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Preface

Cardiovascular disease refers to the class of diseases that involve the heart or blood
vessels (arteries and veins). While the term technically refers to any disease that affects the
cardiovascular system, it is usually used to refer to those related to atherosclerosis (arterial
disease). Chronic heart failure (CHF) has emerged as a major worldwide epidemic. Recently,
a fundamental shift in the underlying etiology of CHF is becoming evident, in which the most
common cause is no longer hypertension or valvular disease, but rather long-term survival
after acute myocardial infarction. Chronic artery disease (CAD) is the cause of CHF in the
majority of patients, and CHF is the only mode of CAD presentation associated with
increasing incidence of mortality. This new and important book gathers the latest research in
cardiovascular disease with a focus on such topics as: diabetic cardiomyopathy, the promise
of biological pacemakers, stem cells and repairs of the heart, cardiac autonomic function and
sports activity, "tako-tsubo cardiomyopathy™ and others.

Chapter |1 - There is increasing evidence that diabetes causes both anatomical and
functional pathological changes in the myocardium. Diabetic cardiomyopathy (DC) is a
myocardial disease caused by diabetes mellitus, which is unrelated to vascular pathology or
systemic arterial hypertension and can occur in asymptomatic patients with diabetes alone.
The coexistence of hypertension, diabetic cardiomyopathy, and myocardial ischemia
increases with aging, especially among obese subjects. However relatively independent, each
of these diseases seem to interact with the other in order to contribute to the biochemical,
anatomical, and functional alterations in myocardial cells. The most important mechanisms
involved in DC are (1) insulin resistance with consequent hyperinsulinemia and endothelial
proliferation; (2) small-vessel disease (microangiopathy, impaired coronary flow reserve, and
endothelial dysfunction); (3) metabolic disturbances like increased free fatty acid levels,
carnitine deficiency, and changes in calcium homeostasis; (4) myocardial fibrosis (increases
in angiotensin 1l activity, IGF-1, and inflammatory cytokines levels), and cardiac autonomic
neuropathy (denervation and alterations in myocardial catecholamine levels). Abnormalities
in both systolic and diastolic cardiac function have been demonstrated in diabetic subjects.
Several lines of evidence indicate that left ventricular diastolic dysfunction represents the
earliest preclinical manifestation of diabetic cardiomyopathy, preceding systolic dysfunction.
Documentation of diastolic dysfunction should result in the initiation of therapy in order to
prevent progression to Heart Failure (HF). Treatment of DC-HF is essentially not different
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from treating HF caused by myocardiopathies of other etiologies, and it must follow the
guidelines according to ventricular function. However, some particularities related to its
diabetic etiology should be considered. Degree of glycemic control correlates well with the
severity of microvasculature damage, which can be delayed or even prevented by keeping
near normal serum glucose levels. Achievement of ideal glycemic control levels, preferably
by reducing insulin resistance, is the essential step not only in treating diabetes itself, but also
in preventing and managing DC. Besides dietetic therapy, increasing levels of endurance
exercise should be encouraged in order to improve peripheral insulin resistance. There is
large evidence that the use of ACE inhibitors, which might reverse left ventricular
hypertrophy and myocardial fibrosis, is also able to prevent myocardial remodeling, improve
endothelial function, and even contribute to lower insulin resistance. It is also known that R3-
blockers and thiazolidinediones shift myocardium metabolism from the use of free fatty acids
(FFAs) to that of glucose, which would be beneficial in DC. In addition, the
thiazolidinediones have also been shown to decrease myocardial FFA levels in animals,
besides improving ventricular function. In the near future, agents that decrease lipotoxicity or
prevent/reverse glycosylation and cross-linking of collagen are promising.

Chapter 1l - Cardiomyopathy is a generic term for any heart disease in which the heart
muscle is involved and functions abnormally. Recent developments and ongoing research in
cardiology have led to descriptions of previously less recognized and/or incompletely
characterized cardiomyopathies. These entities are being increasingly noticed in adult patient
populations. Primary care providers, hospitalists, emergency medicine physicians and
cardiovascular specialists need to be aware of the clinical features of these illnesses and the
best strategies for diagnosis and management. In this chapter, we discuss the etiologies and
diagnostic methods for identifying Tako-tsubo cardiomyopathy and ways to manage this
entity. This cardiomyopathy is caused by intense emotional or physical stress leading to
rapid, severe but reversible cardiac dysfunction. It mimics myocardial infarction with
changes in the electrocardiogram and echocardiogram, but without obstructive coronary
artery disease. This pattern of left ventricular dysfunction was first described in Japan and has
been referred to as "tako-tsubo cardiomyopathy," named after a fishing pot with a narrow
neck and wide base that is used to trap octopus. This syndrome is also known as "apical
ballooning syndrome”, "ampulla cardiomyopathy", "stress cardiomyopathy", or "broken-heart
syndrome".

Chapter Il - The autonomic nervous system (ANS) plays an important role in the
pathophysiology of arrhythmogenesis due to increased sympathetic activity and reduced
vagal tone. Traditional time and frequency heart rate variability (HRV) parameters have
gained importance in recent years as techniques employed to explore the ANS. Available data
support conclusions that decreased HRV is a strong predictor of increased cardiac mortality.
On the other hand, inteventions that tend to increase HRV, such as regular sports activity,
may have a cardio-protective effect. However, when analysing the effects of different sports
disciplines and the effects of strenuous exercise on the cardiac autonomic function
determined by HRV indices results remain conflicting due to a variable behavior of the used
HRYV time domain and spectral parameters.

Chapter IV - Cardiomyopathies are included in an heterogeneous group of diseases,
characterized by different signs and symptoms, natural history, clinical outcome, and



Preface iX

different pattern of inheritance. The genetics of cardiomyopathies has born in 1989 with a
single gene theory (one gene=one disese), but the complexity and wide heterogeneity of the
disease has moved toward a different direction (one gene=many diseases, or genocopies).
Elucidation of the molecular basis of cardiomyopathies has led to a categorization of the
phenotypes according to their genetic etiology. The American Hearth Association and the
European Society of Cardiology have recently proposed a different scheme of classification
based on a distinction between primary (genetic, mixed, non genetic types) and secondary
cardiomyopathies, or between the familial and non familial types, respectively. The
possibility of a different approach of intervention (i.e. enzyme replacement therapy in
metabolic cardiomyopathies) underlies the need to make an early and precise etiologic
diagnosis.

Chapter V - Cardiovascular disease is the leading cause of morbidity and mortality in the
United Kingdom (UK) and although the UK mortality rate has steadily declined since the
early 1970’s, the rate of premature death has fallen less than other European countries.
Following a cardiac event, it is common for patients to experience debilitating physiological
and psychological impairment. A reduced functional capacity and depression are frequent,
which is associated with a worse outcome as well as directly impacting on the failure to
return to work. Comprehensive cardiac rehabilitation is a multidisciplinary service that
provides the majority of cardiac patients with long-term exercise prescription, education,
cardiovascular risk factor modification, counselling and medical evaluation to facilitate
recovery and improve overall functional capacity following a cardiac event. The provision of
cardiac rehabilitation services has grown significantly and demonstrated improved patient
health, increased exercise capacity, reduced overall mortality and reduced hospitalisation
costs. However, this growth has not been matched by service quality with many programmes
unable to adhere to national guidelines due to inadequate resources and the related inability
to provide appropriate staff training. Deficiencies in cardiac rehabilitation provision are
generally due to inadequate investment, professional barriers, and the relatively low level of
priority directed to the service in many cardiology departments. It appears that efficient
comprehensive cardiac rehabilitation for patients is a postcode lottery, with substantial
variation in the management, organisation, and practice throughout the UK.

Chapter VI - Although there has been significant recent progress in the management of
heart failure its associated mortality remains high. A large proportion of these patients die
suddenly, termed sudden cardiac death (SCD), mostly from potentially reversible malignant
cardiac arrhythmias. Despite the availability of a highly effective treatment in the form of an
implantable cardioverter defibrillator (ICD), SCD in the heart failure population is still a
significant problem. One important reason for this is the difficulty in identifying which
patients are at highest risk of SCD and would benefit from an ICD. A number of tests are
currently available to risk stratify heart failure patients at risk of SCD. However, used alone
or in combination these are not sufficiently accurate and there is significant need for better
risk stratification tools.

Multiple studies have demonstrated that serum biomarkers can accurately predict adverse
outcomes in patients with heart failure of both ischaemic and non-ischaemic aetiology. A
range of biomarkers predict both the occurrence of SCD in patients without ICDs and the
occurrence of malignant arrhythmias in patients with devices, and in these studies individual
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biomarkers are at least as accurate as the current best markers of SCD risk. The
pathophysiology of SCD is a complex process with a range of electrophysiological and
molecular alterations contributing to arrhythmogenesis in the failing heart. By providing an
assessment of these various processes, serum biomarkers may improve prediction of SCD in
heart failure and help guide ICD use. Furthermore, it is likely that optimal SCD risk
stratification will require the combination of multiple tests that reflect these diverse upstream
processes. As such the greatest potential benefit of biomarkers may be in measuring multiple
complementary markers that assess distinct aspects of arrhythmic risk.

Chapter VII - The congenital long QT syndrome (CLQTS) is a genetic
channelopathy that affects sodium and calcium kinetics, resulting in prolonged ventricular
repolarization. This channelopathy is associated with increased propensity to syncope,
malignant ventricular arrhythmias and sudden arrhythmic death in children with normal
cardiac structure. Recently, the published data from the International LQTS Registry have
established risk factors for sudden cardiac death and aborted cardiac arrest in children. f-
blockers are the first-line drug therapy for congenital long-QT syndrome in children.
Several B-blockers (propranolol, atenolol, nadolol, metoprolol,..) were used in CLQTS with a
significant reduction of cardiac events in patients with LQT1 and LQT2 mutations, but no
evident reduction in those with LQT3 mutations. Infrequently, additional Drugs (mexiletine
and flecainide) were used in children with CLQTS. The implantable cardioverter
defibrillator and left cervicothoracic sympathetic denervation are other therapeutic
options in children who remain symptomatic despite p-blocker therapy. Genetic factors may
be used to improve risk stratification in genotyped patients and to predict the response to -
blockers.

Chapter VIII - In modern day cardiology practice the insertion of electrical pacemaker
devices is routine, with an estimated 434 devices being inserted per million people in the
United States each year. Although the development of modern pacing devices revolutionised
cardiology towards the end of the 20" century, electrical devices remain a palliation, rather
than a cure, to an underlying disorder of cardiac rhythm. Thus in recent years the idea of a
“biological” pacemaker, whereby artificial electrical components are replaced by cellular and
genetic elements capable of producing intrinsic electrical activity, has taken several steps
towards becoming a realistic therapeutic goal.

What advantages would such a development have over an already well-established
method of treatment? Biological systems offer the promise of being more sensitive to the
body’s autonomic nervous system, thus providing a more natural control of physiological
heart rate compared to current rate sensing pacemakers. Implantation of biological systems
into the correct anatomical location would also allow electrical conduction to mimic the
heart’s intrinsic conduction system, such as the bundle of His, as closely as possible. Thirdly,
many of downfalls of electrical pacemaker insertion, such as infection, battery replacement,
and the induction of cardiac failure, could be reduced significantly, if not eliminated. For
paediatric patients in particular, who face a lifetime of device changes, a biological
pacemaker could prove to be a very effective cure.

Chapter IX - Different stem cell populations have been intensively studied in the last
decade as a potential source of new cardiomyocytes to ameliorate the injured myocardium,
compensate for the loss of ventricular mass and contractility and eventually restore cardiac
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function. An array of cell types has been explored in this respect, including skeletal muscle,
bone marrow derived stem cells, embryonic stem cells (ESC) and more recently cardiac
progenitor cells. The best-studied cell types are mouse and human ESC cells, which have
undisputedly been demonstrated to differentiate into cardiomyocyte and vascular lineages
and have been of great help to understand the differentiation process of pluripotent cells.
However, due to their immunogenicity, risk of tumor development and the ethical challenge
arising from their embryonic origin, they do not provide a suitable cell source for a
regenerative therapy approach.

Embryonic stem cells can differentiate into true cardiomyocytes, making them in
principle an unlimited source of transplantable cells for cardiac repair, although
immunological and ethical constraints exist. Somatic stem cells are an attractive option to
explore for transplantation as they are autologous, but their differentiation potential is more
restricted than embryonic stem cells. Currently, the major sources of somatic cells used for
basic research and in clinical trials originate from the bone marrow. The differentiation
capacity of different populations of bone marrow-derived stem cells into cardiomyocytes has
been studied intensively. Only mesenchymal stem cells seem to form cardiomyocytes, and
only a small percentage of this population will do so in vitro or in vivo. A newly identified
cell population isolated from cardiac tissue, called cardiac progenitor cells, holds great
potential for cardiac regeneration.

New approaches for cardiac repair have been enabled by the discovery that the heart
contains its own reservoir of stem cells. These cells are positive for various stem/progenitor
cell markers, are self-renewing, and exhibit multilineage differentiation potential. Recently
has been developed a method for ex vivo expansion of cardiac-derived stem cells from
human myocardial biopsies with a view to subsequent autologous transplantation for
myocardial regeneration.

Chapter X - Cerebral hypoxia-ischaemia (HI) results in a multi-faceted complex cascade
of events causing cell death and neurological dawmage to the central nervous system.
Furthermore, cerebral ischaemia results in cardiovascular complications that can further
confound the prognostic outcome of patients. This chapter addresses the cardiovascular
changes that occur subsequent to an ischaemic insult, regulation of the insular cortex,
changes in the autonomic nervous system and the role of various circulating cytokines (both
pro-inflammatory and anti-inflammatory) and chemokines. In addition, markers of oxidative
stress and cardiac enzyme release following an ischaemic insult are also discussed. Given that
lack of treatment options available, the use of beta-blockers and pre- and post-conditioning
paradigms as possible treatment option to prevent the occurrence of secondary cardiac
abnormalities in addition to CNS injuries have also been addressed.

Chapter X1 - The non-protein amino acid homocysteine (Hcy), a metabolite of the
essential amino acid methionine, is implicated in the pathology of human cardiovascular and
neurodegenerative diseases. In addition to its elimination by the remethylation and
transsulfuration pathways, Hcy is also metabolized to the thioester Hcy-thiolactone in an
error-editing reaction in protein biosynthesis when Hcy is mistakenly selected in place of
methionine by methionyl-tRNA synthetase. In humans, the accumulation of Hcy-thiolactone
can be detrimental because of its intrinsic ability to modify proteins by forming N-Hcy-
protein adducts, in which a carboxyl group of Hcy is N-linked to e-amino group of a protein
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lysine residue. N-linked Hcy occurs in each protein examined and constitutes a significant
pool of Hey in human blood. N-Hcy proteins are recognized as neo-self antigens and induce
an auto-immune response. As a result, 1gG and IgM anti-N-Hcy-protein auto-antibodies, are
produced in humans. Serum levels of anti-N-Hcy-protein IgG auto-antibodies are positively
correlated with plasma total Hcy, but not with plasma cysteine or methionine levels, which is
consistent with the etiology of these auto-antibodies. In a group of male patients with stroke,
the levels of anti-N-Hcy-protein IgG auto-antibodies and total Hcy are significantly higher
than in a group of healthy subjects. In a group of male patients with angiographically
documented coronary artery disease, seropositivity for anti-N-Hcy-protein 1gG auto-
antibodies occurs 5-times more frequently than in controls and is an independent predictor of
coronary artery disease. These findings show that an auto-immune response against N-Hcy-
proteins is a general feature of atherosclerosis and provide support for a hypothesis that N-
Hcy-protein is a neo-self antigen, which contributes to immune activation, an important
modulator of atherogenesis. Plasma Hcy lowering by folic acid administration leads to
significant decreases in anti-N-Hcy-protein 1gG auto-antibody levels in control subjects, but
not in coronary artery disease patients. The results of these Hcy-lowering treatments suggest
that, while primary Hcy-lowering intervention is beneficial, secondary Hcy-lowering
intervention in coronary artery disease patients may be ineffective in reducing the advanced
damage caused by Hcy, and may explain at least in part the failure of vitamin therapy to
lower cardiovascular events in recent Hcy-lowering trials. Chronic activation of immune
responses towards N-Hcy-protein associated with hyperhomocysteinemia over many years
would lead to vascular disease.
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Abstract

There is increasing evidence that diabetes causes both anatomical and functional
pathological changes in the myocardium. Diabetic cardiomyopathy (DC) is a myocardial
disease caused by diabetes mellitus, which is unrelated to vascular pathology or systemic
arterial hypertension and can occur in asymptomatic patients with diabetes alone. The
coexistence of hypertension, diabetic cardiomyopathy, and myocardial ischemia
increases with aging, especially among obese subjects. However relatively independent,
each of these diseases seem to interact with the other in order to contribute to the
biochemical, anatomical, and functional alterations in myocardial cells. The most
important mechanisms involved in DC are (1) insulin resistance with consequent
hyperinsulinemia and  endothelial  proliferation; (2) small-vessel disease

“ Corresponding author: Matheus Roriz-Cruz: matheusroriz@hotmail.com
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(microangiopathy, impaired coronary flow reserve, and endothelial dysfunction); (3)
metabolic disturbances like increased free fatty acid levels, carnitine deficiency, and
changes in calcium homeostasis; (4) myocardial fibrosis (increases in angiotensin Il
activity, IGF-1, and inflammatory cytokines levels), and cardiac autonomic neuropathy
(denervation and alterations in myocardial catecholamine levels). Abnormalities in both
systolic and diastolic cardiac function have been demonstrated in diabetic subjects.
Several lines of evidence indicate that left ventricular diastolic dysfunction represents the
earliest preclinical manifestation of diabetic cardiomyopathy, preceding systolic
dysfunction. Documentation of diastolic dysfunction should result in the initiation of
therapy in order to prevent progression to Heart Failure (HF). Treatment of DC-HF is
essentially not different from treating HF caused by myocardiopathies of other etiologies,
and it must follow the guidelines according to ventricular function. However, some
particularities related to its diabetic etiology should be considered. Degree of glycemic
control correlates well with the severity of microvasculature damage, which can be
delayed or even prevented by keeping near normal serum glucose levels. Achievement of
ideal glycemic control levels, preferably by reducing insulin resistance, is the essential
step not only in treating diabetes itself, but also in preventing and managing DC. Besides
dietetic therapy, increasing levels of endurance exercise should be encouraged in order to
improve peripheral insulin resistance. There is large evidence that the use of ACE
inhibitors, which might reverse left ventricular hypertrophy and myocardial fibrosis, is
also able to prevent myocardial remodeling, improve endothelial function, and even
contribute to lower insulin resistance. It is also known that R-blockers and
thiazolidinediones shift myocardium metabolism from the use of free fatty acids (FFAS)
to that of glucose, which would be beneficial in DC. In addition, the thiazolidinediones
have also been shown to decrease myocardial FFA levels in animals, besides improving
ventricular function. In the near future, agents that decrease lipotoxicity or
prevent/reverse glycosylation and cross-linking of collagen are promising.

1. Introduction and Epidemiology

Diabetes mellitus is the world’s fastest-growing disease with high morbidity and
mortality rates, predominantly as a result of heart disease. The growing incidence,
particularly of the type 2 diabetes, is alarming, especially considering the increased levels of
insulin resistance and diabetes in young adults and children [1,2]. The prevalence of diabetes
is growing rapidly in both the developing and the developed countries. Annually, 7 million
people are newly diagnosed with diabetes mellitus in the world and more than 3.8 million
deaths take place for complications associated with the disease [3,4]. Data collected by the
World Health Organization (WHO) showed the prevalence of DM to be 2.8% in 2000,
equivalent to 171 million persons. It projected, still, for 2030 the prevalence of 4.4 % in the
worldwide population, meaning that around 366 million persons would be attacked by the
disease [5]. This dramatic increase will be almost entirely due to new cases of type Il diabetes
[6].

The criteria for DM were sharpened, with conditions such as impaired fasting glucose
(IFG) and impaired glucose tolerance (IGT) being classified as intermediate stages between
the ends of the spectrum; that is, normal glucose homeostasis and diabetes. This classification
is based on fasting glucose levels and glucose overload levels[7] (Table 1). Precise statistical
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data are lacking regarding the prevalence of IFG and IGT. Epidemiological data derived from
Third National Health and Nutrition Examination Survey (NHANES I1I) and Diabetes
Epidemiology: Collaborative analysis of diagnostic criteria in Europe (DECODE) studies,
however, estimate the prevalence of these new diagnostic categories to be between 8 and
12% of the adult population [7,8].

Cardiovascular disease (CVD), including coronary heart disease (CHD), cerebrovascular
disease, and peripheral vascular disease are the major causes of morbidity and the most
common causes of death in people with diabetes [9]. Two-thirds of people with diabetes die
of heart disease or stroke [10]. Diabetes predisposes patients to ventricular dysfunction and
the development of concomitant coronary artery disease, endothelial dysfunction,
hypertension, ventricular hypertrophy, coronary microvascular disease, autonomic
neuropathies and metabolic abnormalities [10,11].

Heart failure (HF) is a common and serious comorbidity of diabetes. The Framingham
study demonstrated the increased incidence of congestive HF in diabetic males (2.4:1) and
females (5:1) independent of age, hypertension, obesity, coronary artery disease and
hyperlipidaemia [12,13]. Several studies have shown that a 1% increase in HbAlc level
increases the risk of developing HF by 8 to 15%, and that plasma glucose levels are
associated with the risk of developing HF [7,14]. Besides, patients with diabetes account for
>33% of all patients requiring hospitalization for HF [15]. Diabetic cardiomyopathy in the
absence of CAD or hypertension is a common clinical feature of diabetes and is characterized
mainly by diastolic dysfunction of the left ventricle and later on by a decrease of myocardial
contractility [7,16].

Table 1. Definitions of normal and disturbed glucose metabolism according to World
Health Organization (WHO)

Fasting plasma 2h postload plasma glucose (mmol/l) {75 g glucose)
glucose (mmaol/l)
<78 78-11.1 =111
<8.1 Normal IGT Diabetes
6.1-70 IFG IFG+IGT Diabetes
=70 Diabetes Diabetes Diabetes

IFG, impaired fasting glucose; |GT, impaired glucose tolerance.

1.1. Definitions

The condition “diabetic cardiomyopathy” was originally described in 1972 on the basis
of observations in four diabetic patients who presented with heart failure without evidence of
hypertension, coronary artery disease, valvular or congenital heart disease [17].

Diabetic cardiomyopathy is a clinical condition, diagnosed when ventricular dysfunction
develops in patients with diabetes in the absence of coronary atherosclerosis and
hypertension [18]. It refers to a disease process which affects the myocardium in diabetic
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patients causing a wide range of structural abnormalities eventually leading to left ventricular
hypertrophy and diastolic and systolic dysfunction or a combination of these [12].

A significant number of diabetic patients exhibit diabetic cardiomyopathy. Accumulating
data from experimental, pathological, epidemiological, and clinical studies have shown that
diabetes mellitus results in cardiac functional and structural changes, independent of
hypertension, coronary artery disease, or any other known cardiac disease, which support the
existence of diabetic cardiomyopathy [18,19]. However, the frequency with which this occurs
is not well defined. Although the existence of diabetic cardiomyopathy has been debated,
substantial data now demonstrate that diabetes impairs ventricular function independently of
other risk factors [20,21]. This specific form of cardiomyopathy has been associated with
both type 1 and type 2 diabetes, but there is some evidence that it is uncommon in patients
with type 1 diabetes in the era of intensive insulin therapy [22]. It is characterized by both
systolic and diastolic dysfunction [4,23], presenting clinically with impaired diastolic
function developing first [2,24].

Evidence now indicates that this cardiomyopathy is also seen in patients and animals
predisposed to diabetes but presenting only with metabolic complications associated with
insulin resistance [25]. Studies have suggested that increased risk of cardiovascular disease is
not restricted to type Il or type | diabetes mellitus, but extends to pre-diabetic stages such as
impaired fasting glucose, impaired glucose tolerance, metabolic syndrome, and obesity.
Insulin resistance impaired fasting glucose, impaired glucose tolerance, and diabetes mellitus
would form a continuous sequence of risk for cardiovascular disease [7].

During diabetes, changes in cardiac metabolism occur early and precede the development
of cardiomyopathy. Even though altered metabolism is inadequate to produce cardiac
functional changes at this early time, it is likely that early metabolic damage is occurring at
the cellular or subcellular levels. Overtime, these cumulative defects could be contributing to
diabetic cardiomyopathy [26].

2. Pathophysiology

The three characteristic metabolic disturbances evident in diabetic states are
hyperlipidemia (usually in the form of increased triglycerides and free fatty acids [FFAs]),
early hyperinsulinemia followed by pancreatic-cell failure, which leads eventually to
hyperglycemia [18]. The increase of triglycerides, insulin and glucose induces alterations in
the activation of cellular transcription in the myocardium, altering the use of substrates,
myocardium growth, and leading to endothelial dysfunction and increases stiffness [27].
Alterations in body mass (obesity) and adipocytokines (leptin, adiponectin) have also been
implicated in the cardiovascular pathophysiology observed in diabetes. As such, the effects of
increased FFAs, altered insulin action, and hyperglycemia can be considered triggers to the
cardiac phenotype in diabetes [18].
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2.1. Alterations in Substrate Supply and Utilization

Metabolic changes in diabetes are directly triggered by hyperglycemia. Increasing
evidence suggests that altered substrate supply and utilization by cardiac myocytes could be
the primary injury in the pathogenesis of this specific heart muscle disease [19,28]. A
significant reduction in myocardial glucose supply and utilization has been observed in
isolated diabetic cardiomyocytes [19] and diabetic patients [19,29]. A major restriction to
glucose utilization in the diabetic heart is the slow rate of glucose transport across the
sarcolemmal membrane into the myocardium, probably due to the cellular depletion of
glucose transporters (GLUTS) 1 and 4, which can be corrected by insulin therapy [19,30]. A
second mechanism of reduced glucose oxidation is via the inhibitory effect of fatty acid
oxidation on pyruvate dehydrogenase complex due to high circulating FFAs. This has the net
effect of reducing ATP availability and may be more important in type Il diabetes, in which
FFAs levels tend to be higher. The potential importance of this mechanism is exemplified by
the observation that diabetic animals with minimal hypertriglyceridemia are resistant to the
development of cardiomyopathy [31,32]. Both of these pathological mechanisms are
potentially reversible in a short time frame, and the dynamics of each mechanism is
compatible with the observation that cardiac dysfunction may be improved with improved
metabolic control [19].
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FFA metabolism: Elevated FFA levels are believed to be one of the major contributing
factors in the pathogenesis of diabetes. FFAs enhance peripheral insulin resistance and trigger
cell death. Disturbances of FFA metabolism may be an important contributor to abnormal
myocardial function in diabetes. These changes are characterized by elevation of circulating
FFAs caused by enhanced adipose tissue lipolysis, as well as high tissue FFAs caused by
hydrolysis of augmented myocardial triglyceride stores. Moreover, in addition to the FFA-
induced inhibition of glucose oxidation, high circulating and cellular FFA levels may result
in abnormally high oxygen requirements during FFA metabolism and the intracellular
accumulation of potentially toxic intermediates of FFAs, all of which lead to impaired
myocardial performance and severe morphological changes [19]. FFAs play a central role in
altering cellular insulin signaling through several mechanisms leading to insulin resistance
and compensatory hyperinsulinemia [18,33,34]. Abnormalities in FFA metabolism have been
demonstrated in idiopathic dilated cardiomyopathy in which the rate of FFA uptake by
myocardium is inversely proportional to the severity of the myocardial dysfunction [35]. It is
possible that similar defects contribute to the development of diabetic cardiomyopathy. The
FFA-induced impairment of glucose oxidation may be a major factor in the development of
diabetic cardiomyopathy, and would explain why cardiac function tends to improve upon
metabolic improvement. Furthermore, the availability of carnitine, an essential substance for
myocardial FFA metabolism, is usually reduced in diabetes [19]. Conversely, normalizing
cardiac metabolism in diabetic animals reverses the development of cardiomyopathy [36,37].
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Figure 2. The role of altered myocardial metabolism in the development of diabetic cardiomyopathy.
FFA = free fatty acid; PDH = pyruvate dehydrogenase. (Adapted from reference 74.)
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Lipotoxicity: Lipotoxicity is the process by which excess fatty acids and associated
triglyceride accumulation in parenchymal cardiac myocytes cause cellular dysfunction and
death, and eventual myocardial dysfunction. An imbalance between fatty acid uptake and use
leads to the inappropriate accumulation of free fatty acids and neutral lipids within
cardiomyocytes. Long-chain nonesterified fatty acids and their products, such as ceramides
and diacylglycerols, cause the majority of the toxic effects [38,39]. A humber of studies have
suggested that excessive fatty acid overload induces lipotoxicity and contributes to the
initiation and development of cardiomyopathy [26,37,40]. With the use of transgenic mice,
studies have shown that elevation of fatty acid uptake or utilization induces lipotoxicity in the
absence of any systemic metabolic disturbance [26].

The mechanisms that mediate cardiac lipotoxicity are still not completely understood.
One potential target is over production of reactive oxygen species (ROS) [41]. High rate of
fatty acid oxidation increases mitochondrial action potential, leading to augmented ROS
generation. Another potential mechanism for lipotoxicity is accumulation of lipids, when
fatty acid uptake supersedes its oxidation. Regarding accumulation of triglycerides, the role
of this neutral lipid in inducing contractile dysfunction is still unknown, although a strong
association between triglycerides storage and lipotoxicity has been established in both animal
models and human studies [42,43]. Taken together, there is strong evidence for lipotoxic
mechanisms in rodents showing that lipid accumulation in the heart leads to heart failure
[44]. Data indicate that the cardiac accumulation of triglycerides is related to FFA exposure,
generalized ectopic fat excess, and peripheral vascular resistance and that these changes
precede left ventricle overload and hypertrophy [44,45].

2.2. Insulin Resistance

Cellular insulin resistance may presage frank diabetes by a decade or more and requires
compensatory increases in plasma insulin levels to maintain glucose homeostasis in the face of
impaired cellular insulin action, principally in skeletal muscle and liver [46]. Systemic
hyperinsulinemia may accentuate cellular insulin action in insulin responsive tissues, such as the
myocardium, that do not manifest cellular insulin resistance. In this regard, the mitogenic actions
of insulin on myocardium during chronic systemic hyperinsulinemia bear directly the commonly
observed finding of cardiac hypertrophy in diabetic cardiomyopathy [18].

Myocardial changes seen in insulin-resistant individuals could be caused by the impaired
ATP synthesis noted in these patients, despite reduced oxygen delivery or increased workload.
Insulin resistance results in decreased myocardial glucose uptake and oxidation, increased fatty
acid oxidation, and altered myocyte gene expression [38].The slow rate of glucose transport
across the sarcolemma into the myocardium restricts the glucose usage in the hearts of patients
with insulin resistance [38,47]. Excessive myocardial fatty acid uptake could enhance insulin
resistance, promote cell dysfunction and trigger myocyte apoptosis, resulting in myocardial
dysfunction [48].

The normal adaptive response by an injured/failing heart involves a complex series of
enzymatic shifts and up-/downregulation of transcription factors, ultimately resulting in
increased glucose metabolism and decreased FFA metabolism to maximize efficiency
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[25,49,50]. In contrast, FFA metabolism is decreased, with decreased expression of the
peroxisome proliferator-activated receptor (PPAR)-/retinoid X receptor complex and 2
enzymes critical to FFA metabolism, carnitine palmitoyl transferase-1 and medium-chain
acyl-coenzyme A dehydrogenase [50,51,52]. These adaptive responses of the heart are
inhibited in the setting of insulin resistance (Fig. 3). Although the initial myocardial
metabolic switch in heart failure is down-regulation of FFA metabolism, the opposite occurs
(up-regulation of FFA metabolism) in the setting of insulin resistance [53,54]. This increased
reliance on FFA metabolism leads to increased oxygen consumption, decreased cardiac
efficiency, and the potential for lipotoxicity [55,56]. Insulin resistance at its most
fundamental level inhibits uptake and metabolism of glucose. It is likely this effect—
preventing the heart from using its adaptive energy response to an insult—which contributes
to heart failure and the vicious cycle of neurohormonal activation, serving to potentiate the
myocardial dysfunction and further increasing energy requirements [25,51,57,58].

Importantly, cardiac dysfunction precedes the development of systemic hyperglycemia,
implying that the altered cellular metabolism rather than systemic hyperglycemia is
responsible for the cardiac dysfunction [59]. Treatment of insulin resistance in these models
(with troglitazone, metformin, or exercise) prevents myocardial dysfunction, but therapy
aimed at hyperglycemia itself without treating insulin resistance (sulfonylureas) showed no
effect [60,61]. The prognostic impact of insulin resistance is independent of other variables,
including peak oxygen consumption (VO2max) and left ventricular ejection fraction (LVEF),
implying that insulin resistance is pathogenic rather than simply a marker for worsened heart
failure [25,62].
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Figure 3. MYOCARDIAL ENERGY METABOLISM IN RESPONSE TO INJURY AND INSULIN
RESISTANCE. FFA: free fatty acids; Acyl Co-A d: medium-chain acyl-coenzyme A dehydrogenase;
CPT: carnitine palmitoyl transferase; GLUT: glucose transporter; PDH: pyruvate dehydrogenase;
PPAR: peroxisome proliferator-activated receptor; UCP: uncoupling protein; 6PF-2K: 6-phosphofructo-
2-kinase. (Adapted from reference 25.)
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2.3. Hyperglycemia

The mechanism whereby hyperglycemia mediates tissue injury through the generation of
reactive oxygen species has been elucidated largely through the work of the Brownlee and
colleagues. Hyperglycemia leads to increased glucose oxidation and mitochondrial
generation of superoxide [18]. Taken together, these data provide mechanistic evidence
linking hyperglycemia to altered expression and function of both the ryanodine receptor
(RyR) and sarco(endo)plasmic reticulum Ca2-ATPase (SERCAZ2) that may contribute to
decreased systolic and diastolic function. Hyperglycemia-induced oxidative stress also
activates poly(ADP-ribose) polymerase-1 (PARP) [63]. The activation of the PARP regulates
several cellular reactions like repair of DNA, gene expression and cellular overlife. The
effects of PARP include increase in the formation of advanced glycosilation end products
(AGE’s), through the diversion of the route of degradation of the glucose. Meantime, the
excessive activation of the PARP can begin several cellular processes and cause cellular
damage. In addition, hyperglycemia contributes to altered cardiac structure through
posttranslational modification of the extracellular matrix [18]. The response to hypoglycemic
therapy further confirms the correlation of myocardial functional and structural changes with
glycemic control. Taken together, hyperglycemia, through multiple pathways, causes cardiac
cellular and functional changes, possibly contributing to the development of cardiomyopathy
[26].
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Figure 4. EFFECTS OF HYPERGLICEMIA ON THE DIABETIC CARDIOMYOPATHY. RAAS:
renin-angiotensin-aldosterone system. (Adapted from reference 74.)
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2.4. Abnormalities in the Regulation of Calcium Homeostasis

There are changes in the level of the cardiomyocyte, which are not solely attributable to
impaired coronary blood flow or interstitial fibrosis, including altered functional activity of
ion channels and pumps and changes in gene expression of regulatory and modulatory
proteins of Excitation-Contraction (E-C) coupling. The cellular defects associated with E-C
coupling manifest as prolonged action potentials, slowed cytosolic Ca2+ fluxes and slowed
myocyte shortening and lengthening [2,64,65].

Oxidative stress caused by toxic molecules may play a critical role in subcellular
remodeling and abnormalities of calcium handling that lead to subsequent diabetic
cardiomyopathy. Alterations in regulatory proteins and contractile proteins, sarcoplasmic
(endoplasmic) reticulum Ca2+-ATPase (SERCA2) and Na-Ca2 exchanger function may be
important contributors to abnormal myocardial carbohydrate and lipid metabolism in
diabetes. These changes likely result from accumulation of toxic molecules such as long-
chain acylcarnitines, free radicals, and abnormal membrane lipid content'®. Changes in gene
expression that affect E-C coupling and cellular metabolism contribute to myocardial
dysfunction in diabetic cardiomyopathy. At the cellular level, defective E-C coupling has
been implicated as one of the root causes of the contractile dysfunction associated with
diabetic cardiomyopathy. One of the most consistent and early changes seen in the hearts of
individuals with diabetes is the prolongation of the ventricular action potential [4].

Cardiomyopathy in streptozotocin-induced type 1 diabetes is characterized by a decrease
in the expression of SERCA?2 [4,66], a change that is seen in most animal models of heart
failure. In animal models of type 2 diabetes or insulin resistance, SERCAZ2 activity is also
compromised, but a decrease in the expression of the protein is not always apparent [67]. The
alteration in SERCAZ2 activity is most probably dependent on the severity and duration of
diabetes. Impaired SERCA function has been consistently found to coincide with myocyte
insulin resistance in animal and in vitro models of type 1 and 2 888  Fyrthermore,
instigating insulin treatment in diabetic rats restored SERCAZ2a levels to normal, increased
intracellular Ca2+ transient currents, and improved myocardial function following ischemia—
reperfusion [70,71].

Besides, advanced glycosylation end products form irreversible cross-links within or
between many proteins, such as SERCAZ2a, causing their inactivation and subsequently
leading to abnormal cardiac relaxation and contractility [72,73].

2.5. Microvascular Disease

Diabetes is recognized by characteristic changes in microvascular architecture. These
changes include abnormal capillary permeability, microaneurysm formation, subendothelial
matrix deposition, and fibrosis surrounding arterioles. Coronary blood flow reserve in
diabetic patients is reduced even in the absence of obstructive coronary artery disease and left
ventricular hypertrophy [74]. Hyperglycemia also can lead to an enhanced synthesis of
vasoconstrictor prostanoids by the endothelium and activation of protein kinase C. This
vasoconstriction can promote myocardial hypertrophy, endothelial dysfunction, and
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ventricular hypertrophy [74]. Protein kinase C, an intracellular signaling molecule, is
activated in diabetes and can lead to endothelial dysfunction by reducing the bioavailability
of nitric oxide while increasing oxygen-derived free radical production. It also can enhance
leukocyte adhesion, increase albumin permeability, and impair fibrinolysis [74,75].
Therefore, activation of this enzyme contributes significantly to the development of
microvascular complications, as seen in diabetic neuropathy and nephropathy.

There can be correlation between diabetic cardiomyopathy and microangiopathy, due to
the similarities between diabetes and idiopatic miocardiopathy in what concerns the coronary
disease [76]. About 72% of normotense diabetic patients present in around 72 % of the
diabetic patients without arterial high blood pressure were watched obvious disease of small
pots, whereas in non-diabetics this finding was only 12 % [77]. Besides, abnormalities of the
reserve of coronary flow have been solidly demonstrated in diabetic patients without
epicardic coronary arterial disease. Perivascular and interstitial fibrosis and miocardic
hypertrophy were also frequent finds in diabetics [78].

The capacity of the vascular bed to meet metabolic demands may be impaired by
abnormal epicardial vessel tone and microvascular dysfunction [76,79]. Diabetics have
impaired endothelium-dependent relaxation [80], a defect that may be related to inactivation
of nitric oxide by advanced glycosylation end products and increased generation of free
radicals [81]. The abnormal vasodilator response in diabetes extends to the coronary
microcirculation [82]. Besides, microcirculatory dysfunction in diabetics may be due in part
to downregulation of the expression of vascular endothelial growth factor (VEGF).

Even in patients with no known coronary artery disease, microvascular dysfunction and
decreased coronary flow reserve can be present. Such findings have been demonstrated
particularly in the insulin-resistant/diabetic cardiomyopathy population [83,84]. In the
absence of resting flow abnormalities, this is less likely to be a cause of resting left
ventricular dysfunction but could contribute to left ventricular dysfunction with stress or
exercise. In addition, a mismatch between coronary blood flow and myocardial glucose
uptake has been demonstrated [85].

3. Clinical Picture and Symptoms

There are 2 important components in the clinical diagnosis of diabetic cardiomyopathy:
the detection of myocardial abnormalities and the exclusion of other contributory causes of
cardiomyopathy. An important challenge in the clinical diagnosis of diabetic cardiomyopathy
has been the lack of any pathognomonic histological changes or imaging characteristics
associated with the diagnosis [74].

The definitive diagnosis of diabetic cardiomyopathy is difficult to be established,
principally because the signs, symptoms and finds of diagnostic examinations are unspecific.
The diagnosis of diabetic cardiomyopathy currently rests on noninvasive imaging techniques
that can demonstrate myocardial dysfunction across the spectra of clinical presentation [74].
Besides, the clinical picture and laboratorial what took the suspicion of diabetic
cardiomyopathy can be resulting of pathologies very prevalent between the diabetic patients,
like arterial high blood pressure, coronary disease and obesity. The clinical demonstration of
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the diabetic cardiomyopathy is usually characterized for dyspnea due to the pulmonary
congestion resulting from the diastolic dysfunction of the left ventricle. Subsequently, with
the advancement of the disease, compromising of the systolic performance can occur,
aggravating the severity of heart failure. The signs and symptoms of right heart failure, as
well as the clinical form of dilated cardiomyopathy with global heart failure, are not common
in the diabetic cardiomyopathy [86]. It is important to emphasize that with our current
knowledge, there is still no consensus in the precise imaging definition of diabetic
cardiomyopathy, but evidence of hypertrophy or diastolic dysfunction is likely crucial to
support a diagnosis of diabetic cardiomyopathy, but is not specific to it [74].

Diastolic function parameters in diabetic patients are analogous to those in animal studies.
Left ventricular ejection time is often reduced, and the length of the pre-ejection period and the
ratio of pre-ejection period to left ventricular ejection time are often increased. Diastolic inflow
patterns are frequently abnormal, reflecting underlying abnormalities in relaxation and/or reduced
myocardial compliance. Left ventricular diastolic dysfunction appears to be quite common in
well-controlled type Il diabetic patients without clinically detectable heart disease [19].

Studies that have examined both systolic and diastolic dysfunction in both type | and
type 1l diabetes suggest that the latter is more susceptible to preclinical changes. The lack of
an association between diabetes and LV diastolic dysfunction in young diabetic subjects (35
yr) may relate to the prevalence of type | diabetes [19,87]. Nonetheless, another comparison
of both type | and type Il adult diabetic patients also showed no significant difference in
mean rate-corrected pre-ejection period, left ventricular ejection time, electromechanical
systole, and pre-ejection period/left ventricular ejection time ratio compared with those of
age- and sex-matched normal subjects [88]. The mechanism of protection of type | diabetic
patients may relate to protective effects of insulin therapy and lack of insulin resistance.
Indeed, animal data suggest correction of abnormal function with insulin therapy, with
indices of cardiac performance significantly greater in insulin-treated rats when compared
with control rats [19].

A number of studies in both animals and humans have shown structural changes in
parallel with the functional changes of diabetic heart disease, in the absence of hypertension,
coronary artery disease, or intraventricular conduction defects [89,90,91]. These results
indicate LV fibrosis in the early stages of type Il diabetes. In another study using modern
stereological techniques to quantify changes in the morphology accompanying
streptozotocin-induced diabetes, the results showed that the time to peak tension and
relaxation of papillary muscles was prolonged, the heart weight to body weight ratio was
increased, and the volume of extracellular components was increased 3-fold in diabetic rats.
At the same time, this study also demonstrated that the volume, surface density, and total
surface area of capillaries as well as volume fraction of myocyte mitochondria were reduced,
and oxygen diffusion distance to myocyte mitochondria was increased in the diabetic animals
[92].

Similar structural alterations have been described in diabetic hearts without significant
epicardial coronary disease in humans. The most prominent histopathological finding in
diabetic patients is fibrosis, which may be perivascular, interstitial, or both. As the disease
progresses, there is increased myocyte loss and replacement fibrosis. Thus, the increased



Diabetic Cardiomyopathy, Insulin Resistance, and Microangiopathy... 13

myocardial tissue reflectivity in diabetics may represent an early marker of diabetic
cardiomyopathy [19].

4. Treatment

In the treatment of the diabetic cardiomyopathy is of basic importance the control of the
DM in accordance with the directives in force, the control of the physical weight, the healthy
food and the physical regular activity, besides the rigorous control of associate diseases,
principally arterial high blood pressure, coronary disease and cholesterol.

Many of the established therapies in heart failure are also known to improve insulin
resistance, even in non heart failure populations. Standard lifestyle recommendations
(exercise, smoking cessation, weight loss) are all associated with improvements in insulin
sensitivity [93,94]. Exercise improves both outcomes and insulin sensitivity in the non-
ischemic heart failure population [95]. Angiotensin-converting enzyme inhibitors,
angiotensin receptor blockers, and statins all exert favorable effects on glucose metabolism
[96,97]. Although beta-adrenergic blocking medications usually worsen insulin resistance,
carvedilol has a neutral-to-slight insulin sensitizing effect [98]. Whether this difference
contributes to the reported improvements in outcomes for patients treated with carvedilol,
compared with metoprolol, remains unclear [99].

Glycemic control: Poor glycemic control has been associated with an increased risk of
cardiovascular mortality, with an increase of 11% for every 1% rise in HbAlc levels [100],
and other study has shown a link between HbAlc and heart failure [101]. Thus it has been
assumed that improving glycemic control should have a beneficial effect on cardiovascular
morbidity and mortality. Evidence suggests that good glycemic control is beneficial, at least
in the early stages of myocardial dysfunction [102,103]. Evidence also suggests that diabetic
cardiomyopathy does not develop in patients with tightly controlled type 1 diabetes,
supporting an important role for hyperglycemia in the pathogenesis of diabetic
cardiomyopathy [104]. Hyperglycemia is responsible for microvascular complications in
diabetes, and because microvascular alterations are thought to contribute significantly to the
pathogenesis of diabetic cardiomyopathy, good glycemic control is perhaps the most
important component in the overall management of diabetic cardiomyopathy [74].

B-Blockers: Chronic stimulation of the sympathetic nervous system leads to increased
heart rate and altered gene expression, resulting in cardiac remodeling in both heart failure
and diabetes [105,106]. Traditionally, there has been a reluctance to use B-blockers in
patients with diabetes for fear of adverse effects on insulin resistance and an unawareness of
hypoglycemia. However, with the recent advances in the understanding of heart failure and
the realization of the importance of the sympathetic nervous system in the release of
vasoactive substances, they have become an essential treatment for heart failure. Thus [-
blockers have been shown to prevent and even reverse cardiac remodeling, resulting in
improved LV function and a reduction in mortality [107]. In summary, 3-blockers should be
given to all diabetic patients with any evidence of HF, unless specifically contra-indicated.
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This will result in a relative risk reduction in mortality; however, the effect is not as
pronounced as the introduction of B-blockers in non-diabetic patients, but both groups derive
significant prognostic benefit [12].

Neurohormonal antagonism: ACE inhibitors form the cornerstone for treatment of
heart failure. The captopril multi-centre study demonstrated a significant improvement in
exercise capacity and symptoms of heart failure without an effect on mortality [108]. The
CONSENSUS study group was the first to show a significant reduction in mortality with
enalapril in patients with severe heart failure [109]. The SOLV-D investigators confirmed
these findings and also showed that enalapril was able to prevent onset of new heart failure
[110,111].

The important role of the renin-angiotensin-aldosterone system in the pathogenesis of
complications in diabetic patients is well described. Evidence supports the use of
angiotensin-converting enzyme inhibitors in preventing myocardial fibrosis, cardiac
hypertrophy, and myocardial mechanical dysfunction associated with diabetic
cardiomyopathy [112]. Angiotensin-converting enzyme inhibition and angiotensin- 1 receptor
blockade also have been shown to prevent coronary perivascular fibrosis and collagen
deposition [113].

ARBs (angiotensin Il type 1 receptor blockers) have been proposed to have additive
effects on haemodynamic measurements, neurohumoral activity and left ventricular
remodeling when added to ACE inhibitors in patients with chronic heart failure.

Ca2+ channel antagonists: An early animal study demonstrated an improvement in
diabetic cardiomyopathy with verapamil [114]; however, trials of verapamil, diltiazem and
nifedipine have shown a detrimental effect in heart failure [115]. Amlodipine and felodipine
were investigated in the PRAISE and Val-HeFT Il trials respectively, and no significant
benefit was observed over conventional treatment [116,117].

Statins: The safety and efficacy of statin therapy in patients with moderate to severe
heart failure has been demonstrated [118]. There is a significant reduction in mortality in
patients with a non-ischemic heart failure, adding further support to the additional effects of
statins beyond their reduction in cholesterol and prevention of progression of CAD [118].
There is a need for a large randomized, blinded, placebo-controlled trial to evaluate further
the benefits in patients with heart failure.

Modulators of free fatty acid metabolism, such as trimetazidine, have proven useful in
the management of angina, but their efficacy on diabetic cardiomyopathy is unknown [74].

Thiazolidinediones (TZDs): TZDs are a class of compounds for treating patients with
Type Il diabetes mellitus, which act by increasing insulin sensitivity in skeletal muscle and
adipose tissue through binding and activation of PPAR-3, a nuclear receptor that has a
regulatory role in differentiation of cells. Additionally they also act on PPAR-a and increase
serum HDL (high-density lipoprotein)-cholesterol, decrease serum triacylglycerols
(triglycerides) and increase LDL cholesterol levels marginally (pioglitazone to a lesser
extent) [119]. The TZDs, apart from insulin-sensitizing fat and skeletal muscle, increase the
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expression and function of glucose transporters in the heart, leading to improved glucose
metabolism, and reduce FFA utilization by the myocardium [120]. Unfortunately, their
clinical utility in the HF population is limited, owing to their promotion of fluid
retention/edema, an effect mediated via activation of amiloride-sensitive sodium channels in
the collecting duct [130]. Recent controversy has also arisen over a possible association
between rosiglitazone (1 of 2 TZDs approved in the U.S.) and increased rates of myocardial
infarction [131].

Currently, the most promising potential medical therapies can be divided into 2 broad
categories—metabolic modulators and diabetic medications [25].

Metabolic modulators: The agents in this group increase myocardial efficiency by
increasing glucose metabolism and decreasing FFA metabolism. Interestingly, 3 of the agents
are used as antianginals; it is by increasing energy efficiency that these agents are believed to
produce their antianginal effect. One of the most promising potential treatment agents is
trimetazidine. This medication—currently available in Europe but not in the U.S.—works by
inhibiting the final enzyme in beta-oxidation of FFA. Trimetazidine administration results in
improved myocardial ATP/phosphocreatine levels, a marker for myocardial energy stores
[25,121].

A second agent that works by inhibiting FFA metabolism is perhexiline. Like
trimetazidine, perhexiline is also used as an antianginal agent in other countries but is not
approved in the U.S. Unfortunately, clinical use of this agent might be limited, owing to risks
of hepatotoxicity and peripheral neuropathy [25,122].

Ranolazine is a third antianginal agent with potential as a metabolic modulator and is
approved in the U.S. Unfortunately, it might not be an ideal choice for 2 reasons: 1. Although
ranolazine does cause a switch from FFA to glucose, the degree of this effect is relatively
limited at physiologic levels. Its main mechanism of action involves lowering intracellular
calcium levels via inhibition of a slow-inactivating sodium current. 2. Ranolazine is
associated with QT prolongation, although increased rates of ventricular arrhythmias have
not been observed [123,124].

L-carnitine is an essential cofactor of fatty acid metabolism, shuttling the end-products of
peroxisomal fatty acid oxidation into the mitochondria and modulating the intramitochondrial
acyl-coenzyme A/coenzyme A ratio. Although its main role is enhancement of FFA
metabolism, experimental evidence also supports an enhancement of glucose metabolism.
Several human and animal studies support a modest benefit in left ventricular energetics and
function with L-carnitine administration [125,126].

Diabetic medications: If insulin resistance—the fundamental feature of most cases of
type Il diabetes mellitus— plays a principal role in the pathogenesis of dilated
cardiomyopathy in many patients, then agents used to treat patients with diabetes mellitus
might also be useful for the insulin-resistant cardiomyopathy population [25].

Metformin, the only biguanide approved in the U.S., prevents worsened glucose
metabolism in a non-HF, insulin-resistant population and can improve calcium handling in
myocytes [127,128]. However, its use in heart failure patients is limited by the possible
potential for lactic acidosis, and a myocardial imaging study showed no improvement in
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myocardial glucose uptake with metformin administration. The same study did show
increased myocardial glucose uptake with the administration of a TZD [129]. These agents
work by activating PPAR-, a transcription factor that promotes insulin sensitivity and
decreases circulating FFAs. Interestingly, TZDs seem to affect the myocardium, despite the
near-complete lack of PPAR-receptors in the myocardium, indicating that the effects on the
myocardium are due to decreased circulating FFA [25,26].

Insulin or insulin-secretagogues represent a potential class of antidiabetic agents that
could be used to treat an insulin-resistant cardiomyopathy population. A beneficial impact of
these agents could theoretically be gleaned by directly promoting glucose metabolism and
decreasing circulating FFA. However, therapy with such agents has generally failed to inhibit
insulin-resistant cardiomyopathy in animal models and is less attractive than the insulin-
sensitizing agents, because it fails to address the underlying physiologic problem of insulin
resistance and exposes the patient to the potential negative effects of hyperinsulinemia [25].

Recently, a new class of antidiabetic medications has been developed that acts on the
glucagon-like peptide (GLP)-1 pathway. Glucagon-like peptide-1 is 1 of 2 main “incretins” in
the body—hormones that promote post-prandial insulin secretion and improved insulin
sensitivity [132]. Unfortunately, GLP-1 is impractical as a pharmacological therapy, because
it is rapidly degraded in vivo by dipeptidyl peptidase (DPP)-1V, resulting in a 1- to 2-min
half-life. Another option, exenatide, shares 53% homology with GLP-1 and works as a partial
agonist of the GLP-1 receptor [132]. An alternative to administering a GLP-1 agonist is
administering a DPP-1V antagonist. The first agent in this class, sitagliptin, was approved in
the U.S. in October 2006, and several others are in development.

5. Cardiac Rehabilitation

Cardiac rehabilitation program is defined as a long-term program involving medical
evaluation, prescribed exercise, cardiac risk factor modification, education and counseling.
These programs are designed to limit the physiological and psychological effect of cardiac
illness, reduce the risk of sudden death or recurrent ischemia, control cardiac symptoms,
stabilize or reverse the atherosclerotic process, and enhance the psychosocial and vocational
status of selected patients. Cardiac rehabilitation programs are prescribed for patients who
have had a myocardial infarction, have had coronary bypass surgery, or have chronic stable
angina pectoris [134].

The European Society of Cardiology defines cardiac rehabilitation program as the sum of
interventions required to ensure the best physical, psychological and social conditions so that
patients with chronic or post acute cardiac disease may, by their own efforts, preserve or
assume their proper place in society [135].

The words “chronic” and “preserve” were added to the previous definition of the World
Health Organization (WHO) in order to stress the concept of the importance of rehabilitation
in the long term care of patients with chronic disease, including those who had not had recent
acute events.

Cardiovascular health is achieved through interventions to enhance vascular protection.
The use of these interventions can only be effective when patients and health professionals
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are able to know the risk of recurrent vascular events, the treatment targets, the therapies
needed and lifestyle modifications, reaching thus success in goal [136].

The promise of cardiac rehabilitation is that interventions such as exercise and risk factor
reduction can achieve reduced cardiac events and mortality, likelihood of hospitalizations and
need for invasive procedure [137,138]. Rehabilitation has improved cardiac mortality in
patients with cardiovascular disease and has proved that the addiction of exercise to the
standard pharmacological interventions currently recommended and prescribed can still
produce additional patient benefits, notably after acute coronary events [138]. Several trials
have shown significant improvements in cardiovascular risk factors and cardiovascular
outcomes and have also documented benefits of cardiac rehabilitation in populations over the
age 70 years [136,139].

Table 1. Core elements of the Canadian guideline of cardiac rehabilitation [136]

Patient referral process

— Patient assessment

— Risk stratification

— Exercise stress testing
— Risk factor assessment

Lifestyle and risk factor modification
Nutritional counseling

Risk factor counseling and management

— Lipids

— Hypertension

Smoking cessation

Diabetes

— Psychosocial issues

Weight management, particularly abdominal obesity
Psychosocial management

— Physical activity counseling and exercise training

Patient education programs

— Lifestyle adherence strategies

— Medication adherence strategies
Outcomes assessment programs

Health outcomes

— Educational outcomes

Behavioral outcomes

Service outcomes

Continuous quality improvement programs

Continuous professional development programs

Cardiovascular rehabilitation showed positive results in reducing inflammatory
cytokines, plasma fibrinogen concentrations, platelet aggregation, glucose intolerance, serum
LDL, serum triglycerides and systolic blood pressure [136,140,141]. Besides, beneficial
effects of cardiac rehabilitation may also be attributed to the comprehensive, proactive
chronic disease management with respect to improved cardiovascular disease risk factor
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management, and improved patient adherence to lifestyle interventions and prescribed
medications [142].

Thus, both exercise and comprehensive, target-driven risk factor reduction can have
significant benefits on patient outcomes, and the combination of the two is fully developed
and completely expressed within contemporary cardiac rehabilitation programs [136].

Cardiac rehabilitation is a disease intervention whose success is derived not only from
what interventions or therapies are prescribed but equally fro the process of how those
interventions or therapies are delivered to patients.

The Canadian guideline of cardiac rehabilitation [136] proposes the following core
elements of these programs:

e Patient referral process: to make easy the identification and inclusion of the
patients in the program of cardiac rehabilitation. The use of algorithms and the
commitment of health professional is necessary.

e Patient assessment: this include the welcome of the patient, being carried out a
focused history and physical examination with particular emphasis on cardiovascular
symptoms, exercise limitations, psychosocial problems and evidence of significant
valvular heart disease or heart failure. Besides, accurate risk stratification is
necessary, with the inclusion of exercise stress testing if necessary.

e Lifestyle and risk factor modification: any patient debit to receive a personalized
exercise prescription and lifestyle recommendations focusing specifically on those
risk factors relevant for each patient.

e Nutritional counseling: health professional should recommend a healthy diet bases
on characteristics of each patient. A specialized professional can be necessary.

e Risk factor counseling and management: eliminate modifiable risk factors like
smoking and dietary errors are a challenge. Cardiac rehabilitation staff should have a
basic working familiarity with the principles of the model of behavior change, social
cognitive theory and motivational interviewing techniques.

Persons with predominant abdominal adiposity (waist circumference larger than 102 cm
in men and 88cm in women) are much more likely to have the metabolic syndrome, and
cardiac rehabilitation professionals are reminded to measure the wais girth o all patients
[143].

