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ABSTRACT

Background: Congestive Heart Failure (CHF) causes arrhythmogenic remodeling in both
atria and ventricles, but potential differences between atrial and ventricular remodeling in
CHF have not been studied.

Methods and Results: We examined atrial and ventricular tissues from dogs with CHF
induced by ventricular tachypacing (VTP, 240/min) for 0 (control) or 24 hrs, 1,2, or 5
wks. Tissue angiotensin-II concentration (ELISA) increased to steady state at 24 hrs, and
was significantly higher in LA than LV. VTP caused tissue apoptosis, inflammatory-cell
infiltration and cell-death, with maximum changes in LA being transient and larger than
in LV. MAP kinase activation (Western blot) was rapid (within 24 hrs) in LA, but smaller
and slower (p38, JNK) or non-significant (ERK) in LV. The 25-kDa activated form of
TGF1, a particularly important profibrotic mediator in atria, increased significantly
(Western blot) in LA at 24 hrs and 1 wk, but was not changed in LV. Substantial fibrosis
developed in LA, but was much less important in LV.

Conclusions: There are qualitative and quantitative differences in LA and LV
remodeling in experimental CHF, with important potential consequences for underlying

mechanisms and therapeutic approaches.

Key words: Congestive Heart failure, atrial remodeling, and ventricular remodeling.



RESUME

Introduction: L’ insuffisance cardiaque congestive (ICC) cause du remodelage
arrythmogeéne dans les oreillettes et les ventricules, mais les différences potentielles entre
le remodelage auriculaire et le remodelage ventriculaire ne sont pas étudiées.

Méthodes et Résultats: Nous avons examiné les tissus auriculaire et ventriculaire des
chiens avec ICC induite par tachycardie ventriculaire (TV, 240/min) pour 0 (control) ou
24 hrs, 1, 2, ou 5 semaines. La concentration d’angiotensine-II tissulaire (ELISA) avait
cru jusqu'a un état stable aprés 24 hrs, et était significativement plus élevée dans I'OG
que dans le VG. La TV a causé apoptose, infiltration des cellules inflammatoire, et mort
cellulaire avec des changements maximums dans I’OG. Ces changements étaient
transitoires et plus grands dans I’OG que dans le VG. L’activation des MAP kinases
(Western blot) était rapide (pendant 24 hrs) dans I’OG, mais petite et lente (p38, INK) ou
non significative (ERK) dans le VG. La forme activée 25-kDa du TGFpB1; un médiator
profibrotique particuliérement important dans les oreillettes, avait cru significativement
(Western blot) dans I’OG aprés 24 hrs et 1 semaine, mais n’avait pas changé dans le VG.
Une fibrose substantielle s’était développée dans I’OG, mais était moins importante dans
le VG.

Conclusions: 11 y a des différences qualitatives et quantitatives entre le remodelage
auriculaire et ventriculaire dans ICC expérimentale, avec des conséquences importantes

et potentielles pour les mécanismes impliqués et les approches thérapeutiques.

Mots Clés: L’insuffisance cardiaque congestive, remodelage auriculaire, et remodelage

ventriculaire.
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1. Introduction
1.1 Heart Failure

1.1.1 Definition

There are few clinical syndromes that have undergone both the conceptual and
epidemiologic transformation that has occurred with heart failure (HF). For many years the heart
was defined as a pump that imparts the energy needed to "lift" fluid from a low-pressure system
(the veins) to one at higher pressure (the arteries). Impairment of the cardiac pump, therefore, can
have one or both of two consequences. On one hand, there can be inadequate forward flow of
blood from the heart in to the aorta and pulmonary artery; on the other hand, there can be
inadequate emptying of the venous reservoirs, which causes blood to back up behind the heart L

Although the concept of a heart being a pump persists in some circles and is generally
correct, we now know the syndrome of heart failure is far more complex. Heart failure is not a
disease but instead represents the final pathway by which a number of disorders damage the heart
so as to cause disability and premature death. These disorders include coronary disease,
hypertension, valvular disorders, and a diverse group of heart muscle diseases referred to as the
cardiomyopathies I3 Furthermore, because this syndrome establishes a number of vicious cycles,
heart failure begets more heart failure. Regardless of etiology, heart failure is accompanied by
abnormalities in both the contractile machinery and the membrane systems that regulate the
cardiac cycle, so that this syndrome can also be defined in terms of the disordered biochemical
and biophysical processes that impair myocardial contractility and relaxation. However, the
molecular composition of the heart is also changed in most of heart failure patients, so that even
these biochemical definitions are inadequate. Furthermore, molecular abnormalities differ in

different forms of heart failure, and change with time as this condition progresses. The failing



heart is generally a dying heart because the growth response that leads to hypertrophy, which
increases the mass of the failing heart, appears also to cause premature death of cardiac
myocytes. In the adult heart, myocyte death is a calamity because the cells that are lost cannot be
replaced. It is largely for this reason that heart failure is a progressive condition, with a prognosis
that is worse than that of most common malignancies ' .

Katz ' provided a definition of heart failure that recognizes not only the impaired organ
physiology and altered cell biochemistry but also the progressive changes that cause rapid
deterioration of the heart. He defines heart failure as a clinical syndrome in which heart disease
reduces cardiac outpul, increases venous pressures, and is accompanied by molecular

abnormalities that cause progressive deterioration of the failing heart and premature myocardial

cell death'.

1.1.2 Classification of heart failure

Several classifications of heart failure are commonly used in clinical practice. Here we
mention only 3 classifications: Backward and Forward Failure, Systolic and Diastolic
dysfunction, and Right and Left Failure.

1.1.2.1 Backward and Forward Failure. Like any pump, the heart has only two ways to
fail: inadequate emptying of the venous reservoirs (often called backward failure) and reduced
ejection of blood under pressure into the aorta and pulmonary artery (forward failure). The causes
of backward failure of the left heart include mitral stenosis, in which narrowing of the mitral
valve orifice impedes venous return into a normal left ventricle, and hypertrophic
cardiomyopathy, in which left ventricular cavity obliteration caused by inappropriate concentric

hypertrophy reduces diastolic filling. Forward failure of the left ventricle can occur when a



mechanical obstruction inhibits ejection, as in aortic stenosis; when myocardial damage or
weakness reduces systolic shortening, as occurs with myocarditis; or when a ventricle becomes
scarred after a large myocardial infarction. Similar mechanisms can impair right ventricular

ejection, although left ventricle dysfunction is by far the most common cause of heart failure L

1.1.2.2 Systolic and Diastolic Dysfunction. These terms refer to the impaired ability of the
heart to eject (systolic dysfunction) and to fill (diastolic dysfunction).
Chronic systolic dysfunction of the left ventricle, which from an architecture standpoint describes
a dilated, thin-walled heart (eccentric hypertrophy), is usually caused by diseases that damage or
weaken the myocardium. Chronic diastolic dysfunction, which describes a non-compliant, thick-
walled ventricle with normal, or even reduced cavity size (concentric hypertrophy), is commonly
seen in patients with left ventricular hypertrophy secondary to aortic stenosis or long-standing,

inadequately treated systemic hypertension '

1.1.2.3 Right and Left Heart Failure. The distinction between the right and left heart
failure is especially useful in patients with congenital and valvular heart disease, in whom a
narrowed or leaky valve, or an intra-cardiac shunt, can affect predominantly the right or the left
side of the heart. In developed countries, where the major etiologies of heart failure are coronary

and hypertensive heart disease, left heart failure is especially common '

1.1.3 Clinical Manifestation
Heart failure patients usually report shortness of breath, fatigue, and intolerance to
physical activity ', The shortness of breath (dyspnea) generally reported by patients with left

heart failure is due in large part to the increased work required to ventilate the congested lungs



that become stiff and inelastic. Whereas the normal work of breathing is barely perceived,
elevated pulmonary venous pressure, by filling the lungs with water, increases respiratory effort
to such a point that it cannot be ignored. The resulting difficulty in breathing, called dyspnea is
exacerbated by weakness of the respiratory muscles .

The fluid transudated through the pulmonary capillaries in left heart failure appears first
in the interstitium, where it can be carried into the systemic veins via the lymphatics. This
interstitial edema occurs mainly in the lower lobes of the lung because of gravity, which explains
the common appearance of a crackling sound (rales) and thin horizontal lines seen in the lung in
the chest radiograph (called Kerley B lines). Another radiologic feature of left heart failure is
“cephalization” of the pulmonary venous shadows, which occurs when increased pulmonary
venous pressure expands the veins supplying the upper lobes of the lungs; this reduces the normal
difference in diameter between the vessels and the pulmonary veins supplying the lower lobes,
which are normally engorged by the effects of gravity on the pressure distribution in these thin-
walled vessels .

Dyspnea becomes more severe when the patient lies down (orthopnea). This occurs
because elevation of legs increases venous return to the right heart, which by increasing blood
flow into the lungs and lung stiffness exacerbates the symptom of dyspnea. As backward failure
of the left heart becomes more severe, the amount of fluid transudated into the pulmonary
interstitium begins to exceed the ability of the lymphatics to carry this out of the lungs. The result
is fluid accumulation in the air spaces, which interferes with gas exchange. Because oxygen is
much less water soluble than carbon dioxide, the major abnormality is arterial hypoxia. Before
the availability of powerful diuretics, end-stage heart failure led eventually to pulmonary edema,

in which the patient literally drown in fluid that fills the lungs g



Dropsy occurs when fluid is to transudated into the soft tissues and body cavities as in
severe pulmonary hypertension in backward failure of the right heart. This condition is generally
avoided by modern diuretics, which blunt the inappropriate fluid retention by the kidneys in these
patients '. By replacing backward with forward failure, these drugs have changes the major
clinical manifestations of this syndrome. As a result, fatigue, rather than fluid retention, is
generally the primary cause of disability in these patients °.

Fatigue was once attributed to reduced perfusion of the skeletal muscle, now it is apparent
that fatigue is not a direct consequence of low cardiac output. Instead, the major cause of this
symptom is a skeletal muscle myopathy that, while initiated by forward failure, is due to
structural and molecular changes in these muscles. Skeletal muscle abnormalities include
atrophy, rapid appearance of acidosis during exercises, accelerated phosphocreatine consumption,
loss of mitochondria and oxidative enzymes, changes in fiber type and alteration in myosin

isoforms &7

1.1.4 Incidence, Prognosis, and Mortality

The incidence of heart failure has increased due, in part, to the aging population and
improvements in the diagnosis and treatment of myocardial infarction, major cause of heart
failure in the developed countries . In Canada, heart failure affects 1-2% of the population .
New York heart association classified heart failure patients into 4 classes depending on the
severity of the disease. First class includes HF patients with ability to do physical activity. Class
II includes HF patients who feel fatigue, palpitations, dyspnea or angina during exercise but not
at rest. Class III consists of HF patients who feel discomfort even during their ordinary physical

activity but not at rest. Class I'V includes HF patients who feel discomfort at rest and during a



minimal physical activity 3. Survival after the onset of symptoms in most clinical trials of therapy
for heart failure is short'. Longer periods of time, however, often elapse between the onset of
cardiac overloading and the appearance of clinical syndrome that is recognized as heart failure.
Patients with a modest hemodynamic overload can probably remain asymptomatic for many
years, often more than a decade '2 However, once symptoms develop, average survival is about
5 years ' The 1-year mortality rates in New York class III/IV heart failure patients range from
11 to 44% °.

In developed countries, where left ventricular damage is caused by myocardial infarction,
survival can be predicted from the severity of the left ventricular dysfunction, which in these
patients is readily estimated by measuring the ejection fraction (systolic dysfunction). In the usual
clinical trial that enrolls patients with low ejection fraction, who are generally men with an
average age of 60 years, 50% survival rate is about 5 years. Diastolic dysfunction is common in
elderly women, aged 70 years and older, whereas systolic dysfunction is more seen in men whose
average age is about 60years. Survival rate is better in patients with diastolic dysfunction than in

those with systolic dysfunction, and in women than in men I

1.2 Progression from compensation to failure

The development of heart failure starts by a compensatory phase in which cardiac
remodeling occurs. Cardiac remodeling is defined as “genome expression, molecular, cellular,
and interstitial changes that are manifested clinically as changes in size, shape, function of the
heart after an injury” '°. The process of cardiac remodeling is influenced by hemodynamic load,
neurohormonal activation, hypertrophy of cardiac myocytes, presence of cytokines, cell necrosis

and apoptosis, and fibrosis. Cardiac remodeling has been described as both an adaptive and



maladaptive process, with the adaptive component enabling the heart to maintain function in
response to pressure or volume overloading in the acute phase of cardiac injury. Increments in
load, such as those seen in mitral insufficiency, modulate remodeling of the ventricle to maintain
forward flow often after cardiac injury such as myocardial infarction, continued remodeling may
be viewed as an adverse phenomenon that leads to progressive decompensation. Progressive
remodeling can always be considered deleterious and is associated with poor prognosis. There are
no data to indicate the transition from possible adaptive to maladaptive remodeling occurs or how
this might be identified in patients. The occurrence of such transition and its time course may be
expected to vary greatly. However, once established beyond a certain phase, it is likely that
remodeling actually contributes to the progression of heart failure 10 Thus, the adaptive
mechanisms that develop early in cardiac remodeling in response to an initial insult or injury will
ultimately lead to an unnatural growth process of the heart, a hypertrophic reaction to altered
loading conditions, and expression of genetic programs that are largely designed to maintain
robust growth of both cardiac myocytes and the interstitial matrix. The accumulation of
interstitial matrix leads to heightened chamber stiffness compromising the performance of the
heart and contributing to arrhythmogenesis 3,

In the following sections, I will discuss the role of mitogen- activated protein kinases (MAP
kinases), cytokines and neurohormonal factors in cardiac remodeling during development of

heart failure.

1.2.1 Role of MAPK

MAPK or mitogen activated protein kinases, are serine threonine protein kinases that play

pivotal roles in a variety of cell functions in many cell types. These enzymes are phosphorylated,



in response to growth-promoting stimuli or cellular stresses such as hyperosmotic shock,
inflammation, ischemia, and presence of endotoxins or genotoxic stress ' *'2. Once
phosphorylated, they cross through large pores in the nuclear membrane and phosphorylate, and
therefore modulate the activity of nuclear transcription factors that modify gene expression. The
vast majority of defined substrates for MAPK are transcription factors. However, MAPK have
the ability to phosphorylate many other substrates including other protein kinases,
phospholipases, and cytoskeleton-associated proteins. Among the large family of MAPKSs, there
are three important subfamilies consisting of ERK1/2, P38 and SAPK. ERK1/2 (extracellular
signal regulated protein kinase) is also called p44/42, which corresponds to their molecular
weights (44kDa and 42kDa) respectively. SAPK (stress-activated protein kinase) is also called
p54/46, or INK (c-Jun NH2-terminal protein kinase) after one of its substrates, c-Jun. P38
corresponds to its molecular weight, which is 38kDa ' 2,

The MAPK signaling can be initiated in the heart by G protein coupled receptors
(angiotensin 11, endothelin-1, and adrenergic receptors), receptor tyrosine kinases (insulin-like
growth receptor, PDGF receptor, EGF receptor, and fibroblast factor receptor), peptide growth
factors, cell adhesion molecules, neurohormonal mediators, and inflammatory cytokines''.
Common to MAP kinase pathways is activation of a serine/threonine kinase often referred to as
MAP kinase kinase kinase or MEKK or sometimes abbreviated as MKKK. This name refers to the
biological role of this protein kinase, which is to phosphorylate another kinase, called MAP
kinase kinase or MEK or MKK. The latter then phosphorylates a third kinase, MAP Kinase,
which crosses the nuclear membrane to regulate gene expression. Different MAP kinase kinase

kinases, MAP kinase kinases are involved in activation of ERK1/2, P38 and SAPK MAP kinases

(Figure 1).



