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Abstract

Patients with myocardial ischemia and infarction are at increased risk of arrhythmias, which
in turn, can exacerbate the overall risk of mortality. Despite the observed reduction in recur-
rent arrhythmias through antiarrhythmic drug therapy, the precise mechanisms underlying
their effectiveness in treating ischemic heart disease remain unclear. Moreover, there is a
lack of specialized drugs designed explicitly for the treatment of myocardial ischemic
arrhythmia. This study employs an electrophysiological simulation approach to investigate
the potential antiarrhythmic effects and underlying mechanisms of various pharmacological
agents in the context of ischemia and myocardial infarction (Ml). Based on physiological
experimental data, computational models are developed to simulate the effects of a series
of pharmacological agents (amiodarone, telmisartan, E-4031, chromanol 293B, and gliben-
clamide) on cellular electrophysiology and utilized to further evaluate their antiarrhythmic
effectiveness during ischemia. On 2D and 3D tissues with multiple pathological conditions,
the simulation results indicate that the antiarrhythmic effect of glibenclamide is primarily
attributed to the suppression of efflux of potassium ion to facilitate the restitution of [K*],, as
opposed to recovery of Ixatp during myocardial ischemia. This discovery implies that, during
acute cardiac ischemia, pro-arrhythmogenic alterations in cardiac tissue’s excitability and
conduction properties are more significantly influenced by electrophysiological changes in
the depolarization rate, as opposed to variations in the action potential duration (APD).
These findings offer specific insights into potentially effective targets for investigating ische-
mic arrhythmias, providing significant guidance for clinical interventions in acute coronary
syndrome.

Author summary

In acute coronary syndrome, the progression of ischemic, injury, and infarction condi-
tions heightens the risk of ischemic cardiac arrhythmias. Despite the existence of various
antiarrhythmic drugs, there remains a scarcity of medications specifically tailored for
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ischemic cardiac arrhythmias. Moreover, comprehending the diverse drug responses in
tissues with multiple ischemic conditions (ischemia 1a, 1b, and infarction) remains
incomplete. Therefore, in this study, mathematical models depicting the electrophysiolog-
ical remodeling induced by different drugs such as amiodarone, telmisartan, E-4031,
chromanol 293B, and glibenclamide, are constructed and integrated into multi-scale
computational models to assess their antiarrhythmic effects. Simulation results demon-
strate the potential of glibenclamide in mitigating ischemic cardiac arrhythmias. It can be
attributed to its ability not only to improve the depolarization phase’s membrane potential
by inhibiting extracellular potassium accumulation during the ischemic stage, leading to
an increased dV/dt,, ., but also to extend the action potential duration (APD) by sup-
pressing Ixarp. Finally, the application of glibenclamide results in heightened conduction
velocity and prolonged APD at the tissue level. Consequently, these effects enlarge the
wavelength of excitation waves, ultimately reducing the vulnerable window for reentrant
wave and exhibiting an anti-ischemic arrhythmic effect. More importantly, it’s shown that
glibenclamide’s inhibition of [K*], yields a more significant impact on antiarrhythmic
effects compared to its prolongation of APD. This is partly due to the more pronounced
enhancement in the wavelength of excitation waves resulting from CV elevation com-
pared with APD prolongation. Additionally, in tissues with coexisting multiple ischemic
conditions, suppressing [K"], reduces the spatial dispersion of CV, especially at the
boundaries of different ischemic tissues like ischemia 1b and infarction, facilitating a
more uniform excitation wave propagation. This study offers insights into the anti-
arrhythmic mechanisms of established agents during acute coronary syndrome and iden-
tifies potential targets for novel anti-arrhythmic drug development.

Introduction

As ischemic heart disease progresses, the ion currents and ion concentrations in cardiomyo-
cytes undergo varying degrees of changes, leading to significant differences in myocardial
electrophysiological characteristics. Previous studies have shown that the coexistence of multi-
ple electrophysiological remodeling processes during ischemia can lead to an increased risk of
arrhythmia [1,2]. The mechanisms underlying arrhythmias induced by the complex coexis-
tence of multiple pathological states remain unclear, and there are currently no therapeutic
drugs specifically designed for such complex pathological conditions. In order to explore the
antiarrhythmic effects of drugs, it is crucial to construct computational models capable of sim-
ulating the ischemic pathological remodeling process [3]. The simulation studies have exten-
sively explored the electrophysiological remodeling during the 1a stage of ischemia [4-6].
Compared to the 1a stage, the 1b stage of ischemia displays marked intercellular decoupling
[7]. Nevertheless, the underlying pathological mechanisms of 1b ischemia remain inadequately
understood. There exist only a limited number of computational models focused on human
ventricular cells during the ischemia 1b phase [2,8]. Furthermore, there is currently a dearth of
computational models for acute myocardial infarction (AMI) that are based on human ven-
tricular cells as well [2]. During acute ischemic conditions (ischemia 1a, 1b and AMI), the
electrophysiological characteristics of individual cells show a decrease in action potential dura-
tion (APD) and amplitude (APA), maximum rate of depolarization (dV/dt,,,x), as well as an
increase in resting potential (RP) [2]. Furthermore, the conduction properties of cardiac tissue
are compromised, resulting in a decreased conduction velocity [7,9,10]. In prior work, we
have developed and validated electrophysiological models for distinct ischemic stages [2]. In

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012244  June 25, 2024 2/21


https://doi.org/10.1371/journal.pcbi.1012244

PLOS COMPUTATIONAL BIOLOGY Antiarrhythmic mechanisms of drugs in myocardial ischemia—A simulation study

this study, we integrate pharmacological influences of diverse drugs into these models to simu-
late their antiarrhythmic effects.

