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Abstract: In silico modelling offers an opportunity to supplement and accelerate cardiac safety testing. With
in silico modelling, computational simulation methods are used to predict electrophysiological interactions
and pharmacological effects of novel drugs on critical physiological processes. The O’Hara-Rudy’s model
was developed to predict the response to different ion channel inhibition levels on cardiac action potential
duration (APD) which is known to directly correlate with the QT interval. APD data at 30% 60% and 90%
inhibition were derived from the model to delineate possible ventricular arrhythmia scenarios and the marginal
contribution of each ion channel to the model. Action potential values were calculated for epicardial, myocar-
dial and endocardial cells, with action potential curve modelling. This study assessed cardiac ion channel
inhibition data combinations to consider when undertaking in silico modelling of proarrhythmic effects as
stipulated in the Comprehensive in Vitro Proarrhythmia Assay (CiPA). As expected, our data highlight the
importance of the delayed rectifier potassium channel (Ikr) as the most impactful channel for APD prolonga-
tion. The impact of the transient outward potassium channel (li) inhibition on APD was minimal while the
inward rectifier (Ik1) and slow component of the delayed rectifier potassium channel (lks) also had limited
APD effects. In contrast, the contribution of fast sodium channel (Ina) and/or L-type calcium channel (Ica)
inhibition resulted in substantial APD alterations supporting the pharmacological relevance of in silico mod-
elling using input from a limited number of cardiac ion channels including Ik, Ina and Ica, at least at an early

stage of drug development.
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1. Introduction

Cardiac ion channel evaluation, using both in vitro and in silico methods, is an important aspect of safety
assessment during drug development to determine the potential risk of arrhythmia development such as ven-
tricular tachycardia, torsades de pointes, or polymorphic ventricular tachycardia (TdP) * 2. In vitro evaluation
of the potential of a drug to block the human ether-a-go-go related gene (hERG) channel (also called, rapid
delayed rectifier potassium current lxr), and other major channels such as the voltage-gated calcium (Cav) and
sodium (Nav) channels, Cav 1.2 and Nav 1.5, respectively, are important during proarrhythmia risk assessment
2, Kramer et al. showed that drugs with I block combined with late sodium and/or calcium current block had
lower TdP risk than drugs that only blocked I 234,

Drug development does not systematically include all ion channels that are included in the O'Hara-Rudy
model. Time and resources are the main reasons for conducting patch clamp analyses only on a subset of
cardiac ion channels. Given the very high number of drug candidates in development, it would often not be
feasible to evaluate inhibition for all ion channels, for all drug candidates. One important advantage of in silico
modelling is the rapid generation of relevant safety data. In silico modelling can be used at very early stages
of drug development when the work is initiated, and it can be repeated when additional ion channel data is
generated for compounds that were selected from the preliminary data. lon channels that have the greatest
impact on cardiac repolarization (i.e., hERG, Nav1.5 and Cavl.2) are typically the first ones tested. Com-
pounds that have favorable profiles for these channels are then advanced to later stages of development 2. In
silico modelling is used to predict proarrhythmic risk associated with new drugs by leveraging patch clamp
data from individual ion channel and complementing this data using the O’Hara Rudy dynamic (ORd) model
of human ventricular cells. This approach can alleviate some of the limitations associated with multi-ion chan-
nel in vitro methods, including sourcing human ventricular myocytes, and assays using non-cardiac or non-
human cells °.The latter may not express subunit and anchoring proteins important for ionic channel kinetics
necessary to assess arrhythmia risk 8 7. Other in silico models have been considered such as the TdP risk metric
(qNet). This metric involves analyzing drug-induced changes in net charge during the action potential (AP) 8
91011 The O’Hara Rudy in silico model was developed to better understand human ventricular electrophysi-
ology by dissecting the electrophysiology contribution of potassium [lkr (rapid delayed rectifier K* current),
Iks (slow delayed rectifier K current), Ik1 (inward rectifier K* current), Iy (transient outward K* current)],
calcium (L-type Ca?"), and sodium [Ina (fast Na* current)] channels °. In silico modeling methods derived
from human data can improve translation potential for TdP risk, and have demonstrated higher or comparable
sensitivity, specificity, and accuracy than those obtained in animal studies 2 3 °, For example, in silico dy-
namic modelling was demonstrated to improve the prediction of TdP risk from the interaction between the
hERG channel (I,) and a multi-ion channel drug 4. As a constituent of the regulatory landscape, the Com-

