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multitarget drug design approaches can be the identification of the basic

ligands. Among such models in the group of cardioprotectors is the linked biaromatic
system. This review develops the concept of a “basic pharmacophore” using the
biaromatic pharmacophore of cardioprotectors as an example. It presents an analysis
of possible biological targets for compounds corresponding to the biaromatic
pharmacophore and an analysis of the spectrum of biological targets for the five
most known and most studied cardioprotective drugs corresponding to this model,

and their involvement in the biological effects of these drugs.
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Abbreviations: [Ca2'];, intracellular calcium; Bmay, total density of receptors in a sample of tissue; Crax, the maximum plasma concentration of a drug; Icay, L-type calcium current; Ic, 1, T-type
calcium current; Ic,, calcium current; I, “funny” current, electric current in the heart that flows through the HCN channel; I, retinal current; Ik, delayed rectifier potassium current; Ixach, the
cardiac acetylcholine activated inwardly rectifying potassium current; Iy, rapidly activating component of the delayed rectifier potassium current; Iy, slowly activating component of the
delayed rectifier potassium current; Ix,, ultra-rapid delayed rectifier potassium currents; Ina,, late sodium current; Iy,, sodium current; Ina-ca, inward sodium-calcium exchange current; Iy,
transient outward potassium current; Ky, dissociation constant; K;, inhibition constant; T,,.x, time of peak plasma concentration; 5-HT,, serotonin receptors subtype x; AF, atrial fibrillation;
AP, action potential; APD, action potential duration; AR, adrenoreceptor; ATX-2, sea anemone toxin; AUC, area under the pharmacokinetic curve; AVN, atrioventricular node; cAMP, cyclic
adenosine monophosphate; Cavx.y, voltage-gated calcium channel isoform x.y; CHF, chronic heart failure; CHO, Chinese hamster ovary; CNS, central nervous system; CPVT, catecholaminergic
polymorphic ventricular tachycardia; CVD, cardiovascular diseases; D,, dopamine receptor subtype x; DAD, delayed afterdepolarization; EAD, early afterdepolarization; ECso, the half maximal
effective concentration; EMA, European Medicines Agency; eNOS, endothelial nitric oxide synthase; EPC, endothelial progenitor cells; ERP, effective refractory period; FDA, Food and Drug
Administration; GABA,, y-aminobutyric acid receptor type A; H,, histamine receptors subtype x; HCN, hyperpolarization-activated cyclic nucleotide-gated channel; HEK293, human embryonic
kidney 293 cells; hERG, human ether-a-go-go-related gene that codes Kv11.1 ion channel; HF, heart failure; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; HR, heart rate; ICsq, the half
maximal inhibitory concentration; IHC, inner hair cells; IWB, lonWorks Barracuda automated patch clamp platform; IWQ, lonWorks Quattro automated patch clamp platform; Katp, ATP-
sensitive potassium channel; K2P, two-pore-domain potassium channel; Kirx.y, inward-rectifier potassium ion channel isoform x.y; Kvx.y, voltage-gated potassium channel isoform x.y; LQT,
long QT syndrome; LQT1, long QT syndrome with mutation of KCNQ1 gene; LQT2, long QT syndrome with mutation of KCNH2 gene; LQT3, long QT syndrome with mutation of SCN5A gene;
LV, left ventricular; M,, muscarinic receptors subtype x; MAP, mean arterial pressure; minK, minimal potassium channel subunit encoded by KCNE1 gene; NADH, reduced nicotinamide adenine
dinucleotide; Nav1.x, voltage-gated sodium channel isoform 1.x; NMDA, N-methyl-D-aspartate; NOS, nitric oxide synthase; PIP2, phospholipid phosphatidylinositol 4,5-bisphosphate; PKA,
protein kinase A; PMC, paramyotonia congenital; PRP, platelet-rich plasma; QNB, quinuclidinyl benzilate; RyRx, ryanodine receptor type x; SAN, sinoatrial node; SERT, serotonin transporter;
SOICR, suppresses store overload-induced Ca?* release; SR, sarcoplasmic reticulum; TASK-1, two-pore domain K* channel (K2P3.1); TdP, torsade de Pointes; TEM, effector memory T-cells;
TSPO, translocator protein; VM, ventricular myocytes; VT, ventricular tachycardia; WHO, World Health Organization; WT, wild type.
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The single-target approach dominated in drug design and medicinal
chemistry in the 20th century.! Since the beginning of the 21st
century, there was the intensive development of a “multitarget”
approach in drug-design, primarily aimed for the treatment of such
multifactorial diseases as cardiovascular diseases (CVD), cancer, and
neurodegenerative diseases with multiple signaling pathways in their
pathogenesis.m

The dynamics of using “multitargeting” in drug design is clearly
illustrated by the diagrams of search results in pubmed.org. At the
end of 2022s for the query “multitarget,” this search engine returns
10,459 results, and almost half of them (4302 results) are from 2020
to 2022s. A similar dynamic is observed when searching for the
closely related query “network pharmacology,” which is an emerging
discipline useful in drug discovery, which combines genomic
technologies and system biology through computational biological
tool. Of the 47,647 total search results for “network pharmacology,”
2020-2022 accounts for over 30% (14,875) of results.

Undoubtedly, the active development of the “multitarget”
approach in modern research is due to the explosive progress in
information technologies, which made it possible to process huge
arrays of data and predict various biochemical interactions in
silico with high accuracy. Among the resources of this type are
continuously updated databases such as CheMBL (https://www.
ebi.ac.uk/chembl/), BindingDB (https://www.bindingdb.org/rwd/
bind/index.jsp), ZINC (https://zinc.docking.org/), and similar;
structural databases PDB (https://www.rcsb.org/) and Alpha
Fold DB (https://alphafold.ebi.ac.uk/). There are numerous dock-
ing programs that allow calculation of ligand-protein interac-
tions, for example: Glide Schrédinger (https://www.schrodinger.
com/) and AutoDock (https://autodock.scripps.edu/); molecular
target prediction programs such as SwissTarget (http://www.
swisstargetprediction.ch), SEA (http://sea.bkslab.org), and PASS
(http://www.way2drug.com/PASSonline).

In addition to the “multitarget approach to the design of new
drugs,” numerous studies are being carried out to identify the
spectrum of biological targets of well known drugs used in clinical
practice. For the majority of such substances, many of which were
created as part of a single-target approach or were discovered by
chance, an extensive set of biotargets is revealed. Thus, the biological
effect of such drugs is an integral effect of interactions with all these
targets.

According the novel network pharmacology paradigm the
selective compounds, compared with multitarget drugs, may exhibit
lower than desired clinical efficacy.m Moreover, in modern works
one can often read the phrase that “selective drugs do not exist.”t]
So the “selective” drugs can in practice be only “understudied” that
means that not enough potential targets have yet been assessed.
Meanwhile, the most complete information about the spectrum of
biological targets of drugs seems to be extremely important, since the
integral effect of a molecule on several targets can radically differ

from that when exposed to only one of them.

Despite the obvious advantages of multitarget drugs, their
development is a serious challenge and often faces a number of
problems. One of the main ones is the choice of the right
combination of targets for the selected disease. This requires a deep
understanding of the associations between targets and diseases, as
well as the relationships between pathways, targets, drugs, and
adverse events. Additionally, the selection process should consider
whether modulating the chosen targets would result in additive or
synergistic effects. Additive effects occur when the targets are part
of the same pathway, while synergism is only achievable if the
selected targets are located on functionally complementary path-
ways. In both cases, lower doses can produce the desired effect,
potentially leading to a better safety profile compared to single-
target drugs. The rational drug design is also not an easy task since it
requires combining the several different scaffolds into a single
chemical entity starting from compounds with the desired affinity
towards the selected targets. In this case, the most commonly used
approach is the imposition of pharmacophore elements or their
conjugation with cleavable or noncleavable linkers. Despite numer-
ous challenges in multitarget drug design, a number of successful

implementations prove that these efforts are worth it.[>:¢!

2 | CVD AND MULTITARGETING

According to the World Health Organization (WHQO), CVD are the
leading cause of death worldwide. In 2019, about 17.9 million people
died from CVD, primarily from heart attacks and strokes, which is
32% of the total number of deaths. Of the 17 million premature
deaths from noncommunicable diseases in 2019 in people under 70,
38% were due to CVD."#!

The COVID-19 pandemic has made a significant additional
contribution in prevalence and severity of CVD. Patients with
concomitant CVD belong to a more vulnerable cohort characterized
by a severe course of COVID-19 and high hospital mortality. There
is evidence of de novo formation of a COVID-19-induced
cardiovascular pathology, called acute COVID-19-associated cardio-
vascular syndrome, expressed in various types of arrhythmias,
myocarditis, acute cardiac injuries and thrombotic disorders.”’

There is currently a growing conviction among researchers that
effective and safe cardioprotective agents should have a multitarget
mechanism of action.*°=*%) This is fully consistent with the “multi-
target approach to cardioprotection” being developed in the modern
cardiology community.[10:1413]

The need to consider a significant number of biotargets in the
design of potential cardioprotective agents is due to the multifactorial
nature of cardiovascular disorders and the involvement of a large
number of systems and mechanisms in their pathogenesis. For
example, angiotensin-converting enzyme inhibitors, a- and
B-adrenoreceptor (AR) inhibitors, angiotensin Il receptor antagonists,
calcium channel blockers, diuretics, direct renin inhibitors or
glyceryltrinitrates may be involved in the treatment of hyper-
tension.*®! A variety of ion channels and receptor systems and
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transcription factors are involved in the pathogenesis of various types
of arrhythmias.”*8 A good example of using the multitargeting
analysis of drugs in relation to the cardiovascular system is the CiPA
(Comprehensive in vitro Proarrhythmia Assay) approach created for
proarrhythmia risk prediction. This approach postulates the consid-
ering a comprehensive assessment of the interaction of potential
drugs with an extensive set of cardiac ion channels to assess its
safety and ability to initiate arrhythmias.'???) Neuropsychiatric
disorders may be a special factor in the development of CVD, which
makes an additional contribution to the range of biological targets
that can be considered in the drug design of such comorbid
diseases.l?>??! For example, anxiety is one of the triggers for atrial
fibrillation (AF).2%! The link between depression and CVD mortality
also has been established.[?4

The main issue that arises in the design or analysis of the drugs
with a multitarget mechanism of action is the ratio of single
mechanisms, in particular the ratio of the affinity of the drug

molecule to various biotargets. This raises the following questions:

(1) How do the affinity parameters of a molecule for various
biotargets correlate? Is the concept of “selectivity” universal or is
it rather relative?

(2) How to determine the pharmacological significance of any target
based on the data of the molecule affinity and the pharmaco-

kinetic parameters of the drug?

In response to the first question, literature data indicate that the
“selectivity” of compounds with respect to various biotargets is a
rather relative concept. This is evidenced by the following facts:

1. Affinities determined in vitro in different experiments using
different displacing ligands can differ by up to 3-4 orders of
magnitude. For example, according to the Guide to Pharmacology
database,?! the affinity of the hERG-blocker dofetilide for hERG
(human ether-a-go-go-related gene that codes Kv11.1 ion
channel) varies from 4 to 44.000nM, and the affinity of
haloperidol for D, receptors varies from 0.12 to 6400 nM. Such
a difference can be explained by the difference in the methods
used to determine the affinity (manual or automated patch clamp,
radioligand binding method, fluorescence polarization assay, etc.),
the difference in tissues or cell cultures used for analysis.

2. In addition to the values of the affinity of a molecule for a
biotarget, the density of this biotarget (Bynay) is also important. For
example, it was found that adenine sulfate shows its cardiopro-
tective effects by significant increasing of muscarinic Ms-
receptors Byax Value in the damaged heart tissues.[2%]

3. Despite remarkable in vitro affinity for a biological target, a drug is
often unable to exert pharmacological and therapeutic effects in
vivo. Often this can be explained by the fact that a drug does not
bind its biological target long enough. In particular, the time a drug
spends in contact with its biological target (so-called residence
time) is now considered a key parameter for optimization because

there is some evidence that it can predict drug efficacy in vivo and
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thus demonstrate the pharmacological significance of the
biotarget.[?”-2

4. Some biotargets are species-specific. For example, it was found

that binding of translocator protein (TSPO) ligands with TSPO
occurs with different efficiencies. Studies have divided the human
population into three types: high-affinity binders (with high
affinity for TSPO), low-affinity binders (with low affinity for
TSPO) and mixed-affinity binders. The differences in the TSPO
affinity of its ligands for high-affinity binders and low-affinity
binders turned out to be very significant up to two orders of
magnitude.*°!

5. The affinity of a compound for a biotarget can correlate very
differently with its pharmacokinetic characteristics, including
metabolism. The latter may be of decisive importance in the

pharmacological significance of the target biotarget.[31'32]

Here we should also explain the very concept of affinity, its types
and relationships since different studies use various binding parame-
ters. One of the most common parameters describing affinity is the
inhibition constant (K;) or dissociation constant (Kg). K4 is a type of
equilibrium constant that measures the dissociation of any complex
into components. K; is a term used to describe the binding affinity
between an inhibitor and its corresponding biotarget. The difference
between Ky and K; is that K4 is a more general term for various
dissociation processes, whilst K; is more narrowly used to indicate the
dissociation equilibrium constant of the protein-inhibitor complex.
Another common affinity parameter is the half maximal inhibitory
concentration (ICsg). ICso quantifies the concentration of inhibitor
necessary to halve the reaction rate of a protein-provided process
observed under specified assay conditions. While K; is a constant
value for a given compound with an biotarget, an ICsq is a relative
value, whose magnitude depends upon the concentration of
substrate used in the assay. The relationship between IC5q and K; is

calculated by the Cheng-Prusoff equation.l®®

For competitive
inhibitors, which inhibit the protein-catalyzed reaction by binding to

free protein it looks as follows:

S
ICs50 = K,‘(l + %]

For uncompetitive inhibitors, which bind only to the protein-
substrate complex, Cheng-Prusoff equation looks as follows:

I1Csp = K,»(l + '[%4)
In these equations [S] is the substrate concentration used in the
assay, and Ky is the Michaelis constant of the substrate. Thus, to
transform ICsq to K; or vice versa, additional parameters are required,
which are usually not available in publications. Nevertheless, in a
large number of works in which both values are given, they differ
insignificantly, within the same order of magnitude. Thus, in this
paper, we make the assumption that ICsq = Ki.
The ECso parameter is the drug concentration that produces a
half-maximal response. This parameter is very similar to ICso. The
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are often given in the form of their negative decimal logarithms (pK;,
pKy, pICso, and pECsp), which makes them easier to represent and
compare.

To answer the second question regarding the clinical
significance of different affinity values for biotargets, we
compared the values of pharmacokinetic parameter C..x (the
maximum plasma concentration) for various drugs with different
activities and their correlations with the affinity for their main
biotargets (Table 1). These data were collected from pubmed
publications and clinical trial reports. It has been established that
the values of pCpayx and pK; for drugs can differ by more than 2,
and pCax can be either greater or less than pK;. Of particular
interest are those cases where pK; is less than pCyax. The
presence of such examples indicates that even those biotargets
for which the drug affinity is at least two orders of magnitude
lower than its plasma concentration are of clinical significance.

One explanation for the fact that in many cases, the ICsq values
of compounds against different biological targets in vitro are greater
than their therapeutic, is that the local high levels of these chemicals
may be achieved in vivo, due to their high solubility in the lipids
and tissue accumulations, to enable their action. On the other hand,
the lipophilic compounds may change membrane structure by

partitioning through the lipid bilayers, exerting for example a higher
impact on membrane channels.[*>~38!

One of the approaches to the drug design of multitarget
compounds and the prediction of the biotarget spectrum of
molecules can be the identification of basic pharmacophore
models.®?4°! Previously, we published a review that describes a
large set of different cardioprotective agents with different mecha-
nisms of action, corresponding to a single pharmacophore model.**
This model contains two aromatic cycles (marked violet) connected
by a linker (indicated by green) with the length of about 5-15 bonds
and with at least one heteroatom in it (Figure 1).

There are cardioprotectors of all main mechanisms of action
among the compounds corresponding to this pharmacophore model:
hyperpolarization-activated cyclic nucleotide-gated (HCN) channel
blockers, sodium and potassium channel blockers and activators,
B-adrenergic receptor (B-AR) inhibitors, calcium channel blockers,
ryanodine receptor (RyR) inhibitors, and a number of others. Many of
these compounds, as expected, had a multitarget mechanism of
action, having an affinity for several of the listed biotargets at once.

Based on the literature analysis, we hypothesized the universality
of the identified biaromatic pharmacophore for compounds with
cardioprotective activity and the possibility of using it as a “basic
pharmacophore” for designing new potential cardioprotective agents.

TABLE 1 Correlation of the pharmacokinetic parameter C,,., of various drugs with their affinity for the main biotargets.

Dose
Drug Action pK; Main target (mg) PCrax  PKi-PCrnax
Atorvastatin Lipid-lowering medication 8.09 3-Hydroxy-3-methylglutaryl coenzyme A 40 7.67 0.42
(HMG-CoA\) reductase inhibitor
Cediranib Anticancer agent 9.30  Tyrosine kinase inhibitor of vascular 30 7.03 2.27
endothelial growth factor receptors
CP-778875 Drug for treatment of atherosclerosis 8.15 Peroxisome proliferator-activated 0.3 7.50 0.66
and dyslipidaemia receptor a agonist
Diazepam Anxiolytic 8.31 y-aminobutyric acid receptor type A 10 6.28 2.03
(GABA,) positive allosteric modulator
Digoxin Cardiotonic 6.60 Na*, K*-ATPase inhibitor 0.2 8.614 -2.01
Diltiazem Antiarrhythmic 6.95  Cavl.2 blocker 120 6.44 0.51
Dofetilide Antiarrhythmic 7.52 hERG blocker 1.5 8.28 -0.76
Everolimus Immunosuppressant and anticancer 8.70 mTOR inhibitor 10 7.20 1.50
Flecainide Antiarrhythmic 5.22 Nav1.5 blocker 100 6.39 -1.17
Ivabradine Antianginal 5.67 HCN-channels blocker 10 7.28 -1.71
Linagliptin Antidiabetic 9.11 DPP, inhibitor 5 8.05 1.06
Mibefradil Antianginal 5.57 T-type Ca?* channel blocker 200 5.54 0.03
Nifedipine Hipotensive 6.70 L-type Ca2* channel blocker 10 6.46 0.24
Quinidine Antiarrhythmic 441 Nav1.5 blocker 300 4.75 -0.34
Simvastatin Lipid-lowering medication 7.95 HMG-CoA reductase inhibitor 40 7.88 0.07
Tiagabine Anticonvulsant 6.19 GABA transporter type 1 inhibitor 8 6.40 -0.20

Note: Data collected from Pubmed publications and clinical trial reports.
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Linked biaromatic cardioprotective agents generalized pharmacophore model
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FIGURE 1 Generalized pharmacophore model of linked biaromatic compounds with cardioprotective activity. Examples of compounds with
cardioprotective activity with different mechanisms of action are shown.
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Archiv der Pharmazie

pharmacophore” and additionally confirm the absence of “single-
targeted” drugs using the biaromatic pharmacophore as an example.

