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Abstract

Our review focuses on methanesulfonamide-containing compounds, a well-characterized
class of high-affinity blockers of the hERG potassium channel, which plays a critical
role in cardiac repolarization by mediating the cardiac Ix;. These compounds, which
include notable class III antiarrhythmic drugs such as dofetilide and d-sotalol, block the
hERG channel in its open state by binding within the inner vestibule. This interaction is
particularly strong with some residues and the compounds form hydrogen bonds with
others. This binding results in high-affinity inhibition with slow dissociation kinetics,
frequently leading to drug trapping and prolonged action potential duration (APD). This
can predispose patients to arrhythmias, including Torsades de Pointes. Beyond cardiac
drugs, there are several non-cardiac methanesulfonamide drugs that also block the hERG
channel. This causes pro-arrhythmic side effects despite their primary indications. The
clinical significance of these effects, especially in patients with impaired drug elimination,
is that accumulation increases the risk of arrhythmia. The objective of forthcoming research
endeavors is to mitigate hERG affinity, with the aim of reducing pro-arrhythmic risks while
maintaining therapeutic efficacy. This means structural modifications that seek to remove
or modify the methanesulfonamide group. Machine learning also emerged as promising
tool for exploring drug—protein interactions. It is evident that the methanesulfonamide
moiety plays a pivotal role in the structural basis of hERG blockade. However, it should
be noted that this moiety does not necessarily represent a universal pharmacophore. This
observation underscores the necessity for a nuanced approach in drug development, aimed
at achieving a balance between efficacy and safety.

Keywords: methanesulfonamide; hERG channel; Ix;; class III antiarrhythmics; action
potentials
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1. Introduction

In light of the demographic shift towards an ageing population, the necessity of medi-
cation is becoming increasingly pervasive. In the Northern American region, it has been
documented that approximately 90% of individuals over the age of 65 receive prescription
medication for one or more chronic illnesses [1]. Cardiac diseases are arguably the most
significant of these. The heart is the organ responsible for blood circulation, ensuring that
oxygen and nutrients reach all cells. Declining cardiovascular health can lead to subpar
function in all other organs, which not only reduces human lifespan (cardiovascular dis-
eases are the second most common cause of death in Europe, while it is the first in the
United States [2]) but also has a significant impact on quality of life.

In the context of the mass production of synthetic drugs, companies have been ob-
served to utilize the same molecule motifs or functional groups to achieve the same anti-
bacterial, anti-viral, anti-neoplastic, etc., effects as their peers [3-5]. It is unfortunate that
a significant proportion of our own cells possess structures capable of interacting with
these drug molecules, a phenomenon that is especially prevalent in cases of overdose or
compromised elimination, such as in instances of renal or liver failure. This interaction
can result in the accumulation of the drug in the body in its unaltered form [6-8]. In
consequence of contemporary drug development, there has been an enhancement in the
specificity of the pharmaceuticals in question, whilst the probability of overdose has been
reduced. Therefore, the occurrence of drug side effects is reduced; however, the incidence
is not negligible.

It is imperative to undertake a comprehensive examination of drug molecules at the
level of their target organ/cell, complemented by rigorous cross-examination with other
critical but off-target organs/cells. Such a meticulous approach is crucial to ensure that
the potential benefits of a drug outweigh its potential adverse effects. This is particularly
important in the context of fragile neurons and muscle cells and fibers, which are vital for
the proper functioning of the body.

1.1. What Is Methanesulfonamide and Its Applications in Drug Synthesis

Sulfonamides, including methanesulfonamides, are employed in the synthesis of vari-
ous organic molecules, including pharmaceutical drugs. Sulfonamide-containing drugs
were among the earliest synthetic antibiotics, with Prontosil being introduced in 1932 [9]. It
has been demonstrated that Prontosil exerts its effect through the disruption of bacterial
tetrahydrofolate formation [10]. It is evident that sulfonamides and their chemical alterna-
tives, including methanesulfonamides, have been identified as effective in the treatment
of non-bacterial diseases. This has consequently led to the development of numerous
pharmaceutical agents that incorporate the pharmacophore, including diuretics, antivirals,
antitumor and antiarrhythmic medications [10]. Sulfonamides represent a broad class
of compounds characterized by the SO,-NH moiety. In contrast, methanesulfonamides
constitute a structurally more defined subclass, wherein the sulfonyl group is substituted
by a methyl group. The consequence of this is a reduction in steric bulk and an increase
in conformational flexibility. Antiviral activity may be manifested through the inhibition
of polymerase [11-13] or reverse transcriptase [14]. It has been demonstrated that they
are capable of inhibiting COX-2 activity in a variety of tumors [15,16] when employed
as anti-neoplastic agents. Finally, they have the capacity to trap themselves within ion
channels, principally potassium channels, as a consequence of their comparatively large
pore size and positive charge. The ensuing discourse will elucidate the mechanisms of
action and the attendant consequences of this novel approach.
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1.2. Molecular Details of hERG Blocking by Molecules Containing Methanesulfonamide Group

It is imperative to avoid unintentional drug binding to hERG during the development
of new pharmaceuticals. To this end, computational techniques have been employed to
facilitate the understanding of the binding of drug molecules to the channel well before
the publication of the first experimentally determined structures. A significant source
of information regarding the structural basis of binding was provided by mutagenesis
studies, in which multiple mutations of hERG were examined. These mutations were
found to result in the loss of interaction with the blockers. Amino acids that were found to
contribute to the binding of multiple molecules include T623, S624, V625, G648, Y652, F656
and V659 [17,18]. Kalyaanamoorthy and Barakat have published a comprehensive review
of the various computational prediction methods, providing a concise overview of several
pharmacophore models for predicting drug interactions with hERG [19]. A number of
studies utilized docking and homology models based structures of other receptors [20,21],
whereas others employed three dimensional quantitative structure—activity relationship
(QSAR) [22,23] or pharmacophore modelling [24,25] methodologies. In a number of these
models, the position of a positively charged nitrogen atom (frequently located in a ring)
and its relative position from aromatic rings or hydrophobic groups are critical for binding
to the channel [22,23,25]. In contrast, other models involved molecules devoid of proto-
nated nitrogen [20,21]. However, a divergence in the molecular details of binding has been
observed between models, as evidenced in the extant literature [19]. It is evident that no
pharmacophore model has been identified in which a specific role for the methanesulfon-
amide group has been hypothesized. Consequently, it is challenging to draw conclusions
from these studies on the binding mechanisms of such molecules.

The cryo-EM structure for the open state of the channel, as published by Wang et al. in
2017 [26], corresponded to an open conformation of the channel. This structure has led to
the development of enhanced computational models for understanding the basis of hERG
blockade by drugs, including molecules containing a methanesulfonamide group. In a
study by Emigh Cortez et al. [27], the binding of seven hERG ligands was investigated using
molecular docking with RosettaDock to multiple models of the channel. These included the
open and closed states (the latter being a model based on EAG1) as well as several known
mutated variants known to affect ligand binding. In the course of the study, it was found
that three of the seven molecules under investigation contained a methanesulfonamide
group. These were dofetilide and the two enantiomers of sotalol. The docking results
indicate that the sulfonamide group of dofetilide interacts with residues T623 and 5624
via hydrogen bonds. These results indicate that these residues also contributed to the
interaction of sotalol with the channel along with Y652. The authors have identified a
significant disparity in the binding of these three molecules to the channel in comparison to
the remaining four: a reduced propensity to bind into the hydrophobic pocket. This finding
is at odds with an earlier detailed docking study involving 233 molecules, in which a
homologous model was used for the channel [28]. In this instance, the methanesulfonamide
group of dofetilide exhibited significant interaction with 1655 and F656.

In a recent study, Miyashita et al. [29] utilized Cryo-EM to successfully determine the
binding mode of three molecules to the hERG channel. Among the studied ligands, E-4031
contained an N-methanesulfonamide group, whilst the other two (astemizole and pimozide)
did not. The common structural element of the three molecules under investigation was a
piperidine ring, which (in its protonated state) was found to play a crucial role in blocking
the channel. The common structural element of the three molecules under investigation
was a piperidine ring, which (in its protonated state) was directly involved in blocking
the channel. This is in agreement with several previous pharmacophore models which
attribute a critical role to a group containing a positively charged nitrogen atom. The
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Tyr652 amino acid is involved in hydrophobic or pi-pi interactions with specific groups
in all three drugs. (Aromatic and hydrophobic interactions are another similarity with
earlier models.) Specifically, in the E-4031 molecule, the methanesulfonamide group formed
hydrogen bonds with 5624 and S649 in one subunit and T623 in another subunit. The
study provides a valuable insight into the structural changes triggered by ligand binding
in the hERG channel. However, despite these advances, the complete reconciliation of the
cryo-EM results with earlier models remains difficult. A notable unanswered question is
the contribution of the Phe656 residue, located in the S6 helix to binding. Mutagenesis and
alanine scanning experiments have demonstrated that this amino acid is highly important
for binding several channel blockers, including MK-499, dofetilide, ibutilide quinidine and
cisapride [18]. Yet it does not show interactions in the cryo-EM structure with any of the
three inhibitors. This residue may either have allosteric contributions [29], or alternatively,
the channel conformation captured in cryo-EM, although open, does not represent the
optimal conformation for high affinity interaction with the molecules whose binding
involves Phe565 [30]. Another factor that must be accounted for in in silico models is
dissociation kinetics. Some inhibitors such as amiodarone, cisapride, droperidol and
haloperidol dissociate relatively rapidly while others can remain trapped even when the
channel closes and dissociation takes much longer. This latter group includes inhibitors
such as bepridil, domperidone, E-4031 and terfenadine [31]. Therefore, a more complete
understanding of the binding mechanisms would require additional cryo-EM structures
corresponding to conformations not yet observed. Such new structures could help reconcile
the sometimes even partially contradictory findings among the available data. Alternatively
detailed molecular modeling, molecular dynamics, or artificial intelligence based protein—
ligand structure modelling (such as AlphaFold3 or Boltz-2) could serve as an alternative.
The published structures have the potential to serve as a foundation for future in silico
studies, which could elucidate the role of the methanesulfonamide group in the channel-
blocking properties of these molecules and serve as an even more detailed model for
understanding the hERG channel-pharmaceutical binding. This is particularly relevant
for drugs whose binding has not yet been studied at the molecular level. In Table 1 the
authors collected the most important interacting residues of the hERG channel. Figure 1 as
visualization of the drug binding and trapping mechanism of methanesulfonanilide drugs
in the channels closed state.

