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Abstract
Cardiac remodeling is defined as changes in the size, shape and function of the heart, caused most
commonly by hypertension-induced left ventricular (LV) hypertrophy and myocardial infarction
(MI). It is characterized by changes in cellular and extracellular compartments regulated by e.g.
neurohumoral and inflammatory factors. In the present study the expression of novel, load induced
factors, thrombospondin (TSP)-1 and -4, matrix Gla protein (MGP), tumor necrosis factor-like
weak inducer of apoptosis (TWEAK) and its receptor Fn14, was investigated during cardiac
remodeling. Their expression in the heart was characterized using experimental models of
pressure overload, hypertensive hypertrophy and MI, and the effect of hypertrophic agonists and
cellular stretch was studied in vitro. The effect of beta-blocker treatment on TSP expression was
also examined.
TSP-1 and -4 were rapidly upregulated in response to pressure overload, and the induction of
TSP-4 gene expression was attenuated in hypertrophied heart. After MI, TSP-1 and -4 mRNA and
TSP-1 protein levels were increased, and the induction was attenuated by metoprolol. TSP-1 and
-4 expression correlated with natriuretic peptide expression and LV remodeling after MI. In
hypertensive hypertrophy, only TSP-4 expression decreased after metoprolol treatment and was
correlated with LV remodeling.
MGP gene expression was increased in response to pressure overload and MI both in the early
and late phase of cardiac remodeling. MGP protein levels were increased in the acute phase of
post-MI remodeling and in hypertensive hypertrophy. In vitro, angiotensin II increased MGP gene
expression in myocytes and fibroblasts, whereas expression decreased in response to mechanical
stretch.
In response to increased cardiac load Fn14 expression was upregulated both acutely and
chronically while TWEAK expression remained relatively constant. Fn14 localized mainly to
fibroblasts in the inflammatory area while TWEAK localized to myocytes and endothelial cells.
In myocytes, Fn14 expression was induced by hypertrophic agonists and mechanical stretch in
contrast to stabile or decreased TWEAK expression.
This study provides new insights into the expression of the studied novel factors in cardiac
remodeling. The distinct expression of TSPs in pressure overload and post-MI suggests that TSP1 and -4 may have unique roles in the remodeling process. The results also imply that MGP is part
of the common gene program of hypertrophic remodeling in vivo and contributes to the molecular
basis of cardiac hypertrophy. Finally, the study demonstrates differential regulation of TWEAK
and Fn14 expression in the heart and emphasizes the importance of Fn14 as a mediator of
TWEAK/Fn14 signaling and as a potential target of therapeutic interventions.

Keywords: cardiac remodeling, Fn14, matrix Gla protein, thrombospondin, TWEAK
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1

Introduction

Cardiac remodeling is defined as changes in the size, shape and function of the
heart, and it occurs in response to altered cardiac load (Cohn et al. 2000, Graham
et al. 2008). It can be physiological, like the cardiac hypertrophy seen in athletes
and during pregnancy, or pathological, such as hypertensive hypertrophy or
remodeling after myocardial infarction (MI). Chronic hypertension and coronary
artery disease with MI are the most common causes of cardiac remodeling, and if
left untreated, pathological remodeling can lead to heart failure (HF) with a five
year mortality of 45–59% (Mosterd & Hoes 2007).
Common features in the pathological process of cardiac remodeling
regardless of the etiology are molecular, cellular and interstitial changes of the
myocardium that result in cardiac hypertrophy, cell death and fibrosis. Cellular
and molecular changes of the myocyte include e.g. fetal gene expression,
disorganization of the sarcomere, hypertrophy and cell loss. (Dorn 2007, Hill &
Olson 2008.) In addition, fibroblasts proliferate and differentiate into
myofibroblasts that contribute to cardiac remodeling by producing excessive
amounts of extracellular matrix (ECM) causing fibrosis, which impairs diastolic
function, diminishes coronary flow reserve and predisposes to arrhythmias (Dorn
2007, Diez 2009). Multiple signal transduction pathways, e.g. mitogen activated
protein kinases (MAPKs) and protein kinase C (PKC), mediate and regulate these
changes during cardiac remodeling.
An important contributor to cardiac remodeling is neurohumoral activation,
which comprises the increased activity of the sympathetic nervous system (SNS),
renin-angiotensin-system (RAS), endothelin-1 (ET-1) and vasopressin. The
importance of neurohumoral activation in the progression of HF is demonstrated
by the fact that the current drugs shown to improve the prognosis of HF patients,
e.g. angiotensin converting enzyme (ACE) inhibitors and beta-blockers, modify
the neurohumoral systems (Goldsmith 2004). In addition, inflammation and
proinflammatory cytokines have a critical role in regulating cardiac structure and
function in cardiac remodeling and in the development of HF (Levine et al. 1990,
Seta et al. 1996, Fedak et al. 2005b).
Matricellular proteins are non-structural ECM proteins that are minimally
expressed in normal tissue but are upregulated after tissue injury. These proteins
modulate cellular function and behavior by regulating cell-cell and cell-matrix
interactions (Bornstein & Sage 2002). Thrombospondins (TSPs) -1 and -4 are
matricellular proteins that have recently been shown to be differentially expressed
15

during cardiac remodeling (Tan et al. 2002, Wang et al. 2003, Schroen et al. 2004,
Frangogiannis et al. 2005, Rysä et al. 2005, Sezaki et al. 2005, Gabrielsen et al.
2007). A suggested function of TSP-1 in cardiac remodeling is limitation of the
inflammatory reaction after MI. TSP-4 has also been proposed to participate in
fibrosis and posttranslational modification of collagen even though only a few
studies on TSP-4 in the heart have been reported (Moens et al. 2008, Frolova et al.
2009).
Matrix Gla protein (MGP) is a small ECM protein that inhibits calcification
of cartilage and the vascular wall (Luo et al. 1997). DNA microarray studies have
associated increased left ventricular (LV) MGP gene expression with pressure
overload, myocardial hypertrophy and HF (Hwang et al. 2000, Blaxall et al. 2003,
Weinberg et al. 2003, Rysä et al. 2005, Mirotsou et al. 2006) but there is very
little knowledge concerning MGP in the heart.
Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) and its
receptor Fn14 belong to the tumor necrosis factor (TNF) superfamily of
proinflammatory cytokines that control e.g. organogenesis, regeneration,
homeostasis, immune responses and inflammation, by regulation of cell survival,
proliferation and differentiation (Locksley et al. 2001, Ware 2008). Recently it
was shown that elevated levels of circulating TWEAK via Fn14 cause dilated
cardiomyopathy with subsequent HF characterized by increased fibrosis and
cardiomyocyte hypertrophy in mice (Jain et al. 2009), but it is not known whether
the TWEAK/Fn14 signaling pathway is modulated in cardiac remodeling.
The aim of the present study was to investigate the expression of TSP-1, TSP4, MGP and TWEAK/Fn14 during cardiac remodeling. These proteins were
originally found in DNA microarray screenings to be differentially expressed in
response to increased cardiac load. The effects of experimental in vivo models of
pressure overload, hypertensive hypertrophy and MI on their mRNA and protein
levels in the heart were analyzed, and in vitro studies were used to determine the
effect of hypertrophic agonists and cellular stretch on their expression. In addition,
the effect of reversed cardiac remodeling after metoprolol administration on
TSP-1 and TSP-4 expression in normal, hypertrophied and infarcted heart was
examined, as well as the correlation of TSP-1 and TSP-4 with cardiac remodeling
and natriuretic peptide expression.

16

2

Review of the literature

2.1

The concept of cardiac remodeling

Remodeling means rearrangement of the normal structure (Swynghedauw 1999)
and cardiac remodeling is more specifically defined as changes in the size, shape
and function of the heart (Cohn et al. 2000, Graham et al. 2008). It can be
physiological or pathological and, in either case, it can be reversible. Cardiac
remodeling involves molecular, cellular and interstitial changes of the
myocardium and results in cardiac hypertrophy, cell death and fibrosis (Fig. 1). If
the hemodynamic overload is sustained and the compensatory mechanisms fail to
normalize wall stress, the heart ultimately proceeds to decompensated cardiac
failure. (Cohn et al. 2000, Swynghedauw 1999.)

Pathological stimulus

Inflammatory response
Neurohumoral activation
Stretch of myocytes and fibroblasts

Altered ECM

Hypertrophy
Cell death

Myocyte dysfunction

Cell renewal

Cardiac remodeling
Fig. 1. Components of cardiac remodeling. ECM, extracellular matrix.
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2.1.1 Pathological versus physiological remodeling
Cardiac remodeling occurs in response to a variety of stimuli and does not
necessarily lead to HF. Left ventricular hypertrophy (LVH) e.g. during pregnancy
or in response to exercise is regarded as physiological remodeling since it is a
functionally adaptive response to increased cardiac load and is completely
reversible and without pathological sequelae (Dorn 2007). In contrast, chronic
pressure overload and myocardial injury lead to progressive LV dysfunction and
ultimately to HF if the primary cause is not reversed. Physiological and
pathological remodeling have distinct gene expression patterns and signaling
pathways. Pathological remodeling is characterized by activation of genes that are
expressed in the developing heart, a shift towards glycolytic metabolism,
disorganization of the sarcomere, alterations in calcium handling and loss of
myocytes as well as fibrosis (Dorn 2007, Hill & Olson 2008). In physiological
remodeling, on the other hand, there is no contractile protein isoform shift,
reactivation of the fetal gene program or accumulation of myocardial collagen,
and fatty acids are used as the primary energy source (Dorn 2007, McMullen &
Jennings 2007).
2.1.2 Aetiology and prevalence of cardiac remodeling
The stimulus for cardiac remodeling can be extrinsic, as a result of acquired
disease conditions, or intrinsic due to genetic mutations (Swynghedauw 1999).
The former is much more common and includes e.g. hypertension, MI, valvular
diseases and myocarditis. Diabetes can also cause cardiomyopathy without any
other obvious contributing conditions (Poornima et al. 2006). Due to common
risk factors, in many cases cardiac remodeling results from a mixture of
hypertension, coronary artery disease, valve disease or diabetes (Swynghedauw
1999, Cohn et al. 2000).
Hypertension induced left ventricular hypertrophy
As a reaction to prolonged hypertension, i.e. pressure overload, the heart reacts by
concentric hypertrophy of the left ventricle. In hypertensive patients the
prevalence of LVH on average is 40%, ranging from 12% to 70% depending on
the study methods (Martinez et al. 2003), and increases with the severity of
hypertension (Levy et al. 1988, Ruilope & Schmieder 2008). Since the prevalence
18

of hypertension in the general adult population is 26% globally (Kearney et al.
2005) and 44% in Western European countries (Wolf-Maier et al. 2003), it is the
leading cause of cardiac remodeling. In the Framingham Heart Study, the
prevalence of LVH in the 28–62-year-old general population was, on average,
13% assessed by echocardiography, although there were also other contributors in
addition to hypertension (Levy et al. 1988). In addition, hypertension contributes
to cardiac remodeling through ischemic heart disease, since it has been estimated
that 47% of all ischemic heart disease is attributable to high blood pressure
(Lawes et al. 2008).
Myocardial infarction and coronary artery disease
After MI and subsequent cell loss, cardiac remodeling occurs to compensate for
the increased volume load of the surviving myocardium and to repair the infarcted
area with a scar (Tiyyagura & Pinney 2006). In addition to infarction, chronic or
intermittent myocardial ischemia due to coronary artery disease leads to cardiac
remodeling (Berry & Masek 2002, Velagaleti & Vasan 2007). Hypertension is one
of the major risk factors of coronary artery disease, and therefore MI rarely
contributes to myocardial remodeling alone. The exact prevalence of coronary
artery disease in the general population is difficult to assess, but studies suggest
that the prevalence of significant obstructive coronary artery disease is 5–13% in
asymptomatic Western adults (Bachar et al. 2007, Zaid et al. 2010). The
prevalence of MI has been shown to be 3–10% in 40–89 year-old subjects of the
Framingham study (Kannel 2000) and 11% in 55–94 year-old participants of the
Rotterdam study (Mosterd et al. 1999) which would make it the second most
common cause of cardiac remodeling after hypertension in Western countries.
Valvular diseases
The most common valvular disease is aortic stenosis followed by mitral valve
regurgitation (Iung et al. 2007, Vahanian et al. 2007). Aortic stenosis results in
pressure overload of the left ventricle, and hence causes concentric hypertrophy.
Mitral valve regurgitation, on the other hand, causes volume overload and
eccentric hypertrophy of the myocardium. (Lips et al. 2003.) The prevalence of
moderate and severe heart valve disease in the general US adult population has
been estimated to be 2.5% (Nkomo et al. 2006).
19

Cardiomyopathies
Idiopathic cardiomyopathies can manifest themselves as hypertrophic
cardiomyopathy, dilated cardiomyopathy or as restrictive cardiomyopathy. The
former two are the most prevalent. The precise relationship between genetic and
acquired forms of cardiomyopathies is not completely understood, but the
majority of the intrinsic factors causing cardiomyopathy are likely to be genetic.
(Arimura et al. 2007.) The prevalence of hypertrophic cardiomyopathy is
estimated to be 200:100000 in the general adult population. Mutations leading to
hypertrophic cardiomyopathy have been identified in genes that encode
sarcomeric proteins (Ahmad et al. 2005, Arimura et al. 2007). Characteristic to
the disease is LV wall thickening without dilatation of the cavity accompanied by
diastolic dysfunction. (Maron 2002, Arimura et al. 2007.) The prevalence of
dilated cardiomyopathy is 36.5:100000 and it is estimated that 30–50% of the
cases have a genetic origin. The genetic background is very heterogenic and
involves mutations in genes encoding sarcomeric, cytoskeletal and nuclear
proteins as well as proteins involved in Ca2+-homeostasis, which result in
dilatation of the left or both ventricles and impaired systolic function. (Ahmad et
al. 2005, Kärkkäinen & Peuhkurinen 2007.)
Physiological hypertrophy
During the second and third trimesters of pregnancy, the heart hypertrophies in
response to increased hemodynamic overload. An increase in blood volume leads
to volume overload of the heart, eccentric hypertrophy and short-term systolic
dysfunction as well as to decreased diastolic function. (Eghbali et al. 2006.) This
is reversible after delivery, but a small number of previously healthy patients
develop a dilated cardiomyopathy called peripartum cardiomyopathy (Abboud et
al. 2007). Some evidence of physiological remodeling is seen in about 50% of
trained athletes. It occurs in response to both endurance and strength training,
when the LV mass increases significantly, compared with non-athletes, without
any differences in LV function. (Pluim et al. 2000, Maron & Pelliccia 2006.) In
some cases the hypertrophic response to exercise can be difficult to distinguish
from pathological remodeling that can be responsible for the sudden cardiac
deaths in athletes (Maron & Pelliccia 2006). In addition, the structural changes of
the athlete’s heart may not always be reversible (Pelliccia et al. 2002).
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2.1.3 The concept and prevalence of heart failure
The remodeling process initiated after cardiac insult or increase in work load,
most frequently due to MI or chronic hypertension, can, without efficient antiremodeling therapy, continue and develop into HF. Especially in gradually
progressing conditions, as in hypertensive heart disease, the overt HF is preceded
by more subtle cardiac dysfunction when there is evidence of attenuated systolic
or diastolic LV function, or both, without any symptoms. The clinical diagnosis of
HF nonetheless requires symptoms and signs of inadequate LV function along
with evidence of structural or functional abnormality of the heart. (Mosterd &
Hoes 2007, Dickstein et al. 2008.)
Two main phenotypes of HF are distinguished: systolic HF and HF with
preserved ejection fraction (EF), which is also termed diastolic HF. The former is
characterized by a dilated left ventricle and impaired EF (≤40%), although
diastolic abnormalities can often be detected as well. In the latter, the left
ventricle is often hypertrophied but not dilated, and there is diastolic dysfunction.
Systolic function may also deteriorate during diastolic HF, but the EF is normal.
(Mosterd & Hoes 2007, Maeder & Kaye 2009.) Diastolic HF is more common in
females and elderly patients with a history of hypertension or atrial fibrillation
and often also diabetes. The most common etiology of systolic HF, on the other
hand, is ischemic heart disease, and the patients are more likely to be males and
slightly younger than patients with diastolic HF. However, there is significant
overlap in the risk factors and it has also been postulated that systolic and
diastolic HF represent one disease process, the only difference being the
development of symptoms at different EF values. (Chatterjee & Massie 2007, De
Keulenaer & Brutsaert 2007, Maeder & Kaye 2009.) In Western countries the
prevalence of HF is 1–2% but it increases progressively with age, reaching
around 8% in 75-year-olds or older. About half of the HF patients have preserved
EF. The one-year mortality of HF is 17–28% and the five-year mortality is 45–
59%. (Mosterd & Hoes 2007.)
2.2

Major patterns of cardiac remodeling

2.2.1 Cardiac hypertrophy
Cardiac hypertrophy is defined as an increase in myocardial mass, and because, in
principle, myocytes cannot proliferate after birth, this is attained by growth in cell
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size i.e. hypertrophy (Lips et al. 2003). LVH is a major component of load
induced cardiac remodeling as well as post-infarction remodeling, and it was
formerly considered to be a means for the heart to adapt to changed working
conditions and to preserve cardiac output and normalize wall stress according to
Laplace’s law (Swynghedauw 1999, Lorell & Carabello 2000, Lips et al. 2003).
Recent evidence, however, challenges this concept and suggests that any amount
of LVH is harmful and that it is not necessary for cardiac adaptation to overload
(Meijs et al. 2007, Samuel & Swynghedauw 2008).
The two main triggers of cardiac hypertrophy are biomechanical stress and
excessive neurohumoral activation. Cardiac hypertrophy involves an increase in
protein synthesis and a reorganization of sarcomeres in the myocytes, and results
in increased cardiac mass. Pathologic hypertrophy leads to abnormal metabolic,
structural and functional changes and can lead to HF. These changes include
shifting to glycolytic metabolism, disorganization of sarcomeres, changes in
calcium handling, fibrosis and systolic or diastolic dysfunction. Two distinct
morphological patterns of cardiac hypertrophy can be distinguished: concentric
and eccentric hypertrophy (Fig. 2). (Swynghedauw 1999, Lips et al. 2003.)
Z

A.

Sarcomere

Z

B.

C.

Fig. 2. Modes of cardiac hypertrophy. A. Normal heart. B. Concentric hypertrophy. C.
Eccentric hypertrophy. Z, z-disk. Modified from Garcia and Incerpi 2008.

In concentric hypertrophy there is an increase in LV wall thickness with no
significant change in the chamber volume (Lorell & Carabello 2000, Lips et al.
2003). This is attained by adding sarcomeres in parallel which increases the force
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that myocytes exert and reduces myocardial stress (Wakatsuki et al. 2004).
Concentric hypertrophy results from pressure overload produced by e.g.
hypertension or aortic stenosis (Lorell & Carabello 2000, Lips et al. 2003) and it
is also the mode of physiological hypertrophy that strength-trained athletes are
assumed to demonstrate (Pluim et al. 2000).
Eccentric hypertrophy leads to an increase in chamber volume and to a
decrease in ratio of wall thickeness/chamber dimension (Lorell & Carabello 2000,
Lips et al. 2003). This pattern of growth is gained by addition of sarcomeres in
series and longitudinal cell growth (Wakatsuki et al. 2004). Situations leading to
eccentric hypertrophy include MI and volume overload due to e.g. mitral or aortic
valve regurgitation (Lorell & Carabello 2000, Lips et al. 2003), and also
endurance-trained athletes manifest eccentric LVH morphology (Pluim et al.
2000).
Functional changes in cardiac hypertrophy
Both diastolic and systolic dysfunction can be seen in cardiac hypertrophy (Lorell
& Carabello 2000). In concentric hypertrophy there is progressive deterioration of
diastolic function, but also impaired contractile function can be seen by assessing
the LV midwall shortening (Palmieri et al. 1999, Wachtell et al. 2001). Eccentric
remodeling, on the other hand, is primarily associated with systolic dysfunction
(Palmieri et al. 1999, Wachtell et al. 2001), but also LV relaxation can be
impaired (Palmieri et al. 2001).
Diastolic dysfunction indicates the inability of the myofibrils to return to their
resting length rapidly or completely, which leads to inadequate LV filling under
normal atrial pressure. It is a consequence of abnormalities both in active
myocardial relaxation and passive filling, the former being hypothesized to result
at least partially from downregulation of the ATP-dependent sarcoplasmic
reticulum pump, sarcoplasmic reticulum Ca2+ ATPase -2a (SERCA-2a), which
attenuates the rapid fall of cytosolic calcium. Passive filling is hampered more by
the increased myocardial collagen content and cross-linking leading to increased
stiffness. (Lorell & Carabello 2000, Zile et al. 2005, Fomovsky et al. 2010.)
Transmitral flow velocity curves from pulsed Doppler echocardiography can
be used to identify different stages of dysfunction: first, delayed relaxation occurs
when the LV relaxation slows down and left atrial contraction compensates for the
reduced early diastolic filling. (Vitarelli & Gheorghiade 1998, Quinones 2005.)
This can be seen as a decreased E/A ratio, which reflects the relationship of the
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early diastolic LV filling and left atrial contraction, and as a prolonged isovolumic
relaxation time (IVRT), which indicates the time from aortic valve closure to
mitral valve opening (Arrighi & Soufer 1995). Next, as LVH progresses, a
pseudonormalization occurs when the E/A ratio appears normal but the early
mitral inflow rapidly decelerates and isovolumic relaxation shortens. In the third,
restrictive phase, which is a sign of severely impaired diastolic function, almost
all LV filling occurs in the early diastole and the E/A ratio is increased; there is
also a marked decrease in the deceleration time and IVRT. (Vitarelli &
Gheorghiade 1998, Quinones 2005.) Recent advances in tissue Doppler imaging
technique have provided more accurate ways to estimate LV diastolic function by
using mitral annular velocity measurements, which are less load-dependent than
mitral inflow velocities (Ho & Solomon 2006).
Systolic dysfunction can be seen in both forms of LVH, as subtle regional
changes in concentric hypertrophy and as decreased ventricular EF in eccentric
remodeling, but it is still controversial whether concentric LVH evolves to overt
systolic dysfunction over time. Mechanisms contributing to the reduced
contractility and systolic dysfunction in LVH are subendocardial ischemia due to
reduced coronary flow reserve, impaired myocyte calcium homeostasis,
myofibrillar remodeling, changes in energy metabolism and loss of myofibrils
and myocytes. (Lorell & Carabello 2000, Yip et al. 2009.)
2.2.2 Post-infarction remodeling
After occlusion of the coronary artery, the blood and thus oxygen supply
diminishes distal to the occlusion leading to the loss of functional myocardium
and a sudden change in loading conditions of the non-infarcted myocardium. This
is followed by a complex and dynamic process of cardiac remodeling in order to
repair the damaged myocardium with a scar and restore adequate pump function.
The architectural changes in both the infarcted and non-infarcted myocardium
include thinning and scarring of the infarcted wall and LV dilatation as well as
hypertrophy and fibrosis of the non-infarcted area. In this process the heart
becomes less elliptical and more spherical, and the cardiac volume increases (Fig.
3). Cellular mechanisms contributing to these morphological changes involve
myocyte hypertrophy, necrosis, apoptosis and fibrosis, and the post-infarction
remodeling may continue for months. (Sutton & Sharpe 2000, Jugdutt 2003b.)
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Fig. 3. Cardiac remodeling after myocardial infarction. LV, left ventricular.

