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Chapter 1

Cardiovascular disease (CVD) is the most important cause of mortality and morbidity in
the Western world. CVD is a complex syndrome with a heterogeneous etiology, but
atherosclerosis and thrombosis underlie the occurrence of most cardiovascular events
such as stroke, angina pectoris, acute coronary syndromes, heart failure and
dysrhythmias. Atherosclerosis of the coronary arteries is characterized by the presence
of atherosclerotic plaques that result in narrowing of the arteries and a restricted blood
flow causing ischemia’'. In the majority of patients, plaques are partially obstructive or
only transiently obstructive. Ischemic episodes are commonly associated with reversible
cell damage. Thrombus formation due to plaque rupture may completely occlude one of
the coronary arteries, causing severe ischemia and irreversible cell damage (acute
myocardial infarction). Figure 1 presents a schematic representation of the
consequences of coronary atherosclerosis.
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Figure 1. Schematic representation of the consequences of coronary atherosclerosis.
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Acute myocardial infarction

Acute myocardial infarction (AMI) occurs when the coronary flow is severely reduced
causing necrotic cell death in the myocardium distal from the occlusion. The exact
mechanisms leading to necrosis during infarction are still controversial but many events
are involved, including (1) poor oxygen delivery and poor washout of metabolites, (2)
decreased production of adenosine 5°-triphosphate (ATP), (3) accumulation of fatty acid
metabolites, (4) accumulation of lactate and protons, (5) calcium overload, and (6)
inhibition of ion pumps leading to K* loss, Na* accumulation and water retention®.
Necrotic cell death occurs following severe cell damage and is characterized by cellular
swelling and membrane rupture. This membrane damage allows cellular proteins to leak
into the myocardial interstitium and finally into the circulation. Plasma concentrations of
“cardiac” proteins are serving as biomarkers of necrotic cardiomyocyte death.

Dead cells act as a stimulus to inflammation with macrophage infiltration, fibroblast
activation and ultimately scar formation®. Scar tissue replacing the infarcted area is
characterized by stiffer mechanical properties compared to healthy myocardium, and
may contribute to an impaired cardiac function and increased cell stretch at the border
zone of the infarcted tissue. Postinfarction remodeling that refers to an adverse process
occurring in the surviving, noninfarcted myocardium, may progress to congestive heart

failure.

Congestive Heart Failure

The term congestive heart failure (CHF) describes the clinical syndrome arising when
delivery of oxygen to the metabolizing tissues is impaired because of defective function
of the heart as a pump. Heart failure has many causes and clinical manifestations but
ischemic heart disease and idiopathic dilated cardiomyopathy are the two disease
entities most frequently underlying heart failure. Any structural, mechanical or electrical
abnormality of the heart may lead to the development of heart failure, either acutely, in a
short time (over days or weeks), or over a long period (months or years). Increased
workload of the heart due to myocardial infarction, hypertension, or valve defects,
causes myocardial hypertrophy, a compensatory mechanism of cardiac tissue to adapt
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to increased workload. Depending on the degree or duration of increased workload,
ventricular hypertrophy may progress from a compensatory state to impaired systolic
and/or diastolic function and heart failure. Systolic failure is often associated with
ventricular remodeling, that is characterized by alterations in myocardial structure,

composition, and function.

Ventricular remodeling

The underlying mechanisms of myocardial remodeling are complex, but identification of
translational or post-translational modifications of cardiac proteins during the
development of heart failure may provide insight into the mechanisms and may
represent novel avenues toward the development of therapeutic approaches to treat or
prevent CHF. Ventricular remodeling has been attributed to (1) intrinsic changes in
cardiomyocytes, (2) changes in the linkage of the extracellular matrix (ECM) and
cardiomyocyte, and (3) alterations in the composition of the ECM*>.

(1) Intrinsic changes in cardiomyocytes. Contractile activity of the heart is generated
within the sarcomere of cardiomyocytes, by the interaction between thick and thin
filaments (Fig. 2). The thick filament proteins include myosin heavy chain (MHC), myosin
light chain (MLC), and myosin-binding protein C. The thin filament proteins include actin,
tropomyosin (Tm), troponin | (Tnl), troponin C (TnC), and troponin T (TnT).

Depressed cardiomyocyte contractility is an important determinant of a reduced pump
function observed in heart failure®, and is associated with translational or post-
translational modifications of myofilament proteins that are responsible for a reduced
rate of myosin cross-bridge cycling, and a reduced power generation’®. As to
translational modifications of myofilament proteins, several “fetal” proteins are becoming

expressed, such as MHC-B%'°

, a-skeletal-actin'', atrial MLC-2a, and B-tropomyosin'2.
Idiopathic dilated cardiomyopathy often has an inherited etiology. Over 300 dominant
mutations in genes encoding sarcomere proteins have been identified in human heart
failure’™. As to post-translational modifications of myofilament proteins,

phosphorylation', degradation'®, and an altered Ca®" sensitivity of myofilament
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General introduction

proteins'®, such as troponin I, may be responsible for a diminished contractility in heart
failure’.

(2) Cell-ECM linkage. For efficient function, the heart requires a mechanical linkage that
(i) provides the transmission of contraction forces from sarcomeres to the ECM, and (ii)
prevents slippage of cardiomyocytes during contraction'’:'®. Cardiomyocytes adhere to
the ECM at transmembrane adhesion complexes, called costameres. These costamere
complexes form a mechanical linkage, extending from the sacromeres, through the
plasma membrane, to the ECM, and are composed of vinculin, talin, integrin, laminin

and several other extra- and intracellular components'”?° (Fig. 2).
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Figure 2. Cardiomyocyte sarcomere and the linkage to the extracellular matrix.
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Integrins comprise a large family of heterodimeric cell-surface receptors, each being
composed of an a (120-180 kD) and a B (90-110 kD) subunit. Several a- and B-subunits
exist, forming multiple integrins of af-dimers, which have varying specificity for cells and
ligands. The expression of integrins is closely coordinated with ECM expression. The
extracellular domain of integrins binds to ECM proteins or adhesion molecules on other
cells, whereas the intracellular domain binds to cytoskeletal proteins and intracellular
signaling molecules, including a-actinin and focal adhesion kinases?'??. Engagement of
integrins with ECM proteins results in clustering and activation of integrins on the cell

21;22

surface and the formation of focal adhesion sites Integrins function as

mechanotransducers®?* but also orchestrate bi-directional intracellular signaling?'?+2°.