Table 1. Reported interacting residues involved in methanesulfonanilide binding to the hERG
potassium channel.

Interacting Residue Interaction Type Tested Compounds Reference
T623 H-bond, aromatic residue E-4031, Dofetilide Mlyash1ta etal. [29],
Kamiya et al. [18]
5624 H-bond, aromatic residue E-4031, Dofetilide Miyashita et al. [29],

Kamiya et al. [18]
5649 H-bond, aromatic residue E-4031 Miyashita et al. [29]
Miyashita et al. [29],

E-4031, Dofetilide,

Y652 H-bond, aromatic residue i} Kamiya et al. [18],
MEK-499 Mitcheson et al. [17]
- Miyashita et al. [29],

F656 H-bond, aromatic residue E-4031, Dofetilide, Kamiya et al. [18],

MK-499 Mitcheson et al. [17]
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Figure 1. The E-4031-bound form of hERG channel. (A): front view of the molecule, (B): ligand
binding site enlarged, (C): top view of the molecule. Structure was colored and labeled by ChimeraX
1.11.1, model used: 8ZYP, “Cryo-EM Structure of E-4031-bound hERG Channel”.

1.3. The Importance of Repolarization, the Role of Ik,

The ventricular cardiomyocyte action potential (AP) comprises five phases, numbered
sequentially from 0 to 4—0th: early, rapid depolarization, 1st: early repolarization, 2nd:
plateau phase, 3rd: terminal repolarization, 4th: resting membrane potential. The amplitude
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and duration of these phases are determined by the delicate interplay of inward and
outward ion currents. The rapid component of the delayed rectifier potassium current (Ix;)
has been identified as a pivotal player in terminal repolarization (phase 3) [32-34]. Ik, is
due to activation of the pore-forming subunit formed by Kv11.1 (human ether-a-go-go-
related gene—hERG) protein [35-37]. The alignment of the peak with the commencement
of phase 3 is observed in both atrial and ventricular myocytes. Furthermore, the current
density of Ik, is proportional to the velocity of the terminal repolarization. Collectively,
these data show that these properties significantly influence the duration of the action
potential (APD).

AP prolongation caused by impaired repolarization can lead to the development of
early afterdepolarizations (EADs) [38], which is a pro-arrhythmic event and might lead to
a potentially lethal torsade de pointes (TdP) type of ventricular arrhythmia [39].

AP prolongation is indicated by an increase in the QT interval on the electrocardiogram
(ECG). Class III antiarrhythmic agents of Vaughan Williams classification act as inhibitors
of Ik, [40], leading to prolongation of the AP and, consequently, the refractory period. This
is the mechanism behind the antiarrhythmic action of these compounds. However, for the
same reasons, these drugs that increase the APD also have pro-arrhythmic potency under
some conditions.

1.4. Methanesulfonamide Drugs Targeting the Heart

The most potent class III antiarrhythmic drugs are characterized by the presence of the
methanesulfonamide group within their molecular structure. It has been established that
the hERG potassium channel of ventricular cardiomyocytes is blocked by trapping inside
the inner vestibule of the open channel [18,41]. Consequently, the molecule remains in the
closed channel, thereby slowing its dissociation. It can thus be concluded that the molecules
in question inhibit Ik, and that the effects of this inhibition are unctionally persistent
due to slow dissociation kinetics. The result of this is the potential for the occurrence of
arrhythmias. It has been established that, due to this property, drugs which are not primarily
antiarrhythmic but contain the methanesulfonamide group are capable of blocking the
hERG channel at concentrations that correspond to their therapeutic or “realistic overdose”
concentrations. The clinical significance of methanesulfonanilide-mediated hERG blockade
extends beyond electrophysiological observations, as excessive Ik, inhibition represents one
of the major causes of acquired long QT syndrome and drug-induced Torsades de Pointes.
These results indicate that methanesulfonanilide compounds exhibit high affinity and slow
dissociation kinetics, which results in the retention of substantial channel occupancy even at
declining plasma concentrations. This phenomenon is particularly pronounced in patients
with impaired drug elimination.

2. Findings
2.1. Anti-Arrhythmic Drugs with Methanesulfonamide Group

Methanesulfonanilide drugs are archetypal class III antiarrhythmics. Given their clas-
sification as cardiac drugs, it is not unexpected that they exert an effect on the heart rhythm.
However, given the cardiac AP’s reliance on the delicate equilibrium of ionic currents
within myocytes, minor alterations can potentially precipitate cardiac arrhythmias. It is
imperative that the actions of cardiac drugs are meticulously documented, encompassing
their dosage limits, to ensure their safety and prevent human error from precipitating a
catastrophic, potentially lethal arrhythmia. The molecular structure of the four cardiac
drugs to be discussed in this review is shown in Figure 2.
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Figure 2. The molecular structure of four methanesulfonanilide drugs synthesized for cardiac use:
(A): E-4031; (B): MK-499; (C): d-sotalol; (D): dofetilide. Structures were created by ChemDrawPro
12.0 software.

2.1.1. Too Potent to Use in Medical Treatment: E-4031 and MK-499

Two hERG-inhibiting compounds have been in the focus of extensive research, yet
neither E-4031 nor MK-499 could be released into clinical practice. The utilization of these
agents has been limited to a small number of clinical trials, primarily due to their high pro-
arrhythmic potency and low reversibility. Consequently, they are currently employed solely
in research. The two compounds were introduced in the early 1990s. A significant body
of in vitro research has been conducted on these agents, providing substantial evidence
for their hERG blocking effect. This effect has been demonstrated in a variety of settings,
including single-channel measurements [42] and Ik, inhibition in isolated ventricular
cardiomyocytes. The present findings demonstrate that these molecules selectively block
the hERG channel in its open state, while maintaining unaltered function in closed channels.
It was also determined that MK-499 exhibits a preference for blocking the inactivated state
of the channel. Consequently, closure of the activation gate traps the molecule within the
channel, thereby increasing the washout period of the effect [43]. E-4031 was also tested in
guinea pig atrial and ventricular myocytes in vitro [44]. In this preliminary study, E-4031
was demonstrated to possess a concentration-dependent APD7g-increasing effect (from
the control of 219 & 6 ms to 239 4+ 10, 292 £+ 5, and 368 + 27 ms for 0.03, 0.1, and 0.3 uM
E-4031, respectively).

In the trial of Okada et al., E-4031 was administered to six patients suffering from
arrhythmia, with their condition being monitored using a standard 12-lead ECG [45].
The electrocardiogram (ECG) revealed a substantial increase in the corrected QT interval
(QTc), from 420 £+ 22 ms to 468 £+ 41 ms. In four out of six patients treated with E-
4031, the QTc interval could not be accurately determined. This was due to the frequent
appearance of premature ventricular or supraventricular contractions, which is a more
common occurrence than in the case of the other tested drugs.

Conversely, their high affinity (both half-maximal inhibitory concentration (ICs) is in
the nanomolar range) renders them frequently utilized in hERG research. For instance, MK-
499 was utilized in a study by Mitcheson et al. to ascertain the structural target of current
inhibition in hERG channel protein [17]. It was determined that missense mutations within
the 56 domain of the channel (G648A, Y652A, and F656A) result in the protein exhibiting
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near-complete resistance to MK-499. E-4031 exhibits high affinity for hERG, selectively
blocking it in isolated ventricular cardiomyocytes, often to the point of pro-arrhythmic
EADs [46]. Consequently, numerous research laboratories regard the E-4031-sensitive
current as control Ik, in isolated ventricular myocytes [32].