The objectives of this review are:

1. Analysis of possible biological targets for compounds correspond-
ing to the biaromatic pharmacophore.

2. Analysis of the spectrum of biological targets for the five most
known and most studied cardioprotective drugs corresponding to
the biaromatic pharmacophore, and their involvement in the
biological effects of these drugs. Carvedilol, ivabradine, nebivolol,
ranolazine and verapamil were chosen as these drugs.

3 | THE TARGETS FOR LINKED
BIAROMATIC COMPOUNDS

To analyze possible biological targets of compounds that correspond
to the biaromatic pharmacophore model presented in Figure 1, we
have selected examples of such structures with different mechanisms
of action which are presented in the Table 2. Among these targets are
a number of ion channels: HCN-channels (HCN1-HCN4); sodium
channels (Nav1.1-Nav1.8); potassium channels (Kv1.3-Kv1.8; Kv2.1;
Kv3.1; Kv4.3; Kv7.1; Kv10.1; Kv11.1; Kir2.1; Kir2.3; Karp; K2P3.1);
calcium channels (Cav1.1-Cav1.3; Cav2.1, Cav2.2; Cav3.1, Cav3.2;
RyR2); a-ARs (alA-alD; a2A-a2C); B-ARs (B1-B3); serotonin
receptors (5-HT,-5-HT>); serotonin transporter (SERT); muscarinic
receptors (M;—Ms); dopamine receptors (D4-D3); histamine recep-
tors (Hq, Hy); oq-receptor. Table 2 also presents the localization of
listed biotargets and the possible involvement of their ligands in
therapeutic effects in the cardiovascular system and biological effects
of these ligands. Examples of molecules are shown in the coloring
corresponding to Figure 1: aromatic substituents are highlighted in

violet, and the linker that binds them is in green.

4 | THE ROLE OF THE LINKED
BIAROMATIC COMPOUNDS MAIN
TARGETS IN THE CARDIOVASCULAR
SYSTEM

4.1 | Calcium channels

Calcium channels are important regulators of the electrical and
contractile activity of the cardiovascular system. They play a crucial
role in the depolarization and contraction of cardiac myocytes, as well
as the release of neurotransmitters from sympathetic nerve
terminals. There are several types of calcium channels expressed in
the heart, each with distinct functions.[*2%!

L-type Ca®* channels, including the family of voltage-gated
Cav1.1-Cav1l.4 calcium channels, are predominantly expressed in
cardiac myocytes and are responsible for the influx of Ca2* ions that
trigger muscle contraction. These channels are activated by

membrane depolarization, which occurs during the AP of the cardiac
myocyte. In addition to their role in contractility, L-type Ca®*
channels also contribute to the regulation of the HR by modulating
the APD and AP frequency. Dysfunction of L-type Ca?* channels has
been linked to various cardiovascular disorders, including arrhythmias
and HF.[*?41 For example, mutations in the CACNA1C gene, which
encodes for the a-1C subunit of the L-type Ca2* channel, have been
associated with long QT syndrome (LQT), which is characterized by a
prolonged QT interval on the electrocardiogram and an increased risk
of ventricular arrhythmias and sudden cardiac death, and the similar
Brugada syndrome.*?!

T-type Ca?* channels, including the family of Cav3.1-Cav3.3
channels, are expressed in the SAN and the AVN and are involved in
the pacemaker activity of the heart. These channels are activated at
more negative membrane potentials than L-type channels and
contribute to the spontaneous depolarization of the cardiac myocytes
in these specialized regions of the heart. Inactivation of T-type Ca®*
channels leads to bradycardia and atrioventricular conduction delay,
which underlines the importance of this channel in maintaining a
normal heart rhythm.[ué]

RyRs are a family of ion channels that play a critical role in Ca®*
signaling in the cardiovascular system. These channels are found
primarily in the sarcoplasmic reticulum (SR) of cardiac and skeletal
muscle cells, where they mediate the release of Ca®* ions from the SR
into the cytoplasm in response to an AP. This Ca®* release triggers
muscle contraction and plays an important role in the regulation of
cardiac function.*?”! There are three isoforms of RyRs, with RyR2
being the predominant isoform in the heart. Mutations in the RYR2
gene have been linked to various inherited cardiac disorders,
including catecholaminergic polymorphic ventricular tachycardia
(CPVT) and arrhythmogenic right ventricular dysplasia.l*?®! In these
disorders, abnormal Ca®* release from RyRs leads to ventricular
arrhythmias, which can cause sudden cardiac death. Pharmacological
agents that modulate RyR activity have been investigated as potential
therapies for specified CVD.!'2!

4.2 | Sodium channels

Voltage-gated sodium channels (Nav) are essential in the initiation
and propagation of the AP in the cardiac tissues. These channels are
responsible for the rapid influx of Na* ions into the cell during
depolarization, which triggers the opening of Ca?* channels and
subsequent muscle contraction. In cardiac myocytes, sodium chan-
nels are predominantly composed of the voltage-gated Nav1.5
isoform, which is responsible for the AP upstroke. Navl.5 is
preferentially expressed in the atria, Purkinje fibers, and ventri-
cles.[*30131 Mytations in the SCN5A gene that encodes for Nav1.5
have been linked to various inherited cardiac disorders, including LQT
and Brugada syndrome.[*3?

Pharmacological agents that modulate sodium channel activity
have been investigated as potential therapies for these disorders. For
example, the drug mexiletine, a class | antiarrhythmic agent, can block
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Nav1.5 channels and has been shown to be effective in treating

patients with arrhythmias associated with Brugada syndrome.[*3%

4.3 | Potassium channels

Potassium channels play a critical role in cardiovascular function by
regulating the resting membrane potential, APD, and contractility of
cardiac myocytes. There are multiple types of potassium channels
expressed in cardiac myocytes, including the voltage-gated K*
channels (Kv), the inward-rectifier K* channels (Kir), the ATP-
sensitive K* channels (Katp), Ca2*-activated K* channels, and others.
Each of these channel types has a unique role in regulating cardiac
function.[t34-13¢]

hERG channels are a type of Kv channel that conducts the rapid
component of the delayed rectifier potassium current (lx,) and that
plays a critical role in the repolarization phase of the cardiac AP.
hERG channels are predominantly expressed in the ventricles of the
heart, where they contribute to the rapid repolarization phase of the
AP. hERG channels are unique among Kv channels in their slow
deactivation kinetics, which allows them to remain open during the
plateau phase of the AP and contribute to the repolarization of the
VM.137] Mutations in the hERG gene have been associated with LQT
and sudden cardiac death. In LQT, the delayed repolarization caused
by hERG dysfunction leads to an increased risk of EADs and triggered
activity, which can precipitate ventricular arrhythmias.!*3®!

hERG channel blockers are historically class Ill antiarrhythmic
agents according to the Vaughan Williams classification and class llla
according to the modern Lei classification.[*®]

At the same time, hERG channels are currently considered
the most important anti-target. This is because nonantiarrhythmic
drugs and their metabolites can also interact with the hERG
channel and cause QT interval prolongation, thereby increasing
the risk of ventricular arrhythmia and fibrillation and sometimes
leading to TdP and sudden death.[*3? The FDA now requires all
new drugs to undergo hERG channel testing as part of the drug
approval process to minimize the risk of drug-induced QT
prolongation and TdPp.[*40!

Kv1.5 channels are another important biotarget of the heart.
They are predominantly expressed in the atria of the heart, where
they contribute to the repolarization phase of the AP. These channels
are responsible for the ultra-rapid delayed rectifier potassium current
(Ikur), Which is important for the regulation of atrial excitability and
contractility.**Y) Mutations in the Kv1.5 gene and dysfunction of this
channel have been associated with a variety of cardiac arrhythmias,
including AF and Brugada syndrome.lmz] Several drugs that target
Kv1.5 channels are currently under investigation for the treatment of
this condition.

Kv1.5 channels also play a role in the regulation of arterial
smooth muscle tone. These channels are expressed in vascular
smooth muscle cells and contribute to the repolarization of the
membrane potential, which is important for regulating vascular tone

and blood pressure.[*4?]
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Kv1.1 potassium channel a-subunits are broadly expressed in the
nervous system where they act as critical regulators of neuronal
excitability. Mutations in the KCNA1 gene, which encodes Kv1.1, are
associated with neurological diseases such as episodic ataxia and
epilepsy. Studies in mouse models have shown that Kv1.1 is
important for neural control of the heart and that KCNA1 deletion
leads to cardiac dysfunction that appears to be brain-driven. Recent
studies have revealed that Kv1.1 subunits are not only present in
cardiomyocytes but that they also make an important heart-intrinsic
functional contribution to outward K* currents and AP
repolarization.[*4°!

Kv1.3 channels are highly expressed in platelets and are able to
regulate agonist-evoked increases in intracellular calcium ([CaZ*];)
concentration, which is essential for almost all platelet functions.
Modulation of Ca?* influx and [Ca®*]; in platelets has been emerging
as a possible strategy for preventing and treating platelet-dependent
thrombosis. Specific inhibition of Kv1.3 by a monoclonal antibody has
been shown to suppress platelet functions and platelet-dependent

2+]i

thrombosis through modulating platelet [Ca elevation. These

results indicate that Kv1.3 could act as a promising therapeutic
target for antiplatelet therapies.[144]

Kir channels especially Kir2.1 and Kir2.3 are widely expressed in
various cardiac cells, including atrial and ventricular myocytes,
sinoatrial node cells, and Purkinje fibers. In cardiac myocytes, Kir
channels are responsible for maintaining the resting membrane
potential and modulating APD. These channels predominantly allow
inward potassium current during the diastolic phase of the cardiac
cycle, contributing to phase 3 repolarization. The activation of Kir
channels leads to membrane hyperpolarization, which opposes
depolarizing influences and helps to stabilize the resting membrane
potential. This activity allows for proper electrical signal propagation
and efficient contraction of the heart.[!4%!

Katp channels are contributed in the control of cardiac
contractility, coronary blood flow, and vascular tone. They are widely
expressed in cardiac myocytes, smooth muscle cells, and endothelial
cells within the cardiovascular system. Katp channels are activated by
a decrease in intracellular ATP levels and play a role in cardiac
ischemia. Activation of Katp channels can lead to hyperpolarization of
the cell membrane and a subsequent decrease in Ca?" influx, which
reduces myocardial oxygen consumption and protects against
ischemic injury.[*4¢!

In coronary smooth muscle cells, these channels respond to local
metabolic factors such as hypoxia, low pH, and adenosine. Activation
of Katp channels in response to these factors leads to hyper-
polarization and subsequent relaxation of smooth muscle cells,

resulting in coronary vasodilation.”!

44 | HCN channels

HCN channels especially the HCN4 subtype have a key role in the
regulation of cardiac pacemaking, HR, and autonomic control. These
ion channels are predominantly expressed in the SAN, AVN, and
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certain regions of the conducting system within the heart.*48) HCN
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channels are responsible for the “funny” or “pacemaker” current, also
known as I current. These channels are activated by hyper-
polarization and cyclic nucleotides, such as cAMP. In the SAN, HCN
channels are primarily responsible for the initiation and regulation of
the cardiac rhythm. The gradual depolarization of the SAN cells,
known as pacemaker potential, is generated by a balance between
inward Iz and outward potassium currents. The activation of HCN
channels during the diastolic phase of the cardiac cycle allows the
influx of sodium and potassium ions, contributing to the slow
depolarization and the spontaneous firing of AP in the SAN.14T HCN
channel dysfunction or mutations have been associated with cardiac
arrhythmias, such as sick sinus syndrome and AF, highlighting their

clinical relevance.l*50:1511

4.5 | B-Adrenoreceptors

B-ARs (primarily B1 subtype) mediate cardiovascular function induced by
activation of the sympathetic nervous system upon binding the
catecholamines. These receptors are widely expressed in cardiac
myocytes, smooth muscle cells, and endothelial cells within the
cardiovascular system. Stimulation of [1-adrenergic receptors by
catecholamines activates a signaling cascade that leads to increased
intracellular levels of cCAMP. Elevated cAMP levels subsequently activate
protein kinase A (PKA), which phosphorylates various target proteins,
including ion channels, calcium-handling proteins, and contractile
proteins.!**?

Activation of Pl-adrenergic receptors enhances calcium influx
through L-type calcium channels, leading to increased calcium availability
for myofilament contraction and augmentation of cardiac contractility.
Additionally, B1-adrenergic receptor stimulation promotes the release of
calcium from the SR, further increasing the strength of cardiac
contraction. These effects contribute to the positive inotropic and
chronotropic actions of 1-adrenergic receptor activation. Moreover,
B-ARs are present in smooth muscle cells lining blood vessels. In the
vasculature, the predominant B-AR subtype is B2. Stimulation of 2-
adrenergic receptors leads to relaxation of vascular smooth muscle cells
through a cAMP-PKA-dependent pathway. Activation of B2-adrenergic
receptors results in vasodilation, reducing peripheral vascular resistance
and lowering blood pressure.[*>?

B-ARs inhibitors are employed to reduce HR, blood pressure, and
myocardial oxygen demand in conditions such as hypertension,
angina, and HF. On the other hand, beta-agonists, which stimulate
B-ARs, are utilized to increase cardiac contractility in acute HF

conditions.[*>4

4.6 | a-Adrenoreceptors

a-ARs are catecholamine-activated G protein-coupled receptors. These
receptors, especially the al-subtype, are expressed in mammalian
myocardium and vasculature and play essential roles in the regulation

of cardiovascular physiology. While B1-ARs outnumber al-ARs in the
heart, the activation of cardiac al1-ARs plays a significant role in various
essential biological processes such as hypertrophy, positive inotropy,
ischemic preconditioning, and protection against cell death. Clinical trial
data reveals that nonselectively blockade of al-ARs leads to a twofold
increase in unfavorable cardiac events, including HF and angina,
suggesting that activating al-ARs may also provide cardioprotective
benefits in humans. Growing evidence indicates that the a1A-AR subtype
is involved in these adaptive effects, as demonstrated by the prevention
and reversal of HF in animal models using alA-agonists. On the other
hand, a1-ARs inhibition in vasculature results in the reducing of peripheral
vascular resistance and an overall reduction of blood pressure.[*>>15¢!

47 | Serotonin receptors

The cardiovascular effects of serotonin are diverse and mediated by
several receptor types, including 5-HT.-, 5-HT,-, 5-HT3-, and
possibly 5-HT4-receptors. Serotonin can elicit bradycardia or
tachycardia, hypotension or hypertension, and vasodilation or
vasoconstriction. The specific effects depend on the receptor
subtype activated and the experimental conditions. For example,
selective activation of 5-HT 1 receptors can decrease HR and arterial
blood pressure. Initially, serotonin-induced bradycardia occurs
through a transient decrease in blood pressure, known as the von
Bezold-Jarisch reflex, mediated by 5-HT; receptors located on
sensory vagal nerve endings in the heart. When this reflex is
suppressed, such as during anesthesia or vagotomy, serotonin can
increase HR through various mechanisms in different species
(5-HT4-, 5-HT,-, and 5-HTs-receptors in cats, rats, and pigs,
respectively). In dogs and rabbits, serotonin-induced tachycardia is
mainly due to catecholamine release, involving 5-HT,-receptors on
the adrenal medulla and 5-HT-receptors on postganglionic cardiac
sympathetic nerve fibers. Recently, 5-HT3-receptors have also been
implicated in serotonin-induced tachycardia in conscious dogs. Thus,
5-HT-receptors are also a target for cardiovascular pathologies such

as hypertension, peripheral vascular diseases, and HF.[*>7)

4.8 | Muscarinic receptors

Several subtypes of muscarinic receptors are expressed in various
cardiovascular tissues, including the heart and blood vessels where
they mediate the effects of acetylcholine on cardiac function. In the
heart, M,-receptors play a dominant role. Activation of M,-receptors
in cardiac myocytes leads to the inhibition of adenylyl cyclase and a
subsequent decrease in cAMP levels. This results in a reduction in
HR, cardiac contractility, and conduction velocity. M,-receptors also
mediate the negative chronotropic effect of acetylcholine, contribut-
ing to the parasympathetic control of HR and electrical conduction.

In vascular smooth muscle cells, M-receptors are involved in the
regulation of vascular tone. Activation of Mgs-receptors leads to the
production of inositol trisphosphate and diacylglycerol, which promote
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the release of intracellular calcium ions and subsequent vasoconstriction.
Mas-receptors also play a role in endothelium-dependent vasodilation
through the release of nitric oxide and prostacyclin. The activation of M5-
receptors in endothelial cells leads to the activation of eNOS and the
production of nitric oxide, which diffuses to vascular smooth muscle cells,
causing relaxation and vasodilation.*>®!

Recent studies have further highlighted the clinical relevance of
M-receptors in CVD. For example, the development of selective Ms-
receptor antagonists has been explored as a potential therapeutic
approach for the treatment of hypertension and other cardiovascular
disorders.[*>? Additionally, the role of M,-receptors in modulating
cardiac remodeling and hypertrophy has been investigated, suggest-

ing their involvement in the pathogenesis of HF.[16"!

49 | Dopamine receptors

There are four subtypes of dopamine receptors (D4-, D»-, D4-, and
Ds- receptors), which are expressed in various cardiovascular tissues.
Dopamine appears to stimulate these receptors in the SAN, atrium,
and ventricle of the human heart.

D-receptors contribute to the regulation of systemic blood pressure
through their actions on peripheral blood vessels. Stimulation of D;- and
Ds-receptors in vascular smooth muscle cells promotes vasodilation,
reducing vascular resistance and lowering blood pressure. Mice with a
global knock-out of the D,- and Dy-receptors developed hypertension,
and this led to cardiac hypertrophy.

