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Preface

The first three editions of Cardiovascular Toxicology provide the foundation for the
latest, fourth edition of this monograph. The first edition, edited by Ethard Van Stee,
was published in 1982, and the next two editions, edited by Daniel Acosta, Jr., were
published in 1992 and 2001, respectively. The central theme of this book is to provide
an in-depth overview of myocardial and vascular toxicity of chemical agents.

It is one of the few toxicology texts that focus entirely on toxicity of
chemicals to the cardiovascular system. In addition, the monograph separates the
discussion of the cardiovascular system into the heart and vascular system, which
is not commonly found in other texts.

The latest edition continues to focus on mechanistic and molecular aspects of
chemical injury to the heart and the vasculature. Furthermore, it comprises several
key sections beyond general cardiovascular toxicology, such as a major review on
advances in the field, an up-to-date review of ischemic cell injury, and advances in
methodology for measuring and evaluating cardiovascular function and toxicity. An
attempt has been made to provide pertinent information on key, well-known
cardiovascular toxicants. Thus, many of the chapters are categorized as to the
cardiovascular toxic effects of major chemical and therapeutic classes of drugs,
industrial agents, and pollutants. The authors have revised and updated all of the
previous chapters with the latest findings in their respective areas of interest; several
of the chapters have new authors, which brings a new perspective to the topic.

We believe that the fourth edition will serve as a useful reference to
clinicians, public health officials, industrial and experimental toxicologists, and
other interested professionals. This monograph may also serve as a recom-
mended or supplementary text for advanced graduate courses in target organ
toxicology and may assist students and health professionals pursuing a career in
academia, industry, or government.

Daniel Acosta, Jr.
September, 2008
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Advances in Cardiovascular Toxicology

Y. James Kang

Department of Medicine, University of Louisville School of Medicine,
Louisville, Kentucky, U.S.A.

INTRODUCTION

Cardiovascular toxicity is virtually associated, directly or indirectly, with all chem-
icals and drugs that cause deteriorating effects in mammalian system. However,
cardiovascular toxicology has not been fully developed until recently. The signifi-
cance of cardiovascular toxicity in environmental health, clinical practice, and drug
discovery and development had been underestimated. There were not enough clinical
and environmental studies that addressed the issue of cardiovascular toxicity, and
drug discovery and development had largely ignored the concern of cardiovascular
toxicity. However, over the past decade, cardiovascular toxicity has become a
growing concern of clinical practice, environmental health, and drug discovery and
development. There are several review articles that have provided some current
knowledge of cardiovascular toxicology (1-4). In this book, advances in different
aspects of cardiovascular toxicology are presented in respective chapters. In this
chapter, a general view of new understanding of cardiovascular toxicology will be
discussed with a focus on basic concepts and critical areas that significantly affect the
advances in cardiovascular toxicology.

The most significant advance in cardiovascular toxicology over the past decade
is the realization of cardiovascular toxicology as an important subdiscipline of tox-
icology, of which we previously only had a superficial understanding. The advances
in cardiovascular toxicology have been benefited from two important areas of
development in cardiovascular medicine; the first is the application of the most
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advanced approaches and technology in the cardiovascular system, and the second is
new knowledge of molecular biology of the cardiovascular system. Advanced
approaches include more sophisticated animal models such as gene knock-in and
knock-out rodent models of cardiovascular diseases. Recent exploration of genomics
and proteomics in cardiovascular system has greatly helped generate new knowledge
of cardiovascular signaling pathways, which also becomes an invaluable asset in
understanding cardiovascular toxicology. The application of metabolomics is another
new technological advance in cardiovascular toxicology, which in combination with
genomics and proteomics would provide a multiple dimensional view of cardio-
vascular toxicity and greatly assist the development and validation of biomarkers for
cardiovascular toxicity.

Several areas of cardiovascular studies have provided new insights into car-
diovascular toxicity. Toxic effects on or toxic interference with signaling pathways in
cardiovascular system have been extensively explored. Cardiovascular adaptive
versus maladaptive responses to toxic substances under environmental exposure or
clinical setting have drawn more attention to the field. We now appreciate much
more than before the crucial role of mitochondrial damage in the development of
cardiovascular toxicity as well as the contribution of the persistence of mitochondrial
damage to irreversible cardiovascular injury. Among the most important advances in
this field is the toxic effect of chemicals and drugs on myocardial regeneration and
the subsequent effect on myocardial recovery from injuries.

The most intensive and devoted area of studies in cardiovascular medicine
over the past decade, perhaps, is apoptosis. The role of apoptosis in the initiation
and progression of cardiovascular diseases has been repeatedly studied in both
animal models and human patients. Apoptosis is also the central topic in car-
diovascular toxicology. The emergence of some new areas of cardiovascular
medicine has called for the expertise in cardiovascular toxicology. The link
between air pollution and cardiovascular diseases has been recognized and has
drawn attention from both clinical practice and environmental health action. This
gives rise to an opportunity as well as a challenge in the field of cardiovascular
toxicology to provide a comprehensive understanding of the link between air
pollution and cardiovascular diseases. The treatment of AIDS by a highly active
antiretroviral therapy (HAART) has proven to be highly effective. However, this
treatment is associated with cardiovascular toxicity, to which clinical monitoring
or treatment has to be implemented. The cardiovascular toxicity of the HAART
has thus become another area of studies in the field. The most explored area in
drug discovery and development in both the pharmaceutical industry and regu-
latory sectors is the cardiovascular toxicity test. Several of the tests such as QT
prolongation that had been ignored in the past have now become mandatory for
drug development. These new challenges in environmental health, clinical
practice, and drug development thus demand reliable biomarkers to predict as
well as diagnose cardiovascular toxicity. The development and validation of
biomarkers for cardiovascular toxicity has been an important undertaking over
the past decade.
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Cardiovascular toxicology is at an exponential phase of growth. Looking to
the future, the demand for a comprehensive understanding of cardiovascular
toxicology is very high. The mechanisms of action of drugs that have been
known to cause cardiovascular toxicity have not been fully understood. New
areas of cardiovascular toxicity of drugs or therapeutics are emerging. For
instance, cardiotoxicity of cellular therapy for cardiac diseases and side effects of
mechanical assist device for heart failure on cardiovascular system are new
challenges in the field. The adaptation of more advanced approaches and tech-
niques to formulate more integrated assessment of cardiovascular toxicity will
greatly help the creation of new knowledge of cardiovascular toxicology.

ADVANCED APPROACHES TO THE UNDERSTANDING OF
CARDIOVASCULAR TOXICOLOGY

Over the past decade, new techniques and novel animal models for cardiovascular
diseases have greatly assisted the understanding of cardiovascular toxicology. The
ultimate functional effect of cardiac toxic manifestations is the decreased cardiac
output and reduced peripheral tissue perfusion, resulting from alterations in signaling
pathways, energy metabolism, cellular structure and function, electrophysiology, and
contractility of the heart. The studies of the effects of xenobiotics on these cellular
and molecular events in the cardiovascular system have been greatly benefited from
the advanced approaches and techniques.

Genetic Manipulation Animal Models

Manipulation of genes responsible for cardiac function began in the mid 1990s (5).
The most important conclusion of these studies is that a sustained expression of any
single mutated functional gene, either in the form of gain-of-function or loss-of-
function, can lead to a significant phenotype, often in the form of cardiac hyper-
trophy and heart failure (5,6). Although there are not many genetic manipulation
animal models that were specifically generated as a surrogate for cardiovascular
toxicity screening, the studies of cardiovascular toxicity have employed many fully
characterized genetic manipulation animal models for the understanding of
mechanisms of cardiovascular toxicity. Studies using these genetic manipulation
animal models have concluded that it is difficult to apply the knowledge generated
from these animal models to human patients. First, the acquired cardiac disease
such as heart failure is the result of interaction between environmental factors and
genetic susceptibility, indicating the role of polymorphisms. Second, extrinsic and
intrinsic stresses produce lesions that cannot be explained by a single gene or a
single pathway, suggesting complexity between deleterious factors and the car-
diovascular system. A comprehensive understanding of the consequence of the
interaction between the exposure to environmental stressors and genetic suscepti-
bility is required to pave the road of translation of the knowledge generated from
these animal models to human patients.
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Genomics and Proteomics

Many more mechanistic insights into cardiovascular diseases have been obtained
from the studies of cardiovascular genomics and proteomics. Although there are
fundamental differences between genomics and proteomics, from the subjective
area to the technology platform, they are complementary. The knowledge of
DNA sequence and expression control through genomic studies is essential, but
not sufficient. A more meaningful understanding of gene expression can be
achieved through characterization of the products expressed from the genes. A
comprehensive understanding of cardiovascular diseases thus requires an inte-
grated approach employing both genomics and proteomics techniques. The
application of genomics and proteomics in cardiovascular toxicology started
only very recently. Multiple genes that were affected by exposure to environ-
mental toxic substances or therapeutic drugs have been analyzed under different
experimental settings (7-9). These studies focused on expressional genomics, i.e.,
the profile of changes in gene expression under toxic exposure conditions. It is,
however, important to understand the sequential aspect of these changes through
the study of functional genomics. Proteomic analysis of toxic exposure to car-
diovascular system has paralleled the progression of genomics studies. Further
exploration of genomics and proteomics in cardiovascular toxicology for more
meaningful understanding of cardiovascular toxicity is required and can be
predicted to be fruitful.

Metabolomics in Cardiovascular Toxicology

The application of metabolomics has just begun in cardiovascular biology and
medicine. The significance of metabolomics in cardiovascular toxicology has not
been fully appreciated, but the impact of metabolomics on the understanding of
cardiovascular toxicity would be unprecedentedly vast. Metabolomics is a
recently developed technology to evaluate the metabolic status of a subject under
different conditions, or a patient under disease conditions. This technology is
based on the principle that homeostatic alterations during disease processes or
toxic exposure can be reflected directly or indirectly in the blood, and many
ultimately leave biomolecular traces in urine. Therefore, the metabolic profile of
a subject under different conditions provides diagnostic indication of the disease
progression or the extent of toxicosis. Traditional biomarkers of diseases or toxic
exposure are a panel of metabolic indicators, and each biomarker has been
measured individually. However, the application of metabolomics is to evaluate
the disease condition or the status of toxic exposure through recognition of patterns
of changes of many metabolic molecules, providing a comprehensive diagnosis
and prediction. In addition, metabolomics will greatly assist the identification,
development, and validation of new biomarkers for cardiovascular toxicology.
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TOXIC EFFECTS ON SIGNALING PATHWAYS
IN CARDIOVASCULAR SYSTEM

The most dramatic exploration of the knowledge in the cardiovascular system is the
signal transduction pathways over the past decade. This knowledge greatly benefits
the growth of cardiovascular toxicology. It is, however, important to distinguish the
toxic effect on signaling pathways from toxic signaling pathways in the cardio-
vascular system. Most of the cardiovascular toxicology studies, if not all, have
addressed the effect of toxic exposure on signal transduction pathways in the
system. Although some toxic signaling pathways have been identified, such as
the high-affinity binding of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) to the aryl
hydrocarbon receptor (AhR), the significance of these toxic signaling pathways
in the cardiovascular system has not been fully understood. However, it has been
shown that the AhR-null mice develop cardiac hypertrophy (10).

Cardiac Responses to Toxic Exposure

In the heart, a dynamic change takes place in response to toxic or pathological
insults. At the cellular level, these changes express in the form of cell death, cell
growth in size or hypertrophy, and renewal of lost myocardial cells—regener-
ation. Cell death in the mode of apoptosis is controlled by specified signaling
pathways, which will be discussed in the section of apoptosis and cardiovascular
toxicity. It had been viewed that after birth, the myocytes in the heart, i.e., a
terminally differentiated organ can undergo hypertrophy growth—an increase in
the size of individual myocytes, but not hyperplasia—an increase in the number
of myocytes. This view has been challenged recently because of the identifi-
cation of cardiac progenitor cells that are capable of differentiating to cardiac
myocytes and forming vascular structures (11). Myocardial regeneration is a new
area of cardiac biology and medicine. The signaling pathways leading to myo-
cardial regeneration remain elusive. In contrast, the signaling pathways leading
to cardiac hypertrophy have been extensively studied. Many studies addressing
toxic effects on signaling pathways in the heart have focused on cardiac
hypertrophy signal transduction pathways.

Signaling Pathways That Lead to Cardiac Hypertrophy

The stimuli for cardiac hypertrophy can be simply categorized into mechanical
and neurohumoral. We now have a much better understanding of the neuro-
humoral factors and their signal transduction pathways that lead to cardiac
hypertrophy, but little understanding of the mechanical signal transduction
pathways. Ligands, including hormones, cytokines, chemokines, and peptide
growth factors, trigger the signal transduction pathways by interaction with a
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diversity of membrane-bound G-protein-coupled receptors, receptors that have
intracellular serine/threonine, or tyrosine kinase domains, and gpl30-linked
receptors. The signal transduction pathways mediating the action of these ligands
are multitude and complex. The major pathways that have been demonstrated in
the heart of animal models include mitogen-activated protein kinase (MAPK)
pathways, calcineurin-nuclear factor of activated T cells (NFAT) pathway,
insulin-like growth factor-I-phosphatidylinositol-3-kinase (PI3K)-AKT/protein
kinase B (PKB) pathway, and guanosine 3’,5'-cyclic monophosphate (cGMP)/
protein kinase G (PKG) pathway (a negative regulatory pathway). Scheme 1
summarizes these signal transduction pathways and their interactions.

Toxic Effects on the Signal Transduction Pathways

The toxic effect on signaling pathways can be simply viewed as a process that
switches the adaptive responses to the deteriorating signaling pathways. This
process can be expressed by switching the cell survival to the cell death (both
apoptosis and necrosis) program, the adaptive to the maladaptive or pathological
hypertrophy, and the reversible to the irreversible injury through inhibition of
regeneration. In the following sections, each of these aspects will be discussed. It
is, however, important to note that in response to toxic insults, several signaling

Scheme 1 Overview of signaling transduction pathways involved in cardiac hypertrophic
growth and their cross-talk interactions. The signalling that occurs at the sarcolemmal
membrane is shown at the top, and the intermediate transduction of signals by various
kinases and phosphatases is shown in the middle. The nucleus is shown at the bottom.
Abbreviations: ANP, atrial natriuretic peptide; Ang II, angiotensin II; BNP, B-type
natriuretic peptide; CaMK, calmodulin-dependent kinase; CDK, cyclin-dependent kinase;
DAG, diacylglycerol; EGF, epidermal growth factor; Endo-1, endothelin-1; ERK, extrac-
ellular signal-regulated kinase; FGF, fibroblast growth factor; FGFR, FGF receptor; GC-A,
guanyl cyclase-A; GPCR, G-protein-coupled receptors; GSK3f, glycogen synthase kinase-
3B; HDAGC, histone deacetylases; IkB, inhibitor of NF-kB; IGF-I, insulin-like growth
factor-I; IKK, inhibitor of NF-xB kinase; Ins(1,4,5)P;, inositol-1,4,5-trisphosphate; JNK,
c-Jun N-terminal kinase; MAPKKK, mitogen-activated protein kinase kinase kinase;
MAPKKKK, MAPKKK kinase; MEF, myocyte enhancer factor; MEK, mitogen-activated
protein kinase kinase; mTOR, mammalian target of rapamycin; NFAT, nuclear factor of
activated T cells; NF-xB, nuclear factor-kB; NIK, NF-kB-inducing kinase; PDK,
phosphoinositide-dependent kinase; PI3K, phosphatidylinositol 3-kinase; PKB, protein
kinase B; PKC, protein kinase C; PKD, protein kinase D; PLA2, phospholipase A2; PLC,
phospholipase C; Pol II, RNA polymerase II; RTK, receptor tyrosine kinase; TAK, TGFj3-
activated kinase; TGFb, transforming growth factor-b; TGFR, TGF receptor; TNFo, tumor
necrosis factor-o; TNFR, TNFa receptor. Source: From Ref. 51.
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pathways involved in the stress response in the heart are activated, leading to
adaptive responses. Although these responses can be referred to as an indication
of toxic insults, these adaptive responses cannot be considered as toxicosis. Only
the adaptive process is switched to the deteriorating consequence should cardiac
toxicity express. In this context, activation of MAPK pathways in the heart in
response to toxic exposure is a stress response that may lead to adaptation in the
form of cardiac hypertrophy. However, if myocardial cell death, cardiac dys-
function, cardiomyopathy, and eventual heart failure result from the toxic
exposure, the heart is considered to undergo toxicosis.

APOPTOSIS AND CARDIOVASCULAR TOXICITY

The recognition of the role of apoptosis in the development of heart failure over
the past decade has significantly enhanced our knowledge of cardiovascular
diseases (12—14). The attention to the role of apoptosis in cardiomyopathy has
been far more intense than any other topics in the investigation of cardiovascular
toxicity over the past decade. Virtually, all drugs and chemicals whose cardio-
vascular toxicity is of concern can cause apoptosis (1). There are two major
pathways that have been identified to function extensively in the cardiovascular
system to regulate apoptosis: the mitochondrion-controlled pathway (15) and the
death receptor-mediated pathway (16).

Mitochondrial Factors in Cardiovascular Cell Death

Cytochrome ¢ and pro-caspase-3 are factors that are preexisting and activated by
toxic insults. The early event of mitochondrion-controlled apoptotic pathway is
the mitochondrial permeability transition (MPT) pore opening and cytochrome c
release (17). There are several potential mechanisms that control the MPT pore
opening. The first is related to defective oxidative phosphorylation (18). Such a
change may cause the loss of mitochondrial homeostasis and high-amplitude
mitochondrial swelling. Since the inner membrane has a larger surface area than
the outer membrane, mitochondrial swelling can cause the rupture of the outer
membrane, releasing intermembrane proteins such as cytochrome c into the
cytosol. Another possible mechanism that leads to mitochondrial cytochrome c
release is the action of Bax, a proapoptotic protein of the Bcl-2 family (19).
Overexpression of Bax under oxidative stress conditions has been observed in a
number of studies on the heart. It has been shown that Bax is translocated from
cytosol to mitochondria and forms pores in mitochondrial outer membranes,
leaving the inner membranes intact. A newly identified mechanism is that car-
diac mitochondria initiate slow waves of depolarization and Ca’t release, which
propagate through the cell to form a traveling wave that involves MPT pore
opening and cytochrome c-mediated apoptosis (20).
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Death Receptor-Mediated Apoptotic Signaling Pathway

Cytokines that trigger the death receptor signaling pathways have been studied in
cardiovascular system. Among these cytokines is tumor necrosis factor oo (TNF-o)
(21), the most studied cytokine in myocardial cell death signaling pathways. Car-
diomyocytes are both the source and the target of this cytokine. The pathway
leading to TNF-o-induced myocardial apoptosis is mediated by TNF receptors,
TNFR1 and TNFR2. TNF-o binding to these receptors leads to activation of cas-
pase-8, which in turn cleaves BID, a BH3 domain-containing proapoptotic Bcl-2
family member. The truncated BID is translocated from cytosol to mitochondria,
inducing first the clustering of mitochondria around the nuclei and release of
cytochrome c, and then the loss of mitochondrial membrane potential and activa-
tion of the apoptotic program. Caspase-8 also directly activates caspase-3, leading
to apoptosis. Besides TNF-a, Fas ligand is also able to induce apoptosis of car-
diomyocytes through the death receptor-mediated signaling pathway (22).

Interactions Between Cell Death Pathways

These multiple pathways mediated by mitochondrial factors and death receptors
suggest that there is a bewildering diversity of programmed cell death para-
digms, eventually leading to caspase-3 activation and apoptosis. Under chronic
toxic insults, the relative importance of mitochondrial electron transport defects,
MPT, cytochrome c leakage, and nonmitochondrial factors needs to be carefully
examined. There are two important questions that need to be carefully addressed.
First, how important is apoptosis in the overall pathogenesis of the cardiovas-
cular system under different conditions? It is essentially a universal observation
that apoptosis is involved in the cardiovascular toxicity of drugs and chemicals;
however, there is very limited information regarding its significance in quanti-
tative contributions to cardiovascular diseases. This concern is followed by the
second important question: Can caspase inhibitors offer long-term protection
against cell death leading to prevention of cardiovascular toxicity? It is important
to note that apoptosis and necrosis are linked phenomena. For instance, some
studies have shown that caspase inhibitors effectively inhibited apoptosis, but
cell death still occurs by necrosis (23). It is thus important to define the most
efficient approach in blocking cell death in the cardiovascular system rather than
in inhibiting a particular cell death program (1). Such studies would greatly
benefit from the application of genomics, proteomics, and metabonomics in the
cardiovascular system.

ADAPTIVE AND MALADAPTIVE RESPONSES TO TOXIC EXPOSURE

Myocardial adaptation refers to the general process by which the ventricular
myocardium changes in structure and function in response to endogenous and
exogenous stressors. This process is often referred to as “remodeling.” During
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maturation, myocardial remodeling is a normal feature for adaptation to
increased demands. However, in response to pathological stimuli, such as
exposure to environmental toxicants, myocardial remodeling is adaptive in the
short term, but is maladaptive in the long term, and often results in cardiac
dysfunction. The central feature of myocardial remodeling is an increase in
myocardial mass associated with a change in the shape of the ventricle (24).

At the cellular level, the increase in myocardial mass is reflected by car-
diac myocyte hypertrophy, which is characterized by enhanced protein synthesis,
heightened organization of the sarcomere, and the eventual increase in cell size.
At the molecular level, the phenotype changes in cardiac myocytes are asso-
ciated with reintroduction of the so-called fetal gene program, characterized by
the patterns of gene expression mimicking those seen during embryonic devel-
opment. These cellular and molecular changes are observed in both adaptive and
maladaptive responses, thus distinguishing adaptive from maladaptive responses
is difficult.

Adaptive Response

In response to physiological stimulation or pathological or toxic insults, the heart
undergoes molecular, anatomical, and physiological changes to maintain its
function. This process is an adaptive response. Thus, physiological hypertrophy
is considered as an adaptive response, which is an adjustment of cardiac function
for an increased demand of cardiac output. Such an adaptive hypertrophy is the
increase in cardiac mass after birth and in response to exercise. A biochemical
distinction of the adaptive hypertrophy is that myocardial accumulation of col-
lagen does not accompany the hypertrophy. Functionally, the increased mass is
associated with enhanced contractility and cardiac output. In response to toxi-
cologic stresses, the heart also often increases its mass, which has been viewed as
an adaptive response as well. However, most recent evidence suggests that
cardiac hypertrophy along with decreased contractility is a maladaptive process
of the heart in response to intrinsic and extrinsic stresses.

Maladaptive Response

Although toxic stress—induced hypertrophy can normalize wall tension, it is a
risk factor for sudden cardiac death and has a high potential to progress to overt
heart failure. A distinction between adaptive and maladaptive hypertrophy is
whether or not the hypertrophy is necessary for the compensatory function of the
heart under stress conditions. Many studies using genetically manipulated mouse
models, either in the form of gain-of-function or loss-of-function, have supported
the hypothesis that cardiac hypertrophy is neither required nor necessarily
compensatory. For instance, a forced expression of a dominant negative calci-
neurin mutant confers protection against hypertrophy and fibrosis after
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abdominal aortic construction (25). But, the elimination of hypertrophy by cal-
cineurin suppression does not cause compromised hemodynamic changes over a
period of several weeks (26). Therefore, in these experimental approaches,
hypertrophic growth could be abolished in the presence of continuous pressure
overload, but the compensatory response could not be compromised. An inter-
esting observation is that an almost complete lack of cardiac hypertrophy in
response to aortic banding in a transgenic mouse model was accompanied with a
significant slower pace of deterioration of systolic function (27). These obser-
vations indicate that cardiac hypertrophy in response to extrinsic and
intrinsic stress is not a compensatory response. However, cardiac hypertrophy
under pathological or toxic exposure conditions increases the risk for
malignant arrhythmia and heart failure, and thus is now viewed as a maladaptive
response.

MYOCARDIAL REGENERATION AND RECOVERY
FROM TOXIC INJURY

Cardiac injury is reversible if the injury can be recovered after the etiology is
removed. Some toxic exposures lead to a long-term, persistent damage, which is
irreversible. Myocardial regeneration is an area that is now extensively explored,
but the effect of xenobiotics on myocardial regeneration has not been studied in
parallel.

Myocardial Degeneration

The ultimate response of the heart to toxic exposure is myocardial degeneration,
which can be measured by both morphological and functional changes. How-
ever, myocardial degeneration should not be considered an irreversible toxic
response. In the past, the heart has been considered incapable of regenerating, so
that cardiac injury in the form of cell loss or scar tissue formation was considered
permanent damage to the heart. However, evidence now indicates that heart is
capable of regeneration and recovery from injuries. Cardiac toxic responses or
damage can also be divided into reversible and irreversible.

Myocardial cell death, fibrosis (scar tissue formation), and contractile dys-
function are considered as degenerative responses, which can result in cardiac
arrthythmia, hypertrophy, and heart failure. If acute cardiac toxicity does not affect
the capacity of myocardial regeneration, the degenerative phenotype is reversible,
otherwise irreversible. Both acute and chronic toxic stresses can lead to irreversible
degeneration, depending on whether or not the cardiac repair mechanisms are
damaged. Cell death is the most common phenotype of myocardial degeneration.
Both apoptosis and necrosis occur along with hypertrophy of the remaining cardiac
myocytes so that in the hypertrophic heart, the total number of cardiac myocytes is
often reduced but the size or volume of individual cells is increased.
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Myocardial remodeling

After cell death, not only is there an increase in the size of existing cardiac
myocytes, but also cardiac fibrosis takes place. Myocardial fibrosis results from
excess accumulation of extracellular matrix (ECM), which is mainly composed
of collagens. The net accumulation of ECM connective tissue results from
enhanced synthesis or diminished breakdown of the matrix, or both. Collagen
contents, predominately type I and III, are the major fibrous proteins in ECM,
and their synthesis may increase in response to toxic insults. The degradation of
ECM is dependent on the activity of matrix metalloproteinases (MMPs).
According to their substrate specificity, MMPs fall into five categories: colla-
genases (MMP-1, -8, -13), gelatinases (MMP-2, -9), stromelysins (MMP-3, -7, -10,
-11), membrane type MMPs (MMP-14, -15, -16, -17, -24, -25), and metal-
loelastase (MMP-12). These MMPs are organ specific so that not all are present
in the heart. The activities of these enzymes are altered during the processes of
fibrogenesis and fibrinolysis. Under toxic exposure conditions, the imbalance
between fibrogenesis and fibrinolysis leads to enhanced fibrogenesis and excess
collagen accumulation—fibrosis.

Myocardial Regeneration

The mainstay of cardiac medicine had centered on the concept that the heart is a
terminally differentiated organ and that cardiac myocytes are incapable of pro-
liferating. Thus, cell death would lead to a permanent loss of the total number of
cardiac myocytes. However, this view has been challenged recently because of
the identification of cardiac progenitor cells (11). These cells are characterized
and proposed to be responsible for cardiac repair because these cells can make
myocytes and vascular structures. These cells possess the fundamental properties
of stem cells; therefore, they are also called cardiac stem cells. They are self-
renewing, clonogenic, and multipotent, as demonstrated by reconstitution of
infarcted heart by intramyocardial injection of cardiac progenitor cells or the
local activation of these cells by growth factors. It is important to note that
toxicological studies of the cardiac progenitor cells have not been done. One
speculation is that when cardiac progenitor cells are severely damaged, the
potential for recovery from severe cardiac injury would be limited.

The removal of scar tissue or fibrosis in the myocardium in the past has
been considered impossible. Although there are no studies that have shown
whether or not the scar tissue is removable, there are observations in animal
models of hypertensive heart disease that myocardial fibrosis is recoverable (28).
It appears that if toxic exposure affects the capacity of collagen removal in the
heart, such as inhibition of collagenases, the recovery from cardiac injury would
be impaired and the injury would become irreversible.

Myocardial vascularization is required for myocardial regeneration. Many
toxic insults affect the capacity of angiogenesis in the myocardium, so that
cardiac ischemia occurs. The combination of cardiac ischemia and the direct
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toxic insults to cardiomyocytes constitute a synergistic damage to the heart.
During regeneration, coronary arterioles and capillary structures are formed to
bridge the dead tissue (scar tissue) and supply nutrients for the survival of the
regenerated cardiomyocytes. There is an orderly organization of myocytes
within the myocardium and a well-defined relationship between the myocytes
and the capillary network. This proportion is altered under cardiac toxic con-
ditions; either toxicologic hypertrophy or diminished capillary formation can
lead to hypoperfusion to myocytes in the myocardium. Unfortunately, our
understanding of toxic effects on myocardial angiogenesis is limited.

MITOCHONDRIAL DAMAGE AND CARDIOVASCULAR TOXICITY

The role of mitochondria in cardiovascular response to toxicants as well as
therapeutic drugs has long been a focus of investigation. However, most of the
studies in this field had remained descriptive. Over the past decade, a sharp
increase in the number of studies on mitochondrial pathogenesis and its con-
tribution to cardiomyopathy was observed. There are some new insights into
mitochondrion-mediated cardiovascular toxicity. These studies appeared to
confirm the essential role of mitochondria in triggering as well as propagating
cardiovascular toxic response; however, the molecular mechanisms leading to
mitochondrial involvement in the pathogenesis remain elusive. There are several
aspects of mitochondrion-mediated cardiovascular toxicity that are worthy to be
highlighted, including the role of mitochondria in controlling myocardial cell
death, defective mitochondrial oxidative phosphorylation, abnormal mitochon-
drial biosynthesis, and generation of reactive oxygen species (ROS).

Mitochondrial Control of Cell Death

There are many studies that have focused on the role of mitochondria in controlling
myocardial cell death in response to different toxic insults and under different
disease conditions. There are a few studies that have provided notable insights into
the mitochondrial control of myocardial cell death. It has been shown that in
response to apoptotic agents, cardiac mitochondria initiate slow waves of depo-
larization and Ca®" release, which propagate through the cell. The traveling waves
trigger MPT pore opening, leading to cytochrome c release, caspase activation, and
apoptosis (20). Mitochondrial Ca*" uptake is critical for the wave propagation, and
at the origin of waves, mitochondria take up Ca>" more effectively. Thus, in
response to apoptotic agents, mitochondria are transformed to an exciting state, and
expansion of the local excitation by mitochondrial waves may play an important
role in the activation of the apoptotic machinery in cardiomyocytes.

Defective Mitochondrial Oxidative Phosphorylation

This is a topic that has been studied extensively ever since the identification of
mitochondrial function of oxidative phosphorylation. Current studies, however,
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have been focused more on the link between defective oxidative phosphorylation
and pathogenesis of cardiomyopathy (29). There are some new aspects related to
the impact of defective oxidative phosphorylation of mitochondria on myocardial
cellular dynamics. Of note is that the early phase of defects in oxidative phos-
phorylation increases mitochondrial outer membrane permeability, leading to
cytochrome c release, thus resulting in cytochrome c-mediated caspase-9 activation
and thereby caspase-3 activation, leading to apoptosis. The defected oxidative
phosphorylation also leads to depletion of cellular adenosine 5'-triphosphate (ATP)
levels, resulting in necrosis. These new understandings thus shift the attention to the
role of defective oxidative phosphorylation in mitochondrion-controlled cell death.
Detection of mutated or otherwise defective components in the oxidative phos-
phorylation thus becomes a new direction for understanding and development of
ultimate suppression of myocardial cell death by toxicants.

Abnormal Mitochondrial Biosynthesis

Recent studies have identified that abnormal mitochondrial biosynthesis plays a
crucial role in myocardial pathogenesis and reversibility of cardiomyopathy.
Nuclear DNA encodes mitochondrial proteins, thus nuclear DNA damage can
lead to mutated products and abnormal mitochondrial biosynthesis. On the other
hand, mitochondrial DNA encodes essential elements for mitochondrial function
and is subjected to far more oxidative injury than nuclear DNA because of the
lack of histones and much higher chances to expose to ROS generated by the
electron transport chain. It has also been augured that mitochondria do not have
DNA repair mechanism, but recent data showed that mitochondrial DNA repair
exists although the repair is not as efficient as that of nuclear DNA repair.
Because of these unique characteristics of mitochondrial DNA, cumulative
mitochondrial DNA damage under oxidative stress conditions such as Adria-
mycin treatment, leading to irreversible mitochondrial dysfunction in the heart
(30). This cumulative and irreversible oxidative mitochondrial dysfunction
concept has an important impact on our understanding of the chronic as well as
the late-onset cardiomyopathy of anthracyclines. These drugs cause cardiomy-
opathy sometimes months to years after cessation of the drug therapy. During the
delayed development period, subtle pathological changes that may not be
detectable but may continue to accumulate and lead to an overt toxic event.
The cumulative and irreversible mitochondrial dysfunction might significantly
contribute to the delayed myocardial pathogenesis.

Mitochondrial ROS Generation

Generation of ROS has long been ascribed to the “unwanted” function of
mitochondria. Xenobiotics leading to ROS production and accumulation have
been studied extensively regarding the mechanism leading to ROS generation;
however, debate has continued regarding the significance of each identified



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

Advances in Cardiovascular Toxicology 15

pathway or the site of ROS generation in mitochondria. In general, it is accepted
that changes in mitochondrial membrane potential are critically involved in ROS
generation in mitochondria. There are two important advances in the studies of
mitochondrial membrane potential. The first is the importance of mitochondrial
ATP-sensitive potassium channels (31) and the second is the contribution of
Ca*"-activated potassium channels in the cardiac inner mitochondrial membrane
(32). It has been shown that diazoxide opens mitochondrial ATP-sensitive potassium
channels and preserved mitochondrial integrity and suppressed hydrogen peroxide—
induced apoptosis in cardiomyocytes (31). The Ca®"-activated potassium channels,
on the other hand, significantly contribute to mitochondrial potassium uptake of
myocytes, and the opening of these channels protects the heart from infarction (32).
The link between these channels and the generation of ROS in mitochondria has
not been established; however, the involvement of these channels in the mito-
chondrial membrane integrity would implicate their relation to ROS production.

CARDIOVASCULAR TOXICITY OF AIR POLLUTION

It has long been known that fine particulate matter of air pollution leads to
pathogenesis of respiratory system as well as carcinogenesis (33). The link of air
pollution to cardiovascular toxicity, however, has been recognized only over the
past decade (33). Both epidemiological and experimental animal studies have
provided evidence to support the hypothesis that increased exposure to partic-
ulate matter in air pollution contributes to cardiovascular morbidity, hospital-
ization, and mortality (33,34).

There are several obstacles in the systemic study of cardiovascular toxicity
by particulate air pollution. One of the major challenges is the complexity of the
particulate components of air pollution. Current consensus in the field is to
divide the airborne particulates into classes according to aerodynamic diameters.
There are three major classes: coarse (PM;g, 2.5-10 pm), fine (PM, 5, <2.5 pm),
and ultrafine (PMy 1, <0.1 pm). However, ambient air particulate matter consists
of a mixture of combustive by-products and resuspended crustal materials, of
which the contents are highly related to geographical region, leaving an extreme
challenge for studying mechanisms by which particulate air pollution causes
cardiotoxicity.

There are three major new additions to our current understanding of car-
diovascular toxicity of particulate matter. First, Pope and colleagues (33) have
studied mortality data on 500,000 individuals throughout the United States
between 1979 and 2000 and found that for every 10-pg/m’ increase in fine
particles (PM,s), all-cause mortality increased by 6% annually and car-
diopulmonary mortality by 9%, whereas for every 10-pg/m’ increase in coarse
particles (PM;), the increase in all-cause mortality was by 0.51% and in car-
diopulmonary mortality by 0.68%. Thus, the study comes to a conclusion that
long-term exposure to fine particulate air pollution is an important environ-
mental risk factor for cardiopulmonary mortality.
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Second, attempts have been made to provide insights into the mechanistic
link between particulate air pollution and cardiovascular toxicity, although it has
a long way to go. The documented cardiac toxic effects of particulate air pol-
Iution in the past have been limited to changes in the electrocardiograph,
including arrhythmia, decreased heart rate variability, and exacerbation of ST-
segment changes in experimental models of myocardial infarction (33,35). Some
studies also reported the association of particulate air pollution with myocardial
infarction (34). In a study examining air pollution and C-reactive protein (CRP)
levels from 631 men aged 45 to 64 years conducted in Augsburg, Germany, the
association between elevated CRP and increased concentrations of particulate
and sulphur oxide air pollution has been identified. Thus it concludes that
ambient air pollution elicits an acute phase response, leading to an increased
cardiac risk (36). Another study has followed a cohort of patients with estab-
lished coronary heart disease with biweekly submaximal exercise tests over a
six-month period (37). The result showed that the risk of developing ischemia
during exercise was significantly elevated at two days after exposure to increased
environmental levels of fine particulate air pollution, thus indicating that myo-
cardial ischemia is a potential mechanism responsible for the adverse cardiac
effects of air pollution. Other studies have explored that alterations in endothelial
function serves as a candidate mechanism for the cardiovascular toxicity induced
by particulate air pollution (38). Studies using a rat model have shown that
animals with acute myocardial infarction were significantly more sensitive to the
cardiac toxic effect of PM, 5 (39). The fine particulate matter caused an elevation
of serum endothelins and acute myocardial infarction resulted in an upregulation
of endothelin receptors in the heart. The result thus suggests that upregulation of
the endothelin system is likely involved in the particulate air pollution-induced
cardiotoxicity.

Third, studies using animal models have provided evidence for the epi-
demiological observation that patients with compromised cardiovascular system
are more sensitive to the cardiotoxicity of fine particulate air pollution (40). In
addition, new data have shown that patients with diabetes were more susceptible
to the cardiovascular damage by airborne particles than those without (41). In
this study, the effect of coarse particulate (PM;,) instead of fine particulate
(PM, 5) was examined and diabetes had doubled the risk of the PMy-associated
cardiovascular admission compared with the absence of diabetes. It is interesting
to know whether or not PM, 5 would cause more severe cardiovascular damage
in patients with diabetes.

There are, of course, many other studies that either confirmed or provided
additional evidence to support previous epidemiological observation and
experimental results. Overall, cardiotoxicity of air pollution has been sig-
nificantly explored. The mechanistic link between air pollution and cardiotox-
icity is expected from the continued effort in this emerging field.
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CARDIOVASCULAR TOXICITY OF HAART

Cardiotoxicity induced by antiviral drugs was known as early as 1992 (42). It
was reported that zidovudine (AZT), a widely used antiviral drug, caused dilated
cardiomyopathy in a small number of adult patients. The report also noticed that
the discontinuation of the treatment with AZT resulted in an improved left
ventricular function (42). However, until recently the prognosis for people with
AIDS was so low that concerns about adverse effects of drug treatment were
relatively ignorable. The advent of HAART has significantly improved survival
of patients with AIDS, thus making the issue of the adverse effects of the drugs
an important concern. The standard HAART treatment is a combination of two
nucleoside reverse transcriptase inhibitors (NRTIs) and one protease inhibitor
(PD) or one nonnucleoside reverse transcriptase inhibitor (NNRTI). Besides the
known cardiac toxic effect of AZT (42), the enhanced cardiotoxicity of the
HAART treatment has been reported (43). The currently existing evidence shows
that cardiotoxicity of HAART is convincing. Questions yet to be addressed are
what are the mechanisms of cardiotoxicity of these drugs and what are the
intervention measures that can prevent cardiotoxicity of HAART.

There are a significantly increased number of studies that have addressed
the cardiotoxicity of HAART as well as AIDS per se. However, most of these
studies have extended current literature information rather than provided novel
insights into the problem that needs to be addressed in the field. Of note, there
are a few studies that have reported some interesting results. A study performed
by Twu et al. has examined cardiomyopathy of HIV infection (44). In this study,
18 AIDS hearts were studied. Among the AIDS hearts there are 5 with and 13
without cardiomyopathy. It was revealed that in the HIV cardiomyopathy
(HIVCM) hearts, cardiomyocytes underwent apoptosis, which corresponds to
positive immunohistochemical detection of active caspase-9, a component of
mitochondrion-mediated apoptotic pathway, tumor necrosis factor-o. and Fas
ligand, the major components of death receptor-controlled pathway. The results
thus demonstrate that in patients with HIVCM, apoptotic pathways are activated
through both mitochondrion-mediated and death receptor-controlled mechanisms,
leading to myocardial cell death. This study thus provides new insights into the
cellular event of the HIVCM. However, in this study, whether or not these patients
were treated with HAART was not identified, leaving an ambiguous wonder
whether HIV or HAART or their combination caused myocardial apoptosis.

Studies using animal models would help dissect the distinct cardiotoxic
effect of HIV infection from that of HAART treatment. A study using a murine
AIDS model generated by infecting mice with LP-BMS5 murine leukemia ret-
rovirus has shown that the animals with AIDS had a larger infarct size in the left
ventricle compared with controls after a 30 minute of left anterior descending
coronary artery occlusion followed by 120-minute reperfusion (45). This study
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thus demonstrates that AIDS itself is associated with adverse effects on the heart.
Another study using a different animal AIDS model has demonstrated the effect
of HAART on the heart (46). In this study, eight-week-old hemizygous trans-
genic AIDS mice (NL4-3A gag/pol) were used. The HAART including ATZ,
lamivudine, and indinavir were used to treat the animals for 10 or 35 days. At the
end of each dosing period, echocardiography, molecular markers, and bio-
chemical parameters of cardiomyopathy were determined in these mice. The
results showed that after 35 days treatment, the transgenic AIDS mice displayed
increased left ventricular mass. The level of mRNA for atrial natriuretic factor
was increased (250%), and the mRNA level for sarcoplasmic calcium ATPase
was decreased (57%). Plasma lactate concentration was also significantly
increased, and pathological and ultrastructural examination revealed granular
cytoplasmic changes and enlarged mitochondria in cardiomyocytes. The same
HAART treatment for 10 days only caused the increase in the atrial natriuretic
factor mRNA levels in the transgenic AIDS mice. However, neither 10-days nor
35-days treatment with the same HAART caused any of these pathological,
biochemical, molecular, and morphological changes in the wild type control
mice. This study thus demonstrates that cumulative HAART treatment caused
cardiomyopathy in the transgenic AIDS mice. That the same treatment did not
cause cardiomyopathy in the wild type control mice suggests that the combi-
nation of AIDS and HAART treatment is essential for cardiac pathogenesis.

Most of the studies on cardiotoxicity of HAART have reported mito-
chondrial damage, thus contributing to a popular hypothesis that the mechanism
of HAART cardiotoxicity is related to the toxic effect of the drugs on mito-
chondria. Biochemical evidence has provided support for this hypothesis because
AZT acts as a competitive as well as a noncompetitive inhibitor of mitochondrial
DNA polymerase (47). However, other mechanisms other than mitochondrial
damage would also make significant contributions to cardiotoxicity of HAART,
among these is the generation of ROS and thereby ROS-mediated signaling
transduction pathways. These hypotheses need to be experimentally tested and
have been the focus of most recent studies. Novel insights would be expected in
the near future.

CARDIOVASCULAR TOXICITY OF NEW DRUGS

Research on cardiovascular toxicity of new drugs has been a major focus in drug
discovery and development over the past decade. New regulation has been
implemented by regulatory agencies such as that the U.S. Food and Drug
Administration has now required cardiac toxicity tests, including QT prolonga-
tion for drug development. There are some new drugs that have been identified
to be associated with cardiac toxicity; some of them, such as Vioxx, have been
withdrawn from the market.

Arsenic trioxide has been shown to be highly effective in the treatment of
relapsed and refractory acute promyelocytic leukemia (APL). A Trisenox brand
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of arsenic trioxide was approved for clinical use in the United States in 2000.
Recent clinical reports have shown a serious ventricular tachycardia by arsenic
trioxide in APL patients (48). To understand the cardiotoxic effect of arsenic
trioxide and to investigate possible mechanisms of the cardiotoxicity, an animal
study was undertaken (49). In this study, mice were treated with arsenic trioxide
in a dose regiment that has been shown to produce plasma concentrations of
arsenic within the range of those present in arsenic-treated APL patients. After a
daily administration of 5 mg/kg arsenic trioxide for 30 days, arsenic-induced
myocardial functional changes were found, including a significant decrease in
the maximum rate of rise in intraventricular pressure during ventricular con-
traction (MAX dP/drt), and significant increases in the end diastolic pressure and
ventricle minimum diastolic pressure. In response to B-adrenergic stimulation by
isoproterenol the arsenic-treated heart did not show increase in MAX dP/dt,
which was observed as a stress response in the saline-treated controls. Car-
diomyopathy was revealed by histopathological and ultrastructural examination,
along with myocardial apoptosis, determined by a terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling assay and confirmed by caspase-3
activation detected by an enzymatic assay. This study thus demonstrates that
arsenic trioxide, in a dose regiment that could produce clinically comparable
serum concentrations to those observed in humans, causes cardiotoxicity.

Nonsteroidal anti-inflammatory drugs (NSAIDs) include aspirin, Motrin,
and Naprosyn, which are classified as nonselective NSAIDs because they are
inhibitors for both cyclooxygenase-1 (COX-1) and COX-2. Inhibition of COX-1
is associated with gastrointestinal toxicity because COX-1 exerts a protective
effect on the lining of the stomach. A newer class of NSAIDs has been devel-
oped, including rofecoxib (Vioxx), celecoxib (Celebrex), and valdecoxib (Bex-
tra), which are selective inhibitors of COX-2. In September 2004, Vioxx was
voluntarily withdrawn from the market on the basis of the data from a clinical
trial that showed that after 18 months of use, Vioxx increased the relative risk for
cardiovascular events, such as heart attack and stroke. In April 2005, Bextra was
removed from the market on the basis of the potential increased risk for serious
cardiovascular adverse events and increased risk of serious skin reactions (e.g.,
toxic epidermal necrolysis, Stevens-Johnson syndrome, erythema multiforme).
Emerging information indicates the risk of cardiovascular events may be
increased in patients receiving Celebrex. The cardiovascular events induced by
COX-2 inhibitors are presumably related to thrombotic events. Studies have also
indicated the link of Vioxx to long QT syndrome and the increased risk for
torsade de pointes (TdP) and sudden cardiac death.

Recognition of QT prolongation and its associated adverse effects on the
heart has been a major focus in drug discovery and development over the past
decade. A number of drugs have been found to cause QT prolongation and TdP,
and thus were removed from the market or relabeled for restricted use. It has
been known for a long time that quinidine causes sudden cardiac death; however,
the severe and lethal side effect of QT prolongation had not drawn sufficient
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attention until the last decade, because of the lack of knowledge and experi-
mental approaches to obtain a comprehensive understanding of QT prolongation.
Knowledge on QT prolongation has accumulated and regulatory guidelines for a
battery of preclinical tests to assess QT liability of a potential drug are recom-
mended.

DEVELOPMENT AND VALIDATION OF BIOMARKERS

Cardiovascular injury can be divided into two major classes: structural and
nonstructural injuries. The structural damage of the cardiovascular system
includes cell death and the associated histopathological changes. Functional
deficits often accompany the structural injury. Nonstructural damage represents
functional deficits without apparent structural alterations. In clinical practice and
experimental approach, biomarkers are referred to as indexes of cardiovascular
injury measured from blood samples. The fundamental principle of the bio-
markers is that molecules that are released from the cardiovascular system under
various injury conditions are readily detectable from blood samples.

Validation of Biomarkers

For a biomarker to be indicative of tissue damage, an important question that
needs to be addressed is what characteristics are required for a valid biomarker.
In year 2000, an Expert Working Group (EWG) on biomarkers of drug-induced
cardiac toxicity was established under the Advisory Committee for Pharma-
ceutical Sciences of the Center for Drug Evaluation and Research of the U.S.
Food and Drug Administration. The report from this EWG has summarized the
characteristics of ideal cardiac toxic injury biomarkers (50). These character-
istics include cardiac specificity, sensitivity, predictive value, robust, bridge
preclinical to clinical, and noninvasive procedure/accessibility. These charac-
teristics are adapted as a standard for development and validation of a biomarker
of cardiovascular injury.

Availability of Biomarkers

Currently validated biomarkers that are included in clinical diagnostic testing
guidelines for cardiac disease are all related to myocardial structural injury.
Developing biomarkers for nonstructural injury is the most challenging and
demands implantation of more advanced technologies such as genomics, pro-
teomics, and metabolomics. In addition, currently available biomarkers have
limitations, although they are useful.

Creatine Kinase

There are three major creatine kinase (CK) isoenzymes identified: CK-MM is the
principal form in skeletal muscle, CK-MB presents in myocardium in which CK-
MM is also found, and CK-BB is the predominant form in brain and kidney.
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Elevation of serum CK-MB is considered a reasonably specific marker of acute
myocardial infarction.

Myoglobin

Myoglobin is found in all muscle types and its value as a biomarker of myo-
cardial injury is based on the fact that serum concentrations of myoglobin
increase rapidly following myocardial tissue injury, with peak values observed
one to four hours after acute myocardial infarction. Elevation of serum myo-
globin is likely reflective of the extent of myocardial damage.

B-Type Natriuretic Peptide

B-type natriuretic peptide (BNP) is a cardiac neurohormone secreted by the ven-
tricular myocardium in response to volume and pressure overload, and the release
of BNP appears to be directly correlated with the degree of ventricular wall tension.
BNP is now accepted as a biomarker for congestive heart failure and is included in
the European guideline for the diagnosis of chronic heart failure.

C-Reactive Protein

The acute-phase reactant C-reactive protein (CRP) is a marker of systemic and
vascular inflammation, which appears to predict future cardiac events in asymp-
tomic individuals. In particular, inflammation has been shown to play a pivotal role
in the inception, progression, and destabilization of atheromas. A predictive value of
CRP for the prognosis of coronary heart disease is thus proposed.

Cardiac Troponins

Cardiac troponin T (¢cTnT) and cardiac troponin I (cTnl) are constituents of the
myofilaments and expressed exclusively in cardiomyocytes. It is thus of absolute
myocardial tissue specificity. In healthy persons, serum ¢cTnT or cTnl is rarely
detectable. Therefore, any measurable concentrations of serum c¢TnT or c¢Tnl
reflect myocardial injury such as myocardial infarction. The clinical experience
has arrived at a recommendation that cTn measurement becomes the “Gold
Standard” for diagnosis of acute myocardial infarction.

Biomarker Applications and Limitations

All of the biomarkers described above have been used as indexes of myocardial
injury in clinical practice and experimental studies and the same use continues.
The major concern of most of the biomarkers is their specificity. CK-MB is
present in small quantities in skeletal muscle and other tissues, thus elevations of
CK-MB occur in some diseases involving skeletal muscle injury. Myoglobin is
found in all muscle types, and the concentrations of myoglobin vary significantly
between species and even within species. BNP has been proposed to be used as a



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

22 Kang

prognostic indicator of disease progression and outcome of congestive heart
failure. However, the actual utility of this biomarker is untested. BNP is also
included in the counterregulation of heart hypertrophy, thus the changes in serum
BNP concentrations as function of time in the transition from cardiac hyper-
trophy to heart failure need to be understood comprehensively. Higher levels of
BNP may not necessarily indicate more severity of the heart disease, indicating
that more scrutiny analysis is needed. CRP is a biomarker of inflammation, and
its use in myocardial injury is more supplementary to other tests than having
independently predictive value. A significant advance in the development and
validation of biomarkers for myocardial injury is the promising clinical expe-
rience with ¢Tn, which has absolute myocardial tissue specificity and high
sensitivity. It is now accepted by clinical community that cardiac troponins are
used as the biomarker of choice for assessing myocardial damage in humans. Its
preclinical value for monitoring drug cardiac toxicity and in drug development
needs to be evaluated.

LOOKING TO THE FUTURE

Over the past decade, there have been exciting progresses in our understanding
of cardiovascular toxicity. The foremost is that cardiovascular toxicity has been
recognized as a critical issue in clinical practice, environmental health, and drug
development. Many studies have provided novel insights into mechanisms of
cardiovascular toxicity, and the same studies will continue in the future. Further
investigation of cardiovascular toxicity induced by well-studied drugs and
chemicals will generate more critical insights into mechanistic link between
exposure to xenobiotics and toxicologic cardiomyopathy. The identification and
characterization of emerging drugs and chemicals that cause cardiovascular
toxicity will enrich our current knowledge of cardiovascular toxicology. Novel
therapeutics for cardiac diseases such as stem cell therapy for ischemic cardiac
disease and gene therapy for cardiovascular disease are new areas that have
generated the concerns of cardiovascular toxicity. The application of nano-
technology in cardiovascular system greatly enhances drug delivery efficiency
and therapeutic efficacy, but the issue of cardiovascular toxicity is also
accompanied with this new technology. The left ventricle assist device desig-
nation therapy for heart failure will greatly improve the health care for cardio-
vascular patients, but cardiovascular toxicity will become a new challenge. All
of these new exploring areas of cardiovascular medicine and therapy will defi-
nitely call for attention from the cardiovascular toxicology field. Further
exploration of the state-of-the-art approaches such as genomics, proteomics, and
metabonomics will ensure further advances in our knowledge of cardiovascular
toxicology. An integrated approach that combines the advanced technologies
will greatly assist the development and validation of biomarkers in cardiovas-
cular toxicology. It is highly predictable that more comprehensive understanding
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and new knowledge of cardiovascular toxicology will be created in the future at
a much faster pace than ever before.
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Pathobiology of Myocardial Ischemic
Injury—Implications for Pharmacology
and Toxicology

L. Maximilian Buja
Department of Pathology and Laboratory Medicine, The University of Texas

Health Science Center, and Department of Cardiovascular Pathology, Texas
Heart Institute, St. Luke’s Episcopal Hospital, Houston, Texas, U.S.A.

INTRODUCTION

Myocardial ischemia is a condition of myocardial impairment, which results
from inadequate delivery of oxygenated blood through the coronary arteries
relative to the metabolic demands of the myocardium (1-6). Thus, ischemic
heart disease, also known as coronary heart disease, involves an imbalance in the
normal integrated function of the coronary vasculature and the myocardium.
The major consequences of acute myocardial ischemia are depressed myocardial
contractile function, arrhythmias, and myocardial necrosis (infarction). The
multiple clinical manifestations of acute myocardial ischemia are referred to as
acute coronary syndrome (ACS), which includes unstable angina pectoris,
acute myocardial infarction (AMI), and sudden cardiac death. Ischemic heart
disease also encompasses stable angina pectoris and chronic ischemic heart dis-
ease. The myocardial response to ischemic injury can be modulated by a number
of biological processes, particularly preconditioning and reperfusion (Table 1).

