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AesrRAcr

Selective blockade of angiotensin type I receptors (ATr) and B-adrenergic (p-AR)

signaling pathways improves survival and quality of life in patients with both moderate

and severe heart failure. Angiotensin II is a mediator of post-myocardial infarction (MI)

wound healing via directly and indirectly triggering increased collagen synthesis by

myofibroblasts. Long term AT1 blockade after MI is associated with improved left

ventricular function and decreased cardiac fibrosis. Cardiotrophin-1 (CT-1) is a novel

cardioprotective agent which is known to be elevated in various cardiovascular disease

states. CT-l signals through the gpl30/LIF receptor complex and is rapidly expressed

and significantly elevated immediately following infarction to upwards of 8 weeks post-

MI. The beneficial efFects of long-term B-blockade in treating heart failure patients may

result from its antagonism of the cytotoxic effects of increased circulating catecholamines

and the normalization of B-AR signaling however, the relationship between the

adrenergic system and CT-l remains undefined. We sought to investigate the effect of

AT1 (losartan) or B-AR blockade þropranolol) on CT-l expression in vivo in infarcted rat

hearts. Following induction of MI, losartan and propranolol were administered in

drinking water to separate groups of treatment animals for 24 and 48 hrs as well as2,4,

and 8 weeks post-Ml. Heart tissues were isolated and analyzed via'Western blot for

expression of CT-l, gp130, phosphorylated STAT3 and total STAT3. ATr blockade did

not induce an effect on CT-l expression but B-adrenergic receptor blockade increased

CT-l expression within the infarct scar at 2 and 4 weeks compared to control. Within the

propranolol treated rat heart, gp130 expression was significantly downregulated in the

scar but not in the viable LV or control tissues. Similarly, the levels of activated

phosphorylated STAT3 decreased whereas total STAT3 increased within the infarct scar

but not compared to untreated tissue samples. Thus, chronic ATr-blockade had no effect

on CT-1 expression but B-adrenergic blockade is associated with the modulation and

regulation of CT- 1 expression in the post-Ml rat heart.

Keywords: CT-l; cardiotrophin-1; myocardial infarction (MI); AT1, Þ-AR; propranolol;
losartan; gp130; pSTAT3, Total STAT3, cardiac fibrosis; cardiac myofibroblasts.
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Lrsr or A¡sREvrATroNS
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INrRooucrroN

The heart beats about 100,000 times a day or around 3 billion times during the

average person's life span (85). As the source providing our tissues, organs and brain

with nourishing, nutrient-rich oxygenated blood, the heart is essential in the maintenance

of a healthy, functioning individual. Thus, it is not surprising that cardiac dysfunction

and disease are the leading cause of death in Canada and the developed world accounting

for 37o/o of mortalities in Canada alone 159).

The heart is composed of four chambers; the left and right atria and the left and

right ventricles. The atria collect blood as it returns from the body (right atrium) or lungs

(left atrium). During diastole (relaxation), one-way valves open between the atria and

ventricles and blood pours into and fills the ventricles. Subsequently during systole, the

ventricles contract, closing the valves to the atria and sending blood through a second set

of one-way valves to the lungs (right ventricle) or body (left ventricle) (10a). Acute

myocardial infarction (AMI) is an injurious cardiac event characterized by cardiac

myocyte death due to prolonged ischemia (5). The ischemic condition, charactenzed by

a loss in blood flow, is generally the result of the rupture of an atherosclerotic plaque

from a blood vessel wall and the subsequent occlusion of a coronary artery (69; 103). In

this study, myocardial infarction is the consequence of left coronary artery ligation,

leading to subsequent scar formation and eventual progression to heart failure (HF).

Heart failure is characterizedby the inability of the heart to pump a sufficient amount of

blood to meet the metabolic needs of the body (1 1). The clinical diagnosis of acute heart

failure is characterized by symptoms of tachycardia, cutaneous vasoconstriction,

diaphoresis, and reduced urinary output (12). After MI, tissue modifications take place

I4
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within the infarct zone and the remainder of viable left ventricle (13; 96; 126). The

contractile function of the heart is impaired and myocyte necrosis begins within the first

60-90 minutes of ischemia. If severe ischemia persists the myocardial infarction is

complete within 3-6 hrs (13). ln large, anterior infarcts, expansion, thinning and

elongation of the necrotic myocardium occur in the hours and days post-Ml (13).

Myocyte necrosis results in a reduction in the number of myocytes across the infarct wall

(144), and edema and inflammation are localized to the infarcted region (96). Post-MI

cardiac preload on the viable, non-ischemic cardiac tissue increases and ventricular

empfying is impaired. The left ventricle undergoes sphericalization and dilatation in

response to the increased load of blood that is incompletely pumped out of the ventricular

cavity (13). The likelihood of aneurysm formation, cardiac rupture and subsequent death

are all increased with higher intraventricular systolic pressure, a lack of pre-existing

hypertrophy of the ventricular wall, and a large transmural anterior infarction (13).

The positive feedback resulting from the contractile dysfunction and the induction

of pathologic hypertrophy and remodeling within the myocardium after infarction likely

explain the typically deleterious progressive history and outcome of dilated cardiac

conditions. Any attempts to treat congestive HF involve therapies that intemrpt this

deleterious cycle. Neurohormonal antagonists such as AT1 inhibitors and B-AR blocking

agents are treatments capable of such interruptions, promoting positive post-Ml

outcomes, though the specific mechanisms by which these drugs induce their beneficial

effects are only partially understood (19).

A large MI (defined as < 40% of normal LV function) is generally accompanied

by pain and fright and in concert with the ventricular dyskinesis associated with the
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occlusion of a major coronary artery result in the activation of the sympathetic nervous

system (i3). The stimulation of p-adrenergic receptors and the increased contractility of

the remnant viabie myocardium act to sustain global ventricular function (13). The level

of sympathetic nervous drive is reduced by B-adrenergic blockade and has been shown to

significantly decrease the risk of morbidity and mortality associated with MI (36; 39).

The effect of a given p-blocking agent depends on the way the drug is absorbed, bound to

plasma proteins, its metabolism, and also on the extent to which it inhibits the B-receptor

(viaa lock-and-key fit) (92). Propranolol, the "gold standard" in p-blockade, is anon-

specific B-receptor antagonist widely used in the treatment of a variety of conditions from

angina to AMI and hypertension among others (92). In heart failure, therapeutic

blockade of B-receptors acts to reduce mortality in a manner which is not yet fully

understood.

Upregulation of the renin-angiotensin-aldosterone system (RAS) results in

increased circulating levels of angiotensin II (Ang II). Ang II is a known hypertrophic

agent specific to neonatal cardiac myocytes and is capable of inducing increased matrix

production in rat cardiac fibroblasts in vitro (9; 66). Ang II has been shown to mediate

vasoconstriction and vascular tone, fluid and electrol¡e homeostasis and contribute to

overali hypertension which can compromise the pumping ability of the failing heart.

Blockade of angiotensin converting enzyme (ACE), responsible for the cleavage of

angiotensin I to its active form (Ang II) has been shown to improve morbidity and

mortality post-Ml (106). Unfortunateiy, ACE inhibition is not well tolerated in all

patients and thus interest in altemative therapies like angiotensin type 1 receptor (AT1R)

blockade has increased (106; 116). Though the benefits of ATIR blockade have been
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shown, the precise mechanism of the inhibition of cardiac fibrosis post-Ml has yet to be

determined.

Cardiotrophin-l (CT-l) is a novel neuro- and cardioprotective agent, elevated in

various cardiovascular disease states (7;17; l0l; 102; 114; 1.45). A member of the IL-6

superfamily of cytokines, CT-l signals through the gp130/LIF receptor complex to

mediate downstream effects such as regulating the transcription of genes important for a

variety of cellular responses. CT-l has been shown to induce hypertrophy of cardiac

myocytes via induction of sarcomeric proteins in series (147). The 5' flanking region of

the mouse CT-l gene contains a norepinephrine response element (lr{RE) in its promoter

(47), though its specific function remains unknown. Previous studies have demonstrated

elevated levels of cardiotrophin-l (a5) and decreased levels of gpl30 expression in post-

MI untreated heart, but to date, the effects of ATr or B-AR blockade on regulating CT-1

and gp130 expression have not been published.

The process of post-Ml LV remodeling is manifest by changes in wall structwe,

chamber geometry and pump flrnction (22; I04; I27). Initially, the increased deposition

of collagens at the site of injury and within the remnant viable myocardium is beneficial

in helping maintain the integrity of the infarct scar. However, upregulation of collagen

production eventually becomes deleterious to the heart causing excessive stiffening of the

myocardial wall resulting in cardiac rupture and death (126; 126).

In the current investigation, we examine whether either pharmacological B-

blockade or ATr receptor inhibition are associated with any effect on CT-l expression in

the sham or infarcted rat heart. As the infarct scar is dominated by cardiac

myofibroblasts from 3 days to months and years thereafter, and since these cells mediate
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wound healing in the infarct zone, our study also addresses CT-l expression in cardiac

myofibroblasts in vitro. The first aim of this project was to examine the in vivo effect of

angiotensin blockade on CT-l expression using losartan (AT1 receptor blockade). The

second aim was to determine the in vivo effect of p-adrenergic receptor blockade using

propranolol (non-specific B-blockade) on CT-1 and gp130 expression, and the

downstream regulators of transcriptional response (total STAT3 and pSTAT3). The final

aim of the project was to establish the in vitro effects of B-adrenergic stimulation on CT-1

arid gpl30 expression.



Srarpn¡mNr op HypoTHESES

Aim 1: Angiotensin (AT1 receptor) blockade decreases the in vivo expression of

cardiotrophin in the post-Ml heart; particularly, CT-1 expression will be affected in

within the infarct scar.

Aim2: B-adrenergic blockade decreases the in vlvo expression of cardiotrophin-l, and

modifies the expression of gp130, pSTAT3 and total STAT3 after myocardial infarction.