prehensive In vitro Proarrhythmia Assay (CiPA) was developed to improve the prediction of arrhythmia by
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evaluating selected ion channels: Ikr (Kv11.1/hERG), Ica (L-type; Cavl.2), Ina (Nav1.5 peak and late current);
lo (KV4.3); Iks (Kv7.1), and k1 (Kir2.1) 1. However, currently, as per the International Council of Harmoni-
zation (ICH) in the S7B and E14 guidelines, only Ik (hERG), Ica and Ina are formally listed as components of
the proarrhythmic risk assessment 16 17 18 Thijs study aims to evaluate the impact of different ion channel
combinations on proarrhythmic risk assessment when using an in silico model. More specifically, outcomes
obtained with data from all channels included in the CiPA were compared to AP Duration (APD) outcome
obtained from a partial CiPA panel with ion channels commonly included (Ikr, lca and Ina) in safety assess-
ments. Additionally, the study applied in silico modeling to inhibition data recording using manual patch
clamp with multiple drugs [cisapride (1 uM), terfenadine (1 uM), amiodarone (1 uM) and verapamil (10 uM)].
Since the Sodium (Nav1.5 peak and late current) channels are being considered as one, only 6 channels were
evaluated in this paper, instead of 7. First, a single ion channel was tested with the O’Hara Rudy model with
an inhibition percentage ranging from 0-100%, followed by testing for a combination of multiple ion channels.
Secondly, the APD at 30, 60 and 90% repolarization were evaluated with inhibition ranging from 0 to 100%.
The analysis of the APDgo (action potential duration at 90% repolarization) of multiple combinations of ion
channels with different inhibition percentages were also evaluated. Finally, triangulation, the repolarization

time from APD3p to APDgg, was assessed.

2. Materials and Methods

HEK 293 cells with stable ion channel expression were used in manual whole-cell patch clamp electrophysi-
ological configuration (34 + 1°C) with protocols as described previously *°. For the recordings, tyrode solution
(external solution) contained (mM): NaCl (137), KCI (4), CaCl: (1.8), MgCl> (1), Glucose (10), HEPES (10).
pH was adjusted to 7.4 with NaOH. The pipette solution (internal solution) contained (mM): K-aspartate (130),
MgClz (5), EGTA (5), Na2ATP (4), and HEPES (10) dissolved in Sterile Water for Injection USP. pH was
adjusted to 7.2 with KOH. Junction potentials between bath and pipette solutions averaged 10.5 mV and were
corrected for RMP measurements only. Borosilicate glass electrodes filled with pipette solution were con-
nected to a patch-clamp amplifier (Ax-opatch 200B; Axon). Electrodes had tip resistances of 2 to 5 MQ. The
O’Hara-Rudy model was applied to manual patch clamp inhibition profiles and the duration of the cardiac
action potentials at 90% repolarization (APDgo) was calculated at a stable pacing rate for single cells at 60

bpm (i.e., basic cycle length of 1000 ms) °.

The O’Hara Rudy in silico model was used to simulate different percentages of ion channel inhibition for 6
different ionic channels (Ikr: Kv11.1/hERG; Ik1: Kir 2.1; Ica: Cav1.2; Ina: Navl.5; lo: Kv4.3; Iks: Kv7.1) °.
The in silico model was based on C++ code provided by the authors that was compiled using the open-source



compiler Code::Blocks. Scripts for running simulations were coded in Python (Anaconda distribution, Ana-

conda inc., Texas) in the Jupyter notebook environment (Jupyter, California).

