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Chapter 1

General Introduction

Daniel M Johnson i Najah Abi-Gerges i Paul GA Volders



CHAPTER 1

1.1 Background

Since the first case report of syncope during initiation of quinidine therapy in the
1920s ! until the most recent reports of drug withdrawals, drug-induced arrhythmias
have been high on the agenda of the pharmaceutical industry, regulatory agencies,
healthcare professionals, and patients. Up until today, 14 drugs have been
withdrawn from the market due to this deleterious side-effect (Table 1). In 1997,
a pivotal case report ? triggered public awareness regarding the risks associated with
drug-induced arrhythmia. In this publication, a 59 year-old man, who was otherwise
healthy presented to the emergency department after complaining of dizziness and
shortness of breath whilst playing handball. When the patient’s electrocardiogram
was recorded, episodes of ‘torsades de pointes’ (TdP) were found to underlie his
symptoms. The patient had been taking the antihistamine, terfenadine, the previous
day for nasal congestion due to hay fever. During clinical evaluation, the possibilities
that the arrhythmia were caused by liver disease, ischemia, myocardial infarction or
electrolyte imbalances were ruled out, and it was considered likely that terfenadine,
a drug available without prescription and taken without concomitant other drugs,
was the likely trigger for the arrhythmia. In early 1998, terfenadine was withdrawn
from the market due to its potential to lead to TdP-type arrhythmias.

Terfenadine was not the first marketed drug to be withdrawn due to cardiovascular
safety concerns (see Table 1), but its story has become extremely important
for drug development. It illustrated that compounds with even small risks of very
serious side-effects, such as drug-induced TdP, could upset the risk-benefit balance
of any new chemical entity. Recent work has discussed the possibilities that
terfenadine-induced dysrhythmias may be due to its ability to cause ventricular
fibrillation rather than TdP 2.

Safety pharmacology studies play a significant role in guiding the pharmaceutical
industry in preventing unsafe agents, such as terfenadine, to reach the patient
population. In addition, this discipline is involved in providing valuable insights into
the mechanisms of potential adverse effects of drug candidates. Although the term
‘safety pharmacology’ was used prior to the inception of the ICH S7A document in
2001, where the core battery studies of safety pharmacology are described, it was
in this document that the term was defined. These guidelines provide a basis for the
preclinical safety studies, in three major areas (cardiovascular, respiratory and
the central nervous system), that need to be performed before a new chemical entity
can be tested in human studies.
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INTRODUCTION

Table 1
Drug vear of Therapeutic Area vear of
Introduction Withdrawal
Prenylamine 1960s Antianginal 1988
Lidoflazine * 1979 Antianginal 1989
Terodiline 1986 Antianginal / Urinary incontinence 1991
Terfenadine 1982 Antihistamine 1998
Sertindole * 1996 Antipsychotic 1998
Astemizole 1986 Antihistamine 1999
Grepafloxacin 1997 Antibiotic 1999
Cisapride 1988 Gastric prokinetic 2000
Droperidol 1960s Tranquillizer / Analgesic 2001
Levacetylmethadol 1997 Methadone substitution 2001
Dofetilide * 1999 Class-111 antiarrhythmic drug for 2003
atrial fibrillation

Thioridazine 1960s Antipsychotic 2005
Clobutinol 1960s Antitussive 2007
Dextropropoxyphene ** 1960s Opioid analgesic 2009

* Re-introduced later following re-evaluation of risk—benefit; ** In addition to QT-liability,
safety in overdose was also an issue. * Withdrawn by the sponsor for commercial reasons,
European market.

Table 1. Drugs withdrawn from the major markets of the world as a result of their potential
for QT prolongation and/or TdP (Courtesy of Dr Rashmi R Shah ).

