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ABSTRACT: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and a growing source
of cardiovascular morbidity, stroke, heart failure, and death. Current pharmacologic rhythm-control strategies
rely predominantly on antiarrhythmic agents with significant ventricular proarrhythmia risk and systemic
toxicity, limiting their use in medically complex and underserved patient populations. The Kv1.5 channel,
encoded by KCNAS, generates the atrial-selective ultrarapid delayed rectifier current (Ikur) and has long been
considered a promising target for safer rhythm control. This review focuses on the molecular biology of Kv1.5,
including its regulation by auxiliary KvB1.2 subunits, redox signaling, oxidative stress, and extra-atrial
vascular roles, and examines the preclinical and clinical evidence for Kv1.5-targeted therapy. We analyzed
why selective Ikur inhibitors, including XEN-D0103 and MK-0448, have failed to translate into effective
antiarrhythmic therapy, with particular attention to the role of atrial electrical remodeling and reduced Ixur
density in established AF. We also review the limitations of existing class III and class Ic antiarrhythmic
agents and discuss how genetic variation in KCNAS across ethnic populations may inform more precise
and equitable approaches to rhythm control. Together, these findings highlight the promise of Kv1.5 as an
atrial-selective target and the major barriers limiting its clinical translation in AF.

Keywords: Atrial fibrillation (AF); Kv1.5 channels; Arrhythmia; Reactive oxygen species (ROS); Public
health impact; KCNAS

1. Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, affecting an estimated 33.5
million individuals worldwide in 2010 [1], with more recent data indicating this number has risen to nearly
59 million by 2019 [2]. The lifetime risk of developing AF approaches 1 in 3 adults, and prevalence
continues to rise with population aging and increasing cardiometabolic disease burden [3,4]. Despite
decades of therapeutic development, pharmacologic rhythm control remains limited by the toxicity and
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ventricular proarrhythmia risk of available antiarrhythmic agents, underscoring the need for safer, more
targeted treatment strategies.

AF is often asymptomatic early, which contributes to underdiagnosis, particularly in socioeconomically
disadvantaged populations [5]. Yet its consequences are severe: AF increases the risk of stroke three- to
fivefold compared with individuals without AF and contributes to heart failure (HF) exacerbation, reduced
quality of life, and increased all-cause mortality [6].

1.1. Disparities in Detection and Outcomes

Despite its prevalence and severity, AF burden is not equitably distributed: many racial and ethnic
minority groups have lower rates of clinically diagnosed AF compared with White patients, a pattern likely
driven by differences in healthcare access, symptom recognition, and detection, rather than true differences
in AF prevalence [7].

Comorbidities such as CKD and heart failure further complicate rhythm-control therapy, as agents such
as sotalol and dofetilide require renal dose adjustment and close ECG monitoring, limiting their use in
medically complex patients and low-resource settings [8,9].

1.2. Economic and Public Health Impact

The economic burden of AF is substantial, with more than 750,000 hospitalizations annually in the US
alone [10] and estimated incremental healthcare costs of $6-26 billion per year [11,12]. Globally, AF
affects more than 52 million people, and the absolute burden has more than doubled since 1990,
disproportionately affecting low- and middle-income regions where access to rhythm-control therapies
remains limited [13—15]. The need for intensive monitoring during the initiation of antiarrhythmic therapies
further increases healthcare utilization and exacerbates disparities in access to care, highlighting the urgent
need for safer, more accessible rhythm-control options [11,12].

1.3. AF Epidemiology and the Racial Paradox

A well-described epidemiologic paradox exists in atrial fibrillation (AF): despite a higher burden of
traditional cardiovascular risk factors, Black individuals consistently demonstrate a lower prevalence and
incidence of AF compared with White individuals [16,17]. This phenomenon, often termed the “atrial
fibrillation racial paradox”, has been observed across multiple epidemiologic studies and population-based
cohorts in the United States. For example, large cohort studies including the ARIC and REGARDS
investigations have demonstrated that Black participants have substantially lower AF prevalence despite
higher rates of hypertension, diabetes, obesity, and other cardiometabolic risk factors [18-20]. Although
the mechanisms underlying this paradox remain incompletely understood, proposed explanations include
genetic factors, including variants in ion channel genes such as KCNAS, differences in atrial structure or
electrophysiology, and potential differences in detection or clinical ascertainment [16].

Despite the lower prevalence of AF, Black individuals who develop the arrhythmia experience a higher
burden of cardiovascular complications, including stroke and mortality [16,18,19]. Differences in treatment
patterns may contribute to these outcome disparities, as several studies have shown that Black patients are
less likely to receive rhythm-control interventions such as cardioversion, catheter ablation, or specialist
electrophysiology care [18]. Additionally, prior analyses have demonstrated disparities in anticoagulation
therapy and anticoagulation control, which may further increase the risk of thromboembolic complications.
Together, these differences in treatment access and management patterns may partially explain the
disproportionate burden of AF-related complications observed in Black populations [18].
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1.4. Detection and Diagnostic Bias

Differences in AF detection and clinical recognition likely contribute to the observed epidemiologic
patterns. Studies, such as the Multi-Ethnic Study of Atherosclerosis (MESA) investigation, have shown
that clinically detected AF is significantly less common in Black individuals, whereas long-term ambulatory
monitoring identifies comparable rates of subclinical arrhythmia across racial groups [18,19]. Because AF
is frequently asymptomatic or paroxysmal in these populations, disparities in access to continuous
monitoring or specialty cardiovascular care, often driven by structural social determinants of health,
influence the likelihood of a timely diagnosis [21]. These diagnostic and structural factors, combined with
differences in underlying atrial disease and cardiovascular risk profiles, ultimately shape the observed
disparities in AF prevalence and clinical outcomes [18,21].

Chronic kidney disease (CKD) and AF share a bidirectional relationship. AF prevalence rises markedly
with declining renal function, reaching 15-20% in advanced CKD and end-stage renal disease populations
[22], and incident AF occurs two- to three-fold more frequently in ESRD than in the general population [23].
Conversely, AF has been identified as an independent risk factor for developing ESRD among patients with
underlying CKD [8]. Declining renal function is independently associated with higher thromboembolic risk
in patients with atrial fibrillation, and incorporation of eGFR < 60 mL/min into the R2CHADS: score has
been shown in validation cohorts to mildly improve stroke risk prediction, although current clinical guidelines
continue to rely primarily on CHA2DS2-VASc for routine risk stratification [24,25].

Renal impairment further complicates rhythm-control therapy. Dofetilide and sotalol are
predominantly renally cleared (~80% unchanged), requiring dose adjustment with declining creatinine
clearance; dofetilide is contraindicated when CrCl < 20 mL/min [26], and sotalol must be reduced below
60 mL/min, narrowing options for advanced CKD patients [27]. Clinically, individuals with combined AF
and CKD experience substantially higher mortality and hospitalization rates, with particularly poor
outcomes when heart failure coexists [28,29], underscoring the vulnerability of this cardiorenal population
and the necessity of accurate renal assessment to avoid diagnostic and therapeutic inequities.

Emerging genetic evidence suggests that variation in KCNAS, the gene encoding Kv1.5, may
contribute to differences in AF susceptibility across populations. Both loss-of-function and gain-of-function
variants in KCNAS5 have been identified in individuals with early-onset lone AF, with loss-of-function
mutations eliminating Ikur current entirely and gain-of-function mutations altering atrial action potential
duration through changes in Ca*" homeostasis [30]. Notably, these variants have been reported across
Danish, European, and Asian populations, suggesting that KCNAS polymorphisms are not population-
specific but may differ in frequency and functional consequence across ethnic groups [30]. This is
particularly relevant given the broader observation that cardiac potassium channel variants occur at a higher
frequency in Black individuals compared with White individuals across several ion channel genes, pointing
to meaningful differences in the genetic architecture of cardiac repolarization across populations [31].
Together, these findings suggest that genetic variation in Kvl.5 may contribute to inter-individual
differences in atrial electrophysiology and could become relevant to precision pharmacology. However,
direct evidence linking KCNAS variation to population-level differences in AF presentation or response to
Kvl.5-targeted therapy is limited. At present, direct population-comparative data on cardiac Kvf1.2
expression or function are lacking, showing an important knowledge gap for future precision-targeted
studies of Kv1.5-directed therapy.

These limitations highlight an important gap in current antiarrhythmic therapy. Many rhythm-control
drugs require intensive monitoring because of ventricular proarrhythmia risk, which restricts their use to
specialized settings and may exacerbate disparities in access to care. Development of atrial-selective
antiarrhythmic therapies could enable safer outpatient rhythm-control strategies and expand access to
rhythm management across diverse healthcare environments. In this context, the atrial-specific potassium
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channel Kv1.5 represents a promising therapeutic target to bridge the gap between clinical necessity and
equitable care.