Simulated ischemia and reperfusion led isolated neonatal rat
cardiomyocytes to an increased expression of D4-receptors, but also
a heightened expression of D,-receptors, which led to impaired
mitochondrial function. Even nowadays, dopamine is used in the
clinic to raise blood pressure, for instance, in patients with sepsis.
There are data in patients that noted after intravenous infusion a
direct positive inotropic effect of fenoldopam (a D4-receptor agonist)
or propylbutyldopamine (a D,-receptor agonist), suggesting that the
D,-receptors and the D,-receptors in the human heart can directly or

indirectly increase the force of heart contraction.[*¢!!

410 | Histamine receptors

In the heart, two types of histamine receptors are present: H,- and
H,-receptors. H,-receptors cause an increase in HR and contractility
as well as coronary vasodilatation, whereas Hi-receptors mediate
chronotropic effects and coronary vasoconstriction.

Histamine and its receptors profoundly impact the pathophysiology
of the heart, resulting in hypertension-induced cardiac hypertrophy and
other cardiac anomalies. Histamine possesses arrhythmogenic effects and
once locally released, may enhance automaticity and induce triggering
activity resulting in severe tachyarrhythmias. The major arrhythmogenic
effects of histamine consist in increasing sinus rate and ventricular

automaticity, and in slowing atrioventricular conduction. In addition,
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histamine may interfere with depolarization and repolarization through its
effects on calcium and potassium currents.

Preclinical and clinical studies using histamine receptor antago-
nists report improvement in cardiac function. For example, the
administration of the H,-receptor antagonist famotidine reduced the
incidence of HF in humans. Similar results were observed in a clinical
study where the incidence of cardiac remodeling in HF patients

decreased with famotidine treatment.[*62165]

411 | Sigma-1 (o1) receptor

The ol receptor is a ligand-operated chaperone protein that
modulates signal transduction during cellular stress processes. While
these receptors have been extensively studied in the CNS, they have
been found to be present in multiple tissues, including the
cardiovascular system. Moreover, the ol-reveptor protein levels
are higher in heart tissue than brain tissue in rats.

ol-Receptors engage in interactions with different ligands and
proteins, resulting in specific cellular responses among which are
increasing of [Ca?*];, modulation of ion channels activity, and
neurotransmitter systems. This characteristic makes them a promis-
ing target for pharmacological modulation. Additionally, ligands that
bind to ol-receptors activate signaling pathways that promote
cardioprotective effects, alleviate damage caused by ischemic injury,
and influence the activation of myofibroblasts and the development
of fibrosis. In preclinical models, the ligands of ol-receptors have
demonstrated considerable advantages, including enhanced cardiac
function, diminished ventricular remodeling and hypertrophy, as well

as reduced ischemic damage.[*6416%]

5 | THE MOST WELL-STUDIED
MULTITARGET DRUGS WITH LINKED
BIAROMATIC STRUCTURE

5.1 | Carvedilol

Carvedilol was opened by Boehringer Mannheim GmbH in 1985 in the
process of creating carbazole-containing biaromatic compounds with
B-antagonistic activity. The drug showed the best combination of
vasodilating and [-antagonistic activity during the initial screening
tests.1¢! Later carvedilol became one of the representatives of the

“B-blockers” group.

Carvedilol
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Carvedilol was approved for use in patients with HF in the United
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States in May 1997, as it was found to be effective in reducing all-
cause mortality, hospitalizations, sudden death, and death due to
progressive HF. Moreover, carvedilol had beneficial effects on the
remodeling process of the heart, such as a decrease in left ventricular
(LV) size and improvement in ejection fraction, as well as antioxidant
and antiproliferative actions.¢”!

The carvedilol molecule contains carbazole and o-methoxyphenyl
aromatic nuclei connected by a linear linker 9 bonds long. This linker
has the 1,2-dihydroxy-3-aminopropane pharmacophore characteris-
tic of B-blockers and an additional oxygen atom. Thus, the structure
of carvedilol predetermines its multitargeting against the targets of
compounds that have a biaromatic nature. It should be noted that
carvedilol is used as a mixture of enantiomers that additionally affects
the increase in the spectrum of its biotargets since in some cases
individual enantiomers have different affinity values.[*¢8]

A study of the pharmacokinetic characteristics of carvedilol
showed that it is absorbed rapidly, with C,.x reaching 1-2h
postdose. The Cax Vvalues are linearly related to the dose, and in
different studies of the doses from 12.5 to 50 mg carvedilol the C,,.x
values were in the range of 21-262 mg/L (i.e., from 52 to 644 nM).
Carvedilol undergoes extensive first-pass liver metabolism that
results in an absolute bioavailability of about 25%. The (S)-(-)-
enantiomer appears to be metabolized more rapidly than the (R)-(+)-
enantiomer and has an absolute bioavailability of 15% compared with
the absolute bioavailability of 31% for the (R)-(+)-enantiomer.
Because it is highly lipophilic, carvedilol distributes extensively
throughout the body and has a volume of distribution between 1.5
and 2 L/kg. The drug is highly protein bound (95%), with the (R)-(+)-
enantiomer being more tightly bound than the (S)-(-)-enantiomer.
Thus, the resultant exposure of the tissues to the B-antagonistic and
a-antagonistic effects of carvedilol as well as to the other
mechanisms is a complex interaction depending on the proportions
of drug present in the mixture, the rate of liver metabolism and the
degree of protein binding. Due to its basic nature and lipophilicity,
carvedilol accumulates in milk (in animals) to an extent similar to that

of other B-blockers.[*¢”]

5.1.1 | Carvedilol calcium channels blocking

Carvedilol blocks L-type calcium current (Ic,1) current with ICso=
3.59 uM measured using whole cell patch clamp in rabbit VM.79 Liu
et al. demonstrated that carvedilol has a protective effect on the
abnormality of I, induced by oxygen-free radicals in cardiomyo-
cytes. Carvedilol at a concentration of 0.5 uM was able to counteract
the inhibitory effect of H,O, on Ic, ., and to reverse the changes in its
dynamics caused by H,0,. This suggests that carvedilol could
ameliorate the disruption of the Ic,, due to oxygen free radicals in
cardiomyocytes, thus partly explaining its efficacy in CHF.*74

The effects of carvedilol on [Ca®*]; mobilization and Icay in rat
vascular smooth muscle cells were investigated by Nakajima et al. and

compared to those of metoprolol. Carvedilol did not inhibit the Ca?*

release but significantly suppressed the sustained rise due to Ca®*
entry concentration-dependently. Under voltage clamp conditions,
carvedilol (0.2-10 uM) reversibly and concentration-dependently
inhibited the Ic,; without altering the current-voltage relationships
of the current. Carvedilol shifted the steady-state inactivation of I,
to more negative potentials and inhibited I, in a voltage-dependent
way. Moreover, carvedilol didn't impede Ca®* release from store sites
induced by thapsigargin but did limit the sustained rise due to
capacitive Ca®* entry unrelated to Icar. Metoprolol, on the other
hand, did not show the same effects as carvedilol did. These results
suggest that carvedilol inhibits Ic,., as well as the channels for
agonist (vasopressin and endothelin-1)-induced Ca®* entry in vascular
smooth muscle cells, which may explain its vasorelaxing and
antiproliferative effects.[t72

Deng et al. investigated the impacts of carvedilol on T-type
calcium current (Ic, 1) in the murine HL-1 cell line. Results suggested
that carvedilol reversibly inhibited Ic, in a concentration-dependent
way, with an 1Csg of 2.1 uM. When 3 uM carvedilol was applied, the
peak Ic,t amplitude at —~20 mV decreased. Additionally, the steady-
state inactivation curve of Ic,t shifted towards more negative
potentials by 12.8 mV and the recovery from inactivation of Ic, t was
delayed. Stimuli frequency enhancement increased carvedilol-
induced inhibition rate in Ic,t and the amplitude of Ic,t still
decreased significantly even in the presence of H-89, a PKA inhibitor.
Moreover, carvedilol significantly inhibited the amplitude of the
calcium transient in a concentration-dependent way. These outcomes
demonstrate that carvedilol suppresses Ic, 1 in atrial cells through a
mechanism that entails preferential interaction with the inactivated
state of T-type Ca?* channels.['”®]

The mechanism of fatal ventricular arrhythmias involves, in part,
an overload of Ca?* in the SR, which results in spontaneous Ca?*
efflux through the RyR2 Ca2*-release channel. In turn, this SOICR
through a defective RyR2 triggers DADs, which have been implicated
in catecholaminergic polymorphic VT as well as in ventricular
tachyarrhythmias and sudden death.

Carvedilol suppresses SOICR independently of its a- and
B-antagonistic activity and its antioxidant properties, and it is instead
principally because of its ability to stabilize Ca®* handling via the
RyR2. This drug inhibited SOICR in the RyR2-R4496C mutant human
embryonic kidney 293 cells (HEK293) cell line with ICsq of
15.9 uMm. 1274

There are suggestions in the literature that the unique anti-
SOICR activity of carvedilol, combined with its B-antagonistic
activity, probably contributes to its favorable antiarrhythmic
effect. Zhou et al. showed that carvedilol suppresses SOICR by
directly altering the function of single native RyR2 from SR
microsomes fused into lipid bilayers and single purified recombi-
nant RyR2. Carvedilol at 1 uM significantly reduced RyR2 mean
open time and open probability and increased the event frequency.
It was also demonstrated that carvedilol at clinically relevant
concentrations (0.3-1 uM) suppresses SOICR in cardiomyocytes
from mice harboring the SOICR-promoting, CPVT-causing RyR2
mutation, R4496C.[8°]
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5.1.2 | Carvedilol sodium channels blocking

Bankston and Kass while studying molecular determinants of local
anesthetic action of different B-blockers analyzed carvedilol blocking
activity against peak and late current through Nav1.5 channels.

The authors showed that carvedilol Nav1.5 channel blocking was
51% at 40 uM and 8% at 4 uM. Since In,, is critical to the pathology
of LQT3 syndrome due to mutation of the SCN5A gene as well as
potentially important to other disease pathogenesis, such as
ischemia-reperfusion injury and HF, the blocking of Iy, by carvedilol
was also examined. Carvedilol blocked 65% of mutation-induced Ina .
at 4puM. Though this concentration is in excess of the likely
therapeutic dose of the drug (blood plasma concentrations for
carvedilol are around 50-200nM) the findings provide additional
biophysical evidence that carvedilol is able to block disease causing
INa‘L_[175]

Deng et al. published similar data for carvedilol blocking activity
against sodium channel current in isolated VM of rats. Carvedilol
decreased the sodium channel current in a dose-dependent and
voltage-dependent manner with 1Cs0=6.35uM. Carvedilol also
blocked the effect of 10 uM isoproterenol which increased sodium

current (Ina).17¢!

5.1.3 | Carvedilol potassium channels blocking

Carvedilol has been found to have a potently blocking effect on Iy, in
rabbit VM, with an ICsq value of 0.35uM. This drug also demon-
strates a class Il antiarrhythmic effect, suppressing hERG channels at
therapeutic concentrations, thereby showcasing its antiarrhythmic
effectiveness.®® Inhibition of hERG current by carvedilol was
partially but significantly attenuated in Y652A and F656C mutant
hERG channels.[*””!

Yang et al. used the whole-cell configuration of the patch-clamp
technique to observe the effects of carvedilol on Kv1.3 channels that
were heterologously expressed in HEK293 cells. The results showed
that the drug had a concentration-dependent blocking effect, with an
IC5o value of 9.7 uM. Furthermore, carvedilol slowed down the
deactivation tail current of Kv1.3 currents, resulting in a tail crossover
phenomenon. Additionally, the inactivation curve of the Kv1.3
channels was shifted by 20 mV in a hyperpolarizing direction, while
the activation curve was not affected. Through mutagenesis
experiments, G427 and H451, two related tetraethylammonium
block sites, were identified as important residues for the blocking
effect of carvedilol. Therefore, the authors postulated that carvedilol
acts directly on Kv1.3 currents by inducing closed- and open-channel
blocks.[178]

Exposure to carvedilol in human atrial myocytes causes a
considerable block of Ik, at a concentration equivalent to therapeu-
tic plasma levels, with an ICso value of 0.39 uM. This drug also
demonstrates a blocking effect on cloned cardiac Kv1.5 channels
expressed in Chinese hamster ovary (CHO) cells, however at a slightly
higher concentration (ICso of 2.56 uM).2>17%1 Other B-AR blockers
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(alprenolol, oxprenolol, and carteolol) had little or no effect on Kv1.5
currents. Carvedilol Kv1.5-blocking was dependent on the concen-
tration, voltage, time, and usage but only at concentrations slightly
higher than human therapeutic plasma concentrations. These
properties may explain the antiarrhythmic property of carvedilol.

The delayed rectifier K* current (lx), which is mainly conducted
through Kv2.1 channels highly expressed in the hippocampal
neurons, is notably suppressed when carvedilol is applied, with an
ICs0 value of 1.3 uM. When the same drug is tested on HEK293 cells
with heterologously expressed Kv2.1 channels, it is found to be
strongly inhibited with an ICsg value of 5.1 uM. Residues Y380 and
K356 located in the outer vestibule of the channel are what give the
drug its affinity.®%

Zhang et al. studied carvedilol for inhibiting the hKv4.3 channel
stably expressed in HEK293 cells as well as in ventricular epicardial
myocytes of rabbit hearts using a whole-cell patch technique
compared to quinidine. Quinidine is an important drug to treat
Brugada syndrome by inhibition of transient outward potassium
current (ly,) as the major mechanism but it is inaccessible in many
countries.

Carvedilol blocked the hKv4.3 current in a concentration-
dependent manner, with an I1Cso of 1.2 uM—this was lower than
the ICsq of quinidine, which was 2.9 uM. Both substances had similar
properties when it came to open channel blocking, such as reducing
the time to peak activation and increasing inactivation of the hKv4.3,
shifting the half-activation voltage of activation and inactivation
negatively, and slowing down recovery from inactivation. Carvedilol
had a weaker inhibition effect than quinidine on hKv4.3 peak current,
however, its effect on charge area reduction was greater at all
frequencies (0.2-3.3 Hz). Furthermore, carvedilol had a greater effect
on AP notch than quinidine. Therefore, the authors of the study
proposed that carvedilol could be an alternative medication for
preventing malignant ventricular arrhythmias in patients with
Brugada syndrome in countries where quinidine is not available.[18%]

Carvedilol has been proposed to block Katp channels by binding
to the bundle crossing region at a domain including C166, thereby
plugging the pore region.[*®Y Carvedilol has been revealed to have no
effect on Kir2.1 channels as they lack the C166. Ferrer et al. found
that carvedilol had a significantly greater inhibitory effect on Kir2.3
than on Kir2.1, with an ICsg of 0.49 uM for Kir2.3 compared to an
ICso of more than 50uM for Kir2.1. Their research further
demonstrated that the inhibition of Kir2.3 channels by carvedilol
was both concentration-dependent and voltage-independent.
Furthermore, they noticed that mutation of 1213L in Kir2.3 caused
a more than twentyfold decrease in the inhibitory effect of carvedilol,
with an ICso of 11.1 uM. Finally, when exogenous phospholipid
phosphatidylinositol 4,5-bisphosphate (PIP2) was present, the inhibi-
tion of Kir2.3 channels by carvedilol was reduced by 80%, suggesting
that carvedilol, like other cationic amphiphilic drugs, inhibits Kir2.3
channels by disrupting the PIP2-channel interaction.8?

Staudacher et al. demonstrated that carvedilol inhibits two-pore
domain K* channel (TASK-1, K2P3.1) currents in a concentration-
dependent manner in both Xenopus oocytes (ICso=3.8uM) and
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mammalian CHO cells (ICsq = 0.83 uM). Furthermore, the sensitivity
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of native lxopsq to carvedilol was observed in human pulmonary
artery smooth muscle cells. The channels were inhibited in both open
and closed states, in a frequency-dependent manner, leading to a
7.7 mV depolarization of the resting membrane potential. Addition-
ally, the current-voltage relationship was shifted by -6.9 mV towards
hyperpolarized potentials, with the open rectification of K2P currents
being unaffected. The authors suggested that the blockade of cardiac
human K2P3.1 current by carvedilol may suppress electrical
automaticity, extend atrial refractoriness, and contribute to the class
Il antiarrhythmic action of the drug when used by patients.[*8%]

In a study conducted by Cha et al, the effects of the drug
carvedilol on acetylcholine-activated potassium current (lxach) in
mouse atrial cardiomyocytes were examined. The results indicated
that carvedilol inhibited Ixach in a dose-dependent manner when
concentrations ranged from 0.1 to 5 uM. The ICsq was 1.03 uM for
the peak and 1.04 uM for the quasi-steady-state. Furthermore, the
drug was seen to suppress the shortening of the APD induced by
acetylcholine. This evidence suggests that carvedilol may be a useful

antiarrhythmic agent specifically for AF.[184]

5.1.4 | Carvedilol HCN-channels blocking

Cao et al. investigated the effect of carvedilol on HCN channels
assuming that these targets, which play a critical role in spontaneous
rhythmic activity in the heart, may be the reason for the favorable
effect of this drug compared with other B-blockers in patients with
CHF. Using whole-cell patch-clamp recordings the effect of carvedilol
on currents from wild-type (WT) and mutant HCN1, HCN2, and
HCN4 channels expressed in CHO cells was studied. Carvedilol
blocked HCN4 in a concentration-dependent manner with an ECsq of
4.4 uM. It also blocked HCN1 and HCN2 channels with ECsq of 7.9
and 7.6 UM, respectively. The HCN-blocking effects of the drug were
determined by decelerating the rate of channel activation, increasing
that of deactivation, and by strongly left-shifting the voltage

dependence of hyperpolarization activation.[*8°!

5.1.5 | Carvedilol a-adrenoreceptors inhibition

al-ARs antagonistic properties are one of the main additional
carvedilol activities. Its action on al-ARs relaxes the smooth muscle
in the vasculature, leading to reduced peripheral vascular resistance
and an overall reduction in blood pressure.“”’lgé] According to
Morgan, carvedilol has a similar al-AR antagonistic activity for both
enantiomers (Kgy 16 and 14nM for the (S)-(-)- and (R)-(+)-
enantiomers, respectively). Monopoli and Bristow showed compara-
ble data for carvedilol al-affinity in human LV tissue: 2.3 and 9.4 nM,
respectively.?”!