In cardiac hypertrophy, dilated cardiomyopathy, and myocardial infarction, the protein
composition of ECM component, and the a- and B-subunit composition of integrins are
altered®*?’. During ventricular remodeling, cardiomyocytes loosen their attachment with
the ECM leading to structural changes because of cardiomyocyte slippage. A key
molecule that influences the linkage to the ECM during ventricular remodeling is
tenascin-C (TNC). TNC is a multimeric ECM glycoprotein that is synthesized by
interstitial fibroblasts. TNC is specifically expressed during the embryonic development
or early stages of tissue remodeling during inflammation, wound healing or cancer
progression®®®'. In the heart, TNC appears during cardiogenesis but it is barely detected
in the normal adult heart. However, TNC reappears in the adult heart under various

|31:32 3334 and dilated cardiomyopathy®.

h36-39.

pathological conditions, such as AM , myocarditis
An important factor responsible for the re-expression of TNC is mechanical stretc
Several studies have suggested that TNC participates in ventricular remodeling by
modulating the attachment of cardiomyocytes to ECM components*®. TNC is able to
bind to ECM components such as fibronectin*' and collagen®, as well as to cellular
integrins®® and may also cause inhibition of the formation of costameric adhesion
complexes®'. De-adhesive properties of TNC may lead to cardiomyocyte slippage and
ventricular dilatation. Nevertheless, the effects of TNC on myocardial structure and

function during myocardial repair and ventricular remodeling remain to be elucidated.
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(3) The extracellular matrix. The specific arrangement of individual components of the
ECM, particularly the interstitial collagens, and their interaction with the cell surface and
cytoskeleton of cardiomyocytes play a significant role in structure and function of the
heart”®. The ECM is defined as a network surrounding and supporting cardiomyocytes
and capillaries. The main components of the ECM include structural proteins (collagen
type | and lll, elastin), adhesive proteins (laminin, fibronectin, collagen IV and VI), de-
adhesive proteins (tenascin-C, thrombospondin, osteopontin) and proteoglycans®.
Contractile activity of the heart, generated within the sarcomere of cardiomyocytes, is
transmitted via cytoskeleton and integrins to ECM to allow contraction of the chamber.
Postinfarction remodeling is associated with proliferation and differentiation of cardiac
fibroblasts that cause excessive ECM protein production**. Differentiated fibroblasts are
the primary mediators of interstitial fibrosis, leading to a loss of myocardial compliance
and diastolic failure®. Elevated myocardial collagen levels (collagen type I, II, lll and VI)
have also been demonstrated in patients with hypertension®®’.

On the other hand, alterations in ECM composition may lead to ventricular dilatation,
wall thinning and systolic failure. Responsible for ECM degradation during ventricular
remodeling are the matrix metalloproteinases (MMPs), a family of zinc-containing
enzymes>*®°°, The general classification of MMPs is based on substrate binding and to
date, more than 20 MMPs have been described®’. MMPs are synthesized by a number
of cell types including fibroblasts, smooth muscle cells, endothelial cells and
cardiomyocytes®. After synthesis, MMPs are secreted in the ECM as a latent proform
that is activated by either proteolytic cleavage or by conformational changes induced by
cytokines, reactive oxygen species (ROS), peroxynitrite, or other MMPs®>*®°. Active
MMPs are inhibited by the tissue inhibitors of MMPs (TIMPs). MMP activity within the
myocardium is strictly regulated at three levels (i) transcription, (ii) activation and (iii)
inhibition/deactivation, indicating a complex and dynamic system. MMPs, particularly
MMP2 and MMP9, have been implicated in the pathogenesis of several cardiovascular
diseases, such as myocardial infarction, ischemia-reperfusion injury, and heart failure®.
Myocardial MMP mRNA levels can be influenced by a variety of neurohormones and
cytokines and enhanced MMP expression and activation has been identified in both
animals and patients with LV dilatation and CHF*®*’. In addition, Spinale et al.>® have
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demonstrated that MMP activity directly contributes to ECM degradation and ventricular
remodeling in CHF, because inhibition of MMP activity during the development of CHF

resulted in limited LV dilatation and less wall strain.

Biochemical markers of cardiovascular diseases

Reversible and irreversible myocardial damage are accompanied by translational and/or
post-translational modifications of cardiac proteins. Characterization of the release
kinetics of these altered cardiac proteins, from the myocardium into the circulation, may
lead to new prognostic and diagnostic biomarkers of myocardial injury. The release
kinetics of various biochemical markers depend partly on their original location in the
cell, molecular weight, and the route by which they are cleared from the circulation®®.

Biochemical markers of acute myocardial infarction

Myocardial necrosis during myocardial infarction is characterized by lethal disruptions of
the sarcolemma, allowing structural proteins and other intracellular macromolecules to
leak into the myocardial interstitium and finally into the circulation. Plasma
concentrations of cardiac proteins serve as biomarkers of necrotic cell death.
Nowadays, clinical information including history, anamnesis and ECG is integrated with
data of biomarkers. The curve describing plasma concentrations of biomarkers of
myocardial necrosis in time can be used to calculate the extent of myocardial injury®.
Biomarkers of myocardial necrosis after AMI include lactate dehydrogensae (LDH), a-
hydroxybutyrate dehydrogenase (a-HBDH), myoglobin, creatine kinase (CK), CK-MB,
troponin I and T (Table 1). These biochemical markers differ in sensitivity and specificity

and differ in release kinetics®'*¢2.

Table 1. Biomarkers of myocardial necrosis

Biochemical Molecular Cardiac Rise after onset | Peak level (h) | Duration of
marker weight specificity of AMI (h) elevation
(kDa)

LDH 134 - 4-6 24-36 >72h
a-HBDH 134 + 4-6 24-36 >72h
Myoglobin 18 - 1-3 6-8 12-24 h
CK-MBagiivity 85 ++ 3-6 12-24 2-3 days
CK-MBjass 85 +++ 3-6 12-24 2-3 days
cTnl 29 +4+++ 4-6 16-18 4-7 days
cTnT 39 ++++ 4-6 16-18 10-14 days

Adapted from Morrow et al.*®
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Lactate dehydrogenase (LDH)

LDH is a cytoplasmic enzyme that plays a key role in determining whether pyruvate
enters the tricarboxylic acid cycle, or whether pyruvate is converted to lactate. Under
aerobic conditions, LDH converts lactate to pyruvate, which, after conversion to acetyl
coenzyme A by pyruvate dehydrogenase, is oxidized in the tricarboxylic acid cycle. A
large supply of free energy is generated when NADH is oxidized by the respiratory chain
in mitochondria. Under anaerobic conditions, LDH converts pyruvate in lactate, which
provides a small supply of NAD" during glycolysis. LDH is a tetramer composed of two
subunits and the five possible combinations of these subunits results in five isoenzymes.
LDH1 is the most prominent form in heart tissue, and LDHS5 is the most prominent form
in skeletal muscle.