Drug attrition rates remain high, and this is one of the major reasons why the costs
of drug development are astronomical. The major reasons for drug attrition are
illustrated in Figure 1 as was initially shown in a study of Kola and Landis °>. Whilst
efficacy of compounds at drug targets has increased over the years, as have
pharmacokinetic and bioavailability issues, attrition due to safety is actually becoming
more of an issue. Therefore, a large unmet need clearly exists for the improvement
of these safety issues at the early phases of the drug discovery process.
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CHAPTER 1

Figure 1: Reasons for drug attrition in 1991 and 2000. PK, Pharmacokinetics. Modified from
Kola and Landis, 2004. Over the 10-year period safety, both non-clinical toxicology and
clinical, remain a major cause of drug attrition accounting for approximately 30% of all drug
discontinuation (Adapted from Laverty et al.; 2011) °.

From the three major areas that are studied under the auspices of the ICH S7A
guidelines, cardiovascular risk, and particularly arrhythmogenic risk, remains one
of the major reasons for halting of preclinical programs as well as withdrawal of
compounds from the market. Figure 2 illustrates the prevalence and occurrence
of safety liabilities relating to the major organ systems at all stages of the drug
development process. Interestingly, the only stage of this process where
cardiovascular events are not the major cause of attrition is during phase 1,
where healthy subjects are exposed to the new chemical entity. One of the major
reasons for this could be the fact that cardiac side-effects are more likely to show up
in diseased hearts that have undergone remodelling, e.g., due to pressure or volume
overload. Patients showing these characteristics are more likely to show up later on
in the drug development process, and ultimately may be the desired target
population. This underscores the importance of screening compounds for cardiac
side-effects in disease models (see section 1.3). Figure 3 shows the major adverse
events in the cardiovascular field that have been reported to the Food and Drug
Administration (FDA) since 1969. Although the incidence of arrhythmia may be
relatively high due to increased scrutiny of drug-induced arrhythmias over the last
decade, these data illustrate the importance of arrhythmia as an unwanted
cardiovascular side-effect. In addition, according to the data of Shah (2006) ’, QT
prolongation was the reason for about one-third of all drug withdrawals between
1990 and 2006. Despite the fact that prolongation of the QT interval in itself is not a
safety issue, it is currently the most widely used risk marker for TdP arrhythmias.

12
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Figure 2: Prevalence of safety liabilities relating to the major organ systems. At nearly all
stages of drug development, cardiovascular liability causes the highest risk of safety issues
(From Redfern et al.; 2010) ®.

In 2005, the ICH introduced an additional guideline, ICH S7B, specifically addressing
the issues of non-clinical evaluation of human pharmaceuticals on ventricular
repolarization. In this guideline various recommendations were made, including an
in-vitro screen to evaluate the effects of the compound on the rapid component of
the delayed rectifier potassium current (lx,) besides an in-vivo QT study. Later that
same year, the clinical counterpart to ICH S7B, ICH E14, was also introduced. This
guideline advocates the use of a thorough QT study in a randomized, double-blinded
manner in healthy volunteers for all new chemical entities.
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CHAPTER 1

Figure 3: Cumulative cardiac adverse events (AEs) reported to the US Food and Drug
Administration (FDA) Adverse Event Reporting System (AERS) since 1969. Cardiac
arrhythmias remain the most reported adverse effect in the cardiovascular field (From Laverty
et al.; 2011) °.

The limitations of these guidelines are widely recognized. Among these, QT
prolongation per se does not necessarily lead to arrhythmias * '° (see section 1.3).
Moreover, arrhythmia initiation is not a static process and many factors interact,
some of which remain unknown to date. With regard to the Iy channel, when
a compound blocks this channel, the same compound may not cause TdP in vivo.
Thus, it is very likely that efficacious compounds are discarded early in the drug-
development process due to inhibitory effects on I, whereas simultaneous actions
on other ion channels or proteins may offset the Iy effects, rendering the
compounds safe for in-vivo use. Alternatively, there are examples of compounds that
may cause arrhythmias without having major effects on I, (e.g., JNJ303 **), and
compounds that can increase repolarization duration while having minimal effects on
Ik (e.g., alfusozin *?).

As attrition rates and cardiac side-effects remain relatively high, there is a pressing
need for better understanding of the mechanisms involved in TdP. Once these
mechanisms are uncovered, this will allow for better prediction (via more predictive
(surrogate) markers) and prevention (via novel targets) of this arrhythmia.

