects, lumacaftor, a drug that was shown to restore intracellular traf-
ficking of mutated protein products such as CFTR, has been shown 
to shorten the QT interval of LQT2 patients significantly.72 Further 
investigations are, however, warranted as this study was very lim-
ited in terms of the number of patients included.72 Further, the use 
of siRNA5 or CRISPR/Cas9 gene- editing technology5 for the man-
agement of cLQT2 constitutes potential new avenues of treatment. 
All these strategies, however, also have limitations of their own. A 
comprehensive comparison of the balance between the benefits and 
risks associated with their use compared with that of type 1 hERG 
activator drug molecules may be useful and constitute a great ad-
vancement in the field.
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