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Preface

Cardiac Drug Development Guide outlines, in detail, the therapeutics of cardiac
medicine currently at the cutting edge of scientific research and development around
the world. This volume integrates basic and clinical cardiac pharmacology by com-
bining, for the first time, both classical and molecular aspects of therapeutic drug
development. The chapters comprise a broad spectrum of therapeutic areas and hence
involve a comprehensive discussion of molecular, biochemical, and electrophysi-
ological concepts based on years of in vitro as well as in vivo pharmacological stud-
ies. In addition, the latter part of the book includes comprehensive clinical cardiac
chapters that describe important topics in molecular medicine. These chapters also
discuss current clinical therapeutic trends in medicine and provide an evaluation of
the efficacy of novel drugs in these areas.

Cardiac Drug Development Guide has many distinctive and outstanding features
that set it apart from other cardiac pharmacology books. This book introduces topics
in an easily understandable format for researchers in many varying disciplines by
integrating and thereby simplifying concepts not usually discussed across a broad
range of cardiac disciplines and in a highly technical field. Each chapter not only
introduces and describes the physiology, pharmacology, and pathophysiology of the
disease, but also overviews the clinical implications of drug development, what stages
these areas are currently in, and also reviews some of the methodologies involved in
drug discovery and development. As a result, this book provides a comprehensive
overview of the most advanced procedures in cardiac pharmacology today. It is hoped
that Cardiac Drug Development Guide provides useful information to graduate stu-
dents, academic scientists, clinicians, and those researchers in the pharmaceutical
and biotechnology sectors of the drug industry.

Cardiac Drug Development Guide was fashioned from my many years of experience
both learning pharmacology as a graduate student in Canada and as an MRC postdoctoral
research fellow and applying that knowledge in industry as a senior pharmacological
scientist. I wish to thank all my colleagues around the world for contributing to this
book and to my family, especially my loving wife, Suzanne, for all their support.

Michael K. Pugsley
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Cardiac Drug Development
From Animal Models to Clinical Trials

Michael K. Pugsley
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1. CARDIAC DRUGS: THE MARKET POTENTIAL FOR
ANTIARRHYTHMIC DRUG DEVELOPMENT

Statistics from the American Heart Association show that the total number of
arrhythmia-related mortalities is approx 500,000 of an estimated 2,000,000 US deaths
per year, or nearly one-quarter of all cardiovascular-related deaths (/). The majority of
such deaths, which have remained at a nearly constant ratio since the 1970s when car-
diac drug development programs were formally being established within the pharma-
ceutical industry, are caused by ventricular fibrillation (VF; Fig. 1).

The development of novel, effective cardiac (antiarrhythmic) drugs was fueled by
the need for agents that would possess the so-called ideal pharmacological properties,
including high oral bioavailability, marked efficacy and selectively for the abolition of
ectopic ventricular arrhythmias, and a reduced adverse events profile (e.g., reduced
hypotensive actions and lack of proarrhythmic tendencies). The majority of drugs
developed at that time were analogs of lidocaine; however, structurally distinct classes
of drugs were developed, including the trifluoroethoxybenzamides (flecainide). These
compounds, according to the Vaughan Williams classification scheme (2), were class I
antiarrhythmic agents, that is, those that reduce the influx of sodium (Na*) ions during
phase 0 of the action potential (AP). In the mid-1980s, the development of this abun-
dant group of diverse new chemical entities with activity in animal models of

From: Cardiac Drug Development Guide
Edited by: M. K. Pugsley © Humana Press Inc., Totowa, NJ
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Fig. 1. The ischemic heart produces a broad spectrum of arrhythmias that precipitate sudden
cardiac death. Antiarrhythmic drug therapy (ion channel-blocking drugs) can suppress fatal
arrhythmias and produce a normal EKG rhythm. Unfortunately, although these drugs are benefi-
cial, many possess side effects, including myocardial depression and proarrhythmic tendencies.

arrhythmias and efficacy in the clinic (phase 1 and 2 studies) resulted in their evalua-
tion in larger phase 3 clinical trials. The Cardiac Arrhythmia Suppression Trial (CAST-
I) study was undertaken to examine whether the incidence of cardiac death in patients
with asymptomatic or mild ventricular arrhythmias, post-myocardial infarction (MI),
could be reduced with class I antiarrhythmic drugs (3). The CAST-I clinical trial with
flecainide, encainide, and later moricizine in CAST-II (4) and mexiletine in the Inter-
national Mexiletine and Placebo Antiarrhythmic Coronary Trial (IMPACT) trial
showed an abnormally high incidence of death in drug-treated groups when compared
with placebo controls (5). Thus, these clinical trials, albeit not showing marked effi-
cacy of these drugs, provided a valuable lesson as to the complex interrelationship that
exists among the antiarrhythmic drug used, the arrhythmogenic substrate, and resulting
drug efficacy.

Thus, despite the large number of experiments and clinical trials that have been
conducted, remarkably few Na* channel-blocking drugs are used clinically to suppress
arrhythmias. This low number of drugs accentuates the findings from the CAST-I and
CAST-II trial as well as others (3,4). Many studies with a variety of Na* channel-
blocking antiarrhythmic agents suggest that these drugs can effectively suppress
arrhythmias; however, this does not necessarily result in an improved survival rate
after a myocardial infarction in patients (6). Quinidine, for example, was shown clini-
cally to increase the incidence of mortality as compared with mexiletine (7), and
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lidocaine, although abolishing fatal VF, does not significantly improve survival in post-
MI patients (8).

The class II (beta-blocking) antiarrhythmic agents, typified by propranolol, atenolol,
and esmolol, are the only drugs that have been consistently shown to produce an
increased time to onset of ventricular tachycardia (VT; ref. 9), a reduction in arrhyth-
mia incidence (10), and to improve survival post-MI (11). A true appreciation for these
actions seems to have been overlooked despite the overwhelming abundance of data
describing the efficacy of this class of antiarrhythmic drug (/2). Both the class III K*
channel-blocking and class IV Ca?* channel-blocking agents have, in contrast, exhib-
ited poor results in post-MI clinical trials (/3).

An examination of the developmental patterns for antiarrhythmic drugs suggests
that because of the poor performance of antiarrhythmics in the past, there must be
continued research in this area. Therefore, novel molecular targets must be determined
and drugs for these targets developed. Some novel cardiac targets include a pathologi-
cally targeted approach whereby drugs have been developed that show marked selec-
tivity for myocardial ischemia and have a greater therapeutic index when compared
with prevous antiarrhythmic drugs (/4). Sodium-hydrogen exchange inhibitor drugs,
such as cariporide, which target the cardiac-specific isoform of this membrane pump,
may also have activity against arrhythmias and efficacy in congestive heart failure
(15). Thus, because of the large number of mortalities each year from cardiac disease,
there is a very large unmet medical need for more efficacious antiarrhythmic drugs.
Current medical expenditures in the United States for arrhythmias and arrhythmia-
related conditions are over $1 billion, and the unmet medical market is estimated to be
well over $3 billion.

2. GENESIS OF THE CARDIAC ACTION POTENTIAL (CAP)

To develop effective cardiac drugs, it is necessary to understand the basic tenets of
heart function. The coordinated electrical activity of cardiac muscle results from the
establishment of transmembrane potentials that culminate from an integration of many
different ion channels. The corresponding changes in ionic permeability results in the
flow of current producing contraction of heart muscle.APs in excitable cells result
from the presence of voltage-gated ion channels (/6) that open and close depending
on the voltage across the membrane. Depolarization of the resting membrane poten-
tial causes the opening of voltage-gated Na* channels. This increase in Na* perme-
ability results in the development of an inward current that enhances depolarization.
Membrane potential is re-established by the rapid inactivation of voltage-gated Na*
channels and opening of voltage-gated K* channels. In the heart membrane, potential
is complicated by the presence of voltage-gated Ca®* channels. These channels medi-
ate the slow inward current (Isi) that is responsible for the plateau phase of the AP. In
some tissues, such as the sinoatrial and atrioventricular nodes, voltage-gated CaZ*
channels predominate and produce the AP.

The CAP (Fig. 2A) for a ventricular myoctye consists of 4 phases. A rapid upstroke
(phase 0) is followed by a brief peak (phase 1) followed by a sustained plateau (phase 2).
A rapid repolarization (phase 3) begins after several hundred milliseconds, and this is
followed by phase 4 that persists until the next rapid upstroke event. Thus, the shape of
the AP is governed by ionic current flux via gated channels in the membrane for Na*,
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Fig. 2. The temporal association between some cardiac ion channels involved in the genesis
of the AP and the EKG. (A), a ventricular AP is depicted with ion currents involved in its
genesis. Although ion channels vary in species the fast upward spike generated by Na* (Iy,)
represents the QRS complex of the EKG (B). Ventricular repolarization results from the com-
bined actions of many K* currents and is delineated in the EKG by the upward deflection of the
T-wave (B).

Ca®* and K* (Fig. 2A). Membrane pumps and exchangers are involved as well. The
properties of the AP change moderately among tissue types. In pacemaker cells of the
nodal tissues phase 4 is characterized by a slow, steady depolarization from the resting
membrane potential (V,,) that leads to a threshold potential. When this potential is met,
a rapid upstroke (phase 0) results and a nodal AP develops that is composed of similar
phases as in ventricular or other cardiac cells. Although there may be some differences
regarding phase 4 development in various cardiac tissue, the fundamentals of AP gen-
eration are unchanged. The pacemaker current shapes the periodicity of oscillations in
the heart because this current is activated by the hyperpolarized cell membrane at the
conclusion of the AP.
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The inward voltage-gated Na* channel is responsible for producing phase 0 and the
rapid upstroke of the cardiac AP. Although Na* channels rapidly inactivate as V,,
approaches the equilibrium potential (0 mV), a second voltage-gated ion channel is
activated that is carried by Ca?* ions. Calcium channels carry Isi that is responsible for
the plateau phase of the AP (Fig. 2A). Although many Ca?* channel subtypes occur,
there are at least two isoforms found in the heart: the L and T types.

Within a short period of time (125 ms), cardiac Ca>* channels inactivate and K*
channels activate. Repolarization is rapid when the total outward K* current becomes
appreciably greater than inward Ca”* current. A large number of voltage- and
nonvoltage-gated K* currents are involved in repolarization of the cardiac AP. The
voltage-gated K* currents include the transient outward K* current (I,,), one of the
earliest channels to open; the outward or delayed rectifier current (Ix), which opens at
the end of phase 2 and is the main K* current responsible for ventricular repolarization.
The last to open is the inward rectifier K* current (Ix;) which, unlike other K* currents,
closes during depolarization and is responsible for maintenance of the resting mem-
brane potential (Fig. 2A).

2.1. The Cardiac Na* Channel

Depolarization of the cell membrane opens Na* channels. Molecular studies have
revealed characteristics of the Na* channel. All voltage-gated Na* channels are com-
prised of ~2000 amino acids and contain four homologous internal repeats (DI-DIV),
each of which has six putative transmembrane (SI-S6) segments (/7). The subunit is
the protein that forms the ion channel pore (/7). Recently, Sato et al. (18) determined
the crystal structure of the Na* channel and suggests that the Na* channel o.-subunit is
a bell-shaped membrane protein (/8).

Most Na* channels are heterotrimeric complexes in the membrane. The a-subunit
(~260 kDa) interacts with at least two small auxiliary B subunit proteins. The ; sub-
unit (~36 kDa) regulates current amplitude and refines channel kinetics for neuronal
isoforms but not the cardiac isoform of the channel (79). The 3, subunit (~33 kDa)
modulates Na* channel localization in tissue (20). Many subtypes of cardiac voltage-
gated Na* channels have been described.

Despite many isoforms, ionic conductance of the Na* channel is transient. Activa-
tion occurs rapidly, and prolonged depolarization produces Na* channel inactivation,
preventing the continued influx of Na* into the myocyte. Molecular studies reveal that
the o-helical intracellular linker between domains III and IV (DIII-DIV) of the Na*
channel is responsible for inactivation and channel closure (27).

Local anesthetics and antiarrhythmic drugs interact with the inactivation gate (22).
The inactivation produced by a change in membrane potential and drug block of the
channel are interacting processes. These occur as a result of drug binding to a site on or
near the inactivation gate in a voltage-, time-, and channel state-dependent manner
according to the modulated receptor hypothesis. This model suggests that as Na* chan-
nels change states antiarrhythmic drugs can associate or dissociate from these states
(23,24). Evidence exists for a specific binding site on the Na* channel for drugs.
Ragsdale et al. (25) identified a putative antiarrhythmic drug binding site on the S6
transmembrane spanning region of domain IV (DIVS6) that lines the pore of the Na*
channel. Thus there exists a greater promise for cardiac drug development as a result of
the molecular localization of drug action in the heart. A return of the membrane poten-
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tial to its predepolarizing (resting) level begins with activation of Ca?* current and
repolarizing K* currents.

2.2. Cardiac Ca** Channels

Voltage-gated Ca®* channels are important regulators of electrical signaling and
mechanical function in the heart. In the myocyte, Ca®* is highly regulated by voltage-
gated Ca®* channels, Ca>* pumps and by the Na*/Ca?* exchanger.

Calcium channels are responsible for the genesis of APs in cardiac pacemaker cells,
the propagation of APs in sinoatrial and atrioventricular node cells and in the control of
depolarization-induced Ca?* entry responsible for the plateau (phase 2) of the CAP
(Fig. 2A).

Voltage-gated Ca”* channels are hetero-oligomeric protein complexes that are com-
prised of a o, (~240 kDa) subunit, a § subunit (~60 kDa), and an accessory 0,-0 (~175
kDa) subunit (26). Currently, six classes of voltage-gated Ca?* channel have been char-
acterized. In the heart, there is a single L- and T-type Ca>* channel and each mediate an
important action in the genesis of the AP.

The o, subunit of the Ca* channel (~1800 amino acid residues) is the major protein
constituent that contains the ionic pore, selectivity filter, and gating machinery. In car-
diac ventricular muscle the o, subunit encoding the L-type Ca?* channel is found at
appreciably high levels (>80%) whereas o, subunit expression dominates atrial
muscle (26). Of the three isoforms of the o; subunit that encode for the T-type channel
only o, and o,y are found in cardiac tissue (26,27).

The o, subunit also contains the binding domain for Ca?* channel-blocking drugs.
The L-type channel is blocked by three groups of drugs. The phenylalkylamine (e.g.,
verapamil) and benzothiazepine (e.g., diltiazem) blockers are effective clinically used
antiarrhythmics whereas the 1,4-dihydropyridines (e.g., nifedipine) are useful anti-
hypertensive agents. Chemically, Ca’* channels show a marked structural homology
to each other and to voltage-gated Na* channels. This subunit is composed of four
homologous domains (DI-DIV) each of which is composed of six transmembrane
spanning a-helical proteins that form a pore in the membrane.

Calcium channels also require auxiliary subunits for functional expression. Cur-
rently, four mammalian isoforms of the [ subunit exist but the cardiac L- and T-type
Ca®* channels are only co-expressed with the B,-subunit isoform (28). Of the three o,-
dsubunit isoforms that have been detected in various tissues, only the 0,,-0; and o,-9,
types are expressed in the heart (28,29). The cardiac L-type Ca>* channels possess the
high affinity, stereoselective-binding sites for channel block. Inhibition produces anti-
arrhythmic activity against supraventricular arrhythmias. The S6 regions of DIII and
DIV may contain the actual high affinity binding sites for channel blocking drugs (26).

2.3. Cardiac K* Channels

Interest in the development of drugs that prolong refractoriness, that is, possess class
IIT antiarrhythmic action, increased markedly after the negative results of the CAST
trials. Repolarization and the configuration of phase 3 of the AP in cardiac tissue
seemed the next likely target for antiarrhythmic drug development. This was especially
tantalizing because repolarization resulted from the complex interaction of multiple K*
channels providing numerous targets for drug development (30).

However, whereas individual K* currents overlap in contribution to the total mem-
brane current during the AP, the relative importance of each may vary under differ-
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ent physiological conditions. During ischaemia, changes in cell properties may alter
the degree to which different channels contribute to the CAP. Despite these short-
comings, intensive development has continued for selective K* channel-blocking
antiarrhyhmic drugs.

Mammalian K* channels have been categorized into three main families: the volt-
age-gated K* channels (Kv), the inward rectifying K* channels (K1), and the two
pore domain channels (K2P). All K* currents have a similar primary amino acid
sequence with highly conserved structural regions. The molecular structures of K*
channels are described as having one or two pore-forming domains and two, four, or
six transmembrane-spanning domains. The molecular diversity of K* channels is
largely to the result of variability in the heteromeric association of pore-forming o
subunits and accessory or B-subunits (37). Voltage-dependent K* channel o subunits
have six transmembrane spanning sequences and a pore-forming region. The
inwardly rectifying K* channel o subunit is composed of two transmembrane span-
ning sequences and one pore-forming region.

The voltage-dependent activation of K* currents plays a considerable role in the
repolarization of the cardiac cell membrane. Voltage-dependent inactivation may pro-
ceed either rapidly or slowly by N- and C-type inactivation, respectively (32). The
differential distribution of currents carried by K* channels is extremely important in
the regulation of myocardial cell resting potential and repolarization and thus to the
configuration of the cardiac AP within different cells of the heart and electrocardio-
gram (EKG) morphology between species.

Thus, the heterogeneity of K* channels provides a large potential for the develop-
ment of K* channel-blocking drugs (33). However, class III agents are bradycardic and
prolong the action potential duration (APD) at low heart rates more effectively than
high heart rates, reducing their efficacy.

This reverse-use dependence limits their beneficial actions in the arrhythmic condi-
tion (34). The resulting bradycardia associated with new potent K* channel blockers,
such as dofetilide and sematilide, is associated with torsade des pointes arrhythmias
(35). Note, however, that some drugs, such as amiodarone, lack this effect (34).

Thus, although many K* channels exist in cardiac muscle, a complete overview of
only those K* conductances, which carry most of the outward repolarizing current, is
beyond the scope of this article. Note, however, that the K* currents that do contribute
include the transient outward K* current, the delayed rectifier K* (Ix) current (and its
components, Iy, and Ig,), and the inward rectifier (Ix;g) current.

3. ISCHEMIA-INDUCED CHANGES IN MYOCYTES
PRODUCE CHANGES IN THE EKG

Electrical activity in excitable cells results from the opening and closing of ion chan-
nels in a voltage- and time-dependent manner. The depolarization of a single cardiac
cell results in the electrotonic spread of electrical activity to adjacent cells and the
production of current that flows in the direction of depolarization. A second, repolariz-
ing current, is established to restore electrical excitability to cells. If these currents are
recorded in individual cells, an AP is observed (Fig. 2A); if they are recorded on the
surface of the body, an EKG is observed (Fig. 2B).

Thus, the EKG is defined as the global summation of all the electrical activity that is
generated by cells within the heart. It is the rate of change of voltage across the cell
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membrane as a function of time (AdV/dt). The intervals that are defined by the EKG
present the clinician and basic researcher with a fundamental tool to diagnose disease
and investigate drug activity.

Whereas electrical activity generated by atrial depolarization is recorded by the EKG
as the P-wave (Fig. 2B), ventricular depolarization produces a QRS complex. Repolar-
ization of the ventricles is recorded by the EKG as the T-wave. The QT interval repre-
sents the ventricular refractory period and includes depolarization and repolarization
of ventricular muscle. In contrast to the atria, the AP in ventricular tissue is long (~300
ms) and similar to the duration of the QT interval. Thus, the QT interval is an approxi-
mate measure of ventricular repolarization and thus K* channel function.

The ST segment is an important measure of the EKG because it represents the early
phase of ventricular repolarization. Clinically, depression in this segment can be used
to diagnose conditions, such as angina. Elevation in this segment occurs in a damaged
area of the ventricular wall that may be associated with myocardial ischemia or infarc-
tion. However, any abnormality in these measures may be indicative of some underly-
ing pathophysiological process that alters the AP in cardiac cells that are a consequence
of changes in voltage-gated ion channel(s) in tissue (36).

Because the EKG is a composite of voltage-gated ion channels, it is not consistent
between various animal species. The variability is quantitative, that is, measureable
differences in current densities can be recorded and qualitative, that is, EKG shape
varies because of expression of ion channel(s) distinct from that found in the human
heart (Fig. 3). Although little disparity exists regarding the role of both Na* and Ca?*
channels in the hearts of various species, important species and regional differences
exist in the contribution K* channels make to repolarization of the cardiac AP. This
disparity is of particular importance when determining which species to use in estab-
lishing relevant in vivo and in vitro animal models to assess the activity of novel car-
diac drugs.

4. THE ROLE OF CARDIAC ION CHANNELS IN HEART DISEASE

Implicit in the development of novel cardiac drugs is an understanding of the
molecular mechanism(s) responsible for arrhythmogenesis and the proarrhythmic pro-
pensity observed for many antiarrhythmic drugs. The blockade of Na* channels in the
heart by antiarrhythmic drugs reflects limited selectivity to ischemic tissue. Therefore,
drug blockade produces an increase in the rate of delayed conduction in ischemic-
damaged muscle without either the abolition of excitability or the production of com-
plete conduction block (37). This disparity increases the probability for the
development of re-entrant arrhythmias. Therefore, slowed conduction in injured heart
tissue along with a reduction in electrical conduction in normal tissue surrounding the
damaged area may be an important factor in arrhythmogenesis.

Mutations in the cardiac Na* channel has directly implicated it in inherited cardiac
disease. In the heart, mutations in NaV1.5 produce dramatic changes in the Na* chan-
nel. Usually inherited as autosomal-dominant mutations, these changes prolong the QT
interval. Mutations result from an amino acid deficit in the DIII-IV linker responsible
for normal channel inactivation (38). The predominant intragenic mutation, a deletion
of the amino acids K;5y5P50Q1507 (AKPQ) and two missense mutations (R1644H and
N1325S) produce channels, but with altered inactivation properties (38,39).
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Fig. 3. A comparison of some EKG recordings from various species. (A) depicts a human
EKG, (B) from a rat, and (C) from a rabbit. Note that the EKG tracings are not to scale.

As with many diseases, there is a prominent genetic component to the etiology of
cardiac arrhythmias that relates to alterations in ion channel function. Because many
ion channels mediate a basis for electrical activity in myocytes, it is of no surprise that,
in a manner similar to that for Na* channels, altered Ca?>* and K* ion channel properties
produce disease. The search is now on to determine the functional consequences asso-
ciated with aberrant ion channel proteins for which novel antiarrhythmic drugs may be
developed. Mechanistically, these findings will provide crucial information as to
whether these disorders result from faulty voltage-gated ion channels themselves or
from mutations in the regulatory protein components of the electrical-excitation cou-
pling system in the heart.

The best characterized of the cardiac disorders involving a K* channel is the long-
QT syndrome (LQTS). It is a specific cardiac disorder related to acquired or inherited
alterations in Ix channel function and displays a torsade des pointes phenotype. The
majority of genetic loci (11p15 in humans) that have been identified contain the genes
responsible for LQTS and encode those subunits for the Ix channel (39,40). In mam-
mals a gene from the KCNQ (K, LQT) subfamily, KCNQI1, when co-expressed with
the auxiliary subunit, minK (or KCNE1), produces functional K* channels (LQTS1)
similar to the slowly activating component of the Ix current (Ig,; ref. 40).
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However, the association of human ether-a-go-go (HERG; or KCNH2) with KCNE1
(minK)) or KCNE2 (MiRP, a minK homolog) produces the molecular equivalent of the
rapidly activating I, (Ix,) (47). Many mutations within the HERG o subunit suggest it is
a mediator of LQTS2 (42).

Before the delineation of the molecular correlates for LQTS, the development of
potent and selective K* channel blockers resulted in QT prolongation and induction of
torsade arrhythmias (42). Studies indicated that methanesulfonamide drugs were potent
blockers of native Ik, channels in cardiac tissue and the molecular correlates of I, the
HERG K* channels. Thus these drugs produce heterogeneity of refractoriness and pre-
dispose one to arrhythmia incidence. This is now a concern for the pharmaceutical and
biotechnology industries, as well as government agencies (e.g., Food and Drug Admin-
istration [FDA]) because many cardiac (and noncardiac) drugs exhibit QT interval pro-
longation and may also block HERG K* channels. Thus, the potential for these adverse
actions of a drug, unrelated to their primary pharmacological actions, has prompted the
establishment of regulatory requirements for safety pharmacology studies that outline,
using good laboratory practice methods to investigate novel cardiovascular (and
noncardiovascular) drugs.

5. SAFETY PHARMACOLOGY

In the simplest sense, pharmacological studies can be separated essentially into three
main categories that characterize (1) the primary pharmacodynamic, (2) the secondary
pharmacodynamic actions of a new drug, which determines the mechanism of drug
action, and (3) the safety pharmacology of the new drug.

Safety pharmacology is defined as those studies that investigate any potential
undesirable pharmacological effects of a drug on normal physiological function (43).
These studies are not toxicological in nature but rather are an attempt to characterize
whether or not a dose-response relationship exists between a drug and the observed
response.These studies are conducted before drug administration to humans (phase 1
clinical trials) to reduce the likelihood of adverse events from occurring in the clini-
cal setting. The information excogitated from such studies provides supplemental
knowledge relating to the mechanism of action responsible for the observed benefi-
cial, as well as any potential adverse, pharmacological effects. Safety pharmacology
studies primarily examine the effects of a drug on three main vital organ systems
using a core battery of in vitro and in vivo test systems. These vital organ systems are
the central nervous system, respiratory system, and the cardiovascular system. All
studies are conducted, optimized, and validated according to International Confer-
ence on Harmonization (ICH) ethics and scientific quality standards that reflect proper
study design, conduct of experiments, data-recording methods, and data-
reporting practices.

Studies are conducted according to good laboratory practice regulations set forth
by global regulatory agencies (43,44). Thus, safety pharmacology is a unique new
discipline that bridges the gap that currently exists between pharmacology and toxi-
cology. Thus, it is an important consequential means by which to ensure the safety
of drugs, especially those being developed for cardiac disease, before their use in
human studies. Thus, all new drugs must undergo rigorous safety pharmacology
screening methods.
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6. METHODS USED TO INVESTIGATE THE ROLE
OF ION CHANNELS IN CARDIAC DRUG DEVELOPMENT

6.1. In Vivo Methods

The following describes some of the methods that can used to characterize the
pharmacological actions of novel drugs on the heart. These methods are not defined
according to specific use in either general or safety pharmacology studies, but are
simply divided into in vivo and in vitro methods. In vivo methods require the use of
whole animals (mice to primates) where the heart is functionally connected to the
circulation. Selection of animal species may vary with the proposed candidate mol-
ecule, thus, a thorough understanding of the physiology and functional ion channel
status of the species selected should be known. These methods are concerned with
measuring the effect of the drug on electrical and mechanical heart performance. The
effect on the mechanical performance of the heart in vivo can be evaluated in terms
of cardiac output and ventricular pressure whereas actions on electrical properties
are characterized using the EKG.

Many direct and indirect methods exist to determine drug activity on cardiac output.
Direct measurement of cardiac output is best accomplished using flow probes. Flow
probes can be surgically implanted around blood vessels and the volume of blood flow-
ing through the vessel measured. Although many different types of flow probes are
available for use, the most common are ultrasonic and electromagnetic (45).

Electromagnetic flow probes provide a greater accuracy for absolute measures of blood
flow in a vessel than do ultrasonic flow probes. Ultrasonic flow probes, however, are useful
for measuring patterns of changes in flow because they use the Doppler principle of signals
reflected from moving blood in the vessel rather than the distortion created by moving red
blood cells in the magnetic field of the electromagnetic flow probe. This should be consid-
ered when investigating the hemodynamic actions of a drug.

Rather than the direct measurement of cardiac output by flow probes, it is possible to
use indirect dye dilution techniques that use tracer materials, such as indocyanine green
or Evan’s blue dye (46). The introduction of thermodilution methods has allowed for
the precise measurement of cardiac output. This clinically used technique has been
adapted for use in animal experiments; however, validation and optimization of the
method is critical for accurate determination of the effects of novel cardiac drugs.

Cardiac output measurement is the preeminent method for evaluation of the effects
of a drug on heart function. However, there are other physical indices of cardiac func-
tion that can complement cardiac output studies. Cardiac contractility (performance)
depends upon filling pressure in the ventricle and the initial or diastolic fiber length.
Therefore, drug effects on such parameters should be assessed. End diastolic pressures
are easily measured in the right ventricle in vivo by the direct positioning of a catheter
into the right ventricle. Left ventricular pressure recording is best accomplished by
measuring pulmonary wedge pressures.

The methods described above provide the best indices of the functional state of the
heart. Effective cardiac contraction, in the absence and presence of the candidate drug
molecule, can only occur in vivo if adequate delivery of oxygen is supplied to the
myocardium and metabolic waste products removed. Thus, coronary blood flow should
be measured globally and regionally in these studies. Coronary blood flow can be mea-
sured using flow probes placed around a coronary artery or by using microspheres (47).
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Electrical activity in the heart can be examined at many levels providing the
researcher with the ability to quantitate the effects of novel cardiac drugs at all levels.
Global electrical activity is most easily quantified using the EKG. The electrical activ-
ity can be examined in different chambers and in various anatomical locations within
the heart by insertion of recording electrodes into those areas (or chambers) of the
heart (48). With the placement of stimulating electrodes into any of these areas, it is
possible to electrically challenge the heart. The electrical stimulation method allows
for an assessment of the ion channel status (Na* and K*) within cardiac tissue in
the absence and presence of cardiac drug (48). This method also permits for an evalu-
ation of the vulnerability of the ventricle to arrhythmia (premature ventricular contrac-
tion [PVC] or VF) induction, thus, is an excellent method with which to rapidly screen
novel drugs for cardiac activity.

Extracellular monophasic action potentials (MAPs) can be recorded from the
endocardium or epicardium of atria, ventricles, or the whole heart (49). The MAP is an
extracellularly recorded potential that approximates the time course of the intracellular
AP. The MAP is generated by the application of pressure to the contact electrode against
the cardiac muscle wall. The MAP can be used to record myocardial activation time,
repolarization (phases 1-3) of the CAP, dispersion of APD, postrepolarization refrac-
toriness, early after-depolarization development, ischemia-induced changes in the
APD, and the actions of cardiac drugs (49).

Arrhythmias can seriously impair mechanical function of the heart. Thus, although
VT limits or impairs cardiac output, VF terminates cardiac output. Arrhythmias can be
detected experimentally by changes in both blood pressure and the EKG. The experimen-
tal methods used to induce arrhythmias are both numerous and complex. Arrhythmias
may be produced electrically (as discussed previously), chemically or by ischemia (50).

The induction of arrhythmias by chemical methods is usually performed in small
animal species. Standard chemical methods for the induction of arrhythmias include
the use of cardiac glycosides in guinea pigs, chloroform in mice, aconitine in rats and
catecholamines to dogs (48,50). Note that the types of arrhythmias that result are spe-
cific to the chemical agent used and are species dependent. Although the arrhythmias
that result are reproducible and exhibit characteristic sensitivity to historical or control
antiarrhythmic drugs, the mechanism(s) responsible for the development of the arrhyth-
mia are not well defined. However, the use of these proarrhythmic models provide a
rapid in vivo screening system with which to investigate the potential efficacy of novel
cardiac drugs that can be compared with current, clinically used drugs.

Appropriate electrical stimulation, applied though the implantation of electrodes into
any part of the heart, can result in the induction of arrhythmia (48). A large variety of
defined stimulation protocols can be used and can be chosen for either the induction of
arrhythmias or for indirectly probing the functional status of either Na* or K* channels.
For example, electrical currents and pulse widths required to induce single extra beats
in the myocardium reflect Na* channel availability and excitability (or i-t curves)
whereas refractory periods or effective refractory period (ERP) reflect Na* channel
status but are highly dependent on K* channels which control repolarization (46).

The types of arrhythmias induced by electrical stimulation include single extra
beats, VT, or VF. These studies can be conducted in normal intact hearts or in previ-
ously ischemic or infarcted hearts. Thus, the flexibility that results from the avail-
ability of the numerous stimulation protocols to probe arrhythmia propensity and ion



Cardiac Drug Development 15

channel activity also makes this a very useful method with which to investigate novel
cardiac drugs.

However, the most clinically relevant method for arrhythmia induction results from
the occlusion of a coronary artery. This deprives blood flow to the cardiac region
subserved by the artery, results in ischemia, and produces changes representative of a
heart attack. The continued occlusion of the coronary artery results in MI. Both the
duration of coronary artery occlusion and the size of the developed ischemic area
determine the extent of infarction. These factors then determine the severity of
arrhythmias that develop (57). Reperfusion, which results from the release of the
coronary artery from occlusion, produces arrhythmias that appear similar in mor-
phology to those that result from ischemia alone but vary markedly in their develop-
ment characteristic (517).

VT and VF in these animal models occur at critical times after coronary artery
occlusion or reperfusion subsequent to a preceding ischemic period. These methods
can be used in all species but care should be taken when selecting the species with
which to conduct arrhythmia studies because coronary collateralization in the heart is
critical to the size of the developing ischemic area or infarct (52).

Collateralization varies to a large degree among the hearts of different animal spe-
cies. The hearts of guinea pigs have an abundance of coronary collateral vessels, which
prevents its use in the study of regional myocardial ischemia (46). Arrhythmic
responses are also not uniform in dogs because of the extent of pre-existing coronary
collateralization (50). Coronary collaterals are not present to any significant degree in
the hearts of species such as rats, pigs, rabbits, and primates; this makes them better
candidates as models with which to investigate responses to ischemia and reperfusion
in the heart (50).

To accurately assess the efficacy of a novel cardiac drug, it is necessary to quantitate
the area of ischemia or infarction that is produced by the most physiologically relevant
animal model. Many diverse experimental methods can be used to quantitate the size of
the infarction produced in the heart. The most accurate methods are those that directly
quantitate the anatomical size of the infarct. Such gross anatomical methods include
cross-sectioning the ventricle into slices and estimating the area of infarction found in
each slice. Demarcation between infarcted, ischemic, and normal myocardial tissue
can be resolved using stains that chemically interact with normal tissue and not necrotic
tissue (46). These provide an accurate estimate of infarct size that is easily determined
by visual examination providing reliable results in drug assessment.

6.2. In Vitro Methods

Many types of in vitro cardiac preparations are used to study cardiac function and
the electrophysiological effects of drugs on myocardial cells. Methods include single
myocardial cells, isolated cardiac tissue preparations, the Langendorff isolated rat heart,
and heterologous expression systems.

Although single adult myocardial cells are isolated from many different animal spe-
cies, including humans, the rat and guinea pig remain the principle species used.
Enzymes are perfused into isolated hearts and the dissociated cells harvested for use in
electrophysiological and biochemical study. The main advantage of the use of single
isolated myocytes is that the unknown electrophysiological actions of a newly devel-
oped cardiac drug can be investigated independent of other cells in the heart.
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The patch clamp technique revolutionized cardiac drug discovery because it was
possible to record current flow through ion channels in the many cells that comprise
the CAP. The electrophysiological actions of a drug are investigated using many con-
figurations of the patch clamp. Whole-cell recording, in which the total ionic current
that flows across the cell membrane is recorded, and patch clamp recording, in which
the current that only flows across a small membrane patch is recorded, are the most
commonly used (53). However, for drug study, the whole-cell configuration is pre-
ferred. This method allows the investigator to determine the effects of the drug on
many different ion channels using electrophysiological protocols that probe the func-
tional properties of the channel. Many properties of the channel can be examined in the
absence and presence of various concentrations of the investigational drug. The goal of
these studies is to characterize the molecular actions of the drug in an attempt to eluci-
date both its site of action and putative mechanism.

Isolated tissue preparations have become a cornerstone of the physiological and
pharmacological evaluation of natural and synthetic drugs. Note, however, that the
extrapolation of drug effects on isolated tissue preparations to the whole animal is
limited by the complexity of mechanisms present in intact animals. Nevertheless, the
assessment of the pharmacological action of antiarrhythmic drugs in isolated tissues
is an essential step in clarifying the actions of a novel drug and in determining further
studies in intact animals.

The cardiovascular system is a rich source of tissues for in vitro studies. Therefore,
to investigate drug action some of the most widely used cardiac preparations include
isolated atrial or ventricular tissue, papillary muscles and the isolated, coronary-per-
fused right ventricular wall (54). The use of these tissue preparations in drug investiga-
tions is numerous. The small size of most cardiac tissues allows for the rapid and
continuous diffusion of oxygen and nutrients to subcellular layers, resulting in viable,
stable preparations. These preparations from different animal species are extensively
used to represent the heart; therefore, the type of isolated tissue preparation used when
attempting to study problems concerning drug actions or cardiac function must be care-
fully considered.

The isolated perfused whole heart is the most physiologically relevant isolated car-
diac tissue. This preparation has many advantages compared with either isolated
myocytes or isolated tissues because it lends itself to the study of the actions of cardiac
drugs on mechanical, electrical, and biochemical properties of the heart. The isolated
Langendorff heart is a simple preparation with which to screen for the cardiac actions
of drugs because it uses physiological buffers to maintain normal heart function (55).

The greatest function of the isolated perfused heart is its usefulness in assessing
drug actions on the rate of generation of ventricular pressure. It is also a sensitive
indicator of the chronotropic and inotropic actions of drugs on the heart. Coronary flow
and a surface EKG can also be recorded as supplementary indices of drug action on
coronary vasculature resistance and ion channels. Drug activity can also be assessed in
diseased hearts.

Equally, ischemia and reperfusion arrhythmias can be investigated in isolated per-
fused hearts. Occlusion of a coronary artery in an isolated perfused heart produces
arrhythmias. The antiarrhythmic efficacy of the drug under investigation can readily be
compared with that observed in vivo in the absence of blood. Isolated hearts can also
be rendered globally or regionally ischemic and the effect of the drug can be investi-
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gated on measures, such as oxygen consumption and other markers of cardiac metabo-
lism associated with these pathological states. Thus, the extensive variety of convinc-
ing applications for use of this method in normal and diseases hearts will ensure its
continued use in the preclinical assessment of novel cardiac and antiarrhythmic drugs.

The use of heterologous expression systems allows for the electrophysiological mea-
surement of the properties of cardiac drugs on isolated ion channels from the heart
using voltage and patch clamp techniques. These systems are used to express high
levels of the desired functional protein that is not endogenous to the system. Some
available expression systems include Xenopus oocytes, transfected mammalian cells,
such as human embryonic kidney (and Chinese hamster ovary cells, and baculovirus-
infected insect cell lines, such as Sf9 and Hi5. The expression system selected should
be chosen (as with isolated tissues described above) appropriately based on the ques-
tions addressed because each system has certain advantages and disadvantages. For
example, one system may be appropriate for the study of drugs on ion channel function
(e.g., Xenopus oocytes) whereas another may be more useful to synthesize large
amounts of protein for biochemical analysis (e.g., baculovirus-insect cell lines).

Xenopus laevis oocytes are one of the most commonly used expression systems with
which to examine cDNA (or mRNA) encoding cardiac ion channels. Their usefulness
resides in the fact that oocytes do not express significant levels of endogenous Na*, K*,
or Ca®* currents. RNA that is injected into oocytes is efficiently transcribed so that the
effects of cardiac and antiarrhythmic drugs on exogenous channels can be studied. One
disadvantage of the oocyte system is that proteins are modified by the oocyte. In mam-
malian cells, protein synthesis involves many sequential processing steps that result in
a unique structural or functional protein. Studies of translational mRNA processes in
oocytes suggest that although similar to mammalian cells, some post-translational pro-
cessing differences exist. Glycosylation of the protein in oocytes may be different from
mammalian glycosylation possibly resulting in altered functional properties. However,
despite this caveat, oocytes have become a gold standard for functional expression of
ion channels.Today, many distinct mammalian cell lines can be used to express cloned
human cardiac ion channels. The most relevant to the examination of cardiac or antiar-
rhythmic drugs are those cell lines that stably express the HERG K* ion channel that is
implicated in torsade des pointes arrhythmias or the LQTS.

7. HIGH THROUGHPUT SCREENING (HTS) METHODS
IN CARDIAC DRUG DEVELOPMENT

HTS defines a series of usually in vitro methodologies that can be used to rapidly
screen many (thousands) potential cardiac drug candidates for activity against ion chan-
nels that eventually may exhibit efficacy in humans. Recently, the defined involvement
of ion channels in multiple disease conditions (i.e., channelopathies) have re-invigo-
rated drug development for arrhythmias. The implication of ion channels, such as Iy, in
torsade des pointes and the LQTS, are such an example. Thus, although the voltage-
gated ion channel so-called flavor of the day may vary, ion channels in the heart remain
viable targets for drug development. However, as is inherent to pharmacology, there
remains a continued lag in available HTS processes that accurately quantitate the car-
diac efficacy of a potentially novel molecule. Thus, the pharmacologist cannot hope to
compete with chemists that develop structure—activity relationships for novel drugs. It
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is understood that using in vivo screens, isolated tissues, dissociated myocytes, iso-
lated hearts, or heterologous expression systems to evaluate new drug candidates is a
gravely slower, and more tedious process, than drug synthesis.

However, attempts to improve upon early screening procedures using in vitro or
biochemical methods may begin to close the Grand Canyon-size gap that currently
exists between chemical synthesis and determining drug efficacy and safety. Because
ion channels really do not contain functionally defined binding sites and are not a
receptor this further complicates the development of HTS methods.

Sodium and other ion channels characteristically contain binding sites for neuro-
toxins and other drugs that activate, block, or modulate channel response to drugs
through known mechanisms. Thus, attempts have been made to use radioligand-
binding methods to develop HTS assays for ion channels. However, complications
arise because the activity of many neurotoxins involves a state-dependent binding to
the Na* channel (56). The utility of such a preliminary assay as a screen is attenuated
because drugs that do not interact with the state of the channel produced by the neu-
rotoxin would not be detected.

Fluorescence-based cellular methods may more appropriately reflect the selectivity
and sensitivity that is required for HTS assays (56). Briefly, the fluorescence methods
use a heterocycle fluorophore or fluorescence dye molecule that localizes in a region of
the cell (such as the cytoplasm) and responds to a stimulus. Fluorophores for Ca* ions
include dyes, such as fura-2 and fluo-4 (Molecular Probes, Eugene, OR), whereas oth-
ers are available for Na* and K* ions.

Probes such as these are measured using technologies, such as the Fluorometric
Imaging Plate Recorder or FLIPR3%* (Molecular Devices, Sunnyvale, CA). Because
these systems contain enhanced automation features, including potential robot inte-
gration, assays that quantitate intracellular constituents, such as Ca*, pH and Na* and
Vs they may be modified to conduct HTS assay development. Cell responses can be
monitored in real time, kinetic data for drugs can be derived, relative drug potencies
can be determined, and drug-ion channel interaction kinetics can be determined.

Radiotracers can also be used in HTS assays. Denyer et al. (56) describe a novel
cell-based Na* channel assay using Cytostar-T scintillating microplates (Amersham
Life Science, Piscataway, NJ). These plates have a transparent scintillant base that
emits light as it is excited by the decay of the radioisotope in close proximity. Cells are
grown to confluence on the microplates and various neurotoxins are used to maintain
open Na* channels. Permeant '“C-labeled guanidinium is added to the cells. Once suf-
ficient radiotracer incorporation into the cells occurs, tetrodotoxin is used to block the
channels. Blockade or inhibition of channel opening by the test drug alters the signal
emitted from the scintillation base of the microplate and provides an index of activity
on the Na* channel. Complex assays such as this may provide the necessary steps in the
development of HTS screening methods for ion channels.

Coronary artery occlusion and MI development results in progressive changes in
the cellular architecture of both infarcted and noninfarcted ventricular muscle. These
changes are caused by remodeling within the heart. Remodeling involves changes in
cellular events that modulate adaptation and include hypertrophy of myocytes, deposi-
tion of extracellular matrix components, and proliferation of fibroblasts (57). These
processes ultimately are responsible for ensuing dysfunction that transpires post-MI.
Diminution in cardiac contractility derives from muscle dystrophy and fibrosis, events
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subsequent to scar formation within the damaged ventricular muscle. For this to occur
within the heart, there must be an altered response and downregulation of many
homeostatic mechanisms responsible for normal contractility. Ultimately such changes
derive from altered gene expression, and this can be studied at the subcellular level
using microarray technology.

DNA microarrays are a powerful new method by which to determine the pattern of
gene expression in both normal and diseased tissues. Microarrays currently provide an
initial central point for use in drug target and validation. These methods allow for the
identification of those genes, whether up- or downregulated in expression that may
be involved in disease. It is now recognized that many cardiac disease processes
involve multiple modifications in genes. These concurrent changes may then culmi-
nate in the disease process. Thus, therapy can now ideally be directed at the cause of
the disease and not simply at the symptoms.

Microarray technology may have an application in cardiac disease because it pro-
vides researchers with the ability to characterize the gene expression levels of thou-
sands of genes in parallel (58). The development of DNA microarrays for application
to disease is a multistep process. Genes to be arrayed are identified and obtained from
private or public genebanks. Both normal and diseased tissues are used and usually
~15,000 genes are identified that may characterize the cardiac disease under investiga-
tion. Selected genes are usually maintained in bacterial plasmids and subject to poly-
merase chain reaction amplification procedures before hybridization on microarray
plates. The polymerase chain reaction amplification product is arrayed at a high den-
sity to either glass slides radiolabeled with a fluorescent dye (such as C4S) or nylon
membranes radiolabeled with phosphorus (**P). The signal intensity of the hybridized
genetic sample determines the expression level of the corresponding gene and the pro-
file is then processed using bioinformatic methods.

Although the potential impact of microarray use in many cardiac diseases is sub-
stantial, its application remains at an elementary stage. Several studies have been con-
ducted in models of heart failure, MI, and ventricular hypertrophy (57,59). In these
studies, no fewer than 55 known (and unknown) genes were detected that could be
involved in these cardiac diseases. Functional relevance remains inconclusive and many
caveats exist that relate to the use of this methodology.Microarrays, although high
throughput in nature, have a low sensitivity, and genes that exhibit ~70% homology are
indistinguishable (60). Quality control issues, computational resources, and a require-
ment that a large number of diseased and nondiseased tissues must be profiled to derive
conclusions concerning the reproducibility of gene expression patterns are issues that
require resolution. Owing to the ingenuity of researchers in this field, resolution is only
time dependent.

8. CLINICAL DRUG TRIALS

Clinical drug trials test the activity of the drug on the disease or symptom. The
extensive general and safety pharmacology studies that are conducted prior to the ini-
tiation of the testing of the drug in humans require years. However, it is critical that
these studies define the pharmacological effects and the potential for serious drug tox-
icity before use in humans and are the sum of in vitro and in vivo studies conducted in
both animal and human preparations (as described above). If these preclinical studies
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are successful, then the pharmaceutical or biotechnology company provides the data in
the form of an Investivational New Drug application to governmental agencies such as
the FDA in the United States or to the European Agency for the Evaluation of Medici-
nal Products (EMEA) in Europe.

Clinical drug trials of novel antiarrhythmic or cardiovascular experimental drugs (as
for all drugs) are conducted in four phases (Fig. 4). The early phases of drug testing in
humans are usually broad in perspective and provide information regarding dose, drug
kinetics, and tolerance. Thus these early phases concern the testing of the safety of the
drug (phase 1) and the efficacy of the drug (phase 2). The attrition rate for new drugs
reaches approx 60% by the end of this phase of clinical trial testing. In later trials, large
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controlled studies that delineate the range of the drug’s effectiveness; incidence of
adverse events and the benefit to potential patient population (phase 3) are conducted.
The attrition rate for drugs is reduced to approx 10-20%. Successful completion allows
the drug company to file a New Drug Application with the FDA or EMEA. If granted,
the drug is then conditionally approved for marketing.

This conditional approval is given before phase 4 studies. However, these phase 4
(or late phase 3) studies are intended to provide for postmarketing surveillance and
allow for the monitored release of the drug, whereby patients may be given the drug
under specified supervision by physicians at selected medical centers.

These studies are an indispensable part of medical research and offer the only means
by which to provide new therapies for cardiovascular diseases that afflict humans.
However, as many clinical cardiovascular trials have taught (and cost!) the drug indus-
try, this is a very arduous process and many cardiovascular clinical drug trials have
failed. However, despite these failures, a re-evaluation of clinical trial data provides
for suggestions as to how to improve clinical trials involving cardiac drugs. These
suggestions include the regular requirement of phase 4 trials with surrogate endpoints,
a clear definition of phase 3 study endpoints, and also by possibly reassessment of
thestructure of the clinical trial hierarchy itself (67,62). Recently, Lipicky (61) sug-
gested that the traditional distinctions between study phases for clinical trials not be
used. It is reasoned that conforming to the rigid phases currently used to conduct clini-
cal trials with cardiac (particulary antiarrhythmic) drugs may be detrimental to drug
development (6/). Rather, it is suggested that combining phase 2 with phase 3 trials
may reduce unnecessary delays associated with independent, consecutive trials and be
of a clear benefit to drug development. Additionally, it is suggested that multiple drug
doses should be studied, the type of arrhythmia be defined and the doses be related to
some measure of cardiac activity (6/). Consideration of suggestions such as these may
reduce the attrition rate associated with drug development for cardiac disease, improve
the safety profile for these drugs in patients, and ultimately provide novel drugs that
improve symptoms associated with the disease or prevent the disease itself.
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1. THE PACEMAKER CURRENT AS A TARGET FOR THERAPY

From even the most basic physiological observations, it is obvious that parts of the
heart can generate their own intrinsic contractile rhythm. With the development of
techniques to record electrical activity from tissues, it became clear that contraction of
the heart is triggered by an action potential and that most areas of the heart can, under
some circumstances, generate rhythmic action potentials, although it is cells in the
sinoatrial node (SAN) that have the highest intrinsic frequency, and hence it is these
cells that normally provide the drive for the rest of the heart. Even a single, isolated
SAN cell will generate rhythmic action potentials separated by a period of slow dias-
tolic depolarization. It is the diastolic depolarization that repeatedly drives the mem-
brane potential towards threshold for action potential firing. The mechanism underlying
this diastolic depolarization has been a subject of much puzzlement. By the 1970s, it
was clear that to provide a slow depolarization, there must be a slow increase in net
inward current, although it was not clear whether this came about as a consequence of
the slow inactivation of an outward current (presumed to be a carried by potassium) or
the slow activation of an inward current (/). Using the intracellular recording and volt-
age clamp techniques available at the time, it was difficult to resolve the different com-
ponents of the current flowing during the diastolic depolarization (2—4). With the advent
of patch-clamp techniques, coupled with techniques for preparation of isolated cells
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from various parts of the heart, resolution of individual currents became possible. The
mechanism of the diastolic depolarization was greatly clarified by the discovery in
pacemaker cells of an inward current that was activated by hyperpolarization (5-8).
The current was shown to activate relatively slowly on hyperpolarization and to have
low selectivity among cations. These properties are just what one would expect for a
pacemaking current

Around the same time as it was discovered in cardiac myocytes, a similar current
was identified in photoreceptors (9). Subsequently, similar currents were discovered
in other tissues, particularly in parts of the central nervous system (CNS). The cur-
rent in cardiac tissue was christened I(f) (f for funny, because of its funny properties)
and in most other tissues it was called I(h) (h, because of the activation on hyperpolar-
ization). The terms are often used interchangeably.

I(f) or I(h) has been implicated in cardiac (/0) and neuronal (/ /—13) rhythmogenesis,
sensory adaptation (/4,15), shaping of synaptic potentials (/6), and control of synaptic
transmitter release (17,18).

2. THE CHARACTERISTICS OF I(F)

As noted above, the critical and unusual feature of I(f) is its voltage dependence. I(f)
is activated by hyperpolarizations with a threshold of approx —40 to —50 mV in the
SAN. Figure 1 shows a typical activation curve, which depicts the relative fraction of
channels open at steady state as a function of membrane voltage. This relation indi-
cates that the current is activated at voltages near the range of the diastolic depolariza-
tion in SAN cells. The fully activated current/voltage (I-V) relation reverses near +10
to +20 mV in physiological solutions as a consequence of the channel having a mixed
permeability to Na* and K*. The activation by hyperpolarization and permeability to
Na* and K* are critical properties with respect to the role of I(f) in the generation of
diastolic depolarization and hence of spontaneous activity. Hence, membrane poten-
tials around the maximum diastolic potential in SAN cells activate the current, which,
because it is a nonspecific cation current, produces an inward, depolarizing current at
these potentials. To a large extent, it is this slow activation of I(f) that tends to drive the
slow diastolic depolarization until the membrane potential reaches threshold for the
triggering of a new action potential.

However, when it was first described, there was initially some skepticism regarding
the role of I(f) in pacemaking and, indeed, there is still some degree of controversy as
to just how important I(f) is to pacemaking (19,20). Although I(f) seems to be a good
candidate for the role of a pacemaker current, the real situation is somewhat more
complex. An important caveat is that, rather than being driven by one current, the pace-
making activity of SAN cells is a product of the interplay of many currents (217). This
assertion is reinforced by the observation that pacemaking continues (albeit at a slowed
rate) when I(f) is blocked (22) and from the observation that the smo mutant of zebra
fish (which has a mutation in pacemaking channels carrying the fast kinetic component
of the current which renders them nonfunctional) still has an operational pacemaker,
albeit once again at a greatly slowed rate (23). Hence, it seems that the autorhythmicity
of SAN cells is driven and stabilized by an interplay of several currents, none of which
is crucial, but all of which influence rhythm. This situation provides redundancy and
pleiotropism in the regulation of rhythm (2/). Nevertheless, it is certainly true that one
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A B

Fig. 1. The biophysical properties of I(f). (A) Spontaneous activity of a single SAN cell.
Note that the maximum diastolic potential is about —-65 mV. (B) I(f) current induced in a
single SAN cell by a hyperpolarising pulse to the voltages indicated from a holding potential
of =35 mV. (C) Voltage dependence of activation of I(f), (Y.,) and fully activated I/V relation-
ship. Reprinted from DiFrancesco, D. (1995), The onset and autonomic regulation of cardiac
pacemaker activity: relevance of the f current. Cardiovasc. Res. 29, 4493-4556, with permis-
sion from Elsevier Science.

of the major influences on auto rhythmicity is I(f) and, hence, it is sensible to use I(f) as
a target in attempts to modulate rhythmicity.

If I(f) is indeed responsible for driving the diastolic depolarization, one would imag-
ine that it should be modulated by sympathetic and parasympathetic stimulation in a
way consistent with their chronotropic effects. I(f) is indeed modulated by adrenergic
agonists in a way consistent with an increase in heart rate (24).

In 1986, DiFrancesco (25) showed that I(f) was carried by channels having a single
channel conductance of about 1 pS, and that modulation of I(f) by adrenaline at the
single channel level consists of an increase in the open probability without a change in
single channel conductance. This effect of adrenaline is mediated via the G-protein/
adenyl cyclase/cAMP pathway. Using patch clamp techniques, it has been shown that
I(f) channels are modulated by a direct effect of intracellular cAMP at the intracellular
side of the channel, independent of any phosphorylation effects (26). The effect of
cAMP consists of a facilitation of the opening of single I(f) channels in response to
hyperpolarization. Measurement of the voltage dependence of the channel open prob-
ability shows that cAMP shifts the probability curve to more positive voltages without
modifying its shape (27).

Interestingly, the modulation itself seems to be subject to other influences, notably
the action of phosphorylation. Hence, the phosphatase inhibitor calyculin A increases
I(f) and potentates the beta-adrenergic mediated response (28), suggesting that there is
a so-called tonic level of phosphorylation of the channels that regulates their activity
(29). The channels carrying I(f) have also been reported to be modulated by various
hormones and growth factors. Epidermal growth factor increases maximal I(f) conduc-
tance, apparently acting through tyrosine kinase (30). Vasoactive intestinal peptide
produces a slight shift in the voltage dependence of activation of I(f) (28), an effect that
may be related to the role of vasoactive intestinal peptide as a cotransmitter with ace-
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tylcholine released from vagal nerve endings. The thyroid hormone T3 increases the
current density of I(f) in rabbit SAN cells without changing the voltage dependence, an
effect that may underlie the sinus tachycardia commonly seen in hyperthyroidism (37).
Similar results have been reported with parathyroid hormones (32). In addition, I(f) is
modulated by muscarinic agonists in a way consistent with the decrease in heart rate
seen with these agents (33).

3. VARIABILITY OF CHARACTERISTICS
OF I(F) IN DIFFERENT TISSUES

Reflecting this wide range of tissues in which it is found and the differing physi-
ological functions with which it is therefore involved, the properties of I(f) (or I[h])
differ significantly in their voltage dependence, activation kinetics, and sensitivity to
cAMP in different tissues (/2,34). This heterogeneity of properties of I(f) is found not
only between tissues but also within organs or tissue types themselves. Hence, bio-
physical studies have demonstrated that I(f) has a dramatically different voltage depen-
dence of activation in different cardiac regions, with the threshold for activation being
—50 mV in SA node, -85 mV in Purkinje myocytes, and —120 mV in adult ventricular
myocytes (35). This difference in the voltage-dependent properties of I(f) is highly
correlated with the intrinsic pacemaker activity of these tissues; the I(f) current having
the most positive activation is found in the tissue with the highest pacing rate (in SA
node), whereas the current having the most negative activation is found in tissue that
normally exhibits no diastolic depolarization at all (ventricular myocytes). Although
some of these differences in current properties may be the result of post-translational
modification of the channels or functional modulation by phosphorylation, the most likely
explanation is that I(f) currents are carried by different isoforms of the channel in differ-
ent tissues. Current density is also an important factor, presumably controlled by the
level of gene expression; as well as different voltage dependence, I(f) in ventricular cells
is present at a very low current density (Fig. 2). With the recent cloning of the channels
responsible for I(f), the factors controlling the level of gene expression, and which isoform
of the channel is expressed, have become amenable to investigation.

