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I. ABSTRACT

Congestive heart failure (CHF) following myocardial infarction (MI) is a

common clinical syndrome with grave prognosis. Loss of contracting myocardium

due to MI results in a chronic increase in the work load of the remaining viable

myocardium. The heart responds with an increase in muscle mass and this process

of heart hypertrophy represents a fundamental compensatory mechanism thatpermits

the ventricle to sustain normal perfusion pressure. However, if this increased load

on the heart is allowed to continue for a prolonged period, cardiac pumping function

may become ineffective and heart failure supervenes despite the presence of

hypertrophy. The subcellular mechanisms underlying this transition from

compensated hypertrophy to heart failure remain to be understood. The present

research was undertaken to charactenze changes in free radical mechanisms at

different stages of hypertrophy and heart failure following infarction.

In recent years, free oxygen radicals have been implicated in cell damage in

a number of organs, including the myocardium. Antioxidants have gained

considerable importance due to the protective effect they confer against oxidative

stress injury and heart failure. [n order to examine the role of peroxidative and

antioxidative changes during the development of hypertrophy and heart failure

subsequent to myocardial infarction, antioxidants and oxidative stress were evaluated

in the remaining, viable myocardium at 1, 4, 8 and L6 weeks after the coronary aftery

ligation in rats. In addition to hemodynamic assessment of these animals, clinical

signs of heart failure involving pulmonary edema and hepatomegaly were also



monitored by assessing lung and liver wetldry weight ratios.

One week after the induction of myocardial infarction, the left ventricular

peak systolic pressure (LVPSP) and leftventricular end-diastolic pressures (LVEDp)

remained near control values and there were no differences in lung and liver wet/dry

weight ratios between experimental and control animals. Thus at 1week, animals did

not show any clinical signs or symptoms of heart failure. This was accompanied by

marginal increases in superoxide dismutase (SOD), glutathione peroxidase (GSHpx)

and catalase (CAT) activities as well as vitamin E levels. Oxidative stress, as assessed

by the ratio of reduced and oxidized glutathione (GSFI/GSSG) was significantly

increased in experimental hearts relative to controls. Lipid peroxidation as indicated

by thiobarbituric acid reactive substances (TBARS) showed values similar to controls.

In the 4, 8 and 16 week e4perimental animals, there \ryas a progressive and

significant drop in LVPSP as well as a significant increase in LVEDP at these stages.

In 4 week experimental animals, lung and liver wet/dr] weight ratios were only

slightly increased as compared to controls. By 8 weeks of post-Ml, there was a

significant increase in weldry weight ratios of lung in experimental animals, with a

further significant increase in this ratio at 16 weeks. In the 8 and L6 week post-Ml

experimental animals, liver wet/dry weight ratios were also increased relative to

controls. Weight of the scar tissue also increased progressively from 4 to 16 weeks.

Based on the hemodynamic as well as other clinical observations, animals in 4, 8 and

16 week groups were assessed to be in mild, moderate and severe stages of failure,

respectively.
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Hearts from 4, 8 and 16 week experimental animals showed a significant

decrease in CAT and GSHPx activities while SOD was significantly depressed only

at 16 weeks. Vitamin E levels were significantly depressed at moderate and severe

stages of heart failure. There was a progressive increase in TBARS at mild,

moderate and severe stages of heart failure, indicating increased lipid peroxidation.

Reduced glutathione levels were significantly depressed at moderate and severe

stages of heart failure while oxidized glutathione was significantly increased at the

severe failure stage. Their ratio was increased significantly at L week and depressed

at L6 weeks. Antioxidant changes seen during the heaft failure stages were most

pronounced in 16 week e4perimental animals.

These data provide evidence that heart failure subsequent to myocardial

infarction is associated with an antioxidant deficit as well as increased myocardial

oxidative stress. Furthermore, the severity of antioxidant as well as peroxidative

changes correlated with the degree of failure. Up to one week of post-surgery

duration where hemodynamic function w¿rs normal, these free radical mechanisms

were well maintained and redox state was higher. Based on these d.ataitis suggested

that during early non-failure stages following MI, compensatory antioxidant

adjustments afford better protection against oxidative stress and appear to play a role

in the maintenance of cardiac function. The failure of these compensatory

antioxidant adjustments may predispose the myocardium to oxidative damage and

resultant myocardial dysfunction and congestive heart failure. It is suggested that

antioxidant therapy may be useful in attenuating the progression of heart failure.

3



II. INTRODUCTION

Congestive heart failure (CHF) subsequent to myocardial infarction (MI) is

a common clinical syndrome known to occur following the irreversible loss of

contracting myocardium. MI results from the cessation of myocardial blood flow

caused by occlusion of a coronary artery. Heart failure is a condition charact enzed,

as the pathophysiological state in which the heart is unable to pump blood at a rate

commensurate with the requirements of metabolizingbody tissues. Congestive heart

failure is a term used to describe heart failure with associated accumulation of fluid

in the lungs (pulmonary edema) and peripheral tissues. Questions concerning the

fundamental pathophysiological mechanisms that are ultimately responsible for the

contractile abnormalities and contractile deficiencies associated with cardiac failure

have been the subject of intense investigation. However, no single pathophysiological

mechanism has been identified to fully explain the depressed cardiac function in the

failing heart.

Research on heart failure has resulted in several postulates to e4plain the

pathophysiology of this disorder. These include abnormalities within excitation-

contraction coupling, enerry production and utilization, calcium metabolism and B-

adrenergic receptor mechanism. Transition from adaptive (physiologic) hypertrophy

to maladaptive (pathophysiological) hypertrophy is also accompanied by

neuroendocrine and neurohorrronal abnormalities including RAS (renin-angiotensin

system) as well as remodelling of the heart. More recently, increases in free radical

formation and subsequent oxidative stress have also been suggested to play a role.



However, there is no consensus as to which of these pathways accompanying the

deterioration of cardiac pump function and subsequent heart failure following

myocardial infarction represents the primary defect. Thus, it is of utmost importance

that we understand the pathogenesis of heart failure following myocardial infarction

if we are to reduce the incidence as well as severity of this syndrome.

The current study was undertaken to test the hypothesis that there is a change

in the peroxidative and antioxidative capacities during the development of

hypertrophy and heart failure subsequent to myocardial infarction and that a relative

increase in oxidative stress during heart failure may be due to a relative deficit in the

antioxidant defense systems. This may predispose the surviving myocardium to free

radical mediated damage.