27
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Table 1 Myocardial Responses to Alterations in Coronary Perfusion

Dysfunction during transient ischemia (angina pectoris)
Stunning following acute ischemia
Hibernation during chronic ischemia
Ischemic preconditioning
Second window of protection
Against stunning
Against infarction
Acute myocardial infarction
Subendocardial, transmural
Extension, expansion
Complications
Reperfusion effects
On myocardial function
On myocardial injury
Preconditioning
Postconditioning
Remodeling
Chronic ischemic heart disease
Ischemic cardiomyopathy

Source: From Ref. 4.

Therapeutic approaches to ameliorate the natural progression of myocardial
ischemic injury include catheter-based interventions and surgical approaches as
well as pharmacological treatments, which may have toxicological complications.

ROLE OF CORONARY ALTERATIONS IN MYOCARDIAL ISCHEMIA

Observations in Humans

The inflammatory process is critically important in atherogenesis, so that athe-
rosclerosis is now considered to be an inflammatory disease (7—12). Athero-
sclerosis develops as a response of the arterial wall to chronic repetitive injury
produced by risk factors, including hyperlipidemia, hypertension, cigarette
smoking, and diabetes mellitus, and progresses particularly fast in individuals
with familial hypercholesterolemia (13). Atherosclerosis leads to progressive
narrowing of the coronary arteries and predisposes to the development of
ischemic heart disease (7-12). However, the pathogenesis of acute ischemic
heart disease involves the occurrence of acute pathophysiological alterations in
the coronary arteries superimposed on coronary atherosclerosis of variable
severity (14-31). The acute pathophysiological event may involve a stress-
induced increase in myocardial oxygen demand or an impairment in the oxygen-
carrying capacity of the blood. However, most cases of ACS result from a
primary alteration in the coronary vasculature, leading to decreased delivery of
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CORONARY ARTERIES
ATHEROSCLEROSIS OF VARIABLE SEVERITY
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Figure 1 Pathogenetic mechanisms of acute ischemic heart disease and potential clinical
outcomes. Source: Adapted from Ref. 14.

blood to the myocardium (Fig. 1). These alterations involve platelet aggregation,
vasoconstriction (coronary spasm), and thrombosis superimposed on athero-
sclerotic plaques (Fig. 2).

An acute alteration of an atherosclerotic plaque often initiates acute nar-
rowing or occlusion of the coronary artery. Acute changes in plaques consist of
erosion, fissure, ulceration, and rupture, with injury to the endothelium and
surface cap of the plaque as the initiating event (18-21,27-31). Vulnerable
plaques are plaques that are predisposed to develop these acute complications
(18-21,27-36). These vulnerable plaques have been characterized as thin fibrous
cap atheromas, which are prone to rupture; thick fibrous cap atheromas, which
are prone to erosion; and calcified nodular lesions, in descending order of fre-
quency (Figs. 3,4) (30,31). Precipitation of the acute changes likely requires
chronic or recurrent local injury to the atherosclerotic vessel, which involves
toxic effects of products produced by degeneration of the plaque constituents,



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

30 Buja

Platelet Aggregation and Activation
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Figure 2 A schematic diagram indicating the role of platelet-mediated mechanisms of
induction of acute myocardial ischemia. Platelet aggregation develops in atherosclerotic
coronary arteries at sites of endothelial injury. Aggregating platelets release mediators,
including thromboxane A2 (TxA2) and serotonin (SHT), which cause further platelet
aggregation downstream and vasoconstriction. Factors favoring platelet aggregation
include thrombin, ADP, and PAF. Factors inhibiting platelet aggregation include
endothelium-derived relaxing factor (NO), prostacycline, and t-PA. Abbreviations: ADP,
adenosine diphosphate; PAF, platelet activating factor; NO, nitric oxide; t-PA, tissue
plasminogen activator. Source: Adapted from Ref. 15,22.

inflammation, and hemodynamic trauma (32-36). Vulnerable plaques exhibit
increased numbers of T lymphocytes and macrophages adjacent to the surface,
and the latter cells release stromolysin, collagenases, metallomatrix proteinases,
and other degradative enzymes, which contribute to destabilization of the plaque
capsule. Occlusive coronary thrombi overlying eroded, fissured, ulcerated, or
ruptured plaques are found in over 90% of cases of acute transmural myocardial
infarction (18-21). In ACSs of ischemic heart disease other than AMI, including
unstable angina pectoris and sudden cardiac death, acute alterations of the cor-
onary arteries also are frequently observed (18-21,37-44). These include
endothelial disruption, plaque fissuring, platelet aggregation, and nonocclusive
or occlusive thrombi. These findings form the basis for the successful application
of thrombolytic therapy to produce coronary reperfusion for the treatment of
AMI (45-49). Intensive efforts also are underway for the development and
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Figure 3 Coronary occlusion with plaque rupture and thrombosis. The ruptured plaque
has a large lipid-laden core and a thin fibrous capsule. Note the separation of the capsule
(arrowheads), outward displacement of plaque contents across the rupture site, and
communication with the overlying thrombus. Plaque hemorrhage was present in other
sections of the lesion. (Hematoxylin and eosin: X 10). Source: From Ref. 18.

Figure 4 Coronary occlusion with thrombosis of the lumen and plaque erosion and
hemorrhage. (A) Low-power photomicrograph of the coronary artery shows the thrombus
(T) adjacent to a focus of plaque erosion and hemorrhage (H). (B) High-magnification
photomicrograph shows the erosion of the plaque surface with plaque hemorrhage (H)
and adjacent thrombus in the lumen. [Hematoxylin and eosin: (A) x 11, (B) x 108].
Source: From Ref. 3.

application of various imaging and other techniques for the clinical detection of
vulnerable coronary lesions (50-53).

Observations in Experimental Models

Insights into the role of coronary factors in the pathogenesis of acute myocardial
ischemia have been provided by a canine model in which coronary stenosis with
endothelial injury has been produced by placement of a plastic constrictor on a
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roughened area of the left anterior descending coronary artery (22-25). Cor-
onary injury in the model results in the development of cyclic blood flow
alterations that are characterized by periods of progressive reduction to a nadir
of blood flow, followed by abrupt restoration of blood flow. These cyclic blood
flow alterations are due to recurrent platelet aggregation at the site of coronary
stenosis. There is evidence that the process is driven by several platelet-derived
mediators, including thromboxane A, (TxA;) and serotonin (22-25). The
cyclic blood flow alterations are mediated both by anatomic obstruction of the
coronary artery by aggregated platelets as well as by excessive vasoconstriction
produced by TxA,, serotonin, and possibly by other products released from the
platelets (Fig. 2). Endothelial damage, leading to loss of prostacyclin and
endothelium-derived relaxing factor [nitric oxide (NO)], also contributes to the
process. The cyclic blood flow alterations can be inhibited by treatment with
TxA, synthesis inhibitors, TxA, receptor antagonists, ADP receptor antago-
nists, serotonin receptor antagonists, and glycoprotein IIb/IIla receptor antag-
onists (22-25). In a chronic model with cyclic blood flow alterations for
several days, the animals develop intimal proliferation at the site of coronary
stenosis, with further narrowing of the lumen (22-25). This process is likely
mediated by multiple growth factors, including platelet-derived growth factor
(PDGEF) released from platelets. The intimal proliferation can be attenuated by
treatment with inhibitors of leukocyte and platelet receptors and chemical
mediators (22-25).

Clinical Correlates

The observations derived from the canine cyclic blood flow model have impli-
cations for the pathogenesis of acute ischemic heart disease (14-27,36). Endo-
thelial injury developing at a site of coronary stenosis can initiate changes
leading to impaired coronary perfusion and myocardial ischemia. Endothelial
injury predisposes to recurrent platelet aggregation, which produces anatomic
obstruction compounded by vasoconstriction. TxA, and serotonin are important
mediators of the process (15,16,22-27). Recurrent episodes of platelet aggre-
gation may lead to further coronary stenosis as a result of intimal proliferation
(14-27,36). A clinical counterpart of the latter phenomena may be the intimal
proliferation that frequently occurs following percutaneous transluminal coro-
nary angioplasty (PTCA) in man. The process of recurrent platelet aggregation
may result at any stage in the development of occlusive coronary thrombosis,
although spontaneous resolution is also possible. Studies in man have also
provided evidence of platelet aggregation as well as release of TxA2 and sero-
tonin in patients with unstable angina pectoris (15,16,21,27,36). Antiplatelet
therapies, including ADP receptor and glycoprotein IIb/IIla receptor antagonists,
are clinically effective in patients with ACSs (15,16,21,26,27,36,45-49). Thus,
there is strong evidence that endothelial injury and platelet aggregation are key
factors in the mediation of acute ischemic heart disease.
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ACSs are divided clinically into those presenting with the electrocardio-
graphic pattern of ST segment elevation myocardial ischemia or infarction
(STEMI) and non-ST segment elevation myocardial ischemia or infarction
(NSTEMI) (45-49). ACS patients are commonly treated with thrombolytic
therapy, percutaneous coronary intervention (PCI), or both, depending on pre-
sentation (54,55). Relevant pharmacological agents include (i) anticoagulant
therapy, including low molecular weight heparin; (ii) thrombolytic therapy,
including tissue plasminogen activating factor; and (iii) antiplatelet agents,
including ADP receptor and glycoprotein IIb and Illa receptor antagonists
(26,27,45-49). PCIs include PTCA and placement of coronary stents. Coronary
stents were developed in an attempt to reduce the 30% to 40% incidence of
coronary restenosis within 6 to 12 months of PTCA (54-59). This restenosis is
due to a combination of thrombosis and intimal proliferation, as shown in the
experimental work described above. Stent technology led to the development of
stents coated with antiproliferative agents, including sirolimus and paclitaxel
(60,61). Results with these coated stents initially showed better results than bare
metal stents. However, recent studies have revealed a problem of late thrombosis
of the coated stents (62—-64). Optimal therapy of the complications of PTCA will
continue to require ongoing investigation. A recent study has found no differences
in morbidity and mortality in patients with chronic stable angina pectoris treated
with angioplasty compared with medication without PCI (65). However, there
remains an important role for emergent PCI for patients with impending AMI.

MECHANISMS OF MYOCARDIAL ISCHEMIC INJURY

Metabolic Alterations

Regulation of myocardial metabolism has important clinical relevance (66-71).
The major metabolic alterations induced by myocardial ischemia involve
impaired energy and substrate metabolism (1-6). These metabolic alterations
initiate alterations leading to reversible and, subsequently, irreversible injury of
cardiomyocytes (Fig. 5). Oxygen deprivation results in a rapid inhibition of
mitochondrial oxidative phosphorylation, the major source of cellular ATP
synthesis. Initially, there is compensatory stimulation of anaerobic glycolysis for
ATP production from glucose. However, glycolysis leads to the accumulation of
hydrogen ions and lactate with resultant intracellular acidosis and inhibition of
glycolysis (1-6,66,67). There is a shift from glucose to fatty acid as a fuel
source. However, energy metabolism from fatty acids is less efficient than from
glucose (68). Furthermore, fatty acid metabolism as well as glucose metabolism
is impaired (1-6,66-71). Free fatty acids in the ischemic myocardium are
derived from endogenous as well as exogenous sources, namely circulating free
fatty acids mobilized from lipid stores, with the magnitude of fatty acid influx
depending on the degree of collateral perfusion. Inhibition of mitochondrial
B-oxidation leads to the accumulation of long-chain acylcarnitine, long-chain
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Figure 5 Postulated sequence of alterations involved in the pathogenesis of oncotic
ischemic injury of the myocardium. Oxygen deficiency induces metabolic changes,
including decreased ATP, decreased pH, and lactate accumulation, in ischemic myocytes.
The altered metabolic milieu leads to impaired membrane transport with resultant
derangements in intracellular electrolytes. An increase in cytosolic Ca®" triggers the acti-
vation of proteases and phospholipases with resultant cytoskeletal damage and impaired
membrane phospholipid balance. Alterations of myofibrillar contractile proteins lead to
decreased Ca®" sensitivity and decreased contraction despite the increased cytosolic Ca>*.
Lipid alterations include increased PL degradation with release of free fatty acids and LPL
and decreased phospholipid synthesis. The accumulation of amphipathic lipids alters
membrane fluidity. Lipid peroxidation occurs as a result of attack by free radicals produced,
at least in part, by the generation of excess electrons (e-) in oxygen-deprived mitochondria.
Free radicals may also be derived from the metabolism of arachidonic acid and catechol-
amines, the metabolism of adenine nucleotides by xanthine oxidase in endothelium (species
dependent), and the activation of neutrophils and macrophages. The irreversible phase of
injury is mediated by severe membrane damage caused by phospholipid loss, lipid perox-
idation, and cytoskeletal damage. Abbreviations: ATP, adenosine triphosphate; PL, phos-
pholipid; LPL, lysophospholipids. Source: Adapted from Ref. 4.

acyl CoA, and free fatty acids (72-74). Initially, the free fatty acids are esterified
into triglycerides, giving rise to fatty change in the myocardium. However, as
esterification becomes blunted, free fatty acids increase.

Myocardial ischemia is initially manifested by impaired excitation con-
traction coupling with resultant reduction in contractile activity of the ischemic
myocardium (1-6). The sudden regional loss of intravascular pressure appears to
be the primary cause of the immediate decline in contractile function following
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coronary occlusion (75). Subsequent progression of contractile failure is related
to the associated early metabolic changes that include a declining ATP level,
leakage of potassium from myocytes, intracellular acidosis, and accumulation of
inorganic phosphate (1-6). The loss of contractile activity probably has a ben-
eficial secondary effect by prolonging myocardial viability as a result of a major
reduction in the demand for ATP.

Altered lonic Homeostasis

The metabolic derangements discussed above lead to dysfunction of membrane
pumps and channels, with resultant derangements in intracellular electrolyte
homeostasis. The earliest manifestation of membrane dysfunction is a net loss of
potassium due to accelerated efflux of the ion from ischemic myocardial cells
(1-6,76-78). Although the potassium efflux occurs before a severe reduction in
ATP, more rapid depletion of a localized component or compartment of ATP
may lead to activation of ATP-dependent K" efflux channels (77). Once ATP
reduction is of sufficient magnitude, impaired function of the sodium, potassium
ATPase occurs. This is accompanied by an accumulation of sodium, chloride,
and water in the cells; further loss of potassium; loss of cell volume regulation;
and cell swelling (79,80). Another early change involves an initial increase in
free intracellular magnesium level, followed by progressive loss of magnesium
(78). This is related in part to release of magnesium ATP complexes as ATP
depletion occurs. Finally, progressive changes in intracellular calcium homeo-
stasis occur, which may be of particular importance in the development of lethal
cell injury.

Role of Calcium

The intracellular calcium level regulates normal cardiac function, and deranged
calcium balance contributes significantly to the pathogenesis of myocardial cell
injury (81-83). The intracellular calcium level is regulated by several processes
(81-87). At the level of the sarcolemma, the voltage-dependent calcium channel
is responsible for the slow inward current of the normal action potential; the
sodium-calcium exchanger modulates intracellular calcium levels; and the cal-
cium ATPase mediates a calcium efflux pathway. At the level of the sarco-
plasmic reticulum, the calcium magnesium ATPase and phospholamban mediate
calcium uptake and release on a beat-to-beat basis. Intracellular calcium levels
also are modulated by uptake and storage of calcium in the mitochondria and
binding of calcium to calcium-binding proteins.

The total intracellular calcium concentration is on the order of 1 to 2 mmol/L,
with most of this calcium bound to cellular proteins (81-83). The free cytosolic
ionized calcium (Ca*") concentration is approximately 100 to 300 nmol/L during
diastole and approximately 1 pmol/L during systole. Beat-to-beat regulation of the
cell calcium level involves voltage-dependent calcium influx across the
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sarcolemma, followed by calcium-induced calcium release from the sarcoplasmic
reticulum, with the latter providing the major source of the calcium that binds to
the myofilaments and activates cardiac contraction. Diastole is mediated by a
reuptake of calcium into the sarcoplasmic reticulum, thereby lowering the
cytosolic-free calcium level.

At an early stage of myocardial hypoxic and ischemic injury, normal
calcium transients are lost and the cytosolic-free calcium concentration increases
into the pmol/L range (88-91). Multiple mechanisms may be involved, including
a net influx of calcium across the sarcolemma as well as loss of calcium from
intracellular storage sites in the sarcoplasmic reticulum and mitochondria
(88-91). These changes reflect membrane dysfunction, which is induced by ATP
depletion and intracellular acidosis. The postulated consequences of an increase
in cytosolic calcium include activation of phospholipases, proteinases, and
calcium-dependent ATPases. Contractile depression persists in spite of the
increase in cytosolic calcium as a result of damage to the myofibrillar proteins,
thereby decreasing their sensitivity to calcium (4-6).

Progressive Membrane Damage

The conversion from reversible to irreversible ischemic myocardial injury is
mediated by progressive membrane damage (Fig. 5). A number of factors may
contribute to the more advanced stages of membrane injury. Cellular and
organellar membranes consist of a phospholipid bilayer containing cholesterol
and glycoproteins. The phospholipid bilayer is maintained by a balance between
phospholipid degradation and synthesis. In myocardial ischemia, progressive
phospholipid degradation occurs, probably as a result of the activation of one or
more phospholipases secondary to an increase of cytosolic calcium or possibly
other metabolic derangements (4-6). Phospholipase A— and phospholipase
C-mediated pathways may be involved. Phospholipid degradation results in a
transient increase in lysophospholipids, which are subsequently degraded by
other lipases as well as the release of free fatty acids. Thus, phospholipid deg-
radation contributes to the accumulation of various lipid species in ischemic
myocardium. These lipids include free fatty acids, lysophospholipids, long-chain
acyl CoA, and long-chain acylcarnitines (1-6,72-74,92-95). These molecules
are amphiphiles (molecules with hydrophilic and hydrophobic portions). As a
result of their amphiphatic property, these molecules accumulate in the phos-
pholipid bilayer, thereby altering the fluidity and permeability of the membranes
(72-74,96).

Initially, phospholipid degradation appears to be balanced by energy-
dependent phospholipid synthesis. However, degradation eventually becomes
predominant, with the result that net phospholipid depletion on the order of
approximately 10% of total phospholipid content occurs after three hours of
coronary occlusion (92). Although this net change in total phospholipid content
is relatively small, it is associated with the development of significant
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permeability and structural defects, which are inhibited by agents that inhibit
phospholipid degradation (93-95).

Myocardial ischemia also induces the generation of free radicals and toxic
oxygen species derived from several sources (97-100). As a result of impaired
oxidative metabolism, ischemic mitochondria generate an excess number of
reducing equivalents that may initiate the generation of free radicals. Free rad-
icals also can be produced by the enzymatic and nonenzymatic metabolism of
arachidonic acid derived from phospholipid degradation and of catecholamines
released from nerve terminals (see below). Endothelium of several species
contains xanthine dehydrogenase, which may be converted to xanthine oxidase
during ischemia. The xanthine oxidase can then metabolize adenine nucleotides
derived from the metabolism of ATP. Neutrophils and macrophages invading
ischemic tissue represent another source of free radicals. One major free radical
cascade involves a generation of superoxide anions, followed by the production
of toxic oxygen species, including the hydroxyl radical. Another major free
radical cascade involves the production of excessive amounts of NO (101,102).
A major target of free radicals is cell membranes where the free radicals act on
unsaturated fatty acids in membrane phospholipids, leading to their peroxidation.
Thus, free radicals can be generated during myocardial ischemia, and this pro-
cess can be accelerated by reoxygenation.

Another factor in membrane injury involves disruption of the cytoskeleton,
thereby, affecting the anchoring of the sarcolemma to the interior of the myocyte
(103-105). Dystrophin and vinculin have been identified as cytoskeletal proteins
involved in this process. It is postulated that ischemia leads to disruption of
cytoskeletal filaments connecting the sarcolemma to the myofibrils, as a result of
activation of proteases by increased cytosolic calcium or other mechanisms. Loss
of immunostaining for dystrophin is characteristic of this process (106,107). After
such disruption, the ischemic myocyte becomes more susceptible to the effects of
cell swelling following accumulation of sodium and water. This process leads to
the formation of subsarcolemmal blebs, followed by rupture of the membrane.

Such injury culminating with cell swelling (oncosis) and rupture is
accelerated by the effects of reperfusion, which allows for increased sodium,
chloride, water, and calcium accumulation in the injured cells. Marked reacti-
vation of contraction occurs as a result of marked calcium influx coupled with
transient regeneration of ATP by mitochondria resupplied with oxygen. The
resultant hypercontracture will accelerate membrane rupture following cytos-
keletal disruption. Reperfusion also leads to an oxidative burst, which generates
free radicals. The processes just described are important mechanisms of reper-
fusion injury (4-6,108-114).

Thus, the transition from reversible to irreversible myocardial damage
appears to be mediated by membrane injury secondary to progressive phospholipid
degradation, free radical effects, and damage to the cytoskeletal anchoring of the
sarcolemma. The consequences of this vicious cycle are loss of membrane
integrity and further calcium accumulation with secondary ATP depletion (Fig. 5).
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Apoptosis, Oncosis, Autophagy, and Necrosis

The above description presents the well-documented pathophysiology of cell
injury and cell death in cardiac myocytes subjected to a major ischemic or
hypoxic insult. However, it is now known that other pathophysiological mech-
anisms may contribute to myocardial cell injury and death. Apoptosis has now
been recognized as a major and distinctive mode of cell death (115-121).
Multiple reports have implicated apoptosis in myocardial infarction, reperfusion
injury, and other forms of cardiovascular pathology (4-6,122—-127). Apoptosis
(programmed cell death I) is characterized by a series of molecular and
biochemical events, including (i) gene activation (programmed cell death);
(if) perturbations of mitochondria, including membrane permeability transition
and cytochrome C release; (iii) activation of a cascade of cytosolic aspartate-
specific cysteine proteases (caspases); (iv) endonuclease activation leading to
double-stranded DNA fragmentation; and (v) altered phospholipid distribution of
cell membranes and other surface properties with preservation of selective
membrane permeability (Fig. 6) (118-121). Apoptosis may be produced by
activation of an extrinsic pathway initiated by activation of the TNF/Fas receptor
and then caspase-8 or by activation of an intrinsic pathway involving perturbation
of the mitochondria, leading to leakage of cytochrome C into the cytoplasm and
activation of caspase-9. A third pathway involves Ca’" release from the
endoplasmic reticulum and activation of caspase-12. The final effector pathway
involves activation of caspase-3. Apoptosis is also characterized by distinctive
morphological alterations featuring cell and nuclear shrinkage and fragmenta-
tion. In contrast, numerous studies have reported ischemic myocardial damage to
be characterized by cell swelling and altered cellular ionic composition as a
result of altered membrane permeability. This pattern of cell injury and death
with cell swelling has been termed “oncosis.”

Oncosis represents a common form of cell injury and death that can result
from multiple causes, including toxic and chemical injury, as well as hypoxia
and ischemia (115-117). The pathogenesis of oncotic cell death leading to
necrosis involves progressive damage to the cell membrane or sarcolemma,
which has been characterized as having three stages: (i) potentially reversible
discrete alterations in membrane ionic transport protein systems; (ii) a transi-
tional state of progressive loss of the selective permeability barrier function of
the phospholipid bilayer and increased nonspecific permeability; and (iii) irre-
versible physical disruption of the membrane of the swollen cell (Table 2) (115).
The pathogenesis of the membrane damage can be initiated by at least four
mechanisms: (i) direct damage to the cell membrane by certain toxic chemicals,
products of activated leukocytes, the complement attack complex (C5b-9), and
osmotic fluctuations, such as the calcium paradox, thereby permitting an
uncontrolled influx of ions, especially Ca®", into the cell; (i) damage to the
respiratory apparatus of the mitochondria, with inhibition of oxidative phos-
phorylation, leading to decreased ATP production and increase in hydrogen ions
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Figure 6 Mechanisms of cell death by apoptosis. Apoptosis may be initiated by acti-
vation of extrinsic or intrinsic pathways. The extrinsic pathway involves activation of the
death domain of the TNFR/Fas with subsequent activation of caspase-8. The major
intrinsic pathway involves perturbation of mitochondria, leading to activation of the
membrane permeability transition, release of cytochrome C, and formation of the apop-
tosome with cytochrome C, Apaf-1, caspase-9, and d-ATP. The mitochondrial response is
regulated by the Bcl-2 family of proteins involving the antiapoptotic Bcl-2 and the pro-
apoptotic Bax and other proteins. Another intrinsic pathway involves Ca®" release from
the endoplasmic reticulum and activation of caspase-12. Activation of certain adaptor
proteins can trigger a kinase cascade, leading to activation of NFxB and a cell survival
outcome. However, if the pro-apoptotic pathways predominate, then a final common
pathway to apoptosis is initiated by activation of caspase-3. Various substrates are
cleaved, including PARP, and an apoptotic gene profile is activated. Outcomes include
double-stranded DNA fragmentation and shrinkage necrosis. Abbreviations: TNFR, tumor
necrosis factor receptor; NFkB, nuclear factor kB; Apaf-1, apoptotic protease activating
factor-1; PARP, poly-ADP ribose polymerase. Source: Adapted from Ref. 4.

(drop in pH, intracellular acidosis) and initiation of free radical production;
(iii) proteolysis of membrane-associated cytoskeletal proteins, including dystrophin
and the dystrophin-associated protein complex, the vinculin-integrin link, and the
spectrin-based submembranous cytoskeleton; and (iv) unregulated membrane
phospholipid degradation due to activation of phospholipases and membrane
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Table 2 Three Stages of Cell Membrane Injury and Associated Cellular Tonic Alterations

Discrete alterations in ionic transport systems
K" efflux
Mg increase followed by Mg>" loss
Ca”" increase
Na*, CI™, and H,O increases and further K" decrease
Increased permeability of the phospholipid bilayer
Increased permeability to Ca>™ with potential for Ca®" loading and increase in
total cell Ca*"
Further changes in Na®, Cl-, K™, Mg2+, and H,O
Leakage of smaller macromolecules
Physical disruption of the membrane
Holes in the membrane
Leakage of larger macromolecules
Equilibrium between the constituents of cell interior and exterior

Abbreviations: K, potassium ion; Mg?", magnesium ion; Ca>", calcium ion; Na*, sodium ion;
Cl17, chloride ion; H,O, water.
Source: From Ref. 115.

lipid peroxidation due to the generation of oxygen-based free radicals and toxic
oxygen species (1-6,106,107,115). The initial alterations of energy metabolism
and ionic fluxes, especially the rise in intracellular free Ca®", are important in
initiating the pathways leading to membrane damage (Fig. 5).

Although some reports have proposed a predominant role for apoptosis
in myocardial ischemic injury and infarction, such a role for apoptosis may be
overstated because of overinterpretation of evidence of DNA fragmentation,
which is not specific for apoptosis (4,5,106,107,117). Other assays, including
hairpin 1 and 2 polymerases, have been proposed to be more reliable for
detection of patterns of DNA fragmentation characteristic of apoptosis and
oncosis (4,5,106,107,117). However, the occurrence and extent of apoptosis
needs to be confirmed by multiple assays, optimally including an assay for
activated caspase, and with serial measurements over time. Variable results have
been obtained using various caspase inhibitors to reduce the extent of myocardial
ischemic damage. However, mutant mouse models have provided proof of
principle that apoptosis does contribute significantly to myocardial infarction
through activation of both the extrinsic and intrinsic pathways. The data suggest
that apoptosis and oncosis each contribute about 50% to the evolution of
myocardial infarction after coronary occlusion and reperfusion (122-126). The
rate and magnitude of ATP reduction appears to be a critical determinant of
whether an injured myocyte progresses to death by apoptosis or oncosis, since an
ATP analog, d-ATP, is a key component of a molecular complex that mediates
cytochrome C release with activation of the caspase cascade and apoptotic death
(128-130). It is likely then that severely ischemic myocytes progress rapidly to
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cell death with swelling (oncosis), whereas less severely ischemic myocytes may
progress to cell death by apoptosis. A hybrid form of injury may involve acti-
vation of apoptotic and oncotic pathways in the same cardiomyocytes. Necrosis,
strictly defined, is the sum of degradative changes following irreversible cell
injury by any of the known mechanisms. Thus, myocardial ischemic injury can
be considered a generic term encompassing the multiple mechanisms leading to
irreversible injury of cardiomyocytes and nonmyocytic cells as a result of a
major ischemic insult.

Recently, autophagy (programmed cell death II) has been recognized as a
third mode of cell death. Autophagic cell death involves unregulated catabolism
and lysosomal degradation of cell proteins and organelles (131,132). Autophagic
cell death has been implicated along with apoptosis and oncosis in negative
remodeling, leading to fatal heart failure in patients with chronic ischemic heart
disease and cardiomyopathies (106,107).

Autonomic Alterations and Arrhythmogenesis

Myocardial ischemia is accompanied by significant alterations in the autonomic
nervous system. A major acute ischemic episode generates a stress reaction
leading to elevation of circulating catecholamines as well as free fatty acids.
Within the ischemic myocardium, norepinephrine is released from injured nerve
terminals resulting, initially, in a redistribution of catecholamines, followed by
their eventual depletion (133). Alterations in adrenergic receptors develop,
including increases in the numbers of B- and a-adrenergic receptors expressed
on the sarcolemmal membrane (134,135). Initially, excess catecholamine
stimulation is coupled with increased intracellular metabolism mediated in part
through the adenylate cyclase system. Eventually, uncoupling occurs between
intracellular metabolism and receptor stimulation. However, this coupling can be
restored and heightened upon reperfusion. Excess catecholamine stimulation can
have a number of untoward consequences, including enhanced intracellular
calcium influx as well as arrhythmogenesis.

Arrhythmias and conduction disturbances occur commonly in association
with myocardial ischemia and may range from mild alterations to ventricular
fibrillation. Arrhythmias are particularly common during the early phase of an
ischemic episode as well as at the onset of reperfusion (2,42-44). It is likely
that different mechanisms operate in different phases of ischemic arrhythmias.
The arrhythmias may be mediated by (i) metabolic alterations, including a high
concentration of potassium in the extracellular space adjacent to cardiac myo-
cytes and nerve terminals (2); (ii) accumulation of lysophospholipids, long-chain
acyl compounds, and free fatty acids in myocardial membranes (72-74); (iii) the
alterations in the adrenergic system described above (133-135); and (iv) intra-
cellular electrolyte alterations, including accumulation of intracellular calcium
(136).
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EVOLUTION OF MYOCARDIAL INFARCTION

Progression of Myocardial Ischemic Injury

In humans, the left ventricular subendocardium is the region most susceptible to
myocardial ischemic injury. This is also true for the dog, which is a common
species used for experimental studies of myocardial ischemia, whereas other
species, such as the pig, have few native collaterals (1-6). The susceptibility of
the subendocardium relates to a more tenuous oxygen supply-demand balance in
this region versus the subepicardium. This in turn is related to the pattern of
distribution of the collateral circulation as well as local metabolic differences in
subendocardial versus subepicardial myocytes.

Following coronary occlusion, the myocardium can withstand up to about
20 minutes of severe ischemia without developing irreversible injury. However,
after about 20 to 30 minutes of severe ischemia, irreversible myocardial injury
develops. The subsequent degradative changes give rise to recognizable myo-
cardial necrosis. In the human and dog, myocardial necrosis first appears in the
ischemic subendocardium, because this area generally has a more severe
reduction in perfusion compared with the subepicardium. Over the ensuing three
to four hours, irreversible myocardial injury progresses in a wavefront pattern
from the subendocardium into the subepicardium (2,137). In the experimental
animal and probably in humans as well, most myocardial infarcts are completed
within approximately three to four hours after the onset of coronary occlusion. A
slower pattern of evolution of myocardial infarction, however, can occur when
the coronary collateral circulation is particularly prominent and/or when the
stimulus for myocardial ischemia is intermittent, e.g., in the case of episodes of
intermittent platelet aggregation before occlusive thrombosis.

Histological and Ultrastructural Changes

Established myocardial infarcts have distinct central and peripheral regions (Fig. 7-11)
(2,82,83,137-139). In the central zone of severe ischemia, the necrotic myocytes
exhibit clumped nuclear chromatin; stretched myofibrils with widened I bands;
mitochondria containing amorphous matrix (flocculent) densities composed of
denatured lipid and protein and linear densities representing fused cristae; and
defects (holes) in the sarcolemma. In the peripheral region of an infarct, which has
some degree of collateral perfusion, many necrotic myocytes exhibit disruption of
the myofibrils with the formation of dense transverse (contraction) bands; mito-
chondria containing calcium phosphate deposits as well as the amorphous matrix
densities; variable amounts of lipid droplets; and clumped nuclear chromatin. A
third population of cells at the outermost periphery of infarcts contain excess
numbers of lipid droplets but do not exhibit the features of irreversible injury just
described. The three patterns of myocardial necrosis have been characterized
as typical coagulation necrosis, coagulative myocytolysis (contraction band
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Figure 7 A schematic diagram comparing the pathobiological features of a transmural
infarct produced by permanent coronary occlusion (fop) and a subendocardial infarct
produced by temporary coronary occlusion, followed by reperfusion (bottom). With
prolonged coronary occlusion, myocardial necrosis is established in the subendocardium
within 40 to 60 minutes, progresses in a wavefront pattern into the subepicardium of the
region at risk (risk zone), and is completed in three to four hours. With prolonged
coronary occlusion, the myofibrils of myocytes in the central infarct region are hyper-
relaxed as compared with those in the normal tissue, depicted in the lower panel, and the
mitochondria contain flocculent densities composed of denatured lipid and protein. The
myofibrils of myocytes in the peripheral infarct region are formed into contraction bands,
and the mitochondria show calcium deposits as well as flocculent densities. With tem-
porary ischemia and reperfusion, injury is limited to the subendocardium and is charac-
terized by myofibrillar contraction bands and early mitochondrial calcification.
Abbreviations: N, nucleus; MC, marginated chromatin; SD, sarcolemmal defect; FD,
flocculent (amorphous) density; NMG, normal matrix granule; CB, contraction band;
CabD, calcium deposit. Source: From Ref. 83.
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necrosis), and colliquative myocytolysis (myocytolysis) (140,141). The pattern of
injury seen in the infarcted periphery characterized by contraction band necrosis
is also characteristic of myocardial injury produced by temporary coronary
occlusion, followed by reperfusion (1-6,108—114). In general, the most reliable
ultrastructural features of irreversible injury are the amorphous matrix densities in
the mitochondria and the sarcolemmal defects (Figs. 7-11 ).

Takemura and Fujiwara (127) have pointed out the paucity of histological
and ultrastructural features of apoptosis involving ischemic cardiomyocytes,
whereas such features are more readily demonstrable in ischemic nonmyocytic
cells in evolving myocardial infarcts. These observations have raised the pos-
sibility that myocardial ischemia may involve a hybrid form of injury involving
activation of oncotic and apoptotic pathways in the same cardiomyocytes, as
discussed above. Alternatively, retention of cardiomyocytes irreversibly injured
by oncotic, apoptotic, or hybrid pathways allows for secondary degradative
changes manifest as myocardial necrosis. Myocardial necrosis then leads to an
exudative inflammatory reaction with subsequent organization and healing with
scar formation.

Determinants of Myocardial Infarct Size

The myocardial bed-at-risk, or risk zone, refers to the mass of myocardium that
receives its blood supply from a major coronary artery that develops occlusion
(137). Following occlusion, the severity of the ischemia is determined by the
amount of preexisting collateral circulation into the myocardial bed-at-risk. The
collateral blood flow is derived from collateral channels connecting the occluded
and nonoccluded coronary systems. With time, there is progressive increase in
coronary collateral blood flow. However, much of this increase in flow may be
too late to salvage significant amounts of myocardium (2-6,137,142).

The size of the infarct is determined by the mass of necrotic myocardium
within the bed-at-risk (2—6,137,142). The bed-at-risk will also contain viable but
injured myocardium. The border zones refer to the nonnecrotic but dysfunctional
myocardium within the ischemic bed-at-risk. The size of the border zone varies
inversely with the relative amount of necrotic myocardium, which increases with
time as the wavefront of necrosis progresses. The border zone exists primarily in
the subepicardial half of the bed-at-risk and has very little lateral dimension,
owing to a sharp demarcation between vascular beds supplied by the occluded
and patent major coronary arteries.

Thus, the major determinants of ultimate infarct size are the duration
and severity of ischemia, the size of the myocardial bed-at-risk, and the amount
of collateral blood flow available shortly after coronary occlusion (2-6,
137-139,142). Infarct size also can be influenced by the major determinants of
myocardial metabolic demand, which are heart rate, wall tension (determined by
blood pressure), and myocardial contractility. Myocardial infarct size is a major
determinant of prognosis, since the development of highly lethal cardiogenic
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shock correlates with loss of 40% or more of functioning left ventricular myo-
cardium (143,144).

Measurement of Myocardial Infarct Size

Pathological analysis of infarct size has provided a “goal standard” in accessing
the accuracy of various noninvasive diagnostic tests for myocardial infarction
and the efficacy of various interventions and treatment. Application of a strict
criterion for proof of a direct positive effect of a therapeutic intervention
involves measurement of a reduction in infarct size without a change in collateral
coronary blood flow (2-6,145,146). Although extensive investigation in this area
has been conducted, noninvasive determination of infarct size remains a chal-
lenge. Techniques that have been used to image coronary arteries and myocar-
dium have included various electrocardiographic methods, quantitation of serum
enzyme release, and various imaging approaches, including intravascular ultra-
sound, echocardiography, radionuclide scintigraphy, positon emission tomog-
raphy, computed tomography, and magnetic resonance imaging (147-150). In
the early phase of development of myocardial imaging, our group extensively
evaluated the use of technetium stannous pyrophosphate scintigraphy for
detection and sizing of myocardial infarcts, while other groups evaluated other

Figure 8 Normal left ventricular canine myocardium. The myocardium is compact and
exhibits normal ultrastructure. The cardiomyocytes show myofibrils with sarcomeric units
comprising two bands, narrow I bands, and wide A bands; they contain abundant glycogen
(G), a few small lipid droplets (LD), sarcoplasmic reticulum (SR), T tubules (T), normal
mitochondria (M), and a central nucleus (N). The capillary is expanded and is lined by a
thin endothelium (E). The interstitial space is very narrow. (Electron micrograph: x6800).
Source: From Ref. 79.
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Figure 9 Cardiomyocyte showing ultrastructural features of irreversible ischemic injury in
the severely ischemic central region of an evolving canine myocardial infarct. Note the sep-
aration of the organelles, indicative of mild intracellular edema and cell swelling. The myo-
fibrils are relaxed. The mitochondria (M) are swollen and contain flocculent densities (FD)
(amorphous matrix densities), and linear densities [fused cristae (LD)]. The nucleus (N) is
shrunken and has clumped chromatin (x 16900). This is the typical pattern of severe ischemic
myocardial injury resulting from rapid and severe ATP depletion. Source: From Ref. 6.

Figure 10 Cardiomyocyte with ultrastructural features of contraction band injury and
calcium overloading as seen in the peripheral zone of an evolving canine myocardial
infarct with collateral blood flow. Note the foci of myofibrils condensed into bands (CB),
the lipid droplets (LD), and granular calcium deposits (calcium phosphate, CaD x6500).
Source: From Ref. 6.
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Figure 11 Ultrastructural detail of ischemic cardiomyocyte with lipid deposits (LD) and
swollen mitochondria containing very electron dense, annular-granular calcium phosphate
deposits (CaD x26,000). As ATP is reduced, mitochondrial oxidative capacity is
decreased, leading to an accumulation of re-esterified fatty acids as liquid droplets, and
the sarcolemmal function becomes impaired, leading to increased calcium influx, which
becomes excessive with a ready supply of extracellular fluid. The excess calcium triggers
hypercontraction of the myofibrils manifest as contraction bands. The mitochondria
accumulate the excess calcium at the expense of further ATP production; the calcium
binds with inorganic phosphate to form calcium phosphate deposits. Source: From Ref. 6.

scintigraphic approaches (138,139). Now the multiple other imaging approaches
have been developed. However, ongoing work is needed to perfect methods for
noninvasive detection and quantification of the myocardial bed-at-risk and the
extent of reversible and irreversible damage. This then will allow an analysis of
absolute infarct size as well as infarct size as a percentage of the bed-at-risk.

MODULATION OF MYOCARDIAL ISCHEMIC INJURY

Modulating Influences of Preconditioning, Stunning, Postconditioning,
Reperfusion, and Remodeling

A number of factors can significantly modulate the myocardial response and
subsequent outcome following an ischemic episode (4-6). The progression of
myocardial ischemia can be profoundly influenced by reperfusion (Fig. 12).
However, the effects of reperfusion are complex (108-114). Reperfusion can
clearly limit the extent of myocardial necrosis if instituted early enough after the
onset of coronary occlusion. However, reperfusion also changes the pattern of
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Outer zone myocardium becomes less severely injured during
coronary occlusion and is salvageable upon reperfusion
B but with transient dysfunction (stunning)

Figure 12 Influences of duration of coronary occlusion and timing of reperfusion on the
response of the ischemic myocardium. (A) When reperfusion is achieved within
30 minutes of coronary occlusion, minimal irreversible injury occurs and most of the
ischemic myocardium is salvaged but with transient dysfunction (stunning). (B) When
reperfusion occurs within two hours of coronary occlusion, a significant amount of
subendocardial myocardium develops irreversible injury, including some myocytes that
become irreversibly injured at the time of reperfusion (reperfusion-induced cell death);
however, reperfusion also results in significant salvage of subepicardial myocardium that
would have developed irreversible injury with permanent coronary occlusion. Source:
From Ref. 4.
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myocardial injury by causing reduced reflow (“no-reflow phenomenon”) and
hemorrhage within the severely damaged myocardium and by producing a pat-
tern of myocardial injury characterized by contraction bonds and calcification.
Reperfusion also accelerates the release of intracellular enzymes from damaged
myocardium. This may lead to a marked elevation of serum levels of these
enzymes without necessarily implying further myocardial necrosis. The timing
of reperfusion is critical to the outcome, with the potential for myocardial sal-
vage being greater with earlier intervention. Although reperfusion can clearly
salvage myocardium, it may also induce additional injury. The concept of
reperfusion injury implies the development of further damage, as a result of the
reperfusion, to myocytes that were injured but that remained viable during a
previous ischemic episode. Such injury may involve functional impairment,
arrhythmia, and/or progression to cell death (108-114). Reperfusion injury is
mediated by bursts of Ca’" influx and oxygen radical generation, with the
oxygen radicals generated in the reperfused myocardial cells and neutrophils,
which accumulate in the microvasculature and interstitium and, thereby, con-
tribute to the reduced reflow phenomenon.

The rate of progression of myocardial necrosis can be influenced by prior
short intervals of coronary occlusion and reperfusion. Specifically, experimental
evidence indicates that the extent of myocardial necrosis after 60 to 90 minutes
of coronary occlusion is significantly less in animals that had been pretreated
with one or more five-minute intervals of coronary occlusion before the
induction of permanent occlusion. However, after 120 minutes of coronary
occlusion, the effect on infarct size is lost. This phenomenon is known as pre-
conditioning (151,152). A reduced rate of ATP depletion correlates with the
beneficial effects of preconditioning (151,152). Further studies have suggested
that activation of adenosine receptors and ATP-dependent potassium channels in
the sarcolemma and particularly in the mitochondria may mediate the process of
preconditioning (Fig. 13) (4-6,114,153—155). After a refractory period, a second
late phase of myocardial protection during a subsequent ischemic event develops
(155,156). This phenomenon, known as the second window of protection
(SWOP), is related to ischemia-induced gene activation with production of
various gene products, including stress (heat shock) proteins and NO synthase
(4-6,155,156).

Controlled reperfusion with several very brief temporary periods of cor-
onary occlusion before sustained reperfusion can reduce the extent of reperfusion
injury. This phenomenon is known as postconditioning (157,158). Coupling
timely postconditioning with pharmacological agents has the potential of greatly
reducing ischemic injury and reperfusion injury.

Prolonged functional depression, requiring up to 24 hours or longer for
recovery, develops on reperfusion even after relatively brief periods of coronary
occlusion, on the order of 15 minutes, which is insufficient to cause myocardial
necrosis. This phenomenon has been referred to as myocardial stunning (4-6). A
related condition, termed hibernation, refers to chronic depression of myocardial
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Figure 13 Postulated mechanisms of early ischemic myocardial preconditioning and SWOP.
Brief periods of coronary occlusion lead to an initially slower rate of ATP decline and reduced
rate of progression to irreversible injury and necrosis during subsequent prolonged coronary
occlusion; this phenomenon is ischemic preconditioning. Experimental evidence indicates that
key events in ischemic preconditioning are activation of adenosine and related receptors, acti-
vation of PKC, and opening of ATP-dependent K channels in the sarcolemma and mito-
chondria. The activated receptors couple to G protein, which stimulates a phospholipase that
leads to degradation of phospholipids and formation of DAG. DAGs then activate PKC through
a process that apparently involves translocation of certain PKC isoforms from the cytosol to the
cell membrane. PKC then phosphorylates various molecules, including Karp channels. One
hypothesis is that sarcolemmal K" efflux leads to shortening of the action potential duration,
decreased Ca®" influx, and subsequent blunting of injury induced by Ca®" overload. However,
the current leading hypothesis is that opening of mitochondrial Katp channels leads to mito-
chondrial swelling, blockade of opening of the permeability transition pore, ROS generation, and
preservation of ATP. Brief episodes of coronary occlusion lead to early ischemic pre-
conditioning, followed by a refractory period and the subsequent onset of a SWOP. The SWOP
is related to gene activation mediated by a kinase cascade, including MAP kinases, and NFxB.
Gene products implicated in the SWOP include superoxide dismutase, NO synthase and its
product, NO, and heat shock proteins, including HSP27, which interacts with the cytoskeleton.
Abbreviations: SWOP, second window of protection; PKC, protein kinase C; DAG, diac-
yglycerides; ROS, reactive oxygen species; MAP, mitogen-activated protein; NFkB, nuclear
factor kB. Source: From Ref. 4.
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function owing to a chronic moderate reduction of perfusion (4-6). Pre-
conditioning and stunning are independent phenomena, since the preconditioning
effect is short term, transient, and not mediated through stunning. Free radical
effects and calcium loading have been implicated in the pathogenesis of stun-
ning, as well as other components of reperfusion injury (159,160). After longer
intervals of coronary occlusion, on the order of two to four hours, necrosis of the
subendocardium develops and even more severe and persistent functional
depression occurs (161). In experimental studies, after two hours of coronary
occlusion LV regional sites of moderate dysfunction during ischemia recovered
normal or near-normal regional contractile function after one to four weeks of
reperfusion, whereas after four hours of coronary occlusion, contractile dys-
function persisted after four weeks of reperfusion (161).

Therefore, depending on the interval of coronary occlusion before reper-
fusion, various degrees of contractile dysfunction, necrosis, or both are seen with
reperfusion. These observations emphasize the need for early intervention to
salvage myocardium (1-6,137). On balance, early reperfusion results in a major
net positive effect making early reperfusion an important goal in the treatment of
acute ischemic heart disease (45-49).

Following myocardial infarction, progressive changes occur in viable
myocardium in response to increased stress on the ventricular wall. This process,
known as myocardial remodeling, involves hypertrophy of cardiomyocytes;
vascular and connective tissue proliferation; loss of cardiomyocytes by oncosis,
apoptosis, and autophagy; and apparent formation of new cardiomyocytes from
stem cells (4,106,107,162). Effective remodeling in response to a moderate insult
can result in normalization of wall stress. However, ineffective or inadequate
remodeling in response to a major insult can lead to fixed structural dilatation of
the ventricle, heart failure, and ischemic cardiomyopathy (163,164).

Therapeutic Interventions

Continuing efforts have been made to develop therapeutic approaches to limiting
infarct size since the extent of myocardial necrosis is a major determinant of
prognosis following myocardial infarction. Experimental studies have shown
that evaluation of a therapeutic agent should take into account both the influence
of the size of the myocardial bed-at-risk and the amount of collateral perfusion
over a given time interval of coronary occlusion (Fig. 14) (142,145,146). If an
intervention produces a smaller infarct as a percentage of the bed-at-risk at any
given level of residual perfusion, then it can be concluded that the intervention
has an independent effect on myocardial ischemic cell injury. Various phar-
macological approaches have been aimed at improving myocardial metabolism,
increasing myocardial blood flow, reducing cellular calcium overload, and
preventing free radical-mediated effects (Table 3) (142,145,146,165-167). In
spite of the promise of experimental studies, demonstration of major reduction of
infarct size by pharmacological means has not been forthcoming in man.
However, some pharmacological approaches, such as treatment with propranolol,
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Figure 14 Theoretical outcomes of experiments performed to determine the potential
effect of an intervention on limiting infarct size after 90 minutes of temporary coronary
occlusion and reperfusion in the dog. Infarct size, expressed as a percentage of the area at
risk, is plotted against transmural collateral blood flow measured shortly after coronary
occlusion. Smaller infarct size at any level of residual collateral blood flow is shown in the
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Table 3 Interventions Demonstrated to Reduce the Extent of Myocardial Infarction in
Experimental Animals

Interventions that increase coronary blood flow
Isosorbide dinitrate and nitroglycerin infusion
Calcium antagonists, including nifedipine
Mechanical circulatory assistance, including intraaortic balloon counterpulsation and
external compression of the lower extremities
Reperfusion after temporary coronary artery occlusion
Interventions that reduce myocardial oxygen demand
-Adrenergic blocking agents, including propranolol
Selected calcium antagonists, including verapamil and diltiazem
Interventions that increase substrate availability
Glucose, potassium, and insulin
Carnitine
Certain amino acids, including the L-isomers of glutamate, arginine, ornithine, and
aspartate
Interventions that protect the myocardial cell directly and/or decrease inflammation
Hyaluronidase
Hypertonic agents, including mannitol (protection may last only 40—60 min)
Ibuprofen or flurbiprofen
Single doses of steroids
Specific phospholipase inhibitors
Free radical scavengers

Source: From Ref. 142.

have been shown to have a positive effect on morbidity and mortality
(45-49). This is reflected by the difficulties in establishing efficacy for an
experimentally proven intervention, glucose-insulin-potassium infusion, in
patients, while conventional therapy is in constant evolution (168—172).

The most important advance in recent years has been the advent of PClIs,
including thrombolytic therapy and stent placement, to provide reperfusion of
the ischemic myocardium. This approach is the hallmark of the current era of
treatment of AMI (54,55). Ongoing investigations are aimed at developing
pharmacological interventions, which can be coupled with thrombolytic therapy

treated versus untreated group (top). This result supports the conclusion that the intervention
reduced infarct size by a direct effect on the ischemic myocytes without affecting coronary
blood flow. As another potential result, the treated group has smaller infarcts associated
with greater collateral blood flow compared with the untreated group (bottom). This result
supports the conclusion that the intervention reduced infarct size by increasing collateral
blood flow and decreasing the severity of ischemia rather than by a direct effect on the
ischemic myocytes. Alternatively, this result could have occurred by bias in selecting
animals with greater native collaterals for the treated group. Source: From Ref. 146.
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to provide optimal protection and salvage of the ischemic myocardium. Control
and treatment of arrhythmias and conduction disturbances include both phar-
macological approaches, pacemakers and defibrillators.

Pathology of Interventionally Treated Coronary Artery Disease

PTCA can produce a variety of acute effects, including dilatation of the vessel
caused by stretching of the intima and media, damage to the endothelial surface,
multiple fissures in the plaque, and dissection of the media (56-59,173,174). The
acute injury initiates a reparative response that leads to intimal proliferation
(22-26,56-59,173,174). Similar effects occur after atherectomy and laser
angioplasty (174,176). The resultant fibrocellular tissue is composed of modified
smooth muscle cells (myofibroblasts) and connective tissue matrix without lipid
deposits. A similar lesion is seen in animal models of arterial injury (22-26).
Experimental evidence supports a role for platelet activation in the patho-
genesis of the lesion (22-26). This process of intimal proliferation leads to
restenosis of lesions in 30% to 40% of cases within six months. The use of
vascular stents in conjunction with angioplasty has significantly improved the
long-term patency rates, although the stents do invoke some intimal reaction
(57-61). The introduction of drug-eluting stents coated with antiproliferative
agents has further improved the short-term patency rates (62-64). However,
late thrombosis is a cause of concern. Conventional therapy has recently been
found to be equally effectual as PCI and stent placement in patients with stable
angina pectoris.

Saphenous vein coronary artery bypass grafts (SVCABG) develop diffuse
fibrocellular intimal thickening, medial degeneration and atrophy, and vascular
dilatation within several months after implantation (174,177-179). Sub-
sequently, the grafts are prone to development of eccentric intimal plaques with
lipid deposition (atherosclerosis). Plaque fissuring and thrombosis may also
develop. Therefore, all of the changes seen in naturally occurring atherosclerosis
may also develop in the saphenous veins, thereby creating a finite limit to
the beneficial effects of these grafts. With improvements in surgical technique,
the use of internal mammary arteries for coronary bypass has taken on more
widespread application. The internal mammary arteries are more resistant to
the intimal injury and intimal proliferation observed in saphenous veins, and,
therefore, the arterial bypass grafts have prolonged potency (180-182).

New Approaches to Myocardial Modulation

A new era in the treatment of ischemic heart disease is developing on the basis of
the therapeutic application of new insights regarding the pathogenesis of myo-
cardial ischemic disease. New pharmacological interventions are being tested on
the basis of the possible contribution of apoptosis as well as oncosis in myocardial
infarction (4-6,123-126). Ongoing work is being conducted to successfully achieve
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genetic manipulation (gene therapy) of the processes responsible for the response of
the arterial wall to injury, with the goals of retarding or preventing intimal prolif-
eration and thrombosis at sites of coronary injury (183-186). Alternative
approaches are also being explored for the treatment of intractable angina pectoris
(173,174,187,188). One surgical approach is the use of transmyocardial laser
treatment to create new myocardial microvasculature (189-191). An alternate
approach is the intravascular delivery of genetically engineered growth factors,
including VEGF and FGF (186,192-195).

