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Safety Pharmacology is one of the most dynamically developing disciplines, whose objective is to assess the
potential risks of improperly conducted pharmacotherapy. Evaluation of a potential risks in the use of a given
substance is vital for placing a new medicine on the market. The Organisation for Economic Co-operation and
Development (OECD) has issued a number of guidelines for drug safety testing [1, 2]. However, the continuous
development of medicine demands the extension and refinement of the test panel that a new molecule must
undergo before it can be released for use by patients. Toxic effects of compounds on the most important organs
are among the most frequent reasons of elimination of substances from further tests. Additionally, safety tests are
also performed for medicines already approved for use. Such trials are required, e.g., to register new indications for
"old" drugs.

The above mentioned activities require a suitable identifications of the antitargets which are commonly defined as
undesirable molecular targets that play an essential role in the proper functioning of cells. Down modulation of an
antitarget results in clinically unacceptable side effects, initiation of disease, or deleterious alterations in disease
progression. This results in shorter onset time of the disease, increased disease burden, poorer patient outcome,

or decreased survival time.

antitarget drug cardiotoxicity ion transporter proteins

| 1. Historical Overview of Drug Cardiotoxicity!*l2]
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Figure.l. Drugs withdrawn from market due to proarrhythmic effect (purple), myocardial infraction (green),

torsadogenic potential i.e. QT interval prolongation and TdP effect (red).

The statistics show that the risk of cardiotoxicity is one of the most common reasons for withholding or withdrawing
drugs from the marketB4, This unwanted effect is shared by a large number of non-cardiovascular drug.
According to the data up to 70% of potential medicines are either not approved for further testing or their use is
significantly limited!. Additionally, it has been estimated that approximately 2-3% of all drug prescriptions involve
medications that may unintentionally cause long QT syndromel&. The first drugs that were removed from clinical
use due to cardiotoxicity were encainide (proarrhthmic effect) and terodiline (QT interval prolongation) (Fig.1.)El,
Terdynafine, cisaprid, astemizole, sertindol, thoridazine, grepafloxacin have been removed due to heart toxicity
(Fig.1.). In 2020, there was information about QT prolongation for other drugs: osilodrostat, carbetocid,
selpercatinib and rucaparib22. In 2005 the Council on Harmonization of Technical Requirements for Registration of
Pharmaceuticals for Human Use suggested principles for checking new molecules for the risk of inducing
potentially fatal arrhythmias (e.g. torsade the points (TdP)) caused by blocking the human Ether-a-go-go-Related
Gene (hERG, Ky11.1)2812] that was defined to be first antitarget in studies of compound cardiotoxicity™. This was
based on the observed correlation between electrocardiogram QT prolongation and patients’ risk of TdP
arrhythmia. The preclinical and clinical studies proposed in S7B and E14 were implemented, and are now widely
used in the pharmaceutical industry and regulatory agenciesl12l These assumptions were accepted as the
crucial elements of the compound cardiotoxicity assessment. However, further research have demonstrated, that
proarrhthmic effect, QT prolongation and hERG blocking cannot be treated as the only determinants of the
occurrence of TdP13l. Verapamil and ralonazine are examples of drugs that are strong inhibitors of the hERG
channel and at the same time devoid of the risk of inducing arrhythmias. Moreover, serious disorders of
cardiomyocyte electrophysiology was found to be caused by drugs that are weak hERG inhibitors (e.g. sotalol,
alluzosin)X4I15] Thys, it proves the insufficient specificity of the tests based only on the assessment of the hERG
channel blocking potentiall28l. The risk of drug induced TdP is rather balanced of multiple internal cardiac ionic
currents that define ventricular repolarizationl®Zl. Thus, for the first time in 2013, a new strategy was applied for a
real proarrhythmic risk assessment of molecules: Comprehensive In Vitro Proarrhythmia Assay (CiPA). CiPA is
utilized in the first stages of drug research and focuses on the three most important areas. The first one is the
assessment of the interaction of molecules with three ion channel models. In addition to studying the interaction of
molecules with hERG, CiPA proposes two additional ion channels gated by voltage, which are essential for the
development of arrhythmia: Nay1.5, Cayl.2. The second area of CiPA concern in silico simulations of action
potential (AP) responsible for arrhythmia. The third area of CiPA's research is advanced cellular testing using