Myocardial infarction and heart failure were induced in rats via surgical

ligation of the left coronary artery. Hemodynamically assessed animals were used at

t, 4, 8 and 16 weeks after the induction of myocardial infarction for the study of

endogenous antioxidants as well as that of oxidative stress. The pr-esent study shows

maintenance of endogenous antioxidants and cardiac function during early stages

while at later stages, heart failure was shown to be accompanied by antioxidant

deficit and increased oxidative stress.



III. LITERATURE REVIEW

A. General Background

It is estimated that about 3 million North Americans suffer from heart failure

and that more than 500,000 will develop heart failure each year. The prevalence of

heart failure is age-dependent and therefore, it is thought that the incidence and

occurrence of heart failure will continue to rise as the population ages. Currently,

heart failure is the most frequent diagnostic-related group diagnosis (Geltman, 1993).

The syndrome of heart failure is not a disease in and of itself, but evolves with time

as a consequence of damage to the myocardium due to various etiologies as in the

case of myocardial infarction where there is a reduction in the number and

contractile function of cardiac myocytes.

Progressive deterioration of left ventricular performance is a characteristic

feature of heart failure. This deterioration may occur spontaneously in the absence

of concurrent clinical events or may be the end result of a gradual Ioss of myocardial

function. The severity of left ventricular dysfunction following myocardial infarction

w¿s shown to be directþ related to the Ioss of myocardium and size of infarction

(Pfeffer et al., 1979; Field et al., 1974). As a result, a number of studies aimed at

reducing the severity of left ventricular dysfunction and heart failure following

myocardial infarction were initiated.

In addition to the use of digitalis, vasodilator therapy was shown to produce

marked improvement in cardiac performance of patients with chronic heart failure

and thus vasodilator drugs were frequently used in fhe treatment of heart failure



(Franciosa et al., t972; Taylor et a1.,1965). In the late 1970's and early 1980's, large

clinical trials investigating the use of B-blocking agents in patients with acute

myocardial infarction demonstrated a beneficial effect in reducing mortality rates

(Hjalmarson et al., 1981). Use of angiotensin convefting en-ryme (ACE) inhibitors

were found to be effective in prolonging survivorship if instituted earþ in the course

of left ventricular dysfunction following myocardial infarction as well as in other

forms of congestive heart failure (Dzau et al., 1980). These findings have led to

intense research into pharmacological agents aimed at preventing and reducing the

incidence and severity of heart failure.

In most cases, heart failure results from ischemic heart disease and occurs as

a clinical consequence of myocardial infarction. Ischemia represents a situation

where there is an imbalance between myocardial demand and supply of coronary

flow, which is insufficient to maintain adequate myocardial functioning. As a result

of this imbalance, a cardiac tissue deficit of orygen and substrate is created. In

addition, the inadequacy of coronary blood flow results in an insufficient capacity for

the removal of toxic metabolites. Under these conditions, changes in both

ultrastructural and contractile properties occur. The structural changes include the

disappearance of glycogen particles, mitochondrial swelling and disruption of

myofibrils. C.ontractile changes include a reduction in developed tension and

maximum rate of tension development, all of which are indices of contractile

function. The consequences of these deleterious ultrastructural and contractile

changes that occur during ischemia results in myocardial dysfunction. If this is
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recurrent, it is often referred to as ischemic heart disease.

The end result of loss of contracting myocardium is the placement of an

increased workload on the remaining, surviving myocardium. In response to this

increased workload, a phenomenon referred to as myocardial hypertrophy is initiated

as a compensatory mechanism to aid the heart in adapting to the new conditions

imposed. This adaptation is accomplished via increasing the cardiac muscle mass in

terms of additional contractile units. In addition, augmentation of membrane

function with respectto C*+ transport activities of the sarcolemma and.sarcoplasmic

reticulum occur. However, if cardiac hypertrophy is left unattended beyond a certain

period, physiological hypertrophy is converted to pathological hypertrophy whereby

the cardiac muscle is unable to generate an adequate amount of contractile activity

(Dhalla et al., L987).

As a result of the detrimental consequences of ischemic heart disease, the

institution of measures to salvage jeopardized myocardium during the ischemic state

Ied to the search of different pharmacological agents to be used in conjunction with

rePerfuéion ¿rs a mechanical intervention in ischemic heart disease. Interest in the

beneficial effects of reperfusion following ischemia was also stimulated by the fact

that ischemic myocardium cannot recover without restoration of adequate coronary

perfusion. Eurly e4periments showing a beneficial effect of reperfusion (Danforth

et al., 1960) paved the way for the development of surgical procedures to bypass the

occluded coronary arterial segment. This procedure, commonly known as coronary

bypass, allows for the reinstitution of improved myocardial perfusion and orygen



delivery to the region of myocardium serued by the occluded vessel. Very quickly

reports describing adverse effects of reperfusion also appeared (Jennings et al., 1960).

Infarct-reducing intervention involving thrombolytic therapy successfully recanalizes

occluded arteries in patients treated within a few hours of having a myocardial

infarction (Rentrop et a1.,1981). Rationale for the use of thrombolytic agents as a

novel therapeutic approach for reducing myocardial infarction occurred when Koren

et al., 1,988, demonstrated improved systolic ventricular function in patients given

streptokinase intravenously following onset of myocardial infarction. The mechanism

by which thrombolytic agents achieve their positive clinical effect i. uiu lysis of

intracoronary thrombus. This improved perfusion of the muscle downstream results

in an almost threefold improvement in in-hospital survival rate among patients with

patent vessels (Ohman et a1.,1990). Despite the probable improvement in rate of

survival with delayed perfusion, the benefit is far greater if thrombolytic therapy is

started earlier. Reduction of mortaliú may approach 50Vo when treatment begins

within the first hour after onset of symptoms (Kirshenbaum, Lggz).