The simulations included different scenarios with a range of inhibition percentages progressing from 0 to
100% for the six individual channels (lkr, lca, Ina, Ik1, ks and lo). The different sets of parameters tested
included the percentage of inhibition of the six individual ion channels and a combination of multiple ion
channels (six channels together, and 2 combinations of three channels: Ikr, Ica, Ina and ki, lto, Iks). The simu-
lations also included baseline models from the different layers of the ventricles (endocardium (endo), myo-
cardium (mid) and epicardium (epi)). Most graphs in this article display data from the mid (or M) layer which
was considered representative of the overall effects of ion channel block, effects on the APD and the most
proarrhythmic in terms of EAD (early after depolarization) notably 2° 2L,

The APD3g, APDso and APDgo were calculated for every action potential simulated with the different percent-
ages of inhibition. Triangulation was defined as (APDgo — APDzo) for the same layer of the heart (i.e., endo,
mid and epi) 2. The total number of simulations was 194 for all the different ion channel combinations that
were tested. Inhibition values for all the six CiPA ion channels (Ikr, lca, Ina, Ik1, Iks, lto) and for a subset (Ikr
only, lkr, Ica, Ina ONnly) were tested with cisapride (1 uM), terfenadine (1 pM), amiodarone (1 pM) and vera-
pamil (10 puM).

3. Results

3.1. Progressive inhibition of single ion channels (Ikr, Ica, Ina, Ik1, Iks, lto).

Simulations of single-channel inhibition are shown in Figure 1. The action potential for the myocardium with
a progressive inhibition from 0 to 100% is represented for each individual channel. For Ik (Figure 1A), the
repolarization duration increased with the progressive inhibition toward 100%. At 0% inhibition the end of
repolarization was at 457 ms and for 60% inhibition the end of repolarization was at 645 ms. Repolarization
duration values with inhibition greater than 60% (or ~645 ms) triggered the development of an arrhythmia
(EAD) and these are shown in Figure 1 with an APD simulation curve that did not return to the resting potential
of -90 mV. For Ica (Figure 1B), at 0% inhibition, APD was 457 ms and APD decreased with increasing inhi-
bition. At 90% inhibition, APD was 401 ms and for 100 % inhibition, the APD increased to 500 ms. The
predicted inhibition effect on APD varied across different cardiac tissues layers. The magnitude of effect in
absolute values for percent changes from baseline differed between myocardial layers and also between inhi-
bition levels as illustrated for Ik (Table 2). For Ik:, the effects on myocardial layers were greater in the fol-
lowing order (magnitude of effect) Mid > Endo > Epi (Table 2). For Ina (Figure 1C), from 0 to 80 % inhibition,

the APD from the peak to the resting potential was stable. Aberrant action potential waves appeared at 90 and
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100% inhibition. For Ik1 (Figure 1D), at 0% inhibition, APD was 457 ms and a progressive increase in APD
was observed reaching 844 ms at 90 % inhibition. At 100% inhibition, return to the resting potential was very
slow. For Iks (Figure 1E), APD increased from 457 ms at 0% inhibition to reach 500 ms at 100 % inhibition.
Inhibition of Iy, alone (Figure 1F) did not have any effect on the predicted APD.

3.2. Progressive inhibition of multiple ion channels

Multiple channel inhibition simulations were performed as seen in Figure 2. At 0% inhibition for all 6 channels
or all combinations (Ikr, Ica, Ina, Ik1, ks, lto), the APD was 457 ms (Figure 2A). With 80% inhibition for all
channels, APD was prolonged to 1034 ms and from 90 to 100% inhibition, the action potentials were aberrant
in nature. The action potential for Figure 2A at inhibition of 90 to 100% had a low amplitude that decrease
with higher inhibition, apart from the aberrant action potential no arrhythmia was detected. When the 3 chan-
nels that are most frequently tested during drug development were modulated (i.e., lkr, lca, Ina in Fig 2B), at
80% inhibition, APD was increased to 680 ms. Above 80% inhibition for these three currents, the action
potential was aberrant, similar to the 6 channels mentioned above. With 80% inhibition for currents lIkr, Ica,
Ina, Iks, the duration was 819 ms, (Figure 2 C); however, when inhibition was above 80% no action potential
was detected. For a combination of currents less often included in drug development, namely, Ikr, Iks, k1 and
lo, the APD at 50% inhibition increased to 711 ms and an aberrant action potential was generated at 60%
inhibition and above (Figure 2 D). When only Ikr and Ina were included at 60% inhibition, APD was increased
to 676 ms but an aberrant action potential was only generated at 70% inhibition and above (Figure 2E). When
Ikr and Ica inhibition was simulated, APD reached 928 ms at 100% inhibition (Figure 2 F).