1.2  The Ventricular Action Potential and Arrhythmogenesis

To understand the mechanisms of arrhythmogenesis, it is important to comprehend
the complexity of the normal electrical activity of the heart and single cardiac cells.
Each normal heart beat is initiated by an electrical impulse that originates in special
pacemaker cells in the sinus node. From here, electrical activity spreads via the atria
and conduction system, ultimately activating the ventricular myocytes.
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Activation of these cells leads to an action potential configuration as shown in
Figure 4. Since the first recordings of action potentials in canine Purkinje fibres
in the 1950’s by Draper and Weidmann **, we have come to understand the ionic
basis of the cardiac action potential in great detail. The ventricular action potential is
made up of complex interactions between both inward and outward ion movements
across the membrane of myocytes causing both depolarization and repolarization. In
phase O there is an inward movement of sodium ions (ly,), which leads to rapid
depolarization of the cell. During phase 1 rapid repolarization occurs via the transient
outward potassium current (I+o). In some species, calcium-activated chloride current
(lcicay) also contributes. Following this, there is a tightly controlled balance of both
inward and outward currents that determines the duration of the plateau phase of
the action potential (phase 2). During this time period, the outward currents are
carried by a number of potassium channels, including the rapid and slow delayed
rectifier currents (I, and I, respectively) and the sodium-potassium pump (Inax)-
Inward current is mainly carried through the L-type calcium channel (lcy) and
(depending on the membrane potential and local sodium and calcium concentrations)
on the sodium-calcium exchanger (lyaca). It is the entry of calcium during this
time frame that causes activation of the ryanodine receptors and release of calcium
from the sarcoplasmic reticulum (SR). This process of calcium-induced calcium
release is essential for excitation-contraction coupling and enables each action
potential to be transduced into a mechanical event, allowing blood to be pumped
around the body ™.

Following on from the plateau phase, inactivation of the calcium channels combined
with increases in the outward potassium current lead to terminal repolarization
(phase 3). Finally, outward potassium and pump currents are responsible for the
maintenance of the resting membrane potential (phase 4).

As it can be seen from Figure 4 , there are species differences in the morphology of
these action potentials. For example, lgs is much larger in guinea pigs when
compared to canine or human cells and l¢ca) does not seem to play a role in phase-1
repolarization in human or guinea-pig cells. However, the general principles remain
the same for the three species shown. This is not the case in rat and mouse, where
the action potentials are of very short duration due to the fact that the major
repolarizing current is lto. For this reason, it is not recommended that these
species are used for the assessment of compounds on action-potential properties in
safety-pharmacology studies.
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Figure 4: Representation of the inward and outward currents that contribute to the
ventricular action potential in 3 different species. In addition, the cytoplasmic calcium
transient is shown. Current amplitudes are relative to one another and were generated using
3 different computer models of the cardiac action potential **> ~'’. Phases 0-4 are noted for
each action potential. (Courtesy of Jordi Heijman, PhD).

In addition to the species differences that are noted in Figure 4, there are also
regional differences in the expression of the various ion channels throughout the
heart, and this can contribute to different action-potential characteristics. In dog *2,
human *° and guinea-pig %, the action potential of epicardial myocytes is shorter in
duration than that of endocardial cells. In addition, the spike-and-dome configuration
is more prominent in the epicardium than the endocardium. There is also regional
heterogeneity in calcium-handling proteins ?* and recent work has demonstrated
transmural heterogeneity of excitation-contraction coupling and calcium handling
in human hearts #. Various studies ** ?* have also illustrated that cells from the
mid-myocardium have a longer action-potential duration than those from
the endocardium and are more susceptible to prolongation, e.g., by blockade of Iy, %°.
However, the functional and clinical relevance of these ‘M cells’ is still under
debate ** . Finally, there are also large interventricular differences in ion currents
that contribute to dispersion of repolarization . These regional electrical gradients
caused by the differences in action-potential duration are responsible for the T wave
on the electrocardiogram * *. Under various pathological conditions, exaggerated
dispersion of repolarization creates the substrate for reentrant arrhythmias .
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INTRODUCTION