Myocardial remodeling following infarction can be generally divided into three
phases: inflammatory, proliferative and maturation phase (Table 1) (Dobaczewski
et al. 2010). Immediately after infarction there is apoptosis, necrosis, edema and
inflammation in the infarcted zone (Jugdutt 2003b). Cardiomyocyte death triggers
cytokine, chemokine and adhesion molecule production that attracts macrophages,
monocytes and neutrophils to the infarcted area. This results in a localized
inflammatory response and contributes to the removal of necrotic tissue.
(Dobaczewski et al. 2010.) Inflammatory cells release serine proteases and matrix
metalloproteinases (MMPs) that degrade collagen structures, which, along with
myocyte slippage, leads to infarct expansion, i.e. thinning and dilatation of the left
ventricle without any further necrosis. The infarct expansion occurs mostly in
large transmural anterior infarcts and can lead to ventricular rupture or the
formation of an aneurysm. (Hutchins & Bulkley 1978, Weisman et al. 1988,
Sutton & Sharpe 2000.) At this phase, after the original matrix is degraded, a
plasma-derived fibrin-fibronectin provisional matrix is formed. It has a role both
in haemostasis and as a scaffold for infiltrating inflammatory cells, endothelial
cells (ECs) and fibroblasts (Dobaczewski et al. 2010).
The proliferative phase begins after the infarcted area has been cleared of the
dead cells and matrix debris by neutrophils and macrophages and the
proinflammatory signals have been suppressed. This phase is characterized by the
formation of highly vascularized granulation tissue (Blankesteijn et al. 2001) with
an abundance of inflammatory cells, myofibroblasts and ECs (Dobaczewski et al.
2010). The released cytokines and growth factors such as TNF-α and
transforming growth factor (TGF) -β1, lead to fibroblast proliferation and
transformation into myofibroblasts (Jugdutt 2003b). Myofibroblasts are cells that
have characteristics of smooth muscle cells (SMCs) and are responsible for
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protein production in ECM (Dobaczewski et al. 2010). In addition to cardiac
fibroblasts, myofibroblasts can also be derived from monocytes, bone marrow
derived cells and ECs (Porter & Turner 2009). In the proliferative phase the
fibrin-fibronectin provisional matrix is replaced by the deposition of cellular
fibronectin and type I and III collagens resulting in a solid scar. In the
proliferation phase, small blood vessels are derived from the existing collateral
vessels or are newly created, and consequently an extensive microvascular
network is formed. (Blankesteijn et al. 2001.)
In the maturation phase, collagen deposited in the scar becomes cross-linked
and the cell number begins to decrease by apoptosis of fibroblasts and vascular
cells (Dobaczewski et al. 2010). However, the myofibroblasts persist in the
infarcted area for years after MI unlike in other injured tissues, and the scar tissue
remains metabolically active with continuing ECM turnover. Myofibroblasts are
also responsible for the contraction of the scar tissue, which leads to a reduction
in the relative area of the scar. If the late phase remodeling fails to normalize wall
stress, the infarct extends, the left ventricle further dilates, and LV function
deteriorates. (Sun & Weber 2000, Sutton & Sharpe 2000, Holmes et al. 2005.)
Table 1. Phases and time scale of infarct healing. Modified from Jugdutt 2003b and
Dobaczewski et al. 2010.
Phase

Time scale

Response

Inflammatory

rats: 1h–48h

Leukocyte infiltration, cytokine activation, MMP activation,

humans: ~1h–7d

ECM degradation

rats: 48h–7d

Suppression of inflammation, myofibroblasts infiltration, ECM

Proliferative
Maturation

humans: ~7d–21d

deposition, angiogenesis

rats: 7d–28d

Decrease in cellularity, matrix cross-linking

humans: ~21d–2 months
MMP, matrix metalloproteinase; ECM, extracellular matrix

In addition to changes in the infarcted area, the non-infarcted myocardium also
remodels after MI. The elevated wall stress as well as neurohumoral and
paracrine/autocrine factors, most importantly angiotensin II (Ang II), result in
myocyte hypertrophy and fibrosis in the remote area in the late remodeling phase.
(Sutton & Sharpe 2000, Jugdutt 2003b.) MI results in volume overload of the
remaining myocardium and leads to eccentric hypertrophy and further dilatation
of the left ventricle (Lorell & Carabello 2000).
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Functional changes after myocardial infarction
After acute MI and subsequent ischemia, the ischemic myocardium loses its
ability to contract. During filling and isovolumic systole, the ischemic
myocardium stretches and thins and then passively recoils during ejection and
isovolumic relaxation. (Holmes et al. 2005.) As an energy-requiring process the
active relaxation of the left ventricle is also impaired during acute ischemia,
which can be observed as a prolonged IVRT. Several hours after infarction the
infarcted area begins to stiffen and becomes less compliant. The reduced systolic
ejection leads to increased systolic and diastolic volumes and hence the ventricle
dilates and a decreased EF can be seen in echocardiographic examination. Later,
when fibrosis has developed, ventricular filling is also impaired owing to the
increased stiffness of the scar that can be seen as a restrictive filling pattern in
echocardiography. Diastolic compliance of the left ventricle may also be
decreased because of the hypertrophy and fibrosis of the noninfarcted
myocardium, which is also seen as diastolic dysfunction. Systolic dysfunction on
the other hand can be improved as infarct healing continues and the scar shrinks.
(Holmes et al. 2005, Thune & Solomon 2006.)
2.2.3 Cardiac remodeling in heart failure
The structural changes in HF depend on the main cause of remodeling and differ
in systolic and diastolic HF. Interestingly, the structural changes represent the
disease process better than symptoms and correlate with the prognosis
irrespective of etiology (Fedak et al. 2005b, Mann 2005). In systolic HF there is
eccentric myocyte hypertrophy, enhanced degradation and disruption of collagen
and decreased collagen cross-linking. The loss of fibrillar collagen leads to
muscle fiber slippage and thinning of the myocardium as well as ventricular
dilatation and rounding. The cardiac remodeling in diastolic HF, on the other hand,
is characterized by concentric myocyte hypertrophy and an increase in interstitial
collagen concentration and cross-linking. The ventricular cavity size remains
unchanged, the wall thickness is increased and the LV shape and geometry
remains relatively normal. (Chatterjee & Massie 2007, Yip et al. 2009.)
Alterations in the balance between MMPs and tissue inhibitors of matrix
metalloproteinases (TIMPs) are thought to contribute to ECM remodeling; an
increased MMP/TIMP ratio is hypothesized to cause LV dilatation and systolic
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dysfunction (Graham et al. 2008, Yip et al. 2009). The structural and functional
differencies between systolic and diastolic HF are summarized in Table 2.
Table 2. Morphological and functional changes in diastolic vs. systolic heart failure.
Parameter

Diastolic heart failure

Systolic heart failure

Left ventricular mass

Increased

Increased

Wall thickness

Increased

Decreased

End-diastolic volume

Normal

Increased

Ejection fraction

Normal

Decreased

Left ventricular shape

Usually unchanged

Spherical

2.3

Extracellular matrix in cardiac remodeling

The function of the ECM in the heart is to provide structural support for the cells
and vasculature and transmit the paracrine and autocrine signals as well as the
mechanical force generated by myocytes. It also plays an active role in the
regulation of cell differentiation, proliferation, migration, survival and adhesion.
(Weber 1989, Jugdutt 2003a.) The quantity and quality of cardiac ECM is
determined by the balance between synthesis and degradation and is under tight
control (Brown et al. 2005). Normally the rate of ECM turnover in the heart is
low, but in pathological situations both the synthesis and degradation increase
(Weber 1989, Jugdutt 2003a, Fedak et al. 2005a). If the net effect is an increase in
ECM it leads to fibrosis, increased LV stiffness and diastolic dysfunction, and, on
the other hand, excessive degradation results in thinning of the LV wall, chamber
dilatation and systolic dysfunction (Graham et al. 2008).
2.3.1 Structure and regulation of extracellular matrix
The myocardial ECM consists of structural proteins such as collagen and elastin,
adhesive proteins like fibronectin and laminin, and proteoglycans, which have a
variety of functions in cell growth, proliferation and migration, modulation
growth-factor activity, and in regulation of collagen network organization (JaneLise et al. 2000, Sasamura et al. 2005). In addition, the ECM contains a wide
array of bioactive signaling molecules (Manabe et al. 2002). The major
constituents of the cardiac ECM are fibrillar collagens type I and III that form a
three-dimensional collagen network and contribute to the tensile strength of the
myocardium, resist excessive stretch and also account for the passive stiffness in
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the diastole. Collagens type I and III are synthesized by fibroblasts and
myofibroblasts as precursors that are proteolytically processed after their export
from the cell then assemble as triple helixes. The cleavage of the propeptides
enables fibril formation which is complemented by cross-linking to produce a
mature structure. Additionally, the type I pro-collagen C-terminal peptides and the
type III N-terminal peptides can be used as markers of collagen synthesis and
turnover. (Eghbali & Weber 1990, Jugdutt 2003a, Brown et al. 2005.)
The cardiac ECM is produced mainly by fibroblasts but additionally by
myocytes, ECs and SMCs. The synthesis of ECM is influenced by mechanical
and biochemical stimuli such as stretch, autocrine and paracrine factors generated
in the myocardium as well as by circulating hormones. The factors promoting
ECM accumulation include Ang II, ET-1 and TGF-β1, whereas natriuretic
peptides and nitric oxide inhibit ECM production. Collagen synthesis is regulated
mainly at the transcriptional level but regulation can also occur by
posttranslational modifications and by alterations in secretion and assembly.
(Manabe et al. 2002, Jugdutt 2003a, Sasamura et al. 2005.)
Of the enzymes that degrade ECM the most dominant are MMPs, which are a
large family of endopeptidases that degrade collagens and other ECM
components with diverse substrate specificity. MMP activity is regulated by gene
transcription, activation of latent precursors and inactivation of the active enzyme
by TIMPs. MMPs are secreted by all the major cardiac cell types as inactive
precursors, which can be activated by proteases or membrane bound MMPs
(Spinale 2007, Porter & Turner 2009). MMP expression is increased during
cardiac remodeling in response to cytokine, vasoactive peptide and growth factor
activation, e.g. to Ang II, ET-1, interleukin -1 and TNF-α (Deschamps & Spinale
2006, Spinale 2007). MMPs not only regulate the degradation of the ECM, but
also stimulate matrix synthesis by releasing matrix bound growth factors and
other profibrotic molecules from the ECM (Li et al. 2000). MMPs are inhibited
by TIMPs, which bind to the active sites of MMPs and block their enzymatic
activity. Interestingly, it has been recently suggested that TIMPs have MMPindependent actions on cell behavior (Vanhoutte & Heymans 2010). Moreover,
the regulation of TIMP expression provides another means to regulate ECM
composition and in the end it is the balance between MMPs and TIMPs together
with ECM synthesis that determines the rate of matrix turnover. (Berk et al. 2007,
Spinale 2007.)
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2.3.2 Fibrosis
Myocardial fibrosis means an increase in the concentration of collagen and is due
to exaggerated accumulation of type I and III fibrillar collagens in the
myocardium. Fibrosis occurs when collagen synthesis exceeds its degradation,
which can be the result of e.g. an increase in the synthesis, a decrease in the
degradation or both (Burlew & Weber 2000). Fibrosis is characteristic of
pathological remodeling since it is absent in the hypertrophied heart due to
exercise, and it is detrimental because accumulation of excessive ECM impairs
diastolic function, diminishes coronary flow reserve and predisposes to
arrhythmias. The two major causes of myocardial fibrosis are hypertensive heart
disease and MI. (Dorn 2007, Diez 2009.)
Fibrosis in hypertensive heart disease
LVH associated with chronic hypertension is accompanied by myocardial fibrosis
although these two phenomena are shown to be independent of each other. In
response to pressure overload the interstitial fibrillar collagen can increase by
40% to 150%. (Weber 2000, Janicki & Brower 2002.) It is not clear to what
extent fibrosis is due to shear mechanical load, but it is known that
nonhemodynamic factors have an important role in the development of fibrosis
(Table 3). This is supported by the fact that fibrosis can be detected in all cardiac
compartments, not only in the overloaded left ventricle, and also certain
antihypertensive treatments may cause fibrosis to regress independent of their
antihypertensive or antihypertrophic efficacy. (Brilla et al. 2003, Diez 2007.) In
this regard Ang II has been identified as a critical regulator of fibrosis. Locally
produced Ang II directly promotes fibroblast proliferation and differentiation into
myofibroblasts as well as stimulates the production of TGF-β1 and other
autocrine/paracrine factors. TGF-β1 then further stimulates myofibroblast
formation, proliferation and production of ECM components. (Cuspidi et al. 2006,
Berk et al. 2007.)
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Table 3. Molecules involved in the regulation of cardiac collagen network. Modified
from Diez 2007.
Group

Profibrotic molecules

Antifibrotic molecules

Vasoactive substances

Angiotensin II

Bradykinin

Endothelin-1

Prostacyclin

Noradrenalin

Nitric oxide

Adrenal hormones

Aldosterone

Glucocorticoids

Cytokines

Cardiotrophin-1

Tumor necrosis factor-α

Interleukin 6

Interleukin 1β

Natriuretic peptides

Growth factors

Transforming growth factor-ß
Fibroblast growth factor
Connective tissue growth factor
Insulin-like growth factor

Other

Osteopontin
Thrombospondin-1
Reactive oxygen species
Prostaglandin E2
Plasminogen activator inhibitor-1

In disease conditions, myofibroblasts are activated and contribute to the synthesis
of ECM components in the myocardium. Although type I and III collagens are the
major constituents of myocardial fibrosis, the synthesis of other ECM molecules
such as fibronectin and elastin also increase in response to pressure overload.
(Berk et al. 2007.) Two patterns of myocardial fibrosis can be detected in the
hearts of hypertensive patients: reactive and reparative. The former resides around
intramural coronary vasculature and in the interstitial space, while the latter can
be seen as microscopic scarring replacing myocytes lost by necrosis. The collagen
volume fraction and both types of fibrosis increase as the hypertrophy progresses.
(Rossi 1998, Weber 2000.) In addition, it has been shown that the newly
synthesized ECM by activated myofibroblasts in hypertensive heart disease
differs from the native ECM, e.g. the collagen is oxidized and highly crosslinked
and its turnover is slower favoring the accumulation of the stiffer collagen (Berk
et al. 2007). In fact, it is not solely the increased collagen fraction that contributes
to the stiffness of the myocardium and impaired diastolic function, but also the
altered quality, such as the increased crosslinking and altered ratios of collagen
types (Janicki & Brower 2002, Fomovsky et al. 2010).
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In cardiac hypertrophy the balance of MMPs and TIMPs is also modified to
promote fibrosis. Initially the MMP activity can be increased, but as the pressure
overload continues, MMP activity decreases while the increase in collagen
synthesis still continues. In human studies, there is an increase in the relative
TIMP levels during pressure overload with normal systolic functions, but the
relative levels of MMPs increase in association with systolic dysfunction. The
role of MMP activity in the transition to HF is supported also by the observation
that a broad-spectrum MMP inhibitor prevents this transition in experimental
models. (Jugdutt 2003a, Berk et al. 2007, Spinale 2007.)
Fibrosis after myocardial infarction
The extent of LV remodeling has been shown to be a strong predictor of survival
and HF development, and the role of extracellular collagen matrix in postinfarction remodeling is essential, since an excess of collagen leads to increased
LV stiffness whereas a decrease in collagen content can cause LV dilatation and
rupture. (Jugdutt 2003b, French & Kramer 2007.) ECM remodeling after MI is
heterogeneous: different patterns of remodeling take place in a time- and regiondependent manner in the infarcted and non-infarcted zones (Spinale & Wilbur
2009). In the early phase of post-infarction remodeling the inflammatory cells
produce MMPs, especially MMP-2 and -9, that degrade the ECM in the infarcted
zone, which contributes to the infarct expansion. In this phase the LV is
susceptible to rupture. There is also degradation of the ECM in the non-infarcted
zone, which contributes to LV dilatation. (Jugdutt 2003b, Holmes et al. 2005,
French & Kramer 2007, Spinale 2007.)
Coincident with ECM degradation, the deposition of ECM components by
myofibroblasts begins. ECM deposition is stimulated e.g. by Ang II and TGF-β,
and dominates the later phases of post-MI remodeling (Swynghedauw 1999,
Brown et al. 2005). In a rat model of MI, fibronectin expression increases on day
one after MI followed by collagen type I and III at three to four days (Knowlton
et al. 1992, Cleutjens et al. 1995). At this stage increased TIMP synthesis also
promotes collagen accumulation by inhibiting activated MMPs (Sun & Weber
2000). In the infarcted zone this reparative fibrosis leads to scar formation for the
preservation of structural integrity. In the proliferative phase, the collagen content
rapidly increases in the infarcted zone, and in the maturation phase collagen
cross-linking increases. (Swynghedauw 1999, Holmes et al. 2005.) The infarct
scar is a dynamic tissue since the remaining myofibroblasts continue to contribute
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to collagen turnover and generate fibrogenic signals for years. In addition, there is
increased deposition of interstitial collagen in the non-infarcted region, i.e.
reactive fibrosis, which is associated with the reactive myocardial hypertrophy
and thought to crucially affect the adverse structural remodeling. (Volders et al.
1993, Sun et al. 2002, Jugdutt 2003b.)
2.4

Neurohumoral activation in cardiac remodeling

Neurohumoral activation comprises the increased activity of the SNS, RAS, ET-1,
vasopressin and natriuretic peptides in response to increased cardiac load or injury.
It is an adaptive response that helps to maintain adequate organ perfusion, but
when prolonged, leads to adverse cardiac remodeling and ultimately to HF.
(Middlekauff & Mark 1998.) For example, the activation of SNS and RAS
initially enhances cardiac performance, but chronically it increases oxygen
demand, has cardiotoxic effects, and promotes cardiac hypertrophy and fibrosis
(Lee & Tkacs 2008). In addition, these two systems stimulate each other
exacerbating the effect (Goldsmith 2004), but simultaneously a counteracting
system of natriuretic peptides is also activated that opposes the effects of SNS and
RAS activation (McGrath et al. 2005). The importance of the neurohumoral
activation in the progression of HF is demonstrated by the fact that the drugs
shown to improve the prognosis of HF patients, e.g. ACE-inhibitors and betablockers, also modify the neurohumoral systems (Goldsmith 2004).
2.4.1 The renin-angiotensin system
In the classical cascade of the RAS, angiotensinogen is produced by the liver and
secreted into the circulation where it is cleaved to Ang I by renin secreted by the
kidney. Ang I is then converted to Ang II by ACE on the surface of ECs.
According to this classical view, Ang II acts as a circulating hormone and, by
binding to its receptors, exerts its effects on the target organs. The classical RAS
is essential for maintenance of the body’s water and sodium balance and for the
regulation of hemodynamic homeostasis. However, it has also been shown that a
local RAS exists, and it has been hypothesized that this tissue-based system,
which has autocrine and paracrine activity, might be responsible for the cardiac
effects of Ang II during remodeling (Fig. 4). However, conflicting arguments
have also been made. Regardless of its origin, Ang II is a major regulator of the
cardiac remodeling process. (Paul et al. 2006, Reudelhuber et al. 2007.)
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Transmembrane Ang II type 1 receptors (AT1-R) and type 2 receptors (AT2-R)
are G-protein coupled and activate various downstream signaling pathways, e.g.
PKC and MAPKs. AT1-R mediates the well-known effects of Ang II such as
aldosterone release and vasoconstriction, whereas AT2-R -mediated actions often
antagonize those of AT1-R. Both subtypes of Ang II receptors are expressed in the
heart, the expression of AT2-R being low in normal heart and increasing under
pathological conditions when AT1-R is conversely downregulated. Both receptors
are expressed by myocytes, wheras AT1-R is expressed by normal fibroblasts and
AT2-R by fibroblasts in pathological conditions (Paul et al. 2006, Schlüter &
Wenzel 2008, Lemarie & Schiffrin 2010.)
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Cardiac fibroblast
Aogen and
ACE mRNA

ACE

AT1

AT1 AT2

Cardiac fibroblasts in
pathological conditions
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Ang I
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Renin
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AT2
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Hypertrophic cardiomyocyte
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Fig. 4. The

cardiac

renin-angiotensin-system.

Aogen,

angiotensinogen;

ACE,

angiotensin converting enzyme; AT, angiotensin receptor; Ang, Angiotensin. Adapted
from Paul et al. 2006.