, Although coronary reperfusion by thrombolytic therapy or coronary bypass

surgery eventually emerged as the fundamental strategy in management of ischemic

heart disease (Hearse and Bolli, 1992), the concept that reperfusion may be

hazardous and that this "reperfusion-induced" injury may occur began to cast doubæ

on the efficacy and beneficial effects of reperfusion. The hypothesis that reperfusion

may exacerbate the injury sustained during ischemia had its origins in studies dating

back to the late L960's and early 1970's. Tennant and Wiggers, 1935, observed



reperfusion induced ventricular fibri[ation in dog heart. Later Jennings et al., 1960,

reported adverse structural and electrophysiological changes associated with

reperfusion in dog heart. In the following years, many e4perimental studies

confirmed that reperfusion of ischemic myocardium causes the deleterious effects

known as reperfusion-injury. Ischemic heart disease, if sustained, most often results

in irreversible myocardial damage referred to as myocardial infarction. This sequelae

of ischemic heart disease and myocardial infarction are the most common initiating

causes of heart f¿ilure. I-oss of contracting myocardium due to infarction places an

increased work demand on surviving myocardium to sustain the pumping action of

the heart. Ultimate recovery of cardiac function depends mainly on cellular

processes that augment the volume of remaining viable myocardium, characteristically

by hypertrophy of myocytes. However, despite these cellular growth mechanisms,

ventricular dysfunction and failure may develop with time. In essence, pTogression

from compensatory hypertrophy to decompensatory hypertrophy ensues which

eventually is followed by heart failure.

In the heart, the basic unit of contraction is the sarcomere, which is composed

of a diverse set of proteins working together to generate force of contraction. The

two major components of the sarcomere are the thick and thin filaments. The thick

filaments consist of myosins composed of two heavy chains and four light chains,

whereas the thin filaments are composed of predominantly actin, tropomyosii and

troponin complex. The thick filament may contain two possible myosin heavy chain

10



(MHC) isoforms, a-MHC and B-MHC, while the thin filament may contain two actin

isoforms, ø-skeletal actin and u-cardiac actin.

Hemodynamic afterload following myocardial infarction results in a process

of gene reprogramming that is charactenzed by both qualitative and quantitative

changes of gene expression in the cardiomyocyte. The qualitative changes involve

differential expression of multigene families of contractile proteins involving myosin

and actin. These changes result in an enlarged heart that is presumably adapted to

the new functional demands placed upon it as a result of infarction induced loss of

myocardium. Sonnenblick and Strobeck (L977) suggested that hypertrophy may help

to compensate for excessive afterload by increasing myocardial mass.

Studies performed on rat heart have shown that in the situation of

hypertrophy induced by hemodynamic overload, the mRNA levels indicated

activation of the B-MHC gene while the a-MHC gene was deactivated. This results

in a slower rate of ATP cycling by myosin, which is believed to account for the slower

velocity of contraction in hypertrophied heart. With respect to actin, there was

increased e4pression of a-skeletal actin nRNA during hypertrophy (Schwartz et al.,

1986). Since B-MHC and a-skeletal actin mRNA are predominant at birth in the rat

ventricles, the idea that reactivation of a fetal gene program occurs with cardiac

hypertrophy \ilas developed. With respect to human heart, isomyosin composition in

the ventricles does not change during hypertrophy because they normally contain

almost exclusively high levels of B-MHC. The atria however did show changes in

isomyosin composition.
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Until recently, isoactins were less well studied and thus it was unclear whether

cardiovascular diseases in humans were accompanied by isoactin e4pressions.

Recently, cardiac tissue samples obtained from patients undergoing cardiac

transplantation due to advanced stages of heart failure were analyzed. The

percentage of ø-skeletal actin mRNA of all pathological hearts was the same ¿rs

controls (Schwartz ef al., 7993; Boheler et al., 1991). Thus, a-actin mRNA

accumulation in humans does not change from normal. Thus it can be seen that

myosin heavy chain and actin multigene families are independently.regulated in

human heart and are e4pressed in a specific fashion. Changes in the e4pression of

these isogenes that occur during hypertrophy may in part be responsible for the

altered contractile properties of the hypertrophied myocardium.

In addition to modulation of genes responsible for contractile properties of

the myocardium during hypertrophy, there are changes in the e4pression of genes

responsible for myocardial relaxation. A number of studies have emphasized the

importance of alterations in myocardial relaxation that occur during cardiac

hypertrophy and failure. Such alterations have been reported in both human and

animal models of cardiac disease. The result of these alterations in both

hypertrophied and failing heart is prolonged relaxation due to decreased velocity of

lengthening, which has been shown to be accompanied by abnormal calcium handling

involving the sarcoplasmic reticulum (Lompre et al., 1991). It has been observed in

e4perimental compensatory cardiac hypertrophy that there is a decrease in calcium

transport by the sarcoplasmic reticulum, with a further decrease seen in the failing
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heart (Schwartz et a1.,1993; de la Bastie et al., 1990). Bastie et al., (1990) reported

that severe hypertrophy of the left ventricle of rat heart resulted in a decrease in the

number of functionally active calcium-ATPase molecules, Ieading to a decrease in the

density of the calcium pumps. This results in an alteration in the function of the

sarcoplasmic reticulum and impaired calcium movements in hypertrophied

myocardium.

Transport of calcium ions by the sarcoplasmic reticulum is mediated by ATp

hydrolysis. In turn, ATP hydrolysis is mediated by sarco (endo) plasmìc reticulum

ATPase (SERCA). SERCA is a multigene family and one of the isogenes, SERCA-2

nRNA, is present in adult caidiac muscle. E4periments involving severe hypertrophy

have demonstrated a decrease in the amount of SERCA-2 mRNA as well as protein

but no isoform switching (Schwartz et al., 1993; de la Bastie et al., L990; Tanigawa

et a1.,1990). The similarity between mRNA and protein accumulation suggests that

a pretranslational level of regulation is involved. Therefore, the decreased

sarcoplasmic reticulum calcium ATPase activity with cardiac hypertrophy may be due

to- Iack of gene activation.

To determine if similar changes occur in human heart failure, sarcoplasmic

reticulum calcium ATPase mRNA levels in the left and right ventricles of patients

undergoing cardiac transplantation were compared with control heart samples

(Mercadier et al., 1990). The amount of calcium ATPase mRNA was significantþ

decreased in failing hearts as compared to controls (Mercadier et al., 1990). The

observed decreases in sarcoplasmic reticulum calcium ATPase mRNA and calcium
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pump density in hypertrophied and failing heart may explain some of the abnormal

calcium movements and relaxation characteristics as well as representing one of the

pathophysiological mechanisms responsible for abnormal relaxation. These studies

demonstrate that hypertrophy is accompanied by a complex modulation of abattery

of genes responsible for relaxation and contraction of heart muscle and that switches

in isogene expression of hypertrophied myocardium during relaxation and contraction

may facilitate and contribute to heart failure following myocardial hypertrophy.