When the plasma membrane is damaged, LDH is released from irreversibly damaged
cardiomyocytes. Serum LDH activity rises within 4-6 h after the onset of myocardial
infarction, and peaks at 24-36 h. Differences in substrate specificity for LDH isoenzymes
were used to develop assays for serum a-hydroxybutyrate dehydrogenase (a-HBDH),
which showed an increased specificity for the detection of myocardial damage®.
Measurement of serum a-HBDH activity has provided a convenient mean for detection
of a relative increase in LDH isoenzymes LDH1 and LDH2%. However, due to the lack of

cardiac specificity, both LDH and a-HBDH have been replaced by other biomarkers.

Myoglobin

Myoglobin is a small heme-containing protein responsible for the oxygen transport in
muscle tissue. Myoglobin is known as a marker of irreversible cell damage for more than
three decades. After membrane damage, it rapidly migrates from the myocardial
interstitium into the circulation. Plasma myoglobin levels begin to rise as early as 1-3 h
after onset of myocyte damage, peak after 6-8 h and are normalized within 12-24 h®®.
Despite the early detection after AMI, myoglobin is not a very specific biomarker for
myocardial injury as it is also present in skeletal muscles®’. Nowadays, myoglobin is
used as an early biomarker of AMI, if combined with other biomarkers®.
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Creatine kinase (CK) and isoenzymes (CK-MB)

CK is a cytosolic enzyme that regulates the phosphorylation of creatine by ATP. CK is a
dimeric protein that consists of two subunits B (brain) and M (Muscle), resulting in three
isoforms being MM, MB and BB. Skeletal muscle contains predominantly CK-MM,
whereas heart tissue contains the largest fraction of CK-MB (15%). A mitochondrial CK,
mCK is also present in the heart but is not released during heart cell necrosis. Although
total CK activity in plasma is a sensitive marker of myocardial damage, it has poor
specificity due to its high concentrations in skeletal muscles. The MB isoenzyme of CK
offers an improvement in sensitivity and specificity compared with total CK®**"°. CK-MB
levels are elevated within 3-6 h after AMI, peak at 12-24 h, and remain elevated for 2-3
days. Nevertheless, CK-MB represents 1-3% of CK in skeletal muscle, and therefore
has limited specificity for irreversible cardiac damage.

Cardiac troponin l and T

The troponin complex, located in the thin filaments of sarcomeres, plays an important
role in the regulation of contraction and relaxation. The troponin complex consists of
three different subunits troponin C, troponin |, and troponin T. In contrast to CK-MB, both
Tnl and TnT have cardiac isoforms that are unique to cardiomyocytes; cardiac Tnl (cTnl,
29 kDa) and cardiac TnT (cTnT, 39 kDa). Within 4-6 h after onset of AMI troponins are
released from necrotic cardiomyocytes into the circulation. In addition to CK-MB,
troponin does not permit detection of myocardial necrosis very early (1-3 h) and does

not support maximal sensitivity during the first 6 h after the onset of AMI”’

. Typically,
troponin levels peak at 16-18 h, and remain elevated for = 10 days after AMI, long after
most other markers have normalized’?”®. Troponins are assayed by immunoassays,
allowing a highly sensitive and specific detection of myocardial injury. Troponins are
released as intact protein and as degradation products. Several degradation products
are detected in serum of patients with AMI, and the release pattern of these degradation
products changes in the days following AMI”®7°,

Nowadays, troponins are the most frequently used serum markers to diagnose
myocardial infarction. In 2000 the Joint European Society of Cardiology/American

College of Cardiology Committee for the Redefinition of Myocardial Infarction published
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a consensus document about the redefinition of myocardial infarction®. In this document
the presence of a serum troponin concentration exceeding 95th or 99th percentile of the
reference distribution is considered to confirm the diagnosis "myocardial infarction”,
even in case of microscopically small zones of myocardial necrosis. Moreover, it is likely
that future generations of cardiac troponin assays will push this limit even lower.
Although cardiac troponins are nowadays the most frequently used biomarkers of
irreversible cell damage after AMI, cardiac troponin levels are frequently exceeding the
reference range in patients without acute coronary syndromes in whom myocardial
necrosis is not a prominent aspect®®°. Renal failure has been demonstrated to cause
an increase of serum cTnT levels due to an impaired renal clearance of cTnT and cTnT
degradation products, in the absence of any cardiac pathology®®. Elevated serum
troponin concentrations also have frequently been reported in pulmonary embolism3+8’
and conditions like congestive heart failure®, idiopathic dilated cardiomyopathy®,
myocarditis®®, unstable angina pectoris®, as well as in athletes after ultra-endurance
exercise’’. The exact mechanism underlying troponin release from viable
cardiomyocytes in the absence of necrosis and thus without lethal disruptions of the
cardiomyocyte sarcolemma remains to be elucidated. Several studies have postulated
that viable cardiomyocytes may release cardiac troponins by a stretch-related
mechanism®2, but whether troponins are released as intact protein or as degradation
products is still unknown.

Biomarkers of ventricular remodeling and congestive heart failure

Heart failure is a complex clinical syndrome and a single biomarker may not reflect all
aspects of the syndrome. However, combined measurements of biomarkers may prove
valuable in heart failure. Biomarkers of congestive heart failure, which are indicative for
cardiac overload and/or ventricular remodeling, are brain natriuretic peptide (BNP) and
matrix metalloproteinases (MMP).

Brain natriuretic peptide (BNP) and N-terminal proBNP (NT-proBNP)

BNP is a peptide hormone, which is mainly synthesized by cardiomyocytes, as a 134-
amino acid prepropeptide that is cleaved into a signal peptide and proBNP (a.a. 27-134).
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In the circulation, proBNP splits into BNP and the N-terminal part of proBNP (NT-
proBNP). BNP plays an important role in maintaining the cardiorenal homeostasis under
physiological and pathological conditions.

ProBNP is released from cardiomyocytes in response to increased ventricular wall
stress®. The effects of BNP (vasodilatation, natriuresis, and diuresis) lead to some
improvement of the loading conditions of the heart. However, the role of BNP in
ventricular remodeling remains undefined. Tsuruda et al.®* reported that BNP is also
synthesized by cardiac fibroblasts (myofibroblasts) in vitro. Cardiac fibroblasts play a
crucial role in ECM metabolism by synthesizing collagen and other matrix proteins as
well as promoting ECM degradation by secreting MMPs. Increased secretion of BNP by
cardiac fibroblasts has been demonstrated to participate in ECM degradation by
decreasing collagen synthesis and increasing MMP production®*%°,

Circulating levels of BNP and NT-proBNP are strongly increased during the early phase
of acute myocardial infarction®® and both plasma markers are predictors of adverse

ventricular remodeling after myocardial infarction®®°,

In addition, elevated plasma
levels of BNP and NT-proBNP have also been demonstrated in patients with congestive
heart failure’®, and both levels correlate with the functional classification of patients
according to the New York Heart Association (NYHA)™'. Unloading of the left ventricle
in patients with CHF by a left ventricular assist device has been demonstrated to result

t'%2 and also results in

in a decrease of BNP mRNA and protein expression in the hear
reduced serum levels of both BNP and NT-proBNP'%%1% These studies suggest that
serum levels of BNP and NT-proBNP may also be useful as biomarkers of reverse

ventricular remodeling.