Aim 3: B-adrenergic stimulation increases both CT-l and gpl30 expression in vitro.

t9



III. LTrBnartIRE Rpvmw

I) HBanr Drssasn aNo Trm lxoucrrou or MI

Despite advances in the quality of treatments available, coronary artery disease

(CAD) remains the leading cause of morbidity and mortality in Canada and the world

(69). CAD is a multi-faceted set of conditions including angina pectoris, myocardial

infarction (MI) and congestive heart failure (CHF). Most MIs occur as the result of

rupture of an atherosclerotic plaque. Thrombolytic occlusion of a coronary artery

restricts blood flow to the collateral myocardial tissues causing cell death and tissue

necrosis (69; 103). 
'Wound 

healing post-Ml involves the recruitment and proliferation of

myofibroblasts and the deposition of extracellular matrix proteins (ECM), most notably

collagens I and III, within the infarct scar and viable myocardium. Initially, matrix

synthesis provides a beneficial function in maintaining the integrity of the infarct scar;

however, over time the excess production of collagens proves detrimental and causes left

ventricular stiffening which can lead to cardiac rupture (13).

There are a variety of known stimuli or 'triggers' associated with coronary events

that appear to be singularly connected by one uniting factor: stress. Stressors activate the

sympathetic nervous system and result in catecholamine release initiating a number of

compensatory mechanisms. These mechanisms are believed to have initially evolved to

protect humans in the 'fight or flight' response, but may now provoke sclerotic rupture

and subsequent cardiac ischemia (69). Heart rate and blood pressue increases in the

morning have also been cor¡elated with increased plasma epinephrine and norepinephrine

levels (79). Despite our ability to identiff stimuli responsible for increasing risk of

infarction, and the existence ofpreventative guidelines to decrease such risks, cardiac

20



events continue to occur. Apart from survival of the initial cardiac event, the damage

occurring as a result of arterial occlusion presents a more serious condition of eventual

progression to heart failure. It is therefore essential that we develop a clear-cut

understanding of the changes that occur within the post-Ml heart to improve both short

and lons-term survival.

II. AcurB Myocan¡rAl INFARCTToN

Acute MI develops over the course of several hours and terminates when necrosis

of tissues reaches its ultimate extension defined by the boundary of the infarct-associated

vascular bed and its potential collateral flow (35). MI is charactenzed by ischemia when

there is less than 40% of normal blood flow to cardiac tissues and the contractile frinction

of the heart becomes impaired (13). Post-MI wound healing is a complex process

requiring the activation of multiple parallel systems and takes place over a prolonged

period of time after the initial injury.

Infarction results in a series of adaptive cellular and exftacellular changes.

Cardiac wound healing can be divided into four distinct phases of: i) cell death, ii) the

acute inflammatory response, iii) granular tissue formation and iv) repair and remodeling

ofthe infarct scar (4).

Cardiomyocyte death charactenzes the f,rrst phase of cardiac wound healing. In

the adult myocardium, it is generally believed the vast majority of cardiomyocytes do not

proliferate. This view is supported in part by clinical observations: functionally

significant myocardial regenerationhas not been documented in diseases and/or injuries

21



resulting in cardiomyocyte loss. In addition primary myocardial tumors are rarely

observed in adults (I2l).

Terminally differentiated cardiomyocytes consume the vast majority of the

volume of the normal adult mammalian heart (22). These cells constitute the core

contractile component of the myocardium and contain several specific contractile

proteins which allow them to move in a rh¡hmic and coordinated fashion (22). Serum

markers of myocyte death include increased semm levels of fatty acid binding protein

(FABP), troponin T, creatine kinase skeletal-brain hybrid type (CK-MB), and serum

glutamic-oxaloacetic transaminase (SGOT). Many such markers can be identified within

the first few hours after injury and can be used in general post-Ml diagnosis.

Under ischemic conditions myocyte cell death can arise as the result of either

apoptosis or necrosis. Apoptosis is charactenzed by cell swelling and, in rats and

humans, peaks within the first 6-8 hrs post-Ml (a;22). Necrosis is believed to take place

secondary to apoptosis, characterizedby cell shrinkage and occurs i2 hrs to 4 days post-

MI (4; 22). It is believed necrosis extends from the inflammatory response at the site of

injury and results from the inability of neighbouring cells to phagocytizethe majority of

the myocytes that have undergone apoptosis (4).

The second phase of wound healing is marked by the inflammatory response

stimulated by myocyte cell death. This response initiates a series of events designed to

recruit cells to remove and repair damaged tissues and to allow for maintenance of the

infarct region via hypertrophy, hyperplasia and ECM production (31;129). It is believed

myocardial cell necrosis results in the release of subcellular membrane constituents rich

in mitochondria, and that these components are capable of triggering the complement

22
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cascade within 12-16 hrs after the onset of ischemia (22; aÐ. The activation of the

complement cascade results in the recruitment and trapping of neutrophilic granulocytes

and monocytes at the site of injury which act to remove dead cells and other debris. The

protein fragment C5a, a component of the complement cascade, initiates the chemotactic

recruitment of these mononuclear cells which infiltrate the infarcted myocardium.

Transforming growth factor-B (TGF-B) as well as monocyte chemoattractant protein

(MCP)-l secreted by numerous cells of the inflammatory cascade such as neutrophils and

platelets also contributes to this cellular influx. Within the infarct site, monocytes

differentiate into macrophages likely as a result of localized upregulation of macrophage

colony-stimulating factor (M-CSF). These cells serve to regulate the composition of the

matrix through synthesis of matrix metalloproteinases and their inhibitors as well as

possibly serving as a source of other cytokines and growth factors (43).

Mast cells are granulocytes that originate from CD3a* hematopoietic stem cells

and circulate as immature precrilsors in the peripheral blood. At the site of injury,

resident cardiac and newly recruited circulating mast cells are an important source of

preformed and freshly synthesized cytokines, chemokines and growth factors, most

notably TNF-cr (4). Mast cells are also important sources of TGF-B, basic fibroblast

growth factor (FGF) and vascular endothelial growth factor (VEGF), which have been

shown to recruit mononuclear cells as well as regulate fibroblast growth, modulate matrix

metabolism, and stimulate angiogenesis (43). Mast cell degranulation occurs within the

ischemic area and results in rapid release of TNF-u which induces IL-6 expression in

infiltrating mononuclear cells. Experimental MI is associated with the coordinated

activation of a series of cvtokine and adhesion molecules such as NF-rcB, which are
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activated by cytokines such as TNF-o and by free radicals (a3). The genes regulated by

NF-KB transcription factors are involved in the inflammatory response, as well as in cell

adhesion and growth control. Via the production of a variety of cytokines and growth

factors, macrophages, mast cells and lymphocytes create an environment rich in

inflammatory cells. Capable of regulating neovessel formation, fibroblast proliferation

and matrix metabolism, inflammatory cells begin the healing process within the infarct

wound (43).

Activation of matrix production following infarction is a critical step in the acute

response to wound healing and scar formation to replace necrotic myocytes and damaged

tissues. The third phase of wound healing is distinguished by the formation of

granulation tissue in the border zone of the infarct scar two to 3 days post-Ml (4).

Granulation tissues are characteñzed by an abundance of small blood vessels. Appearing

3-4 days post-Ml, these vessels are either newly formed or derived from pre-existing

collateral vessels that retained blood flow during ischemia (4).

Myocardial fibroblasts represent the largest class of cells, in number not size,

residing in the LV and serve to regulate matrix turnover and coordinate the fibrotic

response to injwy (65). Fibroblasts normally function to maintain the integrity of the

extracellular matrix and play an integral role in matrix remodeling (a5;23). Within the

cardiac wound, fibroblasts are modified via a variety of stimuli including mechanical

tension and various cytokines to become a specialized class of hypersecretory

myofibroblasts capable of producing an excess of collagens and thus helping maintain the

integrity of the scar (29; I33). Myofibroblasts are the main collagen-producing cells in

myocardial infarcts which has been shown in many studies to be upregulated in the
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infarct scar as well as the remnant viable myocardium (231' 45;93; I23;141). These

differentiated myofibroblastic cells specifically express s-smooth muscle actin (o-SMA)

and embryonic smooth muscle myosin (SMemb) but do not express desmin (a marker of

endothelial cells) (41; a5; 115). Myofibroblast differentiation and SMemb expression

can be induced by stimulation with TGF-P (41).

Matrix deposition, synthesized by newly formed myofibroblasts, begins with

fibrin, followed by fibronectin, tenascin and laminins. These same active myofibroblasts

also help regulate the fibrotic process through the synthesis of other matrix proteins and

metalloproteinases (42). Composed of collagens and other matrix proteins,

proteoglycans, glycosamingoglycans, basement membrane proteins, and bioactive

signaling molecules, the cardiac matrix serves an essential function in the heart (3;78;

140). Granular tissues within the infarct zone are well ordered resulting from the highly

orgarlized arrangement of myofibroblasts (4).

The final phase of cardiac wound healing is characterizedby the repair and

remodeling of the infarct scar. Deleterious remodeling is the leading cause of heart

failwe and death (43). Even afrer 2-3 weeks post-Ml, the granulation tissue is still rich in

myofibroblasts, macrophages and small blood vessels (4). Scar maturation involves a

loss of cellularity as a result of apoptosis and leads to a decrease in the cell number

within granulation tissues (4). Within the post-Ml myocardium, even within the infarct

scar, myofibroblasts have been found to persist for more than2} years (146).
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III. Cennnc Wou¡.r¡ FI¡arn'rc AND TFIE INoucuoN on'FI¡aRr Ferrunp

Posr-MI

After a large transmural MI, the whole heart undergoes repair with fibrous tissue

that appears both proximally and remotely to the site of injury and contributes to

deleterious remodeling in the non-infarcted myocardium as well (128). Under normal

conditions, the early LV filling is controlled by relaxation and expansion of the heart

muscle and by the heart's ballistic recoil. The final volume of the ventricle is then

adjusted by the pressure of the incoming blood. In response to pathological conditions,

the heart loses some of its ability to recoil, and suction blood into the ventricle, and thus

fills incompletely (104). In heart failure, the heart is unable to deliver an adequate output

of blood to supply the demands of the tissues despite adequate LV filling pressue (2; l3).