Physical inactivity and sedentary lifestyle are the most important, and seemingly the most
prevalent, fundamental causes of atherosclerotic vascular disease. Physical inactivity worsens
and potentiates the adverse effects of other cardiovascular risk factors such as hypertension,
diabetes and dyslipidemia [144].

Depression and anxiety often complicate cardiovascular events and cause distress in their
own right. Besides, depression reduces participation in cardiac rehabilitation programs
[145,146].
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e Patient education programs: to help patients to understand cardiovascular disease
and improve lifestyle modifications and adherence to the program.

There are three recognized phases of cardiac rehabilitation [133].

Inpatient rehabilitation (Phase 1): Inpatient rehabilitation is now mostly limited to
early mobilization, so that self care is possible by discharge, and brief counseling to explain
the nature of the illness or intervention, to increase the patient’s awareness of his or her risk
factors and to reassure the patient about future progress and follow-up.

Ambulatory outpatient rehabilitation (Phase 2): Most cardiac rehabilitation is based
upon supervised ambulatory outpatient programs conducted during convalescence.
Attendance begins soon after discharge from hospital, ideally within the first few days.

Formal outpatient cardiac rehabilitation programs vary widely in content. Almost all
contain an element of group exercise which is conducted by allied health professionals.
Therefore, an educational and supportive element is inevitably delivered together with the
exercise. Psychological and social support may be given on an individual basis, as required,
or may be provided to groups of patients and family members.

Maintenance (Phase 3): A lifetime, maintenance stage follows the ambulatory program
in which physical fitness and risk factor control are supported in a minimally supervised or
unsupervised setting. They may consist of regular recall and review by physician or nurse.
Patients may receive additional medication, further education, social support, exercise classes
and behavioral intervention, as required. Some patients may be enrolled in special groups for
specific reasons (for example, diabetes, obesity, smoking, lipid disorder, hypertension, heart
failure) if clinics are established for the management of these particular risk factors or
conditions. In other programs, patients may be enrolled in an ongoing exercise class.

The World Health Organization Expert Committee report “Rehabilitation after
Cardiovascular Diseases, with Special Emphasis on Developing Countries” of 1993 [147]
made the following recommendations:

1. Cardiac rehabilitation should be an integral component of the long-term,

comprehensive care of cardiac patients.

2. Cardiac rehabilitation programs or services should be available to all patients with
cardiovascular disease, both children and adults.

3. Rehabilitation services should be provided by any trained health professional
caring for cardiac patients, since no sophisticated equipment or facilities are
required. Both patients and their families should participate.

4. Rehabilitation programs should be integrated into the existing health care system;
this can be done at modest cost. The major requirement is for health professionals
to be trained in prescribing appropriate exercise and providing health education
and vocational guidance.

5 Responsibility for the implementation of cardiac rehabilitation should be given to
a designated health professional at the local level, trained as a coordinator. This
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individual should, in turn, be responsible to an appropriate physician or to a
department, hospital, or other health care facility, which may operate under the
auspices of the government or a nongovernmental organization or other agency.
6 All plans for the implementation of rehabilitative programs should include
provision for evaluating the efficacy of the programs
The conclusion from the guidelines and policy statements is that cardiac rehabilitation
services should be available to all patients with cardiac and vascular disease. There is
uniformity of opinion to support the view that cardiac rehabilitation should include exercise,
education, social support, behavioral change, follow-up of patients and program evaluation.
However, there are significant differences between regions regarding specific aspects of the
content of these programs; that is “how much of what and for whom?” and in methods of
delivering programs [133].

Exercise in cardiac rehabilitation: Widely accepted recommendations regarding
exercise training have come from many authoritative sources based upon literature review
and consensus [133,135,148]. It is also well recognized that physical performance
spontaneously recovers through resumption of normal activities after a period of physical
inactivity following acute myocardial infarction or other illnesses. However, trials have
demonstrated that exercise training produces a significantly more rapid recovery of physical
function. Although previously thought to have been hazardous, progressive resistive exercise
training is now recommended, particularly for those who have become inactive and
weakened by muscle wasting [133]. There are clinical trials demonstrating improvement in
psychological functioning (anxiety, depression and other measures) from exercise training
alone, compared with standard medical care [149,150]. The benefit is more apparent with
multifactorial rehabilitation.

Exercise training is recommended to improve subsequent exercise habits. However,
programs should be followed by long-term availability of support and facilities for
maintenance of activity. Exercise training extending beyond convalescence, with a
maintenance or follow-up (phase 3) program is recommended to reduce morbidity, recurrent
events, hospital readmissions and mortality. The evidence for these claims for secondary
prevention comes from some studies with long-term follow-up support and from meta-
analyses [151,152]. As suggested earlier, it may be that some benefits arise not from the
exercise training itself, but from the comprehensive nature of the interventions.

Low to moderate intensity exercise training is recommended for all cardiac rehabilitation
programs. Exercise training at low to moderate intensity has effects similar to those of
moderate to high intensity exercise training. From these trials, it appears that a higher level of
supervised exercise training has a small, positive relationship to maximal physical working
capacity at the completion of the exercise program, but no significant difference is achieved
in the long term. Thus, while the process of reconditioning appears to be accelerated through
high intensity exercise, it is not associated with any recognizable or demonstrable other
benefit. It is therefore reasonable to conclude that low to moderate intensity exercise is, with
the single exception of physical working capacity, as effective as high intensity exercise,
provided that home activity (particularly walking) is encouraged and undertaken [133,153].
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Until recently, it was recommended that high risk patients should not be enrolled in
exercise training programs (based upon moderate to high intensity exercise). Several trials
and observational studies have now shown, however, that low levels of exercise lead to
improvement in physical functioning and quality of life. This applies to patients with
impaired ventricular function, with controlled cardiac failure and with symptomatic or
asymptomatic residual ischemia.

Exclusion factors are serious conditions requiring attention before exercise is
commenced. These are [148]:

Significant hypertension or hypotension

Severe aortic stenosis

Uncontrolled arrhythmias

Uncontrolled congestive heart failure

Uncontrolled diabetes or metabolic disturbance

High grade atrioventricular block without a pacemaker
Current pericarditis or myocarditis

Recent pulmonary or other embolism

Recent stroke or transient ischemic attack

Recent major surgery

Terminal illness or severe disabling concurrent illness
Acute febrile or systemic illness

Physical or psychological disability preventing participation
An additional reason for exclusion is physician or patient refusal

Clinical risk stratification based upon history, examination and resting electrocardiogram
is usually sufficient. Technological investigation of patients should be limited to specific tests
to answer specific clinical questions applicable to individuals [133]. When necessary,
complementary investigation must be performed before the onset of an exercise program.

6. Conclusions

Diabetic cardiomyopathy became a concrete reality after investigations performed in the
last three decades. Diverse pathophysiologic mechanisms have been proposed to explain this
condition, but hyperglycemia is the main candidate to be the process initiator. Research in the
field of metabolic and structural changes has reached the development of therapeutic options
and new medication must be used in the future.

Despite the absence of clear instruments for the diagnosis, diabetic cardiomyopathy
should not be ignored by the clinicians and the rigorous control of diabetes is probably the
better tool against the disease at the moment.
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Abstract

Cardiomyopathy is a generic term for any heart disease in which the heart muscle is
involved and functions abnormally. Recent developments and ongoing research in
cardiology have led to descriptions of previously less recognized and/or incompletely
characterized cardiomyopathies. These entities are being increasingly noticed in adult
patient populations. Primary care providers, hospitalists, emergency medicine physicians
and cardiovascular specialists need to be aware of the clinical features of these illnesses
and the best strategies for diagnosis and management. In this chapter, we discuss the
etiologies and diagnostic methods for identifying Tako-tsubo cardiomyopathy and ways
to manage this entity. This cardiomyopathy is caused by intense emotional or physical
stress leading to rapid, severe but reversible cardiac dysfunction. It mimics myocardial
infarction with changes in the electrocardiogram and echocardiogram, but without
obstructive coronary artery disease. This pattern of left ventricular dysfunction was first
described in Japan and has been referred to as "tako-tsubo cardiomyopathy," named after
a fishing pot with a narrow neck and wide base that is used to trap octopus. This
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syndrome is also known as "apical ballooning syndrome”, "ampulla cardiomyopathy",
"'stress cardiomyopathy", or "broken-heart syndrome".

Introduction

In recent years, a new cardiac syndrome with transient left ventricular dysfunction has
been described which was first identified in Japanese patients. This new entity has been
referred to as "tako-tsubo cardiomyopathy™ or "apical ballooning”, named after the particular
shape of the end-systolic left ventricle on ventriculography. [1] To date, tako-tsubo
cardiomyopathy (TTC) has also been reported in western populations. Emotional or physical
stress usually precedes the presentation of this cardiomyopathy. The mechanistic explanation
responsible for this acute but reversible contractile dysfunction is still not known. Multivessel
epicardial coronary artery vasospasm, coronary microvascular dysfunction or spasm, impaired
fatty acid metabolism, transient obstruction of the left wventricular outflow, and
catecholamine-mediated myocardial dysfunction has each been proposed as potential
mechanism. [2-5] The optimal management of patients presenting with this syndrome
depends mainly on the hemodynamic condition of the patient and remains primarily
symptomatic in nature. Nearly 2 decades following the first report of this entity, it has been
increasingly recognized. [6] Despite increased awareness, the pathophysiology of the
condition remains uncertain, and few reports have suggested a specific mechanism, beyond
high catecholamine levels, as a trigger for the syndrome. New variants of this disease,
involving a different part of the left ventricular wall, have recently been described in the
literature. [7-14] Based on these observations, a new term, "stress cardiomyopathy," is now
commonly used in the medical community to describe all varieties of this condition.

What is Stress Cardiomyopathy?

Stress cardiomyopathy is a cardiac syndrome characterized by acute onset of chest pain
and completely reversible regional contractile dysfunction (Table 1). On left
ventriculography, typical wall motion abnormalities, such as apical and mid-ventricular
akinesia and a hypercontractile base, can be identified. (Figure 1) Usually coronary
angiography reveals no identifiable epicardial coronary artery disease. (Figure 2) Recently, a
few cases of transient ballooning involving the mid-ventricular left ventricle, sparing the
apical and basal segments, have also been documented. [9] Stress cardiomyopathy mimics
symptoms of acute myocardial infarction with acute chest pain, electrocardiographic (ECG)
changes, and a transient increase in blood levels of cardiac biomarkers including troponins
although less marked than with acute myocardial infarction. In 1991 Sato and Dote first
described this transient contractile dysfunction, naming it tako-tsubo cardiomyopathy. [1]
Other groups called the syndrome apical "ballooning", "broken heart", "scared to death",
"ampulla-syndrome™, or "acute stress cardiomyopathy". [3]
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Table 1. Symptoms and Stress at the time of presentation

Characteristics (%) (N = 185)
Symptom

Chest Pain 65.9 (122)
Dyspnea 16.2 (30)
Syncope 4.9 (9)
Chest pain and dyspnea | 3.2 (6)
Nausea 1.6 (3)
ECG changes 1.6 (3)
CVA 1.1(2)
Palpitations 1.1(2)
V-fib 0.5(1)
Back Pain 0.5(1)
Fatigue 0.5 (1)
Cardiac Arrest 0.5(1)
Not Reported 1.1(2)
Precipitating Stress

Emotional 47.9 (80)
Physical 29.3 (49)
None 22.8 (38)

The characteristic clinical syndrome of stress cardiomyopathy is acute left ventricular
dysfunction, following a sudden emotional or physical stress. Patients typically present with
chest pain similar to that of acute myocardial infarction (central, heavy, squeezing and
crushing). On occasion, the discomfort radiates to the arms causing anxiety (Table 1). The
pain can also mimic acute pericarditis, pulmonary embolism, acute aortic dissection and
costochondritis. Although the coronary arteries have no flow-limiting lesions, acute changes
on the ECG suggesting ischemia, and raised levels of cardiac enzymes, reflecting acute
myocardial injury, are usually present. Left ventricular dysfunction and wall-motion
abnormalities are typically seen, affecting the apical and, frequently, the midventricular left
ventricular myocardium, but sparing the basal myocardium. On left ventriculography,
echocardiography or cardiac magnetic resonance imaging (MRI), these functional
abnormalities typically resemble a flask with a short, narrow neck and wide, rounded body.
The shape of the ventricle at end systole resembles the Japanese fisherman's octopus pot—the
tako-tsubo—from which the syndrome derives its original name. The hypercontractile basal
myocardium can generate left ventricular outflow tract obstruction in the presence of apical
and midwall hypokinesis. The final element of the syndrome is that left ventricular function
and apical wall motion return to normal within days or weeks of the acute insult, in a similar
manner to traditional myocardial stunning. Right ventricular involvement appears to be less
common but has been reported in the literature. [15,16] Apical distribution of the right
ventricular wall akinesia suggests that for some unknown reason, apical ballooning syndrome
affects the heart in a geometrical way involving mostly the apex and the mid left ventricular
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walls and does not follow a single coronary territory. [8] Some studies have found decreased
flow in the apical left ventricular wall compared with the base, which could partially explain
this geometrical involvement. [16,17]

Classic Takutsubo Type Cardyiomyopathy (Apical and mid ventricular akinesia with

ballooning appearance and hyperdynamic base of the heart

Figure 1. Classic Takutsubo Type Cardyiomyopathy (Apical and mid ventricular akinesia with
ballooning appearance and hyperdynamic base of the heart

Takutsubo Type Cardyiomyopathy with normal coronaries on
angiogram

Figure 2. Takutsubo Type Cardyiomyopathy with normal coronaries on angiogram
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Etiology

The cause of stress cardiomyopathy is unknown. However, all available evidence is
consistent with the concept that this disease results from extreme emotional and/or physical
stress. The disease shows a strong predominance for postmenopausal women. (Table 2) The
seemingly increased susceptibility of women to stress-related left ventricular dysfunction and
potential gender-related differences in response to catecholamines is not well understood.®
However, sex hormones exert important influences on the sympathetic neurohumoral axis as
well as on coronary vasoreactivity. The mechanisms underlying stress cardiomyopathy are
unclear with exaggerated sympathetic stimulation probably being central to its causation.
Thus, catecholamine excess has been implicated but not well documented.

Table 2. Patient characteristics

Characteristics (%) (N = 185)
Mean age (years) 67.7
Female 93.5(173)
Male 6.5 (12)
Race

Asian 57.2 (83)
White 40 (58)
Other 2.8(4)
Not reported 21.5 (40)

One hypothesis is that these patients experience myocardial ischemia as a result of
epicardial coronary arterial spasm, secondary to increased sympathetic tone leading to
vasoconstriction despite the absence of atherosclerotic coronary artery disease. [18] Another
possible mechanism of direct myocardial injury is catecholamine-mediated myocardial
stunning. Supporting this hypothesis is the well known fact that adrenoceptor density is
higher in the cardiac apex compared with other areas of the myocardium. This might account
for myocardial dysfunction and apical ballooning during catecholamine stress. [5] The
elevated catecholamines can produce a concentration dependent decrease in myocyte
viability, as demonstrated by a significant release of creatine kinase from the affected cells
leading to decreased viability due to cyclic AMP-mediated calcium overload. [19] Abnormal
coronary flow in the absence of obstructive coronary artery disease has recently been reported
in patients with stress-related myocardial dysfunction. [17] Further correlations between this
cardiomyopathy and specific genetic profiles are not known at this time. It has been
hypothesized that stress cardiomyopathy is a form of myocardial stunning, but with a
different cellular mechanisms than is seen during transient episodes of ischemia secondary to
coronary stenosis.

Patients with stress cardiomyopathy usually have supra-physiological levels of plasma
catecholamines and stress-related neuropeptides. Unlike polymorphonuclear inflammation
seen with infarction, in stress cardiomyopathy there is contraction band necrosis, a unique
form of myocyte injury characterized by hypercontracted sarcomeres, dense eosinophilic
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transverse bands, and an interstitial mononuclear inflammatory response. Endomyocardial
biopsy has demonstrated the presence of contraction band necrosis in patients with stress
cardiomyopathy. [5] Contraction band necrosis is a type of cell death identified as early as 2
minutes after cell injury has occurred and can cause release of cardiac biomarkers. [20] Focal
myocarditis and contraction band necrosis has been found in states of excess circulating
catecholamine such as pheochromocytoma,?* subarachnoid haemorrhage, [22,23] eclampsia
[23] and fatal asthma. [24] Contraction band necrosis has also been documented in autopsies of
patients with normal coronary vessels who suffered from coronary spasm due to various causes.
[23,25] These findings all suggest that catecholamines may be a link between emotional stress
and cardiac injury.

Epidemiology

Stress cardiomyopathy is still rarely diagnosed. Over the last few years, however, the
number of published reports of patients presenting with this syndrome has steadily increased.
Serial case studies coming from Japan reveal a prevalence of 1.2-2.0% among patients with
acute coronary syndrome. [26] In a recent US study, stress cardiomyopathy was diagnosed in
about 2.2% of patients admitted with suspected acute coronary syndrome. A German series
reported an incidence of 0.1-2.3%; a study from France investigating this syndrome in a large
urban population showed a prevalence of 0.9% and, the incidence of stress cardiomyopathy in
an ltalian investigation was 2%. [27-31] It is likely that prior to our current understanding,
these patients were diagnosed as ‘acute myocardial infarction with normal coronaries’
secondary to coronary arterial spasm.

Classification

1. Stress cardiomyopathy can involve any segment of the left ventricular wall. There
are now four different types, based on anatomic location, described in the literature.
[32]

2. Classic type, which is the most commonly reported, is described as apical ballooning
or Tako-tsubo type.

3. The second type is the reverse type; with hyperdynamic apex and akinesia of the
base of the left ventricular wall (reverse Takotsubo or reverse apical ballooning
type). This type is rarely described in the literature. [7,33-36]

4. The third type involves the mid left ventricular wall, sparing the base and the apex. It
is called the “mid ventricular type.”[9,11,37]

5. The fourth type is localized wall motion abnormality affecting a segment of the left
ventricular wall, usually the anterior wall. [10,12,14,34,38]
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Theories behind Stress Cardiomyopathy

Several mechanisms have been proposed for stress cardiomyopathy

Epicardial Coronary Vasospasm

In all documented patients presenting with stress cardiomyopathy, relevant coronary
artery obstruction has been excluded and coronary vasospasm is unlikely since the region of
wall motion abnormalities does not correspond to the perfusion territory of a single coronary
artery. Many studies have evaluated the presence of either spontaneous or provoked
multivessel epicardial spasm during angiography. In a systematic review only a few patients
experienced spontaneous multivessel epicardial spasm (1.4%). Using provocative tests such
as infusion of ergonovine or acetylcholine, nearly 28% experienced multivessel spasm.
However, results varied widely in different series. Taken together, epicardial vasospasm
seems to be an unlikely mechanism as a cause of stress cardiomyopathy but may account for a
few cases of elevated cardiac enzymes with normal coronary arteries. [39]

Microvascular Dysfunction

Investigators have reported that patients with stress cardiomyopathy have impaired
coronary microcirculation since, using a Doppler guide wire, diminished coronary flow
reserve (CFR) was observed. [40] These results were confirmed by other groups suggesting
that microvascular dysfunction contributes substantially to the development of this syndrome.
Recently, reduced coronary flow velocity in the absence of coronary artery stenosis was
noted immediately after the onset of stress cardiomyopathy. Additionally, myocardial contrast
echocardiographic studies revealed perfusion defects in the left ventricular apex which
normalize after a follow up of 4 weeks, suggesting that microvascular dysfunction might have
been responsible for the reversible contractile impairment. [4] However, it is unclear whether
coronary microvascular dysfunction is the primary mechanism involved in the pathogenesis
of the syndrome or whether it is simply an associated secondary phenomenon. Furthermore,
the underlying cause of the potential microvascular dysfunction is unknown.

Catecholamine Induced Myocyte Injury

The most widely proposed hypothesis for stress cardiomyopathy relates to the role of
stress. In the majority of cases, triggering conditions that preceded onset were said to involve
exposure to endogenous (emotional) or exogenous stresses (trauma, surgical procedure,
exacerbation of a pre-existing condition). This suggests that increased sympathetic activity
plays a major role in the origin of this syndrome. One group of investigators described
notably elevated norepinephrine concentrations in patients with stress cardiomyopathy. [41]
This was confirmed by others who demonstrated significantly increased catecholamine
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concentrations in comparison to patients with Killip class 111 myocardial infarction. Increased
serum concentrations of catecholamines have been shown to generate direct myocyte injury.
Oxidation of catecholamines results in the formation of highly toxic substances and free
radicals causing intracellular calcium overload and myocardial cell damage. The typical
histological signs of catecholamine toxicity, described as focal, mononuclear, inflammatory
areas of fibrotic response and characteristic contraction bands, are also reported to be present
in patients with stress cardiomyopthy. [5,42] Contraction bands have been reported in several
clinical settings of extensive catecholamine production such as phaeochromocytoma or
subarachnoid haemorrhage, showing that catecholamines may be an important link between
emotional stress and cardiac injury. [5] The distinctive contractile pattern of stress
cardiomyopathy may be explained by an enhanced responsiveness of apical myocardium to
sympathetic stimulation. Alternatively, a base-to-apex perfusion gradient could result in
regional differences in myocardial blood flow in the setting of catecholamine-mediated
epicardial or microvascular vasoconstriction. [5] Interestingly, the wall motion abnormalities
observed in stress cardiomyopathy are not the same as those found with subarachnoid
haemorrhage or intracranial haemorrhage, in which only the basal segments of the left
ventricle are affected. [43]

Obstruction of Left Ventricular Outflow Tract

Left ventricular outflow tract (LVVOT) obstruction was observed in a report of three
patients with tako-tsubo cardiomyopathy. [44] Other groups confirmed these abnormal
findings, especially in women in the presence of abnormal myocardial functional architecture,
such as localized mid-ventricular septal thickening. [3] It was hypothesized that in the
presence of increased concentrations of catecholamines caused by emotional stress, this mid-
ventricular septal thickening could lead to the development of severe transient left ventricular
mid-cavity obstruction, resulting in subendocardial ischaemia unrelated to a specific coronary
artery territory. However, it remains unclear whether the observed intraventricular gradient is
a consequence rather than a cause of stress cardiomyopathy.

Diagnosis
The diagnosis of stress-induced stress cardiomyopathy is based on the following criteria:

(a) Transient akinesis or dyskinesis of the left ventricular wall (ballooning) seen on
echocardiography (or any other imaging modality) accompanied by chest discomfort;
commonly, but not universally, apically located;

(b) New electrocardiographic changes (either ST elevation or T wave inversion);

(c) No significant obstructive epicardial coronary artery disease;

(d) Absence of recent significant head trauma, phaeochromocytoma, myocarditis or
hypertrophic cardiomyopathy.
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Stress cardiomyopathy can present with the following changes on the ECG (Table 3)

e Diffuse symmetric T-wave inversion

e Pronounced prolongation of the QT interval

e Loss of R wave progression

e Prolonged PR interval

e Pathologic Q waves in leads V1, V2, V3 and aVL

Table 3. ECG findings & cardiac markers

Characteristics (%) (N)
ST Elevation 87.5 (136)
T wave inversion 75 (104)
Q Waves 50 (22)
Positive cardiac markers | 85.5 (117)

N = number of cases data was reported

Echocardiography findings in stress cardiomyoapthy are as follows:

e Transient, regional akinesis or dyskinesis, usually involving the entire LV (and RV)
apex;

e A unique variant is “reverse stress cardiomyopthy” in which the apex is spared and
only the basal portion of the LV myocardium is dysfunctional;

e Regardless of the location of regional dysfunction, the most important echo feature
to distinguish this disease from an acute Ml is a regional wall motion abnormality in
multiple coronary artery territories rather than a single coronary artery zone, as well
as involvement of the adjacent RV wall;

o Reduced left ( and often right) ventricular ejection fraction and systolic dysfunction;

e Apical- ‘ballooning’ with abnormal wall motion of the mid and distal ( and/or mid)
left ventricle;

e Restoration of normal global and regional myocardial function with serial exams
over time.

Electrocardiography

ST elevation (<2 mm) or T wave inversion in the anterior leads (V1-V6) have been the
most commonly recorded findings mimicking acute MI. [5] In comparison to patients with
anterior infarct, these ST elevations are less prominent. Electrocardiographic changes may be
present for several hours followed by normalization and development of T wave inversion.
Furthermore, in several cases transient prolongation of the QT interval was observed with a
subsequent normalization within some weeks. [2] Even though QT interval prolongation is
present in stress cardiomyopathy, rate adaptation of ventricular repolarization is not
significantly altered in comparison to acute ST elevation myocardial infarction, suggesting a
different effect of autonomic nervous activity on the ventricular myocardium. [45]
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Laboratory Investigation

Blood values of myocardial creatine kinase (CK), CK-MB, and troponin are often only
slightly elevated. There are also reports of increased concentrations of B-type natriuretic
peptide (BNP) in stress cardiomyopathy patients. [46] Recently, serum concentrations of the
N-terminal fragment of BNP (NT-proBNP) were shown to be a valuable marker for
assessment of myocardial deterioration and recovery. [47] Moreover, low NT-proBNP values
on admission were shown to be a reliable indicator of a favorable prognosis for patients
presenting with stress cardiomyopathy.

Echocardiography

In the apical four-chamber view, typical akinesia of the left ventricular apex and/or the
mid-portion of the left ventricle as well as a hypercontractile base are typically found.
Interestingly, the wall motion abnormalities exceed the area assigned to one coronary vessel.
In a few cases, LVOT obstruction with an end-systolic pressure gradient of up to 60 mm Hg
was observed. [3] After normalization of myocardial function the pressure gradient
disappeared. These findings of mid-cavity dynamic obstruction in the acute phase of stress
cardiomyopathy correlate with localized mid-ventricular septal thickening when cardiac
function returns to normal. Stress cardiomyopathy, can be reasonably suspected using careful
evaluation of the initial echocardiographic examination in conjunction with ECG, laboratory,
and clinical data. Wall motion analysis should reveal an apical ballooning appearance
involving many coronary territories with mild elevation of cardiac enzyme levels or ECG
changes. Furthermore, the additional presence of right ventricular apical akinesia during
echocardiographic examination makes the diagnosis of this syndrome very likely. [8]

Coronary Angiography and Ventriculography

In all reported cases of stress cardiomyopathy, coronary angiography excluded relevant
coronary artery obstruction in patients presenting with stress cardiomyopathy.
Ventriculography usually displays typical apical ballooning and hypercontraction of the basal
segments. In some cases, mid-ventricular ballooning sparing the basal and apical segments
can be present. [9]

Cardiovascular Magnetic Resonance Imaging

Cardiovascular MRI provides morphologic and precise functional information of the left
ventricle. More recently published data also documented regional wall motion abnormalities
of the right ventricle in the acute phase of this syndrome.[48] Sporadically, focal signal
increases in different left ventricular segments was detectable in the T2-weighted turbo-spin
echo sequences, indicating myocardial edema. First-pass perfusion imaging did not show any
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evidence of focal perfusion abnormalities, corresponding to a specific vascular territory. So
far, in all cases, the observed endocardial delayed hyperenhancement was small in
comparison to the extent of the wall motion abnormalities.[49,50] In view of the fact that in
myocarditis areas of hyperenhancement originate from the epicardium, late MRI
enhancement sequences can assist in the differential diagnosis of stress cardiomyopathy.

Myocardial Single Photon Emission Computed Tomography

Several reports describe thallium-201 (*°*T1) perfusion patterns with a perfusion defect in
the apical LV region in the acute phase of stress cardiomyopathy despite normal coronary
arteries. [51] These defects decrease with recovery. Investigators have reported a diminished
accumulation of iodine-123 [123] metaiodobenzylguanidine (MIBG) in the hypokinetic
region. [46] Investigators have also demonstrated impaired myocardial fatty acid metabolism
rather than disturbed myocardial perfusion during the early phase.[52] In stress
cardiomyopathy, technetium-99 m (**™Tc)-tetrofosmin myocardial single photon emission
computed tomography (SPECT) showed that myocardial perfusion in the apical region was
impaired immediately after hospitalization with recovery after 3-5 days. [53]

Myocardial Biopsy

Several groups have investigated endomyocardial biopsies from both the right and left
ventricle, revealing myocyte injury and a slight increase in connective tissue. From a
systematic analysis it is known that stress cardiomyopathy is accompanied by severe cellular
morphological alterations, with many vacuoles of different sizes contributing to cellular
deterioration. The content of myocardial contractile material is reduced and detected in the
border area of the cells. Contraction bands are sporadically present. Clusters of mitochondria
with abnormalities in size and shape can be observed. The myocyte nuclei typically appear
rounded or oval either in the middle or in the border area of the cells. Cell swelling associated
with damage to the basal lamina or damaged mitochondria with flocculent densities are
typical signs of oncotic cell death and are absent. Additionally, apoptotic and autophagic cell
death can be excluded by electron microscopy and immunohistochemistry. Moreover, the
interstitial space is widened and contains fibrotic material, including collagen fibrils,
formations of cell debris, macrophages, and an increased number of fibroblasts. Most
noteworthy, these alterations are transient and almost completely reversible after functional
recovery. [42]

Management

The management of stress cardiomyopathy consists of supportive and symptomatic
treatment. Initially patients are managed as if they had a myocardial infarction, including
urgent coronary angiography with a view to performing a primary coronary intervention.
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These patients should be treated with aspirin, low molecular weight heparin, and angiotensin-
converting enzyme (ACE) inhibitors; R-blockers and diuretics may also be administered.
Beyond the standard care for congestive heart failure with diuretics and vasodilators, the
treatment of stress cardiomyopathy largely remains unclear and involves only symptomatic
management. With good initial medical support, patients with stress cardiomyopathy show
good clinical and echocardiographic improvement in left ventricular function. [54] These
patients also have an excellent short and long-term prognosis. Complications, such as
cardiogenic shock, pulmonary edema or malignant arrhythmias, should be treated according
to the usual management strategies (Table 4). However, the overall prognosis of patients
presenting with this syndrome is favorable; the reported in-hospital mortality rates range from
0-8%. [55] Vasoactive agents should be used very carefully since they may further worsen
the delicate situation. In cases of severe circulatory dysfunction, intra-aortic balloon
counterpulsation should be considered. In a stable clinical setting, administration of
anxiolytic agents is preferred. Data from an animal model of stress cardiomyopathy suggest
that its development seems to be diminished after «- and R-blockade.[56] Thus, R-blockers
should be given in the acute and chronic phases and may possibly help to prevent
recurrences, which have been described as occurring in 2.7-8% of patients.[39] In order to
prevent acute left ventricular thrombus formation, which has been observed in patients
presenting with TTC, the administration of low molecular weight heparin is warranted. After
restitution of contractile function, further anticoagulation with warfarin is not required. In the
event of life threatening arrhythmias such as torsade de pointes tachycardia and ventricular
fibrillation, the implantation of a cardioverter-defibrillator has to be considered.

Table 4. Complications and outcome

Complication N(%)
Total patients with a complication 35(18.9)
Shock 12 (6.5)
Thrombus 7(3.8)
CHF 7(3.8)
CVA 3(1.6)
Ventricular tachycardia 3(1.6)
Atrial fibrillation 2(1.1)
LV rupture 1(0.5)
Pneumothorax 1(0.5)
Ventricular fibrillation 1(0.5)
Ventricular septal defect 1(0.5)
Death 6 (3.2)
Prognosis

Almost all patients with stress cardiomyopathy with left ventricular impairment
demonstrate normal function within a few weeks. There is no data on frequency of patients
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with residual long term left ventricular impairment.[54] Rarely, this syndrome can be
complicated by left ventricular rupture, thus making stress cardiomyopathy a newly
recognized cause of sudden death in up to 3% of patients.[13] However, the overall prognosis
of patients presenting with this syndrome is favorable; the reported in-hospital mortality rates
range from 0-8%. [55] In the majority of patients, left ventricular function returns to normal
in 6x3 days. This syndrome may recur in up to 10% of patients, making it difficult to know
how long to continue medical treatment.

Sex-Related Differences

In a study of transient left ventricular apical ballooning involving 185 cases, it was
confirmed that most cases involved older women. [13] Many unanswered questions regarding
stress cardiomyopathy remain. Among these the most puzzling one is the apparent increased
incidence in females, who comprise over 90% of reported cases. Sex-related differences in
the response of the adrenal medulla to sudden high-intensity sympathetic discharge and
differing pharmacokinetics of epinephrine release could explain the increased rate in women.
Of interest, basal plasma epinephrine levels are lower in women than in men.[6] This
difference could reflect reduced synthesis, increased degradation or reduced basal release
with more potential stores for sudden release. Estrogen has cardioprotective effects against
acute injury through a variety of complex mechanisms.[57,58] Stress activates early gene
expression in both the central nervous system and the ventricular myocardium in rodent
models,*® the myocardial changes in gene expression being mediated by activation of both «-
adrenoceptors and P-adrenoceptors. Estrogen reduces these changes in gene expression,
protecting against the apical ventricular dysfunction observed in this rodent model of stress
cardiomyopathy (conscious immobilization).[56] Chronic (but not acute) exposure of the rat
ventricular myocardium to estrogen reduces the catecholamine and ischemia/reperfusion
enhanced expression of P adrenoceptors. [59] Oophorectomy increases the expression of B
adrenoceptors, an effect that is reversed by estrogen supplementation. [60] Beyond the
myocardium, greater vascular P, adrenoceptor-mediated sensitivity has been demonstrated in
women than in men. [61] Estrogens could, therefore, influence the B; adrenoceptor:k,
adrenoceptor signaling ratio in women in favor of the protective effects of B, adrenoceptors—
G; protein signaling following surges in catecholamine levels. This protection would occur at
the mechanical cost of negative inotropism in regions with the highest density of P-
adrenoceptors, namely the apical myocardium. Recently, Ueyama et al [56] suggested that
estrogen supplementation partially prevents emotional stress-induced cardiovascular
responses, both by an indirect action on the nervous system and by direct action on the heart.
Thus, a reduction in estrogen levels following menopause might augment vascular reactivity
to stress resulting in a high incidence of stress cardiomyopathy in post-menopausal women.
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Abstract

The autonomic nervous system (ANS) plays an important role in the
pathophysiology of arrhythmogenesis due to increased sympathetic activity and reduced
vagal tone. Traditional time and frequency heart rate variability (HRV) parameters have
gained importance in recent years as techniques employed to explore the ANS. Available
data support conclusions that decreased HRV is a strong predictor of increased cardiac
mortality. On the other hand, inteventions that tend to increase HRV, such as regular
sports activity, may have a cardio-protective effect. However, when analysing the effects
of different sports disciplines and the effects of strenuous exercise on the cardiac
autonomic function determined by HRV indices results remain conflicting due to a
variable behavior of the used HRV time domain and spectral parameters.

Introduction

In the course of the last two decades numerous studies in both animals and human beings
have shown a significant relationship between the ANS and cardiovascular mortality.
Perturbations of the ANS and its imbalance consisting of either increased sympathetic or
reduced vagal activity may result in ventricular tachyarrhythmias and sudden cardiac death,
which is presently one of the leading causes of cardiovascular mortality. [1] Conversely,
increased vagal tone associated to decreased sympathetic activity may improve the cardio-
vascular status. In this context, one of the most efficient means to reach this improvement is
to perform regular physical activity.
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This article reviews the structure and function of the ANS, its relationship with the
normal and diseased heart, and the effects of regular sports activity and of strenuous exercise
on the ANS using HRV to explore it.

Structure and Function of the
Autonomic Nervous System

The ANS is composed of elements arising from the central and peripheral nervous
systems and regulates the activities of structures not normally under voluntary control.[2, 3]
It is predominantly an efferent system composed of the sympathetic and parasympathetic
branches transmitting impulses from the central nervous system to the periphery (heart,
arteries, veins, lungs, etc). While the sympathetic fibers are widely distributed throughout the
body, the parasympathetic fibers supply more specific structures. These two divisions of the
ANS are in many instances in functional opposition, but in other instances are synergistic.
Their most important role is to preserve the body's ability to maintain internal stability or
equilibrium and to balance opposing actions under the control of higher cerebral centers. [2,
3] In contrast to the parasympathetic system, the sympathetic system enables the body to
respond to challenges to survival (fight or flight) or situations of hemodynamic collapse or
respiratory failure. Sympathetic responses include an increase in heart rate (HR), blood
pressure, and cardiac output; a diversion of blood flow from the skin and splanchnic vessels
to those supplying skeletal muscle; bronchiolar dilation and a decline in metabolic activity.

The Autonomic Nervous
System and the Normal Heart

The electrical and contractile activity of the myocardium is constantly dependent on the
ANS. In physiological conditions, the sympathetic and parasympathetic branches have
opposing actions on the different cardiac functions. The role of the ANS is to adapt the
functions of the cardiac pump to the potential requirements of the body. [2, 3] The ANS
regulates HR, myocardial contractility and vascular peripheral resistance, thereby controlling
blood pressure, cardiac output and overall stability of the cardiovascular system.
Neurohumoral regulation can produce important and rapid cardio-circulatory changes in a
few seconds before other much slower mechanisms, such as those mediated by metabolic
stimuli, circulating catecholamines or the renin-angiotensin system, exert any effect. [4]

Effects of Autonomic Nervous Regulation on the Heart

Although cardiac automaticity is intrinsic to different tissues with pacemaker properties,
HR and cardiac rhythm are under the influence of the ANS. [5-7] Both divisions of the ANS
tonically influence the cardiac sinus node. The sympathetic system enhances automaticity,
whereas the parasympathetic system inhibits it.
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Modulation of cardiac automaticity depends on intra-sinus displacements of rhythm
control at the tissue level and on changes of ionic currents at the cellular level. Three types of
ionic current are implicated in the regulation of slow diastolic depolarization of the
pacemaker cells and are modulated by the ANS: the potassium current IKAch, the calcium
current ICa and the hyperpolarization-activated "pacemaker" If current.

Interaction of Sympathetic and Parasympathetic Effects

Vagal and sympathetic activity constantly interact. However, under resting conditions in
a normal subject, vagal tone predominates and variations in HR depend mainly on vagal
modulation. Vagal tone has an inhibitory effect on sympathetic activity because of the
presence of acetylcholine which attenuates adrenergic stimulation and diminishes release of
norepinephrine. Sympathetic activation becomes significant at a low effort level or under any
external influence. Administration of atropine results in immediate tachycardia while R-
adrenergic blockade only induces a weak decrease in HR at rest.

The Autonomic Nervous
System and Heart Diseases

The ANS intervenes not only in various normal situations, but also in pathological
situations, and thus may induce deleterious effects on the heart. Abnormalities of the ANS
have been demonstrated in diverse conditions such as diabetic neuropathy, [8] coronary heart
disease, particularly in the context of a myocardial infarction, [9] and in congestive heart
disease. [10]

It is clearly established nowadays that a dysregulation in the autonomic nervous control
of the cardiovascular system associating increased sympathetic and reduced parasympathetic
tone plays an important role in coronary artery disease and in the genesis of.life-threatening
ventricular arrhythmias. Increased adrenergic tone probably initially induces a dysfunction at
the level of the vascular endothelium, which serves a dual role in the control of vascular tone
by secreting both vasorelaxing (nitric oxide and prostacyclin) and vasoconstricting factors
(endothelin-1). [11] Increased adrenergic tone may subsequently damage the endothelial
bareer resulting in release of vasoactive substances, platelet aggregation and initiating
thereby a mechanism for the formation of an atherosclerotic plaque and the risk of
developping ischemic heart disease. [11]

The occurrence of ischemia and/or myocardial necrosis may induce a mechanical
distortion of the afferent and efferent fibers of the ANS due to changes in the geometry
related to necrotic and noncontracting segments of the heart. These geometrical ischemic
changes result in denervation of myocardial regions, rendering the myocardium more
sensitive to catecholamines. [12] Moreover, the resulting sympathetic overactivity may
further increase platelet activation and coronary vasoconstriction, and be responsible for the
development of ventricular arrhythmias. Available experimental and clinical data suggest that
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sympathetic overdrive may favor the incidence of malignant cardiac arrythmias while the
vagus has the opposite effect. [13,14]

Chronic left ventricular dysfunction induces a hyperadrenergic state and an elevated
resting HR which is a detrimental compensatory mechanism for the heart to maintain cardiac
output. This chronic activation of the sympathetic nervous system associated to reduced
parasympathetic (vagal) tone can increase the risk of cardiovascular events.

The Autonomic Nervous
System and Physical Activity

Physical activity is a complex mulitfactorial behaviour and is influenced by various
enviromental and biologiocal factors. Physical training causes physiological changes in
cardio-vascular adaptation mechanisms such as higher aerobic capacity, larger stroke
volumes, heart hypertrophy and bradycardia. [15-18]

Bradycardia has been described as a charactersistic feature accompanying individuals
who perform regular pyhsical activity. Reported data on this topic have considered that the
main mechanism responsible for bradycardia probably depends on changes in the ANS which
may be due to a chronic increase in vagal activity. Furthermore, this chronic increase in
parasysmpathetic tone occuring with regular dynamic exercise has been associated with an
increased cardio-protective effect, particularly with a decrease in the risk of potentially lethal
arrhythmias during myocardial ischemia.

Although the cardio-vascular benefits of regular physical activity are widely recognized,
the accompanying ANS responses and particularly the exact mechanism responsible for the
slowing of the cardiac rhythm still remain unclear and need to be fully elucidated.

One way to answer this question is to consider the different available tools allowing to
assess the effects of the two branches of the autonomic function on the cardiovacular
response and to apply the different measures to various populations of well-trained
individuals.

Measurements of the Autonomic
Nervous System

There are presently various available methods available for assessing the status of the
ANS:

1) Tests based on cardio-vascular reflexes

These test include the Valsalva manoeuver, [19] the test of HR response to standing [20],
and the head-upright tilt (HUT) table test. [21]

2) Biochemical tests
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The degree of neurohormonal activation can be assessed by increased plasma levels of
norepinephrine, [22] or endothelins. [23] An elevated activity of these tests has been
recognized as a valuable predictive indicator of mortality particularly in patients with
impaired left ventricular function. However, these tests are not routinely performed in daily
clinical practise.

3) Scintigraphic methods

Assessment of sympathetic regional neuron density with the iodine 123
metaiodobenzylguanidine (1123 MIBG) technique is an available biological method which
may assess the degree of neurohormonal activation. [24] The 1123 MIBG is a guanethidine
analogue that shares the same uptake, storage and release pathway as norepinephrine. The
1123 MIBG imaging of the heart has made it possible to evaluate the sympathetic activity and
innervation of the left ventricle. Decreased or absent myocardial 1123 MIBG uptake has been
described in congestive heart failure, cardiomyopathies, and M.

Myocardial infarction produces regional cardiac sympathetic and parasympathetic
denervation in the infarcted area, thus creating increased sensitivity to circulating
catecholamines with dispersion of refractoriness and conduction and subsequent risk of
ventricular arrhythmias. [13, 14]

4) Non invasive technics based on the ECG

The most simple ones are measurements of HR response to exercise (reserve) and HR
recovery after exercise. These markers have been shown to be independent predictors of
mortality. [25] Thus, the higher the HR reached during the exercise test, the better the
prognosis. Concerning the values of HR recovery after exercise which mainly reflect
parasympathetic reactivation researchers have reported that the rate at which the HR recovers
from exercise at 1 or 2 minutes powerfully predicts prognosis, the slower the HR recovers the
higher the risk of death.

In recent years, other noninvasive techniques based on the ECG have been used as
markers of autonomic modulation of the heart, including HRV, [26] baroreflex sensitivity
(BRS), [27] QT interval, [28] and heart rate turbulence (HRT). [29]

We will focus mainly on the value of HRV as a noninvasive method to evaluate the
sympatho-vagal balance in the field of sports activity.

Heart Rate Variability and Sports Activity

Heart rate variability expresses the total amount of variations of both instantaneous HR
and RR intervals, acting as a "mirror" of the cardio-respiratory system. [26, 30-32] It reflects
the influence of the ANS on the sinus node of the heart.

Heart rate variability as a clinical tool provides information about sympathetic and
parasympathetic autonomic function in normal and pathological hearts. [31] It may be used in
different clinical settings including diabetes, [33] arterial hypertension, [34] coronary artery
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disease, [35-37] sudden cardiac death, [38, 39] and heart failure. [40] Furthermore, the effects
of a variety of pharmacological interventions on HRV have been studied, such as
antiarrhythmic drugs, [41] or anesthetics.[42] Finally, the effects of non pharmacological
interventions on HRV have been analysed such as changes of position and sleep, [43] and
more importantly for us the effects of physical effort, [44] and high level training [45]

It is important to point out that a large body evidence exists presently and which
considers decreased global HRV as a strong predictor of increased all-cause, cardiac and/or
arrhythmic mortality, particularly in patients at risk after myocardial infarction. Thus,
interventions, such as physical exercise and training, that tend to improve HRV may reflect
the beneficial effect they exert on the ANS.

Measurements of HRV

Measurements of HRV are generally performed on the basis of 24-hour Holter recordings
or on shorter periods ranging from 0.5 to 5 minutes particularly in the field of dynamic
electrocardiography. The parameters intervening in the analysis of HRV are time domain
indices [46, 47] and frequency domain indices [46, 48] Time domain indices and frequency
domain analysis constitute nowadays the standard clinically used parameters.

The 24-hour time domain indices are composed of statistical and geometric measures.
Statistical measures, expressed in milliseconds (ms), comprise the standard deviation of all
NN intervals (SDNN), the standard deviation of the averages of NN intervals in all 5-minute
segments of the entire recording (SDANN), the root mean square of successive differences
(RMSSD) and pNN50 (NN50 count divided by the total number of all normal RR intervals).
Geometric measures include mainly the HRV triangular index (HRVi). SDNN and the HRVi
are both estimates of overall HRV. Reduced SDNN and/or HRVi have been considered to
reflect an increased sympathetic and a diminished vagal modulation of sinus node. [46]
Conversely increased SDNN and/or HRVi reflect increased vagal tone. RMSSD and pNN50
reflect alterations in autonomic tone that are predominantly vagally mediated. [46]

Frequency domain or power spectral densitiy analysis describes the periodic oscillations
of the HR signal decomposed at different frequencies and amplitudes and provides
information on the amount of their relative intensity in the heart’s sinus rhythm. [46-48]
Power spectral analysis is generally preformed by a nonparametric method, the fast Fourier
transformation (FFT), which is characterized by discrete peaks for the several frequency
components.

Spectral components are evaluated in terms of frequency given in Hertz (Hz) and
amplitude assessed by the area or power spectral density of each component (given in ms2).
The following spectral bands are determined: the total power, the very low frequency band
(VLF), the low frequency band (LF), the high frequency band (HF), and the LF/HF ratio.
Spectral components are expressed in absolute values (ms2) and in natural logarithms (In) of
the power because of the skewness of the distributions. Furthermore, LF and HF powers may
also be given in normalized units (nu). Normalisation is performed by substracting from the
total power the VLF component, reducing thereby the effects of noise due to artifacts and
minimizing the effects of the changes in total power on the LF and HF components.
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LF or HF (ms2)
_ 1
LF or HF norm (nu) total power (ms2)-VLF (ms2) x 100

The total power of RR interval variability is the total variance and corresponds to the sum of
all spectral bands. The VLF component has been identified and proposed as a marker of
sympathetic activity. The LF component is modulated by both the sympathetic and
parasympathetic nervous systems and thus reflects a mixture of both autonomic inputs. The
HF component is generally defined as a marker of vagal modulation. The LF/HF ratio
provides a measure of the global sympatho-vagal balance. Table 1 summarizes the most
frequently used parameters of the time and frequency domain.

Table 1. Standard HRV measurements

Variable Unis Description Reference
values#®
SDNN ms standard deviation of all normal RR intervals 141+39
SDANN ms standard deviation of the averages of normal RR intervals in
all 5-minute segments of the entire recording 127+35
root mean square of successive differences
RMSSD ms NN50 count divided by the total number of all normal RR 27+12
intervals
pNN50 9+7
% HRV triangular index

variance of all NN intervals (FR: <0.4 Hz)

HRYV index low frequency power (FR: 0.04-0.15 Hz) 37415

TP ms2 high frequency power (FR : 0.15-0.4 Hz) 3466+1018
LF ms2 ratio of low-high frequency power 1170416
HF ms2 9754203
LF/HF ratio 1.5+2.0

TP = total power; ms = milliseconds; FR = frequency range.

Effects of Physical Training on HRV

Exercise training increases HRV, suggesting a beneficial influence on cardiac autonomic
activity and playing thereby a cardio-protective role. [44, 49-54] Several researchers have
reported an enhanced parasympathetic tone in endurance-trained males compared with
sedentary subjects, possibly in association with an attenuation of sympathetic drive. [55-58]
Several months of intensive physical training in older and in younger subjects resulted in a
significant increase of HRV parameters. [44] In another study training resulted in increased
parasympathetic tone, reflected by higher values of the HF component. [51]

However, data on HRV remain somewhat conflicting due to a variable behavior of HRV
time domain and spectral parameters. [45, 54, 59-62] Some authors [45] have observed
higher time, but lower frequency domain values, particularly a lower HF component, in a
group of athletes. Other authors [54] found higher SDNN in highly trained male cyclists
compared to male healthy, untrained controls. However, no significant differences were
observed between the study groups for RMSSD and pNN5O0, reflecting vagal, as well as for
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the LF and HF spectral bands. In a study comparing cyclists, weight lifters and controls no
significant differences in any HRV parameters were found. [61] Another study [63] aimed to
investigate whether endurance-trained female athletes demonstrate differences in
cardiovascular autonomic control compared with sedentary controls. Analysis of the HRV
showed a longer RR interval in the trained subject but only in the spontaneous breathing
condition. Conversely, athletes exhibited higher normalized LF and lower normalized HF
only during the controlled breathing condition, with a subsequently higher LF/HF ratio in the
trained group in the same condition.

In a recently published study by our group [64] we evaluated temporal and spectral HRV
parameters determined from 24-hour continuous ECG monitoring performed during all-day
activity in 40 subjects, including 12 endurance athletes, 14 hockey players and 14 untrained
male volunteers (control group). As seen in Table 2, compared with controls HR values were
lower and all parasympathetic-related time domain indices, including RMSSD and pNN50, as
well as the LF and HF spectral components were higher in both athletes groups. However,
SDNN values, which determine global HRV, were significantly higher only in endurance
athletes.

Table 2. Comparisons between time and frequency domain indices
in endurance athletes, team players and control group

Endurance Team players Control group
athletes (n=14) (n=14)
(n=12)
HR (bts/min) 58-9+0.4** 60.3+£0.7** 69.6+1.9
SDNN (ms) 166.6+2.07 133.8+2.3 127.2+2.9
RMSSD(ms) 53.0£1.8* 53.4x1.9* 31.0+0.8
PNN50 (%) 25.0£1.0* 23.3x1.4* 10.6+0.6
LF (In ms2) 7.42+0.08* 7.36+0.06* 6.68+0.04
HF (In ms2) 6.33+0.12* 6.37+0.11* 5.11+0.07
LF/HF ratio 1.18+0.001* 1.16+0.01* 1.31+0.01

All values are expressed as mean+SD.
*P<0.05 and **P<0.01 when comparing endurance athletes and team players to the control group.
+P<0.01 when comparing endurance athletes to team players and to the control group.

In our study compararing different athletic disciplines we found that both athletic
endurance and team playing activity had a favorable day and nighttime effect on the vagal
input of the ANS, mostly reflected by increased values of pNN50 and RMSSD, by a higher
HF and by a lower LF/HF ratio. Moreover, endurance athletes had higher SDNN, which is a
global index of HRV, suggesting thereby that this type of sports activity may have a more
substantially favorable effect on the cardiac autonomic profile.

Thus, our data indicate that both endurance and team playing sports activities influence
primarily the parasympathetic tone. Endurance disciplines, such as running and cycling have
a particularly beneficial effect on the global cardiac autonomic activity.
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Behaviour of HRV During Exercise

During the performance of an exercise test HR and blood pressure increase constantly
which is presumed to be due to higher sympathetic tone associated to withdrawal of the
parasympathetic input. When using spectral HRV parameters during an acute physical effort,
it would be expected to assist to an increase of the LF and a decrease of the HF components
with a concommitant increase of the LF/HF ratio, consistent with sympathetic hyperactivity
and parasympathetic drive during recovery. Although there is evidence to suggest a shift
towards sympathetic dominance, particularly at the peak of highly strenuous training
regimens [65-67] the expected behaviour of HRV parameters has not been systematically
observed. In some studies of HRV absolute LF and HF power decreased during exercise.
However when quantifying HF and LF power in normalized units, paradoxical results have
been found. Indeed, normalized HF power, a marker of vagal activity, instead of diminishing,
it increased gradually during exercise, whereas normalized LF power, a marker of
sympathetic activity, decreased during exercise. [55, 68, 69]

One possible explanation for this finding is a decline in the periodic nature of the spectral
peaks during exercise testing and, thus, of their density.

We performed in a group of 15 high-level male athletes (unpublisehd data) two maximal
graded stress tests on a cycle ergometer, the first one at 8.30 am and the second one at 4.30
pm, and one submaximal one-hour exercise test (endurance test) at 12.30 pm with a constant
workload of 75 watts. The athletes were composed of 2 weight-lifters, 3 cyclists, 2 long-
distance runners, 1 soccer and 7 hockey players. Mean age was 29+6 years. Each athlete was
under a continuous 24-hour Holter recording over the whole test day. Spectral HRV
parameters were taken from these 24-hour Holter recordings. Spectral values were given in
absolute logarithmic (In ms2) units. During the morning and the afternoon maximal stress
tests when reaching a maximal HR the LF and the HF components as well as their ratio
dramatically decreased (Table 3). During the post-effort period both components began to
recover already after the third post-effort minute and entirely recovered one hour after the
morning and the afternoon stress tests were completed.

Table 3. Morning and afternnon maximal graded stress tests

Variable Basal Peak PE 3min | PE5 min | PE 10 min | PE 1 hour
HR (bts/min)

8.30am 7242 176x4 10743 96+4 9313 7242
4.30pm 7243 176+3 104+4 1005 93+2 65+4

LF (Inms2) | 7.0£0.3 |2.2+0.2 | 4.4+0.2 5.6+0.3 6.1+0.4 7.1+0.3
8.30am
4.30pm 7.0£0.2 | 2.1+0.1 | 4.3%0.1 5.4+0.4 6.1+0.2 7.1+0.2
HF (Inms2) | 6.4+0.5 | 2.4+0.3 | 4.6£0.3 4.910.1 5.8+0.3 6.4+0.1
8.30am
4.30pm 6.410.4 | 2.3+0.3 | 4.6x0.2 4.8+0.2 5.8+0.4 6.5+0.2
PE = post-effort.
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The behaviour of LF and HF components was somewhat different in the course of the
endurance test performed at 12.30 pm with a constant workload of 75 watts (Table 4). Indeed,
during this test a submaximal HR was achieved and this resulted only in a slight decrease of
the LF component associated with a more marked decrease of the HF component. However,
when compared with the findings during both maximal stress tests the changes were much
less pronounced.

Table 4. Submaximal one-hour exercise test

Variable Basal Submaximal Peak PE 1 hour
HR (bts/min) | 72+4 10315 12416 7815

LF (In ms2) 6.9+0.4 6.6+0.3 6.1+0.2 7.0+0.2
HF (In ms2) 6.5+0.1 4.2+0.1 3.840.2 6.4+0.3

PE = post-effort.

In another study recently published by our group [70] we found that during an endurance
mountain running all spectral components of HRV, particularly VLF and LF power,
dramatically decreased during the ascent, and progressively normalized during descent and
arrival. We concluded that the behaviour of our HRV data was due to an extreme activation
of the sympathetic nervous system. The physiological response of the heart in this situation
was a down-regulation of the 3-adrenergic receptors to protect the myocardial function with
subsequent rise in parasympathetic tone, reflected by an increase of the high frequency (HF)
power and a decrease of the LF/HF ratio.

Thus, when considering our data the decrease of LF and HF during strenuous exercise
appears to correspond to a protective physiological response of the heart to the high level of
circulating catecholamines. The rise in vagal tone after the effort expresses in a healthy
population expresse an .integer autonomic function.

Conclusions

Regular sports activity increases HRV, mainly by enhancing the parasympathetic tone,
suggesting thereby a beneficial influence on cardiac autonomic activity and playing thereby a
cardio-protective role. The type of sports discipline performed may also play a role and have
a variable effect on HRV parameters. Thus, endurance disciplines, such as running and
cycling, may have a particularly beneficial effect on the global cardiac autonomic activity.
During strenuous exercise spectral HRV parameters expressed in absolute values decrease,
however when expressed in normalized units a paradoxical increase of the normalized HF
power has been found.
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Abstract

Cardiomyopathies are included in an heterogeneous group of diseases, characterized by
different signs and symptoms, natural history, clinical outcome, and different pattern of
inheritance. The genetics of cardiomyopathies has born in 1989 with a single gene theory
(one gene=one disese), but the complexity and wide heterogeneity of the disease has moved
toward a different direction (one gene=many diseases, or genocopies). Elucidation of the
molecular basis of cardiomyopathies has led to a categorization of the phenotypes according
to their genetic etiology. The American Hearth Association and the European Society of
Cardiology have recently proposed a different scheme of classification based on a distinction
between primary (genetic, mixed, non genetic types) and secondary cardiomyopathies, or
between the familial and non familial types, respectively. The possibility of a different
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approach of intervention (i.e. enzyme replacement therapy in metabolic cardiomyopathies)
underlies the need to make an early and precise etiologic diagnosis.

Introduction

Cardiomyopathies are diseases of heart muscle. They represent an important and
heterogeneous group of diseases. The awareness of cardiomyopathies in both the public and
medical communities historically has been impaired by persistent confusion surrounding
definitions and nomenclature. However, many classifications offered in the literature and in
textbooks are to some degree contradictory in presentation. For more than 30 years, the term
“cardiomyopathies” has been used to describe disorders of the heart with particular
morphological and physiological characteristics.

Old Classifications

In 1980, the World Health Organization (WHO) in defined cardiomyopathies as "heart
muscle diseases of unknown cause," to distinguish cardiomyopathy (including: Hypertrophic
cardiomyopathy, Dilated cardiomyopathy, and Restrictive cardiomyopathy) from cardiac
dysfunction due to known diseases such as hypertension, ischemic heart disease, or valvular
disease. Heart muscle disorders of known aetiology (eg, ischemic or hypertensive
cardiomyopathy) were classified as secondary diseases [1].