Antiarrhythmic drugs are commonly classified into four main categories: sodium channel
antagonists, B-receptor antagonists, potassium channel blockers and activators, and calcium
channel antagonists [11]. To tackle pathological remodeling during ischemia processes, the
following three types of drugs are selected to investigate their effectiveness in suppressing car-
diac arrhythmias. First, drugs like amiodarone [12], E-4031 targeting I, inhibition [13], and
Chromanol 293B targeting I, inhibition [14] are chosen to extend cellular APD. Second, Tel-
misartan, an agonist of Iy, [15], is selected to enhance the excitability of cardiac tissue [16].
Third, Glibenclamide, originally developed as a hypoglycemic agent, can inhibit ATP-sensitive
potassium channels, and stimulate insulin secretion [17]. Previous investigations have indi-
cated that Glibenclamide can reduce the frequency of ventricular fibrillation during MI [18],
decrease the infarct size [19], and markedly diminish the incidence of ventricular premature
beats and non-sustained tachycardia during myocardial ischemia [20]. The antiarrhythmic
effect of glibenclamide is closely linked to two factors that influence cardiac electrophysiology:
the inhibitory effect on Ixarp [21-23] and the ability to promote intracellular potassium reten-
tion [22].

In this study, based on detailed physiological experimental data, mathematical models are
developed to investigate the effects of these drugs on cellular electrophysiology. With the
developed model, the therapeutic efficacy of these drugs is evaluated at the single-cell level and
in a 2D myocardial tissue with the pathological condition. In order to determine the primary
antiarrhythmic factor, the propagation of reentrant waves and the variations in the vulnerable
window (VW) are thoroughly investigated while independently and jointly modifying [K*],
and Igrp at different levels (1 uM, 10 uM, and 100 uM) of glibenclamide administration.
Finally, the proposed antiarrhythmic hypothesis is validated within anatomically detailed and
realistic models of 3D human ventricular tissue. In this study, simulation experiments are con-
ducted in a physiologically relevant and translational setting to establish the efficacy of the pro-
posed antiarrhythmic strategies. Our experimental findings have significantly advanced the
understanding of the arrhythmogenic mechanism during short-term ischemia and identified a
key factor for designing antiarrhythmic drugs. These results have important implications for
developing new therapeutic strategies to ischemic heart diseases, which are associated with an
increased risk of life-threatening arrhythmias.

Methods

Models of single cells, two-dimensional tissues, and three-dimensional
tissues

In the current study, the single-cell models previously developed Liang et al. [2] for ischemia
and short-term myocardial infarction (MI) are employed to simulate the pathological condi-
tions of acute ischemia. Similarly, the 2D and 3D tissue models in this study are designed with
similar geometric and parametric settings as those utilized in the prior studies [2]. Specifically,
the single-cell simulation experiment utilizes the S1S2 stimulation protocol. Throughout the
simulation process, the steady-state condition is attained through the application of 100 SI sti-
muli, each with a 1000 ms interval. The intensity of both S1 and S2 stimuli is -86.2 pA/pF, with
a stimulation duration of 1 ms. In the computational models of both two-dimensional and
three-dimensional tissues, the diffusion coefficient D is determined to be 0.154 mm®/ms.
Besides the reconstruction of ion currents, decoupling between cells during the ischemic 1b
and short-term MI stages may result in a reduction in the conduction velocity of excitation
waves within tissues. In this study, the value of D in the tissue models representing the
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ischemic 1b and short-term MI stages is decreased by 30% during the simulation process to
mimic the reconstruction of intercellular decoupling.

In both two-dimensional and three-dimensional tissue simulations, the stimulus current
intensity is set at -120 pA/pF, with a stimulation duration of 2 ms. The two-dimensional
ideal tissue comprised 600 x 600 cells, with a spatial resolution of 0.25 mm. The three-
dimensional tissue model consists of isotropic domains of 325 x 325 x 425 cells, with a spa-
tial resolution of 0.33 mm. In the two-dimensional ideal tissue, the S1S2 stimulation proto-
col is applied with 5 cycles of S1 stimuli, each with a period of 1000 ms, to the leftmost three
columns of cells to ensure steady-state conditions. When applying S2 stimulation to either
the upper left or lower left corner, the size of the S2 stimulation area is 300 x 300 cells.
When applying S2 stimulation to the leftmost column, the size of the S2 stimulation area
comprises the leftmost three columns of cells. For dynamic stimulation protocols, when
applying stimulation in the upper left corner, the stimulation area size is 5x5 cells. In the
three-dimensional ventricular tissue, the stimulation area is situated within the endocardial
region and encompassed a size of 5 x 5 x 5 cells. An Intel core i7-3930K 64-bit CPU system
is used in our simulation, with acceleration facilitated by parallel computing utilizing a
GTX Titan Z GPU.

The simulation results indicate that the conduction velocities (CV) in the normal, ischemic
1a, 1b, and short-term myocardial infarction (MI) tissues are 70.5, 48, 42.75, and 25.5 cm/s,
respectively [2]. These findings suggest a decrease in CV in each ischemic tissue compared to
the normal state, aligning with experimental data [10, 24].