2.1.2. The Old and Reliable: D-Sotalol

D-sotalol is considered to be one of the earliest class III antiarrhythmic drugs to be
used in clinical practice. The levorotatory isomer, l-sotalol, was first introduced in 1960 as a
beta blocker, due to its ability to bind non-selectively to 31 and 32 adrenergic receptors.
Nevertheless, subsequent to its debut, research demonstrated that the dextrorotatory isomer,
d-sotalol, exerts an antiarrhythmic effect. The antiarrhythmic effect of the drug was studied
in two different contexts: firstly, in post-ischemic canine hearts [47] and secondly, in patients
suffering from arrhythmia [45,48]. In all studies, sotalol was found to have a significant
effect on the occurrence of arrhythmias, with a reduction in incidence observed in all cases.
In the study conducted by Anderson et al. [2], the drug was also found to reduce heart rate,
thus demonstrating both (3-blocking and class III antiarrhythmic actions. Okada et al. [45]
demonstrated significant QTc prolongation in the d-sotalol case as well (from 405 £ 35 to
458 £ 29 ms).

In order to further research on the capabilities of d-sotalol as a class III antiarrhythmic
agent, Varr6 et al. [49] also studied it on the AP of isolated canine ventricular Purkinje
fibers. The primary outcomes of this study were the substantial prolongation of APD at
50% (APDsp) and 90% (APDygg) repolarization (APDsg: from 176 & 9 to 206 £ 7 ms, APDyy:
from 249 + 11 to 326 + 10 ms).

Subsequent to these endeavors, a relatively recent study by Orvos et al. [50] compared
multiple class III antiarrhythmics with manual and automated patch-clamp techniques.
That study demonstrated that d-sotalol exerts its effects by selectively inhibiting hERG
channels when expressed in immortalized human embryonic kidney (HEK) cells. This inhi-
bition leads to a significant decrease in the average current density of Ik, in isolated rabbit
ventricular myocytes, as reported in [50]. The most intriguing discovery in this instance
was that its ICsy value exhibited variability under differing conditions. During automated
patch-clamp experiments conducted at room temperature, the ICsy was determined to be
774 + 9 uM, whereas at 37 °C, it was found to be 343 + 25 uM. The IC5y was determined
tobe 78 £ 5 pM in HEK cells and 52 + 9 uM in isolated left ventricular myocytes, both at
37 °C, when performing manual patch-clamp experiments. In the aforementioned study;
the effects of d-sotalol on the action potential of rabbit and human ventricular myocytes
were measured. In both cases, d-sotalol significantly increased APDyg. This increase was
observed in both rabbit myocytes (56 + 5% increase from 157 + 11 to 244 £ 16 ms) and
human cells (28 + 2% increase from 302 4 20 to 387 + 28 ms). However, no EADs or
delayed afterdepolarizations (DADs) were observed.

2.1.3. New and Stable: Dofetilide

Dofetilide is a methanesulfonamide-based class III antiarrhythmic agent that is cur-
rently among the most widely used [51]. A substantial body of research has been conducted
on the subject. The therapeutic concentration of the substance under investigation falls
within the range of 2 to 7 nM.

One of the initial studies to assess the efficacy of dofetilide, previously designated as
UK-68,798, involved experiments on guinea pig and canine ventricular muscle, as well
as canine Purkinje fibers. This investigation was conducted by Gwilt et al. [52], where a
significant increase was observed in APDsy, APDgg and effective refractory period on the
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canine heart preparation. Furthermore, the substance under investigation was found to
inhibit both I and Ik, of isolated guinea pig ventricular myocytes.

Subsequently, a study was conducted by Kiehn et al. [53] in hRERG-expressing Xenopus
oocytes utilizing single-channel patch measurements. Although the parameters of the
single-channel current remained unaltered from the control conditions, single-channel
activity was significantly reduced in dofetilide, indicating a clear effect on the isolated
current generated by the hERG channel.

In addition to the aforementioned models of muscle and expressed channels, Okada
et al. also conducted a study in which they examined the effects of dofetilide in patients
suffering from arrhythmias [45]. Dofetilide was administered to seven patients, with
the patients undergoing standard 12-lead ECG monitoring. The QTc interval exhibited a
significant increase from 396 & 15 ms to 457 4 30 ms.

In 2001, Weerapura et al. [54] conducted a study in which they examined the hERG
channel in the context of dofetilide. However, their primary focus was on the gating-state
dependency of the drug’s action. The investigation revealed that dofetilide shares structural
similarities with MK-499 and E-4031, requiring the opening of the channel for its therapeutic
effects to be manifested. It was also determined that other factors, including membrane
voltage and the number of open channels, do not exert an effect on hERG current (IhERG)
blocking action. Furthermore, it was established that inactivation mutant hERG channels
are less susceptible to the block by dofetilide [54].

Although the literature on dofetilide hERG blocking action and its gating state depen-
dency is extensive, the molecules’ dissociation kinetics have received comparatively less
attention. In 2003, Lee et al. [55] conducted a study in which they examined the onset and
recovery kinetics of dofetilide on the AP of guinea pig papillary muscles and on the Iy grg
expressed in Xenopus oocytes. The results of this study indicated that the onset time of
0.1 uM dofetilide effect was 21 + 2 s, which resulted in an 83 + 6 millisecond increase in the
APDygg value. The results demonstrated a 28.0 & 0.5% recovery during the rest period. This
occurred after a period of three seconds without pacing. However, no further recovery was
observed. The gradual and incomplete recovery was sustained during the washout period.
The authors conducted a study in which they examined the effects of dofetilide on hERG
channels that had been expressed in Xenopus oocytes. INERG exhibited no indications of
recovery at any of the applied voltages. The authors of the study interpret this as the result
of dofetilide “trapping” inside the closed hERG channel.

In their article [50], Orvos et al. also conducted a study on the effects of dofetilide. A
relatively consistent IC5) value was identified through the measurement protocols. For
automated patch recording at room temperature, the value was found to be 8 + 0.2 nM.
For automated patch recording at 37 °C, the value was determined to be 7 & 0.2 nM. For
manual I, recording from isolated myocytes at 37 °C, the value was recorded as 13 & 3 nM.
Dofetilide was observed to have a significant effect on the action potential duration (APD) of
isolated cardiomyocytes in rabbits. The APDq increased from 191 + 14 ms to 286 £ 40 ms,
representing a 47 & 13% increase. In human cardiomyocytes, APDgj exhibited an increase
from 239 =+ 10 to 288 + 14 ms, representing a 20.4 £ 4.5% rise.

2.2. Non-Cardiac Drugs with Pro-Arrhythmic Side Effects

As previously mentioned, in addition to class Il antiarrhythmics, a significant number
of other medications have methanesulfonamide in their molecular structure. Rosuvas-
tatin, a pharmaceutical agent employed in the treatment of dyslipidemia, serves as a
pertinent example in this regard. The potential for Ix; blocking is evident through channel
activity and channel protein expression inhibition [56,57]. As with rosuvastatin, other
methanesulfonamide-containing pharmaceuticals have the capacity to exert an effect on
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the cardiac Ix;. The chemical structure of the non-cardiac methanesulfonamide-containing
drugs to be discussed subsequently is illustrated in Figure 3.
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Figure 3. The molecular structure of three methanesulfonamide containing drugs that have hERG
blocking effect despite their non-cardiac purpose: (A): amsacrine; (B): dasabuvir; (C): delavirdine.
Structures were created by ChemDrawPro 12.0 software.

2.2.1. The Anti-Neoplastic Drug That Blocks hERG: Amsacrine

Amsacrine, first introduced in 1984, functions as a topoisomerase II inhibitor and is
used as part of the induction regimen for acute myelogenous leukemia. The substance
has been demonstrated to exhibit therapeutic properties within a concentration range of
3 to 18 uM. Cardiac side effects were identified, including QT interval prolongation and
arrhythmia [58-61], yet only a limited number of studies have been conducted thus far
regarding its electrophysiological effects [62]. As these are generally linked to Ix, blockade,
Thomas et al. sought to ascertain the electrophysiological basis of these adverse effects [63].
In order to achieve this objective, the substance was applied to Xenopus oocytes and HEK
cells, which expressed hERG channels. In the experiment conducted on Xenopus oocytes,
the agent was tested at concentrations of 1, 10 and 100 uM. The latter inhibited the tail
current almost completely, while 10 uM of amsacrine blocked the tail current of the Igrg
by over 80%. In this experiment, the authors found that the ICs value of the amsacrine in
this model was 2 &= 0.1 uM. Furthermore, it was determined that the substance in question
exerts its effect by obstructing the open channel and prolonging the duration of inactivation.
This phenomenon is analogous to that observed in other pharmaceutical agents comprising
a methanesulfonamide group within their structural composition. Subsequent experiments
were conducted on HEK cells to ascertain whether amsacrine could also block hERG in
human cells. A notable observation pertaining to the relative tail current measurements
was the determination of the ICs value of amsacrine to be 209 £+ 6 nM in this second model.
However, this discrepancy was not addressed by the authors [63].

2.2.2. The Anti-Hepatitis Agent: Dasabuvir

Dasabuvir is a non-nucleoside hepatitis C virus (HCV) polymerase inhibitor intro-
duced in 2014. The therapeutic concentration of the substance under investigation falls
within the range of 0.2 to 4 uM. A study has identified cardiac side effects, including
bradycardia, cardiac arrest and chest pain, associated with the administration of dasabuvir-
containing anti-HCV medication [64-66]. Notwithstanding the existence of the aforemen-
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tioned evidence, it is notable that no studies of an electrophysiological nature have been
conducted with dasabuvir.