ERK MAP kinase mediates signals that stimulate cell growth and proliferation, which are
generally initiated by ligand binding to tyrosine kinase receptors. This causes the receptors to
form an aggregate that, by activating their latent tyrosine kinase activity, autophosphorylates the
receptor. This phosphorylation reaction begins a series of aggregations, in which signaling
proteins bind to one another. Autophosphorylation allows the receptors first to bind adaptor
proteins such as Shc and Grb2. The result is a multiprotein aggregate that is anchored along the
inner surface of the plasma membrane. This receptor-adaptor protein aggregate then interacts
with Sos, which activates Ras by exchanging its bound GDP for GTP. Many other signaling
cascades can activate Ras, which is central to many systems, which control growth and
proliferation '2.

The next reaction in the MAP kinase pathway occurs when the Ras-GTP complex activates a
MAP kinase kinase kinase MEKK such as Raf-1. The activated Raf-1 then phosphorylates and
activates a MAP kinase kinase called MEK-1and MEK-2 (MAP Kinase /ERK kinase). Activated
MEK-1/2 phosphorylates ERK1/2 MAP kinase, which then translocates to the nucleus to
phosphorylate literally dozens of different transcription factors, such as STAT (signal transducer
and activator of transcription), Elk1, Ets1 and ¢-Myc, which regulate different gene expression
112 Several cytoplasmic proteins have been shown to be substrates for ERK 1/2 1 Proteins
known to be phosphorylated by ERK1/2 include the S6 kinase p90, cytosolic phospholipase A,,
and the juxta membrane region of the EGF receptor. Several microtubule-associated proteins
(MAP) are also substrates for ERK1/2, including MAP-1, MAP-2, MAP-4, and Tau 1213

SAPK activation occurs in response to inflammatory cytokines, and to such stresses such
as viral infection, radiation, and toxins. Rac, a low molecular weight GTP-binding protein of the
Rho family that is related to Ras, activates SAPK. Rac activates MEKK-1 (MAP kinase kinase

kinase); which is analogous to that of Raf-1. MEKK-1 then activates and phosphorylates SEK-1



10

or MKK-4 and MKK-7 (MAP kinase kinase), whose functions are analogous to that of MEK-1
and MEK-2. MKK-4 and MKK-7 then activate Jun kinase or JNK. JNK has many different
substrates, which are exclusively transcription factors, such as EIK1, c-Jun, and ATF-2.
Phosphorylation of c-Jun by JNK results in an increase in the formation of Jun/Jun homodimer
and Jun/ATF2 heterodimers that transactivate at cAMP response element (CRE)-like consensus
sequences within a variety of gene promoter regions (including that of c-Jun itself) .12

P38 has 2 abundant isoforms in the heart, p38a and p38p. Activation of p38, in general,
occurs in response to cellular stresses including inflammatory cytokines, osmotic shock, and UV
light. P38 is activated by Rac, which activates p-21 activated kinase (PAK), serine/threonine
kinase. PAK activates and phosphorylates MKK-3, which activates p38a and MKK-6, which
activates p38p. Activation of P38 by cellular stresses is associated with activation of the MAPK-
activated protein (MAPKAP) kinase 2 and 3, which phosphorylates small heat shock proteins
such as 25 and 27kDa heat shock proteins (Hsp25/27) ''. MAPKAP kinase 2 may also directly
regulate the activity of transcription factors (e.g. CRE binding protein) 2 n the nucleus, P38
phosphorylates transcription factors such as ATF-2, Elk 1, CHOP (also known as GADD153),
which is a member of ¢/EBP family of transcription factors, and Max, which forms heterodimers

with c-Myc, a substrate for ERK1/2 MAP kinase '%.

1.2.1.1 MAPK and Cellular Stresses. JNK and P38 MAPK are sometimes referred to as

"Stress-Responsive” MAPKs as they are activated by cellular stresses such as reactive oxygen

species (ROS), hypoxia/reoxygenation, hyperosmotic shock, arsenite, and proinflammatory

cytokines ' 1%,



Figure 1. Mitogen Activated Protein Kinases (MAPKSs) Pathway
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Probably the most relevant forms of cardiac stress in vivo are ischemia and
ischemia/reperfusion, and it is clear that these stresses powerfully activate JNK and P38 MAP
kinases in the intact isolated rat heart '*. P38 MAPK and MAPKAPK2 are activated during
ischemia, and their activation is sustained or increased during reperfusion. In contrast, JNK is not
activated during global ischemia but is strongly activated during reperfusion phase ''.

Increased oxidative stress and production of reactive oxygen species (ROS), changes in
homeostasis and metabolism and osmotic disturbances can be mediators of ischemia and/or
ischemia/reperfusion. Studies have shown that oxidative stress, as exemplified by low
concentrations of HyO,, activates JNK and P38 in perfused hearts and that DMSO (an OH
scavenger) diminishes that activation '*.

It was shown that proinflammatory cytokines could induce activation of JNK and P38 and
that inhibition of P38 by cytokine-suppressive anti-inflammatory drugs (CSAIDs) blocked the

translation of the mRNA responsible for the expression of different cytokines including tumor

necrosis factor a (TNF-a) 5

1.2.1.2 MAPKs and Cardiac Hypertrophy. The hypertrophic response of the myocardium
is an important pathophysiological adaptation that is associated with alterations in gene
expression and cell morphology (increased sarcomeric assembly and myocyte profile).

G protein coupled receptor (GPCR) agonists such as angiotensin II, endothelin-1 (ET-1)
and phenylephrine (PE), an a-adrenergic agonist, are powerful hypertrophic agonists in cultured
nconatal cardiac myocytes and can activate JNK in cardiac myocytes '> and in perfused rat heart
"It was shown that in response to these agonists, p38 and ERK1/2 become activated, as well, in

cultured neonatal cardiac myocytes ' '° and perfused rat heart '°.
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The role of ERK signaling in inducing cardiomyocyte hypertrophy is controversial.
Several studies have reported that ERK signaling is necessary for effective endothelin-1 and
phenylephrine induced cardiomyocyte hypertrophy 16_ Other studies with MEK 1 inhibitor,
PD908059, have suggested that a minimal or no requirement of ERKs in cardiac hypertrophy.
One study even suggested that ERK activation in response to atrial natriuretic factor (ANF), a
marker protein for cardiac hypertrophy, was associated with prevention of cardiomyocyte
hypertrophy .

Several studies have shown that transfection of neonatal cardiac myocytes with constructs
for constitutively active MEKK 1 (a MEKK that preferentially activates the JNK pathway) in the
presence or absence of MKK4 stimulates expression of ANF, B-myosin heavy chain, and skeletal
muscle a-actin, which are associated with hypertrophy in the rat. Another study has shown that a
dominant-negative JNK construct inhibits PE-induced ANF expression, further implicating the
JNK cascade in the hypertrophic response A study by Izumi et al suggested that angiotensin II
type 1 receptor is involved in the enhanced cardiac JNK activity in both the onset and the
development of cardiac hypertrophy of hypertensive rats 7

P38 MAPK has been proposed to affect cardiac hypertrophy. Transfection of neonatal
cardiac myocytes with constitutively activated MKK3 or MKK6, both of which preferentially
activate p38 MAPK, stimulates expression of ANF and skeletal muscle a-actin and increases
myofibrillar assembly. Other studies have reported that the hypertrophic responses induced by

PE, MKK3, or MKK6 are reduced by P38MAPK inhibitors "

1.2.1.3 MAPKs and Apoptosis. Apoptosis is one form of cell death. Cell death is an

important determinant of cardiac remodeling because it causes a loss of contractile tissue,
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compensatory hypertrophy of myocardial cells, and reparative fibrosis. Apoptosis in heart failure
may be an important regulatory mechanism involved in the adaptive response to pressure
overload in which initial apoptosis is linked to cardiac hypertrophy. As a result of altered loading
conditions, the heart mass increases as the surviving myocytes become elongated or
hypertrophied as part of an initial compensatory process to maintain stroke volume after the loss
of contractile tissue. A reduction in the contractile machinery is a prominent feature in human
cardiac remodeling whatever the origin and is accompanied by compensatory hypertrophy of
myocytes and interstitial fibrosis '*.

Current classification of cell death is categorized in two separate entities, namely
necrosis and apoptosis. In contrast to apoptosis, necrosis is characterized by the loss of energy—
rich phosphates (creatine phosphate and ATP) and dysregulation of the transmembrane
transport of solutes with secondary cell and organelle swelling. The rupture of intracellular and
extracellular membranes finally leads to the demise of the myocyte and the release of reactive
cellular contents, such as mitochondrial proteins, which evoke intense inflammatory and
fibrotic reactions. As a result, cell death by necrosis evokes an inflammatory response, which is
a promoter of fibrosis that occurs at end-stage heart failure and can lead to arrhythmias o,

Defining the criteria for cell apoptosis include both morphological and biochemical
markers that reflect a distinct pathophysiological mechanism of cell death. Morphologically,
cells appear to be shrunken with intact membranes. At an advanced stage, several membrane
blebs become visible that finally detaches to form individual apoptotic bodies. The nucleus
diminishes in size and the chromatin condenses to high-density clumps with primarily marginal
localization as evidenced by electron microscopy. At the biochemical level, the central feature
of apoptosis is the activation of caspases, a distinct class of asparate-specific cysteine proteases,

and the appearance of fragments of cellular target proteins for caspases (e.g. PARP, lamin,



fodrin). Secondary consequences of caspase activation are the exposure of phosphatidylserine
on the outer leaflet of the plasma membrane and the internucleosomal cleavage of the genomic
DNA. The latter feature is the basis for the two most widespread tests, TUNEL staining and the
demonstration of DNA laddering on agarose gels, are used to provide evidence for apoptotic
loss of cardiomyocytes in several myocardial diseases.
Apoptosis is associated with the expression of a number of regulatory genes commonly used as
markers of apoptosis, including Bcl-2, an antiapoptotic gene, Fas, a proapoptotic gene, as well
as others. In contrast to necrosis, apoptosis is commonly viewed by its requirement for de novo
gene expression. Consequently, apoptosis is sensitive to mRNA or protein synthesis inhibitors.
There is compelling evidence in support of reactive oxygen species (including superoxide and
hydrogen peroxide)-induced apoptosis occurring not only during hypoxia or ischemia but also
after overstretch and NO-induced apoptosis in the heart. Apoptosis plays an important role
during development. During cardiac development, the rate of DNA fragmentation diminishes
and is inversely related to bcl-2 levels 1920

Several studies have shown that ERK pathway may be protective or neutral against
apoptosis. Insulin-like growth factor-1 (IGF-1), cardiotrophin-1 (CT-1), and catecholamines
were each shown to exert their antiapoptotic effects, in part, by inducing ERK signaling B Ina
model of ischemia/reperfusion in the intact heart, ERK 1/2 activation was shown to attenuate

the amount of apoptosis subsequent to reperfusion injury B, Similarly, both baseline apoptosis

and apoptosis induced by hydrogen peroxide were augmented by inhibition of MEK-1, the

upstream regulator of ERK 2
As for p38, overexpression of a constitutively active form of MKK3, the upstream

activator of p38a, increased cell loss 22 Furthermore, myocyte survival was improved by

15
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overexpressing a dominant-negative mutant of the downstream kinase p38a., indicating a pro-
apoptotic effect of MKK3/p38a pathway %2, On the other hand, the signaling pathway involving

MKK6 and p38p appears to protect against chemically induced apoptosis 23 Interestingly,
apoptosis and caspase activation were diminished by a non-specific p38 kinase inhibitor in an
ischemia model in neonatal myocytes *.

Similar to overexpression of MKK3, constitutively active SEK/MEKK!1 (the upstream activator
of INK) induced apoptosis in isolated neonatal myocytes. Another study showed a correlation
between JNK activation and apoptosis induced by ischemia/reperfusion in the rabbit heart =
While activation of ERK functions to protect cells from a variety of cellular stresses, activation

of INK and p38 MAPK induce apoptosis.

1.2.2 Role of Cytokines

Cytokines are a large family of peptides that includes inflammatory cytokines and peptide
growth factors. Tumor necrosis factor a (TNF-a), interleukins, interferons, and lymphotoxins are
examples of inflammatory cytokines 2°. Peptide growth factors include prolactin, erythropoietin,
and transforming growth factor-B(TGFp). In the following sections, we will discuss

inflammatory cytokines in general, and TGFf as an example of a peptide growth factor.

1.2.2.1 Inflammatory Cytokines

The biologic functions of cytokines extend far beyond their participation in inflammation.
Functional diversity is even seen in a single cytokine; for example, TNF-a can activate members
of a family of stress-activated protein kinases that have both growth promoting effects and the

ability to initiate programmed cell death 2",
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Control of cytokine synthesis: Inflammatory cytokines can be produced by both
mononuclear cells that are attracted to sites of inflammation and by a variety of cell types,
including cardiac myocytes. Cytokines are released by proteolytic cleavage of a protein precursor
at the plasma membrane. Synthesis of these precursors is regulated by specific transcription
factors that activate the genes that encode these peptides 26.29,

Among the most important of the transcription factors that regulate cytokine production is
NF-xB, which also stimulates the production of additional proteins that participate in immune
and inflammatory responses. The latter include iNos, the inducible isoform of nitric oxide
synthase, cyclooxygenase, which is important for prostaglandin synthesis, and cell adhesion
molecules (CAMS) that attract leukocytes to areas of injury. In addition to its important role as
an integrator of the inflammatory response, NF-xB regulates genes that are involved in cell
3031

growth and apoptosis
The activity of NF-xB is stimulated by many factors, including endotoxins, mitogens,

viral proteins, and the cytokines themselves. The latter activate NF-kB when they bind to their
tyrosine kinase receptors. The stimulatory effect of cytokines is indirect, however, because NF-
kB is not the substrate for these tyrosine kinases; instead, the substrate for phosphorylation is a
protein called IxB. In its dephospho-form, kB inhibits NF-kB. The ability of phosphorylation to
reverse the inhibitory effects of kB activates NF-xB. This occurs when phosphorylation allows
IxB to bind ubiquitin in a reaction that leads to kB degradation via proteolysis so as to reverse
its inhibition of NF-kB activity. The liberated (activated) NF-kB then translocates to the nucleus,

where it stimulates cytokine synthesis 29.32 (Figure 2).
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Figure 2. Activation of NF-xB and Cytokine Synthesis
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The ability of cytokines to activate NF-kB and so to increase cytokine synthesis
represents an example of a positive feedback in which a substance stimulates its own production.
This amplification initiates a brief burst of cytokine activity. Additional negative feedback loops
allow NF-xB to turn off cytokine production so as to prevent runaway signaling. Together, these
tightly linked control mechanisms can shut down cytokine synthesis shortly after it is activated,
even when the stimulating agents remain present >.