In 1998, the term “repolarization reserve” was introduced by Roden *. According to
this concept, the inhibition or functional impairment of one transmembrane ion
channel does not automatically result in excessive repolarization changes due to the
fact that other currents that are normally redundant can compensate for the current
that is reduced. This “reserve” can be augmented by various factors, including
sympathetic tone, diet (e.g. grapefruit juice **) and disease (e.g. diabetes **; see
recent review by Varro et al. *). In certain circumstances, however, the “reserve” is
not sufficient to compensate for the challenge that is imposed upon it. Clinically,
among conditions in which the repolarization reserve can be challenged are the
congenital long-QT syndromes (LQTS), with a prevalence of around 1 in 2500 live
births *. In long-QT patients the duration of repolarization, as measured on the ECG
as the time interval between the beginning of the Q wave and the end of the T
wave, is prolonged. The two most common LQT syndromes are caused by mutations
in the KCNQ1 gene (encoding for the .-subunit of the Ik, channel) or in hERG
(encoding for the .-subunit of the Iy, channel), although at the time of this writing
there have been 13 LQT syndromes described *" %%, Symptomatic patients with these
syndromes can present with syncope or cardiac arrest, often as the result of TdP
arrhythmia, and it is thought that the mechanisms of arrhythmogenesis in these
patients are also operative in patients with drug-induced TdP.

Afterdepolarizations are among the mechanisms that are thought to be involved in
arrhythmogenesis in both drug-induced TdP and congenital LQT (Figure 5 ). These
oscillations can lead to either triggered activity *° and/or functional block which may
encourage re-entry circuits. These phenomena can be detected from the single cell
to the tissue and can even be observed in the intact heart when monophasic action
potentials are recorded *'. They are defined as depolarizations of the cardiac action
potential that can occur in phase 2, 3 or 4 of the action potential *>. Normally if
they occur in phase 4 they are called delayed afterdepolarizations (DADs) and if they
occur earlier on the action potential then they are termed early afterdepolarizations
(EADs). There is now a general consensus that DADs are a result of a transient
inward current (lr,) activated by intracellular Ca** *®. This transient inward current is
mainly due to activation of the electrogenic Na*-Ca*" exchanger (NCX), with the
Ca**-activated CI" current (lgca) cOntributing in some species ** *°. The mechanisms
underlying EADs are much less clear cut however, and remain a topic of debate.
Early evidence suggested EADs were caused as a result of reactivation of Iy due to
the prolonged plateau phase of the action potential > *’. However, there is other
experimental evidence that suggests that EADs may also be caused as a result of Iy
activation by intracellular Ca®*, especially under conditions of Ca* overload *®~*°.
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Figure 5: Representative examples of afterdepolarizations occurring in the single canine
myocyte. Figure shows both membrane potentials and contraction for each situation. Left
SDQHO '$° L Q -adremmetdiG agénist MoptdtereAol (1SO); the middle panel
illustrates an EAD (#) induced by augmentation of the late sodium current, using ATX-II; the
right panel illustrates that under certain conditions both types of afterdepolarizations can be
seen in the same action potential. In this particular example, blockade of lys D Q Gadfenergic
stimulation are the proarrhythmic treatment and it can be seen that an early aftercontraction
initiates prior to the upstroke of the EAD.

1.3  Proarrhythmic Models and Markers

As TdP arrhythmias themselves are fortunately rare, strong surrogate markers are of
crucial importance for the pharmaceutical industry for proarrhythmic risk assessment
of novel chemical entities. In addition, various proarrhythmia models, both in-vivo
and in-vitro, have been developed. These models share the characteristic of a
reduced repolarization reserve, by different inciting mechanisms, which primes them
for arrhythmia.