2. Kv1.5 Channels and Atrial Electrophysiology

Voltage-gated potassium channels are key determinants of cardiac action potential duration by
regulating membrane repolarization through multiple potassium currents [32,33]. Among these, the Kv1.5
channel, encoded by the KCNAS gene, has received considerable attention due to its contribution to the
ultra-rapid delayed rectifier potassium current (Ikur) in the human heart [34]. Ikur is the major repolarizing
current in the atria; at the same time, it contributes minimally to ventricular electrophysiology [34,35].
Therefore, this atrial selectivity identifies Kv1.5 as a therapeutic target for the treatment of atrial fibrillation
(AF) [36].

2.1. Contribution of Accessory Subunits to Kvi.5 Channel Behavior

Kv1.5 channels form tetrameric complexes made of four pore-forming a-subunits, where auxiliary p-
subunits modify how these channels open, close, and appear on the cell surface. Like many Kv channels,
Kv1.5 is formed by four identical a-subunits, which form a functional potassium-selective pore [37]. There
are several types of Kv B-subunits (Kvf1-Kvf3) that bind to Kv1 a-subunit subfamilies, and they have
been shown to significantly modify the properties of Kv channels. Kv B-subunits can modulate Kv1.5
channel assembly, intracellular trafficking, and gating kinetics, as well as serve as a metabolic sensor of the
cell (i.e., NAD(P)H) [33,38]. For example, Kv B-subunits act as chaperones to help proper folding and
surface expression at the plasma membrane of Kv1.5 channels, and the N-terminus of Kv -subunits has
been demonstrated to rapidly inactivate Kv1.5 currents (analogous to “N-type” inactivation). Furthermore,
Kv B-subunits have an enzymatic cleft that binds NADPH/NADP+, and changes in the redox state will
affect how Kv B-modulates Kv1.5 currents, thus providing a mechanism for the channels’ behavior to be
linked to cellular metabolic signals [38]. Therefore, through these mechanisms, Kv1.5 auxiliary B-subunits
refine the function of Kv1.5 channels in electrically active tissues such as the heart [33,38].

2.2. Kv1.5 Channels as Promising Targets for Antiarrhythmic Drug Development

Early interest in Kv1.5 as an antiarrhythmic target grew from an atrial-predominant expression pattern.
Studies show high Kv1.5 and Ikur expression in human atrial myocardium, with minimal or functionally
limited presence in ventricular tissue [34,35]. This demonstrates a clear contrast with other repolarizing
potassium currents, including IKr and IKSs, that support ventricular repolarization and are often linked to
drug-induced ventricular arrhythmias [39]. In fact, blockade of IKr (hERG channels) by class III
antiarrhythmic agents or other drugs often prolongs the QT interval and can precipitate torsades de pointes
and ventricular fibrillation in susceptible patients [39]. This atrial-selective distribution led researchers to
view Ikur inhibition as a strategy to alter atrial electrophysiology while leaving ventricular repolarization
largely unchanged, therefore avoiding ventricular proarrhythmia [33].

Functionally, Ikur drives early repolarization and helps set the action potential duration and effective
refractory period [33,37]. By shaping the plateau and repolarization phases of the atrial action potential,
Ikur affects the atrial tissue’s capacity to support rapid or re-entrant electrical activity [40]. Pharmacological
inhibition of Kv1.5 prolongs atrial action potential duration and increases effective refractory period, which
lowers the likelihood that atrial myocardium sustains the re-entrant circuits underlying atrial fibrillation
[41,42]. Because Ikur shows minimal involvement in ventricular repolarization, this prolongation stays
largely restricted to atrial tissue, at least in theory [41].

Atrial selectivity has major clinical value during antiarrhythmic drug development. Many
antiarrhythmic drugs for atrial fibrillation fail due to safety concerns rather than weak efficacy, often driven
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by ventricular proarrhythmia, QT interval prolongation, and extracardiac toxicity [36]. Class III
antiarrhythmic agents illustrate this problem clearly; they act on ventricular potassium currents and raise
the risk of torsades de pointes and sudden cardiac death in susceptible patients [39]. This risk profile limits
long-term use in clinical practice. Against this background, researchers focused on atrial selective targets
such as Kv1.5, which was seen as a potential solution aimed to separate rhythm control benefits from
ventricular risk and improve safety for patients with atrial fibrillation [41].

These factors drove extensive preclinical and early translational work focused on Kv1.5 and Ikur
inhibitors as atrial selective antiarrhythmic agents [43]. Early electrophysiology studies showed that
selective Kv1.5 blockade prolongs atrial refractoriness without triggering ventricular arrhythmias,
providing optimism for safer rhythm-control strategies in patients with atrial fibrillation [42]. Despite a
strong biological rationale, translation of Kv1.5 targeted therapies into routine clinical care has remained
limited. To date, the only Kv1.5 Ikur targeting drug to reach clinical use is vernakalant, which was approved
in Europe for acute cardioversion of AF and has mixed ion channel effects (including atrial-selective Na*
and K" current blockade) [44]. This gap in therapies arises from challenges beyond target identification
alone. Issues such as drug pharmacokinetics, atrial remodeling in persistent AF, and off-target effects have
also posed hurdles. The sections ahead review the molecular control of Kv1.5, results from preclinical and
early clinical studies, cardiac trials of Class III Antiarrhythmics, and safety side effects and drug-drug
interactions of Kv1.5 inhibitors and class III antiarrhythmics.

3. Molecular Regulation of Kv1.5 Channels in Health and Disease

Atrial-predominant Kv1.5 expression supported the idea of atrial selective antiarrhythmic therapy.
Unlike in ventricles, robust Kv1.5 currents in atria allow pharmacological blockade to affect atrial
refractoriness with minimal ventricular proarrhythmia [45]. However, the Kv1.5 function does not stay
fixed over time. Kv1.5 activity shifts through regulation at several molecular levels, including subunit
composition, channel trafficking, and sensitivity to the cellular redox environment. These mechanisms
regulate the number of channels that reach the cell membrane and their activity during electrical signaling
[46]. This is important in atrial fibrillation, where atrial myocardium undergoes marked electrical, structural,
and metabolic remodeling [47,48]. During this disease state, changes in Kv1.5 regulation reshape atrial
electrophysiology and may alter how atrial tissue responds to targeted therapies.

3.1. Kvp1.2 Association with Kv1.5 Channel Complexes

Four a-subunits of KCNAS assemble into Kv1.5 channels, yet how they function and reach the cell
surface depends heavily on helper B-subunits [49]. One key player among them is Kvp1.2, which can
associate with Kv1.5 a-subunits and shapes Kv1.5 channel behavior. When Kvf31.2 binds to the main units,
it shifts with channel opening and closing, helps stabilize structures, and guides where the channel settles
in the membrane [49].

3.2. Redox Regulation and Metabolic Sensing

What makes Kvf1.2 stand out is that Kv31.2 (like other Kv[3 subunits) contains an aldo-keto reductase
domain that binds the redox cofactors NAD(P)H [50]. Through this mechanism, Kvf1.2 provides Kv1.5
with metabolic sensing capability. The binding of pyridine nucleotides to Kvf1.2 induces conformational
changes that modulate Kv1.5 gating, effectively turning Kv1.5 into a sensor that connects a cell’s chemical
environments to its electrical signals [51]. Elevated ratios of reduced cofactors (high NADH/NAD+ or
NADPH/NADP+) favor more rapid Kv1.5 inactivation and decreased current, whereas oxidized conditions
stabilize the open state [S1]. The shifts in energy levels inside the cell affect the number of available
channels and their output [51], thus tying electrical behavior to metabolism.
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Regulatory B-subunits have also been shown to influence remodeling-relevant endpoints such as cell
proliferation (Figure 1). In prior work from our group, stable co-expression of Kv1.5 with the Kv31.2
subunit (but not Kvp1.1) was associated with a marked reduction in proliferation in a heterologous
expression system (HEK293T cells). Image-based confluency analysis and cell counting reported markedly
lower proliferation in Kv1.5+ Kvf1.2 cells across 24-96 h [52].
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Figure 1. Kvl.5 in atrial fibrillation: initial rationale, translational barriers, and broader extra-atrial safety implications.
Abbreviations: AF, atrial fibrillation; Ikur, ultrarapid delayed rectifier potassium current. Created in BioRender. Molitor, F.
(2026). https://BioRender.com/ktijtu2, accessed on 26 April 2026.