Koshimizu et al. conducted a thorough examination of the
affinity of carvedilol to different al-AR subtypes. Through the use of
HEK293 cells expressing an individual AR subtype, they found that

alD-AR and a1B-AR had a higher affinity for carvedilol than B1-AR,
which is a major target in treating HF. The affinity rank order and pK;
values of ARs for carvedilol were as follows: alD-AR (8.9) > a1B-AR
(8.6) > B1-AR (8.4) > B2-AR (8.0) > a1A-AR (7.9) > a2C-AR (5.9) > a2B-
AR (5.5) > a2A-AR (5.3). Through the use of human smooth muscle
and HEK293 cells, it was found that calcium signaling mediated by
alD- and alB-ARs had oscillatory patterns with frequencies ranging
from 0.3-3 per minute, which could be inhibited by therapeutic
concentrations of carvedilol (10 nM). When al1B-AR and alA-AR
were co-expressed and heteromer receptors were detected, carve-
dilol only suppressed the oscillatory component of global cytosolic
free calcium change. These results suggest that, in addition to B-ARs,
carvedilol also has an effect on al-ARs, particularly alD- and al1B-
AR-mediated signaling events, such as [Ca?*]; oscillations in vascular

smooth muscle.[87]

5.1.6 | Carvedilol B-adrenoreceptors inhibition

B-Antagonistic activity is the main mechanism of carvedilol action.
The generally accepted and established name for the pharmaceutical
group of carvedilol is “nonselective B-blocker.” Indeed, the molecule
of this drug contains a 2,3-dihydroxypropylamine fragment charac-
teristic of all B-blockers.

Yoshikawa et al. give the following binding characteristics of
carvedilol against B1- and B2-ARs. In the presence of guanine
nucleotides (Gpp(NH)p) a comparison of the binding properties of
carvedilol in multiple human systems indicates that the racemic
compound does possess some relative 1 receptor selectivity. The
degree of selectivity varies from 11-fold using membranes from
nonfailing ventricles, containing >80% B1 receptors (K4(B1) = 4.5 nM;
K4(B2) =49 nM) compared to lymphocyte membranes containing
100% B2-receptors, to two-fold using recombinant human systems
(K4(B1) = 1.2 nM; K4(B2) = 2.3 nM).

Sponer and Bristow published similar affinity parameters for
carvedilol. In guinea pig heart and trachea tissues, carvedilol showed
the following properties: K4(B1)=5.6nM; Ky4(B2)=37.1nM; and in
human LV tissue Kg(B1)=4.0nM; K4(B2)=29.1nM.27! |n [3H]
CGP12177 binding assay Groszek et al. determined the subnanomo-
lar inhibition constant of carvedilol against B1-AR (K;=0.81 nM).[88l
Gaiser et al. determined pK4(B2)=9.71 (i.e., Ky of 0.2nM) for
carvedilol using [*H]dihydroalprenolol assay and membranes of
HEK293 cell lines.[*®) It is believed that the B-antagonistic properties
in combination with the a-antagonistic properties play a decisive role
in the cardioprotective effect of carvedilol, although it is clear that a
huge number of other biological targets of this drug have a certain

contribution to its overall physiological effect.!*¢®!

5.1.7 | Carvedilol serotonin receptors binding

Gaillard et al. found that carvedilol has a high binding affinity against
the 5-HT 14 receptor with K; of 3.16 nM.[*79! By in vitro experiments,
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Murnane et al. demonstrated that carvedilol has a high nanomolar
affinity for 5-HT,A receptors. This drug dose-dependently displaced
[®H]ketanserin from the 5-HT,4 receptor with a K; of 546.5 nM.
Experimental studies conducted in mice revealed that the
administration of carvedilol led to increasing the ethanol-induced
loss of the righting reflex and suppresses operant responding. These
effects could be prevented by pretreatment with M100907, a
selective antagonist of the 5-HT,a receptor. Interestingly, carvedilol
did not induce the head-twitch response in mice, indicating a lack of
psychedelic activity. However, carvedilol was not found to activate
the canonical 5-HT,a receptor signaling pathways and instead
inhibited serotonin-mediated signaling. Additionally, carvedilol
reduced the head-twitch response evoked by 2,5-dimethoxy-4-
iodoamphetamine, suggesting its potential antagonism, allosteric

modulation, or functional bias in vivo.[191

5.1.8 | Carvedilol M, interaction

Xu et al. offered to explain the preference of carvedilol over selective
B1-blockers in the improved prognosis of HF by its direct actions on
the sympathetic nervous system. The researchers investigated the
changes of the M,-receptors and cholinesterase-positive nerves in
different regions of the hearts of rats with induced HF due to
adriamycin. They also looked at the effects that carvedilol had on
these M, receptors and cholinesterase-positive nerves. It was
observed that the concentration of cholinesterase-positive nerve
cells was reduced in the adriamycin-induced failing heart group, while
the density of M, receptors increased in the groups receiving 3- and
10-mg/kg doses of carvedilol, especially in the endocardial tissue of
the LV free wall. The authors concluded that the upregulation of M,
receptors could be one of the ways in which carvedilol may be

effective in treating HF.[192]

5.1.9 | Carvedilol NMDA inhibition

Lysko et al. proposed that the antioxidant capabilities of carvedilol
could be the reason for its protective action against brain ischemia,
however, this did not appear to be the case for glutamate-induced
excitotoxicity in cultured cerebellar granule cells as this neurotoxicity
was not linked to the formation of lipid peroxidative products.
Instead, it was observed that carvedilol reduced the N-methyl-D-
aspartate (NMDA)/glycine-induced increase in [CaZ*];, with an ICsg of
0.8 uM. When 5puM dihydropyridines were added before the
NMDA/glycine-stimulated response, it significantly decreased to
64% of untreated, whereas prior inclusion of 5uM carvedilol
inhibited the increase in [Ca%*], by 85%. Additionally, carvedilol
displaced labeled NMDA receptor antagonist [?H]MK-801 binding to
rat brain cortical membranes with Ky of 29.4 uM and no selectively
for the glycine or glutamate binding sites. These results indicate that
carvedilol has a neuroprotective effect as both a calcium channel

blocker and a noncompetitive inhibitor at the NMDA receptor.*?°!
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5.1.10 | Carvedilol NADH inhibition

Oliveira et al. conducted research to investigate the effects of
carvedilol on an exogenous reduced nicotinamide adenine
dinucleotide (NADH) dehydrogenase in rat heart mitochondria. They
discovered that carvedilol did not affect oxygen consumption
associated with the oxidation of succinate and internal NADH.
Furthermore, they discovered that inhibition of the external NADH
dehydrogenase by carvedilol was accompanied by the inhibition of
alkalinization of the external medium. Additionally, they observed
that whereas the addition of glutamate/malate or succinate gener-
ates a membrane potential in rat heart mitochondria, exogenous
NADH does not. Moreover, they ruled out that oxygen consumption
linked to NADH oxidation was due to permeabilized mitochondria,
but instead was a result of oxidase activity in the inner membrane.
The enzyme had a Ky for NADH of 13puM and carvedilol is a
noncompetitive inhibitor of this external NADH dehydrogenase with
K; of 15 uM. Carvedilol is noteworthy as it was the first inhibitor
described for this organospecific enzyme. The authors hypothesized
that the administration of carvedilol to tumor patients treated with
adriamycin, an anthracycline from the family of anticancer drugs, may

be beneficial in reducing cardioselective toxicity.[194]

5.1.11 | Carvedilol additional targets

Using rat proteins, Pauwels et al. showed the affinity of carvedilol for
a variety of other targets including H, receptor (K;=3034 nM), D,
receptor (K; =213 nM), u-opioid receptor (K;=2700 nM), veratridine
site of Nav1.5 (IC50 = 1260 nM), SERT (K; = 528 nM), norepinephrine
transporter (K;=2406nM), and dopamine transporter (K;=627
nM).2?! In Vela's review is presented the binding affinity of

carvedilol against o1 receptor (ICsp = 1.57 uM).l*%¢!

5.1.12 | Conclusion on carvedilol multitargeting

The multitarget profile of carvedilol is well-known and often noticed
in the literature.®>172 However, a detailed review of the literature
regarding the full spectrum of carvedilol targets has not been
performed.

Figure 2 shows a diagram with the spectrum of biological targets
of carvedilol. Here and below, such diagrams show the maximum
values of the drug affinities against the targets in the case of differing
literature data. The affinity values are conventionally presented as
pK;* although this designation may mean one of the following
parameters: pK;, pKg, or p(ICsp)). As noted above, we conditionally
accept that all these parameters can be compared because they are
similar. The dotted lines indicate the values of the maximum drug
concentrations in the blood plasma of patients (Cpax), determined in
clinical studies. The red dotted line corresponds to the maximum
described value of C.., and the green one corresponds to the
minimum. These dotted lines allow in some ways to cut off the more
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FIGURE 2 The diagram of carvedilol targets. The affinity values
are presented as pK;* which means one of the following parameters:
pKi, pKq or p(ICsp). For each target was taken the highest value of the
affinity when there were several values in the literature. The red and
green dotted lines indicate the maximal and minimal values of the
peak plasma carvedilol concentrations in the clinical trials (pCpax),
respectively.

significant pharmacological targets of the drug from the less
significant ones. However, one should not forget the fact noted
above that local high levels of drugs can reach in vivo significantly
higher values than affinity values determined in vitro due, for
example, to the high lipophilicity of the compounds.

The most pharmacologically significant targets of carvedilol
which significantly exceed its plasma concentrations (pCpax =
6.2-7.3) are B1-, B2-, B3-ARs, and several subtypes of al-ARs
(PKi[B1] = 9.6; pKilB2] = 9.6; pKi[B3) = 8.51; pKi[alA] = 7.9; pKi[alB] =
8.6; pKila1D] = 8.9). These targets are believed to determine the main
spectrum of the biological activity of the drug: inhibition of B-ARs
provides a decrease in blood pressure, cardiac output, and a decrease
in HR, while inhibition of a-ARs causes peripheral vasodilation,
thereby reducing systemic vascular resistance.

It is interesting to note that carvedilol also has a high affinity for
5-HT 4 receptors (pK; = 8.5), corresponding to adrenoceptor affinity,
however, the involvement of this target in the biological effect of the
drug has not been studied.

Of undoubted pharmacological significance are those biotargets
of carvedilol, for which its affinity is at the level of concentrations
corresponding to the plasma concentrations of the drug. Among
them are a number of potassium channels: hERG (pK; = 6.3); Kv1.5
(pKi=5.6); Kv2.1 (pKi=5.6); Kv4.3 (pK;=5.9); Kir2.3 (plCso=6.3);
TASK-1 (pK; = 6.1); Ikach (pK; = 6.0). As noted above in the works of
various authors, there is a high probability that the antiarrhythmic
properties of carvedilol are due to the affinity to potassium channels.

Plasma concentrations of the drug also correspond to the
carvedilol affinity for 5-HT,-receptors (pKi[5-HT,al=6.3; pK;[5-
HTog]=6.7). The drug has a similar affinity for D,-receptors

(pKi[D2] = 6.7),

(pPKi[H4] = 5.5). There are no studies in the literature on the analysis

ol-receptors (pK;[c1]=5.8) and Hs-receptors

of the participation of these biotargets in the cardioprotective
properties of carvedilol. It can be assumed that the listed targets,
including the previously mentioned 5-HTi5 receptor, may be
involved in the presence of a positive neuropsychotropic effect of
carvedilol, which favorably affects the therapy of CVD. Carvedilol is
known to have antidepressant effects comparable to those observed
for desvenlafaxine, which is a serotonin and norepinephrine reuptake
inhibitor.[*?”!

The affinity of carvedilol for calcium channels is slightly less than
its clinically effective plasma concentrations (plCso(Cav1.2)=5.4;
plCso(Cav3.1) = 5.7). However, as noted above, it has been suggested
that calcium channel blockade by carvedilol is involved in its
vasorelaxant and antiproliferative effects, and also contributes to
the mechanism of treatment of CHF.

Carvedilol has similar inhibition constants for the sodium channel
(pICs0(Nav1.5) = 5.2), potassium channel 1.3-subtype (plCso(Kv1.3) =
5.0, HCN channels (plCso(HCN1)=5.1; plCso(HCN2)=5.1,
plCs0(HCN4) = 5.4). The literature suggests that these targets are
involved in the cardioprotective properties of carvedilol, which has a
favorable effect compared with other B-blockers in patients
with CHF.

A few more biotargets identified for carvedilol have values that
are more than an order of magnitude lower than the minimum plasma
concentrations of the drug in the human blood however, even in
relation to them, there are suggestions about their involvement in the
positive clinical effects of this drug. Among them are the NMDA
receptor (pKq=4.5), NADH dehydrogenase (pK;=4.8), and RyR2
receptor (plCso =4.8).

5.2 | Ivabradine

OCH,
\
N OCH,

H4CO N

0 lvabradine

Ivabradine was discovered by Servier (France) in 1992 within a
program to search for compounds with bradycardic activity in a series
of zatebradine derivatives. The bradycardic effect of ivabradine was
described as effective as zatebradine, but it was more specific as it
induced a smaller increase in APD.1*?®! The bradycardic action of
ivabradine was not associated with any signs of negative ionotropic
action.”?72% |yabradine is most often referred to in the literature as
a “selective blocker of HCN channels,” although, as will be seen
below, this compound also has a fairly wide range of other targets.

In 2005, the European Medicines Agency (EMA) gave its
approval for the use of ivabradine in the treatment of chronic stable
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angina pectoris. In 2015, the US Food and Drug Administration
followed suit, authorizing the drug's use in the management of stable
CHF.2°Y The European Society of Cardiology guidelines in 2016 also
recommended ivabradine in HF patients in sinus rhythm with an LV
ejection fraction <35%, HR 270, and persisting symptoms.!?°?! There
is a discussion in the literature about the ratio of antiarrhythmic and
proarrhythmic properties of ivabradine in the context of the
spectrum of its biological targets.l>®!

The structure of ivabradine contains two identical aromatic 3,4-
dimethoxyphenyl pharmacophores, each of which is conjugated with
saturated cycles: cyclobutane and azepinone. Together with these
saturated cycles, the length of the linker that binds aromatic
pharmacophores is 10 bonds. There is also a tertiary methyl-
substituted nitrogen atom in the central part of the linker. The
ivabradine molecule has an optically active center, the drug is a pure
(S)-enantiomer.

After oral administrations, ivabradine is absorbed quickly, with a
time of peak plasma concentration (Tax) Of around 0.5-2 h, which is
very similar across doses and dosing regimens. The absolute
bioavailability of ivabradine is on average 40%, which reflects a
sizeable first-pass effect. lvabradine shows a mean protein binding of
70%. lvabradine has been studied over a wide dose range in healthy
subjects in single (0.5-40 mg) and multiple (8-32 mg twice a day)
ascending oral dose studies. Ivabradine's area under the pharmaco-
kinetic curve (AUC) and C,.x were dose-linear up to 24 mg. After
single and repeated doses of 5-20 mg C,.x Values were in the range
of 8.7-64.1 ug/L (i.e., from 19 to 136 nM).

Studies have shown that around 4.2% to 7.0% of the ivabradine
dose was not changed and excreted in the urine, and there was no
pattern detected. The calculated renal clearance range was between
84 and 136 mL/min, which implies that glomerular filtration was the

main way of eliminating the drug through the kidneys.[203-20%!

5.2.1 | Ivabradine calcium channels blocking

Bois et al. found that ivabradine inhibits Ic, . by about 20% at 10 uM
and had no detectable effect on Ic, 1 at the same concentration.2°¢!
Nevertheless, “FDA Pharmacological Review for Ivabradine” pre-
sented its significantly smaller affinity against L-type Ca?* channels.
The K; value of ivabradine for the phenyl-alkyl-amine binding site of
the L-type Ca?* channels was 0.9 uM ([®H]D888 assay), while there
was no affinity for the dihydropyridine site of the same channels
(K;>100 uM in [®H]PN200-110 assay). These data are in good

agreement with the verapamil-like structure of ivabradine.l?%”!

5.2.2 | Ivabradine potassium channels blocking

Though ivabradine has generally been considered to exhibit a good
overall safety profile without significant effect on HR corrected QT
interval, the meta-analysis of 11 clinical trials has concluded that
ivabradine treatment is associated with a 15% increase in relative risk
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of AF, and it was added to the list of “drugs with a conditional risk” of
TdP in the “CredibleMeds” database of QT interval-prolonging
drugs.?°®! Melagari et al. hypothesized that these properties can be
related to ivabradine's hERG affinity. Indeed they found that
ivabradine inhibits hERG channels with similar potency to that
reported for native HCN channels (IC50(hERG) = 2.07-3.31 uM). The
drug prolonged ventricular repolarization and produced a steepening
of the curve showing the restitution of the monophasic APD at 90%
repolarisation in guinea pig Langendorff-perfused hearts.[2%%)

Independently Lees-Miller et al. showed the same results:
ivabradine prolonged AP at neonatal mouse VM and blocked the
hERG current over a range of concentrations overlapping with those
required to block HCN4 (IC50(hERG) = 6.8 uM). The drug produced a
tonic, rather than a use-dependent block. The mutation Y652A
significantly suppressed the pharmacologic block of hERG by
ivabradine. Disruption of C-type inactivation also suppressed the
block of hERG by ivabradine.®”) Later similar affinity values were
shown by Haechl et al. for human hERG channels in tsA-201 cells
(IC5o(hERG) = 11 uM).[210]

Ivabradine is proposed as a potential antiarrhythmic medication
due to its dual inhibitory influence on It and Ik, currents, which leads
to a rise in both the ERP and the post-repolarization refractoriness.
Recently, experiments with a Langendorff-perfused rabbit heart
setup revealed that ivabradine was able to decrease ventricular
arrhythmias caused by digitalis and arrhythmic characteristics
associated with short QT.?'Y Koncz et al. showed that ivabradine
increased APD in human papillary muscles by 11% at 10uM
concentration, presumably due to Iy, blockade.?'?

Delpdn et al. found that ivabradine exhibited a concentration-,
voltage- and time-dependent block of hKv1.5 channels with Ky of
29.0 uM.22% |vabradine also had no significant effect of Kv7.1 up to
100 pM.219

5.2.3 | Ivabradine sodium channels blocking

There are several studies in the literature that show a moderate
affinity of ivabradine for sodium channels. Haechl et al. showed that
ivabradine inhibits human Nav1.5 channels with ICso of 30 uM. The
effects of ivabradine were not altered by any potential systematic
current rundown. However, when 100 uM of the drug was washed
out, the results showed that the process was slow and had some
degree of irreversibility.?*®! In FDA Pharmacological Review for
Ivabradine, its low affinity for the Nav1.5 channels (K;=4.0 uM)
which was measured in the [*H]batrachotoxin assay is described.!2°7!