In1995, the WHO/International Society and Federation of Cardiology (ISFC) Task Force
on the Definition and Classification of the Cardiomyopathies expanded the classification to
include all diseases affecting heart muscle and to take into consideration etiology as well as
the dominant pathophysiology. Cardiomyopathies were defined as "diseases of the
myocardium associated with cardiac dysfunction”, and they were classified according to
anatomy and physiology into the following four types: Hypertrophic cardiomyopathy, HCM;
Dilated cardiomyopathy, DCM; Restrictive cardiomyopathy, RCM; Arrhythmogenic right
ventricular cardiomyopathy, ARVC, and Unclassified cardiomyopathies. Cardiomyopathies
that are associated with specific cardiac or systemic disorders generally fall into one of these
categories. These include ischemic, valvular, hypertensive, inflammatory, toxic,
mitochondrial, neuromuscular, metabolic, and inherited disorders (FIGURE 1) [2].

These disorders have been also indicated as “phenocopies”. The term “specific
cardiomyopathy” or “phenocopies” was probably the first important step toward a new
classification, reflecting the fact that the genetic basis of the cardiomyopathies was being
elucidated. Indeed, over the last two decades, clinical and molecular insights helped to better
understand aetiology and management of cardiomyopathies. Many disorders considered
before as “idiopathic” or “primary” disorders have been associated to specific genetic or non
genetic defects, clinical features and outcome.
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Figure 1. The American Heart Association classification of cardiomyopathies.



70 Giuseppe Limongelli, Giuseppe Pacileo, Paolo Calabro et al.

In 2006, an expert committee of the American Heart Association proposed the following
definition of cardiomyopathies: "Cardiomyopathies are a heterogeneous group of diseases of
the myocardium associated with mechanical and/or electrical dysfunction that usually (but
not invariably) exhibit inappropriate ventricular hypertrophy or dilatation and are due to a
variety of causes that frequently are genetic. Cardiomyopathies either are confined to the
heart or are a part of generalized systemic disorders, often leading to cardiovascular death or
progressive heart failure-related disability."

They also proposed a new scheme of classification, in which the term “primary” is used
to describe diseases in which the heart is the sole or predominantly involved organ and
“secondary” to describe diseases in which myocardial dysfunction is part of a systemic
disorder. Primary cardiomyopathies have been sub-classified in genetic forms, mixed forms
(genetic and non genetic), or acquired forms.

ESC Classification of Cardiomyopathies

HCM, DCM, ARVC, RCM, Unclassified

Familial/Genetic = Non-Familial/Non-Genetic

E L

—

Aldnn‘hfmd gene def% / > Idiopathic \
\Dmease sub-type / \r Disease sub-type /

—

Figure 2. The European Society of Cardiology classification of cardiomyopathies.

The main departure of the proposed AHA Scientific Statement definition from previous
classifications is the inclusion of the ion channelopathies as primary cardiomyopathies,
despite the absence of gross structural abnormalities (FIGURE 2) [3].
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The European Classification
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Figure 3. The World Health Organization classification of cardiomyopathies.

In 2007, the Working Group on Myocardial and Pericardial Diseases of the European
Society of Cardiology proposed an update of the WHO/ISFC classification, defining
cardiomyopathy as: "A myocardial disorder in which the heart muscle is structurally and
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functionally abnormal in the absence of coronary artery disease, hypertension, valvular
disease and congenital heart disease sufficient to explain the observed myocardial
abnormality.” Cardiomyopathies are grouped into specific morphological and functional
phenotypes: each phenotype is then subclassified into familial/genetic and non-familial/non
genetics forms. Like the 2006 AHA proposal, it focuses on the established morphological
distinctions (hypertrophic cardiomyopathy, dilated cardiomyopathy, arrhythmogenic right
ventricular cardiomyopathy, restrictive cardiomyopathy). Unlike the AHA classification,
heart disease secondary to coronary heart diseases, valvular and congenital disorders are not
included. Channelopathies are excluded as well (FIGURE 3) [4].

Genetics of Cardiomyopathy: A Long Way to Go
From “One Gene-One Disease”...

In 1989, Christine and Jon Seidman and co-workers reported the first association
between an inherited gene defect and a primary cardiomyopathy [5]. In a subsequent study,
they reported the first beta myosin missense mutation in a French Canadian family with
hypertrophic cardiomyopathy, leading to the equation “one gene=one disease” [6].

...To "One Disease-Many Genes”...

Since then, substantial progress has been made in elucidating further (sarcomeric and non
sarcomeric) gene defects in cardiomyopathies. To date, over 450 mutations in sarcomere
protein genes (thick and thin filaments) have been identified in patients with HCM: f-myosin
heavy chain (chromosome 14); cardiac troponin T (chromosome 1); cardiac troponin |
(chromosome 19); troponin C (chromosome 3); a-tropomyosin (chromosome 15); cardiac
myosin-binding protein C (chromosome 11); the essential and regulatory myosin light chains
(chromosomes 3 and 12, respectively); cardiac actin (chromosome 15), titin (chromosome 2),
and a-cardiac myosin heavy chain (chromosome 14). Some patients with sporadic disease,
have similar genetic abnormalities as those with familial disease. De novo mutations in
cardiac myosin binding protein-C, cardiac beta-myosin heavy chain, cardiac troponin T or
alpha-tropomyosin genes have been found in isolated case reports of individuals with
sporadic HCM [7].

HCM was then characterized as a disease of the sarcomere. As a consequence, DCM was
indicated as a disease of the cytoskeleton and extracellular matrix, ARVC of the desmosome,
and so on.

...To “One Disease-Many (Different)Genes”...

However, this “systematic” view became, again, in contrast with the rapidly growing
genetic knowledge. Indeed, mutations in sarcomeric genes account for approximately 50-60%
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of all cases of HCM, which is the most know form of cardiomyopathy both in the clinical and
genetic setting, so far. The absence of sarcomeric gene mutations in the remaining HCM
population seems to be related to a shortcomings in current mutation detection methods and
strategies, or to be a result of disease-causing mutations in yet unidentified genes [7].

Rare causes of HCM have been associated with mutations in sarcomere-related protein
genes (myosin light chain kinase, muscle LIM protein, LIM binding domain 3, telethonin,
vinculin and metavinculin, caveolin, titin, a-actinin 2, myozenin 2, and junctophilin 2), or
functional genes (phospholamban, RAF-1) [7].

Another possible explanation for the low proportion of cases thought to be caused by
sarcomere gene mutations is that the population of hypertrophic cardiomyopathy without
sarcomeric gene mutations may carry one of the several diseases that mimic the phenotypic
expression of sarcomeric hypertrophic cardiomyopathy (the so called “phenocopies” of the
disease), including metabolic-mitochondrial-neuromuscular diseases, inherited syndromes,
and chromosomal abnormalities [7].

Mutations in the genes encoding the gamma-2 regulatory subunit of adenosine
monophosphate (AMP)-activated protein kinase (PRKAG2) and lysosome-associated
membrane protein 2 (LAMP2) have been associated with hypertrophic cardiomyopathy in
association with Wolff-Parkinson-White (WPW) syndrome [7,8]. Similar to PRKAG2 and
LAMP2, Fabry’s disease, an X-linked lisosomial disorder, can express predominant cardiac
features of left ventricular hypertrophy. Over the years, mutations in GLA-encoded alpha-
galactosidase A have been found in patients with this multisystem disorder [7,9]. Friedreich
ataxia, an autosomal-recessive disease involving sclerosis of the spinal cord, is often
associated with cardiomyopathies, and its cardiovascular manifestations may precede the
neurological symptoms by up to a decade in some cases [7,10]. Chromosome Abnormalities,
including Down syndrome and trisomy 18, Autosomal Dominant Cardiofacial Disorders
(Noonan syndrome, LEOPARD syndrome, Cardiofaciocutaneous syndrome Costello
syndrome) or Phakomatoses (Neurofibromatosis, Tuberous sclerosis) have been associated
with a variety of cardiac defects, including hypertrophic cardiomyopathy [7,11-14].

...To "One Gene-Many Diseases”

The major cardiomyopathies are genetically heterogeneous diseases for which the
causative genes are partially overlapping. The evidence that a complex of genes (i.e.
sarcomeric protein genes) may be responsible of a “spectrum” of different phenotypes,
including HCM, DCM, RCM and recently LVNC, represent a further step in the knowledge
and understanding of cardiomyopathies[15]. The identification of sarcomeric mutations in
familial LVNC, and an alpha-actin mutation in HCM with LVNC and atrial septal defect
together with the observation of late onset LVNC in a Duchenne patient, suggests that the
aetiology of LVNC extends beyond an arrest in embryonic cardiac development (i.e. the
possibility of late onset LVNC[16,17]. The current findings expand the genetic heterogeneity
of LVNC, and the identification of sarcomeric defects in familial LVNC suggests that LVNC
may be part of a cardiomyopathy spectrum including HCM, RCM, and DCM[16,17].
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Whether this means that these are different diseases or rather different manifestations
(phenotypes) of the same pathological mechanism is presently not clear.

... Or to "One Gene-Many (Different)Diseases”...

It is now evident that a large number of mutations in different genes, albeit largely within
the same class, could cause the same phenotype. Moreover, mutations in one gene could
cause multiple phenotypes, as best illustrated in the case of lamin A/C, whereby mutations
can cause 13 different diseases, including DCM, conduction defects, Emery Dreifuss
muscular dystrophy, familial partial lipodystrophy, premature aging, axonal neuropathy, and
insulin resistance [18]. In addition, SCN5A (sodium channel) gene mutations may cause
phenotypes that combine features of LQT3 (Long QT Syndrome 3), Brugada syndrome,
conduction disease and dilated cardiomyopathy (“one gene-different diseases™) [19].

One Disease or Many Diseases? From " Phenocopy” to * Genocopy”

Genomic medicine has entered clinical practice, and the recognition of the diagnostic
utility of genetic testing for cardiomyopathies (particularly, hypertrophic cardiomyopathy) is
growing. With expanding knowledge of the genetic background of these diseases, primary
cardiomyopathies have recently been subclassified into genetic, mixed, and acquired
cardiomyopathies (AHA 2006) or familial and non familial disease (ESC 2007), shifting the
general view of cardiomyopathies from a “phenocopy” to a “genocopy” model.

However, although a number of cardiomyopathies susceptibility genes involving
different pathways have been identified, the search for novel mutations in new genes
continues. As a result of the increasing genetic heterogeneity of HCM, a classification based
on functional genetics might seem very helpful, but in the light of the low yield of mutations
in a large number of these genes as well as the commercial availability of just a small number
of these genes, a phenotypic classification might be a more useful tool in looking at this
disease from a clinical-practice vantage point. With the growing number of cardiomyopathy-
associated genes discovered, strategic choices have to be made in clinical practice.

Diagnosis of Cardiomyopathy

The utility of an accurate diagnosis and distinction from a phenocopy state is well
illustrated in certain circumstances, such as Fabry disease, which could be clinically
indistinguishable from HCM caused by mutations in sarcomeric proteins [9]. Enzyme
replacement therapy with alpha-galactosidase, the enzyme responsible for Fabry disease, has
been shown to impart considerable clinical benefit in management of patients with Fabry
disease, while the conventional treatment offered for true HCM would render no significant
benefit in such patients [20].
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The age of onset (infancy, childhood, adolescency, or adulthood), the pattern of
inheritance (autosomic, X linked or matrilinear), symptoms/signs at onset, physical
abnormalities (dysmorphic features, myopathy, mental retardation), ECG abnormalities (i.e.
short PR in metabolic or mitochondrial disorders), the echocardiographic pattern (i.e. left
ventricular non-compaction cardiomyopathy associated with specific neuromuscular
disorders), and other biochemical or functional tests (i.e. premature lactic acidosis and flat
oxigen pulse during metabolic stress test in mitochondrial disorders) may be relevant to
discriminate between different causes of cardiomyopathies. Detailed clinical evaluation and
mutation analysis are, therefore, important to provide an accurate diagnosis in order to enable
genetic counselling, prognostic evaluation and appropriate clinical management [21].

Physical Examination

Physical abnormalities can be characteristics of specific disorders and lead to the final
clinical diagnosis. Macroglossia, carpal tunnel syndrome, reticular lung infiltrates and Bence-
Jones proteinuria may be hallmarks of plasma-cell-dyscrasia-related systemic amyloidosis.
Metabolic disorders and syndromes are associated with characteristic physical abnormalities
(dysmorphic features, myopathy, mental retardation) and symptoms at onset. Patients with
inborn errors of metabolism involving impaired energy production or the accumulation of
toxic metabolites often have signs and symptoms of multiple organ dysfunction. Dysmorphic
features may characterize malformation syndromes as well as storage diseases, and therefore
other minor and major malformations should also be sought. In patients with primary
neuromuscular disorder, skeletal muscle weakness usually precedes the cardiomyopathy and
dominates the clinical picture. Occasionally, however, skeletal myopathy is subtle, and the
first symptom of disease may be cardiac failure. Encephalopathy is characteristically seen in
the mitochondrial syndromes MELAS (Mitochondrial Encephalopathy, Lactic Acidosis, and
Strokelike episodes), MERRF (Myoclonic Epilepsy, Ragged Red Fibers), Kearns-Sayre
syndrome, and Leigh disease. Acute worsening can occur in these syndromes in association
with intercurrent illness or metabolic stressors. In general, the neurological features of these
syndromes (epilepsy, strokelike episodes, dementia, and ophthalmoplegia) predominate, and
the cardiomyopathy typically occurs later in the clinical course [21,22].

Electrocardiogramm

Almost all (95%) patients with hypertrophic cardiomyopathy have an abnormal ECG.
The most frequent ECG changes are left atrial enlargement, repolarization abnormalities, and
pathologic Q waves, most commonly in the inferolateral leads. Voltage criteria for left
ventricular hypertrophy alone are non-specific and are often seen in normal young adults.
Giant negative T waves in the mid-precordial leads are characteristic of hypertrophy confined
to the left ventricular apex. Some patients have a short PR interval, including
metabolic/storage (Danon, PRKAG2, Fabry disease) or mitochondrial disorders. Patients with
amyloidosis often show low voltages in the precordial leads[7-10, 21-23].
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Non Invasive Imaging Technology

Standard echocardiography, new echocardiographic technologies, and Cardiac magnetic
resonance (CMR) provide information on myocardial structure and have been suggested as a
potential tool to discriminate between different phenocopy states.

Standard Echo

Left ventricular hypertrophy associated to congenital heart defects is frequently seen in
malformation syndromes (such as pulmonary valve abnormalities in Noonan and LEOPARD
syndrome). An abnormal texture of the interventricular septum (“granular sparkling” aspect),
especially if associated with biatrial dilation, pericardial effusion and restrictive phenotype,
may be diagnostic of amyloid. However, other infiltrative diseases (i.e. metabolic
myopathies, Gaucher, Hunter's, and Hurler's diseases) or storage cardiomyopathies
(haemochromatosis, Fabry's disease, glycogen storage, and Niemann-Pick disease) should be
considered. In advanced haemochromatosis all cardiac chambers may be dilated.
Mucopolysaccharidosis and Gaucher's disease may lead to aortic and mitral stenosis. In
hypothyroidism, other than amyloidosis, a pericardial effusion can be present. Pieroni et al.
showed in 83% of Fabry’s cardiomyopathy patients (95% of FC patients with LVH) a binary
appearance of endocardial border absent in all HCM, hypertensive, and healthy subjects
(sensitivity 94%; specificity 100%), reflecting an endomyocardial glycosphingolipids
compartmentalization, consisting of thickened glycolipid-rich endocardium, free
glycosphingolipid subendocardial storage, and an inner severely affected myocardial layer
with a clear subendocardial-midwall layer gradient of disease severity. On the other hand,
Kounas et al. showed the binary sign in 8/28 patients with HCM (3 patients) and with Fabry’s
cardiomyopathy (5 patients). The sensitivity and specificity of the binary sign as a
discriminator of AFD from HCM were 35% and 79%, respectively. The authors suggest that
the binary endocardial appearance lacks sufficient sensitivity and specificity to be used as an
echocardiographic screening tool. In neuromuscular disorders like glycogenosis,
mitochondriopathy and myotonic dystrophy, myocardial thickening,
hypertrabeculation/noncomnpaction and systolic dysfunction are found. The coexistence of
left ventricular non-compaction and localised inferobasal left ventricular akinesia are almost
pathognomonic of dystrophinopathies. Finally, a diagnosis of
neuromuscular/metabolic/mitochondrial cardiomyopathy is favored in presence of
concentric/asymmetric/apical, non-obstructive hypertrophic cardiomyopathy, with or without
hypertrabeculation of the apex, especially when associated with an early onset impairment of
LV systolic function. However, metabolic and mitochondrial cardiomyopathy might also be
presented with dilated type, and hypertrophy may become dilated in the later stage [7,9,10-
12, 24-26].

Recently, genotype—phenotype studies from the Majo Clinic Cardiomyopathy Group
have discovered an important relationship between the morphology of the left ventricle, its
underlying genetic substrate and the long-term outcome of this disease. They observed that
the septal contour was the strongest predictor of the presence of a myofilament mutation,
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regardless of age. Intriguing conclusions can be drawn from these observations. Whereas in
initial morphological studies, sigmoidal HCM seemed to be associated with older age, the
underlying genotype rather than age appears to be the predominant determinant of septal
morphology. Furthermore, Z-disc HCM seems to have a predilection for sigmoidal contour
status These observations may facilitate echo-guided genetic testing by enabling informed
genetic counseling about the a-priori probability of a positive genetic test based upon the
patient’s expressed anatomical phenotype[27].

New Imaging Techonologies

Weidemann et al. have investigated in a prospective study whether regional non-
ischaemic fibrosis in hypertrophic myocardium can also be detected by ultrasonic strain-rate
imaging based on specific visual features of the myocardial deformation traces. This
diagnostic study aimed to define left ventricular fibrotic segments in 30 patients with
hypertrophic cardiomyopathy (n = 10), severe aortic valve stenosis (n = 10), Fabry disease
cardiomyopathy (n = 10), and 10 healthy controls. In total, 42 segments showed late
enhancement by magnetic resonance imaging. Using strain-rate imaging, all late
enhancement positive segments displayed a characteristic pattern consisting of a first peak in
early systole followed by a rapid fall in strain rate close to zero and a second peak during
isovolumetric relaxation. This 'double peak sign' was never seen in segments of healthy
controls. However, it was detected in 10 segments without late enhancement. These ‘false-
positive' segments belonged to Fabry patients who often develop a fast progressing fibrosis.
In a follow-up magnetic resonance imaging study after 2 years, all these segments had
developed late enhancement. Therefore, the 'double peak sign' in strain-rate imaging tracings
seems to be a reliable tool to diagnose regional fibrosis[26].

CMR

Moon JC et al. have shown that late gadolinium enhancement cardiovascular magnetic
resonance can visualize myocardial interstitial abnormalities. Late enhancement was
demonstrated in nine patients with different specific cardiomyopathies, with a mean signal
intensity of 390 +/- 220% compared with normal regions. The distribution pattern of late
enhancement was unlike the subendocardial late enhancement related to coronary territories
found in myocardial infarction. The affected areas included papillary muscles (sarcoid), the
mid-myocardium (Anderson-Fabry disease, glycogen storage disease, myocarditis, Becker
muscular dystrophy) and the global sub-endocardium (systemic sclerosis, Loeffler's
endocarditis, amyloid, Churg-Strauss). Focal myocardial late gadolinium enhancement have
been found in these specific cardiomyopathies, and the pattern is distinct from that seen in
infarction. CMR hyperenhancement pattern is very characteristic for cardiac involvement of
amyloidosis and can therefore be used to discriminate this disease from other forms of
restrictive or hypertrophic cardiomyopathies. Although most profound in the subendocardial
layer of myocardium, amyloid deposition occurs throughout the entire myocardium, causing
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the entire myocardium to have a higher signal on delayed contrast enhancement images than
normal myocardium [28].

Biochemical/Metabolic Tests

Biochemical analysis represents an step for the diagnosis of mitochondrial, metabolic and
neuromuscular cardiomyopathies. The presence of hypoglycemia, primary metabolic acidosis
with an increased anion gap, or hyperammonemia should alert the physician to the possibility
of a metabolic disorder. The insulin-excess states of Beckwith-Wiedemann syndrome and the
infant of a diabetic mother can produce hypoketotic hypoglycemia but are distinguished by
low free fatty acid levels by characteristic clinical features. Disorders in fatty acid
metabolism can be identified as defects of fatty acid B-oxidation or of carnitine-dependent
transport depending on quantitative carnitine levels in blood, urine, and tissue; acylcarnitine
profile in blood; and urine organic acids (fatty acids, dicarboxylic, and hydroxydicarboxylic
acids). In Fabry disease, electrolyte imbalances and proteinuria reflecting renal failure may be
seen. Level of globotriaosylceramide (Gb3 or GL-3) a glycosphingolipid may be elevated.
Enzymatic analysis performed by using plasma or leukocytes may show a deficiency of
alpha-galactosidase A. However, levels of Gb3 and alpha-galactosidase A may be normal in
female heterozygote Fabry patients. Therefore, genetic and/or molecular diagnosis is
necessary to confirm Fabry disease if suspected based on clinical features of proteinuria and
acroparesthesias that were invariably present in both men and women with Fabry mutation
and cryptogenic stroke. Elevated serum creatine kinase levels can be associated with
diagnosis of a neuromuscular disease. Although clinical signs and laboratory tests are useful
for identifying and classifying diseases of the lower motor unit, in isolation, they rarely lead
to a specific diagnosis. However, a markedly elevated serum creatine kinase level (10 to 100
times higher than normal) is invariably found early in the clinical course of Duchenne
muscular dystrophy and almost always in its milder allelic form, Becker-type muscular
dystrophy, whereas the serum creatine kinase level is usually lower in other muscular
dystrophies and myopathies (1 to 10 times higher than normal). Because creatine kinase
levels can vary markedly among different patients with the same disease and may fluctuate in
a given patient over time, clinical judgment is necessary to interpret these values. A
premature lactic acidosis, a very low VO, and a flat oxygen pulse may represent markers of
metabolic/mitochondrial diseases. The diagnosis can be confirmed on measurement of blood
and cerebrospinal fluid lactate and pyruvate levels, histological analysis of skeletal muscle,
assay of respiratory chain enzymes, and/or mitochondrial DNA analysis[21, 29].

Genetic Testing

The clinical application of mutation analysis is technically possible, but has been
hindered by logistics and high cost. Given the cost of mutation analysis, however, a strategic
approach based on probabilities should be employed where possible. Careful phenotyping
should identify the most common phenocopies of cardiomyopathies.
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The major goals of genetic testing in patients with cardiomyopathies are:

- -to contribute to diagnosis;

- -to provide prognostic and therapeutic benefits;

- -most important, to detect relatives affected or at risk to develop the disease
(carriers).

Once a mutation has been detected in a proband, the possibility of genetic testing should
be suggested to first-degree relatives (who have a 50% probability of being gene-positive in
autosomal disorders: ‘cascade’ screening). This type of screening enables close clinical
management of mutation carriers, and identifies genetically normal family members,
obviating the need for them to undergo clinical screening and repeat follow-up examinations.
Appropriate genetic counselling, performed by a well trained physician (clinicians,
geneticist) or genetic counsellor, should precede and follow genetic testing to help the patient
and his/her family to comprehend the reasons to perform the test and the clinical significance
and impact of a positive/negative diagnosis. A specially trained and experienced nurse may
serve as coordinator of the investigations and as contact person for the family [3,4,7,15,22].

Organ-Specific and Skeletal Muscle Biopsy

Biopsy with Congo red staining and immunostaining is the procedure of choice for the
diagnosis of amyloidosis. Stain the tissue with an alkaline solution of Congo red, and
examine it under polarized light, where positive (green) birefringence is detectable in the
presence of amyloidosis of any type. The nature of the fibril precursor can be established by
immunohistochemical staining with antibodies specific for the major amyloid precursors
(Amyloid A, immunoglobulin L chains of k or | type, antitransthyretin). In Amyloid A
amyloidosis, only the Amyloid A is positive. The amyloid nature of the deposit can by
confirmed by staining with an antiserum specific for serum amyloid P-component. In
amyloidosis, the tissue with the highest yield, particularly in the presence of proteinuria or
renal failure, is the kidney (technically adequate samples have a diagnostic yield close to
100%). If renal biopsy is deemed too risky for a specific patient or if amyloidosis without
renal disease is suspected, 2 sites have been shown to be useful in obtaining tissue for
histologic and immunochemical analysis. Subcutaneous fat aspiration is positive in
approximately 60% of individuals with Amyloid A amyloidosis, except in the case of familial
Mediterranean fever, when it rarely, if ever, is positive. Rectal biopsy is more useful than
subcutaneous fat aspiration in Amyloid A amyloidosis. It has been found to produce positive
results (assuming that submucosa is included in the biopsy specimen) in 80-85% of patients
ultimately found to have tissue amyloid at a clinically relevant site. Samples from either the
subcutaneous fat aspirate or the rectal biopsy can be stained as conventional tissue biopsies to
determine the presence and nature of the amyloid precursor. Occasionally, patients have
positive results on subcutaneous fat aspirates in the presence of a negative result on rectal
biopsy, while others may have deposits in the rectal tissue and not in the aspirate. Use of both
procedures may increase the yield to 90%. Abdominal subcutaneous fat biopsy results are not
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very sensitive in Amyloid A caused by familial Mediterranean fever and in dialysis-related
amyloidosis. The results are usually negative, probably because beta2-microglobulin does not
accumulate in this tissue.

A skeletal muscle biopsy is often necessary, especially in infants, when the clinical and
laboratory findings are nonspecific. If a muscular dystrophy is suspected, particularly in a
boy, molecular analysis of the dystrophin gene and/or protein is indicated. Dystrophin, a
cytoskeletal protein normally found in all muscle cell types, is thought to stabilize the plasma
membrane of the muscle cell and may be important in the regulation of intracellular calcium.
Approximately 65% of patients with Duchenne muscular dystrophy or Becker-type muscular
dystrophy have deletions of the dystrophin gene that can be detected by PCR in blood
lymphocytes. In the other 35% of patients, including manifesting female carriers for whom
PCR results are difficult to interpret, a muscle biopsy is required to detect a reduced amount
of the dystrophin protein or abnormalities of its size. The presence of dystrophic changesin a
skeletal muscle biopsy specimen is also an indication for molecular analysis of dystrophin
[22,30,31].

Endomyocardial Biopsy

Although the role of endomyocardial biopsy (EMB) in the diagnosis and treatment of
adult and pediatric cardiovascular disease remains controversial, a recent joint
AHA/ACC/ESC statement recommends endomyocardial biopsy (class I, evidence B) in
patients with suspected myocarditis, including

1) new onset heart failure of less than two weeks duration associated with a normal
sized or dilated left ventricle and haemodynamic compromise;

2) new onset heart failure of 2 weeks to 3 months duration associated with a dilated left
ventricle and new ventricular arrhythmias, second- or third-degree heart block, or
failure to respond to usual care within 1 to 2 weeks. In addition, endomyocardial
biopsy is reasonable (I1A; evidence C):

- in the clinical setting of unexplained heart failure of >3 months’ duration associated
with a dilated left ventricle and new ventricular arrhythmias, Mobitz type Il second-
or third-degree AV heart block, or failure to respond to usual care within 1 to 2
weeks;

- in the setting of unexplained heart failure associated with suspected anthracycline
cardiomyopathy;

- in the setting of heart failure associated with unexplained restrictive cardiomyopathy;

- in the setting of unexplained heart failure associated with a DCM of any duration
that is associated with suspected allergic reaction in addition to eosinophilia.

- in the setting of suspected cardiac tumors, with the exception of typical myxomas
whereas adenovirus is most commonly associated with histological [32].
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Conclusions

In 1968, the World Health Organization defined cardiomyopathies as “diseases Of
different and often unknown etiology in which the dominant feature is cardiomegaly and
heart failure”. This statement was updated in 1980 and defined cardiomyopathies as “heart
muscle diseases of unknown cause”, thereby differentiating them from specific identified
heart muscle diseases of known cause such as myocarditis. In 1995, a World Health
Organization/International Society and Federation of Cardiology Task Force on
cardiomyopathies classified the different cardiomyopathies by the dominant pathophysiology
or by etiological/pathogenetic factors (Phenocopy era). Over the last two decades, the
importance of gene defects in the etiology of cardiomyopathies has been recognized, and
several new disease entities have been identified with the introduction of molecular biology
into clinical medicine (Genocopy era), rendering previous classifications and formal
cardiomyopathies concepts obsolete, and leading to different reclassification of
cardiomyopathies by the AHA and the Working Group of the ESC.

However, given the extreme heterogeneity of cardiomyopathies, there probably is no
single classification or “model” that can be regarded as generally acceptable to all the
interested parties from diverse disciplines (researchers, clinicians, epidemiologists,
geneticists). Nevertheless, cardiologists and cardiomyopathy specialists need to become
familiar with the basic principles of molecular biology and clinical genetics, in order to
generally understand the basis of the disease, to provide a correct characterization of the
clinical phenotype and to eventually guide the genotype, to understand and manage the
implications of a positive genetic diagnosis for the proband and his/her family.
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Abstract

Cardiovascular disease is the leading cause of morbidity and mortality in the United
Kingdom (UK) and although the UK mortality rate has steadily declined since the early
1970’s, the rate of premature death has fallen less than other European countries.
Following a cardiac event, it is common for patients to experience debilitating
physiological and psychological impairment. A reduced functional capacity and
depression are frequent, which is associated with a worse outcome as well as directly
impacting on the failure to return to work. Comprehensive cardiac rehabilitation is a
multidisciplinary service that provides the majority of cardiac patients with long-term
exercise prescription, education, cardiovascular risk factor modification, counselling and
medical evaluation to facilitate recovery and improve overall functional capacity
following a cardiac event. The provision of cardiac rehabilitation services has grown
significantly and demonstrated improved patient health, increased exercise capacity,
reduced overall mortality and reduced hospitalisation costs. However, this growth has not
been matched by service quality with many programmes unable to adhere to national
guidelines due to inadequate resources and the related inability to provide appropriate
staff training. Deficiencies in cardiac rehabilitation provision are generally due to
inadequate investment, professional barriers, and the relatively low level of priority
directed to the service in many cardiology departments. It appears that efficient
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comprehensive cardiac rehabilitation for patients is a postcode lottery, with substantial
variation in the management, organisation, and practice throughout the UK.

Inequalities in the Training and Implementation
of Cardiac Rehabilitation in the United Kingdom

Cardiovascular disease (CVD) is the leading cause of morbidity and premature mortality
in the United Kingdom (UK) (Dalal and Evans 2003) and accounts for approximately
198,000 deaths each year (Allender 2008). The UK persists as one of the worst developed
European countries for CVD mortality and as such the Government has set appropriate
targets to reduce the epidemic (Allender 2008). However, despite Government recognition of
the health impact, the associated health care costs and development of sophisticated
interventions that ultimately aim to restore patient functional capacity, CVD is estimated to
remain the highest ranked cause of death worldwide through to 2020 (Murray and Lopez
1997). With this in mind, the need and demand for health care services is increasing
disproportionately compared to the available resources. This is primarily due to an ageing
population, the development of new knowledge and technology, increasing patient
expectations and greater professional expectations (Thompson and Stewart 2002).

Due to improved medical intervention and revascularisation, increasing numbers of
patients are living with CVD and after the acute phase of care, the majority of patients require
longer-term management and rehabilitation in order to restore their functional capacity and in
many to return to work (Stokes 2000). Cardiac rehabilitation (CR) is a multidisciplinary
service that provides the majority of cardiac patients with long-term exercise prescription,
education, cardiovascular risk factor modification, counselling and medical evaluation
(Balady et al. 2000) and is increasingly recognised as a core component of the continuum of
care for patients with CVD (Balady et al. 2007; Leon et al. 2005; Wenger et al. 1995). As
such the provision of CR services has grown considerably in recent years and is now
recommended as useful and effective (Class 1) by the American Heart Association (AHA)
and the American College of Cardiology in the treatment of patients with forms of CVD
(Antman et al. 2004; Balady et al. 2007; Braunwald et al. 2002; Gibbons et al. 2003; Hunt et
al. 2005).

In the UK, comprehensive CR is divided into four phases (Bethell et al. 2009) and
programmes target improvements in both physiological and psychosocial aspects of recovery
from cardiac injury or intervention to improve/restore patient functional capacity.
Physiological parameters include improved exercise tolerance and adherence, cessation of
smoking, and optimisation of coronary artery disease (CAD) risk factors, such as body
weight, blood pressure and lipid profiles. Psychosocial aspects include the amelioration of
negative emotional repercussions of cardiac trauma, such as stress, anxiety and depression
and the appropriate return to occupation, which is considered beneficial for both the
individual and society (Wenger 2008). The range of knowledge and skills necessary to
manage and address the physiological and psychosocial elements is extensive and requires
multidisciplinary guidance from cardiologists, clinical exercise scientists, nutritionists,
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nurses, physiotherapists, psychologists, occupational therapists and social workers (Stokes
2000).

Traditionally, most patients recruited onto CR programmes were patients following a
myocardial infarction (MI) or coronary artery bypass graft (CABG) surgery. However, in the
era of evidence based health care, contemporary use of CR services include patients
following percutaneous coronary intervention (PCI); heart or heart and lung transplantation
recipients; patients with stable angina or stable chronic heart failure (CHF); those with
peripheral arterial disease (PAD) with claudication; and patients following cardiac surgical
procedures for heart valve repair or replacement (Wenger 2008). As a result CR has evolved
into a much broader-based multidisciplinary service requiring a range of knowledge and skill
mix to achieve the desired outcomes. However, while this is embraced, demands and
expectations have been increased without adequate funding targeted at service provision.
Additionally, the needs, expectations, and experiences of patients and health care
professionals as well as the local resources, priorities, and performance management of CR
services are different throughout the UK (Thompson 2002). Furthermore, the National Health
Service (NHS) is continually facing financial challenges and CR services are not a priority,
despite investment in cardiac technology and intervention. Indeed, the British Heart
Foundation (BHF) detailed that the outlook for CR programmes are less secure than in 20086,
despite support from the governments national director for heart disease and stroke (BHF
2007).

The patient uptake in CR services throughout the UK and Europe is inadequate (Beswick
et al. 2005; Bethell et al. 2001; Kotseva et al. 2009; Kotseva 2004; Wood et al. 2008) and is
underrepresented by ethnic minorities, women, older people, and patients living in socially
deprived areas (Beswick et al. 2005; Jackson et al. 2005; McGee and Horgan 1992; Taylor et
al. 2001; Tod et al. 2001). Commonly, individuals with the greatest functional impairment
who are most likely to significantly benefit from CR services do not participate in
programmes (Harlan et al. 1995). The culmination of these factors has been previously
described as a collective failure of medical practice (Wood et al. 2008).

Cardiac rehabilitation is a cost effective (Bethell et al. 2009; BHF 2007; Levin et al.
1991; Oldridge et al. 1993; Papadakis et al. 2005) proven evidence based intervention, which
significantly reduces hospitalisation costs and improves cardiovascular disease risk factors
(Clark et al. 2005; Taylor et al. 2004; Thompson 2002; Zwisler et al. 2008). Programmes are
now firmly established in the UK and involvement of a multidisciplinary team is paramount
in the delivery of a broad range of CR interventions (Child 2004). However, CR suffered
from a lack of national direction (Child 2004), until the British Association of Cardiac
Rehabilitation (BACR) (Coats 1995) and the Department of Health (DoH) published the
National Service Framework (NSF) for Coronary Heart Disease guidelines (DoH 2000b),
which sets explicit standards for implementing secondary prevention measures and the
provision of effective CR programmes (Dalal and Evans 2003).

Despite evidence of the effectiveness of CR and the introduction of the NSF guidelines,
there is support to suggest wide variation in the provision, practice, organisation and
management of CR services in the UK (Davidson 1995; O'Driscoll et al. 2007; Stokes 2000;
Thompson et al. 1997) with failure to meet the national guidelines (Bethell 2000; BHF 2007;
O'Driscoll et al. 2007; Thompson et al. 1996) and the fact that few physicians play an active
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role and/or endorse CR programmes (Bethell et al. 2009; Jackson et al. 2005; Lewin et al.
1998). Involvement of a clinical lead, such as a consultant cardiologist or general practitioner
(GP) with a specialist interest in cardiology as occurs in other European countries may
improve facilitation and provision of CR services (Bethell et al. 2009). In addition, health
outcome studies consistently demonstrate gaps in applying the clinical evidence of CR into
practice, which contributes to sub-optimal patient outcome (Clark et al. 2005; Majumdar et
al. 2004). Support for and active referral to CR programmes from the patients doctor is an
effective way to encourage CR attendance (McGee and Horgan 1992). Furthermore,
education on the benefits and application of CR may improve referral and uptake (Bittner et
al. 1999).

The majority of CR programmes in the UK have been initiated, co-ordinated, and
delivered by nurses (Stokes 2000; Thompson and Stewart 2002) with the earliest programmes
developed during the 1970s. Between 1989 and 1999 there was a rapid growth in the number
of CR programmes (six-fold increase) and now every hospital in the UK who treats acute
cardiac problems are able to access CR services (Bethell et al. 2009) with the majority
remaining hospital based. However, this field is relatively undeveloped as a speciality in
terms of an established training or career pathway and the nurses involved in the majority of
CR programmes have developed from different career backgrounds with varying degrees of
experience or training in cardiac care (Stokes 2000). In taking on new roles and
responsibilities, many of which evolved spontaneously and without any methodical design or
forecast, there is a risk of health care professionals and in particular nurses focusing
exclusively on particular aspects of medical intervention (individual knowledge strengths)
rather than concentrating on the entirety of patient care (Thompson and Stewart 2002). As a
result the provision of CR services throughout the UK is extremely diverse (O'Driscoll et al.
2007; Stokes 2000) and the configuration of the multidisciplinary health care team is variable
(Davidson 1995; Thompson et al. 1997) with minimal input from disciplines other than
nursing and physiotherapy (Stokes 2000). Indeed, in a random sample of 120 CR
programmes the individual contact with patients was provided by nurses and
physiotherapists, with other disciplines mainly involved during lectures or group discussions
(Lewin et al. 1998). Furthermore, of the CR programmes within the UK, only 60% had a
physiotherapist, 20% had a dietician, and 10% had a psychologist (Bethell et al. 2009).
However, this may simply be a reflection of insignificant funding or inadequate planning and
organisation.

The need for specialist health care professionals being associated with CR programmes is
essential for optimal patient outcome. This is particularly evident in the lack of psychological
support available for patients during rehabilitation. Following a cardiac event, depression is
common and extremely debilitating. Indeed, patient perceptions of symptoms and their sense
of control are significantly associated with quality of life (Lau-Walker et al. 2008) and a
depressed mood is a predictor of returning to work following a cardiac event (Bhattacharyya
et al. 2007). Therefore, the management of early depression may promote the resumption of
employment and enhance the quality of life of cardiac patients (Bhattacharyya et al. 2007).
Furthermore, continuous adjustment of goals/tasks during CR, such as increasing exercise
intensity and improving self-confidence is positively related to increased cardiopulmonary
fitness, reduced depression, weight loss and return to work (Burns and Evon 2007).
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The nursing role in CR services did not significantly develop until the late 1980’s and
it’s this paradigm shift that has changed nursing care to a holistic model. The diversity of CR
programme personnel is directly influenced by the rapid, continual adjustments in medical
health care, especially advancing technology and the emergence of how important
multifaceted CR services are in patient rehabilitation from cardiac injury/disease or
intervention. Therefore the level of education and qualifications attained by CR health care
professionals may vary significantly (Bennett and Pescatello 1997). In addition, the change
from disease orientated care, such as working on a coronary care ward, to health orientated
care, such as the reinforcement of behaviour change, which is necessary for effective and
comprehensive CR services, may be challenging for many nursing personnel (Stokes 2000).

Due to the changing roles and identities of health care professionals working within CR
services, research suggests that the training and experience already acquired, may not
completely equip them for such expanded roles in co-ordinating, delivering, and auditing care
directed at health promotion and chronic disease management (Wiles 1997). The changing
health care professionals’ roles due to for example, the introduction of rehabilitation services
may impact negatively on their own individual motivation and morale, which may
significantly influence the patient’s return to health (O'Driscoll et al. 2007). Indeed, nurses
report a lack of preparedness for educative, managerial, and leadership roles, which may
result in disengagement from and disinterest in their work and contribute to the development
of an unhealthy working environment (Conway et al. 2006). Furthermore, job dissatisfaction
appears common within the nursing profession (Solman et al. 2004) with up to 24% of nurses
reporting decreased job satisfaction and commitment (McNeese-Smith and van Servellen
2000).

Adequate training is required to prepare and equip health care professionals for their
individual and multidisciplinary role in educating and supporting patients. Indeed, the
inadequate training and lack of professional accreditation available for CR service provision
may be one of the major influences on patient recruitment, adherence, and outcome within
the UK. In addition, inadequate staff training can result in blurred objectives as well as
undefined roles, identities, and skills of health care professionals (O'Driscoll et al. 2007,
Stokes 2000). In contrast to the United States of America (USA), programme accreditation
has not been established and core competences for health care professionals working in CR
programmes have not been formally identified within the UK (Stokes 2000). Despite the
arguments surrounding health care professionals and their ability to provide best practice CR
services, there is an open debate as to whether or not pre-registration nurse training
competently prepares nurses for clinical practice as a whole, since there is no blueprint for
nurse education or for the quality of nursing education (Bradshaw 1997). However, despite
the USA having advanced and established infrastructure for their CR services, in a study
analysing 108 CR programmes, only 40.7% of the staff reported that they met the minimum
training/qualification recommendations and only 7% met the preferred recommendations
(Bennett and Pescatello 1997).

Changes within the NHS have resulted in a subsequent drive for new and innovative
nursing roles (DoH 2000a, c). This has resulted in a change in skill mix (Jenkins-Clarke et al.
1998), where nurses are increasingly being employed instead of doctors in some areas of
work (Pearson 1998). These changing roles and identities across professional boundaries
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within the NHS, creates a culture of uncertainty that has the potential to both inspire and
threaten innovation in health care (Williams and Sibbald 1999). In recent years, Government
pressure to improve the cost effectiveness of health care provision has focused attention on
the possible benefits of moving care from expensive to cheaper providers, in particular from
doctors to nurses. The subsequent boundary changes may create uncertainty in relation to
professional identity in connection with aspects of the health care professionals work and/or
role. This highlighted uncertainty is not limited to displacement of work between doctors and
nurses, but also creates tension between different groups of health care professionals due to
the potential overlap with other disciplines (Williams and Sibbald 1999), which may be more
common in CR programmes due to its multidisciplinary nature, such as exercise prescription,
nutritional advice, and psychological support etc. The tension and uncertainty between
different groups of staff leads to a loss of professional networking and support, which can
lead to demoralization and a sense of diminished autonomy (Hiscock 1996). This in turn, may
lead to a breakdown in communication between colleagues and different health care
professionals undermining each other as well as leaving both staff and patients feeling
extremely vulnerable (O'Driscoll et al. 2007; Williams and Sibbald 1999). Indeed
multidisciplinary learning is perceived as beneficial; however little evidence exists of this
working in practice and potential barriers include structural and organisational difficulties
and failure to agree common aims (Stokes 2000). The need to address how uncertainty and,
therefore, changing roles and identities can inspire rather than threaten innovation in health
care is critical.

Current educational preparation of nurses, whether at pre-or post registration levels,
generally fails to prepare practitioners to play a more prominent role in rehabilitation
programmes (Stokes 2000). Furthermore, with few opportunities available in the UK for a
structured learning programme specifically developed for CR and with no system of
evaluation or accreditation for those that do train it is not surprising to see such diversity
throughout the UK in service provision. Providing specialist training for CR programme
facilitators and empowering health care professionals with the ability and skills to transfer
knowledge across professional boundaries and into different health care settings may improve
the safety and quality of patient care and could be one answer to further improving CR
services. Future development is necessary and will require greater emphasis on training and
education in CR service provision.

Summary

Comprehensive CR is essential within the continuum of care for patients with
cardiovascular disease for the restoration of functional capacity, regardless of age or gender.
Contemporary CR is a proven evidence based intervention that reduces CVD risk factors and
may significantly reduce the current C\VVD epidemic in the UK. The multifaceted composition
of CR requires extensive knowledge and skills in order to deliver and achieve nationally
recommended objectives. In the UK, current expertise and experience of health care
professionals involved in CR provision is inadequate. Furthermore, there is substantial
variation in the management, organisation, content, staffing and funding of CR programmes
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with no formal training throughout the UK. This may directly impact on patients and create
the prospect of obtaining efficient comprehensive rehabilitation from cardiac injury or
intervention a postcode lottery.

Cardiac rehabilitation programme development appears to have occurred without
structured planning with the general outcome of disorganized service provision. As such
there is a general lack of aligned roles and identities amongst health care professionals and
without adequate modifications to CR infrastructure there is a danger of increased levels of
dissatisfaction and high attrition rates within the nursing profession.

To improve CR service provision, a review of the education process, professional
development opportunities, and overall training is required. Continual education and training
to develop health care professionals is paramount for CR service progression. This process is
complex and will need to address role function and boundary crossover as well as be co-
ordinated throughout the UK with specific qualifications, core competencies, and programme
and individual accreditation processes in place. Continued evaluation and monitoring of this
logical approach will be necessary to ensure that the health care professionals involved in CR
provision are adequately trained to deliver nationally recognised care.

It is vital for greater investment and improved planning to permit professional
development and enable current and future CR service providers the ability to align their
specialist roles with the direction in which health care is moving.
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Abstract

Although there has been significant recent progress in the management of heart
failure its associated mortality remains high. A large proportion of these patients die
suddenly, termed sudden cardiac death (SCD), mostly from potentially reversible
malignant cardiac arrhythmias. Despite the availability of a highly effective treatment in
the form of an implantable cardioverter defibrillator (ICD), SCD in the heart failure
population is still a significant problem. One important reason for this is the difficulty in
identifying which patients are at highest risk of SCD and would benefit from an ICD. A
number of tests are currently available to risk stratify heart failure patients at risk of
SCD. However, used alone or in combination these are not sufficiently accurate and there
is significant need for better risk stratification tools.

Multiple studies have demonstrated that serum biomarkers can accurately predict
adverse outcomes in patients with heart failure of both ischaemic and non-ischaemic
aetiology. A range of biomarkers predict both the occurrence of SCD in patients without
ICDs and the occurrence of malignant arrhythmias in patients with devices, and in these
studies individual biomarkers are at least as accurate as the current best markers of SCD
risk. The pathophysiology of SCD is a complex process with a range of
electrophysiological and molecular alterations contributing to arrhythmogenesis in the
failing heart. By providing an assessment of these various processes, serum biomarkers
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may improve prediction of SCD in heart failure and help guide ICD use. Furthermore, it
is likely that optimal SCD risk stratification will require the combination of multiple tests
that reflect these diverse upstream processes. As such the greatest potential benefit of
biomarkers may be in measuring multiple complementary markers that assess distinct
aspects of arrhythmic risk.

Introduction

There has been significant recent progress in the management of heart failure with
advances in neurohormonal blockade and the advent of device therapy. In spite of this the
mortality associated with heart failure remains high - 80% of men and 70% of women under
the age 65 with heart failure will die within 8 years [1]. A large proportion of these patients
die suddenly, termed sudden cardiac death (SCD), mostly from potentially reversible
malignant arrhythmias. Despite the availability of a highly effective treatment, in the form of
an implantable cardioverter defibrillator (ICD), SCD in the heart failure population is still a
significant problem. One important reason for this is the difficulty in identifying which
patients are at highest risk of SCD and would benefit from an ICD. In this chapter we review
the importance and pathophysiology of SCD in heart failure, detail the currently available
tools for SCD risk stratification, and consider the potential role of biomarkers.

The Impact of Sudden Cardiac Death in
Heart Failure

Cardiac death soon after symptom onset - termed sudden cardiac death - is a major health
problem. It is the commonest mode of death in the developed world and causes
approximately 100,000 adult deaths per year in the United Kingdom and four times that in
the United States [2-4]. In patients who die within an hour of the onset of symptoms or
during sleep, more than 90% will be due to cardiac arrhythmias [5], and most of these events
are likely to be caused by potentially reversible ventricular tachyarrhythmias [6].

SCD is a major cause of mortality in heart failure irrespective of its aetiology. Early data
concerning the importance of SCD in heart failure came from epidemiological studies. Among
652 members of the Framingham Heart Study who developed congestive heart failure, 5-year
survival rates after disease onset were 25% in men and 38% in women, and up to half of these
deaths were sudden [7,8]. These findings still hold despite contemporary management.
Mozaffarian et al assessed the mode of death in 10,538 ambulatory patients with New York
Heart Association class I1-1V heart failure enrolled in 6 randomised trials or registries [9].
Ischaemic heart disease accounted for 62% of cases. During 16,735 person-years of follow-up,
2014 deaths occurred, including 1014 sudden deaths and 684 pump-failure deaths. Though
overall sudden death was the commonest mode of death, pump-failure was more frequent in
advanced heart failure. Solomon et al studied 14,609 patients with asymptomatic left ventricular
dysfunction or heart failure after myocardial infarction [10]. Over a median follow-up of 180
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days there were 1067 cardiac arrests, 903 leading to death, which accounted for approximately a
third of all deaths.

The Pathophysiology of Sudden Cardiac
Death in Heart Failure

Most cases of SCD in heart failure result from a malignant ventricular arrhythmia, either
ventricular fibrillation or ventricular tachycardia [11]. This is supported by data from patients
dying suddenly while undergoing Holter recording. In 157 episodes of SCD in ambulatory
patients undergoing monitoring, 84% were secondary to ventricular arrhythmias, most
commonly ventricular fibrillation (62%), while bradycardias accounted for only 16% [12].
Though these were not exclusively patients with heart failure, it is probable that the
mechanisms in heart failure are similar.

The underlying electrophysiological and molecular processes that lead to these malignant
arrhythmias are incompletely understood. However there is likely to be a complex interplay
between acquired abnormalities of cardiac structure and function, and genetic predisposition.
The acquired changes include alterations in myocardial repolarisation, calcium homeostasis
and neurohormonal signalling [13-15]. Two of the more important processes are action
potential prolongation, due to changes in ion channel expression, and alterations in
neurohormonal signalling.

Action Potential Prolongation and lon Channel Expression

Prolongation of the action potential (AP) is a consistent finding in the ventricular
myocardium of failing hearts irrespective of the cause [16]. The underlying physiological
basis of the changes in AP duration is alteration in the functional expression of ion channel
proteins, including potassium and sodium channels. The ventricular myocardium has a
number of distinct classes of voltage-gated potassium ion channels. The most consistent
finding in human and animal heart failure models is the downregulation of the Iy, protein, but
changes in the potassium channels Ik, and Ixs have also been noted [17-19]. Furthermore the
importance of different potassium channels may vary depending on the aetiology of the heart
failure [20]. Changes in sodium channels, which are important in the maintenance of the
plateau phase of the action potential, have also been implicated [21].

The AP prolongation that occurs as a result of these changes in ion channel expression is
inhomogeneous, leading to spatial and temporal heterogeneity in ventricular repolarisation
[22]. It is this dispersion of repolarisation that may provide the substrate for the occurrence of
malignant ventricular arrhythmias that lead to SCD [23]. These changes in repolarisation can
be detected on the surface electrocardiogram (ECG), and form the basis of the risk
stratification test Microvolt T-wave Alternans described below [24].
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Altered Neurohormonal Signalling

Abnormal neurohormonal activation plays an integral role in the genesis of ventricular
arrhythmias. Although the exact details of altered neurohormonal signalling are debated there
is widespread acceptance of the importance of the autonomic nervous system and the renin-
angiotensin-aldosterone (RAAS) system. Modulation of these neurohormonal systems have
been shown to improve prognosis in patients with heart failure, including sudden death, and
therapies that target them are now the mainstay of treatment for heart failure [25]. Further
evidence of the importance of the sympathetic nervous system comes from the observation
that there is a circadian variation in the frequency of SCD [26].

Myocardial infarction leads to sympathetic dennervation in the infarct zone [27]. This
may be followed by neurilemma cell proliferation and axonal regeneration (nerve sprouting)
leading to increased sympathetic nerve density or hyperinnervation in some areas of the
myocardium [28]. In the normal human ventricle sympathetic activation causes a reduction in
the action potential duration and a decrease in the dispersion of repolarisation [29]. In the
failing heart the juxtaposition of dennervated and hyperinnervated myocardium may lead to
spatial heterogeneity in ventricular repolarisation during sympathetic activation, predisposing
to ventricular arrhythmogenesis [28]. Measuring these alterations in autonomic function has
been demonstrated to be predictive of SCD, though such tests are not currently in widespread
clinical use.

The RAAS system, through its two main effectors angiotensin 1l and aldosterone, has a
range of effects on the myocardium that may predispose to malignant arrhythmias. These
include induction of myocardial hypertrophy, increased collagen synthesis, promotion of
inflammation and thrombosis, and modulation of active membrane properties [13].

Genetic Predisposition

Evidence for genetic predisposition to SCD comes from epidemiological data. Jouven et
al assessed the occurrence of SCD in 7746 middle-aged men in the Paris Prospective Study.
The risk of sudden death was increased by 80% in men who had a parental history of SCD,
and nearly 9 times with a history in both parents [30].

It is well established that mutations in genes coding for cardiac ion channels underlie a
range of heritable conditions that predispose to ventricular arrhythmias and SCD, including
Long QT and Brugada syndrome [31]. It is also becoming clear that some gene
polymorphisms, while not causing monogenic inherited arrhythmogenic syndromes, can
increase susceptibility to proarrhythmic drugs by reducing “repolarisation reserve” [32]. It
may be that specific polymorphisms in cardiac ion channel genes similarly predispose
patients with heart failure to arrhythmias.
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Implantable Cardioverter Defibrillators

Since their introduction in the 1980s ICDs have revolutionised the management of
patients at high risk of SCD. Multiple large randomised controlled trials have demonstrated
that ICDs reduce mortality from SCD in high risk patients [33]. They are currently given to
two groups of patients: survivors of life-threatening arrhythmias (secondary prevention) and
patients at high risk for developing a life-threatening arrhythmia (primary prevention). In
both of these settings they are both highly efficacious and cost effective [11,34].

Despite considerable effort to improve the results of out-of-hospital cardiac arrest,
survival remains relatively low. Annual survival rates to hospital discharge of out-of-hospital
cardiac arrest secondary to ventricular fibrillation are between 24% and 33% [35]. The use of
ICDs for primary prevention of SCD is therefore of paramount importance in reducing
overall SCD rates. In this respect the key issue is risk stratifying patients for SCD to identify
which groups are at highest risk. While selecting patients for a secondary prevention ICD is
relatively straightforward, identifying patients for primary prevention device therapy is more
difficult.

Traditional Risk Stratification Tools to Guide
Primary Prevention ICD use

Risk stratification has been studied primarily in patients with congestive heart failure
(CHF) or asymptomatic left ventricular dysfunction, as these groups are well known to be at
increased risk of SCD. A large number of tests have been evaluated. These include tests of
left ventricular function, autonomic function, ventricular repolarisation, and the presence or
absence of spontaneous or inducible ventricular arrhythmias. The diverse nature of these tests
reflects the complex underlying pathophysiology of ventricular arrhythmogenesis. The
clinically relevant risk stratification tests are:

Left Ventricular Ejection Fraction (LVEF)

Depressed LVEF, as measured by echocardiography, contrast and radionuclide
ventriculography, or magnetic resonance imaging, has long been recognised to be the most
important determinant of all-cause mortality in patients with IHD [36,37]. More recently, a
reduced LVEF has been demonstrated to be consistently the strongest predictor of SCD in
both ischaemic and non-ischaemic cardiomyopathy.

In 14,609 post-MI patients enrolled in the VALIANT trial, depressed LVEF was the most
powerful predictor of SCD [10]. In the first 30 days following Ml each decrease in 5 percentage
points in LVEF was associated with a 21 percent increase in the risk of sudden death or cardiac
arrest with resuscitation. In a prospective study of 343 patients with idiopathic dilated
cardiomyopathy, LVEF was the only significant predictor of arrhythmic events in multivariate
analysis, with a relative risk of 2.3 per 10% decrease in ejection fraction [38].
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As a result of this robust data a depressed LVEF has been the main entry criterion used in
the randomised controlled clinical trials of primary prevention ICD therapy in heart failure
[39,40].

Ambulatory Monitoring

A number of studies have suggested an association between the presence of non-
sustained ventricular tachycardia (NSVT) on ambulatory monitoring and SCD in both
ischaemic and non-ischaemic cardiomyopathy [41-43] However, although it is used as an
important determinant in the latest UK NICE guidance on ICD use, more recent evidence has
cast doubt on its predictive accuracy in the modern era [34,44].

Electrophysiological Studies (EPS)

Following the finding that post-MI patients with inducible ventricular arrhythmias had a
significantly increased risk of SCD, EPS was for a long time considered the “gold standard”
SCD risk stratification test in IHD patients [45-47]. However more recent studies have
suggested that non-inducible patients are still at high risk of SCD, casting doubt on the
prognostic value of EPS in IHD [48,49]. EPS has no significant prognostic role in non-
ischaemic cardiomyopathy [50,51].

Microvolt T-wave Alternans (MTWA)

The electrocardiogram, or ECG, is a surface recording of the electrical activity of the
heart. It records both ventricular depolarisation (the QRS complex) and repolarisation (the T-
wave). Abnormalities in ventricular repolarisation, which are integral to arrhythmogenesis,
are reflected in changes in the shape and size of the T-wave.

MTWA, which is a change in the size or shape of the T-wave on alternate beats, can be
detected by complex computerised techniques. Multiple trials have demonstrated that MTWA
testing is predictive of malignant arrhythmias. A meta-analysis of 19 studies, evaluating
MTWA in 2608 patients over an average of 21 months follow-up, found a positive predictive
value of 19.3% and negative predictive value of 97.2% [52]. There was no difference in
predictive value between ischaemic and nonischaemic heart failure subgroups. However,
patients with an indeterminate result were excluded from the analysis, and the high
proportion of such patients (20-40%) is a significant limitation of MTWA. In addition there
are currently a lack of prospective trials in which MTWA has been used to guide ICD use,
and both of these issues will need addressing before MTWA is in routine clinical use [53].
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Other Tests

In addition a number of other risk stratification tests have some predictive ability though
they are not in widespread clinical use. These include tests of autonomic function, the signal-
averaged ECG, and changes in the ECG QT segment [6].

Overall LVEF is consistently the strongest and most widely used predictor of SCD and
the role of additional tests is currently unclear. Most contemporary guidelines suggest that
heart failure patients with severely depressed LVEF (<30-35%) should be considered for an
ICD without the need for additional testing, while patients with higher ejection fractions may
benefit from further evaluation with additional risk stratification tests prior to ICD
implantation [11,34].