3.3. Oxidative Stress and Reactive Oxygen Species (ROS)

When cells face extra strain, such as during heart rhythm disorders (e.g., tachyarrhythmia or AF), small
internal changes begin to occur. Oxidative stress shifts how Kv1.5 channels behave. Excess production of
reactive oxygen species (ROS) can modify Kv1.5 channels and alter their function even in the absence of
changes in gene expression [53]. Under oxidative conditions, Kv1.5 is subject to post-translational
oxidative modifications (such as S-sulfenylation of cysteine residues) that reduce channel current and
surface expression [53]. Experimental studies show that exposure to oxidants, such as hydrogen peroxide,
alters both Kv1.5 expression and current strength in atrial muscle cells [54]. When reactive oxygen species
are reduced through enzyme inhibition or antioxidant treatment, these effects lessen [55]. Compared with
many other cardiac potassium channels, Kv1.5 responds more strongly to redox imbalance, producing a
disproportionately strong reduction of Kv1l.5-mediated current [47]. This marked sensitivity links cellular
oxidative stress directly to atrial electrical behavior, as elevated ROS in AF can shorten atrial action
potentials and promote arrhythmogenic substrate via Kv1.5 downregulation [53,56].

3.4. Angiotensin Il (Ang II) and Nox4 Signaling Pathways

NADPH oxidase, specifically the form known as Nox4, is an upstream regulator of ROS-related Kv1.5
modulation. In atrial cardiomyocytes, exposure to angiotensin II turns on Nox4, which raises levels of ROS
production that feed into Kv1.5 regulation [57]. Ang II signaling through AT1 receptor activates pathways
including TGF-B1/Smad2/3 and ERK1/2, which increase Kv1.5 channel expression and stability, usually
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by upregulation of scaffolding proteins like SAP97 [58]. This Ang II effect is ROS-dependent; in cultured
atrial myocytes, angiotensin II causes a rise in Nox-4-generated ROS, which in turn is required for the
Smad2/3 and ERK-mediated increase in Kv1.5 levels [57]. When Nox4 activity is inhibited, it prevents the
Ang Il-induced upregulation of Kv1.5 [57]. For example, silencing Nox4 or supplementing cells with a
reducing agent abolishes the Ang II-triggered increase in ROS and blocks the associated elevation in Kv1.5
expression and current [57]. Consistent with this, in vivo models there is a heightened angiotensin activity
that drives parallel increases in Nox4, ROS, and Kv1.5 in the atria, whereas things such as AT1 receptor
blockers or ROS scavengers can suppress these [57]. This Nox4-ROS-Kv1.5 interconnected signaling is
especially pertinent to AF, which is often characterized by an overactive renin angiotensin system and
oxidative injury in the atria [58,59]. Such results clearly point to an interconnected process linking
hormonal factors, cellular oxidation, and ion channel behavior [57,58]. This connection gains importance
in atrial fibrillation, a condition often marked by heightened renin-angiotensin system function and excess
oxidative damage [60].

3.5. Nitric Oxide and eNOS Dysfunction

Control of Kv1.5 through redox process connects tightly to nitric oxide pathways, along with actions
of endothelial nitric oxide synthase (eNOS). Under physiological conditions, eNOS produces nitric oxide,
which supports vascular stability and limits inflammatory signaling. AF and oxidative stress can disrupt
this balance. When ROS levels are high, eNOS becomes “uncoupled” due to oxidation or depletion of its
essential cofactor (tetrahydrobiopterin, BH4) and substrate (L-arginine) [61]. An uncoupled eNOS no
longer efficiently generates NO; instead, it preferentially diverts electrons to molecular oxygen to produce
superoxide anion (O2¢") [61]. Such a switch intensifies oxidative damage, promoting issues in blood lining
cells plus structural changes in heart chambers. In AF, for example, diminished NO bioavailability and
increased superoxide in the left atrium have been documented [62]. Restoring redox balance alters the atrial
cellular environment in which ion channels operate. These changes may indirectly influence the
electrophysiological substrate associated with atrial fibrillation [63]. These effects show a link between
redox homeostasis and tissue stability.

3.6. Mitochondrial Kv1.5 and Cellular Survival

Aside from appearing at the outer cell boundary, Kv1.5 channels also occur inside specific cells, such
as within energy-producing structures known as mitochondria. Within these organelles, the presence of
Kv1.5 appears to be tied to control mechanisms that regulate electrical balance across their membranes,
reactive oxygen species production, and signals involved in programmed cell death. In pulmonary arterial
smooth muscle, for example, a mitochondrial ROS-HIF-10—Kv1.5 axis serves as an O2-sensing mechanism
that couples changes in mitochondrial redox status to Kv1.5 activity and vascular tone [64]. Generally,
mitochondrial redox status regulates Kv1.5 activity and cell fate decisions. Reduced mitochondrial ROS
suppresses Kv1.5 expression and activity, contributing to mitochondrial and apoptosis-resistant phenotype,
whereas preservation of Kv1.5 activity is associated with pro-apoptotic signaling in pulmonary arterial
smooth muscle cells [64]. Evidence indicates this internal form might be associated with molecules that
promote cellular breakdown, altering cell survival. In cancer cells, Kv1.5 expression is transcriptionally
repressed (via HIF-1a and NFAT signaling), which helps the cells evade apoptosis [64]. Restoration of
Kv1.5 in these cells, for instance, by using dichloroacetate (DCA) to inhibit mitochondrial pyruvate
dehydrogenase kinase, reestablishes a mitochondria-to-Kv1.5 apoptotic feedback loop, inducing cancer cell
death without harming normal cells. These findings position Kv1.5 within a feedback loop linking
mitochondrial function, oxidative stress, and ion channel regulation. While the relevance of mitochondrial
Kv1.5s’ exact importance in atrial cardiomyocytes remains unknown, these findings show important
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considerations regarding unintended consequences when blocking Kv1.5 in non-cardiac tissues. Notably,
therapies targeting Kv1.5 (such as Ikur blockers for AF) might have off-target effects in non-cardiac tissues
where Kv1.5 modulates cell survival and metabolism.

It becomes clear that managing Kv1.5 in atrial fibrillation involves intricate layers. While initial hopes
rested on its presence mainly in atria, activity of this channel shifts due to subunit interactions, changes
driven by oxidation, and mitochondrial signaling, showing the complexity of managing Kv1.5 in chronic
AF. All these elements can strongly influence Kvl.5 targeted therapies and provide context for the
preclinical and clinical trials discussed in subsequent sections.

4. Preclinical Evidence for Kv1.5-Targeted Therapies

The biological case for atrial selective Kv1.5 inhibition drove extensive preclinical testing of Ikur
blockers as rhythm control therapies for atrial fibrillation. Experimental work addressed these questions
across isolated atrial cells, perfused tissue preparation, and large animal models. Results across these
systems supported the core concept behind atrial selective targeting. The same studies also exposed limits
related to efficacy, safety margins, and translational consistency. These early findings provided compelling
proof of concept evidence, while also revealing limitations that would later complicate clinical translation.

4.1. Early In Vitro and Electrophysiological Evidence

Research conducted early in vitro, using heterologous expression systems and isolated atrial
cardiomyocytes, demonstrated that pharmacological blockade of Kvl.5 effectively decreases Ikur and
increases the duration of atrial action potentials [65]. Moreover, these effects were seen under normal
physiological conditions, suggesting it would be possible to target Ikur to increase atrial refractoriness,
without creating ventricular electrical instability [66,67].

4.2. Animal Models and Proof of Atrial Selectivity

The experimental Kv1.5 inhibitor that has been the subject of the most extensive studies in preclinical
atrial fibrillation models is DPO-1. Studies in primate and canine models showed that administration of
DPO-1 to animals in vivo selectively lengthened the atrial effective refractoriness period with no significant
effects on ventricular refractoriness or QT interval [68,69]. In an African green monkey model, the increase
in atrial refractoriness with DPO-1 correlated with higher Kv1.5 expression in atrial vs. ventricular
myocardium. These results support the concept of atrial selective modulation of electrophysiology by
selective inhibition of Ikur. Therefore, the selective inhibition of Ikur could potentially be used as an anti-
atrial fibrillatory agent with minimal proarrhythmic risk to the ventricles [68].

4.3. Additional Kv1.5 Inhibitors and Consistent Findings

Consistent with these findings, additional structurally distinct Kv1.5 inhibitors supported the atrial
selective efficacy of Ikur blockade. Two compounds, a triarylethanolamine (TAEA) and an isoquinolinone
derivative (ISQ-1), were shown to potently inhibit human Kv1.5 currents expressed in heterologous systems
and to selectively prolong atrial refractoriness in vivo without affecting ventricular refractoriness or QTc
interval. In anesthetized and conscious canine models, both compounds had increased atrial ERP, prolonged
atrial conduction intervals, and terminated inducible atrial fibrillation, while also sparing ventricular
electrophysiology [69].