Cytokine Receptors: Cytokine receptors are made up of an extracellular domain that
contains the cytokine-binding site, and a membrane-spanning segment, and an intracellular
(cytoplasmic) domain that transmits cytokine-induced signals to other proteins within the cytosol.
The cytokine receptors, which lack intrinsic protein kinase activity, exert their regulatory efforts
by activating tyrosine kinase reactions further downstream in their signaling cascades. The
cytoplasmic domain of some cytokine receptors contains a 90 amino acid sequence that because
it stimulates apoptosis, is sometimes refereed to as a “death domain” 2%

The most important effect of the binding of a cytokine to its receptor is to cause the latter
to aggregate, generally in trimers. In some cases, the active oligomers formed by the cytokine
receptors recruit the coupling protein gp130 (also referred to as the B chain of the cytokine
receptor), along with cytosolic tyrosine kinases. The aggregation of many cytokine receptors
induces conformational changes in the cytoplasmic domain that cause the ligand-bound receptor
to activate the intracellular tyrosine kinases, which mediate subsequent steps in their signaling
cascades. Activated tyrosine kinases catalyze phosphorylation reactions that mediate down

stream signaling; these cytokine-activated kinases also phosphorylate the cytokine receptors,
gp130, and often the kinases themselves (autophosphorylation). These reactions generally

amplify one another, and so provide additional examples of positive feedback loops. Termination
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of these signals may occur when the phosphorylated proteins are dephosphorylated by special
phosphatases, or by the actions of proteins that directly inhibit other steps in the cytokine-induced
phosphorylation pathways 26,27,29,32,33,

Actions of Cytokines: Cytokines have the ability to protect the heart against ischemic
injury, possibly by activating the synthesis of enzymes that destroy free oxygen radicals *,
Cytokines expressed in ischemic and hypoxic myocardium also inhibit cell damage by increasing
the expression of heat shock proteins in cardiac myocytes 3%, The ability of heat shock proteins to
inhibit protein denaturation and stabilize cells in response to a variety of stresses, makes it likely
that locally produced cytokines participate in adaptive, as well as maladaptive responses 33,

Another potentially beneficial consequence of cytokine production in the overloaded heart
is the participation of these inflammatory mediators in signal transduction that stimulates cell
growth 2%, Such a cytokine-mediated hypertrophic response would provide a beneficial short-term
adaptation, although over the long-term, stimulation of mitogenic pathways eventually cause
harm. Thus, although altered cytokine levels initially contribute to an adaptive growth response
in the overloaded heart, with time, this response probably becomes maladaptive .

The cytotoxic effects of the cytokines are mediated in part by free radicals. These highly
reactive chemical substances have been implicated as causes of ischemic and reperfusion injury,
and have been suggested to contribute to negative inotropic effective (depressed myocardial
contractility) as well as the progressive deterioration of the heart’'. Because cells normally make
small amounts of free radicals as byproducts of oxidative phosphorylation, the body has effective
defenses that remove these toxic molecules. Another major source for these reactive compounds
is nitric oxide (NO), a free radical gas that is formed by several different nitric oxide synthases.

The low concentrations of NO produced by constitutive nitric oxide synthase (cNOS) mediate

physiologic signaling and cause no damage. The much larger amounts of NO that are generated
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by inducible nitric oxide synthase (iNOS) can result in toxic concentrations of reactive molecules
such as nitrogen dioxide and peroxinitrites .

Inflammatory mediators increase the expression of iNOS. The large amounts of NO
generated by iNOS contribute to the vasodilatation and depressed myocardial contractility seen in
irreversible shock (delay in fluid replacement following hemorrhage leads to death even if the
late transfusion restored the lost volume), activate NF-kB to increase cytokine production, and
may contribute to a stimulus for cardiac myocyte hypertrophy 31.37 Although high concentrations
of NO can be beneficial in attacking invading organisms, this inflammatory mediator also

damages cells and can cause myocardial cell death 3,32

1.2.2.1.4 Cardiac Cachexia: A Systemic Inflammatory Response .The systemic inflammatory
response, which attacks tissues through out the body, plays an important role in causing cardiac
cachexia, a systemic wasting reaction that is due to mainly loss of adipose tissue that is especially
severe in end-stage heart failure '.

The modern era in understanding of cardiac cachexia began only a decade ago with the
demonstration that circulating levels of TNF-a are elevated in the blood of patients with heart
failure. This finding has been confirmed and extended by several reports that circulating levels of
other cytokines are also elevated in heart failure, and that the extent of these elevations correlates

with the severity of symptoms >% %3¢,

1.2.2.1.5 Cardiac Cell Damage: A Local Inflammatory Response. A second feature of the
inflammatory response in heart failure, in addition to the systemic response, occurs when

cytokines are produced by the myocardium itself. In the beginning, this local response was found
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to accompany inflammatory conditions such as viral infections of the heart and myocarditis.
Later, elevated levels of cytokines in patients with dilated cardiomyopathy, whose clinical picture
does not suggest viral or other infectious etiology, were detected indicating that these
inflammatory mediators play a general role in heart failure **. Simple hemodynamic overloading
can elevate levels of mRNA encoding TNF-a within 30 minutes after aortic banding in rat hearts,
and within an hour, TNF-a protein levels increase 10-fold in both myocytes and nonmyocytes 38
indicating that this local inflammatory response is important in virtually all forms of heart failure.

Some cytokines such as interleukin-6 (IL-6) are synthesized by viable cardiac myocytes.
Others such as IL-18, which was found to be increased in chronic model of pressure overload, is
produced mainly by macrophages suggesting that overload causes the myocardium to release
chemotactic and other activating factors that recruit monocytes, which carry inflammatory
mediators to the heart *°.

The likelihood that cytokines damage the failing heart is supported by the finding
transgenic mice that overexpress TNF-a in their hearts exhibit a dilated cardiomyopathy that has
many similarities to clinical heart failure ** and that continuous infusion of TNF-a that achieve
levels similar to those seen clinically can also cause a dilated cardiomyopathy *® Now, it is
acknowledged that heart failure is accompanied by a local inflammatory response in which

cytokines are produced both by invading monocytes and locally by stressed cardiac myocytes >

36,39

1.2.2.2 TGFf: A Peptide Growth Factor

As mentioned before, the cytokine family is divided into inflammatory cytokines and

peptide growth factors. Growth factors reach their receptors on the cell surface by way of the
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extracellular fluid; their source can be distant cells (endocrine signaling), adjacent cells (paracrine
signaling), or the same cells that produce the growth factor (autocrine signaling). The cellular
effects of the peptide growth factors, like those of the inflammatory cytokines, begin when these
peptides bind to membrane receptors. The ligand-bound receptors then form aggregates that
activate either of two classes of protein kinase. In most cases, the substrate for these kinases is the
amino acid tyrosine; a major exception is the TGF superfamily, which generally activates
kinases that phosphorylate serine and threonine '. The following discussion highlights the actions
of TGFp and its effects on the heart.

TGEFp is a prototypical, multifunctional cytokine that was isolated from platelets and
characterized 2 decades ago. The name is derived from the observation that TGFf stimulates
normal cells to grow in soft agar as though they had been virally transformed. In mammals the
cytokine has 3 isoforms, TGFB1, 2, and 3, whose biologic properties are nearly identical. The
TGFP1 gene is upregulated in response to tissue injury, and TGFB1 is the isoform most
implicated in fibrosis *** In this section the generic name TGF is used in discussing properties
that are probably shared by all three isoforms; the specific isoform is mentioned, however, if it
has been identified or used in a particular study.

TGFpB1 is disulfide- linked 25-kDa dimeric protein composed of 2 subunits linked by a
disulfide bonds. It is synthesized as homodimeric propeptide, the precursor molecule, which is
cleaved proteolytically to yield a dimeric peptide fragment called latency associated peptide
(LAP) and the mature TGFB 1. This latency associated peptide remains noncovalenlty bound to
the mature TGFB1 rendering it latent and biologically inactive. This complex of LAP and mature
TGFP1 is called the small latent complex. The LAP binds to the latent TGF binding protein

(LTBP), a member of the LTBP/fibrillin family, which binds to the extracellular matrix. Latent
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TGFB1 is activated and all biological effects are exerted by active TGFB1. Latent TGFp1 is
stored at cell surfaces and in the extracellular matrix and is converted to active TGFf31 by
transient acidification, cell-cell-interactions, and proteolytic processes .4 (Figure 3).

TGFp signaling depends on two classes of TGFp receptors, called type I and type I,
which operate together in forming aggregates that mediate signals initiated by the arrival TGFp at
the cell surface. There are type III receptors but they are membrane-anchored proteoglycans that
have no signaling function but act to present TGFp to other receptors. Type I and type II
receptors include extracellular, membrane-spanning, and intracellular domains; both contain
scrine/threonine kinase catalytic activities, but only the type II receptors actually bind TGFB .
45 46,

TGFp signaling begins when two of type II receptors bind to a homodimer formed by two
TGEB molecules. The tetrameric ligand-receptor complexes formed by the TGFf dimer and the
two type II receptors then recruit two type I receptors to form a heterohexamer that activates a
latent serine/threonine kinase activity of the type II receptors. This stimulates type Il receptors to
phosphorylate the type I receptors, which activates the catalytic activity of type I receptors. This
is a key to subsequent signaling by TGFf because the activated type I receptors then catalyze a
series of serine/threonine phosphorylations that propagate the TGFP signal into the cell interior **
46

A major substrate for phosphorylation by the activated type I TGFp receptors is a family

of signaling transcription factors, called SMADS or MADS. Although each SMAD has a distinct

function, all are composed of conserved amino- and carboxyl-terminal domains known as MH1
and MH2, respectively. Studies of the TGFp signaling pathway have shown that upon activation

of TGFp1 type I receptor, SMAD2 and/or SMAD 3 transiently associate with the receptor and
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are directly phosphorylated by the receptor kinase SMADs. The phosphorylated SMAD then
forms a heteromeric complex with SMAD4, and this complex translocates from the cytoplasm to
the nucleus, where they activate specific target genes through cooperative interactions with DNA

44-46

and DNA-binding proteins """, where they generally inhibit cell proliferation and induce

fibrosis. By activating other substrates, TGFf has the ability to inhibit cell proliferation and

growth and to slow cell cycle *"*.

1.2.2.2.1 Role of TGFpI in wound healing and fibrosis. At the site of myocardial tissue
injury, TGFB1 is released from platelets, which contain high concentration of TGFf1 and platelet
~derived growth factor, and from inflammatory cells, mainly macrophages. Latent TGFB1, bound
locally to extracellular matrix, can also be activated after injury. In femtomolar concentrations,
TGFB1 is strongly chemotactic for neutrophils, T-cells, monocytes, and fibroblasts 7. Moving to
the site of injury, these cells become activated as they encounter higher (picomolar) concentration
of TGFB1. Monocytes begin secreting fibroblast growth factor, TNF-a, and IL-1, and fibroblasts
increase their synthesis of extracellular matrix proteins such as collagens, fibronectin, and

proteoglycans o4l

. TGFB1 inhibits the synthesis of the proteases for extracellular matrix proteins
and stimulates the synthesis of protease inhibitors, so as to increase extracellular matrix
deposition and prevents its degradation. TGFB1 also increases the expression of cell-surface
integrin receptors so that the cell-matrix interaction and matrix assembly are enhanced. The
biologic effects of TGFB1 are even amplified by autoinduction of its own production by these
cells. TGFB1 binds to proteoglycans in the matrix or near the cell surface and this binding may

act to terminate the production of TGFpB1 after tissue repair is complete *'#%47- 21448
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During repeated injury, there is a continuous autoinduction of TGFP1 leading to its
overproduction and to a continuous production of extracellular matrix and subsequently, tissue
fibrosis, which represents a pathologic extreme of the normal process of tissue repair. This
overproduction of TGFB1 overrides the normal termination signal and thereby perpetuates a
vicious cycle of TGFB1 overproduction leading to fibrosis *°.

Myocardial fibrosis is probably one of the major biological determinant of mortality in
cardiac diseases including CHF, severe arrhythmias, and sudden death. In fibrosis, there is a
greater collagen content, and a rigid type I collage replaces the more elastic type III collagen
enhancing myocardial stiffness. Fibrosis can generate arrhythmias because it generates
myocardial electrical heterogeneity, and hampers systolic ejection by rendering the
myocardium heterogeneous %",

It is common to identify two different types of fibrosis, namely, reparative and reactive
fibrosis. Reparative fibrosis occurs as a reaction to a loss of myocardial material (due to cell
death, after myocardial ischemia or senescence), and it is mainly interstitial. In contrast,
reactive fibrosis is observed in the absence of cell loss as a reaction to inflammation and is
primarily perivascular. Reactive fibrosis further extends into neighboring interstitial space.
During cardiac remodeling, reactive and reparative fibrosis usually coexist '°.

Several stimuli have been suggested to increase the amount of fibrous tissue in the
failing heart. One mechanism includes the action of many peptide growth factors that stimulate
growth and proliferation, which can be secreted by myocytes and nonmyocytes. TGFB1, a
peptide growth factor as described earlier, is considered one of the major promoters of fibrosis.

Angiotensin Il provides another stimulus for fibrosis. This peptide acts directly to promote

fibrosis *', and indirectly to regulate the levels of additional signaling molecules such as TGFp1
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>2 that regulate tissue repair. Aldosterone, a steroid whose production is stimulated by the renin-
angiotensin system, has been suggested to play a major role in stimulating fibrosis in the failing
heart ** . Another mechanism that can lead to fibrosis in the failing heart is the inflammatory
response. Locally produced cytokines can activate macrophages and monocytes, which then
attract and activate fibroblasts. Perhaps the most important cause of this inflammatory response,
and thus fibrosis of the failing heart, is necrosis, which evokes an inflammatory response that

leads to a robust fibrotic reaction *> .

1.2.3 Role of Neurohormonal Mediators

The neurohormonal mediators, a variety of chemical structures, are extracellular
messengers that bind to specific receptors so as to modify intracellular signaling cascades not
only in the heart but also in other organs and tissues, including the kidneys, blood vessels, and
skeletal muscle. They are responsible for eliciting the hemodynamic defense reaction, whose
main three components are salt and water retention, vasoconstriction, and cardiac stimulation >*
10 Despite the persistence of injury or insult in the heart, the cardiac output and function heart
can be maintained by compensatory mechanisms such as hypertrophy, neurohormonal factors,
vasoconstriction, and fluid retention by the kidneys and heart dilatation. Although the ejection
fraction continues to decline, the cardiac output and arterial pressure can be maintained by
different mechanisms of adaptation. At the renal level, water and salt retention can help increase
the cardiac output. The sympathetic system is activated by the baroreceptors and it stimulates, by
the secretion of adrenaline and noradrenaline, an augmentation in the cardiac rhythm and

2,3,10

contraction, and peripheral vasoconstriction . The renin-angiotensin- aldosterone system is

activated to induce both water retention and peripheral vasoconstriction *°. Other hormones are
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secreted in response to the hemodynamic imbalance such as vasopressin and endothelin.
Vasopressin, an anti-diuretic hormone released by the hypothalamus in response in to the
increase in the plasma osmolality, gives a feeling of thirst, induces vasoconstriction, and water
retention by the kidneys. Endothelin expression is stimulated by the presence of other factors
such as angiotensin II, catecholamines and vasopressin, which induce the release of its precursor,
preproendothelin, which is cleaved into proendothelin and finally into endothelin. Endothelin
induces peripheral vasoconstriction, increases myocardial contractility, stimulates aldosterone
secretion, and inhibits sodium and water excretion by the kidneys *’.