The Limitations of Current Risk
Stratification Systems

Despite their proven benefits and universal recommendation in national and international
guidelines [11,34,54], uptake of ICDs has been variable, and the majority of patients who
might benefit from a device for ‘primary prevention” of SCD do not receive one [55-58]. The
reasons for this under-use are likely multifactorial. Firstly, implanted ICDs are often unused.
Four year follow-up in two large trials, MADIT-Il and SCD-HeFT, which used contemporary
risk stratification tools to direct device use, showed under 40% of patients with ICDs
received appropriate anti-tachycardic therapy [39,40]. Secondly, serious device-associated
complications such as inappropriate device therapy and infection, though uncommon in trials,
are increasingly recognised in routine practice [55,59,60]. Thirdly, at an estimated cost of
£20102 per device, ICDs are an expensive technology [61,62].

The development of more accurate risk stratification systems would enable better
targeting of ICD use. This would ensure devices are used in patients most likely to benefit
and avoided in those who are unlikely to benefit but may still have complications. There is
therefore significant value in developing improved risk stratification systems using existing
and/or novel markers of SCD.

Serum Biomarkers in Cardiac Disease

There has been a wealth of interest over the last decade in the use of biomarkers in
cardiac disease. Many individual biomarkers have demonstrated associations with adverse
cardiovascular outcomes, including C-reactive protein (CRP), interleukin-6, fibrinogen, d-
dimer, albuminuruia, and plasminogen activator inhibitor type 1 [63-67]. Supported by
systematic reviews confirming their value and consensus recommendations supporting their
use, two specific serum markers, cardiac troponin (cTn) and brain natriuretic peptide (BNP),
are now in widespread clinic use [68-71].

There is some evidence combining multiple cardiac biomarkers improves outcome
prediction [72-74], though the magnitude of benefit is uncertain. For example, Wang et al
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studied 10 biomarkers, including CRP and BNP, in 3209 people in the Framingham Heart
Study over 7 years and reported high “multimarker” scores increased the risks of death
(hazard ratio 4.08) and major cardiovascular events (hazard ratio 1.84) [72]. However, they
also noted that adding multimarker scores to conventional risk factors delivered only small
increases in risk classification.

Serum Biomarkers in Heart Failure

Evidence of the value of serum biomarkers to predict SCD in heart failure comes from
two types of study. Firstly, studies that have evaluated the relationship of biomarker levels to
overall mortality or sudden cardiac death in heart failure. Secondly, studies that have
evaluated biomarkers in patients with 1CDs, using malignant ventricular arrhythmias as
surrogate markers of SCD.

Serum Biomarkers to Predict Overall Mortality in Heart Failure

Heart failure is a clinical syndrome associated with complex molecular, endocrine and
inflammatory changes [75]. The prognostic value of numerous serum biomarkers that reflect
these underlying pathophysiological processes have been evaluated. Markers of
neurohormonal activation, myocyte injury, myocardial stretch, and inflammation have all
shown to be predictive of adverse outcomes [76].

Table 1. Studies evaluating the association of serum biomarkers with sudden cardiac
death in patients with heart failure or left ventricular dysfunction.

Study Year | No.of | Aectiology of Biomarkers Results
patients | heart disease
Berger et al. 2002 452 IHD, NICM BNP, All 4 biomarkers
[83] NT-BNP predictive of SCD in
NT-ANP, univariate analysis

big endothelin | On multivariate analysis
only BNP predictive

Tapanainen et | 2004 521 IHD BNP, All 3 biomarkers

al. [84] ANP, predictive of SCD in

NT-ANP univariate analysis

On multivariate analysis

only ANP and BNP

predictive

IHD, ischaemic heart disease; NICM, non-ischaemic cardiomyopathy; BNP, brain natriuretic peptide;
NT-BNP, N-terminal brain natriuretic peptide; NT-ANP, N-terminal atrial natriuretic peptide;
ANP, atrial natriuretic peptide.

Multiple studies have demonstrated that levels of serum inflammatory cytokines predict
long-term heart failure mortality [77-79]. Rauchaus et al prospectively evaluated the
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predictive value of inflammatory cytokine levels in 152 patients with heart failure (121
patients in NYHA class II-111) [78]. During a mean 34 months follow-up there were 62
deaths. In univariate analyses tumour necrosis factor-alpha (TNF-a) and soluble TNF-
receptors 1 and 2 (STNF-R1/sTNFR2) (p<0.0001), interleukin-6 (p=0.005), and soluble
CD14 receptors (p=0.0007) were all predictive of death. In multivariate analysis the strongest
predictor was STNF-R2 (p<0.001), which proved better than depressed LVEF. Serum cardiac
troponin (cTn) is also an independent predictor of adverse outcomes, including mortality, in
both stable and decompensated heart failure [80-82].

The majority of these studies were small and evaluated the relationship of biomarkers to
overall mortality rather than SCD. However the commonest mode of death in all but the most
advanced heart failure is sudden death [9]. Therefore it is probable that these biomarkers
predict SCD as well as overall mortality. This is supported by data from the VEST trial [79].

Deswal et al analysed circulating levels of two inflammatory cytokines (TNF and 1L-6)
and their cognate receptors in 1200 patients enrolled in a multicentre placebo-controlled trial
of Vesnarinone, an inotropic drug, in advanced heart failure [79]. All patients were NYHA
class I11-1V and the aetiology of heart failure in the majority was IHD (58%). In the placebo
group (384 patients) there were 65 deaths, 31 each due to SCD and pump failure. Data from
these 384 patients demonstrated serum levels of tumor necrosis factor (p=0.02), IL-6
(p=0.002), sTNF-R1 (p=0.0001), and sTNF-R2 (p=0.0001) were all independent predictors
of overall mortality in multivariate analysis. Although the predictive relationship of
biomarkers to SCD was not specifically evaluated, levels of TNF and IL-6 were not
significantly different between the SCD and pump failure groups.

Serum Biomarkers to Predict Sudden Cardiac Death in Heart Failure

The value of serum biomarkers to predict SCD in heart failure has been specifically
evaluated in two prospective studies (Table 1) [83,84]. One enrolled patients with chronic
heart failure of ischaemic and non-ischaemic aetiology [83], and the other post-MI patients
[84]. Both demonstrated a significant association between a single serum biomarker
measurement and subsequent SCD risk.

Berger et al examined the association of 4 serum biomarkers - BNP, N-terminal BNP
(NT-BNP), N-terminal atrial natriuretic peptide (NT-ANP), and big endothelin - with SCD in
452 ambulatory patients with heart failure and LVEF <35% [83]. The aetiology of heart
failure in the majority of these patients (65%) was non-ischaemic. During follow-up (592+/-
387 days) there were 89 deaths of which 44 were sudden. Using univariate analyses the only
significant predictors of sudden death were log BNP (p=0.0006), log N-ANP (p=0.0028),
LVEF (p=0.0054), log N-BNP (p=0.0057), systolic blood pressure (p=0.0138), big
endothelin (p=0.0326), and NYHA class (p=0.0375). However in multivariate analysis only
log BNP (p=0.0006) was still significantly associated with SCD. The use of specific cardiac
medication including beta-blockers, ACE-I and amiodarone, as well as the presence of IHD
and diabetes, were not predictive of SCD.

Tapanainen et al prospectively evaluated the accuracy of plasma ANP, N-ANP, BNP and
depressed LVEF in predicting SCD in 521 survivors of acute Ml [84]. During a mean follow-up
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of 43 +/-13 months there were 33 deaths of which 16 were due to SCD. In univariate analysis,
BNP (relative risk 4.4, p=0.011), ANP (RR 4.1, p=0.014) and N-ANP (RR 3.4, p=0.018) had
similar accuracy as LVEF (RR 4.9, p=0.013) in predicting SCD. In multivariate analysis, after
adjusting for clinical variables, only elevated BNP (p = 0.02) and low LVEF (<40%) (p = 0.03)
remained as significant predictors of SCD. It should be noted that there was a high use of
contemporary post-MI medical therapy in the cohort, including 97% beta-blockade.

Serum Biomarkers to Predict ICD Discharges

Implantable cardioverter defibrillators are extremely effective in terminating episodes of
ventricular fibrillation (VF) and ventricular tachycardia (VT) that may otherwise have led to
SCD. Therefore evaluating the relationship of biomarkers to SCD in patients with ICDs is
potentially difficult. In addition to this therapeutic role however, ICDs also accurately record the
occurrence of these malignant arrhythmias and the treatment given by the device, termed anti-
tachycardic therapy. Thus the incidence of potentially life-threatening arrhythmias, as determined
by device interrogation, may be used as a surrogate marker of SCD in these patients.

Table 2. Studies evaluating the association of serum biomarkers with malignant
ventricular arrhythmias in ICD recipients.

Study Year No. of Aetiology of Biomarkers End-point Results
patients | heart disease
Manios et al [87] 2005 35 IHD NT-proBNP Appropriate device NT-proBNP
therapy for VT/VF predictive
Verma et al. [86] 2006 345 IHD, NICM BNP, CRP Appropriate device BNP
therapy for VT/VF predictive
CRP not
predictive
Biasucci et al [91] 2006 65 IHD CRP Appropriate device CRP
therapy for VT/VF predictive
Klingenberg et al [90] | 2006 50 IHD NT-proBNP | Appropriate device NT-proBNP
therapy for VT/VF predictive
Christ et al [85] 2007 123 IHD, NICM BNP Appropriate device BNP
therapy for predictive
VTIVF, death
or heart
transplantation
Yu etal [89] 2007 99 IHD NT-proBNP Appropriate device NT-proBNP
therapy for VT/VF predictive
EPS not
predictive
Blangy et al [88] 2007 121 IHD PINP, Appropriate device All markers
PIINP, therapy for VT/VF predictive
TIMP1, BNP,
CRP
Konstantino et al [92] | 2007 50 IHD, NICM BNP, CRP, Appropriate device No markers
IL-6, TNF-o. therapy for VT/VF predictive

IHD, ischaemic heart disease; NICM, non-ischaemic cardiomyopathy; BNP, brain natriuretic peptide; CRP, C-reactive
protein; NT-proBNP, N-terminal pro-brain natriuretic peptide; PINP procollagen type | aminoterminal peptide;
PIINP, procollagen type Il aminoterminal peptide, TIMP1, membrane metalloproteinase I; IL-6, interleukin 6; TNF-
o, tumour necrosis factor alpha; VT, ventricular tachycardia; VVF, ventricular fibrillation.
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The ability of a range of serum biomarkers to predict malignant arrhythmias in 1ICD
recipients has been assessed in 8 studies, enrolled 890 patients (Table 2) [85-92]. These
studies, 6 of which were prospective, enrolled patients with both ischaemic and non-
ischaemic heart failure. All but one study found biomarkers were able to predict the
occurrence of malignant ventricular arrhythmias. The only study with negative findings was
small and examined only 50 patients over 6 months [92].

Six studies have investigated BNP (or N-terminal pro-BNP) and demonstrated it
independently predicts malignant arrhythmias in patients with ICDs [85-90]. Three of the
larger studies reported patients with BNP levels over the 50th centile had significantly more
malignant arrhythmias (risk ratios between 2.2 and 3.8) [86,88,89]. Multivariate regression
analyses in these studies examining traditional clinical and echocardiographic risk factors for
SCD, found BNP most strongly predicted malignant arrhythmias and performed better than
reduced LVEF.

Two studies investigated a broader range of serum biomarkers. Blangy et al
prospectively evaluated markers of cardiac fibrosis [procollagen type | aminoterminal peptide
(PINP), procollagen type Il aminoterminal peptide (PIIINP), membrane metalloproteinase |
(TIMP1)], myocardial pressure overload [brain natriuretic peptide (BNP)] and inflammation
[high sensitivity (hs)-C-reactive protein] [88]. They observed 121 patients with IHD over 12
months. During this time 38 patients had appropriate device therapy for VT. In a multivariate
analysis, LVEF <0.35 (OR = 2.19, P = 0.049), an increased serum BNP (OR = 3.75, P =
0.014), an increased hs-C-reactive protein (OR = 3.2, P = 0.006), an increased PINP (OR =
3.71, P = 0.009), and a decreased PIIINP (OR = 0.21, P = 0.003) were associated with a
higher VT incidence. Biasucci et al studied 65 patients and confirmed the association with
hsCRP [91].

One study has compared the predictive value of N-terminal pro-BNP (NT-pro-BNP) to
the gold-standard of EPS [89]. Yu et al prospectively studied 99 patients with 1CDs for
prevention of SCD following MI. EPS and measurement of NT-pro-BNP were performed at
study entry. During a mean follow-up of 556 (+/-122) days 23 patients received appropriate
device therapy for VF/VT. On multivariate Cox regression analysis, only NT—pro-BNP level
at or greater than median (497 ng/L) was a significant predictor for VT/VF occurrence
(p=0.047). Neither univariate or multivariate analysis demonstrated any relationship between
inducibility at EPS and the study end-points.

Serum Biomarkers to Guide ICD use?

Multiple studies have demonstrated that serum biomarkers can accurately predict adverse
outcomes in patients with heart failure and asymptomatic left ventricular dysfunction of both
ischaemic and non-ischaemic aetiology. A range of biomarkers predict both the occurrence of
SCD in patients without ICDs and the occurrence of malignant arrhythmias in patients with
devices (Table 3). In these studies individual biomarkers are at least as good as the current
best marker of SCD risk, depressed LVEF. In the only trial to compare biomarkers to
electrophysiological testing, serum NT-BNP was considerably more accurate than EPS in
predicting malignant arrhythmias [89].
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As predictive tests, biomarkers have significant advantages over current tools.
Assessment of LVEF can be expensive, if performed by the gold-standard magnetic
resonance imaging, and inaccurate, if performed using two-dimensional transthoracic
echocardiography. EPS is expensive, invasive, associated with small but important risks to
the patient, and often only available in larger cardiac centres. Ambulatory monitoring, to look
for spontaneous ventricular arrhythmias, is not particularly reproducible [93]. In contrast,
biomarker measurement is simple, relatively inexpensive, reproducible, and without direct
patient risk.

Table 3. Biomarkers demonstrated to predict the occurrence of sudden cardiac death or
ventricular arrhythmias in patients with heart failure.

Biomarker Role of biomarker No. of | Aetiology of
studies | heart failure in
studies
Brain Natriuretic Peptide (BNP) | A natriuretic peptide largely 6 IHD, NICM

released from the ventricles, in
response to increases in
intraventricular pressure and
myocardial stretch

N-terminal pro Brain Natriuretic | An N-terminal fragment that is 3 IHD, NICM
Peptide (NT-proBNP) co-secreted with BNP

Atrial Natriuretic Peptide A natriuretic peptide largely 1 IHD

(ANP) released from the atria in

response to increases in
intraatrial pressure and stretch

N-terminal Atrial Natriuretic An N-terminal fragment that is 2 IHD, NICM
Peptide (NT-ANP) co-secreted with ANP
C-reactive protein (CRP) An acute phase reactant 3 IHD, NICM
marker of systemic
inflammation
Big endothelin A precursor to endothelin, a 1 IHD, NICM

vasoactive peptide involved in
vascular homeostasis

Procollagen type | A marker of collagen turnover 1 IHD
aminoterminal peptide and myocardial fibrosis
Procollagen type 111 A marker of collagen turnover 1 IHD
aminoterminal peptide and myocardial fibrosis
Membrane metalloproteinase | A marker of extracellular 1 IHD

matrix remodelling
IHD, ischaemic heart disease; NICM, non-ischaemic cardiomyopathy.

The genesis of ventricular arrhythmias that lead to SCD is a complex process requiring
the presence of both an abnormal myocardial substrate, needed to initiate and sustain an
arrhythmia, and pro-arrhythmic triggers [11]. A range of electrophysiological and molecular
alterations contribute to arrhythmogenesis in the failing heart, including changes in ion
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channel expression and neurohormonal modulation, and serum biomarkers may provide an
assessment of these various processes. It is likely that optimal SCD risk stratification will
require the combination of multiple tests that reflect these diverse upstream processes. As
such the greatest potential benefit of biomarkers may be in measuring multiple
complementary markers that assess distinct aspects of arrhythmic risk, or in combining
biomarkers with traditional risk stratification tools. Currently there have been no studies
evaluating this.

Conclusion

Despite the availability of a number of well characterised tests, risk stratification of SCD
in patients with heart failure is currently sub-optimal. The value of serum biomarkers in
cardiovascular disease is well established. There is increasing data to suggest that individual
serum biomarkers predict SCD at least as well as established risk stratification tools in heart
failure patients. Biomarkers are available that provide an assessment of the diverse
pathophysiological processes that are central to ventricular arrhythmogenesis, including
myocardial stretch, inflammation, and neurohormonal activation. There is therefore
significant need for further studies to evaluate the potential role of biomarkers, individually
or in combination, in patient selection for ICDs.
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Summary

The congenital long QT syndrome (CLQTS) is a genetic channelopathy that affects
sodium and calcium Kinetics, resulting in prolonged ventricular repolarization. This
channelopathy is associated with increased propensity to syncope, malignant ventricular
arrhythmias and sudden arrhythmic death in children with normal cardiac structure.
Recently, the published data from the International LQTS Registry have established risk
factors for sudden cardiac death and aborted cardiac arrest in children. -blockers are the
first-line drug therapy for congenital long-QT syndrome in children. Several f-
blockers (propranolol, atenolol, nadolol, metoprolol,..) were used in CLQTSwith a
significant reduction of cardiac events in patients with LQT1 and LQT2 mutations, but no
evident reduction in those with LQT3 mutations. Infrequently, additional Drugs (mexiletine
and flecainide) were used in children with CLQTS. The implantable cardioverter
defibrillator and left cervicothoracic sympathetic denervation are other therapeutic
options in children who remain symptomatic despite B-blocker therapy. Genetic factors may
be used to improve risk stratification in genotyped patients and to predict the response to B-
blockers.

“Corresponding author: Department of cardiology B. Ibn Sina Hospital, University of Rabat. Morocco. E-mail:
drelhouari@yahoo.fr



118 Tarik El Houari, Rachida Bouhouch, Ibtissam Fellat et al.

Introduction

Congenital long QT syndrome (CLQTS) is a genetic disorder caused by mutations that
encode cardiac ion channel proteins, which regulate the flux of sodium, potassium, and
calcium ions across myocellular membranes [1]. This channelopathy is characterized by the
prolongation of the QT interval in the ECG and life-threatening cardiac arrhythmias,
occurring especially during conditions of increased sympathetic activity [2]. The genetic
disorder is an important cause of sudden cardiac death (SCD) in children without structural
heart disease [3].

Recently, the published data from the International LQTS Registry have established risk
factors for sudden cardiac death and aborted cardiac arrest in children [4]. Three important
implications emerge from the analysis of the registry: 1) Risk factors for aborted cardiac
arrest (ACA) or SCD can be assessed from male gender, a history of syncope at any time
during childhood, and a QTc duration > 500 ms; 2) Significant interactions exist among the 3
clinical risk factors that can identify risk subsets in children; 3) B-blocker therapy is
associated with a significant reduction in the risk of life-threatening cardiac events in CLQTS
in children.

Because of technical issues with Intracardiac cardioverter defibrillators implantation, a
high incidence of leads dislocation and rupture resulting in inappropriate shocks [5] and their
psychological impact in children, Pharmacological therapy remains the first line treatment of
CLQTS in this young population.

The application of molecular genetics to cardiovascular disease has allowed the
identification of mutations in ion channel genes as the cause of LQTS. Following the
identification, in 1995 and 1996, of the first three LQTS genes associated with the most
frequently encountered LQTS variants called respectively LQTL1, LQT2, and LQT3, there has
been a flourishing of identifications of genes proven or just thought to be associated with
LQTS [5-7]. This includes the genes for LQT4 through LQT10 (Table 1) [8].

The specific genotype influences the characteristics of the clinical phenotype, including
the arrhythmia trigger, frequency of life threatening events, and T-wave morphology [9-11].
The discovery of a distinct molecular basis for LQTS has fostered a hope for specific therapy
against the gene defect.

1. B-Blockers

Pharmacological therapy with B-blockers is considered the first choice prophylactic
therapy, unless specific contraindications are present. It’s recommended to administer -
blockers in all LQTS patients, even those at very low risk [4]. In patients with LQT1 and
LQT2 syndrome, life-threatening arrhythmias including torsades de pointes tachyarrhythmia
and sudden cardiac death tend to occur with physical or emotional stress [11]. Thus, the
attenuation of adrenergic-mediated triggers in LQTS seems to be the mechanism of action of
B-blockers, especially in individuals with the LQT1 and LQT2 genotypes [11]. Recent study
from the International LQTS Registry has demonstrated that -blocker therapy is associated
with a significant and pronounced reduction in the risk of life-threatening cardiac events in
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high-risk LQTS in children [4]. However, despite these beneficial effects, some patients
receiving B-blocker therapy had a high rate of residual cardiac events [4,12-15]. In a cohort
of 335 genotyped LQTS patients receiving -blocker therapy [15], cardiac events occurred in
10%, 23%, and 32% of LQT1, LQT2, and LQT3 patients, respectively. Since the HERG
channel function is defective in LQT2 patients and HERG channel dependency is increased
in LQTI1 patients, it is reasonable to consider that B-blockers without HERG channel
blocking activity are more preferable for the treatment of these patients. These disparities
between LQTS genotype and response to B-blockers seem to be attributed to different
practices with respect to type of B-blocker used for the treatment of LQTS. Few data exists
about the uniform efficacy between the various B-blockers. Indeed physicians use frequently
propranolol, nadolol, atenolol, or metoprolol and make ‘lateral’’ substitutions if/when side
effects become an issue (Table 2).

Table 1. Long QT syndrome (LQTS) subtypes and mutation-associated genes.

LQTS subtypes Gene
LQT1 and JLN1 (AR) KCNQ1
LQT2 KCNH2
LQT3 SCN5A
LQT4 ANK?2
LQT5 (RWS) and JLN2 KCNE1
LQT6 KCNE2
LQT7 (Andersen-Tawil syndrome) KCNJ2
LQT8 (Timothy syndrome) CACNAlc
LQT9 CAV3
LQT10 SCN4B

Abbreviations:

LQTS = Long QT syndrome;

JLN = Jervell and Lange-Nielsen syndrome;
RWS = Romano-Ward syndrome;

AR = autosomal recessive

1.1. Propranolol

Propranolol is a non-selective B-blockers thus it has nonspecific pharmacological actions,
blocking Na+ channels in addition to its [-adrenoceptor blocking effects. Therefore
propranolol would be expected to antagonize any residual adrenergic tone caused by
spontaneous release of catecholamines from nerve endings in addition to blocking Na+
channels [16]. The advantages of propranolol are its lipophilicity that allows it to cross the
blood-brain barrier, and its well-known tolerability for chronic therapy. The disadvantages
are the need of multiple daily administrations, the contraindications for patients with asthma
and diabetes and the lipid solubility of propranolol causes side effects involving the central
nervous system, such as depression. Propranolol is used at daily dosage of 2 to 3 mg/kg;
sometime the dosage is increased to 4 mg/kg. At high dose, propranolol seems to prolong QT
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interval [17]. More recently, propranolol has been reported to have an inhibitory effect on
HERG current by binding to the putative common binding site [18,19]. Thus, propranolol
might have a less powerful effect on QT interval at a clinically relevant concentration as
reported previously [20-22]. For these reasons propranolol may not be the treatment of choice
of patients with LQT1 and LTQ2.

Table 2. The frequency use of pharmacological therapy in children from the
International LQTS Registry. [4]

Propranolol 397 Pts 61.7%
Atenolol 242 Pts 37.6%
(n:%fg'f’sc(;‘le;spts) Nadolol 162 Pts 25.2%
Metoprolol 27 Pts 4.2%
Other B-Blockers 19 Pts 2.9%
Sodium channel blockers Flecainide 5 Pts 0.2%
(n=34/3015 pts) Mexiletine 29 Pts 1%

Table 3. Dosages and frequency administration of the main drugs used in the LQTS.

Dosages (mg/kg/day) Frequency administration
Drug
Propranolol 25-5 Twice a day
Atenolol 1-15 One to twice a day
Nadolol 0.75-1.5 Twice a day
Metoprolol 1-4 One to twice a day
Flecainide 2-5 Twice a day
Mexiletine 6-8 Four times a day
Spironolactone 2-5 Twice a day

1.2. Nadolol

This drug is a non-selective B-adrenoceptor antagonist characterized by its longer half-
life, thus it’s used twice a-day usually at 1 mg/kg/day.

1.3. Atenolol and Metoprolol

Atenolol and metoprolol did not inhibit HERG currents significantly at least in clinically
relevant concentrations. Thus, these drugs are suitable for treatment of LQT1 and LQT2
patients [23]. But atenolol has been reported to be associated with clinical failures more often
than propranolol or nadolol thus is used less frequently [9].
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1.4. Carvedilol

Carvedilol has been reported to inhibit HERG by Cheng [24] and Karle [25] and has
class Il antiarrhythmic effect. In the COMET study [26] and its subanalysis [27], carvedilol
reduced the mortality rate and sudden cardiac death rate more effectively than metoprolol.
The mechanisms for this favourable clinical outcome for patients treated with Carvedilol are
not clear. Kawakami and al compared the class Il antiarrhythmic effects of multiple b-
blockers by estimating HERG channel blocking activity. The class 111 antiarrhythmic effects
were significantly potent for carvedilol compared with other B-blockers. Carvedilol might
provide favourable outcome via class III antiarrhythmic effects, in the context of B-blockade,
in chronic heart failure patients. These results seem to provide a hypothetical molecular
explanation for the favourable outcome in carvedilol treated patients in the COMET study.
Carvedilol directly inhibited HERG channels at clinically relevant concentrations. Thus,
carvedilol might not be recommended in the treatment of patients with LQT1 and LQT2 [23].

2. Sodium Channel Blockers

Na+ channel blockers such as mexiletine and flecainide are effective in treating LQT-3
patients due to preferential inhibition of mutant Na + channel activity [28,29]

2.1. Flecainide

Flecainide is a class IC sodium channel blocker. It may be of therapeutic benefit in
HERG phenotype and in acquired LQT [30]. Flecainide is reported to be effective in
abbreviating QT interval in LQT3 patients with a specific mutation (D1790G) in SCN5A
[31]. Other study [32] indicates that low-dose flecainide could be a promising therapeutic
agent for LQT patients with the SCN5A: DeltaKPQ sodium channel mutation. No adverse
side effects or proarrhythmias were observed with flecainide in this study. However, class IC
sodium channel blockers might elicit a Brugada phenotype in LQT3 patients [33], therefore
should not be used in general in LQT3 syndrome except for that with the specific SCN5A
mutation.

2.2. Mexiletine

Mexiletine is a class Ib antiarrhythmic drug used for ventricular arrhythmias but is also
found to be effective for long QT 3 syndrome. The potential utility of mexiletine for the
treatment of drug-induced LQT has been studied in vivo in dogs, where it decreased the
electrical vulnerability of the heart during cisapride overdose, suggesting that it may become
a potential pharmacological strategy for drug-induced LQT [34]. Experimental data from
wedge studies indicates that mexiletine is more effective in abbreviating the QT interval in
the LQT3 model than in the LQT1 or LQT2 model [21,35], but that the drug reduces
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transmural dispersion of repolarization and suppresses the development of Torsade de Pointes
equally in the LQT1, LQT2 and LQT3 models [21,35]. This effect of mexiletine to reduce
TDR in all three models is attributable to the intrinsically larger late INa in M cells than in
epicardial or endocardial cells [36]. Mexiletine blocks late INa, abbreviates the QT interval in
LQT3 patients more effectively than in LQT2 patients [37]. This data suggest that mexiletine
may be used as first line therapy in LQT3 patients. However, because of a lack of prospective
clinical trials mainly due to small number of LQT3 patients, mexiletine should be used at the
moment in the presence of B-blockers or under the backup of an implantable cardioverter-
defibrillator even in LQT3 patients [38].

3. Potassium and Spironolactone

In HERG genotypes of inherited LQT patients (LQTS 2), the increasing serum potassium
levels by potassium loading may be a benefit therapeutic [39-41]. Impaired IKr function
could be improved by exogenously administered potassium, resulting in increased outward
potassium current and shortening of repolarization. An increase in serum potassium corrected
abnormalities of repolarization duration, T-wave morphology, QT-RR slope, and QT
dispersion in patients with HERG genotype of LQT [40]. Although raising serum potassium
by increased potassium intake and potassium-sparing drugs reverses the ECG abnormalities
in HERG genotype of LQT, a long lasting rise of serum potassium is only partially
achievable because in the presence of normal renal function, potassium homeostasis limits
the amount of serum potassium increase [41]. Etheridge et al [42] demonstrated that a
sustainable, mild increase in serum K+ can be safely maintained by oral potassium
supplementation and spironolactone. The increase in serum K+ was associated with a
significant reduction in QTc and QT dispersion in all subjects, as well as normalization of the
T-wave morphology in one-half of the subjects. A dramatic decrease in QTc with elevated
serum K+ was observed in three individuals. The improvement in repolarization parameters
achieved in this study suggests that oral KCI and spironolactone may be effective adjunctive
therapy, together with [B-blockers, for the treatment of LQTS. It is unlikely that the
improvement in repolarization parameters was due to a direct effect of spironolactone, given
that spironolactone derivatives prolong the action potential duration in isolated cardiac
preparations [43]. Further studies are warranted to determine whether this will reduce the
incidence of life-threatening events in LQTS patients.

4. Calcium Channel Blockers

Early afterdepolarizations have been suggested to play a significant role in QT
prolongation and ventricular arrhythmias in congenital long QT syndrome. Calcium channel
blocking agents (e.g., verapamil) have been reported [44-47] to be effective in the
suppression of early afterdepolarizations and ventricular arrhythmias in some patients with
the congenital long QT syndrome. Shimizu et al [48] used monophasic action potentials to
investigate the effects of verapamil and propranolol on epinephrine induced repolarization
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abnormalities in congenital long QT syndrome. This study indicates that both verapamil and
propranolol were effective in suppressing early afterdepolarizations and epinephrine-induced
ventricular arrhythmias, in shortening the 90% monophasic action potential duration and the
QT interval and in decreasing the dispersion of 90% monophasic action potential duration. A
prospective study with oral verapamil is needed to confirm these findings.

Conclusions

Pharmacological therapy, especially b blockers, holds a very important place in the
treatment of long QT syndrome in children. However, there is a lack of studies comparing the
efficacy between b blockers due to the poor prevalence of this syndrome. Choice of a B
blocker will depend on the availability of the drug, its tolerance by the patient and the
physician’s own practice.
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Chapter VIII

The Promise of Biological Pacemakers

Alistair Lindsay
Dept. of Cardiology, Harefield Hospital, England

Introduction

In modern day cardiology practice the insertion of electrical pacemaker devices is
routine, with an estimated 434 devices being inserted per million people in the United States
each year. Although the development of modern pacing devices revolutionised cardiology
towards the end of the 20™ century, electrical devices remain a palliation, rather than a cure,
to an underlying disorder of cardiac rhythm. Thus in recent years the idea of a “biological”
pacemaker, whereby artificial electrical components are replaced by cellular and genetic
elements capable of producing intrinsic electrical activity, has taken several steps towards
becoming a realistic therapeutic goal.

What advantages would such a development have over an already well-established
method of treatment? Biological systems offer the promise of being more sensitive to the
body’s autonomic nervous system, thus providing a more natural control of physiological
heart rate compared to current rate sensing pacemakers. Implantation of biological systems
into the correct anatomical location would also allow electrical conduction to mimic the
heart’s intrinsic conduction system, such as the bundle of His, as closely as possible. Thirdly,
many of downfalls of electrical pacemaker insertion, such as infection, battery replacement,
and the induction of cardiac failure, could be reduced significantly, if not eliminated. For
paediatric patients in particular, who face a lifetime of device changes, a biological
pacemaker could prove to be a very effective cure.

What properties should a biological pacemaker have? Two main caveats would include;
1) the ability to initiate a cardiac impulse proximal enough in the conducting system to allow
physiological depolarisation of the ventricles and 2) to have the ability to last as long as and
be as reliable as current electrical pacemaker devices(Plotnikov, Sosunov et al. 2004).

Several different molecular approaches have been successfully shown to initiate
spontaneous electrical activity in mammalian hearts, thus raising the initial question as to
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which method is the best. Of course, developing a suitable molecular pacing strategy will in
part mean developing a suitable method of delivery. A final hurdle involves examining the
efficacy, reliability and safety of the new technique. This article will review all the above
areas with particular emphasis being made on outlining future challenges to be faced before
this ambitious therapy can become a reality.

Background & Preliminary Work

Several different methods of developing an intrinsic pacing system at the molecular level
have been attempted to date.

An initial approach to molecular manipulation of the pacing system of the heart was
performed by Edelberg in 2001(Edelberg, Huang et al. 2001). By injecting plasmids encoding
a beta-2 adrenergic receptor into the atria of pigs (at the site of earliest atrial potential found)
faster mean heart rates were demonstrated in the days following plasmid than occurred in
control animals. Unfortunately, such an increase in beta-adrenergic receptors also makes the
heart more prone to arrhythmias(Rosen, Brink et al. 2004).

In 2002 Miake and colleagues demonstrated an alternative method of biological
manipulation of the pacing system(Miake, Marban et al. 2002). Building on the fact that all
cardiac cells possess pacemaker activity in the early embryonic heart, quiescent heart muscle
cells were altered by adenoviral gene transfer of a dominant-negative form of Kir2. This gene
family codes for an inward-rectifier potassium current (Ix;) that normally hyperpolarises the
cell membrane of ventricular myocytes and suppresses spontaneous electrical activity. Their
simple paradigm proved true; by inhibiting the I, current spontaneous electrical activity was
produced. However, as is common with all potassium channel modifications, this also
resulted in a prolonged action potential which can increase the potential for arrhythmias.

More recent reports have aimed at altering the inward pacemaker current l¢, which flows
only at diastolic potentials and thus should not affect the duration of the action-potential(Qu,
Plotnikov et al. 2003). This can be done by overexpressing the HCN gene (hyperpolarization-
activated cyclic nucleotide-gated channel), which allows inward sodium current and thus
membrane depolarisation. By injecting adenoviral constructs containing the HCN2 gene,
Rosen’s group was able to establish an Ir-based pacemaker in the atria of dogs(Qu, Plotnikov
et al. 2003). This method has since been explored by other groups in more recent reports due
to its improved safety profile (Kashiwakura, Cho et al. 2006; Tse, Xue et al. 2006).

Mesenchymal or stem cells with electrical activity have also been successfully
transferred and shown to have spontaneous electrical activity in vivo(Xue, Cho et al. 2005).
Xue et al. used a lentivirus vector to transfect human embryonic stem cells, which were then
injected subepicardially into the left ventricular wall of guinea pig hearts. The integrated
syncitium was responsive to the beta-adrenergic agonist isoproterenol, and optical mapping
confirmed successful depolarisation from the site of myocardial injection. Rosen’s group
have also loaded adult human mesenchymal stem cells with the HCN2 gene via
electroporation, avoiding the need for viral vectors(Potapova, Plotnikov et al. 2004).

An alternative strategy could involve the use of fetal and/or neonatal cell transplants
(Cai, Lin et al. 2006), or the use of human embryonic stem cells forced into a cardiogenic
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lineage. When injected into the myocardium of pigs with heart block, the cells have been
shown to create an adequate pacemaker current and produce stable idioventricular
rhythms(Kehat, Khimovich et al. 2004).

Once an optimal biological strategy has been formulated, cells must be delivered to the
appropriate area. Naked DNA has been successfully transfected into the human heart, but it is
technically difficult, inefficient and the effects are often very short lived. While more
efficient, viral vectors also have problems in that they may cause allergic reactions.
Furthermore, persistent viruses such as retrovirus may be complicated by the possibility of
malignancy, while the safer adenovirus is less permanent. A third option involves the direct
introduction of cells, either embryonic stem cells or human mesenchymal stem cells (hMSCs)
which are derived from bone marrow. In fact, technically any cell type which expresses the
HCN genes and cardiac connexin genes could serve as a cellular delivery system.

Of course a good delivery system must be accurate, and it is yet to be seen where in the
intrinsic conducting system any cell therapy is best placed. Exactly how this is best achieved
also remains to be seen; focal delivery with catheters and needles may be needed, or cells
could be cultured on a matrix designed to adhere to cardiomyocytes. Most importantly, it will
be necessary to prove that any implanted cells remain where they are inserted, and do not
migrate to other areas of the heart, or indeed the body, where they may cause harm.

Finally, it is possible that implanted cells may be rejected, and that some form of
immunosupression may become necessary. This leads to further obvious concerns about
neoplastic transformation.

Future Challenges

In addition to the issues raised above, two main challenges emerge for the future: safety
and cost. Introduction of any new electrical system into the heart could in theory precipitate
arrhythmia, and the absence of any malignant arrhythmia will be a necessary precursor for
any biological pacemaker. Furthermore, viral vectors have the ability to trigger neoplasia, and
must only localise to the areas targeted if they are to be used comfortably.

When a reliable, accurate and efficient biological pacing system is formulated, the next
step will be to test its efficiency in small animal models, before finally moving on to human
clinical trials. In both these cases, initial introduction is likely to be in combination with
traditional electrical systems, thus allowing a backup mechanism in the event of failure of the
biological system.

Would a biological pacemaker be cost effective? It is far too early to answer this
question. The field of gene therapy itself faces many challenges over the coming years; the
development of a biological pacemaker is but one of them.
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Chronic heart failure(CHF) has emerged as a major worldwide epidemic. Recently, a
fundamental shift in the underlying etiology of CHF is becoming evident, in which the most
common cause is no longer hypertension or valvular disease, but rather long-term survival
after acute myocardial infarction (AMI)[1,2].

The costs of this syndrome, both in economic and personal terms, are considerable [3].
American Heart Association statistics indicate that CHF affects 4.7 million patients in the
United States and is responsible for approximately one million hospitalizations and 300,000
deaths annually.

The total annual costs associated with this disorder have been estimated to exceed $22
billion. The societal impact of CHF is also remarkable. Patients with CHF often suffer a
greatly compromised quality of life. About 30% of diagnosed individuals (i.e.,1.5 million in
U.S.) experience difficulty breathing with little or no physical exertion, and are very
restricted in their daily functions. This forced sedentary lifestyle inevitably leads to further
physical and mental distress.

The CHF problem is growing worse. While CHF already represents one of our greatest
health care problems, it is expected to become even more severe in the future. By 2010, the
number of patients suffering from HF will have grown to nearly 7 million, a more than 40%
increase.
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Coronary artery disease (CAD) is the cause of CHF in the majority of patients, and CHF
is the only mode of CAD presentation associated with increasing incidence and mortality.

However, it is evident, running through the different therapeutical strategies of CHF, that
the appropriate treatment of patients with ischemic heart failure is still unknown [4,5].

After myocardial infarction, injured cardiomyocytes are replaced by fibrotic tissue
promoting the development of heart failure. Cell transplantation has emerged as a potential
therapy and stem cells may be an important and powerful cellular source.

Cell transplantation represents the last frontier within the treatment of cardiac diseases.
Cell transplantation is currently generating a great deal of interest since the replacement of
akinetic scar tissue by viable myocardium should improve cardiac function, impede
progressive LV remodelling, and revascularize ischemic area. The goals of cell therapy are
multiple and non exclusive, leading to the formation of a new tissue.

One should expect to replace a scar tissue by living cells and/or to block or reverse the
remodelling process or change its nature and/or to restore the contractility of the cardiac
tissue and/or to induce neoangiogenesis that would favour the recruitment of hibernating
cardiomyocytes or to enhance transplanted cell engraftment, survival, function, and,
ultimately, synergistic interaction with resident cells.

From the first paper published in 1992 that has documented the potentials of the
transplantation of autologous skeletal muscle to treat the damage induced by acute
myocardial infarction [5], innumerable techniques, types of cells, myocardial pathologies,
and techniques of implantation have been reported, greatly expanding this innovative and
appealing field of search in cardiovascular medicine.

Different stem cell populations have been intensively studied in the last decade as a
potential source of new cardiomyocytes to ameliorate the injured myocardium, compensate
for the loss of ventricular mass and contractility and eventually restore cardiac function. An
array of cell types has been explored in this respect, including skeletal muscle, bone marrow
derived stem cells, embryonic stem cells (ESC) and more recently cardiac progenitor cells.
The best-studied cell types are mouse and human ESC cells, which have undisputedly been
demonstrated to differentiate into cardiomyocyte and vascular lineages and have been of
great help to understand the differentiation process of pluripotent cells. However, due to their
immunogenicity, risk of tumor development and the ethical challenge arising from their
embryonic origin, they do not provide a suitable cell source for a regenerative therapy
approach.

Embryonic stem cells can differentiate into true cardiomyocytes, making them in
principle an unlimited source of transplantable cells for cardiac repair, although
immunological and ethical constraints exist. Somatic stem cells are an attractive option to
explore for transplantation as they are autologous, but their differentiation potential is more
restricted than embryonic stem cells. Currently, the major sources of somatic cells used for
basic research and in clinical trials originate from the bone marrow. The differentiation
capacity of different populations of bone marrow-derived stem cells into cardiomyocytes has
been studied intensively. Only mesenchymal stem cells seem to form cardiomyocytes, and
only a small percentage of this population will do so in vitro or in vivo. A newly identified
cell population isolated from cardiac tissue, called cardiac progenitor cells, holds great
potential for cardiac regeneration.
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New approaches for cardiac repair have been enabled by the discovery that the heart
contains its own reservoir of stem cells. These cells are positive for various stem/progenitor
cell markers, are self-renewing, and exhibit multilineage differentiation potential. Recently
has been developed a method for ex vivo expansion of cardiac-derived stem cells from
human myocardial biopsies with a view to subsequent autologous transplantation for
myocardial regeneration.

Despite original promises and expectations, current evidences of stem cell transplantation
are still weak and controversial. The use of trypsin to detach the cells from the culture dish
disrupts their microintercellular communication and extracellular matrix, restricts cell survival
and growth, and thus appears deleterious to cell transplantation theraphy. Intercellular
communication factors play a key role in cell adhesion, migration, proliferation, differentiation,
and death and must be maintained for optimal cellular benefits. Therefore, alternative line of
research are being explored, particularly in the field of techniques of cell implantation and
engraftment.

Besides direct implantation or myocardial colonization by bone marrow stimulation,
epicardial application of cell-delivering systems (scaffold and patches) have gained
popularity due to the possibility to apply selectively a cell-containing device which may
gradually release the chosen cell type, alone or in combination with trophic substances.

The scaffolds have proven to be successful in this respect and may represent a valid
alternative to coronary, intra-myocardial, or venous injection of stem cells, or to stem cell
stimulating factors.

Several materials have been assessed for generate scaffold.Li and associates produced 3-
D contractile cardiac grafts using gelatin sponges and synthetic biodegradable polymers [6].
Leor and colleagues reported the formation of bioengineered cardiac grafts with 3-D alginate
scaffolds [7] Eschenhagen and coworkers engineered 3-D heart tissue by gelling a mixture of
cardiomyocytes and collagen [8]. Robinson et al experimented urinary bladder matrix (UBM)
and demonstrated UBM superiority to synthetic material for cardiac patching and trends
toward myocardial replacement at 3 months [9].

Biological patches may, moreover, show enormous advantages, particularly in congenital
diseases, where the existence of a growing tissue might reduce or limit the postoperative
complications linked to not-growing material, ultimately leading to stenosis or
patient/material mismatch with the need of replacement with all the risks related to redo
surgery.

The engineered heart tissue survived and matured after implantation on uninjured hearts.
Shimizu and colleagues have developed a novel approach of culturing cell sheets without
scaffolds using a temperature-responsive polymer [10]. Several cell sheets were layered on top
of each other to create thicker grafts. Ishii et al as an alternative approach, developed an in vitro
system for creating sheets of cardiomyocytes on a mesh consisting of ultrafine fibers. This
device consists of a thin, highly porous, nonwoven fibrous mesh stretched across a wire ring.
This novel scaffold can be fabricated in specific shapes and is easy to handle. However, thicker
grafts are required to obtain sufficient function. It is hypothesized that a clinically relevant
cardiac graft will require a vasculature to provide sufficient perfusion of oxygenated blood. As
an intermediate step toward a thick, vascularized cardiac graft, it is important to assess the
ability to increasing the thickness without a vasculature and determine the maximum thickness
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before core ischemia is observed in the graft. So isessential the development of a multilayer
system as an intermediate step toward functional cardiac grafts.

Kochupura et al matured a novel finding that a tissue-engineered myocardialpatch
(TEMP) derived from extra cellular matrix (ECM ) contributes to regional function 8
weeks after implantation in the canine heart [11]. In addition, they confirmed
cardiomyocyte population of ECM. The etiology of these cells has been under
investigation, with possible explanations including the deposition of circulating bone
marrow-derived progenitor cells and the fusion of cardiac progenitor cells with host cells.

The regional mechanical benefit with ECM patch report an active contraction of the
ECM and not passive elastic recoil. This contraction is also in synchrony with native
myocardium. Microscopic evaluation of Dacron patches did not demonstrate the presence
of cardiomyocytes nor do the mechanical data indicate that Dacron implantation
contributes to regional function. Increasing the number of ECM layers could be an
alternative, but it is unclear if the physiological benefit, ie, cardiomyocyte population,
would still be evident. Grossly, Dacron elicited far greater fibrosis than ECM, correlating
with more mediastinal adhesions and epicardial connective tissue deposition. On
placement, the Dacron patch was clearly under tension. In sharp contrast, ECM triggered
far less fibrosis. The patch was neither wrinkled nor aneurismal and appeared to share the
same surface tension as adjacent native myocardium. Finally, after removal of adhesions,
it was difficult to grossly distinguish ECM from native myocardium The quantitative and
qualitative differences between ECM and Dacron could be explained by an inherent
ability of ECM to house cellular elements that facilitate remodeling.

The modulus of elasticity of Dacron is at least 4 orders of magnitude greater than
healthy myocardium, ie, Dacron is stiffer than myocardium. Thus, the use of Dacron as a
myocardial patch may have a “tethering effect” that would reduce the mechanical
function of surrounding myocardium. Furthermore, the cellular response to Dacron was
primarily diffuse fibroblast proliferation, an observation also seen with remodeling after
myocardial infarction. In contrast, ECM stimulated less fibrosis and was populated by
different cell types, including cardiomyocytes.

Atkins et al have shown that the reduction of infarct stiffness via cell transplantation
leads to increased diastolic function [12]. Similarly, Quarterman et al created a detailed
finite element model to show that cell transplantation alone will result in changes in
compliance that result in mechanical benefit [13]. The potential clinical applications of
ECM as a scaffold are many and would have a powerful impact on the management of
cardiac disease. These would include instances in which Dacron is presently used as a
myocardial patch: repair of ventricular aneurysms, repair of congenital heart defects, and
most recently, surgical restoration of a dyskinetic or akinetic ventricle. By its
contribution to regional systolic function, ECM provides true restoration of the ventricle
rather than nonfunctional substitution of defective tissue, as is the case with Dacron.
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Limits and Perspectives

The use of scaffold for tissue engineering is supportive for myocardial regeneration but
subject to biocompatibility, biodegradability, and cytotoxicity, including inflammatory
response and surface adhesion molecule loss issues, and this limits its efficacy. Eliminating
such disadvantages, is necessary to establish cell sheet engineering technology without using
scaffolds. The engineered cell sheets from this technique showed preserved cellular
communication junctions, endogenous extracellular matrix, and integrative adhesive agents.
Nonligature implantation of these engineered neonatal cardiomyocyte sheets to infarcted
myocardium showed their integration with impaired myocardium and improved cardiac
performance. For clinical application, use of skeletal myoblasts averts ethical and cell source
issues. Recent findings suggested that locally or transgenically delivered stromal-derived
factor 1 (SDF-1) expression plays a role in mobilizing and recruiting stem cells with
neovascularization [14]. Because SDF-1 is secreted in skeletal muscle tissue, grafted
myoblasts might beneficially attract hematopoietic stem cells (HSCs) to home in the infarct
heart area for heart regeneration and angiogenesis [15].

The use of engineered patches, therefore, represents an appealing frontier which, in
several formats, may provide material and solutions for some complex and inoperable
disease. These devices, appropriately designed, may also allow the release of any kind of
compounds and material, from cells to drugs, from factor to solution, ad programmed speed,
ranging from transient and quick release (high biodegradability) to slow release (low
degradability, several months). Last, but not least, the material chosen for realising such a
device may also represent a containing structure, variably ranging from pure passive to
slightly active action, which may play a role in the mechanical effect on cardiac dilatation in
the case of heart containment procedure.

Finally, some treatments, particularly drug-related, showed promising results, but the
potential disadvantages of systemic administration hampered a clinical or wider application.
The possibility to deliver a specifc agent only locally, with obvious reduction in systemic
effects, might be appealing and allow higher and focused concentration only to the target
organ, that is the heart, or area of the heart.
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Abstract

Cerebral hypoxia-ischaemia (HI) results in a multi-faceted complex cascade of
events causing cell death and neurological dawmage to the central nervous system.
Furthermore, cerebral ischaemia results in cardiovascular complications that can further
confound the prognostic outcome of patients. This chapter addresses the cardiovascular
changes that occur subsequent to an ischaemic insult, regulation of the insular cortex,
changes in the autonomic nervous system and the role of various circulating cytokines
(both pro-inflammatory and anti-inflammatory) and chemokines. In addition, markers of
oxidative stress and cardiac enzyme release following an ischaemic insult are also
discussed. Given that lack of treatment options available, the use of beta-blockers and
pre- and post-conditioning paradigms as possible treatment option to prevent the
occurrence of secondary cardiac abnormalities in addition to CNS injuries have also been
addressed.
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CRP
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autonomic nervous system;
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blood pressure;

cerebral blood flow;

coronary flow;
creatine-kinase-myocardial-band;
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central nervous system;

C-reactive protein;

cerebrospinal fluid;

cerebral palsy;

electrocardiogram;
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granulocyte macrophage-colony stimulating factor;
glutathione peroxidase;

guanosine triphosphate;
hypoxia-ischaemia;
hypoxia-ischaemia encephalopathy;
high mobility group box 1;
intracellular adhesion molecule-1;
interleukin;

inducible nitric oxide synthase;
ischaemic reperfusion;

lactate dehydrogenase;

left ventricular developed pressure;
lipopolysaccharides;

middle cerebral artery occlusion;
monocyte chemoattractant protein;
multi-organ dysfunction;

matrix metalloproteinase;
myocardial infarction;
macrophage inflammatory protein;
N-methyl-D-aspartic acid;

oxygen glucose deprivation;
prostaglandin;

polymorphonuclear neutrophils;
regulated on activation normal T cell expressed and secreted,;
reactive oxygen species;
superoxide dismutase;

tissue factor;

tumour necrosis factor;

tumour necrosis factor receptor;
thromboxane
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Cardiovascular Abnormalities
Following Cerebral Complications

Cardiovascular abnormalities are a well-known predisposing factor for cerebral
ischaemia. However, the associated effects of an ischaemic stroke on cardiac function are not
as well recognised. The first findings of cardiovascular complications secondary to an
ischaemic episode were reported over half a century ago. Since these reports, a relatively
small body of literature has shown the deleterious effects of cerebral ischaemia on the
cardiovascular system in both clinical and experimental settings.

Cerebral Ischaemia

During the process of acute cerebral ischaemia, cardiovascular abnormalities such as
elevated blood pressure (BP), arrhythmias and ischaemic cardiac damage are evident and can
hinder the final prognostic clinical outcome [131; 144; 146; 198]. Even though
cardiovascular abnormalities are known to occur as a consequence of cerebral ischaemia, the
underlying pathophysiological mechanisms have not been fully elucidated and characterised.
Cardiovascular complications secondary to an ischaemic event were first observed by Byer et
al., and Burch et al., who noted previously undiagnosed electrocardiogram (ECG)
abnormalities such as upright T waves and prolonged Q-T intervals [20; 21]. Since this
finding others have found clinically and experimentally arrhythmias, increased BP, increased
plasma catecholamine levels, increased serum cardiac enzyme levels, decreased heart rate
variability and increased rates of cardiovascular-related sudden death commonly associated
with cerebral ischaemia [134; 137; 140; 141; 184; 215]. Myocardial dysfunction has been
shown to occur during the acute stages of either ischaemic or haemorrhagic strokes,
contributing to increased morbidity and mortality [73].

It has been estimated that as many as 27% of mortalities in stroke patients, occur as a
result of cardiac failure where no prior history of cardiovascular complications has been
reported [184]. In addition, 15-40% of stroke patients experience ECG changes following
cerebral ischaemia [146]. Furthermore, Orlandi et al., found that 76.2% of patients suffering
from right hemispheric cerebral ischaemia developed arrhythmias within 24 hours of the
initial insult [149]. Within 20 minutes of the initial insult, 75% of all stroke patients
experience fluctuations in BP, with 30% still remaining hypertensive after 1 week [19; 215].
The development of arrhythmias, including paroxysmal supraventricular tachycardia, atrial
flutter and ventricular fibrillation, are associated with an increased (1.5-3.0 fold) mortality in
patients with cerebral ischaemia compared to those who do not develop any form of
arrhythmia [173]. Assessment of heart rate dynamics revealed that long-term abnormalities
can be used as a predictor of stroke-related mortality [122]. In addition, reduced baroreceptor
reflex sensitivity and prolonged hypertension worsen the prognosis of stroke morbidity and
mortality [44; 169]. Post-mortem analysis of otherwise healthy patients who perish from an
ischaemic stroke, illustrates myocardial necrosis (myocytolysis), myofibrillar degeneration
and subendocardial congestion [38]. Furthermore, cerebral ischaemia-induced myocardial
damage is characterised pathologically by scattered foci of microlesions [68; 103]. Reducing
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the incidence of cardiovascular complications subsequent to cerebral ischaemia would clearly
result in better prognosis and a long-term improvement in the quality of life.

Hypoxia-lschaemia

In addition to neuronal damage as a consequence of hypoxia-ischaemia (HI), multi-organ
dysfunction (MOD) has also been documented [81; 180]. However, unlike the brain where
extensive work has been carried out to elucidate the underlying mechanisms of damage, little
is know about the cardiovascular response following HI-induced injury. One mechanism that
may cause the MOD associated with HI, is a process that is similar to the diving reflex. The
diving reflex re-distributes blood flow away from the periphery and splanchnic area, to
increase delivery to vital organs such as the heart, adrenals glands and brain, to protect these
organ against ischaemic-injury [90]. However, prolonged redistribution of blood flow and
diminished oxygen and nutrient supply associated with the hypoxia, will ultimately causes
damage to these vital organs.

The development of ECG abnormalities and injuries to systemic organs in infants having
suffered from acute birth asphyxia has been documented [160; 162]. These studies attributed
the systemic organ injury to hypo-perfusion resulting from a decrease in cardiac output. In
addition, it has been shown that as many as 78% of neonates sustain some degree of
cardiovascular impairment following an hypoxic episode at birth, as indicated by elevated
cardiac enzymes or requiring pressor/volume support [81]. In this report, Hankins et al.
showed maximal cardiac impairments 5-days post-insult in humans [81]. In addition, Yang et
al., have demonstrated injury to myocardial mitochondria following HI induced brain
damage; associated with calcium overload and a concurrent decrease in mitochondrial
complex IV activity [231]. Furthermore, maturation of the myocardial enzyme, lactate
dehydrogenase (LDH) was also shown to be decreased following HI-induced brain damage in
young rats [42].

Recent work has shown that cardiac haemodynamics (left ventricular developed pressure
(LVDP) and coronary flow (CF); see Figure 1A and B) are impaired following an HI-insult
and are most pronounced 7-days post-HI (Clarkson, Kapoor, Harrison, Jackson and Sammut,
unpublished data), which is consistent with Hankins findings in 2002 where maximal
findings were seen 5-days post hypoxic insult in humans [81]. Furthermore, we show
impaired mitochondrial enzyme kinetics, and increased cardiac caspase-3 activity coupled
with increased LDH leakage into the Langendorff perfusate (see Figure 1C and D) 7-days
post-HI. We also demonstrate that following an HI-induced insult, there is a significant
increase in circulating interleukin (IL)-1B and tumour necrosis factor (TNF)-a levels (see
below [31]). The increases in pro-inflammatory cytokine levels occur prior to the impairment
in both cardiac haemodynamics and mitochondrial energetics. These findings of an HI-
induced increase in cardiac caspase-3 activity driven either through an extrinsic pathway
involving inflammation or through an intrinsic mitochondrial-channelled pathway, confirms
the presence of myocardial apoptosis, which may consequently play an important role in
cardiac damage following cerebral HI (see Figure 2).
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A clear body of evidence has accumulated that illustrates cardiovascular abnormalities
following an ischaemic-insult. However, the underlying mechanisms associated with this
damage have not been fully elucidated. Outlined below are a few mechanisms that may
contribute in part to the cardiac damage seen post-cerebral-insult.
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Figure 1. The effects of non-intervention control (black) and HI + saline (white) on LVDP at 10 mmHg
(Panel A), sinus coronary flow (Panel B), Caspase 3 activity (Panel C) and LDH leakage into coronary
perfusate (Panel D) were assessed from hearts isolated 7-days post-HI. Panel A shows an impairment in
LVDP at 10 mmHg following HI. Panel B shows a decrease in sinus coronary flow following an HI-
insult. Panel C shows increased caspase 3 activity following an HI-insult. Panel D shows increased
LDH leakage from hearts following HI + saline treatment. * = P<0.05, ** = P<0.01, *** = P<0.001
Versus non-intervention control.

Release of Cardiac Enzymes

Membrane encapsulated cellular constituents are externalized after cellular damage,
enabling assessment of tissue injury through analysis of tissue-specific enzyme levels within
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the circulation. A number of studies have shown that creatine-kinase-myocardial-band (CK-
MB), a cardiac specific enzyme, is elevated in certain patients following cerebral ischaemia,
subarachnoid haemorrhage and in patients with head trauma [50; 77; 141]. However, it
should be noted that these changes are in the absence of any clinical evidence of underlying
cardiovascular complications. Assessment of post-stroke serum levels has been proposed as
an indicator of early ischaemia-mediated death [141].
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Figure 2. Schematic diagram showing proposed mechanisms contributing cardiac damage following
cerebral hypoxia-ischemia. —ve = negative effect; +ve = positive effect.