4. MOLECULAR BIOLOGY OF I(F) AND I(H)

Although the properties of I(f) and the single channels underlying the current have
been investigated for nearly three decades, particularly because of its importance to
cardiac pacemaking (/0), cloning of the gene coding for I(f) was only achieved nearly
three decades after the original description of I(f), and even then the clone was discov-
ered serendipitously. While searching for proteins interacting with the SH3 binding
domain of neural Src, Santoro et al. (36) identified a putative member of a new family
of channels cloned from mouse brain. Using BLAST searches of expressed sequence
tag databases, along with reverse-transcription polymerase chain reaction and screen-
ing of cDNA libraries, four isoforms of the channel were subsequently cloned in mam-
mals (37-40). Functional expression of these channels resulted in currents with the
hallmarks of the cardiac I(f) or its neuronal equivalent I(h). Although the properties of
different isoforms differ quantitatively, all isoforms except one yield currents that are
activated by hyperpolarization, are permeable to both K* and Na*, are blocked by
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Fig. 2. The relative magnitudes of I(f) in rabbit ventricle and SAN cells. I(f) was evoked
by hyperpolarizing voltage steps to the voltages indicated from a holding potential of —35
mV in either a single rabbit SAN cell (A) or ventricle cell (B). Note the different current
scales. Reprinted from Shi, W., Wymore, R., Yu, H., Wu, J., Wymore, R. T., Pan, Z.,
Robinsin, R., Dixon, J. E., McKinnon, D., and Cohen, I. S. (1999), Distribution and preva-
lence of hyperpolarization-activated cation channel (HCN) mRNA expression in cardiac tis-
sues. Circ. Res. 85, el—e6, with permission from Lippincott, Williams & Wilkins Publishers.

cesium (Cs*) in a voltage-dependent way, and are modulated by a direct action of cAMP
on the cytoplasmic side of the channel (38,39,41).

Because of the serendipitous nature of their discovery, the early nomenclature of the
gene and its isoforms for pacemaker channels is somewhat inconsistent. Some
investigators referred to the isoforms as HACI or HAC2, denoting hyperpolarizing acti-
vated channel. However, because of the direct action of cAMP and gating by
hyperpolarization, the nomenclature suggested by Clapham (42) and Biel et al. (43) has
been generally adopted; that is, of referring to the clones as HCN (hyperpolarization-
activated, cyclic nucleotide-gated) channels. Compared with the previous nomenclature,
HCNI corresponds to HAC2 (mBCNG-1); HCN2 corresponds to HACI (nBCNG-2);
and HCN3 corresponds to HAC3 (mBCHG-4).

Cloning of the gene for HCN channels and the consequent ability to perform site-
directed mutagenesis and functional studies of channels expressed in heterologous sys-
tems has enabled rapid progress in defining the structure and function of the channel
protein. The gene transcripts code for a protein of between 800 and 1200 amino acids,
with the different protein isoforms having an overall sequence identity of 60%. They
are members of the voltage-gated cation-channel superfamily, members of which are
characterized by six membrane-spanning segments (S1-S6), including a voltage-sens-
ing S4 segment, and an ion-conducting pore between S5 and S6. It seems safe to
assume, by analogy with the voltage-gated family of potassium channels, that func-
tional HCN channels are formed as tetramers of subunits, with each of the four sub-
units contributing to the pore region. In a structure analogous to the S4 voltage-sensing
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region of voltage-gated K* channels, the S4 region of HCN channels has two regions
each containing five positively charged amino acids (10 positive charges compared
with 5—7 in potassium channels). This raises some intriguing questions because the two
families of channels are gated in opposite ways, the Kv family of potassium channels
being opened by depolarization and HCN channels by hyperpolarization. This conun-
drum of the biophysics of gating of HCN channels has yet to be resolved (44).

The pore region of HCN channels is also related to that of K* channels, having a
signature GYG triplet (45). However, the aspartate that follows the GYG signature
sequence in most K* channels is replaced in HCN channels by arginine, alanine, or
glutamine. This presumably underlies the high relative permeability to Na* of HCN
channels compared to classic K* channels (46); values of Py,/Px for cloned HCN chan-
nels are between 0.25 to 0.41 (37,38,41).

In the carboxy terminus, HCN channels contain a sequence with a high degree of
homology to the cyclic-nucleotide-binding proteins, such as cyclic nucleotide gated
(CNG) channels of photoreceptors and olfactory neurons (47), cAMP-dependent pro-
tein kinases, and the catabolic-activator protein of Escherichia coli. The mechanism of
modulation of the channel by cAMP is thought to consist of a COOH-terminus medi-
ated inhibition of opening, which is partially relieved by cAMP binding, as revealed by
site directed mutagenesis of the COOH linker in HCNI and HCN?2 isoforms (48).

When expressed in heterologous systems, three of the four HCN genes have been
shown to generate hyperpolarization-activated currents with distinct biophysical prop-
erties. HCN1 channels activate most quickly and require the least amount of hyperpo-
larization to open, with a half-maximal voltage, V,/, of about =73 mV (40). HCN2
channels activate more slowly, require stronger hyperpolarizations (V;,, of =92 mV),
but are strongly modulated by cAMP (38,49,50). HCN4 may activate at even more
negative potentials and with the slowest kinetics (37,49,57), although V,,, values
reported in the literature are variable. To date, HCN3 channels have not been found to
form functional homomultimers. It is possible that this is caused by the lack of a sub-
unit necessary for full functionality because HCN channels have been shown to be
modulated by co-expression of a MinK-related peptide (52).

The existence of different isoforms of the HCN channel provides a convincing
molecular basis for the heterogeneity in I(f) among different cells, with SAN cells
expressing one isoform and ventricular cells another, consistent with the macroscopic
properties of I(f), and hence meeting the physiological requirements of the cell. How-
ever, more complicated scenarios are possible. A given cell, for example, could express
a mixture of HCN channel isoforms with different properties, a supposition reinforced
by the finding that the I(f) current displays fast and slow components in heart (24,53)
and in neurons (54). Consistent with idea of several different components of I(f) being
present simultaneously, a recent zebra fish mutant that displays a slow heart rate was
found to be deficient in the fast kinetic component of I(f), whereas the slow component
was unchanged (23). As a further intriguing possibility because functional HCN channels
are likely tetrameric assemblies of subunits, hybrid channels, or heterotetrameric assem-
blies of subunits, may also be synthesized in some cells. Although most investigations
have been performed to date on homomeric channels, there is evidence that channels can
be formed as heteromeric assemblies, which display properties intermediate between the
two isoforms (55). This additional complexity may be important in the fine control of
pacemaking and may underlie the heterogeneity of cardiac tissue (56).
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5. DISTRIBUTION OF HCN CHANNELS

As alogical development of earlier studies demonstrating the presence and proper-
ties of I(f) in a variety of tissues, efforts have now been directed to studies defining the
relative expression levels of the different isoforms of the HCN gene.

The relative expression levels of the different isoforms varies considerably through-
out the heart, consistent with the different properties of I(f) and the different intrinsic
pacemaker activity of the tissues. Hence, in SAN, the dominant isoform of the channel
appears to be HCN4, with lesser amounts of HCN1, whereas in Purkinje fibers, there
are equal amounts of HCN/ and HCN4 with a smaller amount of HCN2. In ventricle,
the dominant isoform appears to be primarily HCN2 (57). It should be noted that het-
erogeneity of cellular properties in the heart is found not only at the “gross” level (i.e.,
between SAN, atria, and ventricles), but that this heterogeneity can be traced down
almost to a single cell level. For instance, the SAN shows a gradation of properties
throughout its structure, in terms of the electrophysiology of the tissue and the ion
channels expressed (58,59). It may be that this phenotypic heterogeneity is a reflection
of the different mix of HCN4 and HCN1 expressed in these cells, giving central pace-
maker cells a higher intrinsic rate than peripheral cells.

As well as a high level of expression in heart, HCN isoforms are also expressed in
various parts of the CNS, where HCNI-4 show distinct but overlapping patterns of
mRNA expression (14,39,50,60,61). HCN1 is expressed selectively in specific brain
regions, including the hippocampus, layer 5 cells of the neocortex, and Purkinje cells
of the cerebellum. HCN2 is widely expressed throughout brain, including neocortex,
hippocampus, and thalamus. Finally, HCN4 is expressed in a restricted manner in sub-
cortical and lower brain regions.

HCN expression can also be found in the periphery, notably in smooth muscle
(62). Indeed, it seems likely that HCN channels are expressed in any tissue that dis-
plays intrinsic rhythmic activity. Note also that HCN may be involved in some unex-
pected functions, for example, sour taste perception (63). Importantly, in the context
of side effects of specific bradycardic agents, HCNI channels are highly expressed in
the retina (60).

6. RELEVANCE OF I(F) TO CLINICAL CONDITIONS

An increased heart rate increases myocardial oxygen demand and decreases time for
myocardial relaxation and diastolic ventricular filling. Because of the increased trans-
mural pressure on the coronary perfusion vessels during systole, perfusion is greatly
limited, or prevented entirely, during much of the cardiac cycle and perfusion occurs
mostly during diastole. Hence, for example, in the presence of a compromised coro-
nary flow because of coronary artery stenosis, a decrease in diastolic perfusion time
secondary to an increase in heart rate may further reduce overall coronary perfusion, to
the point where the myocardium can become ischemic. Generally, the subendocardium
is most vulnerable to ischemia, and tachycardia has indeed been shown to exacerbate
this vulnerability (64,65). Under these circumstances, drugs that block sinus tachycar-
dia, reduce heart rate at rest, or both could be expected to increase the diastolic coro-
nary perfusion time and hence improve overall perfusion and function of the ischemic
subendocardium (66,67). This, at least partly, is the rationale behind the use of beta-
blocking agents and the rate-lowering Ca”* channel-blocking agents, such as diltiazem
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and verapamil. However, interpretation of the action of these agents, particularly the
calcium channel blockers, is complicated by their tendency to reduce blood pressure
and myocardial contractility, both of which reduce myocardial oxygen demand and,
indirectly, affect coronary perfusion. One would nevertheless predict that a pure
bradycardic agent without these attendant pressor effects should be beneficial in
improving coronary perfusion and resistance of the myocardium to ischemia. This pre-
diction is born out in practice: slowing heart rate with ZD 7288 in dogs reduces the
severity of myocardial ischemia produced by left anterior descending coronary artery
(LAD) occlusion (68), with similar results having been shown in pigs (69). Because
I(f) is the primary determinant of heart rate, I(f) blockers therefore have a promising
role as anti-ischemic agents.

In addition, blockers of I(f) may be useful in contexts other than when the myocar-
dium is vulnerable to ischemia. I(f) appears to be upregulated in the ventricle during
cardiac failure, leading to enhanced autorhythmicity (70); however, note the results
from a previous study (71). It seems possible that this enhanced autorhythmicity may
be responsible for the greater propensity to arrhythmia in cardiac failure, and hence
blockers of I(f) may also be useful as antiarrhythmic agents in this situation. This would
constitute an action separate from their bradycardic effects, although the bradycardic
effect would still be present, and perhaps provide an additional benefit.

7. TYPES OF DRUGS UNDER CURRENT DEVELOPMENT

One of the earliest blockers of I(f) described was Cs* (72), which is moderately
specific for I(f), although it does block other ionic currents in addition, especially at
higher doses (73). Difficulties with using Cs* in physiological solutions and its lack of
specificity sparked the search for organic blockers of I(f) in the hope of generating a
more specific and more potent compounds. The following two broad lineages of com-
pounds have emerged from these efforts:

1. A series of compounds related to phentolamine and clonidine, the prototype being alinidine
(N-allyl-clonidine), with the latest compound being ZD-7288 (74).

2. A series of compounds based on modifications of verapamil, the prototype being falipamil (or
AQ-A 39), from which zatebradine (75) and ivabradine (S-16257-2) have been developed.

7.1. Alinidine and Congeners

Alinidine (or ST567) was shown to be bradycardic as long as 20 yr ago in dogs (76)
and in humans (77). Although it blocks I(f), alinidine is not very specific in its action,
also blocking the slow inward current and outward currents in rabbit SAN cells (78).
There also have been suggestions that alinidine can block anion channels (79), an action
that may underlie its sometimes reported negative inotropic effect (80). In addition,
alinidine displays a variety of pharmacological properties, for example, it antagonizes
cromakalim and hence inhibits K,p channel opening (8/). It has been shown that
alinidine exhibits rate-independent cardioprotective effects, perhaps as a consequence
of adenosine antagonist properties (82,83). Alinidine has also been shown to be
antimuscarinic—in paced left rat atria, alinidine acted as competitive antagonist against
oxotremorine with a pA, of 5.82, and in guinea pig papillary muscle it antagonized
carbachol with a pA, value of 5.58 (84). Early reports that alinidine slows conduction
through the atrioventricular (AV) node (76) have not been confirmed in later studies
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(85). Although alinidine has been shown to prolong the effective refractory period in
the AV node of dogs subject to coronary artery occlusion (86,87), an effect on refrac-
tory period was not noted in humans at a dose of 40 mg (88).

Despite the potential difficulties with nonspecific actions, alinidine has been
shown to have very few acute side effects in humans (89,90). Note, however, that the
latter study (albeit with a limited numbers of subjects) reported that alinidine did not
appear to enhance myocardial salvage or preservation of left ventricular function or
to reduce the incidence of major arrhythmias in the early phase of myocardial infarc-
tion. Nevertheless, interest in alinidine congeners continues with a number of com-
pounds still under investigation (91). Many of these exhibit most of the nonspecific
effects of alinidine and so are unlikely to be any more useful than alinidine as
bradycardic agents. However, one compound, ZD7288, has been developed that
shows some promise as a therapeutic agent.

7.1.1. ZD 7288

ZD 7288 (Fig.3A) has been shown to be bradycardic in rabbits and guinea pig (92)
and to block I(f) in dissociated guinea pig SAN cells (93). The block is not use depen-
dent (in contrast to that produced by zatebradine) and has been suggested to be caused
by an action of the very hydrophobic ZD 7288 molecule at an intracellular site on the
HCN channel (94). In sheep Purkinje fibers, the blocking of I(f) by ZD 7288 appears to
show so-called reverse use-dependence, and it has been suggested that this may limit
its efficacy under physiological conditions (95). ZD 7288 is more selective than
alinidine or UL-FS 49, producing less prolongation of the action potential in SAN cells
at bradycardic concentrations (96).

As noted previously, HCN channels are widely expressed in CNS and some periph-
eral tissues, and one could expect that blockers of HCN channels will have effects in
these tissues as well as in the heart. In this context, most interest in ZD 7288 at present
seems to be centered on its actions in neurons (97,98). ZD 7288 inhibits I(h) in rod
photoreceptors (99), a finding that has relevance to one of the side effects of HCN
channel blockers, which is that they produce visual disturbances.

As well as side effects produced by blockade of HCN channels in extracardiac tis-
sues, which will be a common effect to all specific bradycardic agents, a difficulty with
the clinical use of ZD 7288 may arise as a consequence of its kinetics; in in vitro
preparations, the action appears to be essentially irreversible (95).

7.2. Falipamil (AQ-A 39) and Congeners

An alternative development track for blockers of I(f) has been made through modi-
fications to the benzenacetonitrile Ca>* channel antagonist verapamil. Structural modi-
fication by replacement of the lipophilic alpha-isopropylacetonitrile moiety by various
heterocyclic ring systems has led to a new range of molecules with specific bradycardic
activity, the prototype being falipamil (AQ-A 39). Falipamil has been shown to be
bradycardic in many isolated tissue preparations, including guinea pig (/00); rabbit
(101); dog (102); anesthetized cats, dogs (1/03), and pigs (104); and in humans (105).

Despite the production of similar effects on heart rate, AQ-A 39 differs from
alinidine and mixidine in that it does not depress cardiac contractility in anesthetized
dogs with spontaneous heart rates (/06). A similar observation has been made in anes-
thetized pigs, at least for arterial plasma concentrations lower than 1500 ng/mL (104).
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Fig. 3. Depicts the chemical structures of several novel I(f) blockers in development. (A) shows
ZD 7288 (4-[N-ethyl-N-phenylamino]-1,2-dimethyl-6-[methylamino] pyridinium chloride),
(B) shows Zatebradine (UL-FS 49 or 1,3,4,5-tetrahydro-7,8-dimethoxy-3-[3-][2-(3,4-dimeth-
oxyphenyl)-ethyl) methylimino]propyl]-2H-3-benzazepin-2-on-hydrochloride), and (C) shows
(£) S 15544 (the racemic parent of Ivabradine; () S 15544 or 7,8-dimethoxy3-[3-][(4,5-
dimethoxybenzocyclobutan-1-yl) methyl] methyl-amino] propyl}1,3,4,5-tetrahydro-2H-3-
benzazepin-2-one). Note that ivabradine has a chiral carbon center.

Consistent with these bradycardic actions, falipamil shows protective effects against
ischemia in anesthetized dogs subjected to 15 min of coronary artery occlusion, fol-
lowed by 3 h of reperfusion. In this study, both AQ-AH 208 and AQ-A 39 (falipamil)
produced similar decreases in heart rate (24%) and increases in the endocardial/epicar-
dial distribution of collateral blood flow. During occlusion and throughout reperfusion,
both compounds also produced a significant improvement in the percentage of shorten-
ing of the ventricle in the ischemic-reperfused region (/07). A similar result has been
reported in humans; in a randomized, controlled study 10 male patients with
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angiographically confirmed ischemic heart disease received AQ-A 39 (falipamil) in a
single intravenous dose (2 mg/kg). After submaximal exercise, heart rate during pla-
cebo was 129 + 3, and during AQ-A 39, it was 113 + 3 beats min~!. AQ-A 39 did not
affect systolic arterial pressure and improved exercise tolerance (/08).

Some problems in the clinical use of falipamil may arise because of its pharmacoki-
netic properties, such as its terminal half-life (t;;). In human plasma, the t,,, was deter-
mined to be 1.8 £ 0.6 h (/09). In addition, falipamil has been reported to have
anticholinergic effects in isolated SAN preparations in addition to its rate-dependent
block of I(f) (/10). In intact animals, this anticholinergic effect can be manifest in
vagolytic effects, and these can result in a paradoxical increase in heart rate in some
circumstances (111).

As further development has proceeded, falipamil has been submitted to further opti-
mization mainly by manipulation of the phthalmidine moiety, resulting in a second
generation of specific bradycardic agents with increased potency and selectively and a
prolonged duration of action, represented by the benzazepinone-derivative UL-FS 49
(zatebradine; ref. 112).

7.2.1. Zatebradine (UL-FS 49)

Zatebradine (Fig. 3B) blocks sinus tachycardia; it has been shown to markedly
attenuate exercise-induced heart rate both in animal models (//3—116) and in humans
(117-120) at concentrations that do not affect the inotropic or lusitropic state or vascu-
lar tone. Zatebradine exhibits a less anticholinergic effect than falipamil (/21). In rab-
bit SAN cells (75) and sheep Purkinje fibers (/22), the bradycardic effect of
zatebradine has been attributed to a use-dependent inhibition of I(f), caused by inter-
action with the open state of the channel that reduces open probability (/23). This is in
contrast to the mode of action of ZD 7288 (and other alinidine-related compounds)
that interact with the HCN channel in a way that reduces the single-channel conduc-
tance and that do not show the same use dependence. At concentrations that block I(f),
zatebradine has minimal effects on the L-type Ca”* current (ICa) or the delayed recti-
fier K* current (IKr) in rabbit sinoatrial cells (75), although in spontaneously beating
rabbit SAN cells zatebradine prolonged the duration of the action potential, suggest-
ing a K* channel block (75,124). More recent electrophysiological studies demon-
strate that zatebradine also prolongs action potential duration in guinea pig papillary
muscles and rabbit Purkinje fibers (125,126), an effect that was more prominent in
Purkinje fibers than in papillary muscles. Consistent with its bradycardic effects,
zatebradine has been shown to confer protection against exercise-induced regional
contractile dysfunction in dogs (66,67,127) and in anesthetized pigs (69).

In 1999, zatebradine was in Phase III clinical trials. However, the Zatebradine Study
Group, from a randomized double-blind, placebo-controlled, multicenter study in pa-
tients with chronic stable angina pectoris taking extended-release nifedipine, concluded
that zatebradine seemed to provide no additional antianginal benefit. This group raised
questions regarding the benefit of heart rate reduction alone as an antianginal approach
to patients with chronic stable angina (/28). This conclusion was later reinforced by
Glasser et al. (/29), who noted that “despite significant reductions in resting and exer-
cise heart rate, there were no clinically significant effects on myocardial ischemia,
suggesting that the anti-ischemic effect of heart rate reduction should be re-evaluated.”

These studies raise some questions about the likely usefulness of specific
bradycardic agents in cardiac disease, although it may be that their conclusions can
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only be interpreted as being relevant to zatebradine. In addition to these doubts about
efficacy, the class III actions of zatebradine (/30) have spurred efforts to improve the
specificity of its I(f)-blocking actions. This has resulted in development of the com-
pound ivabradine.

7.2.2. Ivabradine (5-16257-2)

Ivabradine is the (+)-enantiomer of the racemic compound S15544 (note that
zatebradine is nonchiral). It is similarly bradycardic as zatebradine in isolated tissues
(125), by the same mechanism, that is, a block of I(f) (/37). The major improvement
of ivabradine over zatebradine is that it produces much less prolongation of the action
potential in the bradycardic concentration range (/25). Because the prototype com-
pound for ivabradine, S15544, is a racemate, it is possible to compare the isomers
and to “dissect out” the action potential prolonging action (see Fig. 3B for chemical
structure). Most of the action potential prolonging effect resides in the (—)-enanti-
omer (S16260), with the (+)-enantiomer (S16257, ivabradine) having a much smaller
effect (132).

Ivabradine is bradycardic and alters neither myocardial contractility nor coronary
vasomotion at rest and during exercise in normal dogs (/33). It has been shown to be
effective against exercise-induced myocardial ischemia in dogs (/34). In humans, iv
ivabradine in the first Phase I study was shown to produce a decrease of maximal heart
rate during exercise (/35). In later Phase I trials, pharmacokinetic studies have been
conducted in humans (/36). Ivabradine is currently in later stage clinical trials. It
remains to be seen whether it will prove to be a more effective anti-ischemic agent than
zatebradine, thus proving the concept that pure bradycardic agents can be useful as
therapeutic agents for angina and other conditions producing myocardial ischemia.

8. CONCLUSIONS

There are a range of side effects typical for specific bradycardic agents, such as
effects on the lungs. Animal studies show that relatively high iv doses of zatebradine
contract guinea pig airways by a histamine-like mechanism, and zatebradine can reduce
FEV1 in humans (/37). Besides these generalized extraneous effects of specific
bradycardic agents and the usual problems of pharmacokinetics and metabolism that
must be overcome, a range of side effects is possible that are related to the fundamental
pharmacodynamics of these agents. Because HCN channels are found in a variety of
extracardiac tissues, notably the CNS, it may be unavoidable that these agents will
produce CNS actions and these may limit their usefulness as antianginal agents. Indeed,
one of the common side effects already documented for these agents is a disturbance of
vision, a consequence of the presence of HCN channels in the photoreceptors. How-
ever, this problem of a diffuse target for therapeutic intervention has not inhibited the
development of other drugs, such as class I or class III antiarrhythmic agents. The
target for these agents, sodium channels, or potassium channels, respectively, are wide-
spread in extracardiac tissues, but this does not necessarily impede the clinical use of
these agents. There is no reason to suppose that the presence of HCN channels in
extracardiac tissues will be more of an impediment to the usefulness of specific
bradycardic agents, although side effects may inevitably occur. In fact, the situation
with specific bradycardic agents may offer more scope for drug development than has
currently been exploited. Because HCN channels exist in at least four isoforms, one
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can speculate that it may be possible to develop blockers specific for a given isoform,
in the same way that blockers of specific voltage-dependent potassium channels have
been developed. If this can be done, tissue-specific blockers of HCN channels would
enable the development of agents that specifically target the SAN or CNS to tailor their
therapeutic actions.
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1. ABOUT REACTIVE OXYGEN SPECIES

During evolutionary processes, the development of aerobic metabolism has led to
the liberation of reactive oxygen species (ROS) in living creatures by leakage from
terminal oxidation and other enzymatic processes even under physiological conditions.
Free radicals have unpaired electrons on their outer orbit, which makes these short-
lived molecular fragments highly reactive with biomolecules, such as lipids, proteins,
nucleic acids, and carbohydrates. These reactions are self-perpetuating chain reactions,
further increasing their destructive potential. Excessive amounts of free radicals can
significantly impair cellular structure and function and even can induce different forms
of cell death. The development of inheritable adaptation mechanisms against oxidative
stress improved the survival of the individual and the species in general as a benefit of
selection (/,2). The comprehensive role of ROS in intracellular signaling mechanisms
during physiological circumstances has later been recognized (3). The formation,
actions and inactivation of free radicals are summarized in Fig. 1.

1.1. ROS in Diseases

Oxygen free radicals have an impact in aging, reperfusion injury of different organs,
including the heart, and play an important role in the pathogenesis of several chronic
diseases, including atherosclerosis, heart failure, hypertension, cancer, diabetes,
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Fig. 1. The generation, detoxification, and biological effects of ROS.

autoimmune diseases, and various neurodegenerative syndromes among others (4-6).
Supporting and/or augmenting the natural defensive mechanisms against ROS have
been expected to be an effective therapeutic option in the area of many clinical
subspecialties.

1.2. The Chemistry of ROS

The sequential univalent (one electron) reduction of molecular oxygen generates a
superoxide anion (027"), hydrogen-peroxide (H,0,), a hydroxyl radical (HO"), and
finally water (H,O). The mitochondrial oxidative chain catalyses this same tetravalent
reduction during the terminal oxidation with just a minimal escape of ROS. The super-
oxide radical is less harmful directly; and the hydrogen peroxide is not a true free
radical. However, they are the precursors of the extremely aggressive hydroxyl radical
generated in the Haber—Weiss reaction (Eq. 1), or in the presence of a transition metal
ion (such as Fe or Cu) during the much more rapidly acting Fenton-reaction (Eq. 2/a, b;
refs. 1,7):

0, + H,0, — '0, + OH~ + HO™* (1)
0, +Me™D* s Me™ + O, (2a)

Me™ + H,0, = Me™D+ + OH- + HO™ (2b)
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The pathophysiologic role of another nonradical ROS, singlet oxygen ('0O,), has
later been recognized in myocardial reperfusion injury. Singlet oxygen can be gener-
ated in the Haber—Weiss reaction (Eq. 1), during spontaneous disproportionation of
H,0, (Eq. 3), or in several enzymatic processes (8):

2H,0, — 2H,0 + !0, 3)

Other nonradical ROS include peroxynitrite (ONOO™), which results from the inter-
action of nitric oxide (NO) and the superoxide anion, and hypochlorous acid (HOCI), a
neutrophil myeloperoxidase product. The enumerated ROS are or can be converted to
extremely aggressive substances that can oxidize practically all cellular components.
Polyunsaturated fatty acid constituents in lipids are highly vulnerable to oxidation
resulting in lipid radicals (alkyl radical), subsequently lipid peroxides (peroxiradical),
as well as lipid-lipid, lipid—protein, or lipid—carbohydrate crossbinding and lipid frag-
mentation. These self-perpetuating reactions, termed uniformly as lipid peroxidation,
can damage membrane integrity and consequently impair cellular compartmentalization.

In the proteins potentially all amino acid residues (but principally the sulfhydryl
(—SH) groups) are the target of oxidation, producing reversible protein—protein or pro-
tein-free amino acid disulfide bridges, causing conformational changes and/or protein—
protein crosslinks. These modifications are related to protein activity and selective
degradation (3). Thus, free radicals can directly act on structural, regulatory, and other
proteins (9—12). In the control of gene expression, several transcriptional factors, such
as nuclear factor kappa B (NF-xB), the glucocorticoid receptor, and activator protein 1
have zinc-coordinated cysteine SH groups. These systems are termed the zinc finger,
which acts as a molecular redox-sensor (/2). ROS can directly depress myocardial
enzymes, such as Na*-K* ATP-ase and the Na*-Ca>* exchanger, and affect other Ca’*-
transporters (13) as well as cytochrome oxidase, glucose-6-phosphatase, and further
enzymes required in energy metabolism in the heart (8). Excitation-contraction cou-
pling can also be disturbed by ROS (74).

Malondialdehyde or other unsaturated aldehydes, the end-products of lipid
peroxidation, can intercalate into cellular DNA, causing strand scission and irrevers-
ible changes in the genome leading to a genetic breakdown. Thus, ROS can both regu-
late and damage cellular function via modification of the redox state of subcellular
constituents and, in extreme cases, they can destroy the cell (1,6,7).

1.3. Potential Sources of ROS

ROS are endogenously formed during normal cellular metabolism and remain
sequestrated with negligible escape; however, in certain pathologic conditions, their
levels can increase enormously. Such uncontrolled increases in cellular levels allow
their destructive oxidative effects to come into the forefront. Exogenous ROS sources
include tobacco smoke and air pollutants, whereas other indirect sources include many
drugs and different chemicals via their metabolism by the organism. High-energy
radiation also acts, in part, through oxygen free radicals in biological systems (3,15).

The inflammatory components of reperfusion injury are well known (16). To destroy
pathogens, foreign or damaged tissues, activated neutrophil cells produce superoxide
anion by the membrane-associated NAD(P)H oxidase (Eq. 4) and hypochlorous acid
by the secreted myeloperoxidase in the presence of chloride (Eq. 5; refs. 8,17).

NAD(P)H + 20, — NAD(P)* + H* + 20, (4)
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H,0, + H* + CI- — H,0 + HOCI &)

Different isoforms of NAD(P)H oxidase can be found in the endothelium, fibro-
blasts, vascular smooth muscle cells, and myocardial cells. They are the major intrinsic
sources of ROS both in the heart and in vascular tissues. The cardiovascular forms are
slow-release, low-output enzymes compared with those in neutrophils. The activity
and expression of vascular NAD(P)H oxidase and thus the production of ROS are under
the control of cytokines, hormones, and mechanical shear stress. The most important
regulators are thrombin, platelet-derived growth factor, tumor necrosis factor-alpha,
interleukin 1, and angiotensin II. The vascular NAD(P)H oxydases are strongly associ-
ated with atherosclerosis and hypertension (8,17,18).

The leak of partially reduced oxygen species from the mitochondrial electron trans-
port chain can be augmented during increased oxygen supply or during ischemia,
when the respiratory chain is highly reduced and the mitochondria are overloaded
with calcium (2).

The dehydrogenase form of the interconvertible xanthine oxidase/dehydrogenase
catalyzes the oxidation of hypoxanthine and xanthine during purine catabolism using
NAD* as electron acceptor. The oxidase form consumes molecular oxygen (O,)
instead of NAD™" and produces the superoxide radical. Ischemia in myocardial tissue
enhances the unfavorable conversion of the enzyme. The accumulation of adenosine
monophosphate facilitates its own breakdown to adenosine, inosine, hypoxanthine,
and xanthine, respectively, promoting the formation of superoxide radical by xan-
thine oxidation. The main location of xanthine oxidase/dehydrogenase is the endot-
helium, whereas the myocardium contains only a limited amount of this enzyme,
probably as a part of natural protection (2,18).

The most important source of the short-lived but rapidly diffusible NO is the endot-
helium in the cardiovascular system. NO has several effects on other tissues, including
relaxation of vascular smooth muscle or modulating mitochondrial respiration within
the myocardium. NO synthase (NOS) uses L-arginine and NADPH to produce NO in
the presence of tetrahydrobiopterin as an electron carrier. However, in the absence of
either L-arginine or tetrahydrobiopterin, the enzyme generates superoxide radical and
hydrogen peroxide (18,19).

Catecholamine auto-oxidation can also produce ROS; however, its native role in
reperfusion injury is uncertain. Free iron and other transition metal ions can amplify
the conversion of superoxide to the much more aggressive hydroxyl radical through
the Fenton-reaction (see Eq. 2a and 2b).

The formation of prostaglandins, thromboxanes, and leukotrienes from arachidonic
acid also generates reactive oxygen species by products through cyclooxygenase,
lipoxygenase, and cytochrome P450 enzymes (2).

1.4. Endogenous Defense Mechanisms Against ROS

The earliest protective attempt against ROS must have been the compartmentaliza-
tion of different cellular components by lipid membranes resulting in a moderately
effective physical barrier. Recyclable or replaceable sacrificial molecules can scav-
enge ROS in order to prevent the damage of vital biomolecules by buffering the oxi-
dants. Ascorbic acid, tocopherols, carotenoids, uric acid, ubiquinone, bilirubin,
glutathione, metallothioneins and albumin are mentioned as natural scavengers or non-
enzymatic antioxidants (/,20). The most aggressive hydroxyl radical oxidizes every-
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thing it contacts, and thus there is no specific enzymatic defense mechanism neutraliz-
ing it, but there are several ways to prevent the formation of the hydroxyl radical. The
Fenton reaction can be avoided with binding and inactivation of the transition metal
ions by specific or nonspecific proteins including ferritin, transferrin, ceruloplasmin,
metallothioneins, and albumin. The precursors of hydroxyl radicals can be enzymati-
cally converted to less harmful substrates by superoxide dismutase (SOD; Eq. 6), cata-
lase (CAT; Eq. 7), and glutathione peroxidase (Eq. 8). The oxidized glutathione is
recycled by the NADPH-consuming glutathione reductase (Eq. 9; refs. 1,3,9,20):

20, + 2H* — H,0, + O, (6)

2H,0, — 2H,0 + O, @)

H,0, + 2GSH — 2H,0 + GSSG (8)
GSSG + NADPH + H* — 2GSH + NADP* ©)

SOD has Mn, Cu, or Zn in its catalytic site. Mn-SOD is present in mitochondria,
whereas Cu-SOD and Zn-SOD can be found in the cytoplasm and in an immunologi-
cally distinct form (extracellular type) on the endothelial cell surface and in the extra-
cellular space. Catalase is a membrane-bound enzyme in peroxisomes and
mitochondria. The selenium-containing glutathione peroxidase is the most significant
antioxidant enzyme in the myocardium. This enzyme is located in the cytoplasm and
uses reduced glutathione as a reducing substrate. The ratio of oxidized vs reduced
glutathione is recognized as a marker of the cellular redox state. The glutathione per-
oxidase can also recycle the oxidized thiol groups of proteins; thus, it plays an impor-
tant role in the determination of the redox state of proteins. Thioredoxin and
peroxiredoxins are evolutionary conserved SH oxidoreductases, which can oxidize or
reduce protein thiol groups regulating intracellular redox conditions. Metallothioneins
are small (6000-7000 Dalton), ubiquitous intracellular proteins that are loaded with
SH groups. Metallothioneins are involved in SH-redox cycles, chelation of toxic heavy
metals, and in controlling intracellular zinc levels according to cellular redox condi-
tions (2,3,12,20). The proton-rich mitochondrial surface can also facilitate nonenzy-
matic dismutation of extramitochondrial superoxide anions (2/,22). The total
antioxidant capacity of the highly exposed serum mainly comes from albumin and a
lesser amount (in 20-25%) from uric acid (3). Plasma extracellular SOD is signifi-
cantly lower in males vs females, current smokers, and in patients with a history of
acute myocardial infarction as surveyed in 590 white Australian patients with coro-
nary artery disease (23).

Here it must be mentioned that many enzymes are involved in the repair or elimi-
nation of damaged biomolecules. These enzymes include heat shock proteins (24),
phospholipases, proteases, and redoxiendonucleases, the latter of which can restore
DNA lesions (3).

1.5. ROS as Intracellular Messengers

The physiopathology of reperfusion injury (2), cardiomyopathies (25), atherosclero-
sis, hypertension, and restenosis (/1/,18) are strongly related to ROS formation and
their destructive effects. However, the use of free radical scavengers for these clinical
conditions has produced controversial results, especially in clinical practice, which has
raised the concept of both physiological and pathophysiological roles for ROS. In vas-
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cular smooth muscle cells, ROS (mainly H,O,) play a role as intracellular signaling
molecules for proliferation, hypertrophy, survival, and apoptosis, induced by different
extracellular signals. ROS messengers also control endothelial cell function and sur-
vival. Their targets include redox sensitive signaling molecules, such as NF-xB, acti-
vator protein 1, cellular oncogenes like ras/rac and c-src, stress-activated protein
kinases, extracellular signal-regulated kinases, protein kinase C (PKC), tyrosine phos-
phatases, and caspases. Nevertheless, the regulatory effects of ROS strongly depend on
their quality, amount, and the oxidative status of the cell (9,11,17).

Preconditioning of the heart can increase the antioxidant capacity of the myocar-
dium (20). However, antioxidants applied simultaneously with the preconditioning
stimuli can blunt the protection (26—28). The antioxidant mercaptopropionyl-glycine
given before heat exposure prevented both Mn-SOD and heat shock protein induction
(29). These results reflect the mediator role of ROS in preconditioning. Indeed, several
of the above-mentioned signaling factors are also involved in preconditioning. The
kinetics of the ATP-dependent K-channel, the main effector of preconditioning, is also
influenced by ROS according to patch-clamp studies (30). In cardiac fibroblasts, oxi-
dative stress can decrease collagen synthesis and increase matrix metalloproteinase
activity that has an important role in myocardial remodeling (317).

In summary, ROS have a crucial role in the regulation of many of the most impor-
tant cellular functions in the heart, such as control of enzyme or transporter protein
activity, mitochondrial respiration and Ca homeostasis (/9,32), cell survival or
apoptosis, gene transcription, and mitosis (9,11,12,17,33).

1.6. Oxygen Free Radicals and NO

The interaction of NO and ROS results in the production of peroxynitrite and other
reactive NO species, all of which are oxidizing agents. The NO liberated from acti-
vated macrophages or synthesized in the mitochondria of other cells can block mito-
chondrial respiration and further functions of the target cells. Therefore, on the one
hand NO is considered harmful, but on the other hand it has a useful purpose as well.
The so-called good NO is a ROS scavenger, can prevent lipid peroxidation, and has
several beneficial effects against oxidative injury as a mediator. It is a vasorelaxing
factor and restores blood flow, inhibits neutrophil and leukocyte adhesion and activa-
tion, limits the ROS production of NAD(P)H oxidase, induces preconditioning, and
inhibits platelet aggregation. NO can decrease low-density lipoprotein (LDL) oxida-
tion, thus, entirely it is antiatherosclerotic as well. In a different view, the actions of
NO can be prevented by its consumption by reactive NO species formation. The actions
of the NO molecule probably depend on its concentration, the dynamics of release, and
the actual cellular redox state (19,32,34,35).

2. LOW-MOLECULAR-WEIGHT ANTIOXIDANTS

A variety of low-molecular-weight organic compounds can directly quench and/or
scavenge ROS before they damage biomolecules in the cells. Some can even restore
oxidized constituents, thus preventing or reducing oxidative cell injury. These sub-
stances are typically crucial elements of intermediary metabolism and therefore are
naturally occurring molecules. The popular word nutriceutical derives from nutrient
and pharmaceutical and stands for nonprescription products used to enhance health.
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They are natural substances or formulations, and their activity is primarily based on a
scientific paradigm that has been verified by clinical trials. The most important
nutriceuticals are vitamin E, vitamin C, coenzyme Q,,, carotenoids, flavonoids, and
L-arginine (36). A number of drugs have a significant antioxidant activity as well in
addition to their primary effects.

2.1. Nutriceuticals

Vitamin E is the collective name of tocols and tocotrienol derivatives that repre-
sent o-tocopherol activity. The latter is considered the most important lipid soluble
chain-breaking (i.e., in the lipid peroxidation chain-reaction) antioxidant. It can be
recycled by vitamin C or glutathione. Each LDL particle contains 5-9 vitamin E
molecules that are effective in preventing lipid peroxidation. Oxidized LDL plays a
crucial role in the pathogenesis of atherosclerosis. Other beneficial cardiovascular
effects of vitamin E include the decrease of platelet aggregation and adhesion, reduc-
tion in the expression of adhesion molecules that organize neutrophil-endothelium
interaction, inhibition of vascular smooth muscle cell proliferation, protection of NO
from inactivation, and the preservation of vasorelaxation (20,36-38). Vitamin E pre-
treatment has also been shown to have cardioprotective and antiarrhythmic effects
via its ROS scavenging activity in acute myocardial infarction in rats (39). Dietary
vitamin E slowed the progression of atherosclerosis of the carotid artery in the Ath-
erosclerosis Risk in Communities (ARIC) study (40) and of the coronary arteries in
the Cholesterol Lowering Atherosclerosis Study (CLAS; ref. 47). In the Cambridge
Heart Antioxidant Study (CHAQOS), 400 or 800 U/d of a-tocopherol intake signifi-
cantly reduced the occurrence of nonfatal myocardial infarction in more than 2000
men with established coronary heart disease (42). The Gruppo Italiano di Studio
Sopravvivenza Infarto (GISSI) Prevenzione study demonstrated a statistically non-
significant beneficial effect of vitamin E on coronary heart disease mortality
in patients that survived an episode of acute myocardial infarction (43). However,
primary prevention studies related to vitamin E intake have shown that there is a
decreased risk for nonfatal myocardial infarction, coronary revascularization, and
heart disease in men in the Health Professionals Follow-up Study (44). Similarly,
decreased relative risk of nonfatal myocardial infarction and mortality from coro-
nary disease were found in women in the Nurses’ Health Study (45). However, in the
Heart Outcomes Prevention Evaluation (HOPE) study, the rate of cardiovascular
mortality, myocardial infarction, and stroke were not improved by vitamin E (RRR-
alpha-tocopheryl acetate, 400 IU/d) intake in cardiovascular high-risk patients (46).
In a HOPE substudy called the Study to Evaluate Carotid Ultrasound Changes in
patients treated with Ramipril and vitamin E (SECURE), vitamin E did not influence
the progression of atherosclerosis (47).

Vitamin C is considered the main water-soluble antioxidant that regenerates vitamin
E and directly captures peroxyl radicals. Vitamin C improves endothelium (NO)-
dependent vasorelaxation in both human coronary (48) and peripheral (49) arteries.
The ARIC study showed a reduced progression of atherosclerosis with supplementary
vitamin C (40); however, the CLAS study did not find any coronary angiographic
advantage owed to the separate or additional intake of vitamin C (47). The Health
Professionals Follow-up Study did not show any reduction in the risk of coronary dis-
ease with increased intake of vitamin C (44).



54 Roth and Hejjel

Coenzyme Q) is a redox active electron carrier and a free radical scavenger in the
lipid-phase. It has been shown to have a protective effect on coronary endothelial func-
tion during ischemia—reperfusion in isolated perfused rat hearts (50). In a review based
on publications found in the MEDLINE database (5/), coenzyme Q is orally admin-
istered as an adjuvant therapy and has been recommended to patients with chronic
heart failure but not angina or hypertension. It is important to mention that the serum
cholesterol lowering statins inhibit the synthesis of coenzyme Q,, (36).

Carotenoids are lipid-soluble plant pigments with considerable singlet oxygen and
peroxyl radical scavenging activity. In animals and in humans they are present in
lipoproteins preventing lipid peroxidation in loco. The most studied carotenoid is the
B-carotene or provitamin A, found in carrots, yellow—orange fruits, and leafy veg-
etables (36,37). In the Health Professionals Follow-up Study (44) in men who smoke
or smoked and in the Nurses’ Health Study (45), a reduced risk of coronary heart
disease by PB-carotene has been confirmed. However, the Carotene and Retinol Effi-
cacy Trial (CARET) and the Alpha-Tocopherol, Beta-Carotene Cancer Prevention
Study (ATBC) suggest that B-carotene did not provide any benefit to cardiovascular
disease (36). Lycopene, another carotenoid and valuable antioxidant, can be found in
tomatoes. In the European Community Multicenter Study of Antioxidants, Myocar-
dial Infarction, and Cancer of the Breast (EURAMIC), elevated tissue levels of lyco-
pene were linked to reduced risk of myocardial infarction (36).

Flavonoids are structurally polyphenols. More than 4000 natural flavonoids are
known. Flavonoids, as the name suggests, give the color, texture, and taste to fruits
and vegetables. The most investigated sources are red wine and grapes (quercetin),
green tea (catechin, epicatechin), milk thistle (or Silybum marianum, silymarin), and
Ginkgo biloba (quercetin, myricetin, kaempferol, and rutin; ref. 52). Flavonoids are
efficient free radical scavengers and they have other advantageous biological effects
as well (36,52). Low doses of riboflavin decreased the reperfusion injury in isolated
perfused rabbit hearts (53). In the Zutphen Elderly Study (54) and in a Finnish clinical
study (55), a significant reduction of coronary artery disease mortality has been found
that relates to the amount of flavonoid intake. In the Health Professionals Follow-up
Study, a nonsignificant inverse association was found between flavonoid intake and
coronary heart disease in men (56). Also, some polyphenols, called phytoestrogens
because of their stilbene-like chemical structure and activity, are flavonoids. Impor-
tant members of this group are genistein (soybean) and resveratrol (red wine, grape,
peanut). Resveratrol seems to be very efficient in the chemoprevention of various
heart diseases (57).

L-arginine is a semi-essential amino acid and acts as a substrate for NOS. Adminis-
tration of this amino acid can improve coronary and peripheral blood flow in patients.
The relatively high dosage required for its efficacy (9 g/d) can be taken orally as an L-
arginine-enriched “nutrient bar” (the HeartBar; ref. 36).

Glutathione is a direct intracellular antioxidant and cofactor of glutathione peroxi-
dase or other redox enzymes. Also, uric acid, urea, and bilirubin are effective antioxi-
dants. Pyruvate, as an adjunct to cardioplegia and storage solutions, has been shown to
significantly reduce reperfusion injury in a rat model of heart transplantation via its
hydroxyl radical scavenging activity (58). Taurine improved reperfusion arrhythmias
and malondialdehyde levels by its ROS scavenger and membrane stabilizer effects in
isolated perfused rat hearts (59). The hormone melatonin has very efficient direct scav-
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enger and indirect antioxidant properties that must be further investigated (60). Also,
the intake of folate and vitamin B6 above the recommended daily intake reduced the
risk of coronary disease in the Nurses’ Health Study (617). Certain trace elements (Cu,
Mn, Se, and Zn) are necessary for the catalytic activity of antioxidant enzymes, thus,
the quantity of their dietary ingestion can influence endogen protective mechanisms
(62). Dietary intake and blood levels of selenium may correlate with the severity of
congestive heart failure (63).

2.2. Pharmaceuticals with Antioxidant Activity

Several drugs have been shown to possess antioxidant properties in addition to
their basic action(s) that can assure an additional therapeutic benefit. Some of the
widely used angiotensin-converting enzyme inhibitors contain a sulfhydryl group
that can act as a free radical scavenging and copper-chelating arm (64,65). These
drugs also reduce the free radical formation of NAD(P)H oxidase as well (see fol-
lowing page; refs. 10,17,64).

Carvedilol is a combined o1-1,2-blocker with confirmed efficacy in angina, hy-
pertension, and heart failure. Furthermore, this drug has strong antioxidant and
antiapoptotic actions (66). Both the ultrashort-acting beta-blocker esmolol-HCI (67)
and the antiarrhythmic drug bisaramil (68) reduced free radical production during
ischemia-reperfusion in the dog. Esmolol-HCI inhibits the platelet aggregability as
well in a dog model of acute myocardial infarction and reperfusion (69). The 8-oxo
derivatives of pentoxifylline and lisofylline are potent hydroxyl and peroxyl radical
scavengers (70). In an isolated rat heart model of either normothermic ischemia or cold
cardioplegic arrest, the intravenous anesthetic propofol added to the perfusate had sub-
stantial antioxidative and cardioprotective effect (7/). The sugar alcohol mannitol, a
highly effective hydroxyl radical scavenger, when applied as a cardioplegic adjunct
significantly reduced myocardial oxidative damage in patients undergoing coronary
artery bypass graft procedures (72). Patients undergoing heart valve replacement and
mainly anesthetized by isoflurane or sevoflurane showed significantly reduced plasma
lipid peroxide levels during the operation compared to those anesthetized principally
by fentanyl (73).

There are an increasing number of drugs primarily indicated as antioxidants. N-ace-
tylcysteine (NAC), a widely used mucolytic, is a very efficient direct antioxidant and
SH donor. Its beneficial effects in reducing myocardial reperfusion injury have been
proved both in a variety of animal and human studies, as well as in preventing myo-
cardial infarction in patients with unstable angina (74,75). In several human and
experimental studies, NAC was shown to improve high levels of homocysteine and
lipoprotein(a), both of which are associated with increased risk of various cardiovas-
cular diseases. NAC also limits nitrate tolerance (74). This drug can also improve
human coronary artery and peripheral endothelium-dependent vasodilation (76). The
fat-soluble drug probucol, originally a lipid-lowering agent, has a significant anti-
stunning effect in the rabbit because of its ROS-scavenging activity (77). Mer-
captopropionyl-glycine therapy has been shown to reduce myocardial infarct size via
its hydrogen peroxide scavenging property in the dog (78) but not in the rabbit (79).
Dimethylthiourea (80), T-0970 (81), and tempol (82) are some additional examples
of novel antioxidants found to show efficacy at reducing myocardial infarct size
in conditions.
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3. MODULATING ROS-PRODUCING ENZYMES

Endothelial xanthine oxidase is considered to be a potential source of ROS in
ischemia and reperfusion of the heart (2). Its competitive inhibitor, allopurinol, has
been found effective both in animal (83,84) and in human (85) studies in preserving
myocardial function and in reducing lower limb edema after femoropopliteal bypass
surgery (86). Oxypurinol, another inhibitor of xanthine oxidase, improved endothe-
lium-dependent vasorelaxation in hypercholesterolemic but not in essential hyperten-
sive patients (87). The catechine components of tea may also decrease ROS production
via xanthine oxidase inhibition (88).

Angiotensin II indirectly activates vascular NAD(P)H oxidase to produce ROS,
which interacts with mitogen-activated protein kinase system, resulting in disturbed
vascular function and growth. This alteration in vascular function and growth has been
termed remodeling. The antiremodeling effects of angiotensin-converting enzyme
inhibitors can be explained, at least in part, by this mechanism (10,17,64). In
streptozotocin-induced diabetic rats, the coadministration of enalapril improved lipid,
protein, and glutathione oxidation and consequently reduced the occurrence of heart,
kidney, and liver lesions (89). In the HOPE study, ramipril significantly reduced the
risk of death, myocardial infarction, and stroke in high-risk patients without heart fail-
ure (90). Endothelial NOS can act as a ROS source in diabetics, where PKC activation
by elevated glucose levels upregulates NOS expression. According to expectations,
PKC inhibition improved the endothelium-dependent vasodilation in streptozotocin-
induced diabetic rats, suggesting a potential new therapeutic target with which to pre-
vent or treat diabetic endothelial dysfunction (9/). Chronic nitrate treatment in rats is
suggested to trigger crosstolerance to endothelial vasodilators, a phenomenon whereby
the consecutive expression of dysfunctional endothelial NOS produces excessive
amounts of superoxide anion. In the same experiment PKC inhibition significantly
reduced superoxide production (92). In diabetic patients lipoic acid and high doses of
ascorbic acid reduced vascular oxidative stress and improved endothelium-mediated
vasorelaxation in an experiment (93).

Tetrahydrobiopterin is an essential cofactor of NOS, in the lack of which the enzyme
produces ROS instead of NO. Tetrahydrobiopterin supplementation has been shown to
improve endothelial dysfunction in diabetic patients (94) and in chronic smokers (95).

4. METAL ION CHELATORS

Chelating transition metal ions preclude the Fenton reaction; thus, hydroxyl radical
production may be limited. However, such a concept presents some controversy (2,96).
Bathocuproine, a copper chelator, and deferoxamine, an iron chelator, were both useful
in limiting free radical generation in a canine study (97). Deferoxamine also improved
the postischemic ventricular recovery in dogs (98). Deferiprone, also an effective iron
chelator, had a considerable antioxidant effect on lipoproteins in vitro and significantly
reduced thoracic aorta cholesterol content, LDL, very low-density lipoprotein, and total
plasma cholesterol levels in rabbits in vivo (99). Deferoxamine has an antiproliferative
effect on vascular smooth muscle cells, thus limiting myointimal proliferation (/00)
and in an experiment in humans improved endothelium-dependent vasodilatation in
coronary artery diseased patients but not in healthy volunteers (101).
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Through its mechanical and immunological effects, the extracorporeal circulation
causes detectable hemolysis with iron liberation that can be absorbed by transferrin.
However, transferrin becomes saturated in approx 13% of patients, and free iron
appears in the blood promoting the Fenton reaction (/02). The reverse is also true:
ROS-formation can increase hemolysis (5). In an isolated, perfused rat heart model of
cardioplegia, the addition of deferoxamine to the perfusate improved the
cardioprotection observed (/03). These same authors showed lower neutrophil-medi-
ated free radical production in patients treated with deferoxamine undergoing cardiop-
ulmonary bypass (104). However, in another human study, this same iron chelator did
not improve the postoperative clinical outcome despite reducing free radical produc-
tion during cardiopulmonary bypass (/05). Deferoxamine-conjugated hydroxyethyl
starch solution added to the priming solution of the heart—lung machine did not improve
pulmonary injury in a sheep experiment (/06).

5. ANTI-INFLAMMATORY THERAPY

Ischemic injury activates the immune system via convoluted interactions between
the myocardium, endothelium, and different immune cells, especially neutrophils.
Activated neutrophils release a variety of ROS and hydrolytic enzymes to necrotic
tissue and neighboring viable tissues as well, further increasing the damage caused by
ischemia. In animal experiments reperfusion injury can be diminished by neutrophil
filters, antineutrophil antibodies, inhibition of the release of proinflammatory media-
tors, complement depletion, and by masking cellular adhesion molecules to moderate
endothelial cell and neutrophil interaction and activation. On the contrary, a human
anti-CD11b/CD18 (neutrophil adhesion molecule) antibody was not shown to be ben-
eficial to patients with acute myocardial infarction (16,707,108). In pediatric patients
undergoing cardiac surgery, neutrophil depleted blood cardioplegia significantly
reduced myocardial injury (/09). The recombinant human C5a (complement fragment,
neutrophil chemotactic) antagonist, CGS 32359 significantly reduced neutrophil inva-
sion and myocardial injury in a porcine model of surgical revascularization (710).

BW 755 C, an anti-inflammatory drug, significantly reduced the infarct size of pigs
when administered before ischemia but not during reperfusion (//17). 7-Oxo-pro-
stacyclin pretreatment resulted in a better preservation of metabolic and ventricular
function in isolated perfused rat hearts (/7/2). NCX-4016, an aspirin nitroderivative,
reduced infarct size and reperfusion arrhythmias in anesthetized rats, an effective sug-
gested to mainly be related to its NO moiety. Acetyl salicylic acid provided only mini-
mal protection (/13). COX-2 inhibition or thromboxane synthase inhibition, but not
COX-1 inhibition, preserved endothelium dependent vasorelaxation in isolated rat
hearts; however, no correlation could be made to ventricular function (//4). Flavonoids
(catechin, quercetin, silymarin) also have considerable anti-inflammatory effects (52).
The antiarrhythmics bisaramil (68) and esmolol-HCl (69) reduced free radical produc-
tion from isolated neutrophils and can provide an additional beneficial effect in the
treatment of ischemic syndromes.

6. EXOGENOUS ANTIOXIDANT ENZYMES

Exogenous SOD can improve postischemic recovery of myocardial function (115),
limit infarct size (/16,117), and apoptosis (/18) in the dog. Exogenous SOD alone
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also limits infarct size in the pig (//9) or in combination with CAT (/20). Myocar-
dial contractile dysfunction and cell damage after cardiopulmonary bypass can be
moderated by the application of SOD and CAT in a canine model of cardioplegic
arrest (/121). However, there are controversial studies as well (/22-124), including
an unsuccessful human study investigating the efficacy of human SOD in salvaging
left ventricular function during PTCA for acute transmural myocardial infarction
(125). These results suggest that it may be warranted to review and revise the current
animal models that are used in this field and also find alternative therapeutic
approaches (/26). One novel therapeutic approach may reside in development of
drugs, such as the organometallic, low-molecular SOD-mimetic, SC-52608, that has
shown to be effective in preclinical studies (/26). Conjugation of SOD with lecithin
results in a longer half life and increased affinity to cell membranes and thus in its
superior affectivity (127).

7. GENE THERAPY

Progress in biotechnology has made it possible for the transfer of genes encoding
antioxidant enzymes both in vitro and in vivo. Their expression in the heart may be
cardioprotective in oxidative stress. Studies showing the effective viral transfection
into rat hearts by the intracoronary administration of the Mn-SOD gene (128), or trans-
fection into rabbit hearts of the extracellular SOD gene (/29) have resulted in signifi-
cantly improved myocardial protection against reperfusion injury. Adenoviral transfer
of the CAT gene efficiently and redox independently complemented the antioxidant
effect of glutathione—peroxidase, the main myocardial antioxidant enzyme that requires
reduced glutathione for its function (/30). Adenoviral transfection of rat hearts by direct
injection of either Mn-SOD or NOS gene resulted in smaller infarct size, but there were
no additive effect when they were given in combination (/31).

Transgenic mice overexpressing or lacking (knockout) certain antioxidant enzymes
help us in understanding the role of these enzymes in physiologic circumstances and in
several pathologies (126,132,133). Transgenic mice overexpressing Mn-SOD (134) and
CAT (129) show improved functional and biochemical recovery in ischemia—
reperfusion studies. Mice that genetically overexpress metallothionein in the heart
present improved myocardial preservation in various forms of acute and chronic
ischemia-reperfusion models (/35). Redox-modulating gene manipulation may be an
effective therapeutic approach both in environmentally induced and genetically prede-
termined diseases related to ROS formation (21).