4.4. Limitations: Remodeling and Substrate Dependence

Preclinical studies also validated the atrial selective safety profile of kur inhibition. Individual Kv1.5
blockers, DPO-1, XEN-D0101, and AVEQ119, were all constantly found to cause dose-dependent, constant
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prolongation of action potential duration and ERP in models of atrial fibrillation, with no impact on
ventricular repolarization or any proarrhythmic impact on the ventricle [70]. AVE0118, for example, was
shown to restore atrial refractoriness in dogs and goats of atrial fibrillation without any pro-arrhythmic
impact on the ventricle [70], while DPO-1 and XEN-D0101 were found to prolong atrial ERP and suppress
AF in dog models without resulting in any measurable QT prolongation [70]. These consistent findings
reinforce the concept that selective Ikur blockade could achieve meaningful atrial electrophysiologic
modulation while preserving ventricular electrical stability under controlled experimental conditions [70].

Preclinical research has also included studies of other Kv1.5 inhibitors, such as MK-0448 and related
drugs, in models of atrial fibrillation. While MK-0448 successfully terminated atrial fibrillation in dogs and
prolonged atrial refractory periods under specific conditions [71], further studies indicated that the effect of
inhibiting Ikur is influenced by the type of atrial substrate being studied and the disease state. When atrial
fibrillation is long-standing (sustained) or has been modified by electrical remodeling, the effectiveness of
MK-0448 in prolonging action potentials was reduced, suggesting that drug efficacy may be limited when the
therapy targets a mechanism of action that is significantly altered by the disease state [72]. In human atrial
tissue studies, for instance, selective Ikur block elevated the action potential plateau but did not prolong, or
even shorten, the AP duration in non-remodeled atria, whereas in chronic AF samples, some AP prolongation
was seen. These findings indicate that the effectiveness of Kv1.5 inhibition is reduced once atrial fibrillation
has induced molecular and electrical remodeling [72]. In other words, an AF substrate altered by long-term
electrical remodeling, oxidative stress, or impaired Kv1.5 channel trafficking is less susceptible to Ixkur
blockade. This substrate-dependent response helps to explain why drugs targeting Kv1.5 show diminished
efficacy as atrial fibrillation becomes more chronic or structurally remodeled.

Subsequent cellular and tissue-level studies also showed that Kv1.5 expression and function are
modified through a variety of mechanisms during AF. Chronic AF is associated with downregulation of
Kv1.5 expression (reducing Ikur density), as well as changes in subunit composition, oxidative damage, and
reduced channel trafficking to the membrane [53,73]. This reduces the amount of Kv1.5 available at the
cell surface for repolarizing the atria or alters the role of Kv1.5 in repolarizing the atria [74]. As such, the
potential therapeutic benefit of selectively blocking Ikur may be lost as atrial fibrillation progresses, which
may explain why Ikur blockers have shown diminished effectiveness with the progression of atrial
fibrillation [40,66]. These studies illustrated how Kv1.5 targeted therapy is dependent upon both the disease
state (disease duration) and the atrial substrate; therefore, these factors limit its clinical applicability in
treatment for patients with atrial fibrillation.

Despite these difficulties, early-phase human studies have offered some limited but useful insight into
the safety of inhibiting Kv1.5. The atrial selective Kv1.5 inhibitor XEN-D0101 was developed for a Phase 1
clinical trial, which found that XEN-DO101 had a very good safety profile, with indications of having atrial
electrophysiological effects (prolonged atrial action potential indices) without overt ventricular pro-
arrhythmic effects [75]. In isolated human atrial tissues from sinus rhythm and AF patients, XEN-DO101
significantly elevated the atrial AP plateau and increased contractility, while having no effect on ventricular
action potentials [75]. Consistently, in healthy volunteers, XEN-D0202 did not significantly prolong the QTc
interval at doses up to 300 mg [75]. These findings confirm the atrial selective profile and acute safety of
Kv1.5 blockade in humans [75]. Nonetheless, the lack of larger-scale efficacy trials and longer-term outcome
data led to little further clinical advancement. Similar to other preclinical compounds previously discussed,
uncertainty regarding its efficacy in remodeled atria and the limited clinical efficacy observed in subsequent
testing were major factors leading to the compound never progressing to late-phase clinical trials [75].

4.5. Early Human Translational Evidence

Overall, the findings from both preclinical and early translational research clearly support the notion
that Kv1.5 inhibitors can selectively modulate atrial electrical properties and inhibit atrial arrhythmias under
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controlled experimental conditions. Simultaneously, however, there were clear limitations as well,
including substrate-dependent efficacy, limited effectiveness against atrial remodeling, and a lack of
knowledge about long-term safety. Together, these limitations provide some insight into why Kvl1.5-
targeted treatments for arrhythmias have not yet been widely adopted in the clinic.

5. Cardiac Trials of Class III Antiarrhythmics (Kv Channel Blockers)

Pharmacologic rhythm control in AF relies on two main drug classes: Class Ic and Class III
antiarrhythmic agents. Class Ic agents, including flecainide and propafenone, are widely used for
maintaining sinus rthythm in patients without structural heart disease, reduced left ventricular function, or
significant coronary artery disease, and are often preferred in younger, healthier patients due to their
favorable tolerability profile [ 76]. Their use has traditionally been contraindicated in structural heart disease
based on the CAST trial, which demonstrated increased mortality with Class Ic agents in post-myocardial
infarction patients. However, emerging evidence suggests this risk may have been overgeneralized and that
flecainide may be safe in carefully selected patients with stable structural heart disease [76]. Nevertheless,
a substantial proportion of AF patients, particularly those with heart failure, CKD, or significant
comorbidities, remain ineligible for Class Ic therapy, reinforcing the need for safer atrial-selective options
such as Kv1.5 inhibition. In patients ineligible for Class Ic therapy, Class III antiarrhythmic agents remain
the cornerstone of pharmacologic rhythm control despite well-recognized safety limitations.

Class III antiarrhythmic drugs prolong cardiac repolarization through potassium channel blockade,
increasing atrial refractoriness, but their effects are not confined to atrial tissue, exposing patients to risks such
as QT prolongation and ventricular proarrhythmia. Nevertheless, their clinical durability across diverse atrial
substrates, including structurally and electrically remodeled atria, has sustained their widespread use in
routine practice. Understanding the strengths and liabilities of Class III agents provides a necessary
framework for evaluating why atrial-selective targets such as Kv1.5 have struggled to replace them.

5.1. Amiodarone

Amiodarone is a broad-spectrum antiarrhythmic agent that works through Class III effects as well as
other mechanisms of action. It blocks multiple Kv channels in addition to Na®, Ca®>" channels, and B-
adrenergic receptors [77]. Amiodarone is effective at maintaining sinus rhythm in atrial fibrillation and at
reducing the occurrence of ventricular arrhythmias; however, the Sudden Cardiac Death in Heart Failure Trial
(SCD-HeFT) demonstrated no significant reduction in all-cause mortality with long-term amiodarone therapy
compared with placebo in high-risk populations [78]. Overall, amiodarone is highly effective for refractory
atrial and ventricular arrhythmias but is typically reserved for short-term or last-line use due to its toxicity
burden [77].

5.2. Dronedarone

Dronedarone is an amiodarone analog, which is less lipid soluble than amiodarone and does not contain
iodine [79]. These changes reduce dronedarone’s organ toxicities (thyroid and pulmonary) and shorten its
half-life [79]. Like amiodarone, it’s a class III potassium channel blocker and has additional antiarrhythmic
activity. In the ATHENA trial, dronedarone reduced the composite endpoint of cardiovascular
hospitalization or death by approximately 24%, largely driven by fewer AF-related hospitalizations, leading
to regulatory approval [80]. Additionally, dronedarone resulted in lower rates of arrhythmia-related death
and stroke in AF patients over 21 months of follow-up (2.7% vs. 3.9%). This reflects a reduction in
arrhythmic mortality, and there was no significant difference in overall mortality between groups [80].
However, subsequent trials identified important safety concerns: ANDROMEDA was terminated early due
to increased mortality in patients with systolic heart failure [81], and PALLAS was halted after showing
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higher rates of stroke, heart failure, cardiovascular death, and all-cause mortality in patients with permanent
AF [82]. Adverse outcomes in PALLAS were attributed in part to treatment of a higher-risk population and
drug-drug interactions, particularly increased digoxin exposure. Although dronedarone appears to be
beneficial in reducing these endpoints in AF patients, the benefit is specific to certain contexts. Compared
with amiodarone, dronedarone is less effective at maintaining sinus rhythm. In the DIONYSOS trial, AF
recurrence was higher with dronedarone, but it had fewer non-cardiac toxicities, particularly thyroid and
neurologic effects [83]. Overall, dronedarone offers moderate rhythm-control efficacy with less organ
toxicity than amiodarone, but its use is limited by HF risk and significant drug interactions [84].