This progressive decline in cardiac output is related to left ventricular remodeling (96).

After an infarct, the LV undergoes a series of adaptive changes that result in progressive

dilation, hypertrophy, distortion of cavity shape, and deterioration in contractile function

(I24). The compensatory increase in size of the LV results from the imbalance between

the workload required and the inability of the heart to suff,rciently pump blood from the

ventricles in its weakened state (104). Myocardial hypertrophy, ischemia, and fibrosis

cause slow or incomplete LV filling at normal left atrial pressures. Cardiomyocytes,

through sarcomeric hypertrophy in series, contribute to the increase in LV chamber size

and mass in response to increased loading conditions (55). Left atrial pressure rises to

increase LV filling, and results in pulmonary and systemic venous congestion.

Maladaptive left ventricular remodeling primarily occurs as a result of excessive

collagen production and the subsequent stiffening of the myocardial wall. In

combination, cardiac fibroblasts and myofibroblasts account for - 70o/o of the total cell
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population and are exclusively responsible for the synthesis of fibrillar collagens which

compose 90%o of the total matrix proteins in the heart (139). With normal aging, LV wall

thickness, stiffness and systolic blood pressure is increased (2). Post-MI remodeling

stimuli such as increased mechanical LV wall stress, newohormonal activation,

cytokines, and oxidative stress lead to hypertrophy of cardiac myocytes, alterations in the

interstitial matrix, fetal gene expression, and myocyte death (2). These events stimulate

deleterious changes in the structure and function of the LV, which result in further LV

dysfunction and increased LV wall stress, and subsequently promote more pathologic

remodeling (2). The increased wall tension, increased myocardial oxygen consumption,

reduced subendocardial perfusion, and reduced myocyte shortening all affect the

pumping ability of the heart. LV remodeling affects survival by reducing hemodynamic

function and by increasing the risk of anhythmias leading to sudden cardiac death.

The major neurohormonal systems activated in heart failure are the sympathetic

nervous system, the renin-angiotensin-aldosterone system, natriuretic peptides,

endothelin, and TNF-o (2). Activation of neurohormonal systems in chronic heart

failure increases LV hypertrophy and later LV dilatation by alterations in afterload,

preload, stretch, increased wall stress, interstitial collagen deposits, and by having direct

toxic effects.

IV. Trm Rar MoIEL oF MyocenuAl INFARCTIoN

Animal models simulating the human condition of heart disease are an essential

component in our understanding of the pathophysiology behind the illness, and in our

ability to produce newer and more effective treatment regimens for heart failure (51).
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Developed in Canada by Selye et al. inthe early i960s, the rat model of MI is one of the

few reliable methods of studying scar generation and congestive heart failure in vivo

( 1 i 3). In the rat, vascular proliferation and fibrosis of the infarct zone and resorption of

necrotic tissue occurs from the onset of infarction, and discrete scar formation is evident

at2l days post-Ml (104). The generation of large infarcts, e.g. greater than 30%, is

associated with significant myocyte hypertrophy (98). Rats with infarct size greater than

45%ohave been shown to exhibit overt heart failure which is characterized by elevated

frlling pressures, reduced cardiac output and low response capacity to preload and

afterload stress (137). Previous investigation has verified that the rat model of chronic

infarction is an acceptable approximation to the clinical condition. Animals who undergo

a left coronary arterial ligation procedure eventually develop heart failure characterized

by decreased blood flow to systemic organs in a manner similar to that of the human

condition (28;51). The rat infarct model mimics the human condition, and

administration of pharmacologic interventions also proves useful in predicting the

response in humans given the same treatment (51). The experimental MI in rat is a well-

established model for studying gene expression in pathological conditions in both viable

remnant myocardium and within the infarct scar (i ;38; 541' 62; 152).It is for this reason

that the rat model of myocardial infarction was chosen as an acceptable and

compensatory approximation of heart failure for this study.

V. Posr-MI PRorBnv ExpnpsstoN

I. GP13O SIGNALING PATHWAY
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Cytokines regulate communication between cells to modulate survival, growth,

differentiation and effector functions (56). Rapidly synthesized and secreted by different

cells generally after stimulation, cytokines differ from hormones in that they are not

stored in glands as preformed molecules. Exhibiting pleiotropism through their effects

on many different target cells cytokines can, in nano-to-picomolar concentrations, affect

the action of other cytokines in an additive, synergistic or antagonistic manners (56).

Cytokines are classified by their a) biological responses as pro or anti-inflammatory

cytokines, b) receptor or c) in terms of their three-dimensional structure (56).

Glycoprotein 130 (gpl30) is a member of the hematopoietic cytokine receptor family and

consists of an extracellular region, a single transmembrane segment, and a cytoplasmic

domain. The gp130 receptor subunit is considered the most 'promiscuous' of the

cytokine receptors as it transduces the signals of a multitude of different ligands

including interleukin-6 (IL-6), IL-l1, LIF (leukemia inhibitory factor), OSM (oncostatin

M), CNTF (ciliary neurotrophic factor), neuropoietin Q.{PN), cardiotrophin-like cytokine

(CLC) and CT-l (cardiotrophin-1) (87;112). The physiological responses initiated by

gp130 receptor binding are the result of activation of the Janus kinases (Jaks) and

transcription factors of the STAT family (Jak-STAT Pathway) (56).

The IL-6 family of cytokines, to which CT-l belongs, is characterized by a four-

o-helix bundle structwe (87). After first binding to specific receptors on their target

cells, cytokine complexes of IL-6 and IL-ll bind to receptors on their target cells and

dimerize with gpl30. Receptor-bound CLC, NPN and CNTF form a heterodimer of the

gpl30 and the LIF receptors (LIF-R). In CT-l signaling specifically, CT-l binds directly

to the LIF-R, inducing heterodimeric binding with gpi30 which then tranduces
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congestive heart failure may reflect enhanced IL-6 activity with enhanced gp130 tumover

in the myocardium (99). Soluble gp130 may prove to be a valuable independent

predictor ofprogression to heart failure in high risk patients.

The Janus kinases (Jaks) are a family of cytosolic tyrosine kinases that play a

critical role in the rapid transduction of signals from the cell surface to the nucleus.

Named after Janus, the Roman "god of gates" who was represented as a two-faced

divinity, the kinase itself contains two faces; a JHl (kinase) and a JH2 (pseudokinase)

domain (6). The catalytic activity of Jaks is regulated by the JH1 domain. It is suggested

the JH2 domain is a potential docking site for signal transducers and activators of

transcription (STATs) (6).

The Jak/STAT pathway is capable of transmitting information from extracellular

polypeptide signals through transmembrane receptors, directly from the cytoplasm to

target gene promoters in the nucleus (56). STATs are ubiquitously expressed and are

activated in the cytoplasm, but exert their function in the nucleus. STATs are mainly

activated after stimulation of cytokine receptors (6). There is also evidence of STAT

activation by other receptor tyrosine kinases such as epidermal growth factor (EGF),

fibroblast growth factor (FGF), platelet derived growth factor (PDGF), colony

stimulating factor (CSF-lR), c-kit, insulin receptor and c-met, and by G-protein-coupled

receptors (angiotensin II receptors). STAT activity is predominantly regulated by post-

translational modif,rcations, specifically the phosphorylation of tyrosine and serine

residues.

II. TIIE JAK/STAT PaTHway
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There are seven different STATs, but the major functional STATs in the heart are

STAT3 and STAT1. STAT3 is activated by gp130 and requires tyrosine phosphorylation

to allow for dimerization (STAT3, Tyrosine 705). Following tyrosine phosphorylation

STAT molecules are transported into the nuclear compartment. STAT dimerization is a

prerequisite for DNA binding. After nuclear translocation and dimerization, STATs bind

to specific enhancer sequences in DNA stimulating, ffid in certain cases possibly

repressing, the transcription of respective target genes. After growth-hormone

stimulation STAT3 is MAPK-dependently serine-phosphorylated; in contrast, after

stimulation with IL-6, STAT3 is phosphorylated at the same amino acid independently

from MAPK activation (a6).

STAT3 has been implicated as a mediator of cardiac hypertrophy and in the

induction of endothelial growth factor (a6;73). STAT3 has also been postulated to have

a protective role in the heart (72;88). STAT3 phosphorylation in the heart was examined

by Ng et al. in 2003 in patients with heart failure resulting from ischemic heart disease

(IHD) or idiopathic dilated cardiomyopatþ (DCM) (89). Significant STAT3 Y705

phosphorylation was detected in DCM but not IHD(89). Many animal based studies

indicate the phosphorylation of the STAT family of transcription factors accompanies

cardiac hypertrophy, ischemia/reperfusion and dilated cardiomyopathies (89).

Anti-apoptotic effects of STAT3 have been demonstrated in cultured neonatal

cardiac myocytes subject to anoxia, metabolic inhibition and acidosis. ln a mouse model

of ischemic preconditioning, a role for the Jak-STAT pathway in cardioprotection has

been identified (6). Bolli et al. identified Jakl, Jak2, STAT1 and STAT3 as the specific
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elements involved in the induction of iNOS protein and activity, and delayed protection

against infarction.

The Jak-STAT pathway affects cardiac hypertrophy and apoptosis (6). In

response to CT-1 stimulation, LIF-P and gpl30 become tyrosine phosphorylated by Janus

kinases (Jaks), since neither contain any inherent kinase activity (56; 105; 148).

Signaling via gp130 and Jak-STAT is controlled by negative-feedback by a family of

proteins called the suppressors of cytokine signaling (SOCS). It has been shown that

signaling via the gpl30-JaldSTAT pathway is profoundly altered in patients with end-

stage dilated cardiomyopathies at the level of expression and activated phosphorylation

(99). It has also been found that STAT3 protein abundance is significantly reduced in

both cardiomyocytes from failing hearts and in non-myocytes (99). The Jak-STAT

pathway has been shown to protect cardiomyocytes from apoptosis, induce hypertrophy

and promote expression of cardioprotective genes (superoxide dismutase and VEGF)

(ee).