Compared to the abrupt rise and fall (24 hours) of CK-MB following myocardial
infarction (MI), the temporal pattern of CK-MB elevation after stroke is gradual and
sustained for a period of days, implying a prolonged state of cardiac deterioration [11; 166].
The myocytolysis accompanying cerebral ischaemia is believed to be the cause of raised CK-
MB levels. Two early reports showed differential CK-MB enzyme expression patterns
between stroke and non-stroke patients suffering acute MI [139; 141]. These reports
demonstrated sharp increases in CK-MB levels within the first 2 days following an Ml,
however, in stroke patients, CK-MB enzyme levels exhibited a slow, yet gradual increase
which did not peak until the 6™ day. The authors described this process as reflecting a sub-
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acute process that is compatible with diffuse myocardial injury occurring during the first
week following a stroke and mirrors the changes seen in catecholamine levels [139].
Troponin T, which is regarded as a more specific cardiac enzyme, was not elevated
following cerebral ischaemia in one stroke study, suggesting CK-MB elevations following a
stroke are not cardiac in origin [11]. However, Ay et al, may have failed to study an
appropriate patient population when assessing secondary cardiac dysfunction following
cerebral ischaemia. The inclusion in their cohort of relatively young patients with left
hemispheric lesions and the absence of sympathetic activity does not parallel what is
encountered in patients with cardiac complications following cerebral ischaemia. As stated
previously, secondary cardiac dysfunction following cerebral ischaemia commonly results
from right hemispheric insular cortex lesions in elderly patients. In a different study, James
and co-workers established the importance of these parameters by demonstrating 17% of
aged ischaemic stroke patients had raised troponin T levels 12-72 hours following the initial
insult, and that this elevation was associated with a 3-fold increased likelihood of mortality
[89]. In addition, Moller and colleagues reported a significant elevation in troponin T levels
following asphyxiation in neonatal infants [129]. Furthermore, these same authors reported
that asphyxiated infants who subsequently develop heart failure have higher troponin T levels
than asphyxiated infants who do not develop heart failure. We suggest that cardiac specific
Troponin T may indeed serve as a reliable indicator of stroke-induced myocardial damage.

Release of Oxidative Stress Markers

Anti-oxidant defence mechanisms play an important role in the maintenance of cellular
function and survival; aberrations in oxidative capacity have been implicated in conditions of
ageing, inflammation and ischaemic reperfusion (IR) injury [53; 92]. The production of free
radicals has been recognised to occur following cerebral ischaemia and known anti-oxidants
have been shown to offer neuroprotection against free radical-mediated injury [32; 84; 195].

Markers of oxidative stress have also been found in the periphery including increased
plasma 8-isoprostane (8-epiPGF,,) levels [171]. Plasma 8-epiPGF,, is a reliable marker of in
vivo oxidative damage and is produced as a stable by-product following the non-enzymatic
oxidation of tissue phospholipids by oxygen radicals [164]. Plasma malondialdehyde, which
is another marker of oxidative damage, has also been found to be elevated for a period of 48
hours in patients following ischaemic stroke [182].

In stark contrast, decreased intrinsic anti-oxidant enzyme levels (such as superoxide
dismutase (SOD)) have been found 48 hours following the onset of cerebral ischaemia.
Specifically, lower serum and erythrocyte SOD and glutathione peroxidase (GPx) activities
have been shown to occur in stroke patients [27; 192]. In addition, plasma levels of non-
enzymatic anti-oxidants, a-tocopherol, ascorbic acid and uric acid are also decreased 24
hours post-ischaemia with all returning to control levels after 1 week with the exception of
ascorbic acid and SOD [27]. A poor serum anti-oxidant profile following cerebral ischaemia
has been shown to be associated with potentiation of neurological degeneration [114]. It is,
therefore, possible that free radical production during and / or following cerebral ischaemia,
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whether derived centrally or peripherally, may account for some of the damage seen remote
to the initial site of infarction.

Neural Regulation of the Heart

The ability for the brain to regulate cardiac function has been well established with many
central nervous system (CNS) regions and mechanisms being implicated. The anatomical
locations that are involved in the neural regulation of cardiac function, extends from the
spinal cord to the cortex. Within the cortex, the insular cortex has received the most recent
attention and will be the man focus of this section. In addition, changes in the cardiovascular
autonomic system, which is comprised of a complex network of interconnections throughout
the neural axis, will also be discussed.

Involvement of the Insular Cortex

Early reports suggested elderly patients who had suffered ischaemic lesions to the right
hemisphere were at greatest risk of developing cardiovascular complications [74; 76]. In
addition, patients with hemispheric lesions as opposed to lesions of the brainstem are more
likely to develop arrhythmias [194]. The clinical symptoms of cardiovascular abnormalities
following cerebral ischaemia are indicative of sympathetic hyper-function and / or
parasympathetic hypo-function [13]. Indeed, cardiovascular abnormalities similar to those
seen following cerebral ischaemia may be induced by intra-cerebral or systemic
catecholamine infusion [26].

The right insular cortex has now been identified as representing the cortical site, which
when subjected to ischaemia both experimentally and clinically, induces cardiovascular
complications [127; 190]. The insular cortex lies within the region which receives its blood
supply from the middle cerebral artery and is involved in the regulation of autonomic control
of the heart [233]. Prolonged stimulation of this region produces ECG and myocardial
impairment similar to that seen following cerebral ischaemia [145]. In addition, it has been
demonstrated that the insular cortex has a role in cardiac chronotropic organization, with
stimulation of the rostral posterior insular cortex in chronically anaesthetised rats resulting in
tachycardia while stimulation of the caudal posterior insular cortex producing bradycardia
[145]. An ischaemic lesion to the right insular cortex also induces specific patterns of
neurochemical change. Assessment 5-days post-insult has revealed increased staining for
tyrosine hydroxylase, an enzyme involved in catecholamine synthesis, and neuropeptide Y, a
neurotransmitter that potentiates the post-synaptic effects of noradrenaline [5]. It is also
believed that disinhibition of the insular cortex caused by excitotoxicity triggers an increased
sympathetic output and cardiac complications ensue [28].
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Involvement of the Autonomic Nervous System

Irregularities in the autonomic nervous system (ANS) can be associated with changes in
both the sympathetic and parasympathetic systems [13; 102]. Changes in the ANS are
reflected by increases in plasma and urinary catecholamine [134] and corticosteroid levels
[143]. In addition, fluctuations in the ANS have also been associated with variable heart rate
patterns [101; 137].

From animal and human studies, it is well established that anatomic and functional
asymmetries exist in autonomic cardiac innervation. The parasympathetic and sympathetic
nerves to the heart have parallel courses [85], with the right side mainly innervating the
sinoatrial node (with antagonistic influences on its chronotropic function), while the left side
mainly innervates the atrioventricular node and the ventricles. The nerves on the left side (left
vagal branch) influence atrioventricular conduction, ventricular fibrillation threshold, QT
timing and ST segments of ECG’s [80; 85; 132; 178; 179]. This led to the development of
clinical corrective measures such as left-sided stellectomy used for the treatment of malignant
ventricular arrhythmias with a long QT syndrome [132; 178]. Clinical observations have also
suggested an association between right hemispheric lesions and the development of
paroxysmal supraventricular tachycardia [111].

Since central autonomic pathways to the heart probably descend uncrossed [4], one
should expect a corresponding asymmetry in the CNS control over cardiovascular function.
This is supported by animal studies of experimental stroke showing that, right hemispheric
lesions induce more pronounced sympathetic effects than lesions in the left hemisphere [24;
74]. It is established that CNS lesions in humans may induce ECG changes [147], cardiac
arrhythmias [18], and disturbed cardiovascular reflexes [102], but whether lesions in the left
as opposed to the right side of the brain have different consequences for autonomic heart rate
control in humans is less well known. The involvement of the insular cortex and changes in
the ANS have both been implicated in functional cardiac changes following an ischaemic-
insult. Whether these changes and more importantly changes that occur on the right
hemisphere compared to the left hemisphere are capable of producing lasting effects by them-
selves, is not known. It is most likely, however, that these changes work in synergism with
other mechanistic changes that occur.

Inflammatory Mediated Response

For a chronic immune response to be initiated post-inflammation, antigen is processed
and presented to lymphocytes, which is achieved via antigen-presenting cells (APCs; [34]. In
the periphery, APCs are primarily either dendritic cells in the skin or monocytes in the
circulation.

C-reactive protein (CRP) is an acute phase protein that is produced in the liver in
response to a number of pro-inflammatory cytokines such as, IL-18, IL-6 and TNF-a [152].
Previously, elevated levels of CRP have been associated with an increased risk of developing
cardiovascular abnormalities in apparently healthy patients [168]. In addition, CRP has been
used as a predictor of long-term cardiovascular events and an independent prognostic factor
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of poor outcome following stroke and has been shown to be significantly elevated for a
period of 5 days following cerebral ischaemia [46; 171]. In addition, Smith et al., showed a
significant correlation between both IL-6 and CRP and the severity of cerebral ischaemia
[189]. CRP is also known to activate the complement system, of which components of this
important self-defence immune system are involved in chemotaxis and opsonisation, and
have been found to be elevated following cerebral ischaemia [154]. However, the
complement pathway, if inappropriately activated can cause tissue injury due to activation of
inflammatory pathways. Pedersen et al. reported a significant systemic increase in the
terminal SC5b-9 complement complex that was preceded by an increase in CRP, and
suggested that CRP may activate the complement system and subsequent activation of
inflammation after stroke [154].

Neopterin is a guanosine triphosphate (GTP) metabolite, though its physiological
function is not yet fully defined. Production of neopterin is thought to be only in monocytes
and macrophages and has, therefore, been considered as a specific marker for the activation
of these cells [117]. Previously, increased levels of neopterin have been shown to occur in
patients with carotid atherosclerosis [226]. In addition, Grau et al., reported an increase in
neopterin following cerebral ischaemia with peak levels seen on days 3 and 7 post-insult [67].
The production of monocytes and macrophages have been shown to have the ability to
amplify thrombogenic events, by expressing tissue factor (TF; [47]. In addition, the
expression of TF has been shown to induce thrombus formation on ruptured atherosclerotic
plaques and has also been shown to play a role in MI and ischaemic stroke [205]. Tissue
factor is a cellular receptor and cofactor for plasma factor VI1I(a), which has been shown to
initiate the coagulation protease cascade that results in the stimulation of thrombin and fibrin
[167]. Furthermore, it has been shown that TF-dependent coagulation activity is increased in
the presence of arachidonic acid stimulated cyclo-oxygenase-1 metabolites prostaglandin
(PG)G; and thromboxane (TX)A; and inhibited when in the presence of PGE; [22]. Clear
evidence has accumulated that demonstrates the catastrophic effects of circulating mediators.
The expression of TF attributed to circulating monocytes and macrophages could account for
the pathological presentations of myocytolysis and myofibrillar degeneration. However,
further work is required in order to establish the exact role that TF maybe playing during the
process of cardiac damage and also the role that pro- and anti-inflammatory cytokines are
having.

Circulating Pro-Inflammatory Cytokines

Cerebral ischaemia evokes an inflammatory response that is characterised by the
activation and release of cytokines, chemokines (chemotactic cytokines), endothelial-
leukocyte adhesion molecules and proteolytic enzymes that contribute to tissue injury [51].
Production of pro-inflammatory cytokines and chemokines have been detected in
experimental models of cerebral ischaemia and HI as well as human patients following acute
ischaemic stroke or hypoxia-ischaemia encephalopathy (HIE; [34; 35; 51] see table 1). In
addition, increased levels of pro-inflammatory cytokines are correlated with greater infarct
size and poorer clinical outcome in patients following ischaemic injury [51; 200; 212].
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Table 1. Comparison of cytokine and chemokine levels after
hypoxia-ischaemia and ischaemic stroke in both animals and humans

Cytokine Chemokine
HI Stroke HI Stroke
IL-To T[31; 791\ CL55: 209] AL MCP1 T[88; 138; A 166]
230]
I I—'1B T[lZ; 16; 31; 52; 57; 79; 83; T[SG; 113] MCP2 T[138]
138; 151; 196; 209] NC[lSl;
155; 175]
TNFa, T[12; 16; 31; 52; 57, 138; 151, T[GQ; 107; 201; 235] MCP3 T[ZZO]
155; 196; 209] NC[lSl; 175;
183]
TNFB T[209] MIPlo T[16; 39,138] | A06)
IL-2 NC2 l[138] NS MIP1B T[16; 138] 18]
IL-3 Nc[209] l[138] MIP2 T[16; 138]
IL_4 Nc[31; 138; 209] T[QS] Nc[l56] RANTES T[16; 138] T[].G]
NCL5]
I L_5 Nc[138§ 209] gro T[16] T[l4;
2011+
IL-6 T[29; 52; 57; 79; 123; 138; 155; T[95; 107; 113; 158] IL-8 T[S?; 138; T[217]
175, 183] \ o[209] 175]
IL-7 Nctsl
I L'9 T[57; 138]
IL-10 N2 31 138,175, 175, 156 201] | [210]*
209] T¢[158]* NC[107]
IL-11 el
IL-13 11138
IL-18 1183
TGFB T[99; 138; 155]
IFNy NC!20 NC!
GM-CSF T[31; 138] NC[175] T[ZOl]
M-CSF 1138
G-CSF [

NC, no change in the level of that cytokine/chemokine in HI animals/humans compared to control

animals/humans.

1,

increase/decrease in the level of that cytokine/chemokine in HI

animals/humans compared to control animals/humans. + indicates an increase in IL-8 levels in the
ischemic lesion, but not significantly. * Indicates that the levels were subject to changes with time
in comparison to controls. ** This study correlated the levels of IL-10 and the incidence of stroke.
(adapted from references [34; 35]).

Markers of inflammation are not confined to the ischaemic tissue and evidence now
suggests that inflammatory responses, even though initiated within the CNS, are also present
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systemically. Several studies have found elevated levels of pro-inflammatory cytokines in the
periphery following cerebral ischaemia [54; 171]. The potential cardiac consequences of the
increased peripheral pro-inflammatory mediators are seldom recognised, but they may play a
pivotal role in the development of secondary cardiac dysfunction subsequent to cerebral
ischaemia and HI. Indeed, a robust inflammatory response following cerebral ischaemia is
associated with a higher occurrence of subsequent cardiovascular events [46].

TNF-a, a potent inflammatory cytokine is produced by mononuclear leukocytes
(primarily macrophages; [2] and is known to induce myocyte apoptosis, and is thought to be
an important mediator in the pathogenesis of MI [37; 221]. In addition, serum and
cerebrospinal fluid (CSF) levels of TNF-a have been shown to be elevated following cerebral
ischaemia and are correlated with a deterioration in neurological outcome [48; 212].

In human asphyxiated babies and newborn infants with HIE, CSF and plasma IL-1p and
TNF-a levels were shown to be elevated within 48 hours [57; 151; 183]. In addition,
asphyxiated babies that develop cerebral palsy (CP) or neurological deficits within 1 year
have increased IL-1p and TNF-a levels within 48 hours after birth [57; 151]. In addition,
following HI in neonatal rats, IL-1a, IL-1B and TNF-a have all been shown to be elevated 3-
days post-insult ([31] see Figure 3) This suggests that both IL-1B and TNF-a play an
important role in the acute stages of inflammation following HI, akin to their actions in
peripheral inflammatory responses.

Interleukin-6 (IL-6) has both neurodegenerative and neuroprotective effects [61] and may
hence play a dual role in pathologies of cerebral injury. The expression of IL-6 has been
shown to occur as a result of other pro-inflammatory cytokines, in particular IL-1p and TNF-
o [181]. Expression of IL-6 mRNA and bioactivity has been shown to increase following
focal cerebral ischaemia in the rat [115]. Elevated CSF IL-6 levels in acute ischaemic stroke
patients has been shown to correlate with the volume of infarction [200]. In patients with
acute ischaemic stroke, some studies have reported an association between circulating I1L-6
concentrations and brain infarct volume, stroke severity, or outcome up to 6 months [51; 158;
212]. Conversely, other studies have reported no association between serum IL-6
concentrations and infarct volume or stroke severity at 3 months [54; 200]. Previous studies
have reported peak values of serum IL-6 within the first 10 days of stroke [51; 54; 158]. The
question arises as to whether IL-6 might directly contribute to infarct pathogenesis, or is
simply a marker of CNS or other inflammatory injury? In contrast, IL-6 has several pro-
inflammatory effects [91; 208] which may contribute to the induction and evolution of early
inflammatory injury in the brain and its vasculature. At the same time, 1L-6 has been shown
to have both neurotrophic [71] and anti-inflammatory properties [176] that may contribute to
recovery following cerebral ischaemia.

In humans, CSF, plasma and serum IL-6 levels are up-regulated in asphyxiated newborns
and HIE infants within 48-90 hours after birth [29; 57; 123; 175; 183]. Indeed a positive
correlation between IL-6 levels and HIE severity / clinical outcome has been shown,
suggesting that IL-6 is pro-inflammatory in this setting [123; 175].
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Circulating Chemokines

The B-chemokines (which are primarily chemoattractants for mononuclear cells) consist of
macrophage inflammatory protein (MIP)-10, MIP-1p, monocyte chemoattractant protein (MCP)-
1, MCP-2 and regulated on activation normal T cell expressed and secreted (RANTES).
Recently, elevated levels of MCP-1 have been seen in the CSF 24 hours following ischaemic
stroke, however, these levels did not correlate with the corresponding levels seen in the plasma
[116]. Plasma concentrations of intracellular adhesion molecule-1 (ICAM-1) and MCP-1, have
also been shown to be elevated following cerebral ischaemia [171].

Interleukin-8 (the archetype chemokine) is a member of the a-chemokine family and
plays a central role in neutrophil accumulation and activation. Grau et al., reported a
significant increase in IL-8 plasma levels on day 1 following an ischaemic event, with levels
still remaining elevated 3 and 7-days post-insult [67]. Circulating monocytes have been
shown to be an important source of IL-8, which is a strong chemoattractant for
polymorphonuclear neutrophils (PMNs) that can cause tissue damage by vessel plugging and
release of oxygen-derived free radicals and proteinases [100]. In addition, IL-8 has also been
shown to contribute to atherogenesis due to its mitogenic and chemoattractant effects on T
lymphocytes and smooth muscle cells [204] and to plaque rupture by interference with matrix
metalloproteinase-1 (MMP-1) expression [9; 130]. These results have been shown to be
similar to results obtained from MI [1] as well as from stroke patients [105]. Recently, studies
have shown both IL-8 and granulocyte macrophage-colony stimulating factor (GM-CSF)
CSF levels are increased following cerebral ischaemia, peaking 2-days post-insult [201].
Furthermore, IL-8 levels have been shown to be higher in CSF than in plasma [105]. Studies
have also shown an increased number of circulating IL-8 mRNA expressing PMNs (primarily
neutrophils) after stroke and plasma IL-8 levels were correlated with the expression of IL-8
mRNA [104; 105].

In asphyxiated newborns (including those that develop CP), IL-8 concentrations in the
CSF and serum were increased compared to control newborns and there was a positive
correlation between the severity of HIE and the level of IL-8 [57; 175]. Therefore, IL-8 is
crucial to the development of acute inflammation such that the neutrophil chemoattractant
function of IL-8 may in fact be important to the initial development of HI-induced neuronal
damage. These findings strengthen the hypothesis that monocytes and activated microglia are
important contributors of increased IL-8 levels following cerebral ischaemia and cells in the
peripheral circulation contribute to these increases. Recent work has also shown an increase
in GM-CSF plasma levels following HI ([31] see Figure 3). In addition, clear evidence
demonstrates that pro-inflammatory cytokines and chemokines present in the periphery may
contribute to cardiovascular injury following cerebral ischaemia.

Circulating Anti-Inflammatory Cytokines

Interleukin-4 and 1L-10 are mainly secreted by Th2 lymphocytes and monocytes /
macrophages and have anti-inflammatory properties [203], possibly by providing a negative
feedback mechanism to limit the production of pro-inflammatory cytokines following
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cerebral ischaemia and HI. Previously, IL-10 has been shown to inhibit monocyte /
macrophage synthesis of IL-6 and TNF-a by blocking gene transcription and down regulating
the release of ICAM-1 and MMP-9 [45; 185].
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Figure 3. The effects of non-intervention control (black) and HI + saline (white) on circulating IL-1a
(Panel A), IL-1B (Panel B), TNF-a (Panel C) GM-CSF (Panel D), IL-4 (Panel E) and IL-10 levels
(Panel F) were assessed from plasma collected on day 3 post-HI. An increase in circulating levels of the
pro-inflammatory cytokines, IL-1a, IL-1f, TNF-a, and GM-CSF, were seen following HI + saline
treatment 3-days post-insult. No Change was seen in circulating levels of the anti-inflammatory
cytokines, IL-4 and IL-10 following HI + saline treatment. ** = p<0.01, versus non-intervention
control. (Modified from [31]).

In human stroke patients, increased levels of IL-10 have been seen in both the CSF and
plasma, with levels peaking between 3 and 7-days post-stroke onset [158; 201]. Patients with
acute cerebral ischaemia have increased IL-10 secreting monocytes compared with non-
stroke controls [156]. However, unlike IL-10, no differences in the levels of IL-4 were
detected in patients with or without neurological deterioration [213]. Pelidou and co-workers
also failed to detect any differences in IL-4 secreting monocytes in ischaemic stroke patients
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compared to non-stroke controls [156]. These results suggest that IL-4, despite any inhibitory
effects on pro-inflammatory cytokines, is less important than 1L-10 in the acute period (12-24
hours) of cerebral ischaemia. Recently, Vila et al, reported that lower levels of the anti-
inflammatory cytokine IL-10 and not IL-4 is associated with the onset of neurological
deterioration in ischaemic stroke patients [213]. In this study, lower plasma levels of IL-10
were detected within 24 hours following stroke onset and were correlated with early
deterioration in neurological symptoms.

The exact role that anti-inflammatory cytokines play in HI-mediated injury, therefore, is
still to be fully established. I1L-4 and IL-10 were not detected 12 hours post-HI in the rat
[209]. Additional studies have also shown that, IL-10 levels were not significantly different
from control groups in both asphyxiated newborns [175] and HI animals [12]. Furthermore,
Clarkson and colleagues reported that there were no changes in either IL-4 or IL10 plasma
levels 3-days post HI ([31] see Figure 3). These findings imply that anti-inflammatory
cytokines, such as IL-4 and IL-10 do not contribute to the initial inflammatory response
following HI. However, exogenous administration of 1L-10 (i.v.) prevented the damage seen
after endotoxin administration post-HI, suggesting that IL-10 has a therapeutic effect [60].

The beneficial effects of IL-10 may also stem from anti-inflammatory actions. That is,
IL-10 has been shown to regulate soluble apoptotic proteins, such as sFas/APO-1 and shcl-2,
detected in CSF of human patients following cerebral ischaemia [199]. In addition, IL-10 has
been shown to modulate neuronal vulnerability to excitotoxic ischaemic injury [70], as well
as inhibit inducible nitric oxide synthase (iNOS; [72], which is a key enzyme involved in
propagating pro-inflammatory pathways. Finally, animals deficient in the IL-10 gene
exhibited larger infarcts; increased neutrophil infiltration; and increased levels of TNF-a,
ICAM-1, MMP-2, MMP-9 and iNOS compared to their wild type controls [45; 70; 72; 185].
Evidence suggests that IL-10 rather than IL-4 is the important anti-inflammatory cytokine in
ameliorating ischaemic-induced injury. The only drawback, however, is that peak levels
occur either 3 days post cerebral ischaemia or not at all following HI, which is possibly too
late to afford any significant protection against circulating pro-inflammatory cytokines,
which are elevated within the first 48 hours.

Inflammatory Mediated Myocardial Damage

Recent evidence has shown that the pro-inflammatory cytokines, TNF-a and IL-1p
synergistically impair human myocardial function through a mechanism associated with
sphingosine [23]. Sphingosine is rapidly produced as a result of sphingomyelin hydrolysis by
sphingomyelinases that results in the formation of the ceramide intermediate when cardiac
myocytes are exposed to TNF-o [124]. In rat myocyte cultures, the ceramidase inhibitor, N-
oleoyl ethanolamine, has been shown to inhibit the production of sphingosine and reverse the
ionotropic effects associated with TNF-o [148]. TNF-a and IL-6 have been shown to
attenuate myocardial contractility directly (which is reversible) via the immediate reductions
in systolic cytosolic [Ca®] associated with alterations in sarcoplasmic reticulum function
[236]. In addition, TNF-a has been shown to also decrease myocardial contractility indirectly
through nitric oxide-dependent attenuation of myofilament Ca®" sensitivity [64].
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Alternatively, TNF-o has been shown to provoke negative ionotropic effects in myocytes
partially through the neutral sphingomyelinase pathway. This was shown within minutes
following cardiomyocyte injury, where TNF-a decreased systolic function by alterations in
Ca**-induced Ca?*-release from the sarcoplasmic reticulum and also by disruption of the L-
type calcium channels [109]. In this, the binding of TNF-a to the TNF-receptor type 1
(TNFR1) leads to the release of the sphingolipid metabolite, which is a stress-induced second
messenger, via sphingomyelin degeneration. Oral and co-workers reported that production of
sphingosine correlates directly with the imbalance in Ca®** homeostasis, while blockade of
sphingosine production negatively regulates TNF-o—induced contractile dysfunction [148].
This is due to the fact that sphingosine has been shown to decrease Ca?* transients via the
blockade of the ryanodine receptor, which impedes the Ca?*-induced Ca®'-release from the
sarcoplasmic reticulum [125]. The exact mechanisms by which TNF-o exerts its
pathophysiological effects are as yet not fully understood. It is suggested that TNF-a, triggers
the apoptotic pathway [108], which is possibly linked to the myocyte membrane TNFR1 and
TNFR?2 sites [126]. This is associated with the so called "death domain” that is found in the
TNFRI, and suggests that TNF-a acting via the TNFRI site could mediate myocardial cell
death via apoptosis [211].

Parasympathetic Nervous System and Inflammation

It has been well established that autonomic dysfunction is a strong correlate of morbidity
and mortality resulting from cardiovascular disease, and recent work in humans has shown a
correlation between abnormal heart rate variability and elevated levels of inflammatory
cytokines such IL-6 and CRP [10]. However, the exact involvement of the ANS and
inflammation are still being investigated. The vagus nerve has been shown to innervate the
cardiovascular system in addition to other visceral organs such as the liver, spleen, and gut.
Recent work by Tracey and colleagues demonstrated that by injecting lipopolysaccharides
(LPS) into animals undergoing vagus nerve stimulation, resulted in a marked decrease in
macrophage-mediated release of inflammatory cytokines (TNF-a, IL-1p, IL-18, and I1L-6) and
decreased incidence of death without affecting the release of the anti-inflammatory cytokine
IL-10 [17], and these results were reversed following transsection of the vagal nerve. These
results indicated that stimulation of the vagus nerve may play a functional role in regulating
an anti-inflammatory response [17].

More recently, the mechanisms by which vagal nerve stimulation results in an anti-
inflammatory response have been described by Tracey and colleagues [153; 207; 216]. In
nicotinic o7 subunit knockout mice, electrical stimulation of the vagal nerve no longer
prevented release of inflammatory cytokines, indicating that the o7 subunit of nicotinic
receptors plays an important role in regulating the vagal nerve-mediated anti-inflammatory
response [153]. In addition, stimulation of a7 subunit knockout mice with LPS resulted in a
greater release of inflammatory cytokines compared to wild-type mice [216]. Macrophages
have been shown to express nicotinic (cholinergic) receptors comprising of five a7 subunits,
which are thought to be involved in the cholinergic anti-inflammatory reflex [216]. Inhibition
of the nicotinic receptors in primary human macrophages resulted in a marked dose-
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dependent reduction in high mobility group box 1 (HMGBL1) inflammatory cytokines
following stimulated with endotoxin (200 ng/mL) [216]. These results were unable to be
inhibited with the muscarinic antagonist, atropine, however, the nicotinic antagonist, o-
conotoxin, inhibited the action of acetylcholine on this receptor [216], indicating that
acetylcholine inhibits HMGBL1 release via the a7 nicotinic receptors.

Treatment Strategies

The cascade of events that occurs following neuronal injuries is complex and it is
unlikely that any single intervention will prevent the entire cascade from being initiated. This
damage not only resides within the hemisphere of damage but can also propagate to the
contralateral hemisphere (see [31; 33; 35]. In addition to the neural component of damage,
clear evidence as outlined above illustrates damage to the cardiovascular system. Therapies
that target multiple steps in the cascade may limit neuronal injury more effectively than
interventions with single modes of action. Outlined here are a couple of therapeutic
interventions that have received growing attention over recent years, anaesthetic pre-
conditioning and more recently post-conditioning and the use of beta-blockers.

Pre-Conditioning

Previous work has shown that exposing organs, such as the brain and heart to brief
periods of sub-lethal ischaemia, initiates ischaemic tolerance via a pre-conditioning
phenomenon [136; 206]. Two distinct patterns of ischaemic tolerance have been noted: the
acute phase, whereby effects are seen within minutes and then subsequently disappear after 2-
3 hours and the late phase, whereby effects develop over a period of several hours and can
last up to several days or weeks [136; 206].

One of the pioneering publications in the field of pre-conditioning came in 1986 when
Murry and colleagues reported that myocardial damage as a result of a coronary artery
occlusion, is markedly ameliorated if the heart had prior exposure to brief periods of sub-
lethal ischaemia [133]. Similarly, these pre-conditioning effects have also been observed in
human subjects [234]. In addition, a recent report has also suggested that a transient
ischaemic attack can induce ischaemic pre-conditioning within the brain [225]. The CNS has
been highlighted as being the most vulnerable organ system in the body to an ischaemic
insult. For instance, a brief disruption (5 minutes) to cerebral blood flow (CBF) has been
shown to cause neuronal injury, while cardio-myocytes and kidney cells require 20-40
minutes of ischaemia to induce cellular damage [112].

Cerebral ischaemia-induced pre-conditioning was first reported by Kitagawa and co-
workers using a model of global ischaemia, whereby 2 minutes of transient ischaemia
provided significant protection against subsequent global ischaemia 24 hours after the initial
insult [97; 98]. Since these findings, others have shown in a rat model of unilateral carotid
artery ligation coupled with hypoxia, that hypoxic-pre-conditioning can induced significant
protection to both striatal and hippocampal regions [15; 62].
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Anaesthetics and Pre-Conditioning

Early work in the 1960s showed clear evidence that general anaesthetics can offer
tolerance against cerebral ischaemia that is induced during periods of temporary carotid
occlusion [227]. This was further backed up in 1966 by Goldstein and colleagues who
reported that pentobarbital can offer tolerance to cerebral anoxia [65]. Since these two early
findings, a considerable amount of work has been carried out illustrating that intravenous and
volatile anaesthetics can decrease the amount of neuronal injury during periods of insult. For
instance, in a rat model of spinal cord injury, halothane, fentanyl/nitrous oxide and lidocaine
all provided significant protection against injury [36]. Furthermore, halothane, sevoflurane
and pentobarbital have all been shown to afford protection in a rat model of focal cerebral
ischaemia [223; 224]. Clear evidence exists that demonstrates exposing adult rats to volatile
anaesthetics (i.e. isoflurane or halothane), can trigger both acute and late phases of ischaemic
tolerance within the brain [93; 241; 242].

Over the past decade, the volatile anaesthetics halothane, isoflurane, sevoflurane and
desflurane have all been shown to provide significant protection against focal cerebral
ischaemia and also provide significant improvement in neurological outcome [30; 49; 223;
228]. Both halothane and desflurane have been shown to afford significant neuroprotection
following 2 hours intraluminal middle cerebral artery occlusion (MCA0) and 22 hours of
reperfusion [78]. In this model of focal cerebral ischaemia, treatment with desflurane
provided greater protection than halothane. The anaesthetic-induced neuroprotection with
halothane has also been shown to be maintained even when the pericranial temperature is
controlled [222].

Isoflurane has also been shown to prevent hippocampal neuronal injury in an in vitro
model of cerebral ischaemia due to oxygen glucose derivation (OGD; [163]. In addition, 30
minutes of isoflurane pre-treatment provided significant protection against HI-induced
neurodegeneration 24 hours later [239]. However, the protection afforded by isoflurane in
vitro only delays and does not prevent neuronal damage in an MCAo model of focal cerebral
ischaemia in vivo [94].

During periods of anaesthesia, auditory, visual and tactile stimuli reach the CNS,
however, processing of this information is disturbed [8]. It is thus generally thought that
anaesthetics preferentially act on the CNS. It is considered that ion channels, particularly
gamma-aminobutyric acid (GABA)a receptors, are the most-likely target for anaesthetics
within the CNS [59; 128]. However, understanding the exact mode of action of anaesthetics
is plagued by the fact that most general anaesthetics act on numerous ion channels sites, with
limited selectivity at a variety of lipophilic sites associated with neural membranes [30].

Over the past 50 years the noble gas, xenon, has been studied for its anaesthetic
properties, which has revealing many salubrious qualities [41]. In addition to antagonising
the N-methyl-D-aspartic acid (NMDA) receptor [58], xenon has been shown to have several
advantages over many other volatile anaesthetics in use today. For instance, xenon has an
extremely low blood/gas partition coefficient which allows for rapid a induction and
emergence [135]. In addition, xenon has been shown to exert minimal effects on heart rate,
mean arterial pressure and cardiac contractility [193], thus providing ideal haemodynamic
stability.
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In a series of in vitro studies xenon has been shown to reduced injury in a mouse
neuronal-glial cell culture induced by either NMDA, glutamate, oxygen deprivation or OGD
[229]. In addition, the neuroprotective effects of xenon have been assessed in in vivo models
of acute neuronal injury involving administration of excitotoxins to rats [120; 161],
cardiopulmonary bypass in rats [121], MCAo in mice [87], cardiac arrest in pigs [177], and
HI in neonatal rats [119]. Furthermore xenon has also been shown to induce pre-conditioning
in many organs, including both the brain and heart [165], which would make xenon an ideal
candidate to offer protection against secondary cardiac damage in addition to affording
significant neuroprotection.

Involvement of Inflammation in Pre-Conditioning

A growing body of evidence has accumulated over recent years, highlighting the immune
system, and more importantly cytokines and chemokines as key mediators, not just in HI [16;
35; 159; 170], but also in other neurodegenerative disorders such as Alzheimer’s disease [34].
In addition, these mediators have been shown to be closely inter-related in a complex and
often vicious positive feedback cycle, in that pro-inflammatory cytokines are known to
induce reactive oxygen species (ROS) and vice versa [3; 56; 63].

Previous studies have shown that following ischaemic pre-conditioning, TNF-o and IL-
18 mRNA levels are increased as measured using real-time PCR [218; 219]. The peak levels
of IL-1B expression following ischaemic pre-conditioning, however, was significantly less
compared to the permanent occlusion of the MCA, 87 copies versus 546 [218]. In addition,
others have shown that pre-treatment of rats with low doses of bacterial LPS induces
cytokines and subsequently protects against later ischaemic injury [202]. Furthermore, IL-1p
has also been shown afford significant protection following direct administration just prior to
cerebral ischaemia, which was negated by co-administration of the endogenous IL-1
antagonist, IL-1ra [142].

The use of anaesthetics to interact with inflammatory pathways is not well characterised.
The release of leukotriene B4 and IL-1 from activated human monocytes has been shown to
be dose-dependently inhibited following treatment with lidocanine and bupivacaine in vitro
[188]. In a study assessing acute hyperoxic lung injury in rabbits, pre-treatment with an
intravenous lidocaine infusion at clinically relevant concentrations markedly decreased the
release of IL-1p and TNF-a from the injured lung and also negated the influx and activation
of neutrophils [197]. In addition, local anaesthetics such as lidocaine, bupivacaine and
amethocaine have been shown to inhibit both the spontaneous and also the TNF-a-induced
stimulation of IL-1p and IL-8 with lidocaine also stimulating the secretion of the anti-
inflammatory molecule I1L-1ra [110].

Recent work has shown that clomethiazole (CMZ), in addition to modulating the GABA
receptor offers protection via anti-inflammatory mechanisms [31; 82; 186; 187]. For example,
CMZ has been shown to inhibit p38 mitogen-activated protein kinase, in turn attenuating the
induction of the immediately early genes c-fos and c-jun in LPS-stimulated cortical glial
cultures [186]. More recently, CMZ has been shown to inhibit the IL-1p-induced expression
of glial c-fos and iINOS mRNA levels in vitro [187]. Likewise, in a model of experimental
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extracorporeal circulation, plasma concentrations of I1L-6, IL-8 and TNF-a were reduced by
CMZ [82]. Furthermore, CMZ-treatment decreased the HI-induced increase in iNOS activity
in a model of HI [33]. Most recently, CMZ has also been shown to decrease the HI-induced
increase in circulating pro-inflammatory mediators (IL-1a, IL-1B and TNF-a) and stimulate
an increase in the anti-inflammatory cytokine IL-10, in turn providing significant protection
to mitochondrial energetics both contralateral and ipsilateral to the occlusion [31]. Ample
evidence now supports the view that CMZ has both GABAmimeting and anti-inflammatory
properties, and these properties together provide neuroprotection. We have also more recently
shown that CMZ is able to offer protection against secondary cardiac damage following HI
(Clarkson, Kapoor, Harrison, Jackson and Sammut, unpublished data)

Post-Conditioning

Significant work has highlighted anaesthetic pre-conditioning as a means for offering
protection to the CNS against injury. Over resent years the term post-conditioning, which has
significant clinical benefits over pre-conditioning, has been coined and shown to afford
significant protection that is similar to that seen with pre-conditioning paradigms [40; 214].
In 2003 Zhao and colleagues introduced ischaemic post-conditioning, which is defined by a
series of intermittent ischaemic episodes during the reperfusion phase which they showed
offered significant protection against myocardial injury following the ligation of the left
anterior descending artery [240]. Since this study, ischaemic post-conditioning has been
shown to involve the release of adenosine [96] and also the activation of ERK, production of
nitric oxide and opening of mitochondrial adenosine-triphosphate sensitive potassium
channels [232]. With the exception of one recent study showing that LPS, which is well-
known to induce preconditioning, can decrease the recruitment of leukocytes post both
cerebral and spinal cord injuries [43], all work to date has been carried out on the heart.
Whether the same post-conditioning mechanisms that have been elucidated following injury
to the heart are the same following cerebral HI, is yet to be examined.

Use of Beta-Blockers

Increased sympathetic activity has been found after acute stroke [25; 75; 134] and is
associated with poor neurological prognosis [172]. Beta-blockers, which have an anti-
sympathetic effect, are neuroprotective during cardiac surgery [6]. In an animal model of
cerebral ischaemia, pre-treatment with the beta-blocker, carvedilol, decreased the infarct
volume and neurological deficits by >40% [174]. Possible mechanisms for the
neuroprotection include shifting the haemoglobin-oxygen dissociation curve to the right
[157], decreasing TNF-a and IL-1p levels [174], offering membrane-stabilisation and
antioxidant effect [7], blocking sodium and calcium channels [150], and inhibiting protein
kinase C [191] and phosphatidate hydrolase [106].

Clear evidence now exists illustrating that carvedilol, which is classically known for its
actions on hypertension and congestive heart failure, has multiple modes of action. Recent
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evidence shows that carvedilol is neuroprotective in both in vivo global [118] and focal [174]
models of cerebral ischaemia. Following focal ischaemia, carvedilol was shown to
significantly attenuate the ischaemia-induced increase in TNF-a and IL-18 mRNA levels.
Furthermore, the metabolites of carvedilol, SB 211475 and SB 209995, have been shown to
be more potent than carvedilol for inhibiting lipid peroxidation in rat brain homogenates [55;
238]. Therefore, these metabolites may also be responsible for some of the neuroprotective
effects associated with carvedilol treatment.

Carvedilol is also thought to exert its neuroprotection via antioxidant properties, as
carvedilol offers significant protection in in vitro model of free radical mediated neuronal
injury [118; 238]. In addition, carvedilol has been also shown to prevent apoptosis following
myocardial ischaemia—reperfusion injury [237]. Based on these findings, clear evidence
exists the highlights the use of carvedilol or possibly other beta-blockers as novel agents in
preventing either cerebral ischaemia or Hl-induced neural injury, as well as preventing the
secondary cardiovascular events that occur subsequent to the neural insult.

Conclusion

Following a cerebrovascular accident, a multi-faceted cascade of events occurs leading to
cell death and neurological impairments of the CNS. It is well known clinically that clipping
off cerebral aneurysms, carotid endarterectomy and cardiopulmonary bypass present a high
risk for transient focal cerebral ischaemia. And one of the most imminent predisposing
factors of cerebral ischaemia is cardiovascular complications. However, as outlined in this
review, considerable evidence exists that clearly highlights cardiovascular complications
subsequent to cerebral ischaemia and HI. These cardiovascular impairments pose a clinical
threat and can confound neurological outcome and survival. The heart is tightly regulated by
the brain, and damage to the insular cortex and ANS, clearly result in irregularities in cardiac
function. One of the major pathways of damage following cerebral ischaemia is inflammatory
mediated damage that precipitates primarily from a peripheral origin. And clear evidence
exists that illustrates that circulating inflammatory mediators are capable of directly
inhibiting cardiovascular function resulting in damage.

At this point, current therapeutic strategies do no more than alleviate the symptomatic
presentations and cardiovascular monitoring plays no role, other than to possibly minimize
any further neurological damage. Resent evidence however, clearly illustrates that pre-
conditioning paradigms, the use of beta-blockers and possibly post-conditioning paradigms
offers significant neuroprotection that might also stem to preventing subsequent cardiac
impairments. Even though anaesthetic pre-conditioning has been shown to be beneficial in
preventing neuronal injury, only a few groups are actually addressing this subject matter.
Given the complexity of anaesthetic-mediated pre-conditioning and or post-conditioning in
regards to neuronal protection, clearly more work needs to be carried out in order to validate
this mechanism as a possible treatment protocol. However, given the data collected to date
highlighting the putative beneficial effects of anaesthetics in protecting the CNS from injury,
this in it self should be enough reason to further explore this topic at hand. It is a clear
possibility the controlled anaesthetic treatment may be used as a treatment not only for
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patients with acute ischaemic stroke and HIE, but also for patients who sustain traumatic
head injury and also patients undergoing cardiovascular surgery where there is a prevalence
of adverse sequelae associated with thrombosis. Furthermore the synergistic activities of that
may occur between anaesthetic treatments and other putative neuroprotectants, such as beta-
blockers, could be a possible means for treating cerebral ischaemia and HI.
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Abstract

The non-protein amino acid homocysteine (Hcy), a metabolite of the essential amino
acid methionine, is implicated in the pathology of human cardiovascular and
neurodegenerative diseases. In addition to its elimination by the remethylation and
transsulfuration pathways, Hcy is also metabolized to the thioester Hcy-thiolactone in an
error-editing reaction in protein biosynthesis when Hcy is mistakenly selected in place of
methionine by methionyl-tRNA synthetase. In humans, the accumulation of Hcy-
thiolactone can be detrimental because of its intrinsic ability to modify proteins by
forming N-Hcy-protein adducts, in which a carboxyl group of Hcy is N-linked to g-amino
group of a protein lysine residue. N-linked Hcy occurs in each protein examined and
constitutes a significant pool of Hcy in human blood. N-Hcy proteins are recognized as
neo-self antigens and induce an auto-immune response. As a result, IgG and IgM anti-N-
Hcy-protein auto-antibodies, are produced in humans. Serum levels of anti-N-Hcy-
protein 1gG auto-antibodies are positively correlated with plasma total Hcy, but not with
plasma cysteine or methionine levels, which is consistent with the etiology of these auto-
antibodies. In a group of male patients with stroke, the levels of anti-N-Hcy-protein 1gG
auto-antibodies and total Hcy are significantly higher than in a group of healthy subjects.
In a group of male patients with angiographically documented coronary artery disease,
seropositivity for anti-N-Hcy-protein 1gG auto-antibodies occurs 5-times more frequently
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than in controls and is an independent predictor of coronary artery disease. These
findings show that an auto-immune response against N-Hcy-proteins is a general feature
of atherosclerosis and provide support for a hypothesis that N-Hcy-protein is a neo-self
antigen, which contributes to immune activation, an important modulator of
atherogenesis. Plasma Hcy lowering by folic acid administration leads to significant
decreases in anti-N-Hcy-protein IgG auto-antibody levels in control subjects, but not in
coronary artery disease patients. The results of these Hcy-lowering treatments suggest
that, while primary Hcy-lowering intervention is beneficial, secondary Hcy-lowering
intervention in coronary artery disease patients may be ineffective in reducing the
advanced damage caused by Hcy, and may explain at least in part the failure of vitamin
therapy to lower cardiovascular events in recent Hcy-lowering trials. Chronic activation
of immune responses towards N-Hcy-protein associated with hyperhomocysteinemia
over many years would lead to vascular disease.

Keywords: autoantibodies; atherosclerosis; coronary artery disease; Hyperhomo-
cysteinemia; homocysteine thiolactone hypothesis; protein N-homocysteinylation; stroke

Introduction

Cardiovascular disease is a major cause of morbidity and mortality in industrial nations.

Despite advances in our understanding of cardiovascular disease, traditional risk factors
such as hyperlipidemia, hypertension, smoking, and diabetes do not accurately predict
cardiovascular events and over half of all coronary events occur in persons without overt
hyperlipidemia [1; 2; 3; 4]. Thus, a search continues for new markers and strategies to guide
the development of novel antiatherosclerotic therapies beyond low-density lipoprotein (LDL)
cholesterol reduction. Although atherosclerosis has been viewed as a lipid storage disease [5],
the growing body of evidence suggests that inflammation participates in all stages of
atherosclerosis from the initial lesion to the end-stage thrombotic complications [2; 6; 7; 8; 9;
10; 11]. The principal culprits responsible for the initiation of inflammation appear to be
proteins modified by products of lipid peroxidation or by glucose, particularly oxidized or
glycated LDL. Modified LDL induces both innate and adaptive immune responses, and
autoantibodies against modified LDL are present in atherosclerotic plagues and in circulation
[12; 13]. Among other inducers of inflammation is homocysteine (Hcy) [14], a non-
traditional risk factor for vascular disease [15]. A mechanism by which Hcy induces an
adaptive immune response is a topic of this chapter.

Severe hyperhomocysteinemia secondary to mutations in the CBS, MTHFR, or MS gene
causes pathologies in multiple organs, including the cardiovascular system and the brain, and
leads to premature death due to vascular complications [16; 17; 18]. McCully observed
advanced arterial lesions in children with inborn errors in Hcy metabolism and proposed that
Hcy causes vascular disease [19]. Although severe hyperhomocysteinemia is rare, mild
hyperhomocysteinemia is quite prevalent in the general population and is associated with an
increased risk of vascular [20] and neurological complications [21; 22], and predicts
mortality in heart disease patients [23]. The strongest evidence that Hcy plays a causal role in
atherothrombosis comes from the studies of severe genetic hyperhomocysteinemia in humans
and the finding that Hcy-lowering by vitamin-B supplementation greatly improves vascular
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outcomes in CBS deficient patients [16; 17; 18]. For example, untreated CBS-deficient
patients suffer 1 vascular event per 25 patient-years [16] while vitamin-B-treated CBS-
deficient patients suffer only 1 vasular event per 263 patient-years (relative risk 0.091,
p<0.001) [18]. Hcy-lowering therapy started early in life also prevents brain disease from
severe  MTHFR deficiency [24]. Furthermore, studies of genetic and nutritional
hyperhomocysteinemia in animal models also provide a strong support for a causative role of
Hcy [14; 25; 26]. In humans, lowering plasma Hcy by vitamin-B supplementation improves
cognitive function in the general population [27] and leads to a 21-24% reduction of vascular
outcomes in high risk stroke patients [28; 29], but not in myocardial infarction (MI) patients
[29; 30]. Hcy-lowering trials are currently ongoing, and the results of these trials are required
before making recommendations on the use of vitamins for prevention of vascular disease
[31].

Atherosclerosis, a disease of the vascular wall, is initiated by endothelial damage.
Endothelial dysfunction, immune activation, and thrombosis, characteristic features of
vascular disease [8], are all observed in hyperhomocysteinemia in humans [16] and
experimental animals [26]. The degree of impairment in endothelial function during
hyperhomocysteinemia is similar to that observed with hypercholesterolemia. Multiple
mechanisms, such as protein homocysteinylation, unfolded protein response, decreased
bioavailability of nitric oxide, oxidative stress, altered cellular methylation and epigenetic
regulation, and the induction of innate and adaptive immune responses appear to contribute to
Hcy pathobiology in cardiovascular disease [14; 25; 26; 32; 33; 34; 35; 36; 37]. The Hcy-
thiolactone hypothesis [36][37a, 37b] states that metabolic conversion of Hcy to Hcy-
thiolactone, catalyzed by methionyl-tRNA synthetase (MetRS) (Eqg. 1), followed by protein
N-homocysteinylation by Hcy-thiolactone (Eq. 2), causes a variety of pathophysiological
consequences including protein [38] and cell damage [39; 40; 41], enhanced thrombosis [42;
43], and induction of auto-immune responses [14; 35; 36]. In this chapter, | will discus the
mechanism of formation of N-Hcy-proteins, new neo-self antigens derived from Hcy,
summarize evidence for their presence in the human body, and describe their antigenic
properties and emerging evidence for an important role of anti-N-Hcy-protein autoantibodies
in vascular disease.

Overview of Homocysteine Metabolism

Homocysteine (Hcy) is a sulfur-containing amino acid that is found as an intermediary
metabolite in all living organisms. In mammals Hcy is formed from dietary methionine (Met)
as a result of cellular methylation reactions [16]. In this pathway, dietary Met is taken up by
cells and then activated by ATP to yield S-adenosylmethionine (AdoMet), a universal methyl
donor (Figure 1). As a result of the transfer of its methyl group to an acceptor, AdoMet is
converted to S-adenosylhomocysteine (AdoHcy). The reversible enzymatic hydrolysis of
AdoHcy is the only known source of Hcy in the human body. Levels of Hcy are regulated by
remethylation to Met, catalyzed by the enzyme Met synthase (MS), and transsulfuration to
cysteine, the first step of which is catalyzed by the enzyme cystathionine B-synthase (CBS).
The remethylation requires vitamin B, and 5,10-methyl-tetrahydrofolate (CHs-THF),



180 Hieronim Jakubowski

generated by 5,10-methylene-THF reductase (MTHFR). The transsulfuration requires vitamin
Bs.

4 N\
AdoMet — AdoHcy
T CH2-THF i
A NMTHFR
THF  CH3-THF
M t_ M t c Vit. B6  Vit. B6 C s
e € MS, vit. B12 y CBS y
MaRSl Mas;// \\E}H
Met-tRNA Hcy-thiolactone
protein  N-Hcy-protein
. J

. PON1
Hcy-thiolactone —= Hcy

N-Hcy-protein Hcy-S-S-protein

Figure 1. Neo-self antigen, protein N-linked Hcy (N-Hcy-protein), is a byproduct of Hcy metabolism in
humans.

A fraction of Hcy is also metabolized by MetRS to a thioester, Hcy-thiolactone (Figure
1), in an error-editing reaction in protein biosynthesis when Hcy is mistakenly selected in
place of Met [44; 45; 46; 47; 48]. The flow through the Hcy-thiolactone pathway is increased
by a high-Met diet [49], inadequate supply of CHs-THF [49; 50; 51], or impairment of re-
methylation or trans-sulfuration reactions by genetic alterations of enzymes, such as CBS
[49; 50; 52; 53], MS [52; 53], and MTHFR [49]. Because of its exceptionally low pK, value
(Table 1), Hey-thiolactone is neutral at physiological pH and thus can diffuse out of the cell
(Figure 1) and accumulate in the extracellular fluids [49; 50; 51; 54; 55]. Hcy-thiolactone is
hydrolyzed to Hcy by intracellular [56] and extracellular Hcy-thiolactonases [57; 58; 59; 60],
previously known as bleomycin hydrolase (BLH) and paraoxonase 1 (PON1), respectively.
Because of the oxidative environment in the blood, extracellular Hcy forms disulfides, mostly
with serum proteins [38; 57] such as albumin [34] and globulins [61], and only ~1% of
plasma total Hcy exists in a free reduced form in humans [62]. Furthermore, as discussed in a
greater detail in the following sections of this chapter, Hcy-thiolactone reacts spontaneously
with proteins, forming N-Hcy-proteins (Figure 1), which are recognized as neo-self antigens
by the immune system.

The Mechanism of Protein N-Homocysteinylation

Fundamental physical-chemical properties of Hcy (Table 1) underlie its ability to
undergo metabolic conversion to Hcy-thiolactone. During protein biosynthesis Hcy is often
mistakenly selected in place of Met by MetRS and metabolized to Hcy-thiolactone in an
error-editing reaction according to Equation (1) [44; 55; 66].
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-PP; -AMP
MetRS + Hcy + ATP < MetRS eHcy~AMP = Hcy-thiolactone + MetRS

@)
Table 1. Physical-chemical properties of L-Hcy-thiolactone and L-Hcy [46]

Property +

L-Hcy- NH,

thiolactone :
S

Aminoacyl-thioester

L-Hcy

Iz

Hs

i
@]
@]
@]

Chemical character Mercaptoamino acid

UV spectrum Yes, Amax = 240 nm, No significant absorption
£=5,000M*cm™ at A >220nm

Stability at 37°C, ty5

phosphate-saline ~30h 2h

human serum ~1h 2h

pK, of amino group 6.67 2 9.04,9.71°

9.02, 9.69 (thiol group) °

Condenses to
Hcy-thiolactone

Chemical reactivity Acylates amino groups of

protein lysine residues °

Reacts with aldehydes to
afford tetrahydrothiazines
Resistant to oxidation
Base-hydrolyzed to Hey

Reacts with aldehydes to

afford tetrahydrothiazines
Oxidized to disulfides
Reacts with nitric oxide to

afford S-nitroso-Hcy

?Ref. [63], ° Ref. [64],  Ref. [38; 50], ¢ Ref. [65].

It should be noted that the high energy of the anhydrate bond of ATP is conserved in the
thioester bond of Hcy-thiolactone, which is responsible for the chemical reactivity of Hcy-
thiolactone (Table 1). Thus, Hcy-thiolactone spontaneously modifies proteins by forming N-
Hcy-protein adducts, in which Hcy is N-linked to the e-amino group of protein lysine
residues as shown in Equation (2) [38; 46; 50].

)

These two reactions, studied extensively in vitro in model systems and ex vivo in cultured
cells [38; 46; 47; 48; 50], are relevant in vivo, as demonstrated in humans and mice [49; 53;
54; 61; 67]. Protein N-homocysteinylation is a novel example of protein modification
reaction that expands the biological repertoire of known protein modifications by other
metabolites, such as glucose, products of lipid peroxidation, or certain drugs, such as
penicillin or aspirin [38]. These protein modification reactions have two common aspects: a)
each involves protein lysine residues as sites of modifications, and b) are linked to human
pathological conditions, including diabetes, vascular disease, Alzheimer’s disease, or drug
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allergy or intolerance [38]. The primary focus of this chapter is on the mechanism of
generation of protein N-linked Hcy epitopes in humans and their immunogenic properties.

The Molecular Mechanism of
Hcy-Thiolactone Synthesis

In living organisms, the formation of Hcy-thiolactone is a consequence of error-editing
reactions of aminoacyl-tRNA synthetases [44; 45; 47; 48; 68; 69; 70; 71]. Because of its
similarity to protein amino acids Met, leucine, and isoleucine, the non-protein amino acid
Hcy poses a selectivity problem in protein biosynthesis. Indeed, Hcy enters the first step of
protein biosynthesis and forms Hcy-AMP with methionyl-, leucyl-, and isoleucyl-tRNA
synthetases [72] [72a]. However, misactivated Hcy is not transferred to tRNA [65], and thus
cannot enter the genetic code. Instead, Hcy-AMP is destroyed by editing activities of these
aminoacyl-tRNA synthetases [44; 66], as shown in Equation (1). Hcy editing is universal,
occurs in all organisms investigated, including bacteria [53; 72; 73; 74] [72a, yeast [52; 53;
75], plants [76], mice [36; 49], and humans [36; 49; 53; 54; 67], and prevents direct access of
Hcy to the genetic code [44; 45; 46; 47; 48].

Although studied in several systems [77], molecular mechanism of Hcy editing is best
understood for E. coli MetRS [78; 79; 80]. The Hcy editing reaction occurs in the
synthetic/editing active site [78]], whose major function is to carry out the synthesis of Met-
tRNA [80]. Whether an amino acid completes the synthetic or editing pathway is determined
by the partitioning of its side chain between the specificity and thiol-binding sub-sites of the
synthetic/editing active site [79]. A sub-site that binds carboxyl and a-amino groups of
cognate or non-cognate substrates does not appear to contribute to specificity [78].

Methionine completes the synthetic pathway because its side chain is firmly bound by
the hydrophobic and hydrogen bonding interactions with the specificity sub-site (Figure 2).
Crystal structure of MetRS-Met complex [80] reveals that hydrophobic interactions involve
side chains of Tyrl5, Trp253, Pro257, and Tyr260; Trp305 closes the bottom of the
hydrophobic pocket, but is not in the contact with the methyl group of the substrate
methionine. The sulfur of the substrate methionine makes two hydrogen bonds: one with the
hydroxyl of Tyr260 and the other with the backbone amide of Leul3.

Specificity subsite Specificity subsite
CH3 CH3 CHs
S S S
+ ATP + tRNA
) — —
Thiol NH; Thiol NHz NH2
subsite subsite
/C%O %0 =0
HO AMP tRNA

Figure 2. The aminoacylation of tRNA with Met catalyzed by MetRS.

The non-cognate substrate Hcy, missing the methyl group of methionine, cannot interact
with the specificity sub-site as effectively as cognate methionine does. This allows the side
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chain of Hcy to move to the thiol-binding sub-site, which promotes the synthesis of the
thioester bond during editing (Figure 3). Mutations of Tyrl5 and Trp305 affect Hcy/Met
discrimination by the enzyme [78]. Asp52, which forms a hydrogen bond with the a-amino
group of the substrate methionine, deduced from the crystal structure of MetRS-Met complex
[80], is involved in the catalysis of both synthetic and editing reactions, but does not
contribute to substrate specificity of the enzyme. The substitution Asp52Ala inactivates the
synthetic and editing functions of MetRS [65; 78; 79].

Specificity subsite Specificity subsite

H /\
/
S
> e O
. .
Thiol NH»> Thiol HS NH»> S_C\\O
/N /“o

subsite subsite
(0]

AMP AMP
Figure 3. The formation of Hcy-thiolactone during Hcy editing catalyzed by MetRS.