5.3. Sotalol

Sotalol is a class III antiarrhythmic that blocks the rapid delayed rectifier potassium current with
additional non-selective B-adrenergic blocking activity. It is used to maintain sinus rhythm in AF and to
suppress certain ventricular arrhythmias. Compared with amiodarone and dronedarone, it is a more
selective Kv blocker, with B-blockade providing rate control and partial protection against excessive QT
prolongation [85]. However, in a trial of pure K™ blocking sotalol (the dextro isomer without beta blocking),
safety concerns were revealed. Most of the excess deaths were caused by sudden cardiac death due to
arrhythmia [86]. These findings show that a pure class III drug can be pro-arrhythmic in patients at risk,
SWORD was halted early because it resulted in harm [86]. Today, conventional racemic sotalol is still used
with caution in patients. The beta blocking component in d,l-sotalol may decrease some risk; it does require
monitoring of QT interval prolongation.

5.4. Dofetilide

Dofetilide is a class III antiarrhythmic, selective Ikv/Kvii.1 blocker approved for conversion to and
maintaining sinus rhythm in AF or atrial flutter. Its efficacy and safety in patients with structural heart
disease, particularly those with left ventricular dysfunction, were demonstrated in the DIAMOND trial,
which showed significantly higher rates of conversion to and maintenance of sinus rhythm compared to
placebo, reduced heart failure hospitalizations, and no increase in overall mortality [87]. In the Danish
DIAMOND trials (in patients with severe left ventricular dysfunction), dofetilide had no effect on all-cause
mortality compared to placebo, but was antiarrhythmically effective [88]. Although mortality was not
affected, those who did restore their sinus rhythm were found to have a significantly better survival (risk of
death reduced by 56% in that subgroup) [88]. Dofetilide also has an effect on reducing hospital re-
admissions: in DIAMOND, patients treated with dofetilide had a 30% reduction in all case readmissions
(RR 0.70, p = 0.005), and a 31% reduction in heart failure-related readmissions compared to placebo [88].
These results show that dofetilide can be used relatively safely for AF even in high-risk patients if the QT
interval is properly monitored, improving rhythm control and reducing morbidity, even if it does not
improve longevity [88].

5.5. Ibutilide

Ibutilide is an intravenous class III antiarrhythmic for cardioversion of atrial fibrillation or flutter.
Patients are given IV while in the hospital to convert sinus rhythm without electrical cardioversion. While
this is effective for most patients, ibutilide carries a risk of polymorphic ventricular tachycardia (torsades
de pointes) due to QT prolongation, making it so patients must be monitored continuously during
administration [89]. Protocols advise monitoring for at least 4 h post infusion (or until QT return to baseline),
and readiness with IV magnesium, defibrillator, and pacing in case torsades occurs [89].
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5.6. Bretylium

Bretylium, an older class III K" channel blocker (and sympatholytic) that was utilized in refractory
ventricular fibrillation, especially in the pre-hospital or emergency settings prior to the use of amiodarone.
A small, randomized trial in 1981 demonstrated that the addition of bretylium during CPR improved
resuscitation rates [90]. These early results led to the identification of bretylium as a drug that could improve
survival in victims of cardiac arrest [90]. Bretylium was referenced in early Advanced Cardiac Life Support
(ACLS) protocols in the 1980s for refractory ventricular fibrillation, but its use gradually decreased when
additional randomized studies highlighted the benefits of amiodarone for post-shock ventricular fibrillation.
Bretylium is no longer readily available in most regions today, although it is an important historical example
of a potassium channel blocker that was used in the acute care setting.

5.7. Vernakalant

Vernakalant is a relatively atrial-selective antiarrhythmic developed for rapid pharmacologic
cardioversion of atrial fibrillation. Its atrial selectivity is driven primarily by blockade of potassium currents
predominantly expressed in atrial tissue, with additional frequency-dependent sodium-channel effects and
minimal impact on ventricular repolarization at normal heart rates. Intravenous vernakalant is approved in
Europe and other regions for acute conversion of recent-onset AF (<7 days) in non-surgery patients and
less than 3 days in postoperative AF [91]. Conversion is rapid, typically occurring within 10-15 min in
responders. Vernakalant’s atrial-selective profile is associated with a low risk of ventricular pro-arrhythmia,
and torsades de pointes was not observed in clinical trials [91]. Vernakalant has been used clinically in
Europe and Canada for over a decade but remains unapproved in the US following safety concerns raised
during U.S. phase III trials [91,92]. Vernakalant occupies a niche role as a fast-acting, atrial-selective agent
for acute AF cardioversion, but is geographically limited in availability.

Collectively, as outlined in Table 1, currently available Class III agents trade atrial efficacy for systemic
toxicity, proarrhythmia risk, or intensive monitoring requirements.

Table 1. Past and Present Medication Use of Class III Antiarrhythmic Drugs.

Use Use/Indication Key Trial Finding
Bretylium (Class Il Refractory VF/VT IV bretylium improved survival to hospital admission during cardiac
. . arrest (35% vs. 6% placebo; p < 0.05) but has been replaced by
+ sympatholytic) (historic)

amiodarone in modern practice [90,93].

Amiodarone (Class
111, plus Class
/1II/IV)

AF maintenance; VI/VF
suppression

SCD-HeFT: no survival benefit vs. placebo (all-cause death 28% vs.
29%; HR = 1.06) despite high arrhythmia suppression; long-term use
limited by toxicity. Whereas implantable cardiovascular defibrillator
(ICD) decreased mortality by 23% [78,94].

Sotalol (d,l-isomer;
Class III + B-

AF maintenance; limited
VT suppression

SWORD (d-sotalol): increased mortality post-MI with LV dysfunction
(5.0% vs. 3.1%; RR 1.65). Racemic sotalol remains in use with

blocker) telemetry-guided initiation [86].

. ~ s . 0 0 S 1o
Dofetilide (Class IIL, AF./AFI conver51or.1 & DIAMOND AF: sinus rhythm restoration 59% vs.. 344) placebo; 1-yr
IKr) maintenance; safe in maintenance 79% vs. 42% (p < 0.001). No mortality difference:

HF/CAD

inpatient QT monitoring required [88].

Ibutilide (Class I1I;

IV cardioversion of

Converts ~30-50% of AF and ~50—70% of atrial flutter; significant QT
prolongation and torsades risk necessitate continuous ECG monitoring

late I, effect) recent-onset AF/AFI 89.95].
. ACT I-IV/AVRO: conversion ~44.9-51.7% within 90 min (often
Vernakalant (Atrial- . . . o .. . . .
selective Rapid IV cardioversion within 10—15 min in responders); superior to IV amiodarone at 90 min
L of recent-onset AF (51.7% vs. 5.2%, p < 0.0001); superior to IV amiodarone; low
multichannel)

ventricular proarrhythmia risk; approved in Europe, not US [96-98].
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AF/AFI (non- ATHENA: Dronedarone reduced the composite endpoint of
Dronedarone (Class ~ permanent); rhythm cardiovascular hospitalization or death versus placebo (31.9% vs.
III, multichannel) control without severe 39.4%; HR 0.76, p <0.001), driven primarily by fewer AF-related
HF hospitalizations, supporting regulatory approval [80].

Abbreviations: AF = atrial fibrillation; AFI = atrial flutter; VF = ventricular fibrillation; VT = ventricular tachycardia; MI =
myocardial infarction; LV = left ventricular; HF = heart failure; CAD = coronary artery disease; SCD = sudden cardiac death;
ICD = implantable cardioverter-defibrillator; ECG = electrocardiogram; IV = intravenous; HR = hazard ratio; RR = relative risk;
IKr = rapid delayed rectifier potassium current; late Iy, = late sodium current.

6. Safety, Adverse Effects, and Drug—Drug Interactions
6.1. Safety of Kv1.5 Inhibitors

Kv1.5 channel blockers (Ikur inhibitors) represent a newer class of investigational antiarrhythmic drugs
designed to selectively prolong atrial repolarization while not affecting ventricular electrophysiology.
Consistent with this, early human electrophysiology studies of the Ikur inhibitor XEN-DO0103 showed that,
even at a high plasma concentration (10 pM), it had no significant effects on ventricular action potentials
and caused no significant QTc prolongation in healthy volunteers [99].

Despite this, the potential for small-molecule Kv1.5 inhibitors to produce non-selective effects on
cardiac K* channels remains a significant concern regarding safety. For example, many of these small
molecules will inhibit additional cardiac K" currents at higher concentrations than their intended target. For
instance, the prototype Ikur blocker DPO-1 has an ICso of only 30 mM for Kv1.5; however, it can begin to
affect the transient outward current (Ito) and potentially the rapid delayed rectifier (IKr) in the micromolar
concentration range [70]. Likewise, XEN-DO0103 inhibits Kv1.5 with an ICso = 25 nM and exhibits > 500-
fold selectivity against hERF (IKr) and several other cardiac channels [70]. The unintentional blockade of
hERG with drugs, such as those that inhibit Kv1.5, could potentially eliminate atrial selectivity and
contribute to prolonged ventricular repolarization if excessive drug levels occur. In fact, one of the primary
design objectives was to establish a significant safety margin between the drug concentrations required to
inhibit Ikur and drug concentrations required to inhibit hERG [70]. Fortunately, XEN-DO101 demonstrated
an ICso of 13 uM against hERG (vs. 0.24 uM for Kv1.5) and did not demonstrate any QTc prolongation at
doses of 300 mg or less in humans, indicating a large safety margin [75]. Ultimately, although careful
medicinal chemistry has significantly enhanced the selectivity of Ikur inhibitors, the liability of hERG
inhibition and the risk of off-target K blockade still require monitoring during the development phase to
prevent compounds from causing the very arrhythmias they were designed to treat [75].