In the long term, all these changes become highly maladaptive and responsible for
progression of remodeling. In fact, augmentations in water and salt retention as well as peripheral
vasoconstriction along with the elevated pressure increase the workload of the heart. In the long
term, that will lead to the formation of edema and pulmonary congestion > °,

In the following discussion, we will focus on angiotensin II and its effects in the failing heart.

1.2.3.1 Renin-Angiotensin System. Activation of the renin-angiotensin system plays a
relatively minor role in the short-term response to exercise but it is of greater importance in
restoring fluid volume after hemorrhage, which is an adaptive response. In heart failure,
however, most of the long-term effects of angiotensin II are maladaptive 33,34, and 56

Two enzymatic cleavages convert the inactive precursor angiotensinogen into the active
octapeptide angiotensin II. The first, proteolysis by renin, releases the decapeptide angiotensin I.
Additional proteolytic reactions, notably that catalyzed by an enzyme generally referred to as
angiotensin-converting enzyme (ACE), generates the octapeptide angiotenisn II. Angiotensin II

can also be released from angiotensin I by chymase and synthesized directly from

angiotensinogen by the proteolytic actions of kallikrein and cathepsin G. Furthermore,
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Figure 4. Activation of Angiotensin II and its Receptor Subtypes
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angiotensin Il can undergo further proteolysis to generate additional biologically active
peptides *° (Figure 4).

Angiotensin II has 4 types of receptors: AT1, AT2, AT3, and AT4. The AT1
receptors, which predominate in the adult heart, are 7- transmembrane- spanning, G protein-
coupled receptors that lack intrinsic tyrosine kinase activity. AT1 receptor is further subdivided
into AT14and AT1g which are similar with regard to amino acid sequence, pharmacological
properties and tissue distribution patterns. AT1 receptor is ubiquitously and abundantly
distributed in adult tissues, including blood vessel, heart, kidney, adrenal gland, liver, brain and
lung. AT1 receptor mediates all the classic well-known effects of angiotensin I, such as
elevation of blood pressure, vasoconstriction, aldosterone release from the adrenal gland, and
renal sodium and water absorption (Figure 4). The AT1 receptors in the heart can be viewed as
activator receptors; they increase in cardiac contractility, cause tissue fibrosis, stimulate cardiac
myocyte hypertrophy and promote necrosis. The AT2 receptor is ubiquitously expressed in
developing fetal tissues, suggesting a possible role in fetal development and organ
morphogenesis. In contrast, AT2 receptor expression rapidly decreases after birth, and in the
adult, expression of this receptor is limited mainly to the uterus, ovary, certain brain nuclei, heart
and adrenal medulla. Angiotensin II activation of AT2 receptors generally has inhibitory effects
that are opposite to those initiated by AT1 receptor activation; these include vasodilatation and
growth inhibition (Figure 4). As for AT3 and AT4, their structures, their physiologic functions as
well as their pharmacological properties remain poorly defined ** %,

Interestingly, Angiotensin II, via AT, receptor, activates a diversity of intracellular
signaling cascades in neonatal rat cardiac myocytes, although the role of these signaling cascades
in myocyte hypertrophy or gene reprogramming remains to be elucidated. Cardiac myocyte AT,

receptor couples to a heterotrimeric G protein, Gq. As with other G protein-coupled receptors,
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Figure 5. Actions of Angiotensin II in the Failing heart
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Angiotensin II stimulates phosphatidylinositol-specific phospholipase C (PLC)-B isoform
through G, and the activation of PLC causes increases in inositol triphosphate and
diacylglycerol, which in turn lead to an increase in release of Ca’" from intracellular stores and
activation of protein kinase C (PKC), respectively % Besides the above-mentioned basic cascades
via G, it has been reported that Angiotensin II in neonatal rat cardiac myocytes activates tyrosine
kinases (extracellular signal-regulated kinases (ERKs), c-Jun amino-terminal kinases (JNKs) 17,59,
89 70-kDa ribosomal S6 kinase (p70S6K), 90-kDa ribosomal S6 kinase (p90RSK) 6 p2lras 60,
and phospholipases A; and D and increases phosphatidic acid and arachidonic acid 62,

Angiotensin Il is a critical mediator of cellular changes associated with left ventricular
hypertrophy, post myocardial infarction remodeling, and heart failure 5436 Angiotensin II can
directly stimulate proliferation of cardiac fibroblasts and production of extracellular matrix
proteins, such as collagen, which contributes to an increase in cardiac muscle stiffness and the
development of diastolic dysfunction 19.51.59.and 63 1t increases the expression of mRNAs

encoding for TGFp1 52 and there is cross talk between angiotensin Il and SMAD proteins 64,

which are phosphorylated by TGFB1 and enter the nucleus where they generally inhibit cell

44-46

proliferation and induce fibrosis (Figure 5). In cardiac myocytes, angiotensin II induces

expression of proto-oncogenes and fetal genes, and enhances protein synthesis leading to

myocyte growth and hypertrophy 54.63.67 It induces cell death ®® and increases the activity of

113, 17,22 21,22,25

MAPKs "-3%%81 " which play a role in cardiac hypertrophy and apoptosis (Figure
5).

Angiotensin II not only act on the target organs involved in the hemodynamic defense
reaction but also regulates other mediators of the hemodynamic defense reaction. The latter

interactions can also be of considerable clinical importance. For example, the ability of
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angiotensin II to stimulate the secretion of aldosterone, vasopressin, catecholamines, and
endothelin leads to regulatory amplifications that worsen many of the vicious cycles seen in heart
failure patients >* .

Chronic administration of ACE inhibitors, which prevents the conversion of angiotensin I to
angiotensin II, or AT1 antagonists attenuates cardiac fibrosis, improves left ventricular function,

prevents heart failure progression and improves survival in heart failure patients 19, 65,66,

1.2.4 Experimental Models

Heart failure has been the topic of numerous studies, with different experimental models
used. Heart failure can be induced subsequent to myocardial infarction. One approach used is
ligature of the coronary artery, which generates ventricular ischemia and myocardial infarction,
and after a longer period of time leads to development of heart failure % In addition to ligature,
other methods can be employed to induce myocardial infarction, such as coronary artery
embolization with a catheter and microembolization by injection of microspheres. Heart failure
can also be induced by pressure load, achieved by constriction of the pulmonary artery or the
aorta, leading to stenosis in the pulmonary valve or the aortic valve, or by inducing hypertension
by constricting the renal arteries. It is also possible to provoke volume loading, for example by
creation of aorta-to-vena cava fistulae, aortic valve incompetence, and atrial septal defects 6,
Rapid ventricular pacing, achieved by implanting a pacemaker, is another approach for inducing
heart failure. In the dog, for example, the tachycardia, induced by rapid pacing reaching 220 to
240 beats per minute for five weeks, leads to work overload and induces the development of
progressive congestive heart failure " Administration of drugs such as Adriamycin and

streptozocin, induction of vitamin E deficiency or viral cardiomyopathy are all other approaches
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used to develop a cardiomyopathy % Finally, a large spectrum of transgenic mice, affecting a
variety of important genes whether for the contractile system, neurohormones, or different
molecules in the cellular signaling, were developed to identify the complicated pathological

mechanisms implicated in the development of heart failure n

1.2.5 Atrial and Ventricular Remodeling in the Literature

There has been extensive investigation of the remodeling caused by CHF at the
ventricular level. Much less information is available about the effects of CHF on atrial
remodeling, despite the clinical importance of CHF as one of the most clinical causes of atrial
fibrillation, most common sustained arrhythmia 2 To date, Heinke et al 3 compared the number
of apoptotic cells in the ventricular and atrial myocytes in ventricular tachypacing-induced heart
failure in dogs. He found that the apoptotic ventricular myocytes in dogs subjected to 3-4 week of
pacing is greater than apoptotic atrial myocytes. A study by Nakajima et al ™ has shown that
overt fibrosis was observed only in the atria of TGFB1-overexpressing mice, despite the presence
of similar levels of active TGFP1 in the transgenic atria and ventricles. Another study by
Warnecke et al 7> has found that angiotensin type I receptor AT1 splice patterns differ distinctly
between atria and ventricles and to a lesser degree between controls and failing hearts, suggesting
differences in AT1 mRNA translation into protein in the various cardiac areas and under different
pathophysiological conditions. Khadour et al "® have reported that levels of endothelial NOS
(eNOS) protein were enhanced in the left atria but not ventricles after 21 days of pacing,
suggesting that NO production may be enhanced to counterbalance hypertrophy that develops

during pacing-induced CHF and to participate in the hemodynamic defense reaction.



36

1.2.6 Arrhythmias in CHF

1.2.6.1Ventricular Arrhythmias. Many of the patients with CHF who die suddenly
probably suffer a lethal ventricular arrhythmia. Ventricular arrhythmias are often divided into two
classes: the bradyarrhythmias, in which the heart beats too slowly, and the tachyarrhythmias, in
which ventricular rate is either too rapid to allow the heart to pump normally or else ventricular
depolarization becomes so disorganized as to cause effective contractions to cease; the latter is
ventricular fibrillation. Both of these arrhythmogenic mechanisms operate in the failing heart;

both can cause death ”’.

1.2.6.2 Atrial Arrhythmias. Congestive heart failure is one of the most common clinical
causes of atrial fibrillation (AF), the most common sustained arrthythmia 72 This arrhythmia is
defined by a very rapid atrial rate (generally >400/min in humans) along with irregular atrial
activation and a lack of a repetitive pattern of coordinated atrial activity on the electrocardiogram
(ECG). AF is associated with a variety of complications, including thromboemboli resulting from
coagulation in the relatively static atrial blood pool, a loss of the fine adjustment of ventricular
rate to the body’s precise metabolic needs, potential impairment of cardiac function (particularly
if the ventricular response is rapid), and subjective symptoms like palpitations, dizziness,

breathlessness, and chest pain "> 7.

The prevalence of atrial fibrillation with a progressive degree of congestive heart failure is
increasing, as judged by New York Heart Association functional class. Most evidence suggests
that patients with heart failure and atrial fibrillation have a worse prognosis than patients with
heart failure but no AF ’®*. Moreover, the presence of congestive heart failure has been

identified as one of the most powerful independent predictors of atrial fibrillation, with a six-fold
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increase in relative risk of its development. On the other hand, atrial fibrillation can cause or
significantly aggravate symptoms of congestive heart failure in previously asymptomatic or well-
compensated patients "> %, In some patients, symptomatic dilated cardiomyopathy may develop
over time entirely due to atrial fibrillation with rapid ventricular rates. Upon restoration of sinus
rhythm, this type of "tachymyopathy" has been shown to be often reversible. Recent
investigations of the physiologic and structural changes of the atrial myocardium ("electrical and
structural remodeling") have shown that neurohumoral activation, fibrosis, and apoptosis are
demonstrable with both diseases '*%®'. On the other hand, experimental data suggest that
experimental CHF strongly promotes the induction of sustained AF by causing interstitial fibrosis
that interferes with local conduction ***. The substrates of AF in CHF are very different from
those of atrial tachycardia-related AF, with important potential implications for understanding,

treating, and preventing AF related to CHF 7% %% 8¢,

Clinical studies show activation of the renin-angiotensin system and MAPKs, particularly
ERK, in AF %. In canine CHF, atrial angiotensin concentrations are increased and MAPKs are
activated ', Enalapril attenuates these changes, reducing atrial fibrosis and AF promotion .

Transient activation of cell death pathways may also be important in the development of fibrosis

50

1.2.6.2.1 Options for Therapy for patients with HF and AF. The continued cycle of HF
predisposing to AF and AF exacerbating HF argues for interventions to break this cycle. Patients
with severe heart failure and atrial fibrillation have reduced cardiac output and reduced peak
exercise performance compared with patients with HF with sinus thythm. This suggests that
restoration or maintenance of sinus rhythm may contribute to improved survival. The data,

however, to support interventions which maintain or restore sinus rhythm is lacking 7880
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Some randomized trials have demonstrated improved survival among patients with HF
and AF who revert to sinus rhythm. For example, among patients enrolled in CHF-STAT, lower
mortality was observed in patients with AF at baseline who converted to sinus rhythm on
amiodarone compared with those who did not convert to sinus rhythm. Similarly, among the
patients enrolled in the Danish Investigations of Arrhythmia and Mortality on Dofetilide
(DIAMOND) congestive heart failure and myocardial infarction studies, restoration of sinus

rhythm was associated with a significant reduction in mortality 78,80,

Current therapeutic options for patients with HF with AF are varied. First-line options
include rate control and anticoagulation or medical therapy to restore and maintain sinus rhythm.
Quality of life improves with both rate control and rhythm control. Other therapies are available
for patients who fail the initial management strategies. Atrioventricular node ablation and
pacemaker implantation provide effective rate control and improve quality of life. Catheter
ablation to restore and maintain sinus thythm and implantable device-based therapies (pacing,
pacemakers and implantable defibrillators with antitachycardia pacing and/or defibrillation

therapies) also may be considered *°.

Our improved understanding of the pathophysiology of AF and HF and our increased
understanding of their complex interactions may provide avenues for future interventions. For
example, therapies that interfere with signal transduction or directly prevent ion channel
alterations could prevent or reduce atrial remodeling 8! The prevention of atrial remodeling may
be useful to prevent development of AF substrate 50-82.84 The effectiveness of angiotensin
antagonism in reducing arrhythmogenic CHF-related atrial remodeling by reducing structural
remodeling, namely interstitial fibrosis *, may account for the efficacy of converting-enzyme

inhibitors in preventing AF in myocardial infarction patients with left ventricular dysfunction 6
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Atrial histopathology in other AF-related clinical conditions is similar to that in experimental
CHF, so angiotensin antagonism might have a broader-applicability in AF therapy "®. The
development of antiarrhythmia drugs specifically targeting the atrium may allow for

antiarrhythmia therapy without the danger of ventricular proarrhythmia *.