Matrix metalloproteinases (MMPs)
In both animals and patients with LV dilatation and CHF, enhanced expression and

d*®®’. Spinale et al®® have

increased activation of MMPs have been identifie
demonstrated that MMP activity within the myocardium directly contributes to ventricular
remodeling in CHF, because inhibition of MMP activity during the development of CHF
resulted in limited LV dilatation and less wall strain. Circulating levels of MMP2 and

MMP9 are elevated in patients with CHF and several studies have demonstrated that
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plasma MMPs levels in patients with CHF correlated positively with LV volumes and
negatively with LV ejection fraction'®'%. These findings indicate that circulating MMP
levels in patients with CHF reflect the actions of MMP within the myocardium, and that
circulating MMP levels are useful biomarkers of ventricular remodeling.

In addition to MMPs, several MMP-like enzymes have been discovered, such as
ADAMs, A Disintegrin And Metalloproteinase, and EMMPRIN, Extracellular Matrix
MetalloPRoteinase Inducer, that may play a role in cardiac remodeling. ADAMs can
down-modulate cell surface receptors, causing a switch-off of signals from a cellular
receptor whose ectodomain is cleaved and “shed” by the ADAM. Goldsmith et al.'®” and
Ding et al'®®. have shown that integrins are shed from the myocyte surface during the
evolution of hypertrophy transitioning to heart failure. Shedding of integrins could rapidly
“disconnect” cells from the ECM, leading to cardiomyocyte slippage and ventricular
dilatation. EMMPRIN, also called basigin or CD147, is a 58 kDa transmembrane
glycoprotein belonging to the Ig superfamily. EMMPRIN stimulates several cell types,
including fibroblasts, to produce MMP1, MMP2, MMP3, MT1-MMP, and MT2-MMP. In
human hearts with aortic stenosis, MMP2 and EMMPRIN were found to be upregulated
at mRNA and protein level, and MMP1, MMP3 and MMP9 were downregulated at
protein level'®. As TIMP4 protein levels were found to be upregulated markedly, these
authors conclude that the balance between MMP and TIMP is shifted towards MMP
inhibition in human aortic stenosis, which may contribute to collagen accumulation.
However, ADAMs and EMMPRIN play an important role in tumor biology but little is
known about the role of ADAMs and EMMPRIN in the (patho)physiology of

cardiomyocytes.
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Thesis Outline

Identification of translational and/or post-translational modifications of cardiac proteins
after AMI or during the progression to CHF is highly relevant to gain insight into the
mechanisms underlying these syndromes. In addition, characterization of the release
kinetics of cardiac proteins from the injured myocardium into the circulation may provide
information about their value as diagnostic biomarkers. The main objective of the first
part of this thesis was to characterize the release kinetics of cardiac troponins from
irreversibly versus reversibly damaged cardiomyocytes. Although troponins are
nowadays the most frequently used biomarkers of myocardial infarction®®, controversy
continues about whether the initial release of troponins from the infarcted myocardium
occurs later than that of cytoplasmatic enzymes used previously, like LDH and CK-
MB” 119112 In Chapter 2, release kinetics of intact cTnl from cultured neonatal rat
cardiomyocytes undergoing rapid necrosis were compared with the release kinetics of
LDH. In Chapter 3 we investigated the release kinetics of cTnl and cTnT including their
degradation products from neonatal rat cardiomyocytes undergoing a slowly developing
necrosis process.

Elevated troponin levels have also been observed in patients without acute coronary

81-85

syndromes with normal CK-MB levels® ™. Several studies have suggested that

troponins may also be released from viable cardiomyocytes by a stretch-related

892 In Chapter 4 we investigated the release of cTnl from viable

process
cardiomyocytes in vitro by stimulation of stretch-responsive integrins. In Chapter 5 we
studied whether the presence of cTnT in serum of patients with CHF is caused by
myocardial necrosis or by a stretch-dependent process initiated by severe cardiac
overload.

In heart failure, myocardial expression patterns of many proteins undergo marked
changes. The main objective of the second part of this thesis was to identify
modifications of cardiac proteins in myocardium and in serum during ventricular
remodeling and the progression to heart failure, and to investigate the relevance of
these proteins as biomarker of CHF. A model frequently used to investigate functional,
structural, and molecular changes associated with ventricular remodeling and heart

failure is the monocrotaline(MCT)-treated rat. MCT induces pulmonary hypertension that
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is associated with the development of compensated right ventricular (RV) hypertrophy
and the progression to RV failure, within several weeks depending on the doses of MCT.
In chapter 6, we characterized RV function in relation to structural changes after MCT-
induced pulmonary hypertension in the intact rat.

The specific expression pattern of the ECM protein, TNC, in response to myocardial
stretch suggests that TNC might be a relevant biomarker of ventricular remodeling.
However, the effects of TNC on myocardial structure and function are still unknown. In
chapter 7 we investigated whether MCT-induced RV dilatation is associated with re-
expression of myocardial TNC and with elevated TNC plasma levels and whether TNC
can be used as biomarker of ventricular remodeling.

In heart failure patients, cardiac resynchronization therapy (CRT) leads to reverse
ventricular remodeling. However the molecular and cellular mechanisms underlying
reverse ventricular remodeling following CRT are not completely understood. In chapter
8 we evaluated whether CRT induces changes in levels of circulating biomarkers, such
as TNC, MMP2, MMP9 and NT-proBNP, in patients who showed a beneficial response
to CRT and whether these proteins can be used as biomarkers of reverse ventricular
remodeling. Chapter 9 is a general discussion of these studies and presents future
research, and chapter 10 summarizes the major findings of the studies presented in this
thesis.

23



Chapter 1

References

24

1.
2.

10.

11.

12.

13.

14.

15.

16.

Lusis AJ. Atherosclerosis. Nature. 2000;407:233-241.

Jennings RB, Reimer KA. Lethal myocardial ischemic injury. Am J Pathol. 1981;102:241-255.
Nadal-Ginard B, Kajstura J, Leri A, Anversa P. Myocyte death, growth, and regeneration in
cardiac hypertrophy and failure. Circ Res. 2003;92:139-150.

Samuel JL, Corda S, Chassagne C, Rappaport L. The extracellular matrix and the cytoskeleton in
heart hypertrophy and failure. Heart Fail Rev. 2000;5:239-250.