Effects of angiotensin II in the heart
Cell culture studies have demonstrated that Ang II has hypertrophic and apoptotic
effects on myocytes in vitro and it also affects cardiac contractility (Palomeque et
al. 2009). In neonatal cardiac myocytes, the pro-hypertrophic effects are mediated
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through AT1-R and utilize the extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK) and p38 MAPK pathways to e.g. induce the fetal gene
program (Lijnen & Petrov 1999, Schlüter & Wenzel 2008), while AT2-R
stimulation has anti-hypertrophic effects (Lemarie & Schiffrin 2010). In adult
cardiomyocytes, however, the hypertrophic effect of Ang II is rather weak and
involves the AT1-R. The induction of myocyte apoptosis is mediated by both
receptor subtypes; the AT1-R -mediated effect involves autocrine release of TGFβ1, and the AT2-R effect directly induces myocyte apoptosis. (Schlüter & Wenzel
2008.) In addition, in vitro studies have shown that Ang II stimulates fibrillar
collagen expression in myofibroblasts via the activation of AT1-R (Gonzalez et al.
2002).
Ang II contributes to the hypertrophic response of pressure overload in vivo,
but its involvement is not essential. Ang II has hypertrophic effects that are
thought to act via AT1-R. The role of AT2-R in cardiac hypertrophy is
controversial since it can exhibit either opposing or parallel effects with AT1-R or
no effect at all. (Schlüter & Wenzel 2008, Lemarie & Schiffrin 2010.)
Additionally, it has been shown that Ang II is a strong promoter of myocardial
fibrosis: activation of AT1-R stimulates ECM production by cardiac fibroblasts,
while AT2-R activation may counteract these effects (Lemarie & Schiffrin 2010).
The fibrotic effects of Ang II are postulated to indirectly involve the Ang II –
dependent induction of growth factors in fibroblasts, myofibroblasts and
myocytes via AT1-R. These growth factors, most importantly TGF-β1, exert their
effects via autocrine and paracrine mechanisms. TGF-β1 induces the production
of fibrillar collagen, fibronectin and proteoglycans by cardiac fibroblasts and also
stimulates their proliferation and conversion to myofibroblasts. (Rosenkranz
2004.) In addition, Ang II promotes myocardial accumulation of ECM by
inhibiting MMP activity and increasing TIMP activity (Porter & Turner 2009).
The RAS also has cross-talk with other neurohumoral systems and peptides
affecting cardiac remodeling: e.g. it enhances the SNS activity (Goldsmith 2004)
which in turn stimulates renin release (Lee & Tkacs 2008), it upregulates the
expression of natriuretic peptides and proinflammatory cytokines (Schlüter &
Wenzel 2008) as well as the expression of ET-1 (Shreenivas & Oparil 2007).
2.4.2 Adrenergic pathway
The activation of SNS in response to cardiac overload can be seen as increased
sympathetic nerve activity as well as increased plasma levels of noradrenalin
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(NA) due to spillover from nerves (Middlekauff & Mark 1998). Plasma
catecholamine levels also increase because of adrenaline and NA release from the
adrenal medulla. The main reason for the overactivity of SNS is thought to be the
suppression of inhibitory signals from baroreceptors and augmentation of
excitatory signals from chemoreceptors (Lee & Tkacs 2008).
The sympathetic transmitters, adrenaline and NA, affect cardiac function by
interacting with adrenergic α- and β-receptors that are G-protein coupled like
those of Ang II and ET-1. In the heart, 90% of the adrenergic receptors (ARs) are
β1- and β2 -receptors, which are expressed at a 70:30 ratio. (Rockman et al. 2002,
Triposkiadis et al. 2009.) β1-ARs are expressed by cardiac myocytes whereas the
predominant AR in fibroblasts and vascular SMCs is β2-AR (Porter & Turner
2009). β1-ARs are stimulated mainly by NA from sympathetic nerve endings
while β2-ARs are essentially activated by circulating adrenaline (Dzimiri 1999).
There are two α-AR subtypes: α1 and α2, and they are expressed in much lower
levels than β-ARs in the heart. The α1 -AR is the predominant subtype in the heart
and it is expressed by myocytes (Woodcock et al. 2008) and SMCs of coronary
arteries (Triposkiadis et al. 2009). A small amount of α2-AR has been detected in
the heart where it is mainly involved in the presynaptic regulation of NA release
(Brodde et al. 2006).
Effects of adrenergic stimulation in the heart
The stimulation of β-ARs activates Gs proteins and leads to activation of protein
kinase A and the phosphorylation of proteins involved in cardiac contraction and
calcium handling, which cause positive inotropic, chronotropic and lusitropic
effects as well as myocyte apoptosis (Iwai-Kanai & Hasegawa 2004, Triposkiadis
et al. 2009). In addition to Gs proteins, β2-AR also activates Gi in myocytes. Gi
protein inhibits activation of protein kinase A and stimulates the MAPK-pathway,
which has antiapoptotic effects (Brodde et al. 2006). Sustained β-AR stimulation
causes cardiac hypertrophy associated with the induction of immediate-early and
fetal gene expression and fibrosis due to fibroblast proliferation, myofibroblast
activation and increased production of collagens. The fibrosis can result either
from a direct or indirect effect on cardiac fibroblasts or as a compensatory
reaction to myocyte loss. β-AR stimulation also induces Ang II, ET-1, atrial
natriuretic peptide (ANP) and brain or B-type natriuretic peptide (BNP)
expression and secretion. (Osadchii 2007, Porter & Turner 2009, Triposkiadis et
al. 2009.) α1-AR stimulation activates Gq protein, which through PKC and MAPK
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has positive inotropic, hypertrophic and antiapoptotic effects. (Rockman et al.
2002, Woodcock et al. 2008.)
Prolonged activation of SNS, as in HF, promotes β1-AR downregulation and
desensitization by uncoupling from Gs protein. β2-AR only uncouples from the Gs
leading to attenuation of β-AR signaling (Rockman et al. 2002, Brodde et al.
2006) while there is no change in α1-AR expression or coupling (Woodcock et al.
2008). Downregulation and desensitization of receptors could be seen as a
beneficial mechanism protecting the heart from the detrimental effects of chronic
β-AR activation such as arrhythmias, hypertrophy and apoptosis. On the other
hand, the changes in AR signaling can be seen as receptor dysfunction decreasing
the cardiac adrenergic inotropic and lusitropic responses, which, together with the
structural changes, contribute to the progression of HF. (Brum et al. 2006,
Triposkiadis et al. 2009.)
2.4.3 Endothelin-1
ET-1 is synthesized mainly by ECs, but also vascular SMCs, cardiac myocytes
and fibroblasts can express it (Shreenivas & Oparil 2007). Levels of ET-1 in
normal heart are very low (Cernacek et al. 2003) but the expression is upregulated
e.g. in pressure overload, MI and HF (Iwai-Kanai & Hasegawa 2004). It is
synthesized as a prepro-ET-1 molecule that is first cleaved to big ET-1 and further
converted to bioactive ET-1 by ET converting enzymes. There are two G-protein
coupled ET receptor subtypes: ETA and ETB, the former being the predominant
receptor in myocytes and vascular SMCs (Shreenivas & Oparil 2007), while the
latter is expressed in ECs (Shreenivas & Oparil 2007) and fibroblasts (Porter &
Turner 2009). ET-1 induces vasoconstriction in SMCs through both ETA and ETB
receptors, whereas in ECs, ETB receptors mediate vasodilatation through nitric
oxide and prostacyclin. ETB also acts as a scavenger receptor mediating the
clearance of ET-1 from the circulation. (Brunner et al. 2006, Shreenivas & Oparil
2007.)
Effects of endothelin-1 in the heart
The proliferative and vasoconstrictor effects of ET-1 are mainly mediated by ETA
receptors, whereas ETB receptors exert the opposite effects. Since ETA receptors
are upregulated in the failing heart while the number of ETB receptors decrease, it
is hypothesized that the ETA isoform is responsible for the deleterious effects of
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ET-1 (Brunner et al. 2006, Shreenivas & Oparil 2007). ET-1 acts primarily in an
autocrine and paracrine fashion and in the heart affects cardiac contractility and
rhythm, as well as myocyte hypertrophy and fibrosis and augments the
inflammatory reaction (Clozel & Salloukh 2005, Sugden & Clerk 2005, Brunner
et al. 2006, Shreenivas & Oparil 2007). It has anti-apoptotic effects on myocytes
via the ETA receptor and this effect requires the ERK-MAPK pathway and
activation of calcineurin (Iwai-Kanai & Hasegawa 2004). ETA receptor -mediated
activation of PKC, ERK, JNK and p38 MAPKs are also involved in the
hypertrophic effect of ET-1 on myocytes (Sugden & Clerk 2005). PKC activation
is needed for the ET-1 induced proliferation of cardiac fibroblast, and ET-1 also
increases myofibroblast differentiation and fibrillar collagen synthesis, but
reduces MMP activity. Both ET-receptors contribute to the profibrotic effects.
(Clozel & Salloukh 2005, Porter & Turner 2009.) Additionally, ET-1 acts in
concert with various other neurohormones and has cross-talk with them at
multiple levels (Clozel & Salloukh 2005, Brunner et al. 2006).
2.4.4 Natriuretic peptides
Natriuretic peptides are vasoactive substances that are primarily released from the
heart and play important roles in the regulation of cardiovascular homeostasis.
The main members of the natriuretic peptide family are ANP, BNP and C-type
natriuretic peptide (CNP). They are synthesized as pre-pro-peptides that are first
cleaved to pro-peptides and further to mature peptides that exert the biological
functions. The N-terminal peptide released after the second cleavage is also
secreted into the circulation, and, due to its longer half-life, can be used as a
measure of natriuretic peptide secretion. ANP is mainly synthesized and stored in
secretory granules in atrial myocytes, but the expression of ANP increases in the
ventricles in pathological conditions. BNP is produced primarily by ventricular
myocytes although it is stored also in atrial granules as a propeptide with proANP. In addition to myocytes, there is evidence that ANP and BNP can also be
produced by cardiac fibroblasts. (Ruskoaho 2003, McGrath et al. 2005, Porter &
Turner 2009.) The primary stimulus for ANP and BNP secretion and expression is
wall stretch, and also other neurohumoral factors such as Ang II, ET-1 and
catecholamines stimulate the release and expression of ANP and BNP. The reexpression of ANP and BNP genes in the left ventricle is part of the fetal gene
program seen in response to hemodynamic overload and cardiac hypertrophy. In
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the cardiovascular system CNP is expressed by ECs and cardiac fibroblasts.
(Ruskoaho 2003, McGrath et al. 2005, Pagel-Langenickel et al. 2007.)
There are three natriuretic peptide receptors: natriuretic peptide receptor
(NPR) -A, NPR-B and NPR-C. All cardiac cell types express NPRs, NPR-A is
expressed by myocytes and cardiac fibroblasts although NPR-B is the
predominant receptor in fibroblasts. (Nishikimi et al. 2006, Porter & Turner 2009,
Ritchie et al. 2009.) The biological actions of natriuretic peptides are mediated by
the activation of NPR-A and NPR-B that utilize cyclic guanosine monophosphate
as the second messenger. ANP and BNP bind preferentially to NPR-A, the affinity
of BNP being lower than that of ANP, and CNP preferentially binds to NPR-B.
All natriuretic peptides bind to NPR-C, which primarily acts as a clearance
receptor although additional signaling functions have been reported (Rose &
Giles 2008). Natriuretic peptides are also degraded by circulating neutral
endopeptidase (McGrath et al. 2005).
Effects of natriuretic peptides in the heart
Although ANP and BNP act as circulating hormones and have various
hemodynamic effects such as diuresis, natriuresis, vasodilatation and inhibition of
the RAS and SNS, they also act locally as paracrine and autocrine factors like
CNP (Nishikimi et al. 2006). CNP does not have diuretic or natriuretic properties
but causes vasodilatation (Pagel-Langenickel et al. 2007). All natriuretic peptides
have antihypertrophic effects on myocytes and inhibit the effects of other
hypertrophic agonists. Interestingly, CNP has even more potent antihypertrophic
effects on cardiomyocytes in vitro than ANP and BNP. All three natriuretic
peptides also inhibit fibrosis. They reduce the proliferation and collagen synthesis
of cardiac fibroblasts as well as their differentiation into myofibroblasts. BNP has
also been shown to increase the expression of MMPs. (Clerico et al. 2006,
Rubattu et al. 2008, Porter & Turner 2009, Ritchie et al. 2009.)
Although the cardiac expression and plasma levels of ANP and BNP are
increased in HF, their effects (especially natriuresis) seem blunted, which
suggests resistance to these vasoactive peptides. Three mechanisms causing this
phenomenon have been proposed: the circulating peptide might be inactive, the
receptors might be downregulated or desensitized, or alternatively there could be
perturbations in the intracellular signaling mechanisms. Another possible reason
could be the upregulation of the clearance receptor, which would then compete
with NPR-A and NPR-B. (Clerico et al. 2006, Barry et al. 2008.)
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2.5

Inflammation and proinflammatory cytokines

Inflammation is a classical biological response to injury and serves as a
mechanism for adaptation and tissue repair (Fedak et al. 2005b). Inflammation is
an integral part of post-MI remodeling (Frangogiannis 2006), and a transient
myocardial inflammatory reaction can also be seen in response to pressure
overload in vivo (Baumgarten et al. 2002, Xia et al. 2009). A well-characterized
mechanism for the activation of inflammation is the cell destruction after MI that
exposes antigens capable of triggering the immune response, but inflammation
can also be provoked by myocardial cytokine release in response to hemodynamic
stress (Celis et al. 2008). Since the initial observation that circulating levels of
TNF-α are increased in HF patients, a number of studies have established a
critical role for proinflammatory cytokines in the development of HF as well as in
regulating cardiac structure and function in other forms of cardiac remodeling.
This has led to a theory called the “Cytokine hypothesis” which claims that HF
progresses because cytokine cascades that are activated following myocardial
injury exert deleterious effects on the heart. (Levine et al. 1990, Seta et al. 1996.)
Cytokines are a group of relatively small molecular weight proteins that are
secreted by a broad variety of cells in response to different types of stimuli such
as environmental stress. They tend to act at short distances in a juxtacrine,
paracrine and autocrine way but in some cases they can also have endocrine
effects. (Seta et al. 1996.) Proinflammatory cytokines mediate the inflammatory
response to injury, TNF-α being a prototypical example of these molecules. It is
the most studied cytokine in the heart, but interleukin-1 and -6 have also gained
attention. These cytokines are not constitutively expressed in the heart but are
rapidly upregulated in response to myocardial injury and act as part of the
intrinsic cardiac stress response system. This upregulation has been shown to be
beneficial when short-term and limited, but has deleterious effects when sustained.
The maladaptive effects include LV dysfunction, activation of the fetal gene
program, myocyte apoptosis, ECM remodeling and myocyte hypertrophy. In
addition to HF, upregulation of proinflammatory cytokines is seen after MI, in
hypertrophic cardiomyopathy and in pressure overload both in animal models and
in humans. (Mann 2003, El-Menyar 2008.)
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2.5.1 Tumor necrosis factor-α
TNF-α with its receptors TNFR-1 and -2 belong to a superfamily of cytokines that
control organogenesis, regeneration, homeostasis, immune responses and
inflammation, by regulation of cell survival, proliferation and differentiation
(Locksley et al. 2001, Ware 2008). The TNF family comprises 19 type II
transmembrane proteins that are synthesized as membrane bound proteins and can
be cleaved to soluble forms (Bodmer et al. 2002). These ligands assemble into
trimers that pair off with one or more specific cell surface receptors (Ware 2003).
The TNF receptor family has 30 known members (Ware 2008) of primarily type I
transmembrane proteins that can also be cleaved (Bodmer et al. 2002). Activation
of these receptors requires trimerization on the cell surface (Locksley et al. 2001).
As opposed to the increase in TNF-α expression in HF, TNFR-1 and TNFR-2 are
downregulated end-stage HF patients (Torre-Amione et al. 1996), but are not
affected by pressure overload in experimental models (Baumgarten et al. 2002).
Moreover, only TNFR-1 is upregulated after MI in rats (Irwin et al. 1999).
The role of TNF-α in cardiac remodeling has been extensively studied. It has
effects both on both myocytes and the ECM and thus affects myocardial
remodeling and function (El-Menyar 2008). Effects on cardiomyocytes include
negative inotropic effect, hypertrophy and induction of apoptosis. TNF-α also
modulates fibroblast function by stimulating MMP expression and decreasing
collagen synthesis, although long-term stimulation may promote collagen
accumulation (Mann 2003, Porter & Turner 2009). Overall, increased cardiac
exposure to TNF-α results in LV dilatation and dysfunction (Bradham et al. 2002).
Recent experimental studies have shown that at least after MI, TNFR-1 mediates
the detrimental effects on the heart by promoting myocyte hypertrophy, LV
dilatation and dysfunction, expression of other proinflammatory mediators as well
as cardiac fibrosis, whereas TNFR-2 mediated signaling opposes these effects
(Monden et al. 2007, Hamid et al. 2009). Therefore, the effects of TNF-α are
largely dependent on the target cell’s receptor subtype ratio in addition to the
influence of TNF-α concentration, duration of exposure and localization, which
explains the complex and diverse actions of TNF-α.
2.6

Cardiac remodeling as a pharmacotherapeutic target

Diuretics, calcium channel blockers, beta-blockers, ACE-inhibitors and
angiotensin receptor blockers (ARBs) are currently widely used in the treatment
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of cardiovascular diseases. Nevertheless, not all of them are shown to equally
affect cardiac remodeling e.g. in hypertensive heart disease, HF or post-MI
(Eapen & Rogers 2009, Fagard et al. 2009, Kim & Greenberg 2009). The
knowledge on ET receptor antagonists and natriuretic peptides is more limited,
but there is evidence that they also might have antiremodeling effects (Motte et al.
2006, Rubattu et al. 2008), and also anti-TNF therapy has been tested in the
treatment of HF (El-Menyar 2008.). The two main therapeutic strategies that are
shown to influence the LV structural remodeling process are inhibition of the
RAS and adrenergic signaling.
2.6.1 Inhibition of the renin-angiotensin system
Currently there are four different ways to directly inhibit the RAS: ACEinhibition, AT1-R blockade, aldosterone antagonism and renin inhibition, the first
two having the most established role in the management of cardiovascular
diseases. Most of the actions of these drugs on cardiac remodeling derive
naturally from their ability to lower blood pressure and therefore decrease cardiac
load, but there is evidence of beneficial actions independent of blood pressure
lowering (Bakris 2010). There are many potential mechanisms by which RAS
blockade can attenuate cardiac remodeling since renin inhibitors, ACE-inhibitors
and ARBs oppose the deleterious effects of Ang II which include myocyte
hypertrophy, promotion of fibrosis and inflammation and induction of apoptosis
(Ferrari et al. 2009, Jugdutt 2008). Inhibition of Ang II production however does
not repress aldosterone levels sufficiently, and aldosterone antagonists provide the
means to oppose the effects of aldosterone on sodium retention, sympathetic
activation and fibrosis (Wright et al. 2008).
In animal models of hypertensive hypertrophy, both ACE-inhibitors and
ARBs have been shown to reverse LVH and myocardial fibrosis (Dahlof 1995,
Galderisi & de Divitiis 2008). In the treatment of hypertensive patients with LVH,
in addition to calcium channel blockers, ACE-inhibitors and ARBs have been
shown to have the greatest impact on LVH reduction of all the commonly used
antihypertensive drugs and they also may reduce myocardial fibrosis independent
of their blood pressure lowering effects. (Diez 2008, Galderisi & de Divitiis 2008,
Wright et al. 2008.) Moreover, when compared with beta-blockers, ACEinhibitors and ARBs have been shown to have a greater impact on LV mass index
despite similar blood pressure reduction (Bakris 2010).
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Post-MI animal models demonstrate that ACE-inhibitors prevent
cardiomyocyte hypertrophy and myocardial collagen deposition as well as
inflammation and cytokine expression (Jugdutt 2008). In clinical trials, ACEinhibitor therapy after MI has been shown to reduce ventricular remodeling by
diminishing LVH and volume indices. Current evidence suggests that ARBs have
effects on cardiac remodeling similar to those of ACE-inhibitors. (Jugdutt 2008).
In systolic HF, ACE-inhibitors are the first-line medications and ARBs are used in
ACE-inhibitor intolerant patients (Dickstein et al. 2008). Clinical trials have
shown that these drugs reduce LV dilatation in patients with LV systolic
dysfunction but do not have the same beneficial effect in diastolic HF (Eapen &
Rogers 2009, Shah et al. 2010).
The aldosterone antagonists, spironolactone and eplerenone, are currently
used in the treatment of HF patients whose symptoms still persist despite optimal
ACE-inhibitor/ARB and beta-blocker therapy (Dickstein et al. 2008). In these
patients they have been shown to improve LV volume indices (Kim & Greenberg
2009) and to decrease the serum markers of cardiac fibrosis (Iraqi et al. 2009,
Zannad et al. 2000). In addition, in hypertensive patients with LVH eplerenone
decreased LV mass similar to an ACE-inhibitor (Wright et al. 2008). The newest
drug inhibiting the RAS is the renin inhibitor aliskiren. It inhibits the production
of angiotensin I from angiotensinogen and thus limits the actions of Ang II. It has
been shown to lower blood pressure effectively and seems to reduce LV mass
index independently of blood pressure in hypertensive patients with LVH. (Pinto
& Gradman 2009.)
2.6.2 Blocking of adrenergic signaling
β-blockers can be divided on the basis of their receptor selectivity into nonselective β-blockers (e.g. propranolol), which bind both β1- and β2- receptors,
β1-selective β-blockers (e.g. metoprolol, bisoprolol and atenolol), which have a
higher affinity for β1-receptors, and β-blockers that also block α1-receptors (e.g.
nonselective carvedilol and β1-selective nebivolol) (Javed & Deedwania 2009).
There are also differences in their intrinsic sympatomimetic activity and other
pharmacological properties (Triposkiadis et al. 2009).
Besides their blood pressure lowering properties, the potential benefits of
β-blockade are thought to derive e.g. from their negative chronotropic effect,
which decreases oxygen demand and ischemia, as well as their ability to
antagonize neurohumoral activation and restore normal β-AR density and
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function (Javed & Deedwania 2009). β-blockers also inhibit renin secretion from
the kidneys and therefore inhibit the RAS (Goldsmith 2004). The advantages of
four specific β-blockers (metoprolol, bisoprolol, carvedilol and nebivolol) in the
treatment of chronic HF and after MI are well established. In systolic HF and
after MI, β-blockers not only prevent further deterioration in adverse LV
remodeling but reverse it (Cohn et al. 2000). However, there is no evidence that
β-blockers improve cardiac remodeling of patients with diastolic HF (van
Veldhuisen et al. 2009). In clinical trials β-blocker therapy has been administered
on top of ACE-inhibitor (Ferrari et al. 2009) but in animal studies β-blockers
alone decrease collagen synthesis, cytokine expression and inflammation (Jugdutt
2008) as well as prevent apoptosis after MI (Sharpe 2004). In patients with
cardiac hypertrophy due to hypertension, the effect of β-blockers on remodeling is
less convincing, since according to meta-analyses they do not decrease LV mass
as well as other antihypertensive drugs (Fagard et al. 2009). These results have
been disputed mainly because most of the antihypertensive trials have used
atenolol and may not be generalized to other β-blockers (Artham et al. 2009).
2.6.3 Other pharmacological treatments
Blockade of ET-1 has been suggested to improve cardiac remodeling by
antagonizing ET-1 -mediated fibrosis, myocyte hypertrophy and inflammation
(Clozel & Salloukh 2005). Inhibition of ET-1 can be achieved by blocking the
ET-1 receptors: either both ETA and ETB, or selectively the ETA receptor (Motte
et al. 2006). In animal studies, both favourable and detrimental effects of ET-1
receptor blockade on remodeling have been reported in HF after MI (Motte et al.
2006) but on the whole, it is perceived that ET-1 blockade during healing process
after MI leads to adverse cardiac remodeling (Jugdutt 2008). In a clinical trial
studying the effect of ETA receptor blocker specifically on cardiac remodeling in
HF no difference compared with placebo could be seen (Anand et al. 2004). Also,
when compared with an ACE-inhibitor, an unselective ET-1 receptor blocker
caused adverse remodeling in patients with asymptomatic LV dysfunction (Prasad
et al. 2006).
There are two ways to augment the natriuretic peptide system: infusion of
ANP (anaritide) or BNP (nesiritide) or inhibition of their degradation by neutral
endopeptidase (Rubattu et al. 2008). The latter can currently be achieved by
vasopeptidase inhibitors which inhibit both neutral endopeptidase and ACE
(Dawson & Struthers 2002). The potential beneficial actions of natriuretic
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peptides in the treatment of cardiovascular diseases include decrease in LV filling
pressures, inhibition of activation of other neurohormones and anti-fibrotic, antihypertrophic, anti-apoptotic as well as anti-inflammatory effects (Rubattu et al.
2008). BNP infusion can be used in the treatment of acutely decompensated HF,
but its long-term effects on cardiac remodeling in chronic HF are not known.
However, after MI ANP and BNP infusions have been shown to suppress LV
remodeling in experimental models (He et al. 2009) and humans (Chen et al.
2009, Kasama et al. 2008). When using vasopeptidase inhibitor omapatrilat, the
effects of endopeptidase inhibition are difficult to distinguish from those of ACEinhibition. However, in animal studies omapatrilat showed beneficial effects on
cardiac remodeling compared with an ACE-inhibitor after MI (Bäcklund et al.
2003) and in HF (Trippodo et al. 1999), but in a clinical trial assessing its effect
on cardiac remodeling in HF there was no difference compared with an ACEinhibitor (Solomon et al. 2005).
In order to suppress the various deleterious effects of the inflammatory
response, anti-TNF-α therapies have been studied mostly in the treatment of HF.
However, the knowledge on the effects of this treatment strategy on cardiac
remodeling is scarce. The two possible ways to inhibit TNF-mediated actions are
etanercept, which is a recombinant soluble TNF receptor, and infliximab, which is
a monoclonal antibody. Initially, etanercept was shown to improve cardiac
remodeling in HF patients (Bozkurt et al. 2001), but in the subsequent large
clinical trials either etanercept or infliximab did not shown beneficial effects on
mortality and morbidity. The effects on cardiac remodeling in these trials have not
been reported. (El-Menyar 2008.) In animal studies etanercept has been shown to
attenuate cardiac remodeling related to MI (Berry et al. 2004) and volume
overload (Jobe et al. 2009), but there are surprisingly few studies on HF.
2.7