2. Questions raised and Hypothesis

Heart failure represents the final common pathway by which a number of disorders
damage the heart so as to cause disability and premature death '. Heart failure, as well, begets
atrial fibrillation, which is responsible for considerable morbidity and medical costs, and
increased mortality in patients with congestive heart failure ® °. It was previously shown that
heart failure leads to structural remodeling in atria ® and ventricles '°, therefore a
pharmacological intervention that reduces this remodeling may prevent the progressive
deterioration of the heart and the incidence of atrial fibrillation ** *2. Atrial fibrillation (AF) is the
most common sustained arrhythmia in clinical practice ®'. Ventricular tachypacing tachycardia
(VTP)-induced Congestive heart failure (CHF) produces atrial interstitial fibrosis in dogs
comparable to atrial pathology in clinical AF 8 and strongly promotes AF maintenance 19.50, 84,
The likelihood of AF increases with increasing extent of fibrosis, which follows a characteristic
set of cellular responses *°. Activation of renin-angiotensin system leads to cardiac fibrosis in

19, 50, 63, 66, 85, 86

hypertensive heart disease ' *°, CHF, and myocardial infarction . Angiotensin Il is

19, 50

an important mediator in CHF-induced structural remodeling and induces apoptosis in

cardiomyocytes 68, Apoptosis causes cell loss in CHF and may be a significant determinant of
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prognosis. Preliminary observations from our lab have suggested that fibrosis may be greater in
the atria than in the ventricles and that atrial apoptosis is transient and peaks at early stage of
ventricular tachypacing in dogs (24hrs), however Cesselli et al *7 have shown that ventricular
apoptosis is slow and progressive in the same model. These observations led us to propose the
following questions: 1) is fibrosis different in atrial vs. ventricular remodeling in CHF? If so, 2)
will cell death and apoptosis be different in atria vs. ventricles? 3) Is the inflammatory response
different in atria vs. ventricles? 4) Are tissue angiotensin II and TGF@1 implicated in atrial and
ventricular remodeling in CHF? 5) Will studying the temporal evolution of CHF help us

understand the underlying signaling mechanisms involved in atrial and ventricular remodeling?

Our working hypothesis was that there are differences in the mechanisms and
consequences of atrial vs. ventricular remodeling in response to CHF, and this remodeling
involves a series of events that implicates the renin-angiotensin system, cytokines, MAPKs, cell
death and apoptosis, and finally development of fibrosis. To approach this hypothesis, we needed
to determine the temporal evolution of molecular and histological changes in the atria and
ventricles of dogs during ventricular tachypacing-induced congestive heart failure. Five groups of
6 dogs each were subjected to ventricular rapid pacing for 0, 24 hours, 1, 2, or 5 weeks. For each
group, the atrial and ventricular tissues were examined separately. We determined the
concentration of tissue angiotensin II by ELISA. The expression of the active form of TGFf1
was measured by Western Blot. The expression of the phosphorylated (active) forms of P38,
ERK1/2, and INK MAPKs was evaluated by Western Blot. For detection of apoptosis we used
TUNEL staining, a method of end labeling mediated by deoxynucleotidyl transferase enzyme.
Finally, histological sections of the atria and ventricles were used to quantify fibrosis (Masson

trichrome staining), the presence of inflammatory cells (HPS staining), and total cell death (HPS
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staining) including both necrotic and apoptotic cardiac myocytes. The following article describes

the results obtained and is submitted for revision to the journal Cardiovascular Research.
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Abstract
Nessrine Hanna, Sophie Cardin, Tack-Ki Leung, Stanley Nattel. Differences in atrial
versus ventricular remodeling in dogs with ventricular tachypaced-induced congestive
heart failure

Background: Congestive heart failure (CHF) causes arrhythmogenic remodeling in both
atria and ventricles, but differences between atrial and ventricular remodeling in CHF have not
been well characterized. Methods and Results: We examined atrial and ventricular tissues from
dogs with CHF induced by ventricular tachypacing (220-240/min) for 0 (control) or 24 hours, or
1,2, or 5 weeks. Histopathology was used to assess apoptosis, fibrosis, white blood cell
infiltration and cell death, ELISA to measure angiotensin-II concentration and Western blot to
evaluate protein expression. Ventricular tachypacing-induced CHF was associated with

substantially more fibrosis in left atrium (maximum 10+1%, at 5 weeks) than in left ventricle

(0.420.1% at 5 weeks, P<0.01 versus left atrium). Tissue angiotensin-II concentration increased
to steady state in atrial tissue at 24 hours but increased more slowly in left ventricle, with a
maximum that was significantly higher in atrium than ventricle. Ventricular tachypacing caused
tissue apoptosis, inflammatory cell infiltration and cell death, with maximum changes in left
atrium being faster, transient and larger than in left ventricle. Mitogen activated protein kinase
activation (Western blot) was rapid (within 24 hours) in left atrium, but smaller and slower (p38,
c-Jun N-terminal kinase) or non-significant (extracellular signal-related kinase) in left ventricle.
The 25-kDa activated form of transforming growth factor 1, a particularly important profibrotic
mediator in atrium, increased significantly (Western blot) in left atrium, from 2.6+0.6 (control) to
9.2+1.7 (24 hours) and 8.1+1.8 optical density units (1 week), but was not significantly changed
in ventricle. Conclusions: There are qualitative and quantitative differences in atrial versus

ventricular remodeling in experimental ventricular tachypacing-induced CHF, with potentially



44

important consequences for understanding underlying mechanisms and developing new

therapeutic approaches.

Angiotensin; Atrial fibrillation

1. Introduction

Myocardial remodeling is an important component of the congestive heart failure (CHF)
syndrome [1]. Atrial fibrillation (AF) is the most common sustained arrthythmia in clinical
practice and CHF is one of the most important causes of AF [2]. Clinical AF is often associated
with significant atrial interstitial fibrosis, and a similar pathological picture is produced, along
with a susceptibility to the induction of long-lasting AF, by ventricular tachypacing-induced CHF
in the dog [3]. Tachycardia-induced CHF is reversible upon cessation of tachypacing, and with
reversal of CHF there is full recovery from CHF-associated atrial electrophysiological (4) and
ionic (5) remodeling. However, atrial interstitial fibrosis persists (4, 5) and the ability to induce
long-lasting AF remains, pointing to a central role for tissue fibrosis in the CHF-associated AF
substrate. The likelihood of AF increases with increasing extent of fibrosis, which follows a
characteristic set of cellular responses [6]. Ventricular tachypacing-induced CHF also induces
ventricular remodeling [7], with some elements (e.g. development of apoptosis, chamber dilation,
cell death) qualitatively similar to those observed with atrial remodeling, but also some apparent
differences. We were unable to identify studies in the literature that compare the details of atrial
versus ventricular remodeling in CHF. The present study was therefore designed to compare the
time course and magnitude of changes in tissue angiotensin-II concentration, apoptosis, white-
cell infiltration, cell death, fibrosis and activation of mitogen activated protein kinases and tumor-
related growth-factor-p (TGFf), with the use of matched left atrial and left ventricular samples

from dogs with tachypacing-induced CHF. We have previously characterized a number of these
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variables at the atrial level in the same model [6], but did not at the time plan to analyze
ventricular changes and therefore had no stored ventricular tissues from the earlier study. We
therefore performed all measurements at both the atrial and ventricular level for each dog in this
new series of experimental animals, to eliminate potential contaminating effects of inter-animal,
inter-investigator, seasonal and time-related differences on the results of the atrial versus

ventricular remodeling comparison.

2.  Materials and Methods

Five groups of mongrel dogs weighing 24-37 kg were subjected to ventricular tachypacing
for: 0 (controls), 24 hours, 1, 2, and 5 weeks. Previously described techniques [3-6] were used
to pace the right ventricle at 240 bpm for 3 weeks, with the rate then decreased to 220 bpm to
limit mortality. On the study day, the pacemaker was deactivated. Dogs were then anaesthetized
(morphine, 2 mg/kg sc; a-chloralose, 120 mg/kg i.v. loading dose, 29.25 mg/kg/h i.v.
maintenance infusion) and ventilated. Body temperature was maintained at 37°C, and femoral
arteries and veins were cannulated. A median sternotomy was performed and a fluid-filled
catheter was used to obtain right atrial and left ventricular pressures. Dogs were sacrificed by o-
chloralose overdose and hearts removed for subsequent analysis. For terminal-dUTP nick-end
labeling (TUNEL) and histopathological studies, hearts were immersed into 10%-neutral buffered
formalin and embedded in paraffin. For molecular biology analyses, hearts were snap-frozen in

liquid nitrogen and kept at -80°C.
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2.1.  Histopathology

Lung wet weight to dry weight ratio was determined at autopsy as an indicator of total lung
water. Left ventricular chamber diameter was also measured at autopsy. Samples were then
taken from the left atrial posterior and inferior walls, and left ventricular anterior, lateral and
posterior free walls, with 5-pum sections cut along longitudinal and transverse planes for each
region. Since histopathological changes were found to be spatially consistent, results are
presented as averages for all atrial and ventricular regions in each dog. Connective tissue content
was quantified as previously described [3-6], with the use of SigmaScan (Jandel Scientific), as a
percentage of surface area, excluding blood vessels, on Masson trichrome-stained sections. To
analyze cell death, sections were stained with hematoxylin-phloxin-safran (HPS). Dead

(acidophilic) and viable cells were counted in 15 transverse-section fields at 400 x. HPS-stained
longitudinal sections were used to quantify white-cell infiltration at high magnification (1000 x)

for 12 high-powered fields of each slide.

2.2. TUNEL Staining

Paraffin-embedded sections were deparaffinized, rehydrated, and saponified and marked
with Biotin-dUTP via deoxynucleotidyl transferase (TdT, Boehringer-Mannheim). Slides were
then incubated sequentially with 1:50 extravidin-fluoresceinisothiocyanate (FITC), 1:40 a-
sarcomeric actin antibody, 1:100 tetramethylrhodamine (TRITC)-coupled anti-mouse IgG and

propidium iodide to detect cardiomyocyte apoptosis.

2.3. Western blots
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Protein extracts (200 pg) obtained as previously described [6, 8] were denatured and
subjected to electrophoresis on 12 or 15% sodium dodecyl sulphate (SDS) polyacrylamide gels.
Proteins were transferred to nitrocellulose membranes (0.45 um), blocked for 90 minutes with
5% nonfat dry milk in 0.1% Tween 80 / Tris-buffered saline and incubated overnight in primary
antibody solutions. After 3 washes in 0.1% Tween 80 / Tris-buffered saline, membranes were
incubated with horseradish peroxidase-conjugated primary antibodies in 5%- nonfat dry milk in
Tween 80 / Tris-buffered saline for 90-120 minutes, followed by 4 washes in the same solution.
Antibodies were detected with chemilumescence and quantified by laser densitometry. Each gel
contained matched samples from control left atrium and ventricle, as well as from left atrium and
ventricle from dogs with different durations of ventricular tachypacing, in order to ensure
comparison between control and tachypaced dog tissues under identical handling and exposure
conditions. Membranes were then stripped, re-blocked with 5%-nonfat dry milk for 2 hours and
then re-probed with GAPDH as an internal standard. Values presented are ratios between target
and GAPDH band density.

Primary antibodies were: rabbit anti-extracellular signal related kinase (ERK) polyclonal
IgG, rabbit anti-p38 polyclonal IgG, rabbit anti-c-Jun N-terminal kinase (JNK) polyclonal IgG
(Cell Signaling), rabbit anti-TGFB1 polyclonal IgG (Santa Cruz), and mouse anti-GAPDH
(Research Diagnostics). Mitogen activated protein (MAP) kinases were probed with antibodies
raised against phosphorylated forms, which detect only MAP kinases catalytically-activated by
threonine- or tyrosine-phosphorylation, as well as with antibodies that detect total MAP kinase
expression. No differences were seen in the response of 44 (ERK isoform 1) versus 42 (ERK
isoform 2) kDa ERK and 54 versus 46 kDa JNK; therefore results are presented as average band

densities of the 2 moieties.
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2.4. Angiotensin-1I
Tissue angiotensin-II concentration was measured by Enzyme-Linked ImmunoSorbent
Assay (ELISA, Peninsula Laboratories) as previously described [8]. Absorbance at 450 nm was

recorded, and concentration was calculated from a standard curve generated for each experiment.

2.5. Statistical analysis

All assays were based on separate parallel determinations for left ventricle versus left
atrium in each heart, and no pooling of samples was used. Multiple group means were compared
by analysis of variance. Dunnett's or Mann-Whitney U-tests were performed when the variance
was homodecatic or heterodecatic respectively. Paired Student’s #-test or Wilcoxon’s signed-
ranks test were used to compare mean left atrial with left ventricular values, based on data sets
containing paired values obtained from matched tissue samples in each animal. Results are

meantS.E.M., and a 2-tailed P<0.05 was considered statistically significant.

3. Results
3.1.  Time-dependent development of indices of CHF
Overall group characteristics and hemodynamic data are provided in Table 1. Indices
reflecting left ventricular hypertrophy (increased heart weight/body weight ratio) and dilation
(augmented left ventricular diameter) were evident by 1 week of ventricular tachypacing,
whereas indices more reflective of decompensated CHF (elevated right atrial pressure, left
ventricular end-diastolic pressure, increased lung wet weight/dry weight ratio) achieved

statistically significant differences only at 5 weeks.
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3.2. Tissue fibrosis

Under baseline conditions, very little fibrous tissue was apparent in either left atrial (Fig.
1A, left) or left ventricular (Fig. 1B, left) samples, whereas at 5 weeks there was clear tissue
fibrosis (Fig. 1, right panels), which was particularly marked at the atrial level. Fibrous tissue
content increased progressively during ventricular tachypacing in both atrium and ventricle (Fig.
1C), but the fibrous tissue content was substantially and significantly greater in left atrium than

ventricle (e.g., at 5 weeks, 9.9+1.3% in left atrium versus 0.4+0.1% in left ventricle, P<0.01).

3.3. White cell infiltration

Figures 2A and 2B show HPS-stained left atrial and ventricular sections from a control
(left) and 24-hour tachypaced (right) dog. After 24-hour ventricular tachypacing, the number of
leukocytes in left atrial sections increased ~8-fold, accompanied by perceptible tissue edema and
evident cell death. Changes in left ventricular tissue were subtler. The time course of leukocyte
infiltration was different in atrial compared to ventricular tissue (Fig. 2C), with left atrium
showing a rapid and transient ~10-fold rise to a peak value of 2.1+0.2 white blood cells/high-
powered field at 24 hours, whereas in left ventricular tissue the leukocyte count showed smaller
absolute changes (maximum 0.5+0.1 white blood cells/high-powered field at 1 week, P<0.01
versus maximum value in left atrium) but remained significantly increased over the entire 5-week

ventricular tachypacing interval.

3.4. Cell death and apoptosis
Non-viable acidophilic cardiomyocytes were apparent as acidophilic, pink-staining cells in

tissue sections from dogs exposed to ventricular tachypacing (Figs 2A, 2B, right panels). The
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number of dead cells in left atrial sections peaked at 6.9+0.9/10° cardiomyocytes after 24-hour
tachypacing (Fig. 3A), at which point atrial cell-death was much greater than ventricular, and
decreased progressively thereafter. Cell-death count increases were slower but more sustained in
left ventricular tissues, with a value (2.0£0.3/10° cardiomyocytes) at 5 weeks that was
significantly greater than the atrial value at the same time point. The density of TUNEL-positive
cells also increased transiently in left atrium, reaching a maximum of ~10-fold control at 24

hours. contrasting with a slower but more progressive increase in left ventricle (Fig. 3B).

3.5 Tissue angiotensin-1I concentrations

Atrial angiotensin-II concentrations increased significantly after 24 hours of ventricular
tachypacing, reaching ~4 times control values, and remained elevated thereafter (Fig. 4).
Angiotensin-II concentrations increased to a lesser extent in left ventricle, with the increase
achieving statistical significance only at 5 weeks, at ~2 times control values. Angiotensin-II
concentrations were significantly greater in atrial than ventricular tissues at all tachypacing

intervals studied.