JaIdSTAT pathways have been implicated in the migration of epithelial cells.

Through binding to a seven-transmembrane G-protein-coupled receptors, Sonano et al.

have shown that chemokines activate the JAIISTAT pathway to trigger chemotactic

responses (122). The Jalc/STAT pathway has been found to be prominently associated

with the activation of the autocrine loop of the cardiac rennin-angiotensin system (RAS).

Angiotensin II uses a signal pathway in cardiac myocytes in which the promoter of the

gene encoding its prohormone, angiotensiongen is a target for the STAT proteins. The

JaIdSTAT pathway has been shown to be activated in ischemic myocardium (83; 91;

149), but most recently in remote post-Ml heart as well (33). This activation is
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significant in that El-Adawi et al. fnd that blockade of the Jak/STAT pathway has

beneficial functional consequences in early post-Ml remodeling equivalent to that seen

for AT1 blockade with losartan (33).

There has been increasing interest in understanding the pathways of signal

transduction that mediate the transition of cardiac hypertrophy to overt heart failure

because of the benefit of targeting these as potential targets for therapeutic intervention

(8e).

III. CARDIOTROPHIN.I

Cardiotrophin-l, CT-l, is a member of the IL-6 superfamily of cytokines

discovered in 1995 by Pennica et al. (95). Other members of the IL-6 family of cytokines

include IL-11, LIF, OSM, and CNTF (94). CT-l is expressed in adult cardiac and

skeletal muscle, the ovary, colon, prostate, and testis, and in fetal cardiac, kidney and

lung tissues (56; 61). CT-1 is produced and released following myofibroblast cell injury

and its expression is augmented in the post-Ml heart. Its expression remains elevated

into the chronic phase of wound healing, unlike other members of the IL-6 family

cytokines (45). CT-l is a marker of heart disease (80), and has been shown to be

cardioprotective (7;77; ll4). Promotion of cardiac hypertrophy via CT-l stimulation

causes in series sarcomeric assembly in myocytes leading to eccentric LV hypertrophy

and chamber dilatation (148). Studies indicate CT-l is capable of altering fibroblast

growth (44; I35), and is able to initiate migration and proliferation as well as protein and

collagen synthesis (important factors in scar synthesis).

The cardiotrophin-1 signaling cascade requires multiple receptor components and

activated factors; glyoproteinl30 (gp130) and leukemia inhibitory factor (LIF), Janus
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kinases (Jak), and the signal activator and transducers of transcription (STAT3) (56).

Cardiotrophin-1 initially binds the LIF receptor and then associates with gp130 forming a

dimeric receptor complex which translocates into the nucleus and subsequently

transduces the proximal signal (I4l). CT-i carries out multiple diverse biological

functions (16; 45), CT-l activates multiple pathways via ERKs (extracellular signal-

related kinases), MAPKs (mitogen-activated protein kinases), and Pl3-kinases as well as

members of the JaklSTAT system. The Pl3-kinase enzymes are a group of ubiquitously

expressed proteins that have been demonstrated to be essential in a number of biological

responses including cell survival, cell proliferation, glucose transport, actin

polymerization and membrane ruffling (10).

The mouse gene of CT-l is 5.4 kb and consists of three exons and two introns.

Expression of CT-l mRNA in cardiac non-myocytes (mostly fibroblasts) was 3.5 times

higher than that observed in cardiac myocytes Q$. In cardiomyocytes, both in vivo and

in vitro CT-l mRNA expression was markedly augmented by norepinephrine stimulation

(47). The 1.1 kb of the 5' flanking promoter of the mouse CT-l gene contains a

norepinephrine response element (47). Fetal gene induction in the failing human heart is

under partial B-adrenergic control (81) thus, B-adrenergic stimulation of CT-l gene

expression is a candidate for a molecular mechanism of adrenergically-driven

pathological remodeling of the failing human heart. Angiotensin II has been shown to

induce CT-1 expression in cardiac fibroblasts (108).

Elevated serum levels of CT-l has been observed in human patients with unstable

angina, MI and heart failure (T30-I32). A correlation was made between the level of

CT-l expression and the degree of LV systolic dysfunction. Rats became resistant to
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repeated injections of CT-l via induction of endogenous suppressors of the IL-6 family

cytokines (53). Data from Sano er a/. suggests a substantial amount of the cardiac

hypertrophy induced by Angiotensin II and Endothelin-1 is mediated through increased

expression of IL-6, LIF and CT-l in cardiac fibroblasts (108). Thus, CT-1 may be

capable of potentiating cross-talk between a number of mediators of fibrosis. CT-l

expression in the myocardium may be a classic example of a cardiac compensatory

mechanism that may be both helpful and harmful. Signaling of CT-1 is anti-apoptotic

and promotes hypertrophy which may be beneficial in the early settings of hemodynamic

overload (108). In circumstances of overt hypertrophy and excessive stiffiress associated

with the maladaptive and potentially fatal conditions of advanced heart failure,

overexpression of such proteins would be deleterious to the health of the heart and

patient.

Zolk et al. measured the protein abundance of several key components of the CT-

I signal transduction system. In these experiments, gp130 protein expression was

decreased while its mRNA abundance was increased suggesting that gpl30.turnover is

increased by ligand-dependent intemalization and degradation (153). These findings

suggest the desensitization of gp130 signaling 'might contribute to deterioration of

contractile function' in chronic heart failure by promoting apoptosis and ventricular

dilation as was previously noted to have occurred in LV presswe-overloaded cardiac

myocyte-restricted gp130 knockout mice (151; 153). However, Zolket al. did not assess

the status of any downstream effectors of gp130, such as tyrosine phosphorylation of

STAT-3, and so it is not clear whether the discordant changes in CT-l and gp130 would

produce a net increase or decrease in CT-l signaling. At present it is unciear whether or
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not the changes seen in CT-1 signaling pathways constitute an adaptive or maladaptive

response by the hypertrophied, failing human heart.

VI. Tm IuvoTvBvTBNT oF ANGIoTENSIN IN THE }I¡enT

I. ANcToTBNSIN II

The renin-angiotensin-aldosterone system (RAS) plays a key pathophysiologic

role in the development of and progression to heart failure (55). The system is one of the

most powerful regulators of blood pressure and volume homeostasis in mammals (111).

The pathway of angiotensin II production begins with angiotensinogen, produced and

released by the liver. Angiotensinogen is cleaved by circulating renin resulting in the

formation of the decapeptide angiotensin I which is then cleaved to the octapeptide

angiotensin II by angiotensin converting enzyme (ACE) in the endothelial bed (55; 111).

Both angiotensin I and II can be generated by pathways independent of renin and

angiotensinogen, however, this pathway is responsible for production of the majority of

angiotensin II in the circulation (55).

Angiotensin II stimulates the release of vasopressin, luteinizing hormone,

oxytocin, and corticotrophin. Angiotensin II is known to regulate vascular tone through

effects on vascular smooth muscle via growth stimulation, and aldosterone production

and release which leads to increased salt absorption in the kidney and gut and the

induction of thirst and sodium appetite in the brain. Vasoconstriction, irregular fluid and

electrolyte homeostasis, and increased sympathetic outflow stimulated by angiotensin II

all contribute to arterial hypertension and compromise the pumping ability of the failing
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heart. Suppression of angiotensin signaling is associated with prevention of ventricular

dilatation, improved exercise capacity, attenuation of scar remodeling, and survival in

patients and experimental animal models of post-Ml heart failure (54; 62-64;91;98).

There are two types of angiotensin II receptors, angiotensin type 1 (AT1) and

angiotensin type 2 (ATt (55). The clinically important maladaptive cardiovascular

effects of angiotensin II are believed to be mediated by the AT1 receptor which also

accounts for its cell growth-promoting effects (55; 11i; 136). Extracellular matrix

(ECM) production and the secretion of adhesion molecules of fibroblasts is increased in

response to angiotensin II (9;66; 111). Fibroblasts proliferation and enhanced matrix

expression also results in excessive, deleterious deposition of matrix material (55). Ang

II has been show to increase cardiac fibroblast growth in humans, as well as upregulating

proto-oncogene expression, MAPK activity, and mRNA expression of TGF-81,

fibronectin and laminin (66). Adhesion to collagen and increased focal adhesion kinase

(FAK) activity in cardiac fibroblast is also enhanced by angiotensin activation (66). The

induction ofvagus suppression and B-adrenergic potentiation also increases inotropy and

chronotropy in the heart. Angiotensin II promotes rat cardiomyocyte hypertrophy both

directly and indirectly by stimulating the release of norepinephrine from cardiac nerve

endings and endothelin from endothelial cells (66).

AT1 receptors mediate the growth-promoting effects that are involved in vascular

and left ventricular hyperhophy, as well as mediating the structural remodeling of the

heart post-Ml (9; 55; 106). As well as producing adverse effects in endothelial

functioning and post-ischemic repair, Ang II also appears to participate in inflammatory

responses and in the production of free oxygen radicals (27; 106). Alternatively, AT2
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receptor mediated actions may antagonize the adverse effects of the AT1 receptor though

in the adult organism ATz receptors are frequently suppressed. Through production of

nitric oxide CNO), AT2 receptors may heip restore endothelial function (50) and prevent

vascular and cardiac cell srowth.

The first type of drugs developed to inhibit the renin-angiotensin system

specifically targeted the angiotensin converting enzyme (ACE). Normally, ACE acts to

reduce the conversion of angiotensin I to angiotensin II, and ACE inhibition reduces

angiotensin II concentrations directly by blocking this conversion (55). Despite having

beneficial effects in a number of cardiovascular disorders, the use of ACE inhibitors is

not well tolerated in all patients (106). Thus, there is increasing interest in alternative and

complementary methods of inhibition of the RAS system for cardiovascular patients

(106).