In a study conducted by Hackl et al., the effects of ivabradine on
Nav1 channels were examined. Native cardiomyocytes were isolated
from mouse ventricles and the His-Purkinje system, and human
Nav1.5 was studied in a heterologous expression system. Results
showed that ivabradine inhibited Nav1l channels in a voltage- and
frequency-dependent manner without changing the voltage-
dependence of activation and fast inactivation, or the recovery from

fast inactivation. Furthermore, the cardiac (Nav1.5), neuronal
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sodium currents in native cardiomyocytes from the ventricles and the
His-Purkinje system, were all inhibited by ivabradine within the same
concentration range. Consequently, the authors suggested that
ivabradine's inhibition of Navl channels in native cardiomyocytes
and across different channel isoforms may be responsible for its

antiarrhythmic potential.l®!

5.2.4 | Ivabradine HCN channels blocking

The biological action of ivabradine is primarily attributed to its ability
to block HCN channels. This drug binds to these channels and inhibits
the cardiac pacemaker current (I)—a mixed sodium-potassium inward
current that controls the spontaneous diastolic depolarization in the
sinoatrial (SA) node, thereby slowing the HR. Ivabradine does not
affect blood pressure, intracardiac conduction, or myocardial
contractility as its effects are more specific to the SA node. In
addition, ivabradine inhibits the retinal current (I,), which is similar to
the cardiac I; and plays a role in temporal resolution of the visual
system by reducing retinal responses to bright light stimuli. If I, is
partially inhibited under certain conditions such as rapid changes in
light intensity, it can lead to luminous phenomena (phosphenes)
experienced by patients.2*¥

Ivabradine is an effective blocker of all HCN receptor subtypes
(HEK293 cells):  IC50(HCN1)=2.05uM; IC50(HCN2) =2.29 uM;
ICso(HCN3) = 2.51 uM; IC5o(HCN4) = 2.15 uM.“4 Thollon et al. pro-
vided similar data: ICso(HCN4)=0.54pM (CHO cells).?*) It was
demonstrated that ivabradine block of HCN4 can occur only from the
intracellular side when the channels are opened by hyperpolarization
with enhanced binding upon frequent changes in the direction of ion
flow. On the other hand, HCN1 channels can be blocked even when
they are in a closed state.?*®! Comparison of the block efficiency of
mutant versus WT HCN4 channels, measured by patch-clamp,
revealed that residues Y506, F509, and 1510 are involved in

ivabradine binding.l?*”!

5.2.5 | Ivabradine additional targets

In the FDA Pharmacological Review for ivabradine, its receptor
binding profile is presented (Table 3). The receptor binding study
was performed on 18 receptors and binding sites.[?°”) Based on the
results of these studies, the authors conclude that ivabradine
showed “lack of affinity for AR (a1, a2, and B), serotonin (5-HTq4,
5-HT4g, 5-HT5,, and 5-HT3), central benzodiazepine, dopamine (D,
and D), adenosine (A4), histamine (H;), GABA,, p-opioid,
muscarinic cholinergic receptors.” However, based on a number
of the above findings, we believe that some of these targets may
have pharmacological significance since the affinity values for
them differ from K{(HCN) by no more than an order of magnitude.
Among them 5-HTi-receptors (Ki[5-HT1al =29 uM;  K;[5-
HT1g] =12 uM), al-ARs (K;=58 uM), D,-receptors (K;=40puM),

TABLE 3 Ivabradine receptor binding profile according to Food

and Drug Administration (FDA) Pharmacological Review.2%7]
Receptor Ligand Ki (M)
5-HT1a [®H]80-HDPAT 29
5-HT4g [*2*1]Cyanopindolol 12
5-HT, [®*H]Ketanserin >100
5-HT; [*H]BRL-34694 72
al-AR [®H]Prazosin 58
a2-AR [*H]RX821002 >100
B-AR [*H]Dihydroalprenolol >100
D1 [HISCH23390 >100
D, [®H]Raclopride 40
M [*HIQNB 13
GABA, [®H]SR95531 >100
GABAA [*H]R015-1788 >100
Hy [®H]Mepyramine 21
A [*HIR(-)Pia >100
M [*HIDAGO 56

Mj-receptors (Ki=13 uM), Hj-receptors (Ki[H41]=21uM) and
u-opioid receptors (K; =56 uM).

Despite the absence of ivabradine binding to the GABAa
receptor when analyzing its affinity profile, Cavalcante et al.
suggested the presence of this component in the drug's spectrum
of action. This hypothesis was supported by the presence of
anticonvulsant, antioxidant, and neuroprotective properties in ivab-
radine against classical seizure models, as well as its high affinity to

GABA, receptor predicted by molecular docking studies.2*#!

5.2.6 | Conclusion on ivabradine multitargeting

The so-called “selective and specific blocker of HCN channels”
ivabradine actually turns out to be not so selective and specific as a
number of other targets have been described that may be of
physiological significance (Figure 3).

It is very interesting to note that for all biological targets of
ivabradine, the values of binding constants are more than an order of
magnitude higher than its maximum plasma concentration at the
highest dose studied (pCpax=6.9), and more than two orders of
magnitude higher than its low-dose Cpax Values (pCinax = 7.7). At the
same time, in a number of works on the analysis of additional targets
of ivabradine, this fact is presented as evidence of the absence of any
significance in the effects of the drug, while the same circumstance in
relation to the main HCN target is not discussed in any way. In those
works that clearly note the fact of a discrepancy between the Cax
values and affinity constants for carvedilol biotargets, including HCN
channels, it is suggested that the drug can significantly accumulate in
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Ivabradine targets

al

FIGURE 3 The diagram of ivabradine targets. The designations
are similar to those in Figure 2.

lipid membranes due to its lipophilicity, which significantly increases
its local concentrations near the targets.*®

Among all the identified molecular targets of ivabradine, the
differences in their affinities are less than two orders of magnitude,
which indicates a possible pharmacological significance for all of
them. Nevertheless, an analysis of the literature allows us to conclude
that, in addition to HCN blockade (plCso=5.6-5.7), the cardiopro-
tective properties of ivabradine are significantly affected by its
binding to the hERG channel (plCso=5.7) and the Nav1.5 channel
(pK; = 5.4). It cannot be ruled out that other ion channels also have
their own contributions: Cav1.2 (pK;=6.1) and Kv1.5 (pKg=4.5). A
set of nonchannel targets of ivabradine has also been described,
including 5-HT,-receptors, al-ARs, D,-receptors, M-receptors,
H-receptors, and p-opioid receptors (pK; in the range of 4.2-4.9),
however, their possible influence on the effects of the drug not

explored.

5.3 | Nebivolol

OH OH

Nebivolol
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Nebivolol was discovered in 1987 by Janssen Pharmaceutica
during the searching of selective B1-blockers in a group of
symmetrical 2,2'-azanediyl bis[1-(chroman-2-yl) ethan-1-ol]s.?*"} In
primary research, nebivolol possessed a high B1-affinity and p1/p2-
selectivity and it was selected for development.

In 1997, nebivolol came into medical use in Europe for treatment
of hypertension. Lately, it was introduced in the US market after FDA
approval in 2007. Nebivolol is a type of B-AR antagonist that does
not have any impact on the functioning of the left ventricle. When
taken over a prolonged period of time, it helps decrease peripheral
resistance and widen the coronary arteries. There is no known
evidence of it leading to any adverse changes in lipid metabolism or
increasing the sensitivity to glucose. This medication is mainly
employed as a treatment for hypertension, yet it may also be useful
in managing angina, congestive HF, and arrhythmias, although it is yet
to be sanctioned for these specific applications.lzzo]

The biaromatic structure of nebivolol with a 9-bond linker and
four optical centers predetermines its possible additional drug
targets, which have been identified in various studies. Nebivolol is
a combination of two isomers, (aR,a'R,2R,2'S)-a,a’-[iminobis
(methylene)]bis[6-fluoro-3,4-dihydro-2H-1-benzopyran-2-methanol]
((S,R,R,R)-nebivolol) and (aS,a’s,2R,2'S)-a,a’-[iminobis(methylene)]
((RS,S,9)-

nebivolol), with each existing in equal amounts. Studies conducted

bis[6-fluoro-3,4-dihydro-2H-1-benzopyran-2-methanol]

on animals and humans have revealed that the antihypertensive and
hemodynamic actions of this combination are more effective than
those of the two isomers used separately. The B1-antagonistic
properties of nebivolol are attributed to the (S,R,R,R)-isomer, while a
decrease in the exercise-induced tachycardia is observed when the
racemic mixture is used. The (R,S,S,5)-enantiomer of nebivolol is
responsible for the nitric oxide-releasing effect. Moreover, the
racemate and its enantiomers have been found to possess note-
worthy antioxidant properties that are beneficial for the metabolism
of cellular nitric oxide.??!!

Nebivolol has a T,ax of 1.5-4 h. Bioavailability can range from
12% to 96% for extensive to poor CYP2Dé metabolizers. For a
5-20mg dose, nebivolol has a C..x of 1.78-8.02ng/mL (i.e.,
4.4-19.8 nM). Nebivolol is 98% bound to plasma proteins, mostly
to serum albumin and it is metabolized mainly by glucuronidation and
CYP2Dé6-mediated hydroxylation. Metabolites of nebivolol make a

certain contribution to the action of the drug.[222-224]

5.3.1 | Nebivolol B-adrenoreceptors inhibition

Nebivolol is well-known as the “selective B1-blocker” and it is proved
to be the most B1-selective of the other B-blockers tested. In the
studies of Janssen Pharmaceuticals, nebivolol possessed a high
affinity for B1-AR (Ky = 5.8 nM; guinea pig right atrium) and selectivity
relative to B2 receptor (Kq= 1.7 uM; guinea pig trachea).l?*”!

The more detailed analysis of the affinity profile of nebivolol and

its isomers was carried out using rabbit or rat lung tissues and [°H]
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CGP-12177 or [3Hldihydroalprenolol radioligands respectively.
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Nebivolol revealed high affinity and selectivity for B-AR sites in the
rabbit lung membrane preparation (K; = 0.9 nM and B2/B1 ratio = 50).
The drug dissociated slowly from these receptor sites. The activity
resided in the (S,R,R,R)-enantiomer; the (R,S,S,5)-enantiomer revealed
175 times lower B1-AR binding affinity. The same results were
obtained in the rat lung tissue. Nebivolol itself had K;[31] =0.91 nM
and K;i[B2] =44 nM. The (S,R,R,R)-enantiomer had the comparable
parameters (K;[B1] = 0.54 nM and K;[B2] = 19 nM) though the (R,S,S,S)-
enantiomer was less potent with Ki[1]=138nM and K;[32] =367
nM.2?5 In human myocardium preparations, nebivolol's affinity (K;)
for the Bl-adrenoceptor was found to be 5.8 nM which was ~300-
fold higher than for B2-ARs (K; = 1700 nM).2?!

Inhibition of B1-AR by nebivolol leads to decreased resting HR,
exercise HR, myocardial contractility, systolic blood pressure, and
diastolic blood pressure which determines its effective antihyperten-
sion profile.[?2¢!

Although it is believed that affinity for the B2-receptor does not
significantly contribute to the cardioprotective properties of nebivo-
lol, there are reports that metabolized nebivolol by inducing a 2-AR

2+]i

—mediated rise in endothelial [Ca increased endothelial cell NO

production and therefore involved in NO-mediated arterial dilation in
humans.??7!

Nebivolol has been observed to not only possess [3-antagonistic
activity but also induce vasodilation in human and canine vascular
systems when in concentrations higher than 50 uM. This vasodilation
is dependent on the endothelium and is inhibited by nitric oxide
synthase (NOS) and soluble guanylate cyclase inhibitors. This
indicates that its action is based on the modulation of nitric oxide
production. In 2001, Gosgnach et al. found that nebivolol has a
B3-AR agonist activity on cultured human endothelial cells which
could explain its nitric oxide-dependent vasodilating properties./?2%!

Though nebivolol has a much lower affinity for 3- than for
B1- or B2-ARs (pKi[B3] = 5.6 vs. pKi[B1] = 9.17 and pKi[p2] = 7.96) 227
the direct binding of nebivolol to the B3-receptor remains one of the
most attractive concepts that explains its specific endothelial
vasodilation.[230-23%1

The effects of nebivolol on the vascular system, which are
attributed to the eNOS enzyme, were observed in humans. It was
found that nebivolol had direct endothelium-dependent vasodilation
effects and increased the reactivity to stimuli such as hyperemia in

both the arterial and venous circulation.?2¢2%4

5.3.2 | Nebivolol a-adrenoreceptors inhibition

In [®H]WBA410 radioligand binding assay in rat forebrain nebivolol's
plCso(al-AR) was measured as 5.5, and its plCso(a2-AR) in [3H]
clonidine radioligand binding assay in rat cortex was >5.0.1%°! Rozec
et al. found that nebivolol significantly shifted the concentration-
response curve to phenylephrine, an al-AR agonist in a
concentration-dependent manner (pKy = 6.5). In rat aorta, nebivolol-
induced relaxation resulted from both inhibition of al-ARs and

activation of B3-ARs.2®¥ There are no other data on the a-

antagonistic activity of nebivolol in the literature.

5.3.3 | Nebivolol RyRs inhibition

Tan et al. assessed the effect of nebivolol on RyR2-mediated SOICR
in HEK293 cells, using single-cell Ca* imaging. They found that this
drug effectively suppressed SOICR at concentrations of 3-30 uM.
The effects of N-nitro-L-arginine methyl ester (NOS inhibitor) and
histamine or prostaglandin E2 (NOS activator) on nebivolol's SOICR
inhibition were tested, but neither had any effect. This suggests that
nebivolol's SOICR inhibition is independent of NOS stimulation.
Furthermore, nebivolol was found to reduce the opening of single
RyR2, as well as suppress spontaneous Ca?* waves, in both intact
hearts and mice exhibiting catecholaminergic polymorphic VT that
had a RyR2 mutation (R4496C). Additionally, (R,S,S,5)-nebivolol that
lacks an B-antagonistic effect was found to suppress SOICR and
CPVT without reducing the HR. This evidence suggests that nebivolol
has a RyR2-targeted action that can suppress SOICR and the VT
associated with it. The authors believe that the found properties can
position nebivolol as a promising agent for Ca?'-triggered

arrhythmias.[2%%!

5.3.4 | Nebivolol 5-HT receptors inhibition

(S,R,R,R)-Nebivolol demonstrated similar affinity to the B1- and
human 5-HT;p receptors (with K; values of 1.7 and 2.8nM,
respectively), while (R,S,S,5)-nebivolol displayed a far lower binding
potency to the Bl-adrenoceptor (with a K; of 90 nM) but still had a
strong affinity to the 5-HTa receptor (K; of 15 nM).

The literature suggests that the 5-HT,a receptor affinity of
nebivolol can cause its vasodilating properties. The effects of
nebivolol on the vascular bed of rats' kidneys and aorta were
counteracted by NAN 190, a selective inhibitor of 5-HT4 receptors.
This finding suggests that the 5-HT receptor may play a role in the
vasodilating and NO-releasing effects of nebivolol, which could be
due to the compound's strong binding affinity for these receptors as
demonstrated in binding tests.23¢!

Nebivolol also has an affinity against 5-HT, receptors. In ®H]
ketanserin radioligand binding assay in rat frontal cortex tissues, K;
value for nebivolol was found to be 700 nM.[*7%]

5.3.5 | Nebivolol additional targets

Several sources present the results of studying the binding profile of
nebivolol to various targets. Among them, the main ones are the
research of Pauwels et al. and Mirams et al.l*?>2%7! (Table 4). These
studies have data on the interaction of nebivolol with some
potassium channels. The IC5o value in relation to hERG measured

using manual patch clamp assay for the nebivolol was 0.3 uM.[237:238
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Mirams et al. measured the inhibition of I, current in CHO K1
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cells expressing human Kv4.3 and inhibition of slow delayed inward
rectifying potassium current (Ix,) in the same cells expressing human
Kv7.1/human minK (minimal potassium channel subunit encoded by
KCNE1 gene) for nebivolol using lonWorks Quattro (IWQ) automated
patch clamp platform. The plCso values were found to be 4.3 for
Kv4.3 and 4.8 for Kv7.1.[2%8!

There is practically no information in the literature on the
involvement of potassium channels in the cardioprotective properties
of nebivolol. Altunkaynak-Camca found that Katp channels involved
in the nebivolol-induced vasorelaxation in the endothelium-intact
aorta precontracted with potassium chloride. However, the analysis
of direct blocking activity in relation to this channel was not carried
out.[%”!

Nebivolol inhibited fast Iy, in HEK293 cells and in in CHO K1
cells transfected with human Nav1.5 measured using IWQ with pICsq
5.1 and 5.2, respectively.?®”) In the rat brain synaptosomes nebivolol
inhibited veratridine site of Nav1.5 channel with pICsg = 5.6.17%

According to Mirams et al., nebivolol blocks Ic, . in HEK293 cells
with 1C59 of 15.8 uM measured using lonWorks Barracuda (IWB)
automated patch clamp platform.[237]

In radioligand binding assays using rat brain membrane prepara-
tion nebivolol showed affinity to the dihydropyridine site of Cav1.2
with plCso=5.75. Pauwels et al. also found that nebivolol has a
moderate affinity to Hy and D, receptors with plCsq values of 5.21

and 5.00, respectively.[?]

5.3.6 | Conclusion on nebivolol multitargeting

Nebivolol is not positioned in the literature as a multitarget drug. On
the contrary, it is considered the most selective B1-blocker. Never-
theless, the analysis of the drug binding profile according to various
literary sources indicates the presence of a fairly large range of
targets for this drug (Figure 4), which may be of pharmacological
significance. Unfortunately, for most of the additional targets of
nebivolol, there are no data on their involvement in biological effects,
which requires further study.

Nebivolol has the highest affinity for the B1-AR (pK; = 9.2), which
is considered the key target of the drug. This value is almost an order
of magnitude lower than the plasma concentration value for the
lowest studied dose of nebivolol (5 mg, pCiax = 8.4). The drug has a
similar high affinity for the 5-HT,a receptor (pK;=8.6), which may
contribute to its vasodilating properties. It is believed that both
B2- (pK;=8.0) and B3-ARs (pK; = 5.7), as well as a1-AR (pK; = 6.5) also
can contribute to the vasodilating activity of nebivolol by increasing
endothelial cell NO production.