Cellular and molecular changes in cardiac remodeling

In the normal heart 30% of the cells are cardiomyocytes and 70% are nonmyocytes, the majority of which are fibroblasts. The myocytes, however, occupy
the majority of the cell volume and mass and as contractile cells are responsible
for providing the mechanical force essential for the pump function of the heart.
Cardiac fibroblasts are the main source of the ECM and are recognized for their
ability to maintain structural integrity through proliferation and ECM turnover. In
addition, fibroblasts are important for cell-cell and cell-matrix signaling since
they can act as sensors and amplifiers of signals from other cells and produce an
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array of bioactive molecules exerting autocrine/paracrine effects in their
surroundings. (Jugdutt 2003b, Porter & Turner 2009.) In addition to the two main
cell types, other cardiac cells, like EC, SMCs and immune cells, are also involved
in the cardiac remodeling process.
2.7.1 Cardiac myocytes
The phenotypic changes of the cardiomyocyte are very similar in response to
various stress triggers. The key response of the myocyte to hemodynamic
overload is hypertrophy, which is accomplished by an increase in total protein
synthesis, especially in the synthesis and assembly of sarcomeric proteins. The
sarcomeric reorganization of the hypertrophic myocyte has been discussed in
section 2.2.1. The phenotypic changes that enable the changes in myocyte size
and function include a shift toward glycolytic metabolism, alterations in calcium
handling and changes in contractility. The subcellular targets of cardiac
remodeling are depicted in Fig. 5.
One of the earliest changes in response to cardiac overload is the transient
expression of immediate-early genes such as c-fos, c-jun and egr-1. These genes
show rapid and transient expression in response to mitogenic or stress stimuli
without de novo protein synthesis. Many of them encode transcription factors and
are induced in myocytes in response to pressure overload, growth factors and
adrenergic agents, ischemia and stretch (Chien et al. 1991, Pollack 1995, Sng et
al. 2004). The immediate-early gene expression is followed by the activation of
fetal genes that encode components and regulators of the motor unit, energy
metabolism and hormonal pathways including expression of ANP and BNP,
which is is the most used indicator for the activation of fetal gene program (Lorell
& Carabello 2000, Hoshijima & Chien 2002). ANP is re-expressed in the
ventricular myocytes in response to cardiac load and its main function is thought
to be to inhibit the hypertrophic response (Izumo et al. 1988, Barry et al. 2008).
A hallmark of fetal heart metabolism is the shift from fatty acid oxidation to
the use of carbohydrates as energy substrates (Swynghedauw 1999, Rajabi et al.
2007). This leads to greater cardiac efficiency since glycolytic metabolism
requires less oxygen to produce the same contractile performance compared with
fatty acids (Stanley et al. 2005). Therefore, the activation of the fetal gene
program can be perceived as an adaptation to altered workload and energy
demand, and is exclusive to pathological remodeling (Swynghedauw 1999, Rajabi
et al. 2007, Barry et al. 2008).
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Myofibrillar changes of remodeling involve all components of the contractile
apparatus. β-myosin heavy chain (MHC) expression is increased and α-MHC
expression decreased (Swynghedauw 1999, Rajabi et al. 2007). This isoform shift
slows the myocyte contraction rate because of the low ATPase activity of β-MHC,
but the fetal isoform needs less energy to produce a cross-bridge force compared
with the α-MHC isoform. Myofibrillar changes also include expression of fetal αskeletal actin, which is hypothesized to increase myocardial contractility, as well
as higher relative expression of a more compliant isoform of titin, which may
represent an adaptation to increased wall stiffness. Other myofibrillar
modifications include isoform shifts in troponin and the myosin light chain,
which alter Ca2+ sensitivity of the contractile apparatus. (Chien et al. 1991,
Machackova et al. 2006.)
In addition to the induction of fetal genes, there is also downregulation of
genes (Swynghedauw 1999) such as SERCA-2a, which is an ATP-dependent
sarcoplasmic reticulum pump moving intracellular calcium into the sarcoplasmic
reticulum. The downregulation and reduced activity of SERCA-2a leads to
defects in cellular calcium cycling and thereby to altered muscle relaxation.
(Lorell & Carabello 2000, Periasamy et al. 2008.)
Cardiac remodeling also involves changes in sarcolemmal structures e.g.
adrenoceptors, ion channels and electrogenic transporters that cause defects in
receptor-mediated signal transduction as well as in cardiac excitability and
recovery responses (Dhalla et al. 2009). The altered Ca2+ handling due to
electrical remodeling can also affect the activation of many kinase and
phosphatase cascades and lead to disturbances in gene regulation and cardiac
growth and contribute to disease progression (Hill 2003).
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Fig. 5. Subcellular targets in cardiac remodeling. Modified from Dhalla et al. 2009.

2.7.2 Cardiac fibroblasts
The response of cardiac fibroblasts to stress or injury includes altered
proliferation, migration, ECM metabolism and the release of autocrine/paracrine
mediators (Brown et al. 2005). The key event in the fibroblast activation is their
transformation into myofibroblasts (see also 2.2.2) that have SMC-like features
and exhibit increased migratory, proliferative and secretory properties (Porter &
Turner 2009). These myofibroblasts express α-smooth-muscle actin, have a
contractile apparatus and express proteins distinct from undifferentiated
fibroblasts e.g. ED-A cellular fibronectin, α5β1 and αvβ3 integrins, α-actinin,
cytoplasmic β- and γ-actins, tensin and focal adhesion kinase (Eyden 2008).
Myofibroblasts are not normally found in the healthy heart except in the valve
leaflets (Baudino et al. 2006), but can be detected in hypertrophic and fibrotic
hearts and in the scar tissue following MI (Berk et al. 2007, Porter & Turner
2009).
In response to specific hormones, growth factors and cytokines the
myofibroblasts become highly proliferative and secrete ECM proteins,
predominantly type I and III collagens, and MMPs as well as bioactive molecules,
and therefore are major contributors to the cardiac remodeling process. These
fibroblast-stimulating factors are released from inflammatory cells, cardiac
myocytes and fibroblasts themselves and include Ang II, TGF-β1, ET-1 and TNF–
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α. Mechanical stretch can also directly or indirectly modulate fibroblast
phenotype. The fibroblasts are capable of secreting a wide array of bioactive
molecules, such as TGF-β1, interleukin-1β, Ang II as well as ANP and BNP. The
initiating stimulus determines which factors are secreted, whereas the response
depends on the receptors expressed in the target cells. Myofibroblasts also
produce an ECM different from that of undifferentiated fibroblasts and modify the
balance of MMPs and their inhibitors, which causes fibrosis. (Berk et al. 2007,
Porter & Turner 2009.)
The immediate-early gene activation seen in myocytes in response to
myocardial stress can be detected also in the fibroblasts. This includes the
upregulation of e.g. c-fos, c-jun and egr-1. There is also evidence that cardiac
myofibroblasts express natriuretic peptides in response to various stress triggers.
(Manabe et al. 2002, Porter & Turner 2009.)
2.7.3 Cell death and renewal
Formerly the myocytes were thought to be terminally differentiated and
unrenewable, but since then it has been shown that there is a fine balance between
myocyte death and regeneration. However, in cardiac remodeling there is
excessive cell death in relation to cell replacement, which in part contributes to
the progression of the process (Anversa et al. 2006).
Myocyte Loss
There are three different modes of myocyte death in response to cardiac injury
and stress: apoptosis, autophagy and necrosis (Buja & Vela 2008). These are also
involved in the regulation of normal cardiac homeostasis: there are estimates that
in the normal adult human heart around 3x106 myocytes are lost per day (Anversa
et al. 2006) but the rate increases when the heart is subjected to injury or stress.
Multiple stimuli promote cell death, e.g. excessive stretch, β1 –agonists, Ang II
and proinflammatory cytokines (Buja & Vela 2008). Main features of necrosis,
apoptosis and autophagy are shown in Table 4.
Apoptosis is considered as a form of programmed cell death and is
characteristically an active, energy requiring process. Key features of apoptotic
cell death are cellular and nuclear shrinkage, chromatin condensation and
fragmentation as well as fragmentation of the nucleus and cytoplasm into
apoptotic bodies, which are phagocytosed by macrophages and other cells without
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evoking inflammation. (Takemura & Fujiwara 2006, Buja & Vela 2008.)
Apoptotic cell death can occur through the external pathway involving cell
surface receptors or the intrinsic pathway utilizing mitochondria. In apoptosis,
activated caspases degrade intracellular proteins and cleave nuclear DNA leading
to cell death. The caspases are stimulated and suppressed through the expression
pro- and antiapoptotic genes such as bax and bcl and the balance between these
signals determines the cell’s fate. In normal human hearts, the rate of apoptosis
has been reported to be a low, but it increases under conditions involving cardiac
remodeling. (van Empel et al. 2005, Buja & Vela 2008, Dorn 2009.)
In normal, unstressed heart, autophagy is responsible for the degradation and
recycling of cytoplasmic components. In pathological conditions, autophagy
becomes a mode of programmed myocyte death. However, it is not yet known
whether autophagy ultimately is protective or detrimental in cardiac remodeling.
(De Meyer & Martinet 2009, Nishida et al. 2009.) Autophagy differs from
apoptosis by the absence of caspase activation and DNA degradation, but like
apoptosis, it does not induce inflammation. It is characterized by the appearance
of autophagosomes with initial preservation of the nucleus and cytoskeleton
followed by nuclear loss and cell fragmentation. (Buja & Vela 2008, Dorn 2009.)
Necrosis is a passive response to harmful external stimuli that is
characterized by cell and organelle swelling and membrane damage along with
chromatin clumping and rupture of the cell membrane. Necrosis affects groups of
cells in contrast to the programmed forms of cell death that involve individual
cells and provokes exudative inflammation. Necrosis is involved in myocyte
death mainly after MI and also in end-stage HF. (Kunapuli et al. 2006, Buja &
Vela 2008.)
Table 4. Main features of necrosis, apoptosis and autophagy.
Necrosis

Apoptosis

Autophagy

Loss of membrane integrity

Membrane blebbing

Double membrane vesicles

Swelling of the cytoplasm

Shrinking of the cytoplasm

No swelling of the cytoplasm

Cell lysis

Cell fragmentation

Degradation of organelles

Random digestion of DNA

Chromatin condensation and DNA

No DNA degradation

fragmentation
Passive process

Energy requiring process

Energy sparing process?

Affects groups of cells

Affects individual cells

Affects individual cells

Evokes inflammation

No inflammation

No inflammation
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Myocyte loss plays a substantial role in cardiac remodeling and it has been
suggested to be a major contributor to the development of HF. The mechanisms
by which myocyte death promote adverse remodeling include a decrease in
contractile mass and alterations of the contractile apparatus, reactive fibrosis and
a contribution to chamber dilatation and systolic dysfunction. (Fortuno et al. 2003,
Buja & Vela 2008.) The exact proportion of the three types of cell death involved
in cardiac remodeling due to different pathological conditions is not exactly
known due to inconsistencies between studies, methodological issues and
overlapping pathways. After MI, necrosis contributes to the loss of myocytes
during the early phase in the infarct region and triggers the healing process,
whereas apoptosis is involved both in the early and late stages of remodeling in
the infarct area as well as in the remote area. (Takemura & Fujiwara 2006, Buja &
Vela 2008, Abbate et al. 2009.) Autophagy has also been detected in the
myocardium during ischemia but its precise role in myocyte death is still
unknown (De Meyer & Martinet 2009, Nishida et al. 2009). Regardless of the
exact mode of cellular degeneration, cell death has been correlated with adverse
cardiac remodeling after MI. Myocyte death also occurs in hypertensive heart
disease where apoptosis has been shown to be abnormally stimulated (Kunapuli et
al. 2006, Dorn 2009), and it has been speculated that cardiac hypertrophy induces
the apoptotic gene program (Diwan & Dorn 2007). Both necrosis and apoptosis as
well as autophagy have been postulated to be involved in the development of HF
(Diwan & Dorn 2007, De Meyer & Martinet 2009) where the annual myocyte
loss has been increased to 25–30%; necrosis and autophagy each contribute 11%,
and apoptosis 2–4% (Buja & Vela 2008).
Myocyte Renewal
The fact that myocytes also die in normal hearts without any detrimental
consequences suggests that there is a mechanism for myocyte replacement in the
heart. Indeed, it has been shown that myocyte regeneration occurs, and it is the
balance between myocyte death and formation that determines the actual myocyte
loss in cardiac remodeling (Anversa et al. 2006, Abbate et al. 2009). In normal
heart, the daily myocyte generation matches the myocyte loss of 3x106
myocytes/day by some estimates (Anversa et al. 2006), although a lower renewal
rate has been reported (Bergmann et al. 2009).
New myocytes can be generated via mitosis of cardiomyocytes, circulating
stem cell differentiation or differentiation of resident cardiac stem cells. The
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mitotic capacity of differentiated cardiomyocytes is very low and therefore its
role in myocyte renewal is minor. (Ahuja et al. 2007, Buja & Vela 2008.) There is
evidence that bone marrow-derived stem cells can become mobilized and
contribute to myocyte regeneration, but it is thought that endogenous cardiac stem
cells migrating from their niches mainly account for the myocytes’ regenerative
capacity (Anversa et al. 2006, Barile et al. 2007, Buja & Vela 2008).
Despite the enhanced myocyte regeneration in response to e.g. pressure
overload (Nadal-Ginard et al. 2003), infarction (Anversa et al. 2006) or in HF
(Buja & Vela 2008), the heart’s potential for renewal is inadequate and leads to
excessive loss of myocytes (Ahuja et al. 2007). The reason for this remains
unclear, but it has been suggested that 1) the stem cells’ main function is to
replace occasional cell dropout and they are incapable of regenerating large
injuries, 2) after MI the stem cells in the infarcted area die and other resident stem
cells cannot migrate to the damaged area, 3) in HF the cardiac stem cell pool is
depleted and the remaining stem cells are exhausted and 4) aging impairs cardiac
stem cell function (Anversa et al. 2006, Barile et al. 2007, Kajstura et al. 2008).
Non-myocyte loss and renewal
In cardiac remodeling cell death and renewal occur in the non-myocyte
compartment as well although it is much less studied topic than that of myocytes.
Fibroblasts, SMCs and ECs face death by apoptosis and necrosis (Buja & Vela
2008) like myocytes but these cells are capable of hyperplastic growth to repair
the damage (Anversa et al. 2006). Interestingly, after MI and in HF the majority
of apoptotic cells were detected to be non-myocytes (Park et al. 2009). However,
cardiac stem cells are able to replace vascular SMCs and ECs (Anversa et al.
2006), and also bone-marrow derived endothelial progenitor cells mobilized by
tissue trauma can differentiate to ECs, fibroblasts and SMCs (Jujo et al. 2008,
Pompilio et al. 2009).
2.8

Intracellular signal transduction pathways in cardiac
remodeling

Extrinsic stimuli such as mechanical stretch, neurohumoral factors and cytokines
promoting cardiac remodeling trigger series of intracellular signaling events that
mediate the extracellular signals to the nucleus (Fig. 6). The stimulus is sensed by
cardiac myocytes through membrane-bound G-protein coupled receptors
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(GPCRs), receptor tyrosine kinases and gp130-linked cytokine receptors and the
signal transduction cascades are characterized by sequential activation of
molecules organized in a hierarchical manner which amplify the initial stimulus.
(Frey & Olson 2003, Muslin 2008.) The last effectors of these cascades
phosphorylate or dephosphorylate transcription factors either activating them or
translocating them to the nucleus. This leads to transcriptional reprogramming
that is in part responsible for the altered gene expression in cardiac remodeling
(Heineke & Molkentin 2006, Clerk et al. 2007).

Proximal
stimulus

Neurohumoral
factors

Biomechanical
stress

PKC

MAPKs

Signal
transduction

Calmodulin
Calcineurin
JAK/STAT
Akt/PKB

Cellular
responses

Cell
death
Gene
expression

Fetal gene
activation
Protein
synthesis

Fibrosis

Fig. 6. Cellular responses triggered by extracellular stresses leading to myocardial
remodeling. MAPK, mitogen-activated protein kinase; PKC, protein kinase C;
JAK/STAT, Janus kinase/signal transducer and activator of transcription; PKB, protein
kinase B. Adapted from Hill and Olson 2008.

Gene expression can also be regulated by changes affecting the localization of
proteins controlling chromatin configuration, and the signaling pathways also
regulate the rate of protein translation and degradation (Heineke & Molkentin
2006). In spite of the complexity of the numerous signaling pathways, there are
common endpoints and downstream targets where the pathways converge and
elicit a limited number of responses (Frey & Olson 2003, Hill & Olson 2008).
The exact role of the different signaling pathways in cardiac remodeling is
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difficult to define due to extensive crosstalk and overlap between pathways,
differences between species and experimental models, compensation by other
factors when one is altered, and the complexity of the system at the whole organ
level (Clerk et al. 2007).
2.8.1 Mitogen-activated protein kinases
The MAPK pathway is characterized by three sequentially acting protein kinases:
MAPK kinase kinase (MAPKKK), which activates MAPK kinase (MAPKK),
which in turn phosphorylates and activates MAPKs (Fig. 7). These signaling
cascades are triggered by GPCRs (e.g. NA, Ang II, ET-1), receptor tyrosine
kinases (e.g. insulin-like growth factor-1), receptor serine/threonine kinases (e.g.
TGF-β) and cytokine receptors (e.g. interleukin-6) as well as by cellular stresses
like stretch. (Kyriakis & Avruch 2001, Heineke & Molkentin 2006.) The MAPKs
themselves are serine/threonine kinases that phosphorylate transcription factors
and other kinases and affect a diverse array of cellular processes such as gene
transcription, protein synthesis, differentiation, proliferation and apoptosis
(Kyriakis & Avruch 2001). There are three main subfamilies of MAPKs: the
ERKs, the JNKs and the p38 MAPKs, which all have their distinct upstream
activators (Nicol et al. 2000, Heineke & Molkentin 2006). The ERK cascade is
preferentially activated in response to mitogenic factors while JNK and p38 are
activated by cellular stress (Ravingerova et al. 2003).
MAPK activation is detected in a wide array of heart diseases such as
hypertrophy, dilated cardiomyopathy, HF and ischemia/reperfusion injury both in
animals and humans, but in some models no activation or decreased activation
has been observed (Ravingerova et al. 2003, Tenhunen et al. 2006b, Wang 2007).
The exact role of different MAPKs in cardiac remodeling remains incompletely
understood due to the contradictory results from the experimental studies (Clerk
et al. 2007). However, current data suggest that ERK activation plays an
important role in promoting cardiomyocyte hypertrophy (Wang 2007, Muslin
2008) while JNK and p38 may inhibit hypertrophy and p38 overexpression
induces interstitial cardiac fibrosis (Heineke & Molkentin 2006, Tenhunen et al.
2006a, Muslin 2008). In cardiac remodeling after MI, the role of ERK activation
is not clear whereas JNK and p38 cascades are thought to promote myocardial
fibrosis and LV dilatation (Muslin 2008), although contradictory results have also
been reported (Tenhunen et al. 2006b).
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Fig. 7. schematic diagram of the three major MAPK signaling pathways. Adapted from
Nicol et al. 2000 and Ravingerova et al. 2003.