3.3. Triangulation and action potential duration with the progressive inhibition of multiple ion channel

The APDs at 30, 60 and 90% inhibition are represented in Figure 3 A, B and C for the different combinations
of channels and in Figure 3 D for the Ik, current alone. The APDgo for the Ik, inhibition was 575.3 ms, and
when inhibition reached 70%, a predicted arrhythmia developed. The APDso and APDgo values at 60% ion
channel inhibition for lkr, Ica, and Ina (Figure 3 B), lkr, lca, Ina @and Ixs (Figure 3 C) and Ikr (Figure 3 D) were
shorter in duration than the 6-channel combination (lkr, Ica, Ina, Ik1, Iks, lto). At 80 % inhibition, APD for the
6-channel combination was increased (899.3 ms) and was longer than the other combinations: 594.8 ms for
Ikr, Ica, and Ina (Figure 3 B), and 734.3 ms for Ik, Ica, Ina and Iks (Figure 3 C).

The APDgyo at different inhibition percentages as well as new combinations of channels (Ikr, Ica, INa, Ik1; lkr,
Ica, Ina, lo; k1, Iks, lto and lky, k1, lks, lto) are presented in Figure 4. All combinations of channels had an
increased APD as the inhibition percentage increased. The Ikr alone and the Iy, Ik1, Iks, lto cOmbinations had
an arrhythmogenic action potential from 50 % and 70% inhibition, respectively. As expected, the combination

of Ikr, Ik, lks, and l potassium channels induced an increase in APD at a faster rate than other ion channel
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combinations or when compared to the 6-channel combination. At 40% inhibition of potassium channels, APD

was at 614.2 ms compared to 508.2 ms for the 6-channel combination.

Finally, action potential triangulation (Figure 5) was calculated. Triangulation when considering the potassium
channels only was qualitatively comparable to APD behavior as a function of inhibition percentage (Figure
4). Triangulation values for the combination of ion channel currents Ikr, Ica, Ina, Ik1 increased at a lower per-
centage of inhibition than for Ik, alone. The inhibition of Ik, Iks, lto had the least impact on triangulation
(121.2 ms at 0% inhibition and 188.3 at 100% inhibition).

3.4. Evaluating Drug Effects and Action Potential Duration at 90% Repolarization using the O'Hara-Rudy
Model

O’Hara Rudy in silico modeling was applied to investigate the effects of four drugs (cisapride (1 uM), terfen-
adine (1 uM), amiodarone (1 uM) and verapamil (10 uM)) on the APDgo. The inhibition values for the different
drugs are presented in Table 1. The results were represented in Figure 6. APDgo was evaluated for the three
cardiac layers (endo, mid and epi) for each drug and tested for both a single ion channel current (Iky) and a
combination of ion channel currents (lkr, Ica, Ina @nd Ik, Ica, Ina, Ik1, ks, lo). When modelling inhibition of Ik
only, both the endo and epi layers exhibited a similar increase in APDgo. Among the drugs tested, cisapride
showed the highest increase, with APDgo values of 675 ms and 575 ms for endo and epi layers, respectively.
Verapamil followed with APDgo values of 665 ms and 569 ms, while terfenadine exhibited values of 640 ms
and 553 ms. In contrast, amiodarone exhibited the lowest increase, with APDgo values of 411 ms and 379 ms
for the endo and epi layers, respectively. In the mid layers, only amiodarone resulted in a prolonged APDgo of
575 ms. However, the other drugs induced early afterdepolarization (EAD), leading to the development of
APD changes indicative of ventricular arrhythmias.