3.6. MAP kinase expression

Figure 6 shows Western blots for phosphorylated and total MAPK expression in left atria
and left ventricles in different pacing groups. Phosphorylated ERK expression in left atrium
mcreased to a maximum after 24 hours and declined slowly thereafter (Fig. 6A). Ventricular
tachypacing did not significantly affect phosphorylated ERK expression in left ventricular
tissues. Phosphorylated JNK expression peaked at 24 hours in left atrium and then returned

towards control values (Fig. 6B). A statistically significant increase in ventricular
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phosphorylated INK expression was only seen after 5 weeks of tachypacing. Unlike the transient
changes in left atrial phosphorylated ERK and JNK expression, increases in atrial phosphorylated
P38 expression were sustained over the full range of ventricular tachypacing intervals. There
were no significant differences in left atrial versus left ventricular phosphorylated P38 expression
over the observation period. Total ERK, p38, and JNK expression did not change significantly

with ventricular tachypacing in either left atrium or ventricle (Figure 7).

3.7. TGFBI

Figure 8 shows Western blot data for TGFB1 expression. TGFp exists in a membrane and
matrix bound, inactive ~50-kDa form (in a complex including TGFB1 and latency-associated
peptide) and an activated ~25-kDa form [9]. Ventricular tachypacing increased the intensity of
bands corresponding to the 25-kDa activated form in left atrial tissues (Fig. 6A), whereas changes
in left ventricular bands were smaller. Left ventricular bands were generally less intense than left
atrial following tachypacing (Fig. 6A). The time course of TGFf1 changes varied somewhat
among gels, with increases in atrial expression being clearest at 1 week in the example shown.
Overall, mean 25-kDa TGF band densities increased ~3.5- and 3.1-fold at 24 hours and 1 week
respectively in left atrial tissues (Fig. 6B), but changes in left ventricular samples were smaller
and did not reach statistical significance. The density of the 50-kDa band was consistent over

time, with no changes seen with tachypacing.

4.0. Discussion
In this study, we have compared directly atrial versus ventricular remodeling as a function

of time in dogs with CHF induced by ventricular tachypacing. There were clear and consistent
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differences between left atrial and left ventricular remodeling, with a variety of changes in left
atrium (white cell infiltration, apoptosis, MAP kinase and TGFp activation) being faster,
quantitatively greater and more transient than in left ventricle, and with tissue fibrosis being

much more intense in left atrial tissue.

4.1.  Atrial versus ventricular remodeling in CHF

Many studies have considered ventricular remodeling in CHF (for an overview, see recent
review by Gaballa and Goldman [10]. CHF-related atrial remodeling has great significance for
the pathophysiology of AF and appears to be a useful paradigm for a broad range of clinical
conditions in which AF is associated with structural remodeling [3]; however, there is relatively
little information available about the development of atrial structural remodeling in experimental
models. Patients with clinical AF and impaired left ventricular function have an increased rate of
TUNEL-positivity indicating apoptosis, evidence of caspase-3 activation and of BCL-2
downregulation [11]. Atrial ERK activation [12] and changes in atrial angiotensin receptor
expression suggestive of increased angiotensin-1I stimulation (downregulation of angiotensin-1
and upregulation of angiotensin-2 receptors) [13] have been noted in AF patients. A variety of
changes in atrial signaling systems have been noted in atrial samples from AF patients [14], but
the extent to which the changes are due to AF per se, as opposed to being a consequence of
underlying heart disease, is uncertain.

Atrial structural remodeling is prominent in ventricular tachypacing-induced experimental
CHF, in which it appears to play a central role in the AF substrate and in associated atrial
functional impairment [3-5, 15]. Both angiotensin-II dependent and independent pathways

appear involved in the prominent atrial remodeling response [6], and there is evidence for a role
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of matrix metalloproteinases [16,17]. Disintegrin metalloproteinases are also activated in CHF
[18], and their expression is increased in atrial tissue samples from AF patients [19]. Activation
of MAP kinase and apoptotic pathways are also demonstrable in animal models of CHF [6].
Inhibition of atrial apoptosis and ERK activation by converting enzyme inhibitors reduces, but
does not eliminate, the development of atrial fibrosis, indicating the importance of additional
pathways [6].

In the present study, we report for the first time detailed comparisons of atrial versus
ventricular remodeling in experimental CHF induced by ventricular tachypacing, based on the
analysis of measurements on matched atrial and ventricular tissue samples from each dog. Our
results show important differences between atrial and ventricular tissue in the time course and
magnitude of a variety of important remodeling-induced changes. A wide range of alterations,
including leukocyte infiltration, cell death, apoptosis, and ERK and JNK activation, were larger
in atrium, occurred earlier and showed a more transient profile compared to ventricle. These
observations suggest a more acute and severe stress on the left atrium compared to the left
ventricle. One possible explanation is that the thin-walled atrium is more severely affected than
the ventricle by the acute hemodynamic stress imposed by severe ventricular tachyarrhythmia. In
addition, tachypacing-induced CHF frequently causes at least moderate mitral regurgitation [3],
which would cause an additional excess pressure load on the left atrium. The development of
atrial fibrosis may help the atrium to adapt to these stresses by increasing atrial stiffness, possibly
explaining the attenuation of changes in atrial cell death, leukocyte infiltration and apoptosis over
time in parallel with the progressive development of atrial fibrosis. The relative lack of left
ventricular fibrosis may be functionally important, because increased ventricular stiffness would
be maladaptive in CHF. Although the maximum magnitude of a variety of responses were

greater in the left atrium compared to the left ventricle, the transient nature of atrial changes
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contrasted with more progressive and persistent alterations in the left ventricle, so that
statistically significant increases in white cell infiltration, apoptosis, cell-death and
phosphorylated JNK and p38 expression were noted in left ventricular but not atrial tissues after
5 weeks of tachypacing. Such progressive changes may contribute to continuing left ventricular
deterioration in CHF.

MAP kinases play an important role in myocardial remodeling [20]. Recent work indicates
that rabbits with 3-week tachypacing-induced CHF have increased ventricular expression of
phosphorylated JNK and p38, but not of phosphorylated ERK [21]. We similarly failed to
observe changes in ventricular ERK phosphorylation with ventricular tachypacing-induced CHF,
but noted statistically significant increases in phosphorylated JNK and p38 expression at 5 weeks.
In contrast, atrial phosphorylated ERK expression was significantly increased at 24 hours to
2 weeks after tachypacing onset, consistent with previous evidence for ERK activation at the
atrial level in AF patients [12] and in previous studies of atrial tissues from dogs with CHF [6].
These results suggest that ERK activation may play a more important role in atrial than

ventricular remodeling associated with CHF.

4.2.  Potential significance of our findings
The prevention of atrial remodeling is becoming an interesting target for AF therapy,
particularly given the serious potential side effects of atrial antiarrhythmic drugs [22]. Both
angiotensin converting-enzyme inhibitors [6,8] and angiotensin receptor antagonists [23] reduce
experimental CHF-related structural remodeling and AF promotion, and angiotensin converting
enzyme inhibitors prevent the occurrence of AF in patients with left ventricular dysfunction
[24,25]. Whereas a great deal of energy has been (appropriately) expended on defining the

mechanisms of ventricular remodeling in CHF, much less attention has been paid to atrial
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remodeling. A possible rationale for the lack of attention to atrial remodeling might be that it is
unnecessary to specifically study atrial remodeling, if essentially the same mechanisms operate at
the atrial and ventricular level. The present work demonstrates that this is not the case (i.e., that
atrial and ventricular remodeling in CHF can differ both quantitatively and qualitatively), and
that specific analyses of the mechanisms operative at the atrial level may be needed in order to
understand atrial remodeling in detail and to identify potential novel therapeutic targets for the
prevention of atrial structural remodeling and associated AF.

TGFP is known to be an important profibrotic factor [26]. TGF-B1 mRNA concentrations
are increased in human atrium by angiotensin-II [27]. Angiotensin receptor inhibition reduces
TGFB1 plasma concentrations and interstitial fibrosis in hypertensive kidney-transplant patients
[28], and converting enzyme inhibition reduces TGFB1 mRNA expression and ventricular
fibrosis in a rat model of CHF [29]. Targeted cardiac TGFB1 overexpression in mice produces
prominent atrial fibrosis but no significant ventricular fibrosis, despite similar degrees of TGFf31
overexpression in atria and ventricles [30]. Furthermore, TGF overexpressing mice show an
enhanced susceptibility to AF [31]. Thus, TGF-p1 activation may be an important contributor to
the development of AF-promoting atrial fibrosis in CHF and signaling events leading to
increased TGFP1 activity may be interesting targets for therapy to prevent arrhythmogenic atrial

structural remodeling.

4.3.  Potential limitations
The present study evaluated the time course of changes involved in atrial and ventricular
remodeling in a well-defined experimental model of CHF, but extrapolation to clinical CHF

should be cautious. The pathophysiology of CHF differs for different experimental and clinical
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paradigms and, although sustained tachycardia can contribute to or cause clinical CHF [32], the
pathophysiology of ventricular tachypacing-induced experimental CHF cannot be assumed to
apply directly to clinical CHF. Studies comparing atrial and ventricular remodeling in other
animal models of CHF would be of interest, as would analyses of the variables we studied in
atrial and ventricular tissue samples from CHF patients. We have previously characterized the
time course of atrial MAP kinase activation, leukocyte infiltration, apoptosis, and cell death
caused by ventricular tachypacing-induced CHF in a different set of dogs [6]. All of these
measurements were repeated in the animals used for the present study, however, because we felt
that it was essential for an accurate atrial-ventricular comparison that all measurements be
performed concurrently and in parallel with the use of left atrial and left ventricular tissues from
the same animals. The changes observed in atrial tissue in the present study are in qualitative
agreement with those noted in our earlier work. We also assessed additional indices in the
present study that have not been previously evaluated in atrial remodeling, such as the expression

of TGFPI.

4.4. Conclusions

In this study, we compared atrial and ventricular remodeling in an experimental model of
CHF, and found significant quantitative and qualitative differences. These differences may have
important implications for understanding the mechanisms of cardiac remodeling in CHF and for
the development of novel therapeutic approaches to the prevention of the development of the AF

substrate.
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Figure 1.

Figure 2.
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Figure Legends

A, Representative Masson trichrome stained sections of left atrial tissue from a
control (CTL, left) and a 5-week ventricular tachypaced (5 W, right) dog. B,
Representative Masson’s trichrome stained sections of left ventricular tissue from the
same control and 5-week tachypaced dogs as shown in A. C, Mean+S.E.M.
connective tissue content (expressed as percentage of cross-sectional area) in left
atrium and left ventricle in control, 24 hour (24 H), 1 (1 W), 2 (2 W), and 5 (5 W)
week ventricular tachypaced dogs (n=6 dogs / ventricular tachypaced group, 5 for
control). VTP=ventricular tachypacing.

"P<0.05, " P<0.01, """ P<0.01 compared to corresponding control group.

1p<0.05, TTP<O.01, 11 p<0.001 for left atrial versus left ventricular values at the
corresponding time point.

A, HPS stained sections of representative left atrial sections from control (CTL) and
24-hour (24 H) ventricular tachypaced dogs. Arrows point to white blood cells
(WBCs) and a dead cardiomyocyte. B, HPS stained sections of representative left
ventricular sections from the same dogs as in A. C, Quantification of white blood cell
infiltration based on mean number of white blood cells per high-powered field (HPF)
in 12 sections each of left atrial and ventricular tissue per dog (mean+S.E.M., n=6
dogs / ventricular tachypaced group, 5 for control). VIP= ventricular tachypacing.
"P<0.05, " P<0.01,”"P<0.01 compared to corresponding control group.

TP<0.05, hLP<0.01, 1 P<0.001 for left atrial versus left ventricular values at the

corresponding time point.
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Figure 4.

Figure 5.
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A, Cell death (quantified as the number of acidophilic cells / 1000 cardiomyocytes in
15 HPS stained sections at 400x magnification) in left atrium and left ventricle. B,
Apoptosis in left atrium and left ventricle as quantified by the number of TUNEL-
positive cells / 1000 cardiomyocytes. All data are mean=S.E.M., n=6 dogs /
ventricular tachypaced group, 5 for control. VTP= ventricular tachypacing.

"P<0.05, " P<0.01,” P<0.01 compared to corresponding control group.

)‘P<0.05, p<0.01 , "7 P<0.001 for left atrial versus left ventricular values at the
corresponding time point.

Concentration of tissue angiotensin II in left atrium and left ventricle (pg of
angiotensin-II per mg of cardiac tissue, by ELISA, mean+SEM, n=6 dogs / group).
VTP= ventricular tachypacing.

"P<0.05, " P<0.01,” P<0.01 compared to corresponding control group.

P<0.05, T1P<0.01, T11P<0.001 for left atrial versus left ventricular values at the
corresponding time point.

Representative blots of phosphorylated and total MAPK. A, Phosphorylated ERK1/2
(average of 42 and 44 kDa band intensities) expression in left atrium and left
ventricle. B, Total ERK1/2 in LA and LV. C, Phosphorylated JNK (based on average
of 46 and 54 kDa band intensities) expression in LA and LV. D, Total JNK in LA and
LV. E, Phosphorylated P38 expression in LA and LV. F. Total P38 in LA and LV.
Intensity of the phosphorylated MAPKs’ bands. A, Phosphorylated ERK1/2
expression in LA and LV. B, Phosphorylated JNK expression in LA and LV.C,

Phosphorylated P38 expression in LA and LV. All values are normalized to GAPDH
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band intensity as measured on the same samples. All data are mean+S.E.M., n=6
dogs/ group. OD= optical density units.

"P<0.05, " P<0.01,”"P<0.01 compared to corresponding control group.

TP<O.05, TTP<0.01, T P<0.001 for left atrial versus left ventricular values at the
corresponding time point.

Figurc 7. Intensity of the total MAPKSs’ bands. A, Total ERK1/2 expression in LA and LV. B,
Total INK expression in LA and LV. C, Total P38 expression in LA and LV. No
differences were seen in total MAP kinase expression. All values are normalized to
GAPDH band intensity as measured on the same samples. All data are meantS.E.M.,
n=6 dogs/ group. OD= optical density units.

"P<0.05, ""P<0.01, " P<0.01 compared to corresponding control group.
"P<0.05, 1TP<0.01, T77P<0.001 for left atrial versus left ventricular values at the
corresponding time point.

Figurc 8. A, Representative Western blots for TGF-B1 showing the inactive, membrane-bound
TGF-B1 complex at ~50 kDa and active TGF-1 at 25 kDa. B, MeantS.E.M.
intensity of the 25-kDa bands (normalized to GAPDH) in left atrium and ventricle
(n=6 dogs/group). OD= optical density units.