2.8.2 Protein kinase C
PKCs are a family of serine/threonine kinases of which α, β, δ and ε isoforms are
the most significant in the heart. They are activated via GPCRs by e.g. NA, Ang
II and ET-1 and are implicated in many aspects of cardiac remodeling such as
myocyte death, inflammation, cardiac hypertrophy and fibrosis. The downstream
targets of PKC include mammalian target of rapamycin (mTOR), glycogen
synthase kinase (GSK), histone deacetylases, and many transcription factors.
Moreover, PKC signaling also interacts with other pathways like ERK and JNK.
(Dorn & Force 2005, Palaniyandi et al. 2009.)
It has been challenging to study the the effects of different isoforms on
cardiac function and remodeling due to their complex regulation, compensation
by other isoforms, differences between species and the notion that the same
isoform can have different effects depending on the time point studied. However,
based on current knowledge, PKCα has a minimal effect on hypertrophy but is a
critical regulator of systolic function, PKCβ mediates cardiac hypertrophy and
contributes to the majority of PKC signaling in HF, PKCδ has an important role in
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postischemic myocyte necrosis and contractile dysfunction and PKCε is
implicated in hypertrophic signaling and fibrosis. (Dorn & Force 2005,
Palaniyandi et al. 2009.)
2.8.3 Calcineurin
Calcineurin is a serine-threonine phosphatase that is activated by prolonged
increases in cytosolic calcium when the Ca2+ -binding protein calmodulin binds
and activates calcineurin (Nicol et al. 2000). Activated calcineurin
dephosphorylates a variety of substrates, including members of the nuclear factor
of activated T-cells (NFAT) family, which thereupon translocate to the nucleus
and promote gene transcription. Calcineurin signaling is closely intertwined with
other signaling pathways, most importantly with GSK-3β and MAPK signaling
through their ability to phosphorylate NFAT and thus antagonize the hypertrophy
promoting actions of NFAT. (Heineke & Molkentin 2006.) Calcineurin activation
is strongly implicated in cardiac hypertrophy (Heineke & Molkentin 2006) and
recently it has been shown to have anti-apoptotic effects in the heart (Muslin
2009).
2.8.4 Akt/protein kinase B
Binding of ligand, e.g. insulin like growth factor-1, to receptor tyrosine kinase or
GPCR activates phosphatidylinositol 3-kinase, which eventually leads to
phosphorylation and activation of serine-threonine kinase Akt/protein kinase B
(PKB) (Frey & Olson 2003). Akt/PKB phosphorylates and inhibits GSK-3, which
inhibits cardiac hypertrophy when active, as well as activates mTOR thereby
enhancing protein synthesis. Akt/PKB also phosphorylates forkhead transcription
factors and promotes their export from the nucleus, which inhibits transcription of
pro-apoptotic genes. (Heineke & Molkentin 2006, Clerk et al. 2007.) In addition
to these cytoprotective effects, it seems that Akt/PKB signaling improves
contractile function, regulates coronary angiogenesis and is important for the
physiological growth of the heart (Dorn & Force 2005, Heineke & Molkentin
2006, Shiojima & Walsh 2006).
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2.8.5 Calmodulin and calmodulin- dependent protein kinase
Calmodulin is activated by increased cytosolic calcium levels and, when bound to
calcium, it triggers the activation of the Ca2+/calmodulin- dependent protein
kinase (CaMK). CaMK transduces cellular Ca2+ signals to physiological
responses in the heart. CaMK can phosphorylate histone deacetylase when its
inhibition of transcription factors regulating hypertrophic genes ceases. (Zhang et
al. 2004.) CaMKII expression and activity is upregulated in cardiac hypertrophy
and HF as well as in arrhythmias. The latter feature can be explained by the
implication of CaMKII in the regulation of molecules critical in calcium handling.
(Zhang et al. 2004, Couchonnal & Anderson 2008.)
2.8.6 JAK/STAT
The Janus kinase (JAK)/ signal transducer and activator of transcription (STAT)
cascade is stimulated mainly by cytokines of the interleukin-6 family through the
gp130 receptor and is perceived as a key player in cardiac hypertrophy and HF.
The pathway is activated when ligand binding induces phosphorylation of JAK,
after which STAT becomes phosphorylated, dimerizes and migrates to the nucleus.
Activated STAT acts as a transcription factor for genes encoding proteins
implicated in angiogenesis, inflammation, apoptosis, ECM composition and cell
signaling. (Clerk et al. 2007, Boengler et al. 2008.)
2.9

Thrombospondins

Matricellular proteins are non-structural ECM proteins that modulate cellular
function and behavior by regulating cell-cell and cell-matrix interactions. They
can interact with structural ECM proteins, cell surface receptors, cytokines,
growth factors and proteases and affect e.g. cellular adhesion, motility,
proliferation, differentiation and apoptosis. Characteristically matricellular
proteins are minimally expressed in normal tissue but are upregulated during
development and in tissue injury. The phenotype of mice lacking a matricellular
protein is not grossly abnormal, but is exacerbated after injury. (Bornstein & Sage
2002.) The matricellular proteins involved in cardiac remodeling include secreted
protein acidic and rich in cysteine (SPARC), tenascin-C, osteopontin, periostin,
TSP-1 and TSP-2 (Schellings et al. 2009). The importance of these proteins in
cardiac remodeling has been demonstrated in knock out (KO) -mice that have
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increased adverse remodeling and decreased survival in response to MI or
pressure overload. Based on these studies, many of the matricellular proteins
seem to have a role in myocardial collagen deposition since e.g. osteopontin,
SPARC and periostin deficiency resulted in reduced collagen deposition or
maturation after MI. (Dobaczewski et al. 2010.) The classification of TSP-4 as a
matricellular protein is not yet fully established (Tan & Lawler 2009), but recent
reports on TSP-4 null mice also suggest a role for TSP-4 in myocardial collagen
homeostasis (Moens et al. 2008, Frolova et al. 2009) and hence support its
classification as a matricellular protein.
2.9.1 Structure
TSPs are a family of five multimeric multidomain proteins that are capable of
interacting with various extracellular molecules. TSP-1 and TSP-2 belong to the
subgroup A of trimeric TSPs and are structurally very close to each other. TSP-3,
TSP-4 and TSP-5 (also known as cartilage oligomeric matrix protein) constitute
the subgroup B with a pentameric ultrastructure and differences in the domain
composition compared with subgroup A (Fig. 8). The C-terminal domain, type 3
repeats and epidermal growth factor (EGF) -like repeats are found in all TSPs and
constitute a signature domain that has 53–82% identity within the TSP family.
Both subgroups also have an oligomerization domain, although it is structurally
different in each group. (Adams 2001, Carlson et al. 2008.) Subgroup A TSPs
have three EGF domains and type one repeats that are also termed
thrombospondin repeats (TSRs) along with a von Willebrand factor type C (vWC)
domain and the N-terminal domain. Subgroup B TSPs, on the other hand, have
four EGF-repeats and lack the vWC domains and TSRs. TSP-3 and TSP-4 also
have the N-terminal domain, which is the most divergent module of the TSP
family. (Carlson et al. 2008.) Each domain has been shown to have a distinct
function, e.g. the type 3 repeats bind calcium and integrins (Lawler & Hynes 1986,
Lawler & Hynes 1989), TSRs mediate interactions with CD36 and TGF-β (Asch
et al. 1992, Schultz-Cherry et al. 1994), and the N-terminal domain has integrin
and heparin binding sites (Lawler & Slayter 1981, Krutzsch et al. 1999).
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Fig. 8. Structure of TSP proteins. A: Subgroup A, B: TSP-3 and -4 from subgroup B, C:
TSP-5. OM, oligomerization domain; VWC, von Willebrand factor C type domain; TSR,
thrombospondin repeats; EGF, EGF –like repeats. Adapted from Bornstein 2009 and
Carlson et al. 2008.

TSPs are capable of interacting with a large number of proteins and proteoglycans
which enables their various actions and tissue and cell type specific functions
depending on the bioavailability of TSP receptors and binding partners in the
given environment (Adams 2001). Additionally, despite the structural relatedness,
their functions are distinct due to their different transcriptional regulation and
functional capabilities (Adams 2001, Adams & Lawler 2004). Their cellular
distribution and temporal expression are also unique (Kyriakides & Maclauchlan
2009).
TSPs can be degraded either intra- or extracellularly. Presumably all TSPs are
substrates of thrombin, cathepsins and elastases (Adams & Lawler 2004) and
TSP-1 and -2 can be endocytosed by low density lipoprotein receptor-related
protein 1 (Mikhailenko et al. 1995, Chen et al. 1996). Other specific receptors for
TSP-1 and -2 are CD36, various integrins and CD47 (Dawson et al. 1997,
Simantov et al. 2005, Isenberg et al. 2006, Bornstein 2009).

2.9.2 Expression of TSP-1 and TSP-4
Trombospondins are expressed during development and in response to tissue
injury while their expression is very low in normal adult tissue. Each TSP has its
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own cellular and temporal expression pattern, and also their functions are mainly
non-overlapping. (Adams 2001.) TSP-1 is a major component of platelet αgranules (Lawler et al. 1978) and is expressed by many cell types in culture, e.g.
by monocytes, ECs (McPherson et al. 1981), fibroblasts (Jaffe et al. 1983) and
SMCs (Raugi et al. 1982). In the heart, TSP-1 is predominantly localized in the
ECM, and ECs and mononuclear cells are the main source of TSP-1 after MI and
in a rat cardiomyopathy model (Frangogiannis et al. 2005, Zhang et al. 2005).
However, in endomyocardial biopsy samples of human cardiac allografts, cardiac
myocytes and intimal SMCs were the predominant sites of TSP-1 expression
(Zhao et al. 2001).
The TSP-4 gene is expressed in heart and brain, and its expression increases
after denervation (Arber & Caroni 1995) as well as in dystrophic muscle in
humans (Chen et al. 2000). In the brain, TSP-4 is expressed by neurons (Arber &
Caroni 1995), and also human ECs and SMCs derived from brain blood vessels
and coronary arteries have been shown to express TSP-4 mRNA (Stenina et al.
2003). Additionally, TSP-4 protein has been detected in tendon (Hauser et al.
1995).
2.9.3 TSP-1 and TSP-4 in the heart
Cardiac TSP-1 gene expression increased in a DNA microarray analysis of
hypertensive rats that develop decompensated HF (Schroen et al. 2004), in mice
with increased α1-adrenergic activity (Chaulet et al. 2006) and after transverse
aortic constriction (TAC) (Wang et al. 2003), as well as in ischemia-reperfusion
injury (Frangogiannis et al. 2005, Sezaki et al. 2005) and the early phase of
infarct healing in rats (Sezaki et al. 2005). In humans, cardiac TSP-1 mRNA
levels decreased in end-stage HF (Batlle et al. 2009). TSP-4 gene expression
increased in DNA-microarray studies of ischemic and failing human myocardium
(Tan et al. 2002, Gabrielsen et al. 2007) and in rats with hypertensive HF (Rysä et
al. 2005).
The functions of TSP-1 possibly relevant also in cardiac remodeling include
activation of TGF-β, inhibition of nitric oxide signaling and MMPs as well as
modulation of angiogenesis (Adams 2001, Tan & Lawler 2009). The interaction
with TGF-β involves the RFK amino acid sequence in the TSR domain and
although TSP-2 can bind the latent form of TGF-β it is unable to activate it
(Schultz-Cherry et al. 1995). The importance of this feature is illustrated by the
phenotype of TSP-1 null mice, which resembles that of TGF-β null mice
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(Crawford et al. 1998), and by the fact that a peptide antagonist of TSP-1
mediated TGF-β activation prevents fibrosis and improves cardiac function in
diabetic rats with abdominal aortic constriction (Belmadani et al. 2007). After MI,
TSP-1 null mice had more extensive cardiac remodeling than wild type mice and
also showed increased and prolonged inflammatory response in the noninfarcted
area (Frangogiannis et al. 2005). Thus it was hypothesized that the role of TSP-1
in the infarct border zone is to activate TGF-β and thereby suppress inflammation
(Chatila et al. 2007, Dobaczewski et al. 2010). Other possible mechanisms in the
regulation of infarct healing are antiangiogenic effects and modulation of the
activity of MMPs and other proteases (Tan & Lawler 2009, Dobaczewski et al.
2010). Interestingly, the antiangiogenic effect of TSP-1 has been recently shown
for the first time in the heart when TSP-1 null mice were reported to have
increased capillary density along with cardiac hypertrophy (Malek & Olfert 2009).
TSP-1 inhibits angiogenesis by preventing EC activities needed in vessel
formation (Good et al. 1990, Dawson et al. 1997) and inducing EC apoptosis
(Jimenez et al. 2000) or indirectly by inhibiting vascular endothelial growth factor
(Gupta et al. 1999, Malek & Olfert 2009). TSP-1 can antagonize the actions of
nitric oxide signaling in ECs and SMCs, which also contributes to its
antiangiogenic properties (Isenberg et al. 2006). Paradoxically, in some
circumstances TSP-1 can also have angiogenic properties (Bornstein 2009),
demonstrating the context dependency of the actions of TSPs. Moreover, in
cardiac remodeling, TSP-1 may affect myocyte function through its interactions
with e.g. integrins as well as ECM composition and turnover by controlling
MMP/TIMP balance (Schellings et al. 2009).
Recently, the cardiac response of TSP-4 null mice to TAC has been reported
in meeting abstracts by two independent groups (Moens et al. 2008, Frolova et al.
2009). According to these reports, TSP-4 null mice develop pronounced cardiac
hypertrophy and fibrosis as well as LV dilatation and depressed systolic function
in response to TAC. Defects in collagen maturation were also observed, which
suggests that TSP-4 is involved in the posttranslational modification of collagen
(Moens et al. 2008). This would be logical since TSP-4 binds to the fibrillar
collagens I and III (Narouz-Ott et al. 2000), and TSP-4 has been previously
shown to be associated with collagen fibrils in tendons (Södersten et al. 2007).
Indeed, it has been repeatedly hypothesized that TSP-4 assists in collagen fibril
assembly (Narouz-Ott et al. 2000, Södersten et al. 2007) possibly in the same
way that TSP-5 has been shown to facilitate collagen-collagen interactions and
fibrillogenesis (Halasz et al. 2007). The expression of TSPs in the heart during
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cardiac remodeling and the cardiac phenotypes of TSP KO-mice are summarized
in Table 5.
Table 5. Thrombospondins in the heart. Modified from Schellings et al. 2009.
Gene

Expression
Pressure overload MI

TSP-1 Increased

Increased

TSP null cardiac phenotype
Pressure overload

MI

ND

Increased inflammatory
response;
Extensive remodeling

TSP-2 Increased

ND

HF and cardiac rupture

Cardiac rupture

TSP-3 Increased

ND

ND

ND

TSP-4 Increased

ND

Pronounced hypertrophy and fibrosis;

ND

LV dilatation and depressed function
TSP-5 ND

ND

ND

ND

TSP, thrombospondin; MI, myocardial infarction; ND, not defined; HF, heart failure; LV, left ventricular

2.10 Matrix Gla protein
2.10.1 Structure and expression
MGP is a small ECM protein containing nine glutamic acid residues from which
five are posttranslationally modified to γ-carboxyglutamic acid (Gla) by vitamin
K -dependent γ–glutamyl carboxylase (Fig. 9) (Price et al. 1983). It is supposed
that only the Gla-MGP is functional (Schurgers et al. 2008) and γ–glutamyl
carboxylation is required e.g. for MGP’s ability to bind calcium (Hackeng et al.
2001), although some ECM binding properties might not rely on the
carboxylation status (Nishimoto & Nishimoto 2005). In addition, three of five
serine residues of MGP can be posttranslationally phosphorylated (Price et al.
1994), which possibly affects its secretion into the ECM (Schurgers et al. 2008).
Originally MGP was detected in the developing bone where it is highly
expressed in cartilage before ossification (Otawara & Price 1986, Barone et al.
1991). Later MGP expression was found in soft tissues such as heart, lung and
kidney where MGP protein was also detected, although in much lower levels than
in bone (Fraser & Price 1988). Many cell types such as osteoblasts, chondrocytes
(Barone et al. 1991), ECs (Boström et al. 2004), SMCs (Shanahan et al. 1993),
fibroblasts (Cancela & Price 1992) and macrophages (Shanahan et al. 1994) can
express MGP.
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Fig. 9. Amino acid sequence of MGP. Sites for gamma-carboxylation are marked with γ,
Serine residues (S) with a P above indicate sites for phosphorylation. Modified from
Schurgers et al. 2008.

2.10.2 Functions in the heart
Studies on MGP KO-mice revealed that in addition to inappropriate calcification
of cartilage, MGP deficiency also causes calcification of the aorta and coronary
arteries (Luo et al. 1997). In humans, mutations in the MGP gene result in
coronary artery calcification (Meier et al. 2001). However, although myocytes
express and secrete MGP (Fraser & Price 1988), no myocardial abnormalities
associated with MGP-deficiency have been reported (Luo et al. 1997, Meier et al.
2001). MGP is thought to inhibit calcification by blocking calcium crystal
formation and/or regulating cell differentiation via bone morphogenetic protein -2
inhibition (Zebboudj et al. 2002, El-Maadawy et al. 2003, Schurgers et al. 2008).
γ-carboxylation of MGP is required for it to bind to bone morphogenetic
protein -2 (Sweatt et al. 2003). Moreover, local MGP expression is needed to
inhibit calcification because circulating MGP does not affect arterial calcification
in MGP KO-mice (Murshed et al. 2004).
In addition to extensive studies on arterial calcification, there are DNAmicroarray studies connecting increased LV MGP gene expression with acute and
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chronic pressure overload and myocardial hypertrophy in mice (Mirotsou et al.
2006, Weinberg et al. 2003) and humans (Hwang et al. 2000). LV MGP gene
expression is also increased in HF in mice (Blaxall et al. 2003) and rats (Rysä et
al. 2005). The ECM binding properties of MGP suggests that besides inhibition of
calcification it has other regulatory roles in cellular actions (Nishimoto &
Nishimoto 2005), e.g. regulation of cell migration, proliferation (CarioToumaniantz et al. 2007) and survival (Newman et al. 2001).
2.11 TWEAK and Fn14
2.11.1 Structure and expression
Similar to the other TNF family members, TWEAK is initially synthesized as a
transmembrane protein and cleaved to a soluble form that can trimerize.
(Chicheportiche et al. 1997.) Cells can express both membrane bound and soluble
TWEAK, and recently it was shown that the membrane-bound form can also bind
and activate its receptor Fn14 and thus have juxtacrine effects (Brown et al. 2010).
Fn14 was first discovered as a fibroblast growth factor (FGF) -inducible gene
(Meighan-Mantha et al. 1999) and only later classified as a member of TNF
receptor family and identified as the receptor for TWEAK (Wiley et al. 2001).
Fn14 is the smallest member of the TNF receptor family and lacks the
characteristic death domain but has binding sites for TNF receptor -associated
factors that activate intracellular signaling pathways (Wiley et al. 2001). The
structures of TWEAK and Fn14 are depicted in Fig. 10.
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Fig. 10. Structure of A: TWEAK and B: Fn14 protein. Cyt, cytoplasmic domain; TM,
transmembrane domain; EC, extracellular domain; RB, receptor binding domain; Sig,
signal peptide. Arrow indicates a cleavage site. Modified from Wiley and Winkles 2003.