The debate regarding whether or not cardiac myocytes are terminally
differentiated has been revived (196,197). Molecular mechanisms responsible for
the mitotic block of mature myocytes are under investigation with the potential
for genetic manipulation of myocyte proliferation (198,199). The myocardium
has been found to have a population of endogenous cardiac stem cells as well as
circulating stem cells that are home to the myocardium (162,200-203). How-
ever, naturally occurring myocardial regeneration in response to injury in the
mammalian heart is biologically limited (204). Other approaches are being
explored, including microinjection of genetically engineered myocytes and
allogenic stem cells for repopulation of damaged myocardium (205-207).
Strategies are being explored to reduce the extent of myocardial damage and
repair the myocardium by activating and enhancing and promoting myocytic
differentiation of stem cells. The considerable promise of these approaches for
the treatment of ischemic myocardial disease is the focus of ongoing basic
research and clinical investigation and application.
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Nonclinical Safety Assessment of the
Cardiovascular Toxicity of Drugs and
Combination Medical Devices

Shayne C. Gad
Gad Consulting Services, Cary, North Carolina, U.S.A.

INTRODUCTION

Toxicologists in the pharmaceutical and medical device industries have as their
prime responsibility the identification of any potential risks associated with
therapeutics that their employers intend to take to market and into potential
clinical use. In almost all cases, toxicologists in industry (although they may
possess an individual expertise in one or more target organ systems) must per-
form as generalists, evaluating a compound for a broad range of adverse effects.
Many of the standardized experimental designs that serve for detecting whether
such effects are present (so-called regulatory toxicology studies) are subject to
regulatory mandate and review. This fact and the usual restraints of timing and
cost has historically limited and guided what is done to identify cardiotoxic
agents, including the determination that an effect exists, at what dose levels, and
occasionally to determine whether the effect is reversible. Since the early 2000s,
experience with postmarket identification of cardiovascular adverse effects of
drugs (not limited to those for cardiovascular indications) and medical devices in
patients using these products has dictated a series of changes to the preclinical
evolution of potential products prior to late-stage clinical development. While
changes have been made in the collection or analysis of data to address specific
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concerns that arise, such as the exposure of the potential for induction of valvular
heart disease by fenfluramine (Table 1), such changes are limited in nature to
either conducting additional studies or adding measures or means of analysis to
existing study designs. More importantly, such concerns have lead to additional
test requirements as well as modifications to existing study designs. Tests now
required or recommended are both in vitro and in vivo, and will be considered in
these contexts (Table 2).

Compounds with therapeutic potential are the particular domain of interest
of the pharmaceutical toxicologist (1). In this arena, the task becomes consid-
erably more challenging. The challenge occurs because pharmaceutical agents
are intended to be administered to a target species (usually humans, except for
veterinary drugs) and are intended to have biologic effects. Occasionally, the
commercial objective is to produce a therapeutic agent, which alters the function
of the cardiovascular system. To the pharmaceutical toxicologists, the task of
evaluating cardiotoxicity frequently is expanded to identifying and understanding

Table 1 Noncardiac Drugs Known to Induce or Worsen Heart Failure According to the
Suggested Mechanism(s) Implicated

Drug class Drug

Cardiomyopathy
Cytotoxic drugs Doxorubicin, epitubicin, and other
anthracyclines, mitoxantrone,
cyclophosphamide, 5-fluorouracil,

capecitabine

Immunomodulating drugs/antibodies

Antifungal drugs
Antipsychotic drugs
Pulmonary hypertension
Antimigraine drugs
Appetite suppressants
Heart-valve abnormalities
Antimigraine drugs
Appetite suppressants

Antiparkinsonian drugs
Fluid overload
NSAIDs, including cyclo-oxygenase-2
inhibitors
Antidiabetic drugs
Glucocorticoids
Herbal drugs

Trastuzumab, interferon-a-2,

interleurkin-2, infliximav, etanercept
Itraconasole, amphotericin B
Clozapine

Methysergide, ergotamine
Fenfluramine, fluramine, phentermine

Methysergide, ergotamine

Fenfluraminel, dexfenfluramine,
phentermine

Pergolide

All

Rosigiltaxone, piogiltaxone, trogiltazone

All

Herbal drugs containing liquorice or
adulterated with NSAIDs

Abbreviation: NSAIDs, nonsteroidal anti-inflammatory drugs.
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the mechanism of action, the relevance of findings to the target species, and
quantitating the therapeutic dose (i.e., the separation between the dose with a
desired effect and the higher dose that has an adverse effect). Indeed, the case of
detecting cardiovascular toxicity as a function of the underlying mechanism
of other toxicity, particularly if we are talking about individuals with preexisting
cardiovascular disease, is a complex one. More careful consideration of clinical
experiences with drugs continues to reveal that the scope of possible, ther-
apeutically limiting cardiotoxicities is broad but ill defined, as shown by the
recent cases of nonsteroidal anti-inflammatory drugs (NSAIDs), cyclo-oxygenase 2
(COX-2) inhibitors, and monoclonal antibody anticancer agents. Electrocardio-
grams (EKGs) and histopathology are critical and usually the definitive tools in
such assessments.

The basic principles of cardiovascular function and mechanisms of car-
diovascular toxicity are presented elsewhere in this book, or in other reviews of
cardiovascular toxicity, (9-11) and are not addressed here.

Evaluations of cardiotoxicity, with the exception of one special case, tend to
be performed by adding measurements and observations to existing “pivotal” test
designs. These measures look at alterations in myocardial and vascular structure
(pathology, clinical pathology) and function (EKGs, clinical pathology, and
clinical observations) (Table 2). Tests focused on the cardiovascular system are
designed and executed only if an indication of an effect is found. The special case
exceptions are so-called safety pharmacology studies, which seek to look at
exaggerated pharmacologic effects in rather focused target organ functional
studies. Additionally, there are currently efforts by the Food and Drug Adminis-
tration (FDA) and others to develop (or refine existing) tests to detect agents
affecting valvular tissue better. Such development is complicated by the fact that
preexisting conditions (hypertension) predispose individuals for the adverse effects.

PHARMACOLOGIC PROFILING

The profiling of the pharmacologic effects of a new drug on the cardiovascular
system is an essential element in early evaluations and development. Broad
assessments of the effects on critical target organ functions (cardiovascular,
renal, pulmonary, immune, peripheral, and central nervous systems) for which
no action is intended are often called safety pharmacology, although other
purposes (such as the serendipitous discovery of additional desirable pharma-
cologic activities, i.e., new therapeutic opportunities) are also served. These
assessments are carried out in the therapeutic to near-therapeutic dosage range,
e.g., from the projected human EDs (effective dose therapeutically in 50% of
the patient population) to perhaps the projected EDgy.

Such evaluations can reveal other actions that were unintended and
undesirable (side-effects), or extensions, exaggerations of the intended phar-
macology, which are either unacceptable or essential for interpreting results in
actual toxicology studies (Table 2) (11). The regulatory guidelines for such
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Table 2 Test Systems for Evaluation of Cardiovascular Toxicity of Therapeutics

Description Comments

In vitro ligand-binding assay

Fast and sensitive assay that uses Can correlate well with electrophysiology. No
HEK 293 cells stably and functional activity can be inferred.
transfected with the hERG channel May not detect compounds that act at sites
and radiolabeled ligand, e.g., distinct to the ligand-binding site, leading to
dofetilide6 or MK-499. lack of correlation with electrophysiology.

High throughput of >100
compounds per day. Low-cost

assay.
In vitro electrophysiology hERG assay

Manual patch clamp Can detect activity at any binding site and can
electrophysiology used for more offer information on state/use dependence of
detailed work (e.g., temperature a channel.
dependence of hERG Reported to correlate well with QT
block). prolongation in vivo.

Automated electrophysiology in the False negatives may arise as a result of
form of PatchXpress (7). hydrophobic interactions between

Manual patch clamp has low compounds and the apparatus used in the
throughput of <50 data points per experiment.

wk. PatchXpress has high
throughput of up to 1200 data
points per wk.

Ex vivo—Langendorff-perfused isolated heart preparation

Records MAPs in isolated Offers information on several markers of
Langendorff-perfused rabbit heart proarrhythmia liability, which have been
and evaluates APD, conduction, violated with drugs known to induce TdP,
instability, triangulation, and and those not associated with proarrhythmia
reverse-use dependency. in clinical settings.

High-cost, low-throughput
assay.

Ex vivo—Purkinje fibers

Measures transmembrane action The intensive use of animals (primarily dogs)
potential. Prolongation of the is unattractive from an ethical perspective.
QT interval and subsequent risk Currents measured cannot be correlated to
of arrhythmia is related to man, inhibiting a translational approach.

prolongation of the APD in
Purkinje fibers.

High cost, low throughput of around
1 compound per wk.
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Table 2 Test Systems for Evaluation of Cardiovascular Toxicity of Therapeutics
(Continued)

Description Comments

In vivo—animal models

The methosamine-sensitized rabbit Markets of repolarization liability other than
model (15) has been widely used APD of QT prolongation may have higher
to assess proarrhythmic predicative value owing to better correlation
liability. with TdP.

The AV dog model (11,14) involves The reported rabbit and dog models use
a structural, mechanical, and anesthetized animals and have been mainly
electrical remodeling process that used for class III antiarrhythmics.
increases the susceptibility to Guidelines suggest that safety pharmacology
arrhythmia on exposure to drugs should be studied in conscious animals,
that delay ventricular thereby excluding possible interferences of
repolarization. anesthetics. Guidance is required on

Other animal models include guinea appropriate dose selection of
pig [EKG of conscious restrained nonantiarrhythmic drugs where clinical data
guinea pigs (16,104)], pig, and on relevant exposures or efficacy are
monkey. unavailable.

High-cost, low-throughput series of
assays.

Abbreviations: hERG, human ether a-go-go gene; MAP, monophasic action potential; APD, action
potential duration; TdP, torsade de pointes; AV, atrioventricular; EKG, electrocardiogram.

“secondary” pharmacologic evaluations currently vary among the United States,
the United Kingdom, and Europe (Table 3).

Such interpretations are more difficult, of course, when the agent is
intended to have therapeutic cardiovascular effects. Brunner and Gross (13) and
Brunton (14) should be reviewed by anyone undertaking such an effort to ensure
familiarity with basic cardiovascular pharmacology.

Focusing on cardiovascular effects, the concerns are for both direct (on the
heart and vasculature) and indirect (such as on adrenal release) effects in the
short term. Accordingly, these studies look at function in the short term (hours to
perhaps 3 days). The dog and the rat are generally the model species (although
mice and primates may also be used), with parameters being evaluated including
the following:

® Physiologic functions: systemic arterial blood pressure, heart rate, EKG,
blood gases, and blood flow.

* Biochemistry: enzyme release [lactate dehydrogenase (LDH), creatinine
phosphokinase (CPK)], oxygen consumption, calcium transport, and sub-
strate utilization.
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Table 3 Safety Pharmacological Evaluation of New Chemical Entities

United Kingdom and Europe United States
Central nervous system Neuropharmacology
Autonomic system Cardiovascular/respiratory
Cardiovascular system Gastrointestinal
Respiratory system Genitourinary
Gastrointestinal system Endocrine
Other systems where relevant Anti-inflammatory
Immunoactive
Chemotherapeutic
Enzyme effects
Other

Note: These lists and terminologies are derived from the recommendations of
the respective regulatory authorities, as laid out in the EEC Notice of Applicants,
ISBN 92-825-9503-X, and in the Guideline for the Format and Content of the Non-
clinical Pharmacology, Toxicology Section of an Application, Center for Drug Eval-
uation and Research, FDA, Washington, DC; 1987.

Several of these (EKG, LDH, and CPK) are also evaluated in traditional
pivotal safety/toxicology studies at higher doses (up to 100 times the intended
human dose) and are discussed in further detail later. Such studies also depend
on evaluation of clinical signs to indicate problems. By definition, the functional
cardiovascular system is very dynamic. Accordingly, the times of measurement
(sampling) must be carefully considered.

All these could also be of concern for nondrug chemical entities but are
generally only evaluated to the extent described later under pivotal studies (if
at all).

IN VITRO EVALUATION OF CARDIOVASCULAR TOXICITY

In vitro models, at least as screening tests, have been with us in toxicology
since the 1980s. The last 10 to 15 years have brought a great upsurge of interest
in such models. This increased interest is due to economic and animal welfare
pressures as well as technologic improvements. This is particularly true in
industry, and cardiotoxicity is one area where in vitro systems have found
particularly attractive applications. Specific requirements for evaluating car-
diovascular risk potential are now mandated for all but a few new human
pharmaceuticals (17-19).

Since the mid 1990s, several drugs (such as Seldane—terfenadine) had to
be or were withdrawn from the market due to inducing fatal arrhythmia, evoking
a condition called torsade de pointes (TdP) (7). Those drugs (Table 4) were
found to evoke QT interval prolongation and subsequently, TdP (19-21).
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Table 4 Drugs Linked to Torsade de Pointes (TdP)
Drugs with risk of TdP

Amiodarone Erythromycin Pentamidine
Arsenic trioxide Erythromycin E.E.S Pimozide
Bepridil Halofantrine Procainamide
Chloroquine Haloperidol Procainamide
Chlorpromazine Ibutilide Quinidine
Cisapride Levomethadyl Quinidine
Clarithromycin Mesoridazine Sotalol
Dofetilide Methadone Sparfloxacin
Domperidone Methadone Terfenadine
Droperidol Pentamidine Thioridazine

Drugs with possible risk of TdP
Alfuzosin Granisetron Roxithromycin
Amantadine Indapamide Tacrolimus
Azithromycin Isradipine Tamoxifen
Chloral hydrate Levofloxacin Telithromycin
Clozapine Lithium Tizanidine
Dolasetron Lithium Vardenafil
Felbamate Moexipril/HCTZ Venlafaxine
Flecainide Moxifloxacin Voriconazole
Foscarnet Nicardipine Ziprasidone
Fosphenytoin Octreotide Quetiapine
Gatifloxacin Ofloxacin Ranolazine
Gemifloxacin Ondansetron Risperidone

Source: From Refs. 2,22.

Most agents that prolong QTc and/or cause TdP are hERG blockers

(human ether-a-go-go related gene—so named because the fruit flies it was first
described in appeared to dance). Others agents affect hERG indirectly. Signifi-
cant progress has been made in characterizing the medicinal chemistry of
structures affecting the specific potassium channel (23-26).

The hERG Assay

Patch-Clamp Studies Using Recombinant Cells
Expressing hERG Channels

Most pharmaceuticals associated with TdP inhibit rapidly delayed rectifier
potassium current, I,. Therefore, particular attention to assays for Iy, is prudent
for assessing risk of QT interval prolongation.

Using the voltage-clamp technique, outward or inward ionic currents can
be measured from single cell preparations. Because of inherent difficulties
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associated with recording Ik, in native myocytes, much of the available data for
this current have been obtained using recombinant cell lines expressing hERG.

Inhibition of other outward (repolarizing) currents (e.g., Ito, Iki, Ixs) Or
increase in inward (depolarizing) ionic currents (e.g., Ina) could also lead to QT
interval prolongation, and therefore should be considered when investigating the
mechanisms for QT interval prolongation (27-29).

hERG Protein Expression System

When transfected with hERG alone or hERG in association with genes for
potential regulating subunits (e.g., MiRP1), appropriate cell systems express a
K* channel that displays biophysical and pharmacologic properties similar to
hERG. Several expression systems have been used to test the activity of test
substances on hERG current.

With the presence of endogenous currents, the presence or absence of
subunits (directly associated regulatory proteins) and kinases or phosphatases
controlling regulatory phosphorylation sites can affect the pharmacology of the
expressed channel protein relative to native cardiac ion channels.

Mammalian [e.g., Chinese hamster ovary (CHO), human embryonic kid-
ney (HEK)-293, COS-7] rather than Xenopus oocytes should be selected for
expressing hERG because a major limitation of the Xenopus model is that test
substances can accumulate in the oocyte yolk, resulting in significant variability
and error in potency estimates (Fig. 1).

hERG rather than Iy,-present murine atrial tumor AT-1 or HL-I cells
derived from transgenic mice should be preferred. The channels expressed by
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Figure 1 Effects of terfenadine on hERG channels expressed in HEK-293 cells and
Xenopus oocytes.
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Table 5 1C50 of Several Drugs Against hERG Channel (HEK-293)

Drug IC50 (uM) at 22°C IC50 (uM) at 35°C
Terfanadine 0.02 0.3

Loratadine 4.7 7.9
Dephenidramine 39 2.7

Fexofenadine 11 13.6

Cisapride 0.03 0.04

Sotalol 810 270

Erythromycin 3158 200

Conveyed current determined at 22°C and 35°C. Abbreviations: hERG, human
ether a-go-go gene.

these cells are similar to neonatal/fetal mouse cardiac myocytes, raising some
concerns about dedifferentiation in these tumor-derived cells. Test results
obtained are also clearly dependent on culture temperature (Table 5) and must be
clearly specified with any provided or published data.

® Objective: Detection potential of blocking the cardiac rapid component of
the [ Kr)'
e Study design:

e Cells expressing the human gene encoding the major part of the ion
channel carrying Ik, (hERG)
® At least three concentrations up to solubility limit or 30 uM.
* End point:
e IC50 and IC20 to be calculated (fitting of the concentration-response
curve) if an inhibition above 50% is seen at top concentration.
® Drugs that achieve IC20 are considered to possibly present a clinical

safety issue, therefore, cardiac safety index (CSI) approach elicits
clinical effects.

e CSI

e Ratio: hERG conc./efficacious conc.
e 30 x >> comfortable.
e 100 x >> OK.

Relevance of hERG to QT Prolongation

Compounds associated with adverse drug reactions (ADRs) of QT prolongation
and arrhythmias such as TdP and sudden death predominantly have a secondary
pharmacologic interaction with the rapidly activating Ix,. The gene encoding this
channel has been identified as hERG. Testing of compounds for interactions with
the HERG channel allows the identification of potential risk of QT prolongation
in humans and can be used as a screen in development of candidate selection.
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HEK-293 cells have been transfected with cDNA for hERG-1 to produce a stable
expression system.

The relevance and relative importance of these measurements in con-
junction with all of the other components of cardiovascular safety assessment has
become cleaner as data on both hERG and clinical effects of drugs have become
available. Certainly it is influential in making drug candidate screening and lead
designation decisions, but should not be a critical determining factor by itself.

Purkinje Fiber Assays

Isolated Purkinje fibers (usually from the rabbit) provide a useful model for
evaluating the potential prearrhythmic potential of drugs and other therapeutic
agents. With some drug-induced arrhythmias, e.g., arrhythmias triggered by
steps after depolarization, have been described and characterized in cardiac
Purkinje fibers, a main conducting tissue. While these afterdepolarization-
induced triggered activities have been identified in ventricular cells located in
the midmyocardium region (M cells), they are rarely seen in other types of
ventricular myocytes (30). Some drug-induced afterdepolarizations that are
facilitated by additional B-adrenergic stimulation preferentially occur during low
pacing (e.g., 20 pulses/min). These arrhythmic events, termed “early after-
depolarizations” (EADs), are defined by a depolarization occurring before full
repolarization of the cell membrane. In contrast, other specific Purkinje fiber—
related arrhythmic events are dependent on rapid pacing (e.g., 180 pulses/min for
a few minutes). These arrhythmias, referred to as “delayed after depolarizations”
(DAD:s), are defined by a depolarization occurring after total repolarization of
the cell membrane. Such abnormal spontaneous depolarizations are liable to
provoke extrasystoles and triggered activities that are characterized by
tachyarrhythmias showing a marked diastolic depolarization slope and triggered
by premature extrasystoles. In the clinic and in laboratory animals, these trig-
gered activities are believed to be responsible for the development of TdP, which
are life-threatening ventricular tachycardias (31).

There are some excellent sources, which should be referred to for detailed
descriptions of rabbit Purkinje fiber responses (30).

As predictive systems of the specific target organ toxicity, and particularly
in the case of cardiotoxicity, any in vitro system having the ability to identify
those agents with a high potential to cause damage in a specific target organ at
physiologic concentrations is extremely valuable.

In Vitro Systems as Screens

The second use of in vitro models is largely specific. This is to serve as tools to
investigate, identify, and/or verify the mechanisms of action for selective target
organ toxicities. Such mechanistic understandings then allow one to know
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whether such toxicities are relevant to humans (or to conditions of exposure to
humans), to develop means either to predict such responses while they are still
reversible or to form the means to intervene in such toxicosis (i.e., first aid or
therapy), and finally potentially to modify molecules of interest to avoid
unwanted effects while maintaining desired properties (particularly important in
drug design). Such uses are not limited to studying chemicals, drugs, and
manufactured agents; they can also be used in the study of such diverse things as
plant, animal, and microbial toxins, which may have commercial, therapeutic, or
military applications or implications because of their cardiotoxicity.

There is currently much controversy over the use of in vitro test systems.
Will they find acceptance as “definitive test systems,” or will they only be used
as preliminary screens for such final tests? Or, in the end, will they not be used at
all? Almost certainly, all three of these cases will be true to some extent.
Depending on how the data generated are to be used, the division between the
first two is ill defined at best.

Before trying to answer these questions definitively in a global sense, each
of the end points for which in vitro systems are being considered should be
overviewed and considered against the factors outlined up to this point.

Substantial potential advantages exist in using an in vitro system in toxi-
cologic testing. These advantages include isolation of test cells or organ frag-
ments from homeostatic and hormonal control, accurate dosing, and quantitation
of results. It should be noted that, in addition to the potential advantages, in vitro
systems per se have a number of limitations that can contribute to their not being
acceptable models. Findings from an in vitro system, which either limit their use
in predicting in vivo events or make them totally unsuitable for the task, include
wide differences in the doses needed to produce effects or differences in the
effects elicited.

Tissue culture has the immediate potential to be used in two very different
ways by industry. First, it has been used to examine a particular aspect of the
toxicity of a compound in relation to its toxicity in vivo (i.e., mechanistic or
explanatory studies). Second, it has been used as a form of rapid screening to
compare the toxicity of a group of compounds to a particular form of response.
Indeed, the pharmaceutical industry has used in vitro test systems in these two
ways for years in the search for new potential drug entities: as screens and as
mechanistic tools.

Mechanistic and explanatory studies are generally called for when a tra-
ditional test system gives a result that is either unclear or for which the relevance
to the real life human exposure is doubted. In vitro systems are particularly
attractive for such cases because they can focus on every defined single aspect of
a problem or pathogenic response, free of the confounding influence of the
multiple responses of an intact higher-level organism. Note, however, that first
one must know the nature (indeed the existence) of the questions to be addressed.
It is then important to devise a suitable model system that is related to the mode
of toxicity of the compound.
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One must consider what forms of markers are to be used to evaluate the
effect of interest. Initially, such markers have been exclusively morphologic
(in that there is a change in microscopic structure), observational (is the cell/
preparation dead or alive or has some gross characteristic changed), or functional
(does the model still operate as it did before). Recently, it has become clear that
more sensitive models do not just generate a single endpoint type of data, but
rather a multiple set of measures that, in aggregate, provide a much more
powerful set of answers.

There are several approaches to in vitro cardiotoxicity models. The oldest
is that of the isolated organ preparation (32-35). Perfused and superfused tissues
and organs have been used in physiology and pharmacology since the late 19th
century. There is a vast range of these available, and a number of them have been
widely used in toxicology. Almost any end point can be evaluated, and these are
the closest to the in vivo situation and therefore generally the easiest from which
to extrapolate or conceptualize. Those things that can be measured or evaluated
in the intact organism can largely also be evaluated in an isolated tissue or organ
preparation. The drawbacks or limitations of this approach are also compelling,
however.

An intact animal generally produces one tissue preparation. Such a prep-
aration is viable generally for a day or less before it degrades to the point of
being useless. As a result, such preparations are useful as screens only for agents
that have rapidly reversible (generally pharmacologic or biochemical) mechanisms
of action. They are superb for evaluating mechanisms of action at the organ level
for agents that act rapidly—but not generally for cellular effects or for agents
that act over the course of more than a day.

The second approach is to use tissue or organ culture. Such cultures are
attractive because they maintain the ability for multiple cell types to interact in at
least a near physiologic manner. They are generally not as complex as the
perfused organs but are stable and useful over a longer period of time, increasing
their utility as screens somewhat. They are truly a middle ground between the
perfused organs and the cultured cells.

The third and most common approach is that of cultured cell models
(32,36,37). These can be either primary or transformed (immortalized) cells, but
the former have significant advantages in use as predictive target organ models.
Such cell culture systems can be utilized to identify and evaluate interactions at
the cellular, subcellular, and molecular level on an organ- and species-specific
basis. The advantages of cell culture are that single organisms can generate
multiple cultures, the cultures are stable and useful for protracted periods of
time, and effects can be studied very precisely at the cellular and molecular level.
The disadvantages are that isolated cells cannot mimic the interactive architec-
ture of the intact organ and will respond over time in a manner that becomes
decreasingly representative of what happens in vivo. An additional concern is
that, with the exception of hepatocyte cultures, the influence of systemic
metabolism is not factored in unless extra steps are taken. Any such cellular



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

Nonclinical Safety Assessment of the Cardiovascular Toxicity

Table 6 Representative In Vitro Test Systems for Cardiovascular Toxicity

System End point Evaluation Reference
Coronary artery Morphological Correlates with in vivo 37
smooth muscle evaluation: vacuole results
cells (S) formation
Isolated perfused rabbit Functional: Long history of use in 33
or rat heart (M,S) operational, physiology and
electrophysiologic, pharmacology
biochemical, and
metabolism
Isolated superfused Functional: operational ~Correlation with in 34,35
atrial and heart and biochemical vivo findings for
preparations (S,M) antioxidants

Myocytes (S,M)

Functional and
morphologic

Correlates well with in 39,40
vivo results on a

local concentration
basis

Abbreviations: S, screening; M, mechanistic.

systems would be more likely to be accurate and sensitive predictors of adverse
effects if their function and integrity were evaluated while they were operational.

A wide range of target organ-specific models have already been developed
and utilized. Their incorporation into a library-type approach requires that they be
evaluated for reproducibility of response, ease of use, and predictive character-
istics under the intended conditions of use. These evaluations are probably at least
somewhat specific to any individual situation. Table 6 presents an overview of
representative systems for cardiovascular toxicity. Not mentioned in this table are
any of the new coculture systems in which hepatocytes are “joined up” in culture
with a target cell type to produce a metabolically competent cellular system. It
should be noted that recently several researchers have advocated the failing rabbit
heart as a particularly good model for screening drugs for TdP (38).

IN VIVO PARAMETER EVALUATIONS IN STANDARD STUDIES

For most new chemical entities, the primary screen for cardiotoxicity in industry
consists of selected parameters incorporated into the pivotal or systemic toxicity
of various lengths. These “shotgun” studies (so called because they attempt to
collect as much data as possible to identify and crudely characterize toxicities
associated with a drug or chemical) are exemplified by the 13-week study shown
in Figure 2. In general, evaluations are performed to determine functional,
structural, and biochemical (enzymatic) indicators of toxicity.

As shown, a large number of variables are measured, with only a few of
them either acting directly or indirectly as predictors of cardiovascular toxicity.
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Figure 2 Line chart for a standard or “pivotal” 13-week toxicity study. Four or more groups
of 16 (8§ male and 8 female) beagle dogs each; daily dosing (5 days/wk for chemicals, 7 days/wk
for pharmaceuticals or food additives) at selected dose levels, with one group being
controls and receiving only vehicle or sham exposure; mortality and morbidity checks
twice per day, detailed clinical observations at least once per week; FOB on days 0, 4, 11,
and 87; body weights of every animal on days -7, -1, 0, 4, 7, 11, and weekly thereafter;
food consumption weekly. For the sake of illustration what is shown is a dog study. The
design is the same (except for the number of animals) for studies conducted in other
species (rats, primates, etc.). Dosing is by the appropriate route and frequency (usually,
however, once daily in the morning). Abbreviation: FOB, functional observational battery.

These measures are taken at multiple time points and in aggregate compose a
powerful tool set for identifying the existence of problems. Their sensitivity and
value are limited, however, by several design features incorporated into the
pivotal studies, i.e., those that use dogs, primates, etc., and the number of times
that specific measurements are made. Both are limited by cost and logistics, and
these limitations decrease the overall power of the study. The second feature
is the complications inherent in dealing with background variability in many of
these parameters. Although individual animals are typically screened prior to
inclusion in a study to ensure that those with unacceptable baselines for
parameters of interest (very typically EKGs, clinical chemistries, and hema-
tologies) are eliminated, clearly some degree of variability must be accepted on
grounds of economics or practicality. Proper analysis of the entire data set
collected as an integrated whole is the key to minimizing these weaknesses.

Electrocardiograms

Properly used and analyzed, EKGs represent the most sensitive early indicator of
cardiac toxicity or malfunction. Long before the other functional measures (blood
pressure or clinical signs) or before the invasive measures (clinical chemistries or
histopathology), the EKG should generally reveal that a problem exists.
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Deceptively simple in form (Fig. 3), EKGs present a great deal of infor-
mation (41). Much of this information (amplitudes of the various waves, the
lengths of intervals, and the frequency of events, i.e., heart rate) is quantitative in
nature and can be analyzed by traditional statistical techniques. For this larger
portion of the information in EKGs, the problems are that (i) baselines vary
significantly from species to species (making interpretation of the relevance of
changes seen in some models difficult) and (i7) the task of actually collecting the
EKGs and then extracting quantitative data from them is very labor intensive.
There are now some computer-assisted analysis programs, such as that described
by Watkinson et al. (42), which perform the quantitative aspects of data
extraction and analysis well.

There is also a significant amount of information in EKGs that is not
quantitative, but is rather more of a pattern-recognition nature. This requires a
learned art and a great deal of experience for the more complex changes.

Interpretation of the underlying causes of changes in EKGs requires
knowledge of cardiac pathophysiology. Sodeman and Sodeman (43) present
excellent overviews of this area, and Doherty and Cobbe (44) review the special
cases of EKG changes in animal models.

Attention to technique is critical in the proper performance and interpre-
tation of EKGs. Each species has different requirements for the placement and
even the type of electrodes used (16,44,45). In addition, there are differences in
electrocardiographic effects between sedated and nonsedated animals. Addi-
tionally, there are rather marked differences in EKGs between species, with the
dog having a very labile T wave and the rat ST segment being short to non-
existent (Fig. 3). In recent years, the QT interval (most often evaluated in
the dog) has become of particular interest. Increases in QT interval duration
by a number of drugs have been associated with ventricular arrhythmias in
humans (46).

More elegant techniques, such as positron emission tomography (PET)
scanning, can be utilized to identify effects on hERG channel function in intact
animals (47,48), but are impractical for use in the broad screening studies
conducted to meet regulatory safety assessment requirements.

Blood Pressure and Heart Rate

These two traditional noninvasive measures of cardiovascular function have the
advantages of being easy and inexpensive to perform. Their chief disadvantage is
that they are subject to significant short-term variability, which significantly
degrades their sensitivity and reliability. Techniques do exist for minimizing
these disadvantages in various animal model species (49,50), and careful
attention to general husbandry and handling helps.

If EKGs are collected, then it is easy to extract the heart rate from the
tracings. Most automated systems will, in fact, perform this calculation as a
matter of course. Blood pressure, meanwhile, is attractive because it is a
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noninvasive measure of vascular function. Techniques for collecting it have
improved significantly in recent years.

Neither of these measures is commonly collected in the pivotal or standard
safety study, however. If clinical signs, particularly in larger (nonrodent) species,
indicate that an effect is present, these should readily be added to a study.

Flow Measurement Techniques

The major techniques (dye dilution, thermal dilution, and microspheres) are
available to allow investigation of blood flow down to the capillary level, using
the direct Flick technique as a calculation basis. This technique is based on a
careful measurement of oxygen consumption of an individual and the determi-
nation of the amount of oxygen in the arterial and venous blood. By estimating
the metabolic rate of the subject, one can determine the volume of blood that
would be required to carry the volume of oxygen consumed in a set interval. This
relationship yields the flow volume in milliliters per minute. The equation for
calculating flow is as follows:

Q = q*/[0,]pv — [0,]pa

where Q is the cardiac output, g is the oxygen consumption of the body, [O5] is the
oxygen concentration, pv is the pulmonary vein, and pa is the pulmonary artery.

The direct Flick technique demands that stringent requirements are met to
ensure accuracy of the flow measurements including (i) a stable metabolic rate
over the sampling period, (if) the accurate determination of oxygen consumption
and oxygen content in arterial and venous blood, (iii) a representative venous
blood sample or venous admixture, and (iv) a valid method to determine met-
abolic rate. A cardinal rule for all of these techniques is that indicator is neither
gained nor lost during the measurement period.

Indocyanine green has been used for many years for the determination of
cardiac output using the Flick technique. A small amount of indocyanine green at
a specific concentration is administered into the left side of the heart. Arterial
blood then is sampled, preferably from the aorta, by constant withdrawal through
an optical cuvette sensitive to the specific absorption spectrum of indocyanine
green. The concentration of indocyanine green in the blood is automatically
determined as the sample is withdrawn through the cuvette, plotted graphically,
and described by a curve. By integrating the area under the curve and comparing
this with a sample standard of known concentration, the average concentration of
dye is calculated over the length of the sampling period. The volume of blood
pumped per unit time then equals the cardiac output. A stringent requirement for
this technique is that the withdrawal rate of blood through the cuvette must be
constant and that the rate must be fast enough to obtain a representative sample
of blood before recirculation of the dye begins. Also, the sampling catheter
between the withdrawal pump and the animal must be kept as short as possible to
reduce mixing of blood with dye and blood without dye.
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Thermal dilution is a variation on the indicator dilution technique, which
uses a bolus of cold, or room temperature, physiologic saline as the indicator and
an intravascular thermocouple or thermistor as the detector. The bolus of cool
saline is injected into the left side of the heart and the thermocouple is placed in
the ascending aorta. The calculations of cardiac output with this technique are
almost identical to those used for the indocyanine green determinations. The
requirements for this technique are that a constant temperature of cold bolus
must be injected and that no heat must be gained or lost by the blood as it
circulates between the site of injection and the site of detection. Repetitive
sampling is possible using this technique.

Microspheres are the third major indicator used for the determination of
blood flow. Microspheres are small, carbonized spheres, usually 15 pm in
diameter, that flow evenly distributed within the bloodstream and are trapped in
the circulation at the arteriolar level. The microspheres can be used to determine
qualitative flow by examining the organ for the presence of microspheres. As
microspheres can be labeled with different radioactive tracers, tissue samples can
be taken from the site in question to determine the radioactive level using a
radioactive counting device (e.g., gamma counter). The total number of micro-
spheres is proportional to the total number of counts recorded per unit time when
compared with a standard dilution of such radiolabeled microspheres. To
determine the effect of different interventions, different radiolabels can be used
for each flow determination. Implantable sensors are also now becoming
available to measure these parameters (pressure flow and heart rates) in species
sizes down to and including mice (51,52).

Imaging Technologies: Magnetic Resonance
Imaging and Echocardiography

As imaging technology has improved (particularly with improved image resolution)
and its costs have declined, nonclinical safety evaluation of both drugs and medical
device (particularly devices intended for cardiovascular uses) have begun to utilize
imaging technologies for the evaluation of safety of new therapeutics.

MRI. Magnetic resonance imaging (MRI) relies mainly on the detection of
hydrogen nuclei in water and fat to construct high-resolution images. The con-
trast in these images results from different T1 and T2 relaxation times for
hydrogen nuclei in different tissue environments. MRI is based on the same
principles as liquid-state nuclear magnetic resonance (NMR), i.e., the behavior
of nuclei in a magnetic field under the influence of radio frequency (RF) pulses,
but the hardware, pulse sequences, and data processing are somewhat different.
Improvements in electronics and computers since the mid 1990s have given MRI
resolution capabilities in intact organisms down to approximately 3 mm, and
therefore tremendous potential as a tool for studying mechanisms of toxicology.
MRI techniques provide detailed information on the response of specific organs
to toxicants and can also be used to monitor xenobiotic metabolism in vivo. In
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addition, they could reduce the number of animals required for toxicology
studies, as a single animal can be followed over an extended period of time to
monitor internal changes.

Angiography, using X-rays to image coronary vasculature and blood flow
in discrete regions during a study, has become a standard tool for evaluating
effects on vascular function (including evaluating blockage, revascularization,
and angiogenesis) when such are concerns or desired outcomes of treatment.
Performance of such angiography in preclinical studies is usually restricted to
use in dogs and swine, where it is a valuable tool for evaluating vascular/flow
functional effects (46).

Echocardiography. Echocardiography (ECHO) is the use of ultrasound tech-
nology to assess various aspects of cardiac function and morphology. By using
different ECHO windows (standard placements of the ECHO probe) and types of
ultrasound propagation, qualitative information can be obtained regarding indi-
ces of cardiac size, systolic function, diastolic function, and hemodynamics.
Furthermore, certain parameters are a reflection of an integrated input of cardiac
functions and can be used for a global impression of cardiac function (53).

In the present studies, the parameters measured varied because of differ-
ences in heart size, anatomy, species, movement artifacts, and equipment used.
However, certain parameters are constant across the studies and these are used
for comparative purposes. Two of these parameters (or surrogate) are also those
used in the Common Terminology Criteria for Adverse Events (CTCAE), version
3 (v3), an adverse event rating, which is used for assessing adverse events during
clinical trials. These parameters include an assessment of left ventricular ejection
fraction and fractional shortening of the left ventricle.

Table 7 presents a glossary of the terms used, how these reflect indices of
cardiac function, and how changes in these parameters reflect decreases in
cardiac function.

Clinical studies in oncology tumor vascular disrupting agents have shown
indications of cardiac effects, including QTc interval prolongation, measurable
plasma troponin-T levels, cardiac hypoxia, and cardiac ischemia. GLP IND-
enabling studies of several agents have indicated minimal-slight cardiopathology
in the dog and rat. Following such observations, the cardiotoxic potentials have
been investigated by means of ECHO, together with histopathology and cardiac
biochemistry, in dog, pig, and cynomolgus monkey.

Results with studies suggest that the use of ECHO can demonstrate
changes in cardiac function at lower doses that can be predictive of more sig-
nificant changes at higher doses.

Studies on cardiac function in the dog and monkey have shown neither
troponin I nor the cardiac selective isoform of creatine kinase that appeared to be
reliable indicators of cardiac pathology or systolic dysfunction.

Histopathologic examination of the heart is necessarily an integral part of
the echocardiographic studies performed to investigate effects on cardiac



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

86 Gad

Table 7 Glossary of Echocardiographic Terms and Changes Associated with a
Decreased Cardiac Function

Heart size
Decrease in parameters is associated with a decrease in cardiac function, as there is a
reduced volume
® [VIDd: left ventricular inner diameter at diastole (mm)
® [ AD: left atrial diameter (mm)
Systolic function
® FxS: fractional change in left ventricular diameter (%)

— A decrease is associated with decreased cardiac function, reflecting
reduced systolic contraction

® FxArea: fractional change in left ventricular area (%)

— A decrease is associated with decreased cardiac function, reflecting a reduced
area of systolic contraction

® LVIDs: left ventricular inner diameter (mm)

— An increase is associated with decreased cardiac function, reflecting reduced
systolic contraction

® PEP/LVET: ratio of the preejection period to left ventricular ejection time

— An increase is associated with deficits in contractility or high afterload, a
relatively shortened period of systolic contraction

® VCFm: mean velocity of circumferential fiber shortening (circ/sec)

— A decrease is associated with decreased cardiac function, reflecting a reduced
rate of systolic contraction or reduced contractility

Diastolic function
® [VRT: left ventricular isovolumic relaxation time (ms)

— An increase is often associated with impaired myocardial relaxation

Hemodynamics
® Heart rate (bpm)
® VTIL velocity time integral of aortic flow profile (mm)

— Related to stroke volume
— Decreased with a decrease in cardiac function

® VTI x HR: proportional to cardiac output (mm/min)
— Decreased with a decrease in cardiac function

® AoVel: peak aortic velocity (mm/sec)
— Decreased with a decrease in cardiac function

Global function
® EPSS: separation of the mitral leaflets from the septal wall during the early wave of
mitral flow (mm)

— Increased with a decrease in cardiac function, may be associated with mitral
regurgitation.
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function in the dog and monkey. Properly formulated patterns of histopathologic
findings similar to those reported in the safety and toxicology studies, with
myocardial necrosis of the papillary muscle, intraventricular septum, and left
ventricular wall, are seen.

Minimally, cardiotoxic Cmax values for such agents appear to vary con-
siderably between species and also with the use of different formulations. A
further confounding factor to consider is the variability in sampling times
between studies, a critical aspect when dealing with an intravenously adminis-
tered compound with a short half-life (~2 hours) as is the case with many
protein therapeutic agents.

Results with studies suggest that the use of ECHO can demonstrate
changes in cardiac function at lower doses that can be predictive of more sig-
nificant changes at higher doses.

CLINICAL SIGNS/OBSERVATIONS

Clinical signs represent the oldest noninvasive assessment of general health and
provide in animal studies a crude but broad and potentially very valuable screen-
identifying adverse responses. Training, experience, and continuity of the
observer are vitally important to these signs being both meaningful and reliable.
A rigorous, regular, and formatted collection of such signs in an objective
manner (54) provides an essential component of any systemic toxicity study.

A number of the observations collected in the standard clinical signs
measurements either directly or indirectly address cardiovascular function. These
include body temperature, the occurrence of cyanosis, flushing, weakness, pulse,
and the results of careful palpitation of the cardiac region.

CLINICAL PATHOLOGY

Traditional systemic or “general” toxicology studies place their greatest reliance
for detecting cardiotoxicity on the last two sets of tools presented here—clinical
and anatomic pathology. Both of these are invasive, but not necessarily terminal,
therefore, entailing either instilling at least some stress in test animals or (for
smaller animals) euthanasia of the animals, but these studies are considered to be
reasonably unequivocal in their interpretation. Also, both require a significant
amount of experience/knowledge as to the normal characteristics of the model
species.

Clinical pathology entails both hematology and clinical chemistry. Here,
we are interested only in the latter because cardiovascular toxicity is not gen-
erally reflected in the hemogram. Urinalysis is likewise not a useful component
of the clinical chemistry screen for detecting cardiotoxicity. Rather, serum levels
of selected parameters are of primary interest. During actual myocardial
infarction (MI), there occurs a leakage of cellular constituents with rapid losses
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of ions and metabolites, resulting in transient increases in serum concentrations
of these parameters. Later, there is a release of specific enzymes and proteins,
which are in turn slowly cleared from the plasma. One can broadly classify the
measurements made in serum as electrolytes, enzymes, proteins (other than
enzymes), and lipids. Analysis of the findings as to their increases and decreases
tends to be more powerful when it looks at patterns of changes across several end
points, such as increases in CPK, y-hydroxybutyrate dehydrogenase (y-HBDH),
and LDH, and in serum glutamic-oxaloacetic transaminase (SGOT).

Although the most important parameters are generally considered to be
CPK, y-HBDH, LDH, and SGOT, each of which is primarily a muscle enzyme
(and therefore increased levels of which may be indicative of either skeletal or
cardiac muscle damage), it is appropriate to consider the entire range of
chemistry end points (55).

Electrolytes

Maintenance of the intracellular concentrations of cations (sodium, potassium,
calcium, magnesium, and zinc) is essential for proper cardiovascular function.
Alterations of the concentration of these cations may result in increased cardiac
tissue sensitivity, arrhythmias, or significant adverse changes in vascular per-
meability. Concentrations of these cations are interrelated, making any sig-
nificant disturbance of the ionic balance for one cation a consequence for the
concentrations of the remaining ions. This interrelationship is observed with
cardiac glycosides, which inhibit the sarcolemmal sodium pump Na*/K"-
adenosine triphosphatase (ATPase), causing increased intracellular sodium
concentration, followed by increases of intracellular calcium and cardiac
contractility. Where cardiac output is decreased, disturbances of plasma elec-
trolytes may be the result of consequential alterations of renal function, e.g.,
reduced glomerular filtration rate (GFR). GFR may be evaluated by plasma
creatinine and urea measurements. In addition, hypernatremia or hyponatremia
may be observed in cardiac failure, depending on the volemic state of the
animal.

When considering the effects of calcium and magnesium on cardiac
function, the concentrations not bound to proteins (free) are more important than
the total plasma concentration. Depending on the species, approximately 40% of
the total plasma calcium and 30% of the plasma magnesium are bound to pro-
teins. The need to consider plasma-free calcium concentration to protein-bound
calcium concentration has been demonstrated by doxorubicin-induced car-
diotoxicity in rabbits. Hypercalcemia is not apparent when total plasma calcium
is measured in doxorubicin-treated rabbits, as there is a concomitant reduction of
plasma albumin caused by renal toxicity. Increased plasma ionized levels
observed in these rabbits may therefore be partly due to the renal function.
Excessive stress and use of restraining procedures during blood collection will
markedly affect the potassium, calcium, and magnesium levels. The sites
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selected for blood collection and anesthetic techniques will also influence these
plasma cation measurements.

Although changes of plasma anion concentrations often follow dis-
turbances incationic balance, these changes are of lesser significance for cardiac
function. Plasma anions (chloride, bicarbonate, and inorganic phosphate) are
poor marker anions as their plasma concentrations may be altered for many
reasons other than those associated with cardiac function.

Osmolality and Acid-Base Balance

Plasma osmolality determinations may be meaningful in conditions such as
congestive cardiac failure, in which total body sodium concentration and
extracellular fluid volume are increased but there is evidence of hyponatremia.
Several formulas for the calculation of plasma osmolality from plasma con-
centrations of sodium, urea, and glucose have been used with humans but have
limited applicability with other species, in which the component concentrations
vary. Acid-base balance determinations can be used to monitor cardiotoxic
effects on respiratory and metabolic functions, but the variability due to col-
lection procedures on these determinations in small laboratory animals limit their
regular use in toxicologic studies.

Enzymes

Heart muscle tissue is rich in enzymes but only a few have proved to be useful
indicators of myocardial damage and congestive cardiac failure. A major limi-
tation in animal studies is the relatively short half-life of these markers after
damage has occurred. This makes the sampling design shown in Figure 2 very
much a hit-or-miss proposition, particularly as different doses of the same
compound will cause damage (and therefore evoke enzyme release) at different
times. Additionally, it must be remembered that these enzymes are released by
cells that are dead or dying. Damage that is functionally impairing to the organ
or organism may not kill enough cells to be detected by this end point. There are
also real limits on how many samples may be drawn from smaller animals,
particularly when a large enough volume must be drawn for evaluation of other
clinical pathology parameters.

Plasma enzyme activity depends on the enzyme concentrations in different
tissues, the mass of damaged tissue, the severity of damage, the molecular size of
the enzyme, and the rate of clearance from the plasma. The distribution of
enzymes in different tissues varies between species (56,57). Differences in
published data for tissue enzyme concentrations in the same species are in part
due to the methods used for tissue preparation and sample collection (because of
varying levels of physiologic stress), extraction of the enzyme, and enzyme
measurement. The rate for enzyme removal from the intravascular space varies
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greatly for individual enzymes and species, as reflected by the differing relative
half-lives of each enzyme.

For both CPK and LDH measurements, it is preferable to use plasma rather
than serum, owing to the relatively high concentration of these enzymes in
platelets and, hence, their release into serum during blood coagulation. Plasma
samples with visible evidence of hemolysis should not be used because of the
high enzyme concentrations in erythrocytes. Blood collection procedures may
influence plasma enzyme values, particularly in rodents.

Creatine phosphokinase

CPK has two subunits, B and M, which can form three cytosolic isoenzymes: the
dimer consisting of two M (muscle) subunits (CPKMM) is the “muscle-type”
isoenzyme, the hybrid dimer (CPK-MB) is the “myocardial-type” isoenzyme,
and the third dimer (CPK-BB) is the “brain-type” isoenzyme. A fourth iso-
enzyme (CPKm) is located in the mitochondria of cardiac and other tissues.

Intramuscular injections cause increased plasma CPK activities. However,
if blood samples are collected approximately five minutes after injection of an
anesthetic agent sufficient to anesthetize rats fully, no effect on CPK is observed.
The age of an animal may affect plasma CPK, with activities generally being
higher in younger animals. Values also may be affected by stress and severe
exercise.

Myoglobin

Myoglobin, as with creatine kinase (CK), is primarily found in the cytoplasm of
both skeletal and cardiac myocytes. In clinical medicine, the primary utility for
serum myoglobin analysis is in early detection of acute MI and response to
thrombolytic treatment. Although the analyte lacks specificity for cardiac muscle
and occurs in higher (though species- and age-variable) proportion in skeletal
muscle, it displays a clinically advantageous short circulating half-life for early
postinjury monitoring. A circulating half-life of about 20 minutes to 20 hours in
humans and less than 10 minutes in dogs has been reported (58). Accordingly,
serum myoglobin in humans and laboratory species has generally been found to
increase quickly following myocardial injury (with adequate perfusion) and to
return rapidly to baseline with resolution of tissue damage (59,60). Peak arterial
plasma myoglobin in dogs, as determined with an in-house developed enzyme-
linked immunoassay (ELISA), occurred within 20 to 40 minutes after release of
a two-hour coronary artery occlusion (59).

Currently, commercial ELISA kits that are marketed for evaluation of myo-
globin in several different laboratory species are available. These assays utilize
species-specific reference material. Automated clinical assays for human myoglobin
incorporate a variety of proprietary reagent antibodies with nonstandardized
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reference material and manufacturers do not claim cross-reactivity with the nonhu-
man specimens (61). Notably, despite extensive conservation of myoglobin amino
acid sequences across mammalian species, cross-reactivity of antibodies developed
against the protein in one species with myoglobin from another has not been
in accordance with regional sequence similarity. This is partly due to amino acid
substitutions that influence tertiary structure and other antigenic features of the
protein (62).

Lactate Dehydrogenase

LDH is a cytosolic tetrameric enzyme with five major isoenzymes consisting of
M (muscle) and H (heart) subunits; a sixth isoenzyme of C subunits is found in
some tissues. The five isoenzymes are numbered according to relative mobility
during electrophoretic separation: LDH, consists of four H subunits; LDH 5
consists of four identical M units; and LDH2’, LDH 3’, and LDH 4 are hybrid
combinations of the two subunits (HHHM, HHMM, and HMMM, respectively).
The distribution of LDH in various tissues is often described as ubiquitous,
and variations occur between species. For these reasons and because of the
broad normal plasma LDH ranges often encountered in laboratory animals, the
total plasma LDH values are often difficult to interpret; separation (and quan-
tification) of plasma LDH isoenzymes therefore is helpful in cardiotoxicity
studies.

Plasma o-hydroxybutyrate dehydrogenase (HBD) measurements reflect the
activities of LDHI and LDH2 isoenzymes. In 7 of 10 species examined, tissue
HBD activities are highest in cardiac tissue. LDHS is the dominant isoenzyme in
normal rat and dog plasma, whereas LDH1 and LDH2 are the dominant iso-
enzymes in plasma of several primates. Where LDHS is the major isoenzyme in
the plasma, it may require a considerable increase of LDH1 before total LDH
values change significantly. Some drugs (such as streptokinase) modify the
electrophoretic mobility of some LDH isoenzymes.

Serum Glutamic-Oxaloacetic Transaminase and
Serum Glutamic-Pyruvic Transaminase

These two enzymes are commonly used as indicators of hepatotoxicity, but their
plasma activities may also be altered following myocardial damage. Neither of
these is tissue specific; in many laboratory animal species, cardiac tissue SGOT
concentration is higher than in most other major tissues, whereas cardiac tissue
serum glutamic-pyruvic transaminase (SGPT) concentrations vary between
species. In the rat, dog, and mouse, hepatic tissue SGPT concentrations are
generally higher than those in other major tissues, but hepatic and cardiac tissue
concentrations are similar in several primate species. The plasma SGOT/SGPT
ratio may be useful in detecting cardiac damage, but the ratios vary with species
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Table 8 Differentiation Based on Serum Enzyme Findings for Major Classes of Cardiac
Damage and Related/Confounding Events

Condition SGOT SGPT CPK LDH

Myocardial cell death Increased No change Increased Increased
(infarct)

Congestive heart failure Increased Increased No change Increased
(liver congestion)

Muscle necrosis Increased No change Increased Increased

Lung embolism No change No change Minimal Increased

increased

Abbreviations: SGOT, serum glutamic-oxaloacetic transaminase; SGPT, serum glutamic-pyruvic
transaminase; CPK, creatine phosphokinase; LDH, lactate dehydrogenase.

and often cannot be compared with published data because the ratios are
dependent on methods.

There are two isoenzymes of SGOT—cytosolic and mitochondrial iso-
enzymes; SGOT also has cytosolic and mitochondrial isoenzymes, but SGPT
often is commonly believed to be entirely cytosolic owing to the higher pro-
portion of cytosolic to mitochondrial isoenzyme.

Table 8 broadly summarizes these patterns of change for the major classes
of damage seen in or confused with cardiac toxicity.

Heart Fatty Acid-Binding Protein

Similar to myoglobin, heart fatty acid-binding protein (H-FABP) is an early
clinical laboratory marker of myocardial injury and response to thrombolytic
treatment. H-FABP is also of comparable size with myoglobin, found in high
concentration in myocyte cytoplasm, and rapidly released into blood with cell
injury. H-FABP is one of the several structurally diverse long-chain fatty acid—
binding proteins that have differential tissue expression. At least nine immu-
nologically and genetically distinct fatty acid-binding proteins have been
reported in humans, and at least three distinct FABPs have been found in rodent
tissues (63—65). A physiologic role commonly assigned to H-FABP in all species
is transport of hydrophobic long-chain fatty acids from the cell membrane to
intracellular sites of metabolism in the mitochondria. Other functions of the
protein have also been suggested.

In contrast with myoglobin, H-FABP is considered relatively more car-
diospecific because the concentration in heart muscle is severalfold greater than
that in skeletal muscle. In humans, myogobin has approximately a twofold
greater concentration in skeletal muscle than heart (when expressed per gram of
tissue wet weight), while H-FABP is approximately 10-fold greater in heart than
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in most skeletal muscles (66). Similarly in rodents, H-FABP has been found to
occur in all striated muscles, but is greatest in proportion in cardiac muscle. The
protein or gene expression of H-FABP in rodents has also been found in a few
other tissues, including kidney and brain, although generally in much lower
levels. The actual concentration of H-FABP in cardiac muscle relative to other
tissues in nonhuman species, however, is variable between species, as well as
between muscle region and during development.