Spinale FG. Matrix metalloproteinases: regulation and dysregulation in the failing heart. Circ Res.
2002;90:520-530.

Houser SR, Margulies KB. Is depressed myocyte contractility centrally involved in heart failure?
Circ Res. 2003;92:350-358.

Murphy AM. Heart failure, myocardial stunning, and troponin: a key regulator of the cardiac
myofilament. Congest Heart Fail. 2006;12:32-38.

VanBuren P, Okada Y. Thin filament remodeling in failing myocardium. Heart Fail Rev.
2005;10:199-209.

Iwanaga Y, Kihara Y, Yoneda T, Aoyama T, Sasayama S. Modulation of in vivo cardiac
hypertrophy with insulin-like growth factor-1 and angiotensin-converting enzyme inhibitor:
relationship between change in myosin isoform and progression of left ventricular dysfunction. J
Am Coll Cardiol. 2000;36:635-642.

lzumo S, Lompre AM, Matsuoka R, Koren G, Schwartz K, Nadal-Ginard B, Mahdavi V. Myosin
heavy chain messenger RNA and protein isoform transitions during cardiac hypertrophy.
Interaction between hemodynamic and thyroid hormone-induced signals. J Clin Invest.
1987;79:970-977.

Schwartz K, de la Bastie D, Bouveret P, Oliviero P, Alonso S, Buckingham M. Alpha-skeletal
muscle actin mRNA's accumulate in hypertrophied adult rat hearts. Circ Res. 1986;59:551-555.
Izumo S, Nadal-Ginard B, Mahdavi V. Protooncogene induction and reprogramming of cardiac
gene expression produced by pressure overload. Proc Natl Acad Sci U S A. 1988;85:339-343.
Morita H, Seidman J, Seidman CE. Genetic causes of human heart failure. J Clin Invest.
2005;115:518-526.

van der Velden J, Narolska NA, Lamberts RR, Boontje NM, Borbely A, Zaremba R, Bronzwaer
JG, Papp Z, Jaquet K, Paulus WJ, Stienen GJ. Functional effects of protein kinase C-mediated
myofilament phosphorylation in human myocardium. Cardiovasc Res. 2006;69:876-887.

van der Laarse A. Hypothesis: troponin degradation is one of the factors responsible for
deterioration of left ventricular function in heart failure. Cardiovasc Res. 2002;56:8-14.

van der Velden J, Papp Z, Zaremba R, Boontje NM, de Jong JW, Owen VJ, Burton PB, Goldmann

P, Jaquet K, Stienen GJ. Increased Ca**-sensitivity of the contractile apparatus in end-stage



General introduction

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

human heart failure results from altered phosphorylation of contractile proteins. Cardiovasc Res.
2003;57:37-47.

Imanaka-Yoshida K, Enomoto-lwamoto M, Yoshida T, Sakakura T. Vinculin, tlin, itegrin
alpha6betal and laminin can serve as components of attachment complex mediating contraction
force transmission from cardiomyocytes to extracellular matrix. Cell Motil Cytoskeleton.
1999;42:1-11.

Imanaka-Yoshida K. The transmission of contractility through cell adhesion. Prog Mol Subcell Biol.
2000;25:21-35.

Danowski BA, Imanaka-Yoshida K, Sanger JM, Sanger JW. Costameres are sites of force
transmission to the substratum in adult rat cardiomyocytes. J Cell Biol. 1992;118:1411-1420.
Imanaka-Yoshida K, Danowski BA, Sanger JM, Sanger JW. Living adult rat cardiomyocytes in
culture: evidence for dissociation of costameric distribution of vinculin from costameric
distributions of attachments. Cell Motil Cytoskeleton. 1996;33:263-275.

Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell. 2002;110:673-687.

Ruwhof C, van der Laarse A. Mechanical stress-induced cardiac hypertrophy: mechanisms and
signal transduction pathways. Cardiovasc Res. 2000;47:23-37.

Hsueh WA, Law RE, Do YS. Integrins, adhesion, and cardiac remodeling. Hypertension.
1998;31:176-180.

Ross RS, Borg TK. Integrins and the myocardium. Circ Res. 2001;88:1112-1119.

Giancotti FG, Ruoslahti E. Integrin signaling. Science. 1999;285:1028-1032.

Sussman MA, McCulloch A, Borg TK. Dance band on the Titanic: biomechanical signaling in
cardiac hypertrophy. Circ Res. 2002;91:888-898.

Babbitt CJ, Shai SY, Harpf AE, Pham CG, Ross RS. Modulation of integrins and integrin signaling
molecules in the pressure-loaded murine ventricle. Histochem Cell Biol. 2002;118:431-439.
Chiquet-Ehrismann R, Chiquet M. Tenascins: regulation and putative functions during pathological
stress. J Pathol. 2003;200:488-499.

Jones FS, Jones PL. The tenascin family of ECM glycoproteins: structure, function, and regulation
during embryonic development and tissue remodeling. Dev Dyn. 2000;218:235-259.

Jones PL, Jones FS. Tenascin-C in development and disease: gene regulation and cell function.
Matrix Biol. 2000;19:581-596.

Imanaka-Yoshida K, Hiroe M, Nishikawa T, Ishiyama S, Shimojo T, Ohta Y, Sakakura T, Yoshida
T. Tenascin-C modulates adhesion of cardiomyocytes to extracellular matrix during tissue
remodeling after myocardial infarction. Lab Invest. 2001;81:1015-1024.

Tamaoki M, Imanaka-Yoshida K, Yokoyama K, Nishioka T, Inada H, Hiroe M, Sakakura T,
Yoshida T. Tenascin-C Regulates Recruitment of Myofibroblasts during Tissue Repair after
Myocardial Injury. Am J Pathol. 2005;167:71-80.

25



Chapter 1

26

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45.
46.

Imanaka-Yoshida K, Hiroe M, Yasutomi Y, Toyozaki T, Tsuchiya T, Noda N, Maki T, Nishikawa T,
Sakakura T, Yoshida T. Tenascin-C is a useful marker for disease activity in myocarditis. J Pathol.
2002;197:388-394.

Morimoto S, Imanaka-Yoshida K, Hiramitsu S, Kato S, Ohtsuki M, Uemura A, Kato Y, Nishikawa
T, Toyozaki T, Hishida H, Yoshida T, Hiroe M. Diagnostic utility of tenascin-C for evaluation of the
activity of human acute myocarditis. J Pathol. 2005;205:460-467.

Tamura A, Kusachi S, Nogami K, Yamanishi A, Kajikawa Y, Hirohata S, Tsuji T. Tenascin
expression in endomyocardial biopsy specimens in patients with dilated cardiomyopathy:
distribution along margin of fibrotic lesions. Heart. 1996;75:291-294.