Given the prior experimental experience with E-4031 and dofetilide, there was keen
interest in the testing of dasabuvir as well [67]. Firstly, 1 uM dasabuvir was added to
the perfusion solution of isolated canine ventricular cardiomyocytes, as APs were being
recorded. This modest concentration elicited a substantial increase in APDyg, escalating
from 258 £ 15 to 277 £ 15 ms (representing an 8 & 3% rise). This observation points to
a plausible Ix, block. Furthermore, it was observed that the velocity of phases 0 and 1 of
the AP was significantly reduced, indicating that dasabuvir may also exert an influence
on ion currents other than ;. Subsequently the authors assessed dasabuvir at elevated
concentrations, ranging from 1 to 30 uM. In the course of the study, it was demonstrated
that dasabuvir caused a consecutive increase in APDgy (resulting in an approximately 7%
(1 uM), 26% (3 uM), 43% (10 uM) and 53% (30 uM) increase). Concurrently, it was observed
that dasabuvir decreased the velocity of the terminal repolarization (from —1.8 £ 0.1 to
-17+£01,-17£0.1,-15+0.1,and —14 £ 0.1 V/sin 1, 3, 10 and 30 uM, respectively).
It was also determined that, at a concentration of 3 uM, the likelihood of EAD occurrence,
a discernible pro-arrhythmic factor, was elevated. In order to facilitate the visualization
of the dasabuvir-sensitive current beneath the ventricular action potential (AP), a series
of AP-clamp measurements were conducted. These measurements revealed the presence
of multiple components within the dasabuvir-sensitive current. The first component is of
particular interest, as it elucidates the alterations that occur in the early phases of the AP. A
subsequent component exhibits maximal density, which corresponds to the V-max value
(the maximal rate of phase 3 repolarization) of the AP of the recorded cell. This finding
suggests that the component in question can be due to Ix; blockade. Subsequent to the
washout of dasabuvir, the remaining current exhibited a configuration analogous to the Ik,
of canine cardiomyocytes. This finding has the potential to provide further support for the
prevailing theory on the trapping mechanism of the methanesulfonamide drugs. In order to
ensure the validity of the results, conventional voltage-clamp experiments were conducted
on hERG channels, which were expressed in HEK cells. The antiviral agent dasabuvir,
when administered at a concentration of 30 uM, resulted in the near-complete inhibition of
the current. However, subsequent to the removal of the agent, the effect was found to be
almost completely irreversible. In order to verify the concentration-dependent inhibition
of the canine AP, 1, 3, 10 and 30 uM of dasabuvir were applied to HEK cells, where the
remaining current fractions were 0.93 £ 0.04, 0.63 &+ 0.10, 0.26 £ 0.04, and 0.15 £ 0.02,
respectively. Consequently, the ICs5j value was determined to be 3.2 uM [67].

2.2.3. Fighting HIV: Delavirdine

Following the findings obtained with dasabuvir, the focus was shifted to delavir-
dine [68], a non-nucleoside reverse transcriptase inhibitor that was first approved in 1997.
The therapeutic concentration of delavirdine was found to range from 7 to 33 uM. Initially,
conventional voltage-clamp measurements were conducted on HEK cells that stably ex-
pressed hERG channels. A total of 30 uM of delavirdine almost fully blocked the hERG
current once more, but this effect was fully reversible after washout. Following the ad-
ministration of delavirdine at a series of concentrations, a concentration-response curve
was constructed, yielding an ICsg value of 11 £ 1 uM. Delavirdine, at a concentration of
10 uM, was observed to induce a significant prolongation in the action potential duration
(APDyp) of isolated canine left ventricular cardiomyocytes. The APDy increased from
204 + 10 ms to 226 + 13 ms, representing an approximate increase of 11%. This effect was
found to be reversible, with the APDg returning to 21 1 + 12 ms following the removal of
the drug. Furthermore, the maximal rates of the Oth, 1st and 3rd phases of the AP were also
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reduced by the substance (—25%, —34% and —28% respectively). Subsequent to this, the
1-3-10-30 pM sequence was utilized in conjunction with delavirdine. The APDy increased
in proportion to the following extents: 8%, 15%, 23% and 37%, respectively. Delavirdine
has been demonstrated to reduce the maximal rate of repolarization of the first and third
phases of the AP, in a concentration-dependent manner. Delavirdine-sensitive currents
exhibited a more distinct configuration in comparison to dasabuvir-sensitive currents as
evidenced by AP-clamp measurements. The current is composed of two distinct compo-
nents, which are distinctly separated. The former is characterized by its similarity to the I,
current of the cardiomyocytes, while the latter is analogous to the Ik;. The early component
reaches its maximum peak value approximately five minutes after the commencement of
drug perfusion; however, the late component requires a further five minutes to reach its
maximum [68].

3. Conclusions

The present review highlights that methanesulfonamide-containing compounds repre-
sent one of the best-characterized classes of high-affinity hERG potassium channel blockers.
As evidenced by the examples of methanesulfonanilide drugs presented, the inhibition
of cardiac Ik, through hERG channel block appears to be a well-founded phenomenon.
Although hERG inhibition is not exclusive to methanesulfonamide-containing molecules,
accumulating electrophysiological, structural and also in silico evidence suggests that this
functional group contributes significantly to the characteristic binding behavior of classical
methanesulfonanilide compounds such as dofetilide, E-4031 and MK-499. The mechanism
of action in question has been extensively studied, with a significant number of articles
reporting that the channels are exclusively blocked in their open state. The experimental
studies demonstrated that these compounds interact with residues located within the inner
vestibule of the hERG pore, particularly Y652 and F656. Structural analyses and docking
studies identified hydrogen bond interactions involving residues T623, 5624 and 5649 also
located within the inner vestibule. As demonstrated by the two aforementioned cryo-
EM studies, the methanesulfonamide binding sites exhibit a high degree of consistency
amongst the molecules [28,29]. Moreover, observations have been made pertaining to the
formation of hydrogen bonds between the methanesulfonamide and its binding sites. It
has been demonstrated that the molecules exhibit a reduced propensity to bind within the
hydrophobic pocket. While it is evident that other drugs, devoid of the aforementioned
structural element, are capable of inhibiting hERG channel activity, these findings may
serve to underpin the high affinity of methanesulfonamide drugs for the channel and their
capacity to trap in them. It is evident that these interactions collectively contribute to
the facilitation of stable pore occupancy, high-affinity inhibition, and the unusually slow
dissociation kinetics that are characteristic of methanesulfonanilide blockers. The capacity
of a number of compounds to become entrapped within the closed channel state further
differentiates this pharmacological class from numerous other hERG inhibitors [41,45,50].
Consequently, these substances can function as effective agents in the treatment of various
cardiac tachyarrhythmias, which are classified as class III antiarrhythmic medications.
However, it can also be stated that a significant proportion of these agents exhibit a high
degree of potency in terms of their binding affinity for the hRERG channel, as evidenced by
the examples of E-4031 [46] and MK-499 [17]. From a physiological perspective, excessive
hERG blockade suppresses the rapid delayed rectifier potassium current (Ik;), prolongs ven-
tricular repolarization and increases the risk of QT interval prolongation and development
of Torsades de Pointes. It is important to note that the high affinity and prolonged channel
occupancy of methanesulfonanilide compounds may become particularly relevant under
conditions associated with impaired drug elimination, including renal or hepatic dysfunc-
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tion. In such cases, accumulation can further increase proarrhythmic risk. It has been well
documented that non-cardiac pharmaceuticals containing the methanesulfonamide group
are capable of exerting a toxic effect on the heart. In such cases, the pharmaceutical agents
primarily employed are anti-viral or anti-neoplastic drugs, including delavirdine [68] and
amsacrine [63].

These drugs have the capacity to reach and inhibit the cardiac hERG channels, thereby
inducing a wide variety of arrhythmic events. The properties of the compounds men-
tioned in the results section are summarized in Table 2. In addition to their toxicological
significance, methanesulfonanilide compounds offer valuable mechanistic insight into the
structural determinants of hERG channel pharmacology, as demonstrated by cryo-EM
molecular docking and computational modelling studies.

Extant evidence indicates that the methanesulfonamide moiety acts as an affinity-
enhancing structural contributor rather than a universal hERG pharmacophore. Rather, it
should be considered an important structural contributor to the characteristic high-affinity
and state-dependent blockade exhibited by several clinically relevant and experimentally
important hERG inhibitors. The ICsq values, dosage and APDyj prolongating ability of
the discussed compounds are summarized in Table 2, and the latter one is visualized on

Figure 4.
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Table 2. The drugs discussed in the review, their ICsy value on hERG channels, therapeutic dosage (if
applicable) and their APDyj prolonging effect.