C. Myocardial Metabolism in Normal and Failins Heart

A series of myocardial metabolic alterations have been observed in the

hypertrophied and failing myocardium. Two widely held hypothesis that have been

used to e4plain contractile failure are: 1) Mismatch in energy supply and demand

(depletion of ATP stores); and 2) Inadequate supply of calcium to myofilaments.

Normally, myocardial metabolism is exclusively aerobic. The substantial

quantities of ATP needed for contraction of the myocardium are supplied by the

oxidation of carbohydrates and fatty acid substrates with an ultimate production of

A-TP in the mitochondria. This high level of oxidative capaciry in the heart is

reflected morphologically by the fact that mitochondria represent approxim ately 35Vo

to 45Vo of cardiac cell volume. During the middle L960's and early I970's,

considerable argument revolved around the question of abnormal energy production

during cardiac hypertrophy and failure. Chidsey et al., (1966) reported normal

mitochondrial energy production, while Schwartz and Lee, (1962) reported impaired

mitochondrial energy production. These differences in results may be due in part to
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differences in procedures used to isolate mitochondria and using of varying degrees

of cardiac failure in models studied. It is now generally accepted that depressed

mitochondrial oxidative phosphorylation accompanies severe end-stage heart failure,

but that during the compensated stage, mitochondrial respiration may be normal or

only slightly depressed (Newman, 1983).

The gradation of mitochondrial oxidative phosphorylation with the severity of

myocardial failure has been reported in the cardiomyopathic hamster (Lindenmayer

et al., 1970) and rabbit with constricted aorta (Sardahl et al., lg73). In both of these

animal models, depressed mitochondrial oxidative phosphorylation in severe failure

have been shown while during stable hypertrophy, respiratory function is reported to

be normal. Eutly studies using overloaded guinea pig hearts demonstrated

diminished ATP and creatine phosphate (CP) stores (Feinstein, 1962). Numerous

studies on high energy phosphate availability since that time have shown normal or

diminished CP stores, but normal ATP levels in hypertrophied and failing

myocardium. But these variations and discrepancies regarding high energy phosphate

content in the hypertrophied and failing myocardium indicate that abnonnalities

involving high energy phosphate content by itself cannot account for all the defects

in cardiac performance that are seen during cardiac hypertrophy and failure.

A second type of myocardial metabolic alteration observed in the

hypertrophied and failing myocardium is abnormal intracellular calcium handling.

Gwathmey et al (1987) were the first to describe abnormal intracellular calcium

handling in human heart failure. The release and uptake of intracellular calcium are
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necessary to the normal systolic and diastolic function of the heart. The availability

of intracellular calcium is regulated by the sarcolemma and sarcoplasmic reticulum.

Intracellular calcium homeostasis is maintained by sarcolemmal mechanisms that

extrude calcium into the extracellular space via the mechanisms of sodium-calcium

exchange and an energJ dependent calcium pump (Ca2+-ATPase). Both acute and

chronic forms of heart failure involve mechanical dysfunction during systole, diastole,

or both phases of the cardiac cycle (Morgan et al., 1990). Associated with this are

a variety of structural and biochemical abnormalities at the level of the.sarcolemma

along with changes that have been reported in the numbers or coupling of adrenergic

receptors and voltage-dependent calcium channels, as weII as the density of calcium-

uptake sites on the sarcoplasmic reticulum are reportedly decreased (Perreault et al.,

1990). As a result of these alterations, sarcoplasmic reticulum calcium uptake is

reduced and the result of this abnonnality is intracellular calcium overload. In the

normal mammalian myocardium (including human), intracellular calcium

concentration is in the range of 1 to 3 x L0-7 M, but in failing heart, calcium

concentration intracellularly increased significantþ, resulting in calcium overload.

This phenomenon of intracellular calcium overload resulting from impaired

sarcoplasmic reticulum calcium uptake has been demonstrated (Dhall a et a1.,19g3).

In patients with idiopathic dilated cardiomyopathy, D'Agnolo et 31, (Lggz)

demonstrated that no alteration of contractile proteins occurs while tle gating

mechanism of the calcium release channel of the sarcoplasmic reticulum was revealed

to be abnorrnal.
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Some of the most clinically relevant data has been described in myocardium

obtained from patients with heart failure. Intracellular calcium transients in the

working myocardium appear to reflect predominantly the release and uptake of

calcium by the sarcoplasmic reticulum. In patients suffering from hypertrophic

cardiomyopathy and dilated cardiomyopathy, calcium transients aswell as the plateau

phase of the cardiac action potential are prolonged (Gwathmey et al., LggT).

Abnormalities in intracellular calcium handling are also correlated with the degree

of myocardial hypertrophy (Morgan et ar., 1990; perreault et al., t?:ol. These

findings may suggest that the changes in calcium handling are initially compensatory,

but eventually lead to decompensatory cardiac functioning (Morgan, LggL). Thus,

this phenomenon may be one of the pathophysiological mechanisms involved in the

transition from compensatory hypertrophy to decompensatory hypertrophy and heart

failure.

A considerable amount of data concerning changes in the Na+-K+ ATpase

activities of the sarcolemma in different experimental models of hypertrophy indicate

th¿t the sarcolemma may be defective in hypertrophied heart (Dhalla et al., L97g;

Lamers et al., 1978). Changes in sarcolemmal ATPase activities have also been

shown to occur in various models of hypertrophy. In addition, a considerable amount

of evidence now exists which suggests that cardiac hypertrophy is associated with

abnormalities in the coronary circulation. Rakusan et al., Lg6T,reported inadequate

capillary adaptation and proliferation with the hypertrophic process of

cardiomyocytes. Thus, capillary density is reduced and diffusion distance from the
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capillary to myocyte is increased. This results in reduced perfusion to the tissue and

augmentation of myocardial infarct size.

D. Reduced Adrenergic Support in Heart Failure

Extensive investigations have shown a depletion of tissue catechoiamines in

both clinical and experimental hypertrophy. It has been shown that the degree of

depletion in tissue catecholamines correlates with the degree of depressed contractile

function (Chidsey et al., L964). However, it is important to note that depletion of

tissue catecholamines is associated with increased plasma catecholamines.

Autooxidation of these high levels of circulating catecholamines in chronic

hypertrophy may produce cell damage and contractile dysfunction characteristic of

heart failure (Singal et al., lgBZ). High levels of plasma catecholamines have also

been reported to be associated with reduced myocardial responsiveness.

The hallmark of heart failure is a decreased myocardial inotropic function.