In the mid-1980s the first angiotensin receptor type 1 (ATr) antagonistic drugs

were developed (67; 111). Highly specific non-peptidic AT1-receptor antagonists were

created as competitive antagonists and exhibited virturally no agonistic effects at the

receptor level. Losartan was the first of these antagonists and the group name was

subsequently coined sartans (111). Angiotensin receptor blockers (ARBs) provide

cardiovascular protection and are both well-tolerated and effective antihypertensive

agents (106). In a meta-analysis of hypertensive patients it was demonstrated that ARB

treatment when compared with conventional antihypertensive therapy reduces the relative

risk of stroke, non-fatal MI and cardiovascular death by 12 % (106).

II. ATr R¡cePToR ANracoNtsltt
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Angiotensin receptor blockers have certain theoretical advantages over ACE

inhibitors given that angiotensin II may be produced independently of ACE (55). ARB

therapy has emerged as cardio and renoprotective in HF patients, reducing overall blood

pressure in hypertensive patients. A drawback of losartan is that it is a short acting drug

which does not produce as significant a change in BP than other longer acting ARBs such

as candesartan and irbesartan (II7).

It was previously believed that, although other Ang II receptors exist (e.g. AT2

and AT+), virtually all the cardiovascular and hemodynamic effects of Ang II were

mediated by the AT1 receptor subtype (111). However, recent developments have

indicated the possible involvement of AT2 receptors in the heart. The ATz receptor is

normally expressed at high levels in fetal tissues, and decreases rapidly after birth (I34).

Following vascular and cardiac injury, and during wound healing and renal obstruction,

the ATz receptor is re-expressed in adults suggesting a role for this receptor subtype in

tissue remodeling, growth and development. It is possible, that under physiological

conditions, AT2 receptors may function to antagonize the AT1-mediated effects by

inhibiting cell growth and inducing apoptosis and vasodilation (134).

Losartan has been shown to be greater than 10,000 fold more selective for the

ATr than the ATz receptor (1 10). In vivo, P450 oxidation of losartan converts a portion

of its structure to its metabolites, the mostpotent of which is called EXP3|74 which is

i0-40 times more potent than losartan. This metabolite binds noncompetitively and

becomes an insurmountable antagonist for the AT1 receptor (111). Losartan and

EXP3l74 have been shown to inhibit the thromboxane A2 (TXA2) receptor blocking its

vasoconstrictive and platelet aggregative effects ( 1 07).



4l

Previous morphological studies indicate the administration of losartan is

associated with the inhibition of cardiac fibrosis in the post-Ml heart (i09; 120). The

effect of losartan on cardiac hypertrophy and infarct size in experimental rats at 2 and, 4

weeks of treatment has previousiy been reported by our lab (62). There is also a growing

body of evident suggesting that losartan has AT1 receptor-independent actions related to

anti-inflammatory and antiaggregatory mechanisms. These properties are not shared with

other ARBs or ACE inhibitors (107). An additional secondary metabolite of losartan

(EXP3i79) has also been shown to act as an inhibitor of cyclo-oxygenase 2 (COX2) in a

similar fashion to that of conventional non-steroidal anti-inflammatories (107). These

metabolites also negatively regulate the transcription of proinflammatory genes such as

NF-KB.

In patients with hypertension, losartan effectively lowers biood presswe and

results in the regression of left ventricular hypertrophy (LVH). In the LIFE (Losartan

Intervention for Endpoint Reduction) study, losartan treatment showed a25yo reduction

in cardiovascular morbidity and mortality (death, stroke and MI) compared to atenolol

(67). In this same study, it was found that losartan was more effective than atenolol in

inducing LVH regression and provided superior cardiovascular protection (25).

As multiple profibrotic actions in human cardiac fibroblasts are mediated by

angiotensin type-l (ATr ) receptors (ATIR), studies have been conducted to determine if
ATIR blockade is useful in attenuating of the development of cardiac fibrosis in humans

(66). Studies from Kawano et al. suggest in the human heart, AT1 receptors are the major

functional angiotensin receptor mediating the fibrotic effects of angiotensin II. This

underscores the significant role of ATIR blockade in heart failure and post-MI
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remodeling in human patients (66). The ATI receptor blocker losartan was shown to

improve mortality rates in elderly patients with heart failwe compared with the ACE

inhibitor captropril (66).

Inhibition of the RAS at different levels has been show to protect vital organs

and reduced cardiovascular morbidity and mortality (68; 106). It has also been shown

that the beneficial effects of RAS inhibition extend far beyond that of blood pressure

control but also the processes of maladaptive vascularization and cardiovascular disease

(138). It is for this reason we sought to investigate if the use of ATI receptor blockade

via losartan would allow cardiotrophin-l to act unopposed in the post-Ml rat heart

promoting some of the cytokines' cardioprotective properties.

VII. Annp¡mRcrc SrcNarr¡{c rN Tr-m Fl¡anr

I. TIü Rors oF B-ADRENERcTc R¡cBproRs

Within the myocardium, the B-adrenergic signaling cascade is an important

regulator of normal cardiac function (37). Adrenergic receptors (ARs) belong to the G

protein-coupled receptors (GPRC) superfamily that binds the endogenous catecholamines

epinephrine and norepinephrine. ARs participate in either the onset or maintenance of

several disease states including hypertension, cardiac dysfunction (congestive heart

failure, ischemia, arrh¡hmias), diabetes, glaucoma, depression and impotence (21;92).

The human heart contains two major classes of ARs containing nine receptor subtypes

(three o1, three az and three B subtypes þt, þz and F:) Q2;115). The pharmacological,

structural and molecular data indicate there is significant heterogeneity within this

receptor family (92). In human tissues, the primary adrenergic receptors of
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norepinephrine are the Fl, þ2and û,I-receptors (143). The B1-receptor is predominate in

the healtþ human heart at a ratio of 70-80 to 30-20 compared to B2-receptors (14;75;

143) and the low density ot-receptors (17; 18). In HF, chronic over stimulation of the

sympathetic nervous system results in a downregulation of p1 receptors in cardiac tissues

to a ratio of B1: B2: a1 that is roughly 2:I:1(143).

It was first reported over 40 years ago that plasma norepinephrine concentrations

were elevated in patients with heart failure (20). Norepinephrine has a 20 times greater

affinity for B1 than þ2 receptors (15). The binding of norepinephrine results in the

activation of adenylate (adenylyl) cyclase which in turn raises intracellular cyclic AMP

(oAMP) (92). The membrane bound B-receptor is linked to adenyl cyclase through the

G-protein coupled receptor (GPRC) system. In its active stimulatory configuration (Gr)

and or its inhibitory form (G¡), the GPCR system acting as either the accelerator or brakes

of adrenergic signal transduction (37; 92). When activated, adenyl cyclase produces

oAMP from ATP and acts as the intracellular second messenger of the B1-receptor. p-

adrenergic stimulation results in a greater and faster rise in intracellular calcium coupled

to increased breakdown of ATP by myosin ATPase. The duration of the interaction of

myosin heads and actin tails is reduced by the increased presence of cyclic AMP (oAMP)

which increases the phosphorylation of troponin-I (that along with tropomyosin is one of

the active regulatory components of binding on the myosin head). The faster rate of

turnover enables the cells to relax more quickly and the subsequent increased contractility

is linked to an increase in phosphorylation of phospholambin. Taken together, all of

these effects increase the overall contractile activity of the heart (92). The increased

force of contraction of the heart muscle, termed a positive inotropic effect, results from
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the cAMP stimulated "opening" of calcium channels (12; 92). Increased cytosolic

calcium re-uptake in the sarcoplasmic reticulum results in a relaxing or lusitropic effect

(92). Adrenergic stimulation in the sinus node results in an increase in the pacemaker

current (a positive chronotropic effect), and the rate of conduction is accelerated þositive

dromotropic effect). Taken in combination, B-adrenergic activation has positive

inotropic, chronotropic and dromotropic effects are also oxygen conserving properties of

great importance in the failing heart(L2;92).

In heart failwe, chronic stimulation of p-adrenergic receptors results in receptor

intemalization and densensitization of B-AR signal transduction (37). A hallmark of

heart failure is the selective down-regulation of the Pl-receptor subtype, with a

progressive decrease in receptor density with increased severity of HF (a0). Such

downregulation could be viewed as selÊprotective, considering the detrimental effects of

excess levels of cAMP and calcium ions within the cell signaling system.

The classic model of B-AR signaling in heart failure suggests chronic stimulation

of p-ARs leads to chronic G-protein activation, and desensitizationor downregulation is a

physiologically adaptive mechanism that attempts (but ultimately fails) to stop

progressive HF(37).

The ability of adrenergic receptors to activate multiple pathways through G

proteins and second messengers imparts diversity to adrenergic receptors responsiveness

under various conditions. As of 2005, American guidelines recommend that all patients

II.p-ARBrocraop
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\ /ith AMI are started on p-blockade therapy and continued indefinitely, unless absolutely

contraindicated or not tolerated (39).

P-AR blockade is a widely recognized therapeutic tool for heart failure, but the

manner in which inhibition of the B-receptor acts to reduce mortality is not yet fully

understood. There are several hypotheses to explain the improvements in HF seen with

B-blockade which are believed to result from antagonism of the cytotoxic effects of

increased circulating catecholamines and the normalization of B-AR signaling.

Downregulation of B 1-ARs in myocardial membranes and decreased coupling of

remaining receptors to the stimulatory G-protein/adenylyl cyclase system has been shown

in heart tissue (100).

Propranolol was the first B-blocker to be introduced and was produced to

counteract the cardiac effects of adrenergic stimulation. Propranolol is a non-selective

beta blocker, impeding the action of epinephrine on both p1 *d Þr adrenoreceptors (92).