Drug Name ICsp Dosage APDg, Prolongation References
E-4031 7.7 M no data 9-68% (guinea-pig, APDyy) ~ 2nou etal [69], Wettwer
et al. [44]
~100% Coi et al. [70],
MK-459 21.4nM no data (rabbit purkinje fibers) Cordeiro et al. [71]
o . o . drugs.com [72],
d-Sotalol 51.6-773.7 uM 80-640 mg/day 31% (canine), 56% (rabbit), Varré et al. [49],
28% (human)
Orvos et al. [50]
- B . 47% (rabbit), medscape.com [51],

Dofetilide 8.4-13.0 nM 2 x 125-500 ng/day 20% (human) Orvos et al. [50]

. 2.0 nM, Arlin et al. [73], Thomas
Amsacrine 209.4 nM 150-340 mg/day no data etal. [63]
Dasabuvir 3.2 .M 2 % 250 mg/da 7-53% (canine) drugs.com [74],

’ y Kovacs et al. [67]
Delavirdine 11.0 uM 3 x 400 mg/day 8-37% (canine) drugs.com [75],

Oviri et al. [68]

4. Future Developments

The future of methanesulfonanilide drugs appears to be uncertain. The primary ob-
jective is to eradicate or, at the very least, substantially minimize the pro-arrhythmic side
effects of both cardiac and non-cardiac medications. In the domain of cardiac pharmacology,
research initiatives are predominantly directed towards the reduction in hERG affinity. The
principal aim of this approach is to reduce the likelihood of drug trapping, whilst pre-
serving the anti-arrhythmic efficacy of the medication. This strategy is intended to ensure
the continued efficacy of the drug, thereby preventing the occurrence of pro-arrhythmia,
which can lead to more predictable medication outcomes. Conversely, non-cardiac phar-
maceuticals are designed to impede hERG binding, thereby mitigating the occurrence
of cardiac adverse effects. In both cases, researchers typically undertake the removal of
methanesulfonamide from the molecule in order to achieve their objective. In 2023, Helli-
well et al. [76] conducted a study in which they tested a methanesulfonamide-free analogue
of E-4031, designated E-4031-17. The results obtained revealed the presence of wild-type
and several mutant hERG channels in HEK 293 cells, and conventional voltage-clamp mea-
surements were then conducted on these cells. It was determined that the elimination of
the methanesulfonamide group did not result in any alteration to the hERG-blocking effect
of the substance. However, it was found to be more readily dissociated from the channel
during washout periods. Nevertheless, through the utilization of multiple applications, the
block was observed to be capable of accumulation. This demonstrated the importance of
further exploration of these altered molecules, as it will result in the identification of more
use-dependent agents, which in turn will facilitate more straightforward medication plan-
ning. Conversely, Carvalho et al. (2013) [77] utilized 72 aromatic analogues of dofetilide,
comprising a central pyridine moiety and devoid of methanesulfonamide, to identify some
with diminished hERG binding affinity, thereby reducing the likelihood of cardiac adverse
effects. The researchers employed radioligand binding and patch-clamp assays in their
experimental design. It has been demonstrated that several of these analogues possess
ICsq values that are comparable to those of the most potent hERG blockers. Nevertheless,
permanently positively charged pyridines have been observed to demonstrate reduced
hERG affinity. However, it should be noted that this method has not been deemed a reliable
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one. It was demonstrated that an increased rigidity, attributable to triple bonds, was a more
reliable modification, thereby mitigating activity on hERG.

These studies demonstrated that the methanesulfonamide functional group is an
integral component of the hERG channel blocking effect, capable of eliciting both positive
and negative effects.

In addition to the conventional research methods demonstrated in previous studies,
the rapidly expanding databases of protein structures suggest that machine learning mod-
els could be considered a novel approach to researching drug—protein interactions. The
domain of machine learning has witnessed recent advancements in the field of drug-drug
interactions, as reviewed by Lu et al. [78]. The review categorizes machine learning (ML)-
based drug—drug interaction (DDI) prediction methods into several primary types, some of
which have the potential to be utilized in the research of drug—protein interactions as well,
such as learning paradigms. However, it should be noted that there are certain disadvan-
tages associated with this approach. These include the potential ambiguity of the internal
decision-making processes employed by these models and the challenges associated with
clinical translation. Nevertheless, the integration of large language models and generative
models has the potential to position machine learning as a potent instrument in the research
of drug—protein interactions, as Liu et al. [79] researched various hERG interactions, first
with six individual QSAR models then with three ensemble models as well. All models
achieved high performance with Matthews correlation coefficient (MCC) values between
0.682 and 0.730, exceeding the best previously reported MCC of 0.689 on the same dataset.
Also, external validation on EV-1 (biased toward blockers) demonstrated strong extrapola-
tion ability, with MCC values from 0.520 to 0.715, significantly better than prior models (0 to
0.599). This study successfully developed robust machine learning and deep learning QSAR
models using Mold2 descriptors to predict hERG channel blockade with improved accuracy
and generalization compared to existing models. The ensemble approaches, particularly
including all six models, provided enhanced predictive performance in cross-validation.
These models offer valuable computational tools to support pharmaceutical industry by
reducing the risk of cardiac adverse effects of new drug candidates.
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Abbreviations

The following abbreviations are used in this manuscript:

AP Action Potential

APD Action Potential Duration

APDx Action Potential Duration at 50% repolarization
APDyy Action Potential Duration at 70% repolarization
APDg, Action Potential Duration at 90% repolarization

COX-2 Cyclooxygenase-2
Cryo-EM  Cryo-electron microscopy

DAD Delayed Afterdepolarizations

DDI Drug-Drug Interaction

EAD Early Afterdepolarizations

ECG Electrocardiogram

HCV Hepatitis C Virus

HEK Human Embryonic Kidney (cells)

hERG Human Ether-a-go-go-Related Gene

1Cs Half Maximal Inhibitory Concentration

Txr Rapid Component of the Delayed Rectifier Potassium Current
Tio1 Transient Outward Potassium Current 1

Kvil.1l Potassium Channel Subunit Forming hERG Channel
MCC Matthews correlation coefficient

ML Machine Learning

QSAR Quantitative Structure—Activity Relationship

QTc Corrected QT interval

TdP Torsade de Pointes

References

1.  Hales, C.M.; Servais, J.; Martin, C.B.; Kohen, D. Prescription Drug Use Among Adults Aged 40-79 in the United States and
Canada. NCHS Data Briefs 2019, 347, 1-8.

2. Ahmad, EB,; Cisewski, J.A.; Anderson, R.N. Mortality in the United States—Provisional Data, 2023. MMWR. Morb. Mortal. Wkly.
Rep. 2024, 73, 677-681. [CrossRef]

3. Huggins, D.J.; Sherman, W.; Tidor, B. Rational Approaches to Improving Selectivity in Drug Design. |. Med. Chem. 2012, 55,
1424-1444. [CrossRef]

4. Duarte, C.; Barreiro, E.; Fraga, C. Privileged Structures: A Useful Concept for the Rational Design of New Lead Drug Candidates.
Mini-Rev. Med. Chem. 2007, 7, 1108-1119. [CrossRef] [PubMed]

5. Chen, H; Wu, ]J.; Gao, Y,; Chen, H.; Zhou, ]. Scaffold Repurposing of Old Drugs Towards New Cancer Drug Discovery. Curr. Top.
Med. Chem. 2016, 16, 2107-2114. [CrossRef] [PubMed]

6. Liabeuf, S.; Berdougo-Tritz, J.; Augey, L.; Mbarek, A.; Jadoul, M.; Deray, G.; Massy, Z.A. Drug Exposure in Chronic Kidney
Disease: It Is Not Just About the Glomerular Filtration Rate. Fundam. Clin. Pharmacol. 2025, 39. [CrossRef] [PubMed]

7. Hanumegowda, U.M.; Davis, C. The Role of Drug Metabolism in Toxicity. In Drug Metabolism Handbook: Concepts and Applications
in Cancer Research; Wiley: Hoboken, NJ, USA, 2022; pp. 607-676, ISBN 9781119851042.

8. McLean, A.J.; Morgan, D.J. Clinical Pharmacokinetics in Patients with Liver Disease. Clin. Pharmacokinet. 1991, 21, 42-69.
[CrossRef]

9.  Domagk, G. Ein Beitrag Zur Chemotherapie Der Bakteriellen Infektionen. Dtsch. Med. Wochenschr. 1935, 61, 250-253. [CrossRef]

10. Azevedo-Barbosa, H.; Dias, D.F.; Franco, L.L.; Hawkes, ].A.; Carvalho, D.T. From Antibacterial to Antitumour Agents: A Brief
Review on The Chemical and Medicinal Aspects of Sulfonamides. Mini-Rev. Med. Chem. 2020, 20, 2052-2066. [CrossRef]

11. Talamas, FX.; Abbot, S.C.; Anand, S.; Brameld, K.A ; Carter, D.S.; Chen, J.; Davis, D.; de Vicente, J.; Fung, A.D.; Gong, L.; et al.
Discovery of N-[4-[6-Tert-Butyl-5-Methoxy-8-(6-Methoxy-2-Oxo-1 H -Pyridin-3-Y1)-3-Quinolyl]Phenyl][Methanesulfonamide
(RG7109), a Potent Inhibitor of the Hepatitis C Virus NS5B Polymerase. |. Med. Chem. 2014, 57, 1914-1931. [CrossRef]

12.  Zeuzem, S.; Jacobson, I.M.; Baykal, T.; Marinho, R.T.; Poordad, F.; Bourliere, M.; Sulkowski, M.S.; Wedemeyer, H.; Tam, E.;