During times of physiological stress (such as following myocardial infarction), the

heart responds by markedly increasing its contractility. This response is facilitated

by the release of norepinephrine from sympathetic nerves and epinephrine from the

adrenal gland. These catecholamines produce a contractile response by interacting

with a transmembrane signalling system located within the sarcoleÍlma of myocytes,

which consists of B, and B, adrenergic receptors - G protein - adenyl cyclase signal

transduction complex. Activation of this complex enhances excitation-contraction

coupling of myofibrils. Increased activation of the B-adrenergic system is an

important compensatory mechanism that acts to support cardiac function and
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maintain circulatoty homeostasis subsequent to a pathological insult (such as

myocardial infarction).

During the 1960's, it was recognized that heart failure was associated with a

diminished response to adrenergic stimulation (Covell et al., 1966). As a result, a

number of studies in animal models and human tissue were performed and

demonstrated a variety of biocherrical changes associated with heart failure.

However, none of these changes were adequate to explain the marked decrease in

contractile function occurring in heart disease. Bristow et al., (Lg82) demonstrated

that the diminished adrenergic responsiveness of failing human heart was associated

with downregulation of the B-adrenergic receptor. More specifically, it was

demonstrated that heart failure was associated with a loss in B,-receptors while Br-

receptor density was not reduced (Asano et a1.,1988), resulting in a shift in the ratio

of- þtlþz receptors from 80:20 in non-failing hearts to 60:40 in failing myocardium.

Thus, there appears to be a selective downregulation of Br-adrenergic receptors. Due

to the selective downregulation of Br-receptors, the Br+eceptor subpopulation

becomes relatively more important in mediating the inotropic support in response to

nonselective B-agonist stimulation as well as being a prime target for inotropic

stimulation by selective Br-agonists (Bristow et al., 1936).

The findings of decreased B-adrenergic receptors in the high affinity state in

dogs with heart failure (Vatner et al., 1985) documented that catecholamines have

a reduced ability to trigger an appropriate inotropic response for any given number

of agonist occupied receptors. This may also contribute in the transition from
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compensatory hypertrophy to decompensatory hypertrophy and heart failure known

to occur following ischemic heart disease and myocardial infarction.

E. Remodelling of Heart

In recent years, the term "ventricular remodelling" has been used to describe

changes in ventricular size and shape in response to a variety of stimuli that includes

the Ioss of myocardial tissue following a myocardial infarct. More specifically,

ventricular remodelling refers to global changes of ventricular chamber size, shape

and mass as well as changes occurring at the cellular level, including alterations in

both myocyte and non-myocyte compartments as well as the extracellular matrix and

interstitium (Sabbah and Goldstein, 1993).

Following myocardial infarction, there are complex alterations of both infarct

and non-infarct regions (Pfeffer and Braunwald, 1990). In the infarct region, "infarct

expansion" occurs which is defined as acute dilation and thinning of the area of

infarction not e4plained by additional myocardial necrosis (Hutchins and Bulkley,

7978). During this period, the myocyte fibrous support may be lost and thereby

prevent proper tethering needed for normal cardiac contraction. This phenomenon

occurs before and during the period of resorption of necrotic tissue. As well,

thinning of the infarct region is manifested histologically as myocyte slippage,

resulting in a decreased number of cells across the infarcted ventricular wall

(Weisman et a1.,19S8).

In addition, myocardial infarction e4pansion induces alterations in the non-

infarcted myocardium. Studies in both patients and experimental animals (Anversa
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et al., L99L; Theroux et al., L977) provide evidence of dilation of the non-infarcted

myocardium. The combination of expansion of the infarct region and dilation of the

remaining myocardium results in the overall enlargement of the left ventricle. The

extent of ventficular enlargement following myocardial infarction reflects the

magnitude of damage induced. During heart hypertrophy, increased collagen

synthesis becomes evident, resulting in remodelling of the non-myoryte compartment

(Weber, 1989). Accumulation of perivascular and interstitial collagen has been

shown to occur in hypertrophied and failing hearts (Doering et al., 1988; Randhawa

and Singal,1992).

Is ventricular remodelling a positive adaptation or does it represent

maladaptation by the heart? Ventricular hypertrophy subsequent to myocardial

infarction may be viewed as a compensatory mechanism aimed at maintaining stroke

volume as ejection fraction declines. However, it is important to note that an

increased left ventricular size occuÍs at the elpense of increased cliffgsion distances

as well as metabolism. In patients with myocardial infarction, increased left

ventricular volume was associated with poor long-term prognosis (White et al., L9g7;

Hammenneister er al, 1979). These findings suggest that initially ventricular

enlargement is beneficial in maintaining cardiac function but that left unattended

over long-term results in progressive ventricular dilation and subsequent cardiac

dysfunction and failure. The use of ACE inhibitors in preventing or attenuating this

process and increasing the survival rate suggest an adverse role of remodelling in

later stages.
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F. Animal Models of Heart Failure

In light of the fact that heart failure is one of the most serious disorders and

commonest cause of death, many experimental models have been developed to

understand the pathophysiology of heart failure.

Induction of cardiac dysfunction and eventual heart failure by rapid ventricular

pacing has been reported. Hemodynamic and neurohormonal abnormalities seen in

this model show some resemblance to heart failure seen in humans. Chronic low

output CHF produced by rapid ventricular pacing in rabbit has been.a useful and

cost effective model for studying heart failure (Masaki et al.,1gg3). However, heart

failure caused by excessively beating heart is a rare phenomenon in humans and thus

makes this model unrelated to the common etiological course of events seen in

humans.

Chronic arterio-venous (AV) fistula is another experimental model of heart

failure that represents the situation of volume-overload on the heart. The fistula is

created by anastomosing the abdominal aorta and the inferior vena cava (Stumpe et

al, L973). This results in shunting of blood and creation of volume overload on the

heart. This results in the creation of high cardiac output failure state (Huang et al.,

1992). However, the reproduction of this model of heart failure is rather difficult in

tenns of technical aspects as there is always a risk of internal bleeding upon

anastomosing the aorta and vena cava, resulting in high mortality rates.

The number of animal models to investigate heart failure subsequent to

myocardial infarction is rather limited. The first published description of a model
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of heart failure subsequent to myocardial infarction was provided by Johns and Olson

(1954), in which they described the surgical ligation of the left coronary artery in rats.