TWEAK is a widely expressed cytokine and can be detected in many tissues: it is
primarily expressed in human heart, pancreas, colon, small intestine, lung, ovary,
prostate, and lymphoid tissues (Chicheportiche et al. 1997). Cell types expressing
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TWEAK include e.g. fibroblasts (Semov et al. 2002), SMCs (Munoz-Garcia et al.
2006), astrocytes (Yepes et al. 2005), monocytes/macrophages (Maecker et al.
2005) and various tumor cells (Ho et al. 2004). TWEAK protein has been
detected in cultured neonatal rat cardiomyocytes and in mouse myocardium after
MI (Chorianopoulos et al. 2010). High Fn14 expression levels have been found in
mice and human kidney, heart, lung and placenta (Meighan-Mantha et al. 1999,
Feng et al. 2000), and cellular sources include ECs (Harada et al. 2002), SMCs
(Munoz-Garcia et al. 2006), fibroblasts (Meighan-Mantha et al. 1999),
monocytes/macrophages (Maecker et al. 2005), neurons (Yepes et al. 2005) and
mesangial cells (Campbell et al. 2006). It is also expressed by mesenchymal
progenitor cells (Girgenrath et al. 2006). Fn14 protein is noted in the myocardium
as well as in adult mice (Jain et al. 2009) and neonatal rat (Chorianopoulos et al.
2010) cardiomyocytes. Basal Fn14 expression is usually very low, but is induced
by many substances and tissue injury (Feng et al. 2000, Wiley et al. 2001).
Although Fn14 is the only recognized receptor mediating the actions of
TWEAK, there is evidence that TWEAK can exert its functions without
interacting with Fn14 (Polek et al. 2003, De Ketelaere et al. 2004). For example,
CD163 in monocytes/macrophages has been described as a scavenger receptor for
TWEAK competing with Fn14 and mediating the internalization and degradation
of TWEAK in vitro (Bover et al. 2007). In addition, while no other ligand for
Fn14 except TWEAK has been identified, ligand-independent signaling of Fn14
has been reported (Tanabe et al. 2003, Dogra et al. 2007).
2.11.2 TWEAK and Fn14 pathway in the heart
The TWEAK-Fn14 axis has previously been implicated in autoimmune diseases,
cancer and ischemic stroke (Winkles 2008), but recent reports also associate it
with cardiac remodeling (Jain et al. 2009, Chorianopoulos et al. 2010). TWEAK
has been shown to regulate cell proliferation, migration, survival, differentiation
and death in vitro (Winkles 2008) and in vivo TWEAK is reported to regulate
angiogenesis (Lynch et al. 1999, Wiley et al. 2001), progenitor cell biology
(Girgenrath et al. 2006), and tissue repair (Wiley et al. 2001, Girgenrath et al.
2006). The nature of the actions is dependent on cell type and microenvironment,
e.g. TWEAK can both induce cell death (Campbell et al. 2006, Potrovita et al.
2004) and promote cell survival (Jakubowski et al. 2002) as well as either
promote or inhibit angiogenesis (Jakubowski et al. 2002). In general it is regarded
as a proinflammatory cytokine due to its ability to induce the production of other
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proinflammatory cytokines and chemokines as well as MMPs. It has been
suggested that the TWEAK/Fn14 pathway has a physiological role in the
facilitation of tissue repair after injury, but that its sustained activation is
pathological. It has also been suggested that infiltrating inflammatory cells
produce TWEAK in the context of tissue injury, and the selective upregulation of
Fn14 limits its actions to the injured tissue. (Burkly et al. 2007.)
TWEAK- and Fn14- KO-mice are viable and lack any significant
abnormalities (Jakubowski et al. 2005, Maecker et al. 2005). However, transgenic
mice overexpressing TWEAK in the liver with elevated levels of circulating
TWEAK develop dilated cardiomyopathy with subsequent HF characterized by
increased fibrosis and eccentric cardiomyocyte hypertrophy. These effects are
mediated via Fn14, and are not associated with increased cardiomyocyte
apoptosis (Jain et al. 2009). Additionally, circulating TWEAK levels were shown
to be elevated in patients with idiopathic dilated cardiomyopathy but not in
patients with cardiac dysfunction due to coronary artery disease or hypertension
(Jain et al. 2009), which is in contrast to a study where patients with dilated
cardiomyopathy as well as ischemic cardiomyopathy had decreased TWEAK
plasma levels compared with healthy controls (Chorianopoulos et al. 2009).
Interestingly, increased plasma levels of TWEAK did not result in an increased
myocardial inflammatory response in mice (Jain et al. 2009) although in vitro
TWEAK induces expression of proinflammatory genes in myocytes
(Chorianopoulos et al. 2010). On the other hand, in vitro TWEAK did not induce
the fetal gene program (Chorianopoulos et al. 2010), which was activated in the
TWEAK-overexpressing cardiomyopathic mice (Jain et al. 2009). In the study of
Chorianopoulos et al. (2010) Fn14 gene and protein expression was shown to be
increased in neonatal rat cardiac myocytes in response to FGF-1, NA, Ang II and
mechanical stretch, as well as in mouse heart four weeks after MI when TWEAK
mRNA levels were also increased. It is not known whether TWEAK exerts its
function on the heart in an autocrine-paracrine way like cytokines usually do or in
an endocrine manner as proposed by Jain et al. (2009).
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3

Aims of the study

The aim of the study was to characterize the expression of five novel factors,
TSP-1, TSP-4, MGP, TWEAK and Fn14, during cardiac remodeling by using
both in vivo and in vitro models of cardiac load. More specifically, the objectives
were:
1.

2.

3.

4.

To evaluate the expression of TSP-1 and TSP-4 during different models of
cardiac remodeling and overload, as well as to investigate the localization of
TSP-4 in the heart.
To determine the effect of metoprolol treatment on TSP-1 and TSP-4 levels in
normal, hypertrophied and infarcted heart, and the correlation of TSP-1 and
TSP-4 with natriuretic peptide expression and LV remodeling.
To examine MGP gene and protein expression in cardiac remodeling after MI,
in cardiac hypertrophy and in response to acute pressure overload, as well as
to evaluate MGP expression in cardiac myocytes and fibroblasts in response
to hypertrophic agonists and mechanical stretch.
To study TWEAK and Fn14 expression in cardiac remodeling and overload
and to evaluate the localization of TWEAK and Fn14 in the heart and their
response to hypertrophic agonists, growth factors and stretch in cardiac
myocytes.
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4

Materials and methods

4.1

Animals

Male 2-month-old Sprague-Dawley (SD) rats weighing 250–300 g and newborn,
2- to 4-day-old SD rats of both sexes from the colony of the Center of
Experimental Animals at the University of Oulu were used. Male 2- to 21-monthold spontaneously hypertensive rats (SHRs) of the Okamoto-Aoki strain and agematched Wistar-Kyoto (WKY) rats from the colony of the Center of Experimental
Animals at the University of Oulu, Finland, were also used. The SHR strain was
originally obtained from Mollegaards Avslaboratorium, Skensved, Denmark. All
rats were kept in individual plastic cages with free access to tap water and normal
rat chow. A 12 h light and 12 h dark environmental light cycle was maintained.
The experimental design was approved by the Animal Care and Use Committee
of the University of Oulu.
4.2

Experimental design in conscious rats

4.2.1 Acute pressure overload (I, II)
The SD rats were anesthetized with 0.26 mg/kg fentanyl citrate, 8.25 mg/kg
fluanisone, and 4.1 mg/kg midazolam intraperitoneally (i.p.) and PE-50 catheters
were inserted into the femoral vein for infusion of vehicle or drugs. All catheters
were exteriorized behind the neck, filled with a heparinized (150 IU/ml) saline
solution, and plugged with a stainless steel pin. After the operation, rats had free
access to food and water. The day after the operation the venous catheter was
connected to a syringe or an infusion pump (B. Braun Perfusor ED, Braun
Melsungen AG). The animals were left undisturbed for 30 min to become
acclimatized to the laboratory. Then arginine8-vasopressin (AVP) (Bachem AG) at
a dose of 0.05 µg/kg per minute or vehicle (0.9% NaCl) was infused
intravenously at 37.5 µL/min for 30 minutes and four hours.
In a separate series of experiments, young (2- to 3-month-old) and old (19- to
21-month-old) SHR and WKY rats were infused with the same dose of AVP for
30 minutes and four hours. After the experiments, the rats were decapitated, the
thoracic cavity opened, and the heart removed. The left ventricles were dissected,
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blotted dry, weighed, immersed in liquid nitrogen, and stored at -70°C until
assayed.
4.2.2 Angiotensin II -induced hypertension (I–III)
Ang II (Sigma-Aldrich, 33 μg/kg/h), or vehicle (0.9% NaCl) was infused for six,
12, 72 hours and for two weeks, and losartan (a generous gift from Merck) (10
mg/kg) was infused with and without Ang II for six hours through subcutaneously
(s.c.) implanted osmotic minipumps (Alzet, Durect Corporation) in SD rats. The
minipumps were implanted in the subscapular region under isoflurane-anesthesia
(Baxter International Inc.). After the experiments, LV samples were obtained as
described above.
4.2.3 Myocardial infarction (I–IV)
MI was produced by ligation of the left anterior descending (LAD) coronary
artery by a method based on that previously described (Tenhunen et al. 2006b)
with appropriate modifications. Male SD rats were anesthetized with
medetomidine hydrochloride (Domitor, Orion Pharma, 250 μg/kg) i.p. and
ketamine hydrochloride (Ketalar, Pfizer, 50 mg/kg) i.p. The rats were connected
to the respirator through a tracheotomy and ventilated at 55–60 breaths per minute.
A left thoracotomy and pericardial incision was performed. The LAD was ligated
about 3 mm from its origin. The heart was repositioned in the chest and the
incision was closed. After the operation the anesthesia was partially antagonized
with atipamezole hydrochloride (Antisedan, Orion Pharma, 1.5 mg/kg) i.p. and
the rats were hydrated with 5 ml physiological saline solution given s.c. For
postoperative analgesia, buprenorphine hydrochloride (Temgesic, ScheringPlough, 0.2 mg/kg) was administered s.c. The sham-operated rats underwent the
same surgical procedure without ligation of the LAD. After the experiments, LV
samples were obtained as described above.
4.2.4 Metoprolol treatment (IV)
Under isoflurane inhalation anesthesia, osmotic minipumps releasing metoprolol
(Sigma-Aldrich, 1.5 mg/kg/h) were placed s.c. in SHR and SD rats as well as in
rats subjected to experimental MI as described above. The rats were followed up
to two weeks. In a separate series of experiments, telemetric devices were placed
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on SD rats for mean arterial pressure (MAP) and heart rate measurements, as
previously described (Luodonpää et al. 2004). Echocardiography was made at 14
days after the beginning of the treatment before the animals were sacrificed and
the hearts excised. After the experiments, LV samples were obtained as described
above.
4.2.5 Adenoviral gene transfer in vivo (III)
The recombinant adenoviruses containing the coding regions of the constitutively
active MKK3b (RAdMKK3bE) and wild type p38α (RAdp38α) genes driven by
the cytomegalovirus immediate early promoter were generated as previously
described (Wang et al. 1998). Recombinant replication-deficient adenovirus
RAdlacZ, which contains the Escherichia coli β-galactosidase (LacZ) gene, was
used as a control. The recombinant adenoviruses were generously supplied by Dr.
Veli-Matti Kähäri from the University of Turku, Finland.
Adenovirus-mediated gene transfer into the left ventricle was performed as a
local intramyocardial injection as previously described (Szatkowski et al. 2001).
SD rats were anesthetized with medetomidine hydrochloride (Domitor, Orion
Pharma, 250 μg/kg) i.p. and ketamine hydrochloride (Ketamine, Pfizer, 50 mg/kg)
i.p. A left thoracotomy and pericardial incision was performed. Recombinant
adenovirus (8 × 108 pfu) in a 100 μl volume was injected using a Hamilton
precision syringe directly into the anterior wall of the left ventricle, the heart was
repositioned in the chest, and the incision was closed. After the operation the
anesthesia was partially antagonized with atipamezole hydrochloride (Antisedan,
Orion Pharma, 1.5 mg/kg) i.p. and the rats were given buprenorphine
hydrochloride (Temgesic, Schering-Plough, 0.05–0.2 mg/kg) s.c. for analgesia.
4.3

Echocardiography (IV)

Transthoracic echocardiography was performed using a commercially available
Acuson Ultrasound System (SequoiaTM 512) and a 15-MHz linear transducer
(15L8) (Siemens AG). Before examination, the rats were sedated with ketamine
hydrochloride (Ketalar, Pfizer, 50 mg/kg) and xylazine (Rompun Vet, Bayer, 10
mg/kg) i.p. and the chest was shaved. The rats were placed in the supine position
and the normal body temperature was maintained during the examination by a
warming pad and lamp. Warmed acoustic gel was applied to the transducer and
chest.
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Using two-dimensional imaging, a short axis view of the left ventricle at the
level of the papillary muscles was obtained and the two dimensionally guided Mmode recording through the anterior and posterior walls of the left ventricle was
obtained. LV end-systolic (LVESD) and end-diastolic (LVEDD) dimensions as
well as intraventricular septum (IVS) and posterior wall thickness were measured
from the M-mode tracings. LV fractional shortening (FS) and EF were calculated
from the M-mode LV dimensions using the following equations: FS (%) =
{(LVEDD-LVESD) / LVEDD} × 100, EF (%) = {(LVEDD)3 – (LVESD)3 /
LVEDD3} × 100. For evaluation of LV diastolic function, mitral flow was
recorded from an apical four-chamber view. Measurements of peak flow velocity
of the early rapid diastolic filling wave (E) and late diastolic filling wave (A)
were made and the E/A ratio was determined. The LV IVRT was also measured.
All the measurements were made from three subsequent cycles and calculated as
the mean of these three measurements.
4.4

Cell culture (I–III)

Neonatal rat ventricular fibroblasts and myocytes were prepared from 2–4 day old
rats as previously described (Pikkarainen et al. 2006). Briefly, after digestion of
ventricular tissue with collagenase (2 mg/ml), the cell suspension was pre-plated
for 30 to 45 minutes and the attached cells, i.e. fibroblasts, were further cultured
for two passages (divided at a ratio of 1:5 per passage) in the presence of 10%
fetal bovine serum (FBS) to ensure proliferation of fibroblasts over other cell
types. The fibroblasts were propagated in 10% FBS containing DMEM/F-12
medium until 24 h before the experiment, when the medium was replaced with
complete serum-free medium (CSFM). The non-attached cells, i.e. myocyteenriched cells, were plated at a density of 2x105 /cm2 on cell culture plates
(Falcon, BD Biosciences) and then cultured overnight with DMEM/F-12 medium
containing 10% FBS and thereafter in CSFM.
4.4.1 Treatment with hypertrophic agonists and growth factors (II, III)
In study II the fibroblasts and myocyte-enriched cells were plated at a density of 2
X 105 /cm2 on falcon wells, and the cells were treated with Ang II (100 nM) and
ET-1 (100 nM), which were added to the culture medium on the third day of
culture.
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In studies II and III, the myocyte-enriched cells plated as described above
were treated with Ang II (100 nM) (II and III), ET-1 (100 nM) (II and III),
phenylephrine (PE, 50 μM) (III), FGF-1 (50 ng/ml) (III), phorbol ester (PMA,
100 nM) (III) or lipopolysaccharide (LPS, 1 μg/ml) (III). All substances were
added to the culture medium on the third day of culture. After the experiments,
the cells were washed twice with phosphate-buffered saline (PBS) and quickly
frozen at -70 °C.
4.4.2 Cell stretching (II, III)
The fibroblasts (study II) and myocytes (studies II and III) were prepared and preplated as described above and then plated at a density of 2x105 /cm2 on flexible
bottomed collagen I-coated 6-well elastomere plates (Bioflex, Flexcell
International Corporation), and cultured overnight with DMEM/F-12 medium
containing 10% FBS and thereafter in CSFM.
The cells were exposed for 1 to 48 hours to cyclic mechanical stretch which
was introduced to cells by applying a cyclic vacuum suction under the flexible
bottomed plates by computer-controlled Flexercell Strain Unit equipment FX3000 (Flexcell International Corporation). The vacuum varied in two-second
cycles at a level sufficient to promote cyclic 10 to 25% elongation of the
cardiomyocytes at the point of maximal distension of the culture surface. Within
each culture the stretch was started stepwise for the experimental groups and
finished at the same time. After the experiments the cells were washed twice with
PBS and quickly frozen at -70°C or lysed in protein lysis buffer.
4.5

Isolation and analysis of RNA

Total RNA from cardiac and aortic tissues was isolated by the guanidine
thiocyanate-CsCl method (Magga et al. 1997). From cultured myocytes and
fibroblasts total RNA was isolated from the TRIzol cell extracts following the
manufacturer’s protocol (Invitrogen Corporation) by using the Phase Lock Gel
system (Eppendorf AG).
4.5.1 Northern blotting (I–IV)
For Northern blot analyses, 20 µg samples of RNA from ventricular tissue and 5
µg from cultured fibroblasts and myocytes were separated by agarose73

formaldehyde gel electrophoresis and transferred to MAGNA nylon membranes
(GE Osmonics) as described previously (Magga et al. 1997).
PCR-amplified probes corresponding to the following genes: rat BNP, rat
ANP, mouse TSP-1, rat TSP-4, rat TWEAK, rat Fn14 and rat 18S, were random
primer -labeled with [α32P]-dCTP, and the membranes were hybridized and
washed as described previously (Magga et al. 1997). The membranes were
exposed to Phosphor screens (GE Healthcare Life Sciences). Radioactivity was
measured with Molecular Imager FX Pro Plus equipment (Bio-Rad Laboratories)
using Quantity One software (Bio-Rad Laboratories). The signals of each mRNA
were normalized to 18S in each sample to correct for potential differences in
loading and/or transfer.
4.5.2 Real-time quantitative RT-PCR (I, III, IV)
The cDNA first strand was synthesized from 0.5 μg of total RNA derived from
the ventricles, aortic tissue, neonatal ventricular myocytes or fibroblasts. Mouse
TSP-1, rat TSP-4, rat Fn14 and rat TWEAK mRNA levels were measured by realtime quantitative reverse transcriptase (RT) -PCR using TaqMan chemistry on an
ABI 7700 Sequence Detection System (Applied Biosystems Inc.) as previously
described (Majalahti-Palviainen et al. 2000). The sequences of the forward (F)
and reverse (R) primers and for fluorogenic probes for RNA detection are shown
in Table 6. The results were normalized to 18S RNA quantified from the same
samples.
Table 6. The sequences of the forward (F) and reverse (R) primers and of fluorogenic
probes used for real-time quantitative RT-PCR.
Gene

Primers

Fluorogenic probe

TSP-4

(F) AAGTCTAAAACTGGCCCAGGG

AACATCTCCGAAACTCCCTGTGGCACA

(R) ACCTGGTCGCTGGTGTCC
TSP-1

(F) ATTTTTGAACTCATTGGAGGTGC

CGCAAGGTTCCGGGTCGCC

(R) AGATCTTGGCCCTTCACCAGT
TWEAK

(F) TTGCTGGTGAATGGTGTGCT

CCCTGCGCTGCCTGGAAGAATTC

(R) GCTCGCTGCTGTGGCTG
Fn14

(F) CATGCTCAAGCGGCAGC

CCTGGAGCGCGGACCTCGAC

(R) AAGAAGCGCAGTCCATGCAC
18S

(F) TGGTTGCAAAGCTGAAACTTAAAG
(R) AGTCAAATTAAGCCGCAGGC
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CCTGGTGGTGCCCTTCCGTCA

4.6

Isolation and analysis of proteins

4.6.1 Extraction of total proteins (I–III)
The cardiac tissue samples were broken in liquid nitrogen and homogenized in
lysis buffer consisting of 20 mmol/L Tris-HCl (pH 7.5), 10 mM NaCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM β-glycerophosphate, 1 mM Na3VO4, 2 mM
benzamidine, 1 mM PMSF, 50 mM NaF, 1 mM DTT and 10 μg/mL each of
leupeptin, pepstatin and aprotinin. The tissue homogenates were centrifuged at
2000 rpm for 1 minute at +4°C. To separate the total protein fraction, 5xNEB
(100 mM Tris-HCl [pH 7.5], 750 mM NaCl, 5 mM EDTA, 5 mM EGTA, 5%
Triton X 100, 12 mM sodium pyrophosphate, 5 mM β-glycerophosphate, 5 mM
Na3VO4) was added to the supernatant from the first centrifugation followed by
centrifugation at 12500 rpm for 20 minutes. The supernatant was frozen in liquid
nitrogen and stored at –70°C until assayed. Protein concentrations were
determined by Bio-Rad protein assay (Bio-Rad Laboratories).
4.6.2 Extraction of cellular protein fractions (III)
To separate different cellular fractions from the left ventricles of p38-adenovirus
injected and Ang II-infused rats, the supernatant from the first centrifugation
described above was subjected to the following procedures. For the extraction of
cytoplasmic proteins, the supernatant was centrifuged at 12500 rpm for 20
minutes. The supernatant was frozen in liquid nitrogen and stored at –70°C until
assayed. For the membrane protein extracts, the pellet from the cytoplasmic
protein extraction was resuspended in 1xNEB, sonicated and the soluble fraction
separated by centrifugation at 12500 rpm for 20 minutes. The supernatant was
frozen in liquid nitrogen and stored at –70°C until assayed. To extract the nuclear
protein fraction, the supernatant from the first centrifugation was incubated on ice
for 15 minutes, NP-40 was added, and the nuclei were collected by centrifugation
at 12500 rpm for 30 seconds. The pellet was resuspended in a solution containing
20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM
Na3VO4, 2 mM benzamidine, 1 mM PMSF, 50 mM NaF, 1 mM DTT, 3 μg/mL 1chloro-3-tosylamido-7-phenyl-2-butanone,
3
μg/mL
L-1-tosylamido-2phenylethyl chloromethyl ketone, and 10 μg/mL each of leupeptin, pepstatin and
aprotinin. The samples were incubated at +4°C for 30 minutes, centrifuged at
12500 rpm for 5 minutes and the resulting supernatants frozen in liquid nitrogen
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and stored at –70°C until assayed. Protein concentrations were determined by
protein assay (Bio-Rad Laboratories).
4.6.3 Western blotting (I–III)
For Western blots, 30 μg of protein was separated on a sodium dodecyl sulfate –
polyacrylamide (SDS-PAGE) gel and transferred to nitrocellulose filters. The
membranes were blocked in 5% non-fat milk and incubated with anti-TSP-4 (a
generous gift from Mats Paulsson’s laboratory (Södersten et al. 2006) ), anti-TSP1 (Ab5, NeoMarkers), anti-TWEAK (ab37170, Abcam Inc.), anti-Fn14 (#4403,
Cell Signaling Technology) overnight or with anti-MGP (52.1C5D, Alexis
Corporation) for two hours. After incubation with horseradish peroxidase-linked
anti-chicken, anti-mouse or anti-rabbit secondary antibody, the proteins were
detected by enhanced chemiluminesence reagents (ECL Plus™, GE Healthcare
Life Sciences) and quantified using a hyperfilm MP (GE Healthcare Life
Sciences).
4.6.4 Histological analysis (I, III)
For histological analyses, the left ventricles were fixed in 10% buffered formalin
solution. Transverse sections of the left ventricle were embedded in paraffin, and
5-μm-thick sections were cut. The sections were treated with proteinase K and
cellular localization of TSP-4 was identified by immunohistochemistry using antirat TSP-4 antibody (a generous gift from Mats Paulsson’s laboratory (Södersten et
al. 2006). To identify tissue localization of TWEAK or Fn14, sections were
incubated with specific rabbit polyclonal anti-TWEAK (ab37170, Abcam Inc.) or
anti-Fn14 antibody (#4403, Cell Signaling Technology). The primary antibody
was detected by a peroxidase conjugated Dako REAL™ EnVision™ Detection
System, Peroxidase/DAB+ -kit (Dako) according to the manufacturer’s
instructions, and the samples were counterstained with hematoxylin.
4.6.5 Radioimmunoassay (IV)
N-terminal proANP was measured by radioimmunoassay directly from
unextracted plasma as described previously (Vuolteenaho et al. 1992). BNP was
measured from SepPak C18-extracted plasma utilizing an antiserum raised in goat
against rat BNP22–42. Synthetic Tyr-rat BNP22–42 was used for radioiodination and
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rat BNP1–45 as calibrator. The new BNP antiserum, unlike the commonly used rat
BNP antiserum from Peninsula Laboratories (RIN9080), does not show any
detectable cross-reactivity with ANP (< 0.01%), making it suitable also for
samples with high levels of ANP. The sensitivities of the N-terminal proANP and
BNP assays were 0.75 and 1 fmol per tube, respectively. The within- and
between-assay coefficients of variation were < 10% and < 15%, respectively, in
each assay.
4.7