Desmond, P; et al. Retreatment of HCV with ABT-450/r-Ombitasvir and Dasabuvir with Ribavirin. N. Engl. ]. Med. 2014, 370,
1604-1614. [CrossRef]

https://doi.org/10.3390 /ph19060882


https://doi.org/10.15585/mmwr.mm7331a1
https://doi.org/10.1021/jm2010332
https://doi.org/10.2174/138955707782331722
https://www.ncbi.nlm.nih.gov/pubmed/18045214
https://doi.org/10.2174/1568026616666160216155556
https://www.ncbi.nlm.nih.gov/pubmed/26881709
https://doi.org/10.1111/fcp.70037
https://www.ncbi.nlm.nih.gov/pubmed/40682291
https://doi.org/10.2165/00003088-199121010-00004
https://doi.org/10.1055/s-0028-1129486
https://doi.org/10.2174/1389557520666200905125738
https://doi.org/10.1021/jm401329s
https://doi.org/10.1056/NEJMoa1401561
https://doi.org/10.3390/ph19060882

Pharmaceuticals 2026, 19, 882 17 of 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Droc, G.; Istrate, M.; Mercan-Stanci, A.; Dodot, M.; Isac, T.; Toma, L.; Zgura, A.; Trifan, A.; Serbanica, A.N.; Iliescu, L.; et al. Safety
and Efficacy of Direct-Acting Antiviral Therapies for Chronic HCV Infection in Hemodialysis Patients. In Vivo 2022, 36, 2918-2922.
[CrossRef]

Wang, Y.; De Clercq, E.; Li, G. Current and Emerging Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs) for HIV-1
Treatment. Expert Opin. Drug Metab. Toxicol. 2019, 15, 813-829. [CrossRef] [PubMed]

Hwang, H.J.; Kwon, M.].; Nam, T.J. Chemoprotective Effect of Insulin-like Growth Factor I against Acetaminophen-Induced Cell
Death in Chang Liver Cells via ERK1/2 Activation. Toxicology 2007, 230, 76-82. [CrossRef]

Paduch, R.; Kandefer-Szerszeri, M. Nitric Oxide (NO) and Cyclooxygenase-2 (COX-2) Cross-Talk in Co-Cultures of Tumor
Spheroids with Normal Cells. Cancer Microenviron. 2011, 4, 187-198. [CrossRef]

Mitcheson, J.S.; Chen, J.; Lin, M.; Culberson, C.; Sanguinetti, M.C. A Structural Basis for Drug-Induced Long QT Syndrome. Proc.
Natl. Acad. Sci. USA 2000, 97, 12329-12333. [CrossRef]

Kamiya, K.; Niwa, R.; Mitcheson, ].S.; Sanguinetti, M.C. Molecular Determinants of HERG Channel Block. Mol. Pharmacol. 2006,
69,1709-1716. [CrossRef] [PubMed]

Kalyaanamoorthy, S.; Barakat, K.H. Development of Safe Drugs: The HERG Challenge. Med. Res. Rev. 2018, 38, 525-555.
[CrossRef]

Durdagi, S.; Deshpande, S.; Duff, H.J.; Noskov, S.Y. Modeling of Open, Closed, and Open-Inactivated States of the HERG1
Channel: Structural Mechanisms of the State-Dependent Drug Binding. J. Chem. Inf. Model. 2012, 52, 2760-2774. [CrossRef]
[PubMed]

Du-Cuny, L.; Chen, L.; Zhang, S. A Critical Assessment of Combined Ligand- and Structure-Based Approaches to HERG Channel
Blocker Modeling. J. Chem. Inf. Model. 2011, 51, 2948-2960. [CrossRef]

Ekins, S.; Crumb, W.J.; Dustan Sarazan, R.; Wikel, ].H.; Wrighton, S.A. Three-Dimensional Quantitative Structure-Activity
Relationship for Inhibition of Human Ether-a-Go-Go-Related Gene Potassium Channel. J. Pharmacol. Exp. Ther. 2002, 301, 427-434.
[CrossRef]

Cavalli, A.; Buonfiglio, R.; Ianni, C.; Masetti, M.; Ceccarini, L.; Caves, R.; Chang, M.W.Y.; Mitcheson, J.S.; Roberti, M.; Recanatini,
M. Computational Design and Discovery of “Minimally Structured” HERG Blockers. ]. Med. Chem. 2012, 55, 4010-4014. [CrossRef]
[PubMed]

Aronov, A.M. Common Pharmacophores for Uncharged Human Ether-a-Go-Go-Related Gene (HERG) Blockers. |. Med. Chem.
2006, 49, 6917-6921. [CrossRef] [PubMed]

Kratz, ].M.; Schuster, D.; Edtbauer, M.; Saxena, P.; Mair, C.E.; Kirchebner, J.; Matuszczak, B.; Baburin, I.; Hering, S.; Rollinger,
J.M. Experimentally Validated HERG Pharmacophore Models as Cardiotoxicity Prediction Tools. J. Chem. Inf. Model. 2014, 54,
2887-2901. [CrossRef] [PubMed]

Wang, W.; MacKinnon, R. Cryo-EM Structure of the Open Human Ether-a-Go-Go-Related K+ Channel HERG. Cell 2017, 169,
422-430.e10. [CrossRef] [PubMed]

Emigh Cortez, A.M.; DeMarco, K.R; Furutani, K.; Bekker, S.; Sack, ].T.; Wulff, H.; Clancy, C.E.; Vorobyov, I.; Yarov-Yarovoy, V.
Structural Modeling of HERG Channel-Drug Interactions Using Rosetta. Front. Pharmacol. 2023, 14, 1244166. [CrossRef]

Sekhar Pagadala, N. Computational Prediction of HERG Blockers Using Homology Modelling, Molecular Docking and QuaSAR
Studies. Results Chem. 2021, 3, 100101. [CrossRef]

Miyashita, Y.; Moriya, T.; Kato, T.; Kawasaki, M.; Yasuda, S.; Adachi, N.; Suzuki, K.; Ogasawara, S.; Saito, T.; Senda, T; et al.
Improved Higher Resolution Cryo-EM Structures Reveal the Binding Modes of HERG Channel Inhibitors. Structure 2024, 32,
1926-1935.€3. [CrossRef]

Butler, A.; Helliwell, M.V,; Zhang, Y.; Hancox, J.C.; Dempsey, C.E. An Update on the Structure of HERG. Front. Pharmacol. 2020,
10, 1572. [CrossRef]

Stork, D.; Timin, E.N.; Berjukow, S.; Huber, C.; Hohaus, A.; Auer, M.; Hering, S. State Dependent Dissociation of HERG Channel
Inhibitors. Br. J. Pharmacol. 2007, 151, 1368-1376. [CrossRef]

Banyész, T.; Magyar, J.; Szentandrdssy, N.; Horvéth, B.; Birinyi, P.; Szentmikl6si, J.; Néndsi, PP. Action Potential Clamp
Fingerprints of K + Currents in Canine Cardiomyocytes: Their Role in Ventricular Repolarization. Acta Physiol. 2007, 190, 189-198.
[CrossRef]

Szentandrassy, N.; Nagy, D.; Ruzsnavszky, F.; Harmati, G.; Banyasz, T.; Magyar, ].; Szentmiklosi, A.J.; Nanasi, P.P. Powerful
Technique to Test Selectivity of Agents Acting on Cardiac Ion Channels: The Action Potential Voltage-Clamp. Curr. Med. Chem.
2011, 18, 3737-3756. [CrossRef]

Horvath, B; Kiss, D.; Dienes, C.; Hézs6, T.; Kovacs, Z.; Szentandrassy, N.; Almdssy, J.; Magyar, J.; Banyasz, T.; Nanasi, P.P. Ion
Current Profiles in Canine Ventricular Myocytes Obtained by the “Onion Peeling” Technique. ]J. Mol. Cell. Cardiol. 2021, 158,
153-162. [CrossRef]

Tseng, G.N. IKr: The HERG Channel. ]. Mol. Cell. Cardiol. 2001, 33, 835-849. [CrossRef] [PubMed]

Sanguinetti, M.C.; Zou, A. Molecular Physiology of Cardiac Delayed Rectifier K+ Channels. Heart Vessel. 1997, 12, 170-172.

https://doi.org/10.3390/ph19060882


https://doi.org/10.21873/invivo.13033
https://doi.org/10.1080/17425255.2019.1673367
https://www.ncbi.nlm.nih.gov/pubmed/31556749
https://doi.org/10.1016/j.tox.2006.11.001
https://doi.org/10.1007/s12307-011-0063-x
https://doi.org/10.1073/pnas.210244497
https://doi.org/10.1124/mol.105.020990
https://www.ncbi.nlm.nih.gov/pubmed/16474003
https://doi.org/10.1002/med.21445
https://doi.org/10.1021/ci300353u
https://www.ncbi.nlm.nih.gov/pubmed/22989185
https://doi.org/10.1021/ci200271d
https://doi.org/10.1124/jpet.301.2.427
https://doi.org/10.1021/jm201194q
https://www.ncbi.nlm.nih.gov/pubmed/22455383
https://doi.org/10.1021/jm060500o
https://www.ncbi.nlm.nih.gov/pubmed/17154521
https://doi.org/10.1021/ci5001955
https://www.ncbi.nlm.nih.gov/pubmed/25148533
https://doi.org/10.1016/j.cell.2017.03.048
https://www.ncbi.nlm.nih.gov/pubmed/28431243
https://doi.org/10.3389/fphar.2023.1244166
https://doi.org/10.1016/j.rechem.2021.100101
https://doi.org/10.1016/j.str.2024.08.021
https://doi.org/10.3389/fphar.2019.01572
https://doi.org/10.1038/sj.bjp.0707356
https://doi.org/10.1111/j.1748-1716.2007.01674.x
https://doi.org/10.2174/092986711796642418
https://doi.org/10.1016/j.yjmcc.2021.05.011
https://doi.org/10.1006/jmcc.2000.1317
https://www.ncbi.nlm.nih.gov/pubmed/11343409
https://doi.org/10.3390/ph19060882