Several years later, Selye and associates (1960), modified the earlier techniques of

Johns and Olson which resulted in the advantage of larger infarcts subsequent to

coronary ligation along with increased survival rates among the animals. Although

the rat heart lacks collateral vessels and is therefore dissimilar from the human heart,

the coronary ligation model of myocardial infarction is advantageous due to the

reproducibility of infarct size as well as providing an excellent model for left

ventricular dysfunction. Thus, the rat model of infarction was used in the present

study.

Other models that have been developed to study heart failure include the

ischemia-reperfusion model developed by Jennings and associates (1960), in which

they noted electrophysiological changes with reperfusion and subsequent heart

failure. This study demonstrated for the first time that reperfusion of ischemic or

diseased myocardium may not always be advantageous.

G. Treatments For Heart Failure

Ischemic heart disease and the sequelae of acute myocardial infarction remain

the most common initiating causes of heart failure. Since heart failure arising from

this sequelae of events is a corlmon clinical syndrome with poor prognosis, a number

of studies were initiated to investigate possible therapeutic t¡eatments. It is

important to note that although myocardial infarction is by definition, a process that

acutely results in the death of myocytes, the full consequences of t¡is event often are
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not manifested until years later (Pfeffer et al., 1993). Survivors of the earþ phase

of myocardial infarction are at increased risk for reinfarction, heart failure and death.

As a result of intensive research, different pharmacological agents and treatment

strategies, particularly those involving inotropic agents, vasodilators and angiotensin

converting enryme inhibitors, have been developed with a good outcome in terms of

reducing the severity and incidence of these deleterious events.

G.1. Inotropic Agents

Since heart failure is characterized by decreased myocardial contractile

functioning, impetus for the use of positive inotropic agents such as digitalis and B-

adrenergic agonists in the treatment for heart failure became commonly prescribed

back as early as the 19th century.

Inotropic agents are classified according to their cellular mechanisms of action.

Cardiac glycosides inhibit the Na+-K+ ATPase pump, leading to augmentation of

calcium transport. Agents in this category include digitalis and digoxin. Myocardial

contractility is regulated by B-aüenergic receptors, of which the B-l type

predominates. Activation of this complex results in increased contractility of heart

muscle. Adrenergic agonists stimulate B-adrenergic receptors, leading to increased

intracellular calcium concentrations via increases in cAMP content. Agents in this

category include dopamine, dobutamine, isoproterenol and other catecholamines

which increase intracellular cAMP by promoting its production. phosphodiesterase

inhibitors such as amrinone and milrinone help by reducing hyclrolysis of cAMp.

Increased cAMP, in turn leading to increased contractitity occurs through the
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phosphorylation of slow calcium channels as well as better calcium transport through

SR membranes (Scholz and Meyer, 1986).

Although B-adrengergic agonists as positive inotropic agents stimulate

increased contractility initially, chronic adrenergic activation has been shown to be

deleterious. During the late 1970's and earþ L980's, large clinical trials investigating

the use of metropolol, propranolol, atenolol and timolol in patients with acute

myocardial infarction clearly demonstrated the benefit of earþB-blocker intervention

in reducing morbidity and mortality (Hjahnarson et al., 1981). It has been well

documented that circulating levels of norepinephrine in patients with heart failure are

increased (Thomas and Marks, L987), indicating generalized activation of the

adrenergic (sylnpathetic) nervous system as the syndrome progresses. In heart

failure, adrenergic activation of both the heart and kidney occurs (Hasking et al.,

1986). In heart failure, activation of this system is advantageous initially, but

numerous data indicate that long-term adrenergic activation by norepinephrine is

harmful to heart muscle (Reinchenboch and Benditt, 1970). The cardiotoxic effects

can be produced by high levels of endogenous catecholamines (Rosenbaum et al.,

1987; Singal et al., L982) and decreased synthesis of contractile proteins in response

to norepinephrine eTposure (Mann et al., L992). Another general adverse effect of

chronic adrenergic activation of the failing heart is subsensitivity of the myocardial

adrenergic pathway (Bristow, L993). This desensitization tesponse to chronic cardiac

adrenergic activation in the failing human heart is a decrease in the density of þr
adrenergic receptors on the surface of myocardial cells (Bristow et a1.,1986). Thus,
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chronic adrenergic stimulation of the failing heart is a maladaptive response. This

gave rise to the use of B-blocking agents as a treatment protocol in the management

of heart failure patients. It has been demonstrated that patients with mild to

moderate left ventricular dysfunction benefit from both early intravenous and long-

term oral B-blockade following acute myocardial infarction (Held, 1993).

G.2. Vasodilator Therapy

The use of nitroglycerin and long-acting organic nitrates in heart failure dates

back to the earþ 1,970's when it was shown that vasodilator therapy improved cardiac

perfotmance of patients with chronic heart failure. Heart failure itself is a condition

characterized by systemic vasoconstriction, pulmonary and intracardiac blood volume

e4pansion; and neurohonnonal activation (Abrams, 1993). The predominant action

of nitrates and other vasodilating pharmacological agents in the presence of heart

failure is to reduce afterload via alterations in vascular compliance and impedance.

The resultant effect on cardiac functioning is an increase in cardiac output while

decreasing systemic vascular resistance. When hydralazine was administered to

patients with severe congestive heart failure, cardiac output increased approximately

50Vo (Chatterjee et al., 1980). Hydralazine also resulted in unloading of the ventricle

in patients with volume overload due to valvular regurgitation (Greenberg et al.,

L978). These data show beneficial effects of vasodilators in heart failure.

G3. Angiotensin Converting Enzyme (ACE) Inhibitors

Heart failure is generally thought of as the heart's inability to meet the body's

circulatory demands. Howevet, this alone is not sufficient to e4plain the pathogenesis
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and progression of this syndrome. In other words, heaft failure is a multifaceted

syndrome characterized not only by hemodynamic compromise, but by complex

cellular, molecular, metabolic and neuroendocrine abnormalities as well (Katz, 1990).

Hormonal adjustments such as the activation of the renin-angiotensin system play a

central role in the pathogenesis of heart failure (Francis et a1.,t984).

Charactertzation and identification of the renin-angiotensin system, although still

incomplete, has resulted in the use of ACE inhibitors as a cornerstone of therapy for

heart failure patients (Braunwald, 1991).