In humans with MI, circulating H-FABP generally peaks within six hours
and returns to reference limits by 24 hours after the onset of the injury (66,67).
H-FABP also appears rapidly in urine, and both plasma and urinary H-FABP
concentrations have been correlated with severity of myocardial injury and
infarct size in humans (67).

Similarly, in vitro and in vivo studies of the rat and dog have indicated
that H-FABP is rapidly released into circulation from injured myocytes and
quickly cleared intact through the kidneys (68-70). In a rat model of myo-
cardial ischemia, peak plasma H-FABP occurred within 15 minutes and
concentrations were generally proportional to the size of affected area (68).
Elimination kinetics in dogs-administered exogenous H-FABP indicated a
mean plasma half-life of approximately 30 minutes and peak level in urine of
seven minutes. In a dog model of coronary artery occlusion, plasma and
urinary H-FABP levels showed rapid increase after reperfusion (70).
To strengthen the distinction between skeletal and cardiac muscle injury with
H-FABP analysis in nonclinical and clinical studies, the ratio of myoglobin to
H-FABP must be determined. Use of the ratio has been particularly advo-
cated for nonclinical studies because of common concomitant skeletal muscle
injury that occurs in association with animal handling. However, studies
on the benefit of this ratio compared to simple analysis of H-FABP absolute
values in nonclinical studies have not been published. Notably, because
H-FABP renal clearance is different than that of myoglobin, impaired renal
excretion can also alter this ratio.

Commercial automated assays for analysis of human H-FABP are avail-
able. However, considerable differences in amino acid sequences between the
human and rodent protein have been documented, and at least some antibodies to
human H-FABP tested with rodent and nonrodent animal samples have shown
only 26% to 60% cross-reactivity with the nonhuman protein. Commercial
species-specific ELISA kits for H-FABP are available for several laboratory
species.

In conclusion, H-FABP levels in circulation and urine has potential value
as a bridging biomarker that is more cardiac specific than myoglobin for early
detection of myocardial injury. H-FABP may also be useful in estimation of
severity or extent of acute myocardial injury in nonhuman species. However, as
with myoglobin, H-FABP has only narrow overall utility in nonclinical testing
for cardiac injury because of the lack of complete tissue specificity and very
short circulating half-life.
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Troponins

Troponins are cardiac muscle proteins, which can serve as sensitive markers of
heart damage (71,72).

Both cardiac troponin T (cTnT) and cTnl can be measured by immuno-
assay systems, which use similar techniques. Levels of ¢cTnT and cTnl in the
blood are undetectable by current methods, thus normal values for ¢TnT and
cTnl are effectively zero (73).

Following MI there is death of myocardial tissue and the release into the
circulation of intracellular components, including the more familiar cardiac
enzyme CK, its MB isoenzyme (CK-MB), and ¢cTnT and cTnl. The latter can be
detected at about the same time as CK and CK-MB. All cases of definite MI will
have detectable levels of ¢cTnT and cTnl by 12 hours from hospital admission
and often much earlier.

Troponin Importance in Ml

The c¢Tns have a number of specific features. They are released only following
cardiac damage (74).

CK and CK-MB are found in skeletal muscle as well as cardiac muscle.
Thus, if there is damage to skeletal muscle, elevations of CK and CK-MB will
occur and can make the diagnosis of MI difficult. A good example would be
chest pain following a marathon when measurement of CK and CK-MB are
unhelpful as both are elevated because of muscle trauma. By contrast, levels of
c¢TnT and/or cTnl will not rise unless MI has occurred.

Unlike CK and CK-MB, cTnT and cTnl are released for much longer
duration, with cTnl detectable in the blood for up to five days and cTnT for 7 to
10 days following MI. Thus, MI can be detected if the patient presents late. For
example, if a patient comes to the surgery with complain of a chest pain that
occurred two to three days ago, measurement of cTnT or c¢Tnl will allow the
diagnosis or exclusion of MI as a cause of the chest pain. However, anyone with
recent (within the last 12 hours) cardiac sounding chest pain requires rapid
hospital assessment.

CK and CK-MB are released from skeletal muscle at a low level all the
time so there is always a background value. This does not occur for the cardiac
structural proteins such as ¢cTnT and cTnl. Hence, they are very sensitive. One-
third of patients admitted with unstable angina, in which MI was apparently
excluded by CK and CK-MB measurement, have raised levels of ¢cTnT and cTnl.
Follow-up studies show that these patients are at significantly greater risk of
death, subsequent MI, or readmission with unstable angina than patients who did
not have detectable levels ¢TnT or c¢Tnl (75,76).

The sensitivity and diagnostic accuracy of ¢TnT and cTnl have resulted in
the European Society of Cardiology and the American College of Cardiology
proposing a new set of diagnostic criteria for MI (77). These consider cTnT and
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cTnl to be the gold standard for biochemical tests. MI is therefore considered to
have occurred if any (or all) of the following apply:

® Definitive EKG changes (Q waves or ST segment elevation)
Ischemic EKG changes
Possible cardiac symptoms plus a rise (and fall) of ¢TnT or cTnl

Problems

It must be remembered that failure to show a rise in ¢TnT or c¢Tnl does not
exclude the diagnosis of ischemic heart disease.

A patient who is admitted with a suspected diagnosis of MI, but does not
have detectable cTnT or cTnl, still requires further investigation such as an
exercise stress test or other cardiac imaging to exclude a flow-limiting stenosis.
Clinical studies have shown that for most applications there is little to choose
between measurements of cTnT and cTnl.

However, the multiplicity of cTnl methods means that not all give the
same result or show equal sensitivity. It is most important that general practi-
tioners are aware of the method their local laboratory uses and its sensitivity and
reproducibility (especially at the cutoff for diagnosis of MI). Another problem
arises from the exquisite sensitivity and specificity of cTnT and cTnl for the
detection of cardiac damage. Elevation of ¢TnT or Tnl is absolutely indicative of
cardiac damage, but this can occur as a result of causes other than MI.

Hence myocarditis, cardiac trauma from surgery or road accident, coronary
artery spasm from cocaine, severe cardiac failure, and pulmonary embolus can
cause cardiac damage with an accompanying elevation of cTn(s).

Finally, both ¢TnT and cTnl may be elevated in patients with chronic renal
failure and indicate a higher long-term risk of death. They can be distinguished
from changes because of MI by repeating the tests. MI causes a rise and fall in
cTnT or ¢Tnl, but in renal failure the elevated levels are sustained.

The role of cTn measurements can be summarized as follows:

® To confirm or exclude a diagnosis of MI within 12 hours from admission
with possible cardiac symptoms.

® To guide treatment decisions in patients admitted with unstable angina.

® To confirm or exclude a diagnosis of MI in patients presenting late, e.g,
two to three days, after an episode of possible cardiac symptoms where
immediate hospital admission may not be appropriate.

® To confirm or exclude a diagnosis of MI in patients in whom other tests
(CK, CK-MB) are not useful because of trauma or extreme exercise.

Other Proteins

Plasma albumin acts as a marker of plasma volume following cardiac damage;
changes may simply reflect edema or plasma volume differences following
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congestive cardiac failure. Plasma albumin can be measured by dye-binding
methods or more specific immunoassays. Plasma protein electrophoresis can
confirm decreased plasma albumin levels and detect changes of other protein
fractions. Serial plasma protein electrophoretic measurements may be useful in
monitoring inflammatory processes, but changes are not specific for cardiac
damage.

Plasma myoglobin can be used as a marker of myocardial damage, but the
changes of plasma myoglobin occur more rapidly than those observed for plasma
CPK. The myoglobin structure varies between different vertebrates, and the
amino acid sequence imparts varying immunogenic properties, thus preventing
the use of some latex agglutination and radioimmunoassay methods with certain
species. Again, myoglobinemia may be caused by disease processes other than
cardiovascular disorders.

Plasma fibrinogen is a useful measurement, particularly in the assessment
of thrombolytic agents and episodic thrombolysis. Chromogenic substrates
designed for human plasma fibrinogen assays do not react identically with
samples from other species, and some assays for determining fibrin degradation
products do not work with all species.

Lipids
As markers of lipid metabolism, plasma lipids are indicators of potential risks for
cardiotoxicity in contrast to some of the preceding markers, which directly or
indirectly reflect cardiac tissue damage. In rabbits fed cholesterol-enriched
vegetable oil, the relationship between hyperlipidemia and the resulting lesions
of the aorta and coronary arteries were demonstrated over 70 years ago. Whereas
hypolipidemic agents are designed to prevent atherosclerosis, some drugs may
inadvertently moderate or modify metabolic pathways for lipid, lipoproteins, or
apolipoproteins (through biliary secretion or lipid surface receptors). Adverse
effects on lipid metabolism can be monitored by measuring plasma total cho-
lesterol and triglycerides, with additional measurements of plasma lipoproteins,
total lipids, phospholipids, apolipoproteins, and nonesterified fatty acids.

Plasma lipid patterns vary with age, sex, diet, and the period of food
withdrawal prior to collection of blood samples. There are both qualitative and
quantitative differences in the lipid metabolism of different laboratory animal
species; these occur because of differences in the rates and routes of absorption,
synthesis, metabolism, and excretion. In the rat, ferret, dog, mouse, rabbit, and
guinea pig, the major plasma lipoprotein classes are the high-density lipo-
proteins, contrasting with old-world monkeys and humans, in which the low-
density lipoproteins are the major lipoproteins in plasma.

For a more thorough review of the expected ranges for clinical chemistries
in model species and their interpretation, one should consult Loeb and Quimby
(78), Evans (79), Wallach (80), or Mitruka and Rawnsley (81).
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PATHOLOGY

As with plasma chemistries, major considerations in the use of anatomic
pathology as a tool for detecting and evaluating cardiotoxicity are associated
with sampling (i.e., how many sections are to be taken and from where). His-
topathology is generally a terminal measure [the exception being the use of in
situ biopsy techniques, such as those proposed by Fenoglio and Wagner (82)], so
the time point for study termination governs whether a lesion will have had time
to develop and whether its interpretation will not be complicated by subsequent
(after the injury of interest) events. Similarly, it is of concern how representative
sections will be taken from collected tissues.

The heart shares a primary property with the nervous system, having cells
with electrically excitable membranes, a potentially vulnerable target for toxins,
i.e., membranes coupled to an intracellular contraction system and two proper-
ties, excitation and contraction, having high energy requirements. The heart has
the highest energy demands on a weight basis of any organ in the body and
requires a continued supply of oxygen to support aerobic metabolism. Oxygen
supply and utilization are therefore another area of vulnerability. To clarify the
basic principles of cardiac toxicology, the heart can simply be considered as an
oxygen-dependent mass of contractile cells driven by excitable membranes that
are subject to neuroliumoral control. As a result, cardiotoxicity may be caused
because of alterations in oxygen transport or neurohormonal release.

Cardiotoxicity is a relatively infrequent adverse observation in humans
because of the “weeding out” of potential cardiotoxic materials during pre-
clinical testing of drugs. However, a large number of compounds of potential
therapeutic value in cardiovascular or neurologic disease are administered at
high doses to animals in development studies, and cardiotoxicity may frequently
be encountered. The vast majority of effects are acute, transient functional
responses and are reversible if the animal does not die. These functional
responses include bradycardia, tachycardia, and various forms of arrhythmia, and
like their equivalents in the nervous system these “cardiotoxicities” are generally
considered to be exaggerated pharmacologic effects.

In many of the best-studied cases of functional abnormalities, the mech-
anism is related to alterations in the ion shifts across the cell membrane (sar-
colemma), which are used in the action potential. Digitalis and related
cardiotonic chemicals are probably toxic by inhibiting membrane Na*/K*/Ca®*-
ATPase, which maintains the normal transcellular gradients of these ions. Other
chemicals disturbing ion transport across the cell membrane are tetrodotoxin,
tetraethyl ammonium, and verapamil, which reduce the inflow of Na*, K*, and
Ca®* respectively. Other toxins are thought to act on intracellular sites. Heavy
metals alter mitochondrial function and may depress the energy production vital
to excitation-contracting coupling. The depression of cardiac contractility by
halothane may be related in part to inhibition of myosin ATPase activity. Thus,
there are many potential intracellular mechanisms by which toxins may interfere
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with excitation-contraction coupling to produce functional abnormalities. Many
cardiotoxic agents probably interfere with this process at several sites.

Cardiomyopathy

In contrast to the frequent occurrence of functional effects, relatively few car-
diotoxic agents cause structural changes in the heart. When effects are noted,
they are usually characterized by degeneration followed by inflammation and
repair. These lesions are designated cardiomyopathies. Myocardial (cardiac)
necrosis is the most frequently studied cardiomyopathy. In principle, this can
result indirectly by disturbance of the blood supply to the myocyte (hypoxic
injury) or by direct chemical insult to the myocyte (cytotoxic injury) or by a
combination of both effects. The end result, necrosis, is essentially the same, but
the location of the lesion may differ. Hypoxic injury tends to affect fairly specific
sites, whereas cytotoxic injury may be more widespread.

The classic cardiotoxic drugs that cumulatively cause congestive car-
diomyopathy are the anthracycline anticancer/antibiotic drugs, exemplified
by doxorubicin and daunomycin. For these, with continued dosing, there is
widespread vacuolization of the intracellular membrane-bound compartments
and mitochondrial degeneration occurring in a cumulative dose-responsive
manner (83).

Bronchodilators and vasodilators are the compounds classically producing
site-specific necrosis. One or a few doses of isoproterenol produce acute cardiac
necrosis in rat heart with a striking tendency for the subendocardial regions at the
apex of the left ventricle. The vasodilator hydralazine acutely produces similar
lesions; in beagles, the apex of the left ventricular papillary muscles is the
favored site. Continued administration of hydralazine does not increase the
incidence or severity of the lesions, and the initial acute lesions heal by fibrosis.
Such acute cardiornyopathies could easily be missed in long-term studies, unless
specific connective tissue stains [such as aniline black, Masson trichromal, van
Gieson, or phosphotungstic acid hematoxylin (PTAH)] (84) are used to highlight
the fibrosis.

The pathogenetic mechanism of this site-specific necrosis is not totally
understood, but myocardial hypoxia probably plays an important role. Vaso-
dilation may lower coronary perfusion and tachycardia increases oxygen
demand. As the capillary pressure is lowest subendocardially, this area is at most
risk to oxygen deprivation. The papillary muscles supporting the forces on the
valves have the greatest oxygen requirement and are similarly at risk. The sites
of injury are thus consistent with the hypothesis of myocardial hypoxia (85).
Acute cardiac necrosis produced by vasoactive drugs can be considered to be the
result of an exaggerated, pharmacologic effect.

Myocardial hypoxia depletes intracellular high-energy phosphate stores
required to maintain membrane ion shifts. Disturbances of Ca®" transport lead
to increased cytosolic Ca®", increasing the adenosine triphosphate (ATP)
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breakdown already initiated by hypoxia. Calcium overload ultimately leads to
cell death. Histologically, the dead myofibers have homogeneous eosinophilic
cytoplasm (hyaline necrosis) and shrunken or fragmented nuclei. The subse-
quent inflammatory infiltrate consists mainly of macrophages, with healing by
fibrosis.

Cytotoxic injury is often chronic, in contrast to the acute lesion caused by
vasodilators. The lesions resulting from antineoplastic anthracycline antibiotics,
such as daunorubicin and doxorubicin, frequently appear several months after the
start of therapy. The clinical picture is generally a chronic congestive car-
diomyopathy. Morphologically, the two main features are cardiac dilatation and
myofiber degeneration. The degeneration consists of myofibrillar loss, producing
lightly stained cells, and vacuolation due to massive dilatation of the sarco-
plasmicc reticulum. At the ultrastructural level, many cellular components
are affected. A similar chronic dose-related cardiomyopathy with congestive
failure can be produced in animal models, and in rabbits the lesions tend to
be distributed around blood vessels. The pathogenesis of the anthracycline car-
diomyopathy is unclear.

Chronic cardiomyopathies can be produced by cobalt and brominated
vegetable oils. Cobalt-induced cardiomyopathy was first discovered among
heavy beer drinkers in Canada. Vacuolation, swelling, loss of myofibrils, and
necrosis occur in experimentally poisoned rats and are found mainly in the left
ventricle. Cobalt ions can complex with a variety of biologically important
molecules and the potential sites for toxicity are numerous.

The cardiotoxicity of brominated vegetable oils is not characterized by
necrosis but by fat accumulation affecting the whole myocardium. Focal necrosis
may occur in the more severely affected hearts. The hearts of rats treated with
brominated cottonseed oil show a dose-related reduction in the ability to
metabolize palmitic acid, probably accounting for the accumulation of lipid
globules in the myofibers.

Cardiac Hypertrophy

Cardiac hypertrophy is usually viewed as a compensatory response to hemo-
dynamic stress. It can however also be a risk factor for QT prolongation and
cardiac sudden death (86,87). Such increase in the mass of heart muscle is
occasionally found in toxicity studies. This is usually a compensatory response to
an increase in workload of the heart, and in compound-related cases, this is
usually secondary to effects on the peripheral vasculature. Primary cardiac
effects are rare, but can be produced by hormones such as growth hormones. A
common challenge is distinguishing adaptive from maladaptive changes.
Pigment deposits in the heart are a common feature of aging animals.
These aging pigments occur in lysosomes in the perinuclear regions of the
sarcoplasm, and in extensive cases the heart appears brown at necropsy. This
condition is known as brown atrophy. Food coloring pigment such as Brown
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FK may also accumulate in a similar manner and in routine hematoxylin and
eosin (H&E) section is impossible to differentiate from the lipofuscin of aging
animals.

Vasculature

Drug-induced vascular injury in animals, while uncommon, has been a topic of
intense discussion and debate in the toxicology, clinical, and regulatory arena
since 1990 (88-91). A lack of understanding of the basic mechanisms by which
such vascular injury is caused in animals, the absence of specific and sensitive
biomarkers, and low cross-species safety multiples have become significant
barriers in the development of many classes of therapeutic agents.

Vascular injury has been reported, with increasing frequency, as an
adverse histologic observation in preclinical toxicity studies that are conducted
to support the safe introduction of new medicines in humans. Vascular lesions,
primarily arterial, can be induced within hours of drug administration; their
morphologic and pharmacologic reversabilities are not clear. Animals exhibit no
clinical signs, and routine clinical pathology data are normal. While reported and
postulated mechanisms are varied, vascular injury in animals is induced by
altered hemodynamic forces (shear and/or hoop stress), direct drug-induced
toxicity, and/or immune-mediated injury of the endothelium and/or medial
smooth muscle. Aside from histologic methods, the detection, noninvasively, of
acute drug-induced vascular injury in animals or humans is not currently possible
due to the lack of specific and sensitive biomarkers of endothelial and/or vas-
cular smooth muscle injury.

In the past, regulatory authorities and pharmaceutical companies have been
able to manage the risk of drug-induced cardiovascular toxicity in animals as
sufficient data emerged that appeared to correlate the occurrence of myocardial
and vascular toxicity with decreases in blood pressure and reflex tachycardia.
Founded on this principle, it became generally accepted that as long as thera-
peutic doses of candidate drugs in humans did not induce hypotension and reflex
tachycardia, safety and regulatory concerns were lessened, resulting in
many products finding a clear path to the market place and/or approvable status
(Table 9).

Hypotension and marked reflex tachycardia are well established as causing
myocardial necrosis. This rule, however, may not apply to drugs that cause
vascular lesions that are associated with myocardial lesions, as with minoxidil
and the phophodiesterase (PDE) 3 inhibitors. Industry is now developing drugs
that cause vascular injury in animals, but without changes in systemic blood
pressure or heart rate, e.g., endothelin receptor antagonists, dopamine (DA1)
agonists, adenosine agonists, second- and third-generation PDE 4 inhibitors, and
others. It appears that the two events, myocardial and vascular toxicities, have
different pathogenic mechanisms, the former related to myocardial ischemia and
the latter unknown.
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Table 9 Marketed Drugs That Cause Arterial Toxicity in Animals

Preclinical cardiovascular

Drug Mechanism effects

Milrinone PDE 3 inhibitor Decreased MABP/reflex
tachycardia

Fenoldopam DA1 agonist Decreased MABP

Theophylline PDE 3 inhibitor/adenosine ~ Decreased MABP/reflex

antagonist tachcardia

Minoxidil Potassium channel opener ~ Decreased MABP/reflex
tachycardia

Adenosine and adenosine Al agonist Vasodilator

receptor agonist

Hydralazine Potassium channel opener ~ Decreased MABP/reflex
(88)* tachycardia; alterations
in gene expression (92)%.
Bosentan Endothelin receptor No significant change in
antagonist MABP or HR
Cilomilast PDE 4 inhibitor No significant change in
MABP or HR
Nicorandil Potassium channel opener/  Decreased MABP/reflex
nitrate tachycardia
Indolidan PDE inhibitor (88)* Decreased MABP/reflex
tachycardia

“Reference (in parentheses).
Abbreviations: PDE, phophodiesterase; MABP, mean arterial blood pressure; HR, heart rate; DA1,
dopamine.

When toxicities in animals, e.g., drug-induced vascular injury, are reported
and the therapeutic index and/or safety margins are either low or negative and
there are no obvious associations with predictive biomarkers, it is incumbent on
industry to provide data to confirm that the new drug will be reasonably safe in
humans. In the past, experience with many of the potent vasodilators (minoxidil,
PDE III inhibitors, hydralazine) led scientists to conclude that cardiovascular
lesions observed in animals were associated with dramatic changes in hemo-
dynamics leading to marked reflex tachycardia, which resulted in the induction
of cardiovascular lesions. Drug doses that did not cause marked reflex tachy-
cardia did not cause lesions. These kinds of drugs progressed to clinical studies
where patient safety was monitored by carefully evaluating blood pressure and
heart rate and avoiding doses that caused marked decreases in systemic vascular
resistance, hypotension, and reflex tachycardia.

Pressures on industry to identify reliable biomarkers have created very
high hurdles for drugs that cause vascular injury. Concerns have been heightened
by the known association between chronic vascular injury and inflammation
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(artherosclerosis) and the increased incidence of cardiovascular morbidity in
humans. The lack of “safety margins” and biomarkers has hindered development
of life-saving therapies in asthma, stroke, cerebral hemorrhage, pulmonary
hypertension, chronic obstructive pulmonary disease, and others. However, as
noted above, several drugs that cause vascular injury without hypotension and
reflex tachycardia have been approved, without evidence of any known
increased clinical risk. Although the messages between the regulatory authorities
and industry are somewhat confusing, it is clear that industry must strive to
develop methods to monitor for endothelial and/or smooth muscle compromise
in normal animals and humans to clear the path for effective and efficient drug
development in the future.

Adverse vascular toxicity, as described in animals, has not been reported in
humans with the compounds listed in Table 1. Some compounds, like fenoldo-
pam, bosentan, and cilomilast did not cause the classical picture of hypotension
and reflex tachycardia in animal models, but nevertheless were approved or are
approvable. In some of these cases, the animal to human safety multiples are
very low or negative. While each drug is approved on the basis of its own merit
and safety and risk—benefit analysis, decision making must be based on con-
sistent scientific principles.

The regulatory dilemma of vascular risk management will not be resolved
quickly. In the interim, where unique physiology, pharmacology and metabo-
lism, and adequate therapeutic indices and safety margins serve to segregate
animal findings from the human, reasonable safety and risk determinations are
possible. At this time, while it may not be possible to make generalizations and
assumptions of clinical value for humans, decisions regarding clinical safety
must continue to be based on weight of evidence and experienced and sound
scientific clinical judgment on a case-by-case basis.

Arterial and venular injury is a relatively uncommon hazard identified
during preclinical toxicity testing; however, it is commonly observed in over a
dozen different pharmacologic classes of drugs, including some that are
approved products. The lesions of interest can be induced within hours in
selected vascular beds in rats, dogs, pigs, monkeys, and/or mice. Depending on
the induction protocol, lesions are usually reversible, although the literature is
conflicting on this point. In rat and dog, vascular beds prone to drug-induced
vascular injury are also susceptible to development of spontaneous vascular
disease.

It is recognized that drugs that induce vascular lesions in animals present a
safety assessment dilemma to toxicologists, physicians, and regulators wishing
to assess safety of new medicines for humans. This dilemma is confounded by
gaps in our knowledge regarding pathogenesis of injury, as well as limited
knowledge regarding comparative physiology, pharmacology, and metabolism in
various species, and, importantly, the absence of validated preclinical methods
for monitoring vascular integrity noninvasively. Contrary to past thinking, pre-
clinical experience with new and novel pharmaceuticals suggests that vascular
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injury is not associated with systemic changes in blood pressure and heart rate,
rendering these parameters of little predictive clinical value. Variation in species
responsiveness to vasoactive and nonvasoactive agents and marked differences
in reactivity of selected vascular beds, taken together with contributions from
numerous reactive cell types (e.g., endothelium, vascular smooth muscle, and
inflammatory/immune cells) all add complexity to defining mechanism(s) and
identifying robust biomarkers that are sensitive and specific.

There are several ways to produce arteriopathy, but the lesions generally
follow a similar course. In acute lesions, the initial change is hyaline or fibrinoid
degeneration of the intima and media. The increased eosinophilia seen histo-
logically may be due to insudation of plasma proteins, necrosis of medial smooth
muscle cells, or both. An inflammatory response often follows and the lesion
may be described as an acute arteritis. Repair of the lesion is by proliferation of
medial myofibroblasts extending into the intima. A broad range of compounds
have been shown in National Toxicology Program (NTP) rat bioassay studies to
cause cardiac thrombosis (93), undetected except at necropsy.

The two best-known pathways of vascular injury are hemodynamic
changes and immune complex deposition. Acute arterial injury can result from
rapid marked hemodynamic changes produced by the exaggerated pharmaco-
logic effects of high doses of vasoactive agents on mean arterial pressure (MAP)
and heart rate (HR) (88). The bronchodilators and vasodilators producing cardiac
necrosis may also cause an arteritis in the dog heart, often in the right atrium.
Agents producing vasoconstriction or hypertension, such as norepinephrine or
angiotensin infusion, also produce lesions in small arteries in various regions of
the body. Lesions also follow alternating doses of vasodilators and vaso-
constrictors. The evidence suggests that a combination of plasma leakage due to
physical effect on endothelial cells and acute functional demands on the smooth
muscle cells plays an important role in the pathogenesis of these acute lesions.

Immune complex lesions such as vasculitis or hypersensitivity angitis have
similar features to hemodynamic lesions, but tend to favor small vessels;
therefore, fibrinoid change may be less conspicuous. In animals, immune com-
plex lesiorki are produced most readily by repeated injection of foreign serum
proteins.

Arteriopathies dominated by the proliferative component have been
reported in women taking oral contraceptives. The lesions consist mainly of
fibromuscular intimal thickenings with little or no necrosis or leukocyte infil-
trations. Vascular lesions can also be produced in mice chronically dosed with
steroid hormone.

Hemorrhage

Blood may escape from vessels because of defects in clotting factors, platelets,
or the vessel wall, either singly or in combination. Clotting factor and platelet
defects lead to hemorrhage by preventing effective closure of an injured vessel.
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Hemorrhage due to direct injury of the vessel wall by chemicals is infrequent
except as a local toxic effect. The most common form of chemically induced
hemorrhage (purpura) is the widespread minor leakages that sometimes occur in
the skin and mucous membranes in association with allergic vasculitis.

Hemorrhage is also a common artifact in animals that are dying (agonal
artifact), or as a consequence of postmortem techniques. Hemorrhages in the
germinal centers of the mandibular lymph node and thymic medulla are observed
frequently in rats killed by intraperitoneal injection of barbiturates. These
hemorrhages appear as red spots on the surface of the organ. Large areas of
hemorrhage may occur in the lungs of rats killed by carbon dioxide inhalation,
which may confound the interpretation of inhalation toxicity studies. Pulmonary
hemorrhage may also occur in animals killed by physical means such as
decapitation or cervical dislocation. A much more complete discussion of the
histopathology of drug and chemically induced cardiac disease can be found in
Balazs and Ferrans (92) or Bristow (93).

Mitochondrial Damage

The cells of the heart are the most intense of all body cells in their constant need
for energy. For this, they are dependent on mitochondria, the organelles that are
the bodies’ energy source. Although many in vivo models of heart failure have
been developed, a suitable in vitro model of heart failure has not yet been
described. One of the terminal pathophysiologic features in heart failure was
shown to be apoptosis, because the number of apoptotic cells in the heart was
greatly increased during the progression of heart failure of various etiologies.
Furthermore, impaired energy metabolism is reported to occur in the failing heart
and to be responsible for the aggravation of heart failure (94). So far, many
inducers of apoptosis in cell lines have been reported. However, compared to
anticancer drugs such as doxorubicin, there are few reports of an inducer of
apoptosis in primary cultured cardiomyocytes. Compared with other organs, the
heart tissue possesses more mitochondria; therefore, it may be speculated that the
impaired energy metabolism directly affects cardiac function, resulting in
apoptosis (95-97). It has been shown that mitochondrial dysfunction induces
apoptosis of cardiomyocytes and that these cardiomyocytes express molecular
markers implicated in heart failure, such as ET-1 mRNA and atrial natriuretic
peptide (ANP) mRNA, during apoptosis.

To adequately evaluate selective/differential mitochondrial damage in a
normal regulatory toxicology study, it is necessary to determine if there is
specific damage to the mitochondria. This can be evaluated in several manners
but is most readily expressed by a decrease in the number or functioning of the
mitochondria in the tissue. Such an assessment requires either careful light
microscropy (LM) or electron microscropy (EM) evaluation with special stain-
ing, looking for things like mitochondrial swelling. Because the heart has a
higher density of mitochondria and is more sensitive to destruction of these
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organelles, it is advisable to determine the mitochondrial count specifically in
these tissues if there is any cause for concern (such as a therapeutic class effect
or the observation of mineralization in cardiac tissue). Effects on mitochondrial
functionality, even if at a level below clinically detectable, can be evaluated
by evaluation of 3-[4,5 dimethylthiazol-2,1]-2-5-diphenyltetrazolium bromide
(MTT) admits as a measured redox capability (98).

To maximize the chance of seeing any effect on mitochondrial numbers
that might be present via LM in tissues that have already been fixed, it should be
specially stained (0.5% periodic acid solution, or periodic acid schiff (PAS),
being a recommended stain), examined, and compared with control animals from
the same study.

If starting from fresh tissue, one may employ appropriate fixation tech-
niques, followed by sectioning and staining for EM examination. This is usually
employed in follow-on (rather than primary regulatory) studies, as the tissues are
usually already fixed via an LM appropriate methodology before the need for
special examination is discovered.

MEDICAL DEVICES

The assessment of cardiovascular toxicity for cardiovascular medical devices
[such as bare metal stents (BMS)] or combination products (drug or biologic
medical devices in one implantable product) has become a significant area of
scientific, clinical, regulatory, and societal concern. The most prominent of such
products are drug-coated stents, particularly the current standard of practice
versions, which have a drug embedded in a biosorbable polymer matrix coated
on the inside of a metal stent. In such cases, the intent is to impede the process of
restenosis—the formation of new tissue growth within and along the interior of
the stent, leading to renewed occlusion of the vessel and the progression of such
cases. There are specific animal models for assessing the potential of such cases
(99).

Such evaluations can be made in situ on stents implanted into dogs or pigs
(the preferred models for vascular device evaluation) using either ECHO (dis-
cussed previously) or intravascular ultrasound (IVUS). Indeed, in 2007, the use
of IVUS to insure proper stent placement has been proposed as a means of
reducing the incidence of fatal myocardial events associated with devices.

Beyond this specific case of drug-coated bare metal stents, there are
extensive efforts underway to develop drug-coated stents, the bodies of which
are composed of a biosorbable polymer antiinfective, long-term indwelling
catheters (for uses such as hemodialysis), and bone and spinal graft materials
with biologic components to aid in bone attachment and regrowth. Each of these
has potential cardiovascular risks, which must be assessed—acid dumping and
bulk fragmention with the former, vascular, and systemic toxicity for anti-
microbial agents for the latter.
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ANIMAL MODELS

No review of the approaches used to identify and characterize cardiotoxic agents
in industry would be complete without consideration of which animal models are
used and what their strengths and weaknesses are.

Table 10 presents a summary of baseline values for the common param-
eters associated with cardiovascular toxicity in standard toxicity studies. These
are presented for the species that see a degree of regular use in systemic toxicity
studies (rat, mouse, dog, miniature swine, rabbit, guinea pig, ferrets, and two
species of primates).

Major considerations in the use of the standard animal models to study
cardiovascular toxicity are summarized as follows (28):

Rat—Very resistant to development of atherosclerosis; classic model for
studying hypertension as some strains are easily induced.

Rabbit—Sensitive to microvascular constriction induced by release of
epinephrine and norepinephrine (15).

Dog—Resistant to development of atherosclerosis.

Swine—Naturally developing high incidence of atherosclerosis; for this
reason, a preferred model for study of the disease.

Primates—The rhesus is sensitive to the development of extensive
atherosclerosis, following consumption of high-cholesterol diets.

More details on species, handling characteristics, and experimental tech-
niques can be found in a study by Gad (28). There are also some special con-
siderations when sudden cardiac death is a potential concern (29). It must be
noted that there are gender differences in susceptibility to cardiac repolarization
potential in most model species and in humans (99-102), perhaps due to sex
hormone levels. This should be considered in both experimental design and
interpretation

SUMMARY

Presented here is an overview of current issues in and approaches to detecting
and characterizing cardiotoxicity in the assessment of safety of pharmaceuticals
and medical devices. This is a field that is continuing to rapidly evolve and has
become a critical part of the regulatory toxicology of these products. It depends
on some very fixed tool sets to deal with both functional and structural toxicities.
When the entire suite of methodology as presented here is used, it has performed
reasonably well (as judged by cardiotoxicity, being only an idiosyncratic finding
for products properly used and/or handled in humans). However, significant
incremental improvements continue in the field, utilizing many of the tech-
nologies presented elsewhere in this volume.



107

Nonclinical Safety Assessment of the Cardiovascular Toxicity

“aseurwesuen) oranIAd-orwen[3 wniss ‘1 J0S oseuaSoIpAyap 9je1oe|

‘HQ'T ‘oSeuruuesuel) d1ooeo[exo-oruen[s wnids ‘LOnS oseunyoydsoyd auneard 3D ‘onurw 1od syeaq ‘widq omssard poolq ‘dq :91el Meay “H :Suoun1aaLqqy

"UOTJBIAQP PIEPUB]S OUO F OB SON[BA :2JON

L1—6 091-96 91T F T8 S6/8C1 98—8¢ QUIMG
0L F 9% S'6 F 8% 0 F S60 LYILL 00—09¢C 81d voump
LTIT F 80¢C 9°6¥—809 ¢S F S6 LTT/CST §S7—00¢ JolIoq

91 + ¢¢ 0€—€¥8' %01 9C F vv 9Ll 08/011 00€—0C1 nqqey
(snsayx
CITF I'TY ocr—¢v LFLC €6—CC sn3[owouk))

8 F S¥l 97001 ¥'6 F 1'9C £9-90C LT1/6S1 00€—0€1 Qjewilid
'8 F L'IC SC8°LE F 89 LFI€ I'T FTI 001/8¥%1 0€1-001 (s13vaq) Soq
¢C F 86 801 + 0S¢ STFL¢ 18/€T1 0SL-00¢ 9SNON
0¢F T 8L F 901 ¢S1 F 00T €1 F9¢ 06/911 007—0¢S¢ ey

(T-1nF) LdOS (I-1n¥F) HA'1 (I-1n¥F) 10ODS (I-10n7F) 31D (or[o3seIp/1[0IsAS) dq (wdq) YH saroadg

OT/LT//0 Uo AIS/RAIUN USeuo |\l AQ LUOD'8. 120 [ealeLUio Ju WO ) Papeo [UMod

A)101X0], ORIpIE)) 0} PAR[SY A[[BHUS0 SISJOWeRIR] 10§ SIN[EA ([BWLION) Sulesed (L d|qel

*Ajuo asn feucssed Jo4



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

108

Gad

The results of all these evaluations, generally performed before any FIM

(first-in-man) clinical studies, provide an assessment of cardiovascular risk,
which dictates how cautiously (and even if) a drug or device will proceed into
clinical trials (103).
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INTRODUCTION

The ever-increasing number of chemical compounds synthesized by chemical
and pharmaceutical industries has prompted the development of innovative in
vitro research methods for optimizing potential drug candidates. Many of these
new approaches show promise for effective and inexpensive toxicity assessment.
In addition to providing potential toxicity assessments, in vitro methods serve as
ideal models to investigate and understand mechanisms of action. In the previous
edition (1), we discussed in vitro cytotoxicity modeling and the credence of in
vitro models. Three important criteria need to be considered in the selection of
an in vitro method are (i) the assay must correlate well with the in vivo biological
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response being modeled; (i7) the assay must have a biological basis that links it to
the cell injury or pharmacological process; and (iii) the assay should be tech-
nically reliable and reasonably easy to conduct if used for screening purposes. In
this chapter, we present a summary of the use of cardiac myocytes and two
newer approaches being used to assess cardiotoxicity. Specifically, the two new
models presented are the working heart model to evaluate cardiovascular toxicity
and hERG channel assessment to evaluate QT interval prolongation.

PRIMARY HEART CELL CULTURES FOR CYTOTOXICITY SCREENING

Many investigators use cell cultures as in vitro models to evaluate the toxicity of
xenobiotics (2,3). The progression of injury in primary cell cultures is usually similar
to in vivo models. The onset of irreversible injury in vivo or in cultured cell
monolayers is a time-dependent event. In cell culture models, the time dependence
of cell injury can be identified after both acute and chronic exposures. Cell culture
systems permit assessment of cellular responses that are technically difficult in vivo
(4). In particular, cardiac cell culture systems have served to further our under-
standing of the cellular and molecular basis of myocardial cell injury (2,5).

Several cell culture systems are available. Nearly all systems utilize hearts from
the chick, rat, or rabbit as the source of tissue. Hearts are separated mechanically and
enzymatically into a heterogeneous suspension of muscle and non-muscle cells.

Separation of muscle from non-muscle cells is usually achieved by rate of
attachment to cell culture dishes (6) or by centrifugal elutriation (7). Non-muscle
cell cultures are generally a mixture of endothelial cells and fibroblasts. It has
been argued that cells in culture rely predominantly on glycolysis for their
energy supply, a change from the B-oxidation characteristic of muscle cells in
vivo. However, experiences from our laboratories with cultured heart cells
indicate that mitochondrial metabolism is preserved in cultured myocytes and
serves as a vital source of energy. In addition, cardiac cells in culture will utilize
B-oxidation as a major energy source provided that appropriate substrates are
present (6,8). These characteristics make myocardial cell cultures appropriate
models for cardiotoxicity assessment. Furthermore, myocardial cell cultures
provide informative data with minimal investment of time and expense com-
pared with models utilizing whole organs or live animals.

Neonatal Cardiac Myocytes

Newborn rats aged two to five days are typically used as a source of cardiac
myocytes. Neonatal cardiac myocytes are relatively easy to isolate and can be
maintained for weeks in primary culture. To prevent overgrowth of fibroblasts
and other cells, myocytes should be purified before culturing. Two methods are
routinely used to obtain relatively pure myocyte preparations. The first method is
based on the rapid rate of attachment of non-muscle cells to plastic culture dishes (9).
Enzymatic digests of whole hearts are placed in shallow plastic culture dishes.
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After two to three hours of plating, more than 90% of non-muscle cells will have
adhered to the dishes.

Non-attached myocytes are then decanted into separate culture dishes. A
second method of separating myocytes from non-muscle cells utilizes the
technique of centrifugal elutriation (7). Centrifugal elutriation separates cells
based on size. Heart digests are infused into a rotating chamber in a direction
against the centrifugal field. Cells remain trapped in the chamber until flow is
increased or rotor speed decreased. As the force of flow begins to exceed
the force of gravity, cells are eluted from the chamber, with the smallest cells
being released first. Purified neonatal cardiac myocytes are plated at 75,000 cells
per well in 96-well plates or 106 cells per 35-mm culture dish. After three to
four days in culture, a nearly confluent monolayer of spontaneously contracting
cells is obtained. Cells isolated by rate of attachment show significant contam-
ination with fibroblasts after five to six days in culture. Cells isolated by elu-
triation show minimal contaminant cell growth, even after 30 days in culture. As
metabolism of cultured cells may change over time, we typically use five- to
eight-day cultures of myocytes purified by centrifugal elutriation for cytotoxicity
screening.

Adult Cardiac Myocytes

In 1972, Chang and Cummings (10) described the cultivation of myocytes from
human heart. Since larger and older animal hearts provide a terminally differ-
entiated myocyte that more closely resembles adult human myocytes, much
attention has been given to the development of adult cardiac myocyte cultures.
Adult cell isolations frequently demonstrate a “calcium intolerance” that causes
isolated rod-shaped cells to hypercontract and lose viability when exposed to
physiologic concentrations of calcium. Success in isolating adult cardiac myo-
cytes is dependent on a number of variables. The quality of dissociative enzymes
used in the cell isolation process is a major determinant for obtaining viable
cells. Variations of digestive enzyme from one lot to another seem particularly
important and give rise to great variations of yield and viability. Other important
variables include perfusion pressure, digestion time, temperature, electrolyte
balance, and method of physical dispersion after perfusion. The difficulty of
reliably obtaining large numbers of cardiac myocytes from adult sources has
limited their use in cytotoxicity screening.

As in neonatal cell preparations, special attention must be given to the
purity of myocardial cell cultures. Overgrowth of fibroblasts and other non-
muscle cells can occur within three to five days in culture. Mitotic inhibitors,
such as cytosine arabinoside, are frequently used to restrict contamination by
fibroblasts and endothelial cells. Unlike neonatal cardiac myocytes, cultured
adult cardiac myocytes do not spontaneously contract. However, the cells can be
electrically stimulated to duplicate in vivo contractile activity. With the con-
tinued development of adult cardiac cell isolation techniques, investigators
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should be able to exploit the strengths of this model to evaluate the potential
cardiotoxic effects of xenobiotics.

ISOLATED PERFUSED HEART FOR THE ASSESSMENT
OF CARDIOVASCULAR TOXICITY

A cardiovascular model that stands between cultured cardiac myocytes and the in
vivo heart is the isolated perfused heart. The isolated perfused heart is one of the
most widely used experimental models in cardiovascular and pharmacological
research. Whole-organ perfusion outside of the organism offers certain advan-
tages over most other preparations: (i) compounds can be carried directly to the
cardiac myocytes through the normal physiological channels by the coronary
circulation; (ii) the viability of the muscle can be determined in a physiologically
meaningful way based on functional parameters such as heart rate, pressure
development, cardiac output, and coronary flow; and (iii) the model allows for
precise control over key variables such as ventricular afterload and preload, rate
of coronary flow, blood composition, and temperature. Importantly, almost any
compound or stress can be precisely administered to the isolated perfused heart
resulting in tightly controlled dose-response studies. There are vast options for
biochemical analyses using the cardiac tissue or the coronary effluent. At any-
time during perfusion the heart can be easily freeze-clamped to stop metabolic
activity and preserve macromolecular integrity for analysis at a later time.
By adding glutaraldehyde to the perfusate, the heart can be perfusion fixed
for subsequent immunohistochemical techniques. Furthermore, methods and
instrumentation are now available for noninvasive monitoring of many key
intracellular events, such as high-energy phosphates, substrate use, ion move-
ment, while the perfused organ is performing physiological levels of work.

Primary Methods of the Isolated Perfused Heart

The two primary methods of perfusing the isolated mammalian heart are the
classical retrograde preparation described over 100 years ago by Langendorff in
1895 (11) and the more recent working heart preparation credited to Bob Neely
(12). Most studies have been carried out on the rat, but larger animals have also
been used and the mouse is increasing in popularity. The Langendorff heart
preparation is the more widely used and simpler of the two methods as it involves
cannulation of only the aorta. The coronary vessels are perfused as perfusion
solution is delivered in the retrograde direction down the aorta, either at a constant
hydrostatic pressure or at a constant flow rate (Fig. 1). In the working heart
preparation, both the aorta and the pulmonary vein are cannulated so that the
perfusate can enter the left atrium and flow into the left ventricle to be pumped out
through the aorta as occurs in vivo (Fig. 2). Some excellent and detailed
descriptions of the isolated perfused heart technique are available (13-19). In this
chapter we will summarize some of the basic aspects of the two models.
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Perfusion Medium

Direction of Perfusate Flow

80 cm
or greater

Figure 1 The basic Langendorff preparation. Coronary perfusion pressure is determined
by height of perfusion medium above the heart.

Direction of

. Perfusate Flow
Ventricular

Afterload

80 cm

10 cm
Atrial Preload

Figure 2 Hemodynamics of working heart preparation. Adjusting the heights of the
aortic column and atrial buffer reservoir, respectively, can control afterload and preload.
The heights displayed represent typical values.
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The first step in the perfusion procedure is the same for both Langendorff
and working preparations and involves getting oxygenated perfusion buffer
flowing through the coronary arteries before ischemic artifacts occur. The chest
cavity of a deeply anesthetized animal is opened to expose the heart, which is
then excised with a single cut that retains the appropriate length of aorta for
cannulation. In most studies, heparin or another anticoagulant is administered to
the animal prior to heart excision in order to prevent thrombi formation. The
excised beating heart is immediately dropped into a beaker containing cold (4°C)
0.9% sodium chloride to stop contractions and prevent ischemic injury. With
practice an investigator can slip the aortic root over the cannula and begin flow
through the coronary arteries within 30 seconds after excising a rat heart; while it
may take longer for a mouse heart, which is approximately one-tenth the size of
a rat heart. Sutherland et al. (18) suggest that a transition time up to 120 seconds
for mouse hearts should be adequate to prevent subsequent ischemic injury,
stunning (20), or preconditioning (21). Some investigators cannulate the heart in
situ to eliminate any possibility of ischemic effects; however, this is not nec-
essary as long as the transition is carried out quickly and the heart is cooled.
Gross heart weight can be quickly obtained during the transition period by
placing the beaker on a tared balance and gently squeezing the heart with a gauze
to remove blood from the ventricles before dropping the heart into the beaker.
Once perfusion has begun extraneous tissue can be cut from the heart, weighted,
and subtracted from the gross weight to obtain preperfusion wet weight. Edema
occurs during the perfusion process, so weighing before perfusion begins is a
convenient way to obtain an accurate wet weight.

Once the aortic root is connected to the fixed cannula and retrograde
perfusion begun, the Langendorf preparation is in operation. The perfusate is
delivered either at a constant perfusion pressure by maintaining the perfusate
reservoir at a constant height above the aortic valve or at a constant flow rate
controlled by a pump. The minimum perfusion pressure for adequate coronary
perfusion and oxygen delivery in the rat heart is 50 mmHg (13), and it is set in
the range of 65 to 80 mmHg in most studies. The composition of the perfusion
buffer varies greatly depending on the purpose of the experiment; however, the
vast majority of studies use a variation of the physiological salt solution
developed by Krebs and Henseleit (22). Typically the perfusion solution contains
glucose (with or without insulin) as the exogenous energy providing substrate
and is equilibrated with a gas mixture of 95% oxygen and 5% carbon dioxide.
The 5% carbon dioxide is required to achieve the correct pH at 37°C in Krebs-
Henseleit bicarbonate buffers. High concentrations of oxygen are needed
because of the low-oxygen-carrying capacity of crystalloid buffers, which results
in artificially high coronary perfusion rates. This is considered to be a limitation
of the method; however, the coronary vasculature is still capable of autor-
egulation and responds appropriately to vasoactive compounds. Some have
modified the method by supplementing the Krebs-Henseleit buffer with red
blood cells, resulting in the normalization of coronary flow rates (15,23).
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Langendorff Preparation

In the Langendorff preparation, the force of the retrograde flow shuts the leaflets
of the aortic valve and pushes the perfusion solution into the coronary arteries
via the ostia. Thus, when connecting the heart to the perfusion apparatus it is
important that the bottom of the aortic cannula is distal to the ostia or the heart
will rapidly fail (Fig. 3). After perfusing the entire ventricular mass, the perfusate
exits the coronary venous circulation via the coronary sinus and then leaves
the heart through the open right atrium and the pulmonary artery. The left
ventricle has been described as essentially empty during Langendorff perfusion
because no specific provision is made to provide ventricular inflow. However,
this is not the case. The left ventricle fills with fluid via thebesian veins and
possibly leakage through the aortic valves. Over 40 years ago, Neely and col-
leagues demonstrated that ventricular filling occurs in the Langendorff prepa-
ration during diastole and that some fluid is ejected against the retrograde flow
during systole (12). Diastolic aortic pressure never drops below preset perfusion
pressure, but diastolic intraventricular pressure is near zero in a normal (non-
injured) heart. Peak systolic pressures (both aortic and intraventricular) are
slightly above perfusion pressure because the force of the ejected fluid adds to the
preset perfusion pressure. The experiments by Neely and colleagues were carried
out by inserting a 20-gauge needle into the left ventricle, which could be opened
to measure amount of fluid ejected or connected to a pressure transducer to

Ostium of the Right
Coronary Artery

Ostium of the Left
Coronary Artery

Closed aortic Valve

Right Ventricle Left Ventricle

Figure 3 Proper connection of aorta to cannula. The cannula should not block entry into
the coronary ostia.
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measure intraventricular pressures. Today, most investigators using the
Langendorff preparation measure intraventricular pressures with the aid of a
fluid-filled balloon inserted into the left ventricle via the mitral valve and con-
nected to a pressure transducer.

The Langendorff heart is commonly referred to as a nonworking heart
because no net aortic flow occurs, thus no external mechanical work is per-
formed. However, it is important to point out that it is doing considerable
mechanical and metabolic work. As perfusion pressure is raised, corresponding
increases also occur for indices of mechanical and metabolic work such as heart
rate times developed pressure (intraventricular systolic-diastolic), the pressure-
time integral, and oxygen consumption (12). Coronary flow also increases lin-
early at a slightly steeper slope than oxygen consumption, which assures that the
heart remains well oxygenated at the higher work intensities (12).

The Working Heart Preparation

In the working heart preparation, the left side of the heart functions in a manner
similar to the in vivo situation. Fluid enters the left ventricle via the left atrium
and the ventricle pumps that fluid through the aorta and up the aortic tubing in
an anterograde direction (Fig. 2). As mentioned above, the first step is to
quickly put the heart in the Langendorff mode for the purpose of getting
oxygenated perfusion buffer flowing through the coronary arteries. The left
atrium is then cannulated, the atrial inflow line opened, and the aortic line
switched from the Langendorff reservoir to allow the stroke volume to travel
up the aortic line and be ejected into the air, that is, hydrolic work is accom-
plished. In this preparation, atrial inflow pressure (preload), peripheral resis-
tance to ventricular pumping (afterload), and heart rate can be controlled. They
can be easily manipulated to produce workloads matching any that can occur in
vivo. The working heart preparation is considerably more sensitive in the
ability to detect functional differences than the Langendorff. This is partially
due to the fact that the working heart is entirely responsible for maintaining its
perfusion pressure, whereas the Langendorff gets a great deal of assistance in
this matter. However, the working heart’s responsibility for maintaining its
own perfusion pressure is a drawback regarding the amount of dysfunction that
it can tolerate. The Langendorff heart can tolerate much more injury or dys-
function before going into total failure because it can be assured of adequate
perfusion pressure to maintain tissue oxygenation even if the ventricle cannot
pump. In some experiments employing the working heart it may be necessary
to temporarily switch to the Langendorff mode. For example, in most studies
investigating ischemia-reperfusion injury, the left ventricle is unable to gen-
erate enough force immediately after the ischemic bout to keep the coronary
arteries adequately perfused. Therefore, if an investigator wants to measure
post-ischemic function using the working heart, he/she may need to allow some
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post-ischemic “recovery time” in the Langendorff mode until the heart can
generate enough force to adequately perfuse its coronary arteries without
assistance.

Implicit in the attempt to evaluate the effect of a pharmacological
intervention on a myocardial response is the assumption that the isolated heart
is functionally stable under normal perfusion conditions. In our experience, the
isolated working rat heart perfused with well-oxygenated buffer at 37°C is
stable for about three hours. The Langendorff preparation can be perfused
longer without noticing a drop in function because it is typically performing
less mechanical work. The length of time that the isolated heart can remain
viable can be extended greatly if quiescent periods are included. For example,
studies investigating organ preservation for transplant may keep an isolated
heart in a cold, quiescent state for six hours or more before beginning to
evaluate its function. Unfortunately, there are a large number of studies in the
literature that report significant functional declines after only 30 to 60 minutes
of perfusion. Such short viability is almost always due to technical errors,
contamination of the perfusate, or a dirty apparatus. Isolated hearts lack the
normal intrinsic filtration and scavenging systems associated with the kidney,
liver, and blood components. Without these the impact of minute impurities in
the form of metal ions, microscopic debris, bacteria, denatured protein, or
chemical contamination by buffer reagents is greatly magnified. This is par-
ticularly the case for the working heart because of its sensitivity. Filtering the
buffer before perfusion and including an in-line filter in the working heart and
whenever buffer is to be recirculated helps minimize many, but not all, of the
problems. For example, during a stability check before beginning an experi-
ment using the Langendorff preparation, we observed that baseline coronary
flow gradually declined to the extent that flow rate was reduced 50% within
60 minutes, followed shortly by increased end-diastolic pressure. We eventu-
ally traced the problem to the last thing we expected. The insulin we were using
to aid in glucose uptake was from a vial approved for use by humans. It
contained the preservative cresol, which while fine for humans, we determined
it as highly toxic in the isolated perfused rat heart at a buffer concentration of
about 1 ppm. Thus, it is advisable to undertake periodic stability checks and to
include control perfusion groups in studies investigating drugs or stresses, that
is, ischemia-reperfusion, that can influence some measure of myocardial
function. Sutherland et al. recommends a maximum acceptable decline in left
ventricular—developed pressure of 15% per hour for isolated perfused mouse
hearts (18).