cardiomyocytes derived from pluripotent stem cells (iPSC-CM)L8l,

1.1. VGICs - Voltage Gated lon Channels

The mechanism of opening and closing of ion channels is referred to as gating. It is the progression of the channel
through various conformational states. Channel activation is the transition from the rest (closed) state to the open
state under the influence of a trigger stimulus (membrane depolarization or ligand binding). Permeation is the

passage of ions through the open channel. Therefore, gating process control ion permeation® participating in
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cellular signaling is dependent on cations flow driven by electrochemical gradient. Voltage-gated Na*, Ca?*, and K*
channels share a common molecular architecture. They also possess the same set of three voltage-dependent
functionally distinct states i.e. closed (or resting), activated (or open), and inactivel®. Under physiological
conditions, the Na* and Ca?* channels are inward cell currents and those flowing through the K* channels are
outward currents. Besides the channels that open or close depending on the value of the cell transmembrane
potential (so-called Voltage-Gated lon Channels (VGICs)) there are also channels gating independently on

transmembrane potential, controlled by other external or intracellular factors.

According to the research of International Union of Primary and Clinical Pharmacology (IUPHAR) and the British
Pharmacological Society (BPS), ion channels are the third largest target group for drugs22l, They participate in
controlling physiological and pathological processes in the body. VGICs take part in generating and transmitting
information within the cells of the central and peripheral nervous and cardiovascular systems22. |t should be
emphasized that K,11.1, Na,1.5 and Ca,1.2 ion channels, not only represent useful targets with potential
therapeutic applications, but also indicate undesirable targets (also known as antitargets) to be avoided because of

the side effects they cause when their function is altered(22!,

1.2. VGICs - Structure

The molecular architecture of the ion channel families consists of four variations built on a common pore forming
structural theme. lon channels consist of poreforming a-subunits (also called al-subunits) and accessory a2-, b-,
d-, g-subunits. The a-subunit is inserted into the lipid bilayer of the cellular membrane and constitutes the channel
pore, through which ions pass (Fig. 2). Commonly, a-subunits and accessory subunits are members of large
protein families that evolutionary possess similar structural elements i.e. comparable amino acid sequences. This
is reflected in the names of the subunits and their genes. For example, the gene encoding the a-subunit of the
cardiac Ca?* channel is called CACNCIC: calcium channel, isoform 1, a-subunit. The a-subunit is termed Cay1.2:
CaZ* channel family, subfamily 1, member 2; the subscript “V” means that channel gating is regulated by

transmembrane voltage changes (voltage dependent)24],
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Figure. 2. Schematic view of the structure’s subunits of cardiac ion channels. al-subunits of K* consist of one

single subunit (domain or core motif), while Na* and CaZ* consist of four serially linked homologous domains (I-1V).
Each subunit containing six transmembrane segments (S1-S6). The S5 and S6 segments and the membrane-
associated pore loop (often called the P loop or P segment or P region) between them form the central pore
through which ions flow down their electrochemical gradient. The S4 transmembrane domain is the voltage-sensor
(gating modifier). K* channel is an assembly of subunits with a single core motif. While Na* and Ca?* channels
consist of four subunits co-assembled to form a single functional channel. The b, a2d and g subunits enhance cell
surface expression and modulate the voltage dependence and gating kinetics of the al-subunits and channel
sensitivity to endogenous ligands and pharmacological agents. These accessory subunits determine ion channel

tissue specificity.