Futrhermore, the thiol-binding sub-site also supports the ability of MetRS to edit in trans,
i.e., to catalyze thioester bond formation between a thiol and the cognate methionine (Figure
4). With CoA-SH or cysteine as a thiol substrate, MetRS catalyzes the formation of Met-S-
CoA thioesters [81] and Met-Cys di-peptides [79], respectively. The formation of Met-Cys
di-peptide proceeds via a Met-S-Cys thioester intermediate, which spontaneously rearranges
to the Met-Cys di-peptide. Remarkably, the formation of Met-Cys di-peptide as a result of
editing in trans, is as fast as the formation of Hcy-thiolactone during Hcy editing.

Hcy-Thiolactone is Synthesized by
Methionyl-tRNA Synthetase in Human Cells

As discussed above, the biosynthesis of Hcy-thiolactone via the Hcy editing pathway has
been originally discovered in microorganisms, such as Escherichia coli [73] and the yeast
Saccharomyces cerevisiae [52]. The first indication that Hcy-thiolactone is a significant
component of Hcy metabolism in mammals, including humans, came with the discovery that
Hcy-thiolactone is synthesized by cultured mammalian cells, such as human cervical
carcinoma (HeLa), mouse adenocarcinoma (RAG), and Chinese hamster ovary (CHO) [55].
We also demonstrated that a temperature-sensitive MetRS mutant of CHO cells fails to
synthesize Hcy-thiolactone at the non-permissive temperature, which indicates that MetRS is
involved in Hcy-thiolactone formation in CHO cells [55].

Subsequent work has shown that human diploid fibroblasts in which Hcy metabolism has
been deregulated by mutations in the CBS gene produced more Hcy-thiolactone than wild
type fibroblasts [50]. Furthermore, supplementation of CBS-deficient and wild type human
fibroblasts, and human breast cancer (HTB-132) cells with the anti-folate drug aminopterin,
which prevents remethylation of Hcy to methionine by methionine synthase, greatly enhances
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Hcy-thiolactone synthesis. In general, human cancer cells produce more Hcy-thiolactone than
normal cells [50; 55; 69].

Further experiments with cultured human umbilical vein vascular endothelial cells
(HUVEC) suggest that Hcy-thiolactone synthesis is important in human vascular tissues [51].
These experiments have shown that in the presence of physiological concentrations of Hcy,
methionine, and folic acid, HUVEC efficiently metabolize Hcy to Hcy-thiolactone. The
extent of Hcy-thiolactone synthesis in human endothelial cells is directly proportional to Hcy,
and inversely proportional to methionine, concentrations, consistent with the involvement of
MetRS.

Specificity subsite Specificity subsite
CHg3 /CH3 /CH3
S S S
+R- CHZSH tRNA
Thiol NH, Thlol R NH,
subsite C K subsite G \S_C
X
/o \
tRNA tRNA

Figure 4. Editing in trans: The formation of methionyl thioesters catalyzed by MetRS.

Although folates are utilized in Hcy metabolism and DNA synthesis, it appears that folic
acid limitation predominantly impacts Hcy metabolism, but not DNA metabolism, in
endothelial cells. For example, physiological levels of folic acid (26 nM) present in the M199
media used in our studies are insufficient for transmethylation of Hcy to methionine and, as a
result, Hey is mostly converted to Hcy-thiolactone, while very little methionine is synthesized
in these cells [51]. However, these levels of folic acid support endothelial cells growth when
methionine is also present, which means that they are sufficient for DNA synthesis.
Supplementation of endothelial cell cultures with folic acid redirects Hcy to the
transmethylation pathway, which results in lower synthesis of Hcy-thiolactone and greater
synthesis of methionine. The synthesis of Hcy-thiolactone in endothelial cell cultures is also
inhibited by the supplementation with high-density lipoprotein (HDL) [51], which carries
PONL1 protein exhibiting Hcy-thiolactone hydrolyzing activity [57; 58; 59; 60].

Hcy-Thiolactone is Elevated in
Hyperhomocysteinemic Humans and Mice

The findings that cultured human cells, including vascular endothelial cells, have the
ability to metabolize Hcy to Hcy-thiolactone suggest that Hcy-thiolactone is likely to be
synthesized in vivo in humans and animals. With the recent developments of highly selective
and sensitive HPLC-based assays [53; 67], the demonstration of the in vivo relevance of Hcy-
thiolactone became possible. In particular, the Hcy-thiolactone hypothesis [36] predicts that
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Hcy-thiolactone will be elevated under conditions predisposing to vascular disease, such as
hyperhomocysteinemia. As described in the following sections, this prediction has recently
been confirmed in vivo in humans and mice.

Human Genetic Hyperhomocysteinemia

It is well established that genetic deficiencies in the CBS or MTHFR gene lead to great
elevation of plasma tHcy levels in humans and mice [16]. However, it was not known
whether these genetic deficiencies affect Hcy-thiolactone levels. To answer this question we
studied 14 patients with homocystinuria due to homozygous mutations in the CBS gene, 4
patients with hyperhomocysteinemia due to a homozygous mutation in the MTHFR gene, 6
unaffected siblings heterozygous for the MTHFR mutation, and 9 healthy unrelated subjects.
We found that the CBS deficiency in humans leads to elevation of Hcy-thiolactone levels:
mean plasma Hcy-thiolactone concentration in CBS deficient patients (14.4 nM) was 72-fold
higher than in normal subjects [49]. This finding is consistent with my previous ex vivo
observations that cultured human CBS-deficient fibroblasts synthesize more Hcy-thiolactone
than normal fibroblasts [50].

We also found that 5-methyltetrahydofolate deficiency, caused by the MTHFR mutation
leads to elevation of Hcy-thiolactone levels in humans: plasma Hcy-thiolactone in MTHFR-
deficient patients (11.8 nM) was 24- or 59-fold higher than in MTHFR heterozygous or
normal individuals, respectively [49]. This in vivo finding is consistent with our previous ex
vivo observations that limiting availability of folic acid greatly enhances Hcy-thiolactone
synthesis in human fibroblasts [50] and vascular endothelial cells [51]. It should be noted
that, because MTHFR-deficient patients, like CBS-deficient patients, were on Hcy-lowering
therapy, their Hcy-thiolactone concentrations represent minimal values. In one patient for
whom samples were obtained before therapy, the therapy resulted in lowering plasma Hcy-
thiolactone from 47.3 nM to 16.6 nM (tHcy was lowered from 208 uM before therapy to 66.2
uM after therapy) [49].

Mouse Dietary Hyperhomocysteinemia

Feeding a high methionine diet over extended periods of time is often used as a useful
model of experimental hyperhomocysteinemia and atherosclerosis [14; 25; 26]. We found
that plasma and urinary Hcy-thiolactone levels in mice fed a normal diet have a mean value
of 3.7 nM and 140 nM, respectively [49]. We also found that a high methionine diet causes
3.7-fold and 25-fold increases in plasma and urinary Hcy-thiolactone, respectively, in mice.
The distributions of Hcy-thiolactone between plasma and urine in mice fed a normal diet and
humans are similar: much higher Hcy-thiolactone concentrations accumulate in urine than in
plasma (urinary/plasma Hcy-thiolactone is 37 in mice [49] and 100 in humans [54]). This
shows that urinary clearances of Hcy-thiolactone in mice and humans are similar, and that in
mice, like in humans [54], >95% of the filtered Hcy-thiolactone is excreted in the urine.
Furthermore, significantly higher urinary/plasma Hcy-thiolactone ratios are found in mice fed
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hyperhomocysteinemic diets than in the animals fed a normal diet. This finding suggests that
urinary clearance of Hcy-thiolactone is much more efficient in hyperhomocysteinemic mice,
compared to animals with normal tHcy levels.

Protein Lysine Residues are Targets for the
Modification by Hcy-Thiolactone

Hcy-thiolactone is a novel Hcy metabolite, discovered in living organisms in the 1990’s.
Thus, although its propensity to react with primary amino groups has been recognized shortly
after its chemical synthesis in the 1930’s, the reactions of Hcy-thiolactone with proteins
remained virtually unexplored, until the end of 1990’s [46].

The discovery that Hcy-thiolactone and proteins containing N-linked Hcy (N-Hcy-
protein) are formed by cultured mammalian, including human, cells has led to a hypothesis
that the chemical reactivity of Hcy-thiolactone may underlie the involvement of Hcy in the
pathology of human vascular disease [50]. This in turn prompted detailed studies of the
reactions of Hcy-thiolactone with proteins [35; 36; 38; 46; 50; 70; 71; 82].

Initial studies have established that [*>S]Hcy-thiolactone added to human or animal
serum disappears with a half-life of is from 0.25-1.5 hours, depending on the source of
serum. | found that the disappearance of Hcy-thiolactone in serum is due to two major
reactions: the formation of an N-Hcy-protein adduct, in which Hcy is attached via an
isopeptide bond to the g-amino group of a protein lysine residue (Equation 2) [38; 50], and
enzymatic hydrolysis by serum paraoxonase/Hcy-thiolactonase to Hcy, which then forms a
mixed protein-S-S-Hcy disulfide, mostly with the Cys34 of serum albumin (Figure 1) [38; 57;
58; 71; 82]. In the presence of [*>S]Hcy-thiolactone, each individual human or rabbit serum
protein becomes N-homocysteinylated in proportion to its abundance in serum [38].

Hcy-thiolactone has a propensity to modify amino groups of free amino acids, albeit less
efficiently than free lysine [50]. However, only the side chain amino groups of lysine residues
in proteins, but not any other amino acid residues, are modified by Hcy-thioalctone [38; 71;
82]. In particular, Hcy-thiolactone does not appreciably react with the side chains of arginine,
histidine, serine, or thereonine. Moreover, the N-terminal o-amino group in human serum
albumin, hemoglobin, cytochrome c, or fibrinogen does not appear to react with Hcy-
thiolactone. Using proteomic approaches only internal lysine residues were identified as
targets for Hcy-thiolactone modification [42; 83; 84].

Second order rate constants for reactions of Hcy-thiolactone with individual purified
proteins indicate that N-homocysteinylation is relatively robust and goes to completion within
a few hours at physiological conditions of pH and temperature. A major determinant of the
reactivity of most proteins with Hcy-thiolactone is their lysine content. For proteins that vary
in size from 104 to 698 amino acid residues there is a very good correlation (r = 0.97)
between protein’s lysine content and its reactivity with Hcy-thiolactone. Larger proteins, such
as fibrinogen (3588 amino acid residues) and low-density lipoproteins (LDL) (~5,000 amino
acid residues), react with Hcy-thiolactone ~6-fold less efficiently than expected from their
lysine contents. Of many lysine residues present in a protein only a few are predominant sites
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for the modification by Hcy-thiolactone, as has been shown for albumin [83], hemoglobin (R.
Glowacki, H. Jakubowski, unpublished data), fibrinogen [42], and cytochrome c [84].

Protein N-Linked Hcy is a By-Product of Human
Hcy Metabolism

Evidence from Tissue Culture Studies

The first indication that protein N-linked Hcy is likely to be an important component of
Hcy metabolism in humans came from studies of Hcy-thiolactone metabolism in human
tissue cultures [50]. Proteins from normal and CBS-deficient fibroblasts and breast cancer
cells have been shown to contain small amounts of protein N-linked Hcy (0.4 to 2.4% relative
to protein methionine). When metabolic conversion of Hcy to methionine was inhibited by
the anti-folate drug aminopterin, the amounts of Hcy, Hcy-thiolactone, and protein N-linked
Hcy increased [50].

Further experiments with cultured human umbilical vein endothelial cells provide
evidence that the formation protein N-linked Hcy is likely to be important in human vascular
tissues [51]. These experiments show that the formation of protein N-linked Hcy occurs
concomitantly with the synthesis of Hcy-thiolactone in the presence of physiological
concentrations of Hcy, methionine, and folic acid. Like the levels of Hcy-thiolactone, levels
of protein N-linked Hcy are directly proportional to Hcy, and inversely proportional to
methionine concentrations. Supplementation of endothelial cell cultures with folic acid
inhibits the synthesis of extracellular and intracellular protein N-linked Hcy by facilitating
the conversion of Hcy to methionine, thereby indirectly preventing synthesis of Hcy-
thiolactone by methionyl-tRNA synthetase. The formation of extracellular, but not
intracellular, protein N-linked Hcy in endothelial cell cultures is inhibited by supplementation
with HDL [51], which carries an Hcy-thiolactone-hydrolyzing enzyme, paraoxonase 1 [57;
58; 59; 60].

The mode of Hcy incorporation into endothelial cell protein has been established by
using Edman degradation, a classic protein chemistry procedure which releases from proteins
amino acids having free a-amino group. About half of total Hcy incorporated into protein
was found to be sensitive to Edman degradation [45; 51], suggesting that Hcy incorporation
is due to reactions of Hcy-thiolactone with protein lysine residues (Equation 2) [38; 50]. The
presence of a fraction of N-Hcy-protein that is resistant to Edman degradation suggests that
translational, S-nitroso-Hcy-mediated, incorporation of Hcy into protein [65] also occurs in
endothelial cell cultures.

Protein N-Linked Hcy is Present in Humans

To examine a possibility that N-Hcy-protein is relevant in vivo in the human body, | have
developed a highly selective and sensitive HPLC-based methods for the determination of
protein N-linked Hcy [61] 61a]. The initial sample workup removes free and disulfide-linked
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Hcy by extensive treatments with the reducing agent dithiothreitol. The method is based on a
quantitative conversion of protein N-linked Hcy to Hcy-thiolactone, which is achieved by
acid hydrolysis under reducing conditions (in the presence of dithiothreitol). Hcy-thiolactone
is then purified and quantified by HPLC on a cation exchange column with multi-wavelength
diode array UV detection, including A4 [61] or fluorescence detection after post-column
derivatization with orthophtaldialdehyde [61a].

That protein N-linked Hcy is present in human plasma proteins was first described in
2000 [82]. Subsequent studies have shown that protein N-linked Hcy is present in serum
albumin purified from various organisms, including human. Protein N-linked Hcy occurs in
all purified individual human blood proteins examined so far [61]. The highest amounts of
protein N-linked Hcy, 50 mol%, are present in human and equine ferritins [61a]. In human
blood, 0.36-0.6 mol% of protein N-linked Hcy is present in human hemoglobin, serum
albumin, and y-globulins, respectively. Other serum proteins, such as fibrinogen, LDL, HDL,
transferrin, and antitrypsin contain from 0.04 to 0.1 % of protein N-linked Hcy. N-Hcy-
hemoglobin, present in normal blood at a concentration of 12.7 uM, constitutes a major Hcy
pool in the human blood [61]. Interestingly, rodents have more N-linked Hcy in their blood
proteins that humans [61a].

Although the levels of protein N-linked Hcy in individual human blood proteins correlate
with the reactivity of these proteins toward Hcy-thiolactone [61], protein N-linked Hcy may
also arise by S-nitroso-Hcy-mediated translational mechanism, in which Hcy substitutes a
protein methionine residue [45]. However, the presence of protein N-linked Hcy in pig
albumin [61], which does not contain methionine, strongly suggests that Hcy-thiolactone-
mediated mechanism is responsible for Hcy incorporation.

Protein N-Linked Hcy is Elevated in Hyperhomocysteinemia and is
Associated with Coronary Artery Disease (CAD) in Humans

The Hcy-thiolactone hypothesis [36] predicts that protein N-homocysteinylation will be
elevated under conditions conducive to atherosclerosis, such as hyperhomocysteinemia. The
verification of this prediction became possible with the development of sensitive chemical
[61] and immunological assays [85] for protein N-linked Hcy in humans. Indeed, as predicted
by the Hcy-thiolactone hypothesis, protein N-linked Hcy is elevated in subjects with genetic
hyperhomocysteinemia [45; 61; 71; 82].

| found that human plasma contains from 0.1 to 13 uM protein N-linked Hcy, which
represents up to 25% of plasma total Hcy [61]. Plasma concentrations of protein N-linked
Hcy correlate positively with tHcy, suggesting that plasma tHcy level is a determinant of
protein N-linked Hcy level. Interestingly, in some subjects, plasma levels of protein N-linked
Hcy are lower than expected from their tHcy content; this suggests that factors other than
tHcy can affect plasma protein N-linked Hcy levels [61]. A likely candidate for a determinant
of plasma protein N-linked Hcy levels, is Hcy-thiolactonase activity [57; 59; 60], which has
been shown to affect the formation of protein N-linked Hcy in HUVEC cultures [51] and in
human serum in vitro [58].
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We found that plasma protein N-linked Hcy levels are significantly elevated in CBS- or
MTHFR-deficient patients and that CBS-deficient patients have significantly elevated levels
of pro-thrombotic N-Hcy-fibrinogen [130]. These findings provide an explanation for
increased atherothrombosis observed in CBS-deficient patients. Furthermore, plasma protein
N-linked Hcy is elevated 10-fold in mice fed a pro-atherogenic high-methionine diet [131].
Inactivation of Cbs, Mthfr, or the proton coupled folate transporter (Pcft) gene in mice results
in 19- to 30-fold increase in plasma protein N-linked Hcy levels [131]. These finding provide
evidence that protein N-linked Hcy is an important metabolite associated with Hcy
pathophysiology in humans and mice.

Other investigators have studied protein N-homocysteinylation in uremic patients [86;
87] to explain a link between hyperhomocysteinemia and higher cardiovascular risk and
mortality observed in these patients [88]. Significantly higher protein N-linked Hcy levels
were found in hyperhomocysteinemic uremic patients on hemodialysis than in control
subjects [86; 87]. Interestingly, protein N-linked Hcy comprises less tHcy in hemodialysis
patients than in control subjects [86; 87]. Similarly, protein N-linked Hcy comprises less
tHcy in patients with higher plasma tHcy (50-120 uM) than in patients with lower plasma
tHcy (5-40 uM) [61]. The lower protein N-linked Hcy/tHcy ratios suggest that the Hcy-
thiolactone clearance is more effective at higher tHcy levels. This suggestion is supported by
a finding that in mice fed a hyperhomocysteinemic high Met or Hcy diet urinary/plasma Hcy-
thiolactone is 7-fold or 4-fold higher, respectively, compared to mice fed a normal diet [49].

Hyperhomocysteinemia in CAD patients is linked with increased mortality in these
patients [23]. In one clinical study which examined a relationship between Hcy and coronary
heart disease, plasma protein N-linked Hcy levels, like tHcy levels, were significantly higher
in coronary heart disease patients than in controls [85]. Furthermore, there was a weak but
significant positive correlation between protein N-linked Hcy level and the number of
diseased coronary arteries: the higher protein N-linked Hcy level the greater the number of
afflicted arteries.

Using polyclonal rabbit anti-N-Hcy-protein IgG antibodies [89], we have demonstrated
that N-Hcy-protein is present in human cardiac tissues [90]. For example, we observed
positive immunohistochemical staining of myocardium and aorta samples from cardiac
surgery patients. Control experiments have demonstrated that the staining was specific for N-
Hcy-protein. No immunostaining was observed with rabbit preimmune IgG, with
iodoacetamide-treated tissues (which destroys the Ne-Hcy-Lys epitope), or with the antibody
pre-adsorbed with N-Hcy-albumin [90]. Further support for a role of N-Hcy-protein in
atherogenesis is provided by our finding of increased immunohistochemical staining for N-
Hcy-protein in aortic lesions from ApoE-/- mice with hyperhomocysteinemia induced by a
high methionine diet, relative to the mice fed a control chow diet [90].

Modification by Hcy-Thiolactone Causes
Protein Damage

In proteins that were studied thus far, usually a few lysine residues are predominant
targets for the modification by Hcy-thiolactone. For example, Lys525 [83] is a predominant
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site of albumin N-homocysteinylation in vitro and in vivo. Four lysine residues of cytochrome
¢ (Lys8 or 13, Lys 86 or 87, Lys 99, and Lys 100) are susceptible to N-homocysteinylation
[84]. Twelve lysine residues of fibrinogen (7 in Aa chain, 2 in Bp chain and 3 in y chain)
were found to be susceptible to the modification by Hcy-thiolactone [42]. Four lysine
residues (Lys16, Lys56 in o chain and Lys59, Lys95 in B chain) are predominant sites of N-
homocysteinylation in hemoglobin (H. Jakubowski, R. Glowacki, unpublished data).

The acylation of a basic e-amino group of a protein lysine residue (pK=10.5) by Hcy-
thiolactone generates an Ne&-Hcy-Lys residue containing a much less basic amino group
(pK~7) and a free thiol group (Eg. 1). This substitution is expected to significantly alter
protein structure and function. Indeed, hemoglobin, albumin [83], and cytochrome ¢ [38] are
sensitive to N-homocysteinylation; incorporation of one Hcy/mol protein induces gross
structural alterations in these proteins. For instance, N-Hcy-cytochrome ¢ becomes resistant
to proteolytic degradation (by trypsin, chymotrypsin, and pronase) [84] and susceptible to
aggregation due to intermolecular disulfide bond formation [38], which also interferes with
the red-ox state of the heme iron by rendering it reduced [84]. N-Hcy-hemoglobin, in contrast
to unmodified hemoglobin, is susceptible to further irreversible damage by oxidation. Of the
two physiological forms of human albumin, albumin-Cys34-S-S-Cys (containing cysteine in
a disulfide linkage with Cys34 of albumin) is modified by Hcy-thiolactone faster than
mercaptoalbumin (containing a free thiol at Cys34). Hcy-thiolactone-modified and
unmodified forms of albumin exhibit different susceptibilities to proteolytic degradation by
trypsin, chymotrypsin, or elastase [83].

Other proteins are inactivated only by incorporation of multiple Hcy residues. For
example, complete loss of enzymatic activity occurs after N-homocysteinylation of eight
lysine residues in MetRS (33% of total lysine residues) or eleven lysine residues in trypsin
(88% of total lysine residues) [38]. Furthermore, extensively N-homocysteinylated proteins,
such as fibrinogen, transferin, globulins, myoglobin, RNase A, and trypsin are prone to
multimerization and undergo gross structural changes that lead to their denaturation and
precipitation [38]. Chicken egg Ilysozyme is also denatured by extensive N-
homocysteinylation [91].

N-Hcy-LDL, in which 10% or 25% lysine residues have been modified (i. e., containing
36 and 89 mol Hcy/mol LDL), is taken up and degraded by human monocyte-derived
macrophages significantly faster than native LDL [92]. However, N-Hcy-LDL containing
eight molecules of Hcy/mol LDL is taken up and degraded by leukemic L2C guinea pig
lymphocytes to the same extent as native LDL via the high affinity LDL-specific receptor
pathway [93].

Hcy-thiolactone may also inactivate enzymes by other mechanisms. For example, lysine
oxidase, an important enzyme responsible for post-translational collagen modification
essential for the biogenesis of connective tissue matrices, is inactivated by micromolar
concentrations of Hcy-thiolactone, which derivatizes the active site tyrosinequinone cofactor
with a half-life of 4 min [94].
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Chronic Treatments with Hcy-Thiolactone
are Harmful

As predicted by the Hcy-thiolactone hypothesis [36] [37a, 37b], chronic treatments of
animals with Hcy-thiolactone cause pathophysiological changes similar to those observed in
human genetic hyperhomocysteinemia. For example, Hcy-thiolactone infusions in baboons
[95] or Hcy-thiolactone-supplemented diet in rats [96] produce atherosclerosis. Treatments
with Hcy-thiolactone cause developmental abnormalities in chick embryos [97], including
optic lens dislocation [98], a characteristic diagnostic feature present in the CBS-deficient
human patients [16; 17; 18]. However, rabbits, which have the highest levels of serum Hcy-
thiolactonase/PON1, and thus efficiently detoxify Hcy-thiolactone [57; 58; 71], are resistant
to detrimental effects of Hcy-thiolactone infusions [99; 100].

Immunogenic Properties of Hcy-Thiolactone-
Modified Proteins

Hcy-thiolactone-mediated incorporation of Hcy into protein (Eqg. 2) can impact cellular
physiology through many routes. Protein modification by Hcy-thiolactone can disrupt protein
folding, and create altered proteins with newly acquired interactions, or can lead to induction
of autoimmune responses. During the folding process, proteins form their globular native
states in a manner determined by their primary amino acid sequence [101; 102]. Thus, small
changes in amino acid sequence caused by Hcy incorporation have the potential to create
misfolded protein aggregates. Indeed, N-Hcy-proteins have a propensity to form protein
aggregates [38]. Furthermore, the appearance of misfolded/aggregated proteins in the
endoplasmic reticulum (ER) activates an unfolded protein response (UPR) signaling pathway,
that, when overwhelmed, leads to cell death via apoptosis. Protein aggregates are known to
be inherently toxic [103]. The toxicity of N-Hcy-LDL, which in contrast to native LDL, has
the propensity to aggregate [92] and induces cell death in cultured human endothelial cells
[40], is consistent with this concept. These pathways can be induced in cultured human
endothelial cells and in mice by elevating Hcy [104; 105; 106; 107], which also elevates Hcy-
thiolactone [49; 51]. Moreover, treatments with Hcy-thiolactone induce ER stress and UPR in
retinal epithelial cells [108], as well as apoptotic death in cultured human vascular
endothelial cells [39; 41]. In this scenario the formation of N-Hcy-proteins leads to the UPR
and induction of the apoptotic pathway. Proteolytic degradation of N-Hcy-proteins can
generate potentially antigenic peptides, which can be displayed on cell surface and induce
adaptive immune response.

Atherosclerosis is now widely recognized as a chronic inflammatory disease that
involves innate and adaptive immunity [7; 10; 11]. That inflammation is important is
supported by studies showing that increased plasma concentration of markers of
inflammation, such as C-reactive protein, interleukin-1, serum amyloid A, and soluble
adhesion molecules are independent predictors of vascular events [9]. Autoantibodies against
modified LDL were found to be elevated in vascular disease patients in some, but not all
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studies [12; 13]. Lipid peroxidation is thought to play a central role in the initiation of both
cellular and humoral responses. Reactive aldehydes resulting from phospholipid
peroxidation, such as malondialdehyde, 4-hydroxynonenal, and 1-palmitoyl-2-(5-
oxovaleroyl)-sn-glycero-3-phosphocholine can modify lysine residues in LDL and in other
proteins. The resulting oxidized lipids-protein adducts, e.g., malondialdehyde-LDL, carry
neo-self epitopes which are recognized by specific innate and adaptive immune responses. As
will be discussed in the following sections of this chapter, protein N-homocysteinylation by
Hcy-thiolactone [35; 36] also appears to play an important role.

N-Hcy-Proteins are Immunogenic

By generating structurally altered proteins, the modification by Hcy-thiolactone, like
other chemical modifications, such as glycation, acetylation, methylation, ethylation,
carbamylation [7], can render proteins particularly immunogenic. Indeed, intradermal
inoculations of rabbits with N-Hcy-LDL induces the synthesis of anti-N-Hcy-LDL antibodies
in these animals [109]. Furthermore, immunization of rabbits with Hcy-thiolactone-modified
keyhole limpet hemocyanin (KHL) leads to generation of antibodies that bind to N-Hcy-LDL
[89; 110]. Of considerable interest are the observations that antisera from such immunizations
bound not only to the N-Hcy-LDL but to a variety of other human proteins on which the N-
linked Hcy epitope was present, such as N-Hcy-albumin, N-Hcy-hemoglobin, N-Hcy-
transferrin, N-Hcy-antitrypsin, but not to native unmodified proteins. Ne-Hcy-Na-acetyl-Lys,
but not Ne-acetyl-Na-Hcy-Lys, prevented the rabbit antibodies from binding to human N-
Hcy-hemoglobin. This shows that the rabbit 1gG specifically recognizes Hcy linked by
isopeptide bond to e-amino group of protein lysine residue; Hey linked by peptide bond to o-
amino group is not recognized. The rabbit antibodies bind short peptides containing the Ne-
Hcy-Lys epitop. Hey, Hey-thiolactone, lysine, or unmodified lysine derivatives not are bound
by the rabbit anti-N-Hcy-protein antibodies [110]. Furthermore, pre-immune rabbit serum
exhibits significant titers of autoantibodies against N-Hcy-albumin [H. Jakubowski
unpublished], which suggests that endogenous N-Hcy-proteins present in rabbit blood [61]
are autoantigenic. Taken together, these data suggest that autoantibodies, once formed in vivo
in response to N-Hcy-LDL would be capable of binding to endogenous N-Hcy-proteins.

An Auto-lmmune Response to N-Hcy-Proteins in Humans

To determine whether N-Hcy-proteins are autoimmunogenic in humans, human sera were
assayed for the presence of antibodies binding to N-Hcy-hemoglobin as an antigen. We found
that each human serum tested showed some titer of 1gG [110; 111; 112] and IgM (J. Perla-
Kajan, T. Twardowski, H. Jakubowski, unpublished data) auto-antibodies against N-Hcy-
hemoglobin or N-Hcy-albumin.

The plasma levels of anti-N-Hcy-protein autoantibodies [89; 110; 111; 112] and protein
N-linked Hcy [45; 61; 82; 83] vary considerably among individuals and are strongly
correlated with plasma Hcy, but not with Cys or Met [110]. Such correlations can be
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explained by the Hcy-thiolactone hypothesis [36]: elevation in Hcy leads to inadvertent
elevation in Hcy-thiolactone, observed ex vivo in human fibroblasts [50] and endothelial cells
[51; 53], and in vivo in humans [49; 53; 54; 67] and mice [36; 49]. Hcy-Thiolactone mediates
Hcy incorporation into proteins and the formation of neo-self antigens, Ne-Hcy-Lys-protein
(Eg. 1). Raising levels of neo-self Ne-Hcy-Lys epitopes on proteins trigger an autoimmune
response. The presence of IgM and IgG autoantibodies against N-Hcy-proteins in human
blood [35; 36] suggest that Hcy incorporation into proteins triggers both innate and an
adaptive immune response in humans.

Antigen Specificity of the Human Anti-N-Hcy-Proteins Autoantibodies

The anti-N-Hcy-protein 1gG autoantibodies specifically recognize an Ne-Hcy-Lys
epitope on N-homocysteinylated human proteins, such as N-Hcy-hemoglobin, N-Hcy-
albumin, N-Hcy-transferrin, and N-Hcy-antitrypsin. The thiol group of N-linked Hcy is
important for binding and proteins containing the Ne-Hcy-Lys epitope with its thiol blocked
by the thiol reagent iodoacetamide are not bound by these autoantibaodies. Small molecules,
such as Ne-Hey-Lys, Ne-Hey-Na-acetyl-Lys, and Ne-Hey-Na-acetyl-LysAla are also bound
by these autoantibodies, as demonstrated by their effective competition for autoantibody
binding to antigen-coated microtiter plate wells [110]. High specificity of these
autoantibodies is further demonstrated by our finding that N&-acetyl-Na-Hcy-Lys, in which
Hcy is attached to the a-amino group of lysine instead of the e-amino group, did not compete
with the human IgG binding. Lysine, LysAla, Na-acetyl-Lys, Hcy or Hcy-thiolactone also
did not compete with the human IgG binding. Taken together, these data suggest that human
IgG specifically recognizes Ne-Hcy-Lys epitope on an Ne-Hcy-Lys-protein and that the
antigen specificity of the human anti-N-Hcy-protein autoantibodies is essentially identical to
the specificity of the rabbit anti-N-Hcy-protein antibodies generated by inoculations with N-
Hcy-LDL or N-Hey-KLH [110].

Anti-N-Hcy-Protein Autoantibodies are Associated with Stroke

Innate and adaptive immune responses directed against modified LDL are known to
modulate the progression of vascular disease and increased plasma levels of markers of these
responses are independent predictors of coronary events [6]. Although plasma levels of
autoantibodies against oxidized or glycated LDL are often associated with vascular disease
[12; 13], the role of anti-N-Hcy-protein auto-antibodies was unknown. In a case-control study
[110], we examined the relation between anti-N-Hcy-protein auto-antibodies and stroke.

Our cohorts of 54 stroke patients (63.4 years old) and 74 healthy controls (66.3 years old)
did not differ with respect to triglycerides, total cholesterol and LDL cholesterol levels,
whereas HDL cholesterol was lower in stroke patients than in controls. We found significant
differences in levels of anti-N-Hcy-protein 1gG autoantibodies between the group of 39 male
patients with stroke and the group of 29 healthy subjects. Male stroke patients had higher
serum anti-N-Hcy-protein IgG levels than healthy controls [110]. Male stroke patients had
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also higher plasma tHcy than controls, consistent with earlier studies. Thus, both plasma tHcy
and anti-N-Hcy-protein 1gGs are associated with stroke in male subjects. Plasma levels of
tHcy and anti-N-Hcy-protein 1gG autoantibody in a group of 17 female stroke patients were
similar to corresponding levels in a group of 45 female controls, suggesting that stroke in the
female patients may have been caused by factors other than elevated Hcy or cholesterol.
Furthermore, we found no differences in plasma cysteine or methionine concentrations
between stroke patients and controls both for males and females. Thus, the high levels of
anti-N-Hcy-protein autoantibodies in male stroke patients reflect high Hcy levels in these
patients.

Anti-N-Hcy-Protein Autoantibodies are Associated with CAD

To test a concept that anti-N-Hcy-protein autoantibodies are an important feature of
atherosclerosis, we examined the relation between anti-N-Hcy-protein autoantibodies and
CAD in male subjects [111]. Our cohort of 88 male patients (45 years old) with
angiographically documented CAD had significantly higher plasma levels of triglycerides,
total cholesterol and LDL cholesterol, and lower levels of HDL cholesterol, compared to a
cohort of 100 healthy male controls (43.5 years old). Significant differences in mean levels of
anti-N-Hcy-protein 1gG autoantibodies were found between a group of CAD male patients
and a group of age-matched controls. Male CAD patients had 47 % higher serum levels of
anti-N-Hcy-protein 1gG autoantibodies than healthy controls. Levels of anti-N-Hcy-protein
IgG were not associated with traditional risk factors. However, there was a weak positive
correlation between the autoantibodies and plasma tHcy. Male CAD patients had also higher
levels of plasma tHcy than controls, consistent with earlier studies. Thus, the higher levels of
anti-N-Hcy-protein autoantibodies that are present in CAD male patients, like in stroke
patients, reflect the higher levels of Hcy in these patients.

An age-adjusted risk for CAD related to seropositivity for anti-N-Hcy-protein 1gG
autoantibodies is 9.87 (95% Cl 4.50-21.59, p<10®). In multivariate logistic regression
analysis, seropositivity to anti-N-Hcy-protein 1gG autoantibodies (OR, 14.82; 95% ClI, 4.47
to 49.19; p=0.00002), smoking (OR, 8.84; 95% CI, 2.46 to 31.72; p=0.001), hypertension
(OR, 43.45; 95% I, 7.91 to 238.7; p=0.0001), and HDL cholesterol (OR, 0.015; 95% ClI,
0.002 to 0.098; p=0.00002 for each unit increase) were independent predictors of early CAD
in men <50 years old (yx2=26.17, p<107® for the increment in goodness of fit as compared to a
three variable model employing smoking, HDL cholesterol, and hypertension). These
analyses show that elevated levels of anti-N&-Hcy-Lys-protein autoantibodies significantly
contribute to the risk of CAD in male patients.

Anti-N-Hcy-Protein Autoantibodies are Associated with Uremia

As discussed above, the levels of N-Hcy-protein are elevated in uremic patients on
hemodialysis [86; 87]. These finding suggests that an autoimmune response against N-Hcy-
protein might also be enhanced in these patients. This possibility was examined in a group of
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43 patients (58.8 years old) who were on maintenance hemodialysis for an average of 50
months and an age and sex matched group of 31 apparently healthy individuals [113].
Significantly higher levels of anti-N-Hcy-protein 1gG autoantibodies were found in the
hemodiallysis patients, compared with controls. Like in our previous studies [110], the levels
of anti-N-Hcy-protein 1gG autoantibodies were strongly correlated with plasma total Hcy,
both in hemodialysis patients and in controls. Among the hemodialysis patients, a subgroup
of survivors of myocardial infarction (n=14) had significantly higher levels of anti-N-Hcy-
protein 1gG autoantibodies than a subgroup of hemodialysis patients without a history of
CAD (n=29) [113]. Taken together, these data suggest that an autoimmune response against
N-Hcy-proteins contributes to the development of CAD in hemodialysis patients.

Hyperhomocysteinemia, N-Hcy-Protein, and an Innate Immune Response

We also found that the levels of anti-N-Hcy-protein autoantibodies are weakly, but
significantly, correlated with plasma CRP levels (r=0.24, p=0.002) [111]. This finding
suggests that N-Hcy-protein can also elicit an innate immune response. Many investigators,
but not all [114; 115; 116], have linked Hcy to immune responses. For example, a weak, but
significant, association between plasma total Hcy and CRP was observed in the Framingham
Heart Study [117] and in the Physician’s Health Study [118]. Holven et al. reported that in
humans hyperhomocysteinemia is associated with increased levels of both CRP and
interleukin-6 [119]. A similar positive association between Hcy and interleukin-6 was
reported in patients with diabetic nephropathy [120]. Importantly, in the Holven et al. study,
elevated level of interleukin-6 is observed in hyperhomocysteinemic individuals in the
absence of hypercholesterolemia. Plasma total Hcy was positively associated with soluble
tumor necrosis factor receptor in the Nurses’ Health Study [121]. A positive correlation is
observed between plasma tHcy and neopterin (a marker of Thl type immune response) in
Parkinson’s disease patients [122]. Elevated Hcy is associated with elevated monocyte
chemotactic protein-1 and increased expression of vascular adhesion molecules in humans
[123; 124] and rats [125; 126; 127; 128]. Plasma Hcy is a determinant of TNF-a in
hypertensive patients [129]. Furthermore, in mice dietary hyperhomocysteinemia is known to
trigger atherosclerosis and enhance vascular inflammation, manifested by increased
activation of NF-xB in the aorta and kidney, enhanced expression of VCAM-1 and RAGE in
the aorta and TNF-a. in plasma [14].

How Hcy can trigger these innate inflammatory responses is unknown, However, given
that hyperhomocysteinemia causes elevation of Hcy-thiolactone and N-Hcy-protein levels in
humans and mice [49], these responses are likely to be caused by N-Hcy-protein, particularly
by N-Hcy-LDL. Consistent with this suggestion are the observations that N-Hcy-LDL is
highly immunogenic [109], is present in human blood [61], and is taken up by macrophages
faster than unmodified LDL [92]. Further studies are needed to elucidate the mechanism of
Hcy-induced innate immune responses.
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Possible Roles of Anti-N-Hcy-Protein Autoantibodies in Atherosclerosis

Our findings that anti-N-Hcy-protein autoantibodies are elevated in stroke and CAD
patients suggest that an autoimmune response against N-Hcy-proteins is an important feature
of atherosclerosis [35]. In general, antibodies protect against exogenous pathogens and
endogenous altered neo-self molecules to maintain homeostasis by neutralization and
clearance. Like autoantibodies against oxidatively modified LDL [7], the anti-N-Hcy-protein
autoantibodies can be beneficial or deleterious. For example, the clearing of N-Hcy-protein
proteins from circulation by the autoantibodies would be beneficial. On the other hand,
binding of the anti-N-Hcy-protein autoantibodies to N-Hcy-proteins [35; 89] in tissues may
contribute to the deleterious effects of hyperhomocysteinemia on many organs [16; 17; 18].
For instance, if the neo-self Ne-Hcy-Lys epitopes were present on endothelial cell membrane
proteins, anti-N-Hcy-protein autoantibodies would form antigen-antibody complexes on the
surface of the vascular wall. Endothelial cells coated with anti-N-Hcy-protein autoantibodies
would be taken up by the macrophage via the Fc receptor, resulting in injury to the vascular
surface. Under chronic exposures to excess Hcy, the neo-self epitopes Ne-Hcy-Lys, which
initiate the injury, are formed continuously, and the repeating attempts to repair the damaged
vascular wall would lead to an atherosclerotic lesion [35; 36].

Hcy-Lowering Therapy and Anti-N-Hcy-Protein Autoantibodies

If anti-N-Hcy-protein autoantibodies reflect plasma tHcy levels and arise through the
mechanisms postulated by the Hcy-thiolactone hypothesis [36], then lowering plasma tHcy
by folic acid supplementation should also lower plasma levels of anti-N-Hcy-protein
autoantibodies. This prediction was tested in groups of hyperhomocysteinemic (plasma
tHcy>15 uM) male patients (n=12) with angiographically documented CAD and healthy men
(n=20) [112]. At baseline, the two groups did not differ with respect to age, tHcy, folate, lipid
profile, and CRP. As in our two previous studies [110; 111], the baseline levels of anti-N-
Hcy-protein autoantibodies were significantly higher in CAD patients than in healthy subjects
and plasma tHcy was positively correlated with anti-N-Hcy-protein autoantibodies in both
groups (r=0.77 to 0.85, p<0.0001 to 0.002) [112]. Furthermore, folate levels measured prior
to folic acid supplementation correlated negatively with anti-N-Hcy-protein autoantibodies in
healthy subjects (r=-0.58, p0.008) and in CAD patients (r=-0.9, p<0.0001).

Folic acid supplementation for 3 months or 6 months resulted in significant lowering of
plasma tHcy (by 30%) and increased plasma folate levels (by 230%) in our CAD patients and
controls, consistent with other Hcy-lowering studies [27; 28; 29; 30]. In healthy subjects,
plasma levels of anti-N-Hcy-protein autoantibodies fell significantly (p<0.001) following 3
months (by 38%), and remained at a lower level at 6 months (by 48%), of folic acid
supplementation. However, in CAD patients, surprisingly, plasma levels of anti-N-Hcy-
protein autoantibodies fell by only 8.5-12% at 3 or 6 months of folic acid supplementation,
but this effect was not significant [112]. The effects of Hcy-lowering therapy on anti-N-Hcy-
protein autoantibodies suggest that the neo-self N-Hcy-protein antigens respond relatively
quickly to changes in Hcy levels and can be cleared in healthy subjects. In contrast, the neo-
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self N-Hcy-protein antigens appear to persist in CAD patients and not to respond to Hcy
lowering therapy. Interestingly, in another study the levels of anti-N-Hcy-protein 1gG
autoantibodies were found to be similar in groups of uremic patients on hemodialysis who
were taking (n=37) or not taking (n=6) folic acid supplementation [113]. These findings
suggest that the immune activation caused by protein N-homocysteinylation in uremia and in
CAD patients cannot be easily reversed.

Taken together, the effects of Hcy-lowering therapy on anti-N-Hcy-protein
autoantibodies support the involvement of Hcy in the synthesis of these autoantibodies
according to a mechanism postulated by the Hcy-thiolactone hypothesis [36] (Figure 5).

Furthermore, our findings that lowering plasma Hcy by folic acid supplementation
lowers anti-N-Hcy-protein autoantibodies in control subjects, but not in patients with CAD,
support the involvement of an autoimmune response in CAD [112]. These findings also
suggest that, while primary Hcy-lowering intervention by vitamin supplementation is
beneficial, secondary intervention may be ineffective, and may explain at least in part the
failure of vitamin therapy to lower cardiovascular events in Ml patients [29; 30].

Hey
Hcy-thic;lactone
N-Hcy-protein, protein damage

adaptive immune response
anti N-Hcy-protein autoantibodies

cell death,
inflammation

atherosclerosis
thrombosis

Figure 5. Hcy-thiolactone-mediated incorporation of Hcy into proteins leads to the induction of anti-N-
Hcy-protein autoantibodies and is associated with atherosclerosis and thrombosis in humans.

Conclusion

Accumulating evidence suggests that elevated Hcy contributes to adaptive and innate
immune responses in atherosclerosis in humans and experimental animals. In this chapter, |
have discussed the evidence supporting a concept that the incorporation of Hcy into protein
via isopetide linkages, causes alterations in the protein’s structure and the formation of neo-
self antigens that elicit anti-N-Hcy-protein autoantibodies, and emphasized their potential
importance in vascular disease (Figure 5). Of many known natural Hcy metabolites, only the
thioester Hcy-thiolactone can mediate the incorporation of Hcy into proteins via stable
isopeptide bonds. Protein N-homocysteinylation creates altered proteins with newly acquired
interactions, including immunogenic properties. Elevated levels of Hcy-thiolactone and
protein N-linked Hcy are observed in genetic and dietary hyperhomocysteinemia in humans
and mice. Levels of protein N-linked Hcy are also elevated in CAD patients. Protein N-
homocysteinylation leads to the formation of neo-self protein N-linked Hcy epitopes, which
cause an immune response in humans, manifested by the induction of anti-N-Hcy-protein
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autoantibodies. Levels of these autoantibodies correlate with plasma total Hcy, are elevated
in stroke and CAD patients, and thus may play an important role in atherosclerosis. Primary
Hcy-lowering vitamin therapy lowers the levels of anti-N-Hcy-protein autoantibodies in
healthy subjects. In contrast, secondary vitamin intervention appears to be ineffective in
reducing an autoimmune response: it lowers plasma tHcy, but not anti-N-Hcy-protein
autoantibodies in CAD patients. These results support the Hcy-thiolactone hypothesis, which
states that the metabolic conversion of Hcy to Hcy-thiolactone followed by the non-
enzymatic protein modification by Hcy-thiolactone is an underlying mechanism that
contributes to the pathophysiology of hyperhomocysteinemia. We are only beginning to
understand pathophysiological consequences of N-Hcy-protein accumulation. Along with
other aspects of protein N-homocysteinylation, identifying anti-N-Hcy-protein
autoantibodies, and understanding their roles in health and disease are likely to yield an
understanding of the basic mechanisms that evolved to deal with the consequences of Hcy-
thiolactone formation.

References

[1] Braunwald, E. Shattuck lecture--cardiovascular medicine at the turn of the millennium;
triumphs, concerns, and opportunities. N. Engl. J. Med., 337, 1997, 1360-9.

[2] Willerson, JT; Ridker, PM. Inflammation as a cardiovascular risk factor. Circulation,
2004, 109, 112-10.

[3] Libby, P. The forgotten majority: unfinished business in cardiovascular risk reduction.
J. Am. Coll. Cardiol., 2005, 46, 1225-8.

[4] Tardif, JC; Heinonen, T; Orloff, D; Libby, P. Vascular biomarkers and surrogates in
cardiovascular disease. Circulation, 2006, 113, 2936-42.

[5] Lusis, Al. Atherosclerosis. Nature, 2000, 407, 233-41.

[6] Binder, CJ; Chang, MK; Shaw, PX; Miller, YI; Hartvigsen, K; Dewan, A; Witztum, JL.
Innate and acquired immunity in atherogenesis. Nat. Med., 2002, 8, 1218-26.

[7]1 Binder, CJ; Shaw, PX; Chang, MK; Boullier, A; Hartvigsen, K; Horkko, S; Miller, YI;
Woelkers, DA; Corr, M; Witztum, JL. The role of natural antibodies in atherogenesis.
J. Lipid. Res., 2005, 46, 1353-63.

[8] Croce, K; Libby, P; Intertwining of thrombosis and inflammation in atherosclerosis.
Curr. Opin. Hematol., 2007, 14, 55-61.

[9] Libby, P. Inflammation in atherosclerosis. Nature, 2002, 420, 868-74.

[10] Libby, P; Ridker, PM. Inflammation and atherothrombosis from population biology and
bench research to clinical practice. J. Am. Coll. Cardiol., 2006, 48, A33-46.

[11] Forrester, JS; Libby, P. The inflammation hypothesis and its potential relevance to
statin therapy. Am. J. Cardiol., 2007, 99, 732-8.

[12] Virella, G; Lopes-Virella, MF. Lipoprotein autoantibodies: measurement and
significance. Clin. Diagn. Lab. Immunol., 2003, 10, 499-505.

[13] Virella, G; Thorpe, SR; Alderson, NL; Derrick, MB; Chassereau, C; Rhett, JM; Lopes-
Virella, MF. Definition of the immunogenic forms of modified human LDL recognized



The Origin and Role of Autoantibodies against N-Homocysteinylated... 199

[14]

[15]

[16]

[17]

[18]

[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

by human autoantibodies and by rabbit hyperimmune antibodies. J. Lipid. Res., 2004,
45, 1859-67.

Hofmann, MA; Lalla, E; Lu, Y; Gleason, MR; Wolf, BM; Tanji, N; Ferran, LJ; Jr.,
Kohl, B; Rao, V; Kisiel, W; Stern, DM; Schmidt, AM. Hyperhomocysteinemia
enhances vascular inflammation and accelerates atherosclerosis in a murine model. J.
Clin. Invest., 2001, 107, 675-83.

Refsum, H; Nurk, E; Smith, AD; Ueland, PM; Gjesdal, CG; Bjelland, I; Tverdal, A,;
Tell, GS; Nygard, O; Vollset, SE. The Hordaland Homocysteine Study: a community-
based study of homocysteine, its determinants, and associations with disease. J. Nutr.,
2006, 136, 1731S-1740S.

Mudd, SH; Levy, HL; KJP. Disorders of transsulfuration. in: Scriver, CR; Beaudet, AL;
Sly, WS; et al; (Eds.), The metabolic and molecular bases of inherited disease, Mc
Graw-Hill, New York, 2001, pp. 2007-2056.

Kluijtmans, LA; Boers, GH; Kraus, JP; Van Den Heuvel, LP; Cruysberg, JR; Trijbels,
FJ; Blom, HJ. The molecular basis of cystathionine beta-synthase deficiency in Dutch
patients with homocystinuria: effect of CBS genotype on biochemical and clinical
phenotype and on response to treatment. Am. J. Hum. Genet., 1999, 65, 59-67.

Yap, S; Boers, GH; Wilcken, B; Wilcken, DE; Brenton, DP; Lee, PJ; Walter, JH;
Howard, PM; Naughten, ER. Vascular outcome in patients with homocystinuria due to
cystathionine beta-synthase deficiency treated chronically: a multicenter observational
study. Arterioscler. Thromb. Vasc. Biol., 2001, 21, 2080-5.

McCully, KS. Vascular pathology of homocysteinemia: implications for the
pathogenesis of arteriosclerosis. Am. J. Pathol., 1969, 56, 111-28.

Wald, DS; Law, M; Morris, JK. Homocysteine and cardiovascular disease: evidence on
causality from a meta-analysis. Bmj, 2002, 325, 1202.

Seshadri, S. Elevated plasma homocysteine levels: risk factor or risk marker for the
development of dementia and Alzheimer's disease? J. Alzheimers Dis., 2006, 9, 393-8.
Seshadri, S; Beiser, A; Selhub, J; Jacques, PF; Rosenberg, IH; D'Agostino, RB; Wilson,
PW; Wolf, PA. Plasma homocysteine as a risk factor for dementia and Alzheimer's
disease. N. Engl. J. Med., 2002, 346, 476-83.

Anderson, JL; Muhlestein, JB; Horne, BD; Carlquist, JF; Bair, TL; Madsen, TE;
Pearson, RR. Plasma homocysteine predicts mortality independently of traditional risk
factors and C-reactive protein in patients with angiographically defined coronary artery
disease. Circulation, 2000, 102, 1227-32.

Strauss, KA; Morton, DH; Puffenberger, EG; Hendrickson, C; Robinson, DL; Wagner,
C; Stabler, SP; Allen, RH; Chwatko, G; Jakubowski, H; Niculescu, MD; Mudd, SH.
Prevention of brain disease from severe 5,10-methylenetetrahydrofolate reductase
deficiency. Mol. Genet. Metab., 2007, 91, 165-75.

Lawrence De Koning, AB; Werstuck, GH; Zhou, J; Austin, RC.
Hyperhomocysteinemia and its role in the development of atherosclerosis. Clin.
Biochem., 2003, 36, 431-41.

Lentz, SR. Mechanisms of homocysteine-induced atherothrombosis. J. Thromb
Haemost., 2005, 3, 1646-54.



200

Hieronim Jakubowski

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]

Durga, J; Van Boxtel, MP; Schouten, EG; Kok, FJ; Jolles, J; Katan, MB; Verhoef, P.
Effect of 3-year folic acid supplementation on cognitive function in older adults in the
FACIT trial: a randomised, double blind, controlled trial. Lancet, 2007, 369, 208-16.
Spence, JD; Bang, H; Chambless, LE; Stampfer, MJ. Vitamin Intervention For Stroke
Prevention trial: an efficacy analysis. Stroke, 2005, 36, 2404-9.

Lonn, E; Yusuf, S; Arnold, MJ; Sheridan, P; Pogue, J; Micks, M; McQueen, MJ;
Probstfield, J; Fodor, G; Held, C; Jr; Genest, J. Homocysteine lowering with folic acid
and B vitamins in vascular disease. N. Engl. J. Med., 2006, 354, 1567-77.

Bonaa, KH; Njolstad, I; Ueland, PM; Schirmer, H; Tverdal, A; Steigen, T; Wang, H;
Nordrehaug, JE; Arnesen, E; Rasmussen, K. Homocysteine lowering and
cardiovascular events after acute myocardial infarction. N. Engl. J. Med., 2006, 354,
1578-88.

Clarke, R; Lewington, S; Sherliker, P; Armitage, J. Effects of B-vitamins on plasma
homocysteine concentrations and on risk of cardiovascular disease and dementia. Curr.
Opin. Clin. Nutr. Metab. Care., 2007, 10, 32-9.

Ingrosso, D; Cimmino, A; Perna, AF; Masella, L; De Santo, NG; De Bonis, ML;
Vacca, M; D'Esposito, M; D'Urso, M; Galletti, P; Zappia, V. Folate treatment and
unbalanced methylation and changes of allelic expression induced by
hyperhomocysteinaemia in patients with uraemia. Lancet, 2003, 361, 1693-9.

James, SJ; Melnyk, S; Pogribna, M; Pogribny, IP; Caudill, MA. Elevation in
S-adenosylhomocysteine and DNA hypomethylation: potential epigenetic mechanism
for homocysteine-related pathology. J. Nutr., 2002, 132, 2361S-2366S.

Jacobsen, DW,; Catanescu, O; Dibello, PM; Barbato, JC. Molecular targeting by
homocysteine: a mechanism for vascular pathogenesis. Clin. Chem. Lab. Med., 2005,
43, 1076-83.

Jakubowski, H. Anti-N-homocysteinylated protein autoantibodies and cardiovascular
disease. Clin. Chem. Lab. Med., 2005, 43, 1011-4.

Jakubowski, H. Pathophysiological consequences of homocysteine excess. J. Nutr.,
2006, 136, 1741S-1749S.

Perla-Kajan, J; Twardowski, T; Jakubowski, H. Mechanisms of homocysteine toxicity
in humans. Amino Acids, 2007, 32, 561-72.

[37a] H. Jakubowski. The molecular basis of homocysteine thiolactone-mediated vascular

disease. Clin. Chem. Lab. Med. 45 (2007) 1704-16.

[37b] H. Jakubowski. The pathophysiological hypothesis of homocysteine thiolactone

[38]

[39]

[40]

mediated vascular disease. J Physiol Pharmacol. 59 Suppl 9 (2008) 155-67.
Jakubowski, H. Protein homocysteinylation: possible mechanism underlying
pathological consequences of elevated homocysteine levels. Faseb., 1999, J 13,
2277-83.

Mercie, P ; Garnier, O; Lascoste, L; Renard, M; Closse, C; Durrieu, F; Marit, G;
Boisseau, RM; Belloc, F. Homocysteine-thiolactone induces caspase-independent
vascular endothelial cell death with apoptotic features. Apoptosis, 2000, 5, 403-11.
Ferretti, G; Bacchetti, T; Moroni, C; Vignini, A; Nanetti, L; Curatola, G. Effect of
homocysteinylation of low density lipoproteins on lipid peroxidation of human
endothelial cells. J. Cell Biochem., 2004, 92, 351-60.



The Origin and Role of Autoantibodies against N-Homocysteinylated... 201

[41]

[42]

[43]

[44]
[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]
[54]
[55]

[56]

Kerkeni, M; Tnani, M; Chuniaud, L; Miled, A; Maaroufi, K; Trivin, F. Comparative
study on in vitro effects of homocysteine thiolactone and homocysteine on HUVEC
cells: evidence for a stronger proapoptotic and proinflammative homocysteine
thiolactone. Mol. Cell Biochem., 2006, 291, 119-26.

Sauls, DL; Lockhart, E; Warren, ME; Lenkowski, A; Wilhelm, SE; Hoffman, M.
Modification of fibrinogen by homocysteine thiolactone increases resistance to
fibrinolysis: a potential mechanism of the thrombotic tendency in
hyperhomocysteinemia. Biochemistry, 2006, 45, 2480-7.

Undas, A; Brozek, J; Jankowski, M; Siudak, Z; Szczeklik, A; Jakubowski, H. Plasma
homocysteine affects fibrin clot permeability and resistance to lysis in human subjects.
Arterioscler. Thromb. Vasc. Biol., 2006, 26, 1397-404.

Jakubowski, H; Goldman, E. Editing of errors in selection of amino acids for protein
synthesis. Microbiol. Rev., 1992, 56, 412-29.

Jakubowski, H. Translational accuracy of aminoacyl-tRNA synthetases: implications
for atherosclerosis. J. Nutr. 2001, 131, 2983S-7S.

Jakubowski, H. Molecular basis of homocysteine toxicity in humans. Cell Mol. Life
Sci., 2004, 61, 470-87.

Jakubowski, H. tRNA synthetase editing of amino acids, Encyclopedia of Life
Sciences, John Wiley and Sons, Ltd, Chichester, UK, 2005, pp. http://www.els.net
/doi:10.1038 /npg.els.0003933.

Jakubowski, H. Accuracy of Aminoacyl-tRNA Synthetases: Proofreading of Amino
Acids. in: M. Ibba, C. Francklyn, and S. Cusack, (Eds.), The Aminoacyl-tRNA
Synthetases, Landes Bioscience/Eurekah.com Georgetown, TX, 2005, pp. 384-396.
Chwatko, G; Boers, GH; Strauss, KA; Shih, DM; Jakubowski, H. Mutations in
methylenetetrahydrofolate reductase or cystathionine {beta}-syntase gene, or a high-
methionine diet, increase homocysteine thiolactone levels in humans and mice. Faseb.
J. 2007, 21, 1707-13.

Jakubowski, H. Metabolism of homocysteine thiolactone in human cell cultures.
Possible mechanism for pathological consequences of elevated homocysteine levels.
J. Biol. Chem., 1997, 272, 1935-42.

Jakubowski, H; Zhang, L; Bardeguez, A; Aviv, A. Homocysteine thiolactone and
protein homocysteinylation in human endothelial cells: implications for atherosclerosis.
Circ. Res., 2000, 87, 45-51.

Jakubowski, H. Proofreading in vivo: editing of homocysteine by methionyl-tRNA
synthetase in the yeast Saccharomyces cerevisiae. Embo. J., 1991, 10, 593-8.
Jakubowski, H. The determination of homocysteine-thiolactone in biological samples.
Anal. Biochem., 2002, 308, 112-9.