Boerma M, van der Wees CG, Vrieling H, Svensson JP, Wondergem J, van der Laarse A,
Mullenders LH, van Zeeland AA. Microarray analysis of gene expression profiles of cardiac
myocytes and fibroblasts after mechanical stress, ionising or ultraviolet radiation. BMC Genomics.
2005;6:6.

Chiquet M. Regulation of extracellular matrix gene expression by mechanical stress. Matrix Biol.
1999;18:417-426.

Jarvinen TA, Jozsa L, Kannus P, Jarvinen TL, Hurme T, Kvist M, Pelto-Huikko M, Kalimo H,
Jarvinen M. Mechanical loading regulates the expression of tenascin-C in the myotendinous
junction and tendon but does not induce de novo synthesis in the skeletal muscle. J Cell Sci.
2003;116:857-866.

Yamamoto K, Dang QN, Kennedy SP, Osathanondh R, Kelly RA, Lee RT. Induction of tenascin-C
in cardiac myocytes by mechanical deformation. Role of reactive oxygen species. J Biol Chem.
1999;274:21840-21846.

Imanaka-Yoshida K, Hiroe M, Yoshida T. Interaction between cell and extracellular matrix in heart
disease: multiple roles of tenascin-C in tissue remodeling. Histol Histopathol. 2004;19:517-525.
Chiquet-Ehrismann R, Matsuoka Y, Hofer U, Spring J, Bernasconi C, Chiquet M. Tenascin
variants: differential binding to fibronectin and distinct distribution in cell cultures and tissues. Cell
Regul. 1991;2:927-938.

Lightner VA, Erickson HP. Binding of hexabrachion (tenascin) to the extracellular matrix and
substratum and its effect on cell adhesion. J Cell Sci. 1990;95:263-277.

Terracio L, Rubin K, Gullberg D, Balog E, Carver W, Jyring R, Borg TK. Expression of collagen
binding integrins during cardiac development and hypertrophy. Circ Res. 1991;68:734-744.
Cleutjens JP, Verluyten MJ, Smiths JF, Daemen MJ. Collagen remodeling after myocardial
infarction in the rat heart. Am J Pathol. 1995;147:325-338.

Burlew BS, Weber KT. Cardiac fibrosis as a cause of diastolic dysfunction. Herz. 2002;27:92-98.
Weber KT, Sun Y, Guarda E, Katwa LC, Ratajska A, Cleutjens JP, Zhou G. Myocardial fibrosis in
hypertensive heart disease: an overview of potential regulatory mechanisms. Eur Heart J. 1995;16
Suppl C:24-28.



General introduction

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

Spiro MJ, Crowley TJ. Increased rat myocardial type VI collagen in diabetes mellitus and
hypertension. Diabetologia. 1993;36:93-98.

Woessner JF, Jr. Matrix metalloproteinases and their inhibitors in connective tissue remodeling.
FASEB J. 1991;5:2145-2154.

McDonnell S, Morgan M, Lynch C. Role of matrix metalloproteinases in normal and disease
processes. Biochem Soc Trans. 1999;27:734-740.

Birkedal-Hansen H, Moore WG, Bodden MK, Windsor LJ, Birkedal-Hansen B, DeCarlo A, Engler
JA. Matrix metalloproteinases: a review. Crit Rev Oral Biol Med. 1993;4:197-250.

Nagase H. Activation mechanisms of matrix metalloproteinases. Biol Chem. 1997;378:151-160.
Coker ML, Doscher MA, Thomas CV, Galis ZS, Spinale FG. Matrix metalloproteinase synthesis
and expression in isolated LV myocyte preparations. Am J Physiol. 1999;277:H777-H787.

Wang W, Sawicki G, Schulz R. Peroxynitrite-induced myocardial injury is mediated through matrix
metalloproteinase-2. Cardiovasc Res. 2002;53:165-174.

Okamoto T, Akaike T, Nagano T, Miyajima S, Suga M, Ando M, Ichimori K, Maeda H. Activation of
human neutrophil procollagenase by nitrogen dioxide and peroxynitrite: a novel mechanism for
procollagenase activation involving nitric oxide. Arch Biochem Biophys. 1997;342:261-274.
Spinale FG, Gunasinghe H, Sprunger PD, Baskin JM, Bradham WC. Extracellular degradative
pathways in myocardial remodeling and progression to heart failure. J Card Fail. 2002;8:S332-
S338.

Spinale FG, Coker ML, Thomas CV, Walker JD, Mukherjee R, Hebbar L. Time-dependent
changes in matrix metalloproteinase activity and expression during the progression of congestive
heart failure: relation to ventricular and myocyte function. Circ Res. 1998;82:482-495.

Thomas CV, Coker ML, Zellner JL, Handy JR, Crumbley AJ, lll, Spinale FG. Increased matrix
metalloproteinase activity and selective upregulation in LV myocardium from patients with end-
stage dilated cardiomyopathy. Circulation. 1998;97:1708-1715.

Spinale FG, Coker ML, Krombach SR, Mukherjee R, Hallak H, Houck WV, Clair MJ, Kribbs SB,
Johnson LL, Peterson JT, Zile MR. Matrix metalloproteinase inhibition during the development of
congestive heart failure: effects on left ventricular dimensions and function. Circ Res.
1999;85:364-376.

Antman EM. Decision making with cardiac troponin tests. N Engl J Med. 2002;346:2079-2082.
van der Laarse A, Kerkhof PL, Vermeer F, Serruys PW, Hermens WT, Verheugt FW, Bar FW,
Krauss XH, van der Wall EE, Simoons ML. Relation between infarct size and left ventricular
performance assessed in patients with first acute myocardial infarction randomized to
intracoronary thrombolytic therapy or to conventional treatment. Am J Cardiol. 1988;61:1-7.

Apple FS. Acute myocardial infarction and coronary reperfusion. Serum cardiac markers for the
1990s. Am J Clin Pathol. 1992;97:217-226.

27



Chapter 1

28

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Mair J, Wagner |, Jakob G, Lechleitner P, Dienstl F, Puschendorf B, Michel G. Different time
courses of cardiac contractile proteins after acute myocardial infarction. Clin Chim Acta.
1994;231:47-60.

Morrow DA, Cannon CP, Jesse RL, Newby LK, Ravkilde J, Storrow AB, Wu AH, Christenson RH.
National Academy of Clinical Biochemistry Laboratory Medicine Practice Guidelines: Clinical
characteristics and utilization of biochemical markers in acute coronary syndromes. Circulation.
2007;115:e356-e375.

Elliott BA, Wilkinson JH. Serum "alpha-hydroxybutyric dehydrogenase" in myocardial infarction
and in liver disease. Lancet. 1961;1:698-699.