In clinical reality, many patients with TdP do not have a ‘perfect’ unremodeled heart,
which illustrates the importance of checking for proarrhythmic activity in disease
models. The dog with chronic complete atrioventricular block (CAVB) is one such
in-vivo model. It has been used for over a century ** and since 1995 °? has received
much attention as a model of TdP. After ablation of the atrioventricular node,
electrical conduction from the atria to the ventricles is interrupted, resulting in a
slower idioventricular rhythm to determine the heart rate. Due to this, cardiac output
is initially reduced and over a period of 2-5 weeks ventricular hypertrophy occurs as
a compensatory mechanism 3. At the cellular level, the delayed rectifier K* current
les is reduced **, whereas sarcoplasmic reticulum Ca* release and Iy, are
enhanced *°. Taken together, these alterations predispose to TdP arrhythmias,
making the CAVB dog a sensitive model for TdP detection. Another in-vivo model
used to detect the proarrhythmic potential of new compounds is the methoxamine-
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sensitized rabbit *°. This model was first described in the early 1990s °’. Even today
the exact mechanisms of .-adrenoreceptor sensitization for TdP in this model are still
unclear, however altered Ca** handling is likely to play a role.

Over recent years, various newer animal PRGHOV KDYH EHH Gud@htkgeULEHG A
UHFHSWR stim#laisn with isoproterenol (ISO) reproducibly produced TdP in

anesthetized dogs with a reduced repolarization reserve caused by selective Iy

blockade *® *°. Interestingly under these conditions, aftercontractions were observed

on the left-ventricular-pressure (LVP) signal prior to TdP induction, suggesting that

abnormal Ca*" handling plays a pivotal arrhythmogenic role. A combination of Iy,

and lys blockade has also been shown to induce TdP in conscious dogs and
anaesthetized rabbits °°. Finally, in guinea pigs, adrenaline has been used to reveal

the torsadogenic potential of a combination of E-4031 (lx blocker) and

HMR1556 (lxs blocker) °*.

In addition to the in-vivo models mentioned above, there are also a number of
in-vitro models, as reviewed by Lawrence et al. ®2. Perhaps the most widely studied
in-vitro model is the perfused and paced Langendorff-mounted rabbit heart. Many
drugs with clinical proarrhythmic properties can be detected in this model * %%,

As already noted above, the most commonly used surrogate marker for TdP liability
is the QT interval of the ECG. Although this biomarker has been adopted by
regulatory agencies, in both preclinical and clinical studies, the link between
a prolonged QT interval and arrhythmia is not watertight by any means. Numerous
studies have indicated a discordance between QT prolongation and TdP induction.
For example, Carlsson et al. ® showed that QT prolongation alone could not
discriminate between methoxamine-sensitized rabbits that showed TdP and those
that did not. In this particular study, the I blocker almokalant was infused
at different rates. In the animals subjected to a high rate of infusion of the
compound, TdP was seen in 9 out of 10 rabbits and this was accompanied by an
increase in QT of 30%. Interestingly in the rabbits receiving a lower rate infusion,
an increase in QT time of 42% was seen, however TdP was only seen in 1 out of 8
animals. In the clinical setting, in patients with acquired prolongation of the QT
interval, Gilmour et al. (1997) ® showed that QT-interval prolongation alone was
insufficient to account for the initiation of TdP, suggesting that other arrhythmogenic
factors are more relevant.

Over recent years, more direct markers of TdP prediction have been proposed.

Among them are: TRlaD, beat-to-beat variability of repolarization (BVR) and the
electromechanical window (EMW).
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In a study of Hondeghem et al. of 2001 °, the investigators characterized 702
chemical entities in Langendorff-perfused rabbit hearts, and then measured various
determinants, collectively known as TRlad. Triangulation (‘T’) of the action potential
(taken as the repolarization time from APD30 to APD90), reverse-use dependence
(‘R’), temporal instability of the action potential duration (‘I’), and dispersion of
repolarization (spatial and temporal, ‘D) were all measured. In these experiments,
the instability was quantified by means of a so-called “instability index”. This index
was computed as the difference between the upper and lower quartiles of APD60
during the last 60 beats during drug perfusion. However, this parameter does not
take into account the consecutiveness of the beat-to-beat repolarization instability.
Hondeghem and his colleagues then went on to plot the instability index against APD
prolongation. In this setting, a number of chemical entities induced considerable
repolarization instability while producing only minimal lengthening of the APD. TdP-
like polymorphic ventricular tachyarrnythmias were often seen under these
conditions. Vice versa, there were also compounds that lengthened the APD
considerably but left temporal instability minimally altered. These compounds
showed no or hardly any arrhythmogenic activity. In addition to TRlaD, more
recently Hondeghem also LQFOXGHG FDOFX®ID¥LEQVHRHBGDWK E DV
additional risk marker ®’. Cardiac wavelength is the product of the effective refractory
period and the conduction velocity and therefore takes into account additional factors
that appear to influence arrhythmogenic outcome but otherwise would not be
considered for arrhythmia risk. These data further question the utility of QT times
alone as a proarrhythmic marker.