8. CARDIAC DRUG TOXICITY

Anthracyclines are potent chemotherapeutic agents with chronic cardiotoxic side
effects that can be mediated by free radical generation. Improving cardiac antioxidant
capacity is addressed by several studies on anthracycline toxicity to obtain a better
quality of life for cancer survivors and make possible the use of higher dosage of cyto-
static agents (136,137). Interestingly, another cytostatic agent, 5-fluorouracil has an
antioxidant effect and thus it could be given in combination with anthracyclines to
reduce their cardiotoxic effects (138).
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9. FUTURE DIRECTIONS

Both experimental and especially clinical results with free radical scavengers are
currently ambivalent in their outcome. However, only the dosage of the antioxidant
is usually standardized, ignoring the considerable interindividual differences in anti-
oxidant status and responsiveness to the given substance. A greater understanding of
the physiological roles of ROS can lead to the development of optimized antioxidant
management and the development of novel therapeutic drugs. Individual-matched
and chemically monitored antioxidant therapy or prophylaxis may dissolve existing
controversies.
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1. INTRODUCTION

It has been recognized that eucaryotic cells respond to different external stimuli by
activation of mechanisms of cell signaling. One of the major systems participating in
the transduction of signal from the cell membrane to nuclear and other intracellular
targets is the highly conserved mitogen-activated protein kinase (MAPK) superfamily.
The members of MAPK family are involved in the regulation of a large variety of
cellular processes, such as cell growth, differentiation, development, cell cycle, death,
and survival. Several MAPK subfamilies, each with apparently unique signaling path-
way, have been identified in the mammalian myocardium. These cascades differ in
their upstream activation sequence and in downstream substrate specificity. Each path-
way follows the same conserved three-kinase module consisting of MAPK, MAPK
kinase (MKK or MEK), and MAPK kinase kinase. The major groups of MAPKs found
in cardiac tissue include the extracellular signal-regulated kinases (ERKSs), the stress-
activated/c-Jun NH2-terminal kinases (SAPK/INKs), p38-MAPK, and ERK5/big
MAPK 1 (BMK1). The ERKs are strongly activated by mitogenic and growth factors
and by physical stress, SAPK/JNKs and p38-MAPK can be activated by various cell
stresses, such as hyperosmotic shock, metabolic stress, or protein synthesis inhibitors,
ultraviolet radiation, heat shock, cytokines, and ischemia. Recently it has been pro-
posed that activation of MAPK family and their downstream effectors plays a key role
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in the pathogenesis of various deleterious processes in the heart, for example, myocar-
dial hypertrophy and its transition to heart failure, in ischemic and reperfusion injury,
as well in the cardioprotection induced by ischemic preconditioning or pharmacologi-
cally. The role of MAPKSs in the myocardium was documented by (1) studies of the
effects of myocardial processes (such as ischemia—reperfusion, preconditioning, hyper-
trophy, etc.) on the activation of these kinases; (2) pharmacological modulations of
MAPK activity and evaluation of their impact on the (patho)physiological processes in
the heart; (3) gene targeting or expression of constitutively active and dominant-nega-
tive forms of enzymes (adenovirus-mediated gene transfer).

This chapter focuses on the regulatory role of MAPKs in the myocardium, with
particular regard to involvement of different MAPK pathways in pathophysiological
processes, such as myocardial hypertrophy and heart failure, ischemia-reperfusion
injury, as well as in mechanisms of ischemic preconditioning-induced cardioprotection.
The chapter summarizes current information on pharmacological modulations aimed
at the stimulation and/or inhibition of MAPK activity and their impact on the cardiac
response to pathophysiological processes, as well as on potential protective actions.

2. REGULATORY ROLE OF MAPKS IN THE MYOCARDIUM

The cardiomyocyte is a terminally differentiated cell that responds to appropriate
external stimuli by adaptive growth (hypertrophy) in the absence of cell division (/).
One of the characteristic features of this physiological response is an increased expres-
sion of proto-oncogenes c-fos and c-jun, which could be induced by low levels of stress
(1). Extracellular stimuli, such as growth factors, cytokines, physical, and/or chemical
stress initiate signal transduction from the plasma membrane mediated by sequential
phosphorylation and activation of specific components of MAPK cascades. Regulation
of gene expression in response to extracellular stimuli belongs to one of the most
explored roles of MAPKSs in the mammalian myocardium. Although cardiac myocytes
cannot respond to mitogenic stimuli with cell division, the expression of MAPKs and
their activity was demonstrated in the heart cells of all animal species studied (2—-7). In
the cardiomyocytes, these kinase systems gained a different function than in the non-
cardiac cells and are involved mainly in the mechanisms of response to stress and in the
processes of cell survival and death (apoptosis).

The three major MAPKSs cascades identified in the myocardium are the ERKs and
two stress-activated MAPKSs subfamilies: SAPK/JNK and p38 MAPKs. These kinases
are encoded by different genes and differ in the amino acid activation motif. Each
cascade consists of the same three-kinase module (8). Activation of upstream-located
MAPK kinase kinase is followed by phosphorylation of MAPK kinase (MKK or MEK)
on serine—threonine residues. Activation of the MAPK by MKK requires phosphoryla-
tion of threonine and tyrosine residues (9). The MAPKSs themselves are proline-directed
serine—threonine kinases, phosphorylating serine and threonine residues (9,10).

Differences in upstream activation mechanisms and substrates specificity do not
exclude parallel activation of different MAPK cascades and their crosstalk at various
levels of pathways (upstream of the cascades, within the cascades, within the sub-
strates). This is particularly important for the transcriptional regulation in the heart
because MAPKSs phosphorylate and increase transactivating/DNA-binding activity of
several transcription factors in a cooperative way (11-14).
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2.1. ERKs

This cascade is the best studied. The activation of the ERK subfamily occurs in
response to mitogenic and growth factors acting through receptor protein tyrosine
kinases or G protein-coupled receptors (9,/5). Recently, an activation of ERK1/2 and
translocation to the nucleus has been demonstrated in isolated rat heart in response to a
physical stretch induced by an increase in intraventricular pressure (/6). In isolated rat
cardiomyocytes, activation of the ERK pathway was shown to be initiated by enhanced
calcium entry into the cells through L-type Ca”* channels and signaling mechanisms
involved phosphorylation of proline-rich tyrosine kinase 2 (Pyk2) and epidermal
growth factor receptor (/7). An immediate upstream regulator of the ERKs is MEK 1/2.
Activation of MEK involves the small G-protein (Ras), the 74-kDa protein Ser—Thr
kinase, the Raf-1 kinase and some kinases that might belong to the protein kinase C
(PKC) family (1/8-20). Mechanism of MEK activation involves phosphorylation on
two Ser residues within MEK subdomains VII and VIII. Activated MEKs demonstrate
a high degree of specificity for the native form of their downstream substrates, the
ERK 1 and ERK 2. The phosphorylation motif of ERKs is Thr—Glu—Tyr (21).

2.1.1. Consequences of ERK Pathway Activation

Phosphorylation of Thr and Tyr residues is essential not only for activation of ERKs
but also for their translocation to the nucleus. Activated ERKs phosphorylate a large
number of regulatory proteins and thus directly control several cellular processes,
including transcription, translation, and cytoskeletal rearrangement (22). In addition,
ERKSs can transmit the signal to downstream kinases, such as the ribosomal S6 kinase
(RSK) or MAPKAP kinase 1 (23). RSK can phosphorylate and activate regulatory
molecules, such as the transcription factor c-Fos, cAMP response element-binding pro-
tein, estrogen receptor, nuclear factor (NF)xB/IkB o, the ribosomal S6 protein, stimu-
late Na*/H* exchanger and can also transmit the signal to a downstream kinase,
glycogen synthase kinase-3, which participates in the downregulation of transcription.
RSK also phosphorylates the Ras GTP/GDP-exchange factor Sos, leading to feedback
inhibition of the Ras—-ERK pathway (24,25). Perhaps the two best-characterized ERK
substrates are cytoplasmic phospholipase A, (cPLA,) and the transcription factor Elk-1.
Phosphorylation of cPLA, by ERKs causes an increase in the enzymatic activity of
cPLA,, resulting in an increased arachidonic acid release and formation of
lysophospholipids from membrane phospholipids (26). ERKs can therefore trigger the
formation of multiple secondary signaling molecules. Elk-1 is also a direct target of the
ERK cascade. This transcription factor binds to the promoters of many genes and its
increased phosphorylation and stimulation of transcriptional activity can mediate the
effects of the MAPK signal transduction pathway on gene expression (27).

2.2. p38—MAPK Subfamily

These enzymes, also termed cytokine-suppressive anti-inflammatory drug-binding
proteins (28), are osmoregulatory protein kinases that are activated after exposure to
many forms of cellular stress. They are also poorly activated by mitogens but strongly
respond to endotoxin, proinflammatory cytokines, tumor necrosis factor alpha (TNF-
o), interleukin-1, osmotic shock, heat stress, or metabolic inhibitors, such as sodium
arsenite (29,30). The p38 subfamily consists of four isoforms (., B, Y and §); however,
only p38a and p38P have been detected in the cardiac tissue (37). MKK3 and MKK6
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selectively activate p38—MAPK in different cell types and exhibit isoform specificity:
MKK3 activates only o and Yy isoforms, whereas MKK6 can activate o, 3, and 7y
isoforms (37). The phosphorylation motif of p38—MAPK is Thr—Gly-Tyr.

With the use of a cotransfection technique, several other potential regulators of the
p38—MAPK pathway have been defined. They include GTP-binding protein Ras, p21-
activated kinase (PAK) (32,33), and two new kinases named mixed-lineage kinase 3
(MLK 3) and dual leucine zipper-bearing kinase (34,35). It is unknown, however, how
these signaling molecules are coupled to receptor signals or how they mediate different
extracellular signals that ultimately lead to p38—MAPK activation.

2.2.1. Consequences of p38—MAPK Pathway Activation

The primary substrate of p38—MAPK is MAPK-activated protein kinase 2
(MAPKAPK-2; 36) that in turn phosphorylates the small heat shock protein HSP27,
which promotes polymerization of actin filaments and maintains integrity of the
cytoskeleton (37). The activation of this pathway prevents oxygen radical- and
cytochalasin D-induced fragmentation of actin filaments and cell damage (37). In
addition, activated MAPKAPK-2 has also been reported to phosphorylate glycogen
synthase (/4) and cAMP response element-binding protein (38). It has been demon-
strated that MAPKAPK-2 activity in neonatal cardiomyocytes can be increased after
PKC activation by the G protein—coupled receptor agonists, endothelin-1 and phe-
nylephrine (39), suggesting a link between PKC and p38-MAPK cascades. However,
intermediate processes are still not clear.

Many transcription factors have been suggested as potential substrates for p38-
MAPK, such as activating transcription factor-1 (ATF-1), ATF-2, Elk-1, and serum
response factor (12,29,40). Activation of p38-MAPK by numerous inflammatory
stimuli followed by transcription of genes encoding inflammatory molecules indicates
an important role of this stress cascade in the cell inflammatory responses (40,41 ).

2.3. SAPK/JNK Subfamily

This group of MAPKSs was first identified as protein kinases that phosphorylate the
transcription factor c-Jun within its N-terminal activation domain in the cells exposed
to ultraviolet radiation (42). Two isoforms of JNKs, the 46-kDa JNK1 and the 54-kDa
JNK2, have been demonstrated, both of which are present in the heart tissue (2,43).
Simultaneously, a family of MAPK-related kinases with properties of JNKs has been
cloned. Because these kinases were more strongly activated by stress-inducing stimuli,
they were named, as mentioned in the Introduction, SAPKs. SAPKs have been found
to be similar to JNKs in terms of their molecular mass and, therefore, this group of
kinases has been named SAPK/JINK (43,44). Direct activators of these kinases are up-
stream kinases MKK4 and MKK7. MKK4 is unique in its ability to activate both, p38-
MAPK and JNK in vitro (45), whereby MKK7 is activating JNK isoforms (46).
Upstream activators of MKKs are isoforms of MEKK (45). Furthermore, activation of
Gqg-coupled receptors and PKC can mediate activation of SAPK/INKs (47).

Different from the ERK cascade, SAPK/JNKs are weakly activated by growth fac-
tor, phorbol esters or activated Ras. On the other hand, inflammatory cytokines, vari-
ous cellular stresses such as ultraviolet radiation, heat shock or osmotic shock, as well
as protein synthesis inhibition (anisomycin) appear to play a strong role in the mecha-
nisms of SAPK/JNK activation (44,48-50).
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2.3.1. Consequences of SAPK/INK Activation

The primary substrate for SAPK/JNKSs is the transcription factor c-Jun (31). The
presence of binding sites for SAPK/INKs (the 8-subdomains) on the amino-terminal
activation domains of c-Jun separated from the sites of c-Jun phosphorylation has been
demonstrated, and it has been suggested that strong interaction between SAPK/JNKs
and the 8-subdomain of c-Jun is required for the phosphorylation of c-Jun by SAPK/
INKs (43,48). In addition, further substrates for the phosphorylation by SAPK/INKs
are transcription factors ATF-2, Elk-1, and/or antiapoptotic Bcl-2 protein (12,49,51).

3. ROLE OF MAPKS IN CARDIAC PATHOLOGY

Table 1 summarizes the implication of members of MAPK superfamily in various
cardiovascular diseases.

Ischemic heart disease and acute myocardial infarction are major causes of morbid-
ity and mortality and represent major therapeutic targets. Ischemic damage to the myo-
cardium and cell death is often associated with a reactive hypertrophy of the surviving
cardiomyocytes in the noninfarcted area and myocardial remodeling to maintain con-
tractility and cardiac output. It is likely that the response of cardiomyocytes to these
stress factors is mediated through the activation of different MAPK cascades. To eluci-
date the real biological role of MAPK signaling cascades in the mechanisms of cell
death and/or survival, activation or inactivation of specific MAPKs either by pharma-
cological modulations or by gene targeting can be employed.

3.1. Role of MAPKSs in Hypertrophic Response and Heart Failure

Cardiac hypertrophy represents a major risk factor for the development of conges-
tive heart failure. Being a compensatory adaptive response in the early phase, a transi-
tion to decompensated hypertrophy eventually leads to the death of the patient if the
pathological stimulus persists. Involvement of all three classic MAPK pathways has
been implicated in the mechanisms of cardiac hypertrophy. Numerous pathological
mediators of cardiac hypertrophy (neurohormones, cytokines, mechanical stretch) have
been shown to activate different MAPK pathways (57,76-80).

Most of the studies point to the key role of ERK cascade in the mechanisms of
hypertrophic response. Hypertrophic G protein-coupled receptors agonists, such as
endothelin-1 (ET-1) and phenylephrine (PE) stimulate ERK pathway in the heart
(65,81). It was found that in the neonatal rat cardiomyocytes, specific inhibition of
ERK pathway reversed the ET-1- and PE-induced protein synthesis and increased cell
size, sarcomeric reorganization, and expression of beta-myosin heavy chains (65). In
the adult rat ventricular myocytes, stimulation of alphal-adrenergic receptors caused
hypertrophy dependent on the MEK1/2-ERK1/2 signaling pathway (82). In accordance,
concentric hypertrophy without signs of cardiomyopathy or lethality was demonstrated
in MEK1 transgenic mice (66). In addition, the involvement of MAPKSs in hypertrophic
responses was also demonstrated using antisense oligodeoxynucleotide approach, when
anti-MAPK oligodeoxynucleotide inhibited the development of morphological features
of hypertrophy in cardiomyocytes exposed to phenylephrine (67). An increase in the
ERK1/2 activity was observed in rat myocardium with volume overload-induced
hypertrophy (79) and in normal guinea pig hearts exposed to acute mechanical stretch,
as well as during chronic pressure overload (as the result of aortic banding), leading to
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Table 1

Summary of MAPKSs Involvement in Cardiac Pathology

Cardiac pathologies MAPKSs studied Refs.

Heart failure p38—-MAPK 52-55
JNK 53-55
ERK 53,55-57

Hypertensive cardiac hypertrophy p38—-MAPK 58,59
JNK 58
ERK 58

Hypertrophy p38—-MAPK 58-61
JNK 62-64
ERK 57,65-67

Cardiomyopathies p38—-MAPK 61,68
ERK 56

Ischemia-reperfusion injury p38-MAPK 69-74

Inflammatory diseases p38—MAPK 41,75

a transition of compensated hypertrophy to decompensated congestive heart failure
(57). The latter study also demonstrated differential activation of members of MAPKs
family (ERK1/2, p38, Src, p90RSK, and BMK1) during progression of hypertrophy
and pointed to the specific role of novel pathways (p90RSK and BMK1) in the devel-
opment of heart failure.

Possible role of three classic MAPK pathways in hypertrophic responses was dem-
onstrated using adenovirus-mediated gene transfer, whereby constitutive expression of
dual-specificity phosphatase MKP-1 in cultured primary myocytes blocked the activa-
tion of p38-MAPK, SAPK/JNKs, and ERKSs and prevented the agonist (catecholamine)-
induced hypertrophy (83). Another co-transfection experiment showed that the action
of constitutively active MKK3 is followed by an activation of the p38a isoform of p38-
MAPK, but it is the p38 that appears to mediate the hypertrophic response indepen-
dently on the MKK3 pathway (60). The activation of p38-MAPK signaling pathway
was associated with the development of hypertrophy also in transgenic mice with
Angiotensin II (Ang II)-induced cardiac hypertrophy (58) and in a model of hyperten-
sive cardiac hypertrophy in spontaneously hypertensive stroke-prone rats (59).
Recently, it was demonstrated that targeted activation of p38—MAPK in vivo using a
gene-switch transgenic technique with activated mutants of upstream kinases MKK3
and MKKG6 resulted in the development of cardiac remodeling (marked interstitial
fibrosis) and the expression of fetal genes characteristic of heart failure in conjunction
with systolic contractile depression and restrictive diastolic defects related to increased
chamber stiffness (61).

Some studies also have documented the possible role of another stress kinase path-
way, SAPK/INK, in hypertrophic responses to Gq receptor-coupled hypertrophic ago-
nists. Wang et al (62) found that expression of both wild-type and constitutive mutants
of MKK?7 and specific activation of INK pathway led to the induction of the hyper-
trophic responses. Activation of JNK pathway by ET-1 and PE was shown to contrib-
ute to the morphological response of neonatal rat cardiomyocytes and to increase the
expression of hypertrophy-related genes (63). Overexpression of JNK-interacting pro-
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tein 1, which binds to JNK and inhibits its signaling, inhibited the changes in gene
expression and cell shape induced by the above agents and attenuated reporter gene
activation induced by a constitutively active mutant of MEKK1, an upstream kinase
that preferentially activates JNKs (63). Moreover, a dominant inhibitory mutant of
SEK-1 (MKK4), an immediate upstream activator of SAPK/JNKs, completely inhib-
ited the ET-1-induced increase of protein synthesis, sarcomeres reorganization and
JNK activation (64). On the contrary, the JNK activation was reported not to be
involved in response to acute mechanical stress or to aortic banding-induced chronic
hypertrophy in the guinea pig heart (57).

A few studies were performed recently to clarify the role of MAPKs in human
pathology. In the study of Takeishi (56), a differential regulation of multiple MAPK
kinases, pP90RSK and Src, was demonstrated in patients with failing heart as the result
of dilated cardiomyopathy. ERK1/2 and p90RSK were activated in failed myocardium
with end stage of disease, whereas SAPK/INKs were unchanged. On the contrary, the
activities of p38—-MAPK, Src, and BMK1 were significantly reduced in end-stage heart
failure. In patients with ischemic and idiopathic failing hearts, the predominant isoform
of p38—MAPK was found to be p38a., and its activity was markedly decreased before
the end-stage heart failure that correlated with a decreased phosphorylation of its sub-
strate MAPKAPK-2 (52). Interestingly, differential regulation of MAPKs was also
observed in failing human heart after its mechanical unloading with a left ventricular
assist device. This intervention led to a reduction in ERK1/2 and SAPK/JNKs activi-
ties and an increase in p38 activity, and these changes were associated with attenuation
of morphological signs of hypertrophy (53).

3.2. Role of MAPKs in Ischemia—Reperfusion Injury

Mammalian cells respond to ischemia with activation of numerous cell-signaling
cascades that lead eventually to cell death unless early onset of reperfusion salvages
viable myocytes. It was found that ischemia and reperfusion induce distinct regulation
of various MAPK cascades, and some differences in the intensity and time course of
their activation, as well as interspecies differences (rat, rabbit, pig) were observed.

3.2.1. ERKs and Response to Ischemia—Reperfusion

The ERK cascade has been shown to be activated during ischemia in the in vivo pig
(84—-86) and rat (87) models, in neonatal rat cardiomyocytes (65), as well as in human
hearts (3). ERK activation was also observed during ischemia and reperfusion in
human, bovine, rat, and guinea pig heart by several (3,65,86,88,89) but not all investi-
gators (2,90). Results of several studies show that the activation of ERK plays an
important role in prevention of myocardial necrosis and apoptosis (6,917,92). Inhibition
of the ERK cascade during sustained ischemia or ischemia—-reperfusion significantly
increased the size of myocardial infarction in pig myocardium (6), exaggerated
reperfusion injury in isolated rat hearts, and enhanced ischemia—reperfusion-induced
apoptosis in neonatal cardiomyocytes (65). Moreover, the protective effect of ERK
cascade activation has been demonstrated in MEK1 transgenic mice and MEK1 aden-
ovirus-infected cultured cardiomyocytes that exhibited an increased resistance to
apoptotic stimuli (66).

A positive role of the ERK cascade in the mechanisms of cell survival is also sup-
ported by the observations that several growth factors, such as insulin-like growth fac-
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tors (93-95), fibroblast growth factors (96,97), cardiotrophin-1 (98,99), which also
activate ERKSs (99,100), exert the antiapoptotic effects (94,101) or limit the ischemia—
reperfusion injury (93,95-98,101,102).

3.2.2. “Stress” Kinases and Response to Ischemia—Reperfusion

p38—MAPK pathway belongs to the most investigated but also the most controver-
sial signaling pathway in myocardial responses to ischemic injury. With a few excep-
tions (103—-105) most studies (regardless of the species or model) showed the activation
of p38—-MAPK either by ischemia alone, or persisting throughout reperfusion, and
reported a negative role of p38—MAPK during ischemia-reperfusion injury. Inhibition
of p38—MAPK activation delayed the development of infarcts, increased cell survival,
reduced myocardial apoptosis, and improved postischemic recovery of cardiac func-
tion, suggesting that it could be considered as an essential element of cardioprotection
(69—74,106,107). In contrast, others showed that the inhibition of p38—MAPK during
lethal ischemia did not influence the extent of ischemia-reperfusion-induced injury or
even increased it (4,105,108,109), suggesting a protective role of p38—MAPK activa-
tion during ischemia.

In contrast with the p38—MAPK pathway, the SAPK/JNK signaling pathway shows a
different pattern of activation. Several studies showed that this kinase pathway is mod-
erately or not activated during ischemia; however, a stronger activation of JNKs was
found during reperfusion after a brief ischemic stimulus (84,88,90). The precise role of
SAPK/JNK in pathophysiology of ischemic injury remains unresolved.

4. ROLE OF MAPKS IN CARDIOPROTECTION

Prolonged ischemia causes necrotic changes in the myocardium and contractile dys-
function, whereas brief ischemic episodes before sustained ischemic challenge render
the heart more resistant to ischemic injury (//0). Numerous studies demonstrate the
involvement of various MAPK cascades in the mechanisms of this adaptive phenom-
enon termed as ischemic preconditioning (IP; ref. 1/17).

4.1. Ischemic Preconditioning

A positive role for ERK cascade in the mechanisms of [P-mediated cardioprotection
has been demonstrated in pig myocardium, when inhibition of ERK pathway during
the IP protocol inhibited both the IP-induced limitation of infarct size and the stimula-
tion of ERK activities during IP (6). Other studies also confirmed the positive role of
ERKSs in regulation of both the classic early (//2) and late (91,92) phase of IP-medi-
ated cardioprotection. A key role for ERK-1 was documented also in opioid-induced
cardioprotection in rats (92,112).

On the contrary, the role of p38—MAPK cascade in IP remains still unclear. In some
studies, a downregulation of the p38—MAPK during repeated periods of short ischemia
and reperfusion was observed (5,72,84) with a subsequent further decrease in p38—
MAPK activities during sustained ischemia (4,69,72,84). However, in some studies it
was found that IP mediated a subsequent increase in p38—MAPK activities
(103,108,109,113). These discrepancies suggest that, apart from species differences,
specific p38—-MAPK isoforms might play a role.
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Recent studies revealed a different role for p38c. and 3 isoforms in apoptotic responses
and cell survival (60,114): a negative role of p38c. and positive of p38f (mediating
hypertrophic response). One possible explanation for these divergent functions of p38—
MAPK isoforms is that they mediate phosphorylation of different downstream-located
substrates that can play different roles in apoptosis. It is also possible that ischemia and
IP differentially activate p38—MAPK isoforms and that this contributes to the conflict-
ing data. p38a activation was observed in response to ischemia and reperfusion
(72,73,90). Also, in myocytes with ectopically expressed p38c. and p38p, p38a was
activated during sustained simulated ischemia, whereas the p38f isoform was deacti-
vated (115). Moreover, in rat heart cells expressing wild-type p38a injury was reduced
by p38—-MAPK inhibition, suggesting that the selective inhibition of the p38a isoform
of the p38—MAPK pathway may underlie the mechanism responsible for anti-ischemic
effects observed after p38—-MAPK inhibition (//4). However, the p38—-MAPK(f3)
isoform appears to play a positive role in the protection against apoptotic cell death (60).

There is only little evidence about the role of SAPK/JINK pathway in IP-mediated
cardioprotection. Recently, it was demonstrated in the in vivo rat model that SAPK/
JNK activation is an important component of IP- or opioid receptor-mediated reduc-
tion of infarct size (112,116). This is strengthened by the observation that IP increased
SAPK/INKSs activities (5). Moreover, pharmacological preconditioning with protein
synthesis inhibitor anisomycin conferred the IP-like anti-infarct protection in pigs
(117),rabbits (103, 104), and rats (106) and was found to be accompanied by an activa-
tion of SAPK/INKs only (/17) or both SAPK/INK and p38—MAPK cascades
(103,104,106,118). Although the JNK pathway, as well as the p38—-MAPK pathway, is
generally implicated in apoptotic processes, its activation is not universally
proapoptotic (62), and the effects could be isoenzyme specific and dependent on the
extent, intensity, and the timing of JNKs activation.

4.2. Delayed Cardioprotection

Apart from the classic short-lasting ischemic preconditioning, a delayed phase of
protection appears several hours after the initial stimulus and lasts longer. Molecular
mechanisms of this form of cardioprotection termed second window of cardiopro-
tection involve the induction of immediate early genes (c-myc, c-fos, and c-jun), lead-
ing to the expression of late genes encoding various cardioprotective proteins, for
example, heat shock proteins (HSP70), antioxidants, and/or inducible nitric oxide
synthase (iNOS; reviewed by Yellon and Baxter in ref. //9). Delayed protection
against myocardial necrosis and contractile dysfunction in mice 48 h after heat stress
has been found to be associated with an increased phosphorylation of JNK and accu-
mulation of HSP72 protein (7). Similar improvement of heart function and reduction
in infarct size was observed in Langendorff-perfused rat hearts 24 h after treatment
with p38 activator anisomycin. The latter induced activation of nuclear factor NFxB
and increased expression of iNOS, suggesting that activation of p38 triggers delayed
protection by mechanisms involving activation of NFkB and synthesis of NO by iNOS
(120). Although the role of ERKs activation in the delayed cardioprotection in rat
myocardium induced by pretreatment with noradrenaline has not been confirmed
(121), more recent studies indicate that activation of ERKs cascade may be involved
in the delayed protective effect in conscious rabbits (97) and also be a component of
opioid-induced cardioprotection (92,112).
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5. PHARMACOLOGICAL MODULATION OF MAPK ACTIVITY

The activities of distinct MAPKSs are positively or negatively modulated by several
pharmacological substances. Specific inhibitors are most often used for the study of
role MAPKSs in the cellular processes. At present, specific inhibitors of ERK and p38—
MAPK pathways are available. PD98059 [2-(2-amino-3-methoxyphenyl)-4H-1-
benzopyran-4-one] and UO126 (1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenyl-
thio]butadiene) are known as selective and potent inhibitors of ERK1/2 pathway in
vitro as well as in vivo (122,123). A recent study showed that these substances can
inhibit also the epidermal-growth factor-induced and MEKS5-mediated activation of
other members of the ERK family, such as ERK5/BMK1 (124).

On the other hand, several pyridinyl imidazole derivatives, SB203580, SB202190,
and SB242719, were found to inhibit the p38—MAPK signaling pathway (125,126).
The availability of these specific inhibitors helps to clarify the role of ERK and p38-
MAPK pathways in the myocardium.

To resolve the question whether activation of p38—MAPK by ischemia and/or
ischemia—-reperfusion is only an epiphenomenon or whether it is causative for myocar-
dial necrosis and/or apoptosis, several groups used pharmacological inhibition of p38—
MAPKSs. It was found that the inhibition of p38—-MAPK during sustained ischemia
with SB203580, SB202190, or SB242719 induced cardioprotective effects (4,69—
74,106,115). The application of SB substances before and during sustained ischemia
delayed the development of infarcts (69—71,73,106) reduced myocardial apoptosis (70,
107) and improved postischemic recovery of cardiac function in several animal models
(69,70,106).

The inhibition of p38—-MAPK with SB203580 also decreased ischemia-induced
TNF-a production and facilitated limitation of functional impairment after ischemia—
reperfusion in human myocardium. It was suggested that this may represent a potent
therapeutic strategy for improving myocardial function after angioplasty, coronary
bypass, or heart transplantation.

The inhibition of p38—-MAPK cascade was used also for the investigation of the
role of this kinase cascade in the IP-induced cardioprotection. In isolated rat
(106,109,127), rabbit (108) and mouse (7) hearts, rabbit cardiomyocytes (103,105),
the treatment with SB203550 reversed the protective effects of IP-mediated
cardioprotection. However, in another group of studies, suppression of the
cardioprotective effect of IP by SB203580 and/or by other SB-related p38—-MAPK
inhibitors was not observed.

Pharmacological inhibition of p38—MAPK suggests also the involvement of this
kinase cascade in the immune and inflammatory responses and in hypertrophy. In
healthy human volunteers, it was demonstrated that inhibition of p38—-MAPK by
pyridinyl imidazole RWJ-67657 might be a tool to intervene in the deranged immune
response in sepsis and other inflammatory diseases (75). The inhibition of p38—
MAPK activity by SB203580 reduced also myocyte secretion of TNF-o and pre-
vented burn-mediated cardiac dysfunction (/28). It was also found that long-term
oral treatment of hypertensive stroke-prone rats with a selective p38—MAPK inhibi-
tor (SB239063) significantly enhanced survival, whereby echocardiographic analy-
sis revealed a significant reduction in left ventricular (LV) hypertrophy and
dysfunction in the SB239063-treated groups (59).
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PD98059 and UO126 are able to specifically inhibit the ERK signaling pathway. It
was found that pharmacological inhibition of the ERK cascade during ischemia—
reperfusion by PD98059 injured isolated rat hearts and enhanced the ischaemia—
reperfusion-induced apoptosis in neonatal cardiomyocytes (/07). In pig myocardium,
an augmentation of infarct size after inhibition of ERKs during sustained ischaemia
by both PD98059 and UO126 was observed (6). Moreover, the presence of these
inhibitors during the IP protocol inhibited the IP-induced cardioprotection. Also sur-
vival-promoting effects of urocortin endogenous cardiac factor were blocked by
PD98059 (129). Using spontaneously hypertensive and aortic-banded rats, it was
found that expression of myocardial osteopontin, an extracellular matrix protein, coin-
cides with the development of heart failure and is inhibited by captopril. Evidence
that ERK cascade plays a key role in the regulation of osteopontin gene expression
and is critical component of the reactive oxygen species-sensitive signaling pathways
activated by angiotensin Il was also obtained using PD98059 (130).

It has been found that effects of numerous hypertrophic stimuli are mediated by
the activation of MAPK pathways (76-80,131). Ang 11 stimulates cardiac fibroblast
growth and this effect was associated with the activation of ERK, p38—MAPK, and
STATS3 pathways (/31). The angiotensin-converting enzyme inhibitors moexiprilat
and enaprilat inhibited the Ang II-induced proliferation of cardiac fibroblasts and
also completely inhibited Ang II-induced activation of ERKs, p38—MAPK, and
STAT3 (131). Another angiotensin-converting enzyme inhibitor, cilazapril, remark-
ably suppressed the arterial JNK activation after balloon injury (/32). The activa-
tion of both JNKs and ERKs was prevented also by E4177, an angiotensin AT1
receptor antagonist (/32). Carvedilol, a vasodilating beta-adrenoceptor antagonist
and potent antioxidant, prevented myocardial ischemia-reperfusion-induced
apoptosis in rabbit cardiomyocytes possibly by the inhibition (downregulation) of
JNK signaling pathway (133).

Another group of pharmacological substances that influence and possibly act through
MAPK-signaling pathways is represented by alpha- and beta-adrenergic receptor ago-
nists. Selective beta-2 adrenergic receptor stimulation markedly stimulated ERKs as
well as PI-3K/Akt activities and this was connected with a protection of the rat neonatal
cardiomyocytes against apoptosis (/34). The agonist-induced activation of the kinase
pathways was blocked using specific inhibitors of these pathways (PD98059 and LY
294002). Activation of alpha-1 adrenergic receptors in the heart was shown to influence
heart physiology and increase contractile activity, cardiac fetal genes re-expression, and
myocyte hypertrophy. G(q)-coupled receptor agonists, such as phenylephrine, a pro-
moter of hypertrophic responses in cardiac cells, were found to activate the ERKs, p38-
MAPK, and also JNKs in perfused contracting rat hearts (79). Phenylephrine was also
found to stabilize the B-type natriuretic peptide mRNA. Using specific inhibitors
(PD98059 for ERKs and GF 109203X for PKC) the role of PKC and ERKs in this
alphal-adrenergic receptor-mediated stabilization of the B-type natriuretic peptide
mRNA was established (135).

It has been also found that some protein phosphatase inhibitors (okadaic acid) and
protein synthesis inhibitors (anisomycin) stimulate myocardial MAPKSs activities. It
was found that pharmacological inhibition of Ser—Thr protein phosphatases by okadaic
acid (117) exerted cardioprotective effects and this was connected with the stimulation
of SAPK/JNKs activities.
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Also anisomycin, a potent but unspecific activator of stress kinases (SAPK/JINKs
and p38—MAPK) in mammalian cells (/36) mimicked the anti-infarct effects of IP in
several animal models (106,108,117,137).

6. CONCLUSION

Recent evidence suggests the involvement of MAPKSs in several pathophysiologi-
cal processes in the heart (hypertrophy, heart failure, ischemia—reperfusion, cardio-
protective responses). Because all three major MAPK pathways were found to be
activated during ischemia—reperfusion, crosstalk between the ERK, p38-MAPK, and
JNK cascades in ischemia-associated processes cannot be excluded. The activation of
ERKSs during ischemia is linked to cell survival. In contrast, the role of the p38—MAPK
pathway is not unequivocal and may be linked to the activation of different p38—
MAPK isoforms by ischemia and IP: although the p38c isoform activation is believed
to accelerate the death pathway, the p38f3 pathway may be antiapoptotic. The litera-
ture on the JNK pathway is sparse. However, there is an agreement that the apoptotic
response can be mediated by sustained JNK activation, but transient and more marked
JNK activation (in response to reperfusion after brief ischemia) can also cause
cardioprotective responses.

The precise role of distinct MAPKSs during pathophysiological processes in the myo-
cardium will be probably resolved only by using isoenzyme-specific MAPK inhibitors
and activators and elucidation of physiological (in vivo) substrates for distinct MAPKs
that are phosphorylated under some specific conditions.

Pharmacological modulation of MAPKSs may represent a novel therapeutic target to
confer protection to the myocardium by way of either inhibition of deleterious path-
ways and shifting the balance toward cell survival or by activation of pathways partici-
pating in the endogenous cardioprotective cascades.
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1. INFLAMMATION IN CARDIOVASCULAR DISEASE

Cardiovascular disease is the leading cause of death in the United States. One in
three men and one in ten women develop severe cardiovascular disease before the age
of 60, resulting in health expenditures of over $100 billion per year. Even though car-
diovascular disease primarily affects people advanced in age, disease progression
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begins early. Initiation of atherogenesis via formation of fatty streaks can occur as
early as infancy (/).

With increased circulating low-density lipoproteins levels later in life, the inflam-
matory response induced by the first fatty streak progresses. Formation of atheroscle-
rotic lesions is directed by inflammation. Once atheroscerotic plaques have been
formed, the inflammatory response is heightened, and plaque stabilization is compro-
mised. Plaque rupture promotes thrombosis, thereby increasing the likelihood of a coro-
nary event, such as myocardial ischemia. Myocardial ischemia, and subsequently
reperfusion, stimulates an even greater inflammatory response directing myocardial
infarction. Often ischemic attacks are transient, with reperfusion following closely
behind ischemia, but stimulation of full reperfusion may require percutaneous
transluminal coronary angioplasty (PTCA). Angioplasty promotes reperfusion in
exchange for endothelial damage and further heightening of the inflammatory response.
Inflammation after these events frequently leads to restenosis.

Several events occur during the inflammatory process. Pro-inflammatory cytokines
are released with the initial presence of fatty lesions. These molecules promote endot-
helial dysfunction, thereby decreasing endothelial nitric oxide (NO) production while
increasing endothelial cell adhesion molecule and growth factor expression. Endothe-
lial cell adhesion molecules mediate platelet and leukocyte aggregation at the site of
inflammation, whereas growth factors stimulate vascular smooth muscle cell growth
and proliferation. Thrombus formation and neointimal thickening direct pathology of
these diseases. In addition, release of oxygen-derived free radicals by transmigrated
neutrophils promotes further cellular damage enhancing endothelial dysfunction.

Several anti-inflammatory drug therapies to mitigate the pathology of cardiovascu-
lar diseases have been explored. Drug interventions may stimulate a reduction in release
of detrimental cytokines and growth factors, inhibition of extracellular adhesion mol-
ecule expression, neutralization of reactive oxygen species, or inhibition of transcrip-
tional activation of inflammatory mediators. The most useful drug therapies, however,
may be those that target multiple cardiovascular disease factors.

2. ROLE OF INFLAMMATION IN ATHEROGENESIS

Inflammation occurs early in the progression of atherogenesis. Often, the first dis-
play of atherogenesis, the fatty streak, appears as early as childhood (7). The fatty
streak is characterized by the presence of inflammatory mediators, such as macroph-
ages and T-lymphocytes (2), which continue to direct inflammatory responses through-
out atherosclerotic plaque development (3,4).

Before plaque formation, endothelial dysfunction is evident (5,6). Endothelial dys-
function results from a large host of factors, including dyslipidemia (7,8), hypertension
(9,10), and elevated circulating homocysteine levels (//—15) in addition to other fac-
tors. The loss of endothelial function is characterized by a decrease in the release of
endothelial-derived NO (10,13,16), an increase in endothelial adhesiveness and per-
meability to leukocytes and platelets, and the release of cytokines and growth factors.
It is this endothelial dysfunction that promotes plaque formation (17,18).

3. CYTOKINES IN HYPERLIPIDEMIA AND ATHEROSCLEROSIS

Cytokines are released by a variety of cells in response to inflammatory stimuli.
Cytokines important in the disease progression of atherosclerosis include interleukin-
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low (IL-1o) (19,20), tumor necrosis factor-o. (TNF-qi; ref. 27), and interferon y (IFN-y;
ref. 22). IL-1a is released from endothelial cells, smooth muscle cells, and monocytes
and macrophages and plays a major role in cell proliferation (7/9,20). It has been shown
to promote smooth muscle cell proliferation in vitro (23) in addition to increasing the
adhesiveness of leukocytes to endothelial cells by upregulating endothelial cell adhe-
sion molecule expression (23—26). In addition, IL-1 promotes the release of IL-6 (27),
IL-8 (28), basic fibroblast growth factor (29), platelet-derived growth factor (20), and
TNF-a (30), thereby furthering the inflammatory response.

TNF-a is released by smooth muscle cells, monocytes and macrophages, and T-
lymphocytes. TNF-a is responsible for cell proliferation (217) through the secre-tion
of platelet-derived growth factor. TNF-a also plays an important role in the induction
of cellular adhesion molecules. In addition, Galis et al. (3/) have shown the impor-
tance of IL-1B and TNF-o in plaque stabilization. IL-1B and TNF-a both induce
smooth muscle cells to synthesize and secrete collagenase into the interstitium. The
resulting matrix degradation at inflammatory sites could promote plaque rupture.

IFN-vy contributes to smooth muscle cell proliferation at low levels (32), but when
present in excess as in inflammation, it inhibits hyperplasia (33). IFN-y also upregulates
endothelial adhesion molecule expression, increasing the inflammatory response.

4. ROLE OF CELLULAR ADHESION MOLECULES
IN ATHEROSCLEROSIS

During inflammation, cell adhesion molecule expression is enhanced on endothelial
cells as well as on leukocytes and platelets. The expression of cell adhesion molecules
and glycoprotein adhesion molecules in atherosclerosis will be considered.

Glycoprotein adhesion molecules (selectins) on the endothelium are significant in
the process of leukocyte rolling along the inflamed endothelium (34). E-selectin
expression on activated endothelial cells is enhanced during inflammation via the pres-
ence of TNF-a (32). P-selectin expression is induced in the presence of thrombin (35),
whereas, L-selectin expression is constitutive.

Cell adhesion molecules are necessary for leukocyte adhesion as well as extrava-
sation. Endothelial cell adhesion molecules significant in atherosclerosis include in-
tercellular adhesion molecule-1 (ICAM-1), vascular cellular adhesion molecule-1
(VCAM-1), athero-endothelial leukocyte adhesion molecule (athero-ELAM), and
platelet endothelial cellular adhesion molecule (PECAM-1). ICAM-1 and PECAM-1
expression is constitutive on endothelial cells (36), whereas VCAM-1 and arthero-
ELAM are not constitutively expressed (37-39). During inflammation, IL-1f and
TNF-o induce production of arthero-ELAM and VCAM-1 (38,39).

Adhesion molecules that bind endothelial adhesion molecules are present on leuko-
cytes. These include three heterodimers of the CD11/CD18 integrin subfamily. Like
ECAM expression, CD11b/CD18 and CD11c/CD18 expression on leukocytes are
increased in the presence of TNF-o (40,41). Leukocyte adhesion proteins are also
induced by platelet-derived growth factor (42).

5. ROLE OF MONOCYTES IN ATHEROSCLEROSIS

Monocytes adhere to inflamed endothelium in response to increased expression of
cell adhesion molecules. Once a monocyte has migrated to the intima, it is converted to
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a macrophage. Macrophages release a number of cytokines, growth factors, and
metalloproteinases (43—45), which contribute to the pathogenesis of atherosclerosis.

Macrophages release IL-1p and TNF-c.. These cytokines act on other macrophages
and endothelial cells to promote the production and secretion of growth factors. In
response to increased cytokine levels, endothelial cells release platelet-derived growth
factor (PDGF) (46). PDGF is directly responsible for the proliferation of smooth muscle
cells characteristic of atherogenesis.

Growth factors released by macrophages include vascular endothelial growth factor,
basic fibroblast growth factor, and transforming growth factors. These growth factors
play a vital role in plaque growth and stability. Conversely, macrophage release of
metalloproteinases results in extracellular matrix protein degradation, thereby contrib-
uting to plaque destabilization.

In addition to release of pro-inflammatory cytokines, growth factors, and
metalloproteinases, macrophages also release reactive oxygen species that also con-
tribute to cellular damage. Toxic oxygen radicals modify low-density lipoproteins that
can then stimulate endothelial cells to release monocyte chemotactic protein (47). Fur-
thermore, these lipids can be ingested by monocyte-derived macrophages, resulting in
foam cell formation.

Foam cells are lipid-laden macrophages. They are important in plaque core growth
and plaque destabilization. Inflammatory mediators promote apoptosis of foam cells.
As inflammatory mediators stimulate apoptosis, foam cells pour their lipid contents
into the soft plaque core, enlarging it (48,49). If apoptosis occurs in several foam cells
simultaneously, the plaque core may grow enough to damage the fibrous cap, resulting
in plaque rupture.

6. INFLAMMATION AND PLAQUE STABILITY

Dysfunctional endothelium characteristic of atherosclerotic plaques chronically pro-
motes the recruitment of inflammatory mediators. Activated leukocytes and endothe-
lial cells release pro-inflammatory cytokines (IL-1p, TNF-o and IFN-y). These
cytokines result in smooth muscle cell proliferation, and these smooth muscle cells
increase the formation of plaque extracellular matrix proteins (50).

Although the enhancement of cytokine release stimulates smooth muscle prolifera-
tion (21,23), thereby resulting in plaque stability, cytokine release can also direct plaque
instability. IFN-y actually inhibits cellular proliferation at high concentrations, conse-
quently promoting plaque destabilization (34). IL-13 and TNF-o have also been shown
to release matrix metalloproteinases that degrade extracellular matrix proteins produced
by proliferating smooth muscle cells. Matrix metalloproteinases important in plaque
destabilization include collagenase (MMP1), stromelysin (MMP3), and gelatinases
(MMP2 and MMP9; refs. 51,52).

In addition to inflammatory cytokine release affecting plaque stability, inflamma-
tory mediators stimulate apoptosis of foam cells and smooth muscle cells (48). When
foam cells undergo apoptosis, they release lipids thereby enlarging the lipid core. In
addition, apoptosis of smooth muscle cells decreases the production of extracellular
matrix proteins. When challenged with increased degradation of matrix proteins by
metalloproteinases and decreased protein production by smooth muscle cells, further
loss of plaque stability occurs.
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7. DRUGS IN DEVELOPMENT TO PREVENT
THE INFLAMMATORY RESPONSES IN ATHEROGENESIS

Therapeutic intervention has attempted to target several steps of atherosclerotic
inflammation. Therapies include cytokine inhibitors, blockade of PDGF, cholesterol
acyltransferase (ACAT) inhibition, antioxidants, anti-inflammatory agents, and lipid-
lowering drugs.

Cytokine inhibitors include anti-TNF-o antibodies that have been shown in some
models to decrease leukocyte aggregation (53). Other drugs that inhibit TNF-o activ-
ity include pentoxifylline (54), theophylline, and 3-isobutyl-L-methylxanthine (55) by
targeting TNF-a production. Furthermore, suppression of IL-1[3 production occurs in
human monocytes with dexamethasone treatment (56). In addition to cytokine block-
ade, the inhibition of molecules they stimulate is another possible route of therapy.
Inhibition of cytokine-stimulated PDGF prevents accumulation of smooth muscle cells
in atherosclerotic lesions and, therefore, plaque growth (57).

Additional modes of therapy include inhibition of leukocyte adhesion to the endot-
helium and inhibition of ACAT. Antibodies against CD43 inhibit leukocyte adhesion
to activated endothelial cells, whereas inhibition of ACAT decreases lipid absorption
in the gastrointestinal tract. This decrease in lipid uptake results in reduction of fatty
streak formation (58) or plaque stabilization via decreased foam cell formation.

Plaque stabilization has also been accomplished with antioxidants, antiplatelet and
anti-inflammatory agents, as well as lipid-lowering drugs. Antioxidants, such as
probucol and vitamin E, inhibit the oxidation of low-density lipoproteins (59,60), thereby
inhibiting disease progression. Anti-inflammatory drugs, such as aspirin, are beneficial
in reducing atherosclerotic inflammation by reducing IL-1 levels and macrophage colony
stimulating factor expression (67). Aspirin also has antithrombotic effects.

Lipid-lowering drugs include bile acid-binding resins, nicotinic acid, fibric acid
derivatives, probucol, and HMG CoA reductase inhibitors (statins). Statins are cur-
rently the drug of choice for elevated serum cholesterol because of their additional
antioxidant, antiproliferative, anti-inflammatory, antiplatelet effects, and ability to pro-
long the half-life of endothelial NO synthase (NOS; refs. 62-66).

8. INFLAMMATION IN ACUTE MYOCARDIAL ISCHEMIA

Inflammation after acute episodes of myocardial ischemia mediates myocardial
necrosis. Inflammatory chemoattractants stimulate the aggregation of neutrophils to
the ischemic area. Neutrophils then infiltrate the myocardium and release pro-inflam-
matory cytokines, proteinases, and reactive oxygen species, thereby furthering myo-
cardial damage. In addition, the presence of free radicals activates nuclear factor kB
(NFxB), which is responsible for transcription of several pro-inflammatory mediators.
The resulting increase in the inflammatory response increases cellular damage, eventu-
ally resulting in necrosis.

9. CYTOKINES IN MYOCARDIAL ISCHEMIA-REPERFUSION

IL-1pB, IL-6, and TNF-o. are pro-inflammatory cytokines that contribute to the patho-
genesis of myocardial ischemia and reperfusion. Released by adherent monocytes and
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neutrophils, cytokines exacerbate ischemia—reperfusion injury in the myocardium
(67,68). IL-1B, IL-6, and TNF-a also induce the myocardium to synthesize ICAM-1.
Additional ICAM-1 is expressed on the surface of the endothelium and promotes leu-
kocyte adherence (69,70). IL-1B and TNF-o cause adhered leukocytes as well as
endothelial cells to increase oxidant formation, further damaging the already impaired
myocardium (71). Furthermore, TNF-o decreases the release of NO from the endothe-
lium (72,73), which results in reduced vasodilatory ability and decreased myocardial
contractility (74).

10. EXTRACELLULAR ADHESION MOLECULES
IN MYOCARDIAL ISCHEMIA-REPERFUSION (MI/R)

Like atherosclerosis, inflammation after MI/R results in increased expression of
extracellular adhesion molecules on leukocytes and endothelial cells. To demonstrate
the importance of PECAM-1 in MI/R, Gumina et al. (75) determined the effects of a
PECAM-1 antibody. The reduction in MI/R injury they found suggests this constitu-
tively expressed adhesion molecule acts significantly in MI/R injury. Jones et al. (76)
demonstrated that endothelial expression of [CAM-1, E-selectin, and P-selectin levels
increase subsequent to MI/R. The cellular expression of these adhesion molecules peaks
at 24 h postischemia in the murine model, and deficiency of P-selectin, E-selectin, or
ICAM-1 exerts cardioprotection.

In addition to the increase in endothelial cell adhesion molecules, leukocyte expres-
sion of CD-18 was prominent as well (76). Mice deficient in CD-18 showed attenua-
tion of myocardial necrosis after MI/R (76). Also, GPIIb/IIla, an integrin adhesion
molecule on activated platelets, moves to the cell surface during inflammation, thereby
increasing platelet aggregation.

11. LEUKOCYTES AND PLATELETS IN MI/R

Subsequent to MI/R, neutrophils are sequestered in the myocardium. Because of the
induction of extracellular adhesion molecules on neutrophils and endothelial cells, neu-
trophil adherence to the endothelium is exacerbated. Cohered neutrophils stimulate
endothelial activation through the production of cytokines, reactive oxygen species,
and proteinases (77—79). Reactive oxygen species can modify lipids, promoting lack of
membrane integrity, whereas proteinases degrade cellular proteins.

Another role of neutrophils in the ischemic-reperfused myocardium is the stimula-
tion of phospholipase A, thereby resulting in synthesis of leukotriene B, and platelet-
activating factor (PAF; refs. 80,81). These substances further increase neutrophil
adhesion to the endothelium. In addition, PAF indirectly decreases coronary blood flow
by promoting platelet aggregation (82).

12. NFxB AND MI/R

In response to inflammatory stimuli, activation of the endothelium is dependent upon
the transcription factor NFkB. NFkB plays a principle role in the gene expression of
coagulation mediators, adhesion molecules, cytokines, and chemokines all of which
are important in MI/R injury (83).
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After MI/R, there is increased free radical production and decreased myocardial
antioxidant activity (84,85). The resulting increase in the presence of free radicals in
the myocardium stimulates the activation of NFkB (86). Activation of NFxB promotes
an increase in pro-inflammatory cytokines IL-1f3, IL-6, and TNF-o. (86).

NFxB also regulates gene expression of the adhesion molecules E-selectin, VCAM-
1, and ICAM-1. These, in addition to the chemokine IL.-8, are responsible for neutro-
phil rolling, adhesion, and eventually transmigration into the already inflamed
endothelium (87). Once in the interstitium, neutrophils increase production of free radi-
cals, further upregulating NFkB activation.

Finally, NFkB increases the expression of procoagulant factors, including plasmi-
nogen activator, tissue factor, PAF receptor, and P-selectin, making the vascular en-
dothelium more prone to thrombus formation (83).

13. OXIDANTS AND MI/R

The reduction of oxygen results in the formation of superoxide anions, hydroxide
radicals, and hydrogen peroxides (88,89). Antioxidants are normally present in the myo-
cardium to prevent injury from constitutive free radical formation. Superoxide dismutase
catalyzes the conversion of oxygen radicals to molecular oxygen and hydrogen perox-
ide (84). Hydrogen peroxide is then reduced to water by either catalase or glutathione
peroxidase (84,85). After MI/R, antioxidant activity is decreased (90,91), thereby ren-
dering the remaining antioxidants unable to prevent myocardial damage resulting from
increased free radical formation (84,85). In the absence of the normal antioxidant levels,
free radicals peroxidize lipids. These peroxidized lipids then are unable to maintain the
integrity of the cellular membrane or the environment surrounding membrane proteins
resulting in cellular damage (92). Free radicals may also be responsible for the activa-
tion of transcription factor NFxB, which is thought to further propagate inflammatory
responses subsequent to MI/R.

14. DRUGS TO ATTENUATE INFLAMMATION IN MI/R

Atherosclerotic drug therapies can decrease the risk of coronary heart disease, but
MI/R drug therapies must focus on the reduction of injury after an ischemic attack.
Neutrophil and platelet adhesion to the endothelium, oxidant production, and NFxB
activation have all been targeted to attenuate MI/R injury.

Antibodies to extracellular adhesion molecules on endothelial cells, neutrophils, and
platelets show promising results in reducing MI/R injury. Antibodies to PECAM-1
block neutrophil and monocyte migration in vitro and, more recently, PECAM-1 anti-
bodies have been shown to decrease myocardial infarct size in rats (75). Blockade of
either ICAM-1 (76,94,95) or CD18 (76,96,97) also results in attenuated myocardial
injury after MI/R.

Selectin inhibitors comprise a large group of therapies available to attenuate MI/R
injury. Antibodies and other inhibitory molecules against E-selectin, P-selectin, and L-
selectin have been shown to protect the ischemic-reperfused myocardium. E-selectin—
specific inhibitors include CL-2 antibody and CY-1787 antibody, whereas inhibitors of
E-selectin and P-selectin include sialyl-Lewis* oligosaccharide (CY-1503) and a small
molecule, TBC-1269. Inhibition of L-selectin has only been shown with the mono-
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clonal antibody DREG-200. A complete review of cardioprotection by selectins is
available (98).

Agents have also been developed to protect the myocardium from the numerous
roles neutrophils play in myocardial damage. Antineutrophil agents mitigate the del-
eterious effects of neutrophils, thereby attenuating injury after MI/R. This has been
shown using cobra venom factor, prostaglandins, nonsteroidal anti-inflammatory
drugs, lipoxygenase inhibitors, and PR-39, an antimicrobial peptide that also inhibits
neutrophils (99).

Activation of NFkB) results in transcription of a myriad of inflammatory mediators.
Drug therapies that inhibit NFxB activation, and hence production of downstream
inflammatory mediators, decrease inflammation after MI/R, preserving the myocar-
dium. IRFI 042, an antioxidant, inhibits NFxB activation, thereby reducing MI/R-
directed inflammation, whereas transfection of oligodeoxynucleotides specific for
NFxB into endothelial and cardiomyocyte nuclei was also cardioprotective (100,101 ).

Several antioxidants have been proposed to protect the myocardium from MI/R
injury. CI-959, an inhibitor of free radical formation, reduces MI/R-directed damage
(102). Superoxide dismutase (SOD), glutathione peroxidase, and catalase administra-
tion have all been considered as therapeutic agents for the treatment of acute myocar-
dial infarction; however, the findings are somewhat controversial. Gallagher et al. (103)
showed no attenuation in myocardial infarct size in canines following administration
of SOD or catalase. Jolly et al. (/04) demonstrated that combined therapy of SOD and
catalase reduced canine infarct size. Werns et al. (/05) demonstrated that only SOD,
and not catalase, administration resulted in cardioprotection against MI/R injury. Mu-
rine studies indicate a role for manganese SOD and glutathione peroxidase, but not
copper—zinc SOD in reduction of MI/R injury (/05a).

Additional studies evaluating the effects of SOD and catalase have been reviewed
(106). Similarly, xanthine oxidase inhibitors, such as allopurinol, also show opposing
results in attenuating MI/R injury (107-109).

Nonspecific drug intervention to protect the myocardium is also available. Thera-
pies, such as perfluorochemicals and adenosine, mediate cardiomyocyte protection at
several levels. Perfluorochemical blood substitutes reduce neutrophil accumulation
and adhesion to the endothelium as well as superoxide production (/10,111). Adenos-
ine administration after MI/R targets several phases of the inflammatory response,
thereby protecting the myocardium. It mediates coronary vasodilation (//2), reduces
endothelial-neutrophil interactions (/13), and inhibits platelet aggregation and throm-
boxane release (114).

15. INFLAMMATION AND RESTENOSIS

Restenosis is a common inflammatory response following one-third to one-half of
all PTCA procedures (115). Restenosis is characterized as an increased inflammatory
response in a vessel that has already exhibited inflammation, such as those vessels
containing atherosclerotic plaques (/16). Restenosis results in increased smooth muscle
cell proliferation that is initiated approx 1 wk after angioplasty (116,117). In addition
to cellular proliferation and intimal thickening, vessels are prone to thrombosis because
of the accumulation of platelets at the inflammatory site (/18).
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16. CYTOKINES AND OTHER INFLAMMATORY
MEDIATORS IN RESTENOSIS

Like in other inflammatory diseases, pro-inflammatory cytokines and growth fac-
tors are thought to mediate restenosis. Cytokines, such as IL-1c and IL-1f, and TNF-
o are released from the endothelium during the inflammatory process. These
cytokines act on the same endothelial cells to promote pro-inflammatory and
prothrombotic responses (/19,120). Activated endothelial cells release PAF
(119,120), resulting in increased adherence of platelets to the vascular wall. The pres-
ence of IL-1P and TNF-a also increases the presence of von Willebrand factor in the
presence of thrombin (/21).