Rosalki SB, Wilkinson JH. Serum alpha-hydroxybutyrate dehydrogenase in diagnosis. JAMA.
1964;189:61-63.

Srinivas VS, Cannon CP, Gibson CM, Antman EM, Greenberg MA, Tanasijevic MJ, Murphy S, de
Lemos JA, Sokol S, Braunwald E, Mueller HS. Myoglobin levels at 12 hours identify patients at
low risk for 30-day mortality after thrombolysis in acute myocardial infarction: a Thrombolysis in
Myocardial Infarction 10B substudy. Am Heart J. 2001;142:29-36.

Van Nieuwenhoven FA, Kleine AH, Wodzig WH, Hermens WT, Kragten HA, Maessen JG, Punt
CD, Van Dieijen MP, Van der Vusse GJ, Glatz JF. Discrimination between myocardial and
skeletal muscle injury by assessment of the plasma ratio of myoglobin over fatty acid-binding
protein. Circulation. 1995;92:2848-2854.

Penttila K, Koukkunen H, Halinen M, Rantanen T, Pyorala K, Punnonen K, Penttila |. Myoglobin,
creatine kinase MB isoforms and creatine kinase MB mass in early diagnosis of myocardial
infarction in patients with acute chest pain. Clin Biochem. 2002;35:647-653.

Bakker AJ, Gorgels JP, van Vlies B, Koelemay MJ, Smits R, Tijssen JG, Haagen FD. Contribution
of creatine kinase MB mass concentration at admission to early diagnosis of acute myocardial
infarction. Br Heart J. 1994;72:112-118.

Mair J, Artner-Dworzak E, Dienstl A, Lechleitner P, Morass B, Smidt J, Wagner |, Wettach C,
Puschendorf B. Early detection of acute myocardial infarction by measurement of mass
concentration of creatine kinase-MB. Am J Cardiol. 1991;68:1545-1550.

de Winter RJ, Koster RW, Schotveld JH, Sturk A, van Straalen JP, Sanders GT. Prognostic value
of troponin T, myoglobin, and CK-MB mass in patients presenting with chest pain without acute
myocardial infarction. Heart. 1996;75:235-239.

Kragten JA, Hermens WT, Dieijen-Visser MP. Cardiac troponin T release into plasma after acute
myocardial infarction: only fractional recovery compared with enzymes. Ann Clin Biochem.
1996;33:314-323.

Cummins B, Auckland ML, Cummins P. Cardiac-specific troponin-I radioimmunoassay in the
diagnosis of acute myocardial infarction. Am Heart J. 1987;113:1333-1344.

Wu AH, Feng YJ, Contois JH, Pervaiz S. Comparison of myoglobin, creatine kinase-MB, and
cardiac troponin | for diagnosis of acute myocardial infarction. Ann Clin Lab Sci. 1996;26:291-300.



General introduction

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Katus HA, Remppis A, Neumann FJ, Scheffold T, Diederich KW, Vinar G, Noe A, Matern G,
Kibler W. Diagnostic efficiency of troponin T measurements in acute myocardial infarction.
Circulation. 1991;83:902-912.

Labugger R, Organ L, Collier C, Atar D, Van Eyk JE. Extensive troponin | and T modification
detected in serum from patients with acute myocardial infarction. Circulation. 2000;102:1221-
1226.

Morjana NA. Degradation of human cardiac troponin | after myocardial infarction. Biotechnol App!
Biochem. 1998;28:105-111.

Wu AH, Feng YJ, Moore R, Apple FS, McPherson PH, Buechler KF, Bodor G. Characterization of
cardiac troponin subunit release into serum after acute myocardial infarction and comparison of
assays for troponin T and |. American Association for Clinical Chemistry Subcommittee on cTnl
Standardization. Clin Chem. 1998;44:1198-1208.

Michielsen EC, Diris JH, Kleijnen VW, Wodzig WK, Dieijen-Visser MP. Investigation of release
and degradation of cardiac troponin T in patients with acute myocardial infarction. Clin Biochem.
2007;40:851-855.

Myocardial infarction redefined--a consensus document of The Joint European Society of
Cardiology/American College of Cardiology Committee for the redefinition of myocardial infarction.
Eur Heart J. 2000;21:1502-1513.

van Bockel EA, Tulleken JE, Ligtenberg JJ, van der Werf TS, Aarts LP, Zijlstra JG. The
significance of elevated troponin levels in the absence of acute cardiac ischaemia. Ned Tijdschr
Geneeskd. 2005;149:1879-1883.

Missov E, Calzolari C, Pau B. Circulating cardiac troponin | in severe congestive heart failure.
Circulation. 1997;96:2953-2958.

Khan IA, Tun A, Wattanasauwan N, Win MT, Hla TA, Hussain A, Vasavada BC, Sacchi TJ.
Elevation of serum cardiac troponin | in noncardiac and cardiac diseases other than acute
coronary syndromes. Am J Emerg Med. 1999;17:225-229.

Nunes JP. Cardiac troponin | in systemic diseases. A possible role for myocardial strain. Rev Port
Cardiol. 2001;20:785-788.

Hamm CW, Giannitsis E, Katus HA. Cardiac troponin elevations in patients without acute coronary
syndrome. Circulation. 2002;106:2871-2872.

Diris JH, Hackeng CM, Kooman JP, Pinto YM, Hermens WT, Dieijen-Visser MP. Impaired renal
clearance explains elevated troponin T fragments in hemodialysis patients. Circulation.
2004;109:23-25.

Meyer T, Binder L, Hruska N, Luthe H, Buchwald AB. Cardiac troponin | elevation in acute
pulmonary embolism is associated with right ventricular dysfunction. J Am Coll Cardiol.
2000;36:1632-1636.

Sato Y, Yamada T, Taniguchi R, Nagai K, Makiyama T, Okada H, Kataoka K, Ito H, Matsumori A,

Sasayama S, Takatsu Y. Persistently increased serum concentrations of cardiac troponin T in

29



Chapter 1

30

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

patients with idiopathic dilated cardiomyopathy are predictive of adverse outcomes. Circulation.
2001;103:369-374.

Smith SC, Ladenson JH, Mason JW, Jaffe AS. Elevations of cardiac troponin | associated with
myocarditis. Experimental and clinical correlates. Circulation. 1997;95:163-168.

Lindahl B, Venge P, Wallentin L. Relation between troponin T and the risk of subsequent cardiac
events in unstable coronary artery disease. The FRISC study group. Circulation. 1996;93:1651-
1657.

Neumayr G, Gaenzer H, Pfister R, Sturm W, Schwarzacher SP, Eibl G, Mitterbauer G, Hoertnagl|
H. Plasma levels of cardiac troponin | after prolonged strenuous endurance exercise. Am J
Cardiol. 2001;87:369-71.