The affinities of nebivolol for all other targets are more than an
order of magnitude higher than the plasma concentration value for
the highest studied dose of the drug (20 mg, pCpax = 7.7), but they
may also be involved in its biological effects. Thus, it is believed that

the antiarrhythmic effect of nebivolol may be caused by its inhibition
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FIGURE 4 The diagram of nebivolol targets. The designations are
similar to those in Figure 2.

of the RyR2 receptor, which suppresses SOICR (pK; ~ 5.5 calculated
from active doses).

The inhibitory activity of nebivolol to potassium (pK;[hERG] = 6.5;
pK;i[Kv4.3] = 4.3; pKi[Kv7.1] = 4.8), sodium (pK;[Nav1.5] = 5.6), calcium
channels (pK;[Cav1.2]=5.8), dopamine (pKi[D,]=5.4), histamine
(pKi[H1] = 5.6) and serotonin (pKi[5-HT,] = 6.2) receptors was deter-
mined. However, the biological significance of these interactions has

not been investigated.

5.4 | Ranolazine

y  CHs
OCH;  OH (\N/\H’N:é)

Ranolazine

Ranolazine was designed by Syntex Inc. in 1986 as a lead in the
group of cardioselective aryloxy- and arylthio-hydroxypropylene-
piperazinyl acetanilides with calcium entry blockade properties.[?4?!
Clinical studies showed its efficacy as an anti-ischemic agent.?4!
Ranolazine was approved by FDA for the treatment of chronic angina
in 2006 and by EMA in 2008 for the same indication. Later ranolazine
has become one of the most used cardioprotective agents in the

85U8017 SUOWLOD 8AIa1D) 8|qedljdde ay) Aq peusenob afe sejole YO ‘8sn JO S3|NJ 10) ARIq1IT 8UIUO 8|1 UO (SUONIPUOD-PUE-SWLBI W00 A8 1M Ae.q1Bul [UO//SdNY) SUONIPUOD Pue S | 8U1 88S *[£202/90/22] Uo Ariqiauliuo A8|im ‘ABojodewieyd JO aIninsu| AcsnyeZ Yoeesay Aq 96T00EZ0Z dp1e/z00T 0T/I0p/W0d A8 | Akeud 1 eul uoy/:sdny Wwiolj pspeojumoqd ‘0 ‘v8THTZST



MOKROV

ARCH

world.242 Off-label uses of ranolazine include the treatment of some
arrhythmias, such as VT.12431

The ranolazine molecule also has a biaromatic structure with a
12-bond linker. One aromatic ring contains an o-methoxy group, and
the second contains two methyl groups. The linker contains a
piperazine ring, an amide group, and a 1,2-diol system. Ranolazine is a
racemate due to the optical center at the hydroxyl group.

In clinical practice, very significant doses of ranolazine are used:
from 500 to 2000 mg twice a day. The time to reach peak serum
concentration is quite variable but has been observed to be in the
range of 2-6h. Approximately 62% of the administered dose of
ranolazine is bound to plasma proteins. C,,.x values for various doses
range from 1450 to 5710 ng/mL, which is from 3.4 to 13.4puM.
Ranolazine is rapidly heavily metabolized in the liver and gastro-
intestinal tract through the activity of the CYP3A4 enzyme. The
presence of a large number of metabolites (more than 40) makes an

additional contribution to the multitargeting of the drug.?#424°!

5.4.1 | Ranolazine sodium channels blocking

A series of studies indicate that ranolazine has inhibitory properties
to a large number of sodium channel subtypes. Inhibition of Iy, by
ranolazine in heart muscle is considered as one of its main
mechanisms of action.

Inhibition of canine VM Nav1.5 by ranolazine assessed as
reduction in sea anemone toxin (ATX-2) induced Iy, by manual
single-patch clamp assay occurred with ICso = 5.9 uM.2*¢! Ranolazine
also inhibited the human Nav1.5 channels expressed in HEK293 cells
with IC50=6.7 uM. This value was determined by blocking of
tefluthrin-induced Iy, using -20mV voltage steps at a holding
potential of ~120 mV by whole cell patch clamp Qpatch method.?4”)

Ranolazine inhibits not only Iy, but also peak Iy, in a voltage
and frequency-dependent manner. Furthermore, sodium channel
inhibition by ranolazine is tissue-specific, with different potencies in
the atria and ventricles. The drug has a different potency to inhibit
peak and late In,. While ranolazine inhibits Iy, with 1Cso values of
5.85 and 6.5 UM in VM from normal and failing hearts, respectively,
its inhibition of peak I\, almost an order of magnitude lower, with
ICs0 values of 294 and 244 uM in myocytes from normal and failing
hearts, respectively. Ranolazine displays a greater capacity to
obstruct peak Iy, in atrial myocytes than in VM. The cause of this
atrial-targeted peak Iy, blocking by ranolazine includes a more
negative half-inactivation voltage, a more depolarized resting
membrane and a more gradual phase 3 of AP in atrial as compared
to VM.[248’249]

In pituitary GH3 cells, the ICsq values required for the blocking
effects of ranolazine on transient and late components of Iy, were
7.4 and 1.5puM, respectively.?>? |t is believed that the Nav1.5
blocking activity of ranolazine determines to a large extent not only
its antianginal properties but also antiarrhythmic action.

Kahlig et al. discovered that ranolazine selectively blocks the
persistent current which is evoked by Navi1.1 mutations related to
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epilepsy. At a concentration of 30 uM ranolazine, there was no effect
on the current density, activation, or steady-state fast inactivation of
the WT Navi1.1 channels, but it did result in a mild slowing of
recovery from the inactivation. The persistent current was blocked by
ranolazine with 16 times more selectivity than the tonic block of peak
current and 3.6 times more selectivity than the use-dependent block
of peak current. The same selectivity was seen for ranolazine
blocking the persistent current with Navi1.1 channel mutations
associated with three different clinical syndromes—generalized
epilepsy with febrile seizures plus (R1648H and T875M), severe
myoclonic epilepsy of infancy (R1648C and F1661S) and familial
hemiplegic migraine type 3 (L263V and Q1489K). Applying concen-
tration levels found in the brain (1.3 uM) to cells expressing the
R1648H channels was enough to suppress the channel activation
during slow voltage ramps, which is in line with the inhibition of the
persistent current.25%

Peters et al. suggested that ranolazine may have an antic-
onvulsant effect through affinity for sodium channels exposed in the
brain. They characterized how ranolazine affects the brain Nav1.2
channels. In patch-clamp experiments, it was observed that the
administration of ranolazine caused a faster onset and slower
recovery of both fast and slow inactivation. Additionally, use-
dependent inactivation was seen to be maximized, while sodium
currents on the macroscopic and ramp levels were decreased when
ranolazine was applied at pH 7.4. However, at pH 6.0, the speeding
up of fast inactivation recovery was inhibited and use-dependent
block was reduced by ranolazine. The time constants of both slow
inactivation onset and recovery were considerably increased when
100 uM of ranolazine was applied at pH 6.0 in comparison to pH
7.4.252

In HEK 293 T cells, ranolazine blocked Navi1.4 with IC5o=2.4p
M. Use-dependent block of Nav1.4 channel isoform by ranolazine
during repetitive pulses (+50mV/10ms at 5Hz) was strong at
100 uM, up to 77% peak current reduction. On- and off-rates of
ranolazine were 8.2 uM(-1) s(-1) for Nav1.4 open channel.?>%

El-Bizri et al. studied the ranolazine block of human Nav1.4
sodium channels. It was found that ranolazine interacts with the open
state and stabilizes the inactivated state of Nav1.4 channels, causes
voltage- and use-dependent block of Iy, and suppresses persistent
Ina (ICs0(Nav1.4) = 3.8 uM). The authors suggested that ranolazine
might be useful to reduce the sustained AP firing seen in
paramyotonia congenital (PMC).2%4

LoRusso et al. conducted an open-label, single-center trial of
ranolazine to evaluate efficacy and tolerability in patients with PMC.
The results showed that both subjective symptoms and clinical
myotonia were significantly improved. Myotonia duration was
reduced, but this change was not statistically significant in all muscles
tested.[2%°

Using the patch-clamp technique, Rajamani et al. investigated the
effects of ranolazine on the human Nav1.7 (hNav1.7 + 31 subunits)
and rat Nav1.8 (rNav1.8) channels expressed in HEK293 and ND7-23
cells, respectively. At a holding potential of -120 or -100mV,
ranolazine reduced the Iy, of hNav1.7 and rNav1.8 with ICsq values
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of 10.3 and 21.5 uM, respectively. When 5-s depolarizing prepulses
to =70 mV (for hNav1.7) and -40 mV (for rNav1.8) were applied, the
potency of Iy, block by ranolazine increased to 3.2 and 4.3 uM,
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respectively. Additionally, ranolazine caused a hyperpolarizing shift of
the steady-state fast, intermediate and slow inactivation of hNav1.7,
and slow and intermediate inactivation of rNav1.8, implying an
interaction between ranolazine and the inactivated states of both
channels. With a concentration of 30 uM, ranolazine demonstrated a
use-dependent block (10-ms pulses at 1, 2, and 5 Hz) of hNav1.7 and
rNav1.8 Iy, and accelerated the onset of, as well as slowed the
recovery from inactivation, of both channels. A longer depolarizing
pulse duration between 3 and 200 ms did not modify the effects of
100 puM ranolazine. So ranolazine was shown to block the open state
and interact with the inactivated states of Nav1.7 and Nav1.8
channels, potentially leading to an increased effect of the drug at
higher firing frequencies, such as in injured neurons.25¢! According to
Wang et al. ranolazine is able to block Nav1.7 in HEK 293 T cells with
ICs0 1.7 uM.[253

Since Nav1.7 and Nav1.8 channels are implicated in neuropathic
pain, Gould 11l et al. suggested that ranolazine can be used to treat
this pathology. Indeed, administration of ranolazine in a dose-
dependent manner effectively suppressed the mechanical and cold
allodynia that was caused by a spared nerve injury, without causing
any detrimental effects such as ataxia or other behavioral side effects
in rats.[2°7]

Estacion et al. demonstrated that ranolazine is capable of
producing comparable inhibition of peak and ramp currents of WT
Nav1.7 and mutant Nav1.7 ion channels associated with inherited
erythromelalgia and paroxysmal extreme pain disorder. In addition, at
a concentration commonly used in clinical settings, ranolazine was
found to be effective in blocking rapid firing of DRG neurons
harboring WT Nav1.7 channels, yet had no effect on cells expressing

the mutant variant of the channel.2%®!

5.4.2 | Ranolazine potassium channels blocking

In the isolated canine VM, ranolazine exerts a concentration-
dependent inhibition of Iy, with ICso of 11.5 pM.24! In conventional
voltage clamp using HEK 293 cells stably expressing WT hERG
channels, ranolazine inhibited Ik, with an ICsq of 8.03 uM; peak Ik,
during ventricular AP clamp was inhibited ~62% at 10 pM.12>%!
Ranolazine inhibition of hERG channels expressed in CHO cells
using voltage step to -50mV for 300ms from -80mV holding
potential by automated patch clamp assay with IC5q of 13.4 uM.[247]
Ranolazine has been found to produce a blocking effect on hERG
channels that leads to an extended period of repolarization and an
increased QTc. However, this effect is countered by the drug's ability
to inhibit Iy, which prevents ventricular arrhythmias and TdP.
Studies have demonstrated that in patients with LQT3 syndrome,
which is caused by an increase in In,., ranolazine has proven to
suppress arrhythmias by reducing QTc in a dose-dependent manner.
It has been observed that at a plasma concentration of approximately

4 uM, QTc can be shortened by 22-40 ms, and by 24 ms for every
2 uM increase in plasma concentration. This effect has been seen in
patients with both LQT1 (LQT with mutation of KCNQ1 gene that
encodes for the Ixs current) and LQT2 (LQT with mutation of KCNH2
gene that encodes for the Ik, current) as well.

As a result, ranolazine has both a clinically relevant effect on Iy,
and Ik, which appears to give it a more beneficial impact on the
regularity of cardiac repolarization than that of solely I, blockers. In
fact, it has been demonstrated that ranolazine has a more desirable
effect on the atrial ERP than that of single Ik, blockers, like
dofetilide.25°!

The effects of ranolazine on Kv4.3 channels were examined in
the whole-cell patch-clamp experiment by Kim et al. Ranolazine was
found to inhibit the peak amplitude of Kv4.3 in a reversible,
concentration-dependent manner with an ICsq of 128.31 uM. Its
effect on activation kinetics did not differ at concentrations of up to
100 uM. The Kv4.3 inhibition by ranolazine increased steeply
between -20 and +20 mV. However, in the full activation voltage
range, no voltage-dependent inhibition was found. The drug also
shifted the voltage dependence of the steady-state inactivation of
Kv4.3 in the hyperpolarizing direction in a concentration-dependent
manner. Ranolazine blocked an inactivated state of Kv4.3 with K; of
0.32 uM. Little use-dependent inhibition was observed at 1 and 2 Hz.
In addition, ranolazine had no effect on the time course of recovery
from the inactivation of Kv4.3. It is possible that the cardioprotective
effects of the drug are linked to its ability to inhibit Kv4.3 in the
inactivated state, especially in pathologic conditions such as cardiac
ischemia, where membrane potentials of myocytes are depolarized
and the fraction of Kv4.3 channels in the inactivated state is
abnormally high.[2é1

Ratel et al. discovered that ranolazine acts as a suppression agent
for TASK-1 potassium channels, reducing TASK-1 currents with an
IC50 of 30.6 uM when tested on mammalian cells and 198.4 uM
when tested on Xenopus laevis oocytes. They determined that the
inhibition of TASK-1 by ranolazine is not reliant on frequency, but is
impacted by voltage, displaying a higher level of inhibition at more
depolarized membrane potentials. The authors postulated that the
interruption of TASK-1 could contribute to the antiarrhythmic effects
of ranolazine that were observed./2¢?

Chen et al. investigated the blocking of Kir by ranolazine in
pituitary GH3 cells hyperpolarizing from -10 to -120mV. They
compared the peak amplitudes of Kir in the presence of ranolazine to
those obtained after the application of E-4031 (10uM). It was
observed that ranolazine (0.1-30 uM) suppressed the amplitudes of
E-4031-sensitive currents in a concentration-dependent manner. The

ICs0 value of ranolazine on Kir was determined to be 0.92 uM.[250]
5.4.3 | Ranolazine calcium channels blocking
Antzelevitch et al. found that in dogs' ventricular tissues ranolazine

inhibited late I, with an ICsq of 50 uM, and the significant inhibition
(25%-30%) occurred within the therapeutic range (2-6 uM). The
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drug weakly inhibited Iy,.ca (inward sodium-calcium exchange
current), peak Ic,, with 91 and 296 uM, respectively.?4¢! So
ranolazine is a weak direct vasodilator and has a minimal direct
effect on atrioventricular nodal conduction.2?!

Sicouri studied the impact of ranolazine in a Timothy syndrome
experimental model by utilizing Cav1.2 agonist BayK8644 to imitate
the gain of Ic,.. Clinically relevant concentrations of ranolazine
(10 uM) suppressed APD and QT prolongation actions of BayK8644.
The drug also prevented the development of ventricular extrasys-
toles and tachycardia (monomorphic, bidirectional, or TdP) induced

by BayK8644.12¢3]

5.4.4 | Ranolazine RyRs inhibition

Parikh's research has shown that ranolazine also inhibits RyR2,
possibly contributing to its antiarrhythmic effect, namely in suppres-
sion of EADs and TdP. Direct effects of ranolazine on cardiac RyR2
were investigated in single channels and changes in Ca%*-dependent
high-affinity ryanodine binding. Ranolazine (10 uM) suppressed APD
prolongation, EAD, and TdP induced by E4031. Simulations with the
Mahajan model closely reproduced experimental data except for EAD
suppression by the drug. Ranolazine reduced the open state
probability of RyR2 (ICso =10 uM) in bilayers and shifted EC5q of
Ca?*-dependent ryanodine-binding from 0.42 to 0.64 uM at 30 uM

concentration.264

5.4.5 | Ranolazine a-adrenoreceptors inhibition

Virsolvy et al. proposed that dynamic coronary stenosis could be
alleviated by ranolazine through its action on the al-adrenergic mediated
vasoconstriction. Clinical trials have suggested a correlation between the
anti-anginal effects of ranolazine and improved regional coronary blood
flow. However, ranolazine has not been observed to cause hemodynamic
side effects like orthostatic hypotension or tachycardia, unlike other
al-AR antagonists used to treat hypertension. Though there have been
reports of orthostatic hypotension in healthy volunteers with high doses
of ranolazine (2000 mg), no such effect was seen at therapeutic doses
(500-1000 mg). The ICsq value for al-AR was 8.4 uM, which is within the
range of therapeutic concentrations. At this concentration, ranolazine
exhibited partial vasorelaxation without any vasodilatory effect. At higher
concentrations, however, complete vasorelaxation was observed. This
could account for the lack of hemodynamic effects and match up with
clinical evidence.2%%

Zhao et al. analyzed the adrenergic binding profile using a
radioligand binding assay in rat tissues. They found that ranolazine
bound to a-ARs with micromolar affinity, the K; values for ranolazine
ranged from a low of 8.2uM for binding to alA receptors in
membranes from rat salivary gland to a high of 19.5 uM for binding to
alB in membranes from rat liver.

Ranolazine administered intravenously in bolus form caused a

temporary and dose-dependent decrease in LV systolic pressure, mean
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arterial pressure (MAP), and mean coronary vascular resistance, as well
as an increase in LV positive dP/dt, HR, and CBF in dogs. Although
4-5uM and 11-13 uM concentrations of ranolazine did not alter the
changes in blood pressure and HR caused by stimulation of both a- and
B- ARs, these effects were significantly reduced by the higher
concentration of the drug. When the transmission of autonomic ganglia
was blocked with hexamethonium, both 4-5puM and 11-13uM
concentrations of ranolazine significantly reduced the changes in MAP
and HR caused by stimulation of a- and B-ARs. In the hexamethonium-
treated dog, ranolazine decreased MAP but had no effect on HR,
implying that the drug was responsible for vasodilation but not a direct
effect on HR. The authors concluded that ranolazine had a weak anti-
adrenergic effect, which became more prominent when autonomic
reflex regulation of cardiovascular function was disabled.2%¢!

The Pharmacology Review of FDA Approval Documents for
ranolazine (Drug Products: Ranexa) presented a similar a-adrenergic
binding profile. At the concentration of 10 uM, ranolazine inhibits the
various subtypes of a-ARs with the following values: 57% for alA;
50% for alB; 59% for a2A; 36% for a2B. Thus, ranolazine also has an
affinity for the a2 subtype of ARs, however, the involvement of this

target in the effects of the drug has not yet been studied.2¢”!