Computational modeling of drug effects

Base on comprehensive experimental data, the computational modeling of drug effects is
developed by accurately fitting the effects of each drug on electrophysiological properties,
such as ion channel dynamics and intracellular/extracellular ion concentrations. In particu-
lar, the proportional inhibition of individual ion channels induced by various drugs is deter-
mined based on Brennan et al.’s single channel blockade theory [25], as demonstrated as
follows,

1

T D/IC)™ W

8y
where, g, represents the proportion of ion channel blockade induced by a drug, D repre-
sents the drug concentration, ICs, represents the drug concentration corresponding to 50%
of ion channel blockade, and nH represents the Hill coefficient. Consequently, the present
simulation study summarizes the effects of Amiodarone, E-4031, Chromanol 293B, and Tel-
misartan on electrophysiological properties in Table 1.

Regarding the administration of glibenclamide, both Ixarp and [K*], are altered. Venkatesh
et al. [22] have shown that at a concentration of 100 uM glibenclamide, the proportion of
[K*], decreases by 32%. Therefore, in the simulation, [K*], is decreased from 8 mM to 5.44
mM. Furthermore, the experimental data indicates that Ix,rp exhibits a decrease within the
range of 51% * 10%, and there is an improvement of 15% in the reduction of APD. To align
with the experimental data obtained from the administration of 100 pM glibenclamide, Ixs1p
is reduced by 40% in the simulation, resulting in an appropriate alteration of APD that is con-
sistent with the experimental observation. Similarly, adjustments are made to Ixap and [K*],
to reproduce the experimental observations for 10uM and 1uM glibenclamide. The resultant
parameter modifications for simulating the effects of glibenclamide are summarized in
Table 2.
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Table 1. Effects of different drugs on electrophysiological properties.

Drugs Variations

Amiodarone Tr
Ina

Inax

Icar

INaca
Iks
E-4031 Ik
Chromanol 293B Iks
Telmisartan Ina

https://doi.org/10.1371/journal.pcbi.1012244.t001

ICs nH Channel conductance Sources of data
2.80puM 0.91 71%(1puM); Kamiya[12]
48%(3uM)
4.84uM 0.76 76%(1uM); Lalevée [26]
59%(3uM)
15.60uM 1.00 949%(1uM); Gray[27]
849%(3uM)
5.80uM 1.00 85%(1uM); Nishimura[28]
66%(3uM)
3.30uM 1.00 77%(1uM); Watanabe[29]
52%(3uM)
3.84uM 0.63 69%(1uM); Zankov[30]
54%(3uM)
15.96+0.04nM 0.74+0.05 30%(30nM); McPate[13]
10%(81nM)
1.8 uM 0.8 30%(3.5uM); Sun[14]
10%(10.4uM)
1.2uM 1.1 180%(5.5uM); Chang[16]

1509%(1.2uM);
110%(0.1uM)

Results

Initially, comprehensive simulations are conducted to investigate the antiarrhythmic efficacy
of previously mentioned drugs, using single-cell models for ischemia 1a, 1b, and AMI respec-
tively and tissue models of ischemia 1a stage. Through analysis of the simulation results, the
mechanisms underlying ischemic arrhythmias are investigated, resulting in the identification
of the most effective antiarrhythmic drug.

The antiarrhythmic impact of agents targeting APD prolongation

Firstly, we investigate the effects of agents that can prolong APD, including amiodarone, E-
4031, and Chromanol 293B. Fig 1 displays the alterations in cellular APD following amiodar-
one administration. Intriguingly, simulation findings indicate that amiodarone causes a
lengthening of APD in normal cardiac cells, whereas it has the contrary effect, causing a fur-
ther shortening of APD, in cells during the ischemic pathological stages, i.e., ischemia 1a, 1b
and AMI. The emergence of this anomalous phenomenon could be attributed to the subse-
quent mechanisms. In normal cells, the inhibitory effect of amiodarone on K* channels has a
pronounced effect on APD, leading to its elongation. Nonetheless, in acute ischemic cells,
there’s already a pathological decrease in potassium and L-type calcium currents [2]. Conse-
quently, within ischemic conditions, the further decline in I, and In,c, caused by amiodarone
has a more pronounced impact on APD in comparison with K* channel inhibition, eventually
resulting in further APD shortening. The simulation results underscore the potential risks
associated with administering amiodarone in scenarios where there is remodeling of calcium

Table 2. Effects of glibenclamide on electrophysiological properties.

Variations Glibenclamide Sources of data
100pM 10uM 1uM
Txarp 140% 122% 112% Venkatesh[22]
[K*], 5.44mM 6.4mM 7.4mM

https://doi.org/10.1371/journal.pchi.1012244.t002
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Fig 1. Action potential profiles under normal (a), ischemia 1a (b), ischemia 1b (c), and short-term MI (d) conditions
treated with varying dosages of amiodarone. Blue traces represent 1 uM amiodarone, while red traces represent 3 uM
amiodarone.

https://doi.org/10.1371/journal.pcbi.1012244.9001

and potassium channels due to ischemia, emphasizing the need for additional validation
through animal and clinical experiments.

In this study, additional simulations are performed to investigate the effects of amiodarone
on pathological tissue of ischemia 1a stage. Fig 2 displays the conduction of electric excitations
in normal and ischemic tissue with and without administration of amiodarone. Results dem-
onstrate the absence of reentry waves in normal tissue at a stimulation interval of 450ms, while
stable reentry waves are noted in ischemic pathological tissue (ischemia 1a, Fig 2A). Addition-
ally, amiodarone fails to suppress these reentrant waves in ischemic tissue and even augments
the vulnerable window (VW) to reentry waves (Fig 2A and 2B). Notably, this phenomenon is
observed to be more prominent with an increase in amiodarone dosage. The simulation out-
comes at both the single-cell and tissue levels reveal that amiodarone may escalate the vulnera-
bility of ischemic mdyocardial tissue to reentry. This phenomenon can be attributed to
amiodarone’s tendency not only to inhibit potassium ion channels but also to affect I, and
INacas ultimately leading to an inability to prolong APD of ischemic cells.