The halÊlife of propranolol is only 3 hrs, but continued administration saturates the

hepatic process that removes propranolol from the circulation; the active metabolite 4-

hydroxypropranolol is formed, and the effective half-life becomes longer (92). The

biologic half-life of propranolol exceeds the plasma half-life considerably, so that twice-

daily dosage ofstandard propranolol is effective. The higher the dose ofany p-blocker,

the longer the biologic effects; propranolol is slow release and is highly bound (i.e. it has

a good lock and key fit). Propranolol has inhibitory effects on the sinus node,

atrioventricular node, and on myocardial contraction as well as chronotropic, dromotropic

and inotropic effects (92). Ithas been the gold standard in treatment after acute

myocardial infarction and is also widely used and licensed for multiple other indications



such as angina, hypertension, arrh¡hmia, migraine prophylaxis, anxiety and essential

tremor (92).

Adverse effects of p-blockers include fatigue, insomnia and worsening

contraindications such as reactive airway disease, sinus-node dysfunction and

abnormalities in the cardiac conduction system (12;3Ð. The side effects of propranolol

include i) smooth muscle spasm (bronchospasm and cold extremities), ii) exaggeration of

the cardiac therapeutic actions (bradycardia, heart block, excess negative inotropic

effect), and iii) central nervous penetration (insomnia, depression). The central system

side effects are likely related to the fact that lipid-soluble B-blockers have high brain

penetration. Other side effects include decreased exercise output (-15%) associated with

fatigue and impotence. Alternative usage of propranolol in curing stage fright as well as

the future incorporation of drug treatment in dealing with post-traumatic stress disorder

exemplifies the diverse benefit of the drug in areas other than heart disease (49).

Reduced morbidity and mortality, as well as improvement in the myocardial

molecular phenotype, reverse remodeling characterized by decreased ventricular

dimensions and improved systolic function have been shown in clinical HF trials using B-

blockade (14; 32; 8 1). Thus far, of the drugs developed to lower morbidity and mortality

in HF, antagonism of B-AR has proven most effective (37).

P-AR blockade is now established as a highly effective therapy that reduces

morbidity and mortality in patients with heart failure associated with reduced systolic

function (34). Newly established guidelines recoÍrmend the use of p-AR antagonists in

patients with symptomatic LV systolic dysfunction (34). The use of p-antagonist therapy

is novel and counterintuitive to many physicians. The implementation of therapy is
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viewed as difficult and time consuming because it requires frequent visits for dosage

monitoring and regulation of symptoms, physical findings and adverse effects.

Fetal gene induction in the failing human heart is under partial B1'adrenergic

control (81). Therefore, B-adrenergic modulation of CT-l gene expression is a candidate

for the molecular mechanism of adrenergically-driven pathological remodeling in the

failing human heart (16) representing another opportunity to explore additional pathways

in the management of heart disease.



Marpnrat,s AND Mpruoos

I. MvocaRDIAL INpaRcrtoN IN Rars

All experimental protocols for animal studies were approved by the Animal Care

Committee of the University of Manitoba, following guidelines set forth by the Canadian

Council on Animal Care. Myocardial infarction (MI) was produced in 150-200 gram

anesthetized (0.01-0.05 mg/kg buprenorphine subcutaneous premedication, 2-2.5%

isofluorane inhalation anesthetic) male Sprague-Dawley rats by ligation of the left

coronary artery as previously described (30). The resulting scar from the arterial ligation

was approximately 40o/o of the left ventricle, although there was a high mortality rate

(upwards of 40Yo within the first two days post-Ml). Sham operated animals received the

same procedure as infarcted rats bar arterial ligature and were used as a control for

comparative purposes. Post-MI, both sham and infarct groups were treated with either

losartan (15 mg/kg/day) or propranolol (30 mg/kg/day) in drinking water vehicle for

specific time periods. Animals were sacrificed (at specified stages between 24lvs and 8

weeks post-Ml) and tissues from both the viable region and infarct scar of the left

ventricle were subsequently frozen (liquid nitrogen) and placed in the -80"C freezer.

Isolated tissue samples were first pulverized in liquid nitrogen, then homogenized and

lysed in 2x sodium dodecyl sulfate (SDS) buffer (0.125 M Tris,2% SDS, 20o/o glycerol)

at 4oC for 60 minutes and then sonicated 3x for 10 seconds. Centrifugation at 14,0009

for 10 minutes was used to remove any insoluble materials and the clear supematant was

collected for Westem analvsis.
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II. IsoreTIoN au¡ CTTeRACTERIZATION Or. CAnIIRC MYOr.ßROBLASTS

Ventricular fibroblasts were isolated from the hearts of 150 - 200 g adult male

Sprague-Dawley rats as previously described (30). Hearts were then briefly subject to

Langendorff perfusion at37'C with SMEM containing 0.lo/o collagenase (Worthington

Biochemical Corporation, Lakewood, NJ) for 20-25 minutes. Upon completion of the

digestion, hearts were removed and placed in diluted collagenase and neutralizedby

addition of an equal volume of DMEI\4/Fl2 medium containing 10% FBS. Liberated

cells were collected and centrifuged at 500 x gfor 7 minutes. Cells were resuspended in

fresh DMEMIFI2 containing 10% FBS and plated in75 cmz culture flasks at 37oC with

5Yo COzfor 3 hours. Tissue debris and non adherent cells (myocytes) were removed by

changing the culture media and the remaining adherent cells (mainly f,rbroblasts) were

incubated in fresh DMEI\{/Fl2 containing 10% FBS, 100 U/mL penicillin, i00 pglml-

streptomycin, and 100 ¡rM ascorbate. We (a5) and others (84) have previously described

the differentiation of myofibroblasts from adult primary fibroblasts when plated at low

density as described above. The experiments were conducted on myofibroblasts after the

first passage (P1 cells). The cells (myofibroblasts) were observed to express u,-smooth-

muscle actin and the embryonic form of smooth muscle myosin heavy chain (SMemb) as

they do in vivo in infarcted rat heart (41). Cells were rendered quiescent by incubation in

serum-free medium for 18-24 hours prior to experimentation and then incubated with

either or in combinations of losartan (Merck Lot # LLN-056), isoproterenol (16504 -

Sigma-Aldrich, Oakville, ONT), or propranolol (P0884 Sigma-Aldrich, Oakville, ONT).

At the specified time-points, cells were lysed in RIPA buffer (150 mM NaCl, 1% Triton
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X-100, 0.5Yo deoxycholate, 0.1% SDS, 50 mM Tris) with 1x protease inhibitor cocktail

(Sigma-Aldrich, Oakville, ONT) and 10 mM NaF, 1mM Na¡VO+ and 1 mM EGTA.

III. .WpSTERN 
ANALYSIS

Protein concentrations of tissue and cell lysates were determined using the BCA

method as previously described (1 19). Proteins were separated using 8-12% SDS-PAGE

gels and transferred to PVDF membrane (Roche, Indianapolis, [N) for t hour at 300 mA.

Transferred membranes were blocked with 5Yo non-fat skim milk in Tris-buffered saline

containing 0.2YoTween 20 (TBS-T) or in 5% BSA/TBS-T for phosphorylated antigens

for either I hour or overnight (O/l'{). Proteins were visualized using ECL Plus

(Amersham) after probing with primary and secondary antibodies. Band intensity was

quantified using a CCD camera imaging densitometer (GS670, Bio-Rad Laboratories

(Canada) Ltd. Mississauga, Ontario).

IV. Ivnvnn IoFLUoRESCENCE
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Cardiac myofibroblasts were seeded onto coverslips in 6-well dishes and allowed

to adhere overnight in DMEMÆL2 media containing 10% FBS semm. The cells were

rendered quiescent in serum free media for 18-24 hours before 30 minute incubation with

either of losartan, propranolol or isoproterenol (in various combinations). After

aspiration of media, treated cells were rinsed with lx PBS and fixed with 4%

paraformaldehyde. Permeabilization of cells with 0.1% Triton X-100 was followed by

incubation with primary antibodies, biotinylated secondary antibodies, and streptavidin

FITC and nuclei were stained with Hoechst 33342. Visualization of cells was



accomplished using epifluorescent microscopy with appropriate filters for various

antibody fluorescence (Nikon Canada).

V. RBecexrs

Recombinant CT-1 and mouse monoclonal CT-i antibody were purchased from

R&D Systems, Inc. (Minneapolis, MN). Angiotensin II was purchased from Sigma-

Aldrich Canadaltd (Oakville, Ontario). Rabbit polyclonal antibody against gp130 was

bought from Upstate Biotech (Lake Placid, NY). Polyclonal rabbit antibodies against

STAT3, STAT3 pYtot were from Cell Signaling Q.{ew England Biolabs Ltd.,

Mississauga, Ontario), anti-gpl3O antibody was purchased from Upstate (Lake Placid,

NY). Secondary anti-mouse and anti-rabbit HRP were acquired from BioRad (Hercules,

CA). cr-smooth muscle actin antibody was purchased from Sigma-Aldrich Canada Ltd.

(Oakville, Ontario, mouse monoclonal antibody against procollagen (SP1.D8) was from

the Developmental Studies Hybridoma Bank (Dr. Heinz Furthmayr, Yale University CT).

Losartan (i.e. the angiotensin II type I receptor blocker) was obtained from MERCK

(Rahway, NJ). Propranolol (i.e. the B-adrenergic receptor blocker) was from Sigma-

Aldrich Canadaltd. (Oakville, Ontario). Culture media (Dulbecco's Modified Eagle

Medium, DMEMÆ 1 2, and S-Minimum Essential Medium, SMEM), fetal bovine semm

(FBS), and antibiotics þenicillin, streptomycin) were purchased from GIBCO BRL

(Grand Island, NY). Culture plates and multi-well culture dishes were obtained from

Fisher Scientific (Whitby, CA). All other laboratory grade reagents were purchased from

Sigma-Aldrich Canada Ltd. (Oakville, Ontario).
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VI. STATISTICS

Data are expressed as means * standard error. Means between control and test

conditions were compared using one-way analysis of variance (ANOVA) followed by

either Bonferorrni's post-hoc analysis, or the Student-Newman-Keuls test for

comparing the differences among multiple groups (SigmaStat 3.2). Significant

differences were defined via a probability of * P < 0.05.
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CT-I -26Y'Da

Actin - 43 kDa

Sham MI Scar

Figure 1. CT-l protein expression in 2 week control, Iosartan and propranolol treated

tissue samples following MI. A) Representative Western blot of CT-l expression in

control, losartan and propranolol treated tissue samples. Actin and p-Tubulin were used as

controls for equal protein loading. B) Protein expression was determined in 50 pg cardiac

tissue lysates by ÏVestern analysis with mouse monoclonal CT-l antibody. The relative

intensity of protein to control is expressed in arbitary densitometric units (mean + SEM).
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- P < 0.001<H
* P:0.007H
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Figure 2. CT-l protein expression in 4 week control, losartan and propranolol

treated tissue samples following MI. A) Protein expression \ilas determined in 50 pg

cardiac tissue lysate by Western blot analysis with mouse monoclonal CT-l antibody.