Cytokines also play a role in leukocyte adhesion the vascular endothelium. The lo-
cal concentration of IL-1B and TNF-a control leukocyte recruitment and adhesion
(122), and this aggregation contributes to vascular stenosis. In addition to cytokine
levels increasing during restenosis, growth factors also promote neointimal formation.
The accumulation of platelets at the inflamed endothelium results in increased release
of PDGF (123), which induces restenotic smooth muscle proliferation.

17. LEUKOCYTES IN RESTENOSIS

After PTCA, the endothelium is denuded promoting endothelial dysfunction. Endo-
thelial dysfunction initiates an inflammatory response. Chemokines are released from
the endothelium, resulting in chemotaxis of neutrophils, which further enhance inflam-
mation through release of cytokines and reactive oxygen species and stimulation of
leukotriene B, and PAF production (80,81).

Cytokines, such as TNF-o and IL-1, activate thrombus formation during restenosis
via action on the endothelium (//9,120). Thrombus formation is also enhanced by
neutrophilic activation of PAF. PAF recruits platelets to the inflammatory site, which
promote progression of restenosis by releasing platelet-derived growth factor (123).
Together, leukotriene B, and PAF increase adhesion of neutrophils to the endothelium
exacerbating inflammation.

In addition, release of free radicals from neutrophils stimulates oxidation of cellular
lipids. The presence of these oxidized lipids in the endothelial cell membrane compro-
mises cellular integrity, thereby enhancing endothelial dysfunction.

18. PLATELETS IN RESTENOSIS

Platelet endothelial cell interactions occur almost immediately after arterial injury
and often result in thrombus formation (//8). In the presence of inflammatory stimuli,
integrin adhesion molecule GPIIb/IIIa is activated, resulting in increased expression
on the cellular membrane. Activation of this molecule increases platelet adhesion and
consequently thrombus. Concurrent with tissue injury resulting from angioplasty is
the exposure of cellular matrix proteins, including collagen and fibrin, and loss of the
normal antithrombotic nature of the endothelium. Fibrin, platelets, and erythrocytes
are the only substrates necessary in thrombus formation during this inflammatory
state. In addition to thrombus formation, the adhesion of platelets to the vessel wall
promotes the release of PDGF, epidermal growth factor, and transforming growth
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factor beta (123). The release of PDGF from platelets as well as the surrounding
endothelium propagates proliferation of smooth muscle cells. Once smooth muscle
cells undergo proliferation, release of PDGF from platelets is no longer necessary to
stimulate hyperplasia because smooth muscle cells are now capable of secreting an
isoform of PDGF (724). It is this smooth muscle proliferation that is thought to be
directly responsible for intimal thickening characteristic of restenosis.

19. DRUGS TO REDUCE INFLAMMATION IN RESTENOSIS

Therapies currently used to protect individuals from restenosis mainly target throm-
bus formation by decreasing platelet adhesion to the endothelium as well as to other
platelets. As in atherosclerosis, cytokine inhibitors may attenuate the inflammatory
response that occurs in restenosis. Antibodies against TNF-o and IL-1[B exhibit a
reduction in thrombus formation by inhibiting the loss of endothelial antithrombotic
properties. Inhibitors of platelet integrin adhesion molecule GPIIb/IIla, such as
abciximab (i.e., Reopro®), have demonstrated profound inhibition on platelet aggrega-
tion, resulting in decreased thrombus formation and eventually reduction in death. This
reduction, however, shows no benefits greater than the use of aspirin (/25). Other
antiplatelet drugs include the thrombin inhibitor hirudin, a PDGF receptor antagonist,
and a direct platelet P2T receptor antagonist (/26—128). In addition to antiplatelet thera-
pies, delivery of c-myc antisense oligomers during catheterization reduces neointimal
growth thereby preventing restenosis (/29).

20. NO AND INFLAMMATION IN CARDIOVASCULAR DISEASE

NO, formally known as endothelial-derived relaxing factor (/30,131), is synthe-
sized via NOS action on L-arginine (/31). NOS is present in three forms: endothelial
NOS (eNOS or NOS 3), neuronal NOS, and inducible NOS. The first two of these are
expressed constitutively, whereas the latter is induced during pathological states.

Hypercholesterolemia promotes endothelial dysfunction in the absence of athero-
sclerotic lesions (/32,133). Endothelial dysfunction results in a decrease in NO
bioavailability either by decreasing eNOS activity or by reducing L-arginine availabil-
ity. In addition to attenuated levels of NO release, endothelial dysfunction can also
direct formation of atherosclerotic lesions.

Atherogenesis occurs when damaged endothelium stimulates inflammation. This is
characterized by release of pro-inflammatory cytokines, growth factors, and reactive
oxygen species. The presence of cytokines and growth factors promote inducible NOS
expression whereas free radicals inactivate NO (/34). NO normally helps maintain
hemostasis, but in the inflamed vessel, vasoconstriction occurs (/35). NO also protects
from leukocyte adhesion and, indirectly, platelet aggregation during physiologic con-
ditions (136,137). In addition, NO inhibits smooth muscle cell proliferation via
increased cyclic—guanosine monophosphate production (/38) as well as decrease oxi-
dation of low-density lipoproteins protecting the artery from lipid accumulation (1/39).
Attenuation of NO production increases likelihood of atherosclerotic plaque formation
and rupture and, consequently, an acute attack of MIL.

Subsequent to MI, there is increased free radical production by neutrophils and
endothelial cells. Enhancement of circulating free radicals neutralizes eNOS produc-
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tion of NO (740). Lefer et al. (141) demonstrated the importance of eNOS in leuko-
cyte—endothelial interactions via the use of gene-targeted animals. Mice deficient in
eNOS showed enhanced P-selectin expression and elevated leukocyte rolling and
adhesion at baseline conditions. In addition, eNOS-deficient animals exhibited
increased MI/R injury. Results of these studies clearly demonstrate the importance of
eNOS-derived NO in vascular homeostasis. After acute MI, catheterization and PTCA
is often necessary to achieve full reperfusion. Unfortunately, angioplasty often results
in damage to vascular endothelium so severe that the inflammatory response is
reinitiated directing restenosis. As in atherosclerosis, decline in NO availability pre-
cipitates restenosis. In addition to NO stimulating vasoconstriction because of endot-
helial damage, the lack of adequate amounts of NO result in vascular obstruction.
Finally, NO has antiplatelet and antiproliferative effects (138, /42) that are diminished
following PTCA.

21. SUMMARY

Various levels of the inflammatory response have been targeted in attempt to rectify
cardiovascular pathology. Drug interventions examined include inhibitors of inflam-
matory mediator production through inhibition of NFkB, cytokine inhibitors, extracel-
lular adhesion molecule inhibitors, antiplatelet and antineutrophil preparations,
antioxidants, and lipid-lowering agents. The common goal, however, is preservation or
reestablishment of functional endothelium. Under normal conditions, endothelial cells
exert anti-inflammatory effects that are in part mediated through NO release. Physi-
ologic levels of NO attenuate leukocyte-endothelial adhesion and platelet aggregation
in addition to prevention of vascular smooth muscle proliferation.
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1. INTRODUCTION

Platelets are not only responsible for primary hemostasis ( /), but also for the thrombi
that produce the morbidity and mortality of arterial vascular disease (2). Although con-
siderable effort has been expended to associate augmented platelet function with arte-
rial thrombosis, it is more likely that the formation of platelet thrombi simply represents
normal platelet function in the wrong location. It follows then that a rational approach
to treating atherosclerotic disease is to prevent the development of vascular lesions in
the first place. Nonetheless, the administration of platelet-inhibitory drugs, such as
aspirin (3), has been of proven benefit to individuals with established vascular disease,
providing the impetus to identify more effective clinically useful platelet function
inhibitors. Moreover, there has been substantial progress in understanding the bio-
chemical basis of platelet function, providing additional targets for drug development.
However, clinical experience has shown that the therapeutic index for the existing
potent platelet inhibitors is narrow, suggesting that new and novel approaches to
impairing platelet function will be required.

2. PLATELET ADHESION
2.1. Role of von Willebrand Factor (vWf)

Circulating platelets are maintained in a nonreactive state until they are needed for
hemostasis, at least in part by inhibitory molecules, such as nitric oxide and
prostacyclin, which are secreted by endothelial cells. In addition, the endothelium
lining blood cells is a barrier separating platelets from adhesive substrates in the sub-
endothelial connective tissue matrix. Disruption of the endothelium by trauma or dis-
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ease allows platelets to interact with the subendothelial matrix. When this occurs in
the venous circulation, where shear rates are low, platelets can interact with exposed
collagen, fibronectin, and laminin via the integrins o2B1, o581, and a6B1, respec-
tively (4). However, platelets are not thought to make major contributions to the ini-
tiation and propagation of venous thrombosis, which depends predominantly on
intravascular production of a fibrin clot. However, platelets play a critical role in the
initiation of thrombosis at the higher shear rates present in arteries and in the micro-
circulation. Under these conditions, platelet adhesion requires the presence of suben-
dothelial vWTf (5). vWT{, an elongated multimeric glycoprotein that is synthesized by
endothelial cells and megakaryocytes (6,7), binds to the GPIb-IX-V complex on
unactivated platelets (8) and to the GPIIb/IIIa (alIbB3) complex on activated platelets
(9). Although vWT is present in plasma, it is normally not present on the platelet sur-
face. Exposing vWf in vitro to the antibiotic ristocetin and to the snake venom protein
botrocetin induces vWTf binding to GPIb-IX-V (10). The factors that enable platelets
to adhere to vWf in vivo are uncertain. Perfusion of whole blood or isolated platelets
over surfaces coated with vWT results in shear rate-dependent platelet translocation
(rolling) on the coated surface (/17), suggesting that shear stress itself induces vWf
binding by affecting the conformation of GPIb-IX-V, vWT, or both. It is also possible
that changes in the conformation of vWf occur when it is incorporated into the
subendothelium and enable it to bind to GPIb-IX-V (12).

Although platelet binding to vW{ might appear to be a tempting target for
antiplatelet therapy, congenital deficiency or abnormality of vWf results in von
Willebrand disease, a common hemorrhagic diathesis (/0). von Willebrand disease is
relatively mild in heterozygous individuals but can be a severe disorder in homozy-
gous or doubly heterozygous patients (type III disease), suggesting that potent inhibi-
tors of vWf binding to GPIb-IX-V could cause serious bleeding. Similarly,
homozygosity for GPIb-IX deficiency, a rare condition known as the Bernard—Soulier
syndrome, is a serious hereditary bleeding disorder (/3). Nonetheless, a number of
agents that disrupt vWT binding to GPIb-IX-V have been studied in vitro and in ani-
mal models as either proof of principal or as potential antithrombotic drugs. These
include aurin tricarboxylic acid (/4), a negatively charged triphenylmethane deriva-
tive that is also a general endonuclease inhibitor with antiapoptotic properties (15,16)
and perhaps an inhibitor of fibrinogen binding to GPIIb/II1a (17); AJW200, a human-
ized monoclonal antibody against vWT that has been reported to produce sustained
inhibition of ex vivo ristocetin-induced platelet aggregation with only a moderate pro-
longation of the bleeding time and no change in plasma vWf concentrations in cyno-
molgus monkeys (/8); and several snake venom-derived proteins, echicetin (/9),
crotalin (20), and agkistin (21), that bind to GPIb. None of these agents have been
used in humans, and their clinical utility is uncertain.

2.2. Collagen as an Adhesive Substrate and Platelet Agonist

Collagen is a unique matrix protein because it not only is a substrate for platelet
adhesion but is also the binding site for vWT in the subendothelium (22) and functions
as an agonist for platelet aggregation and secretion (23). A number of platelet proteins
have been reported to interact with collagen, including GPIIb (allb), GPIV, and two
proteins, a 65,000 molecular weight protein that binds to type 1 collagen and an 85,000—
90,000 molecular weight protein. However, there is a substantial and growing body of
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data indicating that only the integrin 021 (GPIa-IIa) and GPVI are physiological plate-
let collagen receptors (24—27). The relative importance of collagen as an adhesive sub-
strate (as opposed to simply acting as a binding site for vWf) , as well as a platelet
agonist, is uncertain, although it has generally been assumed to play a central role in
platelet thrombus formation. The few reported patients lacking either o231 or GPVI
were identified because they had mild bleeding disorders (25,26,28,29), implying that
these proteins are involved in normal hemostasis. Moreover, increased o231 expres-
sion resulting from inherited polymorphisms in the a2 gene have been associated with
increased risks for stroke and nonfatal myocardial infarction in younger patients in
some (30,31) although all (32) studies.

The relative contributions of a2B1 and GPVI to collagen-initiated platelet function
is also unclear. 21 is a widely expressed integrin that binds with high affinity to type
I collagen, as well as to collagen types II-V and to laminins 1 and 5, depending on the
cellular context (33). However, disruption of the &2 gene in mice has had only a mini-
mal effect on the interaction of platelets with fibrillar collagen and no effect on murine
hemostasis (33). By contrast, disruption of GPVI expression in mice abrogates platelet
adhesion to, and activation by, collagen, indicating that GPV1 is essential in this regard
(34). GPVI, a membrane protein of the immunoglobulin gene superfamily, appears to
be expressed only in megakaryocytes and platelets (24,35). Accordingly, GPVI would
seem to be a desirable target for the development of platelet inhibitors, for use either
alone or in concert with other antiplatelet agents.

3. PLATELET AGGREGATION

After adhesion, platelets aggregate to form a hemostatic plug or a platelet-rich throm-
bus. In contrast with platelet adhesion, platelet aggregation is an active metabolic pro-
cess in which platelet agonist binding to specific receptors initiates signaling pathways
that enable the platelet membrane protein GPIIb/IIIa to bind soluble macromolecular
ligands, such as fibrinogen or vWf (36). The fibrinogen or vWf bound to GPIIb/I1la
crosslinks platelets into a hemostatic plug or thrombus.

3.1. GPIIb/111a, the Platelet Fibrinogen Receptor

GPIIb/IIa (olIbP3), a member of the integrin superfamily of adhesion receptors, is
expressed exclusively on platelets and megakaryocytes (37). There are approx 80,000
copies of GPIIb/IIIa on the surface of unstimulated platelets and additional copies,
which are present in the membranes of platelet granules, can be translocated to the
platelet surface during platelet secretion (38). Ultrastructural studies of GPIIb/IIla
purified from human platelets and solublized in detergent micelles indicate that the
heterodimer consists of an 8- X 12-nm nodular head containing a ligand binding site
and two 18-nm flexible stalks extending from one side of the head containing trans-
membrane and cytoplasmic domains (39).

In contrast with most integrins, GPIIb/IIIa is unable to bind fibrinogen or vWf until
platelets are stimulated by agonists, such as adenosine diphosphate (ADP) and throm-
bin (40,41). How agonist-induced signaling regulates ligand binding to GPIIb/IIIa is
uncertain. The signals that shift GPIIb/IIIa to an active state do so by affecting its
cytoplasmic domains (42). There is no evidence that phosphorylation of either the
GPIIb or the GPIlIa cytoplasmic domains at tyrosine, serine, or threonine residues is
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involved (43). It has been proposed that the membrane proximal portions of the GPIIb
and GPIIIa cytoplasmic domains interact via a salt-bridge to constrain GPIIb/IIIa
activity (44). Disruption of the salt-bridge by some type of integrin-activating agent
would then shift GPIIb/IIIa to an active state. However, there is no compelling physical
evidence that the cytoplasmic domains of GPIIb and GPIlIa actually interact when the
proteins are present in a membrane-like environment (45). Several molecules that in-
teract with the cytoplasmic domains of either GPIIb and GPIlla have been detected
using yeast two-hybrid screens. These molecules include 3-endonexin (46) and ILK
(47), proteins that bind to the cytoplasmic domain of GPIIla, and CIB (48), a protein
that binds to the cytoplasmic domain of GPIIb. Overexpressing B3-endonexin in Chi-
nese hamster ovary (CHO) cells can shift GPIIb/IIla to an active conformation (49),
and it has been reported that CIB can activate GPIIb/IIIa in vitro and in vivo (50). In
addition, several cytoskeletal proteins, including talin, a-actinin, filamin, and skelemin,
have been reported to interact with the cytoplasmic domains of integrin B subunits,
including GPIIla (5/-53). These interactions have been implicated in cytoskeleton-
mediated postreceptor binding events, such as cell spreading, cell migration, and clot
retraction, and signaling events, including tyrosine phosphorylation of proteins, such
as focal adhesion kinase (54). In addition, binding of talin head domains to GPIIla in
CHO cells has been reported to induce GPIIb/Illa activation (55). This suggests that
the interaction of GPIIb/IIla with cytoskeletal proteins could be directly involved in
GPIIb/11a activation as well.

The major GPIIb/IIIa ligand is fibrinogen. Fibrinogen is composed of pairs of «,
B, and 7y chains folded into three nodular domains. Although peptides corresponding
to the carboxyl terminal 10-15 amino acids of the y chain (56) or containing the
arginine—glycine—aspartic acid (RGD) motif present at two sites in the o chain (57)
inhibit fibrinogen binding to GPIIb/IlIa, fibrinogen binding to GPIIb/II1a is actually
mediated by the y chain sequences (58,59). However, clinical studies confirm that
RGD-containing peptides inhibit GPIIb/IIla function (2). The structural basis for
these observations is not clear, but competitive binding measurements indicate that
the y chain and RGD peptides cannot bind to GPIIb/IIla at the same time (60), imply-
ing that RGD peptides inhibit fibrinogen binding by preventing the interaction of
GPIIb/IIIa with the y chain sequence. Nonetheless, RGD peptides need not directly
compete with fibrinogen for binding to GPIIb/IIIa. It is noteworthy in this regard that
Hu et al. (67) used plasmon resonance spectroscopy to demonstrate that GPIIb/IIIa
contains distinct but interacting sites for fibrinogen and RGD ligands.

Ligand binding to GPIIb/IIla involves specific regions of the amino-terminal por-
tions of both GPIIb and GPIIla (62). A region in GPIlla encoded by the fourth and fifth
exons of the GPIIla gene that encompasses amino acids 95-223 (63), including an
RGD-crosslinking site located in the vicinity of amino acids 109-171 (64), has been
implicated in ligand binding. This region also contains an array of residues whose fold,
as shown in the recently reported crystal structure of the extracellular portion of the
integrin owvf33, resembles that of the ligand-binding metal ion-dependent adhesion sites
(MIDAS) in integrin I domains (65).

The amino terminal portion of GPIIb, like the amino-terminal portion of other
integrin a subunits is folded into a B propeller configuration (65). Each blade of the
propeller is composed of a B sheet formed from four antiparallel B strands. Loops con-
necting the strands are located on either the upper or low surface of the propeller. A
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number of naturally occurring and laboratory induced mutations involving GPIIb amino
acids 145, 183, 184, 189, 190, 191, 193, and 224 impair GPIIb/IIIa function, suggest-
ing that these residues interact with GPIIb/IIla ligands (66). Because the loops contain-
ing these amino acids are juxtaposed in one quadrant on the upper surface of the
propeller, it is possible that this is the region of GPIIb that binds ligands (66). In a
comprehensive study of ligand binding to GPIIb/IIla, Kamata et al. (67) replaced each
of the 27 loops in the GPIIb propeller with the corresponding loops from the o4 or a5
integrin subunits. They found that eight replacements, all on located on the upper sur-
face of the propeller, prevented fibrinogen binding to GPIIb/IIla expressed in CHO
cells, again suggesting that ligands bind to the upper surface of the propeller.

3.2. GPIIb/111a Antagonists as Antithrombotic Agents

Because ligand binding to GPIIb/I1la on activated platelets is a prerequisite for plate-
let aggregation, and for the formation of arterial thrombi, GPIIb/IIla has been a major
target for antiplatelet drug development. Three intravenous GPIIb/IIla antagonists
(abciximab, eptifibatide, and tirofiban) have been shown in large multicenter clinical
trials to be efficacious in reducing the incidence of a common endpoint of death, myo-
cardial infarction, and urgent coronary artery revascularization in patients with acute
coronary syndromes and have been approved for use in this setting.

3.2.1. Abciximab

Abciximab (c7E3, ReoPro), the Fab fragment of a human-murine chimeric mono-
clonal antibody, inhibits agonist-stimulated fibrinogen binding to GPIIb/IIla and in
vitro platelet aggregation (68). Abciximab also binds to the vitronectin receptor otv33
and to the leukocyte integrin M2 (69). When administered to humans at a dose that
results in >80% GPIIb/Illa occupancy, ADP-stimulated platelet aggregation is reduced
to <20% of baseline and there is marked prolongation of the skin bleeding time (70).
After abciximab administration is stopped, GPIIb/IIla occupancy declines slowly and
platelet aggregation is restored to normal by 24-36 h. Nonetheless, abciximab can
detected on circulating platelets for up to 15 d, implying continuous redistribution of
the drug throughout the platelet pool over time (71).

The efficacy of abciximab in patients with acute coronary syndromes was tested in
four large clinical trials. In Evaluation of Platelet IIb/Illa Antibody for Preventing
Ischemic Complications of High Risk Angioplasty (EPIC), patients undergoing angio-
plasty were given aspirin and heparin and randomized to either a placebo, an abciximab
bolus, or an abciximab bolus followed by a 12-h abciximab infusion (72). The subse-
quent Evaluation on PTCA to Improve Long-Term Outcome with Abciximab GPIIb/
IITa Blockade (EPILOG) trial tested the hypothesis that excessive heparin dosage was
responsible for bleeding experienced by patients in EPIC by randomizing patients
undergoing angioplasty to placebo plus standard dose weight-adjusted heparin,
abciximab plus standard dose weight-adjusted heparin, or abciximab plus low dose
weight-adjusted heparin (73). In c7E3 Fab Antiplatelet Therapy in Unstable Refractory
Angina (CAPTURE), patients undergoing angioplasty for refractory unstable angina
were given aspirin and heparin and randomly assigned to either placebo or an abciximab
bolus followed by an 18- to 24-h abciximab infusion beginning prior to angioplasty and
continuing for 1 h afterward (74). The Evaluation of Platelet IIb/Illa Inhibitor for
Stenting (EPISTENT) trial addressed whether abciximab also improved the safety and
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benefit of coronary artery stenting (75). In each of these trials, abciximab significantly
decreased the composite endpoint by 35%, 55%, 34%, and 51%, respectively. In addi-
tion, EPILOG demonstrated that abciximab could be administered safely along with
low-dose weight-adjusted heparin.

3.2.2. Eptifibatide

Eptifibatide (Integrilin), a synthetic cyclic heptapeptide based on the Lys-Gly-Asp
(KGD) motif of the snake venom disintegrin barbourin, binds exclusively to GPIIb/
IITa (76). In humans, eptifibatide reversibly inhibits platelet aggregation with only a
modest prolongation of the bleeding time (77). Because eptifibatide binding to GPIIb/
IIIa is enhanced at low calcium concentrations and because dosing in early trials was
based on studies using blood samples anticoagulated with citrate, it is likely that the
eptifibatide doses initially selected were suboptimal (78). Thus, in the Integrilin to
Minimize Platelet Aggregation and Coronary Thrombosis-II IMPACT-II) trial of
patients undergoing coronary intervention, eptifibatide doses were chosen to achieve
70-100% inhibition of ADP-stimulated platelet aggregation in citrate-anticoagulated
plasma, but there was no statistical differences in outcome between patients receiv-
ing placebo and eptifibatide (79). Higher eptifibatide doses were chosen for the Plate-
let Glycoprotein IIb-I11a in Unstable Angina: Receptor Suppression Using Integrilin
Therapy (PURSUIT) trial of patients with unstable angina or non-Q wave myocar-
dial infarction (MI) (80). The difference in the composite endpoint between patients
receiving placebo and eptifibatide was small (15.7 vs 14.2%) but was now statisti-
cally significant (p = 0.04). An even higher dose of eptifibatide was given to patients
undergoing coronary artery stent implantation in the recently reported Enhanced Sup-
pression of the Platelet IIb/Illa Receptor with Integrilin Therapy (ESPRIT) trial (81).
The efficacy of eptifibatide in this trial was comparable to that of abciximab in
EPISTENT, implying that eptifibatide is an effective GPIIb/IIla when appropriate
doses are administered.

3.2.3. Tirofiban

Tirofiban (MK-0383, Aggrastat) is an RGD-based peptidomimetic analog of tyrosine
that binds reversibly to GPIIb/IIIa on resting platelets with nanomolar affinity (82). The
efficacy and safety of iv tirofiban in patients with coronary artery disease was studied in
three large clinical trials. In the Randomized Efficacy Study of Tirofiban for Outcomes
and Restenosis (RESTORE) trial, patients undergoing balloon angioplasty or directional
atherectomy for unstable angina or acute MI were given aspirin and heparin and ran-
domized to receive placebo or tirofiban for 36 h (83). The composite endpoint was
reduced by 38% at 2 d (p =0.005), 27% at 7 d (p = 0.022), 16% at 30 d (p = 0.16), and
11% (p = 0.11) at 6 mo in patients treated with tirofiban without significant differences
in bleeding or thrombocytopenia (84). The Platelet Receptor Inhibition in Ischemic Syn-
drome Management (PRISM) and Platelet Receptor Inhibition in Ischemic Syndrome
Management in Patients Limited by Unstable Signs and Symptoms (PRISM-PLUS) tri-
als examined the effect of tirofiban on patients with unstable angina and non-Q-wave
MI. In PRISM, patients with unstable angina were given aspirin and randomized to
receive either heparin or aspirin and tirofiban for 48 h (85). At 48 h, there was a signifi-
cant 32% decrease in the incidence of the composite endpoint, but the decrease was no
longer significant at 7 and 30 d. In PRISM-PLUS, patients with unstable angina and
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non-Q-wave MI were given aspirin and randomly assigned to receive either tirofiban,
heparin, or two-thirds the tirofiban dose given in PRISM and heparin for a minimum of
48 h (86). The tirofiban only arm was stopped because of an increase in 7- d mortality.
However, there was a significant 30% decrease in the composite endpoints at 7 d in the
tirofiban with heparin arm, a difference that narrowed to 20% at 30 d and 16% at 6 mo
but remained statistically significant.

The results of these trials have validated GPIIb/IIIa as a pharmacologic target, have
demonstrated that GPIIb/IIIa antagonists are effective in decreasing the risk for acute
events in patients with coronary artery syndromes, and have shown that GPIIb/Illa
antagonists can be safely administered for short periods of time without excessive
bleeding. Nonetheless, there is little evidence that the beneficial effect of these agents
persists beyond the acute period.

3.3. Oral GPIIb/111a Antagonists

A number of orally active GPIIb/IIla antagonists have been developed to extend the
benefit of the intravenous agents. These antagonists, including xemilofiban, sibrafiban,
lamifiban, lefradafiban, orbofiban, and roxifiban, are based on the RGD sequence and
are pro-drugs that must be converted metabolically into active forms. In general, they
have limited bioavailability and steep dose-response curves (87,88).

The efficacy and safety of three of these antagonists have been examined in three
large randomized and blinded controlled trials with largely unexpected and disappoint-
ing results. In the Sibrafiban vs Aspirin to Yield Maximum Protection from Ischemic
Heart Events Post-Acute Coronary Syndromes (SYMPHONY) trial, patients with
stable angina pectoris were randomized to receive aspirin, low-dose sibrafiban, or high-
dose sibrafiban for 90 d (89). At the end of 90 d, there was no difference in the rate of
death, nonfatal or recurrent myocardial infarction, or severe recurrent ischemia between
the three groups, but there was substantially more bleeding in patients who received
sibrafiban, although most of the bleeding was minor. In the Evaluation of Xemilofiban
in Controlling Thrombotic Events (EXCITE) trial, patients undergoing percutaneous
coronary revascularization were randomized to receive placebo or xemilofiban and
then were maintained on either placebo or one of two doses of xemilofiban for up to
182 d (90). No difference in the incidence of death, nonfatal MI, or urgent
revascularization was observed between the groups, but again the majority of patients
receiving xemilofiban experienced minor bleeding. In the Phase III International Ran-
domized Double Blind Placebo-Controlled Trial Evaluating the Efficacy and Safety
of Orbofiban in Patients with Unstable Coronary Syndromes (OPUS-TIMI 16) trial,
patients with unstable angina were given aspirin and were randomized to receive one
of two orbofiban regimens or placebo. A analysis of results at 30 and 300 d indicated
that treatment with orbofiban did not reduce clinical events and may have been associ-
ated with a small excess in early mortality (9/). There was also increased bleeding in
patients receiving orbofiban. Taken together, these studies confirm the expectation,
based on the clinical course of patients with Glanzmann thrombasthenia (92), that
patients undergoing chronic GPIIb/IIla blockade will experience bleeding. Surpris-
ingly, they also suggest that the currently available oral GPIIb/IIla antagonists are no
more effective, and may even be worse, than other currently available antiplatelet
agents, such as aspirin.
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3.4. Potential Alternative Strategies
for Identifying GPIIb/1Ila Antagonists

Although available data suggest that there may little more to be gained from the
development of additional GPIIb/IIla antagonists, the currently available agents are
essentially based on a single theme. Thus, except for the monoclonal antibody Fab
fragment abciximab, they have been designed around the RGD motif (with the notable
exception of RWJ-53308, which is based on the sequence of the carboxyl terminus of
the fibrinogen 7y chain; ref. 93). However, the effect of RGD-containing agents on
GPIIb/II1a function is indirect and under the appropriate conditions, RGD-containing
peptides can induce, rather than inhibit, GPIIb/IIIa function (94). It has been reported
that fibrinogen binding to rabbit and rat platelets is relatively insensitive to inhibition
by RGD-containing peptides (95,96). Accordingly, we have studied the effect of the
tetrapeptide Arg-Gly-Asp-Ser (RGDS) on fibrinogen binding to chimeric GPIIb/Illa
molecules composed of portions of the rat and human proteins (97). We found that
fibrinogen binding to CHO cells expressing human GPIIb/IIla or a human GPIIb/rat
GPIlIa hybrid was equally sensitive to RGDS, whereas cells expressing rat GPIIb/I1]a
and a rat GPIIb/human GPIIIa hybrid were equally resistant, indicating that the
sequences regulating GPIIb/IIla responsiveness to RGD peptides are located in GPIIb.
The amino terminus of GPIIb consists of seven tandem repeats (65,98). To localize the
sites in GPIIb regulating RGD responsiveness, we replaced amino terminal repeats of
rat GPIIb with the corresponding human sequences and coexpressed the resulting chi-
meras with human GPIIIa. We found that when the first four repeats of rat GPIIb were
replaced by the human sequences, the resulting heterodimer was sensitive to RGDS. In
contrast, when the first two repeats were of human origin, the chimera was resistant. A
chimera in which the first three repeats were human was of intermediate sensitivity.
Thus, these data indicate that the sequences regulating the response of GPIIb/IIla to
RGDS are located in the third and fourth amino terminal repeats of GPIIb.

There are two ways that RGDS could inhibit fibrinogen binding to GPIIb/I11a. First,
RGDS could bind at or near the third and fourth repeats and directly compete with
fibrinogen for binding. Second, RGDS binding could exert an inhibitory allosteric
effect on the third and fourth repeats. To differentiate between these possibilities, we
measured the ability of RGDS to induce the binding of the human B3-specific mono-
clonal antibody 10-758 to RGDS-sensitive and RGDS-resistant forms of GPIIb/II]a.
Because we found that RGDS induced equivalent 10-758 binding to each form of GPIIb/
Ia, it is likely that the RGD effect on GPIIb/IIla is indirect and is the result of the
induction of an allosteric change in the third and fourth amino terminal repeats of GPIIb.

In the recently reported crystal structure of a cyclic RGD ligand bound to the extra-
cellular domain of avB3 (99), the Arg side chain of RGD was present in a groove on
the upper surface of the B propeller formed by loops connecting the second and third
and third and fourth propeller blades. This is precisely the region of GPIIb we per-
turbed in our human/rat GPIIb chimeras. Thus, this region of GPIIb appears to exert
allosteric regulation on fibrinogen binding to GPIIb/IIla. Alterations in integrin ter-
tiary and/or quaternary structure regulate their affinity, and possibly their avidity, for
ligands. Recent studies of the domain I of the leukocyte integrin subunit oL emphasize
the importance of changes in the conformation of the o subunit amino-terminus in
integrin function. Ligands for the integrins a2 and M2 ligands, such as intercel-
lular adhesion molecule-1, -2, and -3, bind to a divalent cation-containing MIDAS
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motif on the upper I domain surface (/00). However, amino acids distal to the MIDAS
motif, lining a cleft formed by the seventh o-helix and the central B sheet of the I
domain, regulate ligand binding to alLLB2 in an allosteric fashion (7100,101). In addition,
the cleft constitutes the binding site for lovastatin, which locks the a2 in an inactive
conformation (/00). Thus, by analogy, it may be possible to identify non-RGD-based
compounds that bind to the amino terminus of GPIIb and affect GPIIb/IIla function in
a manner similar to the effect of lovastatin on aL2. Because such compounds would
not necessarily be peptides or peptidomimetics, their bioavailability and dose—response
curves might more favorable than currently available GPIIb/IIIa antagonists, thereby
fulfilling the theoretical promise of GPIIb/IIla antagonists.

3.5. Proteins Expressed on the Platelet Surface
after Platelet Activation

Several glycoproteins not present on the surface of resting platelets are translocated
to the platelet surface during platelet secretion. These proteins are not involved directly
in the initiation of thrombosis but are involved in later, thrombosis-induced, inflamma-
tory reactions. Thus, agents that inhibit these proteins may have salutary effects on the
course of disease processes such as atherosclerosis.

3.5.1. P-Selectin

P-selectin, a type I membrane protein that is present in the membranes of platelet o
granules and granules in unstimulated endothelial cells, is phosphorylated and translo-
cated to the surface of activated cells (/02). P-selectin is composed of an amino termi-
nal C-type lectin domain, an epidermal growth factor domain, a series of complement
repeats, a transmembrane domain, and a carboxyl-terminal cytoplasmic tail (/02). The
major P-selectin ligand on leukocytes is PSGL-1, a mucin-like transmembrane protein
that is located on the tips of microvilli of neutrophils, eosinophils, basophils, mono-
cytes, and lymphocytes and is highly enriched in the O-linked fucosylated, sialylated
glucosamines that are essential for P-selectin binding (/03,104). PSGL-1 binding to
the lectin domain of endothelial cell and platelet P-selectin under flow conditions is
largely responsible for leukocyte tethering and rolling on stimulated endothelium (7/05)
and activated platelets (/06) and for the incorporation of leukocytes into platelet
thrombi (/02). The latter interaction may play an important role in the fibrin formation
characteristic of inflammatory lesions because P-selectin binding to monocyte PSGL-1
induces the expression of tissue factor (/02). Moreover, P-selectin binding to PSGL-1 on
primed monocytes mobilizes the transcription factor nuclear factor kB and induces the
synthesis of a variety of chemokines (/02). Thus, impairing P-selectin function and
PSGL-1 could potentially inhibit the synthesis and/or release of substances that amplify
both inflammation and thrombosis.

3.5.2. CD40 Ligand (CD40L, CD154)

CDA40 ligand (CD40L, CD154) is a transmembrane protein related to TNK-a (107).
It is present on CD4-positive T cells, mast cells, basophils, eosinophils, and natural
killer cells. CD40L is involved in isotype switching in the immune response and muta-
tions in humans result in the X-linked hyper-IgM syndrome. CD40L is also present in
platelet granules and is translocated to the surface of activated platelets (/07). CD40,
the receptor for CD40L, is present on endothelial cells and CD40 engagement results
in upregulation of E-selectin, vascular cellular adhesion molecule-1, and intercellular
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adhesion molecule-1, as well as secretion of interleukin-8 and monocyte chemoattrac-
tant protein-1 (MCP-1) (107). Thus, expression of platelet CD40L can initiate a vascu-
lar inflammatory response. CD40L also contains a KGD motif and can bind to isolated
GPIIb/IIIa and to GPIIb/IIIa on thrombin-stimulated platelets (/08). Studies of experi-
mentally induced arterial thrombosis in CD40L-deficient mice suggest that CD40L
may be involved in the formation of a stable thrombus, a function that appears to be
independent of CD40 and may involve KGD-dependent CD40L binding to GPIIb/I1Ia
(108). However, thromboembolism has been reported after the administration of a
monoclonal antibody against CD40L to monkeys undergoing renal transplantation
(109). Thus, CD40L appears to be involved at some point in thrombus formation, but
defining its role in thrombus and its potential as a therapeutic target in thrombotic
disease will require additional study.
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1. INTRODUCTION

Sodium-hydrogen exchange (NHE) is among the most important processes involved
in pH regulation in the cardiac cell, especially under ischemic conditions. There is now
excellent evidence that stimulation of NHE contributes to paradoxical induction of cell
injury. The mechanism for this is related to the fact that activation of the exchanger
is closely coupled to sodium influx and, therefore, to elevation in intracellular calcium
concentrations through the Na—Ca exchange. The NHE is exquisitely sensitive to intra-
cellular acidosis,however, other factors can also stimulate the exchanger through phos-
phorylation-dependent as well as independent processes. Seven NHE isoforms have
been identified and designated as NHE-1 through NHE-7. NHE-1 to NHE-5 are found
in the cell membrane, whereas NHE-6 and NHE-7 are located intracellularly. NHE-1 is
the major subtype in the mammalian myocardium. The predominance of NHE-1 in the
myocardium is of some importance because pharmacological development of NHE
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inhibitors for cardiac therapeutics has concentrated specifically on those agents that
are selective for NHE-1. These agents, as well as the earlier nonspecific amiloride
derivatives have now been extensively demonstrated to possess excellent
cardioprotective properties. The salutary effects of NHE inhibitors have been demon-
strated using a variety of experimental models as well as animal species, suggesting
that the role of the NHE in mediating injury is not species-specific. The success of
NHE inhibitors in experimental studies has led to clinical trials for the evaluation of
these agents in high-risk patients with coronary artery disease as well as in patients
with acute myocardial infarction. Recent evidence also suggests that NHE inhibition
inhibits the remodeling process after myocardial infarction, independently of infarct
size reduction, and also heart failure caused by other factors. As such, inhibitors of
NHE offer substantial promise for clinical development for attenuation of both acute
responses to myocardial as well as chronic postinfarction responses resulting in the
evolution to heart failure.

Changes in intracellular pH can have profound effects on cardiac contractility through
complex mechanisms. It is therefore critical that the cell possesses mechanisms by which
intracellular (pH;) is regulated especially after intracellular acidosis as a consequence of
myocardial ischemia. Although the regulation of pH; is very complex and reflects a net
balance of alkalinizing and acidification processes, the two major alkalinizing exchang-
ers that are important for controlling intracellular acidosis are the Na—H exchanger
(NHE) and a Na-HCO5~ symport (/). The NHE represents one of the key mechanisms
for restoring pH; following ischemia-induced acidosis by extruding protons concomi-
tantly with Na influx in an electroneutral process. At present, seven NHE isoforms have
been identified (termed NHE-1 to NHE-7) with the NHE-1 subtype representing the
ubiquitous isoform, although it appears that it is the primary one found in the mamma-
lian heart. When NHE is activated, the simultaneous entry of Na during NHE activation
likely represents an important route for increasing intracellular Na concentrations during
various conditions. In the ischemic cell particularly, the activation of NHE by intracellu-
lar proton generation and the resultant entry of Na results in a potential disastrous conse-
quence because of the fact that the excess Na cannot be extruded because of depressed
Na-K ATPase activity. As a result, the reduction in the transmembrane Na gradient will
result in increased intracellular Ca levels via the Na—Ca exchanger, producing intracel-
lular Ca overload and cell death. Pharmacological studies with NHE inhibitors have
extensively and repeatedly demonstrated protective effects in a large number of experi-
mental models. Inhibition of NHE as a therapeutic tool has now entered the clinical
arena as reflected by substantial effort by the pharmaceutical industry to develop potent
NHE-1-specific inhibitors with potential as effective therapeutic agents in patients with
coronary artery disease. Indeed, some of these agents have either undergone or are cur-
rently in the process of clinical evaluation. Importantly, it is now emerging that in addi-
tion to its potential role in mediating ischemic and reperfusion injury, NHE also
contributes to the postinfarction hypertrophic and remodeling process, which can lead to
the eventual development of heart failure. As such, a potential added benefit of NHE-1
inhibitors may include attenuation of the evolution of infarcted myocardium to failure.
The aim of this review is to summarize our current knowledge of NHE-1 in the heart in
terms of its structure and regulation, and of particular relevance, the importance of
NHE-1 in cardiac pathology. The role of NHE-1 in the ischemic and reperfused heart has
now been firmly established and reviewed in a number of recent publications (2,3).
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Accordingly, heavier emphasis will be placed on the emerging role of NHE-1 in the
heart failure process that could represent a completely novel approach toward treating
heart failure.

2. NHE ISOFORMS

As alluded to in the previous section, to date seven isoforms of NHE have been
identified in mammalian cells. They represent distinct gene products and exhibit dis-
tinct differences in their primary structures, patterns of tissue expression, membrane
localization, the number of transmembrane spanning regions, functional properties,
physiological roles, and sensitivities to pharmacological inhibition (4,5). NHE-1 is
expressed in virtually all mammalian cells, whereas NHE-2 to NHE-5 show a more
restricted pattern of expression. NHE-6 is intracellularly localized (6,7) and could be
an important modulator of intramitochondrial Na and H levels as well mitochondrial
Ca levels, particularly in pathological conditions (6); however, substantial research in
necessary to delineate the potential role of NHEG6 in the heart either under normal or
pathological conditions. NHE7 is located within the Golgi network (§8).

3. STRUCTURE AND CELLULAR LOCALIZATION OF NHE-1

As depicted in Fig. 1, NHE-1 contains 815 amino acids and can be separated into
two distinct functional domains: a 500-amino acid transmembrane domain, made up of
12 transmembrane spanning segments, and a 315-amino acid hydrophilic cytoplasmic
carboxy-terminal domain. The 500-amino acid transmembrane domain is primarily
responsible for proton extrusion, and the 315-amino acid C-terminal domain is respon-
sible for modulation of NHE-1 activity, primarily via phosphorylation-dependent reac-
tions (4,9). Although the predicted molecular weight of the exchanger is 91 kDa, the
actual weight is 110 kDa because it is glycosylated, although this does not appear to be
essential for transport function (10).

Immunohistochemical studies have revealed that NHE-1 is predominantly localized
at the intercalated disk region of atrial and ventricular myocytes in close proximity to
the gap junction protein, connexin 43 and, to a lesser extent, along the transverse tubu-
lar system (/7). Connexin 43 and the sarcoplasmic reticulum Ca release channel (i.e.,
ryanodine receptor) are highly pH;, sensitive. Thus, it has been speculated that because
of its apparent localization, NHE-1 regulates the pH microenvironment of these pH;-
sensitive proteins and thereby influences cell-to-cell ion dependent communication and
intracellular Ca levels (11).

4. REGULATION OF NHE-1 ACTIVITY
4.1. Role of pH;

The major stimulus that regulates NHE-1 activity under normal physiological con-
ditions is pH; (/2). Within the normal physiological pH range (pH 7.1-7.3), NHE-1
activity is negligible, but as pH; decreases, the exchanger becomes rapidly activated.
The reason for this rapid activation is caused by the so-called H sensor, which is found
on the cytoplasmic surface of the exchanger and accounts for the sensitivity of the
exchanger to pH;. Although the exact nature of the molecular mechanisms involved in
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Fig. 1. Putative topological model of 815 amino acid NHE-1 showing 12 transmembrane
spanning segments and hydrophilic carboxyl terminus with indications of proposed regulatory
sites. See text for details.

activation by the H sensor is poorly understood, it is believed that binding of H to this site
induces a conformational change of the NHE oligomer, resulting in an increase in NHE
activity (13). Extrinsic factors, such as hormones, growth factors, cytokines, and
autocrine/paracrine regulators, modulate NHE-1 activity by increasing the sensitivity of
the H sensor to pH;, thus causing a shift of NHE-1 activity toward an alkaline range; that
is, NHE-1 activity increases at a less acidic pH;. This shift in pH; dependence is accom-
plished mainly via phosphorylation reactions of the C-terminal domain of the exchanger,
which is responsible for determining the pH; set point value of the H sensor (9,14).

4.2. Activation by Paracrine and Autocrine Factors

Various signaling pathways can modulate cardiac NHE-1 activity, including
endothelin-1 (15,16), angiotensin Il (17,18), o;-adrenergic agonists (19,20), thrombin
(21), and growth factors (/4,22,23). Accordingly, it is important to stress that these
stimulatory factors are modulators of normal cardiac activity and are also potential
contributors to cardiac pathology. The effects of these agonists generally involve
phosphoinositide hydrolysis and activation of kinases, such as protein kinase C (PKC),
resulting in NHE-1 activation (4,9,23,24). In addition, cardiotoxic ischemic metabo-
lites, such as hydrogen peroxide (25) and lysophosphatidylcholine (26), have also been
demonstrated to stimulate NHE-1 activity, a phenomenon that likely contributes to the
cardiotoxic effects of these factors.

4.3. Phosphorylation-Dependent Regulation

Structure—function studies have indicated that NHE-1 contains consensus sequences
for mitogen-activated protein (MAP) kinases, which have been implicated in NHE-1
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phosphorylation and activation (25,27), and it has been established, using rabbit skel-
etal muscle, that MAP kinases can directly phosphorylate the C-terminal domain of
NHE-1 (27). Recently, a role for p90™* in MAP kinase-dependent phosphorylation of
NHE-1 has been demonstrated in rat myocardium (28). In addition, hypoxia, hypoxia
with reoxygenation (29), hydrogen peroxide (25), and other reactive oxygen species
(30) have been known to stimulate the MAP kinase signaling pathway, which can con-
tribute to NHE-1 activation.

4.4. Phosphorylation-Independent Regulation

NHE-1 activity can also be regulated via phosphorylation-independent mechanisms
(31,32). For example, deletion of the cytoplasmic C-terminal domain at residue 635
removes all phosphorylation sites, although this reduces growth factor activation of
NHE-1 by only 50% (27). In addition, NHE-1 activity can be completely eliminated
after deletion of residues 567-635, while at the same time preserving mitogen-stimu-
lated phosphorylation (32). These studies therefore strongly implicate factors other
than phosphorylation, which may be involved in NHE-1 activation. Bertrand et al. (317)
reported that the cytoplasmic C-terminal tail of NHE-1 contained two domains capable
of binding calmodulin with either high (CaM-A residues 636-656) or low (CaM-B
residues 567-635) affinity. The high affinity CaM-A site is believed to be important in
transport regulation. Deletions of residues 636656 render NHE-1 constitutively active,
as if cytosolic Ca levels were continuously elevated. Based on these observations, it
was suggested that at basal intracellular Ca levels, the unoccupied CaM-A binding
domain exerts an autoinhibitory effect that is relieved upon Ca/calmodulin binding
(32). Although this has yet to be demonstrated in the myocardium, it nevertheless sug-
gests an alternative method for NHE-1 activation in pathological conditions in which
intracellular Ca levels are elevated.

4.5. Role of ATP in Regulating NHE-1 Activity

ATP has also been demonstrated to regulate NHE-1 activity. Depletion of cytoplas-
mic ATP results in reduced transport activity of the exchanger (33,34), although it
appears that this is unlikely related to changes in the phosphorylation state of the
exchanger (34). It has been hypothesized that a yet-to-be-identified ancillary protein
may mediate the effect of ATP depletion on NHE-1 activity. It is believed that an
ATP-dependent reversible association of a cofactor may regulate the exchanger and
that upon binding of ATP, this cofactor will dissociate from the exchanger and remove
its inhibitory effect (34). Whether this has relevance to the regulation of NHE-1 in
the ischemic myocardium is not known, particularly because ATP depletion during
ischemia is a relatively slow process. However, the possibility exists that very low
levels of the nucleotide in ischemic myocytes could potentially counter the stimula-
tory effect of intracellular acidosis on NHE-1 activity (2).

4.6. NHE-1 Activation by G Proteins

It is also worth mentioning that a number of G proteins can modulate NHE-1 activ-
ity, although they have only been demonstrated to do so in noncardiac tissue. The
mechanisms by which G proteins stimulate NHE-1 activity are very complex and vary
depending on the G protein type. For example, G4 and G, have been shown to regu-
late NHE-1 activity primarily via a PKC-dependent pathway, whereas G,;; mediates
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NHE-1 activity via a PKC-independent pathway (35-37). G5 uses a distinct kinase
cascade, using the Rho family of GTPases (Cdc42 and RhoA) to activate NHE-1
through MAP/extracellular signal-regulated kinase kinase 1-dependent (Cdc42) and —
independent (RhoA) pathways (38).

5. REGULATION OF NHE-1 EXPRESSION

Another important level of regulation of NHE-1 deals with the number of available
exchanger units available on the plasma membrane. Although the majority of the stud-
ies published on the regulation of NHE-1 have focused on regulation of activity, only a
few studies have focused on the regulation of expression of the exchanger. This prima-
rily reflects the fact that the promoter region of NHE-1 has only been recently cloned.
Kolyada et al (39) used footprinting analysis to identify the existence of four protected
sites that were able to bind to hepatic proteins and that two of these binding regions (B
and C) contained a binding site for the activator protein-2 (AP-2) or the AP-2-like
transcription factor (39). Although the AP-2 site contributes to the transcriptional regu-
lation of NHE-1 in cardiomyocytes, a majority of NHE-1 promoter activity has been
demonstrated to be caused by elements distal to the AP-2 site, primarily a poly(d->dT)-
rich region (40,41). Irrespective of exact mechanism for transcriptional regulation of
NHE-1, it is nonetheless relevant that many factors that produce cell injury, including
myocardial ischemia or the direct administration of cardiotoxic compounds, including
lysophosphatidylcholine or hydrogen peroxide, can all increase tissue levels of NHE-1
mRNA, suggesting that the exchanger may be stimulated by both increased activity as
well as turnover (42).

6. MECHANISMS UNDERLYING NHE INVOLVEMENT
IN MYOCARDIAL ISCHEMIC AND REPERFUSION INJURY

The primary basis for NHE-1 involvement in acute injury reflects the inability to
extrude sodium by the ischemic cardiac cell because of Na-K ATPase inhibition, which
occurs in concert with NHE-1 activation, the latter occurring as a consequence of
increased proton generation during ischemia. Indeed, it could be stated that inhibition
of Na-K ATPase is a prerequisite for NHE-1 involvement in ischemic and reperfusion
injury and that in the absence of such inhibition NHE-1 activation would be unlikely to
represent a deleterious influence on the myocardium. In addition, as noted above, NHE-1 is
further activated by various hormonal, autocrine, or paracrine factors as well as
metabolites produced either extracellularly or intracellularly during myocardial
ischemia, including hydrogen peroxide and lysophosphatidylcholine. Thus, the net
result is a multifactorial stimulation of NHE under pathological conditions, not only
because of increased intracellular acidosis but also because of activation by external
factors. Such marked NHE-1 stimulation increases an elevation in intracellular sodium
levels, which in turn increases intracellular calcium levels via Na—Ca exchange result-
ing in cell injury.

It should be noted that an alternate concept regarding a reperfusion-induced NHE-
dependent injury through Ca-independent mechanisms has also been proposed that has
been termed the pH paradox. This hypothesis proposes that the reduction in intracellu-
lar ATP levels during myocardial ischemia results in phospholipase and protease acti-
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vation, which would normally produce cell membrane injury; however, because these
enzymes possess pH optima in the alkaline range their detrimental effects are attenu-
ated by ischemia-induced acidosis. Upon reperfusion the rapid restoration of pH;
reverses the suppression of proteases and other enzymes seen during the ischemic
period and results in cell death (43). In addition, the restoration of pH; stimulates the
formation of the mitochondrial membrane permeability transition, which results in
depression of ATP resynthesis via oxidative phosphorylation pathways (43). The rela-
tive contribution of this process to NHE-1-dependent cardiac injury is, however, not
certain but is supported by studies using individual myocytes illustrating a protective
effect of NHE inhibition against reoxygenation, which can be dissociated from intrac-
ellular Ca levels (44). It is possible that this mechanism may contribute specifically to
reperfusion injury per se but obviously would not account for the potential role of
NHE-1 inhibition during ischemia in the absence of reperfusion where the exchanger
plays a critical role.

7. PHARMACOLOGICAL MODULATION OF NHE ACTIVITY

The first series of drugs that have been demonstrated to inhibit NHE are the potas-
sium-sparing diuretic amiloride and, more specifically, the N-5—disubstituted deriva-
tives of amiloride, which exhibit greater potency and specificity than the parent
compound (45). Despite the ability of these agents to inhibit NHE, their eventual thera-
peutic development has been restricted by various nonspecific actions, lack of selectiv-
ity against NHE-1, and relatively low potency. This has led to the development of
novel benzoylguanidine compounds targeted specifically against NHE-1, thereby
increasing potential for treatment in patients with coronary artery disease (46—48). The
first such compound was 3-methylsulphonyl-4-piperidinobenzoyl-guanidine
methanesulphonate (HOE 694), developed by Hoechst Marion Roussel (now Aventis),
which was followed by 4-isopropyl-3-methylsulphonylbenzoyl-guanidine methane-
sulphonate (HOE 642, cariporide), the latter, as discussed below currently undergoing
clinical trials. Cariporide is a selective inhibitor of the cardiac-specific NHE-1 isoform,
rendering it particularly attractive for therapeutic interventions for cardiac disorders
while minimizing the potential for side effects. The mechanism of action of NHE-1
inhibitors is not known precisely, although their effects on the antiporter involve bind-
ing to sites on the lipophilic transmembrane region. After the construction of a variety
of chimeric NHE constructs, Orlowski and Kandasamy (49) demonstrated potential
sites on a number of transmembrane units to which these drugs can bind with the M4
and MO regions of particular importance.

8. MYOCARDIAL PROTECTION BY NHE-1 INHIBITORS

The extensive documentation demonstrating cardioprotective effects of NHE inhib-
itors has strongly supported the concept of the antiporter’s involvement in cardiac
injury, especially under conditions of ischemia and reperfusion. The earlier studies
used amiloride or amiloride analogs to demonstrate cardioprotective properties; how-
ever, more recent data using drugs targeted for clinical development reported excel-
lent and consistent protection in a wide variety of experimental models and animal
species that is likely unmatched in the cardioprotection literature. A number of such
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agents are either in clinical or preclinical development and all have been show to pro-
tect the myocardium against either ischemia or reperfusion or against the direct delete-
rious effects of cardiotoxic compounds produced by the ischemic myocardium.
Moreover, there appear to be no discrepant results that fail to show protective effects
of NHE-1 inhibitors. In addition, the protective effects of NHE-1 inhibitors appear to
be species independent. A particularly striking feature of NHE-1 inhibitors is their
ability to protect against various forms of dysfunctions, including reduced mortality,
limitation of infarct size, improvement of functional recovery after reperfusion, reduc-
tion of arrhythmias, attenuation of calcium and sodium dyshomeostasis, reduction of
apoptosis, as well as the preservation of metabolic status such as attenuation of high
energy phosphate depletion. Many of the newer drugs have been tested for their ability
to protect the myocardium when administered only at reperfusion, a property that
would be important in terms of treatment of patients who present with acute myocar-
dial infarction. Most agents do indeed demonstrate protective effects when admin-
istered at this period, although it should be stated that, in general, such protection is
less than that seen with pre-ischemia drug administration. From a mechanistic per-
spective, these findings are not surprising because NHE-1 activation during ischemia
contributes substantially to the sodium and calcium overloading conditions and result-
ant cell injury with further NHE-1 activation occurring immediately upon reflow. As
such, optimum protective effects of NHE-1 inhibitors are likely realized when treat-
ment can be maintained during both ischemia and reperfusion.

It is also interesting to note that the potential for toxicity or untoward side effects of
NHE-1 inhibitors is relatively low in view of the specificity of newer agents. More-
over, it is important to point out that drugs targeted at NHE-1 inhibition have limited
potential for disruption of normal cell homeostasis because NHE-1 activity is generally
restricted under normal conditions, thus, these drugs have the potential for selectivity
inhibiting a process associated primarily with pathology. Indeed, clinical evaluation
of both cariporide and eniporide revealed excellent tolerance. For a fuller discussion
of the role of NHE-1 in the ischemic reperfused heart, readers are referred to a num-
ber of recent reviews (2,3).

9. CLINICAL EVALUATION OF NHE-1 INHIBITORS
IN PATIENTS WITH CORONARY HEART DISEASE

A number of clinical studies have been performed with varying degrees of success.
For example, the Guard During Ischemia Against Necrosis (GUARDIAN) study revealed
no overall beneficial effects of the NHE-1 inhibitor cariporide in patients with acute
coronary syndromes, although significant protection was observed with the highest
cariporide dose, particularly in high-risk patients undergoing coronary artery bypass sur-
gery (50,51). Administering an NHE-1 inhibitor to patients at reperfusion after acute
myocardial infarction has produced mixed results. In one study, the NHE-1 inhibitor
eniporide failed to reduce injury as determined by enzyme values (52). However, in a
much smaller study, cariporide was found to improve ventricular function and decrease
enzyme release when administered to patients prior to angioplasty (53). The discrepant
findings may be related to dosing levels, particularly because animal data revealed that
NHE-1 inhibitors are less effective when administered at reperfusion and then only
at concentrations substantially higher than those used when administered before ischemia.
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Further assessment of clinical results with NHE-1 inhibitors can be obtained in a recent
review (54).

10. ROLE OF NHE-1 IN CARDIAC HYPERTROPHY
AND HEART FAILURE

10.1. The Need for New Therapeutic Strategies
for the Treatment of Heart Failure

The past number of years have seen substantial improvement in the therapeutic
approaches for the treatment of heart failure (reviewed in ref. 55) The introduction of
angiotensin-converting enzyme (ACE) inhibitors and increased use of § adrenoceptor
blockers have added to the armamentarium treating this complex syndrome. The inci-
dence of heart failure is expanding rapidly primarily because of an aging population
and also to increased survival rates after myocardial infarction. Indeed, in up to 70% of
patients with heart failure its causative factors can be related to myocardial infarction.
In the United States alone, more than 500,000 new cases of heart failure are diagnosed
yearly. Yet, despite improved therapeutic strategies, mortality rates in patients with
heart failure continue to be high. Understanding the fundamental underlying mecha-
nisms for the development of heart failure, particularly in terms in the chronic mal-
adaptive responses or remodeling likely holds the key for potentially effective heart
failure management. As discussed below, NHE-1 may represent one such key target.