5.4.6 | Ranolazine B-adrenoreceptors inhibition

B-ARs antagonistic properties of ranolazine were studied by Zhao
et al. Radioligand binding assay demonstrated that in rat ventricle
tissue Ki(B1) =8.6 uM and in guinea pig lung K;i(B2) = 14.8 uM. It has
already been noted above that the joint a- and B-ARs antagonistic
properties are involved in the vascular effects of ranolazine.[?¢%!

FDA Approval Documents for ranolazine presented the binding
characteristics of the drug for three B-ARs isoforms. At the
concentration of 10 uM, ranolazine inhibited B1-AR for 43%, B2-AR
for 65%, and B3-AR for 31%.2¢7!

According to radioligand binding studies performed by Létienne
et al. in rat hearts and guinea-pig lungs for B1- and B2-ARs affinity,
respectively, an even greater affinity for these targets was shown (pK;
5.8 and 6.3, respectively). The authors also studied the functional B-ARs
antagonist activity of ranolazine in the rat cardiovascular system. The
drug had a weak effect when blocking isoprenaline-induced positive
inotropic responses, requiring concentrations of 0.32-10 uM. In rats
with bivagotomy and atropinization, intravenous injections of ranolazine
in doses higher than 10 mg/kg caused pronounced bradycardia, which
appears to be unrelated to inhibition of f1- and B2-ARs. Cumulative
incremental doses of isoprenaline administered to pithed rats induced
concomitant depressor and chronotropic responses. Ranolazine dose-
dependently and competitively antagonized isoprenaline-induced
decreases in diastolic arterial pressure and increases in HR. These data
indicate that ranolazine behaves as a weak $1- and f2-ARs antagonist in
the rat cardiovascular system.!26®!

Flenner et al. found that ranolazine improved tolerance to high
workload in cardiomyocytes of mice with hypertrophic cardiomyopathy
by antagonizing B-adrenergic stimulation and slightly desensitizing
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myofilaments to Ca%* and not by blocking late Na*-current. Although
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this effect did not translate into therapeutic efficacy in vivo.

5.4.7 | Mitochondrial fatty acid oxidation inhibition
by ranolazine

At medically appropriate amounts, ranolazine demonstrates the char-
acteristics of a slight inhibitor of fatty acid oxidation. Treatment with
ranolazine leads to an increase in pyruvate dehydrogenase activity and
glucose oxidation. This drug has been recognized to boost the
interconnection between glycolysis and glucose oxidation, and it restrains
the electron transport chain in weakened or unlinked mitochondria,
avoiding ATP wastage due to pointless cycling. Because of these
properties, it is thought that the inhibition of fatty acid oxidation and
the following augmented glycolysis-glucose oxidation connection is the

cause of the helpful impacts of ranolazine in HF.270271]

5.4.8 | Ranolazine additional targets

In the Pharmacology Review of FDA Approval Documents for
ranolazine (Drug Products: Ranexa) the data on the affinity of
ranolazine for a series of biological targets are available. At the
concentration of 10 uM ranolazine inhibits dopamine D5 receptors by
22%; Mgs-receptors by 21%; neuropeptide Y, by 31%; 5-HTa
receptors by 65%; 5-HT, receptor by 23%; ol receptor by 25%.1267)

Ranolazine in high doses has been found to prevent the uptake
of noradrenaline and serotonin in the pig brain. Tolunay theorizes
that the side effects of hallucinations, anxiety, insomnia, tremors,
headaches, dizziness, nausea, palpitations, and prolonged effects can

be attributed to the drug's ability to act as a serotonin agonist.?”?

5.4.9 | Conclusion on ranolazine multitargeting

Ranolazine has multiple molecular targets and is not highly specific.
Figure 5 shows a diagram of the spectrum of biological targets of
ranolazine. The analysis of this diagram indicates that the affinity of the
drug for most of the proven biological targets is quite similar, the spread
does not exceed two orders of magnitude, and for the majority, they are
within the same order. At the same time, the binding characteristics of
these targets are mainly within the plasma concentrations of the drug
(PCnax = 4.9-5.5). It is interesting to note that the K; value for the Iy,y,
which is considered the main target of ranolazine, is less than for some
other targets. While the maximum value of pK; for Nav1.5 is 5.23, the
affinity of ranolazine for Kv4.3 and Kir is 6.49 and 6.04, respectively,
and the affinity for 1- and B2-ARs is 5.8 and 6.3, respectively.

Various studies indicate that B-ARs antagonistic properties are
involved in the vascular effects of ranolazine. At the same time, the
affinity of ranolazine for various potassium channels, including hERG
(pK;=5.1) and TASK-1 (4.51), determines, at least to some extent, its
antiarrhythmic effect.
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FIGURE 5 The diagram of ranolazine targets. The designations
are similar to those in Figure 2.

The interaction of ranolazine with a series of different sodium
channels has been widely studied, among which, in addition to
Nav1.5, there were Nav1.1 (active doses 1-3 umol), Nav1.2 (active
doses 10-100 umol), Nav1.4 (pK;=5.42), Nav1.7 (pK;=5.49), and
Nav1.8 (pK;=5.37). It is believed that the ability of ranolazine to
bind to these channels, which are present to a greater extent in the
central and peripheral neurons, as well as in the skeletal muscle,
determines its ability to prevent neuropathic pain, myotonia, and
even epilepsy.

At a therapeutically significant concentration, ranolazine inhibits
RyR2 receptors (pK; = 5.0). There is evidence that the antiarrhythmic
effect of the drug is also due to this target.

It was shown that ranolazine has an affinity for a-ARs (pKi[a1A] =
5.09; pKilalB]=4.71; pKi[a2A]=5.0; pKi[a2B] ~4.3), which may be
involved in its vasoconstriction and anti-anginal properties.

Finally, there is information about the ability of ranolazine to
block the Cav1.2 channel (pK;=4.3) and 5-HT-receptors, primarily
5-HT4a (pKi=5.28) and some others. However, their role in the
activity of the drug has not yet been studied.

5.5 | Verapamil

CH(CHy); CHs
N
CN
H4CO OCH,

OCH . CH
3 Verapamil 3
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Verapamil was the first cardioprotective drug of a biaromatic
nature, it was discovered in the 1960s by Knoll. Primary studies
have shown that verapamil is a calcium channel blocker. Over
more than half a century of successful history of clinical use and
detailed study of the drug, a wide range of other drug targets
have been identified, many of which are undoubtedly pharma-
ceutically significant.[273

Verapamil is used for the treatment of ischemic heart disease
including variant angina, unstable angina, chronic stable angina,
supraventricular tachydysrhythmias, and hypertension.[274] Among
the non-FDA-approved indications for verapamil are as follows: acute
coronary syndrome, hypertrophic cardiomyopathy, and idiopathic
VT.1275)

Verapamil's molecule contains two 3,4-dimethoxyphenyl groups
linked by an N-containing linker 8 bonds long with cyano-, isopropyl-,
and N-methyl groups. The molecule has one optical center, due to
which the drug is a mixture of (R)- and (S)-enantiomers. Dimethox-
yphenyl pharmacophores, which are characteristic of a large number
of different compounds with cardioprotective activity, are one of the
reasons for the multitargeting of the drug.

In medical practice, verapamil is mostly used in doses of
40-240mg. Only 10%-20% out of the 90% of the dose
absorbed from the digestive tract penetrates the circulatory
system in an unchanged form. About 90% of verapamil binding
with plasma proteins. The drug is metabolized to about 10
metabolites with norverapamil as the most important of them. Its
pharmacological activity attains about 20% of the activity of
verapamil.

Verapamil has a short plasma half-life of approximately 2-7 h and
when taking repeated doses—4.5-12h. After single and repeated
doses of 40-240 mg verapamil the C,ax values were in the range of
28.3-272ng/mL (i.e., from 62 to 598 nM).[276-279]
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5.5.1 | Verapamil calcium channels blocking

Verapamil was the first representative of the calcium channel
blockers family discovered at Knoll AG during the synthesis of
papaverine derivatives in the late 1950s—early 1960s. Wisniowska
et al. collected literature data on the affinity of verapamil obtained in
various whole-cell patch clamp experiments with different cellular
models, temperatures, the concentration of Ca?* cations in experi-
mental bath solutions, pulse width, holding potential and
depolarization/measurement voltage (Table 5). The ICsq values vary
from 0.1 to 50 uM.[288!

Radioligand binding assays which were performed by Fermini
et al. for verapamil by using [®H]-nitrendipine (dihydropyridine site),
[®H]-verapamil (phenylalkylamine site) and [3H]-diltiazem (benzothia-
zepine site) as the respective radioligands for the various L-type
calcium channel binding sites (rat cerebral cortex membranes)
demonstrated the selectivity of verapamil for the phenylalkylamine
over the benzothiazepine sites and especially over dihydropyridine
site (pK; = 8.00 vs. pK; = 6.39 and pK; < 5.00 [36%)], respectively).?8”]

It is believed that the primary way in which verapamil works to treat
angina and hypertension is by inhibiting L-type calcium channels. This
inhibition of calcium influx reduces the contraction of the smooth muscle
in the peripheral circulation, leading to the relaxation and dilation of blood
vessels. This, in turn, decreases systemic vascular resistance and lowers
blood pressure. Additionally, the decrease in vascular resistance decreases
the amount of force the heart needs to use, reducing the energy
consumption and oxygen requirements of the heart muscle and, as a
result, relieving angina.[”o]

Verapamil acts to slow down the HR of patients with arrhythmia
by restricting the influx of calcium and lengthening the refractory
period of the AVN. This consequently decreases conduction and

slows HR.

TABLE 5 Cavil.2-affinity of verapamil obtained in various experiments.

Ca?* bath

IC50 (uM)  Cellular model Temperature (°C)  solution (mM)
23.5 CHO cells Room 0

0.1 Guinea pig VM Room 1.8
0.164 Guinea pig VM Room 2

0.6 Guinea pig VM 36-37 1.8

0.79 Guinea pig VM 20-25 0

0.94 Guinea pig VM 20-22 1.8

24 HEK293 cells Room 10

47 HEK293 cells 20-25 0

0.15 Kitten heart ventricle 37 -

membranes

Depolarization/

Pulse Holding measurement

width (s) potential (mV) voltage (mV) Reference
0.025 -100 0 [280]
0.4 -40 0 [281]
0.2 -50 10 [282]
0.3 -40 10 [283]
0.2 -70 10 [284]
0.25 -40 10 [285]
0.5 -80 10 [286]
0.1 -60 20 [284]
- - - [287]
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Verapamil inhibits [*H]D-888 binding to Cav1.1 channels with K;

of 58nM.2?Y Tarabova et al. studied the influence of verapamil on
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calcium currents (Ic,) in mouse inner hair cells (IHCs) that are carried
by the Cav1.3 subtype of L-type calcium channels. They play an
important role in the synaptic transmission of sound-evoked
mechanical stimuli. Whole-cell Ic, was measured using the patch-
clamp technique in mouse IHCs aged postnatal Day 3-7 with 5mM
calcium as a charge carrier. Verapamil blocked Ic, in IHCs in a
concentration-dependent and voltage-independent manner with ICsq
of 199 uM. The drug (300 uM) enhanced current inactivation from
-20 to +20 mv.2?2

In addition to blocking L-type channels, verapamil has been
reported to block T-type calcium channels.??®! This type of cross-
reactivity is likely to be beneficial in the effective control of blood
pressure. Verapamil has been shown to block T-channels, with ICsq
values of 30uM in vascular smooth muscle ?°4 and 70 M in
spermatogenic cells.l2?”!

Freeze at al. conducted experiments in which they stably
expressed human Cav3.1 T-type channels in HEK293 cells, to
determine the effects of verapamil on the macroscopic and gating
currents. The drug blocked I, t-current at a micromolar concentra-
tion (21.4 uM) at polarized potentials similar to those reported for
Cav1.2 channels. However, unlike for I, -current verapamil did not
affect the current time course. The drug also had a use-dependent
effect and significantly slowed the recovery from inactivation.
Moreover, the inhibition of current was dependent on potential,
with an ICsq of 4.9 uM at —=70 mV, and this dependence was only seen
at negative potentials. Furthermore, the gating currents were not
affected by verapamil. The authors theorize that verapamil inhibits
the channel pore through an open/inactivated conformation of the
channel.12¢

In Perez-Reyes' research the authors identified compounds that
block the Cav3.2 T-type channel with high affinity. Using a validated
Ca®* influx assay into a cell line (HEK 293) expressing recombinant
Cav3.2 channels it was shown that verapamil blocks Cav3.2 T-type
channel with ICso = 32.7 pM.[27¢]

In robust high-throughput human Cav-channel assays using IWB
verapamil had [Csps(Cav3.2)=14.3; 21.2, and 12.7 at prepulse
-50mV; prepulse ~-90 mV and 0.1 Hz, respectively.??”)

The putative inhibitory effects of verapamil on neuronal Ca%*
channels were studied by Dabrov et al. by investigating its effects on
either K*- or veratridine-evoked [*H]-dopamine release in rat striatal
slices. Involvement of Cav2.2, Cav2.3, and Cav2.3 channels was
identified by sensitivity of [®H]-dopamine release to w-conotoxin
GVIA (w-CTx-GVIA), w-agatoxin IVA (w-Aga-IVA), and w-conotoxin
MVIIC (w-CTx-MVIIC), respectively. The authors found that
verapamil can block Cav2.1 (IC5o ~ 30 uM) and at higher concentra-
tions possibly Cav2.2 and Cav2.3 channels linked to [°*H]-dopamine
release.??®! There are suggestions that the blockade of Cav2
channels is involved in its mechanism of action in the treatment of
cluster headaches.??”!

Ishibashi et al. investigated the effects of verapamil, on Cav2.1
channels in freshly isolated rat Purkinje neurons. The drug blocked

Cav2.1 current in a concentration-dependent manner without any
change in the current-voltage relation (ICso = 62 uM).2%% Kurushev
et al. using robust high-throughput human Cav channel IWB assays
found that verapamil has ICsps(Cav2.1)=5.0; 22.1; and 124 at
prepulse =50 mV; prepulse -90mV and 0.1 Hz, respectively; and
IC50s (Cav2.2)=13.1; 46.0; and 17.8 at prepulse -50 mV; prepulse

-90mV and 0.1 Hz, respectively.??”

5.5.2 | Verapamil sodium channel blocking

Mirams et al. measured the inhibition of Iy, by verapamil using
whole-cell patch clamp experiments in HEK293 cells stably trans-
fected with human Nav1.5 cDNA. The ICso value was found to be
41.5uM. The authors suggest that Nav1.5 blocking by verapamil
together with Cav1.2 blocking involved in preventing clinical
torsadogenic risk associated with its hERG-blocking potential.l28%
Kramer et al. present a similar verapamil's Nav1.5 blocking activity
(ICs0 =32.5 uM).B% |n the highly invasive breast cancer cell line
MDA-MB-231 verapamil blocked I, with 1Csq = 37.6 pM).2%2

In the HEK293 cell line stably expressing human Nay1.5 a- and
B1-subunits verapamil blocked peak Na* current with 1Csq of 17.9
and 10.8 uM in the presence of ATX-2 and veratridine as agonists,

respectively.l2°%!

5.5.3 | Verapamil potassium channels blocking

In a study conducted by Zhang et al., the effects of verapamil on
hERG channels in HEK293 cells were analyzed. It was found that
verapamil caused a high-affinity block of hERG current with an ICsq
of 143.0nM. The block of channels was both use- and frequency-
dependent, and verapamil could be unbound from hERG channels at
voltages comparable to the normal cardiac cell resting potential or
through drug washout. Additionally, the block of hERG current by
verapamil was reduced with a decrease in pHo, which reduces the
proportion of the drug in the membrane-permeable neutral form.
Further, verapamil was found to antagonize the block of hERG
channels by dofetilide, implying that they may share a common
binding site. The C-type inactivation-deficient mutations, S620T and
S631A, were observed to reduce verapamil block, which is in line
with C-type inactivation being involved with high-affinity drug block,
although the S620T mutation decreased verapamil block 20-fold
more than the $631A mutation.[3%4

In a series of various independent studies, rather similar affinity
values of verapamil for the hERG channel from 141 to 530 nM have
been published (Table 6).

So, verapamil has been demonstrated to have a high affinity for
the hERG channel, which is shared with other class Il antiarrhythmic
drugs, potentially contributing to its antiarrhythmic activity. Studies
have revealed that in heart cells, small amounts of verapamil can
extend the cardiac APD, however, a high dosage shortens it. Certain
types of VT are particularly sensitive to verapamil and it has been
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TABLE 6 Human ether-a-go-go-related gene (hERG) channel affinity of verapamil.

Assay

Inhibition of hERG channels expressed in Chinese hamster ovary (CHO)
cells at holding potential of -90 mV by patch clamp method

Inhibition of hERG channels in MCF7 cells

Inhibition of human Kv11.1 (hERG) channels in open state

K* channel blocking activity in HEK293 cells expressing hERG
Inhibition of K*-channel activity in CHO cells expressing hERG
Inhibition of hERG channels expressed in mammalian cells

Inhibition of hERG channels expressed in CHO cells by whole cell patch
clamp technique

found to prolong the atrial ERP in human subjects, as well as prevent
a shortening of the atrial ERP which is caused by atrial tachycardia
and fibrillation (known as “electrical remodeling”).[3%%

Waldegger et al. studied the effect of verapamil on cardiac AP
repolarizing potassium channels. The potassium channels Kv1.1,
Kv1.5, Kir2.1, and the IsK subunit of the Ixs-channel complex were
expressed in Xenopus oocytes, and two-electrode voltage-clamp
experiments were performed. Verapamil induced a concentration-
dependent block of Kv1.1-, Kv1.5-, and Iks-induced currents with
ICso values of 14.0, 5.1, and 161.0 uM, respectively.[312]

Ding et al. found that verapamil preferentially blocked the human
Kv1.5 channel in its open state with ICso of 2.4 uM. The blocking
effect of verapamil was significantly attenuated in T479A, T480A,
1502A, V505A, 1508A, L510A, V512A, and V516A mutants, com-
pared with WT hKv1.5 channel. The authors suggest that the
blocking effect of verapamil on hKv1.5 channel appears to contribute
at least partly to prolongation of atrial ERP and resultant antiar-
rhythmic action on AF in humanst®*®!