The renin-angiotensin system is one of several hormonal systems that are

activated in response to a decrease in cardiac output (Harris, 1983). A reduction in

cardiac output results in the activation of an enrymatic cascade leading to the

formation of angiotensin II. Among the effects of angiotensin II are the increase in

preload via sodium retention and an increase in workload via systemic

vasoconstriction. With heat failure, increases in preload cannot augment systolic

function because the failing heart has reduced preload reserve (Ross, Lg76). The

normal heart responds to an increase in afterload by increasing it's contractility. The

failing heart is less able to do so and thus, increased afterload may compromise

cardiac output and eventually lead to overt heart failure. Thus, the renin-angiotensin

system that is activated initially in an attempt to maintain cardiac output as well as

blood pressure, ultimately may precipitate worsening and deterioration of cardiac

function.

As a result of these findings, major impetus for use of angiotensin converting

27



enzyme inhibitors as a novel therapeutic approach for heart failure patients

developed. Riegger et al., 1984, demonstrated for the first time in an animal model

of congestive heart failure caused by rapid ventricular pacing that chronic ACE

blockade during the development of heart failure leads to a retardation in the

progression of pump failure by preventing an increase in peripheral vascular

resistance. Beneficial effects of long-term therapy with captopril (ACE-inhibitor)

were demonstrated in experimental myocardial infarction not only to improve left

ventricular function, but also to improve suryival (Pfeffer et a1.,1935).- In addition

to their well-known ability to lower blood pressure, other biological activities of

angiotensin converting enryme inhibitors including such actions as antiproliferation

as well as antiadrenergic and vagal-stimulating effects, have been identified (Dietz

et al., L993).

Angiotensin converting enryme inhibitor therapy introduced early in the

pathogenesis of left ventricular dysfunction prevented progressive neuroendocrine

activation and left ventricular remodelling. It was also suggested that early

introduction of treatment with ACE inhibitors in asymptomatic patients with left

ventricular dysfunction may improve exercise tolerance and prevent progression of

ventricular dilation and development of clinical heart failure (Pfeffer et al., 1988;

Sharpe et al., 1991). Since L986, numerous studies have shown that ACE inhibition

in patients with mild to moderate heart failure as an add-on therapy to a chronic

therapy with digitalis improves maximal exercise capacity and left ventricular

function.
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H. Free Radicals and Antioxidants

In recent years, there has been considerable interest concerning the role of

free radicals in various pathological disease states involving many body organs. In

the simplest terms, a free radical is any atom or molecule that has an unpaired

electron in their outer orbit. This renders them to be highly reactive. Endogenous

sources of free radicals are the numerous enryme and non-enryme systems located

in the subcellular membranes, plasma membrane and blood cell elements. Free

radical production occurs via the addition of an electron or by it's removal in a

reduction/oxidation reaction. Due to it's diradical configuration, oxygen is the major

source of radical species. The sequential univalent reduction of oxygen gives rise to

reactive intennediate products. Normally, the tissue concentration of these

intermediate products of oxygen is ümited due to the existence of a delicate balance

between the generation of free o>rygen radicals and the antioxidant defense system.

This system consists of various enzymes as well as non-enz)matic molecules that act

to scavenge or quench these reactive oxygen species.

. Superoxide radical is formed via a one electron reduction of molecular oxygen.

Once formed, superoxide radical can dismutate to hydrogen peroxide, which can

interact with superoxide anion to form the hydro4yl radical via the Haber-Weiss

reaction. Hydrogen peroxide can also undergo the Fenton reaction to leld hydro>ryl

radical. Fortunately, under normal conditions, free o>rygen radicals are cleared by the

antioxidant enzymes involving superoxide dismutase, which catalyzesthe dismutation

of superoxide anion to hydrogen peroxide. Catalase and glutathione peroxidase
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catalyzes the reduction of hydrogen peroxide to water, thereby preventing the

formation of hydroryl radical.

Vitamin E is an essential nutrient that also functions as an antioxidant in the

human body. It is essential, by definition, because the body cannot manufacture it's

own vitamin E and thus it must be provided by foods and supplements. Vitamin E

is a generic tenn that includes all entities that exhibit the biological activity of natural

vitamin E. Of these, D-alpha tocopherol has the highest biopotency and is the most

common type of vitamin E (Packer,1994). The most important function of vitamin

E in the body is to protect poþnsaturated fatty acids (PUFA's) ûom oxidation.

PUFA's are highly susceptible to oxidation by endogenous free radicals (Kleijnen et

al., 1989). Vitamin E functions as an antioxidant by interrupring the chain of

membrane lipid peroxidation and thus is a "chain-breaking" antioxidant (packer,

L994). Deficiency of myocardial vitamin E levels results in the increased

susceptibility of myocardial cell membranes to free radical mediated lipid

peroxidation (Singal et al., 1983; Singal and Tong, 1988). Animal srudies have shown

that the most frequentþ occurring sign in vitamin E deficiency is myopathy, including

myopathy of heart muscle (Machlin, 1984).

Glutathione is present in high concentrations as GSH with minor fractions

being GSSG (Reed, 1990). GSH as a co-substrate of glutathione peroxidase, plays

an important role in the removal of HrO, as well as other organic peroxides, thus

preventing the peroxidation of membrane lipids (Ferrari et al., 19S6). Study of

changes in glutathione status provides important information on cellular oxidative
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events and tissue accumulation and/or release of GSSG. The redox state

(GSH/GSSG) is used as a sensitive index of oxidative stress (Ferrari et a1.,1985;

Curello et al., 1985). Increases in the redox state indicate reduced oxidative stress

while decreases in the redox state suggest increased oxidative stress. GSH depletion

to about 20-307o of total glutathione levels can impair the cell's defense against free

radical attack and may Iead to cell injury and death (Reed, 19g4).