10.2. Theoretical Considerations for NHE-1 Involvement
in Hypertrophy and Heart Failure

Myocardial hypertrophy, remodeling, and heart failure represent many complex
events but in general involve initiating factors, such as increase in mechanical load and
upregulation of a large number of hormonal, paracrine, and autocrine factors that con-
tribute to the process through receptor-mediated changes in intracellular signaling (55).
As illustrated in Fig. 2, one of the major reasons for considering NHE-1 as a potentially
important contributor to the heart failure process is based on the fact that, already
alluded to in Section 4.2., the antiporter represents a key downstream factor activated
by many such factors including o, adrenoceptor agonists, angiotensin II, and
endothelin-1. Indeed, in cardiac cells, NHE inhibitors block hypertrophic responses to
various stimuli. Stretch-induced stimulation in protein synthesis in neonatal cardiac
myocytes as well as stretch-induced alkalinization in feline papillary muscles can be
blocked by NHE inhibitors (56,57) as can norepinephrine-induced protein synthesis
in cultured rat cardiomyocytes (58). These studies reveal a commonality in terms of
responses to a wide array of hypertrophic factors. Indeed, it has been suggested that
NHE-1 activation represents a common response to mechanical stretch and a key player
in the hypertrophic process (59). Thus, cellular deformation under pathological condi-
tions could lead to a cascade of events, resulting in cell hypertrophy and eventual myo-
cardial remodeling. It has been proposed that this occurs as a consequence of the
activation of both angiotensin II AT, receptors as well as the endothelin-1 ET 5 recep-
tor, which then activate intracellular signal transduction pathways, leading to increased
NHE-1 activity and cell growth (59,60). This may occur in an autocrine or paracrine
fashion in which stretch stimulates the local release of these peptides, which then act
on their respective receptor.
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Fig. 2. A simplified illustration of possible pathways leading to NHE-1 activation and
potential relevance to cell growth. Briefly, activation of NHE-1 can occur via a phospholipase
C (PLC) resulting in increased phosphoinositide hydrolysis (not shown) via a G protein-
dependent pathway. This would eventually lead to PKC activation, which would produce a
stimulation of NHE-1 (dashed arrow), directly through PKC-dependent phosphorylation or
phosphorylation through other kinases, such as MAP kinase. Irrespective of the exact mecha-
nism, the resultant increased entry of Na ions through NHE-1 would cause transcriptional
changes within the nucleus either through direct effect of the ions or secondary to PKC activa-
tion resulting in increased protein synthesis and hypertrophy. Various factors can activate this
series of events including endothelin-1 (ET-1) acting on the ET, receptors, norepinephrine
(NE) acting on the ol adrenergic receptor or angiotensin II (Ang II) through the AT, receptor.
Thus, blocking NHE-1 would attenuate the hypertrophic effects of at least three factors, render-
ing it an attractive therapeutic strategy.

10.3. Experimental Evidence for NHE Involvement
in Cell Hypertrophy and Heart Failure

Although experimental studies are still in their relative infancy, initial findings us-
ing NHE-1 inhibitors have been encouraging and support the concept that inhibition of
NHE-1 is conducive to attenuation of the remodeling process and heart failure. Such
findings have been observed in both in vitro and in vivo models of hypertrophy and
heart failure. As already noted in Section 10.2., NHE inhibitors block norepinephrine
induced protein synthesis in cultured neonatal rat ventricular myocytes, although in
that particular study, the nonspecific inhibitor amiloride was used to inhibit the
antiporter (58). However, similar effects have been reported with HOE 694, a much
more selective NHE-1 inhibitor (61).
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In vivo studies using clinically relevant animal models have further advanced the
concept of NHE-1-mediated hypertrophy and heart failure and have provided very
strong evidence for the antiporter’s involvement in these processes. For example, early
studies have shown that orally administered amiloride, a nonspecific NHE inhibitor,
reduces fiber diameter in rat coronary ligation (62) and murine dilated cardiomyopathy
models (63). Dietary administration of the NHE-1-specific inhibitor cariporide com-
pletely abrogates the increased length of surviving myocytes after 1 wk after coronary
artery occlusion and ameliorates contractile dysfunction in the absence of afterload
reduction, thereby implicating a direct effect of the drug on myocardial remodeling
(64). Furthermore, more severe hypertrophy and heart failure observed at 3-mo
postinfarction follow-up are reduced by approx 50% in animals treated with the NHE-
1 inhibitor cariporide (65). As noted, these effects of cariporide were observed in the
absence of afterload reduction or reduction in infarct size, although others have reported
a moderate infarct size reduction in cariporide-treated rats subjected to coronary liga-
tion (66). The evidence for a direct antiremodeling influence of NHE-1 inhibition is
further reinforced by the findings that heart failure not associated with myocardial
ischemia is also attenuated by NHE-1 inhibition. One such model involves the acute
administration of monocrotaline to rats, which produces pulmonary neointimal thick-
ening and compensatory right ventricular hypertrophy. We have recently reported that
cariporide can effectively attenuate the right ventricular hypertrophic response as well
as the accompanying hemodynamic defects whereas the pulmonary artery responses
were unaffected (67). Further such evidence stems from the spontaneously hyperten-
sive rat, which develops left ventricular hypertrophy. It has recently been reported that
cariporide causes a regression of left ventricular hypertrophy similarly to that seen
with the vasodilators enalapril and nifedipine, but with no decrease in blood pressure
(68). Lastly, in a very recent study, it was reported that cariporide inhibits interstitial
fibrosis, hypertrophy, and heart failure in transgenic mice that overexpress the cardiac
B, adrenergic receptor (69). Thus, it appears that NHE-1 inhibition may have the
potential to favorably influence heart failure related to multiple initiating factors. A
summary of the evidence for NHE-1 involvement on heart failure is provided in Table 1.

NHE-1 inhibitors appear also to have the ability to reverse the heart failure process
when administered weeks after coronary artery ligation. In unpublished results, we
have been able to observe a marked reduction in both myocardial hypertrophy as well
as hemodynamic abnormalities when treatment was delayed by up to 6 wk after liga-
tion. These effects were seen with cariporide as well as with newly developed potent
NHE-1-selective inhibitor EMD 87580 (developed by Merck KgaA, Germany). As
with other studies, these salutary effects were seen in the absence of afterload reduc-
tion. The ability to reverse remodeling and heart failure by NHE-1 inhibitors is a par-
ticularly exciting finding because it offers the prospect of potential reversal of the
disease process in patients with established heart failure. At present, we have observed
such reversal with up to 6-wk treatment delay, although it remains to be determined as
to how long treatment can be withheld before the protective effects of NHE-1 inhibi-
tors are lost.

10.4. Potential Mechanisms

Despite the emerging strong evidence for NHE-1 involvement in the heart failure
process and the prospect for novel therapeutic interventions, the mechanisms underlying
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Table 1
Summary of Experimental Evidence Linking NHE-1 to Heart Failure

NHE-1 is a common downstream mediator for various hypertrophic and promyocardial
remodeling factors
NHE-1 activity or expression are increased in a number of models of hypertrophy
and heart failure
NHE-1 activity is increased in clinical end-stage heart failure
NHE-1 inhibitors attenuate myocyte hypertrophy in vitro in response to hypertrophic factors
NHE-1 inhibitors prevent hypertrophy and heart failure

the role of NHE-1 is presently unknown. Although NHE-1-dependent intracellular pH
changes may be proposed in view of the role of pH in protein synthesis, this is unlikely
because it would be expected that under long-term NHE-1 blockade other intracellular
pH regulatory processes would likely compensate to ensure maintenance of physiologi-
cal pH levels. Recently, it has been suggested that NHE-1 activation results in the influx
of sodium ions, which then in turn activate various PKC isozymes which then alter gene
expression and protein synthesis (70). However, the precise mechanism for NHE-1
involvement in myocardial remodeling and hypertrophy requires elucidation.

11. SUMMARY

The past number of years have seen substantial progress and advances with respect
to the understanding of NHE-1 in the heart, particularly its role in mediating myocar-
dial ischemic and reperfusion injury, and more recently, its potential role in long-term
myocardial adaptation and development of heart failure. In terms of ischemic injury
and cardiac protection these advances have lead, relatively rapidly, to the establish-
ment of clinical trials aimed at determining whether selective NHE-1 inhibition pro-
tects high-risk patients with coronary artery disease or those with acute myocardial
infarction. It is very likely and hopeful that new therapeutic strategies will emerge,
based on both the clinical trials that have been or are currently being undertaken, as
well as the obvious rapid development of a large number of new NHE-1 inhibitors.
Major attention should be paid for developing novel strategies for treating heat failure
since this is emerging as a major epidemic of the 21st century and the development of
new effective therapeutic strategies is an urgent priority. The past 20 yr or so have seen
important developments in the treatment of heart failure, but nonetheless mortality
remains high. American Heart Association statistics reveal a 80% and 70% mortality
rate, respectively, for men and women under the age of 65 within 8 yr after diagnosis.
Among emerging therapies, the growth of molecular biology may have an important
impact on the design of new strategies for the treatment of heart failure potentially
involving gene therapy as a treatment modality. Yet classic pharmacological therapeu-
tic approaches will likely remain the mainstay for heart failure therapy for some years
to come. NHE-1 appears to be a highly attractive therapeutic target for heart failure,
made more so by the availability of highly potent and NHE-1 selective inhibitors
developed by various pharmaceutical houses. The initial impetus for this development
was the potential of NHE-1 inhibitors as cardioprotective agents against ischemic or
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reperfusion injury and indeed, as previously alluded to, a number of these drugs have
entered into clinical trials and are still currently under evaluation. The potential of
NHE-1 inhibitors as agents for the treatment of heart failure is attractive for a number
of reasons. First, from the clinical studies, NHE-1 inhibitors appear to have a good
safety profile (50-52), although this needs to be confirmed in chronic studies. The
apparent good safety profile of NHE-1 inhibitors likely reflects the fact that these drugs
target a system, which is upregulated under pathological conditions and is essentially
inactive, or at least weakly active, in the normal cell. Moreover, there is now strong
evidence that NHE-1 mediates the effects of many factors implicated in myocardial
remodeling. As such, NHE-1 inhibitors have potentially greater efficacy than agents
targeting a specific factor alone. Furthermore, NHE-1 inhibitors have very little if any
hemodynamic effects, thus precluding excessive vasodilation, which would be unde-
sirable in heart failure patients. Lastly, initial animal studies with NHE-1 inhibitors are
highly encouraging and demonstrate a beneficial effect in terms of improving hemody-
namics and reducing hypertrophy. Moreover, the effects are seen with substantial treat-
ment delay, indicating that these agents have the ability to reverse the hypertrophy and
heart failure processes. Despite the overall promising approach in terms of the benefi-
cial effects of NHE-1 inhibitors, a number of key questions require resolution. Of
importance is the question whether NHE-1 inhibition is superior to other approaches
such as ACE inhibition or 3 receptor blockade or whether it offers additional beneficial
effects to these treatment modalities. NHE-1 inhibition offers the potential to treat the
heart failure process in the absence of undesirable effects, such as afterload reduction
seen with ACE inhibitors. It has recently been reported that cariporide exerted less
marked beneficial effects on postinfarction remodeling and hypertrophy in female rats
compared to the angiotensin AT, receptor blocker losartan (77). This needs to be
addressed further, particularly in terms of the potential gender differences to NHE-1
inhibitor administration in heart failure.
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1. INTRODUCTION

In a healthy heart, an increase in myocardial oxygen demand induces an increase in
coronary artery blood flow and oxygen delivery. When obstructive coronary artery
disease occurs, there is an abnormal diminished coronary blood supply relative to the
myocardial oxygen demand known as hypoxia. The reduction in cardiac output is
accompanied by increased systemic and pulmonary vascular resistance. These events
are responsible for acute myocardial ischemia, which is manifested clinically by angina
pectoris. Besides hypoxia, other disorders, such as a reduced delivery of substrates,
accumulation of tissue metabolites, and reduction in vascular reactivity, can contribute
to induce myocardial ischemia (Fig. 1). It is widely accepted that hypercholesterolemia,
hypertension, diabetes mellitus, and cigarette smoking are important risk factors for
the development of obstructive coronary atherosclerosis. These pathologies show, as a
common pattern, an impaired endothelium-dependent vasorelaxation of the large coro-
nary arteries that often is evident even before the formation of the atherosclerotic
lesions (/-5). These findings constitute an important issue because acute myocardial
ischemia, resulting mainly from atherosclerotic coronary artery disease, occurs in as
many as six millions persons, and approx 28 million people suffer obstructive coronary
artery disease in the United States alone (6,7). Over the last decade, it has been recog-
nized the physiological and pathophysiological roles of endothelium in the cardiovas-
cular system. Several substances released or metabolized by cardiac endothelial cells
have direct effects on cardiac myocytes function, including nitric oxide (NO),
prostanoids, endothelins, kinins, angiotensin II, reactive oxygen species (ROS),
adenylpurines (for review, see ref. 8). In particular in the heart, NO is the main vasodi-
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Fig. 1. Disparate risk factors (from pathologies to lifestyle habitudes) converge on obstruc-
tive coronary atherosclerosis. The main event raising from these coronary conditions is the
blood supply reduction that in turn provokes hypoxia. This latter event is responsible for myo-
cardial ischemia. However, other components, such as reduction in vascular reactivity, sub-
strates availability and accumulation of tissue metabolites, can concur to myocardial ischemia
genesis. The final outcome is an impaired endothelium-dependent vasorelaxation.

lator molecule produced and released by the coronary endothelium. The purpose of this
chapter is to analyze the involvement of NO in cardiac function with particular regards
to ischemia-reperfusion and preconditioning.

2.NO

NO is a small membrane-permeable molecule that serves as a mediator of many
biological activities. It is produced in physiological and pathophysiological conditions
by three different isoforms of NO synthase (NOS): endothelial NOS (eNOS), neuronal
NOS (nNOS), and inducible NOS (iNOS; refs. 9,10). eNOS and nNOS isoenzymes are
constitutive and calcium—calmodulin-dependent enzymes (//), in particular eNOS, are
involved in the regulation of blood pressure and organ blood flow distribution. Endot-
helium-derived NO inhibits platelet aggregation, leukocyte adherence, and vascular
smooth muscle cell proliferation (/2). Conversely, neuronal-derived NO has an impor-
tant physiological role as neurotransmitter and as a potential mediator of the metabo-
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lism/blood flow coupling into the brain (/3). iNOS isoform can be induced by pro-
inflammatory agents, such as endotoxin, cytokines, and bacterial products in several
cells, including macrophages and smooth muscle cells (/4). NO production after the
induction of iNOS has been implicated in the pathogenesis of various forms of septic
shock (15-18) and inflammation (for recent review, see refs. 19-21).

NO is synthesized from amino acid L-arginine to L-citrulline through a five-elec-
tron oxidation step via the formation of the intermediate NS-hydroxy-L-arginine (22—
24). NOS-mediated NO production also requires oxygen and nicotinamide adenine
dinucleotide phosphate, reduced form, and several cofactors, such as tetrahydro-
biopteridin, flavin adenine dinucleotide, and flavine mononucleotide (25). NO induces
vasodilatation, and in particular coronary dilatation, by increasing cyclic guanosine
monophosphate (¢cGMP) in vascular smooth muscle cells (26). This cyclic molecule
blunts the affinity of the troponin—tropomyosin complex on actin for calcium and pro-
motes the calcium re-uptake by the sarcoplasmatic reticulum in vascular muscle cells
inducing vasorelaxation (26).

2.1. Physiology of NO in the Heart

Under resting condition, NO released from endothelium is constant and contributes
to maintain coronary arteries in homeostatic state (27); the force imposed on the coro-
nary endothelium by flowing blood, defined “radial strain,” is the main stimulus for
NO release (28—31). The rhythmic change in vessels caliber, as a result of the alterna-
tion of systole and diastole, results in the transient increase in intracellular calcium
influx in the endothelial cells through the activation of phospholipase C pathway
(32,3). Increased calcium concentration in endothelium activates eNOS that in turn
causes NO production (34). Different endogenous molecules induce NO release from
coronary endothelium, as acetylcholine, bradykinin, serotonin, adenosine triphosphate
(ATP), and diphosphate (ADP), histamine, and substance P (26,30,35). The most com-
mon dysfunction found in patients with atherosclerotic coronary artery disease is an
impaired endothelium functionality (2,3,5,36). Alterations in coronary vascular endo-
thelial function were first described by Ludmer and coworkers in 1986 (37). They
observed a vasoconstriction of atherosclerotic segments after infusing acetylcholine
into the left coronary artery of patients with atypical chest pain. Because coronary
functionality is regulated by mechanical and agonist-mediated stimuli and both con-
verge on NO production and release, endothelium dysfunction results as a decrease of
NO concentration in vascular smooth muscle cells (38). NO release is modulated at
different levels by (1) availability of the precursor L-arginine; (2) alterations of eNOS
function; and (3) interaction of NO with ROS, resulting in ONOO-, ONOO~, NO,.,
and OH- formation (39,40).

3. MYOCARDIAL ISCHEMIA-REPERFUSION (I-R) INJURY

Organ injury caused by transient ischemia followed by reperfusion is widely recog-
nized as a significant source of morbidity and mortality in many clinical disorders,
including myocardial infarction and cerebrovascular diseases (4/,42). Recently, with
the introduction of organs transplantation, the impairment of graft organ function as a
consequence of I-R has also become the goal of extensive scientific and clinical efforts
(43). In the heart, the major determinant of ischemic injury is the duration and the
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degree of reduction in myocardial perfusion relative to cardiac work. Brief ischemia
(<20 min) results in contractile dysfunction during the ischemic episode, but it is usu-
ally followed by a complete recovery of function. Conversely, a more prolonged
ischemia, results in permanent damage as a result of the myocardial cell death (44,45).
This irreversible damage is termed “wavefront phenomenon” of myocardial cell death
(46). Reperfusion, especially early after ischemia, seems to be the only way to salvage
the myocardium from necrosis because restores blood supply, even though it is well
established that reperfusion itself can bring nocuous effects, inducing several abnor-
malities in heart function. Coronary endothelium dysfunction (47), upregulation of
adhesion molecules on the endothelial cell surface (i.e., P-selectin) leading to polymor-
phonuclear leukocyte (PMN) rolling, and adherence to the endothelium (48,49) repre-
sent the early events that occur after 2.5-5 min from reperfusion. After 20 min of
re-oxygenation, PMNss start to transmigrate from the coronary vasculature and to infil-
trate into cardiac tissue (47,49,50). Once in the cardiac tissue, PMNs release cytotoxic
substances, such as oxygen free radicals, inflammatory cytokines, and proteolytic
enzymes, inducing endothelial and myocardial injury (5/-53). In addition, several stud-
ies have showed that reperfusion induces cellular Ca?* overload (54), acute diastolic
dysfunction, transient impairment of left ventricular systolic contractile function or
“myocardial stunning” (55), and arrhythmia. For this reason the cardiac dysfunction
after an ischemic episode can be defined as ischemia-reperfusion injury (Fig. 2).

3.1. Involvement of ROS in I-R Injury

One of the main events involved in I-R injury resides in the generation of a ROS
burst, in particular superoxide anion (O,7), that takes place just upon reperfusion
(54,56,57). NO can react with equimolar amount of O, in irreversible manner to form
peroxynitrite (ONOOQO-; ref. 58), a toxic molecule that may play a role in the patho-
physiology of myocardial I-R injury. Potential sources of ROS include myocytes,
mitochondria, activated neutrophils and several endothelial enzymes (such as xanthine
oxidase, nicotinamide adenine dinucleotide phosphate, reduced form, cyclooxygenase
and NOSs (45,59). Some studies have reported that during early reperfusion period,
peroxynitrite formation occurs parallel to superoxide production (57). In particular,
Yasmin and coworkers have demonstrated that in isolated rat hearts there is an increase
in peroxynitrite formation that is maximal 30 s after reperfusion (60). This increase
was accompanied by left ventricular alterations that were improved by treatment with
the NOS inhibitor L-NMMA. In the same experimental setting, Wang and coworkers
(61) found an increment of peroxynitrite during the early period of reflow, which results
in amino acid nitration and cellular damage. Conversely, it has been shown that removal
of O, by reaction with NO may be considered beneficial (62); indeed, in isolated per-
fused hearts, the administration of exogenous peroxynitrite at low concentration (0.4 uM)
reduced significantly the incidence of ventricular fibrillation after 10 min of I-R,
whereas a higher concentration of ONOOO™ (4-40 uM) induced arrhythmias (63). In
contrast, it has been shown that from nano to micromolar concentration, ONOO™ exerts
beneficial effects similar to those of NO, inducing vasorelaxation in human coronary
arteries (64) and in isolated rat aortic rings (65). In addition, this reactive molecule
attenuated the accumulation of PMNs in isolated rat heart (65) and in isolated perfused
cat heart (66). However, a potential molecular mechanism that could contribute to the
beneficial effects of peroxynitrite is the S-nitrosation of cellular thiols, as shown in
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Fig. 2. Temporal events leading to I-R damage. Once PMNss infiltrate the cardiac tissue,
ROS, cytokines, and enzymes release occurs, at the same time there is an increase in intracellu-
lar Ca?*. All these events are involved in clinical disorders appearance.

isolated bovine pulmonary arterial rings (67). S-nitrosothiols groups have been shown
to stimulate purified soluble guanylyl cyclase in vascular smooth muscle cells (68) and
in porcine aortic endothelial cells (69), leading to NO-mediated cGMP accumulation.
Elevation of cGMP content can decrease the cAMP levels, and this could account for
the cardioprotective effects (70). In addition, ONOO™ reacts with compounds contain-
ing alcohol groups to form intermediate molecules that can act as NO donors produc-
ing vasodilatation and inhibition of platelet aggregation (71). Thus, the exact role of
ONOO is not yet clearly identified.

4. MYOCARDIAL ISCHEMIC CONDITIONING

The term ischemic preconditioning (PC) was firstly applied to canine myocardium
subjected to brief episodes of I-R that tolerated a more prolonged episode of ischemia
better than myocardium not previously exposed (72). A protective effect of myocardial
ischemic PC has been demonstrated in several animal species, resulting in the strongest
endogenous form of protection against myocardial injury, jeopardized myocardium,
infarct size, and arrhythmias other than early reperfusion. New-onset angina before
acute myocardial infarction, episodes of myocardial ischemia during coronary
angioplasty or bypass surgery, and the “warm-up” phenomenon may represent the clini-
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cal counterparts of the PC phenomenon in humans. The results of the outstanding study
of Murry and colleagues (72) undeniably represent a significant advance in our broad
understanding of tissue ischemia pathophysiology. More recently, ischemic PC has
also been shown to occur in a variety of organ systems, including brain, spinal cord,
retina, liver, lung, and skeletal muscle, suggesting that this is an endogenous protective
mechanism whereby tissues protect themselves from an impending threat. In particu-
lar, myocardial ischemic PC is the phenomenon by which a brief episode(s) of myocar-
dial ischemia increases the ability of the heart to tolerate a subsequent prolonged
ischemic injury. PC has an immediate beneficial effect known as early phase or first
window of protection and a delayed effect known as the late phase or second window
of protection, whose importance varies between species and organ systems (73-81).
Although the exact mechanisms of both protective components are still unclear,
ischemic PC could be defined as a multifactorial pathophysiological process, requiring
the interaction of numerous cellular signals, second messengers, and end-effector
mechanisms, in which NO plays a central role.

4.1. Early-Phase PC

The early phase of PC or first window of protection develops within minutes from
the initial ischemic insult, dissipates 2-3 h later and it is associated with post-transla-
tional modifications of pre-existing proteins. In several experimental settings, the role
of NO in the early phase of PC has been investigated. The administration of the NOS
inhibitor L-NNA to rabbits subjected to I-R injury has been shown to increase the
infarct size (82). Similarly, the changes observed in coronary vascular reactivity induced
by ischemic PC in goat were prevented by L-NNA pretreatment (83). Recent studies,
have demonstrated an enhanced production of NO in myocardium subjected to brief
episodes of I-R (84) in first window, confirming an important role for NO in this phase.
The source of NO during early PC seems to be eNOS because the nonselective inhibitor
L-NNA blocked early PC in rabbits, but a more selective iNOS inhibitor s-methyl-
isothiourea was ineffective in this phase (85). In addition, it has been proposed that in
brief ischemia eNOS-derived NO leads to the activation of protein kinase C (PKC; refs.
86,87). Indeed, after PC ischemia, NO can react with superoxide anion, leading to
ONOO formation, which in turn has been shown to activate the € isoform of PKC (40).
Activation of PKC is reported to activate ATP-sensitive potassium (K rp) channels that
could be both sarcolemmal and/or mitochondrial (88,89). In this respect, it has been
demonstrated that activation of sarcolemmal channels results in a reduction of the
action potential duration with attenuation of Ca** influx and Ca?* overload (90), which
occurs after a prolonged ischemia, whereas activation of mitochondrial channels attenu-
ates Ca%* overload at this level (91,92). However, recent studies attribute to mito-
chondrial K,rp channel activation, the main cardioprotective effects (89,91,92).

4.2. Late-Phase PC

The late phase of PC or second window of protection becomes apparent 12—-24 h after
the ischemic insult and it is sustained up to 3 to 4 d (93,94). Unlike the early phase, late
PC requires increase synthesis of new proteins (95). NO plays a prominent role also in
this phase by mediating the cardioprotective effect of PC. The importance of NO as the
key trigger or mediator of delayed protection of PC induced by pacing (96), acetylcholine
(97), or brief episodes of ischemia (85) has been well documented in the last years. In this
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respect, it has been demonstrated that exposure to exogenous NO is sufficient to repro-
duce late PC, e.g., administration of nitroglycerine can elicit second window of protec-
tion (98). Similarly, treatment of rabbits with the NOS inhibitor L-NA 24 h after ischemic
PC completely abrogates the delayed protection against myocardial infarction (99). Simi-
lar effects were observed when the selective inhibitors of iNOS, aminoguanidine, and
s-methylisothiourea, were administrated to rabbits (85,99). These results suggest that
iNOS is the specific isoform implicated in the second window of protection. This hypoth-
esis has been challenged using iNOS knockout mice. PC of iNOS knockout mice 24 h
before coronary occlusion resulted in a nonreduction of infarct size whereas wild-type
mice experienced a profound protection against I-R injury (/00). In addition, Guo and
coworkers (/00) demonstrated that late PC is associated with upregulation of myocardial
iNOS in mouse whereas eNOS remains unchanged. Further studies have demonstrated
that cardiac myocytes are the specific cells that express this protein during this phase
(61). Indeed, disruption of the iNOS gene, although completely abrogates the late PC
effect in mice, has no effect on early PC and on infarct size in the absence of PC (101),
further confirming a key role of iNOS in late PC. Thus, PC is characterized by a biphasic
regulation of NOS activity (Fig. 3) with an increase of eNOS activity in the first window
followed by an increase of iNOS expression and activity in the second window. Also, in
this case, the mechanism participating in the second window of protection mediated by
NO seems to involve the activation of PKC (/02). A role for PKC and downstream signal
has been shown by Banerjee and colleagues (/02), they demonstrated that administration
of nitroglycerine to conscious rabbits mitigates myocardial stunning 24 h after ischemia,
and this effect was removed by chelerytrine, an inhibitor of PKC.

Thus, NO generated during initial ischemic stress can react with superoxide anion,
producing ONOO™ which in turn activates the € isoform of PKC. This activation may
trigger a signaling cascade including tyrosine—kinase and other kinases, such as MAP
kinases, ending with the activation of iNOS in the second window implying that the
two phases are intimately related (40).

4.3. Pharmacological Modulation of PC

There are several mediators or endogenous substances that have been implicated in
PC. A complete overview of these substances goes beyond the scope of this chapter.
(For recent reviews, see refs. 8,73,101,103.)

4.3.1. Cardioprotection by Heat Shock Proteins (HSPs)

Thermal stress is known to protect the myocardium against I-R injury and necrosis
by preserving mechanical function both in vivo and in vitro (for review, see ref. 104).
In 1988, Currie and coworkers (105) demonstrated that rats exposed to 15 min of
hypertermia significantly improved recovery of contractile force, rate of contraction,
and rate of relaxation heart. Similar evidences were found in rabbit hearts exposed for
15 min to hyperthermia and then subjected to I-R (106).

When cells are subjected to an increase in temperature, the expression of several
proteins, known as HSPs, is induced (for review, see refs. 107,108). Among the vari-
ous members of the HSPs family, the protein mainly induced in myocardium under
heat stress (106) or after brief hypoxia (/09) seems to be heat shock protein 72
(HSP72). Recently, it has been described that rat hearts transfected with human
HSP70 (the constitutive isoform of HSP72) gene presented elevated levels of HSP70
in the myocardium (//0).
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Fig. 3. Involvement of endothelial and inducible isoforms of nitric oxide synthase in myo-
cardial preconditioning (PC). In the early phase of PC (first window of protection) eNOS activ-
ity is increased whereas iNOS is virtually absent. Conversely, in the late phase of PC (second
window of protection) eNOS activity return at basal level while iNOS expression is enhanced.

This elevated expression was coupled to an enhanced recovery of both systolic and
diastolic functions and less myocardial injury after I-R (/70). In addition it has been
also shown that in transfected isolated rat hearts with HSP70 gene, there is protection
of mitochondrial respiration and improved ventricular function after -R injury (/11).
These data suggest that overexpression of HSP70 plays a role in the enhancement of
myocardial tolerance and may contribute to myocardial protection during treatment of
acute myocardial infarction, cardiac surgery, or heart transplantation. Besides, it is
known that heat stress or ischemia induce the increase of other members of the HSPs
family; hearts from rabbits exposed to either ischemic or thermal stress showed an
increase in the HSPs content in cardiac tissue (94). In particular, myocardial HSP72 is
elevated by both ischemic and thermal pretreatments whereas HSP60 is found prefer-
entially elevated by ischemic pretreatment (94). In both cases, overexpression of HSPs
were accompanied by a reduction in infarct size (94). Recently, Valen and coworkers
(112) found an enhancement in the expression of HSP72 and eNOS in biopsies from
the right atrium of patients with unstable angina. In addition, it has been observed that
heat shock sharply increases NO production in different rat organs and this precedes
the increase in HSP synthesis (/13). These authors also reported that inhibition of NO
synthesis with L-NNA is accompanied by a reduction of HSPs levels 24 h after heat
shock, suggesting that NO is involved in the heat shock-induced activation of HSP
synthesis. Conversely, studies on isolated hearts from rats subjected to heat stress for
15 min and 24 h after I-R show an increase of the HSP72 and HSP27 by immuno-
histochemical analysis that was not modified by pretreatment with the NOS inhibitor
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L-NAME (114). Because treatment with this inhibitor abolished myocardial ischemic
tolerance without affecting HSP levels, seems that NO-mediated myocardial protec-
tion by heat stress is independent from HSP72 and HSP27 expression (114). Thus, the
crosstalk between heat stress and NO pathway is still unclear and needs further studies
to better clarify at molecular level the possible interaction.

4.3.2. NO, Cardiomyocytes, and Apoptosis

Cell death may be classified into two different kinds: apoptosis and necrosis.
Apoptosis, which is programmed cell death, differs from necrosis in terms of structural
and biochemical features, including cytoplasmatic and nuclear condensation, subse-
quent formation of membrane-bound apoptotic bodies, and oligonucleosomal DNA
degradation (/15). Apoptotic cell death of cardiomyocytes has been described in human
heart failure (/7/6) and in mouse I-R injury (//7). Apoptosis is mainly regulated by a
proteolytic system involving a family of proteases called caspases, in which at least
three families of genes are involved: ced-3, ced-4, and ced-9 (//8). The mammalian
homologues of ced-3 encode for the family of cysteine proteases that constitute an
enzymes cascade culminating in activation of caspase-3 (119).

NO has been reported to induce apoptotic cell death in various cell types, including
myocytes (120,121). In particular, the injection of the human eNOS gene into the left
ventricular wall of the rat heart in vivo caused an overexpression of eNOS accompa-
nied by cell degeneration, including a reduction in myoplasm volume, mitochondrial
accumulation, collagen deposition, and macrophage infiltration (/20). Terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-digoxigenin nick
end labeling analysis for apoptosis and AZAN staining for necrosis revealed in myo-
cardial cell necrosis and apoptosis; both phenomena were ameliorated by L-NAME
pretreatment suggesting a role of NO in triggering this effect (/20). However,
antiapoptotic effect of NO has also been reported in vitro. It has been shown that over-
stretching of papillary muscles produce an increase in apoptotic myocytes that is pre-
vented by the NO donor C87-3754 (122). Similarly, in human umbilical vein
endothelial cells , tumor necrosis factor-o—induced apoptosis has been shown to be
completely blocked by shear stress and this effect abrogated by inhibition of NOS;
co-administration of the NO donors sodium nitroprusside (SNP) or S-nitroso-N-
acetylpenicillamine (SNAP) with tumor necrosis factor-o. mimicked the shear stress
action (/23). In addition, more recently, Weiland and co-workers (/24) showed that in
isolated and perfused rat hearts subjected to I-R, inhibition of endogenous NO synthe-
sis increased apoptosis during ischemia. This increased apoptosis is coupled to an
enhanced expression of the active p17 subunit of caspase-3, strongly implying that NO
suppresses apoptosis of cardiomyocytes by interfering with the caspase cascade (124).
These data also well fit with the finding that NO inhibits caspase-3 activity as a result of
S-nitrosation of the essential cysteine residue in vitro (123).

Concerning NO, apoptosis and I-R/PC, there are still too many diverging data, thus,
at the present stage, the “state of the art” does not warrant any firm conclusion and does
not even allow us to put forward any possible hypothesis.

4.3.3. Cardioprotection of Exercise Training

Physical exercise has been associated with a reduction in cardiovascular morbidity
and mortality (/125-127). It has been thought to play an important role in cardiac reha-
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bilitation and prevention of coronary artery disease through an improvement of coro-
nary stenosis and microvascular dysfunction (38,728,129). This beneficial effect
involves an upregulation of eNOS with a consequent increase of NO release (/30).

The Lifestyle Heart Trial analyzed the effect of lifestyle changes, including vegetar-
ian diet, stress-management techniques, smoking cessation, and 3 h of exercise train-
ing per week on the degree of coronary stenosis. After a 5-yr follow-up, they founded
a significant regression of stenosis associated with a reduction in cardiac events (/31).
Similar findings were described previously in the Stanford Coronary Risk Intervention
Project. Patients receiving multiple risk reduction therapy (low-fat diet, lipid-lowering
medication, and exercise training) showed an attenuation of the disease progression
over the 4-yr study period (/32). Besides these effects described on coronary stenosis,
exercise training may also improve myocardial perfusion via collateral vessels forma-
tion. Indeed, several studies on animals suggest that long-term intensive physical exer-
cise increases coronary collateral vessels growth (133,134).

To better understand the effect of exercise training on coronary endothelial dysfunc-
tion, it is essential to consider that coronary vasomotion is influenced by mechanical
and agonist-mediated stimuli, both of which converge on endothelial NO production.
Shear stress represents an important component of the beneficial effect of physical
exercise that increases vascular NO concentration. When there is an endothelial dys-
function, a decreased NO concentration occurs at vascular smooth muscle cells level.
Indeed, it is known that shear stress selectively activates uptake of L-arginine in por-
cine aortic endothelial cells (/35). Similarly, in bovine aortic endothelial cells sub-
jected to shear stress, it has been observed a short-term enhancement of eNOS activity
and expression (/36). Likewise, human umbilical vein endothelial cells exposed to
fluid shear stress showed an overexpression of eNOS (/37). In addition, it has been
also demonstrated that endothelium-derived NO increases the expression of extracellu-
lar superoxide dismutase (ecSOD) in human aortic smooth muscle cells (138). ecSOD
is one of the major antioxidant enzymatic system of the arterial wall, located between
endothelium and vascular smooth muscle cells (/39). Inhibition of vascular SOD results
in an impairment of endothelium-dependent dilation in bovine coronary arteries in vitro,
implying that SOD levels are critical for the availability of NO (/40). This increase of
ecSOD expression could in turn induce a reduction in ROS levels, resulting in an
increase of vascular NO-mediated vasodilatation, since it is well known that ROS
accelerate the extracellular degradation of NO. At the same time, it has been described that
long-term exercise training also increases the resistance vessel sensitivity in dogs (/41) and
attenuates platelet function and increases platelet cGMP content in human (742).

In summary, exercise training improves myocardial perfusion and NO seems to play
a central role. It may be considered as a preventive strategy with long term benefits.

4.3.4. Role of Monophosphoryl Lipid A and RC-552 in PC

It is documented that lipopolysaccharide (LPS) can trigger endogenous protective
mechanisms against [-R injury. This protective effect is evident 24 h after the ischemic
insult and lasts for several days (/43). Moreover, LPS-induced delayed cardioprotection
is reported to involve induction of NOS and this effect is comparable, in magnitude, to
the second window of protection observed in ischemic PC (144, 145). These evidences
have lead to the identification of monophosphoryl lipid A (MLA). MLA is a detoxified
derivative from LPS of several Gram-negative strains (/46) and it represents a novel
agent capable of enhancing myocardial tolerance to I-R injury. MLA has cardiopro-
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tective activity, reduces infarct size, myocardial stunning, and dysrhythmia in several
animal species (for review, see refs. 147,148). MLA has been shown to be effective at
doses ranging from 10-5000 pg/kg depending on animal species and experimental
models (/49—151). Although MLA may induce ischemic tolerance through multifacto-
rial mechanisms, current evidence suggests that ML A cardioprotective effect involves
myocardial iNOS activation with NO coupled activation of myocardial K,p channels
(147,148,152). The role of the opening of K,rp channel in MLA-induced myocardial
protection after I-R has been evaluated using an inhibitor of K,rp channel, 5-hydro-
xydecanoate (/53). Pretreatment with 5-hydroxydecanoate reverted MLA cardiopro-
tective action confirming that ML A exerts its protective effect also through activation
of K,tp channel.

Recent studies have also hypothesized that delayed PC induced by MLA is related
to stimulation of calcitonin gene-related peptide (CGRP; refs. 150,154). CGRP is the
main transmitter in capsaicin-sensitive sensory nerves and it has been demonstrated to
participate in delayed PC (155—157). Because it has been recently proposed that NO
cardioprotection is also related to CGRP release (/58) and MLA-induced PC is medi-
ated by NO (7159), the involvement of CGRP in MLA-induced PC it has been investi-
gated. In particular, He and co-workers (/50) have demonstrated that in isolated rat
hearts, cardioprotection exerted by pre-treatment with MLA, 24 h before the [-R
injury, is linked to both an increase in NO synthesis and CGRP release. Pretreatment
with L-NAME or with capsaicin, which selectively depletes the neurotransmitters in
sensory nerves, abolished these protective effects (150), supporting the hypothesis
that ML A-cardioprotection is mediated by both CGRP and NO. More recently, it has
been demonstrated that RC-552, a novel synthetic glycolipid related in chemical struc-
ture to MLA (160), induces delayed cardioprotection via an inducible NOS-depen-
dent pathway (148,161).

In summary, although further clinical testing are necessary to establish the utility of
MLA or structural analogues as a cardioprotective agents against I-R injury, presently
this agent is proving very useful in expanding our understanding of mechanisms
responsible for delayed cardiac PC against I-R injury.

5. CONCLUSIONS

The data reviewed in this chapter ascribe NO a central role in modulating physi-
ological and pathophysiological myocardial function. The radial strain imposed by
flowing blood on coronary endothelium, together with several endogenous molecule,
constitute the stimulus for NO release. In the heart, NO is the main vasodilator mol-
ecule produced and released by the coronary endothelium. In presence of an athero-
sclerotic coronary artery disease there is an impaired endothelium dependent
vasorelaxation of the large coronary arteries leading to a condition of hypoxia that
culminate in acute myocardial ischemia. A large amount of studies, in vivo and in
vitro, confirm the regulatory role of coronary endothelium-derived NO on myocardial
function in different species and experimental settings. Even if from 1986 it is known
the concept that brief episode of ischemia and reperfusion increases the ability of the
heart to tolerate a subsequent prolonged ischemic event (ischemic preconditioning),
only in the last years a specific role for NO has been investigated extensively. The data
indicate that NO plays a central role in PC. In particular it seems that eNOS activity is
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enhanced in the early phase of PC whereas iNOS expression and activity is upregulated
in the late phase of PC. This result should not be surprising because the events of the
early phase of PC (0-3 h) prepare a pathological condition that allow the induction of
iNOS in the late phase (12-96 h). In conclusion, even if the beneficial or detrimental
role of NO is in some cases still to be clearly defined, as outlined is this chapter,
undoubtedly NO has a key role in the heart function. Nevertheless, this molecule may
does not warrant the development of new drugs being at the same time a too simple but
complex therapeutic target. At any rate, NO and pathway leading to NO formation
represent an important framework to define therapeutic target necessary to the devel-
opment of new and more efficient drugs. More time is needed to further unravel the
complex network of signal involved but some promising preclinical and early clinical
data have been already shown.
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1. CLINICAL PREVALENCE, COMPLICATIONS,
AND ASSOCIATED CONDITIONS

Atrial fibrillation (AF) is the most common cardiac dysrhythmia and involves
irregular and extremely rapid activation of the atria (approx 400 beats per min [bpm];
ref. 7). The prevalence of AF increases with age, with an incidence of 0.5% in patients
less than 50 yr of age and an incidence of more than 5% in patients greater than 65 yr of
age (2,3). AF is associated with an increased risk of death and is an important cause of
stroke in the elderly population (2,4). Stroke is more common in the AF population as
aresult of the high atrial activation rate that compromises contractility and the increased
likelihood that thrombus will form in the relatively static pool of atrial blood. Emboli
can then break away and travel to the brain.

The etiology of AF is varied, and many diseases can contribute to the emergence of
AF, including congestive heart failure (CHF; ref. 5), hypertension (6), coronary artery
disease (7), and mitral valve disease (8). The suspected cause of AF from these co-mor-
bid conditions is thought to be atrial dilatation as a result of the increased atrial pressure.
Some of these conditions (especially CHF) cause marked interstitial fibrosis that acts
as a substrate for AF because of the creation of localized conduction disturbances (9).
In addition, there are cases of AF in which there is no known cause (termed lone AF)
that may be caused by a genetic predisposition or unknown environmental factors. Most
importantly, the presence of AF seems to be a self-perpetuating phenomenon such that
AF creates a substrate that both lengthens the duration of AF and increases the likelihood
of recurrence in both animal models (/0) and humans (/1,12). This self-perpetuation of
AF will be discussed in more detail in the remodeling section of this review.
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Fig. 1. Schematic diagram of a reentrant circuit created by an alternative conduction path-
way between zone 2 and zone 1 (dashed line). Action potentials originating from zone 2 are
able to reactivate zone 1 as long as the pathlength of the conduction pathway is less than the
wavelength of the tissue.

2. MECHANISMS OF AF

2.1. General Mechanisms

The study of fibrillatory conduction in the heart has a long history, and the first
attempt to delineate a mechanism of AF was Cushny (/3), who suggested that AF was
the result of highly disorganized rhythms that he termed delirium cordis. Over a decade
later, Mines (/4) refined this mechanism, suggesting that the disorganized rhythms
were the result of multiple reentrant circuits that could support AF provided that the
wavelength of the circuit is shorter than the column of muscle supporting the fibrillatory
activity. This was the first suggestion that the electrophysiological parameters of the
fibrillatory circuit were related to the maintenance of AF. These studies led to the lead-
ing theory for the etiology of AF: multiple circuit reentry.

Mines’ multiple circuit reentry was further refined by Gordon Moe (15) in 1962
with his multiple wavelet hypothesis. Moe suggested that during AF, the fibrillatory
activity was a manifestation of multiple and independent wavelets, each circulating
around refractory heart tissue. The maintenance of AF depends on the presence of a
sufficient number of wavelets and, therefore, assigns the duration of AF to a probabil-
ity function. If the trajectory of any given wavelet causes it to encounter refractory
tissue, it will be extinguished. This probability function has been described to be pro-
portional to the wavelength of the reentrant circuit. The wavelength concept was first
conceptualized by Mines (/4). The wavelength of a reentrant circuit is the product of
the conduction velocity and the refractory period (16). It defines the smallest size of a
circuit required to maintain reentry and, therefore, shorter wavelengths favor mainte-
nance of fibrillatory activity. Reentrant arrhythmias result from abnormal impulse con-
duction between two separate areas of tissue (Fig. 1). Back propagation of impulses are
unlikely in normal tissue due to the fact that sodium channels remain inactivated dur-
ing much of the action potential and only become available again when the cell has
repolarized to about —60 mV. If there is an accessory pathway whereby one zone of
tissue can reactivate another previously active zone of tissue, reentrant activity may
result. Specifically, the amount of time it takes this aberrant impulse to reactivate the
second zone of tissue must be greater than the refractory period of the circuit. There-
fore, longer refractory periods reduce the probability of a reentrant circuit sustaining
itself. As long as the refractory period is sufficiently short, these two zones may con-
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Fig. 2. A schematic of the main ionic currents involved in depolarization and repolarization
of human atrial tissue. The currents involved in each phase are indicated next to the phase of the
action potential in which they participate. Upward arrows indicate outward current and down-
ward arrows indicate inward current. The ion channel nomenclature in parentheses indicated
the suspected molecular determinant of the current.
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tinually reactivate each other, creating reentrant arrhythmias. Conduction velocity also
plays an important role because more rapidly traveling impulses are more likely to
reach the second zone during the refractory period and be extinguished. The refractory
period component of the wavelength has been successfully modified pharmacologi-
cally to terminate AF and will be discussed in more detail in the current treatment
options section of this review.

Control of the refractory period in atrial tissue is mediated by a variety of ionic
channels that allow the passage of either inward or outward current at various mem-
brane potentials (Fig. 2). Cells in the sinoatrial node develop slow diastolic depolariza-
tions that depolarize neighboring atrial cells, which in turn generates an action potential
when this slow depolarization reaches a threshold potential. The upstroke of the action
potential is mediated by rapidly activating and rapidly inactivating inward sodium cur-
rent (Iy,) through hHNal channels in the atrial tissue. The membrane potential over-
shoots 0 mV and is then quickly repolarized by the opening of the transient outward
current (I,,), which is carried by Kv4.3 channels in human atrium. The I, current
quickly inactivates (creating a notch) and the membrane potential is brought to more
positive potentials through the opening of L-type calcium channels (I, ), which carry
an inward current and is responsible for the plateau phase of the action potential. Dur-
ing this plateau phase, calcium ions are being released from intracellular stores, gener-
ating contraction of the atrial muscle. Although the L-type calcium channels are open,
the ultrarapid delayed rectifier potassium current is activated and is mediated by the
voltage-gated ion channel, Kv1.5. This results in the repolarization of the action poten-
tial and its activity coincides with calcium extrusion and relaxation of the atrial muscle.
Later outward currents that activate and act to complete repolarization include the rapid
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Fig. 3. A representation of an action potential from normal atrial tissue (solid lines) and from
a patient with chronic AF (dashed line). Kv4.3, I ,;, and Kv1.5 are believed to be downregulated
by the amounts indicated.

delayed rectifier (Ik,), carried by hERG channels, the slow potassium current (I, ) car-
ried by the heteromultimer, KvLQT1/minK. The inward rectifier (Ix,) acts to complete
repolarization and maintain the negative resting membrane potential of the atrial cells.

Occasionally, cells outside the nodes exhibit automaticity, and this is termed an
ectopic focus. Reentrant circuits can be generated by ectopic activity in which sponta-
neous depolarizations develop in non-nodal tissue. These ectopic foci can be especially
important in the generation of reentrant circuits and result from increased inward cur-
rent during the diastolic phase of the action potential. This is especially common after
myocardial ischemia and explains why AF often accompanies coronary artery disease.
Ectopic foci can also result from delayed-after-depolarizations in which inward current
during extrusion of Ca?* entering the cell during the systolic phase of the action poten-
tial results in the cell prematurely reaching the threshold potential. During Ca** extru-
sion, the Na*/Ca”* exchanger (NCX) transports 3 Na* ions into the cell for every one
Ca?* ion transported out of the cell, this electrogenicity generates a net inward current
that is thought to contribute to after depolarizations (/7).

2.2. Structural Remodeling

Of course, ectopic foci are not absolutely necessary for the generation of reentrant
arrhythmias, and localized conduction abnormalities may also cause this activity if the
wavelength of the circuit is short enough. This is why conditions that cause atrial stretch
and/or fibrosis create a substrate for AF. As mentioned earlier, CHF is a strongly asso-
ciated with AF (5) and this may be caused by the extensive fibrosis in atrial tissue
found in patients with dilated cardiomyopathy (/8). This fibrosis can create local con-
duction disturbances that can promote reentry. Interestingly, in experimental CHF in
dogs, the mechanism of AF is single circuit reentry rather than multiple circuit reentry,
suggesting a different etiology from AF in the absence of CHF, which typically involves
multiple reentry circuits (19,20). Atrial stretch also seems to create an appropriate sub-
strate for AF as AF often accompanies mitral valve disease (8) as well as hypertension
(6). The region of the atrium thought to be most vulnerable to stretch is the region
around the pulmonary vein, which has a stretch activated nonselective cation current
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that will depolarize the cell from its resting potential when activated. This may gener-
ate ectopic activity and lead to the establishment of reentrant circuits. Isolated pulmo-
nary vein tissue from the guinea pig has been shown to generate slow spontaneous
activity (217). Haissaguerre and colleagues (22) showed that ectopic beats originat-
ing in the pulmonary veins can be the cause of many cases of spontaneous AF in
patients. Although the exact mechanisms by which this spontaneous activity occurs
are not known, the stretch-activated nonselective cation current may be an interest-
ing drug target. The tarantula toxin GsMtx-4 is a 32 amino acid peptide that blocks
this stretch-activated channel and is effective is preventing stretch-activated AF in
rabbit hearts (23).

2.3. Ionic Remodeling

In addition to structurally induced AF, the presence of AF causes changes in the
expression of various ion channels and other proteins that creates an additional sub-
strate to promote the maintenance of AF. Wijffels et al. (/0) elegantly showed that
goats implanted with a pacemaker that burst paced their hearts into AF whenever
sinus rhythm is detected showed a gradual increase between the intervals of spontane-
ous reversion to sinus rhythm. Initially, the interval between spontaneous reversion
was only a few seconds, but this interval quickly increased until AF was maintained
for over 24 h after 2 wk of burst pacing. These changes were accompanied by a pro-
gressive reduction in the atrial effective refractory period (ERP) and the AF cycle
length, an index of refractoriness. These observations are supportive of the theory that
reductions in wavelength favor maintenance of reentry. In a later study, Wijffels et al.
(24) showed that these changes were a result of the high rate of atrial activation and
not neurohormonal changes or atrial stretch.

These initial studies in goats led to more detailed examinations of the specific
changes in ionic currents, which lead to the AF promoting substrate. Atrial myocytes
isolated from patients with chronic AF exhibit a shorter action potential duration (APD)
(Fig. 3) as well as a reduced adaption to rate changes (25,26). Similar changes are
observed in dogs with experimental AF that is induced by rapid (400 bpm) pacing of
the atria for several weeks (27). One possible interpretation is that repolarizing cur-
rents, such as Ig,,, Ik, and I, are upregulated during chronic AF, as this would lead to
a gradual reduction in ERP and a concomitant reduction in the wavelength. However,
detailed molecular studies have demonstrated that I, is actually downregulated by
approx 75% during chronic AF (25,27,28). Ig,, mRNA may also be downregulated
during chronic AF, as shown in isolated myocytes from dogs subjected to chronic atrial
pacing. In addition to the reduction in mRNA for [, and I, a reduction in peak and
sustained outward K* current (I, and Ig,,) was demonstrated (28). Pharmacological
inhibition of these currents with 4-AP does not produce a large decrease in the action
potential duration and, as expected, prolongs the action potential duration (27).

The other possible explanation for the observed shortening of refractoriness and the
reduction in APD is a downregulation of the inward calcium current. Indeed, mRNA of
the alpha subunit of the L-type calcium channel and inward L-type calcium current is
reduced in atrial myocytes from patients with chronic AF (25,29) as well as those from
dogs with experimentally induced AF (approx 75% reduction in both cases; ref. 27).
Pharmacological block of L-type calcium current with 10 uM nifedipine in myocytes
from normal dogs shows a similar reduction in APD as that seen in myocytes from
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dogs with experimentally induced AF. In addition, when the calcium channel opener,
Bay K8644, is applied to myocytes from dogs with AF, the action potential duration is
restored (27). These observations have suggested that the precipitating cause of AF is
calcium overload resulting from the high atrial activation rate (/7,29,30). In response
to this assault, there is a downregulation of I-,; and a subsequent reduction in APD
and a shortening of ERP. However, this ionic remodeling results in a reduction in the
wavelength, a loss of rate adaption, and therefore a promotion of AF maintenance.
Perhaps, in an attempt to restore the ionic balance, outward potassium currents are
downregulated, but this downregulation is overshadowed by the sharp reduction in
L-type Ca?* current, the main inward current responsible for the action potential pla-
teau and rate adaption.

There is some evidence that prevention of calcium overload can prevent ionic
remodeling. A study in dogs pretreated with the T-type calcium channel blocker
mibefradil showed that the duration of AF was significantly reduced when compared
with placebo or the L-type calcium channel blocker, diltiazem. In addition to the reduc-
tion in AF duration, mibefradil also greatly reduced the vulnerability to AF induced by
extra stimuli (37). T-type calcium channels are not downregulated in AF and they may
present a novel therapeutic target for the prevention of electrical remodeling. Despite
the inability of L-type calcium channel blockers to prevent remodeling during long-
standing AF, it appears that pretreatment with verapamil prevents short-term remodel-
ing (32). The roles of the L-type and T-type calcium channels in long- and short-term
remodeling will require further investigation.

As mentioned earlier, CHF often results in concomitant AF and is thought to be
largely caused by extensive atrial fibrosis that can create local conduction abnormali-
ties. In addition, the dominant reentry circuit is a single reentry circuit rather than a
multiple reentry circuit (/7). This evidence suggests that AF in the presence of CHF
may be a very different condition than AF in the absence of CHF. Electrophysiological
remodeling during CHF-induced AF also strongly differs from the remodeling men-
tioned previously. Electrophysiological remodeling induced by CHF does not in itself
seem to promote AF because atrial myocytes from dogs with experimentally induced
AF exhibit longer APDs, a change that would increase the wavelength and therefore
increase the minimum circuit size required to maintain reentry. Unlike in atrial tachy-
cardia-induced remodeling, atrial myocytes from dogs with CHF show smaller reduc-
tions in Ito (50 vs 70%) and I, (30 vs 70%). In addition, these myocytes also showed
areduction in IKs and an increase in inward NCX current (33). In humans with dilated
atria, decreases in I, (34,35) and I, (35) have been noted. Other studies have shown
variable effects on other important ionic currents in patients with cardiomyopathies,
including decreased I, in some patients (35) and no change in others with more severe
symptoms (36). Observations in patients with varying degrees of CHF and atrial dilata-
tion likely contribute to the variability in protein expression.

2.4. Neurohormonal Modulators

The autonomic nervous system is known to play an important role in AF. The AF-
promoting effects of the parasympathetic nervous system have been known for some
time. In fact, bilateral vagal stimulation or acetylcholine administration has been used
to induce AF in animal models (37,38). Vagal stimulation activates the Ik, channel,
resulting in a strong reduction in atrial action potential refractoriness. However, this
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reduction is very heterogeneous because of patchy distribution of vagal nerve termi-
nals in the atrium (20). Refractoriness heterogeneity is an important cause of reentrant
circuits and vagal stimulation can permit AF to be sustained indefinitely (39). Whereas
there is a large spatially heterogenous effect upon atrial refractoriness caused by vagal
stimulation, bilateral sympathetic stimulation seems to produce a much less heterog-
enous effect, as it has a much less AF-promoting effect. When the degree of sympa-
thetic and parasympathetic stimulation required to produce a similar reduction in
wavelength in dogs was given, the duration of AF was not changed by sympathetic
stimulation nor was the refractoriness heterogeneity (40). Sympathetic induction of AF
is thought to be particularly important after cardiac surgery and patients with robust
calcium currents are unusually prone to postoperative AF (417). Cellular overload caused
by B adrenoceptor stimulation may favor arrhythmogenic mechanisms such as after
depolarizations (20).

3. CURRENT PHARMACOLOGICAL TREATMENT OPTIONS

There are many drugs used to treat AF, including anticoagulants, rate-control drugs,
cardiac glycosides, and calcium antagonists, but this review focuses on the class I and
class III agents, which act directly on ionic channels to terminate or prevent AF. The
first description of a drug that was effective in the termination of AF was Lewis’ (42)
description of quinidine in 1922. Class I agents primarily block sodium channels, and
their effectiveness is interesting because it does not fit into the wavelength prolonging
approach. In fact, class I agents reduce conduction velocity and may also partially
shorten the refractory period because of blockade of inward sodium window current.
Regardless of these issues, class I agents are extremely potent terminators of AF. Qui-
nidine exhibits conversion rates of 50-92% (42,43 ), whereas flecainide has been shown
to terminate AF in 74% (44) and 86% (45) of patients with AF of less than 24 h. How-
ever, Crijns et al. (44) demonstrated that in patients with AF of more than 24 h in
duration, flecainide was unable to terminate the arrhythmia in any of these patients.
Another class I agent, propafenone, also has a similar profile such that it was effective
in 71% of patients with AF lasting less than 48 h but achieved only 26% efficacy in the
termination of longer-standing AF (46). Clearly, more effective class I agents need to
be developed for longer standing AF.