Actin was used as a control for equal protein loading. The relative intensity of protein

to control is expressed in arbitary densitometric units (mean + SEivÐ. Note the

increased expression of CT-l in scar tissue samples compared to the relative decrease

in protein expression seen in the actin blot (statistical ratios were corrected for actin).
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* P: 0.656

rP:0.702

Sham

Figure 3. CT-l protein expression in I week control and losaÉan treated tissue
samples following MI. A) Protein expression was determined in 50 pg cardiac tissue
lysate by Western blot analysis with mouse monoclonal CT-l antibody. Actin was

used as a control for equal protein loading. B) The relative intensity of protein to
control is expressed in arbitary densitometric units (mean + SEM).
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Figure 4. Cf4 and gp130 protein expression in control and propranolol treated 24

hr tissues after MI. Representative Western blots were used to determine protein
expression in 10 pg cardiac tissue lysate with mouse monoclonal CT-1 and rabbit
polyclonal gpl30 antibody. Actin and Coomassie Blue were used as controls for equal

protein loading. The relative intensity of protein to control is expressed in arbitary
densitometric units (mean + SEM). Sh, Sham; P, Propranolol.
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Figure 5. pSTAT3 and total STAT3 protein expression in control and propranolol
treated 48 hr tissues after MI. Representative Western blots were used to determine

protein expression in 10 pg cardiac tissue lysate with rabbit polyclonal pSTAT3 and

mouse monoclonal total STAT3 antibody. Actin and Coomassie Blue were used controls

for equal protein loading. The relative intensity of protein to control is expressed in

arbitary densitometric units (mean + SEM). Sh, Sham; P, Propranolol.
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Figure 6. CT-l and gp130 protein expression in control and propranolol treated 48

hr tissues after MI. Representative Western blots were used to determine protein

expression in 10 pg cardiac tissue lysate with mouse monoclonal CT-1 and rabbit

polyclonal gp130 antibody. Actin was used as a control for equal protein loading. The

relative intensity of protein to control is expressed in arbitary densitometric units (mean

+ SEM). Sh, Sham;P, Propranolol.
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Figure 8: gp130, pSTAT3 and Total STAT3 protein expression in propranolol treated
tissue samples 2 weeks after MI. Protein expression was determined in 10 pg cardiac

tissue lysate by Western blot analysis with gp130, pSTAT3 or Total STAT3 antibody.

Actin was used as a control for equal protein loading. The relative intensity of protein to

control is expressed in arbitary densitometric units (mean + SEM). Sh, Sham; P,

Propranolol.
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Figure 9. gp130, pSTAT3 and Total STA.T3 protein expression in propranolol treated
tissue samples 4 weeks after MI. Protein expression was determined in 10 ¡rg cardiac tissue

lysate by Western blot analysis with 9p130, pSTAT3 or Total STAT3 antibody. Actin was used
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arbitary densitometric units (mean + SEM). Sh, Sham; P, Propranolol.
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in isolated cell lysates of control and isoproterenol treated (50-150 pM) fnst passage (P1)
adult rat cardiac myofibroblasts.

[100] [1s0]



CT-l - 261<Da+

Actin - 42V,Da +

Control ISO PROP ISO +PROP

o l.
'õ
o t2t.tr¡ir f=X-

e)
rLn

Fiçv'|
\Jtroo
.È .Ë 0.
oÉ
6t q)
q)Aã\, u.

=oF

* P :0.048

* P:0.003

67

* P: 0.035

* P = 0.009

Figure 15. Protein expression of CT-l in control, isoproterenol, propranolol, and
isoproterenol and propranolol treated Pl adult rat cardiac myofibroblasts. Western
blot analysis of cardiotrophin-l expression in isolated cell lysates of control, isoproterenol
(100 pM), propranolol (100 pNzf and isoproterenol plus propranolol (100 and 100 pM)
treated first passage (P1) adult rat cardiac myofibroblasts.
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Figure 16. Protein expression of gp130 in control, isoproterenol, propranolol, and
isoproterenol and propranolol treated P1 adult rat cardiac myofibroblasts. Western blot
analysis of gp130 expression in isolated cell lysates of control, isoproterenol (100 pM),
propranolol (100 plt! and isoproterenol plus propranolol (100 and 100 pM) treated frrst
passage (P1) adult rat cardiac myofibroblasts.

Control ISO + PROP



IV) Rnsurrs

Cardiotrophin-l is a novel chemokine expressed by cardiac myofibroblasts and

shown to be both neuro and cardioprotective (48;76;10I; I02;145). Previous work

from our lab has shown that CT-l is upregulated in the post-Ml adult rat heart (45). In

Figure 1, CT-l expression is significantly upregulated in the infarct scar over sham and

remnant viable LV (labeled MI) in all of the 2 week control, losartan and propranolol

treated samples. The level of CT-1 protein in the propranolol treated group is

significantly upregulated compared to untreated control. There is no significant

difference in CT-1 expression in 4 week control or losartan treated samples, however

there is significant upregulation of CT-l protein in the 4 week treated propranolol treated

scar compared to both sham and the control treated tissue group (Figure 2). After 8

weeks, CT-l is upregulated in the infarct scar compared to both sham and MI in the

control and losartan treated tissue samples, but there is no significant difference between

these two sample groups (Figure 3). Data from an 8 week propranolol treated group \¡/as

not available in the study period.

Cardiotrophin-1 signals through the gp130 receptor complex. Downsheam

signaling of G-protein coupled receptors is modulated by the activation of STAT3 to its

phosphorylated state (pSTAT3). The amount of CT-l, gp130, phosphorylated and total

STAT3 was determined in 24 and 48 hr, 2 and 4 week propranolol treated tissue samples.

At24 hrs after MI, CT-l protein is upregulated in the infarct scar in both control and

propranolol treated tissues, however, expression is significantly upregulated in the

propranolol treated groups compared to untreated controls (Figure a). gp130 expression

at24 hrs post-Ml is slightly but not significantly downregulated in the infarct scar
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compared to both sham and MI (Figure 4). The protein expression of pSTAT3 and Total

STAT3 is reduced in the untreated group, and the pSTAT3 is reduced and Total STAT3

upregulated in the propranolol treated 24hr sarryle groups post-Ml (Figure 5).

In 48 hr samples, the expression of CT-1 was significantly upregulated in the

infarct scar of both control and propranolol treated samples, with CT-1 expression

significantly upregulated in the propranolol group over untreated control (Figure 6).

gpl30 protein is significantly decreased in the infarct scar ofboth untreated and

propranolol treated tissues (Figure 6). The expression of the phosphorylated active form

STAT3 (pSTAT3) was significantly reduced in the infarct scar of both untreated and

treated 48 hr tissue samples compared to sham and MI. Overall the expression of

pSTAT3 in propranolol treated samples was signif,rcantly less than the expression in

untreated tissues (Figure 7). In contrast, total STAT3 expression was upregulated in the

infarct scar of both untreated and propranolol treated samples compared to sham and MI,

but protein expression in propranolol treated tissues was significantly higher than that of

tmtreated samples (Figure 7).

The expression of gp130, pSTAT3 and Total STAT3 was examined in2 and 4

week treated tissues. B-blockade downregulates the expression of gpl30 and pSTAT3,

and upregulates the expression of Total STAT3 in the infarct scar compared to sham and

MI (Figure 8 and 9).

Following myocardial infarction, fibroblasts transform into hypersecretory,

contractile myofibroblasts capable of synthesizing matrix and helping maintain the

integrity of the infarct scar (45; 126). The mechanisms behind the conversion of

fibroblasts to myofibroblasts have been linked to mechanical tension as well as via the
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production of local factors (29). We characteÅzed the expression of various cell markers

in P0, PI,P2 and P3 adult rat cardiac cells. Figure 10 shows a phenotypic comparison of

the qualitative difference in cell expression of u,-SMA, F-actin and procollagen (SP 1 .D8)

using immunohistochemistry.

Isoproterenol stimulates B-adrenergic receptor activation and results in cellular

toxicity. To approximate an acceptable dose of isoproterenol in vitro on Pl

myofibroblasts, cells were treated with various concentrations (0-150 pM) and probed for

o-SMA expression (Figures 11 - 13). Cell shape varied significantly with isoproterenol

treatment, most notably upwards of 100 ¡rM. To determine the presence of CT-1

receptors in Pl adult rat cardiac myof,rbroblasts following isoproterenol treatment of 50,

100 and 150 pM, cells were probed for gp130 protein expression (Figure 14). The effect

of þadrenergic stimulation on CT- 1 and gp 1 3 0 expression in vitro was assessed in P 1

cardiac myofibroblasts treatment in response to administration of isoproterenol (100 ¡rM),

propranolol (100 ¡rM) or isoproterenol (100 ¡rM) in combination with propranolol (100

pM) (Figures 15 and 16). Isoproterenol induced activation of components of the B-

adrenergic pathway resulted in a significant increase in cardiotrophin-1 expression.

Administration of a combination of isoproterenol and propranolol resulted in an even

greater increase in the expression of CT-l protein in vitro (Figure 15). p-adrenergic

stimulation results in increased expression of gp 1 3 0 protein both isoproterenol and

propranolol treatment invitro, and is 4-fold upregulated following the administration of a

combination of isoproterenol and propranolol.