Investigating the effects of different combinations of ion channel currents (Ikr, lca, Inaand lIkr, Ica, Ina, Ik1, Iks,
lto) on the endo and epi layers, exhibited similar increases in APD with multiple drugs. For the first combina-
tion, verapamil induced APD prolongation reaching 608 ms and 535 ms in the endo and epi layers, respec-
tively. In the second combination, the increase was even more pronounced with values of 690 ms and 618 ms.
Cisapride showed comparable increases in both the first combination (595 ms and 530 ms) and the second
combination (655 ms and 594 ms). Terfenadine yielded similar effects as in the first combination (575 ms and
512 ms) and for the second combination (609 ms and 543 ms). Finally, amiodarone had the lowest impact of
change in the APD, resulting in an increase of 389 ms and 354 ms for the first combination, and 399 ms and

361 ms for the second combination.



The mid layers for Ik, lIca and Ina ion channel combination exhibited severe APDgo prolongation in all the
drugs tested, with verapamil showing the greatest increase of all drugs. When tested, verapamil prolonged the
APDgo to a duration of 3612 ms. Cisapride and terfenadine showed similar APDgo increases (1532 ms and
1490 ms), respectively. In contrast, amiodarone showed a limited increase compared to other drugs with a
value of 519 ms. As for the lkr, Ica, Ina, Ik1, Iks, lto 0N channel current combination only amiodarone resulted
in a prolonged APDgo of 540 ms. However, the other drugs tested induced EADs and resulted in development

of ventricular arrhythmias.

When using inhibition data from Ik, Ica and Ina, @ higher increase in APDgo was noted for the endo and epi
layers compared to in silico modelling using input only from the Ik, channel. APDgo modelled from data
obtained from lkr, lIca, Ina, Ik1, ks @and Iy resulted in a larger increase in APDgg for the same layers compared

to the aforementioned combination.

In contrast, for the mid myocardial layer, using input from a combination that includes lkr, Ica, Ina Showed a
much more pronounced prolongation of APDgo compared to the 6 ion-channel combination. These observa-
tions are consistent with the predicted outcome depicted in Figure 6, particularly in the middle panel repre-

senting the mid myocardial layers.

4. Discussion

Early in vitro screening for Ik (hnERG) blocking effects is commonly conducted for small molecules to help
identify any potential prolongation of the QT interval which can be associated with the development of TdP
2324 When ICH S7B was first published in 2005, Ikr was the only in vitro ion channel assessment required *°;
however, subsequent guidance documents that have been released include considerations for the testing of the
L-type calcium (Ica) and late sodium channels (Ina) 17 2. In silico modeling offers an opportunity to integrate
in vitro data from individual ion channels into a single outcome to assess proarrhythmic risks 2 but concerns
related to the value of in silico results obtained from a subset of ion channels have historically limited the use
of this analysis in drug development. In this manuscript, we illustrated the use and relative value of in silico

modelling using inhibition data from a limited number of ion channels.

The CiPA initiative was established to develop an innovative paradigm that could be used to assess proarrhyth-
mic risk. As a regulatory based initiative, CiPA was developed to standardize and expand the safety testing
strategies related to drug-induced delayed ventricular depolarization and eventually TdP. CiPA was innovative
as it utilized new technologies and an expanded understanding of TdP mechanisms that extended beyond
hERG (Ikr) block alone. The four components of CiPA are 1) an in vitro assessment of a drug’s effects on

multiple ion currents, 2) in silico modeling to assess the proarrhythmic risk, 3) in vitro effect on human stem
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cell derived ventricular cardiomyocytes and finally 4) in vivo electrocardiogram biomarkers in phase I clinical
trials 4 2. While components 1), 3) and 4) have been broadly discussed in scientific publications and within
industry forums, there is limited information on the implementation of in silico testing strategies in drug de-
velopment. This situation may be related to the role that hERG has played as a predominant mechanism for
the development of drug-induced ventricular arrhythmias over in the last three decades. Indeed, hERG is the
cardiac channel that is most often blocked by small chemical pharmaceutical agents, followed by Nav 1.5-late
and Cav 1.2 22142 Furthermore, drugs that block Cav 1.2 or Nav 1.5-late calcium, sodium channels - at equal
or greater concentrations required to block hERG will reduce the risk for the development of TdP arrhythmias
283026 The drug development industry has deployed considerable efforts to avoid the clinical development of
compounds that block any cardiac ion channel, but specifically to avoid any risk for the blockade of hERG
(Ikr) and resulting TdP liability. The in silico data presented herein highlights that only the combination of all
the potassium channels tested (Ikr, Ik, Iks, and li) results in the development of ventricular arrhythmia at an
ion channel inhibition level that is lower than the Ik alone. The progressive inhibition for the 6-channel com-
bination was the most resilient to arrhythmia development even though it had the longest APDs determined
in this study. Combined blockade of these depolarizing ion channels in the heart reduces the potential for EAD

generation 3! % 26 and proarrhythmic risk (TdP) in the presence of a prolonged APD.