"P<0.05, " P<0.01,"" P<0.01 compared to corresponding control group.
Tp<0.05, 11P<0.01, ""P<0.001 for left atrial versus left ventricular values at the

corresponding time point.
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Fable 1

[ime-dependent development of indices of CHF

CTL 24 hours 1 week 2 weeks 5 weeks
AR, bpm 87+17 89+4 90+4 84+6 10714
AW/BW, % 0.64+£0.02  0.7210.06 0.89+0.01** 1.03+0.08%** 1.00£0.03***
_ung ww/dw 3.6£0.3 4.0+£0.2 5.4%1.1 5.6+0.4 6.910.9*
_VEDP, mmHg 5.9140.6 5.9+0.3 6.110.6 7.0+0.8 18.612.8*
RAP, mmHg 3.0+0.4 3.9+0.5 4.310.6 3.610.3 5.9£0.9%*
LV Diameter, cm 2.7+0.1 2.7+0.1 3.3£0.2% 3.410.1%* 4,440, 1%**

HR, heart rate; HW/BW, heart weight as percentage of body weight; Lung ww/wt, lung wet weight
o dry weight ratio; LVEDP, left ventricular end-diastolic pressure; RAP, right atrial pressure; LV, left
rentricle.

*P<0.05, **P<0.01, ***P<0.001 versus CTL.
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Figure 3
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Figure 4
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4. Discussion

4.1 New Findings

In our study, we have compared directly atrial versus ventricular remodeling as a
function of time in dogs with CHF induced by ventricular tachypacing. There were clear
and consistent differences between left atrial and left ventricular remodeling, with a
variety of changes in left atrium (white cell infiltration, apoptosis, MAP kinase and TGFf3
activation) being faster, quantitatively greater and more transient than in left ventricle,
and with tissue fibrosis being much more intense in left atrial tissue.

CHF-related atrial remodeling has great significance for the pathophysiology of AF
and appears to be a useful paradigm for a broad range of clinical conditions in which AF
is associated with structural remodeling *%; however, there is relatively little information
available about the development of atrial structural remodeling in experimental models.
In the present study, we report for the first time detailed comparisons of atrial versus
ventricular remodeling in experimental CHF induced by ventricular tachypacing, based
on the analysis of measurements on matched atrial and ventricular tissue samples from
each dog. Our results show important differences between atrial and ventricular tissue in
the time course and magnitude of a variety of important remodeling-induced changes. A
wide range of alterations, including leukocyte infiltration, cell death, apoptosis, and ERK
and JNK activation, were larger in atrium, occurred earlier and showed a more transient
profile compared to ventricle. These observations suggest a more acute and severe stress
on the left atrium compared to the left ventricle. One possible explanation is that the
thin-walled atrium is more severely affected than the ventricle by the acute hemodynamic

stress imposed by severe ventricular tachyarrhythmia. In addition, tachypacing-induced
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CHF frequently causes at least moderate mitral regurgitation %2 which would cause an
additional excess pressure load on the left atrium. The development of atrial fibrosis may
help the atrium to adapt to these stresses by increasing atrial stiffness, possibly explaining
the attenuation of changes in atrial cell death, leukocyte infiltration and apoptosis over
time in parallel with the progressive development of atrial fibrosis. The relative lack of
left ventricular fibrosis may be functionally important, because increased ventricular
stiffness would be maladaptive in CHF. Although the maximum magnitude of a variety
of responses were greater in the left atrium compared to the left ventricle, the transient
nature of atrial changes contrasted with more progressive and persistent alterations in the
left ventricle, so that statistically significant increases in white cell infiltration, apoptosis,
cell-death and phosphorylated JNK and p38 expression were noted in left ventricular but
not atrial tissues after 5 weeks of tachypacing. Such progressive changes may contribute
to continuing left ventricular deterioration in CHF.

One important finding of our study was the observation of greater TGF-B1
activation in left atrial compared to left ventricular tissues. TGF-p is known to be an
important profibrotic factor 2 TGF-B1 mRNA concentrations are increased in human
atrium by angiotensin I °%. Furthermore, TGFB overexpressing mice show an enhanced
susceptibility to AF *®. Thus, TGF-B1 activation may be an important contributor to the
development of AF-promoting atrial fibrosis in CHF and signaling events leading to
increased TGF-B1 activity may be interesting targets for therapy to prevent

arrhythmogenic atrial structural remodeling.

4.2 Comparison of Results with Literature
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Severe heart failure is accompanied by an increased amount of interstitial fibrous tissue
in the walls of the heart, which is among the pathogenic mechanisms that contribute to
maladaptive hypertrophy and arrhythmogenesis % Angiotensin II can stimulate both
inflammatory and fibrotic processes 19,50, 51.and 65 '\ fany studies have demonstrated the
role of Angiotensin II in the development of cardiac hypertrophy and cardiac fibrosis and
modulation of cardiac fibroblast growth and collagen synthesis in human as well as in
animal models > 3* " %7 The accumulation of collagen in the extracellular matrix of
ventricles has been observed in many pathological conditions *" 32.and 34 Chronic
administration of ACE inhibitors, which prevents the conversion of angiotensin I to
angiotensin I, or AT1 antagonists attenuates cardiac fibrosis, improves left ventricular
function, prevents heart failure progression and improves survival in heart failure patients
19.65.6% paradis et al ®” have shown that overexpression of AT1 receptors in transgenic
mice results in cardiac hypertrophy, interstitial fibrosis, and death due to progressive
heart failure. Li et al ¥ have suggested CHF induced by ventricular tachypacing leads to
the development of fibrosis in the atria that was a substrate for promoting AF. In a
subsequent study °, they had shown that that ventricular tachypacing in a canine model
leads to augmentation of local atrial angiotensin II, which peaked early, and activation of
ERK1/2, so that a treatment with enalapril, an ACE inhibitor, attenuated these changes
and reduced interstitial fibrosis and thus the incidence of atrial fibrillation '. A study by
Barlucchi *® et al have shown an upregulation of angiotensin I, renin and AT receptors
in the ventricles of dogs with ventricular tachypacing induced heart failure. It was
previously reported that concentration of angiotensin II increases in left atria 19:50 and left

65, 86

ventricles in heart failure animal models and humans ®* %. In agreement with these
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studies, our study shows an increase in the concentrations of angiotensin II in the left
atria and left ventricles of dogs with ventricular tachypacing induced heart failure, with
concentrations in left atria being greater than in left ventricles at all VTP intervals studied
TGFp1, a particularly profibrotic mediator %2 plays a role in wound healing after
a tissue injury, but sustained production leads to increase in the production of
extracellular proteins and promote nonadaptive cardiac hypertrophy and myocardial

4142,47.98  TGF-p1 mRNA concentrations are increased in human atrium by

fibrosis
angiotensin-II 52 Angiotensin receptor inhibition reduces TGF-B1 plasma concentrations
and interstitial fibrosis in hypertensive kidney-transplant patients % and converting
enzyme inhibition reduces TGF-B1 mRNA expression and ventricular fibrosis in a rat
model of CHF ®. A study by Nakajima et al has shown that targeted cardiac TGF-B1
overexpression in mice produces prominent atrial fibrosis but no significant ventricular
fibrosis, despite similar degrees of TGF-B1 overexpression in atria and ventricles s
Another study by Koh et al % have observed no overt fibrosis in the myocardium of
hearts engrafted with skeletal myoblasts expressing high levels of TGFf1. Furthermore,
TGFp overexpressing mice show an enhanced susceptibility to AF % These studies
support our observation of greater TGF-P1 activation in left atrial compared to left
ventricular tissues.

Apoptosis of cardiac myocytes represents an important cause of cell death and

may contribute to progressive pump-failure, arthythmias and cardiac remodeling 2 1°.

There had been discrepancies in reporting the frequency of apoptosis in the failing heart,
some were as high as 0.2 %, 1 t012%, and even 35%. Such high rates of cell death would

destroy the heart so rapidly as to be incompatible even with poor prognosis in heart
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failure 2. Explanations for high-published values include counting nonmyocyte cells
undergoing programmed cell death and misidentifying necrosis as apoptosis. It was

1*7 that ventricular apoptosis in a dog model is increasing

reported by Cesselli et a
progressively. However, Cardin et al ° % showed a transient peak in atrial apoptosis in
ventricular-tachypaced CHF dogs. We showed that the time course of apoptosis in left
atria versus matched left ventricles was different in the same model, as it was transiently
peaking after one day of pacing in left atria versus progressively increasing over five
weeks of rapid pacing in left ventricles.

Several studies have shown that MAPKs play an important role in apoptosis 13.21,22, 24,25

17:5961 " particularly JNK ' which is known to be

and that angiotensin II activates MAPKs
a strong pro-apoptotic factor . ERK pathway may be protective or neutral against
apoptosis B Insulin-like growth factor-1 (IGF-1), cardiotrophin-1 (CT-1), and
catecholamines were each shown to exert their antiapoptotic effects, in part, by inducing
ERK signaling 13_ An inhibitor of P38 MAPK protects neonatal cardiac myocytes from
ischemia 2. Another study showed a correlation between JNK activation and apoptosis
induced by ischemia/reperfusion in the rabbit heart »°. Other studies ' ** have shown that
VTP increased phosphorylated ERK1/2, P38 and JNK transiently in the left atria after 24
hours of pacing. In a model of ischemia/reperfusion in the intact heart, ERK 1/2
activation was shown to attenuate the amount of apoptosis subsequent to reperfusion
injury 2! However, it was shown that phosphorylated ERK is increased in atrial tissue in
patients with atrial fibrillation ** and ERK activation promotes fibroblasts proliferation *.

Recent work indicates that rabbits with 3-week tachypacing-induced CHF have increased

ventricular expression of phosphorylated JNK and p38, but not of phosphorylated ERK
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°l We similarly failed to observe changes in ventricular ERK phosphorylation with
ventricular tachypacing-induced CHF, but noted statistically significant increases in
phosphorylated JNK and p38 expression at 5 weeks. In contrast, atrial phosphorylated
ERK expression was significantly increased at 24 hours to 2 weeks after tachypacing
onset, consistent with previous evidence for ERK activation at the atrial level in AF
patients *° and in previous studies of atrial tissues from dogs with CHF 3% These results
suggest that ERK activation may play a more important role in atrial than ventricular
remodeling associated with CHF.

Cesselli et al 7 observed progressive increases in ventricular apoptosis over 4
weeks of ventricular tachypacing in dogs. Heinke et al ”* also compared the number of
apoptotic in the ventricular and atrial myocytes in pacing-induced canine heart failure and
found the apoptotic ventricular myocytes nuclei in dogs subjected to 3-4 week
ventricular-tachypacing is greater than apoptotic atrial myocytes, which is similar to our
data. Taken together, our study suggests that there are differences between left atria
versus left ventricles in the activation of MAPKSs, and that apoptosis takes different time
course in the atria (transient) vs. the ventricles (progressive) in our VTP-induced CHF
model.

Local elevation of cytokines levels appears to be part of the initial response of the
heart to hemodynamic overload ***%. Locally produced cytokines can activate
macrophages and monocytes, which then attract and activate fibroblasts leading to
fibrosis *°. Cytokines, as well, are responsible for production of free radicals that cause
myocardial cell death and apoptosis 27:31.37 1pflammatory cytokines have been

implicated in the pathogenesis of several cardiovascular diseases such as CHF, and AF 39
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%2 Nakamura et al > shows that in tachycardia-induced by ventricular pacing in dogs for
4W, there was an increase in the number of myocardial monocyte infiltration compared
to control dogs. We studied the time-course of leukocyte infiltration and found that it was
different in left atria versus left ventricles, with left atria showing a rapid and transient
rise after one day of pacing, whereas in left ventricles the leukocyte count increased to a
lesser extent but remained significantly increased over the entire 5-week VTP interval.

19.30.83 5 1d left ventricles in

Fibrosis was previously reported in left atria
experimental CHF and in humans 5154.63 e studied the development of fibrosis in left
atria and left ventricles in a dog model and found that there are differences in fibrous-
tissue content in left atria versus left ventricles, with the fibrous-tissue content increasing
progressively during VTP in both left atria and left ventricles, but the amount of fibrosis
was substantially greater in left atria than left ventricles. Our observations are important
in understanding the qualitative and quantitative differences in atrial and ventricular

remodeling in experimental congestive heart failure, with important potential

consequences for underlying mechanisms and therapeutic approaches.

4.3 Suggested Mechanisms

The processes responsible for remodeling are beneficial for the heart in the short
term, however in the long term, they become decompensatory and aggravate the disease
state (Figure 6).

The activation of the renin-angiotensin system is usually an adaptational
mechanism important to maintain homeostasis in response to hemodynamic

disequilibrium *°. During pathological conditions such as heart failure, the renin-
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angiotensin system is considered a defense mechanism against the hemodynamic
imbalance *¢. But it leads to disastrous consequences in the long term. Several studies

51, 53-56

have shown that angiotensin II causes fibrosis , stimulates cardiac myocyte

54, 61,67 50, 59, 68

hypertrophy and promotes apoptosis and necrosis *°. Angiotensin IT
enhances the expression of TGFf1 gene 52 and there is a cross talk between Angiotensin
II receptors and SMAD proteins 64 effector proteins, which act down stream of TGFB1
receptor, and generally inhibit cell proliferation and induce fibrosis #1.42 Blocking
Angiotensin II type 1 receptor or using angiotensin converting enzyme (ACE) inhibitors
prevents increase in the levels of TGFpB1and inhibits fibrosis 65 1t was shown that TGFp1
gene expression as well as type I collagen gene expression is significantly decreased in
both infracted and non-infarcted myocardium in rats treated with the angiotensin II
receptor antagonist Losartan % In our study, concentration of angiotensin II in left atria
increased early after pacing and were greater than in left ventricles at all VTP intervals
studied, and atrial TGFB1 peaked early as well, whereas there was no change in
ventricular TGFB 1. This suggests that probably in left atria, concentrations of angiotensin
IT were high enough to induce the expression of TGF1, but in left ventricles, angiotensin
I was incapable of inducing TGFB1, suggesting that maybe only after concentrations of
angiotensin II reach a certain level, angiotensin II can induce expression of TGFB1 or
other pathways may be implicated in the activation of TGFf1 in the ventricles (Figure 6).

The implication of the three MAPKs (ERK1/2, P38, INK) in cardiac remodeling
has been the subject of numerous studies. It was shown that phosphorylated ERK is

increased in atrial tissue in patients with atrial fibrillation %5 and that ERK is implicated in

the mechanism of collagen synthesis by angiotensin Il 19.50.2nd 39 1 5 et al ' have shown
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that inhibition of angiotensin II converting enzyme by enalapril significantly reduced P-
ERK levels and attenuated interstitial fibrosis in the left atria in VTP-induced CHF dogs.
Our study shows an increase in ERK activity after one day of pacing in the atria till after
two weeks of VTP, while its activity did not change in the ventricles suggesting that ERK
activation is implicated in atrial remodeling, but not in ventricular remodeling at least in
this model. Interestingly, apoptosis and caspase activation were diminished by a non-
specific p38 kinase inhibitor in an ischemia model in neonatal myocytes 2 Moreover, a
study showed a correlation between JNK activation and apoptosis induced by
ischemia/reperfusion in the rabbit heart % Inour study, in the atria, JNK and P38
increased after one day of pacing and in the case of P38 remained elevated till one week
and then returned to control levels. In the ventricles, JNK and P38 only became
significant after five weeks of pacing. This suggests that P38 and JNK early peak in the
atria may be implicated in the transient changes that occurred in the atria such as cell
death and apoptosis, and their activation could be a response to the 24 hour-peak in
leukocyte infiltration. In the ventricles, P38 and JNK are maybe contributing to the
progressive increase in apoptosis that peaked at five weeks of pacing.