Subsequently, the selective inhibitors of I, (E-4031) and Ik, (Chromanol 293B) are
employed, both individually and in combination, to evaluate the anti-arrhythmic effects of
APD prolongation during acute ischemia (S1 Fig). The simulation results on single cells sug-
gest that E-4031 and Chromanol 293B are principally responsible for augmenting APD. Also,
the extent of APD prolongation is found to increase proportionally with the dosage of these
drugs (S1A Fig). Notably, the APA and RP remain largely unaffected by these agents, whereas
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Fig 2. The impact of amiodarone on excitation wave propagation in 2D tissue. (a) Electrical excitation wave
patterns under the S1-S2 cross-field stimulation protocol in normal tissue (top row), ischemia 1a tissue before (middle
row), and after (bottom row) treatment with 1uM amiodarone. (b) Variations in vulnerable window (VW) in normal
and ischemia 1a tissue before and after treatment with 1uM and 3uM amiodarone.

https://doi.org/10.1371/journal.pcbi.1012244.9002

there is a slight decrease in dV/dt,,,, (S1C Fig). Significantly, the combined effect of both
drugs is observed to be more pronounced than that of either drug administered individually,
as depicted in S1 Fig.

The therapeutic efficacy of E-4031 and Chromanol 293B is further assessed on 2D myocar-
dial tissue, as depicted in Fig 3. The simulation findings reveal that the administration of both
drugs effectively attenuates the development of reentrant waves in ischemic la myocardium
(Fig 3A). Furthermore, Chromanol 293B modestly reduces the magnitude of the VW when
administered alone, while E-4031 does not demonstrate a similar effect. When administered in
combination at a low drug concentration, the VW of ischemic 1a myocardium decreases from
150ms to 120ms. However, the VW is 140ms at a high drug concentration (Fig 3B), suggesting
a diminished therapeutic impact which may be attributed to the decline in dV/dt,,,x at high
drug concentration. In summary, the combined administration of E-4031 and Chromanol
293B can lower the vulnerable window of reentry in myocardial tissue, thereby reducing the
risk of arrhythmia for acute ischemic heart disease. However, it should be noted that these two
drugs primarily affect the repolarization phase of cells and exert only mild antiarrhythmic
effects.
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Fig 3. The influence of E-4031 and Chromanol 293B on excitation wave propagation in 2D tissue. (a) Electrical
excitation wave patterns under the S1-S2 cross-field stimulation protocol in normal tissue (top row), ischemia 1a tissue
before (middle row), and after (bottom row) treatment with 30mM E-4031 and 3.5uM Chromanol 293B. (b)
Variations in vulnerable window (VW) in normal and ischemia 1a tissue before and after treatment with 30mM E-
4031 and 3.5pM Chromanol 293B individually and in combination.

https://doi.org/10.1371/journal.pcbi.1012244.9003

The antiarrhythmic effect of agents targeting conduction enhancement

As an Iy, agonist, telmisartan demonstrates the potential to augment the electrical conduction
properties of myocardial tissue. As illustrated in S2 Fig, telmisartan elevates dV/dt,,,, during
the repolarization phase of ischemicla cells, consequentially resulting in an escalation of the
conduction velocity of electrical excitation waves within the tissue (S2B Fig). However, telmi-
sartan exhibites limited influence on the duration of APD and RP (S2C Fig). These results
explicitly suggest that telmisartan has a significant impact on cell depolarization and has mini-
mal impact on cell repolarization. Subsequent simulations are performed on 2D tissue to
investigate the propagation of electric excitation waves in pathological tissue of ischemia 1a
before and after the administration of telmisartan, as shown in Fig 4. The simulation results
demonstrate that telmisartan effectively inhibits the development of re-entry waves in the
pathological tissue of ischemic 1a and reduces the magnitude of the VW that facilitates re-
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Fig 4. The impact of telmisartan on excitation wave propagation in 2D tissue. (a) Electrical excitation wave patterns
under the S1-S2 cross-field stimulation protocol in normal tissue (top row), ischemia 1a tissue before (middle row),
and after (bottom row) treatment with 1.2uM telmisartan. (b) Variations in vulnerable window (VW) in normal and
ischemia 1a tissue before and after treatment with 0.1uM, 1.2uM and 5.5uM telmisartan.

https://doi.org/10.1371/journal.pchi.1012244.9004

entry. Furthermore, this effect is observed to increase with higher doses of telmisartan. By
administering a high dose of telmisartan, the VW of ischemic 1a myocardium decreases from
150ms to 110ms.

The antiarrhythmic effect of the multi-factor targeting drug

In this study, the antiarrhythmic effects of glibenclamide are investigated by inhibiting Ixatp
and reducing the extracellular potassium concentration ([K*],,) independently and jointly.
During the ischemia 1a phase, significant alterations are observed in both the depolarization
and repolarization phases of the action potential upon administration of glibenclamide. As
illustrated in Fig 5, these changes are characterized by a marked prolongation of APD and a
decline of RP. When [K*],, is solely reduced from 8 mM to 5.44 mM during ischemia 1a, a
notable augmentation in the conduction velocity (CV) and dV/dt,,,y is observed (Fig 5B).
Thereafter, the CV and dV/d ., were restored nearly to the baseline level under normal con-
ditions. Moreover, the RP and APA exhibit remarkable recovery nearly to the levels observed
under normal physiological conditions. In contrast, the APD remains unaltered (Fig 5C).
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Fig 5. Variations in electrophysiological characteristics of cardiomyocytes under different conditions: normal,
ischemia 1a, changing [K'], or Ixsrp alone at 100pM glibenclamide in ischemia 1a and changing Ixsrp and [K'],
simultaneously at 100uM, 10uM, and 1puM glibenclamide in ischemia 1a. (a)AP profiles (b)CVs (c) AP

characteristics, including APA, RP, APDqg, and dV/dt,,.