Statistics

Statistical analyses for studies I, III and IV were performed by unpaired Student’s
t-test or One-way Analysis of variance (ANOVA) followed by LSD (least
significant difference) post hoc for multiple comparisons and hemodynamic
variables. The non-parametric Spearman’s correlation coefficient (rs) was used as
a measure of statistical dependence in study IV. A value of P < 0.05 was
considered statistically significant.
For statistical analyses in study II, the data were first tested by using the
Kolmogorov-Smirnov test for normality. For normally distributed variables, the
unpaired Student’s t-test or One-way Analysis of variance followed by LSD post
hoc for multiple comparisons was performed. For data that was not normally
distributed, statistical analysis was performed by using a non-parametric MannWhitney U test. A value of P < 0.05 was considered statistically significant. The
results are expressed as mean± standard error of the mean (SEM).
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5

Results

5.1

The effect of cardiac remodeling on TSP-1 and TSP-4
expression (I, IV)

5.1.1 Pressure overload in normotensive rats (I)
AVP infusion, which caused a rapid increase in MAP and a decrease in heart rate,
increased LV TSP-1 mRNA levels 7.0-fold (P < 0.05) already at 30 minutes and
21.1-fold (P < 0.001) at four hours, while 6.9-fold (P < 0.001) and 13.2-fold
(P < 0.001) increases in TSP-4 mRNA levels, respectively, were observed.
In response to Ang II-induced pressure overload, LV TSP-1 and TSP-4
mRNA levels increased maximally at six hours and remained elevated up to two
weeks (Fig. 11A-B). Western blot analysis revealed that LV TSP-4 protein levels
were significantly elevated at 72 hours and at two weeks during Ang II infusion
when compared to vehicle-infused rats, whereas the changes in TSP-1 protein
levels were not statistically significant (Fig. 11C-D). Moreover, simultaneous
infusion of the AT1-R antagonist losartan completely abolished the activation of
TSP-1 and TSP-4 gene expression induced by Ang II at six hours in the left
ventricle.
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Fig. 11. Effect of Ang II on left ventricular A. TSP-1 and B. TSP-4 mRNA levels and C.
TSP-1 and D. TSP-4 protein levels. White columns, vehicle; black columns, Ang II.
Results are mean ± SEM (n = 4–8). *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle
(Student’s t-test).

5.1.2

Hypertensive hypertrophy (I)

It has been previously reported that LV TSP-4 gene expression increases
significantly with aging when LV hypertrophy progresses in SHR, while in WKY
rats, TSP-4 mRNA levels are not detectable by Northern blot analysis (Rysä et al.
2005). When the effect of ageing on TSP-1 levels was studied, a 2.4-fold
(P < 0.05) increase in LV TSP-1 mRNA levels was observed in 20-month-old
SHR compared to 12-month-old animals. No change in ventricular TSP-1 mRNA
expression with ageing was seen in WKY rats (data not shown).
To confirm the ageing-associated increase in TSP-1 and TSP-4 also on the
protein level, we compared the LV TSP-1 and TSP-4 protein expression of 20month-old WKY and SHR. Western blot analysis showed that the LV TSP-1
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protein levels were 2.2-fold (P < 0.01) and TSP-4 protein levels were 3.9-fold
(P < 0.01) higher in 20-month-old SHR compared to age-matched WKY rats (Fig.
12).
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Fig. 12. A. TSP-1 and B. TSP-4 protein levels in 20-month-old WKY and SHR. Results
are mean ± SEM (n = 4). **P < 0.01 vs. WKY (Student’s t-test).

5.1.3

Acute pressure overload in hypertensive rats (I)

To study whether chronic hypertension and myocardial hypertrophy influence
pressure overload-induced activation of LV TSP-1 and TSP-4 gene expression,
AVP was infused intravenously in young (2–3 months) and old (19–21 months)
SHR and their age-matched normotensive WKY rats. In young SHR and WKY
rats, significant increases in LV TSP-1 and TSP-4 mRNA levels were observed
both at 30 minutes and at four hours during AVP infusion. In old animals, the LV
TSP-1 mRNA levels were also increased by AVP infusion, but the TSP-4 response
to AVP was reduced in both strains (Fig. 13).
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Fig. 13. Effect of AVP infusion on left ventricular TSP-1 mRNA levels in young and old
A. WKY and B. SHR. TSP-4 mRNA levels in young and old C. WKY and D. SHR. White
columns, vehicle; black columns, AVP. Results are mean ± SEM (n = 6–8). *P < 0.05,
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5.1.4

Myocardial infarction (I)

To study the effect of post-infarction cardiac remodeling on TSP-1 and TSP-4
expression, ligation of LAD was performed in normotensive rats. During the
remodeling process after MI, LV TSP-1 mRNA levels were elevated at day one
and remained increased up to four weeks (Fig. 14A) and TSP-1 protein levels
were also increased at two and four weeks following MI (Fig. 14B). The LV TSP4 mRNA levels increased already at day one, but peaked at four weeks (Fig. 14C).
There were no statistically significant changes in TSP-4 protein levels in the left
82

ventricle, although a tendency for lower levels was observed at day one and four
weeks after MI (Fig. 14D).
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Fig. 14. Effect of experimental myocardial infarction on left ventricular TSP-1 A. mRNA
and B. protein levels, TSP-4 C. mRNA and D. protein levels. White columns, sham;
black columns, myocardial infarction. Results are mean ± SEM (n = 7–9). *P < 0.05,
**P < 0.01 and ***P < 0.001 vs. sham-operated animals (Student’s t-test).

5.1.5

Localization of TSP-4 (I)

To examine the cell types expressing TSP-4 in the heart, immunohistochemistry
with TSP-4 antibody was performed. In SHR, TSP-4 immunostaining was
localized only to ECs in the myocardium (Fig. 15). To confirm the
immunohistological findings, cultured neonatal rat ventricular myocytes and
fibroblasts were studied by real-time quantitative RT-PCR. No TSP-4 gene
expression was detected in either cell type.
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Fig. 15. Representative

image

of

TSP-4

immunostaining

of

spontaneously

hypertensive rat heart demonstrating the endothelial localization of TSP-4 protein.

Because TSP-4 expression was found to be localized specifically to ECs, we
examined the TSP-4 mRNA levels in the aorta of young (2- to 3-month-old) and
old (19- to 21-month-old) SHR and WKY rats. There was no statistically
significant difference between young WKY and SHR, but in the old animals TSP4 mRNA levels were 6.7-fold (P < 0.001) higher in SHR than in WKY rats, as
measured by quantitative RT-PCR. Furthermore, TSP-4 mRNA levels were 4.9fold (P < 0.001) in the aorta of old SHR when compared to young SHR.
5.1.6 The effect of metoprolol treatment (IV)
Metoprolol treatment after myocardial infarction
To assess the effect of metoprolol treatment after MI on TSP-1 and TSP-4 gene
expression, metoprolol was infused by osmotic minipumps for two weeks after
the ligation of LAD. Post-infarction treatment with metoprolol attenuated the
thinning of the IVS by 40% (P < 0.001) and decreased LV dilatation by 53%
(P < 0.05) without affecting the thickening of the posterior wall. Metoprolol
treatment attenuated the increase in the E/A ratio and normalized LV IVRT, which
suggested improvement of diastolic function. The decreases in FS and EF were
also attenuated in metoprolol-treated rats compared to the non-treated group.
Post-infarction treatment with metoprolol attenuated the increase in LV ANP
mRNA levels by 47% (P < 0.05) and BNP levels by 21% (P < 0.05). After MI, LV
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TSP-1 and TSP-4 mRNA levels were increased 8.4-fold (P < 0.001) and 7.3-fold
(P < 0.001), respectively, and metoprolol administration decreased their levels by
55% (P < 0.01) and 50% (P < 0.01), respectively.
There was a positive correlation with ANP and TSP-1 (rs = 0.82, n = 24,
P < 0.001) and TSP-4 (rs = 0.75, n = 24, P < 0.001) mRNA levels. BNP mRNA
levels also correlated with TSP-1 (rs = 0.62, n = 24, P < 0.01) and TSP-4 (rs = 0.75,
n = 24, P < 0.001) mRNA levels. In addition, TSP-1 and TSP-4 mRNA levels
correlated with the parameters reflecting the degree of cardiac remodeling after
MI. The thickness of the IVS correlated negatively with both TSP-1 and TSP-4,
whereas the LVEDD showed positive correlation to TSP-1 and TSP-4 gene
expression (Fig. 16). Additionally, EF correlated negatively with TSP-1
(rs = −0.69, n = 18, P < 0.01), but not with TSP-4 mRNA levels.
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Fig. 16. Correlations between TSP-1 and TSP-4 mRNA levels with echocardiographic
parameters reflecting cardiac remodeling after myocardial infarction. ▲, Sham; ■, MI;
●, MI+metoprolol. IVSd, intraventricular septum (diastole); LVEDD, left ventricular enddiastolic dimension; rs, Spearman’s correlation coefficient.

Metoprolol treatment in hypertensive rats
To study whether the changes in TSP-1 and TSP-4 gene expression after
metoprolol treatment are associated with LVH in hypertensive heart disease, we
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infused metoprolol for two weeks in 12-month-old SHR. At this age, SHR
showed LVH without signs of HF, because no difference in systolic function was
seen between SHR and WKY rats (data not shown). The LV weight/body weight
(LVW/BW) ratio was higher in the SHR compared with age-matched WKY rats
(SHR: 3.1 ± 0.1 mg/g, WKY: 2.2 ± 0.1 mg/g, P < 0.001), and the IVS diameter
was increased by 30% (P < 0.001) and LV diameter decreased by 8% (P < 0.01) in
SHR compared with age-matched, normotensive WKY rats. E/A ratios were
similar in the two strains, but IVRT was significantly prolonged in SHR
compared with WKY rats. In SHR, metoprolol decreased the LVW/BW ratio as
well as reduced IVS and LV posterior wall thicknesses, resulting in reduction in
LVEDD. Metoprolol had no effect on LV systolic or diastolic function.
In SHR the LV ANP and BNP mRNA levels did not differ significantly
between metoprolol-treated and untreated groups even though there was a trend
for increased ANP mRNA levels in metoprolol-treated hearts. Metoprolol infusion
decreased TSP-4 mRNA levels by 64% (P < 0.05), while the 18% reduction in
TSP-1 levels in metoprolol-treated SHR compared with untreated SHR was not
statistically significant.
When the correlations of TSP-1 and TSP-4 mRNA levels and
echocardiographic parameters were tested, a positive correlation between TSP-4
mRNA levels and LV posterior wall thickness as well as a negative correlation
with TSP-4 mRNA levels and LV end-diastolic diameter were observed (Fig. 17).
There were no significant correlations between TSP-4 and ANP or BNP
expressions. Moreover, TSP-1 gene expression did not correlate with the
measured parameters of LV structure and function or natriuretic peptides.
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Fig. 17. Correlations between TSP-4 mRNA levels with echocardiographic parameters
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Metoprolol treatment in normotensive rats
To assess whether the changes in TSP-1 and TSP-4 expression after metoprolol
treatment are related to the changes in heart rate or MAP, metoprolol was infused
into normotensive SD rats for two weeks by osmotic minipumps. MAP and heart
rate remained significantly decreased during the 14-day follow-up period;
metoprolol decreased MAP by 11% (P < 0.001) and heart rate by 16% (P < 0.001)
at the end of the experiment. Metoprolol had no significant effect on LVW/BW,
LV dimensions or function, as assessed by echocardiography. The plasma
concentration of N-terminal ANP increased 1.8-fold (P < 0.01) and that of BNP
1.5-fold (P < 0.05) in metoprolol-treated animals Metoprolol infusion did not
cause significant alterations in LV TSP-1 and TSP-4 mRNA levels. Moreover,
there were no correlations with TSP-1 or TSP-4 mRNA levels and natriuretic
peptide gene expression or echocardiographic parameters.
5.2

The effect of cardiac remodeling on MGP expression (II)

5.2.1 Pressure overload
To study the effect of pressure overload on LV MGP expression we used in vivo
administration of Ang II for six hours, 12 hours and two weeks in normotensive
SD rats. During Ang II treatment, LV MGP mRNA levels increased at all time
points studied, but there were no significant changes in the total MGP protein
levels during the Ang II infusion as studied by Western blot (Fig. 18A-B).
Simultaneous infusion of the AT1-R antagonist losartan completely abolished the
activation of MGP gene expression at two weeks in the left ventricle (Fig. 18C).
To confirm that acute pressure overload regulates MGP expression at the
mRNA level, the effect of intravenous infusion of AVP for 30 minutes and four
hours in normotensive SD rats was also studied. AVP infusion in vivo for 30
minutes did not have a significant effect on LV MGP mRNA levels while after
four hours MGP gene expression was increased compared with vehicle infused
rats (Fig. 18D).
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Fig. 18. Effect of Ang II on left ventricular A. MGP mRNA levels and B. protein levels. C.
Effect of Ang II and AT1-R blockade by losartan (Los) on MGP mRNA levels at 6 hours.
White columns, vehicle; black columns, Ang II. Results are mean ± SEM, n = 4–8.
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5.2.2

Hypertensive hypertrophy

It has previously been shown that LV MGP gene expression increases as cardiac
hypertrophy progresses to HF in SHR and that LV MGP mRNA levels are
significantly higher already in 16-month-old SHR compared to age-matched
WKY rats (Rysä et al. 2005). To further confirm this finding at the protein level,
the levels in old WKY rats and SHR were compared. The LV total MGP-protein
levels were 2.4-fold (P < 0.01) higher in 20-month-old SHR compared with age
matched WKY rats.
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5.2.3

Myocardial infarction

To study the effect of post-infarction cardiac remodeling on MGP gene expression,
ligation of LAD of SD rats’ hearts was performed. After experimental MI, MGP
mRNA levels were elevated 1.3-fold (P < 0.05) after one day and 2.8-fold
(P < 0.05) after four weeks and an increase in the total protein levels was seen
after one day (2.4-fold, P < 0.05) of experimental MI.
5.2.4

Mechanical stretch

To further distinguish the factors regulating MGP gene expression in the heart, we
examined the effect of mechanical load on MGP gene expression by using an in
vitro model of mechanical stretch on neonatal ventricular cardiomyocytes and
fibroblasts, the two main cell types in the myocardium.
The mechanical stretch of neonatal ventricular myocytes had no effect on
MGP mRNA levels after one hour, or 12 hours, but reduced MGP gene expression
after 24 and 48 hours (Fig. 19A). Mechanical stretch of neonatal ventricular
fibroblasts had no effect on MGP mRNA levels after one hour but reduced MGP
gene expression after 12 and 24 hours (Fig. 19B).
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Fig. 19. The effect of mechanical stretch on MGP gene expression in cultured neonatal
rat ventricular A. myocytes and B. fibroblasts. (n = 13–18). Results are mean ± SEM
from 2 to 3 independent cultures, n = 13–18. **P < 0.01 and ***P < 0.001 vs. ctrl (Oneway analysis of variance for multiple comparisons).
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5.2.5

Ang II and ET-1 in vitro

To further study the mechanisms regulating MGP gene expression in myocytes in
vitro, we treated neonatal rat ventricular myocytes and fibroblasts with known
hypertrophic agonists ET-1 and Ang II or vehicle for 24 hours. In myocytes Ang
II increased MGP mRNA levels significantly (1.2-fold, P < 0.05) whereas ET-1
decreased the mRNA levels by 30% (P < 0.01) compared with the cells treated
with the vehicle. In fibroblasts Ang II increased MGP mRNA levels 1.4-fold
(P < 0.05) while ET-1 had no effect on MGP mRNA levels.
5.3

5.3.1

The effect of cardiac remodeling on TWEAK and Fn14
expression (III)
Pressure overload

To study the effect of acute and chronic pressure overload on LV Fn14 and
TWEAK expression, Ang II was infused into normotensive rats via osmotic
minipumps. Ang II increased Fn14 mRNA levels from six hours to two weeks, the
greatest increase being observed after six hours of Ang II infusion (Fig. 20A).
Accordingly, Fn14 protein levels were increased throughout the two-week study
period, the maximal increase being observed at 12 hours (Fig. 20B). In contrast to
Fn14, LV TWEAK mRNA and protein levels remained unchanged during Ang II
infusion, except that mRNA levels were 30%, lower in Ang II -treated rats than in
controls at six hours (Fig. 20C-D). Losartan abolished the changes in Fn14 and
TWEAK gene expression produced by Ang II, whereas losartan alone did not
affect Fn14 or TWEAK mRNA levels in the left ventricle.
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5.3.2

Myocardial infarction

To investigate the effect of post-infarction remodeling on Fn14 and TWEAK
expression, rats were subjected to MI by ligating LAD and followed for four
weeks. A rapid and persistent elevation of both Fn14 mRNA and proteins levels in
the left ventricle was observed, similar to the response to pressure overload. There
were no differences in TWEAK mRNA and protein levels between MI and
control groups, except the 4.2-fold increase (P < 0.01) in TWEAK mRNA levels
noted four weeks after MI.
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5.3.3

p38 MAPK overexpression

To characterize the potential association of inflammation and fibrosis with
myocardial TWEAK and Fn14 expression, local adenovirus mediated gene
transfer of constitutively active MKK3bE and wild type p38α MAPK into the left
ventricle was used. The p38 MAPK overexpression, which resulted in massive
inflammation and fibrosis (Tenhunen et al. 2006a), significantly increased both
Fn14 mRNA (2.7–fold, P < 0.05) and protein levels (3.7–fold, P < 0.05) at day
three following gene transfer. LV TWEAK mRNA and protein levels were not
affected by p38 MAPK overexpression.
5.3.4

Localization of TWEAK and Fn14

To study the localization of Fn14 and TWEAK, we performed
immunohistochemical studies of p38 MAPK overexpressing hearts. At three days,
Fn14 immunoreactivity localized mainly to proliferating non-myocytes in the area
of extensive inflammation with a characteristic membranous staining pattern. In
addition, degenerating myocytes in the inflammation area displayed nuclear as
well as cytoplasmic Fn14 immunostaining (Fig. 21). One week after gene transfer
the amount of Fn14 positive non-myocytes, consisting mainly of fibroblasts but
also of the endothelium of newly formed vessels, was higher than at day three.
Nuclear Fn14 staining was also seen in vital myocytes, especially in the region
surrounding the inflammatory area (Fig. 21).
TWEAK immunohistochemistry showed cytoplasmic immunostaining that
localized to cardiomyocytes and ECs of coronary arteries in the p38 MAPK
overexpressing hearts. A few degenerating myocytes displayed slightly more
intensive TWEAK staining and only a very weak cytoplasmic signal was
observed in proliferating fibroblasts (Fig. 21). There was no specific staining in
inflammatory cells in the area of strong inflammation.
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Fig. 21. Representative images demonstrating Fn14 and TWEAK expression in
MKK3bE+wild type p38α-treated hearts 3 or 7 days after injection. LacZ indicates
LacZ-injected group; p38 MAPK, group treated with MKK3bE and p38α viruses.