The increased sensitivity of the working heart model over the Langendorff
method makes the working heart an ideal method to evaluate the effects of
any compound or stress in a tightly controlled dose-response fashion. With
practice, a vigilant perfusionist should be able to achieve considerably better
stability.
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Figure 4 (A) The QT interval correlates with the cardiac ventricular action potential
duration. The QRS interval plus the JT interval represents the absolute QT interval. In the
schematic representation (curves X and Y), the ventricular action potential of (X) is
prolonged compared with (Y). The upper action potential is labeled with its phases,
including rapid upstroke (0), early repolarization (1), plateau phase (2), late repolarization
(3), and postrepolarization. The representation of the ECG shows the timing of QT(X) and
QT(Y). (B) The profile of a ventricular action potential in association with ion flux across
the myocyte membrane and the major currents contributing to the action potential over
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USE OF hERG CHANNEL ASSESSMENT TO EVALUATE
QT INTERVAL PROLONGATION

Overview of QT Interval Prolongation

As a consequence of the withdrawal of several compounds from the commercial
market [Seldane@/ (terfenadine; Hoechst Marion Roussel, Kansas City, Missouri),
Propulsid@ (cisapride; Janssen Pharmaceutica, Titusville, New Jersey), Hismanal®
(astemizole; Janssen Pharmaceutica, Titusville, New Jersey)], and as evidenced
by the release of the International Conference on Harmonisation (ICH) S7A (24),
S7B (25), and E14 guidances (26), drug-induced QT interval prolongation has
become an issue of significant concern in cardiovascular toxicology.

Proper cardiac function relies on the precise movement of sodium, cal-
cium, and potassium ions through a concert of ion channels for the accurate
generation of the action potential in cardiac myocytes. One such ion channel, the
hERG channel has gained infamy as the molecular entity at the root of QT
interval prolongation. The hERG gene encodes the o-subunit of the voltage-
gated potassium channel responsible for the current (Ik,) that produces the rapid
phase of ventricular repolarization.

In ventricular myocytes, the Ik, current is active throughout the entire
action potential and contributes most significantly to phases 2 and 3 (Fig. 4)
(27,28). Inhibition of the Ik, current leads to prolongation of the action potential
duration and prolongation, as seen on a surface electrocardiogram, of the QT
interval, which represents the time required for ventricular depolarization and
repolarization. Delayed repolarization, a functional consequence of hERG
channel blockade, leaves the ventricular myocytes vulnerable to early after-
depolarizations (EADs). It is these EADs that can trigger episodes of torsade de
pointes (TdP), a ventricular tachyarrhythmia that can spontaneously revert,
returning the heart to normal sinus rhythm, or can degenerate into ventricular
fibrillation (29,30). Because the incidence of TdP following administration of
pharmaceutical agents known to prolong the QT interval is low, estimated to range
from 1 in 2000 to 1 in over 20,000 (31), the likelihood of identifying a torsado-
genic agent in clinical trials is also low. Therefore, surrogate methods for pre-
dicting the potential of a pharmaceutical agent to cause TdP are of great
importance in pharmaceutical discovery and development. As QT interval pro-
longation generally precedes episodes of TdP and can be easily measured with
electrocardiography, QT interval prolongation has been used as a biomarker for
TdP. Correspondingly, interaction between a pharmaceutical agent and the hERG

time (300 milliseconds). (For simplicity, not all currents contributing to the action
potential are included.) As shown in panel A, inward (downward) currents contribute to
depolarization, and outward (upward) currents contribute to repolarization. Abbreviation:
QRS, on a surface electrocardiogram, the interval from the beginning of the Q wave to the
end of the S wave, corresponds to depolarization of the ventricles.



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

126 Chacon et al.

channel has become an indicator of the potential of a pharmaceutical agent to
prolong the QT interval [known as acquired long QT syndrome (LQTS)].

Acquired LQTS has been shown to occur with a wide variety of drugs,
from a range of pharmacological and structural classes, as a consequence of the
interaction of the drug with the hERG channel and the resultant alteration of the
I, current. Because the ICH S7B guidance emphasized the need for preclinical
assessment of the potential of clinical drug candidates to prolong the QT interval,
a variety of in vivo and in vitro methods for investigating both QT interval
prolongation and hERG channel interactions have been developed and validated.
Within the pharmaceutical industry, there has been a continuous movement
toward less expensive, higher-throughput in vitro methods for investigating
hERG channel interactions to allow evaluation of this potential liability at the
earliest possible stage of drug discovery and development.

Functional Assays

The ICH S7B guidance outlines a battery of safety pharmacology studies to be
completed to investigate the potential of a pharmaceutical agent to prolong the QT
interval. Included in this battery of studies are several functional in vitro electro-
physiology assays, which are most commonly performed in an isolated tissue
preparation (i.e., ventricular wedge, Purkinje fiber), cardiac myocytes, or a cell line
heterologously expressing the hERG channel (32). The aim of these studies is to
elucidate alterations in ionic current(s) in the cell or tissue under study by using the
voltage clamp technique, which has been used for many years to study ionic currents
in several cell types, including neurons, muscle cells, and cardiac myocytes.

Electrophysiology assays performed in cardiac myocytes, Purkinje fibers, or
ventricular wedge preparations most closely mimic the in vivo expression of and
interplay between sodium, calcium, and potassium ion channels in the generation of
an action potential. Because this variety of ion channels is present along with the
appropriate auxiliary subunits required for their proper function in vivo, results from
these types of in vitro studies may be more predictive of clinical findings. However,
because the hERG current in cardiac myocytes is relatively low in comparison to
other currents, it may be difficult to measure the hERG current in tissue preparations
(33). These studies also present technical challenges, including the need to isolate
the tissue or cell of interest fresh for each experiment. Additionally, the presence of
multiple ion channels and functional currents may mask individual ion channel
effects through compensatory effects on other channels (34).

Patch-clamp electrophysiology is a refinement of the voltage clamp technique
and allows the investigation of individual ion channels. Patch-clamp electro-
physiology studies are commonly performed in mammalian cells stably transfected
with hERG c¢cDNA, which eliminates the need for fresh cell or tissue isolations,
thereby decreasing the time and cost associated with these studies. As QT interval
prolongation, and hERG channel interaction as a surrogate, has become an issue
of increasing regulatory concern and scrutiny, measurement of the hERG channel
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current, I, by using patch-clamp electrophysiology has become the gold stan-
dard in hERG channel assessment. The ability to investigate whether xenobiotics
alter the function of the hERG channel has also been invaluable in elucidating the
role of the hERG channel in QT interval prolongation.

Numerous experiments have been conducted to demonstrate the validity of
hERG channel patch-clamp electrophysiology studies. These experiments
illustrate that the vast majority of compounds known to prolong the QT interval
and cause TdP in the clinical setting do, in fact, block the Ik, current through
direct interaction with the hERG channel. Despite the fact that potential inter-
action with other ion channels is not accounted for in hERG channel patch-clamp
electrophysiology studies, these studies accurately predict whether a compound
is likely to cause QT interval prolongation and TdP. Redfern et al. used safety
ratios (ratios of ICsy values obtained in hERG electrophysiology studies and
unbound therapeutic plasma concentrations observed clinically) to categorize
marketed compounds by their torsadogenic propensity and correlated the safety
ratios with clinical occurrence of TdP (29). This analysis concluded that a safety
ratio of less than 30 was associated with clinical occurrence of TdP, demon-
strating the predictive ability of the hERG patch-clamp electrophysiology assay
(Fig. 5).

Despite the clear utility of this assay, interpretation of the data generated is
confounded by the fact that results can vary between studies using different
protocols (e.g., performing the assay at room temperature vs. physiological
temperature), between laboratories using the same protocol, or even between
technicians in the same laboratory (34). Additionally, traditional patch-clamp
electrophysiology is a labor-intensive undertaking, requiring highly trained and
skilled technicians. Recently, however, automated patch-clamp machinery, such
as that marketed by Molecular Devices, has held out the promise of high-
throughput generation of reliable functional data.

Nonfunctional Assays

Although the ICH S7B guideline makes no mention of nonfunctional in vitro
assays for the assessment of hERG channel interaction, a myriad of such assays
has been developed. The primary goal for these assays, which only measure ion
channel properties indirectly, should be the concordance of the data with the
results of the gold standard, the patch-clamp assay (32). Because assessment of
the potential for small molecules to prolong the QT interval via interactions with
the hERG channel has become important to the pharmaceutical industry, sig-
nificant effort has been expended to develop higher throughput methods of
nonfunctional in vitro hERG channel assessment.

One of the most widely used nonfunctional in vitro screening assays is the
radioligand-binding assay. This assay takes advantage of well-characterized
potent hERG binders (e.g., astemizole, dofetilide, and MK-499) and uses
membranes isolated from the same heterologous expression system commonly
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Figure 5 Redfern et al. (29) used safety ratios of electrophysiology ICs values and unbound
therapeutic plasma concentrations to categorize marketed compounds according to their tor-
sadogenic propensity and correlated these safety ratios with clinical occurrence of QT interval
prolongation and tosade de pointes (TdP). Calculation of safety ratios using radioligand-binding
assay K; values was used to categorize compounds in a similar manner. The hERG binding and
electrophysiological methods identified false-positive and false-negative compounds, such as
verapamil and amiodarone, respectively with similar efficiencies.

Categories as assigned by Redfern et al. (29). Category 1: Repolarization-prolonging
(classes Ia and IIT) antiarrhythmics. Category 2: Drugs that have been withdrawn or suspended
from the market in at least one major regulatory territory due to an unacceptable risk of TdP for
the condition being treated. Category 3: Drugs that have a measurable incidence of TdP in
humans, or for which numerous case reports exist in the published literature. Category 4: Drugs
for which there have been isolated reports of TdP in humans. Category 5: Drugs for which there
have been no published reports of TdP in humans.

used in patch-clamp studies to measure the ability of a test article to displace a
potent radiolabeled hERG binder (26).

Despite the fact that measurement of radioligand displacement cannot
discriminate between agonists and antagonists, several investigators have pub-
lished excellent correlations between the results of radioligand-binding assays
and patch-clamp assays (Fig. 6) (32,35-37). In a manner similar to that used by
Redfern et al. to analyze patch-clamp data (29), data generated in radioligand-
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Figure 6 Inhibition curves, determined by test compound inhibition of 3H-dofetilide
binding, were used to determine ICs, values and calculate K; values. K; results from this
binding assay showed a good correlation with published electrophysiology values (% =
0.82, n = 36 marketed compounds).

binding assays have been used to generate safety ratios that can be used to
classify compounds according to clinical occurrence of TdP (Fig. 5). In that
analysis, data from the radioligand-binding assay were as predictive as those
from hERG patch-clamp assays. To capitalize on the higher throughput afforded
by radioligand-binding assays, attempts have been made to convert filtration-
based hERG channel assays to scintillation proximity assay (SPA) formats
amenable to 384-well platforms (38).

Another method for measuring alterations in the hERG channel current is
the ion flux assay (33). The permeability of potassium channels to rubidium has
been leveraged in the development of this assay, which measures the effect of
xenobiotic treatment on the flow of either nonradioactive Rb* or radioactive
8Rb" (34). A similar measurement of ionic flux can be accomplished by using
voltage-sensitive fluorescent dyes (39). Both platforms have proven to be less
sensitive than patch-clamp electrophysiology assays (35).

Fluorescent polarization assays offer an intriguing option for a high-
throughput nonfunctional assay. An assay based on this platform would not
require the use of radioactivity, but instead would rely on a fluorescently labeled
ligand for detection of interactions with the hERG channel. However, Deacon et
al., report that high levels of hERG protein expression are required to establish
an acceptable signal-to-noise ratio, a potential barrier to the widespread adoption
of this assay format (38).
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SUMMARY

In the 3rd edition of Cardiovascular Toxicology, we discussed the more classical
in vitro methods (1). Namely, isolated cardiac myocytes were discussed as in
vitro models to evaluate potential cardiac cytotoxicity. Considering that new
approaches are constantly being identified to evaluate potential cardiac toxicity,
our goal for the present edition was to present two powerful technologies that
show significant promise in the investigation of cardiovascular toxicity. We
discuss the working heart model and hERG channel assessment.

The Working Heart Model

The working heart model allows for precise control over key variables such as
ventricular afterload and preload, rate of coronary flow, blood composition, and
temperature. The working heart preparation is considerably more sensitive in the
ability to detect functional differences than the Langendorff. Because of this
increased sensitivity, the working heart is an ideal method to evaluate the effects
of any compound or stress in a tightly controlled dose-response fashion.

QT Interval Prolongation and hERG Channel Assessment

Incidences in which a variety of pharmaceuticals have been shown to cause QT
interval prolongation and subsequent ventricular tachyarrhythmias (TdP: torsade
de pointes) resulting in sudden cardiac death has caused the emergence of reg-
ulatory guidelines to address this potentially lethal effect of new drug candidates.
The guidelines require testing the potential of pharmaceutical candidates to
interact with the hERG channel and prolong the QT interval. These guidelines
have precipitated the development of a variety of in vitro techniques for
investigating this potential. Because the incidence of TdP following the
administration of pharmaceutical agents known to prolong the QT interval is
quite low, the likelihood of an increased incidence of TdP being noted in clinical
trials is also low. Preclinical assays that assess the potential of a clinical drug
candidate to interact with the hERG channel and prolong the QT interval have
become critical in eliminating those drug candidates that exhibit this potential.
Although only few of these assays are accepted by regulatory agencies (func-
tional assays such as the action potential duration and hERG patch-clamp
assays), others, primarily nonfunctional assays, have been validated as higher
throughput, lower-cost alternatives and have been implemented as screening
assays early in the drug discovery process.
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INTRODUCTION

Most medical advances have been the product of both basic and applied research
and are based mainly on research in animal models. However, there have been
cases where efficacy and toxicity studies in animals failed to predict clinical
outcomes. These differences could be due, in part, to major species differences
between the animal models used and humans. Rodents are the most commonly
used species for cardiovascular research, whereas nonhuman primates, which
have the greatest genetic and physiological similarity to humans, account for less
than 0.3% of animal research in the United States.

There are several major cardiovascular differences between rodents and
large mammals; only a few will be noted here. One is the myosin isoform change
as an adaptation during ventricular hypertrophy. The myosin isoform switch,
from V; a-myosin heavy chain (2-MHC) to V3 B-MHC, has been demonstrated
in rodent species (1) but not in large mammals (2—4). An additional significant
difference between rodents and large mammals is intracellular Ca®" handling. In
the rat, approximately 90% of the Ca®" for contraction comes from intracellular
stores in the sarcoplasmic reticulum, while most other large animals derive more of
their activator Ca®" from extracellular Ca>", which enters the cell via L-type Ca>"
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channels (5,6). With respect to responses to ischemia, we have shown differences
in the mechanism of myocardial stunning among rodents and large mammalian
models (7). For example, studies in rodent models suggest that the mechanism
of reversible, postischemic contractile dysfunction is a reduced sensitivity of
myofilaments to Ca®" because of the degradation of Troponin I with no change
in Ca*" handling (8,9). In addition to species differences between rodents and
large mammals, some major differences also exist between large mammals and
nonhuman primates. We have previously demonstrated significant species
differences among conscious pigs, dogs, and baboons in their responses to
myocardial infarction (10) and myocardial stunning (11). We have also shown
major differences in Ps-adrenergic receptor (P3-AR) regulation between dogs
and nonhuman primates (12). Regarding the mechanism of regulation of lipids
and hormonal changes, particularly those related to the menstrual cycle, only
nonhuman primates are analogous to humans (13). Accordingly, the primate
model is particularly useful for the purpose of extrapolating pharmacological
efficacy and toxicity data to humans, and it follows that the development of new,
more suitable animal model of disease, specifically nonhuman primates, would
create an abundance of new and exciting research strategies for the assessment of
cardiovascular efficacy and toxicity. Although cardiovascular studies have been
conducted in nonhuman primate models, only a few have focused on heart failure
(14), which is the final pathway for many cardiovascular diseases.

In the current chapter, we will describe our novel primate model of heart
failure that closely mimics the process of congestive heart failure observed in
patients. One unique feature of this nonhuman model is that, unlike existing heart
failure models, it allows for physiological and biochemical measurements during
progressive stages of heart failure, i.e., initial myocardial ischemia, compensated
left ventricular (LV) hypertrophy and end-stage congestive heart failure. There-
fore, this model has the potential to provide excellent opportunities for evaluating
novel therapeutic targets, in terms of efficacy and toxicity, and facilitate the
elucidation of the mechanisms involved in the progression to heart failure.

The ability to obtain reliable measurements in the examination of car-
diovascular function is vital for the interpretation of experimental results.
Technology has been consistently advancing and so have our techniques, which
are based on four decades of prior experience in cardiovascular research. We
discuss these updated techniques in this chapter. Since nonhuman primates
are extremely valuable and also expensive, we emphasize studies that utilize
multiple measurements in the same animal model and combine simultaneous and
repetitive recordings of several cardiovascular parameters. This feature provides
a comprehensive profile of each animal’s cardiac function and also provides
a link among responses in physiology, pharmacology, toxicology, and other
research areas.

Over the past four decades, our laboratory has successfully performed
several studies in conscious, chronically instrumented nonhuman primates, i.e.,
baboons and monkeys (11,12,15-26). Implanted instrumentation include aortic
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and left and right atrial catheters, a miniature high-frequency LV pressure gauge,
an ascending aortic blood flow (ABF) probe, LV wall thickness, short axis, and
coronary and aortic ultrasound crystals, right ventricular and atrial pacing leads,
a coronary flow probe, and an inferior vena cava occluder. This instrumentation,
along with either an implanted hydraulic coronary artery occluder or ligation of a
coronary artery, allow us to directly and continuously measure LV systolic and
diastolic function, as well as systemic hemodynamics at baseline and following
several interventions, e.g., coronary artery occlusion and reperfusion, leading to
chronic myocardial remodeling and then to end-stage congestive heart failure.

TECHNIQUES FOR MEASUREMENT OF
CARDIOVASCULAR PARAMETERS

Vascular and Ventricular Pressures

Miniature solid-state pressure transducers are used for chronic measurements of
arterial pressure, as well as left and right ventricular pressure. These transducers,
which were originally developed by Van Citters and Franklin (27), have been
used in our laboratory for more than four decades in studies in unrestrained,
conscious woodchucks (28), rabbits (29), dogs (30,31), pigs (11,32), sheep (33),
cows (19,34), and nonhuman primates (10,17,18,24,35). For chronic implanta-
tion, solid-state pressure transducers offer a number of advantages over com-
monly used, fluid-filled catheter-strain gauge manometer systems. The most
important of these advantages are (i) a wide frequency range, (ii) high sensitivity,
which facilitates their use with radiotelemetry systems, and (iii) relative freedom
from signal distortion, which occurs in fluid-filled systems from catheter clotting
or kinking or acceleration effects upon the fluid system. A pressure transducer
must have a high-frequency response to accurately reproduce the rapidly
changing phases of a pressure signal, such as the leading edge of systole in
ventricular pressure. Furthermore, the time derivative of ventricular pressure
(dP/df) is often used as an index of cardiac contractility, and to obtain this
parameter by analog differentiation, the higher-frequency components of the
pressure signal must be preserved. Figure 1 shows a representative recording of the
effects of isoproterenol on LV pressure, LV dP/dt, phasic and mean arterial pres-
sure, phasic and mean ascending ABF, and heart rate in young and old conscious
monkeys.

The pressure transducers used in our laboratory are small (47 mm
diameter, 1 mm thick) hermetically sealed cylindrical chambers with a titanium
diaphragm. Bonded on the back are four silicon-strain gauge elements arranged
in a Wheatstone bridge configuration (models P4-P7, Konigsberg Instruments
Inc., Pasadena, California, U.S.). The transducer senses pressure changes as a
deformation of the diaphragm, which in turn unbalances the bridge and generates
an offset signal proportional to the applied pressure. This signal is subsequently
amplified and recorded as an analog reproduction of the pressure wave. During
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Figure 1 Representative phasic waveform recordings of LV pressure (LVP), LV dP/dt,
phasic and mean arterial pressure (AP), phasic and mean ascending aortic blood flow
(ABF) and mean aortic blood flow, and heart rate in young (A) and old (B) monkeys. Note
that responses to (ISO 0.1 pg/kg, IV.) are blunted (desensitized) in the older monkey.
Abbreviations: ABF, aortic blood flow; AP, arterial pressure; CO, cardiac output. LV, left
ventricular; Source: From Ref. 18.

each study, the solid-state transducer undergoes an initial in vitro calibration
before surgical implantation. In addition, transducers are cross-calibrated during
experiments, in vivo, against a strain gauge transducer connected to fluid-filled,
chronically implanted catheters positioned in the aorta and left atrium. Arterial
pressure is measured after implanting the solid-state transducer in the thoracic or
abdominal aorta through a 1- to 2-cm longitudinal incision closed by interrupted
sutures. The right ventricular transducer is inserted through a stab wound in the
mid-anterior free wall of the right ventricle, and the LV transducer is most often
inserted through a stab wound in the apex of the LV. The ventricular transducers
are secured by purse string sutures. As with all implants of this type, the
transducer leads are exteriorized through the chest wall and routed subcutaneously
to the interscapular area of the animal. The externalized transducer leads are
protected by shrink tubing and larger animals are fitted with a tear-resistant nylon
vest. In intractable animals (e.g., nonhuman primates), the wires are usually not
externalized but are buried subcutaneously until the time of experiments.

The major disadvantages of implantable solid-state pressure transducers,
for use chronically, are drifts in zero offset and sensitivity. These problems
become critical because, at the time of experiments, it is impossible to calibrate
the implanted transducer in terms of absolute pressure. It becomes necessary,
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therefore, to cross-calibrate these transducers with a calibrated system when
experiments are conducted. An electronic calibration of the overall pressure
measuring system, exclusive of the transducer, is made at the start and at the end
of experiments. The output of the implanted solid-state pressure transducer is then
compared with a directly calibrated catheter-strain gauge manometer. This pro-
cedure overcomes the problem of changes that may have occurred in the solid-
state transducer’s transfer function since the last in vitro calibration. In our
experience, this procedure is repeated approximately weekly for arterial implants,
but daily cross-calibration is necessary for experiments in which small variations
in zero pressure level are critical (e.g., measurements of LV end-diastolic pres-
sure). Although there are many problems associated with the measurement of
pressures in animals with long-term chronic implants, it is clear that there are
inherent advantages of the solid-state transducer.

Instead of the implantable solid-state pressure transducer, external, fluid-
filled catheter pressure transducers are often used to measure intravascular and
atrial pressures. Several types of tubings, such as Tygon, polyethylene, and
silicon materials, can be used and connected to the transducers. The fluid-filled
catheter pressure transducer allows pressure measurements to be obtained in
vessels smaller than 1 mm in diameter. Unlike the miniature solid-state pressure
transducers, the fluid-filled catheter pressure transducer can readily be checked
for drifts in baseline and sensitivity. The major disadvantage is that the transducers
are larger in size and also susceptible to distortion artifacts in the pressure signal.
Because of the limitation of frequency response, compared with the miniature
solid-state pressure gauge, this type of transducer is less desirable for measurement
of LV dP/dt.

Blood Flow Measurements
Doppler and Transonic Flow Techniques

The Doppler technique, i.e., the continuous wave (CW), nondirectional flow-
meter, developed by Franklin et al. (36), has been used in our laboratory for the
measurement of coronary (22,37-40), cerebral, renal, mesenteric, and iliac blood
flows (21,31,41-43). The development of the ultrasonic Doppler flowmeter has
proceeded from the original, nondirectional CW implementation to directional
CW and, more recently, to a pulsed, directional design, which is the most
commonly used device today. All of these devices use the common principle that
ultrasound reflected from a target (e.g., the moving blood cells) exhibits a shift in
frequency proportional to the velocity of the target. Ultrasound is directed
diagonally to the bloodstream and a part of this energy is reflected from moving
blood cells. The shift in frequency that is caused by this process provides an
average of the instantaneous velocity profile across the vessel lumen and is
determined by extracting the frequency difference between transmitted and
reflected sonic waves.
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Since the early 1960s, transit-time ultrasonic flowmeters have been used in
this country. Furthermore, this technique has been improved upon over the past
20 years and is now used in almost all laboratory animals, including mice, for the
measurement of blood flow. The basic principle for this technology is to use
wide-beam illumination to pass signals back and forth. The speed of the ultra-
sound, affected by the flow of liquid, passes through the “acoustic window” of
the flow probe and the Transonic meter (Transonic Systems Inc., Ithaca, New
York, U.S.) reads the “transit-time.” The difference between the upstream- and
downstream-integrated transit-times is a measure of volume flow.

Microsphere Technique

Microspheres are used for measurement of blood flow, but require several
assumptions as follows: (i) Microspheres are thoroughly mixed within the blood
stream and uniformly distributed throughout the body according to distribution
of blood flow. (ii) Microspheres are introduced into the blood stream and then
are trapped by different organs, and this does not affect the function in these
organs. (iii) Microspheres are trapped on the first circulation through an organ
and once localized in that organ, do not recirculate. (iv) Microspheres have
properties similar to those of the formed elements within the blood flow and are
distributed throughout the tissues in a similar manner to whole blood. Thus,
the major advantage of this technique is that the regional blood flow in almost all
vascular beds, including skin, fat, and brain, can be measured. However, the
major limitation is that only up to eight time points, referring to the numbers of
radioactive labels or colors, can be measured.

The size of microspheres is critical for the measurement of regional blood
flow, as microspheres are intended to be trapped in the precapillary coronary
circulation during the first circulation, and to do so they cannot pass through
arteriole venous shunts and be recirculated. It has also been reported that less
than 1% of 8 to 10 um of microspheres were observed to pass through organs and
recirculate in dogs and sheep (44,45), whereas the amount of nonentrapment of
15 pm microspheres was shown to be insignificant in rhesus monkeys (46). Thus,
microspheres of about 15 um have been accepted as both meeting the conditions
of distribution similar to red cells as well as demonstrating the absence of
nonentrapment.

Microspheres can be either radioactive or colored. For larger animal
models, about 1 to 2 million microspheres labeled with 95Nb, 85Sr, 141Ce, 46Sc,
5 lClr, 13 Sn, 114In, and '“Ru are suspended in 0.01% Tween 80 solution
(10% dextran) and placed in an ultrasonic bath for 30 to 60 minutes. Before
injection, 1 to 2 mL of Tween 80 solution should first be injected to test for
potential adverse cardiovascular effects. Microspheres are usually injected and
flushed with saline over a 10- to 20-second period, via a left atrial catheter.
Alternatively, microspheres can also be injected via an LV catheter. Arterial
blood reference samples are withdrawn at a rate of 7.75 mL/min for a total of
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120 seconds, beginning at 30 second before microsphere injection. At the end of
the study, tissue samples from different solid-state organs are taken and weighed.
All tissue samples, along with the collected blood samples, are counted in a
gamma counter with an appropriately selected energy window. After correction
of counts for background and crossover, regional blood flow is obtained and
expressed as milliliters per minute per gram of tissue.

A similar procedure is used for measurement of blood flow with colored
microspheres, with up to 11 different colored microspheres available, i.e., gold,
samarium, lutetium, lanthanum, ytterbium, europium, terbium, holmium,
rhenium, iridium, and scandium. Since the sensitivity to detect colored micro-
spheres is relatively low, compared with radioactive microspheres, the number of
microspheres used should be 4 to 6 million per injection. At the end of
experiments, tissue samples from different areas are collected and weighed.
These samples, along with blood samples, are then transferred into sodium-free
polypropylene vials and dried overnight at a temperature of 70°C in an oven.
After spectroscopic analysis, i.e., neutron activation technology, blood flow can
be calculated and expressed as milliliters per minute per gram of tissue.

Ventricular and Vascular Dimensions
Ventricular Dimensions

The ultrasonic transit-time dimension gauge, as originally described by Rushmer
et al. (47) and improved by Patrick and co-workers (48,49), is routinely used for
the measurement of LV internal diameter, right and LV wall thickness, and right
and LV regional segment length (50-55). One of the commercially available
dimension devices is the “Triton System 6 (Triton Technology Inc., San Diego,
California, U.S.). This technique uses pairs of small piezoelectric transducers
operating in the frequency range of 3 to 7 MHz, depending on the application. In
operation, a burst of sound from one transducer propagates to the second
transducer. If the speed of sound is known in the intervening medium (1.58 X
10° mm s~ for blood), then the separation of the transducers can be determined
by measuring the transit-time of this sound. This one-way, two-transducer
technique contrasts with the ultrasonic echo technique used clinically in cardiac
diagnosis. The echo technique uses a single transducer to emit ultrasound, which
is then reflected from the internal structures of the body. Although the two-
transducer technique is invasive and is limited to a discrete straight line mea-
surement, the capability for enhanced and more discrete reception of the ultrasonic
signal can radically improve the accuracy and resolution of dimension measure-
ments. This permits the detection of more subtle changes in regional function than
is capable with the pulsed echo technique.

In operation, the dimension gauge measures the acoustic transit-time of
bursts of ultrasound propagated between two piezoelectric crystals placed on
opposing surfaces of the LV cavity (internal diameter), placed on opposing
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surfaces of the right or LV free walls (wall thickness), or propagated among pairs
of piezoelectric crystals inserted into the free walls of the right or left ventricles
(~1-2 cm apart; segmental length). The transit-time dimension gauge can be
synchronized to measure up to 12 simultaneous dimensions, thus allowing a
multiple assessment of regional myocardial function. The signals can also be
differentiated to obtain the rate of myocardial fiber shortening, an index of
regional cardiac function. In addition, the intramyocardial electrogram, from
each of the transducers, can be assessed using the standard limb, lead arrange-
ments as an indifferent reference. This technique is particularly useful for
detecting the graded dysfunction that occurs with regional myocardial ischemia.
Both measurements of regional wall thickness and regional segment length are
used for these types of studies.

The theoretical resolution of the ultrasonic dimension technique is one-
quarter of the wavelength, with the wavelength being determined by the thick-
ness of the crystal. To achieve improved resolution, it is necessary to use thin,
high-frequency piezoelectric crystals. We are currently using 7-MHz crystals
(0.3 mm thick and 2.0 mm in diameter) for myocardial segment length deter-
mination, because transducer separation is typically 1 cm and the signal strength
is not adversely affected by this distance. At the other extreme, transducers used
for the measurement of ventricular diameter are 3-MHz crystals (0.7 mm thick
and 3-4 mm in diameter), because the distance measured is in the 3- to 4-cm
range and attenuation of the sound is greater, being proportional to both distance
and frequency. Transducers for wall-thickness determination are intermediate,
with a 2-mm-diameter, 5-MHz crystal used for the endocardial surface. A similar
transducer with a small, Dacron patch is sutured to the epicardium to complete
the implant. To measure regional subendocardial and subepicardial wall thick-
ness, an additional crystal is implanted in the mid-wall (51).

Vascular Dimensions

The study of the elastic properties of the aortic wall is fundamental for the
understanding of the coupling between the heart and peripheral circulation, the
characteristics of vascular mechanoreceptors, and the pathogenesis of important
disease states, such as atherosclerosis and hypertension. Moreover, the concept of
large coronary artery vasoconstriction as a possible mechanism for Prinzmetal’s
variant angina (56), as well as typical angina pectoris and myocardial infarction
(57,58), underlines the importance of making direct continuous measurements of
coronary vascular dimensions (59,60).

The design of the transit-time dimension gauge has recently been modified
to permit the measurement of both large (48) and small (59,60) vessel dimensions.
These modifications involve refinement of the electronics as well as construction
of smaller transducers. The transducers (1 mm x 3 mm) are constructed from
7-MHz piezoelectric materials, with stainless steel wiring and a thin coat of
epoxy. To minimize mass loading of the vessel and to facilitate alignment at
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Figure 2 Schematic illustration of instrumentation and representative waveforms of LV
pressure, LV dP/dt, aortic pressure, and aortic diameter in a young monkey. Abbreviation:
LV, left ventricular. Source: (for left portion of the figure) From Ref. 35.

surgery, these transducers have been constructed without lenses, although a
small Dacron patch is attached to the back of the transducer with epoxy for
stabilization purposes. The transducers are implanted on opposing sides of the
vessel and secured with 5-0 suture. Resistive loading is used to minimize the
instrument-ringing artifact. The inhibit pulse is shortened to be adjustable over
the range of 0.5 to 10 ps and the sensitivity of postdetection amplifiers is
increased to compensate for the smaller signal developed by the shorter transit-
time. These modifications result in an instrument that is stable enough to resolve
0.05-mm changes in the diameter of a 3-mm vessel. The measurements are
repeatable and constitute a sensitive and accurate method of assessing changes in
coronary artery diameter under a variety of interventions in the conscious animal
(59.,60). Figure 2 shows a schematic illustration of implanted instrumentation for
measurements of aortic pressure and diameter, as well as waveforms of aortic
pressure and diameter, along with LV pressure and LV dP/dt. Figure 3 shows the
difference in the aortic pressure-diameter relationships observed among male
and female, young versus old conscious monkeys.

BIOMEDICAL TELEMETRY AND DATA ACQUISITION SYSTEMS

Telemetry Systems and Digital Recordings

As an extension of the measurement techniques described above, the radio-
telemetry of biological signals has obvious utility in situations where the
experimental design precludes the use of cables, tethers, and the laboratory
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Figure 3 Aortic pressure and aortic diameter relationships, in response to bolus injection
of sodium nitroprusside and phenylephrine, are plotted as percent change from baseline in
young male (panel a) and female (panel b) monkeys (open circles) and in old male and
female monkeys (closed circles). The slope of the relationship between mean aortic pressure
and aortic diameter in old male monkeys (dashed line) is significantly less (p < 0.05) than
that in young male monkeys (solid line), suggesting a stiffer aorta in the old male monkeys.
This difference was not observed in female monkeys. Source: From Ref. 17.

environment. Examples include activities such as free-ranging exercise and the
recording of data from intractable animals such as large nonhuman primates (26),
as well as studies of animals in their natural habitat (21,22,41-43,49,61-67). The
telemetry systems we use fall into two categories: flow pressure systems and
pressure dimension systems. Examples are shown in Figures 4 and 5.

Tether System

Particular care needs to be taken in handling nonhuman primates, as they can be
aggressive and dangerous. For an experimental design where telemetry is not
practical, a tether system can be used when working with nonhuman primates
(17,18,20,35,68,69) (Fig. 6). Tethering also allows for the use of catheters
chronically implanted in blood vessels, by extending them away from the caged
animal, and also allows for fluid injection (e.g., pharmacological agents) and
blood withdrawal to be conducted from a distance. When not in use, catheters
must be maintained by a slow infusion of heparin, through the tether system, to
avoid blood clots. Another benefit of the tether system is that it allows for
simultaneous fluid injection or blood withdrawal and recording of electrical
signals from the different transducers chronically implanted in the animal.
This is made possible by using gold-plated wire brushes to maintain the
electrical continuity as the animal moves freely inside the cage. What
differentiates the tether system from other implantable or jacket-mounted telem-
etry devices is the very small weight the animal carries during the time it is
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Figure 6 Schematic diagram of a tether system. Dual fluid swivels mounted on top of the
cage allow the connection of extracorporeal pressure transducers and allow the with-
drawal of blood and infusion of fluids; wire brush electrical swivel allows the implanted
transducers, probes, and piezoelectric crystals to be connected to external instrumentation
for signal conditioning and amplification; preconditioned and filtered electrical signals are
subsequently digitized and recorded via software, as shown to the right of the diagram.

restrained. Tether systems act as a bridge to connect catheters and transducers to
the actual monitoring devices located in an adjacent room where the acquisition,
conditioning, and recording of the signals take place.

In our laboratories, tether systems containing two fluid couplings (Instech
Laboratories, Inc., Plymouth Meeting, Pennsylvania, U.S.) and an electrical
swivel, with as many as 10 electrical circuits (Airflyte Electronics Co., Bayonne,
New Jersey, U.S.) allow chronic, continuous measurements from conscious
animals that are instrumented with an in-dwelling catheter for infusion of fluids,
catheters for the measurement of arterial pressure or LV pressure, and a flow probe
for the measurement of blood flow. Figure 6 shows the tether system connected
with the instrumentation for direct measurements of pressure, diameter, and blood
flow, which is converted to a digital signal for computer analysis.

Digital Data Acquisition Systems

The physiological parameters discussed in this chapter, such as pressures, blood
flows, dimensions and temperature, are, intrinsically, a function of time. As such,
their time-varying properties need to be taken into consideration when using
transducers and analog electronic instrumentation to convert these parameters
into electronic signals. The transducer and instrumentation characteristics
may affect and change the information content of the signal representing a
particular physiological parameter (70-72). This is particularly true when these
signals are being digitized by digital acquisition systems and stored in the
form of numeric data on a computer for further processing or storage.
These systems generally consist of a hardware portion for the conversion
of the electrical analog signal into a stream of binary digits, and software to
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derive real time parameters of interest and, at the same time, to allow for
control of the hardware.

In the design of such systems and devices, multiple factors need be taken
into consideration to ensure the integrity of the information. These factors, which
are the major features of a digital data acquisition system, include resolution,
linearity, accuracy, sampling rate, aliasing, and oversampling (73-75). In the
past decade, hardware and software specifically designed for biomedical
research data acquisition has been introduced on the market by different man-
ufacturers: NOTOCORD-hem™ (Notocord Systems SAS, Croissy Sur Seine,
France), PowerLab with Chart software (ADInstruments, Inc., Colorado Springs,
Colorado, U.S.), and Ponemah Physiology Platform (Data Sciences Interna-
tional, St. Paul, Minnesota, U.S.). Usually, manufacturers also make proprietary
A/D hardware systems that can only be controlled and operated by their own
software. Besides the individual user interfaces, all the manufacturers mentioned
above design software in modules so that only specific functions can be
performed on the physiological parameters of interest. Each module analyzes
signals in real time and provides beat-to-beat analysis. All the data and results
can also be exported to multiple applications to generate graphs, charts, or tables.

CARDIOVASCULAR DISEASE MODELS IN NONHUMAN PRIMATES

Myocardial Ischemia and Reperfusion

Myocardial ischemia and reperfusion in nonhuman primates is achieved by
either chronically implanted hydraulic occluders or via ligature during surgery.
We have used both procedures in baboons (10,11,76) and monkeys (77).

Heart Failure Models

Heart failure is the final pathway of several cardiovascular diseases, such as
coronary artery disease, hypertension, and valvular disease and cardiomyopathy.
Although many transgenic murine models of heart failure have been developed
and characterized, one of the disadvantages of using murine species is that these
models may mimic a specific change or pathway that occurs at the cellular and
molecular level. Most importantly, there are major species differences between
mice and other larger mammals, which were noted earlier.

The most commonly used experimental models of heart failure in non-
human primates are either myocardial infarction or rapid ventricular pacing (14).
Myocardial infarction has the advantage of mimicking the most common
pathogenesis of chronic heart failure seen in humans. However, heart failure in
larger animal models cannot generally be induced by myocardial infarction
alone, since infarcts large enough to induce heart failure chronically almost
uniformly induce fatal arrhythmias or cardiogenic shock. We found that cardiac
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function and hemodynamics are well maintained even after several months of
moderate-sized myocardial infarction in nonhuman primates. Although increases
in infarct size could result in cardiac failure, most often we find that either acute
heart failure is induced or sudden death occurs before chronic heart failure
develops. One disadvantage of the pacing model to induce heart failure is that
the biochemical and hemodynamic alterations revert to almost normal values
soon after pacing is stopped (78,79). This suggests that the mechanisms of
pacing are similar to those of reversible dilated cardiomyopathy (80—-82), rather
than those of the irreversible failing heart in humans.

We previously developed a heart failure model induced by coronary artery
occlusion followed by rapid ventricular pacing in porcine (83) and canine models
(84). Unlike the model of heart failure induced by rapid ventricular pacing alone,
the severe LV dysfunction and abnormal systemic hemodynamics did not reverse
after cessation of pacing, suggesting that the underlying mechanism following
combined myocardial infarction and rapid ventricular pacing may be different
from pacing-induced heart failure alone. It is conceivable that the nonischemic
myocardium can compensate for the loss of regional function after coronary
artery occlusion and maintain global LV performance. In the presence of
myocardial infarction, rapid pacing increases the energy demand of the non-
ischemic myocardium possibly beyond the range of compensation, leading to
decompensated cardiac failure.

During the past few years, we have characterized a monkey model of heart
failure induced by combined myocardial infarction with rapid ventricular pacing.
The protocol to develop the model is shown in Figure 7. Pacing leads are
attached to the right ventricular free wall and left atrial appendage for controlled
rapid ventricular pacing. Following implantation of this instrumentation, the left
anterior descending coronary artery is occluded via permanent ligation at the half
distance from its origin, and all branches are also ligated. During surgery, the
success of coronary occlusion is confirmed by color change in the myocardium,
absence of wall motion, and changes in electrocardiogram (ECG). After all these
procedures are completed, the incision is closed and monkeys are allowed
to recover from surgery. Approximately two months after coronary artery liga-
tion, baseline hemodynamic measurements are made via the tether system,
as shown in Figure 7. The rapid ventricular pacing rate is initiated at 220 bpm for
the first three days, and then the rate is increased to 280 to 290 bpm for two
to three weeks, when both LV dysfunction and clinical symptoms are obviously
present.

In summary, the chronically instrumented, conscious animal model, par-
ticularly the nonhuman primate model, is an important tool for exploring the
mechanisms of cardiovascular disease and performing high-fidelity assessments
of pharmacological and physiological interventions on efficacy and, potentially,
toxicity. Nonhuman primates, the closest species to humans, are therefore useful
models to allow identification of novel pathways and targets linked with car-
diovascular diseases in humans. The nonhuman primate model will be an
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Figure 7 At time of surgery, the instrumentation is implanted and a branch of the
coronary artery is occluded. After recovery, hemodynamics are recorded. Two months
after coronary occlusion rapid pacing starts at about 200 to 220 bpm and the pacing rate is
progressively increased over a two- to three-week period to reach a steady rate of 290 bpm
that will lead to heart failure within a week or two. Abbreviation: bpm, beats per minute.

effective and important preclinical step that can reduce the costs associated with
drug development and also facilitate new targeted research and development. For
example, this model will be useful for the simultaneous study of pharmacody-
namics, i.e., time profile of the efficacy of tested substances, and pharmacokinetics,
i.e., time course of tested substances in plasma and their metabolite levels.
Equally important, as a model for safety assessment, nonhuman primates should
also be ideal predictors of potential problems that cannot be detected from
studies in other species, but those that would occur in humans. An important
feature of conscious, unrestrained nonhuman primate models is the ability to
avoid the confounding influence of anesthesia and acute surgical trauma, which
would significantly affect the results of any study.
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Cardiovascular Toxicity of Antimicrobials

Daniel P. Healy

James L. Winkle College of Pharmacy, University of Cincinnati Health
Science Center, Cincinnati, Ohio, U.S.A.

INTRODUCTION

Despite the rapid proliferation of novel anti-infective agents beginning in the
1960s and continuing through the 1980s, infectious diseases remain the third
leading cause of death in the United States and the second leading cause of death
worldwide (1). Community-acquired pneumonia alone affects approximately
4.5 million adults annually in the United States (2). Therefore, it is not surprising
that antimicrobial agents continue to be among the most commonly prescribed
drug classes. Fortunately, with the exception of life-threatening immediate
hypersensitivity reactions, the toxicity profile of most antimicrobial compounds
is relatively unremarkable. This may be attributed, at least in part, to the rela-
tively short courses (e.g., <2 weeks) of antibiotics given for most common
infections. Indeed, with longer courses of antibiotics required for infrequently
encountered chronic infections or in critically ill patients, the risk of renal,
hepatic, hematologic, and other types of serious toxicity significantly increases.
Overall, the incidence of direct cardiovascular toxicity associated with anti-
microbial therapy is very low. While certain antimicrobial compounds may
possess direct cardiodepressant activity, generally this has only been demon-
strated when using supraphysiologic concentrations in vitro or in anesthetized
animals (3). Clinically, such cardiovascular toxicity associated with anti-
microbial administration would not be expected to manifest unless one or more
risk factors or conditions are present such as, but not limited to, diminished
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cardiac reserve (e.g., congestive heart failure, circulatory shock), the presence of
cardiac arrhythmias, administration in an immunocompromised host, use of
general anesthesia, presence of sepsis or septic shock, drug overdose, pharma-
cokinetic drug interactions resulting in elevated plasma levels of the antibiotic,
and additive or synergistic pharmacodynamic effects when used in combination
with other drugs possessing inherent depressant activity on the heart or vascu-
lature (4-6). It is due to these many potential clinical factors that have not been
thoroughly studied in the context of cardiovascular drug toxicity that warrants
discussion of the mechanisms underlying the cardiotoxicity of antimicrobials.
This chapter will focus on clinically relevant cardiac toxicity secondary to
QT-interval prolongation that has been described with macrolides/ketolides,
fluoroquinolones, azole antifungals, and other agents. In addition, the chapter
will attempt to briefly summarize a wealth of earlier information, much of which
was published before 1980, that was detailed in the previous edition on the direct
cardiovascular actions of aminoglycoside antibiotics (3). For an authoritative
review of the influence of aminoglycosides on Ca>" channel blockade in vascular
smooth muscle and the myocardium, and their negative inotropic actions, the
reader is referred to the third edition of this text (3). Since an exhaustive review of
all related cardiovascular toxicity associated with miscellaneous or infrequently
used antibiotics in clinical and veterinary medicine is beyond the scope of this
chapter, the reader will be referred to authoritative reviews when pertinent.

TORSADES De POINTES AND QT-INTERVAL PROLONGATION

Torsades de pointes (TdP), often translated as a “twisting of the points,” is a
syndrome of polymorphic ventricular tachyarrhythmia characterized electro-
cardiographically by a gradual change in the amplitude and twisting of wide and
variable QRS complexes around the isoelectric line (Fig. 1). While this syn-
drome often terminates spontaneously, it frequently recurs and can lead to
syncope, ventricular fibrillation, and sudden death (5,6). Prolongation of the QT
interval or heart rate-corrected QT interval (QTc) underlies most cases of TdP
and can be due to congenital or acquired (e.g., drug therapy) causes. Inherited
forms of long QT syndrome (LQTS) are due to various mutations in genes that
control expression of sodium and potassium channels involved in cardiac

Figure 1 Characteristic electrocardiograph associated with the polymorphic ventricular
tachyarrhythmia termed “torsades de pointes” (twisting of the points). This tracing depicts
the characteristic changing amplitude and “twisting” of wide and variable QRS complexes
around the isoelectric line.
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repolarization (5). To date, seven genotypes have been identified, each with
distinct symptoms, cardiac triggers, mortality risks, and treatment (7).

Most acquired causes of LQTS are related to drug therapy. Antimicrobial
classes with a potential for causing LQTS, and therefore a higher theoretical risk
of developing TdP, include the macrolides/ketolides, fluoroquinolones, azole
antifungals, trimethoprim/sulfamethoxazole, and pentamidine. A comprehensive
up-to-date registry of drugs, stratified by risk category based on a critical
analysis of the published literature, is maintained by the Arizona Center for
Education and Research on Therapeutics (ArizonaCERT) at http://www.
QTdrugs.org (8). Table 1 lists the antimicrobials associated with some risk of
causing TdP as currently assessed by ArizonaCERT.

Table 1 Risk Assessment of Antimicrobials Causing TdP

Level 1 risk: antimicrobials generally accepted to have a risk of causing TdP
® Macrolides: erythromycin, clarithromycin
® Fluoroquinolones: sparfloxacin, grepafloxacin—both removed from the U.S. market
® Pentamidine

Level 2 risk: antimicrobials with a possible risk of TdP based on availability of some
reports showing an association with TdP and/or QT prolongation, but at this time lack
substantial evidence for causing TdP.

® Fluoroquinolones: gatifloxacin, gemifloxacin, levofloxacin, moxifloxacin, ofloxacin

® Macrolides/azalides/ketolides: azithromycin, roxithromycin, telithromycin

® Arzole antifungals: voriconazole

® Miscellaneous: amantadine, foscarnet

Level 3 risk: drugs to be avoided by patients with diagnosed or suspected congenital
LQTS
® Fluoroquinolones: ciprofloxacin, gatifloxacin, gemifloxacin, levofloxacin,
moxifloxacin, ofloxacin, sparfloxacin
® Macrolides/azalides/ketolides: erythromycin, clarithromycin, azithromycin,
telithromycin
Azole antifungals: fluconazole, itraconazole, ketoconazole, voriconazole
Miscellaneous: amantadine, chloroquine, foscarnet, pentamidine,
trimethoprim-sulfamethoxazole

Level 4 risk: drugs unlikely to cause TdP when used in recommended dosages and in
patients without other risk factors®

® Fluoroquinolones: ciprofloxacin

® Arzole antifungals: itraconazole, ketoconazole

® Miscellaneous: trimethoprim-sulfamethoxazole

“Risk factors such as concomitant QT-prolonging drugs, bradycardia, electrolyte disturbances, con-
genital long QT syndrome, concomitant drugs that inhibit metabolism. (Adapted from registry
maintained by ArizonaCERT, http://www.QTdrugs.org; information as of 01 March 2006.) Accessed
20 June 2007.

Abbreviations: TdP, torsades de pointes; LQTS, long QT syndrome.

Source: From Ref. 8.
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RISK FACTORS

Table 2 lists some of the identified risk factors associated with QT prolongation
and TdP. Most cases of drug-induced TdP are associated with multiple clinical
risk factors in susceptible individuals, suggesting that many drug-induced causes
occur in those with inherited forms of LQTS (4,9). In addition, the concept of
“reduced repolarization reserve” has been suggested to explain the variable risk
associated with the development of TdP among susceptible individuals (5,9). In
essence, the concept suggests that as multiple risk factors for TdP (Table 2)
accumulate, the repolarization reserve becomes depleted, resulting in electrical
instability within the ventricle.

Table 2 Risk Factors Associated with Drug-Induced QT Prolongation and Torsades
de Pointes

Patient-related risk factors
® Congenital LQTS (QTc >500 milliseconds)

® Jon-channel polymorphisms

® Family history of sudden death

® Female gender

® Elderly

® Heart disease (congestive heart failure or hypertrophy, myocardial ischemia/
infarction)

® Bradycardia

® Electrolyte imbalances especially hypokalemia, hypomagnesemia, hypocalcemia

® Recent conversion from atrial fibrillation, especially with a QT-prolonging drug

® Impaired drug metabolism and clearance without proper dosage reduction

® Endocrine disorders (e.g., hypothyroidism, diabetes mellitus)

® Cerebrovascular disease (e.g., stroke, subarachnoid hemorrhage)

® (NS infection or tumor

[ ]

Miscellaneous disorders (e.g., anorexia nervosa, “liquid protein” diets, hepatic
failure, pheochromocytoma, hypothermia)

Drug-related risk factors

® QTec interval prolongation >60 milliseconds from pretreatment value

® Concomitant use of class I or III antiarrhythmics or other agents with intrinsic
ability to prolong QT interval through blockade of potassium or other cardiac
ion current channels

® High drug concentrations (e.g., determine by dose, dosing interval, route of
administration, and rate of infusion relative to host’s ability to metabolize/eliminate
the drug)
Potassium-wasting diuretics without adequate supplementation
Pharmacokinetic drug interactions especially those involving CYP3A4 inhibitors
(e.g., macrolides, azole antifungals) with agents known to prolong the QT interval

® Arsenic, organophosphates (insecticides, nerve gas) exposure

Abbreviation: CNS, central nervous system.
Source: Adapted from Refs. 5, 10-13.
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In a study of 249 patients with TdP caused by noncardiac drugs, including
69 cases associated with antibiotic administration, the most commonly identified
risk factor was female gender (71% overall, 65% for antibiotics) (10). Other risk
factors were heart disease (53%), hypokalemia (31%), drug interactions with
impairment of metabolism of a QT-prolonging drug or concomitant use of two or
more QT-prolonging medications concomitantly (32%), presence of a LQTS before
drug administration (16%) and excessive dose (9%). Importantly, all patients had at
least one identifiable risk factor, and 71% had two or more risk factors (10). These
results also support the reduced repolarization reserve concept (5,9).

It is important to note that the use of drugs known to prolong the QT interval
is not generally associated with the development of TdP or other forms of ven-
tricular arrhythmias unless high dosages, especially given by rapid intravenous
injection, are used (11). Similarly, normal dosages given in the presence of a
metabolic inhibitor can also result in excessive drug concentration in the plasma,
which can also increase the risk for the development of arrhythmias (12).

ELECTROPHYSIOLOGIC MECHANISMS LEADING TO QT
PROLONGATION (6,14-16)

Ventricular repolarization is a complex physiologic process governed by many
membrane ion channels and transporters. The QRS complex of the surface
electrocardiogram (ECG) represents the depolarization phase of the action
potential, whereas the QT interval encompasses both the depolarization and
repolarization phases. The lengthening of the QT interval, measured from the
beginning of the QRS complex to the end of the T wave, represents the pro-
longation of the individual action potentials in certain cardiac myocytes. The
action potential duration and thus the QT interval is controlled by a delicate
balance of outward (primarily K+) and inward (primarily Ca++ and Na-+) ion
currents in the early, plateau, and late repolarization phases. These ion channels
and transporters maintain normal electrical cardiac conduction.

The mechanism thought to be responsible for antibiotic and other drug-
induced QT prolongation is the inhibition of the human ether-a-go-go-related
gene (hERG), which encodes the rapid component of the delayed rectifier
potassium (Ig,) current (17-19). Blockade of the Ik, current results in accumu-
lation of potassium within the ventricular myocyte, which delays repolarization.
Prolongation of the action potential may be followed by a second action potential
termed an “early afterdepolarization,” which may result in a premature ven-
tricular complex (PVC). If this process becomes self-sustaining, it can form the
triggering event for TdP. Certain cell types such as Purkinje fibers and mid-
myocardial M cells appear likely to develop early afterdepolarizations, which
can result in a myocardium that is susceptible to reentrant excitation and the
development of TdP (5). It should be noted that while virtually all drugs known
to cause QT prolongation and TdP are inhibitors of [y, many drugs that do not
appear to cause TdP also block this potassium channel (17).
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As previously mentioned, the inherited forms of LQTS are associated with
mutations in one of at least seven genes known to modulate cardiac repolari-
zation (5,7). Certain antibiotics and other drugs that block I, may, along with
other risk factors (e.g., hypokalemia, structural heart defects, bradycardia),
predispose a patient to the development of TdP. It is estimated that a significant
number of individuals harbor a subclinical form of the congenital syndrome or
carry subtle polymorphisms, which only becomes clinically apparent on expo-
sure to [,-blocking drugs in the presence of other risk factors. The unmasking of
the abnormal ion currents may result in a symptomatic ventricular arrhythmia
such as TdP (13,20,21).