Chwatko, G; Jakubowski, H. Urinary excretion of homocysteine-thiolactone in humans.
Clin. Chem., 2005, 51, 408-15.

Jakubowski, H; Goldman, E. Synthesis of homocysteine thiolactone by methionyl-
tRNA synthetase in cultured mammalian cells. FEBS Lett., 1993, 317, 237-40.

Zimny, J; Sikora, M; Guranowski, A; Jakubowski, H. Protective mechanisms against
homocysteine toxicity: the role of bleomycin hydrolase. J. Biol. Chem., 2006, 281,
22485-92.



202

Hieronim Jakubowski

[57]

[58]

[59]

[60]

[61]
[61a]

[62]

[63]
[64]
[65]
[66]
[67]
[68]

[69]

[70]

[71]

[72]

Jakubowski, H. Calcium-dependent human serum homocysteine thiolactone hydrolase.
A protective mechanism against protein N-homocysteinylation. J. Biol. Chem., 2000,
275, 3957-62.

Jakubowski, H; Ambrosius, WT; Pratt, JH. Genetic determinants of homocysteine
thiolactonase activity in humans: implications for atherosclerosis. FEBS Lett., 2001,
491, 35-9.

Lacinski, M; Skorupski, W; Cieslinski, A; Sokolowska, J; Trzeciak, WH; Jakubowski,
H. Determinants of homocysteine-thiolactonase activity of the paraoxonase-1 (PON1)
protein in humans. Cell Mol. Biol., (Noisy-le-grand), 2004, 50, 885-93.

Domagata, TB; Lacinski, M; Trzeciak, WH; Mackness, B; Mackness, MI; Jakubowski,
H. The correlation of homocysteine-thiolactonase activity of the paraoxonase (PON1)
protein with coronary heart disease status. Cell Mol. Biol., (Noisy-le-grand), 2006, 52,
4-10.

Jakubowski, H. Homocysteine is a protein amino acid in humans. Implications for
homocysteine-linked disease. J. Biol. Chem., 2002, 277, 30425-8.

Jakubowski H. New method for the determination of protein N-linked homocysteine.
Anal. Biochem. 380 (2008) 257-61.

Mudd, SH; Finkelstein, JD; Refsum, H; Ueland, PM; Malinow, MR; Lentz, SR;
Jacobsen, DW; Brattstrom, L; Wilcken, B; Wilcken, DE; Blom, HJ; Stabler, SP; Allen,
RH; Selhub, J; Rosenberg, IH. Homocysteine and its disulfide derivatives: a suggested
consensus terminology. Arterioscler. Thromb. Vasc. Biol., 2000, 20, 1704-6.
Jakubowski, H. Mechanism of the condensation of homocysteine thiolactone with
aldehydes. Chemistry, 2006, 12, 8039-43.

Reuben, DM; Bruice, TC. Reaction of thiol anions with benzene oxide and malachite
green. J. Am. Chem .Soc., 1976, 98, 114-121.

Jakubowski, H. Translational incorporation of S-nitrosohomocysteine into protein.
J. Biol. Chem., 2000, 275, 21813-6.

Jakubowski, H; Fersht, AR. Alternative pathways for editing non-cognate amino acids
by aminoacyl-tRNA synthetases. Nucleic Acids Res., 1981, 9, 3105-17.

Chwatko, G; Jakubowski, H. The determination of homocysteine-thiolactone in human
plasma. Anal. Biochem. 2005, 337, 271-7.

Jakubowski, H. Energy cost of translational proofreading in vivo. The aminoacylation
of transfer RNA in Escherichia coli. Ann. N Y Acad. Sci., 1994, 745, 4-20.

Jakubowski, H. Synthesis of homocysteine thiolactone in normal and malignant cells.
in: Rosenberg, IH; Graham, I.; Ueland, PM; Refsum, H. (Eds.); Homocysteine
Metabolism: From Basic Science to Clinical Medicine, Kluwer Academic Publishers,
Norwell, MA, 1997, pp. 157-165.

Jakubowski, H. Protein N-homocysteinylation: implications for atherosclerosis.
Biomed. Pharmacother., 2001, 55, 443-7.

Jakubowski, H. Biosynthesis and reactions of homocysteine thiolactone. in: Jacobson,
D; Carmel, R; (Eds.), Homocysteine in Health and Disease, Cambridge University
Press, Cambridge, UK, 2001, pp. 21-31.

Jakubowski, H. Proofreading in vivo. Editing of homocysteine by aminoacyl-tRNA
synthetases in Escherichia coli. J. Biol. Chem., 1995, 270, 17672-3.



The Origin and Role of Autoantibodies against N-Homocysteinylated... 203

[72a] Sikora M, Jakubowski H. Homocysteine editing and growth inhibition in Escherichia

[73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

coli. Microbiology. 155 (2009) 1858-65.

Jakubowski, H. Proofreading in vivo: editing of homocysteine by methionyl-tRNA
synthetase in Escherichia coli. Proc. Natl. Acad. Sci. U S A, 1990, 87, 4504-8.

Gao, W; Goldman, E; Jakubowski, H. Role of carboxy-terminal region in proofreading
function of methionyl-tRNA synthetase in Escherichia coli. Biochemistry, 1994, 33,
11528-35.

Senger, B; Despons, L; Walter, P; Jakubowski, H; Fasiolo, F. Yeast cytoplasmic and
mitochondrial methionyl-tRNA synthetases: two structural frameworks for identical
functions. J. Mol. Biol., 2001, 311, 205-16.

Jakubowski, H; Guranowski, A. Metabolism of homocysteine-thiolactone in plants.
J. Biol. Chem., 2003, 278, 6765-70.

Jakubowski, H. Proofreading in trans by an aminoacyl-tRNA synthetase: a model for
single site editing by isoleucyl-tRNA synthetase. Nucleic Acids Res., 1996, 24,
2505-10.

Kim, HY; Ghosh, G; Schulman, LH; Brunie, S. Jakubowski, H. The relationship
between synthetic and editing functions of the active site of an aminoacyl-tRNA
synthetase. Proc. Natl. Acad. Sci. U S A, 1993, 90, 11553-7.

Jakubowski, H. The synthetic/editing active site of an aminoacyl-tRNA synthetase:
evidence for binding of thiols in the editing subsite. Biochemistry, 1996, 35, 8252-9.
Serre, L; Verdon, G; Choinowski, T; Hervouet, N; Risler, JL; Zelwer, C. How
methionyl-tRNA synthetase creates its amino acid recognition pocket upon
L-methionine binding. J. Mol. Biol., 2001, 306, 863-76.

Jakubowski, H. Aminoacylation of coenzyme A and pantetheine by aminoacyl-tRNA
synthetases: possible link between noncoded and coded peptide synthesis.
Biochemistry, 1998, 37, 5147-53.

Jakubowski, H. Homocysteine thiolactone: metabolic origin and protein
homocysteinylation in humans. J. Nutr., 2000, 130, 377S-381S.

Glowacki, R; Jakubowski, H. Cross-talk between Cys34 and lysine residues in human
serum albumin revealed by N-homocysteinylation. J. Biol. Chem., 2004, 279, 10864-
71.

Perla-Kajan, J; Marczak, L; Kajan, L; Skowronek, P; Twardowski, T; Jakubowski, H.
Modification by Homocysteine Thiolactone Affects Redox Status of Cytochrome c.
Biochemistry, 2007, 46, 6225-31.

Yang, X; Gao, Y; Zhou, J; Zhen, Y; Yang, Y; Wang, J; Song, L; Liu, Y; Xu, H; Chen,
Z; Hui, R. Plasma homocysteine thiolactone adducts associated with risk of coronary
heart disease. Clin .Chim. Acta., 2006, 364, 230-4.

Uji, Y; Motomiya, Y; Hanyu, N; Ukaji, F; Okabe, H. Protein-bound homocystamide
measured in human plasma by HPLC. Clin. Chem., 2002, 48, 941-4.

Perna, AF; Satta, E; Acanfora, F; Lombardi, C; Ingrosso, D; De Santo, NG. Increased
plasma protein homocysteinylation in hemodialysis patients. Kidney Int., 2006, 69,
869-76.



204

Hieronim Jakubowski

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Mallamaci, F; Zoccali, C; Tripepi, G; Fermo, |. Benedetto, FA. Cataliotti, A,
Bellanuova, |; Malatino, LS; Soldarini, A. Hyperhomocysteinemia predicts
cardiovascular outcomes in hemodialysis patients. Kidney Int., 2002, 61, 609-14.

Perla, J; Undas, A; Twardowski, T; Jakubowski, H. Purification of antibodies against
N-homocysteinylated proteins by affinity chromatography on Nomega-homocysteinyl-
aminohexyl-Agarose. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 2004, 807,
257-61.

Perta-Kajan, J; Stanger, O; Ziotkowska, A; Melandowicz, LK; Twardowski, T;
Jakubowski, H. Immunohistochemical detection of N-homocysteinylated proteins in
cardiac surgery patients. Clin. Chem. Lab. Med., 2007, 45, in press.

Hop, CE; Bakhtiar, R. Homocysteine thiolactone and protein homocysteinylation:
mechanistic studies with model peptides and proteins. Rapid Commun. Mass Spectrom,
2002, 16, 1049-53.

Naruszewicz, M; Mirkiewicz, E; Olszewski, AJ; McCully, KS. Thiolation of low
density lipoproteins by homocysteine thiolactone causes increased aggregation and
altered interaction with cultured macrophages. Nutr. Metab. Cardiovasc. Dis., 1991, 4,
70-77.

Vidal, M; Sainte-Marie, J; Philippot, J; Bienvenue, A. Thiolation of low-density
lipoproteins and their interaction with L2C leukemic lymphocytes. Biochimie, 1986,
68, 723-30.

Liu, G; Nellaiappan, K; Kagan, HM. Irreversible inhibition of lysyl oxidase by
homocysteine thiolactone and its selenium and oxygen analogues. Implications for
homocystinuria. J. Biol. Chem., 1997, 272, 32370-7.

Harker, LA, Slichter, SJ; Scott, CR; Ross, R. Homocystinemia. Vascular injury and
arterial thrombosis. N. Engl. J. Med., 1974, 291, 537-43.

Endo, N; Nishiyama, K; Otsuka, A; Kanouchi, H; Taga, M; Oka, T. Antioxidant
activity of vitamin B6 delays homocysteine-induced atherosclerosis in rats. Br. J. Nutr.,
2006, 95, 1088-93.

Rosenquist, TH; Ratashak, SA; Selhub, J. Homocysteine induces congenital defects of
the heart and neural tube: effect of folic acid. Proc. Natl. Acad .Sci. U S A, 1996, 93,
15227-32.

Maestro De Las Casas, C; Epeldegui, M; Tudela, C; Varela-Moreiras, G; Perez-
Miguelsanz, J. High exogenous homocysteine modifies eye development in early chick
embryos. Birth Defects Res. A Clin. .Mol. Teratol. 2003, 67, 35-40.

Donahue, S; Struman, JA; Gaull, G. Arteriosclerosis due to homocyst (e) inemia.
Failure to reproduce the model in weanling rabbits. Am. J. Pathol. 1974, 77, 167-3.

[100] Makheja, AN; Bombard, AT; Randazzo, RL; Bailey, JM. Anti-inflammatory drugs in

experimental atherosclerosis. Part 3. Evaluation of the atherogenicity of homocystine in
rabbits. Atherosclerosis, 1978, 29, 105-12.

[101] Anfinsen, CB. Principles that govern the folding of protein chains. Science, 1973, 181,

223-30.

[102] Fersht, A. Structure and mechansim in protein science, WH Freeman and Company,

New York, 2000.



The Origin and Role of Autoantibodies against N-Homocysteinylated... 205

[103] Stefani, M. Protein misfolding and aggregation: new examples in medicine and biology
of the dark side of the protein world. Biochim. Biophys. Acta, 2004, 1739, 5-25.

[104] Werstuck, GH; Lentz, SR; Dayal, S; Hossain, GS; Sood, SK; Shi, YY; Zhou, J; Maeda,
N; Krisans, SK; Malinow, MR; Austin, RC. Homocysteine-induced endoplasmic
reticulum stress causes dysregulation of the cholesterol and triglyceride biosynthetic
pathways. J. Clin. Invest., 2001, 107, 1263-73.

[105] Zhang, C; Cai, Y; Adachi, MT; Oshiro, S; Aso, T; Kaufman, RJ; Kitajima, S.
Homocysteine induces programmed cell death in human vascular endothelial cells
through activation of the unfolded protein response. J. Biol. Chem., 2001, 276,
35867-74.

[106] Zhou, J; Moller, J; Danielsen, CC; Bentzon, J; Ravn, HB; Austin, RC; Falk, E. Dietary
supplementation with methionine and homocysteine promotes early atherosclerosis but
not plaque rupture in ApoE-deficient mice. Arterioscler. Thromb Vasc. Biol., 2001, 21,
1470-6.

[107] Hossain, GS; Van Thienen, JV; Werstuck, GH; Zhou, J; Sood, SK; Dickhout, JG; De
Koning, AB; Tang, D; Wu, D; Falk, E; Poddar, R; Jacobsen, DW; Zhang, K; Kaufman,
RJ; Austin, RC. TDAG51 is induced by homocysteine, promotes detachment-mediated
programmed cell death, and contributes to the cevelopment of atherosclerosis in
hyperhomocysteinemia. J. Biol. Chem., 2003, 278, 30317-27.

[108] Roybal, CN; Yang, S; Sun, CW; Hurtado, D; Vander Jagt, DL; Townes, TM;
Abcouwer, SF. Homocysteine increases the expression of vascular endothelial growth
factor by a mechanism involving endoplasmic reticulum stress and transcription factor
ATF4. J. Biol. Chem., 2004, 279, 14844-52.

[109] Ferguson, E; Parthasarathy, S; Joseph, J; Kalyanaraman, B. Generation and initial
characterization of a novel polyclonal antibody directed against homocysteine
thiolactone-modified low density lipoprotein. J. Lipid. Res., 1998, 39, 925-33.

[110] Undas, A; Perla, J; Lacinski, M; Trzeciak, W; Kazmierski, R; Jakubowski, H.
Autoantibodies against N-homocysteinylated proteins in humans: implications for
atherosclerosis. Stroke, 2004, 35, 1299-304.

[111] Undas, A; Jankowski, M; Twardowska, M; Padjas, A; Jakubowski, H; Szczeklik, A.
Antibodies to N-homocysteinylated albumin as a marker for early-onset coronary artery
disease in men. Thromb Haemost., 2005, 93, 346-50.

[112] Undas, A, Stepien, E; Glowacki, R; Tisonczyk, J; Tracz, W; Jakubowski, H. Folic acid
administration and antibodies against homocysteinylated proteins in subjects with
hyperhomocysteinemia. Thromb Haemost. 2006, 96, 342-7.

[113] Undas, A; Kolarz, M; Kopec, G; Glowacki, R; Placzkiewicz-Jankowska, E; Tracz, W.
Autoantibodies against N-homocysteinylated proteins in patients on long-term
haemodialysis. Nephrol. Dial. Transplant., 2007, 22, 1685-9.

[114] Folsom, AR; Desvarieux, M; Nieto, FJ; Boland, LL; Ballantyne, CM; Chambless, LE.
B vitamin status and inflammatory markers. Atherosclerosis, 2003, 169, 169-74.

[115] Ravaglia, G; Forti, P; Maioli, F; Servadei, L; Martelli, M; Arnone, G; Talerico, T; Zoli,
M; Mariani, E. Plasma homocysteine and inflammation in elderly patients with
cardiovascular disease and dementia. Exp. Gerontol., 2004, 39, 443-50.



206 Hieronim Jakubowski

[116] Peeters, AC; Van Aken, BE; Blom, HJ; Reitsma, PH; Den Heijer, M. The effect of
homocysteine reduction by B-vitamin supplementation on inflammatory markers. Clin.
Chem. Lab. Med., 2007, 45, 54-8.

[117] Friso, S; Jacques, PF; Wilson, PW; Rosenberg, IH; Selhub, J. Low circulating vitamin
B(6) is associated with elevation of the inflammation marker C-reactive protein
independently of plasma homocysteine levels. Circulation, 2001, 103, 2788-91.

[118] Rohde, LE; Hennekens, CH; Ridker, PM. Survey of C-reactive protein and
cardiovascular risk factors in apparently healthy men. Am. J. Cardiol. 1999, 84,
1018-22.

[119] Holven, KB; Aukrust, P; Retterstol, K; Hagve, TA; Morkrid, L; Ose, L. Nenseter, MS.
Increased levels of C-reactive protein and interleukin-6 in hyperhomocysteinemic
subjects. Scand. J. Clin. Lab. Invest., 2006, 66, 45-54.

[120] Aso, Y; Yoshida, N; Okumura, K; Wakabayashi, S; Matsutomo, R; Takebayashi, K;
Inukai, T. Coagulation and inflammation in overt diabetic nephropathy: association
with hyperhomocysteinemia. Clin. Chim. Acta, 2004, 348, 139-45.

[121] Shai, I; Stampfer, MJ; Ma, J; Manson, JE; Hankinson, SE; Cannuscio, C; Selhub, J;
Curhan, G; Rimm, EB. Homocysteine as a risk factor for coronary heart diseases and its
association with inflammatory biomarkers, lipids and dietary factors. Atherosclerosis,
2004, 177, 375-81.

[122] Widner, B; Leblhuber, F; Frick, B; Laich, A; Artner-Dworzak, E; Fuchs, D. Moderate
hyperhomocysteinaemia and immune activation in Parkinson's disease. J. Neural
Transm., 2002, 109, 1445-52.

[123] Holven, KB, Scholz, H; Halvorsen, B; Aukrust, P; Ose, L; Nenseter, MS.
Hyperhomocysteinemic subjects have enhanced expression of lectin-like oxidized LDL
receptor-1 in mononuclear cells. J. Nutr., 2003, 133, 3588-91.

[124] Powers, RW; Majors, AK; Cerula, SL; Huber, HA; Schmidt, BP; Roberts, JM. Changes
in markers of vascular injury in response to transient hyperhomocysteinemia.
Metabolism, 2003, 52, 501-7.

[125] Wang, G; Woo, CW; Sung, FL; Siow, YL; K. O. Increased monocyte adhesion to aortic
endothelium in rats with hyperhomocysteinemia: role of chemokine and adhesion
molecules. Arterioscler. Thromb. Vasc. Biol., 2002, 22, 1777-83.

[126] Zhang, R; Ma, J; Xia, M; Zhu, H. Ling, W. Mild hyperhomocysteinemia induced by
feeding rats diets rich in methionine or deficient in folate promotes early atherosclerotic
inflammatory processes. J. Nutr., 2004, 134, 825-30.

[127] Lee, H; Kim, HJ; Kim, JM; Chang, N. Effects of dietary folic acid supplementation on
cerebrovascular endothelial dysfunction in rats with induced hyperhomocysteinemia.
Brain Res., 2004, 996, 139-47.

[128] Lee, H; Kim, JM; Kim, HJ; Lee, I; Chang, N. Folic acid supplementation can reduce
the endothelial damage in rat brain microvasculature due to hyperhomocysteinemia.
J. Nutr., 2005, 135, 544-8.

[129] Bogdanski, P; Pupek-Musialik, D; Dytfeld, J; Lacinski, M; Jablecka, A; Jakubowski,
H. Plasma homocysteine is a determinant of tissue necrosis factor-alpha in hypertensive
patients. Biomed. Pharmacother. 62 (2008) 360-5.



The Origin and Role of Autoantibodies against N-Homocysteinylated... 207

[130] Jakubowski H, Boers GH, Strauss KA. Mutations in cystathionine beta-synthase or
methylenetetrahydrofolate reductase gene increase N-homocysteinylated protein levels
in humans. FASEB J 22 (2008) 4071-6.

[131] Jakubowski H, Perla-Kajan J, Finnell RH, Cabrera RM, Wang H, Gupta S, Kruger WD,
Kraus JP, Shih DM. Genetic or nutritional disorders in homocysteine or folate
metabolism increase protein N-homocysteinylation in mice. FASEB J. 23 (2009) 1721-
7.






Index

I S

absorption, 181

ACC, 80, 91, 92, 93, 110, 111, 114

accreditation, 89, 90, 91

ACE inhibitors, viii, 2, 14

acetylation, 192

acetylcholine, 39, 53, 155, 173

acid, vii, xi, 2, 5, 6, 7, 14, 15, 22, 23, 24, 25, 34, 43,
49, 78, 140, 145, 148, 156, 161, 177, 179, 181,
182, 184, 185, 186, 187, 188, 191, 196, 197, 200,
202, 203, 204, 205, 206

acidosis, 15, 75, 78

acquired immunity, 198

actin, 72, 73

action potential, 7, 10, 99, 100, 110, 122, 130

action potential (AP), 99

activation, xii, 4, 8, 9, 10, 14, 45, 50, 53, 54, 55, 60,
61, 100, 104, 109, 114, 140, 148, 151, 157, 158,
163, 169, 170, 171, 172, 175, 178, 179, 195, 197,
205, 206

active site, 182, 190, 203

acute, vii, 16, 17, 20, 29, 34, 35, 38, 41, 42, 43, 44,
45, 46, 47, 48, 49, 59, 61, 62, 63, 86, 88, 91, 92,
94, 105, 108, 112, 114, 115, 133, 134, 141, 142,
144, 147, 148, 150, 151, 152, 155, 156, 157, 158,
160, 161, 163, 164, 165, 166, 168, 169, 170, 172,
173, 174, 200

acute aortic dissection, 35

acute coronary syndrome, 29, 38, 47, 49, 92, 114,
174

acute ischemic stroke, 163, 164, 170, 173

acute stress, 34

acylation, 190

adaptation, 41, 54

addiction, 17

adducts, xi, 177, 181, 192, 203

adenocarcinoma, 183

adenosine, 73, 158

adenovirus, 80, 131

adhesion, 11, 135, 137, 140, 148, 151, 165, 191, 195,
206

adhesions, 136

adipocytokines, 4

adiponectin, 4

adipose, 6, 14, 24

adipose tissue, 6, 14, 24

adiposity, 18

adjunctive therapy, 122

adjustment, 88

administration, xii, 15, 16, 44, 120, 137, 153, 157,
161, 164, 165, 178, 205

adolescence, 124

ADP, 5,9, 25

adrenaline, 61

adrenoceptors, 45

adult, viii, 3, 12, 28, 29, 33, 47, 80, 98, 130, 156,
169, 175

adult population, 3

adulthood, 75

adults, 2, 19, 30, 63, 75, 111, 123, 124, 200

advanced glycation end products, 26

aerobic, 54, 63, 64

aetiology, ix, 49, 68, 73, 97, 98, 99, 105, 107

afternoon, 59

age, 3, 12,17, 37,59, 75, 77, 90, 98, 164, 194, 195,
196

ageing, 86, 145

ageing population, 86



210

Index

agent, 15, 16, 29, 121, 137, 167, 171, 175, 188

agents, viii, 2, 15, 16, 44, 122, 126, 137, 159, 171

aggregates, 191

aggregation, 190, 204, 205

aging, vii, 1, 74

agonist, 16, 130

akinesia, 34, 35, 36, 38, 42, 76

albumin, 11, 180, 186, 187, 188, 189, 190, 192, 193,
203, 205

alcohol, 46, 168

alcohol withdrawal, 46

aldehydes, 181, 192, 202

aldosterone, 9, 14, 100

alkaline, 79

allergic reaction, 80, 131

allergy, 182

alpha, 72, 73, 74, 78, 105, 106, 161, 162, 165, 166,
167, 168, 169, 171, 173, 174, 175, 207

alternative, 16, 130, 135, 136

alters, 26

Alzheimer’s disease, 157, 170, 181, 199

ambulatory electrocardiographic monitoring, 63

amelioration, 86, 162

American Diabetes Association, 30

American Heart Association, 30, 69, 70, 81, 83, 86,
91, 92, 93, 94, 109, 110, 111, 133

amide, 172, 182

amiloride, 15

amines, 162

amino, xi, 177, 179, 181, 182, 183, 186, 187, 190,
191, 192, 193, 201, 202, 203, 204

amino acid, xi, 177, 179, 182, 186, 187, 191, 201,
202, 203

amino acids, 182, 186, 187, 201, 202

amino groups, 181, 182, 186

amphetamine, 48

amplitude, 56

ampulla, viii, 34, 49

amyloid, 76, 77, 79, 83, 191

amyloidosis, 75, 76, 77, 79, 83

anaesthesia, 156, 163

anaesthetics, 156, 157, 159, 160, 172

analgesic, 170

anatomy, 68

anesthetics, 56, 166

angina, 14, 61

angiogenesis, 137, 171

angiogram, 36

angiography, 34, 39, 42, 43, 49

angiotensin, 13, 14

angiotensin 11, vii, 2, 14, 28, 100

angiotensin receptor blockers, 13

angiotensin-converting enzyme, 14, 28, 44

angiotensin-converting enzyme (ACE), 44

animal models, 7, 10, 16, 131, 179

animal studies, 12, 15, 147

animals, viii, 2, 4, 5, 6, 12, 51, 130, 149, 153, 154,
162, 179, 184, 186, 191, 192, 197

anoxia, 156, 164

ANP, 104, 105, 108

ANS, viii, 51, 52, 53, 54, 55, 56, 58, 140, 147, 154,
159

antagonism, 14

antagonist, 16, 29, 120, 155, 157, 167

antagonistic, 147

antagonists, 14, 29, 124, 160

antiarrhythmic, 56, 63, 110, 121

antibodies, 205

antibody, xii, 178, 189, 196, 205

anticoagulation, 44

antidiabetic, 16

antigen, xii, 140, 147, 178, 180, 192, 193, 196

antigen-presenting cell, 140, 147

anti-inflammatory, xi, 139, 148, 150, 151, 152, 153,
154, 157, 169, 170, 172, 173

anti-inflammatory reflex, 154

anti-N-Hcy-protein, xii, 177, 193, 194, 195, 196, 197

antioxidant, 158, 159, 163, 167, 175

anxiety, 18, 20, 35, 86

anxiolytic, 44

aorta, 189, 195

aortic stenosis, 21

aortic valve, 77

APCs, 140, 147

APO, 153

apoptosis, 7, 50, 142, 150, 154, 159, 166, 172, 175,
191

apoptotic, 43, 153, 154, 191, 200

apoptotic pathway, 154, 191

arachidonic acid, 148

ARBs, 14

archetype, 151

arginine, 186

Arizona, 33

arrest, 73, 101, 118, 157

arrhythmia, 64, 99, 101, 108, 110, 112, 113, 118,
123,131, 141

arrhythmias, ix, 21, 44, 54, 61, 97, 98, 99, 100, 101,
102, 106, 107, 110, 111, 118, 122, 124, 130, 141,
146, 147, 168, 169



Index

211

arrhythmogenesis, viii, x, 51, 61, 97, 100, 101, 102,
108, 109, 110, 115

arson, 114

arterial hypertension, vii, 1, 55

arteries, vii, 52, 189

arterioles, 10

arteriosclerosis, 199

artery, vii, viii, xii, 3, 4, 10, 11, 12, 27, 30, 31, 33,
34, 37, 39, 40, 41, 42, 46, 47, 53, 55, 62, 63, 72,
86, 87, 92, 95, 111, 112, 134, 140, 146, 155, 156,
158, 160, 161, 164, 165, 173, 178, 199, 205

ascorbic, 145

ascorbic acid, 145

Asian, 37

asphyxia, 142, 162, 163, 165, 167, 168, 170, 171

aspirate, 79

aspiration, 79

aspirin, 44, 181

assessment, X, 17, 18, 28, 30, 42, 97, 109, 114, 143,
170

asthma, 38, 47, 119

astrocytes, 164

asymmetry, 147

asymptomatic, vii, 1, 21, 28, 62, 95, 98, 101, 107

ataxia, 73

atherogenesis, xii, 151, 178, 189, 198

atherosclerosis, vii, xii, 3, 148, 169, 173, 174, 178,
185, 188, 191, 194, 195, 196, 197, 198, 199, 201,
202, 204, 205

atherosclerotic plaque, 53, 148, 168, 178

atherosclerotic vascular disease, 18

athletes, 57, 58, 59, 64, 65

ATP, 5,7, 15,179, 181

ATPase, 9, 10, 26

atria, 108, 130

Atrial fibrillation, 44, 171

atrial flutter, 141

atrial natriuretic peptide, 104, 105

atrial septal defect, 73

atrioventricular block, 21, 132

atrioventricular node, 147

atropine, 53, 155

attacks, 174

attention, 146, 155

auditing, 89

autoantibodies, 178, 179, 192, 193, 194, 195, 196,
197, 198, 199, 200

autoantibody, 193, 194

autoimmune, 191, 193, 194, 196, 197, 198

autoimmune responses, 191

autoimmunity, 162

automaticity, 52, 53

autonomic activity, 57, 58, 60

autonomic nervous system, viii, x, xi, 51, 52, 100,
111, 129, 139, 140, 147, 169

autonomic neuropathy, vii, 2, 61

autonomic pathways, 61, 147

autonomy, 90

autophagic cell death, 43

autosomal recessive, 119

availability, ix, 5, 6, 20, 74, 97, 98, 109, 123, 185

awareness, 19, 34, 68

axonal, 74, 100

8 1

B vitamins, 200

babies, 150

bacteria, 182

bacterial, 157

baroreceptor, 141, 170

baroreflex sensitivity, 55, 61

barrier, 119

barriers, ix, 85, 90

basal lamina, 43

basic research, xi, 134

battery, x, 129

behavior, viii, 18, 51, 57, 110, 166

behavioral change, 20

beneficial effect, 13, 17, 29, 56, 58, 60, 119, 153,
159, 161

benefits, 14, 17, 18, 20, 30, 54, 79, 88, 90, 103, 135,
158

benzene, 202

Best Practice, 30

beta-blockers, xi, 105, 139, 155, 159

binding, 14, 72, 73, 120, 154, 182, 183, 192, 193,
196, 203

bioavailability, 11, 179

biocompatibility, 137

biodegradability, 137

biodegradable, 135

biogenesis, 190

biological systems, x, 129

biomarker, 104, 105, 108, 114

biomarkers, ix, 34, 38, 97, 98, 103, 104, 105, 106,
107, 108, 109, 114, 116, 198, 206

biopsies, xi, 43, 79, 135

biopsy, 38, 79, 80, 83

biosynthesis, xi, 171, 177, 180, 182, 183



212 Index

biosynthetic pathways, 205

birefringence, 79

birth, 142, 150, 165, 171

bladder, 135

bleeding, 166

blocks, 122, 125

blood, vii, xii, 10, 11, 13, 17, 26, 34, 40, 52, 59, 78,
80, 86, 105, 119, 135, 140, 141, 142, 146, 155,
156, 163, 166, 169, 170, 171, 177, 180, 188, 192,
193, 195

blood flow, 10, 11, 26, 40, 52, 140, 142, 155

blood pressure, 52, 59, 86, 140, 141, 161, 163, 168,
173

blood supply, 146

blood vessels, vii

blood-brain barrier, 119

body mass, 4

body weight, 12, 86

bonding, 182

bonds, 182, 197

bone marrow, xi, 131, 134, 135, 136, 138

bradycardia, 54, 61, 146

brain, 103, 104, 106, 107, 114, 115, 142, 146, 147,
150, 155, 156, 157, 159, 161, 162, 163, 164, 165,
166, 167, 170, 172, 173, 174, 178, 199, 206

brain damage, 142, 162, 163, 170, 172, 174

brain injury, 170

brain natriuretic peptide, 103, 104, 106, 107, 114,
115

brain natriuretic peptide (BNP), 103, 107

brainstem, 146

Brazil, 1

Brazilian, 1

breakdown, 90

breast cancer, 183, 187

breathing, 58, 133

Brugada syndrome, 74, 100, 123, 125

bypass, 16, 30, 87, 95, 157, 159, 167

L c 1]

C reactive protein, 115

CAD, vii, 3, 14, 86, 134, 188, 189, 194, 195, 196,
197

calcium, vii, x, 2, 10, 15, 22, 26, 29, 37, 40, 50, 53,
80, 99, 110, 117, 118, 126, 142, 154, 158, 169

calcium channels, 154, 158

cancer, 184, 187

cancer cells, 184, 187

capillary, 10

carbohydrate, 10

carboxyl, xi, 177, 182

carcinoma, 183

cardiac arrest, X, 63, 99, 101, 117, 118, 123, 124,
157

cardiac arrhythmia, ix, 61, 97, 98, 110, 118, 123,
124, 147, 169

cardiac autonomic function, vii, viii, 51, 61, 62

cardiac catheterization, 46

cardiac enzymes, 35, 39, 139, 142, 168

cardiac function, vii, xi, 2, 4, 6, 42, 52, 64, 134, 141,
146, 159, 172

cardiac involvement, 77, 83

cardiac myocytes, 5, 7, 110, 153, 162, 166, 167

cardiac output, 52, 54, 142

cardiac pacemaker, 132

cardiac risk, 16

cardiac surgery, 158, 160, 189, 204

cardiogenic shock, 44

cardiologist, 88

cardiology, viii, ix, x, 33, 81, 85, 88, 117, 129

cardiomyocytes, X, xi, 5, 7, 131, 132, 134, 135, 136,
138

cardiomyopathy, vii, viii, 1, 3, 4, 5, 6, 7, 9, 10, 11,
13, 14, 15, 16, 21, 22, 23, 24, 25, 26, 27, 28, 33,
34, 35, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47,
48, 49, 50, 68, 71, 72, 73, 74, 75, 76, 77, 80, 81,
82,101, 102, 104, 106, 108, 111, 115, 138

cardiopulmonary, 88, 157, 159, 167

cardiopulmonary bypass, 157, 159, 167

cardiovascular disease, vii, 4, 17, 19, 22, 23, 28, 29,
30, 31, 80, 83, 87, 90, 94, 95, 109, 113, 118, 154,
170, 178, 179, 198, 199, 200, 206

Cardiovascular disease, vii, ix, 3, 85, 86, 178

cardiovascular function, 147, 159

cardiovascular morbidity, 13

cardiovascular risk, ix, 17, 18, 30, 85, 86, 114, 189,
198, 206

cardiovascular system, vii, 52, 53, 125, 141, 154,
155, 178

carotid endarterectomy, 159

carpal tunnel syndrome, 75

caspase, 142, 143, 200

caspases, 169

catalysis, 183

catecholamine, vii, 2, 34, 37, 38, 39, 45, 46, 141,
145, 146, 147, 164, 172

catecholamines, 37, 40, 52, 53, 55, 60, 119

categorization, ix, 67

catheterization, 46



Index

213

catheters, 131

cation, 172, 188

cats, 161

causality, 199

causation, 37

CBF, 140, 155

CBS, 178, 179, 180, 183, 185, 187, 189, 191, 199

cell, x, xi, 4, 6, 7, 38, 40, 43, 75, 80, 100, 130, 131,
132, 134, 135, 136, 137, 138, 139, 140, 151, 154,
157, 159, 161, 163, 166, 168, 174, 175, 179, 180,
184, 187, 191, 196, 200, 201, 205

cell adhesion, 135

cell culture, 138, 157, 184, 187, 201

cell death, xi, 6, 38, 43, 139, 154, 159, 166, 175,
191, 200, 205

cell signaling, 174

cell surface, 191

cell transplantation, 135, 136

central nervous system, xi, 45, 52, 119, 139, 140,
146, 164, 172

cerebral aneurysm, 159

cerebral blood flow, 140, 155

cerebral blood flow (CBF), 155

cerebral damage, 171

cerebral hemisphere, 161

cerebral hypoxia, 144, 164

cerebral ischemia, 161, 162, 163, 165, 166, 167, 170,
174

cerebral palsy, 140, 150, 168

cerebrospinal fluid, 78, 140, 150, 167, 169, 171

cerebrovascular, 3, 159, 161, 163, 168, 169, 206

cerebrovascular accident, 159, 161

cerebrovascular disease, 3, 161, 163, 169

cerebrovascular diseases, 163, 169

cervical carcinoma, 183

channel blocker, 120, 121, 124

channelopathy, x, 117, 118

channels, 10, 15, 26, 61, 99, 100, 119, 121, 124, 125,
126, 154, 156, 158

chemical properties, 180, 181

chemical reactivity, 181, 186

chemoattractant, 140, 151, 164, 165, 167, 174

chemoattractants, 151

chemokine, 149, 151, 161, 206

chemokines, xi, 139, 148, 151, 157

chemotactic cytokines, 148

chemotaxis, 148

chest, 34, 35, 40

CHF, vii, 44, 87, 116, 133, 134

childhood, 75, 118

children, x, 2, 19, 117, 118, 119, 120, 123, 168, 178

Chinese, 183

CHO cells, 183

cholesterol, 13, 14, 168, 178, 193, 194, 205

cholinergic, 154, 169

chromatography, 204

chromosomal abnormalities, 73

chromosome, 72, 81

chromosomes, 72

chronic disease, 16, 17, 89

chymotrypsin, 190

circadian, 62, 100

circadian rhythm, 62

circulation, 144, 147, 151, 158, 165, 178, 196

classes, 19, 99

classification, ix, 2, 67, 68, 69, 70, 71, 74, 81, 104,
109

claudication, 87

clinical diagnosis, 11, 75

clinical judgment, 78

clinical presentation, 11, 47

clinical symptoms, 146

clinical syndrome, 35, 104

clinical trial, xi, 20, 31, 96, 102, 122, 125, 131, 134

clinical trials, xi, 20, 31, 102, 122, 131, 134

clinics, 19, 30

cloning, 123, 173

CNS, xi, 139, 140, 146, 147, 149, 150, 155, 156,
158, 159

coagulation, 47, 148, 168, 170

coagulation factor, 168

coagulation factors, 168

codes, 130

coding, 100

coenzyme, 8, 15, 203

cognitive function, 179, 200

cohort, 106, 119, 145, 194

collaboration, 93, 94, 110, 111

collagen, viii, 2, 14, 43, 100, 108, 135, 138, 190

colonization, 135

communication, 90, 135, 137

communities, 68

community, 34, 47, 48, 93, 171, 199

comorbidity, 3

compaction, 75, 76, 82

competency, 95

competition, 193

complement, 148, 169

complement pathway, 148

complement system, 148



214 Index

complexity, ix, 67, 159 cost effectiveness, 90
compliance, 12, 136 cost-effective, 112
complications, xi, 2, 4, 11, 13, 14, 22, 103, 113, 135,  costochondritis, 35
139, 141, 144, 145, 146, 159, 178 costs, ix, 85, 86, 87, 93, 133
components, x, 11, 12, 56, 59, 60, 63, 91, 129, 148 counseling, 16, 17, 18, 19, 77
composition, 90 coupling, 10, 22
compounds, 14, 137 C-reactive protein, 103, 106, 107, 108, 113, 114,
computed tomography, 43, 47, 49 115, 140, 147, 163, 170, 191, 199, 206
concentration, 37, 113, 115, 120, 137, 160, 165, 185, creatine, 37, 42, 78, 140, 144, 163, 168, 170
188, 191 creatine kinase, 37, 42, 78, 163, 168, 170
concrete, 21 creatinine, 168
condensation, 202 cross-linking, viii, 2
conditioning, xi, 139, 155, 157, 158, 159, 163 Cross-talk, 203
conductance, 126, 168 CRP, 103, 104, 106, 108, 140, 147, 154, 195, 196
conduction, x, 12, 55, 74, 129, 147 crystal structure, 183
configuration, 88 CSF, 140, 149, 150, 151, 152, 153
confusion, 68 culture, 90, 95, 135, 138, 157
congenital heart disease, 3, 72 CVD, 3, 86, 90
congestive heart failure, 21, 22, 25, 28, 30, 44, 55, cyclic AMP, 37
95, 98, 101, 109, 112, 114, 158 cycling, 58, 60
congestive heart failure (CHF), 101 cyclists, 57, 59, 64
Congo red, 79 cystathionine, 179, 199, 201, 207
connective tissue, 43, 136, 190 cysteine, xii, 177, 179, 183, 190, 194
consensus, 12, 20, 30, 103, 114, 202 cytochrome, 186, 187, 190
constraints, xi, 134 cytokine, 30, 105, 114, 115, 142, 149, 150, 153, 154,
consumption, 8, 25 158, 163, 165, 166, 172
contralateral hemisphere, 155 cytokine receptor, 115
control, viii, x, xii, 2, 5,9, 12, 13, 16, 19, 21, 28, 49,  cytokines, vii, xi, 2, 17, 104, 105, 139, 147, 148,
52, 53, 58, 61, 64, 88, 94, 111, 129, 130, 143, 150, 151, 152, 153, 154, 157, 163, 164, 168, 169,
145, 146, 147, 149, 151, 152, 153, 165, 178, 189, 172,173, 174
193, 197 cytoskeleton, 72
control group, 58, 153 cytosolic, 10, 153, 166
controlled trials, 30, 95, 101 cytotoxic, 165
conversion, 179, 180, 187, 188, 198 cytotoxicity, 137, 163

coronary arteries, 35, 39, 43, 47, 48, 61, 189

coronary artery bypass graft, 87 D

coronary artel’y diseasev V|||, Xii, 3! 41 101 1lv 12! 27! \é
31,33, 34, 37,40, 53, 56, 62, 63,72, 86, 92, 111, o i x, xi, 3, 6, 7, 16, 22, 30, 34, 38, 43, 45, 47,
112, 177, 178, 199, 205 51, 55, 56, 60, 62, 63, 70, 86, 97, 98, 100, 101,

coronary artery spasm, 47 104, 105, 106, 108, 109, 110, 111, 112, 113, 114,
coronary bypass surgery, 16 115, 117, 118, 121, 123, 124, 135, 139, 141, 144,
coronary heart disease, 3, 30, 72, 94, 95, 113, 189,

154, 159, 166, 169, 170, 175, 178, 191, 200, 205
death rate, 121
deaths, 2, 86, 98, 105, 106, 109, 133
defects, 4, 6, 10, 12, 39, 43, 72, 73, 74, 76, 78, 81,
82, 136, 204
defence, 145, 148

202, 203, 206

correlation, 9, 11, 23, 46, 124, 148, 150, 151, 154,
163, 164, 186, 189, 194, 195, 202

correlations, 37, 192

cortex, xi, 139, 145, 146, 147, 159, 168, 169, 173,

174 defibrillator, ix, x, 44, 97, 98, 112, 113, 115, 117,
cort!cal neurons, 170 122,123
cortisol, 169

deficiency, vii, 2, 78, 179, 185, 199



Index

215

deficits, 150, 158

definition, 12, 16, 22, 70, 81, 83, 162

deformation, 77

degradation, 9, 45, 187, 190, 191

dehydrogenase, 5, 6, 8, 140, 142, 162

delivery, 7, 87, 130, 131, 132, 142

dementia, 75, 199, 200, 206

demographics, 46

demoralization, 90

denaturation, 190

dendritic cell, 147

denervation, vii, x, 2, 53, 55, 117, 126, 171

density, 12, 14, 37, 45, 55, 56, 59, 100, 178, 184,
186, 201, 204, 205

Department of Health and Human Services, 30

depolarization, 53

deposition, 10, 14, 77, 136

deposits, 79

depressed, 88, 101, 102, 103, 105, 107

depression, ix, 18, 20, 30, 85, 86, 88, 119

deprivation, 140, 157

derivatives, 122, 132, 192, 202

desmosome, 72

detachment, 205

detection, 11, 73, 188, 204

developed countries, 2

developing countries, 31

deviation, 56

diabetes, vii, 1, 2, 3,4, 5, 6, 7, 10, 11, 12, 13, 14, 15,
18, 19, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 55,
62, 105, 119, 178, 181

diabetes mellitus, vii, 1, 2, 4, 14, 15, 23, 24, 26, 27,
28, 29

diabetic glomerulosclerosis, 22

diabetic nephropathy, 195, 206

diabetic neuropathy, 11, 53

diabetic patients, 3, 4, 5, 10, 11, 12, 13, 14, 27, 63

diagnostic criteria, 3

dialysis, 80

diastolic dysfunction, 26

diet, 18, 180, 185, 189, 191, 201

dietary, 18, 25, 179, 195, 197, 206

diets, 186, 206

differential diagnosis, 43

differentiation, xi, 14, 134, 135

diffusion, 12

dilated cardiomyopathy, 6, 12, 15, 23, 24, 25, 72, 74,
83, 101, 110, 111, 112, 115, 138

dilation, 52, 76

dimer, 103

diploid, 183

direct action, 45, 50

directives, 13

disability, 21, 70, 94

discipline, 60

discomfort, 35, 40

discrimination, 183

disease progression, 61

diseases, vii, 1, 47, 68, 70, 73, 76, 78, 81, 82, 111,
206

disinhibition, 146

dislocation, 118, 191

disorder, x, 19, 70, 71, 73, 75, 118, 129, 133

dispersion, 55, 99, 100, 111, 122, 123, 124, 125, 126

displacement, 90

dissatisfaction, 91

dissociation, 158, 170

distress, 18, 133

distribution, 35, 77

disulfide, 186, 187, 190, 202

diuretics, 44

diversity, 89, 90

diving, 142

DNA, 9, 131, 184, 200

doctors, 89

dogs, 26, 110, 111, 121, 130

dominance, 59

donor, 179

doppler, 47

Doppler, 26, 27, 39, 83

dosage, 119

Down syndrome, 73

down-regulation, 8, 60

drug therapy, x, 117

drug use, 121

drug-induced, 121, 125

drug-related, 137

drugs, 56, 63, 100, 120, 122, 137, 166, 181, 204

duration, 10, 80, 99, 100, 118, 122, 123, 130

dyscrasia, 75

dyslipidemia, 18, 29

dyspnea, 12, 35

dysregulation, 53, 205

dystrophin, 80, 83

e 1

ears, 37
earthquake, 48
echocardiogram, viii, 33



216

Index

eclampsia, 38, 47

ECM, 136

edema, 15, 42

effort level, 53

effusion, 76

egg, 190

elasticity, 136

elderly, 114, 145, 146, 206

electrical system, 131

electrocardiogram, viii, 21, 33, 99, 102, 112, 140,
141

electrocardiogram (ECG), 99, 141

electrocardiographic monitoring, 63

electrolyte, 78

electrolyte imbalance, 78

electron, 43

electron microscopy, 43

electroporation, 130

embolism, 21

embryonic stem, xi, 131, 134

embryonic stem cells, xi, 130, 131, 132, 134

embryos, 191, 204

emission, 43, 47, 49

emotional, viii, 33, 35, 37, 38, 39, 40, 45, 46, 50, 86,
118

employment, 88

encapsulated, 143

encephalopathy, 140, 148, 165, 169, 171

encoding, 73, 130

endocarditis, 77

endocardium, 76, 77

endocrine, 104

endoplasmic reticulum, 191, 205

endothelial, 160, 179, 196

endothelial cell, 25, 184, 185, 187, 191, 193, 196,
200, 201, 205

endothelial cells, 25, 184, 185, 187, 191, 193, 201,
205

endothelial dysfunction, vii, 2, 3, 4, 10, 206

endothelin-1, 27, 53, 62

endothelium, 10, 11, 26, 53, 61, 206

endurance, viii, 2, 57, 58, 59, 60, 64, 65

energy, 8, 15, 75, 181

energy efficiency, 15

England, 95, 129

engraftment, 134, 135

enlargement, 75

environment, 89, 180

enzymatic, 7, 179, 186, 190

enzymatic activity, 190

enzyme, xi, 139, 141, 142, 143, 144, 145, 146, 153,
174, 179, 183, 187, 190

enzyme inhibitors, 13, 14

enzymes, 8, 35, 39, 78, 139, 142, 148, 164, 168, 180,
190

eosinophilia, 80

epicardium, 43

epidemic, vii, 22, 86, 90, 133

epigallocatechin gallate, 172

epigenetic, 179, 200

epigenetic mechanism, 200

epilepsy, 75

epinephrine, 45, 50, 122

epithelial cell, 167, 191

epithelial cells, 167, 191

epitope, 189, 192, 193

epitopes, 182, 192, 193, 196, 197

equilibrium, 52

erythrocyte, 145

Escherichia coli, 182, 183, 202, 203

estimating, 121

estradiol, 50

estrogen, 45, 49, 50

Estrogen, 45, 50

ethanolamine, 153

etiology, vii, viii, ix, xii, 2, 67, 68, 81, 133, 136, 177

Europe, 3, 15, 87

evidence, 143, 144, 148, 149, 151, 153, 155, 156,
157, 158, 159, 160, 165, 170, 178, 179, 187, 197,
199, 201, 203

evolution, 150

examinations, 11, 79

excitation, 22

excitotoxic, 153

excitotoxicity, 146

excitotoxins, 157

exclusion, 11, 21

excretion, 201

exercise, viii, ix, 2, 8, 11, 13, 14, 16, 17, 18, 19, 20,
21, 30, 31, 51, 52, 54, 55, 59, 60, 61, 63, 64, 65,
85, 86, 88, 90

exertion, 133

expertise, 90

exposure, 7, 39, 45, 155

extracellular matrix, 9, 72, 108, 135, 137

eye, 204

]

Fabry disease, 74, 75, 77, 78, 82



Index

217

facilitators, 90

factor VII, 148

failure, ix, x, xii, 3, 4, 8, 12, 13, 14, 21, 75, 80, 85,
87, 90, 97, 98, 99, 100, 104, 105, 109, 114, 129,
131, 137, 141, 145, 158, 160, 178, 197

familial, ix, 67, 72, 73, 74, 79, 81, 82

family, 19, 72, 79, 81, 95, 130, 151

family members, 19, 79

Fas, 175

fasting, 2, 4, 22

fasting glucose, 2, 4

fat, 7, 14, 24, 79

fatal arrhythmia, 110

fatty acids, viii, 2, 4, 7, 8, 23, 78, 161

FDG, 23

fear, 13

feedback, 151, 157

feeding, 206

females, 3, 45, 194

fetal, 130, 165, 170

fever, 79

FFT, 56

fibers, 52, 53, 135

fibrillation, 44, 99, 141, 147, 171

fibrils, 43

fibrin, 148, 201

fibrinogen, 17, 103, 113, 186, 188, 189, 190, 201

fibrinolysis, 11, 201

fibroblast, 136

fibroblast proliferation, 136

fibroblasts, 43, 138, 183, 185, 187, 193

fibrosis, vii, 2, 10, 11, 12, 14, 28, 77, 107, 108, 136

fishing, viii, 33

fitness, 19, 64, 88

flight, 52

flow, vii, 2, 10, 11, 26, 35, 37, 39, 40, 52, 140, 142,
143, 155, 180

fluctuations, 141, 147

fluid, 15, 30, 78, 140, 150, 167, 169, 171

fluorescence, 188

focal cerebral ischaemia, 150, 156, 159, 165

focusing, 18, 88

folate, 183, 187, 189, 196, 200, 206, 207

folding, 191, 204

folic acid, xii, 178, 184, 185, 187, 196, 197, 200,
204, 206

food, 13

Fourier transformation, 56

Framingham study, 3

France, 38

free radical, 10, 11, 40, 145, 151, 159
free radicals, 10, 11, 40, 145, 151
Friday, 109, 126

Friedreich ataxia, 73

functional architecture, 40

functional changes, 4, 9, 12

funding, 87, 88, 90

fusion, 136

I T—

GABA, 140, 156, 157, 168

gadolinium, 77, 83

gamma-aminobutyric acid, 140, 156

gas, 156, 167, 170

GBA, 62

G-CSF, 149

gelatin, 135

gender, 37, 90, 118

gene, ix, 7,9, 10, 13, 45, 67, 72, 73, 74, 79, 80, 81,
82, 100, 118, 124, 126, 130, 131, 132, 152, 153,
172,173, 178, 183, 185, 189, 201, 207

gene expression, 7, 9, 10, 13, 45, 172

gene therapy, 131

gene transfer, 130, 132

general anesthesia, 174

general practitioner, 88

generation, 7, 9, 11, 182, 192

genes, 24, 72, 73, 74, 100, 118, 119, 123, 126, 131,
157

genetic abnormalities, 72

genetic alteration, 180

genetic code, 182

genetic counselling, 75, 79

genetic defect, 68

genetic testing, 74, 77, 79

genetics, ix, 67, 72, 74, 81, 118

Geneva, 31, 51

genotype, 76, 81, 118, 119, 122, 124, 199

genotypes, 118, 122, 124

Ger, 48

Germany, 47

Gibbs, 24

girth, 18

glaucoma, 169

glial, 157, 171

glial cells, 171

GLP-1, 16

glucagon, 16, 30



218 Index

glucose, viii, 2, 3,4, 5, 6,7, 8,9, 11, 13, 15, 16, 17, health, ix, 16, 18, 19, 30, 85, 86, 87, 88, 89, 90, 91,

22,23, 24, 26, 27, 29, 140, 156, 178, 181 95, 98, 133,198
glucose metabolism, 3, 7, 13, 15, 16, 23, 24 health care, 19, 86, 87, 88, 89, 90, 91, 95, 133
glucose tolerance, 2, 4, 22, 27 health care costs, 86
GLUT, 8 health care professionals, 87, 88, 89, 90, 91
GLUT4, 24 health care system, 19
glutamate, 157 health education, 19
glutathione, 140, 145 healthcare, 91
glutathione peroxidase, 140, 145 heart and lung transplant, 87
glycation, 192 heart block, 80, 131
Glycemic control, 13 heart disease, viii, 2, 3, 12, 18, 24, 30, 33, 53, 68, 72,
glycine, 168 87,94, 95, 98, 104, 106, 118, 178, 189, 202, 203,
glycogen, 5, 76, 77 206
glycosylation, viii, 2, 10, 11, 26 heart failure, vii, ix, 3, 7, 8, 10, 12, 13, 14, 15, 18,
GM-CSF, 140, 149, 151, 152 19, 21, 22, 25, 27, 28, 29, 30, 44, 55, 56, 61, 62,
goals, 79, 88, 92, 134 63, 70, 80, 81, 87, 95, 97, 98, 99, 100, 101, 102,
gold, 102, 107, 108 103, 104, 105, 107, 108, 109, 110, 112, 114, 115,
gold standard, 102 121, 125, 133, 134, 137, 145, 158, 160
goodness of fit, 194 heart rate, viii, x, 13, 51, 52, 55, 61, 62, 63, 64, 65,
government, 19, 87 126, 129, 130, 141, 147, 154, 156, 160, 166, 168
GPx, 140, 145 heart rate (HR), 52
grafts, 135, 138 heart rate turbulence, 55
granulocyte, 140, 151 heart rate variability, 55, 61, 62, 63, 64
groups, 14, 19, 34, 39, 40, 43, 57, 58, 90, 101, 105, heart transplantation, 106

130, 153, 159, 181, 182, 186, 196, 197 hematologic, 173
growth, ix, 4, 85, 88, 135, 166, 184, 203, 205 hematopoiesis, 173
growth factor, 166, 205 hematopoietic, 137, 138
growth inhibition, 203 hematopoietic stem cell, 137
GSK-3,5 hematopoietic stem cells, 137
guanethidine, 55 heme, 190
guidance, 19, 86, 102, 111, 113 hemisphere, 146, 147, 155, 161, 167
guidelines, viii, ix, 2, 20, 85, 87, 91, 92, 94, 95, 103,  hemodialysis, 189, 194, 197, 204

113, 114 hemodynamic, 34, 52
gut, 154 hemodynamics, 115

hemoglobin, 170, 186, 187, 188, 190, 192, 193

H hemolysins, 164
l—! hemorrhage, 47, 164, 168
hepatotoxicity, 15
heterogeneity, ix, 27, 67, 73, 74, 81, 99, 100, 126
heterogeneous, viii, 67, 68, 70, 73
heterozygote, 78
HHS, 30
high blood pressure, 11, 13
high risk, 21, 95, 101, 102, 159, 179
high-density lipoprotein, 14, 184

haemoglobin, 158

half-life, 16, 120, 186, 190

Halothane, 162, 174

handling, 10, 15, 25, 50

harm, 131

Hcy-thiolactone, xi, 177, 179, 180, 181, 183, 184,
185, 186, 187, 188, 189, 190, 191, 192, 193, 195,
196, 197

HDL, 14, 184, 187, 188, 193, 194 high-level, 59

head injury, 160 h!gh-rlsk, 119

head trauma, 40, 144, 165 hippocampal, 155, 156, 169, 170
histidine, 186

healing, 63 . ;
histological, 11, 40, 78, 80



Index

219

hockey, 58, 59

holistic, 89

homeostasis, vii, 2, 7, 99, 108, 122, 154, 196

homocysteine, xi, 177, 178, 199, 200, 201, 202, 203,
204, 205, 206, 207

Homocysteine, 179, 199, 200, 201, 202, 203, 204,
205, 206

homolog, 5

homology, 16

hormones, 16, 37

hospital, 19, 20, 22, 44, 45, 47, 48, 88, 94, 101

hospitalization, 3, 43

hospitalizations, 17, 133

host, 136

HPLC, 184, 187, 203

HRV, viii, 51, 52, 55, 56, 57, 58, 59, 60

human, xi, 7, 15, 24, 51, 64, 82, 99, 100, 110, 124,
130, 131, 132, 134, 135, 147, 148, 150, 152, 153,
154, 155, 157, 161, 162, 163, 168, 169, 171, 172,
174,177, 179, 181, 183, 184, 185, 186, 187, 188,
189, 190, 191, 192, 193, 195, 198, 201, 202, 203,
205

human brain, 174

human embryonic stem cells, 130, 132

human ES, xi, 134

human ESC, xi, 134

human mesenchymal stem cells, 130, 131

human subjects, 155, 201

humans, xi, 12, 142, 147, 149, 150, 154, 173, 177,
178, 179, 180, 181, 182, 183, 184, 185, 187, 188,
189, 192, 193, 195, 197, 200, 201, 202, 203, 205,
207

hydrogen, 27, 182, 183

hydrogen bonds, 182

hydrolases, 164

hydrolysis, 6, 153, 179, 186, 188

hydrolyzed, 180, 181

hydrophobic, 182

hydrophobic interactions, 182

hydroxyl, 182

hyperactivity, 59

hypercholesterolemia, 179, 195

hyperglycaemia, 22

hyperglycemia, 4, 5, 8, 9, 13, 21, 25

hyperhomocysteinemia, xii, 178, 179, 185, 188, 189,
191, 195, 196, 197, 201, 205, 206

hyperinsulinemia, vii, 1, 4, 6, 7, 16, 28

hyperlipidemia, 4, 178

hypertension, vii, 1, 3, 4, 12, 18, 19, 21, 22, 27, 68,
72,133, 141, 158, 178, 194