V) DrscussroN

Our ongoing work is based on the general hypothesis that CT-l participates in

repopulation of the infarct scar by myofibroblasts and fibroblasts, in the early phase of

post-Ml wound healing. As part of that work and to further explore the putative

relationship between CT-1 expression in the post-Ml heart (45), we carried out the

cur¡ent study to determine whether chronic angiotensin type I receptor blockade or B-

adrenergic blockade results in the increased expression of CT-l in vivo. At2, 4 and 8

weeks after MI, we found no significant increase in CT-l protein expression in losartan-

treated samples vs. untreated controls. This finding disproves our original hypothesis that

angiotensin modulates CT-l expression. Alternatively, we hypothesized that CT-l

protein expression may be under the regulation of B-adrenergic signaling largely based on

the previous evidence of cAMP responsive elements in the 5' region of the CT-l gene

(47). In propranolol treated tissue samples, CT-l protein expression was significantly

upregulated in the infarct scar vs. control in 24 and 48 hr as well as 2 and 4 week

experimental groups (post-Ml heart) showing a similar trend to previously obtained data

in the absence of treatment. However, CT-l baseline expression was elevated in the 48

hr,2 artd 4 week propranolol treated samples vs. non-treated controls across all groups.

This provides some evidence for the alternative hypothesis that B-adrenergic function

may influence CT-l expression. The in vivo studies indicate that chronic p-blockade may

sensitize the B-adrenergic signal and lead to reciprocal activation by a complex and

undefined mechanism (60).

The sympathetic nervous system and the renin-angiotensin system are two
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neurohonnonal compensatory mechanisms stimulated in heart failure. The initial

beneficial hemodynamic effects of these systems are associated with progressively

adverse effects on cardiac remodeling and in particular on cardiac fibrosis resulting from

an imbalance in the degradation of type I and III collagens (8). We observed improved

cardiac frmction in post-Ml rats with angiotensin (data not shown). Long-term AT1

blockade is associated with improved LV function and decreased cardiac fibrosis in the

post-Ml heart (54; 55; 62; 97; 98). CT-l affects many of the processes important in

mature scar formation: migration, proliferation and collagen synthesis (45). The relative

noveþ of cardiotrophin-l means its specific role in post-Ml wound healing is unclear.

As a potent inducer of hypertrophy in neonatal cardiac myocytes (94), CT-l is also a

known cardioprotective agent (7;77; n$. While it is present in low concentrations in

plasma samples of patients with both ischemic and valvular heart disease, CT-l

expression has been correlated with the degree of LV systolic dysfunction (l3I;132).

Previous observations by Zolk et al. showed that elevated expression of CT-l

mRNA and protein levels in the hearts of patients with end stage cardiomyopathy who

underwent heart transplantation (153). In the human heart, the increased expression of

CT-l protein was accompanied by decreased expression of gp130 protein (153).

Similarly, in the present study, gp130 protein expression is downregulated in untreated

and propranolol treated scar vs. sham and viable LV (MI). This suggests the possibility

that gp130 receptor downregulation plays a role in balancing enhanced CT-l signaling

within the heart.

Signaling by all members of the IL-6 family of cytokines activates intracellular

tyrosine kinases of the Janus family which then phosphorylate transcription factors of the



STAT (signal transducers and activators of transcription) family (70). To date, there are

relatively few publications discussing the roles of STAT3 in the post-Ml heart. The

activation of STAT3, in response to various pathophysiologic stimuli, has been shown to

promote cardiomyocyte survival and hypertrophy as well as cardiac angiogensis

suggesting that STAT3 is beneficial for the heart (57). Activation of the Jak/STAT

pathway is a key step in the regulation of lhg_dqvmstream effeçts of CT-_l_6Q,_lqlhq

post-Ml heart, the level of pSTAT3 expression was downregulated while total STAT3

was upregulated at 48 hrs, 2 and 4 weeks vs. controls. This finding is of considerable

interest as it is supported by previous work from Podewski e/ al., who found that the

phosphorylation levels of STAT3 were severely reduced in failing hearts (99), supporting

the possibility that decreased activation of STAT3 may contribute to the development of

heart failure. The slightly increased production of total STAT3 in our post-Ml hearts

maV b; the result of compensation for the decreased activity of STAT3.

First passage (P1) myofibroblasts were stimulated with isoproterenol to determine

whether increased cAMP (as a result of B-adrenergic receptor activation) causes

increased CT-l and gpl30 expression. Isoproterenol stimulation of murine heart

myocytes has been previously shown to be associated with increased CT-l mRNA (150)

however the effect of isoproterenol stimulation on target proteins in cardiac

myofibroblasts had yet to be examined. We found that isoproterenol stimulation resulted

in rapidly elevated CT-l protein expression (within 24 hrs) in adult rat cardiac

myofibroblasts, and further, that gp130 protein expression is also increased when

compared to controls. While B-adrenergic receptor activation results in elevated levels of

protein, B-blockade alone had no effect on CT-1 expression within the infarct scar.

l4
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Therefore, CT-1 downregulation within the infarct scar is most likely under the control of

an as yet unidentified alternative pathway that may be under the secondary influence of

B-adrenergic activation. B-agonist and B-antagonist co-stimulation resulted in synergistic

activation and increased protein expression in culture. This likely resulted because of

the intrinsic sympathomimetic activity of some B-antagonist agents (34) whereby at the

molecular level, these drugs can both activate and antagonize the B-adrenergic receptor.

The results from the cell culture and animal model studies differ significantly and

there are several possibilities for this apparent discrepancy. In a myofibroblast culture

rurder the current conditions, there are virtually no other cell types present, as determined

by i) the isolation procedure itself and ii) culture conditions and passage procedures. For

example, the specific media used promotes fibroblast survival when compared to cardiac

myocytes (DMEMIF12). As with all serum-starved cultures, there are no other cytokines

or factors present other than those administered or those that are generally secreted by the

myofibroblasts themselves (regulated by control plate for baseline expression). This is

very different from the complex interactions of multiple cytokines that may be released ln

vivo between multiple cell types. Further, in vitro experiments may be regulated in terms

of the application and duration of cytokine administration. Cells are serum-starved in

preparation for application, rendering them quiescent prior to the application of external

cytokines. In addition, in vitro cell stimulation is short in duration, occurring over a

period of 24hrs, as opposed to long term in vivo studies with administration ranging from

24hrs up to 4 weeks following infarction. The difference in duration of drug application

may also play a role in the regulation and stabilization of cytokine production in the in

vivo vs. in vitro model.



Lrvrrerroxs WrrsrN ouR Sruoms

Normally in patients, drug treatment with B-blockade following myocardial

infarction is administered in incremental doses. In this study, 30 mglkglday propranolol

was administered through the drinking water, on the basis of previous evaluations of

daily rat water consumption. On the basis of previous evaluations of daily water

consumption, and via observations of a consistent and similar pattern of consumption

during the treatment, we assume a consistent dose of propranolol was delivered to the

post-Ml propranolol treated rats. In future studies it may prove useful to practice the

method of oral gavage to assure a more precise administration and dosage in the rat

model.

The ability to formulate definite conclusions from results derived from the in vivo

model is complicated by several factors. In vivo experiments are beneficial when

attempting to determine the effects of a given treatment in a whole animal study.

Unforfunately, the complexity of the interactions within this model can not be limited to

the specific therapy alone. V/ithin the 3-dimensional composition of the myocardial

matrix, cells interact with one another as well as with other cell types, and are subject to

the influence of external effects that do not exist in isolated 2-dimensional in vitro

experimentation (24). It is, therefore, arì easier and more scientifically sound practice to

deduce direct cause and effect relationships from cell culture experiments.

t6



Furunr Dn¡crroNs

In the current study, the expression of only one component of the heterdimertc

receptor complex of gp130/LIF, through which CT-l signals, has been examined.

Previous work from Knight et al. determined the effect of inflammatory stimuli on the

expression of LIF in lung fibroblasts. In vitro activation using the proinflammatory

cytokine IL-1 P resulted in increased mRNA and the greatest level of increase in protein

expression of LIF in fibroblasts compared to other lung cell types (71). The pattern of

release of LIF suggested de novo synthesis in response to inflammatory stimuli activation

(71). As it is currently unreported in the literature, it would prove beneficial to analyze

the protein expression of LIF and its receptor in vitro in the cardiac myofibroblast as well

as in vívo in the post-Ml treated and untreated heart.

Specific blockade of the Þr-AR alone may allow investigation into the effects of

the B2-AR in the post MI rat heart. Recent evidence indicates that though B1-ARs are

predominately expressed in the heart (I4;75; I43), the B2-receptor may play a larger role

in the post-Ml heart than was previously believed. The use of the drug carvedilol which

has been shown to inactivate more B2 than Pl receptors (86) and has been associated with

particular advantages in the treatment of comorbid conditions such as CAD, stroke,

hypertension, renal failure, diabetes and atrial fibrillation, that can independently

contribute to the progression of heart failure (125). Alternatively, examination of the

possible role of the s-adrenergic receptor system on CT-1 regulation and expression in

the post-Ml heart could also help elucidate the pathways controlling this specific

cytokine. Further isolation and analysis of specific components, beneficially or

deleteriously involved in cardiac repair, is of tremendous benefit because it allows for a

17
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greater understanding of the complex systems involved in the regulation of and ultimately

providing novel pharmacologic treatments for post-Ml wound healing.

Finally, it is important to note the key differences in results derived ftom in vitro

and in vivo experimentation. In terms of scientific methodology, in vitro experimentation

clearly allows for simplification of the complexities of multiple pathways activated in

post-Ml wound healing. However, in combination with in vivo work, it is also apparent

that direct inference from cell culture to the whole animal model is not always possible or

accurate. For this reason, in future experiments if at all possible, it may be best to

continue first with in vitro experimentation to single out components of these complex

pathways involved in cardiotrophin-i expression and regulation, followed by later in vivo

experimentation once specific receptor interactions have been discerned.
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