Triangulation is the repolarization time from APD3so to APDgo and it can be used as a biomarker of proarrhyth-
mia 2. This repolarization period creates a window during which EADs can occur. Blocking multiple channels
in cardiomyocytes such as sodium, calcium and potassium channels can prevent the initiation of arrythmia
that would be observed when selectively blocking the hERG channel 3. Inhibition of Ik, increases triangula-
tion and the risk for arrhythmia. It has been previously shown that the inhibition of Ik, and Iks was more
arrhythmogenic than Ik channel inhibition alone 3 but the evaluation of drug effects on Iks is not generally
included during early drug safety profiling. The fundamental rationale from quantifying QTc on ECG is re-
lated to its correlation with Phase 3 of the action potential when EADs can occur. When multi-channel inhi-
bition is present or even when selective hERG block is identified, in silico modelling can be used to assess
triangulation as an early indication of the potential for a new chemical compound to exhibit proarrhythmic

risk.

The differences in APDgo prolongation threshold prior to predicting proarrhythmic effects between selective
Ikr and multi-ion channel blocking effects highlight the limitations of using in silico APDg as a primary bi-
omarker for quantifying the proarrhythmic risk of a compound . The magnitude of APDgo prolongation alone
does not fully inform on the proarrhythmic risk predicted by the in silico model. While most pharmacologists
aim to develop safe compounds that will not inhibit cardiac ion channels, there are still several compounds

under development that exhibit various profiles, ranging from selective to multi-ion channel inhibitory effects.



The early electrophysiological screening of pharmaceutical compounds often includes a limited cardiac ion
channel panel usually comprised of Ik, Ica and Ina only ® 1> 7. Selection of partial patch clamp panels is
primarily driven by considerations related to probability and affordability. The hERG potassium channel is
widely acknowledged for its notable pharmacological promiscuity, making it a pharmacological target that is
frequently encountered by safety pharmacologists *. The hERG channel's ability to engage with a diverse
array of medications can be attributed to its distinctive ligand-binding site configuration, its hydrophobic na-
ture, and the large channel vestibule *® ', It had been estimated that up to 60% of drugs in development exhibit
some level of hERG block . Although sodium and calcium channel blocks are less common, they still arise
with sufficient frequency. In contrast, compounds that block the additional ion channels that are commonly
involved with in silico modelling (i.e. Ik, Iks and lto) are relatively scarce. The above probabilities often direct
the ion channel selection for early-stage in vitro testing.

When the inhibition results justify further assessments and evaluation, in silico modeling of drug effects using
these three ionic currents can provide a simple, yet relevant, analysis method that allows for the use of indi-
vidual ion channel data in an integrated risk evaluation, as the marginal contribution to ADPgo values from the
other three currents (i.e., lwo, Iks and Ik1) remains minor when taken individually. The presented results under-
score the cumulative advantage of incorporating all six ion currents included in CiPA into in silico modeling
compared to a partial panel. In silico models represent a theoretical aggregated response to compound effects
on the APD and can describe the potential for development of proarrhythmic effects. Proceeding with in sil-
ico modeling using only the three primary cardiac ion currents commonly tested in early development only
reveals part of the value provided by in silico modeling but can still contribute to an integrated risk assessment
prior to the conduct of more complicated in vitro (cardiac left ventricular wedge preparation) or in vivo (te-
lemetry dog study) cardiovascular assays. However, as has been shown, in silico modelling with Ik, lca and
Ina may overestimate compound safety, since lca and Ina counterbalance the APD prolonging effects of Ik.
Additional potentially exacerbating cardiac currents (i.e., lwo, Iks and Ik1) are not usually included. As we know,
Ikr still provides the most critical contribution to ventricular repolarization and proarrhythmic risk and should

remain the cornerstone of drug induced TdP testing.