These class I drugs may reduce ectopic activity by increasing the threshold for the
generation of an action potential. Recently, Pertsov et al. (47) described a possible
model of arrhythmia generation called spiral wave reentry. In this model, the core of
the reentry is excitable and maintenance of this spiral wave reentry is dependent upon
the curvature of the wavefronts and this can be modulated by sodium channel block-
ade. This model is very complex and difficult to demonstrate experimentally but may
partially explain the effectiveness of class I agents. Another controversy surrounding
the use of class I agents was brought about by the Cardiac Arrhythmia Suppression
Trial (CAST), in which 4.5% of patients receiving flecainide for postsurgical ventricu-
lar premature depolarizations died as a result of ventricular arrhythmias (compared
with 1.2% placebo; ref. 48). Flecainide, by shortening the refractory period or slowing
conduction velocity, appears to have proarrhythmic side effects. Clearly, with the
reduced efficacy of class I agents on long-standing AF and with their proarrhythmic
liability, more effective and safer agents need to be developed.
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Class III agents act through a different mechanism, and their mode of action is much
clearer. These agents prolong refractoriness by selectively blocking Ik, current (hERG).
Blockade of this important repolarizing current leads to increases in atrial (and ven-
tricular) refractoriness and therefore an increased wavelength. The increased wave-
length leads to a much larger circuit required to maintain reentry and, therefore, many
of the reentry waves extinguish. Evidence suggests that sotalol and dofetilide are less
effective than class I agents in terminating AF (49,50). In addition, these drugs tend to
exhibit reverse-use-dependence, a phenomenon where their I, blocking activity is
reduced at higher rates, thus rendering them less effective in fibrillating atria (37).
Finally, as with class I agents there are significant proarrhythmic effects. These drugs
are known to cause torsade de pointes, which can degrade into fatal ventricular fibrilla-
tion. In the Survival With ORal D-sotalol (SWORD) trial, 5% of patients died, com-
pared with 3.1% of placebo patients, presumably partially because of fatal ventricular
fibrillation (517). The Food and Drug Administration now requires that all new investi-
gational compounds be screened against the hERG channel in cloned channel assays or
an in vitro screen of action potential prolonging effects in rabbit or canine Purkinje
fibers, which are very sensitive to hERG blockade. New and safer treatments need to
be developed to treat AF that do not involve hERG blockade.

4. FUTURE PHARMACOLOGICAL TREATMENT OPTIONS

There are many new and exciting ion channel targets that have shown effectiveness
in preliminary preclinical studies. Some of these new compounds prolong the refrac-
tory period in an atrially selective manner or block both sodium and potassium chan-
nels with fewer ventricular side effects or prevent remodeling through either calcium
channel blockade or antioxidant actions. Atrial selectivity is an important feature of a
drug used to treat AF because it avoids the proarrhythmic ventricular side effects of
current treatments (class I and III agents). An important repolarization current that is
present in human atrium but not human ventricle is I, (52,53), which is caused by the
activity of the delayed rectifier potassium channel, Kv1.5 (52). Blockade of this chan-
nel strongly prolongs atrial refractoriness in human myocytes (unpublished data) and
has been shown to reduce left atrial vulnerability to AF in pigs as well as selectively
prolong the pig atrial ERP but not the ventricular ERP (54). This ion channel target
may provide a unique way to prevent AF without ventricular side effects. Another set
of ion channel targets includes the mixed sodium—potassium channel blockers.
Amiodarone is a commonly used mixed channel blocker for the prevention and termi-
nation of AF, but it has an extremely long half-life and can cause significant tissue
toxicity. New mixed-channel blockers are being developed that exhibit highly use-
dependent sodium channel block with a modest amount of potassium channel block
that can impart atrial selectivity to a fibrillating atria. RSD1235 is one such drug being
developed by Cardiome Pharma Corp, which shows highly use dependent sodium chan-
nel block and selectively prolongs atrial ERP in dogs with experimentally induced AF.

Prevention of remodeling is another potential therapeutic target that may aid in the
maintenance of normal sinus rhythm after cardioversion. There are two approaches
being developed, one of which is blockade of L-type (32) or T-type (31) calcium chan-
nels. L-type blockade is effective in preventing short-term remodeling whereas T-type
blockade is effective in preventing longer-term remodeling. Another treatment area
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being investigated is the role of free radicals in both structural and ionic remodeling
during AF. There is strong biochemical evidence for increased oxidative stress in
patients with long-standing AF (55). Patients who receive the antioxidant ascorbate
before cardiac surgery experience a 16.3% incidence in postoperative AF compared
with 34.9% of control subjects. In dogs with atria paced chronically at 400 bpm, pre-
treatment with ascorbate prevented the atrial ERP shortening seen with control dogs
(56). The role of these oxidative pathways in the etiology of AF requires further inves-
tigation to assess whether or not they can be used to modify progression of the disease.

5. CONCLUSIONS

AF is an extremely common cardiac arrhythmia and is a strong independent predic-
tor of stroke. The ionic mechanisms of AF involve many different ion channels that can
contribute to ectopic activity, decreased refractory periods, and subsequent mainte-
nance of AF. Current drug treatments are inadequate because they show significant
proarrhythmic liability, but newer drug targets are being evaluated and further research
will hopefully lead to safer and more effective drugs in the future.
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1. INTRODUCTION

The purpose of this chapter is to ask why there has been so little success in develop-
ing new antiarrhythmic drugs and what can we do to increase our chances of success.
Failure has been a fairly common theme in attempts to produce new antiarrhythmic
drugs, particularly for lethal ventricular arrhythmias. The chapter considers old and
new ways of finding novel drugs for lethal ventricular arrhythmias as a result of myo-
cardial ischemia and infarction and describes new compounds selective for ischemia-
induced ventricular tachycardia and fibrillation.

2. GENERAL CONSIDERATIONS

It is possible that the continued invention and application of increasingly intelligent
electrical devices for controlling and reverting both ventricular and atrial arrhythmias
will obviate the need for newer and better antiarrhythmic drugs. However, such a view
is probably simplistic in that devices are costly, invasive, and cannot provide antiar-
rhythmic coverage for all of the population at risk. In addition, patient preference tends
towards drugs rather than devices. All things considered, the need for antiarrhythmic
drugs capable of terminating or preventing lethal arrhythmias remains important. This
being so, the most important other truism is that a prophylactic drug only has therapeu-
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tic value if it reduces or prevents the occurrence or reoccurrence or symptoms of a
disease and more importantly reduces mortality. Thus, the goal in developing new
antiarrhythmic drugs is especially clear; to reduce or prevent arrhythmias without
increasing mortality or adding disproportionate morbidity in terms of drug toxicity. In
the history of antiarrhythmic drug development, we have not been very successful in
achieving this goal, but that is not to suppose this will always be the case. Previous lack
of success may reflect the failure to properly target particular arrhythmias.

2.1. Lethal Ventricular Arrhythmias

The need for better drugs to prevent lethal ventricular arrhythmias is self-evident because,
despite all advances, such arrhythmias are still the largest single cause of death in richer
countries. Over 300,000 of these deaths occur per year in the United States alone (/). When
such deaths occur out of hospital, there is little chance of using electrical defibrillation.
Undoubtedly, if an effective and safe prophylactic drug existed for lethal arrhythmias, it
would have wide use. Ideally, such a drug would be safe, effective, and given on a prophy-
lactic basis to all those at risk of lethal ventricular arrhythmias—potentially a large number.
Some might argue that this ideal is not attainable, but medical science is all about making
the impossible, possible. Currently, ventricular defibrillators are implanted in those patients
at very high risk of ventricular fibrillation (2); it is hard to imagine their use being expanded
to all patients at risk. A safe drug effective against ventricular fibrillation would also be
useful in coronary care units, where it would reduce the need for the somewhat-frightening
(to patient and doctor) electrical defibrillation. Similarly, such a drug might even be of
value in those already fitted with an implanted automatic defibrillator to lessen the risk of
the device being activated, again a somewhat distressing event (3).

If the above logic is correct, one has to ask why there is currently so little interest in
trying to develop a safe and effective drug for ventricular fibrillation? The easiest
answer to this question is the adage, “Once bitten, twice shy.” Thus, the pharmaceuti-
cal industry has tried before to produce better antiarrhythmic drugs only to fail because
of unacceptable drug toxicity and limited effectiveness. This was the case with more
potent and selective sodium channel blockers (4) and more recently with highly selec-
tive delayed rectifier blockers (5). As a result of their cardiac toxicity, such drugs only
have a very limited utility, much less than originally envisioned. Thus, previous
attempts to produce better antiarrhythmics for the prevention of lethal ventricular
arrhythmias have failed. Why was this? Some of the reasons for failure are discussed
below so as to assess whether the particular problem of adequate drug treatment of
lethal arrhythmias is insurmountable, or whether there is still hope. It is humbling to
realize that the only drug (amiodarone) unequivocally shown to prevent lethal
arrhythmias is over 40 yr old. It came very slowly into common use because of its
toxicity, and confusing mechanism of action (6,7).

3. GENERAL DIFFICULTIES IN TRYING TO DEVELOP
BETTER ANTIARRHYTHMIC DRUGS

The relative lack of success in developing better antiarrhythmic drugs for lethal ven-
tricular arrhythmias, as well as other arrhythmias, probably has many reasons. They all
tend to relate to basic deficiencies in our understanding of: (1) normal cardiac electro-
physiology; (2) arrhythmic electrophysiology; (3) arrhythmic electropathology; and
(4) arrhythmogenic substances released in ischemia.
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We continue to add to our understanding of cardiac electrophysiology and
arrhythmias, but our knowledge is still not complete enough that we can identify com-
pletely rational routes to better antiarrhythmics. We are similar to the person in the
dark looking for lost car keys under a street lamp. The keys may have been lost else-
where, but only the lamp provides sufficient light to warrant a search. In the past, our
lamps were sodium channels, and more recently, IK, blockers and Kv1.5 channels for
atrial arrhythmias (see refs. 8 and 9 for review). Maybe what we need is to redefine the
problem. The following attempts to do this for lethal ventricular arrhythmias. For this,
we require a brief review of what is known and what is not known with respect to the
problems identified above.

3.1. Current Understanding of Normal Electrophysiology

Ever since the recording of the first electrocardiogram (EKG), there have been con-
tinual advances in our understanding of cardiac electrophysiology.

However, we still have far to go before we have a complete understanding of elec-
trogenesis from its molecular basis to the cellular levels and on up to the whole func-
tioning heart in health and in disease. There has been considerable success in producing
algorithms as to how the heart generates its normal electrical activity while there are
also good models for arrhythmogenesis (see refs. 10—12 for reviews). Such models are
elegant and intellectually satisfying, but it is not certain as to how complete they are,
and more importantly, how predictive. After all, we have still to complete gene and
expression maps for the heart, let alone determine the functional significance of such
maps. Although we know much about the different ion channels found in the heart, we
still do not know just how many types of voltage-dependent and ligand-gated channels
there are, or their relative functional importance (see ref. 13 for a review on cardiac ion
channels). At a functional pharmacological level, we are unsure as to just how block-
ade or activation of each of the known channels influences the electrical activity in the
normal heart, let alone the arrhythmic heart.

3.2. Current Understanding of Arrhythmic Cardiac Electrophysiology

If it is true that our knowledge of normal electrophysiology is incomplete, it is even
more so for the abnormal electrophysiology that underlies arrhythmias. Our current
models of arrhythmogenesis, such as re-entry and pathological automaticity, are useful
both at clinical and experimental levels, but the models are far from complete. Simi-
larly, at the channel level we have incomplete information as to the channel events that
underlie arrhythmogenesis. In the absence of complete knowledge, it is hard to identify
a specific molecular target whose modulation by drugs will prevent and/or terminate
arrhythmias.

3.3. Current Understanding of the Overall Pathology of Arrhythmias

Although we know a great deal about the pathology of some arrhythmias, and less
about others, we are a long way from a complete understanding of any one single type
of arrhythmia. Thus, there is not one single type of arrhythmia whose pathology we
understand so completely that we can use that understanding to rationally create an
antiarrhythmic drug for any particular arrhythmia. For example, we understand how
changes in the atrium initiate and maintain atrial arrhythmias; how some arrhythmias
are dependent upon stimulation of beta adrenoceptors; how ischemia rapidly produces
changes in extracellular potassium and hydrogen ions, which relate directly to
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arrhythmias; and how myocardial scarring contributes to arrhythmogenesis (see refs.
11 and /4 for reviews). Even when the pathology is well understood, as for example
with certain types of paroxysmal supraventricular reentry tachycardias, we still have
not produced the ideal drug. For the acute termination of some of these arrhythmias,
adenosine might appear close to the ideal, but only because of its favorable pharmaco-
kinetic profile.

3.4. Current Understanding of the Arrhythmogens
Responsible for Arrhythmias

Over the years, many exogenous small molecules have been proposed as the
arrhythmogens that give rise to arrhythmias. If this were so, drugs that block the pro-
duction, or action, of such molecules would be expected to be effective antiarrhythmics.
Classic examples of arrhythmogens are norepinephrine and epinephrine (the transmit-
ter molecules responsible for the arrhythmogenic actions of the sympathetic system)
and the beta blockers used as antiarrhythmics. However, in this prototypical situation
beta blockers have only moderate effectiveness, a fact that speaks directly to the ques-
tion as to whether norepinephrine and epinephrine are important arrhythmogens. The
reality may be more complex in that some of the antiarrhythmic effects of beta blockers
may be secondary to their ability to elevate serum potassium concentrations (see Sec-
tions 6.2.4.2. and 6.2.5.).

Extensive experimentation with a large number of potential arrhythmogens, such as
prostaglandins, thromboxanes, endothelins, amines (e.g., 5-HT), and platelet-activat-
ing factor have failed to show that they are indispensable for any ischemia-related
arrhythmia (15).

Attempts to prevent arrhythmias by blocking the actions or production of such sub-
stances have generally met with limited success. Thus, a simple model in which a patho-
logical change, such as ischemia, induces the release of a single arrhythmogen is not
very plausible although the synergistic interaction of a number of agents may occur. If
the latter is the case, then treatment will require a whole collection of blocking drugs.

4. THE NEED TO TARGET PARTICULAR ARRHYTHMIAS

It is reasonable to draw the conclusion that there can be no universal antiarrhythmic
and that the genesis for arrhythmias can be tissue, condition and even time dependent.
It was thought that relatively simple classifications of antiarrhythmics, on the basis of
their principal ion channel mode of action, would give clear directions as to their use.
This is not the case. In view of the limitations to the Vaughan Williams/Harrison clas-
sification, the Sicilian Gambit (/6,17) was created in an attempt to offer another
approach to guiding antiarrhythmic therapy on the basis of choosing particular drugs
for particular pathologies. However, the incompleteness of our knowledge of
arrhythmias and its underlying complexity does not make this classification particu-
larly useful. Current antiarrhythmic classifications are not reliable guides to develop-
ing better antiarrhythmic drugs, but they do predict some toxicities.

In considering the above, what is the most rational approach for developing more
efficacious and less toxic antiarrhythmic drugs? The reductionist approach would be to
identify a particular molecular drug target and, using all of the techniques of high
throughput screening and combinatorial chemistry, hit the target potently and selec-
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tively. Such an approach would, and does, lead to very potent and selective ion channel
blockers, but its weakness lies in the correct choice of target. We often have insuffi-
cient functional knowledge to allow us to clearly identify the appropriate molecular
target and its functional ramifications. For example, it is encouraging to witness the
discovery of tissue-selective channels that offer a chance of selectivity of action. The
Kv1.5 channel (see Section 6.3.) appears to occur only in atrial tissue. Thus, drugs
blocking only this channel would have an atrial tissue selective action and only prolong
action potentials in this tissue. However, this begs the question as to whether action
potential prolongation occurs in normal and/or diseased atrial tissue, and whether such
an action is an effective mechanism for preventing or terminating atrial arrhythmias.

If channel targeting does not always provide a fruitful approach, what other
approaches are possible? One is to target specific arrhythmias, as is done for supraven-
tricular nodal reentry tachycardia where slowing calcium-dependent conduction termi-
nates the reentry circuit. If the above is the current general situation regarding
arrhythmias, what is the position regarding particular arrhythmias such as the fatal
ones induced by myocardial ischemia?

5. ATTEMPTS TO DEVELOP BETTER ANTIARRHYTHMIC
DRUGS FOR THE PREVENTION OF ISCHEMIA/INFARCTION-
INDUCED FATAL VENTRICULAR ARRHYTHMIAS

In considering drugs designed to treat arrhythmias induced by myocardial ischemia
and infarction, it is important to decide whether to consider them one entity, with a
common mechanism, or to divide them on some basis. We consider, for the reasons
discussed below, that the arrhythmic stimuli resulting from ischemia—infarction fall
into three temporal categories: during ischemia, during the process of infarction, and
when the infarcting process is complete. The main purpose of this chapter is to discuss
possible ways of inventing drugs capable of selectively preventing ischemia-induced
arrhythmias.

5.1. The Pathology Associated with Ischemia-Induced
Ventricular Arrhythmias

Two distinct stimuli for ischemia-induced arrhythmias occur in the period before
infarction develops. Whereas one stimulus is the maintenance of ischemia, the other is
reperfusion, after a critical period of ischemia. Because the former is the probably the
most common and important in clinical practice (18-20), it is only considered here.

In experiments where arrhythmias are induced by ischemia (by occluding a coro-
nary artery), they occur in very distinct temporal phases. The most severe phase occurs
within less than 1 h of induction of ischemia. The exact time frame depends upon the
size of the species being studied; in smaller species it occurs earlier (15 min in the rat).
A later phase occurs hours afterwards, during that time when ischemic tissue is dying
and becoming infarcted (2/,22). Thereafter, the mature and involuting infarct contin-
ues to be a lesser source of arrhythmias. In the case of humans, there is an increased
risk of cardiac sudden death post infarction, and this risk declines exponentially to
reach baseline 4-5 yr after the initial infarct, if reinfarction does not occur.

Overall, we interpret the evidence as showing that the first phase of arrhythmias is
the most malignant in animals. Possibly is the most important cause of cardiac-related
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sudden death in man. Thus, the following discussion concentrates on the early
arrhythmias associated with ischemia, rather than infarction although it is recognized
that the latter (infarcting and infarcted) phases cannot be ignored. We suppose that the
three periods, that is, ischemic, infarcting, and infarcted periods, represent three differ-
ent arrhythmic stimuli and therefore should be considered independently.

If we accept that most lethal arrhythmias occur relatively early after the onset of
ischemia, and before the infarction process is well underway, it is rational to ask what
are the changes in ischemic tissue that cause arrhythmias. Changes that temporally
relate to the occurrence of arrhythmias include S-T segment elevation of the EKG, falls
in extracellular and intracellular pH (to pH 6.4), and corresponding rises in extracellu-
lar potassium (to approx 10 mM). The EKG changes relate to, but are not necessarily
completely explained by, changes in intracellular potentials (22,23). Changes in intra-
cellular potentials temporally related to arrhythmias include a fall in resting membrane
potential, reduced action potential height, and accelerated repolarization; events that
result in changes in conduction and refractoriness, respectively. Within the ischemic
zone this results in changes from the normal ordered process of conduction and refrac-
toriness. The changes in conduction and refractoriness are sufficient to cause re-entry,
the dominant arrhythmic mechanism believed to operate in the early period of ischemic
arrhythmias (24). Furthermore, the interaction between disordered ischemic electro-
physiology and normal electrophysiology across the border zone is another, and possi-
bly a more important, cause of reentry.

The temporal relationship between the above changes and arrhythmias argues for a
causal relationship although the time window for ischemia-induced arrhythmias does
not coincide exactly with EKG, pH, or K changes. Although it is possible to argue that
the prevention of the changes in potassium and pH might prevent arrhythmias from
occurring, the only way to achieve this with certainty is to reperfuse the ischemic area,
a different treatment modality from that involving antiarrhythmic drugs. One question
that can be asked is, can one take advantage of such changes to create antiarrhythmic
drugs selective for ischemia-induced arrhythmias? To concentrate on the changes that
appear to induce arrhythmias is to accept the argument that ischemia-induced
arrhythmias arise from the ischemic zone, a not unreasonable argument because there
would be no arrhythmias without ischemia. One alternative hypothesis is that ischemic
arrhythmias arise from the border zone between ischemic and normal tissue, but this
could not exist without the ischemic zone.

6. PREVIOUS ATTEMPTS TO TARGET
ISCHEMIA-INDUCED ARRHYTHMIAS

The need to target ischemia-induced arrhythmias has been recognized for many
years, and there have been many attempts to achieve this. In the following list, we
consider various ways for trying to achieve selectivity, so as to increase efficacy and
reduced toxicity. Thus, there are drugs that:

1. Target the high frequency arrhythmias, e.g., tachycardias and fibrillation;

2. Target the ion channels and other cellular systems activated by conditions of ischemia,
and believed to be responsible for arrhythmias; and

3. Target the production or action of the arrhythmogens released by ischemia that cause
arrhythmias.
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6.1. Targeting High-Frequency Arrhythmias: State-Dependent Targeting

Tachyarrhythmias, especially ventricular, are the most common cause of morbidity
and mortality among all arrhythmias. The rapid rates of such arrhythmias provide a
clear drug target because drugs that act only at the rapid rates of tachyarrhythmias
would be selective for these arrhythmias. Frequency-dependence is therefore a poten-
tially useful attribute for any drug designed to prevent ischemia-induced
tachyarrhythmias, regardless of the molecular target the drug is acting upon. The clas-
sic frequency-dependent antiarrhythmics are the class Ib antiarrhythmics, such as
lidocaine and mexiletine. These sodium channel blockers act in a frequency-dependent
manner and have potential antiarrhythmic actions by reducing excitability (automatic-
ity) and conduction velocity (reentry) in normal and ischemic tissue. Frequency-
dependence is important with the current IK, (human ether a go-go-related gene
channel) blockers. Generally, these drugs demonstrate negative frequency-dependence
because their actions become more pronounced at slower heart rates. This results in
proarrhythmic actions, such as torsade de pointes (25). It therefore appears that posi-
tive frequency-dependence is preferred for antiarrhythmics.

One fundamental question is how well does positive frequency-dependent sodium
channel blockade translate into antiarrhythmic actions against ischemia-induced
arrhythmias? The classic answer is with the drug lidocaine. The evidence obtained in
the clinic appears reasonably clear in that lidocaine is now rarely used to treat ventricu-
lar fibrillation, despite a long history of its use for this purpose. Thus, although there is
evidence that lidocaine lowers the incidence of ventricular fibrillation in patients with
an ongoing myocardial infarction, it has limited efficacy and excessive toxicity (car-
diac and otherwise; refs. 26 and 27). A similar situation occurs experimentally with
lidocaine where efficacy is limited against ventricular fibrillation, and toxicity is com-
mon (28,29). This is exemplified by studies with class Ib drugs in which doses that
reduce ischemia-induced ventricular fibrillation cause convulsions in conscious ani-
mals (30,31). Such a situation is not unexpected from basic pharmacological knowl-
edge. Thus, frequency-dependent sodium channel blockers have low molecular weights
and are lipid soluble. Thus, they easily penetrate the central nervous system (CNS),
where high-frequency sodium-dependent action potentials are very common. The block
of sodium channels in the CNS at first blocks inhibitory action potentials, and then all
action potentials, resulting in initial, and apparently paradoxical, convulsions before
coma and death (31).

Because the frequency-dependent blocking action of class Ib drugs depends, at least
in part, on binding to the inactive state of the sodium channel, it is difficult to separate
an action dependent on channel inactivation from that involving blockade of open chan-
nels. Ischemia-induced depolarization would itself potentiate the sodium channel block-
ing actions of class Ib in the ischemic zone, but despite this, class Ib drugs still do not
have highly selective actions against ischemia-induced arrhythmias because CNS and
cardiovascular toxicity is always limiting.

None of the currently available potassium channel blocking drugs has marked posi-
tive frequency-dependent actions. In fact, the converse occurs with iK, blockers (see
Section 6.2.5.).

As a result, we do not know whether positive frequency-dependence for potassium
channel blockade confers selectivity for ischemia-induced arrhythmias.
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6.2. Targeting Ion Channels and Other Cellular Systems Activated
by Conditions of Ischemia and Believed to be Responsible for Arrhythmia

The nature and type of biochemical changes induced by ischemia are well known.
They include changes in intra- and extracellular ion concentrations, disturbances in
lipid metabolism, production of free radicals, cellular volume changes and changes in
the metabolism, as well as the production of many biologically active substances
(14). The question as to which of these are specifically activated by ischemia, partici-
pate in arrhythmogenesis, and therefore provide suitable targets for antiarrhythmic
drugs is considered below. The role of possible arrhythmogens has been thoroughly
discussed before and not one single one of them provides a suitable target. Other
possible molecular targets for antiarrhythmic drugs include the following: (1) [H*]
exchangers; (2) Ca”* channels and calcium handling; and (3) K* channels, especially
those activated by ischemia. These are all considered individually below.

6.2.1. [H*] Exchangers

One process markedly influenced by ischemia is proton regulation. During ischemia
both intracellular ([H*];) and extracellular ([H*],) increase by three mechanisms: (1)
lack of washout of CO, and lactate, (2) Na*-dependent extrusion of protons via the
Na*/H* exchanger; and (3) by the Na*/HCO;~ exchangers. The Na*/H* exchanger
(NHE) plays a minor role in recovery of pH (32,33). However, the influence on [Na*];
on the exchanger should be taken into account because this influences [Ca”*]; (34) and
may explain the improved recovery of contractile function (35) and reduction in
arrhythmias (35-38) that is seen when the exchanger is blocked.

Preclinical experiments have shown some promise with specific blockers of the NHE
(39). Cariporide is the most advanced example of drugs that uses this approach (40—
43). It has antiarrhythmic efficacy in a number of ischemia models (37). However, the
large GUARDIAN clinical trial, involving approx 11,000 patients, showed that
cariporide did not decrease mortality in patients with coronary artery disease. (44).

Eniporide, another specific NHE-1 inhibitor, was found to lack clinical benefit when
tested in the 1389-patient ESCAMI trial (45). Other NHE inhibitors are in various
stages of development (46—48), but the potential utility of these drugs remains to be
proven clinically. One difficulty when testing these drugs is the absence of suitable
surrogate measures, that is, EKG changes, from which to gauge whether the drug is
being given at an effective dose. The general usefulness of this approach to ischemia-
induced arrhythmias appears to be mainly in the treatment of reperfusion arrhythmias
(ref. 36; see ref. 49 for review) and not ischemia-induced arrhythmias. Further evi-
dence is required to clarify a role for proton regulation as a target for ischemic antiar-
rhythmic drugs.

6.2.2. Ca** Channels and Calcium Handling

The intracellular concentration of calcium, [Ca®*];, increases during ischemia (50)
via various possible mechanisms, including T and L-type calcium channel opening,
reduced sarcoplasmic reticulum uptake and displacement of bound calcium (57) and
decreased Na*/Ca* exchanger activity (52,53) secondary to increased [Na*]; (after Na*/
K* ATPase inhibition). Increases in [Ca?*], are considered a trigger for arrhythmias
(54). Increased [Na*]. can result in reversal of the Na*/Ca>* exchanger, resulting in
elevation of [Ca®*];. Under normal circumstances, the Na*/Ca®* exchanger is respon-
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sible for approx 77% of the extrusion of Ca?* from the cell (55,56); thus, any reduction
in the efficiency of this system could drastically influence [Ca**].. The efficiency of the
exchanger is further reduced by acidosis (57) and free radicals (58). Mitochondria act
as a buffer for increased [Ca?*];, by holding massive mounts of Ca?* (59), but they do
not contribute to [Ca?*]; in ischemia.

A strategy to reduce the increase in [Ca?*]; with ischemia would be to target the
Na*/Ca?* exchanger. This molecular strategy has been used to treat heart failure, and
reverse-mode Na*/Ca?* exchanger inhibitors, such as KB-R7943, have been reported
to have antiarrhythmic actions in preclinical ischemia—reperfusion models (60-62).
There are no data available from clinical trials to determine whether Na*/Ca?*
exchanger inhibitors are effective in humans. Although there are changes in systolic
Ca®* transients within 18 min of the onset of ischemia, diastolic Ca** does not change
until after 1 h (63) of ischemia. Changes in [Ca?*]; may not occur rapidly enough to
play a major role in the early arrhythmias because of ischemia (64). However, varia-
tions in the rate of rise in [Ca®*] with ischemia have been reported (65,66). Manipula-
tion of sarcoplasmic calcium by ryanodine has been shown to be antiarrhythmic (67),
but overall a role for calcium as a mandatory ischemic arrhythmogen is not clear.

Although a role for [Ca?*]; as an arrhythmogen in myocardial ischemia is unclear, a
number of reports have detailed the antiarrhythmic properties of calcium channel
antagonists in ischemia (68-71), albeit only at doses that depress cardiovascular func-
tion. A suggestion was made many years ago (68) that selective calcium channel block-
ade in the ischemic zone would confer selectivity for ischemic arrhythmias, but this
idea has still to be fully tested.

6.2.3. K* Channels, Particularly Those Activated by Ischemia

During ischemia there must be a greatly increased permeability for K* to account for
the rapid increase in extracellular potassium in ischemic tissue that occurs within min-
utes of the onset of ischemia. Several of the known K* channels, including K¢y, Katp,
Ka and Ky, appear to increase their K* conductance in response to the metabolic
changes induced by ischemia. The K,p channel is the most likely candidate for a
channel specifically activated by ischemia. K pp channels occur in many tissues, in
various isoforms, but all are regulated in a similar fashion. The channels are closed
when there are adequate intracellular concentrations of ATP (free ATP or Mg?* bound;
ref. 72). Channel states also depend on levels of nucleotide diphosphates and are regu-
lated by blockers, such as sulphonylureas (e.g., glibenclamide) and K* channel openers
(e.g., pinacidil). Glibenclamide blocks the K, p channel in the heart and thereby is
expected to cause an increase in action potential duration and decreased K* loss in
ischemia whereas drugs, such as pinacidil, would have the opposite action.

It appears that the K, rp channel is a good candidate for being a major contributor to
the observed increase in K* conductance during ischemia. Although some of the evi-
dence is equivocal (73), there is evidence that K,tp channels contribute, in part, to
action potential duration shortening under appropriate circumstances. Agents, such as
cyanide and dinitrophenol (74,75), which mimic ischemia, cause K,tp channel open-
ing. There is a correlation between channel activation and shortening of the action
potential. In addition intracellular application of ATP can reverse shortening. If activa-
tion of K, rp channels causes a reduction in refractory period, then this makes the myo-
cardium more vulnerable to arrhythmias (76). With respect to direct evidence using
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K 1p channel blockers, some studies have shown them to be antiarrhythmic in ischemia
(77-79), whereas other studies show only limited efficacy (79) or no antiarrhythmic
activity (80,81).

There are two aspects to consider when studying Ktp channels in the heart. One
aspect is the activity of K rp channels in cardiomyocytes in normal and ischemic
conditions. The other aspect is K tp channels in the coronary vasculature which,
when activated, mediate vasodilation. This latter effect is blocked by glibenclamide
(82). Additionally, glibenclamide reverses the outward current induced by hypoxia
as well as the DNP-induced shortening of the action potential (83,84). K,tp channels
are also found in both the sarcolemmal and mitochondrial membranes (85), and the
latter may protect against ischemia-induced arrhythmias during hypoxia adaptation
at high altitudes (86).

Evidence against a role for K,rp channels in ischemia is that the channel is highly
sensitive to block by ATP and [ATP]; levels do not drop sufficiently during early
ischemia to open K,p channels (87). This fact, however, does not negate a role for the
K1p channel in increasing [K*], since ischemia does decrease [ADP]; (88). However,
lactate (89), acidosis (90), oxygen-free radicals (91) extracellular adenosine (92),
decreased taurine (93) and stretch (caused by cell swelling; ref. 94) all change the
sensitivity of the channel to [ATP];. Further, subsarcolemmal ATP concentrations may
be different from total ATP concentrations, that is, compartmentalization of ATP may
be important. Such findings confound the problem of determining the exact role of
Katp channels in genesis of ischemic arrhythmias.

Where modulation of the K p channel with drugs results in antiarrhythmic activity
the mechanism is not always clear. Both openers (95) and blockers (79,96) have been
shown to produce antiarrhythmic actions. However, in the latter case, action potential
duration increases were not seen with glibenclamide, making it unlikely that the antiar-
rhythmic effect is caused by a class III action. One possible mechanism for
glibenclamide’s actions is a reduction in electrophysiological dispersion between acti-
vation and recovery in the ischemic zone (96), possibly by decreasing the rate of in-
crease of [K*], and therefore decreasing heterogeneity. In conclusion, the overall
evidence is not strong that K,p channels are the best targets for potent and selective
antiarrhythmic actions in ischemia.

6.2.4. Targeting Arrhythmogens Produced During Ischemia

During acute ischemia, there is an almost immediate increase in [K*],, accompa-
nied by increased [H*];, [H*],, [Na*];, [Ca’*];, and depletion of intracellular [Mg?*],
plus the accumulation of a host of metabolic breakdown products. The complexity of
the interactions between these factors makes it impossible to say with certainty that
any combination of factors, or any individual factor, is more or less important in
ischemic arrhythmogenesis. The possible nonelemental chemical mediators of
arrhythmogenesis include catecholamines, histamine, 5-HT, amphiphiles (e.g.,
lysophatidylcholine), prostaglandins, thromboxanes, leukotrienes, angiotensin,
endothelin, opioids, protons, and free radicals. Inhibition of the release and/or action
of such agents is a potential target for ischemia-selective antiarrhythmic drugs.
As indicated previously, Curtis et al. (/5) have provided a comprehensive review of
the arrhythmogenic potential of these chemical mediators produced during ischemia.
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The particular role of potassium and catecholamines is discussed below in relation to
providing a possible basis for developing ischemia-selectivity antiarrhythmic drugs.

6.2.4.1. PoTassium

A number of factors could contribute to the increased [K*], in addition to activation
of K* channels described above (see ref. 14 for review), but regardless of this, what is
the role [K*], in ischemic arrhythmogenesis and what is its possible use in developing
ischemia-selective drugs? The evidence that exists for a role of increased [K*], includes
the correlation between the time course of changes in [K*], and the early phase of
ischemic arrhythmias. When [K*], is elevated in a region of the nonischemic heart, it
produces ischemia-like electrophysiological changes and arrhythmias (97-100).

Extracellular potassium can have pro- or antiarrhythmic actions, depending on con-
centration. In the absence or presence of ischemic myocardium, both hypo- and hyper-
kalemia can induce arrhythmias. Within the physiological range of [K*],, arrhythmias
are five times more likely to occur at lower than at higher [K*], (/01). Overall in iso-
lated hearts [K*], displays a U-shaped curve for its effect on the incidence of
arrhythmias (98). The incidence of arrhythmias decreases with increasing [K*], then
starts to increase again beyond a certain [K*],. This situation readily gives rise to con-
fusion in analyzing results obtained in intact animals subject to myocardial ischemia.
In intact animals there are two separate questions; one is, what is the arrhythmic effect
of raised [K*], in the ischemic tissue; the second is, what are the effects of raised
plasma [K*], in the rest of the heart on ischemic arrhythmias? Because the elevated K*
cannot be readily lowered in the ischemic zone and because it is difficult to modulate
plasma [K*], to an optimal antiarrhythmic level, changing [K*], to prevent arrhythmias
would be difficult in acute myocardial ischemia. However, it is possible that the mod-
erate elevations in serum K* associated with beta blocker or angiotensin-converting
enzyme inhibitors therapy might, in part, be responsible, for the limited but very real
effect such drugs have on mortality in post myocardial infarction patients.

6.2.4.2. CATECHOLAMINES AND CAMP

Beta blockers are well known antiarrhythmics, albeit of limited efficacy. They
undoubtedly reduce, but do not abolish, mortality after a myocardial infarct. Indeed,
most of the literature supports a role for catecholamines in the genesis of ischemic
arrhythmias (e.g., refs. 102,103). However, although catecholamines are released in
ischemic tissue (104,105), it is not certain that this release is causally related to ischemic
arrhythmias. In studies reporting positive correlations between catecholamine concen-
trations in ischemia and arrhythmias, other pharmacological effects of these drugs
(metabolic effects on glycogen metabolism, induction of bradycardia, alterations of
serum potassium) could explain their antiarrhythmic actions. Beta blockers are inef-
fective against acute ischemia-induced arrhythmias in conscious rats (106, 107). Other
studies support the idea that catecholamines may be indirectly arrhythmic in this situa-
tion via a secondary action on serum potassium (/08—111). On the other hand, some
reports even suggest a cardioprotective role for catecholamines during ischemia (/12).

The evidence for cyclic AMP (cAMP), the second messenger for the functional
response to [ receptor activation, having a role (//3) in arrhythmogenesis in acute
ischemia is not overwhelming. Although cAMP has been shown to produce arrhythmias
in some studies (/13,114), this appears to be dependent on [K*], with elevated [K*],
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antagonizing the effect (/75). In addition to this, although some studies have shown a
correlation in the time—course of increases in cAMP and the severity of ischemia (/16),
others have not (1/17). As a result of such studies, it is difficult to conclude that cAMP
is a major arrhythmogen in the setting of ischemia.

6.2.5. Targeting Ion Channels in Ischemia

Determination of how the ion channels of normal cardiac electrogenesis are involved
in ischemic arrhythmogenesis is potentially confused because most of the evidence
comes from the use of ion channel-blocking drugs. Obviously, the behavior of normal
channels is altered by ischemia. Thus, on its own, the raised extracellular potassium as
the result of ischemia will lower resting membrane potential and thereby inactivate
sodium channels, resulting in slower conduction and reduced excitability. Similarly,
raised potassium will activate some potassium channels, hastening repolarization and
adding to [K*], in ischemic tissue. In addition to sodium and potassium channels, the
channels for Ca>* and CI are also influenced by ischemia. However, unless we can
clearly differentiate whether ion channel-blocking drugs exert their antiarrhythmic
actions on ischemic and/or normal tissue, such drugs may tell us little about the impor-
tance of any one channel in ischemia. This is of importance because drugs that are
antiarrhythmic by virtue of acting on normal cells, are proarrhythmic.

Current and previous approaches to treating ischemic arrhythmias have been to tar-
get ion channels. The Vaughan—Williams scheme presents a popular way of categoriz-
ing antiarrhythmic drugs based on the primary ion channel or receptor blocking actions
(16): class I for sodium channel blockers, class II for 3 adrenoceptor blockers, class I11
for potassium channel blockers, and class I'V for calcium channel blockers. This classi-
fication will be used in the following discussion.

Class I drugs have been used for many years as general atrial and ventricular
antiarrhythmics, and although many are useful, under certain conditions they are not
safe (31,118,119). The CAST study highlighted the potential dangers of some mem-
bers of this class, particularly class I (4), with the patients at most risk of drug-related
sudden death being those with recurrent myocardial ischemia (/20). It is possible that
these drugs, such as flecainide, by slowing conduction in ischemic, infarcted or normal
myocardium increase the likelihood of reentry (121). Alternatively, they may increase
the heterogeneity of action potentials (e.g., between pericardial and endocardial cells),
resulting in re-entry (122,123).

Ischemia decreases the amplitude and rate of rise of the action potential and
decreases excitability, most probably as a result of the elevated [K*], and consequent
inactivation of a greater proportion of Na* channels. Despite this inactivation, there
may be a transient increase in excitability as the membrane potential (E,) approaches
the threshold potential, resulting in less current being required to reach threshold (124).
In infarcted tissue, there is a shift of steady-state Na* channel availability to negative
potentials that reduces Na* channel availability in the action potential (/25). Addition-
ally, there is prolongation of postdepolarization refractoriness (/26). Increasing, [K*],,,
besides reducing conduction velocity, also shortens action potential duration. The effect
on duration is probably due to an increase in potassium conductance (/27,128), rather
than a decrease in Na* conductance. It is against this setting that the actions of antiar-
rhythmic drugs in ischemia are discussed.

Although class I drugs can suppress some types of arrhythmias (/29-131), their
efficacy against sudden cardiac death is poor (/32,133). This may imply that perhaps
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one of the contributing types of ventricular fibrillation (ischemic phase 1 and 2
arrhythmias, or reperfusion) in sudden cardiac death is not influenced by these drugs.
Even in the isolated hearts, lidocaine, quinidine, and flecainide at peak unbound thera-
peutic plasma levels failed to suppress ischemia-induced arrhythmias (27).

The previous discussion provides a limited view of the available evidence regarding
the efficacy of class I antiarrhythmics against ischemia-induced arrhythmias. If all the
experimental evidence is taken in concert, a picture remains of drugs with limited
selectivity for ischemic arrhythmias and poor therapeutic ratios for antiarrhythmic
actions versus toxicity. Clinically the picture is even more depressing in that the more
the issue is investigated the more it becomes apparent that all class I drugs cause as
many, or more, deaths than they save.

Class II antiarrhythmics (sympatholytics, especially beta blockers) have been pre-
viously discussed. As mentioned some of the effects against ischemic arrhythmias
may not be due to direct blockade of myocardial B adrenoceptors (111, 134). The
limited antiarrhythmic effects of beta blockers in acutely prepared anesthetized rats
subject to regional myocardial ischemia relates to their actions on serum [K*]
(100,109,110). Beta blockers do not protect against ischemia-induced arrhythmias in
conscious rats, where there have no effect on serum [K*] (106,110). The rise in serum
[K*] with beta blockade in anesthetized rats is secondary to acute surgery, increased
sympathetic activity, and barbiturate anesthesia. In keeping with this view, blockade
of sympathetic activity with tetrodotoxin does not influence ischemic arrhythmias in
vitro or in vivo (135,136) whereas transplanted hearts (which lack nerves) showed no
difference in ischemic arrhythmia incidence compared with normally innervated hearts
(111). Although beta-blockers, like other antiarrhythmics, can cause arrhythmias (in
the sinoatrial and atrioventricular nodes), the benefit of their prophylactic use after a
myocardial infarction is limited, but greater than most other drugs (137,138).

Class III drugs are exemplified by IK, blockers. The human ether a go-go-related
gene o subunit appears to be responsible for the IK, current (/39), and there are a
number of drugs that are potent and selective blockers of IK, (e.g., E4031, dofetilide).
Unfortunately, most of these drugs exhibit negative frequency-dependence and pro-
duce their greatest effect in increasing action potential duration at slower heart rates
(140). Bradycardia with action potential (Q-T) widening is the most common cause of
torsade de pointes. The interaction of increased [K*], and drugs may be a critical deter-
minant in producing torsade (/41). It has been suggested that IKg inactivation is
incomplete at rapid heart rates and therefore there is accumulation of this current (/42)
and IK, becomes more important to repolarization during bradycardia. Therefore,
although IK, blockers may be effective against ventricular arrhythmias, they may also
be proarrhythmic under ischemic conditions.

The IK, current plays a role in maintaining resting membrane potential and in final
repolarization (/43). There have been reports that selective IK; blockers are
antifibrillatory (/44). However, a role for such drugs in the prevention and/or abolition of
life-threatening arrhythmias is uncertain. It is a strongly inward rectifying current and
this current should become more pronounced in the presence of increased [MgZ*];,
[Na*],,and [Ca®*],. Additionally, IK, is decreased in the presence of other ischemic prod-
ucts, such as lysophosphatidylcholine, oxygen-free radicals, and intracellular acidosis.

The class IV antiarrhythmics, or cardiac calcium channel blockers, such as verapamil
and diltiazem, have some efficacy in the treatment of supraventricular tachycardias
(see ref. 64 for review) by virtue of the fact that the nodal tissues have calcium-depen-
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dent action potentials. Experimental studies show class IV drugs have efficacy against
ischemia-induced arrhythmias in various species (63,145). The antiarrhythmic activity
of enantiomers of verapamil was potentiated by a [K*], similar to that in ischemia
(146). This may be because of greater antagonism of the calcium channel by verapamil
under depolarizing conditions. However, as with other ion channel blockers, calcium
channel blockers have proarrhythmic effects (sinus and atrioventricular nodes) whereas
their efficacy against ischemic arrhythmias is limited (138,147,148). Toxic actions
include depressant effects on contractility that is not confined to the ischemic zone and
profound hypotension when given at antiarrhythmic doses. Most standard clinical phar-
macology texts list the arrhythmias for which the presently available antiarrhythmic
drugs are recommended (/49) and their contraindications. Ventricular arrhythmias in
ischemia are not found as an indication.

A number of drug companies, because of the disappointment with selective ion chan-
nel blockers (e.g., CAST, SWORD) and recent evidence favoring the efficacy of drugs.
such as amiodarone (150,151), have begun to develop mixed ion channel blockers based
upon amiodarone (152—154). There are a number of other mixed ion channel blockers
that are not similar to amiodarone in development or in clinical trials (/55-160). Over-
all, it appears that drugs that target ion channels in normal myocardium and show lim-
ited or no selectivity for ischemic myocardium have limited utility against
ischemia-induced arrhythmias (26).

6.3. Ischemia-Selective Targeting
for Early Ischemia-Induced Arrhythmias

As discussed, the history of drugs targeted for ion channels in normal cardiac tissue
is replete with failures. In consequence, it has been recognized that antiarrhythmic
drugs need to be targeted to the pathology causing the arrhythmia but most attempts to
achieve this, by assuming involvement of ischemia-dependent arrhythmogens or spe-
cific ischemia-dependent channels, have been unrewarding. Such a situation has led to
different strategies.

One of the oldest strategies is to take advantage of the special characteristics of
arrhythmias. Thus, as discussed, there are frequency-dependent drugs but these have
limited efficacy against ischemia-induced arrhythmias (27). Similarly, there are
drugs with selectivity for particular types of cardiac tissue, such as adenosine for
atrioventricular tissue, or the new Kv1.5 (IK,,) blockers, which appear to be atrial
selective (13) and as a result may not cause torsade. However, with chronic atrial
fibrillation Kv1.5 channels are downregulated (/59) and this may reduce the action
of Kv1.5 blockers.

What strategies can be adopted for ventricular arrhythmias? Any strategy for
inventing drugs that are selective for ischemia-induced arrhythmias should be founded
on acceptable scientific premises. The first is that such a drug should have direct
actions on the electrophysiological disorders in the ischemic tissue. These disorders
should either be restored to normal or abolished. The strategy of restoration of the
disordered electrophysiology to normal appears at first sight to be rational but ignores
the fact that ischemic tissue invariably becomes quiet before it dies unless reperfusion
occurs. However, such an approach could serve to keep the heart attack victim alive
until reperfusion can be performed.
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The latter strategy, that is, making the ischemic zone quiescent, appears
counterintuitive until one reflects on the fact the most lethal phase for ischemic
arrhythmias occurs when the ischemic tissue is still electrically active and that
arrhythmias subside as the tissue becomes electrically quiescent before dying. If this
is the case, why not hasten the process of quiescence thereby reducing the chance of
arrhythmias? There are, however, potential problems with this approach because
there is evidence that sodium channel blockers acting upon ischemic tissue can ini-
tiate reentry arrhythmias (/60). Indeed, this may be one of the mechanisms respon-
sible for increased mortality seen in the CAST study with class I drugs. However,
such potential problems might be lessened if potassium channel blockade is com-
bined with sodium channel blockade so that refractoriness is prolonged at the same
time that excitability and conduction is being reduced.

It has repeatedly been shown that selective sodium and potassium channel blockers
have limited antiarrhythmic efficacy (/67), and all have proarrhythmic activity.
Mixed channel blockers may not be that much better although the classic multichan-
nel blocker, amiodarone, remains one of the few antiarrhythmic drugs that unequivo-
cally save lives (1/50). The trouble with the current blockers is that their effects are
not selective for ischemic tissue.

How can the actions of an antiarrhythmic be made selective for ischemic tissue, or
for ischemia-induced arrhythmias? One possible approach is to take advantage of
frequency-dependence, as has been discussed previously; the other is to take advan-
tage of local conditions existing in ischemic tissue (/4). An antiarrhythmic drug acti-
vated by the conditions found in ischemia would have an ischemia-selective
mechanism of action. Thus, a sodium and potassium blocker acting selectively in
ischemic tissue would, by a combination of increased refractoriness, reduced conduc-
tion and suppression of excitability, be expected to render the ischemic tissue quiet
and less capable of participating in ischemic arrhythmogenesis. However, ischemic
tissue is still partially polarized, and therefore a source of injury current and there are
hypotheses that injury currents act as arrhythmia generators (12, /4). Without arguing
all of the pros and cons of such a hypothesis, it may be of note that ischemic
arrhythmias are rare during the time when ischemic tissue is electrically quiet but still
partially polarized (162,163).

If the above rationale is accepted, the question becomes how can the conditions of
ischemia be used to achieve a drug that will act selectively in ischemic tissue? There
are many examples in pharmacology of drug selectivity being achieved by using tis-
sue selective enzymes to release a drug from its prodrug. However, currently we know
of no enzymes that are activated by ischemia that can be used to release an active drug
from its prodrug. Another classic approach to site-specific activation of a prodrug is
omeprazole that is activated by the acid conditions found in the stomach (164,165).

Many antiarrhythmic drugs are tertiary amines, active in their charged form, mak-
ing it possible that the acid conditions found in ischemic tissue could be used to
ensure higher concentrations of the active species in ischemic tissue (/66). In an
analogous manner the elevated extracellular potassium ion concentration in ischemic
tissue might be used because raised potassium activates some potassium channels,
making them more vulnerable to potassium channel blocking drugs. The depolariza-
tion caused by elevated K* would potentiate sodium channel drugs that bind to the
inactivated form of the channel (see discussion in Section 6.2.4.1. on increased [K*],).
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Thus, if one could create a drug whose potency for both sodium and potassium block-
ade increased with raised potassium and hydrogen ion concentrations one could expect
such drugs to have some selectivity for ischemic arrhythmias.

7. A STRATEGY FOR DEVELOPING
ISCHEMIA-SELECTIVE COMPOUNDS

The following describes efforts to produce a drug that meets the above criteria. It
describes a classic structure-activity attempt to produce compounds activated by the
conditions of lowered pH and elevated [K*] found in ischemic tissue (167).

7.1. Chemical Approach
7.1.1. Using Lowered pH

As a result of the above considerations, we embarked on a program to create an
ischemia-selective antiarrhythmic drug. The first requirement was a suitable lead com-
pound that met certain criteria, including sodium-blocking actions, which could be
potentiated by the acidic conditions of ischemia. Exploratory work with tetrodotoxin
(168), sparteine analogs (169), and arylbenzacetamides (/70-173) suggested that the
latter would provide the most suitable lead compound. As a result of variations on a
lead compound, RSD 921, we were able to produce compounds whose potency was
increased in acid (pH 6.4) conditions (29,30, 174). Patch clamp analysis suggested, but
did not prove, an extracellular site of action and a positive frequency (and inactivation)
dependence (174,175). When tested against ischemia-induced arrhythmias in anesthe-
tized rats, such compounds protected against arrhythmias. However, further study
showed the compounds also blocked potassium channels (30).

The basis of this work was to produce compounds whose potential charge on its
active nitrogen (its pKa) could be brought close to 6.4, the pH found in ischemic tissue
during the period of arrhythmias. In outline, this was achieved in the following man-
ner. After identifying that the pyrrole nitrogen was essential for activity, the pKa of this
nitrogen was adjusted by substitution on, or next to, the ring. The nonring nitrogen
played no part in conferring antiarrhythmic activity and could be replaced by ester or
ether oxygen. In an examination of the effect of such changes it was clear that the
compounds which were most efficacious (100% antiarrhythmic protection) against
ischemia-induced arrhythmias, and were selective for ischemic vs electrically induced
arrhythmias in rats, were those compounds in which the pKa of the nitrogen within the
ring was about 6.4 (30).

7.1.2. Using Elevated K

We have examined the effects of elevated [K*], on arrhythmias and found that
raising [K*], is antiarrhythmic (109,110) up to a certain level (98,99). Indeed, evi-
dence we presented earlier implicates a role for raised potassium levels in the antiar-
rhythmic activity of beta blockers (/00,110). We have found that under conditions
of increased [K*], that our compounds exhibit increased efficacy against ischemia-
induced arrhythmias (29,30,173). Under conditions of high [K*], and low pH (simu-
lated ischemic conditions) we found that RSD 1000 was >10 times more potent than
reference class I antiarrhythmics (/74). Other morpholinocyclohexyl derivatives,
such as RSD 1019 and RSD 1030, also exhibit a similar increased efficacy under
conditions of high [K*], and low pH (29,30).
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7.2. Effects of Biological Screening

The pharmacological effects of compounds produced were assessed in various ways
so as to give a profile of activity possibly relevant to effectiveness against ischemia-
induced arrhythmias (30). In view of the multitude of channels and processes that may
be involved in arrhythmogenesis and the differences in expression in various species
(see refs. 13,14 for reviews on cardiac ion channels and ischemia), we felt it appropri-
ate to explore the usefulness of various preparations in predicting not only antiarrhyth-
mic efficacy but also morbidity and mortality of potential antiarrhythmic compounds
(176—178). We have established ischemia models in the rat (/35) and methods for
assessing them (179).

7.3. Effectiveness Against Ischemia-Induced and Other Arrhythmias

All compounds with the required profile of activity in the above electrophysiologi-
cal tests were studied with respect to their activity against ischemia-induced
arrhythmias. In addition the same compounds were also investigated against electri-
cally induced arrhythmias. The purpose of such studies was to discover whether the
compounds had a selective action against the ischemia-induced arrhythmias in that
doses required to reduce ischemia-induced arrhythmias were significantly lower than
those required to reduce electrically-reduced arrhythmias. The tests also showed
whether the compounds had adverse effects on the cardiovascular system. The results
of these studies (see ref. 167 for a full review) was the development of compounds that
are reasonably potent, effective, and selective against ischemia-induced arrhythmias in
rats and pigs while having a satisfactory therapeutic ratio (compared with other
antiarrhythmics) in terms of having cardiovascular and CNS toxicity.

8. CONCLUSIONS

Consideration of the literature and our own findings suggest the following:

1. Antiarrhythmics have to be specifically targeted for particular arrhythmias using the
pathology of that arrhythmia and that the fatal ventricular tachyarrhythmias occurring in
the early phase after the onset of regional myocardial ischemia are a suitable target for
specifically targeted antiarrhythmics.

2. No specific ion channel, normally present or activated by ischemia, is of such importance
in ischemia-dependent ventricular arrhythmias that it offers a suitable drug target. Simi-
larly, no one arrhythmogen is sufficiently important in ischemic arrhythmogenesis to war-
rant using its production or actions as targets.

3. Abolition of electrical activity in ischemic tissue is an antiarrhythmic mechanism. This can
be achieved with mixed (sodium and potassium) blockers selective for ischemic conditions.

4. Conditions found in ischemic tissue, namely acid pH and elevated [K*], can be used to
potentiate the actions of some ion channel-blocking drugs conferring a selective action in
ischemic tissue. This had led to the discovery of new antiarrhythmic drugs that show
selectivity for ischemia-induced arrhythmias.

Finally, there is still an active need for new and better antiarrhythmic drugs. One
way of moving forward is to try and use the pathology underlying the arrhythmias as a
way of targeting drugs to particular types of arrhythmia arising from a particular cause
so as to achieve the required selectivity and freedom from toxicity. The single major
cause of mortality remains ventricular fibrillation in the setting of myocardial ischemia
and infarction. Surely, we can do something to reduce this mortality with drugs.
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1. INTRODUCTION

Sudden cardiac death is a euphemism for ventricular fibrillation (VF) in the majority
of cases of ischemic heart disease. It occurs most commonly during acute (<1 h dura-
tion) ischemia. There is a hierarchy of mechanisms that includes electrophysiological
dysfunction and the accumulation or depletion of local cardiac biochemicals (media-
tors). Unfortunately, there are many biochemicals that accumulate or are depleted dur-
ing ischemia and infarction, so it is not yet clear which are the true mediators.
Candidates include potassium, catecholamines, histamine, serotonin, lysophos-
phatidylcholine, palmitylcarnitine, platelet activating factor, prostaglandins,
leukotrienes, thromboxane A,, angiotensin-II, endothelin, opioids, protons, and throm-
bin. Mediators may elicit arrhythmias by acting in series (one biochemical or the effects
of its depletion determining the arrhythmogenicity of another) or in parallel
(biochemicals or their depletion operating independently to cause ventricular
arrhythmias). It remains to be determined whether a series or parallel model best
decribes arrhythmogenesis during acute ischemia. A better understanding of the rela-
tive importance of individual mediators, and the manner in which their effects interact
would greatly assist drug development for prevention of VF.
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2. MECHANISMS OF ARRHYTHMOGENESIS

VF and other ventricular arrhythmias are patterns of cardiac electrical propagation.
They are defined by their electrocardiogram (EKG) appearance.

VF can be induced to occur in a healthy heart by timing an external electrical
stimulus to coincide with the terminal phase of repolarization (/). This means that
VF initiation does not require an intrinsic cardiac structural or functional deficit.
Nevertheless, it is clear from animal research that pathology greatly increases the
probability of the occurrence of VF, which is close to zero in an unmolested healthy
heart. For example, in a range of animal models, regional ischemia increases the
likelihood of VF from zero to close to 100% (2).

Thus, there are links between pathology and the occurrence of VF. The process of
the linkage constitutes the global mechanism. Characterizing the components of the
links and defining the nature of their connections has, however, proven problematic.
In any setting (this includes adverse drug responses and genetic cardiac dysfunction,
as well as ischemic heart disease), VF has three types of mechanisms (Table 1). VF
always has a syncytial and an electrophysiological mechanism. The third type
of mechanism (the initiating event) may be mechanical, biochemical, or genetic (or
a combination).

In humans, VF is strongly associated with coronary artery disease, that is, ischemia
and infarction (3). There is no primary genetic defect in the myocardium itself
(because the primary lesion is coronary) and because a mechanical mechanism is not
regarded of major relevance, it has been argued that it is the biochemical changes
that occur in the local milieu that represent the primary (necessary) trigger mecha-
nism for VF in ischemic heart disease (4).

This is the focus of the present chapter.

3. THE NOTION OF BIOCHEMICAL MEDIATORS
OF ARRHYTHMIAS

One may define a biochemical that, by its actions or the effects of its depletion,
evokes a pathological event (such as an arrhythmia) as a mediator. Harris et al. (5)
proposed that biochemicals may act as so-called excitants (i.e., mediators) in ischemic
heart disease and showed that one of the substances that accumulates in the ischemic
milieu, lactate, could elicit ventricular arrhythmias when infused through a coronary
artery subserving the infarcting myocardium (6). (Surprisingly, there has been
no further work on the arrhythmogenic properties of lactate, so it is not discussed
further here.)