Madeja conducted a study to observe the impacts of verapamil
on both native and cloned hippocampal Kv channels. He used the
whole-cell patch-clamp technique to measure the native channels in
acutely isolated CA1 neurons from guinea pigs, while the two-
electrode voltage-clamp technique was used to measure the cloned
channels that were expressed in oocytes of X. laevis. The ICsq value
of verapamil was determined to be 3 uM, indicating a variety of
potassium channels that had distinct sensitivities to verapamil. The
effects of verapamil were observed in micromolar concentrations on
hippocampal potassium channels Kv1.1, Kv1.2, Kv1.3, Kv2.1, Kv3.1,
and Kv3.2. As the depolarization time increased, the effects of
verapamil increased in an voltage-dependent manner and reached
90% of the maximum within 40 s. Even after wash-out times of 6 min,
the effects of verapamil did not return to the initial control values.
The ICso values for each of the potassium channels varied
significantly: 1C50(Kv1.1) was 35uM, [Cso(Kv1.2) was 98 uM,
IC50(Kv1.3) was 12 uM, IC50(Kv2.1) was 226 uM, IC50(Kv3.1) was
6 uM and ICsp(Kv3.2) was 11 uM.B14

IC5o

(nM) Reference
530 [305]

145 [30¢]

145 [307]

143 [308]

143 [309]

141 [310]

141 [311]

Verapamil inhibits Kv1.3 expressed in mouse L929 cells exposed
to depolarizing step pulses from -80 to +40 mV with ICsq of 8 uM,
that was measured by whole cell patch clamp method.®**! Grissmer
analyzed the action of verapamil on currents through WT and mutant
hKv1.3 and mKv1.3 channels in the open state using the whole-cell
patch clamp technique. They found that position 420 in hK,1.3
channels maximally interferes with verapamil reaching its binding site
to block the channel. Positions 417 and 418 in hKv1.3 channels
partially hinder verapamil reaching its binding site to block the
channel whereas position 419 may not interfere with verapamil at all.
K4 values for WT Kv1.3 was 2.8-18 uM.[316-318]

Xu et al. used the two-electrode voltage clamp technique to
observe the effect of verapamil on Kv1.4 C-type inactivation. The
drug blocked fKv1.4AN (N-terminal deleted Kv1.4 channel from
ferret heart) in voltage- and frequent-dependent manners with 1Csq
of 263.26 uM.B*? The same results were obtained for verapamil by
Chen et al. (ICso[fKv1.4AN] = 260.71 uM).520]

Verapamil blocks Kv1.7 with ICsq of 280uM according to
Wiéniowska et al.?®8] |n X. laevis oocytes the drug was shown to
inhibit Kv1.8 with K; of 53 pM.[>%!

Ninomiya et al. investigated the ability of verapamil to block
ATP-sensitive K* (Ka7p) channels that consist of Kir6.2 subunits and
sulfonylurea receptors. In whole-cell patch experiments, verapamil
inhibited cardiac type Katp channels previously activated by 100-uM
pinacidil in reversibly manner. In inside-out patch experiments,
verapamil inhibited the C-terminal truncated form of Kir6.2 in a
concentration-dependent manner; ICso was obtained at 11.5uM
when Kir6.2 was expressed without sulfonylurea receptors. Verapa-

mil also inhibited Karp with a similar potency with ICsg of 8.9 uM.[324
5.5.4 | Verapamil a-adrenoreceptors inhibition
Motulsky et al. studied verapamil binding to a-AR s using radioligand

assay. The drug competed for [?H] prazosin binding to a1-ARs and
for [*H]yohimbine binding to a2-ARs in several tissues (rat kidney,
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heart, and cultured muscle cells, and human platelets) with K4 of
0.6-6 uM.[322

Staneva-Stoytcheva et al. showed that long-term treatment with

Archiv der Pharmazie

verapamil induces changes in rat brain a-adrenoceptors, namely
significant reduction of the binding sites (Bnax) for a-adrenoceptor
radioligand [*H]WB4101 in crude synaptosomal membrane fraction
from cerebral cortex after verapamil treatment.[32%!

The kind of interaction of verapamil with both a2-AR agonist
and antagonist binding on human platelets was investigated by
Galinier et al. The drug interacted in vitro with platelet a2-
adrenoceptors on [°H]yohimbine or [*H]UK-14304 binding.
Verapamil behaved as a weak antagonist competitor for a2-

adrenoceptors.3?4

(3251 yerapamil

According DrugMatrix in vitro pharmacology data
inhibits alA-AR in radioligand binding assay with prazosin as
radioligand with K; of 847 nM and a1B-AR in the same assay with
Ki of 940nM. In radioligand binding assay with MK-912 as
radioligand verapamil inhibited a2A-AR with K; of 217 nM.

Shibata et al. studied effects of verapamil on human cardiovas-
cular al-adrenoceptors. Pharmacological profiles verapamil actions
on the al1-AR subtypes were characterized with CHO cells stably
expressing cloned human al-AR subtypes. Radioligand binding
studies with [Y2°IJHEAT showed that verapamil had high affinities
for all al-AR subtypes (Ki[a1lA] =1 uM; Ki[al1B]=1.9 uM; K;[alD] =
3.8 uM). The authors concluded that clinically observed hypotension
after verapamil use can be explained by its inhibitory effects on

human a1-ARs.[32¢!

5.5.5 | Verapamil B-adrenoreceptors inhibition

Feldman et al. performed a study to understand the impact of
calcium-channel blockers on B-ARs, by utilizing radioligand binding
assays to survey the relationship of verapamil with both human
lymphocyte B2-AR and rat myocardial B1-AR. Furthermore, they
assessed the functional consequences of these interactions by
measuring adenylate cyclase activity. The radioligand binding studies
showed a K; of verapamil for the lymphocyte B2-receptor of 32 uM.
Studies of adenylate cyclase activity revealed that verapamil worked
as a competitive B-receptor antagonist. Moreover, norverapamil, the
active metabolite of verapamil, had the greatest affinity for the
B-receptor of any of the calcium-channel blockers studied
(Ki = 4.2 uM). After 1 week of verapamil administration in six regular
people, isoproterenol-prompted adenylate cyclase activity in lym-
phocytes was increased from 60% to 83% over basal activity. This
was connected with an increase in lymphocyte B-receptor affinity for
agonist as symbolized by the decrease in the ICsq for isoproterenol
restraint of ['2°l]iodocyanopindolol binding. Additionally, plasma
norepinephrine levels were reduced with 1 week of verapamil
treatment. These results suggest that verapamil influences lympho-
cyte B-receptors in vitro and with long-term administration modu-
lates lymphocyte B-receptor function either directly or indirectly

through a decrease in plasma catecholamine levels.[??”]

Xu et al. found that verapamil increased B-AR density and
inhibited norepinephrine-induced B-AR downregulation of cardio-
myocytes.[>?8] Staneva-Stoytcheva et al. studied the influence of
long-term treatment with verapamil, on B-adrenoceptors in rat
cerebral cortex. They found that 13-day treatment of rats with
verapamil significantly reduced (by about 30%) the number (B.y) of
B-adrenoceptors.[*?”!

The hypothesis that verapamil's pharmacological antihyperten-
sive effects may partially be attributed to B-inhibition was tested by
Drici et al. In a double-blind randomized study, 40 patients with mild
to moderate hypertension received either verapamil 240 mg (once a
day) or captopril 20 mg (twice a day) over a period of 30 days, after a
placebo run-in period. The lymphocytic membrane B2-AR density
(Bmax) Was examined before and after 15 days of treatment. After a
month of treatment, most patients displayed a considerable decrease
in their diastolic blood pressure. Meanwhile, verapamil induced an
upregulation of B2-ARs from 39.5 fmol/mg protein to 58.5 fmol/mg
protein (p < 0.05). As opposed to the verapamil group, there was no
noteworthy change in the captopril group's B Neither group
experienced any significant change in the two dissociation constants.
This increase in $2-AR density, a common occurrence among 32-
blockers, provides evidence for the hypothesis that verapamil does

indeed possess B-antagonistic potency.>3%

5.5.6 | Verapamil 5HT-receptors inhibition

Verapamil interfered with [°H]ketanserin and [®H]spiropendol bind-
ing in membranes of rat cerebral cortex with plCsq=6.29 and 5.90,
respectively. In human blood platelets verapamil in therapeutic
concentrations inhibited the shape change reaction induced by
5-hydroxytryptamine (pICso=5.48).%%3%! According to Taylor and
Defeudis inhibition of [*H]spiperone binding to rats cortical 5-HT,
receptors by verapamil was with 1Cso of 290 nM.[332]

Adachi and Shoji used a radioligand binding technique to assess
the affinity of verapamil to 5-HT-receptors in rat brain membranes.
They found that verapamil competed for [*H]ketanserin binding sites
at low concentrations, with a K; value of 0.41 uM. However, much
higher concentrations were needed to inhibit [*H]serotonin binding
sites, indicating a stronger affinity of verapamil for 5-HT, than 5-HT,
receptors. Furthermore, the inhibitory action of verapamil on the [°H]
ketanserin binding was stereoselective; the (-)-isomer was about 10
times more potent than the (+)-isomer. The interaction between
verapamil and [®H]ketanserin was competitive and reversible.l*33!

The specific interaction of verapamil with 5-HT,a receptors was
also confirmed by Goppelt-Struebe by a whole cell binding assay
using [*H]ketanserin as specific ligand (plCso ~5.3).5°% Okkoro
found that verapamil inhibited 5-HT-induced contractions of rat
aorta with mean ICsq value of 540 nM.1337!

The research conducted by Glusa et al. examined the influence of
verapamil on 5-HT-induced platelet aggregation. Tests were con-
ducted using samples of both human whole blood and platelet-rich
plasma (PRP). It was determined that verapamil was able to inhibit
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TABLE 7 5-HT inhibition activity of verapamil according

DrugMatrix.132°!
Radioligand binding assay = Radioligand Ki (om)
Rat 5-HT; receptor [®H]8-OH-DPAT 1726
Human 5-HT,a receptor [®H]Ketanserin 126

Human 5-HT,g receptor [®H]Lysergic acid diethylamide 105

Human 5-HT,c receptor [®H]Mesulergine 155

Human SERT [®H]Paroxetine 127

5-HT-induced platelet aggregation at much lower concentrations
(with an ICsq of approximately 1 uM) than what was required for the
inhibition of aggregation induced by other agents. The antiaggrega-
tory effects of verapamil were comparable, but not exactly the same,
across both whole blood and PRP.[23¢!

It is interesting to note that the long-term treatment with
verapamil decreases the activity of 5-HT, receptors in rat cerebral
cortex and hippocampus.[337] DrugMatrix in vitro pharmacology
projectms] presented the following data about verapamil inhibition
activity to 5-HT receptors and SERT (Table 7).

5.5.7 | Verapamil additional targets

Tamura et al. examined effects of verapamil on the HCN4 channel
current in HEK293 cells. Verapamil weakly inhibited the HCN4
channel current, especially at hyperpolarizing voltages below
-100 mV. The calculated ICsq value of verapamil for inhibiting the
HCN4 channel current at -70mV was 44.9 uM. The authors
suggested these HCN4-channel effect of verapamil is a useful
information for treatment of various arrhythmias while minimizing
adverse effects.[3%®!

Karliner et al. analyzed the affinity of verapamil to M-receptors
by studying its effect on the binding of [*H]quinuclidinyl benzilate
(QNB) to membranes prepared from rat heart. Verapamil competed
for the binding of this radioligand with K; of 7 uM. The drug (30 uM)
competitively inhibited [*(HIQNB binding in both atria and ventricles
and increased the apparent Ky of [°H]JQNB fivefold (from 0.07 nM to
0.32 nM) without decreasing Bmax. >

Similar results have been obtained by Katayama et al. They
studied the effects of verapamil on muscarinic acetylcholine
antagonist binding in the synaptosomal fraction of the rat cerebral
cortex using either [*(HJQNB or [H]pirenzipine as the radioactive
ligand. The ICsq values of verapamil was 12.8 uM.[34°]

Verapamil displaces D, antagonist [*H]SCH-23390 specific
binding (K; of 9 uM) and D, antagonist [2H]spiroperidol specific
binding (K; of 2.4 uM) from striatal synaptosomal membranes. At
10 uM verapamil (for 5min) increases endogenous dopamine
release by 70% independently on the presence of external
Ca?*.1341 According DrugMatrix in vitro pharmacology datat®?%]
verapamil inhibits dopamine D3 receptor in radioligand binding
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assay with [®H]spiperone as radioligand with K; of 63 nM; human
H,-receptor in [*2°1]aminopotentidine radioligand binding assay
with K; of 2547 nM.

Staneva-Stoytcheva et al. examined the binding of [PH]flunitra-
zepam to benzodiazepine receptors in the cerebral cortex and
hippocampus (membrane synaptosomal fraction) after 13 days of
male Wistar rats being orally treated with verapamil (50 mg/kg). It
was found that there was a sizable decrease of the [*H]flunitrazepam
Bnax due to the verapamil, with the decrease being notably more
extreme in the hippocampus. However, there was no evidence from
in vitro experiments that verapamil had a direct effect on the brain
benzodiazepine receptors.**?! According to Almansa et al. verapamil
is a high affinity o1-ligand with K; = 1.5 nM.1343!

5.5.8 | Conclusion on verapamil multitargeting

Verapamil has a very significant number of biological targets, although
information about their involvement in the pharmacological effects of the
drug for most of them is not available (Figure 6). It is believed that
the main biotargets of verapamil are the calcium Cav1.2 channel and the
potassium hERG channel. The drug has similar affinity values for these
channels (pKi[Cav1.2] = 4.3-8.0; pK{[hERG] = 6.0-6.8) that are similar to
the pCrax Value for the lowest studied dose of verapamil (40 mg). In
addition, the physiological role of Cav1.2 and hERG channels in the action
of verapamil has been studied in detail.

It is interesting to note that despite the fact that verapamil is one
of the strongest hERG blockers, it carrying no proarrhythmia risk. The
literature notes that the absence of this risk is precisely due to the

combined effect of verapamil on hERG and the calcium channel. This

Verapamil targets

FIGURE 6 The diagram of verapamil targets. The designations
are similar to those in Figure 2.
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is likely because blocking inward currents can prevent EADs, which
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trigger TdP. The strong calcium block opposes effects of hERG block
on early and late repolarization.[288:344:345]

Despite the leading role of Cal.2 and hERG channels in the
cardioprotective properties of verapamil, there is a biotarget for
which the drug has a significantly higher activity—the ol-receptor
(pK; = 8.82). Unfortunately, there is no information on the involve-
ment of the al-receptor in the biological effects of the drug, although
this chaperone protein is known to be significantly involved in
cardioprotection.

Among the most significant biotargets of verapamil, whose K;
values are within the plasma concentrations of therapeutic dosages
of the drug (pCmax=6.2-7.2), are the following: Cav1.1 channel
(pKi=7.2), a2A-AR (pK; = 6.7), 5-HT,-receptors (pK; = 6.8-7.0), SERT
(pK; = 6.9) and D3-receptor (pK; = 7.2). Probably due to its affinity for
5-HT-receptors, verapamil inhibited 5-HT-induced platelet aggrega-
tion at much lower concentrations than were required for inhibition
of aggregation induced by other aggregating agents.

At slightly higher concentrations compared to pC.y interval,
verapamil inhibits a1-AR subtypes (pKi[a1A] = 6.07; pK;[a1B] = 6.03;
pKi[a1D] = 5.42). It is assumed that clinically observed hypotension
after verapamil use can be explained by its inhibitory effects on
human alARs.

In addition to Cav1.2 and Cav1.1, for which verapamil exhibits
the highest affinity, in the range of calcium channels, the drug also
has an affinity for a number of their other subtypes (pKi[Cav1.3] =
3.52; pKijCav2.1)=5.3; pKiCav2.2]=4.9; pKiCav3.1)=54; pK;
[Cav3.2] =4.9). Although the values of the inhibition constants for
the listed channels are already lower than the plasma concentrations
of the drug, it is assumed that they may be involved in its
physiological effects.

Also, at sufficiently high concentrations (pK; = 3.7-5.6), verapamil
blocks a whole range of different potassium channels, including
Kv1.1, Kv1.3, Kv1.4, Kv1.5, Kv1.7, Kv1.8, Kv2.1, Kv3.1, Kv3.2, and
Katp. The blocking effect of verapamil on Kv1.5 channel (pK;=5.6)
appears to contribute at least partly to prolongation of atrial ERP and
resultant antiarrhythmic action on AF in humans.

Verapamil blocks Nav1.5 channel with pK;=4.97, which is about
an order of magnitude lower than the minimum pC,... It is suggested
that Nav1.5 blocking by verapamil together with Cav1.2 blocking
involved in preventing clinical torsadogenic risk associated with its
hERG-blocking potential.

It has been established that verapamil is able to bind to the
HCN4 channel (plCsg = 4.4). Thus, the affinity of verapamil for this
biotarget is only an order of magnitude higher than that for
ivabradine (plCsg = 5.6). Taking into account the fact that the value
of pCrnax for the maximum dosages of these drugs also differ by
almost an order of magnitude (6.9 for ivabradine vs. 6.2 for
verapamil), it can be assumed that HCN4 channels are also involved
in the antiarrhythmic effects of verapamil.

Finally, verapamil targets also include Mj-receptor (pKi[M;]=
5.2), D4- and D,-receptors (pKi[D1] = 5.1; pKi[D,] = 5.6), H,-receptor

(pKi(Ho] = 5.6), 5-HT4a- and 5-HTs-receptors (pKi[5-HT4a] =5.5;
pKi[5-HT3] = 5.6) and acetylcholinesterase (pK;[AChE] = 4.3).

6 | CONCLUSION

Linked biaromatic pharmacophore can be considered as a basic one
for cardioprotective agents with different mechanisms of action.
Moreover, many compounds corresponding to this pharmacophore
have affinities for a big range of biological targets characteristic of
other types of drugs, such as neuropsychotropic agents. As a result,
most biaromatic cardioprotectors have a multitarget mechanism of
action that is fully consistent with the modern conception that
effective and safe cardioprotectors should be multitargeted. This
review collects data on the biological targets of the five most well-
known and studied cardioprotective agents—carvedilol, ivabradine,
nebivolol, ranolazine and verapamil. These examples clearly show the
multitargeting of drugs with biaromatic structure. Also, the review is
another confirmation of the hypothesis that all the drugs have a

complex mechanism of action, and there are no mono-targeted drugs.
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