Novel in silico models have been developed to address some of the limitations of the O’Hara-Rudy model
including the balance of ion channels “°. In silico models have been reported to show a degree of prolongation
and arrhythmia occurrence in excess of what is observed in in vitro tissues and QTc **. The current manuscript
used 10% inhibition increments which represents a potential limitation of the analysis presented. More gran-
ular simulations with 1% inhibition increments may be valuable in the future when considering scenarios with
drugs that are close to balanced blockers. In addition, some compounds have direct or indirect effect heart rate

and in silico modelling at different cycle length may represent another opportunity to develop future testing
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paradigms early in drug development as in vitro assays may already inform on potential chronotropic effects

of tested compounds.

The context of use for the in silico model is its application in the scenario of drug development. One of the
principal components is to evaluate the TdP risk. TdP, an infrequent form of ventricular tachycardia, manifests
as gradual alterations in QRS complexes on an electrocardiogram, accompanied by QTc prolongation. This
interval prolongation of the QTc is associated with the potential for sudden cardiac death. The lengthening of
repolarization induced by drugs elevates the risk of critical arrhythmias like TdP. No specific limit has been
established for QTc prolongation to cause TdP, having a QTc exceeding 500 milliseconds amplifies the risk
by two to three time, with a 5% to 7% escalation for each 10-ms increase. Numerous drugs have the capacity
to induce QT prolongation and/or TdP, either independently or in situations involving drug interactions #.

In drug development, the potency for hERG block is typically used for early screening of candidate drugs in
development to mitigate the risk of QT prolongation. The 1Cso values for hERG block are compared to predict
or measure maximal plasma drug concentrations (Cmax). This can allow for the calculation of a predictive
value (ICso/Cmax), referred to as the hERG safety margin. *.

TQT studies are recognized for their good specificity (low false-positive rate) but relatively poor sensitivity
(higher false-negative rate), indicating their capability to accurately identify drugs that do not have a signifi-
cant effect on the QTc interval (low false-positive rate). 44 4.

The exclusion of a positive compound is often associated with its role as a blocker of the hERG channel. There
are exceptions, such as hERG inhibitors that do not induce Torsades de Pointes (TdP), and drugs that may
cause TdP without being potent hERG inhibitors. On the other hand, a multi-ion channel blocker has the ability
to inhibit the hERG channel. Because of its simultaneous impact on sodium and calcium channels, it may lead
to a less pronounced increase in the QTc interval. In vitro studies often encounter challenges in accurately
evaluating the impact of drugs acting as multi-ion channel blockers “°.

5. Conclusions

Our results confirm that manual patch clamp inhibition profiles can provide high quality input for use in in
silico modeling and quantitatively predicts cardiomyocyte APD changes and consequently QT prolongation.
The O’Hara-Rudy model, using the six cardiac ion currents proposed for CiPA, predicted changes in cardiac
APD and consequently, ECG effects. The use of a partial ion channel panel (i.e., Ikr only or Ik, lca, Ina ONly)
illustrates the primary contribution of Ik in APD estimation with this model.

These findings emphasize the importance of considering the specific combination of ion channels that should

be evaluated and the effects they have on the different layers of the heart when evaluating the effects of drugs
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on APD. The interactions between various channels and cardiomyocyte layers play a crucial role in determin-
ing the overall electrophysiological behavior of the heart and highlights the complexity of ventricular arrhyth-
mia mechanisms with various contributions from relevant ion currents as shown by the data herein.