https://doi.org/10.1371/journal.pcbi.1012244.9005

However, when the Ixatp is solely down-regulated by 40% during ischemia 1a, the APD
increases from 202.04 ms to 248 ms, without significant changes to other physiological charac-
teristics. The simulation results suggest that alterations in [K*], primarily affect the depolariza-
tion phase (such as dV/dt,,.x, RP and APA), with little impact on the APD during the
development of myocardial ischemia. Conversely, a decrease in Ixatp predominantly affects
the APD, while exerting minimal effects on the depolarization phase. Furthermore, it is worth
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noting that magnitude of therapeutic response depends on the dosage of glibenclamide uti-
lized. The therapeutic effect observed at the dose of 100 or 10 uM glibenclamide, is more sig-
nificant compared to that achieved with a concentration of 1uM glibenclamide (Fig 5).

The impact of glibenclamide on 2D ischemic cardiac tissues

This study further investigates the antiarrhythmic mechanism of glibenclamide by examining
its effect on excitation wave propagation in two-dimensional cardiac tissues with a single path-
ological condition and with multiple pathological conditions. Firstly, the induction of reen-
trant waves in 2D homogeneous tissues with ischemia 1a is investigated using the S1-S2 cross-
field stimulation protocol. Fig 6 illustrates the wave propagation and VWs on the tissue before
and after administering glibenclamide treatment. Simulation results indicated glibenclamide
treatment is effective in inhibiting the reentry wave generation in the pathological tissue of
ischemia 1a (Fig 6A). During the simulation applying glibenclamide, the restoration of [K'],
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Fig 6. The impact of glibenclamide on excitation wave propagation in 2D homogenous tissue. (a) Electrical
excitation wave patterns under the S1-S2 cross-field stimulation protocol in normal tissue (top row), ischemia 1a tissue
before (middle row), and after (bottom row) treatment with 10uM glibenclamide. (b) Variations in vulnerable window
(VW) in normal and ischemia 1a tissue before and after treatment with 100uM, 10uM and 1uM glibenclamide. In
particular, 1a+100pM_[K"], and 1a+100uM_Ixa1p represent altering [K*], and Ixarp individually during the
administration of 100uM glibenclamide. (c) Pseudo-ECG (PCL = 300ms) with and without the administration of
10pM glibenclamide in 2D ischemia 1a tissues.

https://doi.org/10.1371/journal.pcbi.1012244.9006
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alone (from an original value of 8 mM to 5.44 mM) considerably decreases the width of VW.
In contrast, the restoration of only Ixarp does not significantly lower the width of VW. Fur-
thermore, both 100 uM and 10 uM concentrations of glibenclamide exhibit comparable antiar-
rhythmic efficacy, which is superior to that of 1 uM concentration. In particular, the VW is
found to be approximate 110 ms for both 100 uM and 10 uM, smaller than that detected at

1 uM (130 ms, Fig 6B). Additionally, the pseudo-ECGs illustrated in Fig 6C (left panel) high-
lights the manifestation of severe arrhythmias in ischemic 1la tissue with a pacing cycle length
of 300ms. The cardiac rhythm is improved significantly upon the administration of 10 uM
glibenclamide, underscoring its promising therapeutic potential in the treatment of arrhyth-
mias in ischemic tissue (Fig 6C, right panel). Moreover, the antiarrhythmic efficacy of gliben-
clamide is similar in 2D homogeneous tissue models characterized by other single pathological
conditions, including ischemia 1b or AMI, as depicted in S3 Fig.

Given that various pathological conditions can coexist in cardiac tissue during the develop-
ment of ischemia [1,2], the effects of glibenclamide are further evaluated on inhomogeneous
tissues with multiple pathological conditions, including ischemia 1a, 1b, and myocardial
infarction (MI) regions from top to bottom, as depicted in Fig 7. Furthermore, the excitation
waves induced by the S1-S2 stimulation protocol illustrates that the presence of multiple sus-
tained reentrant waves leads to the breakup of these waves (Fig 7A), resulting in highly disor-
dered electrocardiographic signals on the ischemic tissue with multiple pathological
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Fig 7. The impact of glibenclamide on excitation wave propagation in 2D heterogeneous tissue with multiple
ischemic conditions. (a) Electrical excitation wave patterns under the S1-S2 cross-field stimulation protocol in tissues
featuring multiple ischemic conditions with (bottom row) and without (top row) the administration of 10uM
glibenclamide. (b) Pseudo-ECG (PCL = 300ms) in these tissues, comparing scenarios with and without the
administration of 10uM glibenclamide.

https://doi.org/10.1371/journal.pcbi.1012244.9007
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conditions (Fig 7B, left panel). The administration of glibenclamide restores regularity to the
disordered electrocardiogram (Fig 7B, right panel), indicating its potential as an effective anti-
arrhythmic agent for tissues with multiple pathological conditions.