ASSESSMENT OF CARDIOTOXICITY

Since 1998, the single most common reason for a marketed pharmaceutical to be
withdrawn or severely restricted has been prolongation of the QT interval
associated with TdP (5). In addition to notable drugs such as terfenadine (Sel-
dane), astemizole (Hismanal), cisapride (Propulsid) that were removed for this
reason, this has also been the case with sparfloxacin and grepafloxacin, two
fluoroquinolone antibiotics. As a result, most members of the fluoroquinolone
class now carry precautions or warnings in their product information.

Given the previous discussion about the influence of the many risk factors
associated with QT prolongation and the development of TdP, an attempt has
been made to ensure a more standardized approach to the cardiotoxicity
assessment of pharmaceuticals including antibiotics. The Safety and Efficacy
Expert Working Groups of the International Conference on Harmonization
(ICH) have developed final guidelines for the nonclinical and clinical evaluation
of a pharmaceutical on QT/QTc prolongation (22,23). These guidelines have
been recommended for adoption to the regulatory bodies of the European Union,
Japan, and the United States. This guidance represents the U.S. Food and Drug
Administration’s (FDA) current thinking on the topic.

Since no single test exhibits adequate sensitivity and specificity for pre-
dicting the drug-induced QT-interval prolongation and proarrhythmic potential,
it is recommended that preclinical testing include both in vitro and in vivo
evaluation of four functional levels, including (i) ionic currents measured in
isolated myocytes, tissues, cell lines, or expression systems; (if) action potential
parameters in isolated intact cardiac preparations; (iii) ECG parameters mea-
sured in conscious or anesthetized animals; and (iv) proarrhythmic effects in
isolated cardiac preparations or animals (22). For further reading on the specifics
of the nonclinical assays used to determine drug-related cardiac toxicity in this
area, the reader is referred to excellent reviews by De Ponti et al. (12,24), Owens
(11), and Fenichel et al. (25).

As previously discussed, the number of non-antiarrhythmic drugs removed
from the market because of QT prolongation and the development of both
nonfatal and fatal arrhythmias has heightened the sensitivity and need for
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rigorous premarketing assessment of cardiac safety. To that end, the develop-
ment of clinical guidelines through the ICH E14 document now serves as a
valuable resource to guide the drug development process to establish whether the
drug has a threshold pharmacologic effect on cardiac repolarization, as deter-
mined by QT/QTc prolongation (23). In essence, the guidance strongly recom-
mends a “thorough QT study” for any new agent under development. Typically,
such a dedicated study for an antimicrobial is conducted as part of phase I
investigation using healthy volunteers. The recommended studies are random-
ized, blinded, and controlled for all known sources of variation in QT/QTc
measurement and employ a crossover design with an adequate washout between
the investigational agent, placebo, and an active positive control (e.g., an agent
known to cause QT/QTc prolongation). Various planned dosages given as single
or multiple doses as well as supraphysiologic doses of the drug under investi-
gation are studied. The pharmacokinetics of the drug and its metabolites, if any,
will dictate the exact study design. The thorough QT evaluation study must be
able to differentiate between a small mean change in QT/QTc from natural
variability in placebo-treated patients. A negative study is one in which the
largest mean difference between drug and placebo for the QT/QTc interval is
approximately 5 milliseconds or less (23). Needless to say, a successful and
thorough QT study requires careful planning, design, quality control, and exe-
cution. A good example of a newer agent following the established guidance for
its effect on cardiac repolarization is the “thorough QT study” conducted by
Barriere et al. on the new glycopeptide, telavancin (26). It is hoped that incor-
poration of this type of investigation early in the drug development process will
minimize the number of new pharmaceuticals with a heightened potential for
severe cardiotoxicity thereby preventing unexpected postmarketing occurrences
of nonfatal and fatal arrhythmias leading to eventual withdrawal from the
marketplace.

MACROLIDE AND RELATED ANTIBIOTICS

The macrolide antibiotics, in particular, erythromycin and clarithromycin, appear
to be associated with the greatest risk of TdP as a result of QT prolongation. This
is likely due to two reasons: their intrinsic concentration-dependent ability to
block hERG K+ currents (27,28) and their ability to significantly inhibit the
hepatic metabolism (especially CYP3A4) of other compounds, resulting in
supratherapeutic levels and a greater torsadogenic potential (29). As previously
mentioned, the registry maintained by ArizonaCERT (http://www.QTdrugs.org)
lists drugs based on risk level (8). Erythromycin and clarithromycin are classi-
fied at the highest risk level since they are drugs generally accepted to carry a
risk for causing TdP. Telithromycin, a chemically similar ketolide, and azi-
thromycin, which is a chemically distinct azalide, are both listed as anti-
microbials with a “possible risk of TdP”; however, both lack substantial
evidence for causing TdP (8). Indeed, a retrospective evaluation of the U.S.
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FDA’s Adverse Event Reporting System (AERS) database revealed that of
noncardiac drugs, macrolides accounted for the majority (77%) of reported cases
of TdP (30). Although erythromycin and clarithromycin accounted for 53% and
36%, respectively, of all reports the rank order when corrected for the estimated
number of outpatient prescriptions was clarithromycin > erythromycin > azi-
thromycin (30).

An extensive study of the Tennessee Medicaid cohort involving 1,249,943
person-years of follow-up found the multivariate adjusted rate of sudden death
from cardiac causes to be twice as high among patients who had received oral
erythromycin as those who had not and five times higher in those who had
received concurrent erythromycin and a CYP3A4 inhibitor than those who had
not (31). In contrast, there was no increase in the risk of sudden death among
those who had concurrently received oral amoxicillin and a CYP3A4 inhibitor.
On the basis of these and other supporting in vitro, animal, and clinical data, the
concurrent use of erythromycin and inhibitors of CYP3A4 should be avoided.
This warning would also be prudent for clarithromycin since it is also a potent
inhibitor of CYP3A4 metabolism and is associated with TdP (29,32). In general,
concomitant administration of these two macrolides with other drugs that are
metabolized by CYP3A4 and that can also cause QTc prolongation (e.g., aste-
mizole, terfenadine, cisapride), increases the risk for a pharmacokinetic inter-
action resulting in TdP. All three of these agents are no longer marketed.

Macrolides have been shown to possess differential potency with respect to
inhibition of I, encoded by hERG. Volberg and colleagues (27) compared six
macrolides on hERG currents expressed in HEK-293 cells and found the following
concentrations resulting in 50% inhibition (ICsg): clarithromycin (32.9 uM),
roxithromycin (36.5 pM), erythromycin (72.2 pM), josamycin (102.4 uM),
erythromycylamine (273.9 pM), and oleandomycin (339.6 uM). In addition, des-
methyl erythromycin, the primary metabolite of erythromycin, also inhibited
hERG current with an ICsy of 147.1 uM. In a similar study by Stanat and
colleagues (28), erythromycin and clarithromycin both inhibited hERG current
in a concentration-dependent manner with ICs, values of 38.9 pM and 45.7 pM,
respectively. Information presented to the FDA’s Anti-infective Drug Products
Advisory Committee Meeting on behalf of telithromycin, a ketolide, chemically
related to macrolides, indicated an ICs, value of 42.5 uM, which is remarkably
similar to both erythromycin and clarithromycin (33). Collectively, these results
indicate that clinically achievable plasma concentrations of erythromycin
(especially when given intravenously), clarithromcyin, and telithromycin can
produce a significant level of hERG channel blockade. These data are also
consistent with those obtained from animal models in which erythromycin and
clarithromycin, but not azithromycin, demonstrated a torsadogenic potential and
proarrhythmic profile (34,35).

The concentration dependency found in the in vitro experiments corre-
sponds to the clinical reports of macrolide-associated TdP. The majority of
cases implicating erythromycin involved the intravenous formulation given in
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relatively high dosages (e.g., 4 g/day) (36,37). These dosages given intra-
venously result in peak plasma concentrations approximately 5-fold to 30-fold
higher than the typical 500-mg oral dose (38). The margin of safety between the
typical unbound plasma concentrations relative to the hERG/I,, ICs, values is
only about 10-fold with the intravenous formulation of erythromycin (4 g/day),
whereas this ratio is about 200-fold with typical oral dosing (39). The margin for
clarithromycin was estimated to be about 30-fold, which is right on the line of
demarcation between the majority of drugs associated with TdP and those that
are not (39). The ratio of free plasma concentrations of telithromycin to ICs,
values is about 50, suggesting a relatively large degree of safety in the absence of
other risk factors for QT prolongation (33).

Most cases involving TdP associated with clarithromycin administration
have occurred in patients concurrently receiving contraindicated drugs such as
cisapride, terfenadine, astemizole and pimozide, highlighting the importance of a
probable pharmacokinetic drug interaction leading to supratherapeutic levels and
the development of TdP (11). In support of this hypothesis, a study conducted in
healthy volunteers showed a mean increase of 6 milliseconds in QTc interval
with both clarithromycin and cisapride when given alone and an increase of
25 milliseconds when administered concurrently (40). Similarly, ketoconazole
(an azole antifungal) and telithromycin (chemically similar to clarithromycin)
caused mean changes in the QTc interval of 6.4 and 3.3 milliseconds, respec-
tively, when administered alone, and 10.5 milliseconds (p = 0.004) when given
concomitantly (33). This change was associated with a 95% increase in the
exposure level of telithromycin as measured by the area under the plasma
concentration-time curve over the 24-hour dosing interval (AUCy_,4). Both
ketoconazole and telithromycin are known to act as both substrates for and
inhibitors of P450 metabolism.

In contrast to erythromycin, clarithromycin, and telithromycin, azi-
thromycin, a chemically distinct azalide antibiotic, does not appear to sig-
nificantly inhibit hERG K+ channels or CYP3A4 metabolism (29,30). The
number of case reports associated with cardiac toxicity attributed to azi-
thromycin are noteworthy for their infrequency and most are potentially
explained by other known risk factors such as comorbid diseases (e.g., cardiac,
renal, hepatic), electrolyte derangements (e.g., hypokalemia, hypomagnesemia)
and/or the concomitant administration of agents known to prolong the QT
interval (30). The most recent case reported in a patient developing TdP while
receiving azithromycin is typical of the complexity in trying to establish cau-
sality (41). Despite the authors’ claim of the absence of other known precip-
itating factors for QTc prolongation and development of TdP, the patient was
a 55-year-old female with intermittent symptomatic bradycardia who developed
sepsis and renal failure requiring dialysis prior to adding azithromycin.
The patient also received moxifloxacin and ciprofloxacin within the same time
frame prior to the development of QTc prolongation and TdP, which occurred on
day 7 of azithromycin therapy. While azithromycin may indeed have contributed
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to the development of TdP, it is difficult to establish a true cause and effect
relationship.

FLUOROQUINOLONES

Fluoroquinolone antimicrobials are arguably the most widely prescribed class of
antibiotics on the planet. They were the most widely prescribed class of anti-
biotics in adults in the United States from 1995 to 2002, and their prescribing
increased threefold during that period (42). While more than a dozen have been
developed over the past two decades, only a few remain for widespread clinical
use in the treatment of systemic infections: ciprofloxacin, levofloxacin, moxi-
floxacin, and gemifloxacin. Many have been voluntarily withdrawn or removed
from the worldwide market because of various problems including hepatotox-
icity (e.g., temafloxacin, trovafloxacin), glucose derangements (e.g., gatifloxacin),
phototoxicity (e.g., fleroxacin, sparfloxacin) and cardiac (e.g., sparfloxacin,
grepafloxacin).

Although grepafloxacin was contraindicated in patients with known QTc
prolongation and in patients receiving other agents known to inhibit hERG, it
was associated with seven cardiac-related fatalities, including three cases of TdP
resulting in its voluntary removal from the market in 1999 (43). With the
removal of sparfloxacin and grepafloxacin because of the relatively high inci-
dence of both nonfatal and fatal arrhythmias secondary to QT prolongation,
many now consider this to be a class effect (44-46). As a result of this historical
perspective, all new fluoroquinolones under development must undergo exten-
sive in vitro, animal, and clinical testing to determine their propensity for
causing QT prolongation and affect on cardiac repolarization. Older agents such
as norfoxacin, ciprofloxacin, ofloxacin, and levofloxacin (levo isomer of
ofloxacin) have been used extensively for many years largely without significant
problems. Despite the possibility of a “class effect,” most authorities clearly
agree that differences exist among agents with respect to potency of hERG K+
channel blockade and QT prolongation (6,11,18,19,37,43,46-51).

Bischoff and coworkers investigated the effect of four quinolones on
hERG-mediated K+ currents using Chinese hamster ovary (CHO) cells by patch
clamp technique (18). Their results showed that ciprofloxacin did not interact
with hERG channels at any tested concentration (e.g., ICsq > 100 pg/ml),
whereas grepafloxacin (ICsy = 37.5 pg/ml) and moxifloxacin (ICsy = 41.2 pg/ml)
showed an equal potency in hERG K+ current inhibition, in comparison to
sparfloxacin (ICso = 13.5 pg/ml) that displayed the greatest potency of the four
agents studied (18).

Anderson et al. (48) studied both the in vitro (Ik, inhibition) and in vivo
(e.g., QTc interval prolongation and occurrence of tachyarrhythmias) effects of
four quinolones. Similar to the results of the study by Bischoff et al. (18), they
also found sparfloxacin to be the most potent inhibitor of Ik, with an ICsq value
of 0.23 uM while moxifloxacin, gatifloxacin, and grepafloxacin had mean ICs,
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values of 0.75, 26.5, and 27.2 uM, respectively. In addition, all agents increased
the maximum QT interval from baseline (241 milliseconds) to a mean of 370
milliseconds, 270 milliseconds, 280 milliseconds, and 255 milliseconds,
respectively, for sparfloxacin, moxifloxacin, grepafloxacin, and gatifloxacin
(48). During an extended 60-minutes observation period, sparfloxacin induced
ventricular tachycardia in three of six animals and TdP in one of six animals
while none of the other agents caused arrhythmias. The investigators found a
good correlation between I, antagonism, QT/QTc prolongation, and the
development of arrhythmias for sparfloxacin and moxifloxacin, but not for
grepafloxacin and gatifloxacin (48).

Kang and coinvestigators conducted the most extensive comparison of
quinolones on both hERG K+ and KvLQT1/mink K+ channels (19). The latter
channel is responsible for the slow component of the delayed rectifier current
(Ixs) in the human heart. While none of the tested quinolones inhibited the
KvLQT1/mink K+ channel, sparfloxacin once again was the most potent agent
inhibiting hERG channel currents with an 1Csy value of 18 pM, followed by
grepafloxacin (50 pM), moxifloxacin (129 uM), gatifloxacin (130 uM), levo-
floxacin (915 uM), ciprofloxacin (966 uM), and ofloxacin (1420 uM). Since they
found over a 100-fold difference between the most (sparfloxacin) and least
(ofloxacin) potent fluoroquinolones, they argued against a class effect. When
comparing maximum free plasma concentrations of each agent to their respec-
tive ICsq values, they found very low safety ratios for sparfloxacin, intermediate
margins for grepafloxacin, moxifloxacin, and gatifloxacin and high, desirable
ratios for the least potent inhibitors, levofloxacin and ofloxacin (19). They fur-
ther suggested that the Cs and Cg positions are important with respect to
structure-activity relationships for cardiotoxicity and potency against hERG and
QTc prolongation since both sparfloxacin and grepafloxacin have C5 sub-
stituents whereas levofloxacin, ofloxacin, and ciprofloxacin do not. They also
point out that the equipotency of gatifloxacin and moxifloxacin with respect to
hERG inhibition may correspond to the OMe substitution at Cg (19).

Consistent with the data from the studies evaluating the effect of quino-
lones on Iy, inhibition, various quinolones have been evaluated for their effect on
cardiac action potential duration. Patmore and colleagues (52) compared the
effects of sparfloxacin, grepafloxacin, moxifloxacin, and ciprofloxacin on the
action potential duration recorded from canine isolated cardiac Purkinje fibers.
The rank order of potency was sparfloxacin > grepafloxacin = moxifloxacin >
ciprofloxacin (52).

There have been a number of randomized clinical trials, mostly conducted
in healthy volunteers, comparing various quinolones with respect to their effect
on QT-interval prolongation (53-57). Several trials have demonstrated small, but
statistically significant increases in the QTc interval, primarily when large doses
were administered (53-55), but without the occurrence of arrhythmias. Tsikouris
et al. (57) found that moxifloxacin administered at a standard 400-mg/day dose
for seven days prolonged the QTc interval by 6 milliseconds from baseline,
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whereas standard doses of levofloxacin (500 mg) and ciprofloxacin (500 mg)
over the same time period did not. Noel et al. (55) found a dose-response
relationship with levofloxacin with QTc changes of statistical significance at
the higher dose levels. The same investigative group also found that high doses
of moxifloxacin (800 mg), levofloxacin (1000 mg), and ciprofloxacin (1500 mg)
all resulted in small, but statistically significant increases in the QTc interval
compared with placebo with moxifloxacin causing the greatest QTc prolon-
gation (54).

Consistent with the above data, a retrospective database analysis found
ciprofloxacin and levofloxacin to be associated with the least cardiac toxicity
among the quinolones, 0.3 cases and 5.4 cases per 10 million prescriptions,
respectively; whereas gatifloxacin was associated with 27 cases per 10 million
prescriptions (58). While several case reports of levofloxacin-associated QTc
prolongation and TdP have been published, most have occurred in patients
possessing other risk factors (59-61). The few cases of ciprofloxacin associated
with the development of an arrhythmia are noteworthy because for their infre-
quency over the 20 years the drug has been extensively prescribed globally
(62-64). Collectively, the currently available data suggest that ciprofloxacin is
the fluoroquinolone with the highest margin of cardiac safety followed by lev-
ofloxacin and moxifloxacin. Both moxifloxacin and gemifloxacin bear more
specific warnings in their product information, which seems reasonable pending
the availability of more extensive postmarketing surveillance data. The fluo-
roquinolones as a class appear to have a lower potential for QTc prolongation
and arrhythmias as compared with the macrolides (e.g., erythromycin and
clarithromycin); however, as with all antimicrobials, the degree of repolarization
reserve in a given patient, based on host and drug risk factors, will determine the

influence an agent like a fluoroquinolone will have on QTc prolongation
(5,9,65).

IMIDAZOLE AND TRIAZOLE ANTIFUNGALS

Ketoconazole, fluconazole, itraconazole, voriconazole, and posaconazole are
azole antifungals that are widely prescribed for numerous infections ranging in
both type and severity from mild superficial dermatophytic infections to vaginal
candidiasis to life-threatening systemic fungal infections. All but the very newest
member (posaconazole) has been associated with QT-interval prolongation and
the development of TdP. While limited data are published concerning their
differential potencies of this class on hERG K+ channel inhibition, ketoconazole
has been shown to block Iy, with an ICsq value of 49 pM (66), which is
remarkably similar to those reported for the torsadogenic macrolides, eryth-
romycin (38.9 uM) and clarithromycin (45.7 uM) (28). Most of the published
case reports involving azoles and the development of QT prolongation with TdP
have involved apparent pharmacokinetic interactions involving CYP3A4
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metabolic inhibition of agents no longer available because of cardiac toxicity
such as astemizole, terfenadine, and cisapride (37). Thus, all of the currently
available azole antifungals have the potential for causing QT prolongation and
TdP from two mechanisms: their intrinsic ability to inhibit hRERG K+ channels
and their ability to significantly inhibit the hepatic metabolism of others via
CYP3A4, —2C9, and —2C19 pathways. Clinical reports suggest a greater pro-
pensity for cardiac toxicity associated with ketoconazole and itraconazole
administration than with fluconazole or voriconazole; however, few comparative
data exist to support this contention. A recent report by Philips and coworkers
(67) involved the development of voriconazole-associated TdP in two patients
with leukemia. While these two patients had other risk factors present (e.g.,
anthracycline therapy, acute cardiomyopathy, electrolyte disturbances), the
apparent precipitation of a ventricular arrhythmia by voriconazole underscores
the need for close ECG monitoring in all patients with other risk factors for QTc
prolongation when receiving an azole antifungal (67). Given the widespread use
of these drugs and the continued development of new agents in the same
chemical class, the scientific community looks forward to published post-
marketing surveillance evaluations of existing azoles using the FDA’s AERS
database with particular attention to drug-drug interactions as well as results
from “thorough QT studies’” from azoles in early stages of drug development.

MISCELLANEOUS ANTIMICROBIALS

Pentamidine is an antiprotozoal agent commonly used to treat Pneumocystis
jiroveci (formerly P. carinii) pneumonia in immunocompromised patients,
especially those with the acquired immunodeficiency syndrome (AIDS). Case
reports of pentamidine-associated QT prolongation and TdP have been reported
for two decades (68); however, the exact mechanism(s) involved is unclear. It
should be noted that pentamidine shares some chemical structure similarities
with procainamide, an agent with noted proarrhythmic potential (4).

In stably transfected HEK-293 cells, pentamidine was found to be a rel-
atively weak inhibitor of Ix,/hERG current with an ICsy of 252 uM (69); how-
ever, investigators found a significant downregulation in the membrane
expression of the hERG channel densities at clinically achievable concentrations,
suggesting a slightly different mechanism for causing QT prolongation and
cardiac arrhythmias (69). A separate investigation confirmed pentamidine being
an ineffective blocker (e.g., IC5o > 300 uM) as well as its inability to induce any
significant effect on QT-interval prolongation in the isolated perfused rabbit
heart model even at concentrations up to 30 uM (70). However, in a prospective
evaluation of patients with AIDS who were given pentamidine in the standard
intravenous dose of 4 mg/kg/day infused over one hour found a mean + S.D.
increase in QTc of 120 £ 30 milliseconds in 5 of 14 evaluable patients of whom



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

166 Healy

three developed TdP (71). This is noteworthy since exclusion criteria included
many of the known patient risk factors for QTc prolongation. However, two of
the three patients who developed TdP and 9 of the 14 total patients also received
an azole antifungal, agents now known to prolong QTc. In addition, some azoles
also inhibit CYP2C19, and pentamidine is a known substrate for that isoform.
Therefore, the dozen or so cases of TdP involving pentamidine over the past
20 years suggest that any arrhythmogenic activity is either related to a decrease
in membrane expression of hERG channels in patients receiving chronic
administration of pentamidine, a pharmacokinetic drug interaction resulting
in elevated pentamidine or azole concentrations, and/or other mechanisms
unrelated to hERG blockade.

Traebert and colleagues studied the effects of several antimalarial com-
pounds on hERG K+ currents in stably transfected human embryonic kidney
(HEK) cells (72). As a class, these agents are remarkably potent with respect
to hERG inhibition with ICs, values ranging from 0.04 pM for halofantrine
to 2.5 uM and 2.6 uM, respectively, for chloroquine and mefloquine (72). On
the basis of these ICs, values relative to typical free (unbound) plasma con-
centrations, the order of the safety margin was mefloquine > lumefantrine >
chloroquine > halofantrine (72). This ranking parallels clinical trials in that
both halofantrine and chloroquine have been associated with significant QT
prolongation whereas mefloquine and lumefantrine have not (73).

Sulfonamides in general and trimethoprim-sulfamethoxazole (cotrimoxazole)
specifically have been among the most widely prescribed drugs worldwide
over the past four decades. In general, they are not thought to possess a toxicity
profile affecting the cardiac conduction system. Indeed, the limited number of
cases of cotrimoxazole-associated TdP would suggest nothing more than back-
ground noise and the lack of a real effect on cardiac repolarization (74,75).
However, a recent landmark investigation found a small subset of patients
among those who developed QT prolongation and drug-induced arrhythmias
who harbored a single nucleotide polymorphism (SNP) in the MiRP1 gene that
encodes a peptide subunit of the I, channel (21). One such patient developed
QT prolongation (>600 milliseconds) following administration of cotrimox-
azole. When investigated in vitro, the sulfamethoxazole component in clinically
achievable concentrations inhibited the expressed mutant [k, channels, but not
the wild-type channels. Trimethoprim did not significantly block Iy, in clinically
relevant concentrations in either the wild-type or mutant channels suggesting that
the sulfamethoxazole moiety was responsible for that patient’s QT prolongation.
Furthermore and in support of a unique patient population with increased sus-
ceptibility to drug-induced arrhythmias, the two case reports in which there was
an absence of confounding risk factors demonstrated a recurrence of TdP
following rechallenge with trimethoprim-sulfamethoxazole (74,75). Taken together,
Sesti and coinvestigators estimated that these data suggest that a small
percentage of the population (1-2%) may possess the SNP increasing their risk
for drug-induced arrhythmias (21).
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SUMMARY

Several classes of antimicrobials such as the macrolides, fluoroquinolones,
azoles, and antimalarials as well as individual agents (e.g., pentamidine) are
known to inhibit hERG/Ik, and therefore have the potential to significantly
prolong QTc interval and cause arrhythmias such as TdP. Overall however, the
risk of such antimicrobial-induced cardiac arrhythmias is relatively uncommon
and can be minimized by paying strict attention to host- and drug-related risk
factors, which appear to be common in almost all clinical cases that have been
reported (10—-12). In addition, since most drugs that inhibit hERG and delay the
action potential do so in a concentration-dependent manner, clinicians must
recognize situations leading to supratherapeutic concentrations of these and other
agents especially as a result of inhibition of hepatic metabolism, which is
common to the macrolides and azoles. The heightened sensitivity of noncardiac
drugs causing QTc prolongation and TdP along with preclinical and clinical
regulatory guidance for new drug development and the requirement for post-
marketing surveillance of higher-risk compounds will hopefully decrease the
future probability of antimicrobial-induced cardiotoxicity. Patients with known
LQTS, structural heart defects, electrolyte derangements, those receiving Class Ia
or III antiarrhythmics, or receiving other drugs known to prolong the QTc
interval independently are at the greatest risk for cardiac toxicity mediated by
macrolide, fluoroquinolone, or azole antibiotics. The risk-benefit ratio of anti-
biotic selection should therefore be decided on an individualized basis with a
prospective ECG monitoring plan in place to avert serious toxicity. Avoidance of
these antimicrobials in high-risk situations, when feasible, is the safest recom-
mendation. Finally, the rapidly growing knowledge base concerning the genetic
predisposition and related polymorphisms associated with drug- and antibiotic-
induced QTc prolongation may help to prospectively identify patients at risk for
cardiac toxicity and enhanced monitoring.
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Cardiotoxicity of Anthracyclines and
Other Antineoplastic Agents

Jane Pruemer
University of Cincinnati College of Pharmacy, Cincinnati, Ohio, U.S.A.

INTRODUCTION

The treatment of malignant disease with antineoplastic agents has become more
widespread with the availability of additional active drugs and treatment regi-
mens. Adjuvant treatment programs attempting to eradicate microscopic disease
are now commonplace for breast, colorectal, lung, osteosarcoma, and testicular
tumors, and investigational in a number of other solid tumors. Neoadjuvant
chemotherapy regimens preceding definitive local treatment are now used in the
therapy of locally advanced breast cancer, osteosarcomas, head and neck tumors,
and, in some cases, non—small cell lung cancer. Patients with advanced testicular
tumors, small cell lung cancer, lymphomas, myeloma, and leukemias can
experience prolonged survival and, in some cases, are cured with chemotherapy
as the primary treatment. Many patients with metastatic and/or advanced disease
will receive successful palliative treatment with antineoplastics. The gains of
these treatment programs are not without risks of complications because of the
toxic nature of the agents used. Late abnormalities of left ventricular perfor-
mance have been reported in survivors of childhood cancers (1-6). Late car-
diotoxicity has been observed in bone marrow transplant patients who received
anthracyclines (7). Cardiac failure and dysrhythmias have occurred from 6 to
19 years after anthracycline therapy in some patients (8). Table 1 provides an
overview of the cardiotoxicity of various antineoplastic agents.
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Table 1 Cardiotoxicity of Antineoplastic Agents

Antitumor class/

Comment

drug Toxicity
Antitumor antibiotics
Anthracyclines
Daunorubicin Cardiomyopathy
Doxorubicin Myopericarditis
Epirubicin SVT
Idarubicin Ventricular ectopy

Anthraquinones CHF

Mitoxantrone Arrhythmias
Bleomycin Pericarditis;
myocardial
ischemia/infarction
Mitomycin CHF

Topoisomerase inhibitors
Etoposide Vasospasm
Myocardial ischemia/
infarction
Alkylating agents
Cyclopho-
sphamide

Heart block

Tachyarrhythmias

CHF

Hemorrhagic myo-
pericarditis

Atrial ectopy

Bradycardia

CHF

Arrhythmias

Heart block

CHF

Myocardial ischemia/
infarction

Ifosfamide

Cisplatin

Busulfan Endocardial fibrosis
Microtubule-targeting drugs
Vinca alkaloids Myocardial ischemia/
infarction

Mechanism: oxidative damage via lipid
peroxidation; increased risk of
cardiotoxicity with cumulative dosing
>400 mg/m?; dexrazoxane or liposomal
formulation can reduce toxicity

Increased risk with cumulative dose
>160 mg/m>

Increased risk with cumulative dose
>30 mg/m*

Case reports only

Mechanism: endothelial capillary damage;
observed at doses >120-170 mg/kg;
cardiac failure usually resolves over
3—4 wk and is treated with supportive
care

Observed at doses >6.25-10 g/m?

Mechanism may be related to drug-
induced electrolyte abnormalities;
von Willebrand’s factor concentration
can predict arterial occlusive events;
vast majority of cardiac toxicity is
seen in combination with
chemotherapy

Single autopsy finding

Mechanism: vasoconstriction
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Table 1 Cardiotoxicity of Antineoplastic Agents (Continued )

Antitumor class/

drug Toxicity Comment
Taxanes Bradycardia/AV Typically reversible; may potentiate
block anthracycline toxicity
Atrial and ventricular
arrhythmias
CHF
Myocardial ischemia
Antimetobolites
Fluorouracil Cardiac failure Likely mechanism is coronary vasospasm;
Atrial or ventricular ischemic events more common when
ectopy used in combination with cisplatin;
Myocardial ischemia/ B-blocker, calcium channel blocker, or
infarction nitrates may decrease risk
Capecitabine Same as above Not as well studied as infusional
fluorouracil
Methotrexate Arrhythmias Case reports only
Myocardial ischemia/
infarction
Fludarabine Hypotension
Angina
Cytarabine Angina Corticosteroids seem to be beneficial for
Pericarditis with pericarditis
effusion
Biologic response modifiers
Interferons Atrial and ventricular  Toxicity is usually indirect and a result of
arrhythmias altered cellular physiology; toxicity is
AV block typically reversible
CHF
Myocardial ischemia/
infarction
Interleukin-2 CHF Toxicity related to capillary leak syndrome;
Arrhythmias decreased vascular resistance may not
Myocardial ischemia/ return for up to 6 days after
infarction discontinuation; treatment is supportive

Differentiation agents
All-transretinoic Myocardial ischemia/
acid infarction
Pericardial effusion
Arsenic trioxide Prolonged QT
torsades de pointes

Antibodies
Trastuzumab Cardiomyopathy

Cardiac failure

Retinoic acid syndrome occurs in 10-15%
of patients and may respond to
corticosteroids

Treatment is magnesium and potassium;
these patients may also develop retinoic
acid syndrome and are treated as above

Increased incidence when combined with
chemotherapy, especially anthracyclines;
toxicity is not dose related

(Continued)
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Table 1 Cardiotoxicity of Antineoplastic Agents (Continued )

Antitumor class/

drug Toxicity Comment
Rituximab Arrhythmias Few reported infusion-related deaths
Bevacizumab Myocardial secondary to cardiogenic shock; risk
infarction, factors: age >65 yr, prior myocardial
CVA infarction, CVA
Hormones
Diethylstilbestrol Vasospasm Seen at doses >5 mg/day

Abbreviations: SVT, superficial venous thrombosis; CHF, congestive heart failure; AV, atrioven-
tricular; CVA, cerebrovascular accident. Source: From Ref. 228.

The incidence and severity of cardiotoxicity of antineoplastic agents
is dependent on several factors: (i) the type of drug, (ii) dose, (iii) schedule,
(iv) age of patient, (v) presence of coexisting cardiac disease, and (vi) previous
mediastinal irradiation. Patients who have been recognized to be at an increased
risk of developing doxorubicin cardiotoxicity include the elderly, those with prior
cardiac disease, children, and those who have had previous mediastinal irradiation
(9-12).

This chapter is a review of the cardiotoxic effects of the commonly used
anthracyclines, a discussion of possible mechanisms of action and prevention, as
well as additional discussion of other antineoplastics with cardiotoxic effects.

ANTHRACYCLINES
Doxorubicin and Daunorubicin

The anthracyclines doxorubicin and daunorubicin are among the most widely
used antineoplastics, with established response rates in leukemias as well as in a
variety of solid tumors (13,14). Doxorubicin is active against lymphomas, gastric
cancer, small cell lung cancer, sarcomas, and breast cancer. Daunorubicin has a
more limited spectrum of activity, primarily being used in acute leukemias.
Unfortunately, these agents have the most well-recognized cardiotoxic profile of
cancer treatments.

Three distinct types of anthracycline-induced cardiotoxicity have been
described. First, acute or subacute injury can occur immediately after treatment.
This rare form of cardiotoxicity may cause transient arrhythmias (15,16), a
pericarditis-myocarditis syndrome, or acute failure of the left ventricle (17).
Second, anthracyclines can induce chronic cardiotoxicity that results in car-
diomyopathy. This is a more common form of damage and is clinically the most
important (18-20). Finally, late-onset ventricular dysfunction (10,21,22) and
arrhythmias (4,23,24) that manifest years to decades after anthracycline treat-
ment has been completed are increasingly recognized.
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Electrocardiographic (EKG) changes noted in association with the
administration of the anthracyclines include ST-T wave changes, sinus tachy-
cardia, ventricular and atrial ectopy, atrial tachyarrhythmia, and low-voltage
QRS complex (18,25,26). The most common EKG finding noted in studies using
continuous EKG recording devices is ventricular ectopy (16,27). In general,
EKG changes are reversible and of little clinical consequence; however, cardiac
arrest, presumably due to a dysrhythmia, has been reported (28).

The more serious toxicity of the anthracyclines and their dose-limiting
effect is a dose-dependent cardiomyopathy. The overall incidence of car-
diomyopathy has ranged from 0.4% to 10%, with an associated mortality rate of
28% to 61% (9,25,29,30). On the basis of a number of studies, the onset of
symptoms of congestive heart failure (CHF) following the last dose of anthra-
cycline ranged from 2 days to 10.3 years (4,9,31). One study (25) reported a
shorter median time (25 days) to CHF in fatal cases than in nonfatal cases
(56 days). However, more recent data suggest that the incidence of cardiomy-
opathy may be higher and may occur even years after treatment and at a much
lower cumulative dose (11,32). Part of this increase may be explained by
increased awareness of cardiotoxicity with improved screening as well as better
long-term survival, especially in the pediatric population. The definition of
cardiotoxicity has expanded beyond the clinical events of cardiac failure and
now includes predefined laboratory values, such as left ventricular ejection
fraction (LVEF) based on radionuclide ventriculography or two-dimensional
echocardiography, even when patients are asymptomomatic.

As opposed to the adult population in whom the majority of clinical car-
diotoxicity events appear to develop within the first year of treatment, childhood
cancer survivors who have received anthracycline-based chemotherapy remain
at risk for developing cardiomyopathy even years later (10). In their analysis of
201 long-term survivors of pediatric malignancies, abnormal cardiac systolic
function (defined by echocardiography) was detected in almost 25% of the
patients 4 to 20 years after completion of the anthracycline treatment. The
frequency of subclinical cardiotoxicity in published data varies from 0% to 57%,
while the rate of clinical cardiac failure is 0% to 16% (1,2). Other than cumu-
lative anthracycline dose and mediastinal irradiation, which are recognized
risks in adults, age at diagnosis and female gender have also been shown to be
independent risk factors for the development of cardiomyopathy in the pediatric
population (33).

Risk factors for the development of anthracycline cardiomyopathy have
been identified. For both doxorubicin and daunorubicin, a dose-response rela-
tionship exists between the total dose of anthracycline and the development of
CHF. Initial studies reporting doxorubicin cardiotoxicity identified a dose of
600 mg/m? as the cardiotoxic threshold above which CHF was more likely to
occur (34,35). In large retrospective reviews of over 4000 patients, Von Hoff and
colleagues identified an increasing probability of developing CHF as the dose of
the anthracycline was increased. The cumulative probability of developing CHF
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Figure 1 Cumulative probability of developing doxorubicin-induced CHF versus total
cumulative dose of doxorubicin in 3941 patients receiving doxorubicin. Abbreviation:
CHF, congestive heart failure. Source: From Ref. 9.

with doxorubicin was 3% at 400 mg/m?* and 7% at 550 mg/m”. The greatest
increase in the slope of the curve was noted at the 550-mg/m? total dose level (9)
(Fig. 1). The majority of patients developed cardiomyopathy within the first year
of completion of treatment and had a mortality rate of greater than 40%. For
daunorubicin, the incidence of CHF at 600 mg/m2 was 1.5%, with an increase to
12% at a total dose of 1000 mg/m?* (18). More recently, a study of escalating
doses of doxorubicin in patients with advanced breast cancer noted significant
decreases in left ventricular function by radionuclide multigated blood pool
scans (MUGA) at a mean dose of 459 mg/m” (SD + 165 mg/m?) (36). These
data continue to support an approximate dose of 550 mg/m? as a threshold for
increased risk for the development of cardiotoxicity, as identified by Von Hoff
and colleagues.

The Early Breast Cancer Trialists’ Collaborative Group conducted a meta-
analysis of 40 randomized studies comparing surgery alone versus surgery plus
adjuvant radiotherapy in women with breast cancer (12). They found the
majority of non—breast cancer-related deaths were due to cardiovascular mor-
tality secondary to the effects of irradiation in the heart and the great vessels.
This occurred with old treatment techniques. In contrast, the Danish Breast
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Cancer Cooperative Group used modern techniques that minimized the degree of
radiation exposure to the heart (37).

The schedule of doxorubicin administration has been shown to influence
the incidence of both drug-induced noncardiac as well as cardiotoxicity. Multiple
studies have shown that weekly administration or prolonged infusions of
doxorubicin decrease the incidence of drug-induced cardiomyopathy without
sacrificing efficacy (38—42). Other risk factors frequently associated with the
development of anthracycline-induced CHF include advanced age of the patient
(9,43), preexisting cardiac disease (25,35), prior mediastinal radiation (25,35,44),
and concomitant administration of other cytotoxic agents (25,26,45-48).
Prospective evaluation of cardiac function during treatment with anthracyclines
has become standard practice. Noninvasive methods in use include serial EKGs
for change in QRS voltage (49), rest and exercise radionuclide angiography for
measurement of LVEF (50-52), exercise and Doppler echocardiographic anal-
ysis of left ventricular function (53-55), and QRS-Korotkoff interval (56).

The gold standard for measurement of cardiac damage due to anthracy-
clines is endomyocardial biopsy with the designated pathologic changes, rated 1
to 3, correlating with the degree of toxicity. A pathologic score of zero denotes
no changes; 1 denotes early myofibrillar dropout and/or swelling of the sarco-
plasmic reticulum; 2 reveals progressive myofibrillar dropout with cytoplasmic
vacuolization, or both; and 3 reveals diffuse myocyte damage with marked
cellular changes in mitochondria, nuclei, and sarcoplasmic reticulum and cell
necrosis (57). Despite some evidence of lack of correlation between cardiac
biopsy scores and radionuclide measurement of LVEF, of the noninvasive
methods radionuclide angiography appears to be the most practical and reliable
method of serial assessment of cardiac function (58,59). Recommendations for
discontinuation of anthracycline therapy include ejection fractions (EFs) less
than 45% at rest, failure to increase the EF with exercise, or greater than 10%
decrease from a normal pretreatment level (52,60,61).

The actual mechanism of anthracycline cardiotoxicity remains elusive. No
single theory adequately explains or integrates our current understanding of the
clinical, biochemical, and molecular effects of these agents on cardiac structure
and function. Similarly, the cytotoxicity of the anthracyclines has undergone
extensive scrutiny over the years. A variety of biochemical effects are known,
including inhibition of nucleic acid metabolism as a result of intercalation with
DNA, chelation of transition metal ions, participation in oxidation-reduction
reactions, and binding to cell membranes (62-64). Unfortunately, the precise
mechanism of the cytotoxic action of anthracyclines has yet to be defined. There
is emerging evidence, however, that the cytotoxic/antitumor effect may be
related to the activation of topoisomerase II-mediated DNA cleavage rather than
the DNA intercalation itself (65). The ultrastructural changes seen with
anthracycline therapy are well documented and reproducible in a variety of
laboratory animals as well as in humans (66—69). As mentioned earlier, these
changes reveal several cellular abnormalities linking myofibrillar loss and
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cytoplasmic vacuolization due to swelling of the sarcotubular system, structural
abnormalities in the mitochondria with deposits of electron-dense bodies, and
increased numbers of lysosomes (17,70).

Multiple researchers have attempted to explain the ultrastructural changes
seen in myocardial cells after treatment with anthracyclines in terms of a uni-
fying theory of action. There are several leading hypotheses of anthracycline
cardiotoxicity. These include (i) free radical formation with subsequent mem-
brane damage and interference with energy metabolism; (ii) interference with
calcium metabolism; (iii) the effect of histamine and other catecholamines; and
(iv) toxicity due to a cardiotoxic metabolite.

Free radical formation by doxorubicin and the resulting cardiac DNA and
membrane damage have been extensively studied and considered critical in the
evolution of anthracycline-induced cardiotoxicity (67,71,72). The quinone-
containing anthracyclines (doxorubicin, daunorubicin, epirubicin) were first
noted to produce free radicals in the mid-1970s. Under aerobic conditions such
as those in the myocardium, the quinone can be reduced to a free radical
(semiquinone) by several electron-donating enzyme systems, such as NADPH
and cytochrome P450 reductase and NADH dehydrogenase. The semiquinone
free radicals subsequently react with molecular oxygen to form superoxide,
hydrogen peroxide, and hydroxyl radicals and, in turn, result in lipid perox-
idation of cell membranes with continued generation of additional free radicals.
Interaction with and damage to the cell membrane then influences cell perme-
ability and function. The generation of these free radicals with accumulation of
lipid peroxides is well documented (67,73). In addition, it is clear that free
radical formation occurs at a variety of sites including the cytosol, mitochondria,
and sarcoplasmic reticulum and possibly explains the ultrastructural lesions
commonly seen (74). Free radicals also impair sequestration of calcium by the
sarcoplasmic reticulum and ultimately may result in decreased calcium stores,
resulting in impaired contractility and relaxation of cardiac muscle (75,76).
Increased calcium influx and myocardial calcium content have also been
described in treatment with doxorubicin (70,77). Free radicals may also be
generated by nonenzymatic reactions of iron with doxorubicin with similar
consequences. Although little free iron is present within the myocardium, there is
evidence that doxorubicin can abstract iron from ferritin (78). Interference with
calcium metabolism may be a direct result of effects on cellular membranes
rather than on the inciting event in anthracycline-induced cardiotoxicity. Early
on, it was thought that increased levels of intracellular calcium were responsible
for mitochondria dysfunction, with resultant depletion of high-energy phosphate
stores and contractile dysfunction. The electron-dense bodies seen in mito-
chondria were found to contain calcium (79). Accumulation of calcium was well
documented in vivo in mitochondria in a variety of organs in the rabbit treated
with chronic administration of doxorubicin (70,80). Recent data, however, point
more toward an initial deficiency of intracellular calcium and its resultant effects
on calcium flux and muscle contraction (81). Studies with combinations of
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calcium channel-blocking drugs thought to prevent calcium accumulation with
anthracycline treatment have provided conflicting data regarding their influence
on cardiotoxic effects (82-84).

Another theory of anthracycline cardiotoxicity revolves around the
involvement of histamine and other vasoactive substances as causative agents.
Support for this theory comes from experiments examining histopathologic
lesions produced in rabbits after histamine infusions, which were found to be
similar to doxorubicin-induced lesions (85). These same authors were able to
show that histamine release was stimulated in vitro by doxorubicin. Additional
studies by others have supported these findings as well as documented preven-
tion of histamine release with the use of inhibitors such as theophylline and
disodium cromoglycate and with the free radical scavenger N-acetylcysteine
(NAC), which was also found to inhibit the release of histamine (86). Klugman
and colleagues also noted the absence of typical histopathologic cardiac lesions
in the animals treated with the inhibitors.

The possibility of a metabolite of doxorubicin as the offending cardiotoxic
agent has also been previously suggested (87-89). Olson and colleagues com-
pared the in vitro cardiotoxic effects of doxorubicin and doxorubicinol, the
carbon-13 alcohol metabolite of doxorubicin. In their study, doxorubicinol was
found to be a more potent inhibitor of contractile function, of membrane-
associated ion pumps, and greatly decreased calcium loading within the sarco-
plasmic reticulum vesicles. In addition, the authors noted intracardiac conversion
of doxorubicin to doxorubicinol, further supporting previous evidence of accu-
mulation in cardiac tissue in a time-dependent fashion (87,90). Of interest, these
authors found that doxorubicin maintained greater cytotoxicity in three pancre-
atic adenocarcinoma cell lines over the metabolite, suggesting separation of
cytotoxic and cardiotoxic effects.

Cardioprotectants

Perhaps one of the more enlightening aspects providing some insight into
mechanisms of cardiotoxicity has been the various agents tested to prevent
cardiotoxicity. These agents include coenzyme Q (CoQ 10) (91), NAC (92),
prenylamine (93), and the bispiperazinedione ICRF-187 (94), which is now
known as dexrazoxane and is Food and Drug Administration (FDA) approved for
the prevention of anthracylcine-induced cardiotoxicity. Inhibition of CoQ 10, a
mitochondrial enzyme involved in oxidative phosphorylation, results in cardiac
lesions in the rat similar to those seen with doxorubicin cardiotoxicity (95).
Investigators described the prevention of experimental cardiotoxicity by dox-
orubicin with the addition of CoQ 10 (ubiquinone) in the isolated rabbit heart
model (96). These same investigators administered ubiquinone to rabbits and
were able to demonstrate prevention of doxorubicin cardiotoxicity in vivo (97).
More recently, CoQ 10 has been studied for its therapeutic effect in dilated
cardiomyopathy, with evidence of efficacy (98). Prenylamine is a calcium
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channel-blocking agent that has undergone investigation in Argentina. After
obtaining laboratory evidence of cardioprotection in animals, investigators
proceeded with a small randomized trial in patients (93,99). Cardiotoxicity as
evidenced by congestive cardiomyopathy and supraventricular dysrhythmia was
seen in the untreated patients. There were no cardiac events in the group treated
with prenylamine. As mentioned earlier, other studies have not revealed a benefit
with the use of other calcium channel blockers.

NAC is a sulfhydryl compound shown, in mice, to confer cardiac pro-
tection from doxorubicin treatment theoretically through increased sulthydryl
content in the heart (92). However, when a randomized trial with the oral form
was conducted in cancer patients, treatment with NAC did not confer significant
cardioprotection (100). Of all these agents, only dexrazoxane has been studied in
a randomized, prospective fashion and has shown consistent evidence of mod-
ulating cardiotoxicity due to anthracyclines (94).

Dexrazoxane (Zinecard™)

Dexrazoxane, previously known as ICRF-187, is an iron-chelating agent whose
chelating properties were first noted during phase I testing of the compound as an
antineoplastic agent (101). It is a bisdioxopiperazine compound that hydrolyzes
to an open ring form, which in turn chelates intracellular iron generated by
doxorubicin, thereby inhibiting the subsequent production of free radicals
responsible for the cardiac damage. Anthracycline cardiotoxicity is thought to be
prevented by the binding of dexrazoxane to ferrous ions at intracellular sites that
would normally complex with doxorubicin. It is the iron-doxorubicin complex
that is thought to be responsible for the generation of free radicals, with the
subsequent cascade of events leading to cardiac damage (67,102).

Dexrazoxane was studied extensively in women with advanced breast
cancer receiving doxorubicin as well as epirubicin therapy (94,103,104).
Dexrazoxane has a significant cardioprotectant effect, as measured by non-
invasive testing and clinical CHF when given with doxorubicin, but has been
implicated in causing a lower response rate than doxorubicin alone (104). For
this reason, many clinicians are reluctant to use this agent in patients who are
responding to anthracycline therapy. The FDA has approved the agent for use in
women with metastatic breast cancer who have previously received a total of
300 mg/m? of doxorubicin and who are continuing to respond to therapy. It is not
approved for use in the adjuvant treatment of breast cancer. Dexrazoxane
has also been studied in the prevention of cardiotoxicity associated with epi-
rubicin (105). In summary, there are several theories of the mechanism of
anthracycline cardiotoxicity without an all-encompassing theory to explain the
myriad properties and effects of this class of antineoplastic agent. Further
investigation and elucidation are required and are ongoing. Dexrazoxane con-
tinues to show promise as a clinically useful agent in the prevention of doxor-
ubicin cardiotoxicity.
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Liposomal Doxorubicin, Pegylated Liposomal Doxorubicin,
and Liposomal Daunorubicin

The rationale of encapsulating doxorubicin within liposomes is to allow the
sequestration of the drug from organs, such as the heart and gastrointestinal tract,
which have tight capillary junctions, while enhancing delivery of the cytotoxic
agent to tumor sites lined by compromised vasculature. Liposomal production of
doxorubicin results in a prolongation of the plasma half-life and alteration in its
tissue distribution. Doxorubicin has been administered to patients in a liposome-
encapsulated form with a suggestion of less cardiotoxicity, as determined by
radionuclide EF and, in a few patients, Billingham score on endomyocardial
biopsy (106,107). Liposomal doxorubicin has been studied extensively in the
treatment of acquired immunodeficiency syndrome (AIDS)-associated Kaposi’s
sarcoma (108,109), as well as in the treatment of refractory ovarian cancer.

One form of liposomal doxorubicin was found to produce a significantly
reduced cardiotoxicity rate (defined both clinically and on radionuclide veno-
cardiography scan) at 6% compared with 21% for doxorubicin, while main-
taining comparable tumor response (110). Another study of this compound
compared with doxorubicin as single agent in 244 women with metastatic breast
cancer resulted in cardiotoxicity in 2% of those in the liposomal doxorubicin arm
versus 8% in the doxorubicin arm (111). In a phase III trial of 509 women with
metastatic breast cancer, pegylated liposomal doxorubicin resulted in 11% car-
diac events versus 40% for conventional doxorubicin at a cumulative dose of
greater than 500 to 550 mg/m? (112). Liposomal daunorubicin is approved for
the treatment of human immunodeficiency virus (HIV)-associated Kaposi’s
sarcoma with similar potential for cardiac effects.

Anthracycline Analogs

Over 1000 anthracycline derivatives have been synthesized with the hope of
retaining therapeutic efficacy with less toxicity of both myelosuppression and
cardiotoxicity (113). Studies of correlations between structure and activity dem-
onstrate that changes at the 4 position of the amino sugar moiety affect toxicity and
indicate that cardiotoxicity can be separated from therapeutic effect (114). Only
compounds with cytotoxicity that preclinically is at least equal to doxorubicin are
then tested further to ascertain their toxicity profile. Determining whether these
analogs are beneficial and less toxic than doxorubicin continues to be an active area
of investigation. The following briefly reviews the cardiotoxicity seen with several
of the compounds in clinical use or undergoing clinical evaluation (Fig. 2).

Esorubicin (Deoxydoxorubicin)

Esorubicin is an anthracycline analog synthesized by the removal of the hydroxyl
group from the 4 carbon of the sugar moiety of the parent compound
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Figure 2 Anthracyclines. (A) Doxorubicin. (B) Epirubicin. (C) Esorubicin. (D) Idar-
ubicin.

doxorubicin. Recent follow-up of 136 patients treated with esorubicin on one of
two Cancer and Leukemia Group B (CALGB) phase II protocols has been
reported (115). Serial MUGA scans were obtained in 36 of 44 patients who
received more than four cycles of therapy. Decreases in LVEF of more than 5%
were noted at doses of 240 mg/m” and of more than 10% at doses of 480 mg/m?.
Overall, cardiotoxicity was observed in 11 patients (8%) without previous
anthracycline or history of cardiovascular disease. The cardiotoxicity described
included overt CHF asymptomatic decreases in LVEF, sinus tachycardia, and
one myocardial infarction.

Epirubicin

Epirubicin is a stereoisomer of doxorubicin with a different configuration of
the hydroxyl group in the 4 position of the sugar moiety. It was introduced into
clinical practice in the 1980s. Cardiotoxicity similar in scope to that reported
for doxorubicin has been reported with epirubicin. In two studies of patients
with advanced breast cancer without prior treatment with an anthracycline,
CHF was reported in four patients who received cumulative doses of epirubicin
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greater that 1000 mg/m? (116) and in one patient who received a total dose of
797 mg/m* (117).

There have been several studies reported that have included endomyo-
cardial biopsies as part of the evaluation documenting cardiotoxicity due to
epirubicin (118-120). In all these studies, the type and severity of histologic
abnormalities were similar to those seen with doxorubicin and correlated with
increasing doses of epirubicin. Dardir and colleagues noted a statistically sig-
nificant correlation (p = 0.0006) between the total dose of epirubicin and
pathologic changes quantified by the use of the Billingham scale (100). In one
study, doses smaller than 500 mg/m” were not associated with cardiotoxicity.
However, at doses of 500 to 1000 mg/mz, 2% of the patients developed CHF,
with an increase to 35% of the patients developing CHF at cumulative doses
greater than 1000 mg/m?® (101). A similar degree of clinical cardiotoxicity
was reported at cumulative doses of 900 to 1000 mg/m? (121). Nair and col-
leagues evaluated the efficacy and toxicity of epirubicin and doxorubicin in
211 patients with non-Hodgkin’s lymphoma. In their study, the maximum dose
of epirubicin was 480 mg/m?* (75 mg/m” per dose) and that of doxorubicin was
300 mg/m* (50 mg/m?* per dose). The MUGA scan indicated a similar reduction
in the global EF, peak ejection, and peak flow rates in the two arms. Thus,
epirubicin was found to have the same cardiotoxicity at the subclinical level as
doxorubicin (122). This was supported by a retrospective analysis of epirubicin
cardiotoxicity in 469 patients with metastatic breast cancer (123). This analysis
confirmed a significantly increasing risk of CHF in patients who receive
cumulative doses greater than 950 mg/m? of epirubicin.