Manual patch clamp data obtained during drug development is readily available for use with in silico modeling
methods and can be considered to generate pharmacologically relevant APD data even when only a subset of
the cardiac ion channels are tested. While the O’Hara-Rudy in silico model, using the 6 most important cardiac
ion currents (i.e., lkr, lca, Ina, Ik, ks, lto), yielded the expected results relative to expected drug effects, in
silico modelling with data from a combination of channels or even a single channel (i.e., Ikr) provides valuable

results that can be used to estimate the risk of drug-induced ventricular proarrhythmia.
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Figures and legends

Table 1

Fraction of inhibition in percentage (%) for different drugs such as cisapride, terfenadine, amiodarone

and verapamil, at different concentrations (1 to 10 uM) for the tested channels; lIkr, Ica, Ina, k1, lks, lto

Fraction inhibition (%0)

Concentra-
Drugs .

tion (UM) Ir Ica Ina lk1 Iks lo

Cisapride 1 93 67 40 3 42 17
Terfenadine 1 91 65 32 10 22 35
Amiodarone 1 61 50 30 5 21 14
Verapamil 1 62 35 24 5 10 5
Verapamil 10 92 49 24 18 42 10

Table 2

Action potential duration changes in percentage (%) from baseline for myocardial layers (endocardium,

mid-myocardium and epicardium) after individual ion current inhibition (I, lca, Ina, k1, Iks, lo)

lon Inhibition Endocardium (%0) Mid-myocardium (%o) Epicardium (%)
currents (%) “App3g APDB0 APDY0 APD30 APDG0 APD90 APD30 APD60 APD90
30 178 214 217 139 188 188 208 224 222
ke 50 321 416 423 260 379 379 374 421 424
70 494 717 733 93 193 2901 565 694 707
30 113 81 -68 30 -33 31 -100 -7.6 -63
Ica 50 205 -143 -119 92 -88 -80 -184 -122 -96
70 320 210 -17.2 -196 -165 -149 -267 -131 -84
30 49 38 33 -15 -08 -06 00 05 05
Ina 50 81 69 59 25 -13 -10 -15 -06 -0.2
70 72 72 66 30 -14 10 35 -18 09
30 ol 01 22 01 03 24 02 01 18
P 50 01 03 42 01 05 47 02 02 34
70 01 04 70 02 05 82 01 02 57
30 22 20 17 37 37 32 26 23 20
Ik 50 36 34 30 65 64 57 43 38 34
70 52 49 43 98 95 84 61 56 50
30 05 -04 -03 05 04 03 11 -12 11
lo 50 06 06 -05 10 06 05 -19 22 20
70 11 09 -08 13 08 07 -33 -33 -30
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Figure 1

Complete action potential cycles with different inhibition percentages (0 to 100%), for cardiac ion channel

currents derived from the mid myocardial layer. A: Ikr; B: Ica; C: Ina; D: Ik1; E: Iks; F: lto.
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nations examined at the mid myocardial layer. A: 6 channels (Ikr, Ica, Ina, k1, Iks, ho); B: Ikr, Ica, Ina; C: lkr,

Ica, INa, lks; D: lkr, Iks, Ika, lo; E: lkr, Ina; F2 Ikr, lca.
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Figure 3

Inhibition (%)

Inhibition (%)

lon channel inhibition combinations and single-channel inhibition at different percentages (0 to 100%). A: lkr,

ICa, INa, IK11 IKSI ItOy B IKI'; ICa, INay C IKr1 ICa, INa1 IK51 D IKI'-
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Figure 4

lon channel current inhibition (0 to 100%) for different combinations or single current using the action poten-
tial duration at 90%. The 6 channels include the following currents lkr, lca, Ina, Ik1, ks, lo. The asterisk (*)

represents an arrhythmia.
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Inhibition (%)

lon channel inhibition (0 to 100%) combinations using triangulation (APDgg — APD30). The 6-channel combi-

nation is represented by the following currents: lIkr, Ica, Ina, Ik1, ks, lo. The asterisk (*) represents an arrhyth-

mia; those values are abnormal.
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Figure 6

lon channel inhibition combinations including lkr, Ica, Ina, and Ikr, Ica, Ina, Ik1, Iks, lto, as well as the single-
channel current Ik, in different layers of the heart (endo, mid, and epi) for the measurement of APDgo. The
control condition is depicted in gray, while cisapride (1 uM) is represented in blue, terfenadine (1 pM) in
orange, amiodarone (1 uM) in green, and verapamil (10 uM) in red. The absence of a line for a drug indicates

the presence of early afterdepolarization, which can lead to the development of ventricular arrhythmias.
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