The underlying mechanisms responsible for the antiarrhythmic effects of glibenclamide are
further investigated by manipulating [K*], and Ixo1p both individually and simultaneously
(Fig 8). Since the S1-S2 stimulation protocol is rarely observed in in-vivo circumstances, the
leftmost stimulation protocol is employed to simulate the scenario of fast pacing-induced reen-
trant waves, as described in Liang et al. [2]. The results demonstrate that rapid leftmost pacing
induces reentrant waves in the tissue with multiple coexisting ischemic conditions (Fig 8A i).
When only [K'], is altered in the presence of 100 uM glibenclamide, a longer wavelength (Fig
8A ii) is observed compared to altering only Ixatp (Fig 8A iii), suggesting a more profound
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Fig 8. The impact of glibenclamide on excitation wave propagation in 2D heterogeneous tissue using the leftmost
fast pacing stimulation protocol. (a) Electrical excitation wave patterns in tissues featuring multiple ischemic
conditions with and without the administration of glibenclamide. Specifically, (i) without the administration of
glibenclamide; (ii) la+1b+MI_Ig xrp_100pM; (iii) Ta+1b+MI_[K*],_100uM; (iv) la+1b+MI_Igarp_[K']o_100uM; (v)
la+1b+MI_Igarp_[K']o_10pM; (vi) la+1b+MI_Igatp_[K'],_1uM. la+1b+MI_Igarp_100pM and la+1b+MI_
[K*],_100uM represent altering [K'], and Ixatp individually during the administration of 100pM glibenclamide. 1a
+1b+MI_Igarp_[K'],_100uM, la+1b+MI_Ixarp_[K'],_10uM, and la+1b+MI_Ixsrp_[K'],_1pM denote
simultaneous alterations in [K'], and Ixatp during the administration of 100, 10, and 1uM glibenclamide, respectively.
(b) Variations in VW in these tissues before and after treatment with glibenclamide.

https://doi.org/10.1371/journal.pcbi.1012244.9008
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antiarrhythmic effect of modifying [K*],. Moreover, modifying [K*], and Ix orp simulta-
neously has more pronounced effects on suppressing the generation of reentrant waves com-
pared with changing [K'],, or Ixarp individually (Fig 8A iv-vi). Furthermore, changing [K'],
led to a significant reduction in the width of the VW, while altering Ixsrp had minimal effect
on VW width (Fig 8B). The dosage dependence of glibenclamide’s effects on VWs is similar to
previous simulation results on tissue with a single ischemic condition (Figs 6B and 8B). These
findings provide insights into the specific mechanisms underlying the antiarrhythmic effects
of glibenclamide and highlight the importance of [K*], in modulating cardiac
electrophysiology.

The effect of glibenclamide in 3D tissues

The 3D ventricular tissue model, incorporating multiple ischemic conditions based on a previ-
ous study [2] (Fig 9), illustrates the segmentation of the scar into ischemia 1a, 1b, and AMI
regions from top to bottom, alongside normal tissues (Fig 9A). This model demonstrates
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Fig 9. The impact of glibenclamide on excitation wave propagation in the anatomically detailed and realistic
models of 3D human ventricular tissue. (a) The 3D real ventricular tissue model depicting the distribution of
different ischemic conditions within a scar. (b-e) Electrical excitation wave patterns in the 3D tissues under various
conditions: without glibenclamide (b), with the administration of 1 uM (c), 10 uM (d), and 100 uM (e) glibenclamide.

https://doi.org/10.1371/journal.pcbi.1012244.g009
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persistent reentry waves within the 3D tissue due to the coexistence of various pathological
conditions (Fig 9B). Fig 9C-9E showcases the effects of different concentrations of glibencla-
mide on reentry wave propagation using a consistent stimulation protocol. The simulation
results show that varying concentrations of glibenclamide can inhibit reentrant waves.
Remarkably, complete abolishment of reentrant waves is observed with 100 and 1 uM gliben-
clamide application (Fig 9C and 9E). Although 10 uM glibenclamide doesn’t eliminate reen-
trant waves, it significantly reduces their maintenance time (Fig 9D). These results strongly
support the potent inhibitory effect of glibenclamide on reentry wave occurrence in 3D ven-
tricular tissues.

Discussion

This study utilizes computational modeling to systematically simulate the therapeutic effects of
agents targeting ischemia-induced arrhythmias and to elucidate their underlying mechanisms.
Through a comprehensive analysis of electrophysiological remodeling in ischemia and myo-
cardial infarction, several potential antiarrhythmic drugs targeting different factors are identi-
fied. Employing multi-scale simulations, this study illuminates the antiarrhythmic mechanism
during acute cardiac ischemia, suggesting that pro-arrhythmogenic alterations in cardiac tissue
excitability and conduction properties are more significantly influenced by electrophysiologi-
cal changes in depolarization rate rather than variations in APD. Particularly noteworthy is the
remarkable antiarrhythmic effect of glibenclamide, primarily attributed to its role in suppress-
ing potassium ion efflux, thereby facilitating the restitution of [K*],, as opposed to the recovery
of Ixarp during myocardial ischemia. These findings provide specific guidance on potentially
effective targets for investigating ischemic arrhythmia. To further validate the proposed
hypothesis, comprehensive animal or clinical experiments are necessary to determine their
antiarrhythmic efficacy in acute coronary syndrome.