One of the major causes of damage due to ischemia/reperfusion is the production of free
radicals, a major cytotoxic effect of cytokines 34.31.39 Inflammatory mediators increase
the expression of iNOS, the much more inducible form of nitric oxide synthase. The large
amounts of NO generated by iNOS contribute to the vasodilation and depressed
myocardial contractility, activate NF-xB to increase cytokine production, and damage

h.30’31’36

cells and can cause myocardial cell deat . Proinflammatory cytokines could

25,27,30,34
g °> <)

induce activation of JNK and P3 and it was shown that inhibition of P38 by
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CSAIDS blocked the translation of the mRNA responsible for the expression of different
cytokines including TNF-a "°. Inflammatory cells such as macrophages release TGFpB1
that is strongly chemotactic to neutrophils, T-cells, monocytes, and fibroblasts, and it
leads to synthesis of extracellular matrix proteins and production of tissue fibrosis 414247
Another major cause of infiltration of white blood cells in cardiac remodeling during
heart failure, besides hemodynamic overload, is cell death by necrosis which evokes a
robust inflammatory reaction in the failing heart 18.19 (figure 6). Our study shows that the
time-course of leukocyte infiltration was different in left atria versus left ventricles, with
left atria showing a rapid and transient rise after one day of pacing, whereas in left
ventricles the leukocyte count increased to a lesser extent but remained significantly
increased over the entire 5-week VTP interval. This suggests that there could be
differences in sensitivity between atria and ventricles to initial hemodynamic overload.
The pattern of inflammatory cells infiltration in the ventricles coincides with that of
fibrosis and suggests that while blood cells infiltration could be a major factor implicated
in the fibrosis seen in the ventricles, while other factors such as angiotensin II, TGF1
and ERK activation are more important in explaining the fibrosis in atria. One possible
explanation for the changes observed in atria vs. ventricles is that the thin-walled atrium
is more severely affected than the ventricle by the acute hemodynamic stress imposed by
severe ventricular tachyarrhythmia. In addition, tachypacing-induced CHF frequently
causes at least moderate mitral regurgitation *?, which would cause an additional excess
pressure load on the left atrium. The development of atrial fibrosis may help the atrium to
adapt to these stresses by increasing atrial stiffness, possibly explaining the attenuation of

changes in atrial cell death, leukocyte infiltration and apoptosis over time in parallel with
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the progressive development of atrial fibrosis. The relative lack of left ventricular
fibrosis may be functionally important, because increased ventricular stiffness would be
maladaptive in CHF. Although the maximum magnitude of a variety of responses were
greater in the left atrium compared to the left ventricle, the transient nature of atrial
changes contrasted with more progressive and persistent alterations in the left ventricle,
so that statistically significant increases in white cell infiltration, apoptosis, cell-death and
phosphorylated INK and P38 expression were noted in left ventricular but not atrial
tissues after 5 weeks of tachypacing. Such progressive changes may contribute to

continuing left ventricular deterioration in CHF.

4.4 Potential Significance

Our study is the first study investigating the differences between atrial and
ventricular remodeling in dogs with ventricular tachypacing-induced congestive heart
failure. Severe heart failure is accompanied by an increased amount of interstitial fibrosis
in the heart, a late remodeling event that contributes to maladaptive hypertrophy and
arthythmogenesis ' '°. We determined the concentrations of angiotensin II, the
expression TGFB1 and MAPKs, the infiltration of white blood cells and the
quantification of cell death and apoptosis in atrial and ventricular remodeling. Our results
show that atrial remodeling is different from ventricular remodeling. Ventricular-
tachypacing caused substantially more fibrosis in left atrium than in left ventricle. Tissue
Angiotensin-II concentration increased early after one day of pacing in left atria, and was
significantly higher in left atria than in left ventricles at all VTP intervals studied. Other

changes peaked early (24hrs) and were transient in left atria, vs. progressive over five



86

weeks in left ventricles. Ventricular-tachypacing caused tissue apoptosis, inflammatory
cell infiltration and cell-death, with maximum changes in left atria being much larger
than maximum changes in left ventricles. MAP kinase activation was rapid (within 24
hrs) in left atria, but smaller and slower (P38, JNK) or non-significant (ERK) in left
ventricles. The activated form of TGFp1, a particularly important profibrotic mediator,
increased significantly in left atria, but was not changed in Left ventricles. These
observations indicate that progressive changes occur over five weeks of pacing in the
ventricles suggesting that the earlier the intervention, the lesser the extent of remodeling,
and the lesser the chance of ventricular arrhythmias. On the other hand, crucial
remodeling events occur rapidly after the beginning of ventricular- tachypacing in the
atria highlighting the importance of early intervention to prevent atrial remodeling in
CHF and thus the development of a substrate for atrial fibrillation. In summary, this study
shows that there are qualitative and quantitative differences in left atrial and left
ventricular remodeling in experimental CHF, with important potential consequences for

underlying mechanisms and therapeutic approaches.

4.5 Considerations of the Model

The pacing-tachycardia dog model seems very valuable for studying
neurchumoral mechanisms and peripheral circulatory alterations, both of which closely
resemble that observed in human heart failure *°. Furthermore, alterations in myocardial
function and molecular changes in calcium-handling proteins underlying altered
myocardial function show considerable similarities to the failing human heart. This may

allow the study of the transition from a compensated state of left ventricular dysfunction
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to overt failure with respect to alterations in calcium homeostasis. The model also
provides temporal and mechanistic information on left ventricular remodeling and allows
the study of pharmacologic interventions to influence the remodeling process. The
limitations of the rapid pacing model include an uncertain pathogenesis, and lack of long-
term stability because heart failure is reversible when pacing is stopped 70.8495 Our study
evaluated the time course of changes involved in atrial and ventricular remodeling in a
the dog model, which is a well-defined experimental model of CHF, but extrapolation to
clinical CHF should be cautious. The pathophysiology of CHF differs for different
experimental and clinical paradigms and, although sustained tachycardia can contribute
to or cause clinical CHF *°, the pathophysiology of ventricular tachypacing-induced

experimental CHF cannot be assumed to apply directly to clinical CHF "

4.5 Future Directions

It is of great interest to identify the exact underlying mechanisms of remodeling in
the atria and the ventricles. Cell death is in itself a remodeling event that was the subject
of numerous studies trying to precisely identify its mechanisms. Our study suggests that
cell death and apoptosis were transit in left atria versus progressive in left ventricles and
other studies had shown that angiotensin II and inflammatory cytokines, released from
infiltrating white blood cells, by activating MAPKs, can induce apoptosis in both the atria
and the ventricles %27 3% 56,59 68,92.93 However, according to Cesselli et al 87, oxidative
stress is responsible for the ventricular apoptosis seen in experimental heart failure, and
to Nickenig and Harrison 7, angiotensin II can, via its AT1 receptor, induce the

production of free oxygen radicals. It is known as well that the inflammatory cells release
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free radicals, which can induce cell death 2737 This can be contradicted, as mentioned in
the introduction, by the fact that inflammatory cells can activate the synthesis of enzymes
that destroy free oxygen radicals, therefore their presence is expected to prevent massive
cell death, resulting in an oxidative stress that is more elevated in their absence. It is
therefore certainly interesting to verify if in our canine model, oxidative stress plays a
role in atrial and ventricular remodeling and if it occurs as a consequence of
augmentation in angiotensin II concentration or in the number of infiltrating
inflammatory cells. To determine the role of each factor in remodeling and the
mechanism responsible for cell death, dogs subjected to 24 hours of ventricular pacing
can be treated with enalapril (an ACE inhibitor), ibuprofen (an anti-inflammatory), or
vitamin C (an antioxidant), and then the level of cell death is determined with each
treatment. This will provide an indication about the most important cause or mechanism
of cell death in the atria. Major cause or mechanism of cell death implicated in the
ventricles can be determined by the same treatments in dogs subjected to 2 weeks of
rapid pacing. Using these treatments, we can also evaluate the role of inflammatory cells
in cell death, and determine the importance of augmentation of tissue angiotensin II and
its role in cell survival and death.

In our study we used TUNEL technique to determine the percentage of apoptotic
cardiomyocytes. Other studies such as DNA laddering is measuring apoptosis in all types
of cells in the heart, thus does not distinguish between apoptotic myocytes and apoptotic
non-myocytes. Other types of cells such as fibroblasts, or endothelial cells could be

implicated in the changes observed in different parameters. The implication of different
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types of cells in atrial or ventricular remodeling is unknown, but can turn out to be of
great interest in our understanding of the complicated mechanism of cell death.

In contrast to apoptosis, necrosis, another mechanism of cell death, is
characterized by the rupture of intracellular and extracellular membranes that finally
leads to the demise of the myocyte. As a result, cell death by necrosis evokes
inflammatory responses, which perform the digestion of the debris of the cells died by
necrosis. Moreover, it is known that necrosis leads to the formation of fibrosis that
replaces the cardiomyocytes lost through necrosis 1819 Consequently, necrosis could be
a key in the remodeling process and a better understanding of the mechanisms that lead
to it can direct the development of new therapeutic approaches.

Another subject of interest is determining the mechanisms responsible for
interstitial fibrosis. Several studies have shown that angiotenisn II and TGFB1 can
induce the development of interstitial fibrosis *-*> %7313 ‘however the exact
mechanisms that lead to development of fibrosis remain poorly defined. Is fibrosis
considered like a replacement tissue that provides structural support after cardiac
myocytes are lost through necrosis? Or is it considered an independent process? The
determination of mechanisms that induce fibrosis could permit development of new
approaches to prevent atrial and ventricular remodeling. It will be interesting to
determine if the changes that occur after 24 hours of pacing actually lead to the
development of fibrosis in the atria and if the progressive changes seen in the ventricles
are responsible for ventricular fibrosis. That can be verified by observing the atrial
structural changes in animals after five weeks where they were subjected to rapid

pacing only for one day, and then interrupted. In another set of animals, pacing is to be
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stopped after two weeks and then we observe the ventricular structural changes after a
period of five weeks.

Congestive heart failure is a complicated clinical condition as it affects a great
diversity of systems, implicated in a variety of essential functions, therefore identification
of “candidate genes” and molecular and biochemical mediators of myocardial
hypertrophy and failure has been vigorously pursued to dissect the pathogenesis and
signaling pathways of this disease. In our study, we investigated changes in some
parameters that are implicated in the atrial and ventricular remodeling, but we did not
study all the parameters that are involved in the remodeling process nor the interactions
between them. Applying the latest genomic and proteomic technologies can help identify
all the genes or proteins implicated in a certain pathological condition in one setting. For
example, by using gene chip technique, it is easy to compare the genetic expression of 36
000 genes from healthy atria or ventricles and diseased atria or ventricles tissues %8 This
vigorous technique can help identify the major genes whose expression play an important
role in atrial and ventricular remodeling in a complicated disease as heart failure.
However, reliability of gene arrays are still of major concern, as they may contain
inherent accuracies representing as much as 30% of genes on the arrays. This is largely
caused by wrong sequence information in the databases as well as errors generated during
manufacturing °®. Where large number of comparisons between control and experimental
samples are possible, the percentage of arrays that have the same sign of expression
changes for a particular gene is more significant information than the quantitative
expression difference of that gene. If one already has evidence implicating specific genes

in an array, then think that a single gene array can provide information that will
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inexorably lead to new insights that can then be pursued by more conventional assays
such as Northern blots. Where the changes in genes involves a disease process,
Proteomics or genomics can do more than simply report the changes. We must then
speculate whether a particular gene (or its translation products) is causative in the
development of a disease in the population %,

Another interesting approach is utilization of genetically modified mice. The
ability to engineer precise mutations in the heart—coupled with the technological
sophistication to quantitate the effects of these mutations on cardiac function at cellular,
organ, and intact animal levels—nhas provided novel insights into the molecular
mechanisms of heart failure and led to the recognition of a wide array of previously
unknown molecular initiators, transducers, and effectors for the development of cardiac
hypertrophy and its transition to heart failure. Therefore mice genetically modified for
different elements involved in the mechanisms that we think are responsible for atrial and
ventricular remodeling "' ®%. For example, studies had suggested that tissue angiotensin II
and MAPKs, can induce apoptosis. A genetically modified mouse for the enzyme
responsible for conversion of local angiotensin II or for MAPKSs can help us evaluate the
importance of these elements and their effects on cardiac apoptosis in heart failure.
However, future refinement and generation of conditional gene targeted mouse model,
which may allow for the temporal and spatial control of gene expression more precisely
in restricted regions of the heart such as the atrium, or ventricle would be a tremendous
advantage in exploring the genetic basis of cardiac remodeling, function and dysfunction
' In general, transgene expression results either in an increase or a decrease in the

transcript levels of the gene of interest. Therefore, we can easily determine the role of a
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certain protein assuming its inhibition, instead of using antagonists that can be general;
non-specific, and do not totally inhibit a receptor. The genetically modified mice can
develop a pathological condition without need of inducing it. For example, transgenic
mice overexpressing AT1, as described by Paradis et al 67 develop cardiac hypertrophy
and remodeling resulting in heart failure. Thus, it is tempting to conclude that angiotensin
II can induce heart failure by the activation of its AT1 receptor, but this experiment can
only allow us to conclude that angiotenisn II is generally implicated in the development
process of heart failure.

In most instances, extreme caution should be exercised to establish the causality
between a gene of interest and its role in the pathogenesis of cardiomyopathy or other
cardiac phenotypes. The deficiency induced by a certain genetic mutation can induce the
pathological condition by particular processes that are different from the usual
mechanisms. In addition to the fact that there is growing body of evidence suggesting that
mouse strain—specific genetic makeup and characteristics may have profound impact on
the phenotype observed, gene redundancy and compensatory responses, which may well
complicate the interpretation of the findings, and that the expression of a transgene in the

heart may exert some nonspecific toxic effects.

In conclusion, differences in atrial and ventricular remodeling in CHF have not
been studied previously. In this study, we compared atrial and ventricular remodeling in
an experimental model of CHF, and found significant quantitative and qualitative
differences. These differences may have important implications for understanding the

mechanisms of cardiac remodeling in CHF and for the development of novel therapeutic
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approaches to the prevention of the development of the AF substrate. In dogs with
ventricular-tachypaced CHF, we found that fibrosis and tissue angiotensin II
concentration were higher in atrium than in ventricle. Changes such as apoptosis,
inflammatory-cell infiltration, and cell death peaked early and were transient in atrium,
vs. progressive but quantitatively less in ventricle. MAP-kinase activation was rapid in
atrium, but smaller and slower (p38, JNK) or non-significant (ERK) in ventricle. TGFp1
increased significantly in atrium but was not significantly changed in ventricle. Thus, this
is the first study to describe the temporal evolution of structural changes in atrium and
ventricles of dogs with heart failure induced by ventricular tachypacing. We found that
atrial and ventricular remodeling are different in experimental CHF, with potential

consequences for understanding mechanisms and therapeutic approaches.
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