So far, side effects associated with Ikur inhibitors have been generally milder than would be expected
based on the amount of time these drugs have been in use as medications in humans. During an initial trial
of MK-0448 (an IV-administered Kv1.5 blocker), participants experienced only mild side effects from the
treatment and had very few issues when they received the treatment by vein through the IV line, the most
commonly noted issue being minor redness at the site where the [V was administered. There were no serious
heart rhythm-related complications reported in this study, nor were there any organ toxicity problems noted
either [71]. Similarly, XEN-DO0101, administered orally, did not produce any statistically significant QTc
prolongation or hemodynamic changes up to its highest tested dose (300 mg) [75]. These initial safety
signals are promising, but experience is limited to small phase I trials in healthy subjects. Potential side
effects outside the heart are still unknown, as Kv1.5 channels are present in other tissues such as immune
cells, the kidneys, skeletal and vascular smooth muscle, and, to a lesser extent, the brain [100], so off-target
blockade could theoretically produce effects like mild vasomotor changes or central nervous system effects,
though none have emerged so far. In summary, recent data do not link current inhibitors to multi-organ
toxicities as was observed with previous drugs (e.g., amiodarone), though a full assessment of toxicities
will require larger and longer trials.
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Drug-drug interactions with Kv1.5 inhibitors are not yet defined, as these agents are still investigational.
They are expected to be strong inhibitors or inducers of CYP450 enzymes, and, so far in preliminary trials,
there have been no reports of clinically relevant PK interactions. However, a cautious strategy is to be
proactive in considering interactions. Because Ikur blockers are intended to be atrially selective, it may be
possible to combine them with other antiarrhythmics. For example, preclinical data in a goat model of
chronic AF show that adding the Kv1.5 blocker AVE0118 to the class III drug (dofetilide or ibutilide)
markedly improves AF termination without prolonging the QT interval [101]. In that study, AVEO118,
along with prolonged atrial refractoriness, and when followed by dofetilide or ibutiide all animals were
cardioverted to sinus rhythm (versus only 20% conversion with dofetilide/ibutilide alone) [101]. This
indicates a positive synergistic effect in which an atrial selective drug produces incremental benefit without
increased ventricular proarrhythmia. However, the co-administration of multiple channel blockers in real
patients should still be done with caution. Until extensive clinical experience has been gained, it is prudent
to avoid combining Ikur inhibitors with other drugs known to prolong the QT interval, or to limit such
combinations to settings where they have been closely monitored. Even a drug with excellent Kv1.5
selectivity may still have subtle hRERG blocking effects, and this activity may be exacerbated by other IKr
blockers, potentially unmasking arrhythmias. In summary, while no specific contraindicated combinations
have yet been established for Kv1.5 blockers, cautious guidelines (avoiding overlaps with other
antiarrhythmics or with CYP3 A4 substrates unless monitored carefully) should be followed. As these drugs
are advanced through the trial process, formal studies of drug-drug interactions will establish their
metabolism and identification behavior in clinical practice.

6.2. Class 11l Antiarrhythmic Drug Effects and Proarrhythmia Risk

Class III antiarrhythmic drugs exert their antiarrhythmic effect by prolonging cardiac repolarization;
they block the potassium currents responsible for phase 3 repolarization [102,103]. Consequently, QT
prolongation is a class effect. This lengthens the ventricular repolarization (QT interval) on the ECG [102].
Minor QT prolongation can be therapeutically beneficial by preventing mature beats, but excessive QT
prolongation can lead to early afterdepolarizations and torsades de pointes [104]. All Class III agents are
pro-arrhythmic but differ in torsadogenic risk. Pure IKr antagonists (dofetilide, I'V ibutilide) have among
the highest torsades risks, necessitating monitored initiation [104,105]. Dofetilides clinical trials reported
torsades in roughly 0.9-3.3% of patients (mostly within the first three days of therapy) under monitored
initiation [104]. Sotalol, which blocks Ikr and has beta-blocking activity, has an approximately 1%
incidence of torsades at recommended doses (higher with supratherapeutic dosing or in renal impairment)
[27]. Accordingly, both sotalol and dofetilide must be initiated in the hospital with ECG monitoring to
mitigate this risk [27,104]. Ibutilide, administered intravenously for acute cardioversion of atrial fibrillation
and atrial flutter, also carries a risk of torsades de pointes. In a pooled analysis of 1720 patients, torsades
occurred in 3.9% of cases, typically during or within 45 min of infusion [105]. This study also showed that
ibutilide induced torsade de pointes in 5.6% of 304 women and 3% of 792 men (p = 0.05), suggesting a
greater incidence in women than in men [105]. In contrast, amiodarone, despite extreme QT prolongation,
has a notably lower incidence of torsades (<1%) [106]. This is attributable to amiodarone’s “multifaceted”
electrophysiological properties: it blocks inward Na* and Ca** currents and has beta-adrenergic blocking
activity [103], all of which suppress the EADs and dispersion of repolarization, mitigating the
arrhythmogenic effect of QT prolongation [103]. Yet caution for amiodarone is still justified as it can induce
torsades in “high risk” scenarios (severe hypokalemia or concomitant QT prolonging drugs), so electrolyte
and drug interaction monitoring is required. Finally, bretylium (an older class III agent rarely used) also
blocks K" channels and prolongs ventricular action potential duration. There are sparse clinical data on
bretylium’s risk for torsades due to this drug’s niche use, but this drug’s initial sympathomimetic activity
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(by triggering norepinephrine release) can elicit ventricular ectopy with its use [107]. Also, hypotension
(rather than torsades) is the most common acute adverse effect of bretylium [107].

As shown in Table 2, these adverse-effect profiles differ qualitatively across agents, with some drugs
limited primarily by ventricular proarrhythmia and others by cumulative systemic toxicity or hemodynamic
intolerance.

Table 2. Major Adverse Effects of Class III Antiarrhythmics.

Drug Major Adverse Effects
Profound hypotension (often supine; postural hypotension common; ~50%); transient 1BP/arrhythmias early
via NE release; N/V (esp. rapid 1V); flushing/headache [108].
Multi-organ toxicity: pulmonary pneumonitis/fibrosis (~5—7%) [109] thyroid (hypo/hyper); hepatic injury;
Amiodarone  skin/ocular (blue-gray skin, corneal deposits); neurologic (neuropathy, tremor). Cardiac: bradycardia/AV
block; QT prolongation (TdP risk low <1%) [110].
B-blockade: bradycardia, hypotension, fatigue; bronchospasm (reactive lung disease); exercise intolerance;
AV block. Proarrhythmia: QT prolongation/TdP ~1-5% (1 dose/renal failure) [27].
Dose-dependent QT prolongation/TdP (primary); minimal hemodynamic effects (little HR/BP change);
occasional headache/dizziness/GI upset; requires initiation of ECG monitoring [104,111].
Marked QT prolongation; TdP risk up to 8.3% (1 with underlying cardiomyopathy) [104,112]. requires
Ibutilide continuous ECG monitoring (>4 h) [89]. Transient hypotension/bradycardia during infusion; hypoK/hypoMg
increases risk [95].
Acute infusion reactions: hypotension and bradycardia; rare ventricular proarrhythmia reported in trials (TdP
Vernakalant  not observed in major studies). Minor: dysgeusia, sneezing. Avoid/contraindicated in hemodynamic
instability, severe HF, acute coronary syndromes, or hypotension [96].

Bretylium

Sotalol

Dofetilide

Less organ toxicity vs amiodarone; GI upset (nausea/diarrhea); transient LFT elevations [113]; rare
Dronedarone pulmonary/chest pain; monitor for HF decompensation (contraindicated in advanced HF); fewer
thyroid/ocular effects than amiodarone [114].

Abbreviations: AV = atrioventricular; BP = blood pressure; ECG = electrocardiogram; GI = gastrointestinal; HF = heart failure;
HR = heart rate; IV = intravenous; LFT = liver function tests; N/V = nausea/vomiting; NE = norepinephrine; TdP = torsades de
pointes; 1 = increased; hypoK = hypokalemia; hypoMg = hypomagnesemia.