The antiarrhythmic mechanism of different agents

The formation of a reentrant wave requires the excitation wave’s wavelength (CV multiplied
by APD) to be shorter than the conduction path length, as indicated by [31]. An increase in
APD or CV impedes reentrant wave generation, thereby reducing the width of VW. Simula-
tion results demonstrate amiodarone’s effective APD prolongation in normal cells but its inef-
ficacy in myocardial cells during acute ischemia. Consequently, it lacks efficacy in treating
ischemic arrhythmias. The simulation outcomes highlight the potential hazards of administer-
ing amiodarone in circumstances where there is remodeling of calcium and potassium chan-
nels due to ischemia. E-4031 and Chromanol 293B primarily inhibit I, and Ik, respectively,
prolonging action potential duration (APD) and exerting anti-arrhythmic effects. Their com-
bined action significantly reduces the vulnerable window causing reentry in ischemia 1a path-
ological tissue. Notably, lower drug concentrations induce a smaller vulnerable window (120
ms) compared to higher concentrations (140 ms). This may be attributed to the fact that higher
drug concentrations, while extending the APD of cells, lead to a marginal reduction in the
maximum depolarization rate of cells (Figs 3 and S1). Acting as an Iy, agonist, telmisartan
augments the maximum depolarization rate in ischemic cell depolarization phases, thereby
enhancing electrical excitation wave conduction velocity in tissue, achieving anti-arrhythmic
effects.

In contrast, glibenclamide, by concurrently lowering [K*], and inhibiting Iy Arp, effectively
increases both CV and APD. Simulation results on single cells demonstrate that a reduction in
[K*], attenuates the inhibitory effect on Iy, during ischemia, which aligns with prior findings
[32]. Since the variation in Iy, is consistent with the trend of CV change as shown in 54 Fig,
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this reduction of [K*], augments Iy,, thereby increasing dV/dt,,,, and subsequently elevating
CV. Conversely, a reduction in Igsrp alone leads to an increase in APD. Hence, the simulta-
neous reduction in [K*], and Ixarp is postulated to extend the wavelength, reduce the VW,
and consequently impede the generation of reentrant waves. Intriguingly, simulations on 2D
tissue with a single pathological condition reveals that reducing Ixs1p alone has a minimal
effect on VW size, whereas the restoration of [K'], substantially reduces VW size (Fig 8B).
Analysis of simulation results on single cells in ischemic 1a after treatment with 100 uM glib-
enclamide reveal that the increase ratio in APD resulting from decreasing Ixatp (approxi-
mately a 15% increase relative to APD under the normal condition) is significantly lower than
that in CV caused by reducing [K"], (approximately a 65% increase relative to CV under the
normal condition), as illustrated in Fig 5B and 5C. Additionally, it’s noted that altering solely
[K*], (Fig 8A ii) results in a longer excitation wave wavelength compared to altering only
Ixarp (Fig 8A iii) at 100 uM glibenclamide. In summary, the recovery ratio of APD is consider-
ably lower than that of CV. Therefore, the solitary decrease in Ix,p slightly diminishes VW
size due to increased APD, whereas the exclusive restoration of [K*], significantly reduces
VW size.

The effect of glibenclamide on reentry waves in multiple pathological tissues

In the S1-S2 cross-field stimulation protocol, the restoration of [K*], alone markedly reduces
the vulnerable window in tissues with single pathological conditions, contributing to the over-
all reduction of VW observed in multiple pathological tissues. This is consistent with the prior
research highlighting that the VW in multiple pathological tissues is shaped by the boundaries
set in individual pathological tissues [2]. Moreover, during leftmost side stimulation in tissues
affected by multiple ischemic conditions, the exclusive recovery of [K*], amplifies CV values
in the three pathological regions, thereby reducing the CV discrepancy between ischemic 1b
and MI regions (as depicted in S4B Fig). This action restricts the formation of reentrant waves
in the MI area, subsequently minimizing the VW size.

From the perspective of its impact on APD and CV restitution, glibenclamide effectively
elevates the APD and CV restitution curves during ischemia 1a, 1b, and short-term MI stages.
Additionally, compared to other drugs, the influence of glibenclamide on APD and CV restitu-
tion curves in normal cells is minimal, contributing to a reduction in spatial APD and CV dis-
persion (as depicted in S5 and S6 Figs). However, upon applying leftmost stimulation to
multiple pathological tissues, the APD difference exhibits minimal contribution to reentry
within the 2D tissues impacted by ischemia and MI. Consequently, the alteration in APD due
to the restoration of Iy sp alone has limited impact on the VW (Fig 8B).

Moreover, in accordance with previous findings [2], the heightened excitation threshold in
the MI area establishes a barrier effect at the boundary between ischemia 1b and MI regions
(Fig 10), potentially fostering the initiation of reentrant waves. Simulation results demonstrate
that when Ixap changes alone, the MI region necessitates a high stimulation threshold for
excitation, maintaining the barrier effect. However, with a decrease in [K"],, the inhibitory
effect on Iy, weakens, facilitating excitation within the MI region (Fig 10A). Consequently,
there is no unidirectional block at the tissue boundary, preventing the emergence of reentrant
waves, as illustrated in Fig 10B. Under these circumstances, reentrant waves could be triggered
when I, rp is alteration alone, but are notably absent when [K*], decrease.

The effect of glibenclamide at different concentrations

In the single-cell analysis illustrated in Fig 5, different concentrations of glibenclamide exhibit
distinct impacts, most pronounced at 100 uM, followed by 10 uM, and least noticeable at
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Fig 10. The impact of glibenclamide on excitation wave propagation in 2D heterogeneous tissue featuring an
annular distribution of ischemia 1a, 1b, and AMI using upper left corner point stimulation [2]. (a) The electrical
excitation wave patterns and (b) variations in VW under various conditions: (i) no glibenclamide, (ii) altering Ix srp
alone, (iii) changing [K"], alone, and (iv) modifying Iy sp and [K'], simultaneously during the application of 100pM
glibenclamide. The numbers within the 2D contour plots represent the sequence of stimulations.