Beat-to-beat variability of repolarization (BVR) takes into account the
consecutiveness of variability. As dispersion of repolarization seems to play an
important role in arrhythmogenesis, it is likely that the consecutiveness of
repolarization duration is also vital. For example, if the repolarization duration
increases by the same increment throughout the heart then it is unlikely that
arrhythmia will ensue, as there is only a minimal risk of functional conduction block.
In 2004, Thomsen et al. '° quantified BVR as short-term variability (STV). This
parameter was quantified as being the mean orthogonal distance from the line of
identity to the most distant points of the Poincaré plot. These data can be derived by
XVLQJ WKH PDWKHPDWLFDO4RWhXL Dt 6EF9 ZWHUH " UHSUHVHQ
the duration of repolarization. This marker has been most extensively studied in the
CAVB dog where D is derived from endocardial monophasic-action-potential
recordings. In this model, multiple compounds have been tested and BVR has been
assessed *. Interestingly, whereas BVR increases by the administration of many
proarrhythmic agents, it can also be reduced when an anti-arrhythmic agent is
applied °® ®°. Since its inception, the concept of BVR has been applied in multiple
animal models *® " and also to the clinical situation ™~ ™* and, in the majority of
conditions, it does seem to be a more reliable marker of arrhythmogenic risk
compared to QT prolongation alone.
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Finally, the latest surrogate marker to be described for TdP risk is the EMW, which
was recently characterized in dogs by van der Linde et al. *°. Under normal
conditions, the QT interval is shorter than the duration of the LVP (QLVPe¢ng),
providing a positive EMW. Interestingly, atrial pacing, atropine or body temperature
changes had no major effects on the EMW, whereas changes in the QT duration
were considerable. However, during lxs blockade in dogs, A $ Stimulation with 1SO
led to a large negative EMW and this was very often accompanied by TdP.
Prevention of TdP by atenolol or verapamil was associated with a (much) less-
negative EMW. On the other hand mexiletine, a class-1B antiarrhythmic drug
sometimes used to treat LQT3 patients, did not affect the EMW or prevent TdP
induction. These initial data indicate that mismatches between the electrical and
mechanical activity of the heart may be better indicators of arrhythmogenesis than
electrical activity alone.

1.4  Aims and Outline of this Thesis

Based on the above, a greater understanding of the underlying mechanisms behind
drug-induced TdP is required, not in the least to aid the pharmaceutical industry
to develop safer compounds and to avoid that efficacious compounds are discarded
on false assumptions. Hence, the main objective of the work presented in this thesis
was to study the mechanisms involved in TdP arrhythmogenesis, focusing on the
cellular aspects that underlie BVR, one of the newer surrogate markers thought
to have utility in predicting this arrhythmia. Particular attention was paid to how BVR
is altered under various proarrhythmic conditions and how this can contribute to
arrhythmia formation.

In Chapter 2, we describe a protocol for isolating canine cardiac myocytes and then
assessing changes in AP duration in canine ventricular myocytes utilizing optical
imaging techniques. This technique is then validated by using various test
compounds. In addition, a protocol is described that allows for the assessment of
BVR in single canine myocytes. The protocols described in Chapter 2 were then
applied in the studies underlying Chapters 3 and 4. In Chapter 3, isolated
myocytes were used to investigate the impor WD Q FH RtimAl&ton in the rescue
of excessive increases in BVR following I, blockade and augmented late Iy,. In
addition, the effects of Iy inhibition on BVR were investigated in th