Pharmaceuticals 2026, 19, 882 18 of 19

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

Sanguinetti, M.C.; Jiang, C.; Curran, M.E.; Keating, M.T. A Mechanistic Link between an Inherited and an Acquired Cardiac
Arrhytmia: HERG Encodes the IKr Potassium Channel. Cell 1995, 81, 299-307. [CrossRef]

Christophe, B. Occurrence of Early Afterdepolarization under Healthy or Hypertrophic Cardiomyopathy Conditions in the
Human Ventricular Endocardial Myocyte: In Silico Study Using 109 Torsadogenic or Non-Torsadogenic Compounds. Toxicol.
Appl. Pharmacol. 2022, 438, 115914. [CrossRef]

Curran, M.E,; Splawski, L.; Timothy, K.W.; Vincen, G.M.; Green, E.D.; Keating, M.T. A Molecular Basis for Cardiac Arrhythmia:
HERG Mutations Cause Long QT Syndrome. Cell 1995, 80, 795-803. [CrossRef] [PubMed]

Vaughan Williams, E.M. Classifying Antiarrhythmic Actions: By Facts or Speculation. J. Clin. Pharmacol. 1992, 32, 964-977.
[CrossRef]

Mitcheson, J.S.; Chen, J.; Sanguinetti, M.C. Trapping of a Methanesulfonanilide by Closure of the HERG Potassium Channel
Activation Gate. J. Gen. Physiol. 2000, 115, 229-239. [CrossRef]

Spector, P.S.; Curran, M.E.; Keating, M.T.; Sanguinetti, M.C. Class III Antiarrhythmic Drugs Block HERG, a Human Cardiac
Delayed Rectifier K+ Channel Open-Channel Block by Methanesulfonanilides. Circ. Res. 1996, 78, 499-503. [CrossRef]
Mitcheson, J.; Chen, ].; Sanguinetti, M. Mechanism of Methanesulfonanilide Block of the HERG Potassium Channel. Jpn. J.
Electrocardiol. 2000, 20, 67-70. [CrossRef]

Wettwer, E.; Scholtysik, G.; Schaad, A.; Himmel, H.; Ravens, U. Effects of the New Class lii Antiarrhythmic Drug E-4031 on
Myocardial Contractility and Electrophysiological Parameters. |. Cardiovasc. Pharmacol. 1991, 17, 480—487. [CrossRef]

Okada, Y.; Ogawa, S.; Sadanaga, T.; Mitamura, H. Assessment of Reverse Use-Dependent Blocking Actions of Class III Antiar-
rhythmic Drugs by 24-hour Holter Electrocardiography. J. Am. Coll. Cardiol. 1996, 27, 84-89. [CrossRef]

Nalos, L.; Varkevisser, R.; Jonsson, M.K.B.; Houtman, M.].C.; Beekman, J.D.; Van Der Nagel, R.; Thomsen, M.B.; Duker, G;
Sartipy, P.; De Boer, T.P; et al. Comparison of the I Kr Blockers Moxifloxacin, Dofetilide and E-4031 in Five Screening Models of
pro-Arrhythmia Reveals Lack of Specificity of Isolated Cardiomyocytes. Br. ]. Pharmacol. 2012, 165, 467-478. [CrossRef]
Patterson, E.; Lynch, ].J.; Lucchesi, B.R. Antiarrhythmic and Antifibrillatory Actions of the Beta Adrenergic Receptor Antagonist,
DI-Sotalol. J. Pharmacol. Exp. Ther. 1984, 230, 519-526. [CrossRef]

Lessem, J.N.; Somberg, J.C.; Mason, ].W.; Miller, R.H.; Keefe, D.L.; Somberg, J.C.; Freedman, R.A.; Haft, L.R.; Mason, ].W.; Lessem,
J.N. Multicenter Trial of Sotalol for Suppression of Frequent, Complex Ventricular Arrhythmias: A Double-Blind, Randomized,
Placebo-Controlled Evaluation of Two Doses. J. Am. Coll. Cardiol. 1986, 8, 752-762. [CrossRef]

Varré, A.; Lathrop, D.A. Sotalol and Mexiletine: Combination of Rate-Dependent Electrophysiological Effects. J. Cardiovasc.
Pharmacol. 1990, 16, 557-567. [CrossRef]

Orvos, P; Kohajda, Z.; Szlovék, J.; Gazdag, P; Arpédffy-Lovas, T.; Téth, D.; Geramipour, A.; Tdlosi, L.; Jost, N.; Varr6, A.; et al.
Evaluation of Possible Proarrhythmic Potency: Comparison of the Effect of Dofetilide, Cisapride, Sotalol, Terfenadine, and
Verapamil on HERG and Native i Kr Currents and on Cardiac Action Potential. Toxicol. Sci. 2019, 168, 365-380. [CrossRef]
Tikosyn, (Dofetilide) Dosing, Indications, Interactions, Adverse Effects, and More. Available online: https://reference.medscape.
com/drug/tikosyn-dofetilide-342298 (accessed on 5 February 2026).

Gwilt, M.; Arrowsmith, J.E.; Blackburn, K.J.; Burges, R.A.; Cross, PE.; Dalrymple, H.W.; Higgins, A.J. UK-68,798: A Novel, Potent
and Highly Selective Class III Antiarrhythmic Agent Which Blocks Potassium Channels in Cardiac Cells. . Pharmacol. Exp. Ther.
1991, 256, 318-324. [CrossRef]

Kiehn, J.; Lacerda, A.E.; Wible, B.; Brown, A.M. Molecular Physiology and Pharmacology of HERG: Single-Channel Currents and
Block by Dofetilide. Circulation 1996, 94, 2572-2579. [CrossRef]

Weerapura, M.; Hébert, T.E.; Nattel, S. Dofetilide Block Involves Interactions with Open and Inactivated States of HERG Channels.
Pflug. Arch. Eur. ]. Physiol. 2002, 443, 520-531. [CrossRef]

Lee, K; Park, ].B.; Jeon, B.H.; Kim, K.J.; Ryu, PD.; Kwon, L.S.; Kim, H.Y. Differential Recovery of Action Potential Duration
and HERG Currents from the Effects of Two Methanesulfonamide Class III Antiarrhythmic Agents, KCB-328 and Dofetilide.
J. Cardiovasc. Pharmacol. 2003, 42, 648-655. [CrossRef]

Plante, I; Vigneault, P; Drolet, B.; Turgeon, J. Rosuvastatin Blocks HERG Current and Prolongs Cardiac Repolarization. J. Pharm.
Sci. 2012, 101, 868-878. [CrossRef]

Feng, PF,; Zhang, B.; Zhao, L.; Fang, Q.; Liu, Y,; Wang, ].N.; Xu, X.Q.; Xue, H; Li, Y.; Yan, C.C,; et al. Intracellular Mechanism of
Rosuvastatin-Induced Decrease in Mature HERG Protein Expression on Membrane. Mol. Pharm. 2019, 16, 1477-1488. [CrossRef]
Von Hoff, D.D.; Elson, D.; Polk, G.; Coltman, C. Acute Ventricular Fibrillation and Death during Infusion of 4'-(9-
Acridinylamino)Methanesulfon-m-Anisidide (AMSA). Cancer Treat. Rep. 1980, 64, 356-358.

Schwartz, C.L.; Bender, K.S.; Burke, PJ.; Kan, J.S.; Civin, C.I. QT Interval Prolongation and Cardiac Dysrhythmia in a Patient
Receiving Amsacrine. Cancer Treat. Rep. 1984, 68, 1043-1044.