https://doi.org/10.1371/journal.pcbi.1012244.9010

1 uM. Across 2D tissue models using diverse stimulation protocols, VWs are generally smallest
at 100 uM glibenclamide, while they are largest at 1 pM. However, the difference in VWs
between 100 uM and 10 pM is marginal. Consequently, the anti-arrhythmic effects of gliben-
clamide at 100 uM and 10 pM are comparable, both surpassing those at 1 uM. Glibenclamide
demonstrates the ability to mitigate spatial electrophysiological heterogeneity in 3D tissues,
effectively suppressing the initiation and sustenance of reentrant waves, in line with the obser-
vations of Venkatesh et al. [22]. Counterintuitively, 1 uM glibenclamide prevents reentrant
wave generation in 3D tissues, while 10 uM glibenclamide does not fully abolish reentry (Fig
9C). However, these outcomes may not be extrapolated to other 3D tissues with differing scar
structures, as the formation of reentrant waves in 3D tissues is intricately linked to scar size
and position [33]. The dosage-dependent effects of glibenclamide on VWs within 3D tissue do
not align consistently with the simulation outcomes observed in single cells and on 2D tissue,
implying a considerably more complex mechanism for the genesis of reentrant waves in the
3D heart. Furthermore, the administration of high concentrations of glibenclamide poses the
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risk of hypoglycemia [34]. Therefore, determining the optimal concentration of glibenclamide
for antiarrhythmic purposes on 3D cardiac tissue necessitates further physiological experi-
ments and more detailed computational models that incorporate cardiac metabolism.

Limitations

Firstly, this study utilizes the TP06 cell model at the single-cell level, encompassing the limita-
tions of the TP06 model. Subsequently, the 2D tissue models employed in this study are ideal-
ized representations, potentially subject to validation using real cardiac tissues in future
studies, yet such validation wouldn’t alter our conclusions. Furthermore, the devised distribu-
tion pattern of ischemic and MI tissues in this research is idealized, and future investigations
may require more realistic distribution patterns for ischemic and MI tissues. However, these
limitations do not compromise our conclusions regarding the antiarrhythmic mechanism of
agents in this study. Further validation of our findings could be facilitated by employing addi-
tional 3D models with diverse scar structures. Furthermore, our study utilizes three-dimen-
sional tissue models consisting of isotropic domains, neglecting consideration of fiber
orientation. To investigate the impact of anisotropy, it is essential to develop a model that
incorporates fiber direction, potentially through the utilization of a rule-based Laplace-Dirich-
let fiber direction generation algorithm.

Notably, the agents examined in this study consistently reduced VW sizes but did not
entirely prevent reentry formation. Subsequent research will explore whether a combination of
drugs targeting multiple therapeutic targets yields superior antiarrhythmic effects. Moreover,
this study measures the efficacy of an antiarrhythmic drug primarily based on the alteration in
the size of the vulnerable window. However, drugs whose effects decrease the vulnerable win-
dow under a specific set of assumptions may promote arrhythmias under alternative condi-
tions, as observed in the CAST trial. Hence, while this study provides insights into the
potential antiarrhythmic properties of the drugs, more comprehensive animal or clinical
experiments are still imperative to determine their clinical efficacy.

In this study, the ischemic remodeling primarily focuses on electrophysiological remodel-
ing, neglecting mechanical remodeling. Mechanical remodeling has the potential to affect the
dynamics of ion channels and myocardial fiber structure, among other factors. Future models
should incorporate the potential effects of mechanics, especially mechanical heterogeneity dur-
ing regional ischemia, on electrophysiology. Moreover, electrophysiological characteristics
may vary from one beat to the next, as well as from one cell to another. In the future, more
complex electrophysiological remodeling, such as cardiac alternans, and various types of cell
models, such as Purkinje fiber networks and nodal systems, should be incorporated.

Supporting information

S1 Fig. Variations in electrophysiological characteristics of cardiomyocytes under different
conditions: normal, ischemia 1a, ischemia 1a treated with 30nM E-4031, 81nM E-4031,
3.5uM Chromanol 293B, 10.4uM Chromanol 293B, a combination of 30nM E-4031 and
3.5uM Chromanol 293B, and a combination of 81nM E-4031 and 10.4puM Chromanol
293B. (a)AP profiles (b)CVs (c) AP characteristics, including APA, RP, APDgg, and dV/dt,,.x.
(TIF)

$2 Fig. Variations in electrophysiological characteristics of cardiomyocytes under different
conditions: normal, ischemia 1a, and ischemia 1a with the application of 0.1uM, 1.2uM,
and 5.5uM telmisartan. (a)AP profiles (b)CVs (c) AP characteristics, including APA, RP,
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APD90, and dV/dtmax.
(TIF)

$3 Fig. Variations in the vulnerable window (VW) in different tissues: (a) ischemia 1b without
cell decoupling, (b) MI without cell decoupling, (c) decoupled ischemia 1b, and (d) decoupled
MI tissues before and after treatment with 100pM, 10uM, and 1uM glibenclamide. Specifically,
the effects of altering only [K™], or Ixsrp during the administration of 100uM glibenclamide
are included.

(TIF)

S$4 Fig. The normalized alterations in (a) Iy, and (b) CV observed in ischemic conditions (1a,
1b, and MI), presented as values normalized against those of ischemia 1b, both with and with-
out glibenclamide treatment.

(TTF)

S5 Fig. The effect of the different drugs on APD restitution. (a) without drugs, (b) amiodar-
one, (c) E-4031 and Chromanol 293B, (d) telmisartan and (e) glibenclamide.
(TIF)

S6 Fig. The effect of the different drugs on CV restitution. (a) without drugs, (b) amiodar-
one, (c) E-4031 and Chromanol 293B, (d) telmisartan and (e) glibenclamide.
(TIF)
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