Table 1. Overview of the key properties of the structural subunits of cardiac ion channels22,

name hKv11.1/KCNH2 hNav1.5/SCN5A hCav1l.2/CACNC1C

UniProtkB Q12809 Q14524 Q13936
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pore-

forming

ion
selectivity
sequence
motif

cariac

disease

sequence
identity*

612-632:
VTALYFTFSSLTSVGFGNVSP

GYG

Long Qt Syndrome; Short Qt

Syndrome

88.66%

884-904:
FFHAFLIFRILCGEWIETMW

DEKA

Atrial Fibrillation, Familial,
Brugada Syndrome;
Cardiomyopathy, Dilated;
Long Qt Syndrome;
Progressive Familial Heart
Block (Type la); Sick Sinus
Syndrome, Autosomal
Recessive; Sudden Infant
Death Syndrome; Ventricular
Fibrillation During Myocardial
Infarction, Susceptibility to
acquired arrhythmia

66.70%

694-715:
QSLLTVFQILTGEDWNSVMYDG

EEEE

Long QT, Brugda Syndrome,
Timothy Syndrome

70.3%

*Sequence identity between the template and the modeled sequence

| 2. Mechanism of lon Channel Inhibition

Although the general mechanism of ion channel inhibition is well known, the detailed description is still unclear and

controversial. Voltage-dependent gating can be triggered in variety of ways, and the mechanisms of VGIC

operation are important tool to understand the signaling behavior of the channell28. The mechanisms of ion

channel inhibition can be categorized in two classes, i.e., pore plugging, and allosteric binding. The former includes

inhibitors capable of binding in the pore region once they enter the channel, in consequence they physically block

the pore disabling the ion transport. The latter mechanism involves inhibitors that require a specific binding site, the

site usually is extracellular side of the pore, but there are known exceptions. The allosteric inhibitor binds to the
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channel at the binding site causing conformational changes of the protein that prevent the normal function of the

channell®. Table 1 summarizes the pore forming region in Kv11.1, Navl.5 and Cavl.2 channels.

| 3. In Silico Methods for Testing the Tisk of Cardiotoxicity
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Figure. 3. Scheme of the calculation procedure.

One of the most popular and accurate in silico methods is the molecular docking techniqued. This method
determines the affinity (the binding of compounds to the channel) and how a given drug binds to the active site of a
protein (also known as binding modes/pose). It is a source of information about the physiological and pathological
mechanism of action of many substances28. It should be mentioned here that channels Kv11l.1, Nayl.5, Cayl.2
can be treated in two ways. First, they are therapeutic targets for cardiac arrhythmia and hypertension. Secondly,
they should be treated as antitargets in cardiac risk assessment. This entails the necessity of opposite approaches
in interpretation of the channels blocking effects. In the first case, research is conducted to search for molecules
that bind to a specific therapeutic target (e.g. Class Il antiarrhythmic drugs). In the second, research is focuses on
looking for molecules that avoid strong binding to the unwanted targets (i.e. many noncardiac drugs)[ﬂ[@].
Commonly, K; is characterized by the dissociation constant of the complex, which is determined by competitive

radioligand binding, and the blocking of the passage of ion through the channel. In the computational approach, K;
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is determined in the computational process. In vivo desirable and undesirable effects of a drug are generally
related to its concentration at the sites of action2%. The passage of some ions through the channel is characterized
by the ICsq concentration, ensuring a 50% reduction in selected ion current, which is determined by
electrophysiological methods in the channel-expressing cells. For majority of compounds, only data obtained by
one of experimental methods are available. It should be emphasized here that the values of these parameters are
generally well correlated (IC5o = Kj). Based on the assumption that the calculated K; reflects the drug binding
affinity for a specific therapeutic target. On the other hand, the I1Cs (or plCsg) more reflects the functional potency
of the inhibitor for the drug. It is widely accepted that the use of calculated K; (or pKj) is helpful in determining the
likelihood that a given drug will inhibit a particular protein target and result in a clinically relevant drug interaction.
For this we usually assume that the IC5q corresponds to the numerical value of Ki (or plCsgg = pK;). By convention, a
pICso < 4 (or pK;) is commonly used as thresholdB22] |n the publication of M. Kowalska et al. plCg, of selected
drugs and their corresponding ion channels are summarized in Table 28, By matching the calculated K; values
with the corresponding tabular data, we are able to assess, for example, the cardiotoxicity of drugs by analyzing
their interaction with ion channels®4, From safety pharmacological point of view, lower plCsy (pK;) value for

channels K,11.1, Na,1.5, Ca,1.2 are desirable.
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