Western blot analysis showed that Fn14 protein increased in membranous and
nuclear cellular fractions in response to local p38 gene transfer, while in the
cytosolic fraction there were no significant changes (Fig. 22). When cellular
localization was studied in response to Ang II infusion, Fn14 protein levels were
elevated in membrane and nuclear fractions at day three, in agreement with the
findings in p38 MAPK overexpressing hearts (Fig. 22).
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5.3.5

Hypertrophic agonists, growth factors and LPS in vitro

To study the cellular mechanisms involved in the regulation of Fn14 and TWEAK
expression, we tested the effect of several hypertrophic agonists (ET-1, Ang II, PE)
as well as FGF-1, PMA and LPS on Fn14 and TWEAK gene expression by using
cardiac neonatal rat ventricular myocytes. When myocytes were treated with ET-1
for one, four, 12, or 24 hours, Fn14 mRNA levels peaked at four hours (11.6-fold,
P < 0.001), while TWEAK mRNA levels remained unchanged. Since ET-1
produced the strongest activation of Fn14 gene expression at four hours, this time
point was used in the subsequent experiments. Like ET-1, all substances increased
Fn14 mRNA levels significantly (Fig. 23A). TWEAK mRNA levels did not
respond to any of the treatments (Fig. 23B).
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Fig. 23. The effect of Ang II, PE, FGF-1, PMA and LPS on A. Fn14 and B. TWEAK mRNA
levels in cultured neonatal rat ventricular myocytes after 4 hours stimulation. Results
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5.3.6

Mechanical stretch

To study the effect of mechanical stretch on Fn14 and TWEAK expression in
vitro, rat neonatal ventricular myocytes were stretched for periods up to 48 hours.
Fn14 mRNA levels increased 2.2-fold (P < 0.05) at 24 hours and 5.1-fold
(P < 0.001) at 48 hours of stretch. In contrast, TWEAK mRNA levels decreased
by 40 % (P < 0.05) after 48 hours of mechanical stretch. There were no changes
in Fn14 or TWEAK gene expression up to 12 hours of stretch.
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Discussion

The present study investigated the expression of the matricellular proteins TSP-1
and TSP-4, calcification inhibitor MGP and the cytokine/cytokine receptor pair
TWEAK/Fn14 in the heart. These proteins have originally been found in DNA
microarray screenings to be differentially expressed in response to increased
cardiac load and have only recently attracted attention in the field of cardiac
research. The study revealed varied expression patterns in cardiac remodeling:
TSP-1, TSP-4, MGP and Fn14 were upregulated in response to cardiac load,
whereas TWEAK levels either remained unchanged or decreased. Other
differences were also observed: TSP and Fn14 gene expression showed a rapid
and marked response e.g. to pressure overload, but the induction of MGP gene
expression was somewhat slower and minor, and was low in in vitro studies as
well. The two TSPs also had different expression patterns especially in
hypertensive hypertrophy.
6.1

TSP-1 and TSP-4 in cardiac remodeling

A key finding of study I was that TSP-1 and TSP-4 were rapidly upregulated in
response to pressure overload, and their expression remained elevated in the later
stages of LVH as seen in SHR. In addition, TSP-1 and TSP-4 gene expression
increased in both early and late stages of post-MI remodeling and correlated with
the echocardiographic parameters reflecting the degree of remodeling as seen in
study IV. These results suggest that TSP-1 and TSP-4 continuously participate in
the regulation of the remodeling process.
TSP-1 gene expression was increased at day one and two weeks after MI,
followed by elevation of protein levels during the remodeling process at two to
four weeks. The results are in line with previous studies where increased TSP-1
mRNA levels were seen from six hours to 28 days after MI (Sezaki et al. 2005)
and protein was detected as late as 28 days after ischemia-reperfusion
(Frangogiannis et al. 2005). The increased TSP-1 mRNA expression at day one
following MI coincides with the acute inflammation phase of myocardial
remodeling, and thus it has been assumed that TSP-1 has a role in limiting this
process (Frangogiannis et al. 2005, Sezaki et al. 2005). The rapid response of
TSP-1 expression is logical in light of its function as an activator of TGF-β1,
which is also upregulated in the early phase of post-MI remodeling (Deten et al.
2001) and pressure response (Villarreal & Dillmann 1992). Moreover, since TSP97

1 was upregulated also in the late phase of post-MI remodeling when
inflammation has already ceased, it might also stimulate fibrosis through
activation of TGF-β1 (Bujak & Frangogiannis 2007) in the proliferative and
maturation phases. Although the increase in the number of myofibroblasts seen in
TSP-1 KO-mice after ischemia-reperfusion (Frangogiannis et al. 2005)
contradicts this assumption. Furthermore, since TSP-1 is regarded to have
antiangiogenic properties, regulation of angiogenesis would be one possible
function in the late phase remodeling, but previous observations after MI do not
support this (Frangogiannis et al. 2005). Earlier studies have shown that the
absence of TSP-1 leads to LV dilatation (Malek & Olfert 2009), and an increase
in LV volume was also seen after ischemia-reperfusion in KO-mice
(Frangogiannis et al. 2005). Thus it is tempting to speculate that regulation of
MMP activity by TSP-1 might explain this phenomenon (Bein & Simons 2000).
In end-stage HF in humans, TSP-1 mRNA levels also correlated negatively with
LVEDD (Batlle et al. 2009). Yet, in contrast to the previous suggestions, TSP-1
gene expression correlated positively with LV dilatation after MI in study IV,
whereas no correlation with LV dimensions was seen in hypertensive hypertrophy
or in normal hearts. Therefore, the exact role of TSP-1 besides regulation of
inflammation in cardiac remodeling remains to be studied.
The suggested role for TSP-4 in the post-translational modification of
collagen (Moens et al. 2008) does not explain the expression pattern of TSP-4
observed in study I, since it was upregulated well before the induction of collagen
gene expression and fibrosis both in pressure overload (Villarreal & Dillmann
1992) and after MI (Sun et al. 2000). This would imply an additional, more
upstream, regulatory role for TSP-4 in the remodeling process, further
strengthened by the fact that its absence enhances fibrosis after TAC (Moens et al.
2008, Frolova et al. 2009). Increased TSP-4 expression in the late phase of postMI remodeling and in hypertensive hypertrophy, on the other hand, supports a
role in fibrosis. There is no reported information on the cardiac ECM structure of
TSP-4 KO-mice in the baseline, but since TSP-4 levels were negligible in control
animals in study I, it is likely that TSP-4 exerts its functions only in response to
cardiac overload. On the other hand, TSP-4 protein levels did not change after MI,
nor did TSP-1 protein levels in response to Ang II infusion. There are various
possible reasons for the unaffected protein levels: the protein could be secreted or
degraded post-translationally, or post-transcriptional regulation might prevent
translation. It is also possible that TSP binding to other proteins changes its
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conformation so that the antibody does not recognize it. Only the selectivity of
these possible processes in different models is peculiar.
Interestingly, cardiac TSP-4 expression was limited to ECs in agreement with
a study by Stenina et al. (2003), which demonstrated that TSP-4 mRNA is
expressed in cultured human brain and coronary artery ECs and TSP-4 protein by
brain ECs, although in their study isolated coronary SMCs also expressed the
TSP-4 gene. This expression pattern distinguishes TSP-4 from the other
matricellular protein TSP-1, which is known to be expressed in the heart by
monocytes/macrophages, myocytes, ECs, SMCs and fibroblasts (Zhao et al. 2001,
Frangogiannis et al. 2005, Sezaki et al. 2005). Thus, the results from study I
confirm the earlier observations that in a given tissue, different TSPs appear to be
expressed by distinct cell types (Tucker et al. 1995, Adams 2001). The
significance of the endothelial origin of TSP-4 in the cardiac remodeling process
and its possible association with perivascular fibrosis remains to be studied.
TSP-1 and TSP-4 had similar increases in response to pressure overload in
normotensive rats but in hypertensive hypertrophy they responded differently.
The TSP-4 response was attenuated in advanced hypertensive hypertrophy. In the
hypertrophied hearts of SHRs, the expression of TSP-4, but not TSP-1, also
correlated with the indices reflecting the degree of cardiac remodeling. The
observed difference in the effect of advanced hypertrophy on the TSP-1 and TSP4 response to pressure overload is intriguing and might reflect the endothelial
dysfunction seen in older SHR (Safar et al. 2001) since TSP-4 expression is
linked to ECs. The functional consequences of the phenomenon remain to be
investigated.
Both after MI and in hypertensive hypertrophy the beneficial effects of
metoprolol treatment on cardiac remodeling were paralleled with the reduction of
TSP-4 gene expression. Post-MI there was also a decrease in TSP-1 expression
and the TSPs correlated with ANP and BNP expression. TSP-1, however, did not
decrease with metoprolol treatment in hypertensive hypertrophy nor did
natriuretic peptides, making TSP-4 a better marker of attenuation of remodeling
regardless of the experimental model. Importantly, it has been reported that in the
presence of hypertrophic stimuli, β1 –receptor blockade can further upregulate
fetal gene expression despite its antihypertrophic effect, which draws attention to
the careful selection of hypertrophic markers in the presence of beta-blockade
(Patrizio et al. 2007).
The recently reported role of TSP-4 in limiting fibrosis and LV dilatation
after TAC in mice (Moens et al. 2008, Frolova et al. 2009) agrees with the
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positive correlations of TSP-4 with both remodeling after MI and in hypertensive
hypertrophy and provides interesting insights for the development of anti-fibrotic
therapy targeting TSP-4. Further studies are needed to evaluate whether TSP-4
correlates directly with fibrosis in cardiac remodeling. In study IV the effect of
metoprolol on TSP levels was not due to its hemodynamic effects or direct
inhibition of TSP expression since it did not affect TSP-1 or TSP-4 expression in
normotensive rats despite decreases in MAP and heart rate. TSP-1 levels also do
not seem to merely reflect attenuated remodeling since they do not change in
response to regression of hypertensive hypertrophy. The differential responses of
TSP-1 and TSP-4 further strengthen the idea that the two thrombospondins have
profoundly different roles in cardiac remodeling.
6.2

MGP in cardiac remodeling

Although MGP has an established role as a vascular calcification inhibitor
(Schurgers et al. 2008), its ECM binding properties suggest that it may also have
other regulatory roles in cell-matrix interactions (Nishimoto & Nishimoto 2005),
e.g. regulation of cell migration, proliferation and survival or cell-matrix adhesion.
It has even been suggested that MGP could have a role in intracellular calcium
homeostasis (Proudfoot & Shanahan 2006). In addition, the fact that in the heart
MGP is expressed by cells other than vascular cells (Fraser & Price 1988)
suggests local cardiac functions beyond inhibition of calcification. Indeed,
various DNA microarray analyses have associated increased MGP gene
expression with pressure overload, cardiac hypertrophy and HF (Hwang et al.
2000, Blaxall et al. 2003, Rysä et al. 2005, Weinberg et al. 2003, Mirotsou et al.
2006). Study II further strengthens this idea, since it was discovered that pressure
overload and the post-infarction remodeling process are important regulators of
MGP expression.
The rapid upregulation of MGP in response to pressure overload is similar to
the expression pattern of ECM regulatory factors like TGF-β1, CCN1, connective
tissue growth factor and TSP-1 (Villarreal & Dillmann 1992, Hilfiker-Kleiner et
al. 2004, Shi-Wen et al. 2008, study I) in contrast to the slower induction of
structural proteins such as type I collagen and fibronectin, (Chapman et al. 1990,
Villarreal & Dillmann 1992, Crawford et al. 1994). In DNA microarray analyses
MGP expression has also been shown to correlate with LV hypertrophy, and its
expression pattern was similar to those of ANP and BNP in the model of aortic
constriction in mice (Mirotsou et al. 2006). Together these results imply that MGP
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could serve as a marker of hemodynamic stress. In addition to the early phase of
cardiac overload, MGP gene expression has been shown to further increase as
cardiac hypertrophy progresses to HF (Rysä et al. 2005), and study II shows that
also MGP protein levels are high in 20-month-old SHRs that have developed a
diastolic HF due to chronic hypertension. A limitation of study II was that the
antibody used for protein detection did not detect the γ-carboxylation state of the
protein required to distinguish between functional and non-functional MGP.
MGP mRNA levels were increased in the early, inflammatory phase after MI,
as well as in the late, maturation phase. In the late phase there is compensatory
hypertrophy of the non-infarcted myocardium making it logical in light of the
other results for MGP to be induced. Surprisingly there was no increase in the
protein levels as there was in the early phase. There was also no significant
increase in the MGP protein levels in response to Ang II infusion up to two weeks,
although later increases, however, cannot be ruled out. Another explanation for
the discordance of mRNA and protein levels could be post-transcriptional
regulation or rapid secretion of MGP. Nevertheless, if the post-translational
modifications determine the functionality of MGP, the total protein levels do not
reflect the real activity of MGP. It is however likely, that MGP exerts its actions
locally and not as a circulating protein (Murshed et al. 2004).
To evaluate the mechanisms behind the induction of MGP expression, we
tested the effect of mechanical stretch and two important hypertrophic agonists,
Ang II and ET-1, on MGP gene expression in the two main cardiac cell types.
Interestingly, only Ang II was able to induce MGP gene expression in neonatal
cardiac myocytes and fibroblasts, whereas mechanical stretch had an opposing
effect. ET-1 also decreased MGP mRNA levels in myocytes and had no effect in
fibroblasts. These results seem somewhat contradictory, since mechanical stretch
has been shown to be a major contributor to the hypertrophic process in response
to pressure overload and after MI as well as to augment both Ang II and ET-1
secretion (Komuro 2000). However, there is consistency with the in vivo and in
vitro effects of Ang II, which suggests that it has a role in the upregulation of
MGP expression in these cells. The opposing MGP responses to ET-1 in different
cell types has been previously shown to occur with other stimuli (Proudfoot &
Shanahan 2006). Certainly, it is possible that the observed in vivo upregulation of
MGP is a result of induction of MGP in vascular cells.
All in all, the results suggest that MGP is part of the common gene program
of hypertrophic remodeling in vivo, regardless of the origin of the hypertrophy.
Therefore, MGP along with other known markers of cardiac overload, such as
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BNP, constitute the molecular basis for cardiac hypertrophy. This transcriptional
level information could be used in diagnostics, such as the application of gene
expression profiling to cardiovascular diseases, and additionally for prediction of
the therapeutic response.
6.3

TWEAK and Fn14 in cardiac remodeling

One of the most interesting findings of study III was the divergent expression
pattern of TWEAK and Fn14 in cardiac remodeling. This cytokine-receptor pair
was regulated mainly through induction in Fn14 levels while TWEAK’s mRNA
and protein levels were almost stable. This distinguishes TWEAK/Fn14
expression from TNF-α and its receptors, since TNF-α expression is induced by
pressure overload (Baumgarten et al. 2002) and after MI (Irwin et al. 1999) in
animal models as well as in HF in humans (Torre-Amione et al. 1996), and its
receptors are either downregulated in HF (Torre-Amione et al. 1996) or not
affected by pressure overload (Baumgarten et al. 2002), and only TNFR-1 is
upregulated after MI (Irwin et al. 1999). As opposed to TNF-α and TNFRs, Fn14
seems to be the major regulated element of the TWEAK/Fn14 signaling pathway
in the heart.
Fn14 expression was rapidly upregulated in response to both pressure
overload and MI at the mRNA and protein level in vivo, and a wide array of
hypertrophic and growth factors as well as direct mechanical stretch increased
Fn14 gene expression in vitro. LV TWEAK levels on the other hand hardly
responded to acute MI, Ang II infusion or p38 MAPK overexpression in vivo, all
experimental manipulations known to promote cardiac inflammation (Tenhunen
et al. 2006a, Frangogiannis 2008, Sciarretta et al. 2009). Likewise, no response to
hypertrophic agonists or growth factors was seen in vitro, whereas myocyte
stretch decreased TWEAK mRNA levels. Previously, TWEAK expression has
been reported to be increased in various forms of tissue injury (Winkles 2008)
when it is mainly expressed by infiltrating inflammatory cells (Burkly et al. 2007).
In immunohistochemical studies of the myocardium, TWEAK immunoreactivity
was mainly localized to cardiomyocytes and ECs and, notably, not to
inflammatory cells. Furthermore, Fn14 immunoreactive cells were mainly
fibroblasts in the inflammatory area and Fn14 immunoreactivity increased as
fibrosis progressed. Interestingly, some nuclear staining of Fn14 was seen in the
myocytes surrounding the inflammatory area in p38 MAPK overexpressing hearts
one week after gene transfer. The nuclear Fn14 expression was further confirmed
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in Ang II -induced hypertension. Previously, Fn14 has been reported to be
localized to the cell membrane and trans-Golgi network (Meighan-Mantha et al.
1999). Altogether the results of TWEAK and Fn14 expression provide new
insights into TWEAK/Fn14 signaling in the heart and challenge the previous
assumptions of TWEAK expression in response to injury.
There is increasing evidence that transient short-term expression of
proinflammatory cytokines is beneficial in the heart, but persistent expression
may be maladaptive (Mann 2003). Similarly, the TWEAK/Fn14 pathway has
been suggested to play a physiological role in acutely injured tissue but is
pathological if persistently activated (Burkly et al. 2007). The most established
role of TWEAK is the promotion of the inflammatory reaction since it is able to
upregulate several proinflammatory cytokines, chemokines, cell adhesion
molecules, and matrix-degrading enzymes (Burkly et al. 2007), and the induction
of proinflammatory mediators has also been shown in myocytes (Chorianopoulos
et al. 2010). Therefore, the potential role of the TWEAK/Fn14 pathway in the
heart could be recruitment of proinflammatory mediators in the acute phase of
cardiac remodeling, e.g. after MI, and participation in ECM remodeling and
fibrosis in the later phase by modulating MMP activity (Ortiz et al. 2009). Indeed,
Fn14 induction was not limited to the acute phase of remodeling but was seen
even two weeks after initiation of pressure overload and as late as four weeks
after MI. Consequently, it has been shown that elevated circulating levels of
TWEAK result in dilated cardiomyopathy with cardiac dysfunction,
cardiomyocyte elongation and fibrosis through Fn14 (Jain et al. 2009), but no
information on possible cardiac inflammation has been provided. The relevance
of the effects of supraphysiological TWEAK levels on cardiac remodeling is not
known, since in many cardiac pathologies, such as atherosclerosis (Blanco-Colio
et al. 2007) and HF (Chorianopoulos et al. 2009), serum levels of TWEAK are
reduced. Moreover, it has been suggested that local TWEAK production (Zheng
& Burkly 2008) plays a major role in generating its effects, since cytokines in
general act in an autocrine/paracrine manner within the tissue (Chen et al. 2008).
Due to the distinct expression of TWEAK and Fn14, it would be interesting
to compare the difference between the absence of TWEAK and Fn14 during
cardiac remodeling to evaluate the function of this cytokine-receptor pair in the
heart. At present, it is not known whether the basal levels of TWEAK are capable
of mediating its effects or does the increased Fn14 expression result in ligandindependent Fn14 signaling, as is hypothesized (Winkles 2008). Neither is it
certain if TWEAK is the only ligand of Fn14 (Dogra et al. 2007). However, in
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denervation-induced skeletal muscle atrophy, TWEAK expression did not change
while Fn14 was upregulated. Yet the absence of TWEAK or TWEAK-antibody
treatment was able to rescue the muscle loss (Mittal et al. 2010), supporting the
hypothesis that the reduced Fn14 expression at the baseline limits the actions of
TWEAK in healthy tissue and the upregulation of Fn14 renders tissues more
sensitive to TWEAK (Ortiz et al. 2009).
Previously, cardiac gene expression of TWEAK has been reported only four
weeks after MI when TWEAK mRNA levels were shown to be increased both in
the remote and border zone (Chorianopoulos et al. 2010). Interestingly, four
weeks post-MI was the only time point when TWEAK mRNA levels were
increased in study III. Despite extensive assessment of various models and time
points, no change in TWEAK protein levels could be detected. In addition to
post-transcriptional modifications or post-translational degradation, a possible
reason for the non-inducible protein levels could be TWEAK binding to the
scavenger receptor CD163 in monocytes/macrophages, which could mediate
internalization and degradation of TWEAK (Bover et al. 2007, Ortiz et al. 2009).
This interaction however, has only been demonstrated in vitro. Conversely,
TWEAK mRNA levels were decreased six hours after Ang II infusion and 48
hours after mechanical stretch of myocytes, although these changes were not
reflected in protein levels in pressure overload. The decrease in TWEAK mRNA
levels has been noted before in response to systemic LPS treatment i.a. in the
heart, and was probably due to decreased mRNA stability (Chicheportiche et al.
2000).
In summary, these results demonstrate that cardiac remodeling influences the
TWEAK/Fn14 pathway and thereby justify it as a potential molecular target in the
prevention of pathological remodeling of the heart. Due to the insensitivity of
TWEAK expression to a number of potent hypertrophic stimuli in vivo and in
vitro, further studies are needed to test whether inhibition of TWEAK signaling
can prevent the actions of the pathway in the heart or if direct inhibition of Fn14
downstream signaling is required to block the potentially adverse consequences of
Fn14 activation. Altogether, the observed distinct regulation of TWEAK and Fn14
expression in the heart emphasizes the importance of Fn14 as a mediator of
TWEAK/Fn14 signaling and as a potential target of therapeutic interventions.
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7

Summary and conclusions

This study characterized the expression of TSP-1, TSP-4, MGP, TWEAK and
Fn14 during cardiac remodeling in experimental models of pressure overload,
hypertensive hypertrophy and MI. The effects of hypertrophic agonists and cell
stretch were also evaluated in cell culture experiments. Finally, the effect of
metoprolol treatment on TSP-1 and TSP-4 expression in normal, hypertrophied
and infarcted heart was examined, as well as the correlation of TSP-1 and TSP-4
with cardiac remodeling and natriuretic peptide expression.
1.

2.

3.

4.

TSP-1 and TSP-4 were rapidly upregulated in response to pressure overload
well before the development of LV hypertrophy. The induction in TSP-4 gene
expression was attenuated in hypertrophied heart, and the TSP-4 protein was
expressed exclusively in ECs. No increase in TSP-4 protein levels was seen
after MI despite the augmented mRNA levels, while both TSP-1 mRNA and
protein levels increased post-MI. The distinct expression of the TSPs by
pressure overload and postinfarction suggest that TSP-1 and TSP-4 may have
unique roles in the remodeling process.
After MI, metoprolol treatment attenuated the increase in TSP-1 and TSP-4
gene expression which correlated with ANP and BNP expression as well as
with LV remodeling. In hypertensive hypertrophy, on the other hand,
metoprolol only decreased TSP-4 expression, which correlated with LV
remodeling but not with ANP or BNP, thus further strengthening the idea that
TSP-1 and TSP-4 uniquely contribute to the ECM remodeling process.
MGP gene expression was increased in response to pressure overload and MI
both in the early and late phase of cardiac remodeling while total protein
levels were increased in the acute phase of post-MI remodeling and in
advanced hypertensive hypertrophy. In cell culture experiments, Ang II
increased while mechanical stretch decreased MGP gene expression both in
cardiac myocytes and fibroblasts.
In response to pressure overload, inflammation, and MI, cardiac Fn14
expression was increased both acutely and chronically while TWEAK
expression remained relatively constant, which distinguishes the expression
of these cytokines from TNF-α and its receptors. Fn14 was localized mainly
to fibroblasts in the inflammatory area while TWEAK immunoreactivity was
seen in myocytes and ECs. Fn14 expression was also induced in myocytes in
vitro by hypertrophic agonists and other chemical stimuli as well as by
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mechanical stretch, in contrast to stabile or decreased expression of TWEAK.
The results demonstrate profoundly disparate regulation of TWEAK and
Fn14 expression in the heart and emphasize the importance of Fn14 as a
mediator of TWEAK/Fn14 signaling and as a potential target of therapeutic
interventions.
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