In a study comparing FAC (fluorouracil, doxorubicin, cyclophosphamide)
with FEC (fluorouracil, epirubicin, cyclphosphamide) in women with advanced
breast cancer, the Italian Multicentre Breast Study Group found the mean
reduction in LVEF was 6.6% in the epirubicin arm compared with 17.6% in the
doxorubicin arm (124).

Idarubicin (4-Demethoxydaunorubicin)

Idarubicin differs from the parent compound doxorubicin in substitution of the
C-4 methoxyl group with a hydrogen atom. During phase I testing with the
agents, the significant cardiotoxicity described was limited to patients who had
received previous treatment with anthracyclines. Therefore, postulating a direct
cause and effect was not possible (125-127). The cardiotoxicity described
ranged from asymptomatic EKG changes to overt CHF requiring therapy and
discontinuation of the idarubicin. In phase II studies, decreases in LVEF without
clinical signs of cardiac failure were seen infrequently and were limited to
patients who had received prior anthracyclines (128-132). In these studies,
cumulative doses of 800 mg/m* orally and 169 mg/m? intravenously were tol-
erated without signs of clinical CHF. Anderlini and colleagues performed a
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retrospective review of idarubicin cardiotoxicity in patients with acute myeloid
leukemia or myelodysplasia. They analyzed a group of 127 patients who
received idarubicin-based induction and postremission or salvage therapy and
who achieved a complete remission. They determined that the probability of
idarubicin-related cardiomyopathy was 5% at a cumulative idarubicin dose of
150 to 290 rng/m2 and that cardiomyopathy was uncommon with cumulative
doses greater than this (133).

Mitoxantrone (Novantrone™)

Mitoxantrone, a substituted anthraquinone, was developed in an attempt to
achieve similar antitumor activity to the anthracyclines but with less toxicity.
Despite modifications, mitoxantrone has been reported to have cardiac effects,
although on a lesser scale than the anthracyclines. Described cardiotoxicity
includes decreases in LVEF and CHF (134). Dysrhythmias have been noted
infrequently (135). In a large series including a randomized study comparing
cyclophosphamide, doxorubicin, and S-fluorouracil (5-FU) with cyclo-
phosphamide, mitoxantrone, and 5-FU in patients with metastatic breast cancer,
the incidence of CHF was less than 2% (125,136,137). The majority of patients
experiencing CHF have received more than 120 mg/m? of mitoxantrone, but
similar toxicity has been reported at lower doses in patients both with and
without prior exposure to an anthracycline (126,138,139). Treatment of CHF
related to mitoxantrone therapy usually responds to management with digoxin,
diuretics, and discontinuation of mitoxantrone, with the possibility of eventual
return to a baseline cardiac status (129). A small number of endomyocardial
biopsies have been carried out and revealed changes consistent with anthracy-
cline-induced cardiomyopathy (140,141).

Predisposing factors to mitoxantrone cardiotoxicity include prior
anthracycline therapy, mediastinal irradiation, and prior cardiovascular dis-
ease; prior anthracycline therapy is the most important factor (142). In patients
previously treated with anthracyclines, the incidence of CHF is negligible up to
doses of 100 mg/m>. In patients without previous treatment with anthracy-
clines, doses up to 160 mg/m> appear to be tolerated without significant
cardiotoxicity (143). Careful monitoring of cardiac EF at cumulative doses
greater than 100 mg/m? is recommended, especially in those at risk for
development of cardiotoxicity. Toxicology studies performed in beagle dogs
did not reveal clinical manifestations of CHF or EKG changes (144). Abnor-
malities on endomyocardial biopsies in dogs were limited to dilatation of the
sarcoplasmic reticulum (145). In one study, mitoxantrone was shown to be an
antioxidant inhibiting both basal and drug-induced peroxidation of lipids (146).
It follows that as lipid peroxidation is important in the development of car-
diotoxicity of anthracyclines and anthracycline-like drugs, mitoxantrone the-
oretically has the potential for causing less cardiotoxicity. To date, this has also
been shown to be the case clinically.
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OTHER ANTITUMOR AGENTS
Arsenic Trioxide

Currently approved for the treatment of acute promyelocytic leukemia, arsenic
trioxide is an agent that induces differentiation. Patients treated in clinical trials
with arsenic trioxide have been reported to develop prolongation of the QT
interval as well as torsades de points (147-150). Arsenic-induced arrhthymias
may best be managed with the use of parenteral potassium and magnesium,
maintaining high normal levels. Patients receiving this agent should be closely
monitored with serial EKGs and serum electrolytes.

Cyclophosphamide

Severe hemorrhagic cardiac necrosis has been reported in the transplant setting at
doses of 120 to 240 mg/kg given over one to four days (151-153). The pre-
senting symptoms are tachycardia and refractory CHF. EKG changes reveal
sinus tachycardia, low-voltage QRS complex, ST segment elevation, and non-
specific ST-T wave changes. Left ventricular systolic function, as assessed by
echocardiographic fractional shortening, has been shown to be significantly
decreased from baseline in patients with and without clinical symptoms of heart
failure (154). Significant increases in lactate dehydrogenase (LDH) and creatine
phosphokinase (CPK) suggesting myocardial damage are seen in approximately
one-half of the patients. Symptoms of cardiac necrosis may not become evident
until two weeks after dosing, but are rapidly fatal when present (155). Pathologic
findings at autopsy include dilated heart, patchy transmural hemorrhages, focal
areas of fibrinous pericarditis, and myocardial necrosis, and interstitial lesions
consisting of hemorrhage, edema, and fibrin deposition (141,142). There are
emerging data that the intracellular thiol glutathione may play a role in the
protection against cardiac injury caused by cyclophosphamide (156).

There is some evidence that cyclophosphamide in combination with other
agents, particularly bischloroethylnitrosourea (BCNU), 6-thioguanine, cytosine
arabinoside (Ara-C), and total body irradiation, may be more cardiotoxic than
cyclophosphamide alone (157). In one study, 4 of 15 patients died of acute
myopericarditis after using the combination of BCNU, cyclophosphamide,
6-thioguanine, and Ara-C (138). Another study reported a 9% incidence of fatal
cardiomyopathy and/or pericarditis with this same combination or high-dose
cyclophosphamide and total body irradiation (158). An additional 22% of
patients experienced nonfatal CHF. The majority of patients in each of these
studies had received prior anthracyclines, possibly compounding their risk of
developing cardiotoxicity from these regimens. A more recent study has eval-
uated the cardiotoxicity of cyclophosphamide in a twice-daily higher dose
compared with a lower daily-dose schedule (159). LVEFs did not change sig-
nificantly in either group; however, four of the five patients who developed
clinical cardiotoxicity (four pericarditis and one CHF) were in the higher-dose
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group. The conclusion of the authors was that the twice-daily dosing schedule,
although not completely without cardiotoxicity, resulted in less ventricular
dysfunction. As more experience is gained in bone marrow transplantation, it
will be important to identify regimens and dosing schedules that allow for
efficacy without excessive toxicity.

Cisplatin

Cisplatin, a bifunctional alkylating agent with a broad spectrum of activity, is
associated with rare reports of cardiotoxicity. Cisplatin-induced bradycardia (160)
and paroxysmal supraventricular tachycardia have also been reported (161,162).
Ischemic vascular events with myocardial infarctions in young patients with and
without mediastinal radiation who were treated with cisplatin-based combination
chemotherapy are among the most serious toxicities reported with the agent
(163,164). Coronary artery spasm was documented in one patient at cardiac
catheterization in the absence of atherosclerotic disease. Two cases of severe
coronary artery atherosclerosis and one case of fibrous intimal proliferation in
young males with testicular cancer after cisplatin-based chemotherapy have been
documented (165,166). None of the patients were considered to have had sig-
nificant risk factors for coronary artery disease; only one patient had received
thoracic irradiation.

5-Fluorouracil

The reported incidence of cardiac side effects with 5-FU, a widely used anti-
metabolite, is low at approximately 1.6% (167). However, with high-dose con-
tinuous infusion 5-FU, the incidence has been reported to be as high as 7.6%
(168). Angina with ischemic EKG changes is the most frequent cardiotoxicity
noted (169). The first reports of chest pain associated with ischemic EKG
changes in patients receiving 5-FU occurred in 1975. All three patients failed to
have subsequent evidence of a myocardial infarction; EKG abnormalities
resolved with discontinuation of the drug (170). Ischemic EKG changes, left
ventricular dysfunction, and hypotension with dyspnea associated with infusions
of 5-FU alone and in combination with cisplatin have been reported previously
(171,172). Severe but reversible heart failure with global hypokinesis and car-
diogenic shock has been reported in association with continuous infusions of 5-
FU (173-175). Extensive cardiac evaluations have been performed in a small
number of these patients without documentation of significant coronary artery
disease or clear evidence of vasospasm (155-157,176,177). The episodes of
severe heart failure and cardiogenic shock resolved with aggressive support
following discontinuation of the 5-FU infusion in most reported cases. Con-
flicting evidence exists regarding the efficacy of nitrates and/or calcium chan-
nel-blocking agents in preventing anginal episodes, which suggests that
mechanisms other than coronary vasospasm may be involved in the cardiac
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effects of 5-FU (178-180). Myocardial infarctions have been reported in a small
number of patients as well as deaths in patients refractory to supportive therapy
(157-159,167). The mechanism by which 5-FU causes cardiotoxicity is
unknown. Possible etiologies include vasospasm, a direct cardiotoxic effect
either from 5-FU or one of its metabolites, or some other metabolic derange-
ment, leading to either an increase in metabolic demands or a decrease in the
available energy to meet those demands. Comparisons have been made to the
“stunned myocardium,” a syndrome of reversible postischemic ventricular dys-
function (181). Few animal data exist to support any particular theory at the
present time. There is laboratory evidence of persistent radioactivity in the
myocardium of mice injected with 14C-labeled 5-FU 96 hours after injection,
suggesting delayed metabolism in the heart (182). In addition, both the phar-
macokinetics and the toxicity profiles of oral, bolus intravenous, and prolonged
intravenous administration of 5-FU are known to differ. Lower but sustained
plasma levels and less myelosuppression and greater mucositis are noted with the
prolonged infusion (183). These differences may ultimately provide insight into
the mechanism of 5-FU cardiotoxicity.

Today, 5-FU is often combined with leucovorin (folinic acid) in an effort
to improve its antitumor effect. Grandi and colleagues have reported a non-
invasive evaluation of the cardiotoxicity of this combination in patients with
colorectal cancer. They evaluated blood pressure, EKG, and two-dimensional
and digitized M-mode echocardiograms before and after several doses and cycles
of the combination. They concluded that 5-FU and low-dose folinic acid treat-
ment induced a decrease of left ventricular systolic function and an impairment
of diastolic function, which developed without symptoms and were transient and
reversible (184).

Cytosine Arabinoside

Cytarabine, a nucleoside analog effective in treating acute leukemia, rarely
causes cardiotoxicity. There are, however, case reports of a cardiac dysrhythmia
(185) and acute pericarditis (186) encountered during high-dose therapy. At the
time of the pericarditis, the patient was in complete clinical remission from acute
lymphocytic leukemia. Pericardial fluid analysis was negative for tumor or an
infectious agent. No evidence of myocardial damage either clinically or by
laboratory studies was noted during the episode of pericarditis.

Imatinib (Gleevec™)

Imatinib mesylate is a small molecule inhibitor of the fusion protein Ber-Abl, the
causal agent in chronic myelogenous leukemia. Severe CHF and left ventricular
dysfunction have been reported in patients taking imatinib. In an international
randomized phase III study in over 1000 patients with newly diagnosed chronic
myelogenous leukemia in chronic phase, cardiotoxicity was observed in 0.7% of
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patients taking imatinib (187). Patients with increased age, cardiac disease, or
risk factors for cardiac failure should be monitored carefully while receiving
imatinib. Ten patients have been reported who developed severe CHF while on
imatinib (188). Transmission electron micrographs showed mitochondrial
abnormalities and accumulation of membrane whorls in both vacuoles and the
endoplasmic reticulum.

Taxanes: Paclitaxel (Taxol™) and Docetaxel (Taxotere™)

As single agents, paclitaxel and docetaxel have negligible cardiotoxicity when
compared with the anthracyclines. Paclitaxel, a taxane derived from the Pacific
yew tree, has become a major agent in the treatment of breast cancer, ovarian
cancer, and non-small cell lung cancer. In the early clinical development of
paclitaxel, the drug was recognized to have a unique toxicity profile. In addition
to the more routine side effects observed with antineoplastic agents (bone
marrow suppression, alopecia, etc.), hypersensitivity reactions were observed.
Patients were also found to develop cardiac arrhythmia, particularly bradycardia,
and episodes of sudden cardiac death were reported (189-192).

In a retrospective review of gynecologic cancer patients treated with
paclitaxel, with or without a platinum agent, Markman and colleagues found
15 patients had major cardiac risk factors before therapy. These risk factors
included preexisting CHF, severe coronary artery disease, angina, and patients
who were being treated for rhythm disturbances with agents such as B-blockers.
There was no deterioration in cardiac function observed in these patients subse-
quent to paclitaxel therapy (193). It is now recognized that much of the initial
concern for the cardiac effects of paclitaxel were related to severe hypersensitivity
reactions and that with appropriate premedication patients are unlikely to expe-
rience these dysrhythmias. Early phase II studies confirmed that a combination of
paclitaxel and anthracyclines resulted in an unacceptably high incidence of CHF in
greater than 20% of patients. In the doxorubicin plus paclitaxel trials of Gianni
etal. (194) and Gehl et al. (195), an alarming incidence of cardiac dysfunction and
clinical CHF (about 20%) was observed. However, in the randomized phase II trial
of Sledge et al. (196), there was no increased incidence of cardiotoxicity in the
group of patients receiving doxorubicin plus paclitaxel compared with the group
receiving doxorubicin alone. It should be noted that the combination of doxor-
ubicin plus paclitaxel used by Sledge et al. (196) differed from that used by both
Gianni et al. (194) and Gehl et al. (195) with regard to dose, duration of
administration, interval between administration of doxorubicin and paclitaxel, and
dose of doxorubicin. Subsequently, Gianni et al. (197) studied the pharmacoki-
netic interference between paclitaxel and doxorubicin, which results in nonlinear
doxorubicin plasma disposition and increased concentrations of doxorubicin and
its metabolite doxorubicinol. Therefore, it is believed that the exposure of the
patients to higher concentrations of doxorubicin could be responsible for the
increased cardiotoxicity when given with paclitaxel. There was an increase in total
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doxorubicin plasma exposure by 30% when the paclitaxel infusion immediately
followed doxorubicin, compared with a delay of 24 hours between the two
infusions. Similarly, doxorubicin clearance is also reduced by one-third when the
paclitaxel infusion precedes doxorubicin.

Trastuzumab (HerceptinTM)

Trastuzumab is a recombinant, humanized monoclonal antibody against
human epidermal growth factor recept-2 (HER-2) protein. HER-2 protein is
overexpressed in about one-third of breast cancers (198). The pivotal trial
showed that trastuzumab combined with chemotherapy for patients with
HER-2-positive metastatic breast cancer resulted in a significant increase in
response rate but an unexpected disproportionate percentage of patients
(27%) developed cardiotoxicity. There were 16% who had New York Heart
Association (NYHA) class I1I or class IV heart failure compared with 3% in
the single-agent anthracycline arm (199). Cardiotoxicity also occurred in
13% of the trastuzumab plus paclitaxel arm compared with only 1% in the
paclitaxel alone arm. An additional retrospective review of seven phase I and
phase 11 trials using trastuzumab confirmed the additive cardiotoxicity with
anthracyclines (200). Trastuzumab, as a single agent, is associated with a
cardiotoxicity rate of 3% to 7% and does not appear to be dependent on either
cumulative dose or treatment duration.

The pathogenesis of trastuzumab cardiotoxicity has been proposed to
include immune-mediated toxicity, drug-drug interaction, and direct toxicity.
It is postulated that the mechanism for recovery of cardiac damage induced by
anthracyclines may be impaired by trastuzumab.

Amsacrine

This drug is an acridine orange derivative with documented activity in acute
leukemia and lymphoma. Reported cardiotoxicity with this agent has included
dysrhythmias (201-203), ventricular dysfunction (204), and acute myocardial
necrosis (205), although the last effect occurred after administration of multiple
drugs and in the setting of progressive disease. Significant QT prolongation may
be the initial effect resulting in increased vulnerability to ventricular dysrhyth-
mias, as noted by some authors (206,207). The presence of hypokalemia may
compound the risk of developing a dysrhythmia (160,183,208). One study of
heavily pretreated patients concluded that an anthracycline dose greater than
400 mg/m2 and administration of more than 200 mg/m2 of amsacrine (AMSA)
over 48 hours were related to an increased risk of cardiac effects associated
with the AMSA therapy (164). Four of the six patients who developed clinical
CHF in that study were in this high-risk group. To date, a cumulative dose
effect and its relationship to cardiotoxicity have not been demonstrated for this
agent (167).
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Studies in rabbits at high doses and in dogs using toxic doses of high,
lethal, and supralethal doses of AMSA revealed marked effects of atrioven-
tricular and intraventricular conduction systems (209). First- and second-degree
atrioventricular block, prolongation of QRS and QT intervals, ventricular
premature contractions, atrial flutter, and ventricular tachycardia were among the
noted effects.

BIOLOGICS
Interferon

The incidence of cardiovascular toxicity associated with interferon therapy has
been in the range of 5% to 12% (210). Increasing dose, increasing age, and a
prior history of cardiovascular disease appear to be risk factors for the devel-
opment of cardiotoxicity with the interferons (211). The most frequently
reported cardiotoxicities are primarily hypotension and tachycardia and may be
related to the febrile reaction commonly seen rather than a direct cardiotoxic
effect (212). Nonfatal dysrhythmias, predominantly supraventricular tachyar-
rhythmias, have been described in patients receiving interferon therapy (209).
Early clinical trials in France were temporarily halted because of four deaths
from myocardial infarctions in patients treated with interferon (210). Myocardial
infarctions in patients with and without prior cardiac histories have been reported
previously (205,215-217). Infrequent reports of CHF with short-term and pro-
longed administration of interferons have been described by Cooper et al. (218),
Lindpainter et al. (205), Brown et al. (219), and Deyton et al. (220). The report of
three patients with Kaposi’s sarcoma and HIV-positive status suggests a possible
synergism between interferon and the HIV virus. Postmortem findings in one
case revealed four-chamber enlargement without evidence of coronary artery
disease, fibrosis, or amyloid or inflammatory infiltrates, suggesting a drug-
related etiology of the cardiomyopathy (221). Although the reports of cardio-
vascular toxicities with interferon treatment overall are infrequent, older patients
and those with a history of previous cardiac events may be at increased risk for
the development of cardiotoxicity from interferons.

Interleukin-2/Lymphokine-Activated Killer Cells

Significant cardiotoxicity with interleukin-2 (IL-2) alone and in combination
with (LAK) cells has been documented by all centers involved in these inves-
tigations. The incidence of hypotension requiring pharmacologic support with
vasopressors was 65% in 317 patients treated at the National Cancer Institute
(NCI) (222). Dysrhythmias, primarily supraventricular tachyarrhythmias, occurred
in 9.7% of cases. Angina or ischemic changes were noted in 2.6% of patients and
myocardial infarction in 1.5%.
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Hemodynamic changes seen in patients receiving IL-2/LAK therapy
consisted of a decrease in mean arterial pressure and systemic vascular resistance
with an increase in heart rate and cardiac index (215,223). Cardiac dysfunction
with significantly decreased stroke index and left ventricular stroke work asso-
ciated with a reduction in LVEF was also noted in the NCI study. Complete heart
block has been documented in one patient (224). Severe myocarditis with
lymphocytic and eosinophilic infiltrates with areas of myocardial necrosis on
autopsy has been documented in one patient on high-dose IL-2 therapy (225).
The hemodynamic changes seen are consistent with those seen in early septic
shock (226). The etiology of the hypotension is thought to be due to an increase
in vascular permeability (capillary leak phenomenon), leading to both a
decrease in intravascular volume and a reduction in systemic vascular resistance
(218,227). The actual mechanism by which this high-output/low-resistance state
occurs is currently unknown. Leading possibilities include a direct effect of IL-2
or an indirect effect mediated by another cytokine or substance released by IL-2.
Investigational studies with IL-2 in various schedules and doses are ongoing.

SUMMARY

Cardiotoxicity, primarily due to treatment with anthracyclines, continues to
provide a fertile area of research for scientists and physicians. Further research is
required to unravel the precise mechanism of anthracycline cardiotoxicity. The
search for a less cardiotoxic but equivalent cytotoxic anthracycline analog
continues to be an active focus of preclinical and clinical research. With the
increasing use of antineoplastics in the treatment of malignant disease, there has
been increased recognition of varied cardiac effects with multiple agents.
Undoubtedly, this body of knowledge will continue to grow and result in addi-
tional research questions over the coming years.
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INTRODUCTION

Activation of the sympathetic nervous system (SNS) in response to stress
releases catecholamines from the sympathetic nerve endings and adrenal
medulla. Catecholamines, such as epinephrine, norepinephrine, and dopamine,
are the major components that are released endogenously because of stressful
stimuli, whereas isoproterenol is a synthetic catecholamine that simulates
the actions of SNS activation on the heart. The adrenergic receptors in the heart
that are stimulated by catecholamines are the a-adrenoceptors and B-adrenoceptors
(B; and B,); however, the B,-adrenoceptors are found chiefly in extracardiac
sites, such as arterioles, where they cause dilation. On the other hand, the
a-adrenoceptors present in the vascular smooth muscle are mainly concerned
with the maintenance of blood vessel tone. SNS activation results in increased
cardiac contraction, increased heart rate, increased systolic blood pressure,
and decreased diastolic pressure. Catecholamines at low concentration are
beneficial in regulating heart function by exerting a positive inotropic action on
the myocardium (1), whereas high concentrations of catecholamines or chronic
exposure to catecholamines over a prolonged period produce deleterious effects
on the cardiovascular system.
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It has been known for many years that epinephrine, norepinephrine, and
isoproterenol cause cardiac hypertrophy and/or myocardial lesions (2-5). The
lesions caused by epinephrine, norepinephrine, and isoproterenol were qual-
itatively similar, but the lesions that were seen after isoproterenol treatment
were more severe than those produced by epinephrine or norepinephrine (6,7).
In fact, isoproterenol was found to be 29 to 72 times more potent in producing
myocardial lesions of equal severity than epinephrine or norepinephrine. Large
doses of exogenously administered norepinephrine in humans and animals
were observed to produce myocardial lesions that include focal necrosis and
degeneration as well as mononuclear leukocytic infiltration (8). Typical
pathological findings of catecholamine-induced myocardial damage are
hypertrophy and contraction band necrosis of myofibers accompanied by a
moderate inflammatory reaction; fibrous replacement of the myocardium can
sometimes occur (9). These myocardial lesions and damage are considered to
represent “catecholamine-induced myocardial cell damage,” “catecholamine-
induced myocarditis,” or “myocardial infarction (MI)” and are now designated
as “catecholamine-induced cardiomyopathy.” The activation of SNS has been
observed in patients suffering from acute MI as well as during percutaneous
transluminal coronary angioplasty; the levels of catecholamines were found to
correlate with the degree of injury. Catecholamine-induced cardiomyopathy is
also associated with several pathological conditions such as pheochromocy-
toma (4,10-12), subarachnoid hemorrhage, and various other intracranial
lesions (13-16) as well as following electrical stimulation of the stellate
ganglion (17,18) or hypothalamus (19) in experimental animals showing high
levels of plasma catecholamines. These studies not only demonstrate that
catecholamines are capable of producing myocardial necrosis but also suggest
that myocardial cell damage seen in patients may be the result of high levels
of circulating catecholamines for a prolonged period. It should be pointed out
that reversible catecholamine-induced cardiomyopathy has also been reported
(20-24).

Catecholamines are known to produce a wide variety of direct and indirect
pharmacological actions on cardiovascular hemodynamics and metabolism. As a
consequence of these complex effects, it has been difficult to determine whether
catecholamines exert a direct toxic influence on the myocardium or whether
myocardial cell damage is in some way secondary to other actions of cat-
echolamines (5,25-30). Up until now, several mechanisms such as cardiovas-
cular hemodynamic and metabolic changes, alterations in the sarcolemmal (SL)
permeability, formation of oxidation products of catecholamines, and accumu-
lation of catecholamine metabolites during the monoamine oxidase (MAO)
reaction are thought to be involved in the pathogenesis on catecholamine-
induced cardiomyopathy (31-43). Although there is no clear-cut implication of
any one of these mechanisms, an attempt has been made in this review to
formulate a unifying concept regarding the pathophysiology and clinical sig-
nificance of catecholamine-induced cardiomyopathy.
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CARDIOTOXICITY OF CATECHOLAMINES

Epinephrine-Induced Cardiomyopathy

The main effects of epinephrine are increased cardiac output, heart rate, and limb
blood flow as well as decreased systolic and disastolic blood pressure (1).
Repetitive infusions of high doses of epinephrine induce cardiomyopathy with
progressive hemodynamic deterioration, left ventricular (LV) dilation and
hypertrophy, depressed systolic function, and different stages of neurohormonal
compensation (44). In 1905, it was first reported that epinephrine caused cardiac
lesions (2); the epinephrine-induced lesions were visible to the naked eye and
occurred in about 60% of the animals, whereas microscopic examination
revealed further lesions in a still larger percentage. It has been reported that an
injection of sparteine sulfate or caffeine sodium benzoate followed by epi-
nephrine provided an easy and certain method of producing myocardial lesions
(45-48), whereas sparteine sulfate alone did not produce myocardial lesions
(49). Not only relatively high dose levels of epinephrine but also a continuous
infusion of epinephrine for 120 to 289 hours, at a rate considered to be well
below the maximum physiological rate of secretion by the adrenal gland, could
cause small endocardial lesions in the left ventricle (50). Epinephrine-induced
cardiomyopathy has also been shown to be associated with fibrosis as well as
reduction in left atrial and LV responses to isoproterenol; however, responses to
Ca”" were normal or enhanced but the densities of both a- and B-adrenoceptors
were reduced.

Norepinephrine-Induced Cardiomyopathy

Infusion of norepinephrine was found to result in increased heart rate, reduced
limb blood flow, and increased systolic and diastolic blood pressures; the reasons
for the difference in effects between norepinephrine and epinephrine is the
fact that norepinephrine, unlike epinephrine, stimulates both the myocardial
B-adrenergic receptors and vascular a-adrenergic receptors (1). Early studies
have shown that norepinephrine caused focal myocarditis in association with
subendocardial and subepicardial hemorrhages (51,52). In a quantitative study
on the pathological effects of norepinephrine, it was observed that dosages that
are considered physiological and indeed harmless when administered for short
periods of time may become lethal after prolonged infusion (53). Thus, the
duration of infusion appears to be an important factor in determining whether a
particular dose of norepinephrine is likely to produce myocardial lesions. In
addition to myocardial cell damage, norepinephrine was also demonstrated to
produce derangements of metabolic processes in the heart such as fatty degen-
eration (54). In subsequent studies (55,56), remarkable similarities were found in
cardiac triglyceride (TG) content and serum enzyme levels after large doses of
epinephrine and norepinephrine as well as following MI produced by coronary
artery occlusion. From these studies it seems reasonable to suggest that cardiac
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injury due to catecholamines may be due to coronary constriction leading to
ischemic damage. It has also been shown that high doses of norepinephrine
increase matrix metalloproteinase (MMP)-9 activity and cause extracellular
matrix disruption, LV dilation, and cardiac dysfunction (57). Oxidative stress is
also likely to contribute to the development of norepinephrine-induced car-
diomyopathy; this view is supported by the observation that allopurinol reduced
the myocyte damage due to norepinephrine, as a consequence of scavenging the
free radicals and preservation of the adenine nucleotide pool (58). Although
cardiac denervation has been shown to protect myocytes against ischemia
reperfusion injury due to a decrease in norepinephrine content, such a protection
by cardiac denervation was considered not to be associated with a decrease in
norepinephrine-derived free radicals (59). Thus, mechanisms other than forma-
tion of oxyradicals due to the availability of norepinephrine may be important for
inducing cardiotoxicity.

Isoproterenol-Induced Cardiomyopathy

Administration of isoproterenol depletes the energy reserve of cardiac muscle
cells and causes complex biochemical and structural changes that eventually lead
to cell damage and necrosis (60). Isoproterenol can also cause severe oxidative
stress in the myocardium, resulting in infarct-like necrosis of the heart myo-
cardium (43). In fact, it was discovered that relatively low and nonlethal doses of
isoproterenol can cause severe myocardial necrosis (5,61). Although the LD5, of
isoproterenol in rats was reported to be 680 mg/kg, doses as low as 0.02 mg/kg
were observed to produce microscopic focal necrotic lesions. The severity of
myocardial damage was closely related to the dosage of isoproterenol used and
varied from focal lesions affecting single cells to massive infarcts involving large
portions of the myocardium. Isoproterenol-induced myocardial lesions were
generally found to be localized in the apex as well as in the LV subendocardium,
and were observed less frequently in the papillary muscle and the right ventricle.
Isoproterenol was also found to produce apical lesions and disseminated focal
necrosis (62); however, these lesions were frequently fatal and the median lethal
dosage was much lower. Isoproterenol has been observed to produce a number of
biochemical or electrophysiological alterations, which precede the histopatho-
logical changes in the heart. It is believed that isoproterenol-induced myocardial
necrosis is related to altered myocardial energy generation, which may be related
to Ca®-overload.

Ca*"-influx after isoproterenol in rats shows two phases: a rapid process
occurring immediately, followed by a delayed slower influx of Ca®>". The initial
phase is associated with histopathological alterations of the myocardium
(mitochondrial swelling and Z-disk thickening due to hypercontraction). Thus,
the initial phase is thought to be the key event during isoproterenol-induced
myocardial necrosis (63). Another study suggests that there are three stages
of isoproterenol-induced cardiotoxicity: preinfarction, which occurs before
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12 hours; infarction, which occurs from 12 to 24 hours; and postinfarction, which
occurs after 24 hours following isoproterenol admistration (64). 17-B-estradiol
inhibited the stimulatory action of isoproterenol on Ca*"-influx via the L-type
Ca”" channel in the ventricular myocytes. This inhibition may lead to reductions
in the heart rate and contraction, therefore reducing oxygen consumption and
producing cardioprotection (65). Estrogen also inhibited the augmented cyclic
adenosine monophosphate (cAMP) production on isoproterenol administration
(66). When Ca*"-influx was inhibited, there was only a reduction in isoproterenol-
myocardial necrosis, suggesting factors other than Ca?’" may be involved.
Isoproterenol can also increase the levels of serum and myocardial lipids, leading
to coronary heart disease (67) and stimulate lipid peroxidation, leading to
irreversible damage to the myocardial membrane (67). Specifically, damage to
the myocardium could be due to the induction of free radical-mediated lipid
peroxidation. Recently, some studies have shown that certain treatments may
improve the negative effects of isoproterenol. For example, pretreating
isoproterenol cardiotoxic hearts with naringin, a predominant flavanone found in
grapefruit, significantly decreased the levels of thiobarbituric acid-reactive
substances and cardiac tissue lipid peroxides in plasma and heart, in addition
to increased activities of superoxide dismutase (SOD), catalase, reduced
glutathione (GSH), GSH-dependent enzymes glutathione peroxidase (GPx) and
glutathione-S-transferase (GST) in the heart (43). Isoproterenol also decreased
the levels of antioxidants, vitamin C and vitamin E; however, pretreatment with
naringin increased the antioxidant levels (43).

In one study, isoproterenol was observed to induce GSH oxidation and
conjugation, but this effect decreased at subphysiological Ca>" concentrations.
Simultaneous incubation with copper increased isoproterenol oxidation and GSH
oxidation but decreased GSH conjugation (68). Vitamin C (69,70) has shown
protection from myocardial lipid peroxidation, and likewise, vitamin E pre-
treatment protected the myocardium against isoproterenol-induced injury (71). In
another study, S-allylcysteine lowered the lipid peroxidation end products and
increased the levels of SOD, catalase, GSH, GPx, GST, and ascorbic acid (67).
Also, mangiferin, a pharmacologically active phytochemical, has demonstrated
hypolipidemic activity in isoproterenol-induced rats (67). Isoproterenol was
shown to result in diffuse areas of fibrosis; however, when treated with phe-
nytoin, the fibrosis was less severe (72). Some studies have shown a marked
increase in cholesterol, free fatty acids, and TGs in both serum and heart in
isoproterenol-induced cardiomyopathy; aspirin showed a marked reversal of these
metabolic changes induced by isoproterenol (73). Isoproterenol can also produce
an accumulation of neutral fat droplets in the sarcoplasm; y-hydroxybutyrate either
abolished or reduced the accumulation of fat and completely prevented myofiber
death (74). In isoproterenol-treated rats, there was a decrease in diagnostic
marker enzymes of MI, which are creatine kinase, lactate dehydrogenase (LDH),
aspartate transaminase, alanine transaminase; this change may be due to mem-
brane leakage caused by isoproterenol-induced damage to the SL membrane.
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Oral S-allycysteine administration restored these activities in isoproterenol-
treated rats (60). From these studies, it appears that the isoproterenol-induced
cardiomyopathy may be due to oxidative stress and free radical damage,
myocardial hypoperfusion, glycogen depletion, electrolyte imbalance, and lipid
accumulation.

CHARACTERISTICS OF CATECHOLAMINE-INDUCED
CARDIOMYOPATHY

Several early events such as ultrastructural, histological, biochemical, elec-
trolyte, and membrane changes occur less than 48 hours after the injection of
catecholamines for the production of myocardial necrosis. These alterations during
the development of catecholamine-induced cardiomyopathy are described below.

Ultrastructural Changes

Table 1 shows the time —course of ultrastructural changes following iso-
proterenol injections in rats reported previously (15,75-79). It has been observed
that there is no correlation between mitochondrial damage and disruption of
myofilaments seen 10 minutes after the isoproterenol injection, normal appear-
ing mitochondria being found among fragmented filaments and swollen mito-
chondria with ruptured cristae and electron-dense deposits among apparently
undamaged sarcomeres (76—80). Within 30 to 60 minutes, there also occurs a

Table 1 Ultrastructural Changes During the Development of Catecholamine-Induced
Cardiomyopathy

Time after isoproterenol
injection Findings

A. Within 4-6 min Disorientation of myofilament, irregular sarcomere length,
occasional regions of contracture, rupture of
myofilaments, and slight dilatation of sarcoplasmic
reticulum.

B. Within 10 min Swelling of mitochondria, occasional occurrence of
electron-dense bodies, and disorganization as well as
fragmentation of myofibrils.

C. Within 30-60 min Electron-dense granular deposits in mitochondria,
numerous lipid droplets, margination of nuclear
chromatin, disappearance of glycogen granules, and
swelling as well as disruption of transverse and
longitudinal tubles.

D. Within 1-24 hr Interstitial and intercellular edema, extensive
inflammation, herniation of cellular discs, and extensive
vacuolization.
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spectrum of damage to the contractile filaments, ranging from irregular bands of
greater or less than normal density in sarcomeres of irregular length to fusion of
sarcomeres into confluent masses and granular disintegration of the myofila-
ments (75-78). The effects of norepinephrine, epinephrine, and isoproterenol are
qualitatively identical at the cellular level (78-83), with the exception that
glycogen depletion (78,81) and fat deposition (83) were much more extensive
with epinephrine than with isoproterenol or norepinephrine. From the foregoing
discussion it appears that alterations of the contractile filaments begin with
irregularities in length and misalignment of the sarcomeres, which are usually
associated with an increased thickness and density of the Z-band. Contracture
ensues, with the Z-bands becoming indistinct, actin and myosin filaments can no
longer be distinguished. Granular disintegration of the sarcomeres follows with
the appearance of large empty spaces within the muscle cells, and this frag-
mentation likely contributes to swelling of the cell. The tubular elements and
mitochondria commence swelling soon after catecholamine injection, and the
mitochondrial matrix is subsequently decreased in electron density. However, it
is pointed out that swelling of the transverse tubules and sarcoplasmic reticulum
(SR) is not as consistent a finding as the mitochondrial swelling and may not be
evident with certain fixatives. Rupture of the cristae and deposition of electron-
dense material in mitochondria represent the final stage in the disruption of these
organelles. Accumulation of lipid droplets and disappearance of glycogen
granules is not usually evident until these other changes have occurred to some
degree and are probably due to the well-known metabolic effects of catechol-
amines. Herniation of intercalated discs and vacuolization are probably sec-
ondary to the swelling and disruption of subcellular organelles and the
disintegration of myofilaments.

Histological Changes

Histological changes in catecholamine-induced cardiomyopathy are generally
characterized by degeneration and necrosis of myocardial fiber, accumula-
tion of inflammatory cells such as leukocytes, interstitial edema, lipid droplet
(fat deposition), and endocardial hemorrhage. Table 2 shows the time course
of histological changes following isoproterenol injection (5,30,31,62,78,
80,82,84,85). Interstitial edema is usually associated with subendocardial and
subepicardial hemorrhages following administration of catecholamines and is
characteristically present in damaged areas of the myocardium even after
72 hours (5,62,78,80,84). Interstitial edema and inflammation are much more
prominent following epinephrine or norepinephrine injections even though iso-
proterenol is more potent in producing cellular damage (78). Accordingly, it has
been suggested that edema and inflammation result from mechanisms different
from those causing necrotic tissue damage during the development of cat-
echolamine-induced cardiomyopathy. Histochemical alterations subsequent to
administration of lesion producing doses of catecholamines have also been



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

214 Dhalla et al.

Table 2 Histological Changes During the Development of Catecholamine-Induced
Cardiomyopathy

Time after isoproterenol

injection Findings

A. Within 10 min Darkly stained contraction bands in thin sections from
Araldite-embedded ventricule pieces.

B. Within 2-6 hr* Focal myocardial degeneration including loss of striations

with sarcoplasmic smudging, lipid accumulation,
margination of nuclear chromatin and increased
cytoplasmic eosinophilia, capillary dilatation, interstitial
edema, subendocardial and subepicardial hemorrhage,
opacity and fuchsinorrhagia of the muscle fiber,
myocytolysis, vacuolization, and aggregation of
lymphomononuclear cells.

C. Within 12-24 hr Fibers with highly eosinophilic cytoplasm (mottled
appearance); fibers show swelling, fragmentation and
hyalinization; fibers are hemogenous, strongly eosinophilic,
peroxidase acid-Schiff (PAS)-positive, stain pink or deep
red with Cason’s trichrome, and exhibit fat deposition (lipid
droplet).

*Changes similar to these have also been reported within 4 to 5 hours after norepinephrine injection.

reported in detail (78,79,81,83). A marked loss of glycogen is seen within
30 minutes, and is most marked following epinephrine administration. Accu-
mulation of peroxidase acid-Schiff (PAS)-positive material is seen at one hour
and in an increasing number of fibers over the next 24 hours. This is associated
with loss of normal striations and appearance of clear vacuoles. A metachromatic
substance is usually observed in areas of interstitial edema and inflammation.
All three catecholamines have been shown to produce biphasic changes in
the activities of different oxidative enzymes (Table 3). There is a rapid increase
in the activities of enzymes; this is evident within five minutes in various
individual fibers, followed by a gradual decline in the activities during 6 to
12 hours. Certain areas of the myocardium having markedly diminished oxida-
tive enzyme activities are interspersed with fibers of normal activities. Decline in
oxidative enzyme activities of certain fibers progresses until frank necrosis is
evident and there is complete loss of the activities. In each case the degree of
change of the enzyme activities is proportional to the normal level of activity of
the enzyme involved. Cytochrome oxidase activity is unchanged until evidence
of early necrosis is seen after 6 to 12 hours, at which time the activity of this
enzyme decreases as well. An increased number of lipid droplets are observed at
30 minutes. Fatty change is more evident in the endocardial region than else-
where and has been reported by Ferrans et al. (78) to be least apparent with
epinephrine; this is in direct contradiction of the findings of Lehr et al. (83). The
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Table 3 Biochemical Changes During the Development of Catecholamine-Induced
Cardiomyopathy

A. Cardiac oxidative Biphasic (1) changes in succinic dehydrogenase,
enzymes NAD diaphorase,
lactic dehydrogenase, isocitric
dehydrogenase, malic dehydrogenase,
B-hydroxybutyric dehydrogenase,
a-glycerophosphate dehydrogenase,
glutamic dehydrogenase, and ethanol dehydrogenase

B. Blood (serum) Glucose 1, TG 1, nonesterified fatty acid T, cholesterol ~,
contents total protein |, aldosterone T,
glucocorticoid |, total steroid |, GOT/AST 1, GPT T,
LDH 1, CPK 1
C. Myocardial Glycogen | then 1, lactate |, nonesterified fatty acid |, TG 1,
contents free fatty acids ~ (LV, epi), phospholipids ~ (LV, epi),

TG uptakef, TG synthesis from acetate or palmitate ~,
hexosamine T (iso), mucopolysaccharide 1 (iso), GOT activity
| (iso), LDH activity | (iso), ratio of H to M isozyme |

Abbreviations: 1, increase; ~, no change; |, decrease; iso, by isoproterenol; epi, by epinephrine; TG,
triglyceride; GOT, glutamate-oxalacetate transferase; AST, aspartate amino transferase; GPT, glu-
tamate-pyruvate transferase; LDH, lactate dehydrogenase; CPK, creatine phosphokinase.

reason for this discrepancy is not clear; however, fibers, which contain large
lipiddroplets, show decreased activities of the oxidative enzymes, including
cytochrome oxidase. Furthermore, all three catecholamines cause a slight
increase in the staining of cytoplasm for lysosomal esterase activity (83). It has
been reported that ATPase and acid phosphatase were also increased in nor-
epinephrine-induced cardiomyopathy (85).

Biochemical Changes

Following catecholamine administration, the coronary blood flow, myocardial
oxygen uptake, and cardiac respiratory quotient were increased (86). Table 3
shows some biochemical changes in catecholamine-induced cardiomyopathy
(35,86-95). Glycogen content of the heart decreased rapidly after an injection of
isoproterenol and then rose above control level during subsequent five hours
(90). Serum glutamate-oxaloacetate transaminase (GOT), aspartate amino-
transferase (AST), glutamate-pyruvate transaminase (GPT), LDH, and creatine
phosphokinase (CPK) were all greatly elevated during the acute phase of
necrotization following catecholamine administration (86,88,89,91). Cardiac
AST and GOT activities decreased in a time- and dose-dependent manner fol-
lowing isoproterenol injection (94). Such a decrease in the enzyme activities
correlated well with the occurrence and severity of macroscopic lesions. Total
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cardiac LDH activity fell as well following isoproterenol injection (95); this
depression of activity was of long duration, lasting several days and appeared to
be due to a decrease in the ratio of its H:M isoenzymes. These findings are
consistent with the loss of enzymes from the heart as reflected by an increase in
plasma concentrations of transaminases and LDH. There was no significant
increase in the contents of free fatty acids or phospholipids in the left ventricle,
while there was a significant increase in the TG content of every layer of the
LV wall, following epinephrine infusion; the greatest increase in TG content
occurred in the endocardium (33). Furthermore, increased TG uptake and
unchanged TG synthesis from acetate or palmitate are consistent with the
appearance of numerous lipid droplets reported in histological and ultrastructural
studies (92). The myocardial content of hexosamines became greatly elevated
within 24 hours after an injection of isoproterenol, and this increase in muco-
polysaccharide could not be attributed to fibroblasts or other infiltrating
cells (93).

It was reported that a single, large subcutaneous dose of epinephrine,
norepinephrine, or isoproterenol produced uncoupling of oxidative phosphor-
ylation in rat heart mitochondria (42); however, these catecholamines did not
affect normal rat heart mitochondria under in vitro conditions. A reduced
respiratory control index (RCI) of heart mitochondria 24 hours after iso-
proterenol injection has also been reported (96,97). The results of several studies
on cardiac adenine nucleotides following isoproterenol injection in rats are
somewhat contradictory. A decrease in the levels of all adenine nucleotides has
been reported (98) but no change in the relative amount of ATP, ADP, and AMP
was evident. On the other hand, a decrease in ATP and creatine phosphate (CrP)
levels and a decrease in both ATP/ADP and ATP/AMP ratios without any sig-
nificant difference in the levels of ADP, AMP, glycogen, lactate, pyruvate,
lactate/pyruvate ratio, TG, cholesterol, or phospholipids have been reported (99).
Studies of this sort are difficult to evaluate; firstly because the results are
expressed in terms of gram wet heart weight, which increases because of a large
increase in extracellular fluid volume, following catecholamine administration
(99,100) and secondly because the scattered portions of the myocardium
undergoing necrotic change are “diluted” within a very large mass of cardiac
tissue that has been affected only slightly or not at all. When both ATP and CrP
stores of the myocardium were decreased on injecting catecholamines, it was
evident that the high-energy phosphate stores in the heart were depressed
(101,102); a large increase in the orthophosphate content of the myocardium was
also observed. These results suggest lowering of the energy state of myocardium
because of high doses of catecholamines, and these changes appear to be at least
partly due to an impairment in the process of energy production. On the other
hand, relatively little information regarding changes in the process of energy use
during catecholamine-induced myocardial cell damage is available in the liter-
ature. In this regard, it has been found that myosin extracted from rat hearts
following isoproterenol injections contained a large component consisting of a
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stable aggregated form of myosin (103,104), whereas only the monomeric form
of myosin was extracted from control animals. The first phase of aggregation
involved a low polymer, probably a dimer, and the aggregated form of myosin
did not possess any ATPase activity; there was no evidence of proteolytic
damage to the myosin. It has been reported that injection of a “lesion-producing”
dose of isoproterenol caused an elevation of cardiac myofibrillar ATPase activity
and decreased high-energy phosphate stores (105). However, studies in our
laboratory (106) did not reveal any change in myofibrillar Ca®"-stimulated
ATPase, while the basal ATPase activity was depressed. Thus, it appears that
further investigations are needed for making a meaningful conclusion regarding
changes in the process of energy use in hearts of animals treated with toxic doses
of catecholamines. Isoproterenol-induced cardiac dysfunction is associated with
elevated endothelin-1 and altered cardiomyocyte response to endothelin-1 (107).
Administration of isoproterenol also upregulates inducible nitric oxide synthase
expression and increases nitric oxide production in the heart leading to enhanced
formation of reactive nitrogen species or peroxynitrite (108).

Electrolyte Changes
Tissue Cation Contents

Table 4 shows electrolyte changes in catecholamine-induced cardiomyopathy
(82,83,101,102,109,110). The sodium content of the myocardium did not change
until about 24 hours, at which time it was increased; this may be a reflection of
an increased interstitial fluid volume (82,83,109,110). On the other hand,
alterations of myocardial potassium content are less certain. Although a transient
loss of myocardial potassium has been frequently reported (100,111-113), this is
a short-term phenomenon not lasting more than one to five minutes and may be a
result of the increased frequency of contraction (114). In this regard, it has been

Table 4 Electrolyte Changes During the Development of Catecholamine-Induced
Cardiomyopathy

Time after injection Electrolyte changes

A. Changes in tissue cation content

3-24 hr Mgt |, phosphate |,
6 hr Ca’" 1, Ca*" uptake 1 (is0) (6- to 7-fold),
24 hr Na* ~ or 1
B. Serum levels of electrolytes
3 hr Mg>" 1 (iso), Na¥ | (is0), Ca*" | (iso)
7 hr Mg>" to control K™ 1, Na* |, Ca®* |
24 hr All of electrolytes became normal with the

exception of Ca>"

Abbreviations: 1, increase; ~, no change; |, decrease; iso, by isoproterenol.
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reported that norepinephrine caused a dose-dependent uptake of potassium (115).
In studies concerned with the cardiotoxicity of epinephrine, both an increase (83)
and a decrease (33) in the potassium content of the myocardium have been
reported. A decrease of myocardial potassium content following isoproterenol
injection has also been reported (96). As mentioned previously, myocardial
cation content determinations are complicated by both the increase of interstitial
fluid volume, which accompanies necrosis, and by the admixture of necrotic and
normal fibers, which characterizes “multifocal disseminated” necrosis.

Serum Levels of Electrolytes

By 24 hours all serum electrolyte levels returned to normal with the exception of
calcium, which remained slightly low. It has been reported that, after an initial
period of uptake of potassium and phosphate, loss of these ions was evident (86).
Thus, serum electrolyte measurements appear to confirm the loss of magnesium
and phosphate from the heart and the uptake of calcium as early, important
events in the etiology of catecholamine-induced necrosis. Since both net
increases and decreases of myocardial and serum potassium have been found at
different times, it is possible that potassium may be taken up by more or less
undamaged myocardial cells while it is being released from fibers undergoing
necrotic changes.

Membrane Changes

By virtue of their ability to regulate Ca>* movements in the myocardial cell,
different membrane systems such as SL, SR, and mitochondria are considered to
determine the status of heart function in health and disease (116-119).
Accordingly, alterations in SR, mitochondrial, and SL. membranes were observed
in myocardium from animals treated with high doses of catecholamines
(120,121). To investigate the role of these membrane changes in the develop-
ment of contractile dysfunction and myocardial cell damage due to catechol-
amines, rats were injected intraperitoneally with high doses of isoproterenol
(40 mg/kg) and the hearts were removed at 3, 9, and 24 hours post injection
(106,122-128). The cardiac hypertrophy as measured by the heart or body
weight ratio and depression in contractile function were seen at 9 and 24 hours,
whereas varying degrees of myocardial cell damage occurred within 3 to
24 hours of isoproterenol injection (Table 5). Alterations in heart membranes
were evident from the fact that phospholipid contents in SL and mitochondria
were increased at 3 and 9 hours, whereas the SR phospholipid contents increased
at 3, 9, and 24 hours after injecting isoproterenol. It was interesting to observe
that phospholipid N-methylation, which has been shown to medulate the
Ca”-transport activities (123), exhibited an increase at 3 hours and a decrease
at 24 hours in both SL and SR, while no changes were observed in
mitochondria (Table 5). These studies (106,122—124) suggest that changes in heart
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Table 5 Cardiac Contractile Function, Structure, and Membrane Phospholipid Changes
at Different Times of Injecting High Doses of Isoproterenol (40 mg/kg, i.p.) in Rats

Time after isoproterenol injection

3 hr 9 hr 24 hr
Heart/body weight ratio no change  increase increase
Contractile force development no change  decrease decrease
Myocardial cell damage slight moderate severe
Sarcolemmal phospholipid contents increase increase no change
Sarcoplasmic reticular phospholipid contents  increase increase increase
Mitochondrial phospholipid contents increase increase no change
Sarcolemmal phospholipid methylation increase no change  decrease
Sarcoplasmic reticular phospholipid increase no change  decrease

methylation

Mitochondrial phospholipid methylation no change  no change  no change

Source: From Refs. 106,122,123,124.

membranes during the development of catecholamine-induced cardiomyopathy
are of crucial importance in determining the functional and structural status of
the myocardium.

An analysis of results described in various investigations (106, 125-127)
revealed that the activity of the SL Ca*"-pump (ATP-dependent Ca”"-uptake
and Ca’'-stimulated ATPase), which is concerned with the removal of Ca®t
from the cytoplasm, was increased at 3 hours and decreased at 24 hours fol-
lowing isoproterenol injection (Table 6). On the other hand, Na*-dependent

Table 6 Sarcolemmal Changes in Myocardium at Different Times of Injecting High
Doses of Isoproterenol (40 mg/kg, i.p.) in Rats

Time after isoproterenol injection

3 hr 9 hr 24 hr
ATP-dependent Ca®>" uptake increase no change decrease
Ca*"-stimulated ATPase increase no change decrease
Na™-dependent Ca®" uptake decrease decrease decrease
Na™-induced Ca®" release no change no change no change
ATP-independent Ca*>" binding no change increase increase
Sialic acid content no change increase increase
Nitrendipine binding no change no change no change
Na'/K" ATPase no change no change no change
Ca>"/Mg>" ecto-ATPase no change no change no change

Source: From Refs. 106,125-127.
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Ca2+-uptake, unlike the Na*-induced Ca**-release, was decreased at 3, 9, and
24 hours of isoproterenol administration. The SL ATP-independent Ca>"-binding,
which is considered to reflect the status of superficial stores of Ca*" at the cell
membrane, and SL sialic acid residues, which bind Ca“, were increased at 9 and
24 hours (Table 6). These SL alterations were not associated with any changes in
the nitrendipine binding (an index of Ca’"-channels), Na"-K* ATPase (an index
of Na'-pump), and Ca®*/Mg”" ecto-ATPase (an index of Ca®'-gating mecha-
nism). An early increase in SL Ca®"-pump may help the cell to remove Ca*",
whereas depressed Na'™-Ca®" exchange can be seen to contribute toward
the occurrence of intracellular Ca*"-overload. Likewise, an increase in the entry
of Ca®" from the elevated SL superficial Ca>" stores as well as depressed SL
Ca”*-pump may contribute toward the occurrence of intracellular Ca*"-overload
at late stage catecholamine-induced cardiomyopathy.

It is now well known that relaxation of the cardiac muscle is mainly
determined by the activity of Ca*"-pump located in the SR, whereas the inter-
action of Ca>" with myofibrils determines the ability of myocardium to contract.
On the other hand, mitochondria, which are primarily concerned with the pro-
duction of ATP, are also known to accumulate Ca®* to lower the intracellular
concentration of Ca*" under pathological conditions. Data from different studies
(106,122,124) as summarized in Table 7 indicate biphasic changes in the sar-
coplasmic reticular Ca®-pump (ATP-dependent Ca**-uptake and Ca®"-stimulated
ATPase) activities during the development of catecholamine-induced car-
diomyopathy. Mitochondrial Ca*"-uptake, unlike mitochondrial ATPase activity,
was increased at 9 and 24 hours of isoproterenol injection. Although no change
in myofibrillar Ca®>"-stimulated ATPase activity was apparent, the myofibrillar
Mg>" ATPase activity was depressed at 9 and 24 hours of isoproterenol injection
(Table 7). Time-dependent changes in the adrenergic receptor mechanisms

Table 7 Subcellular Alterations in Myocardium at Different Times of Injecting High
Doses of Isoproterenol (40 mg/kg; i.p.) in Rats

Time after isoproterenol injection

3 hr 9 hr 24 hr
Sarcoplasmic reticular Ca>* increase no change decrease
uptake
Sarcoplasmic reticular Ca>™ increase no change decrease
-stimulated ATPase
Mitochondrial Ca>" uptake no change increase increase
Mitochondrial ATPase no change no change no change
Myofibrillar Ca*"-stimulated no change no change no change
ATPase
Myofibrillar Mg>™ ATPase no change decrease decrease

Source: From Refs. 106,122,124,
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Table 8 Changes in Adrenergic Receptor Mechanisms in Myocardium at Different
Times of Injecting High Doses of Isoproterenol (40 mg/kg; i.p.) in Rats

Time after isoproterenol injection

3 hr 9 hr 24 hr
B-adrenergic receptors no change decrease no change
a-adrenergic receptors no change no change decrease
Adenylyl cyclase activity no change no change no change
Epinephrine-stimulated adenylyl decrease decrease no change
cyclase
Gpp(NH)p-stimulated adenylyl decrease decrease decrease
cyclase
NaF-stimulated adenylyl cyclase  decrease decrease decrease

Source: From Refs. 128.