Feng J, Schaus BJ, Fallavollita JA, Lee TC, Canty JM, Jr. Preload induces troponin | degradation
independently of myocardial ischemia. Circulation. 2001;103:2035-2037.

de Lemos JA, McGuire DK, Drazner MH. B-type natriuretic peptide in cardiovascular disease.
Lancet. 2003;362:316-322.

Tsuruda T, Boerrigter G, Huntley BK, Noser JA, Cataliotti A, Costello-Boerrigter LC, Chen HH,
Burnett JC, Jr. Brain natriuretic peptide is produced in cardiac fibroblasts and induces matrix
metalloproteinases. Circ Res. 2002;91:1127-1134.

Kawakami R, Saito Y, Kishimoto |, Harada M, Kuwahara K, Takahashi N, Nakagawa Y, Nakanishi
M, Tanimoto K, Usami S, Yasuno S, Kinoshita H, Chusho H, Tamura N, Ogawa Y, Nakao K.
Overexpression of brain natriuretic peptide facilitates neutrophil infiltration and cardiac matrix
metalloproteinase-9 expression after acute myocardial infarction. Circulation. 2004;110:3306-
3312.

Morita E, Yasue H, Yoshimura M, Ogawa H, Jougasaki M, Matsumura T, Mukoyama M, Nakao K.
Increased plasma levels of brain natriuretic peptide in patients with acute myocardial infarction.
Circulation. 1993;88:82-91.

Nagaya N, Nishikimi T, Goto Y, Miyao Y, Kobayashi Y, Morii |, Daikoku S, Matsumoto T, Miyazaki
S, Matsuoka H, Takishita S, Kangawa K, Matsuo H, Nonogi H. Plasma brain natriuretic peptide is
a biochemical marker for the prediction of progressive ventricular remodeling after acute
myocardial infarction. Am Heart J. 1998;135:21-28.

Nilsson JC, Groenning BA, Nielsen G, Fritz-Hansen T, Trawinski J, Hildebrandt PR, Jensen GB,
Larsson HB, Sondergaard L. Left ventricular remodeling in the first year after acute myocardial
infarction and the predictive value of N-terminal pro brain natriuretic peptide. Am Heart J.
2002;143:696-702.

Richards AM, Nicholls MG, Yandle TG, Frampton C, Espiner EA, Turner JG, Buttimore RC,
Lainchbury JG, Elliott JM, lkram H, Crozier IG, Smyth DW. Plasma N-terminal pro-brain natriuretic
peptide and adrenomedullin: new neurohormonal predictors of left ventricular function and
prognosis after myocardial infarction. Circulation. 1998;97:1921-1929.



General introduction

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Mukoyama M, Nakao K, Saito Y, Ogawa Y, Hosoda K, Suga S, Shirakami G, Jougasaki M, Imura
H. Increased human brain natriuretic peptide in congestive heart failure. N Engl J Med.
1990;323:757-758.

Maisel AS, Krishnaswamy P, Nowak RM, McCord J, Hollander JE, Duc P, Omland T, Storrow AB,
Abraham WT, Wu AH, Clopton P, Steg PG, Westheim A, Knudsen CW, Perez A, Kazanegra R,
Herrmann HC, McCullough PA. Rapid measurement of B-type natriuretic peptide in the
emergency diagnosis of heart failure. N Engl J Med. 2002;347:161-167.

Bruggink AH, de Jonge N, van Oosterhout MF, Van Wichen DF, de Koning E, Lahpor JR,
Kemperman H, Gmelig-Meyling FH, de Weger RA. Brain natriuretic peptide is produced both by
cardiomyocytes and cells infiltrating the heart in patients with severe heart failure supported by a
left ventricular assist device. J Heart Lung Transplant. 2006;25:174-180.

Kemperman H, van den Berg M, Kirkels H, de Jonge N. B-type natriuretic peptide (BNP) and N-
terminal proBNP in patients with end-stage heart failure supported by a left ventricular assist
device. Clin Chem. 2004;50:1670-1672.

Yamazaki T, Lee JD, Shimizu H, Uzui H, Ueda T. Circulating matrix metalloproteinase-2 is
elevated in patients with congestive heart failure. Eur J Heart Fail. 2004;6:41-45.

Yan AT, Yan RT, Spinale FG, Afzal R, Gunasinghe HR, Arnold M, Demers C, McKelvie RS, Liu
PP. Plasma matrix metalloproteinase-9 level is correlated with left ventricular volumes and
ejection fraction in patients with heart failure. J Card Fail. 2006;12:514-519.

Wagner DR, Delagardelle C, Ernens |, Rouy D, Vaillant M, Beissel J. Matrix metalloproteinase-9 is
a marker of heart failure after acute myocardial infarction. J Card Fail. 2006;12:66-72.

Goldsmith EC, Carver W, McFadden A, Goldsmith JG, Price RL, Sussman M, Lorell BH, Cooper
G, Borg TK. Integrin shedding as a mechanism of cellular adaptation during cardiac growth. Am J
Physiol Heart Circ Physiol. 2003;284:H2227-H2234.

Ding B, Price RL, Goldsmith EC, Borg TK, Yan X, Douglas PS, Weinberg EO, Bartunek J, Thielen
T, Didenko VV, Lorell BH. Left ventricular hypertrophy in ascending aortic stenosis mice: anoikis
and the progression to early failure. Circulation. 2000;101:2854-2862.

Fielitz J, Leuschner M, Zurbrugg HR, Hannack B, Pregla R, Hetzer R, Regitz-Zagrosek V.
Regulation of matrix metalloproteinases and their inhibitors in the left ventricular myocardium of
patients with aortic stenosis. J Mol Med. 2004;82:809-820.

Jernberg T, Lindahl B, James S, Ronquist G, Wallentin L. Comparison between strategies using
creatine kinase-MB(mass), myoglobin, and troponin T in the early detection or exclusion of acute
myocardial infarction in patients with chest pain and a nondiagnostic electrocardiogram. Am J
Cardiol. 2000;86:1367-1371.

31



Chapter 1

111.

112.

32

Polanczyk CA, Lee TH, Cook EF, Walls R, Wybenga D, Printy-Klein G, Ludwig L, Guldbrandsen
G, Johnson PA. Cardiac troponin | as a predictor of major cardiac events in emergency
department patients with acute chest pain. J Am Coll Cardiol. 1998;32:8-14.

Polanczyk CA, Johnson PA, Cook EF, Lee TH. A proposed strategy for utilization of creatine
kinase-MB and troponin | in the evaluation of acute chest pain. Am J Cardiol. 1999;83:1175-1179.