Beyond repolarization, off-target cardiac effects of class III drugs significantly shape their safety
profiles. Importantly, most are not purely selective IKr blockers. For example, Amiodarones class I (Na*)
and class IV(Ca®") effects, as well as beta-blockade [103], show why these drugs treat multiple arrhythmias
and why you see side effects. Drug-specific nonarrhythmic adverse effects across Class III agents are
summarized in Table 2. Ibutilide has another effect that is unrelated to other drugs. It enhances a slow
inward Na® current into the cell at the end of the action potential (phase 3), therefore prolonging
repolarization [115]. Although this enhances the ability of ibutilide to prolong the action potential, it can
also promote ventricular arrhythmias if used improperly [95]. Dofetilide is highly selective for IKr; thus, it
does not directly affect Na* or Ca** channels, resulting in little change in heart rate or blood pressure. The
primary concern with dofetilide is related to its dose-dependent increase in QT interval and increased risk
of torsades de pointes [104], which is why dosing is adjusted for renal function and monitored. Bretylium
has a completely different set of off-target pharmacological properties. Initially, bretylium causes
norepinephrine to be released from the nerve endings in the sympathetic nervous system. After this occurs,
breylium causes a ganglionic blockade [107]. Thus, when breylium is first given, there is an initial
hypertension, and occasionally there will be some arrhythmias immediately after administration of
breylium. However, eventually, adrenergic tone drops, and therefore, there will be a significant drop in
blood pressure (hypotension). Clinically, the most frequent immediate concern with the use of bretylium
was hypotension, rather than torsades de pointes [116].
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6.3. Drug—Drug Interactions

Drug-drug interactions are an important part of Class III drug safety, especially when they are used in
polypharmacy situations with cardiovascular and noncardiovascular drugs. Specific interaction profiles and
major contraindicated combinations are outlined in Table 3. These limitations highlight the narrow
therapeutic window of conventional Class III antiarrhythmic therapy and explain why safety concerns,
rather than lack of efficacy, often limit long-term use. These challenges have driven interest in atrial-
selective strategies designed to preserve rhythm-control efficacy while minimizing ventricular
proarrhythmia, systemic toxicity, and clinically significant drug—drug interactions.

Table 3. Drug-Drug Interactions for Class III Antiarrhythmics.

Drug Notable Interactions/Cautions
Catecholamine release may worsen digoxin toxicity; potentiated by MAO inhibitors; enhanced pressor
Bretylium responses to catecholamines — monitor BP; caution with other hypotensives (additive BP drop). (Obsolete;

limited modern interaction data) [117].

1 digoxin (~79%), rivaroxaban (~38%), phenytoin (~59%) [118]; 1 warfarin effect/bleeding risk; additive
Amiodarone QT prolongation (avoid macrolides/fluoroquinolones/antipsychotics/TCAs); with B-blockers or non-DHP
CCBs 1 bradycardia/AV block risk [119].
Renal elimination; few PK interactions (no CYP). Avoid additive bradycardics and QT-prolongers (-
blockers, Ca®" blockers, other Class 1II) — bradycardia/hypotension/TdP risk [27].
Renal cationic secretion: contraindicated with cimetidine, trimethoprim, verapamil, HCTZ, ketoconazole,
Dofetilide prochlorperazine; avoid/contraindicated with renal cation secretion inhibitors (e.g., metformin, amiloride),
CYP3A4 inhibitors (macrolides, azoles, amiodarone), and other QT-prolongers; caution with digoxin [120].
Hepatic metabolism (CYP450). Avoid coadministration with QT-prolongers (Class III agents, some
antipsychotics/antifungals/macrolide-like agents) and electrolyte-altering drugs [95].

Sotalol

Ibutilide

Limited interaction data; avoid combination with other QT-prolonging antiarrhythmics or drugs that increase
Vernakalant ~ TdP risk unless closely monitored. Use caution with AV-nodal-slowing agents (additive
bradycardia/hypotension risk during infusion) [96].
Moderate CYP3A4 inhibitor; P-gp inhibitor — 1 simvastatin, dabigatran, digoxin; contraindicated with
strong CYP3 A4 inhibitors/inducers; additive QT risk similar to other Class III agents [79].
Abbreviations: AV = atrioventricular; BP = blood pressure; CCB = calcium channel blocker; CYP = cytochrome P450; CYP3A4
= cytochrome P450 3A4; DHP = dihydropyridine; HCTZ = hydrochlorothiazide;, MAO = monoamine oxidase; PK =
pharmacokinetic; P-gp = P-glycoprotein; QT = electrocardiographic interval from the start of the QRS complex to the end of the
T wave; TdP = torsades de pointes; TCA = tricyclic antidepressant; 1 = increased.

Dronedarone

7. Why Kv1.5 Has Not Translated to Effective Arrhythmia Therapy

Kv1.5 (Ikur) has long been considered an attractive atrial-selective target because of its predominant
expression in atrial myocardium and absence in ventricles, raising the possibility of suppressing AF without
ventricular pro-arrhythmia. Several representative compounds illustrate this translational gap.

XEN-D0103 (Xention Ltd., Cambridge, UK) illustrates this challenge. Although the compound
showed strong atrial selectivity in preclinical studies, a placebo-controlled clinical trial in patients with
paroxysmal AF using continuous rhythm monitoring did not demonstrate a significant reduction in AF
burden [70]. Similarly, MK-0448 (Merck, NJ, USA), another selective Kv1.5 inhibitor, advanced through
early-phase testing and showed atrial electrophysiologic effects in preclinical models, but no convincing
Phase II efficacy data in AF were reported, and development was not pursued further [121,122]. Broader
atrial-selective or multichannel approaches have also fallen short: compounds such as AVEO118/AVE1231
did not progress beyond early development [70], and celivarone, a non-iodinated amiodarone analog with
multichannel activity including atrial potassium currents, failed to improve sinus rhythm maintenance in
Phase II trials and was discontinued [122]. To date, no Kv1.5-selective small-molecule antiarrhythmic has
reached the market.
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A central reason for these failures lies in a fundamental paradox in the biology of human AF: the very
disease state that creates the need for Kv1.5-targeted therapy simultaneously erodes the molecular target
itself. As described in Section 3, chronic AF drives substantial electrical remodeling of atrial tissue,
including progressive downregulation of Kv1.5 expression and a corresponding reduction in Ikur current
density [30]. This process is accelerated by oxidative stress, Nox4-driven ROS production, and angiotensin
II signaling, which characterize the remodeled atrium and alter Kv1.5 trafficking, subunit composition, and
surface expression [47,57]. The result is a self-defeating therapeutic scenario: by the time a patient presents
with established or persistent AF and requires rhythm control, the Ikur current that selective blockers were
designed to target has already been substantially reduced. Blocking a diminished current produces a
correspondingly diminished electrophysiologic effect, which likely explains why drugs that showed
compelling prolongation of atrial refractoriness in preclinical models and early-phase human studies failed
to demonstrate meaningful AF burden reduction in larger trials [70,72]. Thus, chronic AF may render the
Kv1.5/ Ikur target functionally less available precisely when antiarrhythmic therapy is most needed.

The multifactorial nature of AF maintenance compounds this substrate-dependent limitation. Chronic
AF is maintained through multiple overlapping mechanisms beyond Ikur, including structural fibrosis,
calcium handling abnormalities, gap junction remodeling, and autonomic dysregulation [123]. Targeting a
single ion channel that is itself downregulated in the disease state, therefore faces a dual challenge: reduced
target availability and insufficient impact on the broader arrhythmogenic substrate. Future strategies
targeting Kv1.5 may need to account for disease stage, selecting patients earlier in the AF trajectory where
Ikur density remains sufficient for meaningful pharmacological modulation, or combining Ixur blockade
with therapies that address upstream remodeling mechanisms.

8. Arrhythmia from a Public Health Perspective

Cardiac arrhythmias, particularly AF, represent a growing public health challenge with implications that
extend far beyond individual clinical encounters. Population-level data consistently show rising arrhythmia-
related morbidity and mortality over recent decades, with atrial fibrillation and flutter-related deaths now
surpassing those due to cardiac arrest in several regions, including the US. Projections suggest that, despite
advances in cardiovascular care, the burden of AF-related mortality will continue to increase through 2040,
especially among younger age groups and socioeconomically disadvantaged populations [124].

Globally, the prevalence, disability-adjusted life years (DALYs), and mortality associated with AF
have risen steadily from 1990 to 2021, with further increases projected into the next decade [125]. Although
higher-income regions currently report the greatest absolute AF burden, lower- and middle-
sociodemographic index (SDI) regions are experiencing more rapid growth rates, likely reflecting
population aging, rising cardiometabolic risk factors, and improved detection over time. Importantly,
underdiagnosis remains a persistent concern in lower-SDI settings, where limited access to screening,
ambulatory monitoring, and specialty care may obscure the true prevalence of AF and delay treatment until
complications occur [125].