Hypertension, 17, 22

hypertensive, 62, 68, 76, 141, 172, 195, 207

hypertriglyceridemia, 5, 23

hypertrophic cardiomyopathy, 40, 72, 73, 74, 75, 76,
77,81, 82, 83

hypertrophy, viii, 2, 3, 4, 7, 10, 11, 12, 14, 54, 62,
64, 70, 73, 75, 76, 82, 100, 110

hypoglycemia, 13, 78

hypomethylation, 200

hypotension, 21

hypothalamic, 160

hypothermia, 167, 170

hypothesis, xii, 37, 39, 46, 61, 151, 163, 178, 179,
184, 186, 188, 191, 193, 196, 197, 198, 200

hypothyroidism, 76

hypoxia, xi, 139, 140, 142, 144, 148, 149, 155, 160,
161, 162, 164, 165, 168, 169, 172, 173, 174

hypoxia-inducible factor, 161

hypoxia-ischemia, 144, 161, 162, 164, 165, 172, 174

hypoxic, 142, 155, 161, 162, 164, 165, 169, 170,
171,174

hypoxic-ischemic, 161, 162, 165, 171, 174

1

ICAM, 140, 151, 152, 153

ICD, ix, x, 97, 98, 101, 102, 103, 106, 107, 115, 123

identification, 18, 73, 118

identity, 90

idiopathic, 6, 23, 24, 25, 68, 101, 110, 111, 112, 115,
126

IFG, 2

IFN, 174

IFNy, 149

IgE, 166

IGF-1, 169

IGF-I, vii, 2

1gG, xii, 177, 189, 192, 193, 194, 195, 197

IGT, 3

IHD, 101, 102, 104, 105, 106, 107, 108

IKr, 99, 122

IKs, 99

IL-1, 147, 149, 150, 151, 152, 153, 154, 157, 158,
159, 163, 166, 167, 169, 171, 172, 174

IL-10, 149, 151, 152, 153, 154, 158, 163, 169

IL-13, 149

IL-17, 166

IL-2, 149, 166

IL-4, 149, 152, 153, 166



220

Index

IL-6, 105, 106, 147, 149, 150, 152, 153, 154, 158,
160, 164, 165, 166, 171, 174

IL-8, 149, 151, 157, 158, 166, 167

images, 78

imaging, 11, 15, 28, 35, 40, 42, 55, 77, 83, 101, 108,
174

imaging techniques, 11

immobilization, 45

immune activation, xii, 178, 179, 197, 206

immune response, xii, 147, 177, 178, 179, 191, 192,
193, 195, 197

immune system, 148, 157, 180

immunity, 191, 198

immunization, 192

immunogenicity, xi, 134

immunoglobulin, 79

immunohistochemical, 79, 189

immunohistochemistry, 43

immunological, xi, 134, 188

immunology, 167

impaired glucose tolerance, 2, 4, 27

impaired glucose tolerance (IGT), 2

impairments, 142, 159

implantable cardioverter defibrillators, 111, 113, 115

implementation, 19

in vitro, xi, 10, 50, 134, 135, 156, 157, 159, 170,
172, 174, 175, 181, 188, 190, 201

in vivo, xi, 16, 50, 121, 130, 132, 134, 145, 156,
157, 159, 170, 171, 174, 181, 184, 185, 187, 190,
192, 193, 201, 202, 203

inactivation, 10, 11

inactive, 20

incidence, vii, 2, 3, 27, 29, 38, 45, 48, 54, 106, 107,
113, 118, 122, 134, 142, 149, 154

inclusion, 18, 70, 145

increased workload, 7

Indian, 27

indication, 80, 183, 187

indices, viii, 12, 51, 56, 58

inducible protein, 173

induction, x, 63, 100, 129, 150, 156, 157, 161, 168,
169, 173, 179, 191, 197

industrial, 178

infancy, 75

infants, 80, 142, 145, 150, 169, 170, 171

infarction, 31, 34, 37, 55, 62, 77, 91, 100, 114, 140,
144, 146, 150, 160, 161, 166, 168, 170, 179, 195,
200

infection, x, 103, 129

infectious, 164

inflammation, 37, 100, 104, 107, 108, 109, 139, 142,
145, 147, 148, 149, 150, 151, 154, 164, 172, 173,
178, 191, 195, 198, 199, 206

inflammatory, vii, xi, 2, 17, 38, 40, 68, 104, 105,
137, 139, 140, 142, 147, 148, 149, 150, 151, 152,
153, 154, 157, 159, 161, 162, 163, 164, 169, 170,
172, 173, 191, 195, 204, 205, 206

inflammatory disease, 191

inflammatory mediators, 150, 158, 159, 163

inflammatory response, 38, 137, 148, 149, 150, 153,
154, 161, 173, 195

inflammatory responses, 149, 150, 195

infrastructure, 89, 91

infusions, 191

inhalation, 168

inheritance, ix, 67, 75

inherited, 68, 72, 73, 100, 122, 123, 126, 199

inherited disorder, 68

inhibition, 6, 14, 15, 28, 121, 167, 169, 171, 203,
204

inhibitor, 103, 114, 153, 161, 168, 172

inhibitors, 13, 14, 44

inhibitory, 5, 53, 120, 153

inhibitory effect, 5, 53, 120, 153

initiation, vii, 2, 7, 178, 192

injection, 130, 135

injuries, xi, 139, 142, 155, 158

injury, 5, 9, 35, 37, 40, 43, 45, 49, 50, 86, 89, 91,
104, 142, 143, 145, 148, 150, 151, 153, 154, 155,
156, 157, 158, 159, 161, 162, 163, 164, 165, 166,
168, 170, 172, 173, 174, 175, 196, 204, 206

innervation, 55, 147

innovation, 90

iNOS, 140, 153, 157, 173

insertion, x, 129

instruments, 21

insulin, vii, 1, 2, 4,5, 6,7, 8,10, 11, 12, 13, 14, 15,
16, 22, 23, 24, 25, 26, 27, 28, 29, 74, 78

insulin resistance, vii, 1, 2, 4, 6, 7, 8, 10, 12, 13, 15,
16, 23, 24, 25, 26, 27, 28, 74

insulin sensitivity, 13, 14, 16, 28

insulin signaling, 6, 22, 23

integration, 132, 137

interaction, 62, 134, 204

interactions, 118, 160, 164, 171, 182, 191, 197

interference, 151

interferon, 173

interleukin, 103, 105, 106, 113, 114, 140, 142, 160,
161, 162, 164, 165, 166, 167, 169, 171, 172, 173,
174, 191, 195, 206



Index

221

interleukin-1, 161, 164, 165, 169, 171, 173, 174, 191

interleukin-6, 103, 105, 113, 114, 162, 164, 165,
167, 171, 172, 173, 195, 206

interleukin-8, 160, 164, 166

interleukins, 170

intermolecular, 190

interstitial, 10, 11, 12, 38, 43, 77

interval, 41, 55, 57, 58, 62, 75, 118, 120, 121, 123,
126, 168

intervention, ix, xii, 18, 19, 22, 27, 29, 43, 68, 86,
87, 88, 89, 90, 143, 152, 155, 178, 197, 198

intracellular signaling, 11

intracranial, 40, 162, 166

intravenous, 156, 157

intrinsic, x, xi, 52, 129, 130, 131, 142, 145, 177

invasive, 17, 28, 55, 108

inversion, 40, 41

Investigations, 46

investment, ix, 85, 87, 91

iodine, 43, 55

ion channels, 10, 99, 100, 156

ionic, 53

ions, 118

ipsilateral, 158

iron, 190

ischaemia, xi, 40, 115, 139, 140, 141, 142, 144, 145,
146, 148, 149, 150, 151, 152, 153, 155, 156, 157,
158, 159, 160, 163, 165, 169, 173, 174

ischaemic heart disease, 104, 106, 108

ischemia, 10, 16, 21, 26, 29, 35, 37, 45, 50, 53, 136,
144,161, 162, 163, 164, 165, 166, 167, 168, 169,
170, 171, 172, 173, 174, 175

ischemic, 13, 14, 21, 29, 50, 53, 68, 95, 115, 134,
138, 149, 161, 162, 163, 164, 165, 166, 167, 168,
170, 171, 172, 173, 174, 175

ischemic brain injury, 161, 164, 165

ischemic heart disease, 53, 68, 95

ischemic preconditioning, 168, 175

ischemic stroke, 163, 164, 166, 167, 168, 170, 173,
174

ischemic tolerance, 161

isoenzymes, 47

isolation, 78

isoleucine, 182

Italy, 67, 133

. 1

JAMA, 27, 29, 31, 113, 124, 173
Japan, viii, 33, 38, 46

Japanese, 34, 35
job dissatisfaction, 89
job satisfaction, 89

<

K*, 26, 61, 122, 125, 126

kidney, 79, 155, 195

Killip class, 40

kinase, 5, 8, 11, 50, 73, 78, 140, 144, 157, 158, 161,
163, 168, 170, 171, 172, 175

kinases, 175

Kinetics, x, 117, 142, 163

King, 22

knockout, 154

krypton, 162

1

LAA, 62

lactate dehydrogenase, 140, 142, 162

lactic acid, 15, 75, 78

lamina, 43

L-carnitine, 15, 29

LDH, 140, 142, 143

LDL, 14, 17, 178, 186, 188, 190, 191, 192, 193, 194,
195, 196, 198, 206

lead, xii, 178, 185, 190, 191, 196

leadership, 89

leakage, 142, 143

learning, 90

lectin, 206

left hemisphere, 147

left ventricle, 3, 7, 12, 27, 34, 40, 41, 42, 43, 55, 76,
80, 126

left ventricular, vii, viii, 2, 4, 8, 10, 11, 12, 14, 15,
24, 25, 27, 28, 31, 33, 34, 35, 37, 38, 39, 40, 42,
44, 45, 46, 47, 48, 49, 54, 55, 62, 64, 73, 75, 76,
77,98, 101, 104, 107, 110, 111, 112, 115, 130,
137, 138, 140, 142

Leigh disease, 75

lens, 191

lens dislocation, 191

leptin, 4

lesions, 35, 47, 145, 146, 147, 161, 162, 168, 172,
178, 189

leucine, 182

leukemic, 190, 204

leukocytes, 11, 78, 148, 150, 158, 163, 166, 172



222

Index

Lidocaine, 167, 172

lifestyle, 13, 17, 18, 19, 27, 29, 94

life-threatening, 53, 101, 106, 118, 122

lifetime, x, 19, 129

likelihood, 17, 145

limitation, 102, 184

limitations, 18, 111, 124

linkage, 190

links, 10

lipid, 7, 10, 19, 24, 86, 119, 159, 163, 170, 178, 181,
196, 201

lipid metabolism, 10

lipid peroxidation, 159, 163, 170, 178, 181, 201

lipid profile, 86, 196

lipids, 7, 192, 206

lipodystrophy, 74

lipolysis, 6

lipophilic, 156

lipopolysaccharide, 163, 164

lipopolysaccharides, 140, 154

lipoprotein, 178, 198, 205

lipoproteins, 186, 201, 204

literature, 141

liver, 7, 147, 154

loading, 122

localised, 76

localization, 46

location, x, 38, 41, 129

logistics, 78

London, 85, 93, 95

long-distance, 59

Los Angeles, 139

low molecular weight, 44

low risk, 118

low-density, 178, 186, 204

low-density lipoprotein, 178, 186, 204

LPS, 140, 154, 157, 158

LTB4, 172

lung, 75, 87, 157, 172

lungs, 52

lymphocyte, 167

lymphocytes, 80, 147, 151, 190, 204

lysine, xii, 177, 181, 186, 187, 189, 190, 192, 193,
203

lysis, 201

lysosome, 73

lysozyme, 190

I

macrophage, 140, 151, 152, 154, 162, 196

macrophage inflammatory protein, 140, 151, 162

macrophage-colony stimulating factor, 140, 151

macrophages, 43, 148, 150, 151, 154, 160, 164, 166,
168, 173, 190, 195, 204

magnetic, 28, 35, 49, 76, 77, 83, 101, 108, 174

magnetic resonance, 28, 35, 49, 76, 77, 83, 101, 108,
174

magnetic resonance imaging, 28, 35, 42, 77, 101,
108, 174

maintenance, 19, 20, 99, 145, 195

males, 3, 57, 194

malignancy, 131

malignant, ix, x, 44, 54, 97, 98, 99, 100, 102, 104,
106, 107, 115, 117, 131, 147, 202

malignant cells, 202

malondialdehyde, 145, 171, 192

mammalian cell, 183, 201

mammalian cells, 183, 201

mammals, 179, 183

management, viii, ix, 13, 14, 17, 18, 19, 33, 34, 43,
49, 67, 68, 74, 75, 79, 82, 83, 86, 87, 88, 89, 90,
91, 92, 93, 94, 97, 98, 101, 126, 136

manipulation, 130, 138

mapping, 130

market, 93

marrow, xi, 131, 134, 135, 136, 138

Marx, 171

matrix, 9, 10, 72, 108, 131, 135, 136, 137, 138, 140,
151,171

matrix metalloproteinase, 140, 151, 171

maturation, 142, 162

Maya, 170

MCA, 157

MCP, 140, 151

MCP-1, 151

mean arterial pressure, 156

measurement, 63, 78, 105, 107, 108, 198

measures, 20, 54, 56, 63, 87, 147

media, 22, 184

median, 98, 107

mediators, 148, 150, 157, 158, 159, 163, 170, 173

medical care, 20

medication, 15, 19, 21, 105

medications, 13, 15, 16, 18

medicine, 198, 205

Mediterranean, 79

medulla, 45



Index 223

membranes, 118, 156

men, 18, 31, 45, 64, 78, 98, 100, 113, 194, 196, 205,
206

menopause, 45

mental retardation, 75

mesenchymal stem cell, xi, 132, 134

mesenchymal stem cells, xi, 130, 131, 132, 134

messenger RNA, 165

meta-analysis, 30, 95, 102, 113, 199

metabolic, vii, ix, 2, 3, 4, 5, 6, 7, 8, 11, 15, 18, 21,
24,28, 52, 64, 68, 73, 75, 76, 78, 172, 179, 180,
187, 198, 199, 203

metabolic acidosis, 78

metabolic disorder, 78

metabolic disturbances, vii, 2, 4

metabolic syndrome, 4, 18

metabolism, viii, 2, 3, 4, 6, 7, 8, 10, 13, 14, 15, 16,
23, 24, 25, 29, 34, 43, 49, 75, 78, 178, 180, 183,
184, 187, 207

metabolite, xi, 148, 154, 175, 177, 179, 186, 189

metabolites, 75, 148, 159, 181, 197

metalloproteinase, 106, 107, 108, 140, 151, 166,
168, 171

metformin, 8, 16, 27, 29

methionine, xi, 177, 179, 182, 183, 184, 185, 187,
188, 189, 194, 201, 203, 205, 206

methionyl-tRNA synthetase, xi, 177, 179, 187, 201,
203

methyl group, 179, 182

methylation, 179, 180, 192, 200

methylene, 180

methylenetetrahydrofolate reductase, 199, 201, 207

MIBG, 43, 49, 55

mice, 7, 24, 25, 154, 157, 164, 165, 174, 181, 182,
185, 189, 191, 193, 195, 197, 201, 205, 207

microbial, 164

microcirculation, 11, 26, 39, 47

microcirculatory, 11

microglia, 151

microorganisms, 183

microscopy, 43

microtubules, 27

microvascular, 3, 10, 11, 13, 26, 34, 39, 40, 46, 48

microvasculature, viii, 2, 206

middle-aged, 100

migration, 135

mimicking, 41, 46

minorities, 87

MIP, 140, 151

mirror, 55

misfolded, 191

misfolding, 205

mitochondria, 12, 15, 43, 142, 174

mitochondrial, 7, 9, 68, 73, 75, 76, 78, 82, 142, 158,
203

mitochondrial DNA, 78, 82

mitogen, 5, 157, 175

mitogen-activated protein kinase, 157, 175

mitogenic, 7, 151

mitral, 28, 76

mitral regurgitation, 28

mitral stenosis, 76

MMP, 140, 151, 152, 153

MMP-2, 153

MMP-9, 152, 153

mobility, 140, 155

MOD, 140, 142

modality, 40

model system, 138, 181

models, 7, 8, 10, 16, 23, 25, 45, 99, 122, 126, 131,
148, 157, 159, 161, 173, 174, 179

modulation, 25, 29, 53, 55, 56, 57, 65, 100, 109, 110,
111, 126, 165

modulus, 136

molecular biology, 81

molecular weight, 44

molecules, 10, 148, 190, 191, 193, 195, 196, 206

monocyte, 140, 151, 152, 164, 165, 167, 173, 174,
190, 195, 206

monocyte chemoattractant protein, 140, 151, 164,
165, 174

monocyte chemotactic protein, 173, 195

monocytes, 147, 148, 151, 152, 157, 163, 166

monogenic, 100

mononuclear cell, 151, 161, 166, 171, 206

mononuclear cells, 151, 161, 166, 171, 206

mood, 88

morale, 89

morbidity, ix, 2, 3, 13, 20, 27, 29, 85, 86, 114, 141,
154, 178

morning, 59

Morocco, 117

morphological, 6, 43, 68, 72, 77, 161

morphology, 12, 76, 118, 122

mortality, vii, viii, ix, 2, 13, 14, 17, 20, 27, 28, 29,
44, 45, 51, 55, 56, 62, 63, 85, 86, 94, 97, 98, 101,
104, 105, 112, 113, 114, 115, 121, 134, 141, 145,
154, 165, 167, 171, 178, 189, 199

mortality rate, ix, 2, 44, 45, 85, 115, 121

motion, 34, 35, 38, 39, 40, 41, 42, 46, 48



224

Index

motivation, 89

mouse, Xi, 23, 24, 25, 134, 157, 183

mouse model, 23, 24, 25

MRI, 35, 42, 163

mRNA, 150, 151, 157, 159, 161, 164, 166, 173

MS, 62, 63, 114, 124, 138, 178, 179, 180, 206

MSCs, 131

MTHFR, 178, 180, 185, 189

multidisciplinary, ix, 85, 86, 87, 88, 89, 90, 95

multivariate, 101, 104, 105, 106, 107, 194

murine model, 199

muscle, viii, 5, 14, 20, 33, 68, 71, 73, 80, 81, 130,
138, 151

muscle biopsy, 80

muscle cells, 130, 151

muscles, 12, 77, 138

muscular dystrophy, 74, 77, 78, 80

mutant, 121, 183

mutation, 72, 73, 75, 76, 78, 79, 82, 119, 121, 125,
185

mutations, X, 72, 73, 74, 82, 100, 117, 118, 123, 124,
126, 178, 183, 185

myoblasts, 137

myocardial infarction, vii, viii, 15, 16, 20, 22, 30, 31,
33, 34, 35, 38, 40, 41, 43, 46, 47, 48, 49, 53, 56,
61, 62, 63, 77, 87, 91, 92, 94, 98, 110, 111, 112,
113, 114, 115, 133, 134, 136, 140, 144, 160, 170,
179, 195, 200

myocardial ischemia, vii, 1, 37, 54, 166, 173

myocardial necrosis, 47, 53, 141

myocardial regeneration, xi, 135, 137

myocardial tissue, 13

myocarditis, 21, 38, 40, 43, 77, 80, 81

myocardium, vii, X, 1, 3,4, 5, 6, 7, 15, 16, 23, 27,
35, 37, 40, 41, 45, 52, 53, 68, 70, 77, 99, 100,
110, 126, 131, 134, 136, 137, 138, 168, 189

myocyte, 7, 10, 12, 26, 37, 40, 43, 104, 150, 153,
169

myocytes, 15, 25, 26, 27, 29, 110, 125, 130, 153,
155, 162, 164, 166, 167, 172

myofibrillar, 141, 148

myoglobin, 190

myopathies, 76, 78

myopathy, 75

myosin, 72, 73, 82

myotonic dystrophy, 76

L~

naming, 34

National Health Service, 87, 94

National Health Service (NHS), 87

natural, viii, X, 56, 67, 129, 197, 198

neck, viii, 33, 35

necrosis, 5, 37, 47, 53, 105, 106, 140, 141, 142, 160,
161, 164, 165, 166, 168, 169, 171, 173, 174, 175,
195, 207

needles, 131

neoangiogenesis, 134

neonatal, 130, 132, 137, 145, 150, 157, 161, 162,
163, 164, 165, 167, 170, 173, 174, 175

neonates, 142, 162

neoplasia, 131

neoplastic, 131

neovascularization, 137

nephropathy, 11, 195, 206

nerve, 100, 119, 154, 161

nerves, 147

nervous system, xi, 13, 45, 50, 61, 139, 140, 146,
147, 164, 169, 172

network, 146

networking, 90

neural mechanisms, 64

neurodegeneration, 156

neurodegenerative, xi, 150, 157, 162, 163, 177

neurodegenerative disease, xi, 163, 177

neurodegenerative diseases, xi, 163, 177

neurodegenerative disorders, 157, 162

Neurofibromatosis, 73

neurogenic, 169

neurohormonal, 8, 55, 98, 99, 100, 104, 109

neurological deficit, 150, 158

neuromuscular diseases, 73

neuron death, 170

neurons, 167, 169, 170

neuropathy, 74

neuropeptide, 146

neuropeptides, 37

neuroprotection, 145, 156, 157, 158, 159, 162, 167,
171,174, 175

neuroprotective, 150, 157, 158, 159, 163, 165, 167,
171

neuroprotective agents, 171

neurotoxic, 167

neurotoxicity, 170

neurotransmitter, 146

neurotrophic, 150

neutral lipids, 7

neutralization, 196

neutrophil, 151, 153, 165



Index

225

neutrophils, 140, 151, 157, 160

New Jersey, 177

New York, iii, iv, 61, 98, 199, 205

New Zealand, 139, 160

Newton, 31

NF-«B, 195

N-Hcy-protein, xi, 177, 179, 180, 187, 189, 192,
193, 194, 195, 196, 197

N-Hcy-proteins, xii, 178, 179, 180, 191, 192, 193,
195, 196

NHS, 85, 89, 93, 97

Nielsen, 24, 119

Niemann-Pick disease, 76

nifedipine, 14

nitric oxide, 11, 26, 53, 140, 153, 158, 161, 168,
169, 175, 179, 181

nitric oxide synthase, 140, 153, 161, 169, 175

nitrogen, 163

nitrous oxide, 156, 162

NMDA, 140, 156, 157

N-methyl-D-aspartic acid, 140, 156

NO synthase, 166

nodes, 165

noise, 56

non-enzymatic, 145, 198

nongovernmental, 19

nongovernmental organization, 19

non-insulin dependent diabetes, 28

nonparametric, 56

noradrenaline, 146

norepinephrine, 39, 53, 55, 62, 168

normal, viii, x, 2, 3, 7, 10, 12, 20, 35, 36, 38, 39, 41,
42,43, 44, 47, 48, 52, 53, 55, 56, 57, 61, 62, 75,
77,78, 79, 80, 100, 110, 117, 122, 140, 151, 184,
185, 187, 188, 189, 202

normalization, 41, 42, 122

North America, 63

N-terminal, 42, 104, 105, 106, 107, 108, 115, 186

nuclear, 14

nuclei, 43, 82

nurse, 19, 79, 89, 94

nurses, 87, 88, 89, 90, 95

nursing, 88, 89, 91, 92, 93

nursing care, 89

nutrient, 142

nutritional disorders, 207

.o

obese, vii, 1, 24

obesity, 3, 4, 11, 17, 19, 24, 25, 28, 30

observations, 3, 34, 48, 77, 147, 162, 185, 192, 195

obsolete, 81

obstruction, 34, 35, 39, 40, 42, 49

occlusion, 140, 155, 156, 157, 158, 160, 161, 164,
165, 173, 174

occupational, 87

occupational therapists, 87

octopus, viii, 33, 35

older adults, 30, 63, 200

older people, 87

online, 22

ophthalmoplegia, 75

opposition, 52

optical, 130

oral, 122, 123

organ, 61, 70, 75, 109, 137, 140, 142, 155, 165, 170

organic, 78

organization, 146, 160, 169

oscillations, 56

outpatient, 19

ovariectomy, 50

ovary, 183

overload, 2, 7, 37, 40, 107, 142

oxidants, 145

oxidation, 5, 6, 7, 9, 15, 25, 29, 78, 145, 181, 190

oxidative, xi, 9, 139, 145, 160, 165, 170, 179, 180

oxidative damage, 145

oxidative stress, xi, 9, 139, 145, 165, 170, 179

oxide, 140, 153, 156, 158, 161, 162, 163, 168, 169,
175, 179, 181, 202

oxygen, 5, 6,7, 8,9, 11, 12, 25, 78, 140, 142, 145,
151, 156, 157, 158, 163, 164, 170, 204

oxygen consumption, 8, 25

1

PACE, 112

pacemaker, x, 21, 52, 53, 61, 129, 130, 131, 132

pacemakers, vii, X, 129, 132

pacing, x, 25, 110, 129, 130, 131, 132

pain, 34, 35

pancreatic, 4

paradigm shift, 89

paradoxical, 59, 60

parameter, 49

paraoxonase, 180, 186, 187, 202

parasympathetic, 52, 53, 54, 55, 57, 58, 59, 60, 61,
64, 146, 147

parasympathetic nervous system, 57



226

Index

parenchymal, 7

parents, 100

Paris, 100, 111

Parkinson’s disease, 195

paroxysmal supraventricular tachycardia, 141, 147

PARP, 5,9

particles, 24

partition, 156

passive, 136, 137

pathogenesis, 5, 6, 13, 14, 15, 24, 25, 26, 39, 150,
166, 199, 200

pathogenic, 8

pathogens, 196

pathology, vii, xi, 1, 162, 177, 186, 199, 200

pathophysiological mechanisms, 141

pathophysiology, viii, X, 4, 24, 34, 46, 51, 68, 81, 97,
98, 101, 189, 198

pathways, xi, 9, 25, 61, 74, 147, 148, 153, 157, 159,
162, 174, 177, 191, 202, 205

patient care, 88, 90

patient recruitment, 89

PCR, 80, 157

pediatric, 80

penicillin, 181

peptidase, 16

peptide, 16, 30, 42, 104, 106, 107, 108, 114, 115,
183, 192, 203

peptides, 115, 183, 191, 192, 204

perception, 94

perceptions, 88

perfusion, 28, 39, 40, 42, 43, 49, 135, 142

pericardial, 76, 81

pericardial effusion, 76

pericarditis, 21, 35

perinatal, 162, 163, 164, 167, 168, 169, 172

periodic, 56, 59

peripheral arterial disease, 87

peripheral blood, 163

peripheral nervous system, 52

peripheral neuropathy, 15

peripheral vascular disease, 3

permeability, 10, 160, 201

permit, 91

peroxidation, 159, 163, 170, 178, 181, 192, 201

peroxynitrite, 163

PET, 23

pH, 180, 186

pharmacokinetics, 45

pharmacological, 16, 17, 56, 119, 120, 121

pharmacology, 125

phenocopy, 67, 74, 76

phenotype, 4, 24, 72, 74, 76, 81, 118, 121, 124, 199

phenotypes, ix, 67, 72, 73, 74

phenotypic, 73, 74

pheochromocytoma, 38, 47

Philadelphia, 31, 61

phone, 67

phosphate, 5, 181

phosphocreatine, 15

phospholipids, 145

photon, 43, 47, 49

PHS, 30

physical activity, 30, 51, 54

physical exercise, 56

physical fitness, 19

physicians, viii, 33, 87, 119

Physicians, 93, 95, 111

physiological, ix, x, 16, 37, 52, 54, 60, 63, 68, 85,
86, 99, 129, 136, 148, 164, 180, 184, 186, 187,
190

physiology, 68, 191

physiotherapists, 87, 88

physiotherapy, 88

pig, 130, 172, 188, 190

pigs, 130, 131, 132, 157, 171

pioglitazone, 14

PKC, 26

placebo, 14, 28, 105, 125

planning, 88, 91

plants, 182, 203

plaque, 151, 168, 205

plaques, 148, 160, 173, 178

plasma, xii, 3, 7, 17, 37, 45, 55, 62, 75, 78, 80, 105,
114, 141, 145, 147, 148, 150, 151, 152, 153, 158,
163, 164, 165, 167, 169, 170, 171, 172, 177, 179,
180, 185, 188, 189, 191, 192, 193, 194, 195, 196,
197, 198, 199, 200, 202, 203, 204, 206

plasma levels, 55, 145, 151, 153, 163, 164, 188, 192,
193, 194, 196

plasma membrane, 80

plasma proteins, 188

plasmid, 130

plasmids, 130

plasminogen, 103

plasticity, 82

platelet, 17, 53

platelet aggregation, 17, 53

play, 6, 10, 60, 87, 90, 122, 135, 137, 142, 145, 148,
150, 153, 154, 192, 198

pluripotent cells, xi, 134



Index

227

Poland, 177

polarized light, 79

poly(ADP-ribose) polymerase, 9, 25

polymer, 135

polymerase, 5, 9, 25, 173

polymerase chain reaction, 173

polymers, 135

polymorphisms, 100

polymorphonuclear, 37, 140, 151

PON1, 180, 184, 191, 202

poor, 123, 145, 148, 158

population, ix, xi, 2, 3, 11, 13, 15, 16, 38, 60, 73, 86,
97,98, 111, 118, 134, 136, 137, 145, 178, 198

porous, 135

positive correlation, 150, 151, 189, 194, 195

positive feedback, 157

positive relation, 20

positive relationship, 20

postconditioning, 162, 175

postmenopausal, 37

postmenopausal women, 37

postoperative, 135

poststroke, 167

post-stroke, 144, 152

post-translational, 190

posture, 63

potassium, 53, 99, 110, 118, 122, 124, 125, 126, 130,
158

potassium channels, 99, 124, 125, 158

power, 56, 57, 59, 60

powers, 56

precipitation, 190

preconditioning, 158, 162, 163, 164, 173, 174, 175

prediction, x, 98, 103, 112, 113, 114, 185, 188, 196

predictive accuracy, 102

predictors, 55, 92, 93, 105, 106, 115, 191, 193, 194

predisposing factors, 159

pre-ejection period, 12

pre-existing, 39

premature death, ix, 85, 178

preparedness, 89

press, 204

pressure, 11, 13, 17, 42, 52, 59, 62, 86, 90, 105, 107,
108, 140, 141, 142, 156, 161, 163, 168, 173

prevention, 14, 20, 30, 87, 91, 92, 93, 94, 95, 101,
102, 107, 109, 113, 170, 175, 179

primary care, 30, 93

pro-atherogenic, 189

probability, 77, 79

proband, 79, 81

production, 7, 11, 40, 75, 110, 145, 148, 151, 153,
158, 160, 171, 172

professional development, 17, 91

progenitor cells, xi, 134, 136, 138

progenitors, 138

prognosis, 30, 42, 44, 45, 46, 49, 55, 100, 112, 114,
141, 158, 171

prognostic value, 102, 104

program, 16, 18, 19, 20, 21

pro-inflammatory, xi, 139, 142, 147, 148, 150, 151,
152, 153, 157, 158, 170

proliferation, vii, 1, 100, 135, 136

prophylactic, 118

propranolol, x, 47, 117, 119, 120, 122, 124, 126,
160, 170

Propranolol, 119, 120, 124, 172

prostaglandin, 140, 148

prostanoids, 10

protection, 12, 16, 45, 153, 155, 156, 157, 158, 159,
162, 165

protective role, 57, 60

protein, xi, 5, 8, 10, 25, 26, 45, 72, 73, 80, 82, 99,
107, 115, 140, 147, 151, 157, 158, 162, 163, 164,
165, 167, 168, 170, 172, 173, 174, 175, 177, 178,
179, 180, 181, 182, 184, 186, 187, 188, 189, 190,
191, 192, 193, 194, 195, 196, 197, 199, 200, 201,
202, 203, 204, 205, 206, 207

protein folding, 191

protein kinase C, 5, 10, 26, 158, 172

protein kinases, 175

protein structure, 190

protein synthesis, 201

proteins, xi, 10, 50, 74, 99, 118, 153, 167, 172, 177,
178, 179, 180, 181, 186, 187, 188, 189, 190, 191,
192, 193, 195, 196, 197, 204, 205

Proteins, vi, 177, 187, 191, 192, 193

proteinuria, 75, 78, 79

proteolytic enzyme, 148

pro-thrombotic, 189

protocol, 112, 159

psychologist, 88

public, 47, 68

pulmonary edema, 44

pulmonary embolism, 35

pulse, 62, 75, 78

pumps, 10

purification, 160

pyruvate, 5, 6, 8, 78



228

Index

| Q |

QRS complex, 102

QT interval, 41, 55, 62, 118, 120, 121, 123, 126, 168
QT prolongation, 15, 122

qualifications, 89, 91

qualitative differences, 136

quality improvement, 17

quality of life, 21, 88, 94, 133, 142

quinones, 26

registries, 98

regression, 107, 194

regression analysis, 107, 194

regular, viii, 13, 19, 51, 52, 54

regulation, xi, 8, 22, 52, 53, 60, 63, 64, 80, 139, 146,
170, 172, 179

rehabilitation, ix, 16, 17, 18, 19, 20, 30, 31, 85, 86,
87, 88, 89, 90, 91, 92, 93, 94, 95

rehabilitation program, 16, 18, 19, 20, 31, 90, 91, 92,
94

reinforcement, 89

relationship, 20, 24, 25, 26, 51, 52, 76, 104, 105,

| R I 106, 107, 126, 189, 203

RAGE, 195

rain, 104

random, 88

range, ix, 4, 44, 45, 57, 86, 87, 97, 100, 107, 108

RANTES, 140, 149, 151

rat, 24, 25, 26, 27, 29, 45, 50, 126, 150, 153, 155,
156, 159, 161, 162, 163, 164, 165, 166, 167, 169,
171, 173, 174, 175, 206

rats, 10, 12, 23, 24, 25, 27, 28, 142, 146, 150, 156,
157, 160, 161, 162, 163, 165, 166, 172, 174, 175,
191, 195, 204, 206

reactant, 108

reactive oxygen, 5, 7, 9, 140, 157, 163, 164

reactive oxygen species, 5, 7, 9, 140, 157, 164

reactive oxygen species (ROS), 7, 157

reactivity, 45, 181, 186, 188

reagent, 193

reality, 21, 130, 174

recall, 19

receptors, 16, 26, 50, 60, 105, 115, 130, 154, 156,
168, 173

recognition, 74, 86, 203

reconditioning, 20, 174

reconstruction, 137

recovery, ix, 20, 29, 30, 42, 43, 48, 55, 59, 85, 86,
94, 150

recruiting, 137

redistribution, 142

reduction, 155, 178, 179, 198, 206

reflection, 88

reflectivity, 13

reflexes, 54, 147, 166

refractoriness, 55

refractory, 28

regeneration, xi, 100, 134, 135, 137, 138

regional, 34, 40, 41, 42, 48, 55, 77, 92, 136

relationships, 112

relatives, 79

relaxation, 10, 11, 12, 26, 29, 77

relevance, 168, 169, 170, 173, 184, 198

reliability, 130

remethylation, xi, 177, 179, 183

remodeling, viii, 2, 10, 13, 14, 110, 136

remodelling, 108, 134

renal, 78, 79, 122

renal disease, 79

renal failure, 78, 79

renal function, 122

renin, 9, 14, 52, 100

renin-angiotensin system, 52

repair, xi, 9, 87, 134, 135, 136, 138, 196

reperfusion, 10, 26, 45, 140, 145, 156, 158, 159, 161,
163, 166, 173, 174, 175

repolarization, x, 41, 49, 75, 110, 111, 117, 122, 124,
125, 126

residues, 181, 186, 187, 189, 190, 192, 203

resistance, vii, 1, 2, 4, 6, 7, 8, 10, 12, 13, 15, 16, 23,
24, 25, 26, 27, 28, 29, 50, 52, 74, 172, 201

resistive, 20

resources, ix, 85, 86, 87

respiratory, 52, 55, 78

respiratory failure, 52

restitution, 44

restrictive cardiomyopathy, 72, 80

resuscitation, 101

retention, 15, 30

reticulum, 9, 10, 26, 153, 191, 205

retrovirus, 131

returns, 42, 45

rhythm, x, 52, 53, 54, 129

rhythms, 131, 132

ribose, 5, 9, 25

right hemisphere, 146, 147, 167



Index 229

right ventricle, 42
risk assessment, 113, 170

serine, 186
serum, viii, ix, 2, 14, 17, 24, 40, 42, 78, 79, 97, 103,

risk factors, x, 4, 17, 18, 19, 64, 86, 87, 90, 104, 107, 104, 105, 106, 107, 109, 115, 122, 141, 144, 145,

114, 117, 118, 178, 194, 199, 206
risks, 15, 104, 108, 135
RNA, 165, 202
rodent, 45
rodents, 7, 188
ROS, 5, 7, 140, 157, 160
rosiglitazone, 15, 29, 30
RR interval, 55, 56, 57, 58

150, 151, 160, 163, 166, 168, 170, 172, 174, 180,
181, 186, 188, 191, 192, 193, 194, 202, 203

serum albumin, 186, 188, 203

service provider, 91

service quality, ix, 85

services, iv, ix, 19, 20, 30, 85, 86, 87, 88, 89, 90, 93,
95

severity, viii, 2, 6, 10, 12, 76, 114, 148, 150, 151,
172

S sex, 12, 37, 195

Saccharomyces cerevisiae, 183, 201

safety, 14, 82, 90, 130, 131

saline, 143, 152, 181

sample, 88, 187

satellite, 138

satellite cells, 138

satisfaction, 89

scaffold, 135, 136, 137

scaffolds, 135, 137

scar tissue, 134

SCD, ix, 97, 98, 99, 100, 101, 102, 103, 104, 105,
106, 107, 108, 109, 118

Schmid, 26

science, 205

scintigraphy, 49

sclerosis, 73

scores, 104

SCs, 137

SDF-1, 137, 138

search, 74, 134, 178

Seattle, 109

secretion, 16, 28, 138, 157, 163, 167, 172

sedentary, 18, 57, 58, 64, 133

sedentary lifestyle, 18, 133

selecting, 101

selectivity, 156, 182

selenium, 204

self-efficacy, 92

self-renewing, xi, 135

sensing, X, 129

sensitivity, 13, 14, 16, 28, 45, 50, 55, 61, 76, 107,
141, 153, 170

separation, 124

septum, 76

sequelae, 160

series, 7, 31, 38, 39, 157, 158

sFas, 153

shape, 34, 35, 43, 102

shares, 16, 55

siblings, 185

side effects, 119, 121

signal transduction, 160, 162

signaling, 6, 22, 23, 45, 50, 166, 168, 174, 175, 191

signaling pathway, 174, 175, 191

signaling pathways, 174

signalling, 27, 99, 100, 171

signs, viii, 11, 40, 43, 67, 75, 78

sinoatrial node, 147

sinus, 52, 53, 55, 56, 64, 132, 143

sinus arrhythmia, 64

sinus rhythm, 56

sites, 79, 154, 156, 160, 181, 182, 186, 190

skeletal muscle, xi, 7, 14, 52, 75, 78, 80, 134, 137

skewness, 56

skin, 52, 147

sleep, 56, 63, 98

small vessel disease, 26

smoking, 13, 18, 19, 86, 178, 194

smoking cessation, 13

smooth muscle, 151

smooth muscle cells, 151

soccer, 59

social support, 19, 20

social work, 87

social workers, 87

socioeconomic, 93

SOD, 140, 145

sodium, x, 15, 27, 74, 82, 99, 117, 118, 121, 124,
126, 130, 158, 169

solubility, 119

somatic cell, xi, 134

somatic cells, xi, 134



230

Index

South Asia, 95

Southampton, 95, 97

spatial, 99, 100

spatial heterogeneity, 100

species, 5, 7, 9, 140, 157, 163, 164

specificity, 76, 182, 193

SPECT, 23, 43, 49

spectral analysis, 56, 62, 63

spectral component, 58, 60

spectrum, 2, 73, 83, 161, 181

speed, 137

spermine, 162

sphingosine, 153, 168

spin, 42

spinal cord, 73, 146, 156, 158, 162, 163

spinal cord injury, 156, 162

spleen, 154

sponges, 135

sporadic, 72

sports, vii, viii, 51, 52, 55, 58, 60, 64

sprouting, 100

St. Louis, 167

stability, 52, 156, 168

stabilize, 16, 80

stable angina, 16, 87, 93

staffing, 90

stages, 2, 4, 12, 13, 141, 150, 178

standard deviation, 56, 57

standards, 87, 93, 95

statin, 14, 198

statins, 13, 14

statistics, 109, 133

stem cell transplantation, 135

stem cells, vii, xi, 130, 131, 132, 134, 135, 137

stenosis, 37, 39, 46, 48, 77, 135

stiffness, 4, 136

stimulus, 172

storage, 7, 55, 75, 76, 77, 82, 178

strain, 77

strategies, viii, 17, 33, 44, 73, 113, 134, 159, 178

stratification, ix, x, 17, 18, 21, 97, 98, 99, 101, 102,
103, 109, 111, 113, 114, 117

stress, viii, xi, 9, 10, 11, 16, 17, 18, 33, 34, 35, 37,
38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 50, 59, 60,
75, 86, 118, 139, 145, 154, 165, 169, 170, 175,
179, 191, 205

stressors, 75

stress-related, 37

stroke, xii, 3, 21, 54, 78, 87, 109, 141, 144, 145, 147,
148, 149, 150, 151, 152, 158, 160, 161, 162, 163,

164, 165, 166, 167, 168, 169, 170, 171, 172, 173,
174,177, 178, 179, 193, 194, 196, 198

stroke volume, 54

strokes, 141, 167

stromal, 137, 138

structural changes, 4, 9, 12, 21, 190

subacute, 126

subarachnoid haemorrhage, 38, 40, 47, 144, 163

subarachnoid hemorrhage, 49, 164

subgroups, 102

submucosa, 79

substances, 13, 53, 135

substitutes, 188

substitution, 136, 183, 190

substrates, 4, 182

sucrose, 25

suffering, 133, 141, 144

sulfur, 179, 182

superiority, 135

superoxide, 9, 140, 145, 163, 172

superoxide dismutase, 140, 145

supply, 5, 52, 142, 146, 180

suppression, 122, 174

supraventricular tachycardia, 141, 147

surface area, 12, 27

surface tension, 136

surgery, 16, 21, 30, 87, 95, 133, 135, 158, 160, 174,
189, 204

surgical, 39, 87, 136

surrogates, 198

survival, vii, 28, 29, 52, 83, 98, 101, 111, 115, 133,
134, 135, 145, 159

survival rate, 98, 101

survivors, 63, 101, 105, 112, 195

susceptibility, 23, 37, 74, 100, 111

susceptibility genes, 74

swelling, 43

Switzerland, 51

sympathetic denervation, x, 117, 126, 171

sympathetic fibers, 52

sympathetic nervous system, 13, 54, 60, 100

symptom, 75, 98

symptomatic treatment, 43

symptoms, viii, 11, 14, 16, 18, 34, 67, 73, 75, 88, 94,
98, 146, 153

syndrome, viii, X, 34, 35, 38, 39, 42, 44, 45, 46, 47,
48, 49, 73, 74, 75, 76, 78, 82, 92, 100, 117, 118,
119, 121, 122, 123, 124, 125, 126, 132, 133, 147,
168, 171, 174

synergistic, 52, 134, 160, 164



Index 231

synthesis, 7, 10, 45, 50, 100, 146, 152, 163, 182,
183, 184, 185, 186, 187, 192, 197, 201, 203

systemic sclerosis, 77

systems, 147, 181, 182

systolic blood pressure, 17, 105

systolic pressure, 42

I

T cell, 140, 151

T lymphocytes, 151

tachycardia, 44, 53, 99, 102, 106, 112, 115, 141,
146, 147, 167

tactile stimuli, 156

targets, 17, 86, 186, 189

task force, 81, 92

technetium, 43

Technology Assessment, 30

temperature, 135, 138, 156, 174, 183, 186

temporal, 58, 99, 144

tension, 12, 90, 136

tenure, 160

territory, 36, 39, 40, 43

textbooks, 68

TGFp, 149

thallium, 43

therapeutic benefits, 79

therapeutic goal, x, 129

therapeutic interventions, 155

therapists, 87

therapy, vii, ix, x, xi, xii, 2, 4,5, 8,9, 12, 14, 16, 23,
28, 29, 68, 74, 82, 98, 101, 102, 103, 106, 107,
115, 117, 118, 119, 120, 122, 123, 124, 125, 126,
130, 131, 134, 165, 169, 171, 178, 179, 185, 196,
197, 198

thiazolidinediones, viii, 2, 29

threat, 159

threatening, 44, 101, 118

threshold, 147, 164, 171

thrombin, 148

thromboembolic, 170

thrombosis, 100, 160, 179, 197, 198, 204

thrombotic, 178, 189, 201

thromboxane, 140, 148

thrombus, 44, 148

time, 149, 150, 157, 163, 164, 173, 185

time frame, 5

timing, 147

tissue, xi, 6, 9, 13, 27, 43, 53, 78, 79, 83, 134, 135,
136, 137, 138, 140, 143, 145, 148, 149, 151, 161,
163, 164, 167, 168, 170, 171, 187, 190, 207

TNF, 5, 105, 106, 140, 142, 147, 150, 152, 153, 154,
157, 158, 159, 162, 167, 171, 174, 195

TNF-alpha, 162, 174

TNF-a, 106, 147, 150, 152, 153, 154, 157, 158, 159

tolerance, 4, 22, 86, 123, 155, 156, 164, 168, 169,
173, 174

total cholesterol, 193, 194

toxic, 6, 7, 10, 40, 68, 75, 191

toxic effect, 7

toxic substances, 40

toxicity, 40, 191, 200, 201, 202

training, ix, 17, 20, 21, 30, 31, 54, 56, 57, 59, 61, 63,
64, 65, 85, 88, 89, 90, 91, 95

training programs, 21, 31

trans, 180, 183, 184, 203

transcription, 4, 7, 16, 152, 205

transcription factor, 7, 16, 205

transcription factors, 7

transduction, 160, 162

transfer, 90, 130, 132, 179, 202

transfer RNA, 202

transferrin, 188, 192, 193

transformation, 56, 131

transforming growth factor, 166

transgenic, 7

transgenic mice, 7

transient ischemic attack, 21

transition, 110

translational, 187, 188, 202

transplantation, xi, 47, 87, 106, 134, 135, 136, 138

transport, 5, 7, 23, 78

transsulfuration, xi, 177, 179, 199

transthoracic echocardiography, 108

trauma, 39, 86, 144, 165

triacylglycerols, 14

trial, 14, 27, 28, 29, 30, 95, 96, 101, 105, 107, 108,
115, 125, 141, 200

triggers, 4, 108, 118, 124, 146, 154, 193

triglyceride, 6, 7, 24, 205

triglycerides, 4, 7, 14, 17, 193, 194

trisomy, 73

trypsin, 135, 190

tumor, xi, 5, 105, 134, 160, 161, 164, 165, 168, 169,
171, 173, 174, 175, 195

tumor necrosis factor, 5, 105, 160, 161, 164, 165,
168, 169, 171, 173, 174, 175, 195

tumors, 80



232 Index

tumour, 105, 106, 140, 142, 169, 173 vasculature, 50, 135, 150
turbulence, 55, 62 vasoconstriction, 10, 37, 40, 47, 53
turnover, 108 vasoconstrictor, 10
two-dimensional, 49, 108 vasodilatation, 26
type 1 diabetes, 4, 10, 13, 23, 26, 28 vasodilator, 11, 29
type 2 diabetes, 2, 4, 10, 22, 23, 27, 28, 29, 30 vasomotor, 26
type 2 diabetes mellitus, 22, 27, 28 vasospasm, 34, 39
type Il diabetes, 2, 5, 12, 15 VCAM, 195
tyrosine, 146 VEGF, 11
tyrosine hydroxylase, 146 vein, 184, 187
velocity, 39

U | ventricle, 3,7, 12, 27, 34, 35, 40, 41, 42, 43, 55, 76,

l—l 80, 100, 110, 126, 136

ventricles, 47, 108, 129, 147

ventricular arrhythmia, x, 15, 53, 55, 63, 80, 99, 100,
101, 102, 104, 106, 107, 108, 111, 112, 113, 115,
117, 121, 122, 147

ventricular arrhythmias, x, 15, 53, 55, 63, 80, 99,
100, 101, 102, 104, 106, 107, 108, 111, 112, 115,
117,121, 122, 147

ventricular fibrillation, 44, 99, 101, 106, 110, 112,
141, 147,171

ventricular tachycardia, 99, 102, 106, 112, 115

uncertainty, 90, 95

underlying mechanisms, 142, 143

unfolded, 179, 191, 205

unfolded protein response, 179, 191, 205

uniform, 119

United Kingdom, v, ix, 28, 85, 86, 92, 93, 94, 95, 98
United States, x, 89, 98, 109, 129, 133, 139
univariate, 104, 105, 106, 107

unstable angina, 92

UPR, 191 :
urban population, 38 verapamil, 14, 28, 122, 126
uric acid, 145 ’ vessels, vii, 38, 52

urinary, 135, 147, 185, 189 Victoria, 30

urinary bladder, 135 v!olent, 46

urine, 78, 185 viral vectors, 130, 131

US Department of Health and Human Services, 30 VIuses, 131

UV, 181, 188 vitamin B1, 179

vitamin B12, 179
vitamin B6, 180, 204

| \% ! vitamin C, 170

vitamin supplementation, 197, 206

vagal nerve, 154 vitamins, 179, 200
vagus, 54, 154 vocational, 16, 19
values, 42, 55, 56, 57, 58, 59, 60, 78, 150, 185 vulnerability, 121, 153, 164

valvular heart disease, 18
variability, viii, 51, 55, 57, 61, 62, 63, 64, 65, 141,

154,160, 163, 168 I—WII

variable, 147, 194

variables, 8, 64, 106 Walgs. 95
variance, 57 Walkln_g, 20
variation, ix, 64, 86, 87, 90, 100, 111 warfarin, 44
vascular disease, xii, 3, 18, 20, 178, 179, 181, 185, \Veakness, 75
186, 191, 193, 197, 200 wealth, 103
vascular endothelial growth factor, 11, 205 weight loss, 13, 88
wells, 193

vascular endothelial growth factor (VEGF), 11
vascular inflammation, 195, 199
vascular wall, 172, 179, 196

wild type, 153, 183
withdrawal, 59
women, 18, 37, 40, 45, 47, 48, 64, 78, 87, 94, 98



Index 233

workers, 72, 145, 152, 154, 155
workload, 59, 60

L x 1

xenon, 156, 157, 162, 163, 165, 167, 168, 170, 174
X-linked, 73

.y

yeast, 182, 183, 201
yield, 74, 79, 179, 198
young adults, 2, 75, 123
young men, 64

young women, 64




	HORIZONS IN WORLD CARDIOVASCULAR RESEARCH. VOLUME 1.
	Contents
	Preface
	Diabetic Cardiomyopathy, Insulin Resistance and Microangiopathy: Considerations on Treatment and Rehabilitation
	Abstract
	1. Introduction and Epidemiology
	1.1. Definitions

	2. Pathophysiology
	2.1. Alterations in Substrate Supply and Utilization
	2.2. Insulin Resistance
	2.3. Hyperglycemia
	2.4. Abnormalities in the Regulation of Calcium Homeostasis
	2.5. Microvascular Disease

	3. Clinical Picture and Symptoms
	4. Treatment
	5. Cardiac Rehabilitation
	6. Conclusions
	References

	Tako-Tsubo Cardiomyopathy
	Abstract
	Introduction
	What is Stress Cardiomyopathy?

	Etiology
	Epidemiology
	Classification
	Theories behind Stress Cardiomyopathy
	Epicardial Coronary Vasospasm
	Microvascular Dysfunction
	Catecholamine Induced Myocyte Injury
	Obstruction of Left Ventricular Outflow Tract

	Diagnosis
	Electrocardiography
	Laboratory Investigation
	Echocardiography
	Coronary Angiography and Ventriculography
	Cardiovascular Magnetic Resonance Imaging
	Myocardial Single Photon Emission Computed Tomography
	Myocardial Biopsy
	Management

	Prognosis
	Sex-Related Differences
	References

	Cardiac Autonomic Function and Sports Activity
	Abstract
	Introduction
	Structure and Function of the Autonomic Nervous System
	The Autonomic Nervous System and the Normal Heart
	Effects of Autonomic Nervous Regulation on the Heart
	Interaction of Sympathetic and Parasympathetic Effects

	The Autonomic Nervous System and Heart Diseases
	The Autonomic Nervous System and Physical Activity
	Measurements of the Autonomic Nervous System
	Heart Rate Variability and Sports Activity
	Measurements of HRV
	Effects of Physical Training on HRV
	Behaviour of HRV During Exercise

	Conclusions
	References

	Diagnosis of Cardiomyopathies and Rare Diseases: From “Phenocopy” to “Genocopy” Era
	Abstract
	Introduction
	Old Classifications
	The American Heart Association Classification
	The European Classification
	Genetics of Cardiomyopathy: A Long Way to Go
	From “One Gene-One Disease”…
	…To “One Disease-Many Genes”…
	…To “One Disease-Many (Different)Genes”…
	…To “One Gene-Many Diseases”
	… Or to “One Gene-Many (Different)Diseases”…
	One Disease or Many Diseases? From “ Phenocopy” to “ Genocopy”

	Diagnosis of Cardiomyopathy
	Physical Examination
	Electrocardiogramm
	Non Invasive Imaging Technology
	Standard Echo
	New Imaging Techonologies
	CMR
	Biochemical/Metabolic Tests
	Genetic Testing
	Organ-Specific and Skeletal Muscle Biopsy
	Endomyocardial Biopsy

	Conclusions
	References

	Inequalities in the Training and Implementation of Cardiac Rehabilitation in the United Kingdom
	Abstract
	Inequalities in the Training and Implementation of Cardiac Rehabilitation in the United Kingdom
	Summary
	References

	Sudden Cardiac Death Risk Stratification in Heart Failure –The Potential Role of Biomarkers
	Abstract
	Introduction
	The Impact of Sudden Cardiac Death in Heart Failure
	The Pathophysiology of Sudden Cardiac Death in Heart Failure
	Action Potential Prolongation and Ion Channel Expression
	Altered Neurohormonal Signalling
	Genetic Predisposition

	Implantable Cardioverter Defibrillators
	Traditional Risk Stratification Tools to Guide Primary Prevention ICD use
	Left Ventricular Ejection Fraction (LVEF)
	Ambulatory Monitoring
	Electrophysiological Studies (EPS)
	Microvolt T-wave Alternans (MTWA)
	Other Tests

	The Limitations of Current Risk Stratification Systems
	Serum Biomarkers in Cardiac Disease
	Serum Biomarkers in Heart Failure
	Serum Biomarkers to Predict Overall Mortality in Heart Failure
	Serum Biomarkers to Predict Sudden Cardiac Death in Heart Failure
	Serum Biomarkers to Predict ICD Discharges

	Serum Biomarkers to Guide ICD use?
	Conclusion
	References

	Pharmacological Therapy in Children with Congenital Long-QT Syndrome
	Summary
	Introduction
	1. β-Blockers
	1.1. Propranolol
	1.2. Nadolol
	1.3. Atenolol and Metoprolol
	1.4. Carvedilol

	2. Sodium Channel Blockers
	2.1. Flecainide
	2.2. Mexiletine

	3. Potassium and Spironolactone
	4. Calcium Channel Blockers
	Conclusions
	References

	The Promise of Biological Pacemakers
	Introduction
	Background & Preliminary Work
	Future Challenges
	References

	Stem Cells and Repair of the Heart- Current Limitations and Future Perspectives of Cell-Releasing Epicardial Scaffolds
	Limits and Perspectives
	References

	Cardiovascular Abnormalities as a Consequence of Cerebral Hypoxia-Ischaemia
	Abstract
	Abbreviations
	Cardiovascular Abnormalities Following Cerebral Complications
	Cerebral Ischaemia
	Hypoxia-Ischaemia
	Release of Cardiac Enzymes
	Release of Oxidative Stress Markers

	Neural Regulation of the Heart
	Involvement of the Insular Cortex
	Involvement of the Autonomic Nervous System
	Inflammatory Mediated Response
	Circulating Pro-Inflammatory Cytokines
	Circulating Chemokines
	Circulating Anti-Inflammatory Cytokines
	Inflammatory Mediated Myocardial Damage
	Parasympathetic Nervous System and Inflammation

	Treatment Strategies
	Pre-Conditioning
	Anaesthetics and Pre-Conditioning
	Involvement of Inflammation in Pre-Conditioning
	Post-Conditioning
	Use of Beta-Blockers

	Conclusion
	Acknowledgments
	References

	The Origin and Role of N-Homocysteinylated Proteins in Cardiovascular Disease
	Abstract
	Introduction
	Overview of Homocysteine Metabolism
	The Mechanism of Protein N-Homocysteinylation
	The Molecular Mechanism of Hcy-Thiolactone Synthesis
	Hcy-Thiolactone is Synthesized by Methionyl-tRNA Synthetase in Human Cells
	Hcy-Thiolactone is Elevated in Hyperhomocysteinemic Humans and Mice
	Human Genetic Hyperhomocysteinemia
	Mouse Dietary Hyperhomocysteinemia

	Protein Lysine Residues are Targets for the Modification by Hcy-Thiolactone
	Protein N-Linked Hcy is a By-Product of Human Hcy Metabolism
	Evidence from Tissue Culture Studies
	Protein N-Linked Hcy is Present in Humans
	Protein N-Linked Hcy is Elevated in Hyperhomocysteinemia and is Associated with Coronary Artery Disease (CAD) in Humans

	Modification by Hcy-Thiolactone Causes Protein Damage
	Chronic Treatments with Hcy-Thiolactone are Harmful
	Immunogenic Properties of Hcy-Thiolactone-Modified Proteins
	N-Hcy-Proteins are Immunogenic
	An Auto-Immune Response to N-Hcy-Proteins in Humans
	Antigen Specificity of the Human Anti-N-Hcy-Proteins Autoantibodies
	Anti-N-Hcy-Protein Autoantibodies are Associated with Stroke
	Anti-N-Hcy-Protein Autoantibodies are Associated with CAD
	Anti-N-Hcy-Protein Autoantibodies are Associated with Uremia
	Hyperhomocysteinemia, N-Hcy-Protein, and an Innate Immune Response
	Possible Roles of Anti-N-Hcy-Protein Autoantibodies in Atherosclerosis
	Hcy-Lowering Therapy and Anti-N-Hcy-Protein Autoantibodies

	Conclusion
	References

	Index