In ischemic heart disease, the great challenge is to establish the identity and relative
importance of each possible mediator of VF because different biochemicals accumu-
late or are depleted at different times after the onset of ischemia (7), because the inter-
actions between them may be complex, and because there is a great need to identify
new targets for drugs (8).

No drug that has a specific and selective action on a single putative mediator of
VF has yet been shown to reduce the chance of death from VF in ischemic heart
disease (8). This is intriguing because it may imply that more than one mediator is
necessary or sufficient and that the effects of each must be blocked to achieve ben-
efit. However, it may simply imply that the key biochemical has yet to be identified.
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Table 1
The Hierarchy of Arrhythmogenic Mechanisms
Mechanism Definition Examples
1. Syncitial Characteristics of electrical Reentry, reflection, flow
initiation and propagation of injury current between
of the arrhythmia (/92) adjacent regions of
the heart, abnormal
automatically
2. Electrophysiological ~Changes in ion channels and Delayed after-
movement of ions that evoke depolarizations, altered
the syncytial mechanisms (/93) activation or inactivation

of ion channels,
abnormal depolarization
or repolarization

3a. Mechanical Changes in cell shape that evoke Cell swelling in ischemia,
some electrophysiological cell stretching in heart
mechanisms (194) failure, hypertrophy
3b. Biochemical Changes in the intracellular or Accumulation or depletion
extracellular milieu that evoke of ions and metabolic
some electrophysiological substrates and products
mechanisms (45) that occurs in ischemia,
infarction and
reperfusion;
arrhythmogenic drugs
3c. Genetic Abnormal expression of ion Long QT syndromes,
channels, pumps, receptors or pheochromocytoma

neurotransmittors that evoke
some electrophysiological
mechanisms

4. HOW CAN ONE TELL IF A BIOCHEMICAL IS A MEDIATOR
OF ARRHYTHMOGENESIS?

A set of criteria for establishing whether a biochemical is a necessary mediator of
arrhythmogenesis was proposed in 1993 by Curtis et al. (4). A simplified and updated
version of this is shown in Table 2. It is tempting to overelaborate when addressing
this issue. Indeed, even the simplified criteria in Table 2 may be reduced further to:
1) is the substance of interest changed by the disease? and 2) does the change cause
the arrhythmia?

Owing to the haphazard nature of scientific progress, the reason why individual
substances have been proposed as mediators, and the volume and quality of the evi-
dence in favor or against, varies from substance to substance. Some substances have
particular relevance to ischemia owing to their proven accumulation in acutely ischemic
tissue, whereas other substances are more relevant to infarction (when the process of
necrosis is underway). Reperfusion is an additional complication but has been largely



206 Clements-Jewery and Curtis

Table 2
Criteria for Establishing the Role of a Putative Biochemical Mediator
of Arrhythmogenesis

1. Identification of elevated or depleted amounts of the biochemical in the local tissue milieu

2. Identification of proarrhythmic effects of pathophysiologically relevant elevations or
depletions of the biochemical (achieved by infusing the biochemical itself, or by stimulat-
ing or blocking its synthesis, storage, release or removal from the milieu) in the absence
of ischemia or infarction, either:

(i) Alone (indicating that the biochemical or its depletion is sufficient for
arrhythmogenesis, but may not be necessary if other biochemicals show similar
effects)

(i) Or with other putative mediators (indicating that the biochemical or its depletion
may be necessary but is not sufficient alone to account for arrhythmogenesis)

3. Identification of antiarrhythmic effects of drugs that selectively and specifically block
pathophysiologically relevant elevations or depletions of the biochemical in the presence
of ischemia or infarction, either;

(i) Alone (indicating that the biochemical or its depletion is sufficient for
arrhythmogenesis, but may not be necessary if other biochemicals show similar
effects)

(i) Or with other putative mediators (indicating that the biochemical or its depletion
may be necessary, but is not sufficient alone to account for arrhythmogenesis)

disregarded in this article because its clinical relevance to sudden cardiac death is likely
to be minimal (9).

5. EXAMPLES OF PUTATIVE MEDIATORS
OF ARRHYTHMOGENESIS IN ISCHEMIA AND INFARCTION

5.1. K*

There is strong evidence that K* is a mediator of arrhythmias during acute ischemia
and that most of the criteria in Table 2 have been satisfied (9,10). K* is released from
ischemic myocardium (//) and accumulates in the extracellular space (12). Indeed, the
biphasic time—course of accumulation of extracellular K* ([K*],) coincides with the
biphasic appearance of early (so-called phase 1) ischemia-induced arrhythmias (13).
Infusion of potassium salts into coronary vessels can evoke ventricular arrhythmias in
anesthetized dogs (6) and in nonischemic isolated rabbit hearts (14).

Additional circumstantial evidence supports the role of K* as a mediator. For
example, local elevation of [K*], alters conduction, in addition to action potential
and EKG configuration in a manner similar (although not identical) to that pro-
duced by ischemia (9,15). These changes can be expected to increase the likeli-
hood of arrhythmias (10,16—18). To prove the role of K* as a mediator, it would be
necessary to show that selective inhibition of extracellular K* accumulation during
ischemia can inhibit arrhythmia development. Unfortunately, there are no drugs
with the ability to totally block extracellular K* accumulation. Further work on the
importance of K* (to determine whether it is a necessary as well as sufficient
mediator) is clearly warranted.
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5.2. Catecholamines

Since the synthesis of the first §; adrenoceptor antagonist by Black et al. (19), the
role of catecholamines as mediators of not only VF but also other adverse events in the
cardiovascular system has received a considerable amount of attention (20,21).

B, Adrenoceptor antagonists reduce mortality in patients with ischemic heart dis-
ease (8). On the basis of this, it is seductive to suppose not only that these agents are
thus effective in suppressing ischemia-induced VF but also that catecholamines medi-
ate VF in ischemic heart disease. However, this notion is not supported unequivocally
by the facts (21-29).

Although norepinephrine accumulates in ischemic tissue (30), the time—course of
accumulation and the absolute levels have not been shown to correlate well with the
severity of arrhythmias (20,29). Catecholamines have not been dismissed as mediators
because of this, however, because many studies have been hampered by the difficulty
in estimating catecholamine content of ischemic tissue by the technique used—analy-
sis of samples of coronary effluent (which is derived primarily from nonischemic tis-
sue). To rectify this, Lameris et al. (37) recently measured catecholamines in interstitial
fluid; they found a large accumulation of norepinephrine and epinephrine within the
ischemic region. However, there was no correlation between this and the occurrence of
VF or other arrhythmias.

In a different approach, catecholamine replenishment to (denervated) isolated rat hearts
failed to evoke VF during infarct evolution, which shows that the effects of sympathetic drive
(i.e., the action of catecholamines) are not sufficient to cause infarction-related VF (32).

Part of the reason for the widely held belief that catecholamines cause VF in ischemic
heart disease is that there are numerous suggestive drug studies from animal experi-
ments. However, the data can easily be misinterpreted. Many of the drugs that have
been used as tools lack selectivity at the concentrations used. For example, antiarrhyth-
mic effects have been demonstrated with antiadrenergic drugs that also possess at the
concentrations used, class I effects on excitability, metabolic effects on glycogen me-
tabolism, or excessive bradycardic actions, whereas more selective antiadrenergic drugs
often lack antiarrhythmic activity (27,33).

Although the B, and o receptors have been the most commonly investigated mo-
lecular targets for mediating the arrhythmogenic effects of catecholamines (4), some of
the more intriguing recent data has come from studies on the role of B, receptors. In a
model of regional ischemia in anesthetized dogs with a healed myocardial infarction
(34), B, antagonists protected against VF in susceptible animals, and in vitro evidence
suggested that these animals had enhanced sensitivity to 3,-adrenergic stimulation (35).
The role of B, agonism is complicated, however, by the fact that anesthetized animals
subjected to a moderate level of experimental surgery have a blood K* homeostasis
that is highly B, receptor dependent. 3, antagonism elevates blood K* in such animals,
and this may be sufficient to account for the protection seen (20,36).

Thus, the evidence for a role of catecholamines as important mediators of VF is
not as consistent or convincing as one might have anticipated from postinfarct mor-
tality studies (8).

5.3. Histamine

The heart contains a variety of sources of histamine (37-40), which is released dur-
ing experimental hypoxia (4/). Exogenously applied histamine can shorten action
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potential duration (APD) and evoke enhanced normal automaticity in Purkinje fibers
(42) and abnormal automaticity in ventricular tissue (43,44). These effects are more
consistent with typical changes encountered in infarcting tissue (45). Interestingly,
exogenous histamine can evoke cardiac arrhythmias in infarcting dog (46) and pig (47)
hearts in vivo.

It would seem reasonable to deduce that if histamine is an important mediator of VF,
then patients taking antihistamines (H1 for allergy or H2 for gastric ulcers) should be
less susceptible to sudden cardiac death than the rest of the population. Such data ought
to be easily available for analysis. However, to our knowledge, nothing in this regard
has been published to date.

There are three main types of histamine receptor. In animal studies, a variety of H1
antagonists can inhibit ischemia-induced ventricular arrhythmias (48); however, drug
selectivity is problematic, and effects have been attributed to class I actions. H2
antagonists also have been reported to suppress ischemia-induced arrhythmias in some
(49,50) but not other (48) studies, although when effects were observed they were not
necessarily attributable to H2 antagonism (5/). Adding to the inconsistency of find-
ings, it has been shown that the H2 antagonist, ranitidine, may actually exacerbate
experimental ischemia-induced arrhythmias (52). Agonism at H3 receptors can reduce
nonexocytotic carrier-mediated norepinephrine release during myocardial ischemia.
H3-agonism inhibits Na*/H* exchange in the sympathetic nerve endings of the heart,
thus attenuating the build up of Na* within the nerve ending that might occur under
conditions of low intracellular pH, such as ischemia, and slowing activity of the Na*-
dependent norepinephrine transporter (53). H3 agonism also appears to reduce exocy-
totic release of norepinephrine via inhibition of N-type Ca* channels (54). Whether
this has real importance to VF depends on whether local release of catecholamines
plays any major role in arrhythmogenesis (see Section 5.2.). It is difficult to reconcile
the conflicting data concerning the role of histamine in arrhythmogenesis, and more
work would appear to be warranted.

5.4.5-HT

In many respects, the actions of 5-HT in the heart and the nature and quality of the
evidence linking it to arrhythmogenesis are similar to those for histamine. 5-HT is found
in large quantities within the heart (55,56) and has been shown to initiate afterdepolar-
izations in kitten papillary muscle (57). Its role in arrhythmogenesis (and indeed in any
pathological event) is difficult to explore by the use of receptor-selective antagonists,
however, owing to the large population of receptor subtypes expressed (58) and the
considerable species dependence of this expression (59). Like histamine, 5S-HT may act
directly on cardiac receptors (57) and indirectly by norepinephrine release (via activa-
tion of 5-HT3 receptors located on sympathetic nerve terminals; refs. 60,61).

The use of agonists and antagonists has not provided a clear picture of the role of 5-
HT as a mediator of ventricular arrhythmias. The 5-HT2A antagonists ketanserin (62)
and ICI 170,809 (63) were found to have no effect on ischemia-induced arrhythmias in
rats. However, poor selectivity of some of the drugs used as tools has hindered elucida-
tion of 5-HT’s role.

For example, the antagonists ketanserin and ritanserin are now known to have actions
in the myocardium indicative of possible sodium or potassium channel blockade (64).
The class IlI-like properties of ketanserin (65) and class I-like actions of the 5-HT3
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receptor antagonist ICS-205-930 (66) may account for their observed antiarrhythmic
effects (65,67). Likewise, although the mixed L-type Ca>* antagonist and 5-HT2
antagonist nepoxamil was found to be antiarrhythmic during ischemia, it was no more
effective than diltiazem, indicating that its effects may simply be attributable to its
Ca?* antagonist action (68). 5-HT is therefore like histamine—a putative arrhythmo-
genic mediator whose pathophysiological relevance is questionable.

5.5. Amphiphiles

The role of amphiphilic products of lipid metabolism in arrhythmogenesis is intrigu-
ing. It was shown many years ago that several amphiphilic biochemicals possess all the
appropriate characteristics as mediators of ischemia-induced VF. The 11-point sum-
mary of data by Corr and colleagues (69) indicates that many of the criteria outlined in
Table 2 are satisfied by these substances when considered collectively. Yet, to our
knowledge, there has been no fruitful clinical development of amphiphile antagonists
as antiarrhythmics. It is uncertain whether this represents a disturbing dichotomy
between animal and clinical data or merely the lack of enthusiasm for antiarrhythmic
drug development that followed the Cardiac Arrhythmia Suppression Trial (CAST)
and Survival with Oral D-Sotalol (SWORD) studies (70,71 ).

Lysophosphatidylcholine (LPC) accumulation in ischemic tissue correlates well with
the onset of susceptibility to ischemia-induced arrhythmias (72,73). In addition, incor-
poration of LPC (which is produced in endothelial cells and myocytes in response to
thrombin) and long-chain acylcarnitines into the sarcolemma causes similar electro-
physiological dysfunction to that which occurs during ischemia in vivo (74).

There are several possible mechanisms responsible for the arrhythmogenic effects
of LPC. Low concentrations (LM) can inhibit the inwardly rectifying K* current and
cause depolarization of cardiac tissue (75). Higher concentrations (10-100 uM) reduce
the maximum slope of the upstroke of the action potential (dV/dt,,,,; ref. 76). At high
concentrations, LPC can elicit abnormal automaticity (76). At around 100 uM, LPC
applied globally to superfused right ventricular free wall can elicit ventricular tachy-
cardia (VT; ref. 77). 2-[5-(4-chlorophenyl)-pentyl)-oxirane-2-carboxylate inhibits the
activity of carnitine acyltransferase-I, the enzyme that catalyses the synthesis of long
chain acylcarnitines and consequently disinhibits the lysophospholipase enzyme that
degrades LPC (78) and was found to abolish LPC accumulation and the appearance of
VT and VF during brief ischemia in cats (69).

Palmitylcarnitine (PC; also known as palmitoylcarnitine) accumulates in ischemic
tissue (79) but has a profile of activity that is less consistent with a role as a mediator of
ischemia-induced arrhythmias. At low concentrations (0.1-1 uM), it prolongs APD,
whereas at higher concentrations (100 uM) it shortens APD (78, 80-82), yet at inter-
mediate concentrations (1-10 uM) PC has direct irreversible cardiotoxic effects on
structure and function (83). This makes it difficult to envisage PC as a relevant media-
tor of early ischemia-induced VF because early reperfusion studies have shown that
the acute phase of ischemia is characterized by reversible shortening of APD (45) and
by reversible mechanical dysfunction (84).

Platelet-activating factor (PAF) is another amphiphile that has been implicated as a
mediator of ischaemia-induce arrhythmias. The role of PAF in cardiovascular patho-
physiology has recently been reviewed (85). Importantly, it has been shown to be
released during ischemia in humans (86) and baboons (87). PAF has several actions
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that might be regarded as proischemic (88,89) and hence indirectly proarrhythmic, but
consideration of this is beyond the scope of the present article.

Several PAF antagonists, including BN50739 (90,91), CV-6209 (92), RP59227
(93,94), WEB2086 (95), and TCV309 (96,97) inhibit ischemia- or reperfusion-induced
arrhythmias. The problem with these data is that it is difficult to link the effects of the
drugs on VF with an effect on the actions of endogenous PAF. This difficulty is partly
overcome in one study in which BN50739 was found to exert its protective actions
only when administered selectively to the ischemic region, implying that its action on
VF results from an action on a target specific to the ischemic tissue—necessary if PAF
antagonism is the mechanism of antiarrhythmic action (91).

Exogenous PAF can itself shorten APD and evoke ventricular arrhythmias in
nonischemic isolated hearts (98). In summary, PAF may have direct actions in the
myocardium that promote arrhythmias. However, the ability of PAF to release other
chemicals with potentially arrhythmogenic actions and constrict coronary arteries (85)
means that its role as a direct mediator remains difficult to determine.

5.6. Prostaglandins (PGs), Excluding Thromboxanes

PG synthesis in the heart from plasmalemmal phospholipid (99) occurs primarily in
the coronary vasculature (/00), although synthesis in myocytes can also occur (101).
As in the case of PAF, indirect arrhythmogenic actions are possible owing to the ability
of some PGs to elicit thrombosis and constriction of coronary vessels (102).

Cardiac hypoxia facilitates PG synthesis (99,103), although the main product is
prostacyclin (PGI2), which is a coronary vasodilator with possible antiarrhythmic prop-
erties (104). Indeed, many studies have shown this and other PGs to be antiarrhythmic
and protective against a range of effects of cardiac ischemia (/05-108). Therefore,
most PGs are not likely to play a role as mediators of VF.

5.7. Thromboxane

Sulphinpyrazone (/09), aspirin, meclofenamate, and indomethacin (//0) (all
cyclooxygenase inhibitors) have been found to inhibit ischemia-induced arrhythmias
in animal models. If inhibition of a cyclooxygenase product was responsible for this,
then the most likely candidate mediator may be a thromboxane (TX), which, unlike
PGI2, has never been implicated as a protective or antiarrhythmic mediator. TXA2
levels are elevated in venous blood-draining ischemic tissue with levels increasing
during the appearance of ventricular arrhythmias (/717). Blockers of TXA2 synthesis
and blockers of TXA?2 receptors can suppress ischemia-induced arrhythmias (172),
although it is not clear whether this results from block of an arrhythmogenic action
or block of the proischemic effects of TXA2 because TXA2, like PAF, can induce
platelet aggregation (//3) and constriction of coronary arteries (/14).

A direct role for TXA2 in arrhythmogenesis is suggested by evidence that close
coronary arterial administration of stable TXA?2 analogs with agonist properties, such
as U46619, can evoke arrhythmias in dogs (/15), although thrombosis leading to
ischemia cannot omitted as the mechanism here.

Better evidence is provided by the observation that the TX synthase blocker
UK38485 suppressed arrhythmias during experimental mechanical coronary ligation,
in which thrombosis and resultant ischemia and its alleviation are not relevant factors
(116). Likewise, another TX synthase blocker, U-63557A, was found to reduce TXB2
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levels and reduce the incidence in cats of ischemia-induced VF (/7/7). However, the
TX synthase inhibitor, ICI 192,605, has no effect on the incidence of VF or VT during
ischemia in anesthetized rats (63). Species differences may explain the inconsistencies.
TXs are good candidate mediators of ischemia-induced arrhythmias, with both direct
and indirect (proischemic) mechanisms possible. Further study is warranted.

5.8. Leukotrienes (LTs)

LTs are not known to accumulate specifically in ischemic myocardium; however,
LTs are present in cells which themselves accumulate during ischemia (including neu-
trophils and macrophages). LTs elevate the ST segment (//8), which is indicative of a
proischemic effect, constrict coronary arteries (//8—121) and, in the case of LTB4,
evoke platelet aggregation and chemotaxis (/22), but they do not elicit ventricular
arrhythmias when applied globally to the heart (/7/9,123). Although the LT antagonists
L660711 and L648051 have been shown to attenuate experimental ischemia-induced
VF (124), LY-233569 (a 5-lipoxygenase inhibitor that blocks LT synthesis) and LY-
255283 (a selective LTB4 antagonist) had no effect (/25). Therefore, LTs are not prom-
ising candidates as important mediators of ischaemia-induced arrhythmias, although it
is too early to dismiss them entirely.

5.9. Angiotensin II (A-II)

There are several independent types of evidence to suggest that A-II plays a role as
an arrhythmogenic mediator. Inhibitors of angiotensin-converting enzyme (ACE)
appear to possess antiarrhythmic activity. For example, Z13752A, a combined ACE/
neutral endopeptidase inhibitor, has been observed to reduce the incidence of ischemia-
induced VT and VF in anesthetized dogs (/26). Likewise, captopril and perindopril
inhibit ischemia-induced arrhythmias in the rat (127,128). At least part of the action of
ACE inhibitors on VF is mediated within the involved part of the myocardium (/29).

The antiarrhythmic effects of ACE inhibitors are not necessarily attributable to
inhibition of A-II synthesis because ACE is also responsible for degrading bradykinin,
a putative endogenous antiarrhythmic mediator (/04). Shimada and Avkiran (/29)
observed that the effect of ramiprilat on so-called sustained VF (not all VF is sustained
in the rat heart) was abolished by the coinfusion of HOE140, a bradykinin B2 receptor
antagonist. In contrast, co-infusion of A-II was ineffective, indicating that the action of
ramiprilat was caused by the enhanced availability of bradykinin rather than reduced
levels of A-II. Infusion of HOE140 alone increased the incidence of sustained VF, and
this was independent of its coronary vasoconstrictor properties (/29).

Despite this, the antiarrhythmic effects described previously were weak. More-
over, it has yet to be demonstrated that A-II can elicit arrhythmias independently of
other components of ischemia or that bradykinin can ameliorate the arrhyth-
mogenicity of A-II. The electrophysiological effects of A-II are not dramatic. A-II
appears to reduce junctional conductance in isolated rat myocyte pairs, an effect that
appears to be mediated by Al angiotensin receptors and may contribute to conduc-
tion slowing during ischemia (/30). Additionally, spontaneous discharges of action
potentials have been shown to be elicited by a single stimulus during the relative
refractory period in ventricular fibers exposed to A-1I (10~° M; ref. 131).

Most recently the focus on A-II (and bradykinin) has switched from ischemia to
reperfusion. Although this topic is not covered specifically by this chapter, it is worth
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noting that a range of experiments involving heart perfusion with A-II and bradykinin
(132) the A1 antagonists candesartan (/33) and Ala receptor knockout mice (/34) all
support a role for A-II as a mediator of reperfusion arrhythmias.

Clinical data on mortality and its causes during therapy for heart failure and hyper-
tension and the effect of ACE inhibitors (which affect bradykinin as well as A-II),
compared with A-II receptor antagonists (A-II-selective), will clarify the role of A-II
as an endogenous mediator of arrhythmias and the role of bradykinin as an endoge-
nous protectant.

5.10. Endothelin (ET)

ET binds to two receptor subtypes; ET receptors, which predominate in myocytes,
and ETjy receptors, which are expressed almost exclusively on cardiac fibroblasts and
endothelial cells (135). Of the three ET isoforms, ET, is the most widely studied, and
elevated levels of ETg have been detected in patients with myocardial infarction (/36).
In pigs (137) and dogs (138—141) ETy administration (especially intracoronary) can
elicit VF, although concomitant coronary constriction and ST segment elevation mean
that the arrhythmogenic effects may be secondary to ETg-induced ischemia. The ET,
receptor antagonist LU 135.252 (142, 143) and the mixed ET , and ETy receptor antago-
nists bosentan (/41) and SB 209670 (144) prevent the arrhythmogenic effects of ETg.
These drugs also prevent the prolongation of QT intervals and widening of monophasic
action potentials seen with infusions of ETg (141,142,145). In addition to its effects on
action potential duration, ETy has been observed to decrease spontaneous firing rate of
myocardial cells at low concentrations and produce early afterdepolarizations at higher
concentrations (/46). The ability of ETy to increase the inward rectifying potassium
current (/47) would be expected to result in a shortened action potential duration, so it
is difficult to reconcile in vivo actions with single cell effects.

In animal models, ischemia-induced VF is suppressed by endothelin antagonists.
The ET, antagonist LU 135252 is effective in pigs (/48), and the ET , receptor antago-
nist PD161721 and ETy receptor antagonists BQ123 and sarafotoxin 6¢ are effective in
rats (149-151). However, exogenously applied ETg was itself found to be protective in
rats (149); the protective mechanism is unknown (152).

From these studies it remains a possibility that ETy may function as a direct or
indirect chemical mediator of arrhythmias (a role similar to that suggested above for
several other substances), although there are inconsistencies in the data.

5.11. Opioids

B endorphin and dynorphin are two endogenous opioids that have been proposed
to function as endogenous arrhythmogenic substances (/53). There are numerous
opioid receptors that might mediate arrhythmogenesis. The rat heart, used for many
arrhythmia studies, expresses k; and 0 but not K, or [ opioid receptors (154-157).
Despite this, there is no convincing evidence that opioids play an important role in
arrhythmogenesis. There are no reports demonstrating that opioids accumulate in the
ischemic myocardium. Moreover, opioid agonists and antagonists do not have well
demarcated opposing effects on arrhythmogenesis. Selective activation of 8, recep-
tors with TAN-67 appears to reduce severity of ischemia-induced arrhythmias in rats,
an effect attributed to opening of mitochondrial KATP channels (/58). Other inves-
tigators have reported protection with K antagonists (/59-161). Furthermore, the



Biochemical Mediators of Ventricular Arrhythmias 213

opioid partial agonist meptazinol (/62) and the antagonist naloxone (/63) have simi-
lar protectiveeffects on ischemia-induced VF in rats. It is difficult to interpret some
published studies owing to an additional complicating factor; many opioid agonists
and antagonists affect the heart via nonopioid receptor mechanisms (/64). Several
opioid agonists and antagonists (including + and — optical enantiomers of the same
drug) have antiarrhythmic effects that appear to result from opioid receptor-indepen-
dent actions (165,166). Likewise, the S,S (-)-enantiomer PD 129290, a k¥ agonist,
and its corresponding inactive, R,R (+)-enantiomer PD 129289, are equally effective
at reducing ischemia-induced arrhythmias in anesthetized rats, and both dose depen-
dently reduce heart rate and blood pressure while prolonging PR and QRS intervals
of the EKG (7/67), indicating possible class I activity. Furthermore, there are
inconsistencies, with naloxone, for example, which has been shown as protective in
some studies (/66) and inactive in others (/68). Studies with supposedly more selec-
tive agents are also contradictory.

The once-presumed selective x agonist U-50,488H (/69) evoked arrhythmias in per-
fused hearts (160) and exacerbated ischemia-induced arrhythmias in rats (/70). The
proarrhythmic effect of U-50,488H was associated with increased levels of cardiac
inositol triphosphate (InsP3; ref. /77). However, the same drug, U-50,488H, can also
reduce the incidence of ischemia-induced VF in rats, an effect now attributed to sodium
channel blockade (class I activity) (172). It is probable, on the basis of these data, that
opioids are not involved in arrhythmogenesis in ischemia.

5.12. Protons

Protons (H+) accumulate in the intra- and extracellular space during ischemia
(13,173). The extracellular H* accumulation has been implicated in producing cellular
uncoupling, which contributes to the failure of impulse propagation during acute
ischemia and which may be the cause of so-called phase 1b VF (174).

The outward H* flux that underlies ischemia-induced extracellular H* accumulation
(175) occurs partly in exchange with an inward Na* flux via the cardiac Na*/H*
exchanger (NHE1), which is the main regulator of intracellular pH in myocytes under
physiological conditions (/76). The extent of the contribution made by NHE1 to
ischemia-induced H* flux is questionable, however, because ischemia tends to block
NHEI1 activity, whereas reperfusion restores it (/77). Thus if NHE1 contributes to the
arrhythmogenic effects of H*, it is more likely to do so during reperfusion rather than
during ischemia. Despite this, cariporide, otherwise known as HOE642, a selective
NHEI1 inhibitor, reduces ischemia-induced ventricular premature beats (VPBs), VT,
and VF in anesthetized rats (178,179).

Other selective NHE1 inhibitors, including BIIB513 (/80) and SL 59.1227 (181),
have similar effect, which is intriguing. Cariporide does not attenuate accumulation of
intracellular H* during ischemia (/82—184), presumably because NHE]1 is not involved
(see above). Therefore, the effects of cariporide (and presumably also other NHE1
blocking drugs) on ischemia-induced arrhythmias cannot be the result of NHE1 block
or inhibition of H* accumulation.

In summary, despite strong evidence in favor of a role for H* washout as a cause of
reperfusion-induced arrhythmias (/85), the importance of H* as a mediator of ischemia-
induced arrhythmias remains to be established. The selectivity of some of the drugs
used as tools appears to be questionable.
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5.13. Thrombin

Thrombin is an enzyme that is formed at the site of vascular injury and that plays an
important role in coagulation (/86). In addition to this role, it exerts effects in a variety
of cell types, including platelets, endothelial cells, and fibroblasts (/86) via activation
of the G-protein-coupled cell surface thrombin receptor, part of the protease-activated
receptor (PAR) superfamily. Cardiac myocytes express PAR1 and PAR?2 receptors but
only the former is activated by thrombin (/87).

Thrombin has been observed to increase InsP3 production in cardiac myocytes con-
sistent with a stimulatory effect on phospholipase C, to prolong action potential dura-
tion in canine Purkinje fibers, to increase beating rate in contracting isolated myocytes,
and to increase basal and peak systolic Ca?* levels independently of its effects on beat-
ing rate (/88). Thrombin receptor activation also appears to increase intracellular Na*
and lysophosphatidylcholine accumulation during ischemia (/89). Although there is
evidence that reperfusion arrhythmias are associated with an increase in the production
of InsP3 (/90) and that exogenously applied thrombin can enhance InsP3 produc-
tion and exacerbate arrhythmias during reperfusion (/91), it appears unlikely that
thrombin exerts arrhythmogenic effects by the same mechanism during ischemia. This
is because InsP3 production appears to cease 5 min after the onset of ischemia (/90).

In summary, although there is some evidence that thrombin may exacerbate
reperfusion arrhythmias, it is not clear whether endogenous thrombin can itself initiate
arrhythmias, especially during ischemia. Given that ischemia-induced VF can occur in
isolated perfused hearts (2), which are nominally thrombin free, it is probable that
thrombin is neither necessary nor sufficient for arrhythmogenesis.

6. CONCLUSION

There are clearly numerous putative endogenous mediators of VF associated with
ischemic heart disease. It is also clear that the role of each is uncertain. It would be
naive to assume that one substance alone is sufficient to account for all VF (ischemia-
induced and infarction-induced).

Therefore, more than one substance is likely to be necessary. The nature of the inter-
action between these substances is likely to hold the key to arrhythmogenesis and to
determine whether specific antagonist drugs will ameliorate VF. The principals behind
the complexity and implications of mediator interactions are, in many respects, inde-
pendent of the condition (ischemia vs infarction) or the identity of the mediators them-
selves. Any two substances may interact additively, synergistically, or antagonistically,
and the net effect may depend on the presence of the full range of substances that
accumulate in the milieu. This is a frightening prospect for those interested in develop-
ing drugs for prevention of sudden cardiac death; the pathophysiological reserve for
VF may be so excessive that a cocktail of antagonists may be the only viable method of
achieving therapeutic benefit (4).
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1. INTRODUCTION

Drugs acting at the cardiac ion channel level, such as antiarrhythmics, have been in
clinical use for several decades, well before the understanding that cardiac excitability
was indeed a delicate equilibrium among the activity of specific ion channel classes
and that the intimate mechanism of action of these congeners was outlined in detail.
The recent progress in the molecular and functional characterization of cardiac ion
channels has improved our understanding of their pathophysiological role in cardiac
dysfunction, furthering the possibilities for the development of novel therapeutic strat-
egies. These advancements, coupled with technical and conceptual improvements in
drug-screening procedures, have had, and are likely to have in the future, a profound
impact on drug discovery processes. The aim of the present chapter is to summarize the
heterologous expression systems and the available screening techniques currently used
in the characterization of the effects of specific modulators on cardiac ion channels,
with particular emphasis on new technologies for high-throughput drug screening.

2. HETEROGENEITY AND CLASSIFICATION OF ION CHANNELS

Ion channels are integral membrane proteins that allow the regulated transmem-
brane flux of one or more ion species. On a purely functional basis, ion channels can be
broadly divided into two main classes depending on their gating mechanism. In vol-
tage-gated channels the triggering event regulating ion flux is a change in transmem-
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brane voltage; on the other hand, changes in the extra- or intracellular concentration of
a specific ligand regulate the opening of ligand-gated channels. Of course, this distinc-
tion needs to be considered more as a conceptual framework rather than a rigid scheme
because the activity of voltage-gated channels can be profoundly influenced by a num-
ber of ligands and the ability of several ligands to gate specific ion channels may be
affected by voltage. The permeation characteristics of specific ion channel species
allow a further distinction based on their ion selectivity (Na*, K*, Ca?*, CI- channels
show the highest degree of ion selectivity) and on their rectification properties (dis-
criminating between channels having inwardly or outwardly rectifying current-to-volt-
age relationships). Further classification criteria, such as tissue- or cell-specific
expression or exquisite pharmacological selectivity (to specific drugs or toxins), may
allow a more-specific characterization of distinct ion channel classes.

Although the identification of the genetic and molecular basis for some specific ion
currents is still lacking, in the past two decades, the cloning and functional character-
ization of most of the genes encoding for ion channels has been achieved. Such studies
have revealed that the functional diversity that allows ion channels to contribute to a
myriad of cell functions is matched by an extraordinary degree of genetic and struc-
tural heterogeneity. Although ion channel nomenclature has undergone several changes
in an attempt to follow the rapid developments in ion channel discovery and character-
ization, a novel classification scheme has been recently adopted by the International
Union of Pharmacology (IUPHAR) Committee on Receptor Nomenclature and Drug
Classification (/). Given that they encompass most of the currently used drug targets in
the cardiovascular system, this chapter will deal preferentially with cationic channels,
although reference will also be made, when available, to anionic channels.

Voltage-gated Na* channels (VGNCs) are responsible for the membrane currents
mediating the rising phase of the action potential in most excitable cells (2,3). Electro-
physiological studies, biochemical purification, and gene cloning efforts have revealed
the existence of a multigene family encoding for VGNCs. In fact, at least nine genes
encoding for different pore-forming main Na* channel o subunits have been cloned
and characterized. These are mainly classified based on their sensitivity (TTX-S) or
resistance (TTX-R) to tetrodotoxin (TTX-S) blockade and on their tissue distribution.
TTX-S Na,1.1, Nay1.2, Nay1.3, Nay1.6, and Nay 1.7 VGNCs are blocked by nanomolar
TTX concentrations and are mainly located on neuronal membranes; however, Nay1.5,
Nay1.8, and Nay1.9 encode for TTX-resistant VGNC, are blocked at high micro-
molar TTX concentrations, and are located in the heart (Nay1.5) or in peripheral
sensory neurons (Nay1.8 and Nay1.9). Finally, Nay 1.4 encodes for the skeletal
muscle VGNC. o subunits of VGNCs may interact with three accessory subunits
By, B2, B3), which are thought to influence gating and cellular distribution of the
fully assembled channels.

Voltage-gated Ca* channels (VGCCs) are heteromeric multiprotein complexes con-
stituted by a pore-forming o; subunit together with auxiliary [3, y, and o,0 subunits (4).
According to pharmacological and biophysical criteria, at least six types of VGCCs
have been described: T, L, N, P/Q, and R. L, N, P/Q, and R constitute the subfamily of
high-voltage—activated VGCCs that open in response to strong membrane depolariza-
tion, whereas T-type channels are activated by small membrane depolarization and
therefore are also known as low-voltage—activated VGCCs. Based on primary sequence
information and on their relative phylogenetic distance, VGCCs main o/ subunits can
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be classified as follows: Cay1.1, Cay1.2, Cay1.3, and Cay1.4 that give rise to L-type
currents in skeletal muscle (Cay1.1), in neuroendocrine tissues (Cay1.2, Cay1.3, and
Cayl.4), and in cardiac cells (Cay1.2); Cay2.1, which underlie the N-type Ca®* cur-
rents in nerve terminals and dendrites, Cay2.2 representing the molecular basis for the
P/Q-type neuronal channels and Cay2.3 for the R-type neuronal channels, and finally,
Cay3.1, Cay3.2, and Cay3.3 VGCCs «; subunits that encode T-type Ca’* currents.

K* channels are the most ubiquitous and diverse family of ion channels expressed
in both excitable and nonexcitable cells (5). More than 70 genes encoding for K*
channels pore-forming o subunit with diverse functions and gating mechanisms
have been identified in the mammalian genome; although this large number of
genes makes the K* channel classification a difficult task, the [UPHAR Committee
has proposed a distinction among Ky1-Ky6/Ky8-Ky9, the Ky7, and the Ky 10—
Ky 12 subfamilies (classic 6 transmembrane segment voltage-gated K* channels or
VGKCs). Additional subfamilies include the K¢, 1-K¢,5 (the Ca?*-dependent K*
channels), the K,p1-K,p16 (the four transmembrane segments-two pore channel
subunits), and the K;,1-K;,7 families (inwardly-rectifying two transmembrane seg-
ments-one pore subunits; ref. 7).

3. CARDIAC ION CHANNELS AS DRUG TARGETS

The coordinated contraction of the cardiac muscle is caused by the sequential opening
of several classes of ion channels, with a fine equilibrium between inward and outward
currents controlling cardiac action potential shape (frequency, amplitude, duration, and
so on; refs. 6,7). In the last decade, the molecular identity of most cardiac ion channel
genes has been unveiled, and human molecular genetics has identified ion channel genes
involved in human arrhythmogenic diseases, such as the Long QT syndrome and idio-
pathic ventricular fibrillations (Brugada syndrome, catecholamine-triggered ventricular
tachycardia with short QT, familial conduction system disease, among others).

Although in some rare cases the function of the cloned ion channel genes is intrinsic
to the cloning effort itself (expression cloning), more often the specific function of the
protein encoded by a novel gene has been revealed by the use of heterologous systems
in which the gene product has been expressed in isolation. Based on anatomical, func-
tional, and pharmacological characteristics of the expressed protein, it has often been
possible to relate this protein to a specific cardiac current; however, it should be under-
lined that, in addition to the main pore-forming o subunits, accessory [3 subunits are
frequently needed to recapitulate the native cardiac current. The precise positioning of
the function of a specific ion channel in the context of the protein network controlling
normal and altered cardiac excitability requires an understanding of a higher level of
complexity, whereby the cellular mechanisms required for assembly, trafficking, tar-
geting, and regulation are also properly defined. This appears to be relevant for future
drug development since novel mechanisms for drug action at this levels are emerging;
our canonical view that ion channels may be drug targets only when properly folded,
fully assembled, and positioned at their final targeting destination in the plasma mem-
brane has been recently challenged, a result that may have considerable implications
for pharmacogenomics and genotype-specific therapies (8,9).

Despite the fact that this level of complexity is now starting to be addressed and
intricate proteomic networks are just beginning to be revealed, the use of heterologous
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expression systems has been a fundamental tool to investigate the functional property
of the ion channel of interest.

In addition to the obvious relevance for the understanding of the role of specific ion
channel genes in cardiac pathophysiology, heterologous expression systems have also
proven to be crucial for the definition of the pharmacological profile of the ion channel
itself. This has major implication for human diseases, considering that ion channels are
relevant drug targets for human therapeutic intervention. It has been estimated that 5%
of all currently available pharmacological therapeutic strategies involve congeners pro-
vided of a direct action at the level of ion channels (/0). If one considers that receptors
and enzymes together encompass more than 70% of the available drug targets and that
in several cases drugs acting at these levels exert their therapeutic actions by indirectly
modifying the activity of specific ion channels, it seems evident that the pharmacologi-
cal characterization of ion channels has a tremendous impact on the development of
novel therapeutic approaches.

Several tens of drugs are currently available to treat cardiac dysfunction, and antiar-
rhythmic compounds represent a significant segment of the cardiac drug market (117).
All antiarrhythmic drugs exert their therapeutic actions by direct or indirect interfer-
ence with the function of specific ion channel classes; therefore, preclinical screening
for potential effects of drugs at the level of cardiac ion channels is of fundamental
relevance for improving the current repertoire of therapeutic agents. However, the
blockade of specific ion channels may exert both proarrhythmic and antiarrhythmic
effects, depending on the anatomical site of action, of the characteristics of the cardiac
rhythm, and of several other concomitant factors. As a matter of fact, cardiac ion chan-
nels have been recently given attention not only as targets for pharmacological actions
to be exploited in therapeutic intervention but also as mediators of drug-induced life-
threatening proarrhythmic effects by both cardiac and noncardiac drugs (12,13). A
growing list of drugs has been shown to cause proarrhythmic actions, including, among
many others, antiarrhythmics, antihistamines, antipsychotics, antimicrobials,
anticonvulsants, prokinetics, lipid-lowering drugs, and antimigraine compounds (/4).
Thus, the development of preclinical screening tests for potential proarrhythmic effects
resulting from interaction with ion channels prompted by older or newly introduced
compounds in all therapeutic areas is of paramount importance to allow the introduc-
tion into the market of compounds provided with an optimal safety profile with respect
to serious cardiovascular side effects. In addition, it should be underlined that, after the
discovery of such serious cardiac adverse effects by widely prescribed compounds and
in view of the large body of evidence implicating specific classes of cardiac ion chan-
nels as molecular targets for this pharmacological action, regulatory agencies world-
wide have been recently issuing guidelines recommending all private and public
subjects involved in drug development to devise strategies for both preclinical and
clinical studies to better characterize the risk of such adverse effects; as an example of
such recommendations, the European Committee for Proprietary Medicinal Products
has stated that “... every new chemical entity intended for Phase I evaluation should be
screened for potential effects on cardiac repolarization” (/5). Similarly, the Interna-
tional Conference on Harmonisation of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH) has released a set of guidelines for the assess-
ment of the risk of cardiac arrhythmia for human pharmaceuticals (ICHS7B; ref. 16).
These examples highlight the relevance of novel and more efficient ion channel screen-
ing technologies for safer drug development.
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4. HETEROLOGOUS EXPRESSION SYSTEMS
OF CARDIAC ION CHANNELS

Modern developments in the fields of human genetics, molecular and cell biology,
chemistry, and pharmacology by virtue of a highly reductionist approach have pin-
pointed the molecular basis of several pathophysiologically relevant biological pro-
cesses. Intrinsic to this approach is the view that it might be possible to dissect out
individual processes leading to specific functions and that the selective interference
with such processes may ultimately lead to a specific modification of these func-
tions. Therefore, target selectivity appears a highly desirable property for drugs
because it might ensure the achievement of greater therapeutic efficacy without the
simultaneous interference with targets that may result in unwanted modification of
other biological functions. Despite the fact that many compounds often achieve their
therapeutic effects by affecting multiple targets, this revolutionary target-driven
approach has already led to a considerable increase in our therapeutic armamentarium
to treat cardiovascular diseases (/7). Thus, identifying selective effects of drugs at
the level of ion channels involved in specific cardiac functions is currently a funda-
mental effort in drug development.

As mentioned earlier, the cardiac action potential is the point of convergence of the
coordinated activity of several classes, possibly over 20, of ion channels. Although in
principle it would be preferable to study the effects of drugs on ion channel targets in
their native context (cardiac myocytes in vitro or in vivo), this is often impossible
because of technical limitations. In fact, in vivo studies do not allow to relate measur-
able parameters of cardiac function (action potential properties, contractility, cardiac
output, and so on) to the activity of individual classes of ion channels. In addition, the
available in vitro techniques used to isolate the currents carried by specific ion chan-
nels in native tissues are rather sophisticated and time consuming and require highly
trained personnel. Thus, although it seems technically feasible to dissect multiple cur-
rents in cardiac myocytes with methods that provide highly detailed descriptions of the
molecular characteristics of drug—channel interactions (/8), these techniques are not
yet suitable for full automation, a highly desirable property for high-throughput assays
(3). Thus, the use of heterologous expression systems, where the target ion channel can
be expressed and studied in isolation to avoid contamination by overlapping currents,
offer distinct advantages over native tissues for the purpose of drug discovery.

Although target-driven drug discovery in the ion channel field is far from revealing
its full potential, cell-based heterologous expression systems appear today as the means
by which its goals will be achieved. In fact, ion channels are highly dynamic trans-
membrane proteins, with profound conformational changes associated with their activ-
ity. The highly lipophilic nature of ion channel limits their use in traditional cell-free
assays in vitro such as those routinely performed with proteins having enzymatic func-
tion. Furthermore, although structural data on VGKCs (/9) and VGNCs (20) are start-
ing to reveal some aspects of specific channel function, such as gating and selectivity,
and the structural basis for the high drug selectivity of specific ion channels are begin-
ning to be clarified (2/-23), a complete picture of the structural requirements for com-
plex channel behaviors in different functional states is yet missing.

This implies, therefore, that a structure-based approach for drug designing is not yet
practically feasible, and that most if not all of the drug screening efforts directed toward
ion channels are nowadays based on functional assays of specific activities performed
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by distinct ion channels. Thus, cell-based heterologous expression systems coupled to
functional assays represent the basis for the drug screening techniques currently avail-
able for ion channels.

4.1. Heterologous Expression Systems for In Vitro Studies

The availability of the gene sequences for most ion channel subunits underlying
functionally relevant cardiac currents provides a unique opportunity to investigate their
pharmacological modulation in vitro using heterologous expression systems. These are
mostly represented by Xenopus oocytes and by a variety of prokaryotic and eukaryotic
cells (yeast, insect, and mammalian cells are the most widely used). Given that the
pharmacological profile of selective ion channels, as discussed earlier, is defined by
means of functional assays that can be routinely performed in Xenopus oocytes or in
mammalian cells, but not in prokaryotes or in yeast cells, these two latter expression
systems, although widely used in heterologous protein expression studies, will not be
discussed in the present chapter.

4.1.1. Xenopus oocytes

Xenopus oocytes synthesize exogenous proteins when injected with foreign mRNA,
an ability recognized more than 30 yr ago (24). Thus, oocytes can be injected with
RNAs s transcribed in vitro from cloned DNAs, and this leads to the expression of large
amounts of the protein encoded by these genes. This technique is relatively simple,
fast, and inexpensive. The main advantage offered by the Xenopus oocytes is their
large size (up to 1.3 mm), which allows microdissection of single cells and makes them
amenable to a variety of electrophysiological and biochemical techniques (25). Over
the last 20 yr, this system has represented a powerful tool to investigate several func-
tional aspects of ion channels, including their pharmacological profile; however,
oocyte-based electrophysiological systems can be considered useful for screening a
relatively small number of compounds and are not likely to have a major impact for
large-scale assays. Also, one of the main disadvantage of Xenopus oocytes is their
relatively poor membrane permeability, which may affect the results obtained with
lipophilic drugs acting on the intracellular side of the channel protein that may become
trapped by the egg yolk (26); in fact, a right shift in the dose—response effect of various
entities is often found when comparing the effects of drugs having such characteristics
on recombinant channels expressed in Xenopus oocytes vs mammalian cells. Thus,
the intrinsic properties of the expression system should not be neglected and need to
be taken in serious consideration, as they may result in lead compounds turning out
to be false-positive or, worse still, false-negative (27).

4.1.2. Mammalian Cells

An alternative expression system for ion channels, which is also extensively used
for research purposes, is represented by mammalian cells expressing the channel of
interest (28). The recombinant cell lines represent a valuable alternative to native cells
for several reasons. First, ion channels of known identity carry the signal of interest
because the cells used for such assays are virtually devoid of significant amounts of
constitutively expressed ion channels, thus minimizing the background noise. Fur-
thermore, in these cells, a combination of ion channel subunits can be expressed to
recapitulate more closely the functional properties of a specific native current, thus
providing pharmacological results that may be more relevant for human pathophysi-
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ology; accessory subunits have in fact been suggested to contribute to the pharmaco-
logical profile of pathophysiologically-relevant cardiac ion channels (29). Second,
the engineered cells overexpress the protein of interest, further increasing the signal-
to-noise ratio. Third, these cells properly perform most of the post-translational
modifications such as proteolytic processing of the propeptide, glycosylation, phos-
phorylation, as well as correct assembly (a crucial process for ion channels), which
are required for proper protein function. Finally, the growth of these cells, which are
robust enough to be handled by automatic screening systems, can be achieved in com-
mon laboratory environment, requiring standard technical skills and relatively minor
investments. In many cases, these cells continue to consistently express the ion chan-
nel of interest over an extended period of time, up to several years. In addition to drug
discovery, mammalian cell-based heterologous expression systems have been used
for various purposes, such as to verify a cloned gene product; to analyze the effect of
the protein expression on cell physiology; to produce and isolate genes from cDNA
libraries, to produce correctly assembled and folded proteins for assessment of vari-
ous biological activities; to produce suitable quantities of proteins for structural char-
acterization; and to produce important clinically active viral surface antigens or
therapeutic proteins or monoclonal antibodies (30).

These days several techniques are available to achieve heterologous expression of
ion channels in recombinant cell lines. The primary factors to successfully accomplish
this aim are as follows: (1) the choice of the mammalian cell host; (2) the choice of the
expression vector; and (3) the DNA delivery method. Although these factors are strictly
related to each other, they will be discussed individually in the following sections.

4.1.2.1. CHOICE OF THE MAMMALIAN CELL HosT

A variety of mammalian cell hosts can be selected for heterologous protein produc-
tion; depending on the ultimate goals, the choice depends on whether the expression
has to be transient or stable.

Transient expression is preferred in studies on the regulation of gene expression or
when results are needed in a short time frame; using transient systems, there is a burst
of gene expression between 12 and 72 h after DNA introduction into the cell, followed
by rapid cell death or loss of the expression construct. In these systems, the activity of
a reporter gene not endogenously expressed and reflecting the protein product synthe-
sis (chloramphenicol acetyltransferase, B galactosidase and firefly luciferase or Luc) is
commonly used. More recently, the green fluorescent protein and its variants have
been also extensively used (3/). When transient expression is the preferred method,
transformed African green monkey kidney cells (COS-7 cells) or viral systems are
preferred. Of course, the amount of protein yield by transient expression is rather lim-
ited. By contrast, stable expression systems have several advantages for pharmacologi-
cal screenings to be used for cardiac drug development. In fact, larger amounts of
proteins are usually achieved; more importantly, the resulting stably transfected clonal
cell line allows for more reproducible results. To achieve stable expression, the expres-
sion vector can either be integrated into the host genome or remain as an extrachromo-
somal element, under conditions of chronic selection (see below; ref. 30). Chinese
hamster ovary (CHO) and human embryonic kidney (HEK-293) cells are among those
most widely used for this purpose. The main drawbacks associated with stable expres-
sion in mammalian cells are the time needed to produce them and the possible integra-
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tion of the vector in regions of the genome that are crucial for cell survival or replica-
tion, resulting in cell lines having altered phenotypes when compared to the original
host cells.

4.1.2.2. CHOICE OF THE EXPRESSION VECTOR

Mammalian expression vectors, commercially available from various companies
(Promega, Clontech, Invitrogen, among many others) can be divided in two catego-
ries: viral vectors or plasmid vectors. Plasmid vectors can be further subdivided into
those with animal cell replicons, which do not require chromosome integration for
gene product expressions and those without such replicons, thus requiring integration
(32). Viral vectors are essentially inactivated viruses where genes are cloned. Viruses
can be selected that can either result in the lysis of the host cell (lytic viruses such as
vaccinia virus, baculovirus, alphavirus) or that can integrate the genetic material into
the host chromosome, thus resulting in stable transformation (adenoviruses, adeno-
associated viruses, retroviruses). Both vectors are composed of similar basic elements.
Expression of the gene of interest is controlled by promoter—enhancer sequences and
signal sequences required for proper processing of the transcript. Usually, the pro-
moter—enhancer sequences, more often of viral origin, can allow constitutive or induc-
ible, as well as cell- or tissue-specific expression of the gene. The vectors used more
often carry cytomegalovirus sequences (acting as transcriptional enhancer),
metallothionein II sequences (inducible by heavy metals, such as cadmium or zinc,
glucocorticoid, and phorbol esters), mouse mammary tumor virus sequences (gluco-
corticoid-inducible), or the fetal (y) or adult () globin sequences (enhances tissues
specific for erythroid cells). Another vector element required to allow selection of
transfected/infected cells is a gene that confers the cells unique phenotypic properties.
These selectable markers are usually represented by enzymes conferring resistance to
cytotoxic drugs (e.g., the aminoglycoside phosphotransferase, conferring resistance to
kanamycin, neomycin, and geneticin or G418). Thus, the cells are grown in the pres-
ence of the cytotoxic drug and only those that have acquired resistance to the drug will
be able to survive and proliferate. Other features of the expression vector are the pres-
ence of polyadenylation sequences from viral (SV40) or mammalian (bovine human
growth hormone) origin to enhance RNA stability and processing and one or more
promoter-distal multiple cloning sites where the gene of interest can be placed. All
these sequences affect the degree of gene expression achieved because they influence
the number of gene copies into the cell, the transcription efficiency, and the position of
integration into the host genome.

4.1.2.3. DNA DELIVERY METHOD

Once the DNA expression vector has been engineered and has been purified from
proteins, RNA, and other contaminants (usually by CsCl gradient centrifugation or
ion-exchange chromatography), it needs to be transferred into the host cells. This, of
course, only applies to plasmidic vectors because viral expression vectors can be used
to infect the cells directly. The uptake of naked DNA molecules is an extremely ineffi-
cient process; thus, transfection vehicles are needed. These can be classified as chemi-
cal or physical. The choice of transfection method is also dependent on the cell type to
be transfected (whether they grow in suspension or attached) and on the desired trans-
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fection efficiency. The cells to be transfected need to be in a log phase of growth, an
absolute requirement if stable transfection are to be achieved.

The chemical methods most widely used include the calcium phosphate (CaPO,)
method and the use of cationic polymers or of liposomes. For the CaPO, transfection
method, the DNA is coprecipitated with CaPO, at appropriate pH, and the precipitate
is applied onto the cells to allow the uptake of the DNA by pinocytosis. Efficiency of
the transfection with this method depends on the form of the plasmid (circular or
linear), on the addition of agents to facilitate pinocytosis (e.g., glycerol or dimethyl
sulfoxide), and on extensive washing of the precipitate after a few hours of incuba-
tion. Cationic polymers used for transfection include DEAE—dextran, protamine, and
polyethylenimine. Liposomes are artificial membrane vesicles that fuse with the cell
membrane and deliver the DNA content (as well as that of proteins or RNA) into the
cytoplasm or can engage in the endocytotic pathway. Various lipids have been used
for this purpose, with the Lipofect AMINE™ being the most widely used nowadays.
Crucial factors for optimal cell uptake using this methodology are as follows: the
DNA-liposome ratio, the size of the complexes, and the growth state of the cells.

Physical methods for DNA transfer into the host cells or tissues include the follow-
ing: electroporation, biolistic (gene gun), and microinjection techniques. Electroporation
uses current pulses of specific magnitude and duration to reversibly permeabilize the
cells and to allow the entry of the DNA into the cell. A variation of this technique has
also been used recently to transfect single neuronal cells in their in vivo environment
(brain slices; ref. 33). Various apparatuses have been developed to facilitate
electroporation of cells growing in suspension or of adherent cells. The biolistic
approach, instead, uses the coating of high-density metal particles (usually gold par-
ticles) with the DNA, and the subsequent shooting of these particles onto the cells. The
main advantages of this method are the optimal cell viability and the possibility to use it
in in vivo studies; limitations are represented by the poor tissue permeability of the
particles and by the high initial cost of the instrumentation. Direct delivery of the DNA
into the mammalian cell nucleus is also possible by microinjection techniques, although
this approach, despite automation, is practically applicable only for a limited number of
cells, and is not suited for large-scale operation.

4.2. Heterologous Expression Systems for In Vivo Studies

Although, as previously mentioned, the pharmacological profile of a wide range of
drugs with respect to ion channels is generally characterized with cell-based method-
ologies, the use of genetically engineered animal models (transgenic and gene-deleted
knockout animals) provides unique tools to address specific pharmacological ques-
tions where potential target molecules have been characterized (34). It is for this main
reason that these animal models, although not extensively used in drug-screening pro-
grams, are briefly mentioned here. Owing to their better understanding of the genes
involved, transgenic animal models of cardiovascular interest are concentrated in the
areas of the renin—angiotensin system, of the B adrenergic receptor system, and of lipo-
protein metabolism (35). lon channels are slower to come into this arena, although
genetic manipulation of cardiac ion channels in transgenic animals are likely to pro-
vide valuable pathophysiological information that may translate into their use for phar-
macological research and, possibly, drug screening (36).
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Fig. 1. Heterologous expression of HERG K* channels in HEK 293 cells. The left panel
shows representative current traces recorded in the whole-cell configuration of the patch-clamp
technique from a single nontransfected HEK 293 cell. Holding potential was: —80 mV; test
potentials were from —80 to +40 mV in 20-mV steps; return potential was —90 mV. In the right
panel, the same voltage pulse protocol was applied to an HEK 293 cell stably transfected with
HERG cDNA (kindly provided by Dr. Craig January, Section of Cardiology, University of
Wisconsin, Madison, WI; ref. 60). A schematic drawing of the voltage protocol is shown on the
bottom of the two panels. The extracellular solution contained the following (in mM): 150
NaCl, 10 KCl, 3 CaCl,, 1 MgCl,, 10 HEPES, pH 7.4 with NaOH. The pipets were filled with
(in mM): 130 K-Aspartate, 10 NaCl, 4 CaCl,, 2 MgCl,, 10 EGTA, 2 Mg-ATP, 0.25 cAMP, and
10 HEPES, pH 7.4, with NaOH.