Disparities in arrhythmia outcomes are not limited to global differences. In the United States, racial
and geographic inequities persist, with Black populations experiencing higher arrhythmia-related mortality
despite lower rates of documented AF diagnosis, suggesting gaps in detection, access to care, or treatment
quality [124]. Rural communities face additional challenges due to fewer electrophysiology centers, limited
access to continuous ECG monitoring, and reduced availability of advanced therapies such as catheter
ablation [72,126]. While ablation is now guideline-recommended for many patients with symptomatic AF,
its dependence on specialized infrastructure restricts its use in low-resource settings, increasing reliance on
pharmacologic rthythm or rate control.

Even among drug-based therapies, access and safety considerations shape public health impact. Certain
antiarrhythmic agents, such as sotalol and dofetilide, require in-hospital initiation with continuous ECG
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monitoring to mitigate the risk of torsades de pointes [127], creating barriers for patients without reliable
access to inpatient care. Policy changes can influence these barriers, in the US, the removal of the FDA
Risk Evaluation and Mitigation Strategy (REMS) requirement for dofetilide in 2016 was intended to
broaden access while maintaining safety through label-mandated monitoring [128,129].

The failure of atrial-selective potassium channel targets such as Kvl.5 to translate into effective
therapies has left clinicians reliant on older drugs like amiodarone, with significant toxicity and monitoring
burdens. These limitations disproportionately affect patients with multiple comorbidities and health
systems with limited resources. Arrhythmia management, therefore, represents not just a clinical challenge,
but a broader public health, a priority, one in which the development of atrial-selective agents such as Kv1.5
inhibitors could play a meaningful role by expanding safe rhythm-control options to patients currently
excluded from existing therapies.

9. Kv Channel Modulation in Vascular Tone and Vascular Disease

While the primary focus of this review is atrial electrophysiology, the vascular expression of Kv1.5 is
relevant to AF management because inhibition of Kv1.5 in coronary vessels could alter microvascular tone
and myocardial perfusion, representing a potential off-target safety consideration for any Kvl.5-directed
antiarrhythmic therapy. Beyond cardiac arrhythmias, Kv channels play an important role in regulating
vascular smooth muscle tone and have been explored as potential therapeutic targets in vascular disease.
Vascular smooth muscle cells express several Kv channel families, especially Kv7 (KCNQ), which help
maintain the resting membrane potential [130]. The activation of these channels promotes membrane
hyperpolarization, reduces calcium influx, and leads to vasodilation, whereas Kv inhibition favors
vasoconstriction.

In the coronary microcirculation, Kv1.5 has been identified as a key mediator of metabolic dilation,
the process by which coronary vessels dilate in response to increased myocardial oxygen demand [131].
Evidence from human microvessels indicates that Kv1.5-dependent dilation is altered in coronary artery
disease, suggesting a role in microvascular dysfunction [132]. Beyond tone regulation, Kv1.5 expression
in vascular smooth muscle cells influences phenotypic modulation and proliferative signaling, with
oxidative stress further modulating Kv1.5-dependent currents in the microcirculation [133,134]. Prior work
from our group showed that co-expression of Kv1.5 with the Kvp1.2 subunit was associated with a marked
reduction in proliferation in HEK293T cells across 24-96 h [52].

Early interest in Kv1.5 centered on its atrial-enriched expression relative to ventricular myocardium
and its contribution to atrial repolarization [135] (Figure 1). This atrial-predominant profile supported the
early rationale for atrial-selective rhythm control with less ventricular proarrhythmic risk. Subsequent
studies identified Kv1.5 expression in VSMC, where K* efflux influences membrane potential, Ca*" entry,
and vasomotor tone in coronary resistance vessels and the microcirculation [136]. More recent work links
Kv1.5 to vascular remodeling through VSMC phenotypic modulation and interaction with Kv1.3 channels
[133]. Oxidative stress further modulates Kvl1.5-dependent currents, contributing to microvascular
dysfunction [134]. At the same time, the clinical translation of selective Kv1.5/ Ikur inhibition has been
limited by atrial remodeling, reduced target availability in established AF, and the broader, multifactorial
substrate that sustains the arrhythmia. In addition, reported KCNAS variants in Chinese and Scandinavian
AF cohorts [30,137] support inter-individual variability in Kv1.5 biology, which may be relevant to
precision-targeted therapy. More broadly, the emerging view of Kv-associated channel complexes suggests
physiologic relevance beyond atrial electrophysiology alone, raising the possibility that therapies targeting
Kv1.5 may have unintended extra-cardiovascular consequences [138]. Thus, the evolving view of Kv1.5
includes not only its atrial electrophysiologic relevance but also its broader extra-atrial safety implications,
which may narrow the therapeutic window of Kv1.5-directed therapy in AF.
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From a safety standpoint, these vascular roles of Kv1.5 present important considerations for arrhythmia
management. Pharmacological inhibition of Kv1.5 for AF could theoretically impair coronary metabolic
dilation, reduce myocardial perfusion, or alter microvascular function, effects that would be particularly
concerning in patients with underlying coronary artery disease or heart failure. While cardiac therapies
often block Kv channels, vascular strategies would generally aim to enhance Kv activity to promote
vasodilation [139]. To date, no Kv-specific agent has been approved for vascular indications, and the full
extent of vascular off-target effects of Kv1.5 inhibitors remains to be characterized in larger clinical studies.

10. Conclusions

Atrial fibrillation is one of the most rapidly expanding cardiovascular epidemics globally, driven by
aging populations, increasing prevalence of cardiometabolic disease, and persistent disparities in detection
and treatment. Despite decades of therapeutic innovation, pharmacologic management of AF continues to
rely predominantly on antiarrhythmic agents developed in previous decades. These drugs often couple
electrophysiologic efficacy with systemic toxicity, increased risk of ventricular proarrhythmia, and the need
for intensive monitoring. The strategy of atrial-selective ion channel targeting has emerged as a promising
approach to address these limitations. Kv1.5, due to its central role in generating the atrial-specific Ixur
current, is uniquely positioned to provide safer rhythm-control therapies.

However, the translational experience with Kv1.5 inhibition demonstrates a broader principle in
cardiovascular drug development: biological plausibility does not ensure clinical efficacy. Although
selective Ikur blockade consistently produces atrial electrophysiologic effects and favorable ventricular
safety profiles in experimental models, the complex and dynamic substrate of human AF, driven by
electrical remodeling, oxidative stress, structural fibrosis, and multi-channel dysregulation, limits the
therapeutic benefit of targeting a single ion channel. As atrial fibrillation progresses, the Ikur current that
initially generated therapeutic optimism becomes downregulated, reducing the effectiveness of Kv1.5
inhibition and highlighting the multifactorial mechanisms underlying arrhythmia maintenance.

Concurrently, recent findings indicate that Kv1.5 biology extends beyond atrial electrophysiology.
Kv1.5 participates in broader signaling networks, including redox regulation, mitochondrial function,
vascular tone, and coronary microcirculation. This positions Kv1.5 not only as an antiarrhythmic target but
also as a component of a larger cardiometabolic regulatory system. These insights broaden the scientific
perspective from a narrowly defined electrophysiologic target to a multidimensional biological pathway
with implications for vascular disease, myocardial energetics, and tissue perfusion.

The pursuit of safer rhythm-control strategies has implications that extend beyond pharmacology.
Many current antiarrhythmic therapies require specialized monitoring or infrastructure, which limits their
accessibility in rural areas, resource-limited health systems, and underserved populations where the burden
of arrhythmia is increasing most rapidly. Therefore, the ongoing development of atrial-selective or
mechanism-based therapies represents both a scientific challenge and a public health priority. This effort
aligns with global initiatives to reduce cardiovascular disparities and improve equitable access to
arrhythmia care. Emerging evidence of KCNAS genetic variation across ethnic populations suggests that
responses to Kv1.5-targeted therapy may differ between patient groups, highlighting the need for future
studies examining how population-level differences in channel biology influence treatment outcomes.

Future therapeutic strategies are expected to move beyond single-channel inhibition toward integrated
approaches that address the broader arrhythmogenic substrate. These approaches may combine targeted
electrophysiologic modulation with interventions targeting oxidative stress, structural remodeling, and
metabolic dysregulation. Within this evolving framework, Kv1.5 serves as an instructive model, illustrating
that the progression from molecular discovery to clinical application is rarely straightforward. Each advance
in understanding cardiac ion channel biology creates new opportunities to develop safer and more effective
arrhythmia therapies.
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In summary, the case of Kv1.5 highlights a central principle in contemporary cardiovascular medicine:
addressing the challenge of atrial fibrillation will require not only improved pharmacologic agents but also
a deeper integration of molecular biology, clinical electrophysiology, and population health. The future of
rhythm control may depend not on abandoning atrial-selective targets, but on redefining their role within a
broader systems-level understanding of arrhythmia pathophysiology.
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