Shinar, E.; Hasin, Y. Acute Electrocardiographic Changes Induced by Amsacrine. Cancer Treat. Rep. 1984, 68, 1169-1172.
McLaughlin, P.; Salvador, P.G.; Cabanillas, F.; Legha, S.S. Ventricular Fibrillation Following AMSA. Uncomplicated Retreatment
Following Correction of Hypokalemia. Cancer 1983, 52, 557-558. [CrossRef]

https://doi.org/10.3390 /ph19060882


https://doi.org/10.1016/0092-8674(95)90340-2
https://doi.org/10.1016/j.taap.2022.115914
https://doi.org/10.1016/0092-8674(95)90358-5
https://www.ncbi.nlm.nih.gov/pubmed/7889573
https://doi.org/10.1002/j.1552-4604.1992.tb03797.x
https://doi.org/10.1085/jgp.115.3.229
https://doi.org/10.1161/01.RES.78.3.499
https://doi.org/10.5105/jse.20.Suppl3_67
https://doi.org/10.1097/00005344-199103000-00018
https://doi.org/10.1016/0735-1097(95)00424-6
https://doi.org/10.1111/j.1476-5381.2011.01558.x
https://doi.org/10.1016/S0022-3565(25)21592-0
https://doi.org/10.1016/S0735-1097(86)80414-4
https://doi.org/10.1097/00005344-199010000-00006
https://doi.org/10.1093/toxsci/kfy299
https://reference.medscape.com/drug/tikosyn-dofetilide-342298
https://reference.medscape.com/drug/tikosyn-dofetilide-342298
https://doi.org/10.1016/S0022-3565(25)23172-X
https://doi.org/10.1161/01.CIR.94.10.2572
https://doi.org/10.1007/s004240100720
https://doi.org/10.1097/00005344-200311000-00011
https://doi.org/10.1002/jps.22809
https://doi.org/10.1021/acs.molpharmaceut.8b01102
https://doi.org/10.1002/1097-0142(19830801)52:3%3C557::AID-CNCR2820520329%3E3.0.CO;2-M
https://doi.org/10.3390/ph19060882

Pharmaceuticals 2026, 19, 882 19 of 19

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Merkin, M.S.; Shinar, E.; Shefer, A.; Gotsman, M.S.; Hasin, Y. The Effects of M-Amsa on Rat Isolated Heart. Clin. Exp. Pharmacol.
Physiol. 1985, 12, 131-138. [CrossRef]

Thomas, D.; Hammerling, B.C.; Wu, K.; Wimmer, A.B.; Ficker, E.K.; Kirsch, G.E.; Kochan, M.C.; Wible, B.A.; Scfaolz, E.P; Zitron, E.;
et al. Inhibition of Cardiac HERG Currents by the DNA Topoisomerase II Inhibitor Amsacrine: Mode of Action. Br. |. Pharmacol.
2004, 142, 485-494. [CrossRef]

Li, T; Qu, Y,; Guo, Y.; Wang, Y.; Wang, L. Efficacy and Safety of Direct-Acting Antivirals-Based Antiviral Therapies for Hepatitis C
Virus Patients with Stage 4-5 Chronic Kidney Disease: A Meta-Analysis. Liver Int. 2017, 37, 974-981. [CrossRef]

Ucciferri, C.; Occhionero, A.; Vecchiet, J.; Falasca, K. Cardiac Toxicity Associated with HCV Direct Antiviral Agents. Mediterr. ].
Hematol. Infect. Dis. 2018, 10, €2018069. [CrossRef]

Ozer Etik, D.; Suna, N.; Ocal, S.; Selcuk, H.; Dagly, U,; Colak, T.; Hilmioglu, F; Boyacioglu, A.S.; Haberal, M. Successful Treatment
with Direct-Acting Antiviral Agents of Hepatitis C in Patients With End-Stage Renal Disease and Kidney Transplant Recipients.
Exp. Clin. Transplant. 2019, 17, 52-58. [CrossRef]

Kovacs, ZM.; Ovari, J.; Dienes, C.; Magyar, ]J.; Banyéasz, T.; Nanasi, P.P.; Horvéth, B.; Feher, A.; Varga, Z.; Szentandrassy, N.
ABT-333 (Dasabuvir) Increases Action Potential Duration and Provokes Early Afterdepolarizations in Canine Left Ventricular
Cells via Inhibition of IKr. Pharmaceuticals 2023, 16, 488. [CrossRef]

Ovari, J.; Kovécs, Z.M.; Dienes, C.; Magyar, J.; Banyasz, T.; Nanési, PP; Horvath, B.; Domingos, G.J.; Feher, A.; Varga, Z.; et al.
Delavirdine Modifies Action Potential Configuration via Inhibition of IKr and Ito in Canine Ventricular Myocytes. Biomed.
Pharmacother. 2025, 186, 117994. [CrossRef]

Zhou, Z.; Gong, Q.; Ye, B.; Fan, Z.; Makielski, ].C.; Robertson, G.A.; January, C.T. Properties of HERG Channels Stably Expressed
in HEK 293 Cells Studied at Physiological Temperature. Biophys. J. 1998, 74, 230-241. [CrossRef]

Coi, A.; Massarelli, I; Testai, L.; Calderone, V.; Bianucci, A.M. Identification of “Toxicophoric” Features for Predicting Drug-
Induced QT Interval Prolongation. Eur. |. Med. Chem. 2008, 43, 2479-2488. [CrossRef]

Cordeiro, ].M.; Spitzer, K.W.; Giles, W.R. Repolarizing K+ Currents in Rabbit Heart Purkinje Cells. J. Physiol. 1998, 508, 811-823.
[CrossRef]

Sotalol Dosage Guide + Max Dose, Adjustments—Drugs.Com. Available online: https://www.drugs.com/dosage/sotalol.html
(accessed on 5 February 2026).

Arlin, Z.A.; Ahmed, T.; Mittelman, A.; Feldman, E.; Mehta, R.; Weinstein, P; Rieber, E.; Sullivan, P.; Baskind, P. A New Regimen
of Amsacrine with High-Dose Cytarabine Is Safe and Effective Therapy for Acute Leukemia. J. Clin. Oncol. 1987, 5, 371-375.
[CrossRef]

Dasabuvir/Ombitasvir/Paritaprevir/Ritonavir Dosage Guide + Max Dose, Adjustments—Drugs.Com. Available online:
https:/ /www.drugs.com/dosage/dasabuvir-ombitasvir-paritaprevir-ritonavir.html (accessed on 5 February 2026).
Delavirdine Dosage Guide + Max Dose, Adjustments—Drugs.Com. Available online: https://www.drugs.com/dosage/
delavirdine.html (accessed on 5 February 2026).

Helliwell, M.V.; Zhang, Y.; El Harchi, A.; Dempsey, C.E.; Hancox, J.C. Inhibition of the HERG Potassium Channel by a
Methanesulphonate-Free E-4031 Analogue. Pharmaceuticals 2023, 16, 1204. [CrossRef]

Carvalho, J.ES.; Louvel, J.; Doornbos, M.L.J.; Klaasse, E.; Yu, Z.; Brussee, ].; IJzerman, A.P. Strategies To Reduce HERG K + Channel
Blockade. Exploring Heteroaromaticity and Rigidity in Novel Pyridine Analogues of Dofetilide. ]. Med. Chem. 2013, 56, 2828-2840.
[CrossRef]

Lu, Y,; Chen, J.; Fan, N.; Song, W.; Sheng, H.; Yang, Y.; Wang, ]. Machine Learning Models for Drug-Drug Interaction Prediction
from Computational Discovery to Clinical Application. npj Digit. Med. 2026, 9, 198. [CrossRef]

Liu, J.; Khan, M.K.H.; Guo, W,; Dong, E; Ge, W.; Zhang, C.; Gong, P; Patterson, T.A.; Hong, H. Machine Learning and Deep
Learning Approaches for Enhanced Prediction of HERG Blockade: A Comprehensive QSAR Modeling Study. Expert Opin. Drug
Metab. Toxicol. 2024, 20, 665-684. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /ph19060882


https://doi.org/10.1111/j.1440-1681.1985.tb02315.x
https://doi.org/10.1038/sj.bjp.0705795
https://doi.org/10.1111/liv.13336
https://doi.org/10.4084/mjhid.2018.069
https://doi.org/10.6002/ect.2018.0095
https://doi.org/10.3390/ph16040488
https://doi.org/10.1016/j.biopha.2025.117994
https://doi.org/10.1016/S0006-3495(98)77782-3
https://doi.org/10.1016/j.ejmech.2007.12.025
https://doi.org/10.1111/j.1469-7793.1998.811bp.x
https://www.drugs.com/dosage/sotalol.html
https://doi.org/10.1200/JCO.1987.5.3.371
https://www.drugs.com/dosage/dasabuvir-ombitasvir-paritaprevir-ritonavir.html
https://www.drugs.com/dosage/delavirdine.html
https://www.drugs.com/dosage/delavirdine.html
https://doi.org/10.3390/ph16091204
https://doi.org/10.1021/jm301564f
https://doi.org/10.1038/s41746-026-02400-3
https://doi.org/10.1080/17425255.2024.2377593
https://doi.org/10.3390/ph19060882

	Introduction 
	What Is Methanesulfonamide and Its Applications in Drug Synthesis 
	Molecular Details of hERG Blocking by Molecules Containing Methanesulfonamide Group 
	The Importance of Repolarization, the Role of IKr 
	Methanesulfonamide Drugs Targeting the Heart 

	Findings 
	Anti-Arrhythmic Drugs with Methanesulfonamide Group 
	Too Potent to Use in Medical Treatment: E-4031 and MK-499 
	The Old and Reliable: D-Sotalol 
	New and Stable: Dofetilide 

	Non-Cardiac Drugs with Pro-Arrhythmic Side Effects 
	The Anti-Neoplastic Drug That Blocks hERG: Amsacrine 
	The Anti-Hepatitis Agent: Dasabuvir 
	Fighting HIV: Delavirdine 


	Conclusions 
	Future Developments 
	References