5. FUNCTIONAL ASSAYS FOR DRUG DISCOVERY
AT THE LEVEL OF ION CHANNELS

5.1. Electrophysiology-Based Assays

The gold standard functional assay for ion channels is electrophysiology. In fact, no
other technique is endowed with such high information content as electrophysiology;
furthermore, it is the only technique that may provide information on the state depen-
dence of the drug—channel interaction, a major advantage for highly dynamic proteins,
such as ion channels. Electrophysiological techniques can be used to record macro-
scopic or single-channel currents. Macroscopic currents in Xenopus oocytes can be
recorded with the two-microelectrode voltage-clamp methodology, whereas the vari-
ous configuration of the patch—clamp techniques are usually used for recording both
single-channel and macroscopic currents from smaller (5-20 um in diameter) mam-
malian cells (Fig.1). Nevertheless, patch—clamp recordings can also be performed from
Xenopus oocytes. Despite the fact that electrophysiology remains the gold standard
for pharmacological assays aimed at ion channels, it also has drawbacks; dialysis of
intracellular compartments during whole-cell recordings using the patch-clamp tech-
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nique is one of them. This causes the removal of cytosolic factors regulating various
aspects of ion channel activity, including their pharmacological profile. Although the
electrophysiological techniques allow an highly detailed analysis of ion channel func-
tion, even if one considers the recent improvements in liquid-handling technologies
for automatic compound delivery, these methodologies are relatively low-output and
yield a low number of data points (—100-200/wk per experimenter). Furthermore, they
are usually run by highly trained personnel and are not easily amenable to full automa-
tion. However, several companies have recently developed multichannel screening
devices based on electrophysiological recordings in Xenopus oocytes with the aim of
increasing the efficiency of drug discovery for ion channels and transporters. Among
these devices, the most popular are the Rooboocyte™, now manufactured by the Multi
channel Systems (Reutlingen, Germany) and marketed by ALA Instruments
(Westbury, NY), or the OpusXpress from Axon Instruments (Foster City, CA). These
systems, by using sophisticated mechanics, electronics, and data-analysis tools defini-
tively increase the amount of information generated; nevertheless, despite such tech-
nological improvements, their impact for cardiovascular drug primary screening is yet
to be demonstrated. It seems more likely that these system will be used in secondary
and tertiary screening programs using ion channels as targets. Similarly, attempts are
currently made to improve high-throughput screenings (HTS) for ion channels using
automated electrophysiological techniques in mammalian cells. These include the
NeuroPatch™ robot (marketed under the name Apatchi-1™ by Sophion Bioscience,
Ballerup, Denmark) and the AutoPatch™ system developed by the Channelwork divi-
sion of CeNeS Pharmaceuticals (Cambridge, UK); the latter is a fully automated
whole-cell patch—clamp system that can be further miniaturized and scaled up to pro-
duce a patch-clamping platform that will enable, in the expectation of the developers,
the collection of =50,000 data points/wk per experimenter. Also in this case, the
impact that this automated technique will have for cardiovascular drug development
needs time for proper evaluation.

5.2. Binding Assays

The displacement of radioactivity labeled congeners by the compound(s) of interest
has traditionally been one of the means by which the pharmacological actions of drugs
were characterized. Binding assays can provide a large number of data points (over
30,000/wk) and are especially suited for HTS. As a matter of fact, these techniques
have been recently applied to ion channels of great pathophysiological and pharmaco-
logical interest, such as those encoded by the human ether-a-go-go—related gene
(HERG) K* channels (37). These channels have been implicated in genetically deter-
mined and in drug-induced human cardiac arrhythmogenicity and represent one of the
most studied cardiac ion channels for drug development (7,38). In a recent study, the
pharmacological characteristics of the binding of the class III antiarrhythmic
[*H]dofetilide in membranes prepared from HEK-293 cells stably expressing HERG
have been investigated. [*’H]dofetilide binding was inhibited not only by other class III
antiarrhythmic, such as clofilium, E-4031, WAY-123,398, and d-sotalol, but also by
the structurally unrelated compounds pimozide, terfenadine, and haloperidol, all of
which prolong the QT interval in humans. Based on these observation, the authors
suggested that [*H]dofetilide binding assay using membranes from cells stably express-
ing HERG K* channels may help identify compounds that prolong the QT interval.
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However, the specificity for HERG of [?H]dofetilide has been questioned by the same
authors (39). Furthermore, caution should be exercised when interpreting these data in
the context of drug screening; in fact, competition binding assays only give informa-
tion regarding single binding site and, for most ion channels, multiple drug-binding
sites are know to be present, often allosterically coupled (40). Thus, the potential for
false-negative data from drug screenings with competition binding techniques against
known sites is rather high. In addition, binding studies performed on membranes do not
allow to assess state-dependent modification of ion channel activity, a major limitation
if one considers the large number of factors that, in intact cells, may influence the
activity of the ion channel of interest. Altogether, these considerations make the poten-
tial use of these binding techniques rather limited for HTS programs involving cardiac
ion channels.

5.3. Flux Assays

Characterization of the pharmacological profile against a possible ion channel target
by using flux studies of molecules to which this ion channel is selectively permeable
represents another highly automatizable procedure that has been used for HTS. Tradi-
tionally, 3Rb*, *C-guanidine, and **Ca’* have been used for investigating the activity
of K*, Na*, and Ca®* channels; HTS for activity on CI~ channels can be also performed
using 2T, although the safety considerations as a result of the Y radiation emitted by
this isotope impose obvious restrictions on its use (4/). Despite the fact that flux stud-
ies are especially suited for HTS when coupled to heterologous expression systems of
channels of known identity, their use is limited by several considerations (/7). The
loading procedure with the isotope is laborious and often inefficient; extensive washes
are needed to achieve an equilibrium; nonspecific background fluxes are often quite
large; and, finally, the flux of the tracer of interest needs to be triggered by toxins,
agonists, or other nonphysiological methods, such as gaseous or chemical hypoxia.
Recently, by means of atomic absorption spectroscopy, a novel Rb*-detection tech-
nique has been developed that does not use radioisotopes and that could be integrated
into an HTS platform for drug screening on potassium channels (42).

5.4. Optical Technologies

To overcome some of the limitations imposed by the previously described methods,
optical technologies have been implemented to allow detection of ion channel activity
in living cells. These techniques, that lend themselves to full miniaturization and auto-
mation, can be performed in 96- or 384-well plates for maximal data output. Thus, they
may begin to bridge the gap between low-throughput high-information assays (electro-
physiological studies) and high-capacity low-information methods (flux and binding
studies; ref. 43).

5.4.1. Membrane Potential Indicators

Small currents carried by few ion channels in the membrane can cause large changes
in transmembrane voltage provided that the resistance of the cell is high enough. There-
fore, drug-induced changes in the activity of specific classes of ion channels can be
inferred from changes in membrane potential. Optical probes are especially suited for
membrane potential measurements; in particular, fluorescence intensity of oxonol dyes
changes as a function of membrane potential because, by virtue of their lipophilic
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anionic nature, depolarization of the cells increases their association with the mem-
brane, thereby enhancing their fluorescence (44,45). Among the most widely used dyes
is the bis-(1,2-dibuthylbarbituric acid) trimetineoxonol or DiBAC, (3), whose quan-
tum yield increases on binding to hydrophobic cellular sites. However, the dye redistri-
bution process is much slower that the actual change in membrane potential, making
this technique useful only for the detection of slow processes leading to prolonged
changes in membrane potential. Another important limitation is that, opposite to what
will be described for ion-sensitive fluorescent probes (see Section 5.4.2.), the fluores-
cent signal cannot often be properly calibrated and converted to absolute values of
membrane potential. In fact, the valinomycin null-point method, a widely used calibra-
tion method, cannot be used because of the formation of complexes between the oxonol
dye and the positively charged molecule of valinomycin (46). Finally, the technique is
extremely sensitive to temperature changes and the oxonol fluorescence can be
quenched by lipophilic compounds under investigation, thus limiting its potential use
in large-scale screening procedures.

5.4.2. Ion-Selective Optical Probes

Instead of measuring membrane potential, a function that integrates the activity of
several ion channels, it is possible to measure with optical probes the cytosolic concen-
trations of selective ion species, which reflect the activity of the membrane channel
permeable to those ions. In principle, the dye should be provided of a high degree of
selectivity for the desired ion, particularly when its concentrations are several orders of
magnitude lower that those of other ions. Historically, this degree of selectivity has
been established for Ca®*-sensitive probes, which have thus been extensively used to
measure cytosolic free Ca>* concentrations; several generations of Ca’*-sensitive opti-
cal probes have been used over the years to achieve this aim (Quin-2; Fura-2; Fluo-3;
calcium-green; just to mention those that have been most extensively used; ref. 47),
mostly because the low (nanomolar) and highly regulated cytosolic concentrations of
this cation allow the development of probes with the required sensitivity and specific-
ity to assess the rapid variations in cytosolic Ca®* concentrations occurring upon acti-
vation of channels or transporters. Similar principles have been applied for the
development of Na*- (48), H*- (49), CI- (50), and K*- (51,52) selective probes,
although their application has been much less extensive. Ca®*-sensitive probes are rela-
tively simple to use: The cells can be loaded by incubation in the presence of the non-
toxic dye, which usually enters the cell passively and is trapped into the cells by
enzymatic reactions. Once the Ca®* concentrations are raised into the cells (via agonist
application, membrane potential changes, or other methods), the dye interacts with
Ca’* ions, changing its fluorescence intensity or its excitation—emission spectra.
Ratiometric or nonratiometric fluorescence signals can thus be converted, by means of
appropriate calibration procedures, into the absolute values of cytosolic Ca** concen-
trations. Given that variations in cytosolic Ca?* concentrations can be brought about by
changes in the activity not only of Ca**-permeable channels, but also of a number of G-
protein—coupled receptors, these assays have the potential to assess the pharmacologi-
cal profile also of these receptors. Furthermore, the fluorescent signal is usually strong
enough to require a rather small number of cells; thus, multiwell microtiter plates are
generally used. The use of Fluorometric Image Plate Readers (Molecular Devices,
Sunnyvale, CA; ref. 53) equipped with automated liquid-handling, kinetic detection,
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and data analysis procedures can be optimized for HTS, allowing the primary screen-
ing of up to 10,000 compounds in a single day. Given the prominent role played by
VGCCs as pharmacological targets for drugs modifying cardiovascular function, the
screening procedures combining the recombinant expression of isolated o; VGCC sub-
units with optical methods for the detection of cytosolic Ca?* changes have already
proven to be successful in screening for Ca®* channel blockers and are likely to allow
the identification of novel lead compounds to be used as pharmacological tools in fur-
ther preclinical screenings.

5.4.3. Fluorescence Resonance Energy Transfer (FRET)

As previously mentioned, optical methods using potential-sensitive dyes lack of the
resolution required for more sophisticated measurements, particularly to assess rapid
changes of membrane potential, such as those associated with the action potential. This
limitation has been overcome for the most part by the use of the spectroscopic tech-
nique of FRET, which can monitor the dynamic association or dissociation of macro-
molecular partners in living cells. FRET can be established between the voltage-sensing
oxonol dye and a second donor fluorophore (54). Using this method, the donor
fluorophore is a coumarin-linked phospholipid (CC2-DMPE) positioned in the outer
leaflet of the plasma membrane. When coumarin is excited with a 409-nm light (vio-
let), in the absence of FRET it will fluoresce at 460 nm (blue). If energy is transferred
from the donor molecule to the longer wavelength acceptor oxonol DiSBAC, (3), fluo-
rescence will be emitted at 580 nm (orange). The FRET phenomenon is extremely
sensitive to changes in the distance between acceptor and donor molecules; because
membrane depolarization causes a preferential redistribution of the mobile oxonol
probe toward the intracellular space, this causes a decrease in FRET that can be detected
by an orange to blue shift in the peak energy of the emission spectra. The fluorescence
change brought about by this electrochromic process is at least 100 times faster than
that of conventional oxonol redistribution assays, reaching kinetics in the millisecond
timescale. Thus, using FRET-based voltage sensors, a first-generation instrument has
been recently generated; this is called VIPR™ (Aurora Bioscience Corp., San Diego,
CA) an acronym for Voltage/Ion Probe Reader, specifically designed for HTS. This
system integrates an eight-channel liquid handler, a microplate positioning stage, and a
fiberoptic illumination and detection system; a xenon arc lamp provides excitation to
the samples, which allows the system to adapt to most fluorescent dyes. A second-
generation system (VIPR II™) has been recently used to generate a pharmacological
fingerprint of voltage-gated Na* and K* channels constitutively expressed in an astro-
cytoma cell line (55).

The main advantage of FRET lies in its ability to detect real-time signals, thus
allowing to screen for pharmacological modulation of action potentials. This is obvi-
ously an highly desired property because it will allow to screen for effect-driven
drug actions, such as for their effects on action-potential duration, amplitude, and
frequency, bypassing the limitation imposed by the systematic screening of each ion
channel involved in the regulation of the cardiac action potential.

Interestingly, when comparing the results obtained from fluorescence screening pro-
cedures with potential-sensitive dyes with those of patch—clamp electrophysiology, a
good correlation between the results obtained with these two different techniques has
been obtained (56).
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6. CONCLUSIONS AND FUTURE PROSPECTS

The introduction of the most sophisticated techniques from genetics, organic chem-
istry, cellular and molecular biology, electrophysiology, and pharmacology, has had a
tremendous impact on the drug-discovery process. In fact, the increasing understand-
ing of the functional role played by newly discovered proteins have expanded the array
of targets that might be pharmacologically regulated to achieve therapeutic actions or
that need to be avoided to prevent possible adverse effects. These consequences are of
paramount interest for the field of cardiac ion channels; the cloning of the genes under-
lying most of the relevant ionic currents of the human heart, a process started in the
1980s, is soon going to be completed. Thus, we have in hand the unique opportunity to
evaluate the pharmacological profile of each individual channel class in isolation us-
ing heterologous expression systems, a process that, only 20 yr ago, was impossible to
foresee for most basic scientists and pharmaceutical companies. Cell-based as well as
whole animal-based systems are increasingly becoming available; they will certainly
further our comprehension of the pathophysiological roles of individual channels sub-
types. However, such target-driven approach might be regarded as highly fragmented;
thus, some degree of complementation among the results obtained from different pri-
mary, secondary, or tertiary screenings is definitively needed, and highly integrated
multidimensional databases need to be established (57) that can be analyzed with ref-
erence to targets, diseases, drug classes, and patients. Although these considerations
might discourage the undertaking of this approach, it should be highlighted that,
whether or not better drugs for human use will result, the intrinsic value of implement-
ing technologies and advancing basic knowledge needs to be reaffirmed. Finally, it
seems reasonable to conclude that the times are not ripe yet for a full exploitation of
the technical and conceptual advancement that have nevertheless poured at a high speed
into the field of ion channel drug screening. For example, in many cases, stable cell
lines expressing the channel of interest are difficult to achieve. More sophisticated
means of activating FRET signals seem to be needed, such as by means of caged
ligands; furthermore, the use of genetically engineered constructs, such as those emerg-
ing for cyclic nucleotides or those based on green fluorescent protein variants (58),
might further improve our ability to relate the changes in FRET to specific movements
of the channel protein, such as those associated with sensors movement, pore opening,
and inactivation; this will ensure the design of drugs specifically targeted to interfere
with these functions. Also, these genetically designed sensors might be targeted at
specific subcellular sites, allowing the study of ion channels that would not be other-
wise amenable to conventional flux or electrophysiological techniques. Finally, the
future developments in the field of chip-based ion-channel assays (either with patch-
clamping or with fluorescence technologies), by eliminating the need for complex elec-
trode micropositioning systems or by reducing the compound consumption, may
further improve the achievement of the desired speed required by HTS drug screening
yet maintaining adequate temporal resolution (59).
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1. INTRODUCTION

Action potential waveforms in the mammalian myocardium reflect the synchronized
activation (and inactivation) of multiple types of membrane ion channels (/) contribut-
ing inward (depolarizing) or outward (repolarizing) ionic currents (Fig. 1). These
(inward and outward) current channels, therefore, are important potential therapeutic
targets for controlling the amplitudes and the duration of action potentials in the heart.
In addition, it is clear that action potential waveforms change during normal cardiac
development (2,3) and in a variety of myocardial disease states (4—-6) owing to changes
in the biophysical properties and/or the expression of the underlying ionic channels.
Thus, there is considerable interest in defining the molecular correlates of the func-
tional inward and outward current channels expressed in myocardial cells and in delin-
eating the molecular mechanisms controlling the properties and the functional
expression of these channels (/,7). Although a variety of experimental models have
been exploited in these efforts over the years, the mouse is now being used increasingly
owing to the ease with which genetic manipulations can be made in the mouse (7,8).
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Fig. 1. Schematic of action potentials and underlying ionic currents in adult human (left) and
mouse (right) ventricular myocytes. The diversity of outward K* currents in myocardial cells is
greater than for the inward Na* and Ca®* currents, and the various K* currents play distinct
roles in action potential repolarization in human and mouse ventricular cells.

Importantly, there are marked differences in cardiac action potential waveforms in
different species, as well as in myocardial cells in different regions of the heart in the
same species (7,9,10). In human and mouse ventricular myocytes, for example, the
rapid upstroke of the action potential (phase 0) reflects inward current through voltage-
gated Na* channels. In human ventricular cells, the upstroke is followed by a transient
repolarization (phase 1) to a plateau phase (phase 2), reflecting the balance of inward
currents through voltage-gated (L-type) Ca®* channels and outward K* currents through
voltage-gated (and other) K* channels. The driving force for K* efflux is high during
the plateau and, as Ca?* channels inactivate, outward K* currents predominate, result-
ing in a second, rapid phase (phase 3) of repolarization back to the resting potential
(Fig. 1). In mouse ventricular cells, in contrast, there is no clear plateau phase and the
upstroke is followed by rapid repolarization, again reflecting K* efflux, primarily
through voltage-gated K* channels (Fig. 1).
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Electrophysiological studies in myocardial tissues and isolated cells have detailed
the distributions and the properties of the major voltage-gated inward Na* and Ca”*
and outward K* channel currents (Table 1) that determine the heights and the durations
of cardiac action potentials (/). In contrast to the voltage-gated Na* and Ca?* channels,
there are multiple types of voltage-gated K* currents in mammalian cardiac cells (1,7).
At least two types of transient outward currents, I, ¢ and I, 5, and several components
of de]ayed rectification, including IKr (IK(rapid)) and IKs (IK(slow))a IKur (IK,ultrarapid)’ IK,slowl ’
Ixqowa, fOr example, have been distinguished (Table 1). In addition, there are species-
and region-specific differences in the expression patterns of the various voltage-gated
K* channel currents, and these contribute to differences in action potential waveforms
observed in different cardiac cell types (9,/0). Importantly, however, the biophysical
properties of the various repolarizing K* currents in myocytes isolated from different
species and/or from different regions of the heart in the same species are remarkably
similar, suggesting that the molecular correlates of the underlying channels are also
the same (7). A rather large number of pore-forming (o) and accessory (B, Y, and &)
subunits (Fig. 2) encoding Na*, Ca>* and K* channels have been identified, and consid-
erable progress has been made in defining the relationships between these subunits and
functional cardiac Na*, Ca?*, and K* channels (1,7,8). For cardiac K* channels in par-
ticular, many of these studies have exploited transgenic (//-21) or targeted deletion
(22—43) strategies in mice in situ to allow cardiac specific expression of mutant K*
channel o subunit transgenes (//-217) or to disrupt the expression of individual K*
channel subunit genes (22—43). The in vivo molecular genetic manipulation of K* chan-
nel expression should facilitate studies focused on exploring the functional roles of
specific K* channels in the myocardium and allow experimental testing of the predic-
tions of computer models of cardiac action potential waveforms and impulse propaga-
tion in the myocardium. Nevertheless, it is important to note that the waveforms of
action potentials in mouse cardiac myocytes (Fig. 1), as well as the electrical properties
of the intact murine heart, are really quite different from those of larger animals, par-
ticularly humans, and it seems reasonable to suggest that the cellular, molecular, and
systemic mechanisms underlying these differences could impact the usefulness of the
mouse as a model system.

This chapter summarizes our present understanding of the electrophysiological and
molecular diversity of the sarcolemmal membrane ion channels contributing to shap-
ing action potential waveforms in the mammalian heart and the progress made in defin-
ing the subunits contributing to the formation of these channels. In addition, the
phenotypic consequences of manipulating K* channel expression in the mouse myo-
cardium in situ as well as the advantages, disadvantages, and limitations of the mouse
as an experimental tool for cardiac drug development are discussed.

2. VOLTAGE-GATED NA* AND CA%* CURRENTS
IN THE MAMMALIAN MYOCARDIUM

Voltage-gated Na* channels open rapidly on membrane depolarization and underlie
the rapid rising phases of the action potentials in mammalian ventricular (Fig. 1) and
atrial myocytes. Although voltage-gated Na* channels also inactivate rapidly and, dur-
ing the action potential plateau, most of the Na* channels are inactivated (44), there is
a finite (albeit small) probability of channel reopening during the plateau. The resulting



‘seaIn[Auoj[ns YN S ‘WNIuoOWwe[AYIoena)

‘VAL ‘urxojepodorajoy ‘¥ 1dH ‘urxojeuey ‘¥ eH ‘ouipuAdoure-y ‘qv- ‘sourpuidorpAyIp ‘qH( ‘urxojoponsl ‘XLl

ou SOOLIUBA ‘BlLIY .29 — - _ ™)
ou SBIOLIUBA ‘BlIY V3L Ww - ou MOjS )
ou SSOUIUBA ‘el V3L Ww MOjJs MOJs AuaA 1sey amasy
ou SB|OUJUBA ‘el dv-¥ Nw MOJS Mo|S 198y oIS
[22 EETRILITEYN V3l Ww MO|S Mojs Mojs o
il SOIOUUBA .eg - ou 1€} )
ou euy dV-¥ Ww — ou 1sey )
€€10L-3N
sak S8IOLUBA $9001-3N - ou mojs Aion )
wnueyue
opHnajoq
sak SDJOUUBA L€0Y-3 Mojs jse} ajelspowl )
sak SOPUIUBA dv-b W Mojs Mmojs 158} so
X1dH
X1BH
aplutess|
sok aluying ‘Sa|oujusA ‘euly dv-p Ww 158} 1s€) 188} o
ou IEPON ‘BlY jse} 188} 1sey (e
aluping PO
ou ‘|EPON ‘SS|OLIUBA ‘BLIV dHa 158} dop-, .20 158} (oo
ou aluniing 'sepouua ‘el XLL 158} 158} 1B} ey
[euor3oy sonssi], pA3ojoorUIIRBY] K19A009Y UOIIBAI}OBU]  UOHBANY  JUQLIN)

uornjezrre[oday [e1}uUd}0J UONPY 03 SUNLIU0)) SJUILIND) DIUO]
L 93[qeL

248



Ion Channels in Mouse Myocardium 249

Na, o

CO,°

3 co,

co,

Fig. 2. Pore-forming (o) subunits of Na*, Ca?>* and K* ion channels. Schematics of the
sequences and the membrane topologies of individual o subunits encoding Na,, Ca,, Kv, Kir,
and two pore domain (KTP) K* channels are illustrated. Adjacent to (for Na,o and Ca,o) or
below (for Kva., Kira,, and KTPa) the o subunits, schematics of assembled monomeric Na, and
Ca, channels, tetrameric Kv and K;; channels and dimeric KTP K* channels are illustrated.

inward current contributes to maintaining the depolarized state and it does, therefore,
also play a role in ventricular action potential repolarization (/). Although the proper-
ties and densities of voltage-gated Na* channels in atrial and ventricular myocardium
are similar, the density of the persistent component of the current is variable in the
ventricle (45). Together with the marked differences in voltage-gated K* current densi-
ties, the variable expression of the persistent Na* current may contribute to regional
heterogeneity in ventricular action potential amplitudes and durations (9,10).

In the mammalian myocardium, Ca®* entry during the plateau phase of the action
potential occurs primarily through high threshold, L-type, voltage-gated Ca* chan-
nels, although in pacemaker cells, low threshold, T-type, channels are also expressed
(Table 1). Similar to the voltage-gated Na* channels, the densities of the L-type Ca**
channel currents do not vary appreciably in different species and/or in myocytes iso-
lated from different region of the ventricles of the same species (/). These channels



250 Nerbonne

require strong depolarization for activation, and channel opening on membrane depo-
larization is delayed relative to the opening of the voltage-gated Na* channels (Fig. 1).
Importantly, the Ca?* influx through the L-type Ca**channels triggers Ca?* release from
intracellular Ca?* stores, contributing to excitation—contraction coupling. During the
plateau phase of the action potential, the L-type Ca?* channels undergo voltage- and
Ca’*-dependent inactivation, contributing to the termination of the action potential pla-
teau and action potential repolarization.

3. VOLTAGE-GATED OUTWARD K* CURRENTS
IN THE MAMMALIAN MYOCARDIUM

In mammalian cardiac cells, two broad classes of voltage-gated K* currents have
been distinguished: transient outward K* currents, I,,, and delayed, outwardly rectify-
ing K* currents, Iy (Table 1). The transient currents (I,) activate and inactivate rapidly
and underlie the early phase (phase 1) of repolarization, whereas the delayed rectifiers
(Ix) determine the latter phase (phase 3) of action potential repolarization (Fig. 1).
These are broad classifications, however, and multiple types of transient and delayed
rectifier K* currents are expressed in myocardial cells (Table 1). In addition, there are
species and regional differences in the densities, as well as the properties, of these
currents, and these differences contribute to the heterogeneity in action potential wave-
forms recorded in different cell types and species (7,9,10).

Electrophysiological and pharmacological studies on adult mouse ventricular
myocytes provided clear evidence that there are two distinct types of cardiac transient
outward K* currents, now referred to as Iy, 5 (I ) and Iy g0 (Iyo), and that these
currents are differentially distributed (46). The rapidly activating and inactivating I, ¢
is also characterized by rapid recovery from steady-state inactivation (7,46). Impor-
tantly, the time- and voltage-dependent properties of I, ¢ in different species and cell
types (Table 1) are similar in that activation, inactivation and recovery from steady-
state inactivation are all rapid (7). In addition, I, ; is readily distinguished from other
voltage-gated cardiac K* currents using the K* channel spider toxins, Heteropoda
toxin-2 or -3 (47). Although I, ; densities vary considerably in right and left ventricles
and through the thickness of the ventricular wall (9,10), the fact that the properties of
ventricular I, ¢ in different cell types and species are similar (Table 1) led to the
hypothesis that the molecular correlates of functional ventricular I, ; channels in dif-
ferent cell types/species are the same (7), and considerable experimental evidence in
support of this hypothesis has now been provided. In electrophysiological studies,
mouse ventricular I, ¢ is readily distinguished from I, ¢ by the slow rates of inactiva-
tion and recovery from inactivation (46), and it has also been demonstrated that the
molecular correlates of (mouse ventricular) I, ; and I, ; are distinct (30).

Delayed rectifier K* currents, Ig, have been characterized extensively in myocytes
isolated from a variety of species and, in most cells, multiple components of Iy (Table 1)
are expressed. In canine ventricular myocytes, for example, two prominent compo-
nents of Iy, I, (I rapia) and Ixs (I gi0w), can be distinguished based on differences in
time- and voltage-dependent properties and pharmacological sensitivities (48). In
human ventricular cells, both Ig, and Ik, are expressed (49). Although neither Iy, nor
Ik, appears to be a prominent repolarizing current in adult mouse heart (46), distinct
components of Iy, including Iy o4 (11,17,19,21,39,46,50,51), Ik gowa (15,21,46),
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and I (46) have been identified (Table 1). In contrast with the differential distribu-
tion of I, ¢ and Ly, 5, Ik slow1» Ik slow2> @nd L appear to be expressed in all mouse ven-
tricular myocytes (46).

4. OTHER K* CURRENTS IN THE MAMMALIAN MYOCARDIUM

In addition to the voltage-gated K* channels, two types of inwardly rectifying K*
channel currents, Iy, and the ATP-dependent, Ix rp (Table 1), contribute to setting
resting membrane potentials and determining the waveforms of cardiac action poten-
tials, and the densities of these currents vary in different regions (atria, ventricles,
and conducting tissue) of the heart (/,52,53). In human ventricular myocytes, the
strongly inwardly rectifying Iy, channels play a role in establishing the resting mem-
brane potential and the plateau potential, in addition to contributing to phase 3 repo-
larization (Fig. 1). The strong inward rectification evident in these channels is
attributed to block by intracellular Mg 2* (54) and by polyamines (55,56).

The weakly inwardly rectifying ATP-dependent K* channels are inhibited by intra-
cellular ATP and activated by nucleotide diphosphates (53). These channels are thought
to provide a link between cellular metabolism and membrane potential. In ventricular
myocytes, activation of Ix ,tp channels has been suggested to play a role in the shorten-
ing of action potentials and the loss of K* that occurs with ischemia and hypoxia (57).
The opening of Ixarp channels has also been suggested to contribute to the
cardioprotection resulting from ischemic preconditioning (58,59). Unlike voltage-gated
K* channels, Ixsrp channels appear to be distributed uniformly at high density in the
right and left ventricles and through the thickness of the ventricular wall.

5. MOLECULAR CORRELATES OF VOLTAGE-GATED
CARDIAC NA* AND CA* CURRENTS

Voltage-gated Na* (Na,) channel pore-forming o subunits (Fig. 2) belong to the
S4 superfamily of genes encoding voltage-gated ion channels. Each Na, o subunit
consists of four homologous domains (I to IV), each of which has six o helical trans-
membrane repeats (S1-S6) and a hydrophilic region between S5 and S6 that contrib-
utes to the Na*-selective pore (Fig. 2). Although there are multiple members of the
Na, o subunit subfamily, Na,1.5 is the predominant isoform expressed in the mam-
malian heart (/). Functional voltage-gated cardiac Na* channels appear to be
multisubunit complexes (Fig. 3) consisting of a central pore-forming Na, o subunit
(Fig. 2) and one to two auxiliary 3 subunits (60), although the roles of these subunits
in controlling the properties and/or the functional expression of myocardial Na* chan-
nels remain to be determined.

Importantly, inherited mutations in the linker between domains III and IV in
Na,1.5 that cause one form of Long QT syndrome, LQT3, have been shown to dis-
rupt inactivation, leading to an increase in the relative amplitude of the persistent
Na* current (61,62). It is also of interest to note that increased persistent Na* current
density also prolongs action potentials in genetically engineered mice (63).

Voltage-gated Ca?* (Ca,) channel pore-forming (o) subunits (Fig. 2) also belong
to the S4 superfamily of voltage-gated ion channel genes. Similar to the Na, o sub-
units, Ca,0; subunits comprise four homologous domains (domain I-1V), each of
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Fig. 3. Molecular composition of cardiac Na*, Ca®*, and K* channels. Upper panel: The four
domains of the Ca, (or Na,) o subunit, together with accessory subunits, assemble to produce
functional Ca, (or Na,) channels. Lower panel: Four Kv (or Kir) o subunits, together with one
or more accessory 3 subunits, co-assemble to produce functional outwardly (or inwardly) rec-
tifying cardiac K* channels.

which is composed of six putative transmembrane segments (S1-S6), including the
S4 voltage sensing domain, and a region between S5 and S6 that contributes to the
Ca’* selective pore (Fig. 2). Also similar to Na* channels, functional voltage-gated
Ca’* (Ca,) channels are multimeric proteins consisting of a Ca, o; subunit and aux-
iliary, Ca, PB and Ca, 0,8, subunits (Fig. 3), although the o, subunit is the primary
determinant of channel properties.

Four distinct subfamilies of Ca, channel pore-forming o, subunits, Ca,1, Ca,2, Ca,3,
and Ca,4 have been identified (/) and a member of the Ca, 1 subfamily, Ca, 1.2, encodes
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o,c (o 1.2), the pore-forming o subunit in voltage-gated cardiac L-type Ca®* chan-
nels. There are also multiple Ca,8 and Ca, 0,0 subunit genes that can co-assemble with
Ca,1 o subunits to increase functional voltage-gated Ca®* channel expression and
modify channel properties. The Ca, 0,0 subunits are heavily glycosylated proteins that
are cleaved post-translationally to yield disulfide-linked o,-proteins (Fig. 3). The Ca, o,
domain is located extracellularly, whereas the Ca,d domain has a large hydrophobic
region, which inserts into the membrane (Fig. 3) and anchors the channel complex
(64,65). Although the molecular compositions of functional voltage-gated Ca®* chan-
nels in different cardiac cell types and species remain to be defined, it seems likely that
the structures of these channels will be identical based on the similarities in the bio-
physical properties of the currents (channels) expressed.

6. MOLECULAR DIVERSITY OF SUBUNITS ENCODING
VOLTAGE-GATED CARDIAC K* CHANNELS

Voltage-gated K* channel (Kv) pore-forming (o) subunits are six transmembrane
spanning domain proteins (Fig. 2) with a region between the fifth and sixth transmem-
brane domains that contributes to the K*-selective pore. The positively charged fourth
transmembrane domain in the Kv o subunits is homologous to the corresponding region
in voltage-gated Na* and Ca?* channel o subunits, placing them in the S4 superfamily
of voltage-gated channels. In contrast with voltage-gated Na* and Ca”* channels, how-
ever, functional voltage-gated K* channels comprise four o subunits (Fig. 2). The iden-
tification of several homologous Kv subunit subfamilies, including Kv1.x, Kv2.x,
Kv3.x, Kv4.x, many of which are expressed in the heart (Table 2), in combination with
alternative splicing of transcripts and/or the formation of heteromultimeric channels
between distinct Kv subunit proteins, suggests considerable potential for generating
the functional diversity of voltage-gated cardiac K* channels (Table 1).

Additional subfamilies of voltage-gated K* (Kv) channel (Table 2), as well a large
number of inwardly rectifying (Kir) channel (Table 3) o subunit genes have also
been identified. The Kv o subunit ERG1 (66) is the locus of mutations leading to one
form of familial long QT-syndrome, LQT2 (67). Heterologous expression of ERG1
reveals inwardly rectifying voltage-gated, K*-selective currents (68,69) with proper-
ties similar to cardiac Iy, (Table 2). Alternatively processed forms of ERG1 have
also been cloned from mouse and human heart cDNA libraries and postulated to
contribute to cardiac Iy, (70-72). Another subfamily of voltage-gated K* channel o
subunits was revealed with the cloning of KvLQT1 (73), the loci of mutations in
LQT1. Although KvLQT1 expressed alone yields rapidly activating, noninactivating
K* currents, co-expression with the accessory subunit minK (74,75) produces slowly
activating K* currents that resemble the slow component of cardiac delayed rectifi-
cation, Iy, (76,77).

A number of other voltage-gated K* (Kv) channel accessory subunits have also
now been identified (Table 4), and it has been suggested that one of the minK homo-
logs, MiRP1 (78), functions as an accessory subunit of ERGI to generate cardiac Ik,
channels (79). It has also been reported, however, that that MiRP1 assembles with
Kv3.4 in mammalian skeletal muscle (80) and with Kv4.x o subunits in heterologous
expression systems (81). Although these findings suggest that KCNE accessory sub-
units might contribute to multiple K* channels, the functional importance of associa-
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Table 2
Voltage-Gated K* Channel Pore-Forming o Subunits
Location
Family Subfamily Protein Gene Human Mouse Current
Kv
Kv1
Kvi.1 KCNA1 12p13 6
kowez s -
(lkomd
Kv1.3 KCNA3 1p21 3
KCNA4 11p14 2 los
KCNAS 12p13 6 e, humanirat)
I stow (MoOUSE)
Kvi 6 KCNAB 12p13 8
Kv1.7 KCNA7 19913 7
Kv1.10 KCNA10 1p11
Kv2
KCNB1 20¢13.1 2 I siow (MOUSE)
KCNB2 8q13 7
Kv3
KCNC1 11p15 7 lr(Canine)
Kv3.2 KCNC2
Kv3.3 KCNC3 19913 4 7
Kv3.4 KCNC4 1p11
Kv4
KCND1 Xp11.2 X 7
KCND2 7932 ot
KCND3 1p11 3 ot
Kv5
KCNE1 2p25 7
Kvé
Kv6.1 KCNG1 20q13.1
Kv6.2 KCNG2 18923
Kv8
Kv8.1 KCN?
Kvo
Kv.1 KCNS1 20912 2
Kvo.2 KCNS2
Kvo.3 KCNS3 2p25
EAG
eag
eag KCNH1 1932 1
KCNH2 7936 5 (s
erg2 KCNH3 15
erg3 KGNH4 1721
ek
KvLQT
KvLQT1 KcnQ1 11p15 7 s
KCNQ2 KCNQ2 20p11.1 2
KCNQ3 KCNQ3 8024.3
KCNQ4 KCNQ4 1p34.3
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Table 3
Inward Rectifier and Two-Pore-K* Channel o Subunits
Location
Family Subfamily  Protein Gene Human  Mouse Current
Kir
Kir1
KCNJ1 11925 ??
Kir2
KCNJ2 17923 11 les
KCNJ12  17p11.2 11 s
KCNJ4 22U 27
KCNJ14  19q13.4 72
Kir3
Kir3.2  KCNJ6  21g22
KCNJ7 16
Kr3.3  KCNJ9  1q21 1
KCNJS 11925 9 lach
Kir4
Kird1  KCNJ10  1q21 1
Kr4.2  KCNJ15 21922 16
Kir5
Kr5.1  KCNJ16  17q25
Kir6
KCNJ8  12p11.1 6
KCNJ11  11p15 leate
Two-Pore
TWIK
TWIK-1 | KCNK1  1q42 8 ??
TWIK-2 | KCNK6  19q11 7 ??
TWIK-3  KCNK?7
TWIK-4 KCNK8  11q12 19
TREK
TREK-1 KCNK2 1 ??
TREK-2 KCNK10 14932
TASK
TASK-1 | KCNK3  2p24 o 77
TASK-2 KCNK5  6p21.1 14
TASK-3 KCNK9  8q24.3
TASK-4 KCNK14
TASK-5 KCNK15  20q12
TRAAK
TRAAK-1] KCNK4  11q12 19
THIK
THIK-1  KCNK13 14932
THIK-2 | KCNK12  2p21 ??
TALK
TALK-1 KCNK16  6p21
TALK-2 | KCNK17  6p21 ??

255
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Table 4
Accessory Subunits
of Voltage-Gated K* Channels

Chromosome

Family Subunit Gene Human Mouse Cardiac Current

Kvp
KCNABT  3q25 3 2?2
KCNAB2 4 ??
KvB3 KCNAB3 17p13 1
KCNE
Mink | KCNE1 — 21q22 16 IKs
MiRP1]| KCNE2  21q22 Ik 22 lo g 7?2
MiRP2 KCNE3  11q13
MIRP3  KCNE4
KChAP
KChAP lto,i 77 Ik ??,
KChIP
KChIP1 KCNIPT  5q35
KChIP2| KCNIPZ  10g25 ho,f
KChIP3 KCNIP3
NCS
FREQ  9q34 [

tions with MiRP subunits in the generation of voltage-gated cardiac K* channels
remains to be determined.

Low molecular cytosolic Kv accessory subunits were first identified in brain (82).
Four homologous Kv subunits, Kv 31, Kv B2, Kv B3, and Kv 34 (Table 3), as well as
alternatively spliced transcripts, have been identified, and both Kv B1 and Kv 2 are
expressed in heart (83). Heterologous expression studies suggest that Kv B subunits
interact with the intracellular domains of Kv1 subunits and modify the properties and
the cell surface expression of Kv1 o subunit-encoded K* currents (84,85). It has not,
however, been demonstrated directly that Kv oo and Kv 3 subunits associate in the
myocardium, and the roles of Kv [ subunits in the generation of functional cardiac K*
channels remain to be determined. This is also the case for another voltage-gated K*
channel accessory protein, KChAP (86), which has been shown in expression systems
to interact with the N termini of Kv o subunits and with the C termini of Kv [ subunits.

The Kv channel-interacting proteins, KChIPs (Table 3), identified by An and col-
leagues (87), belong to the recoverin family of neuronal Ca**-sensing proteins, which
contain multiple EF-hand domains (88). The N termini of the KChIP proteins are unique
(87), and only KChIP2 appears to be expressed in heart (87,89). Heterologous expres-
sion of o subunits of the Kv4 subfamily with any one of the KChIPs increases the
functional cell surface expression of Kv4.x-encoded K* currents, slows current inacti-
vation, speeds recovery from inactivation, and shifts the voltage-dependence of activa-
tion (87). Interestingly, the KChIPs do not affect Kv1.4- or Kv2.1-encoded K* currents,
suggesting that the modulatory effects of the KChIP proteins are specific for Kv4 o
subunit-encoded channels (87). Although KChIP binding to Kv4 o subunits is not Ca>*-
dependent, mutations in EF hand domains 2, 3, and 4 eliminate the modulatory effects
of KChIP1 on Kv4.x-encoded K* currents (87). It has also been demonstrated that
KChIP2 co-immunoprecipitates with Kv4.2 and Kv4.3 o subunits from adult mouse
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ventricles, consistent with a role for this subunit in the generation of Kv4-encoded
mouse ventricular I, channels (90). Interestingly, a gradient in KChIP2 message
expression is observed through the thickness of the ventricular wall in human heart,
suggesting that KChIP2 underlies the differences in I, ¢ densities in the epicardium and
endocardium (89). In rodents, there is no KChIP2 gradient (89,90), and regional varia-
tions in Kv4.2 expression underlie differences in I, ; densities (90,91).

7. MOLECULAR CORRELATES OF CARDIAC VOLTAGE-GATED
TRANSIENT OUTWARD K* CHANNELS

Considerable evidence has accumulated documenting a role for Kv4 o subunits in
the generation of myocardial I, ; channels. In mouse ventricular myocytes exposed to
antisense oligodeoxynucleotides targeted against Kv4.2 or Kv4.3, for example, I, ¢
density is reduced by ~50 % (90). It has also been shown that I, ¢ is eliminated in atrial
and ventricular myocytes isolated from transgenic mice (Table 5) expressing a pore
mutant of Kv4.2, Kv4.2W362F, that functions as a dominant negative (/2,/4). Bio-
chemical studies have also revealed that Kv4.2 and Kv4.3 are associated in mouse
ventricles, suggesting that functional mouse ventricular I, ; channels are heteromeric
(90). Given the similarities in the properties of I, in different species (Table 1), it
seems reasonable to suggest that Kv4 o subunits also underlie human I, ; channels. In
human heart, however, the candidate subunit is Kv4.3 because Kv4.2 appears not to be
expressed (91). Although two splice variants of Kv4.3 have been identified in human
(92), the expression levels of the two Kv4.3 proteins and the role(s) of these subunits in
the generation of functional cardiac I, ; channels remain to be defined.

The properties of the slow transient outward K* currents, I, , in ventricular
myocytes are distinct from I, ; (Table 1), suggesting that the molecular correlates of
ventricular I, s and I, ; channels are also distinct. Direct experimental support for this
hypothesis was provided with the demonstration that I,  is undetectable in ventricular
(septum) myocytes (30) from mice with a targeted deletion in Kv1.4, Kv1.4—/— (23).
Interestingly, I, ; (and Kv1.4 protein) is upregulated in left ventricular apex and in
right ventricular cells in the Kv4.2W362F-expressing transgenics (33). When the
Kv4.2W362F transgene is expressed in the Kv1.4—/— null background, however, both
Lo ¢ and I, ; are eliminated (33). Indeed, the waveforms of the outward K* currents in
all Kv4.2W362F-expressing Kv1.4-/— ventricular cells are indistinguishable (33).
Given the similarities in the properties of the slow transient outward K* currents in
different species (Table 1), it seems likely that Kv1.4 also encodes I, s in and human
ventricular myocytes, although this has not been demonstrated directly to date.

8. MOLECULAR CORRELATES OF CARDIAC VOLTAGE-GATED
DELAYED RECTIFIER K* CHANNELS

Expression of ERGI, the locus of LQT2 (67), reveals voltage-gated K* currents that
resemble cardiac I, (68,69). The findings that antisense oligodeoxynucleotides tar-
geted against minK attenuate Ig, in AT-1 (an atrial tumor line) cells (93) and that heter-
ologously expressed ERG1 and minK co-immunoprecipitate (94), however, suggest
that cardiac Ik, channels are multimeric. To date, however, it has not been demon-
strated that ERG1 and minK are associated in the mammalian heart. Alternatively pro-
cessed forms of ERG1 with unique N- and C-termini have also been identified (70-72)
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and suggested to be important in the generation of functional Ig, channels (70,71).
Western blot analysis, however, has revealed that only the full-length ERG1 proteins
in human (mouse and rat) heart (95).

Co-expression of KCNQI, the locus of mutations in LQT1 (73), with minK pro-
duces very slowly activating, noninactivating K* currents (76,77). These observations,
together with biochemical data demonstrating that heterologously expressed KvLQT1
and minK associate (76), have been interpreted as suggesting that minK co-assembles
with KvLQT1 to form functional cardiac I, channels (76,77). Nevertheless, biochemi-
cal evidence demonstrating co-assembly of KvLQT1 and minK in heart has yet to be
provided, and the stoichiometry of functional Ix, channels has not been determined. In
addition, the functional role of the N terminal splice variant of KvLQT1, which func-
tion as dominant negative (96), in the generation of functional cardiac Ig, channels
remains to be determined.

Transgenic and targeted deletion strategies in mice have been exploited to define the
molecular correlates of several of the other delayed rectifier K* currents expressed in
the heart (Table 5). Roles for Kvl and Kv2 o subunits in the generation of mouse
ventricular Iy g, for example, were revealed with the demonstration that Iy oy
is selectively attenuated in ventricular myocytes isolated from transgenic mice express-
ing either a truncated Kv1.1 or Kv2.1 o subunit, Kv1.1N206 or Kv2.1N216, that
function as dominant negatives (/1,15). Further analyses revealed that there are actu-
ally two distinct components of wild-type mouse ventricular Iy oy Ik sjow1» Which is
sensitive to WM concentrations of 4-aminopyridine and encoded by Kv1 (subunits and
Ik s1ow2- that is sensitive to TEA and encoded by Kv2 o subunits (/5). Consistent with
this hypothesis, both Ix g and I o4, are eliminated in crossbred mice expressing
both the Kv1 and the Kv2 subfamily-specific dominant-negative transgenes (217). In
addition, experiments completed on myocytes from mice with a targeted deletion Kv1.5
have shown that Kv1.5 encodes Iy oy (39). This finding, together with the results
obtained on Kv1.4—/— myocytes (26), in which I, ; is eliminated (30,33), suggest that,
in contrast to the Kv4 o subunits (90), Kv1 o subunits do not associate in adult mouse
ventricles in situ. Rather, functional Kvl o subunit-encoded K* channels in mouse
ventricular myocytes are homomeric, composed of Kv1.4 (I, ;) or Kv1.5 (I gow1)-

Although neither Ig, nor Iy, is a prominent repolarizing K* current in adult mouse
myocardium (19,21,30,33,46), the functional consequences of the in vivo manipula-
tion of the LQT K* channel genes, KCNQI, KCNH2 (ERG1), and KCNEI, encoding
these channels (13,18,22,27-29,31,38) have been examined. In mice with targeted
deletions in KCNEI (KCNEI-/-) or KCNQI (KCNQ1-/-), the most striking pheno-
type is a Shaker/Waltzer behavior (22,29,31,38), attributed to loss of transepithelial
K* secretion and collapse of the spaces normally containing the K*-rich endolymph in
the inner ear (22), that are reminiscent of the sensorineural deficits observed in Jervell
and Lange-Nielsen syndrome patients (97). In one line of KCNEI-/— mice (22),
baseline electrocardiograms (ECGs) are normal, although the mice display accentu-
ated QT adaptation to heart rate (98). In another KCNE[—/—line (29), in contrast, both
the baseline ECG and the QT adaptation to rate (99) are normal (Table 5). Phenotypic
differences were also seen in KCNQ[-/— animals (31,38). In exon1-KCNQI—/— mice
(31), for example, heart rate, heart rate variability, ventricular repolarization, and AV
conduction are normal (Table 5), whereas in exon2-KCNQ [/—/— animals, QT prolon-
gation, P and T wave abnormalities, and delayed AV conduction are observed (38).
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Transgenic mice expressing mutant ERG1 and KvLQT1 proteins in the heart have
also been described (/3,18). ECG recordings from mice expressing a human ERG1
mutation (/3) and whole cell recording from myocytes isolated from these animals
were indistinguishable from wild-type controls (Table 5), consistent with the sugges-
tion that I, is not an important repolarizing K* current in adult mouse heart. The phe-
notype of mice expressing a splice variant of KvLQT1 that functions as a dominant
negative, in contrast, is quite dramatic (/8). These animals exhibit sinus bradycardia,
QT prolongation, abnormal P wave morphology, and intranodal conduction block
(Table 5). In addition, electrophysiological recordings from ventricular myocytes from
these animals revealed that action potentials are prolonged and that outward (I,,) and
inward (Ig;) K* current densities are reduced (/8). In addition, the severity of the car-
diac phenotype observed in these animal is directly correlated with the amount of the
transgenic protein produced (/8), raising some concern that at least some of the effects
seen in these animals reflect nonspecific effects of overexpression of the truncated
protein in vivo.

9. MOLECULAR CORRELATES OF OTHER K*
CURRENTS IN THE MAMMALIAN MYOCARDIUM

Inwardly rectifying K* channels are encoded by a subfamily of inward rectifier K*
(Kir) channel pore-forming o subunit genes, which encode proteins with two trans-
membrane domains (Fig. 2). Similar to Kv channels, Kir subunits assemble as tetram-
ers to form K*-selective pores (Fig. 2). The Kir2 o subunits encode the strong inwardly
rectifying cardiac Ig; channels (/00) and, several members of the Kir2 subfamily are
expressed in the myocardium (/0/). Direct insights into the role(s) of Kir 2 o subunits
in the generation of ventricular Iy, channels was provided in studies completed on
myocytes isolated from mice with a targeted deletion of the coding region of Kir2.1
(K2.1—/-) or Kir 2.2 (Kir2.2 —/-) (34,42). Although the Kir2.1-/— mice have cleft pal-
ate and die shortly after birth precluding electrophysiological studies on adult animals
(34), voltage—clamp recordings from newborn Kir2.1-/— ventricular myocytes reveal
that Ik, is absent (42). A slowly activating inward rectifier current, distinct from Iy,
however, is evident in Kir2.1-/— myocytes (42). Voltage—clamp recordings from adult
Kir2.2—/- ventricular myocytes reveal that Ix; is reduced (but not eliminated) with
deletion of Kir2.2 (42). Taken together, these results suggest that both Kir2.1 and Kir2.2
contribute to mouse ventricular Ix; channels and that functional cardiac Ix; channels
are heteromeric.

In the heart, Ig ,p channels play a role in myocardial ischemia and preconditioning
(102,103). In heterologous systems, Ix4tp channels can be reconstituted by co-expres-
sion of Kir6.x subunits with ATP-binding cassette proteins that encode sulfonylurea
receptors, SURx (/02). The essential role of the Kir6.2 subunit in the generation of
cardiac Ig op channels, however, was revealed with the demonstration that I ,pp chan-
nel activity is absent in ventricular myocytes isolated from mice with a targeted dele-
tion of the Kir6.2 gene, Kir6.2—/— (37,40). A role for SUR2 is suggested by the finding
that Iy otp channel density is reduced in myocytes from SUR2—/— animals (4/), whereas
there are no cardiac effects of deletion of SUR1 (32). The properties of the Ig rp chan-
nels evident in SUR2—/— myocytes are similar to those produced on co-expression
of Kir6.2 and SURI1 (41), suggesting that SUR1 may also co-assemble with Kir6.2.
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Although action potentials in wild-type and Kir6.2—/— myocytes are indistinguishable,
the action potential shortening observed in wild-type cells during ischemia or meta-
bolic blockade is abolished in the Kir6.2—/— cells (40). Action potential durations are
largely unaffected, however, in cells from transgenic animals expressing mutant I otp
channels with markedly (40-fold) reduced ATP sensitivity (20), suggesting that there
are additional pathways that regulate cardiac Ig,pp channel activity in vivo.

Although expression studies suggested that the ACh-regulated current, Ixacy, in
atrial myocytes reflects heteromeric assembly of Kir3.1 and Kir3.4 (104), the essential
role of Kir3.4 was demonstrated in mice with a targeted deletion of the Kir3.4 gene,
Kir3.4-/— (24). Recordings from Kir3.4—/— atrial myocytes revealed the absence of
(GTPyS-activated) Ig o, channels (Table 5) that are prominent in wild-type atrial cells.
The observation that Kir3.1 is expressed in Kir3.4—/— atria further suggests that Kir3.1
cannot form functional Ig s, channels in the absence of Kir3.4 (24). Although resting
heart rates in Kir3.4—/— animals are not significantly different from those recorded in
wild-type animals (24), heart rate variability in response to stimulation of the vagus or
A1 receptors is reduced (Table 5). Interestingly, atrial fibrillation is not observed in
Kir3.4—/- animals challenged with carbachol (43), confirming that Iy, activation is a
critical step in the cholinergic induction of atrial fibrillation.

A novel type of K* channel o subunit with four transmembrane spanning regions
and two pore domains (Fig. 2) was identified with the cloning of TWIK-1 (/04). Both
pore domains contribute to the formation of the K*-selective pore and functional TWIK
channels assemble as dimers (/05), rather than tetramers as is the case for other K*
channels (Fig. 3). After the identification of TWIK-1, a number of four transmem-
brane, two-pore domain K* channel o subunit genes were identified, many of which
are expressed in the myocardium (Table 3). Heterologous expression of the various
two pore domain subunits gives rise to currents with distinct properties (105), although
the physiological roles of these subunits/channels in the myocardium remain to be
determined. Both TREK-1 and TASK-1, however, are expressed in the heart and heter-
ologous expression of either of these subunits gives rise to instantaneous,
noninactivating K* currents that display little or no voltage dependence (/05). These
properties have led to suggestions that these subunits contribute to “background” or
“leak” currents in cardiac cells (106). It is interesting to note that the properties of the
currents produced on expression of TREK-1 or TASK-1 are similar to those of the
current referred to as Ik, identified in guinea pig ventricular myocytes (107,108), as
well as to Igg in mouse (46). Clearly, experiments focused on delineating the functional
roles of two-pore domain-encoded K* channels in the mammalian myocardium are
needed to test these hypotheses directly.

10. SUMMARY, CONCLUSION, AND FUTURE DIRECTIONS

Electrophysiological studies have clearly identified multiple types of voltage-gated
inward and outward currents that contribute to shaping the waveforms of action poten-
tials in the mammalian myocardium (Table 1). Outward K* currents are more numerous
and diverse than inward currents and are largely responsible for the differences in action
potential waveforms in different species and in different cardiac cell types. Molecular
cloning has revealed an unexpected diversity of voltage-gated ion channel pore-forming
o. and accessory subunits that contribute to the formation of the various inward and
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outward current channels. Similar to the electrophysiological diversity of K* channels,
the molecular analyses has revealed that multiple voltage-gated (Kv; Table 2) and
inwardly rectifying (Kir; Table 3) K* channel pore-forming o and accessory (Table 4)
subunits are expressed in the myocardium.

A variety of experimental approaches have been exploited to probe the
relationship(s) between these subunits and functional cardiac K* channels, and impor-
tant insights have been provided through the application of techniques that allow func-
tional channel expression to be manipulated in vitro and in vivo. These efforts have
led to the identification of the pore-forming o subunits contributing to the formation
of most of the K* channels expressed in the mammalian heart. Exploiting dominant
negative strategies in transgenic animals, for example, has revealed that distinct Kv
subfamilies encode I, ¢ (Kv4; refs. 12,14,19,33) and Ig o, (Kvl and Kv2; refs.
11,15,19,21) and has led to the identification of two, molecularly distinct (i.e., Kv1-
and Kv2-encoded) components of Iy g, (15,21) that could not be distinguished
unequivocally using conventional approaches (46). The targeted deletion of individual
o subunits has revealed the essential subunits required for I, (Kv1.4; refs. 30,33),
Ik siow1 (KV1.5; ref. 39), Iy, (Kir2.1; refs. 34,42), Ixacn (Kir3.4; ref. 24), and Iga1p
(Kir6.2; refs. 25,40). Based on the fact that the properties of the various K* currents in
human cardiac myocytes are similar to those in the mouse, it seems reasonable to
speculate that these Kv o subunits encode the corresponding K* channels in human
heart. Although little is presently known about the roles of most of the Kv accessory
subunits (Table 3) in the generation and/or the functioning of myocardial K* chan-
nels, it seems certain that this will be an important area for future studies and that the
mouse will also be the model of choice for these studies.

The in vivo molecular genetic analysis of cardiac K* channels has also provided
insights into the functional roles of these channels in the mouse myocardium. The
results obtained with the Kv4.2W362F animals, for example, reveal a prominent role
for I, ¢ in action potential repolarization in mouse atrial and ventricular myocytes
(12,14). This contrasts markedly with human, in which I, contributes primarily to
phase 1 repolarization (Fig. 1). Although QT prolongation is seen in animals lacking
I, action potential repolarization remains fast even in animals lacking I, jand I,
(12,33). The lack of pronounced electrophysiological effects of deletion of either
KCNE] (22,29) or KCNQ1 (31,38) is consistent with the suggestion that, in contrast
with large mammals, Ig, does not play a major role in repolarization in the adult mouse
(46). Although this clearly limits the usefulness of the mouse as an experimental model
system to evaluate the efficacy of drugs targeting Iy, the absence of measurable I,
(and Ig,) could make the mouse a suitable model to assay the pharmacological effects
of putative I, (and Ig,) blockers on other cardiac outward and inward currents.

In several of the mouse models developed to date, remodeling of cardiac K* currents
is evident (Table 5). In Kv4.2W362F animals, for example, I, is selectively
upregulated in (right and left) ventricular myocytes that do not normally express this
current (33). In addition, no changes in Iy g, and/or Igg densities are evident in
Kv4.2W362F x Kv1.4—/- cells, which lack both I, ¢ and I, ; (33). Remodeling is also
seen in Kv1.1N216- and Kv2.1N206- expressing ventricular cells, in which one com-
ponent of Iy y, is selectively attenuated (/1,15,21). In both cases, the density of the
component of Iy y,, remaining is increased, whereas I, and Igg are unaffected
(11,15,21). These observations suggest that the mouse might be useful as a model sys-
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tem to probe the molecular mechanism underlying cardiac remodeling and to test the
efficacy of drugs targeted to these mechanisms. In this context, it would clearly be of
interest to control the level, as well perhaps as the timing, of transgene expression. It
seems reasonable to suggest that in the future, transgenic and targeted deletion animals
should be generated using inducible (and cardiac-specific) promoters to allow transgene
expression levels to be tightly controlled (/09—111). This would make the mouse an
important experimental tool in studies aimed at detailing the molecular mechanisms
involved in controlling the expression and the properties of functional cardiac K* chan-
nels in the normal and diseased myocardium, as well as in the preclinical evaluation of
pharmaceutical approaches to regulating these mechanisms.
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