(128), which are also concerned with the regulation of Ca®" movements in
myocardium, were also seen during the development of catecholamine-induced
cardiomyopathy (Table 8). In particular, the number of y-adrenergic receptors
was decreased at 9 hours, whereas the number of o-adrenergic receptors
decreased at 24 hours of isoproterenol injection. In another study it was found
that norepinephrine increased myocardial [;-adrenoceptor density at one
and four hours post norepinephrine treatment (129); in contrast, chronic
administration of norepinephrine for eight weeks has been shown to reduce
Bi-adrenoceptor density (130,131). The basal adenylyl cyclase activities were
not changed, whereas stimulation of adenylyl cyclase by epinephrine was
depressed at three and nine hours. Activation of adenylyl cyclase by a non-
hydrolyzable analog of guanine nucleotide (Gpp(NH)p) and NaF was decreased
at 3, 9, and 24 hours of isoproterenol injection (Table 8). Chronic infusion of
isoproterenol has also been associated with an increase in cardiac B-adrenergic
receptor kinase content (132). Recently in another study, early changes in
intracellular Ca®"-overload were observed to occur two minutes following iso-
proterenol injection. During the preinfarction period (before 12 hours) there was
a significant increase in Ca®" levels in cardiac mitochondrial and microsomal
fractions. Enhanced mitochondrial Ca®"-uptake, decreased ryanodine binding
and Na*/Ca®" exchanger activity, as well as activation of PMCA and SERCA
have also been reported. These changes lead to failed compensation and failed
recuperation of Ca®" dynamics during the first six hours post isoproterenol
treatment (64). Accordingly, it is suggested that subcellular mechanisms con-
cerned with the regulation of Ca’" movements are altered in catecholamine-
induced cardiomyopathy.

In summary, it appears that some of the changes in heart membranes are
adaptive in nature, whereas others contribute toward the pathogenesis of
myocardial cell damage and contractile dysfunction. The early increase in
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SL and SR Ca*"-pump mechanisms as well as late changes in mitochondrial
Ca’*-uptake seems to help the myocardial cell in lowering the intracellular
concentration of Ca®>". On the other hand, the early depression in SL Na"-Ca>"
exchange and late decrease in SL and SR Ca”*"-pump may lead to the devel-
opment of intracellular Ca®*-overload. This change may result in the redis-
tribution and activation of lysosomal enzymes (133) and other mechanisms for
the disruption of the myocardial cell due to high levels of circulating cat-
echolamines. It should be mentioned that genes such as UCP2 and FHL1 have
been identified to play a role in the development of cardiomyopathy induced by
B-adrenergic signaling (134). Increased protein amounts of the tumor sup-
pressor PTEN in response to isoproterenol stimulation may negatively regulate
PI3 kinase activity (135). PI3 kinase y was found to be critical for inducing
myocardial hypertrophy, interstitial fibrosis, and cardiac dysfunction in
response to B-adrenergic stimulation (136). P110g -/- mice, which are deficient
for the catalytic subunit for pI3 kinase ), have shown resistance to the effects of
isoproterenol on cardiac structure and function; however, these animals did not
show any change in the induction of hypertrophy markers in response to iso-
proterenol (136).

Coronary Spasm and Catecholamines

Under a wide variety of stressful conditions, where circulating levels of cat-
echolamines are markedly elevated, the occurrence of coronary spasm and
arrhythmia has been well recognized (137). In fact, coronary spasm is con-
sidered to result in arrhythmia, myocardial ischemia, and myocardial cell
damage because of catecholamines. To understand the mechanisms of coronary
spasm, changes in coronary resistance were monitored upon infusion of nor-
epinephrine in the isolated perfused rat heart preparations (138). A biphasic
change in coronary resistance was evident; however, when norepinephrine
infusion was carried out in the presence of a P-adrenergic blocking agent,
propranolol, only a marked increase in coronary resistance (coronary spasm)
was evident. This coronary spasm was dependent on the extracellular con-
centration of Ca®>" and was prevented by a-adrenergic blocking agents as well
as Ca’" antagonists (138). On the other hand, indomethacin and acetylsalicylic
acid, which interfere with prostaglandin metabolism, did not modify the
norepinephrine-induced coronary spasm (138). In another set of experiments,
intravenous injection of epinephrine in rats was observed to elicit varying
degrees of arrhythmias, depending on the time and dose of the hormone
(139,140). Pretreatment of animals with vitamin E, reducing agent (cysteine), or
oxygen-free radical scavenger (SOD) was found to markedly reduce the inci-
dence of arrhythmia due to epinephrine. These results indicate the importance of
free radicals in the generation of cardiotoxic effects of high concentrations of
catecholamines.
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MECHANISMS OF CATECHOLAMINE-INDUCED CARDIOMYOPATHY

Although excessive amounts of circulating catecholamines are known to induce
cardiomyopathy, the mechanisms are not clearly understood. Various theories
have been proposed to suggest the cause and mechanisms for the development of
catecholamine-induced cardiomyopathy. The major hypotheses include: (i) a
relative cardiac hypoxemia due to increased cardiac work and myocardial oxy-
gen demands, aggravated by hypotension in the case of isoproterenol (30,62); (ii)
coronary arterial vasoconstriction (spasm) causing endocardial ischemia (27,28);
(iii) inadequate perfusion of the endocardium due to impaired venous drainage of
the heart (141); (iv) hypoxia due to direct oxygen-wasting effects of catechol-
amines or their oxidation products (41); (v) interference with mitochondrial
oxidative phosphorylation by free fatty acids (142,143); (vi) occurrence of
intracellular Ca>"-overload due to massive calcium influx (102); (vii) formation
of adrenochromes and other oxidation products including oxyradicals
(124,138,140); (viii) potassium depletion (144) and altered permeability of the
myocardial cell membrane through elevation of plasma nonesterified—free fatty
acids (145); and, (ix) depletion of intracellular magnesium required for many
ATP-dependent enzymatic processes (109,146).

This section is devoted to discussion of different mechanisms, which have
been suggested to explain the cardiotoxic effects of catecholamines.

Relative Hypoxia and Hemodynamic Changes

Figure 1 shows the concept of relative cardiac hypoxemia and hemodynamic
changes, which have been shown to occur as a consequence of an injection of
isoproterenol. It was found that both high and low doses of isoproterenol
increased heart rate similarly, but the cardiac lesion—producing doses of iso-
proterenol resulted in a fall in blood pressure. It was suggested that the fall in
aortic blood pressure was of such a degree that a reduced coronary flow could be
inferred. It was further postulated that the necrotic lesions are the ischemic
infarcts due to a decreased coronary flow during a time when both amplitude and
frequency of cardiac contractions are increased. Thus, the greater damage to
myocardium by isoproterenol as compared with epinephrine or norepinephrine
was attributed to the dramatic hypotension. Various factors, such as previous
myocardial damage, previous isoproterenol injections, or activation of metabolic
processes were considered to provide cardiac muscle cells with an adaptation
to withstand the increased oxygen demand and relative hypoxia produced
by isoproterenol (147). On the other hand, it was found that dl-ephedrine and
d-amphetamine produced lesions in less than 50% of animals, although these
agents increase blood pressure, while ephedrine and amphetamine have a posi-
tive inotropic effect (34). Accordingly, it was suggested that drugs with both
positive inotropic and chronotropic actions might not produce cardiac lesions. In
fact, methoxamine, which has no positive inotropic effect, was found to produce
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cardiac lesions. In another study (35), the hemodynamic effects of “pharmaco-
logic” and lesion-producing doses of sympathomimetics were compared. It was
found that lesion-producing doses of isoproterenol decreased aortic flow and
heart rate as compared with pharmacological doses, but these were still above the
control values. Stroke work was greater with lesion-producing doses as com-
pared with pharmacological doses, but the mean aortic pressure, which deter-
mines the coronary perfusion pressure, was not reduced by the lesion-producing
doses of isoproterenol. Thus, there is evidence of impaired function of the
myocardium, but the hemodynamic change does not appear adequate to produce
insufficient myocardial perfusion. As a result of these findings, it was suggested
that the effects of isoproterenol were due to some direct action on the myocardial
cell and not solely due to the hemodynamic effects. Furthermore, the coronary
flow could not have been greatly reduced by isoproterenol because the blood
pressure remained above that in shock and the cardiac output was increased (31),
and thus it was concluded that hypotension is nonessential for the production of
cardiac necrosis by isoproterenol. This view was supported by the finding that
verapamil was effective in protecting the heart from isoproterenol-induced
necrosis even though blood pressure fell almost twice as much when verapamil
was administered together with isoproterenol as it did following administration
of isoproterenol alone (148).
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Coronary Spasms and Hemodynamic Effects

Another hypothesis closely related to that of coronary insufficiency of hemo-
dynamic origin is that of a relative ischemia resulting from coronary vascular
changes. It was found that isoproterenol changed the distribution of uniform
coronary flow in the endomyocardium (27). These results suggest that dilatation
of arteriovenous shunts might be responsible for the endocardial ischemia
because coronary flow is usually increased with isoproterenol. On the other
hand, a marked occlusion of coronary vessels was observed in 69% of animals at
30 minutes and 33% of animals at 60 minutes, but almost no occlusion was seen
at 24 hours following isoproterenol injection (149). It was thought that these
results occurred due to spasm of the coronary vessels. Changes in peripheral
resistance due to catecholamines were also important because it was possible
to reproduce essentially similar pathological changes by surgical occlusion of
the efferent vessels (141). On this basis it was suggested that impairment
of venous drainage via venospasm largely accounts for the adverse effects of
catecholamines.

Blood flow to the LV subendocardial muscle has been suggested to be
compromised during systole and to occur mainly during diastole because
intramyocardial compressive force is greatest in this region (150,151). Further-
more, it has been shown (152) that when aortic diastolic pressure was lowered or
diastole shortened (by pacing) and myocardial oxygen demands simultaneously
raised, myocardial performance was found to be impaired. Scintillation counting
of the distribution of 141Ce—, 85Sr—, or *°Sc-labeled microspheres was used to
determine the coronary flow distribution during isoproterenol infusion (153).
When isoproterenol was infused at a rate, which failed to maintain the increase in
contractile force, it was found that subendocardial flow fell by 35%, while
subepicardial flow increased by 19%. Thus, although spasm of coronary arteries
and/or veins may well occur, it is possible that increased cardiac activity,
reduced aortic pressure, and greatly decreased diastole could also be responsible
for an under perfusion of the endocardium.

A serious challenge to the concept of impaired ventricular perfusion as the
primary cause of necrosis was presented by employing the ®°Kr clearance
method to study perfusion of the ventricle during epinephrine infusion (33).
Evidence of myocardial necrosis was obtained 75 minutes after the start of
epinephrine infusion, but ®Kr clearance studies showed no difference in the rate
of clearance from inner, middle, and outer layers of the left ventricle in either the
control or epinephrine-treated hearts. Thus, there was no evidence for ischemia
of subendocardial tissue as a causal factor in the epinephrine-induced necrosis.
On the other hand, a decreased passage of the trace substance horseradish per-
oxidase from the capillaries to the myocardial interstitium was observed in a
study in which isoproterenol was infused at a low concentration (25). Thus, this
controversy still remained to be resolved. The hypothesis that the vascular
factors are the primary cause of necrotic lesions was also tested using the turtle
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heart as a unique model in which perfusion of the endocardium is not vascular
(32). In the turtle heart, the internal spongy musculature is supplied by diffusion
from the ventricular lumen via intertrabecular spaces, while the outer compact
layer is supplied by the coronary artery branching off the aorta. Isoproterenol
injections were found to produce necrotic lesions in the spongy layer of the turtle
heart, which does not support the concept that isoproterenol-induced cardiac
necrosis is due to a vascular mechanism.

Metabolic Effects

Figure 2 shows the concept involving metabolic and hemodynamic changes in
the development of catecholamine-induced cardiomyopathy. It was pointed out
that the catecholamine-induced myocardial necrosis must be considered to be of
a mixed pathogenesis involving both direct metabolic actions in the cardiac
muscle as well as factors secondary to vascular and hemodynamic effects (154).
Cardiac lesions due to epinephrine and isoproterenol are of a mixed type in
which both hypoxia secondary to vascular and hemodynamic effects as well as
direct metabolic effects in the heart muscle have a role in their development. It is
not, then, unreasonable to regard vascular and hemodynamic effects as com-
plicating factors, which greatly aggravate some more direct toxic influence of
catecholamines on myocardial cells. Accordingly, it can be readily understood
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how a reduction in the extent and severity of catecholamine-induced lesions is
brought about by interventions, which specifically block the peripheral vascular
change, prevent the positive inotropic and chronotropic effects of these drugs on
the heart, or improve the delivery of oxygen to the myocardium.

Many years ago Raab (41) attributed the cardiotoxic actions of catechol-
amines to their oxygen-wasting effect. According to him: “The most conspicuous
reaction of myocardial metabolism to the administration of adrenaline is an
intense enhancement of local oxygen consumption which, in certain dosages, by
far exceeds the demand of simultaneously increased myocardial muscular work,
and which is only partially compensated by a simultaneous increase of coronary
blood flow. In this respect adrenaline is able, so to speak, to mimic the anox-
iating effects of coronary insufficiency in the absence of any real coronary
anomaly. It should be emphasized, however, that the tissue anoxia resulting from
the administration of adrenaline is probably not caused by adrenaline itself but
by an oxidation product of adrenaline (Bruno Kisch’s omega), which acts as an
oxidation catalyst even in very high dilutions.” It was found that identical
electrocardiographic changes occurred during cardiac sympathetic nerve stimu-
lation, electrically induced muscular exercise, or intravenous injection of nor-
epinephrine or epinephrine, when coronary artery dilatability is impaired and
during exogenous anoxia or partial occlusion of the coronary arteries (155). This
was taken as evidence that the increased O, consumption caused by catechol-
amines produced a relative hypoxia if coronary flow could not be sufficiently
increased.

A crucial point in the concept of oxygen wasting concerns the origin of the
increased O, consumption with catecholamines—whether it is due to a decreased
efficiency of oxygen use or an increased oxygen demand. It was found that the
oxygen consumption of resting papillary muscle was not increased by cat-
echolamines even in concentrations 10 times higher than those effective in
stimulating O, consumption of contracting papillary muscles (156). This study
concluded that the increased O, consumption of the intact heart following
administration of epinephrine or norepinephrine is secondary to the increased
contractility. On the other hand, it was reported that low dose norepinephrine
exerted a maximal inotropic effect with little or no increase of O, consumption,
while larger doses had no further inotropic effect but did increase O, con-
sumption, indicating that it is excessive catecholamine concentrations which
cause oxygen wasting (157).

It was observed that the increase of O, consumption of the potassium-
arrested heart caused by catecholamines was 5% to 20% of that found in the
beating heart (158); this study concluded that most, but not all, of the increased
O, consumption was secondary to hemodynamic alterations and increased car-
diac work. In a similar comparison of the effects of epinephrine on O, con-
sumption in beating and arrested hearts, it was found that about one-third of the
increment in O, consumption in beating hearts was accounted for by a metabolic
effect dissociable from the increased work (159). Furthermore, it was reported
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that this effect could be blocked by dichloroisoproterenol but not by phentol-
amine (160). From these studies it is evident that catecholamines can cause an
increase in O, consumption that is not related to increased cardiac work or
activity and the concept of decreased efficiency or oxygen wasting is therefore
justified. It has been suggested that this oxygen-wasting effect was actually due
to an oxidation product of epinephrine (41), and one such oxidation product,
adrenochrome, was shown to uncouple mitochondria (161). The uncoupling of
mitochondria by adrenochrome was antagonized by GSH in high concentration,
probably due to a direct reduction of adrenochrome, since the characteristic red
color of adrenochrome was lost when GSH was added in the presence or absence
of mitochondria, whereas oxidized GSH did not affect this uncoupling by
adrenochrome.

It was found the P:O ratio of heart mitochondria by norepinephrine, epi-
nephrine, or isoproterenol was significantly low (42). RCI and QO, were similar
to control, but unfortunately the control RCI values in these experiments were
very low. A good relationship between elevation of myocardial catecholamine
content and depression of P:O ratio in mitochondria was observed. Whereas
propranolol pretreatment enhanced the increase in myocardial catecholamines
and caused a more marked depression of mitochondrial P:O ratios, dibenzyline
and reserpine inhibited both the increase in catecholamine contents and the
decrease in the mitochondrial P:O ratio. Since catecholamines under in vitro
conditions did not affect the P:O ratio of mitochondria at a concentration of
1 mM, it was concluded that this was not a direct action of the catecholamines on
the mitochondria, but instead adrenochrome or one of its metabolites might be
responsible for the observed effect (42). In one experiment studying the oxida-
tive phosphorylation of heart mitochondria from isoproterenol-treated rats
revealed that the RCI was reduced without affecting the P:O ratio (96). It is not
possible to draw any definite conclusions from these studies with respect to the
effects of catecholamines on mitochondrial respiration, although uncoupling of
oxidative phosphorylation is certainly indicated and would explain both the
oxygen-wasting effect and the depletion of myocardial high-energy phosphate
stores caused by large doses of catecholamines.

Having found that heart mitochondria from catecholamine-treated rats
were uncoupled, the level of free fatty acids in the mitochondria was determined
because free fatty acids are known to uncouple mitochondria (42). No difference
in mitochondrial-free fatty acid content or composition was found, and it was
concluded that the observed uncoupling might not be due to the accumulation
of fatty acids. Furthermore, ephedrine, which produced no significant changes in
plasma nonesterified—free fatty acids, was observed to cause cardiac lesions
(145). Nevertheless, it was found that inhibition of lipolysis by nicotinic acid,
B-pyridyl carbonyl, or high plasma glucose concentrations during infusion of
isoproterenol could substantially reduce the increase in myocardial oxygen
consumption. This may be possibly due to the prevention of the uncoupling
action of high intracellular concentrations of free fatty acid in the heart,



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

Pathogenesis of Catecholamine-Induced Cardiomyopathy 229

following catecholamine administration (142). A casual relationship between the
increase in plasma-free fatty acids following norepinephrine administration and
the occurrence of cardiac lesions has also been postulated (143). The evidence
fails to implicate elevated levels of free fatty acids as primary agents in mito-
chondrial uncoupling following administration of catecholamines. But it was
suggested that metabolism of free fatty acids in some way aggravate the car-
diotoxic effects of catecholamines (142) as well as the correlation of severity of
lesions with the amount of body fat (162).

Electrolytes Shifts and Intercellular Ca**-Overload

Figure 3 shows the concept of electrolyte shifts in the genesis of catecholamine-
induced cardiomyopathy. In view of the close relationship between electrolyte
shifts and the occurrence of necrotic lesions, it has been suggested that changes
in myocardial electrolyte contents initiated by altered cationic transfer ability of
myocardial cells at the plasma membrane and subcellular membrane sites by
catecholamines contribute to irreversible failure of cell function (109). Critical in
the pathogenesis of irreversible damage was the loss of cellular Mg>" (146). In
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Figure 3 Energy status and electrolyte shifts in catecholamine-induced cardiomyopathy.
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this regard, it was pointed out that Mg®" is an important activator cation par-
ticipating in the function of many enzymes involved in phosphate transfer
reactions, including use of ATP. Unfortunately, this mechanism cannot be
considered adequate to explain the reduction of high-energy phosphate content in
the myocardium (102), since interference with energy use would have the
opposite effect. On the other hand, Mg>" is reported to cause a decrease in the
respiration-supported uptake of Ca®" by isolated heart mitochondria (163) and
could thus be important in regulating the mitochondrial function in terms of
oxidative phosphorylation. It has been similarly argued that it is the derangement
of myocardial electrolyte balance, specifically the loss of K™ and Mg*" ions
from the myocardium, which is the central mechanism in a variety of car-
diomyopathies (144). But this derangement of electrolyte balance was consid-
ered to be secondary to an inadequate supply of energy for transmembrane cation
pumps required for the maintenance of electrolyte equilibrium, which occurs
with oxygen deficiency or impaired energy production. It has also been sug-
gested that electrolyte shifts are an important component in the development of
irreversible damage produced by both direct and indirect pathogenic mecha-
nisms, and that myocardial resistance is related to the ability of the heart to
maintain a normal electrolyte balance in the face of potentially cardiotoxic
episodes (154).

Figure 4 shows the involvement of intracellular Ca*"-overload in the
pathogenesis of catecholamine-induced cardiomyopathy. It was observed that
the isoproterenol-induced necrosis and decline in high-energy phosphates were
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Figure 4 Intracellular Ca*"-overload in catecholamine-induced cardiomyopathy.
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associated with a six- to sevenfold increase in the rate of radioactive Ca’*-
uptake and a doubling of net myocardial Ca®" content (102). This finding
suggested that isoproterenol causes a greatly increased influx of Ca®", which
overloads the cardiomyocytes. It was postulated that the intracellular Ca®'-
overload initiates a depression in high-energy phosphate stores by excessive
activation of Ca2+-dependent ATPases and impairing mitochondrial oxidative
phosphorylation. When high-energy phosphate exhaustion reaches a critical
level, fiber necrosis results. This hypothesis attempts to explain why the
myocardium is sensitized to isoproterenol-induced necrosis by factors, such as
9-a-fluorocortisol acetate, dihydrotachysterol, NaH,PO,, high extracellular
Ca2+, or increased blood pH, which favors intracellular Ca’"-overload. Con-
sistent with this hypothesis, K™ and Mg?" salts, low extracellular Ca**, thyro-
calcitonin, low blood pH, or specific blockers of transmembrane Ca®* fluxes
protect the heart against isoproterenol, presumably by preventing the occurence
of intracellular Ca*"-overload. In support of the central role for Ca*"-overload in
the pathogenesis of catecholamine-induced necrosis is the observation that
spontaneous necrotization of cardiac tissue in myopathic hamsters, which exhibit
high levels of circulating catecholamines, is prevented by treatment with a Ca®"-
channel blocker, verapamil (164,165). It was also shown that propranolol could
completely block the increase of Ca*" content of the myocardium but would
only reduce the incidence of lesions rather than preventing them. Also, necrosis
of skeletal muscle fibers can be induced through mechanical injury of the cell
membrane, permitting increased amount of Ca”—inﬂux, which can be prevented
by elimination of Ca*" from the Ringer solution or by an outward electric
current, which blocks Ca*"-influx (166). Unfortunately, there is no direct evi-
dence that it is in fact Ca®", which produces the decline of high-energy phos-
phate in the hearts of animals given isoproterenol, and a causal relationship has
not yet been established. Furthermore, it has been found that myocardial Ca®"
content increased on increasing the dose of isoproterenol in the range from 0.1 to
10 pg/kg, but it did not increase further with higher dose levels required to
produce myocardial lesions (167). It has also been shown that increased cystolic
Ca”" in the myocytes may be due to leakage from the SR through dysfunctional
ryanodine receptors (168). Thus, it was suggested that the inotropic response to
catecholamines is related to Ca®" entry but that the necrosis may be due to some
other factor, possibly the intracellular metabolism of Ca®". Nonetheless, the
dramatic modification of necrosis by factors influencing transmembrane Ca®"
fluxes clearly suggests the involvement of Ca®" at some level in the etiology of
necrosis caused by catecholamines (167).

Figure 5 shows the concept involving MAO and other oxidation processes
in the development of catecholamine-induced cardiomyopathy. On the basis of
coincidence of localization of isoproterenol-induced myocardial lesions and the
highest myocardial MAO activity, it has been suggested that the accumulation of
products metabolically formed during deamination of catecholamines may be the
cause of necrosis in the heart (169). It is further pointed out that the lower
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sensitivity to isoproterenol may be due to the lesser MAO activity in the hearts of
young rats in comparison with the older rats. These observations as well as the
protective effect of monoamine oxidase inhibitors (MAOI) do not appear to be
consistent with the hypothesis of intracellular Ca®*-overload. Likewise, no
specific explanation has been offered for the changes in contractile proteins,
which are seen to occur in catecholamine-induced necrotic lesions except for the
suggestion that a direct interaction of catecholamine or some metabolite with the
heavy meromyosin region of the myosin molecule is involved (104). It is pos-
sible that MAOI may reduce the oxidation of catecholamines and thus decrease
the formation of toxic substance such as free radicals and adrenochrome and
subsequent myocardial necrosis. It may very well be that lysosomes (133) are
activated because of intracellular Ca®*-overload, and this may produce cellular
damage due to catecholamines. Furthermore, catecholamines are known to
markedly increase the concentration of cAMP in the heart, and it is likely that
this agent in high concentrations may represent an important factor for causing
catecholamine-induced myocardial necrosis in association with changes due to
the oxidation products of catecholamines (Fig. 5).

In summary, the majority of the factors found to influence the severity of
catecholamine-induced lesions can be understood in terms of their effects on
hemodynamic factors, delivery of oxygen to the myocardium, electrolyte bal-
ance, metabolism of calcium, and mobilization of lipids. It would thus appear
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Table 9 Possible Mechanisms for Cardiotoxic Effects of High Levels of Circulating
Catecholamines

1. Functional hypoxia a. Increased cardiac work
b. Excessive demand for O,
2. Coronary a. Coronary spasm
insufficiency b. Hemodynamic effects
3. Increased membrane a. Electrolyte shift
permeability b. Loss of intracellular contents
4. Decreased levels of a. Excessive hydrolysis of ATP
high energy b. Uncoupling of mitochondrial oxidative phosphorylation
phosphate stores
5. Alterations in lipid a. Increased lipolysis
metabolism b. Increased accumulation of fatty acids
6. Intracellular Ca>* a. Excessive Ca’" entry and intracellular release
overload b. Depressed Ca®" efflux and intracellular uptake
7. Oxidative stress a. Formation of free radicals
b. Formation of adrenochrome

that hemodynamic and coronary vascular factors contribute significantly to the
severity of myocardial damage following catecholamine administration, but that
some primary pathogenic mechanism acting directly on the myocardial cell is
probably involved as well. Furthermore, it is clear that the exhaustion of high-
energy phosphate store and disruption of electrolyte balance are crucial events in
the etiology of irreversible cell damage. Although mobilization of lipids and the
occurrence of intracellular Ca®> -overload may be involved, the nature of the
direct pathogenic influence following injection of catecholamines is yet
unknown. Some of the possible mechanisms, which have been proposed to
explain the cardiotoxic effects of catecholamines, are given in Table 9.

Adrenochrome and Related Oxidation Products

Catecholamines can easily undergo oxidation with production of unstable cat-
echolamine o-quinones that in turn give rise to the respective adrenochromes and
subsequent production of oxygen-free radicals like superoxide radicals. These
superoxide radicals can then be reduced by SOD to hydrogen peroxide (129).
Auto-oxidation products of catecholamines, such as adrenochrome, acting in
conjuction with catecholamines, are critical factors in inducing cardiomyopathy
and in initiating myocardial necrosis. This effect may be mediated through
generation of free radical and their interaction with the sulfhydryl groups. In
addition to the spontaneous oxidation of epinephrine to adrenochrome by an
autocatalytic process (170), adrenochrome is enzymatically formed in mam-
malian tissues. These enzymes include tyrosinases (171-176) and polyphenol
oxidases from various sources (176-180), particularly in guinea pig and rat
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muscles (180). Other enzyme systems shown to actively convert epinephrine to
adrenochrome are xanthine oxidase (181), leukocyte myeloperoxidase (182,183),
heart muscle cytochrome C oxidase (184-186), cyanide insensitive system
present in the heart and skeletal muscle (187), cytochrome-indophenol oxidase
system present in all tissues (187,188), and an unidentified enzyme in the cat
salivary gland (189). The oxidation of epinephrine has also been reported to be
catalyzed by cytochrome C and methamyoglobin (190), which stabilizes the
formation of adrenochrome in the presence of bicarbonate buffer regardless of
the oxidizing system used (191), and has been reported to occur in blood
(192,193). Much of the work in the literature dealing with the physiological and
pharmacological effects of the oxidation products of epinephrine was carried out
before the structure of adrenochrome was known, and has been discussed in a
review article on this subject (194). Furthermore, in view of the inherent
instability of adrenochrome in solution, one can not be certain whether the
specific effects or the absence of certain effects can truly be considered as an
accurate assessment of the adrenochrome activity. Nevertheless, it is worth
reviewing the broad spectrum of physiological activities, which have been
attributed to adrenochrome or at least to some closely related products of
adrenochrome.

Table 10 shows the effects of adrenochrome, adrenoxyl, and oxidized
epinephrine. Oxidized epinephrine solutions have been found to inhibit cardiac

Table 10 Effects of Adrenochrome, Adrenoxyl, and Oxidized Epinephrine

A. Adrenochrome blood pressure |, vasoconstriction,

powerful hemostatic agents, capillary permeability |, blood
sugar | (anti-insulinase), O, consumption | (?), oxygen
uptake ~ or |, lactic acid production |, uncoupling
of mitochondria oxidation

phosphorylation, P/O ratio |, pyruvate oxidation > succinate
oxidation

B. Adrenoxyl

Adrenochrome
(Inhibition) glucose

(Stimulation)

Adrenochrome

+ Adrenoxyl
(Inhibition)

Adrenochrome +

oxidized epinephrine
(Inhibition)

Adrenochrome

+ Adrenoxyl

mitochondrial KT |, ATPase activity |,

alteration of P/O ratio

phosphorylation, glycolysis, hexokinase,
phosphofrucktokinase

glycogen synthesis, hexose monophosphate shunt

myosin ATPase activity

monoamine oxidase, the enzyme alkaline phosphatase

antimitotic activity |, coenzyme A |, antihistaminic effect |,
mitochondrial material T
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inotropism and chronotropism (172,173,177,195-197) and to increase rather
than decrease the tone of rabbit intestinal strips (198). Adrenochrome has been
reported to increase blood pressure (199,200), to be effective as a vasoconstrictor
(201), to be a powerful hemostatic agent, and to diminish the capillary perme-
ability (202,203). Adrenochrome has frequently been reported to reduce blood
sugar levels and potentiate the effects of insulin and has been described as an
anti-insulinase (194,204), although this claim has been disputed (205). Admin-
istration of adrenochrome either by injection or by feeding has been reported to
increase oxygen consumption in humans and guinea pigs (206,207) as well as
tissue oxygen consumption in vitro (208,209). On the other hand, some inves-
tigators have observed that adrenochrome may stimulate, inhibit, or have no
effect on tissue oxygen consumption, depending on the metabolic substrate used
(210) or the adrenochrome concentration (211). Reports are also available to
show that adrenochrome did not affect the oxygen uptake in rat muscle (212) but
inhibited oxygen uptake and lactic acid production in dog heart slices (213).
Adrenochrome has been observed to uncouple mitochondrial oxidative phos-
phorylation and depress P:O ratios (161,214,215). It has been suggested that
adrenochrome may act as a hydrogen carrier between substrate and molecular
oxygen with the formation of water and regeneration of adrenochrome after each
cycle (214).

Adrenochrome was reported to be much more effective in inhibiting
pyruvate oxidation than succinate oxidation (215). Adrenoxyl, a closely related
epinephrine oxidation product, has been found to lower mitochondrial potassium
content, decrease mitochondrial ATPase activity, and alter mitochondrial P:O
ratio (216). Adrenochrome also inhibited hexokinase and phosphofructokinase,
thus inhibiting glucose phosphorylation and glycolysis, while stimulating gly-
cogen synthesis (187,217-220) and the hexose monophosphate shunt (221,222).
Adrenochrome and adrenoxyl have both been found to be inhibitors of myosin
ATPase activity in the heart and smooth muscle (223-226). Adrenochrome and
oxidized epinephrine solutions were also observed to inhibit MAO in a variety of
tissues (227-229) and alkaline phosphatase activity (230). It was thought that
inhibition of different enzymes is due at least partly to the reversible oxidation of
sulfhydryl groups in the enzymes (225,227). Other effects attributed to adre-
nochrome and adrenoxyl include antimitotic activity (231), reduction of coen-
zyme A levels in the heart, kidneys, and brain (232), antihistaminic properties
(194), and an increase in mitochondrial material of cultured cells (233). Thus, it
is evident that adrenochrome is a highly reactive molecule chemically and it not
only is capable of oxidizing protein sulthydryl groups but is also a dynamic
catalyst for the deamination of a variety of amines and amino acids (234-238).
Furthermore, it functions as an oxidative hydrogen carrier acting on either
metabolic substrates (214) or NADP" (222) and thus altering or disrupting
essential metabolic pathways. The metabolism of adrenochrome and related
epinephrine oxidation products has been studied in rabbits, cats, and dogs (239-241).
Adrenochrome injected into rabbits rapidly disappeared from the blood,
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transformed to adrenolutin in the liver, and then removed from the system via the
kidney (239). Most of the adrenochrome was excreted in the urine as adrenolutin
(both free and conjugated), or in the form of a fluorescent brown pigment, while
a small amount was excreted unchanged. In cats and dogs, approximately 70%
was excreted in the form of a variety of adrenochrome reduction products and
other indoles (240). An unstable yellow pigment has been observed in the urine
of rats after the injection of 4C-labeled adrenochrome (242).

In view of the foregoing discussion, it can be appreciated that there is
evidence both for the presence of and the formation of adrenochrome in mam-
malian tissues. Furthermore, adrenochrome has been shown to be capable of
producing a wide variety of metabolic changes by interfering with numerous
enzyme systems. Thus, adrenochrome and/or other catecholamine oxidation
products may be regarded as possible candidates that are involved in toxic
manifestation occurring in conjunction with catecholamine excess or altered
catecholamine metabolism. The injection of catecholamines into animals can be
conceived to result in the formation of oxidation products such as adrenochrome
in the circulating blood as well as in the myocardial cell. The accumulation of
these oxidation products in myocardium could then directly or indirectly, acting
by themselves or in conjunction with other effects of catecholamines, initiate
processes leading to myocardial necrosis. Accordingly, experiments were
undertaken to understand the problem of whether or not catecholamines, their
oxidation products, or metabolites are indeed capable of a direct toxic influence
on the heart (243). When the isolated rat hearts were perfused with high con-
centrations of isoproterenol for one hour, no depression in contractile activity or
myocardial cell damage was evident (243). These observations were confirmed
by other investigators (244). On the other hand, perfusion of the isolated hearts
with oxidized isoproterenol produced dramatic cardiac contractile, morpholog-
ical, and subcellular alterations (243,245). Toxic effects of isoproterenol on
cultured cardiac muscle cells were also shown to be due to its oxidation (246). In
fact, the contractile dysfunction and myocardial cell damage in the isolated
perfused rat hearts due to adrenochrome were observed to depend on its con-
centration as well as time of perfusion (247). Various pharmacological agents
and cations, which prevent the occurrence of intracellular Ca’"-overload, were
observed to reduce the cardiac contractile failure and cell damage due to adre-
nochrome (248,249). Adrenochrome was suggested to affect Ca>" movements in
the myocardial cell because of its action on the SL, sarcoplasmic reticular, and
mitochondrial membranes (250-253). In fact, adrenochrome was found to
accumulate in the myocardium and localize at different subcellular organelles
(253,254). Adrenochrome was also shown to be a potent coronary artery con-
strictor in the isolated rat heart preparations (255). Although administration of
adrenochrome to rats was found to induce arrhythmia, myocardial cell damage,
and heart dysfunction under in vivo conditions (256-258), oxidation products
other than adrenochrome are also involved in the genesis of catecholamine-
induced cardiotoxicity (259).
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A number of mechanisms have been suggested to explain the pathogenesis
of myocardial injury caused by catecholamine exposure. One possibility is that
catecholamine cardiotoxicity is induced by free radicals derived from cat-
echolamine autooxidation (260). Since the oxidation of catecholamines results in
the formation of aminochromes (such as adrenochrome) and free radicals, it is
possible that adrenochrome in addition to free radicals may also be involved in
the development of catecholamine-induced cardiotoxicity. It is pointed out that
the GSH/GSSG ratio, which is a good estimation of redox state and oxidative
stress in the cell, was decreased within 1 hour to 30 days following norepinephrine
administration. GSH was eventually depleted, which may be due to conjugation
with o-quinone and/or oxidation to GSSG. There was also increase in GPx
activity four hours after norepinephrine administration, which may contribute to
GSH consumption and GSSG formation due to its action on hydrogen peroxide.
The activities of both SOD and GSH reductase were increased eight hours after
norepinephrine treatment. This delay in the increase of antioxidant activity may
explain the accumulation of superoxide-free radical and GSSG after four hours.
Since malondialdehyde was increased in norepinephrine-treated rats despite the
increased antioxidant activity, it is evident that reactive oxygen species were not
sufficiently neutralized (129). We have also found that rats treated with high
dose isoproterenol resulted in increased malondialdehyde content as well as
increased formation of conjugated dienes and low GSH redox ratio (261). Not
only depressed cardiac SL ATP-dependent Ca”-uptake, Ca*"-stimulated
ATPase activity, and Na'-dependent Ca®" accumulation were observed in iso-
proterenol-treated hearts, but such changes were also seen in rat hearts perfused
with adrenochrome. All of the catecholamine-induced changes were attenuated
with vitamin E treatment. Furthermore, incubation of SL membrane with dif-
ferent concentrations of adrenochrome decreased the ATP-dependent and Na™ -
dependent Ca*'-uptake activities. These findings support the occurrence of
oxidative stress, which may depress the SL Ca”" transport and result in the
development of Ca*"-overload and heart dysfunction in catecholamine-induced
cardiomyopathy (261). Vitamin E was also found to prevent the isoproterenol-
induced arrhythmia, lipid peroxidation, myocardial cell damage, and loss of
high-energy phosphates, whereas vitamin E deficiency was shown to increase the
sensitivity of animals to the cardiotoxic actions of isoproterenol (140,262,263).
Freedman et al. (264) reported a correlation between myocardial susceptibility to
oxidative stress due to isoprenaline-induced injury and magnesium-deficient as
well as vitamin E-deficient diets. Isoproterenol-induced cardiomyopathy in rats
fed vitamin E or zinc showed reduced levels of lipid peroxidation (262,263).
Treatment with vitamin E, selenium, and zinc rendered protection against lesions
produced in stressed pigs with high blood levels of catecholamines (265). Other
antioxidants such as ascorbic acid and sodium bisulfate have also been shown to
prevent the cytotoxic effects of isoproterenol in cultured rat myocardial
cells (266-268). Ferulic acid, a natural antioxidant, in combination with
ascorbic acid synergistically improves the mitochondrial dysfunction during
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isoproterenol-induced cardiotoxicity (269). Exercise training, which is consid-
ered to increase the antioxidant reserve, was reported to decrease the myocardial
cell damage due to catecholamines (270,271). Probucol, a clinically used cho-
lesterol-lowering drug with antioxidant properties, inhibited oxidative stress,
enhanced endogenous antioxidant reserve (GPx), and increased ATP content
(272). The mechanism by which the activation of SNS may induce oxidative
stress appears to be the auto-oxidation of catecholamines; this oxidation results
in the formation of cyclized o-quinones, two protons and two electrons, whereas
o-semiquinones, when oxidized, result in the formation of superoxide radicals.
This may start a chain reaction of hydroxide radical generation, lipid perox-
idation, and protein oxidation (273). It is therefore likely that antioxidant therapy
may prove highly beneficial in preventing the cardiovascular problems where the
circulating levels of catecholamines are elevated markedly. In this regard, it
should be pointed out that oxygen-free radials have been shown to exert car-
diotoxic effects such as myocardial cell damage, contractile failure, subcellular
alterations, and intracellular Ca>*-overload (274-282). Thus, it appears that the
generation of oxyradicals, in addition to the formation of aminochromes, may
play an important role in the pathogenesis of cardiotoxicity under conditions
associated with high levels of circulating catecholamines. A scheme indicating
the involvement of both free radicals and adrenochrome in the development of
catecholamine-induced arrhythmias, coronary spasm, contractile failure, and
myocardial cell damage is depicted in Figure 6.
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Figure 6 Schematic representation of the mechanism for the genesis of cardiotoxic
effects of high concentrations of catecholamines.
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MODIFICATION OF CATECHOLAMINE-INDUCED CARDIOMYOPATHY

Pharmacological Interventions
Monoamine Oxidase Inhibitors

Table 11 shows the effects of different types of drugs, including MAOIs, on
catecholamine-induced cardiomyopathy. MAOI of the hydrazine type has been
found to decrease the incidence and severity of myocardial lesions following
catecholamine administration (90,96,162,283-286) and to antagonize increases
in myocardial water, sodium, and chloride as well as loss of potassium (96). The
hydrazine type inhibitors investigated include isocarboxazide, iproniazide, piv-
aloylbanzhydrazine, and phenylzine. On the other hand, the nonhydrazine type
MAUOI such as tranylcypromine, pargyline, and RO5-7071 have been reported by
some workers to be ineffective (90,285,286), although a reduction of the severity
of isoproterenol-induced lesions with pargyline and another nonhydrazine MAOI
identified as E-250 has been reported (287). It was also found that hydrazine-
type inhibition is longlasting, whereas tranylcypromine is a competitive blocker,
with an intensive but transient effect and thus the inhibition produced by the
nonhydrazine-type drugs may be of insufficient duration to afford protection
(169).

B-Adrenergic Blocking Agents

The B-receptor blocking compounds (Table 11), propranolol, pronethalol, and
dichloroisoproterenol, were found to reduce the incidence and severity of
myocardial lesions induced by isoproterenol (109,110,162,167,288). While some
studies (95) have reported that pronethalol was ineffective, others (94) have
reported that pronethalol afforded some protection against the loss of myocardial
AST activity caused by epinephrine, norepinephrine, and high doses of iso-
proterenol but potentiated the loss of AST activity with moderate lesion-producing
doses of isoproterenol. Propranolol has also been found to ameliorate or com-
pletely prevent electrolyte shifts (increased myocardial Ca>") associated with the
isoproterenol-induced necrosis (110,167), thus producing an apparent dichotomy
between the occurrence of lesions and electrolyte shifts, since less severe
myocardial lesions were still seen. In one study propanolol only partially pre-
vented the cardiotoxic effects of epinephrine (289). In view of the proportion of
the ventricle not undergoing necrotic damage in these experiments, it is difficult
to know whether the alterations of electrolytes are truly and completely pre-
vented. It has been reported that propranolol reduced the amount by which
myocardial ATP declined following the isoproterenol-induced damage (290).
Propranolol appears to have a more selective action on endocardial versus
midmyocardial or epicardiac changes in metabolism due to catecholamines
(291). One can thus conclude that the -adrenergic blocking agents are capable
of modifying certain cardiotoxic effects of catecholamines.
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Table 11 The Effects of Some Pharmacological Agents in Catecholamine-Induced

Cardiomyopathy
Drugs Effects

A. Monoamine oxidase inhibitors

a. hydrazine type isocarboxazide decrease
iproniazide decrease
pivaloylbanzhydrazine  decrease
phenylzine decrease
b. nonhydrazine type tranilcypromine no change
pargyline no change
R05-707 no change or decrease (iso)
E-250 decrease
B. B-adrenergic blocking popranolol decrease (iso)
agents pronethalol decrease or no change
dicloroisoproterenol (iso, epi, nor)
decrease (iso)
C. oa-adrenergic blocking azapetine decrease (phe, epi, nor)
agents no change (iso)

phentolamine decrease (phe, epi, nor)
no change (iso)

diberanamine decrease (phe, epi, nor)
no change (iso)

dihydroergocryptin decrease (phe, epi, nor)
no change (iso)

phenoxybenzamine decrease (phe, epi, nor)
no change (iso)

tolazoline decrease (phe, epi, nor)
no change (iso)

D. Postganglionic blockers  guanethidine no change (iso)
isocaramidine no change (iso)
reserpine no change (iso)
pyrogallol no change (iso)
serotonin + nialimide  decrease

E. Calcium channel blocker verapamil decrease (iso)

D600 decrease (iso0)
phenylamine decrease (iso)
vascoril decrease (iso)
diltiazem decrease (iso0)
clentiazem decrease (epi)
F. Angiotensin converting captopril decrease
enzyme inhibitor
G. Antiarrhythmic drug propafenone decrease (epi)

Abbreviations: decrease, decrease in the severity of myocardial lesion; no change, no change
of the severity of myocardial lesion; iso, isoproterenol; epi, epinephrine; nor, norepinephrine; phe,
phenylephrine.
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a-Adrenergic Blocking Agents

The a-adrenergic blocking compounds (Table 11), such as azapetine, phentol-
amine, dibenamine, dihydroergocryptin, phenoxybenzamine, and tolazoline were
ineffective against isoproterenol (90,95,288,292,293) but reduced somewhat the
incidence and severity of lesions caused by o-receptor agonists, such as phe-
nylephrine (109,293), epinephrine (95,109,293,294), and norepinephrine
(95,293). The a-blockers also ameliorated the loss of myocardial AST and LDH
activities as well as the shift of electrolytes caused by epinephrine and nor-
epinephrine (83,95,295). These agents were usually more effective against epi-
nephrine lesions when used in combination with a B-blocker (83,109,289,293).

Postganglionic Blockers and Others

The postganglionic blocker (Table 11), guanethidine, has been reported to be
ineffective (90,292) or to increase the severity (287) of necrosis caused by
isoproterenol. Isocaramidine has also been found to have no effect on the iso-
proterenol-induced necrosis (90). Reserpine, which is known to decrease cat-
echolamine stores, has been reported to be without effect (90,286) or to increase
the severity (169,287) of isoproterenol-induced lesions. Pyrogallol, a catechol-O-
methyl transferase inhibitor, increased the severity of lesions (169). Serotonin
and nialimide administered together reduced the severity and incidence of
myocardial lesions (296). Other drugs that were found to influence the pro-
duction of lesions by isoproterenol are the vasodilators such as sodium nitrite,
aminophylline, dipyridamole, and hexobenzine and the psychosedative drugs
such as chlorpromazine, chlordiazepoxide, meprobamate, amitriptyline, and
creatinol-O-phosphate, as well as antioxidants such as zinc (90,297,298). In this
regard, it is worth mentioning that most of these drugs are not specific with
respect to their site of action, and conclusions drawn from such studies should
be interpreted with some caution. Inhibition of lipolysis by nicotinic acid or
B-pyridyl carbonyl decreased the amount by which isoproterenol infusion
increased the myocardial oxygen consumption (142). Chronic administration of
nicotine in high doses tended to increase the severity and incidence of lesions
produced by isoproterenol (299).

Calcium Channel Blockers

The calcium channel blockers (Table 11), verapamil, D-600, phenylamine, and
vascoril reduced the severity of lesions and prevented the decrease in high-
energy phosphate stores and accumulation of Ca®" by the myocardium caused by
isoproterenol injections (101,102,300). Another Ca** antagonist, diltiazem, also
prevented the isoproterenol-induced changes in myocardial high-energy phos-
phate stores in rats and afforded significant protection of LV function following
norepinephrine administration (301,302). Furthermore, it has been reported that
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clentiazem prevented epinephrine-myocardial lesions in addition to reducing the
mortality (303).

Angiotensin Converting Enzyme Inhibitors and
Angiotensin Type 1 Receptor Blockers

It has been reported that trandolapril, an angiotensin converting enzyme (ACE)
inhibitor, prevented both cardiac hypertrophy and increased the angiotensin II
content by isoproterenol (304). It has also been reported that captopril, another
ACE inhibitor (Table 11), attenuated cardiomyopathy associated with pheno-
chromocytoma (305,306). Captopril decreased blood pressure and heart rate
without changing the ventricular weight:body weight ratio or collagen accu-
mulation. In other studies, ramipril also had no influence on the collagen
accumulation in isoproterenol-induced cardiac fibrosis (307). However, when
spironolactone-200, a mineralcorticoid receptor antagonist, was given, it pre-
vented cardiac remodeling and fibrosis but did not reduce the blood pressure and
heart rate. This study suggests that neither blood pressure elevation nor tachy-
cardia cause hypertrophy or fibrosis in the isoproterenol-induced cardiac
hypertrophy model (308). AT, receptor blockers such as losartan and cande-
sartan have also been studied. Losartan has shown to reduce fibrosis and can-
desartan has shown to accelerate Ca®'- uptake but prevent protein kinase A
phosphorylation of ryanodine receptor therefore making the SR less susceptible
to oxidative stress—induced Ca*" leak (309).

Hormonal, Electrolyte, and Metabolic Interventions

Table 12 shows the effects of hormonal, electrolyte, and metabolic interventions
on catecholamine-induced cardiomyopathy. The mineralocorticoids, such as
deoxy-corticosterone and 9-o-fluorocortisol, increased the severity of myo-
cardial lesions (102,162,283,310,311), the level of Ca®t accumulation (101,102),
and the depletion of high-energy phosphate stores (85) caused by isoproterenol.
Administration of KCI, MgCl,, or NH4Cl reduced the severity of lesions
(84,102,146) and protected against the electrolyte shifts and reduction of high-
energy phosphate store (92,102,146). On the other hand, when plasma Mg*",
K", and H' concentrations were low, the isoproterenol-induced lesions were
potentiated (312). Administration of K'-Mg?" aspartate together with iso-
proterenol has also been found to prevent or reduce the changes in myofibrillar
ATPase activity, Ca>" accumulation by mitochondria and microsomes, and high-
energy phosphates stores (105), in addition to decreasing the severity of ultra-
structural damage in the myocardium (313). Calciferol and another antirachitic
agent, dihydrotachysterol, increased the severity of necrotic lesions, as did
Na,HPO, (101,102,162). The increased severity of the lesions was associated
with a further increase in Ca®-uptake and a greater fall of high-energy phos-
phate stores in the heart. Likewise, thyrocalcitonin as well as reduction of plasma
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Table 12 Effects of Some Hormonal, Electrolytes, and Metabolic Interventions in
Catecholamine-Induced Cardiomyopathy

Effects
A. Steroids
deoxycorticosterone increase
9-a-fluorocortisol increase
estrone increase
testosterone increase
estrogen no change
progesterone no change
glucocorticoids no change
cortisone no change
B. Thyroid hormones
thyroxine, hyperthyroidism increase
thyroidectomy, thiouracil, propylthiouracil decrease
anthracitic agents increase
(dihydrotachysterol, calfenil)
thyrocalcitonin decrease
C. Electrolytes
low serum Ca”"concentration decrease
NaHPO, increase
high sodium, low potassium diets increase
low sodium, high potassium diets decrease
administration of KCl, MgCl,, NH,Cl decrease
low plasma Mg?", K™, H" concentrations increase
administration of K™ + Mg -aspartate decrease
D. Others
glucose, lactate, pyruvate no change
sex, breed no change
increased body weight, excess body fat increase
starvation, restricted food intake decrease
previous myocardial damage decrease
previous isoproterenol injection decrease
coronary arteriosclerosis decrease
cardiac hypertrophy, simultaneous hypoxia increase
higher ambient temperature increase
high altitude acclimation, hyperbaric oxygen decrease
isolation stress, cold exposure increase

Abbreviations: increase, increased the severity of myocardial lesion; decrease, decreased the severity
of myocardial lesion; no change, no change in the severity of myocardial lesion.

calcium with EDTA decreased the extent of both lesions and electrolyte shifts
(102).

The severity of myocardial damage due to catecholamines was increased
with increased body weight and excess body fat (162,283,314,315). The severity



Downloaded from informahealthcare.com by Monash University on 07/17/10
For personal use only.

244 Dhalla et al.

of lesions did increase with age, but this was probably an indirect effect as a
consequence of an increase in body weight with age (316). It has also been
reported that the pattern of catecholamine-induced cardiomyopathy may not be
uniform but instead may depend strictly on the stage of cardiac growth (6).
Previous myocardial damage markedly reduced the severity of lesions produced
by high doses of isoproterenol (317-319); this protective effect disappeared with
time and did not result from necrosis of the extracardiac tissue. A higher ambient
temperature also potentiated the necrotic effect of isoproterenol, possibly due to
the increased workload on the heart during thermoregulatory vasodilation (320)
as well as changes in the Ca®" transport mechanisms (120). Isolation stress or
cold exposure both increased the severity of isoproterenol-induced lesion and
electrolyte shifts (162,283,314,321,322), although this may be an indirect result
of increased mineralocorticoid production, which occurs under these conditions
(321-323).

It appears that factors that increase the workload on the heart also increase
the metabolic rate, interfere with oxygen supply to myocardial cells, favor the
electrolyte change or the mobilization of lipids, and aggravate the necrotic
influence of catecholamines. On the other hand, factors that block the stim-
ulatory effects of catecholamines, thereby reducing cardiac work, or otherwise
reduce myocardial metabolic rate, aid in the supply of oxygen to the myocar-
dium, limit the mobilization of lipids, or counteract the ionic shifts to reduce the
severity of necrotic changes. In particular, the interventions, which promote the
occurrence of intracellular Ca”—overload, have been shown to aggravate, and
those, which reduce the intracellular Ca2+—overload, have been reported to
prevent the catecholamine-induced cardiotoxicity. Although the protective effect
of MAOI compounds is still enigmatic, it is clear from the above discussion that
an imbalance between oxygen availability and work, the metabolism of lipids
and the alteration of electrolyte balance are all crucial factors contributing to the
etiology of catecholamine lesions.

SUMMARY AND CONCLUSIONS

It is well known that massive amounts of catecholamines are released from the
sympathetic nerve endings and adrenal medulla under stressful situations.
Initially, these hormones produce beneficial effects on the cardiovascular system
to meet the energy demands of various organs in the body, and their actions on
the heart are primarily mediated through the stimulation of P-adrenergic
receptors, G protein, adenylate cyclase, and cAMP system in the myocardium.
However, prolonged exposure of the heart to high levels of catecholamines
results in coronary spasm, arrhythmias, contractile dysfunction, cell damage,
and myocardial necrosis. Different pharmacological, hormonal, and metabolic
interventions, which