I. Free Radical Mediated Myocardial Dysfunction

Increasing evidence indicates that oxygen derived free radicals are important

mediators of several fotms of tissue damage, such as injuries associated with

inflammatory responses, ischemic injuries to organs, and injuries resulting from

intracellular metabolism of chemicals and drugs. Cardiovascular research has focused

quite intensively on the role of free oxygen radicals in various disease states affecting

the heart (Kaul et al., L993). One of the most clearþ documented conditions of

increased oxidative stress involves ischemia-reperfusion injury. Orrygen radicals have

been implicated as a cause of the deleterious effects in the setting of coronary

re?erfusion. Some of these deleterious effects include stunned myocardium and

reperfusion arrhythmias. Antioxidant enrymes have been shown to be depressed

during ischemia (Ferrari et al., L985; Guarnieri et a1.,19S0) as well as under hypoxic

conditions (Dhaliwal et al., 1991), which correlated with poor recovery of function

upon reoxygenation/reperfusion. Endogenous myocardial antioxidant enzyme

activities have been reported to be increased during stable hyperfunctional heart

hypertrophy secondary to chronic pressure overload (Gupta and Singal, 1989a).
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Hypertrophied hearts subjected to hypoxia-reolygenation showed significantþ higher

SOD and GSHPx activities as compared to sham heaÍs while lipid peroxidation

levels were significantly lower in the hypertrophied hearts as compared to sham

heaÍs (Kirshenbaum and Singal, 1992). In addition, it has been shown that hearts

subjected to chronic pressure overload resulting in hypertrophy demonstrated

reduced lipid peroxide content, increased antioxidant reserye involving SOD and

GSHPx as well as maintenance of calcium and sodium homeostasis in conjunction

with better recovery of contractile function and reduced incidence of-arrhythmias

upon reperfusion in these hearts (Kirshenbaum and Singal, t993). These studies

indicate that maintenance of an adequate antioxidant reserve during hypoxia/ischemia

may be important in the rccovery of the heart upon reo)rygenation/reperfusion and

attenuate free orygen radical induced reperfusion injury.

Although it has been demonstrated that hypertrophy accompanied by a

hyperfunctional heart involves increased antioxidant reserve, recent attention has

focused on the progression of this compensatory hypertrophy stage to that of a

decompensatory hypertrophy stage and eventual heart failure. It was shown in

guinea pig model that at 10 weeks following constriction of the ascending aoÍta,there

was a 56Vo hypertrophy with a 33Vo irqease in left ventricular wall thickness and

significantly increased Ieft ventricular systolic pressure. At Z0 weeks, animals

developed various clinical signs of heart failure. At this stage, there was B6Vo

hypertrophy, but left ventricular wall thickness was only 20Vo with depressed left

ventricular systolic pressure (Randhawa and Singal, L992). This study elegantly shows
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the progression from compensatory hypertrophy to decompensatory hypertrophy.

These functional changes subsequent to chronic pressure overload also correlated

with increased and decreased antioxidant reserve (Dhalla and Singal, tgg4).

This type of phenomenon in which heart failure occurs subsequent to

hypertrophy has also been shown to occur following myocardial infarction. However,

the mechanisms involved in this transition from a compensatory state to one of

decompensatory are poorþ understood. Early studies show that a relative deficit in

antioxidant reserve and subsequent increased susceptibility to free radical attack on

cardiac myocytes may be one of the mechanisms by which heart failure following

myocardial infarction occurs. Although these studies are suggestive of the

involvemènt of oxidative stress in the pathogenesis of hypertrophy to heart failure,

antioxidant changes as well as oxidative stress following myocardial infarction remain

to be described.
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IV. METHODS

A. Experimental Model

Myocardial infarction was produced in male Sprague-Dawley rats weighing 150

+ 109 via occlusion of the left coronary artery by the method of Johns and Olson

(1954) as modified by Selye et al. (1960). The animals were anesthetized with ether

and the skin was then incised along the left sternal border, the third and fourth rib

cut proximal to the sternum with the subsequent insertion of retractors. The

pericardial sac was perforated and the heart was exteriorized through the intercostal

space. The left coronary artery was ligated about L-2 mm from its origin with a 6-0

silk thread. Following ligation, the heart was repositioned in the chest. Closure of

the incision was accomplished by a purse-string suture. Throughout the course of the

operation, rats were maintained on a positive pressure ventilation delivering a

mixture of 95Vo O, and SVo CO, mixed with ether. The mortality of all animals

operated upon in this fashion was 35Vo within the first 24 hours. Control animals

were treated in a similar fashion with the exception that the sutuie around the Ieft

coronary artery was not tied. Following the operation, animals were allowed to

recover. Animals were provided food and water ad libitum and were utilized at 1,

4, 8 and 16 weeks for different studies.

B. Hemodynamic Studies

Animals were anesthetized with sodium pentobarbital (50 mg/kg i.p.). A

miniature pressure transducer (Millar Micro-Tip) ** inserted into the right carotid

artery and then advanced into the left ventricle. Left ventricular end-diastolic
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(LVEDP), Ieft ventricular systolic (LVSP), aortic diastolic (ADP) and aorric systolic

(ASP) pressures were recorded. After hemodynamic assessment, animals were killed

and the heart and other organs were removed for further studies.

C. Histologv

Both right and left ventricles wele fixed in formalin-calcium solution and

processed for routine, paraffin embedding. The ventricles in paraffin were sectioned

transmurally and 5pan thick sections were stained with either hematoxylin-eosin or

Masson's trichrome. Four different regions of the heart including left ventricle free

wall in the scar region as well ¿rs near the junctional area, right ventricular fr.ee wall

and interventricular septum were examined.

D. Tissue Weights

The heart, lung and liver were removed from adhering tissues and weighed.

To obtain the scar weight, the scar tissue was cut out and weighed. For the

detennination of dry weight, the lungs and liver were placed in the oven at 65oC for

24 hts. Wet weight/dry weight ratios were calculated for lung and Iiver tissues.

E. Biochemical Assays

8.1. Superoxide Dismutase (SOD)

Superoxide dismutase activity in the hearts was determined by the method

previously described by Marklund (1985). Hearrs were homogenizsd (1:10) in 50

mmoïLTris-HCI, pH 8.20, containing l mmol/Ldiethylenetriamine pentaacetic acid.

The homogenate was centrifuged at 20,000 gfor 20 minutes. The supernatant was

aspirated and assayed for total superoxide dismutase activtty by following the
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inhibition of pyrogallol auto-oxidation. þrogallol (24 mmollL) was prepared in 10

mmoUl HCI and kept at 4'C prìor to use. Catalase, 30 pmolll- stock solution was

prepared in an alkaline buffer (pH 9.0). Aliquots of supernatant (150 ¡rg protein)

were added to Tris-HCl buffer containing,25 p.Lpyrogallol and 10 p.L catalase. The

final volume of 3 mL was made up with the same buffer. Changes in absorbance at

420 nm were recorded at 1 minute intervals for 5 minutes. SOD activity was

deterrrined from a standard curve of percent inhibition of pyrogallol autoxidation

with commercially available SOD. Data arc expressed as total SOD Units per

milligram protein derived from an SOD standard curve. The assay is highly

reproducible and the standard curve was linear up to 250 p.g protein with a

correlation coefficient of 0.998.

E.2. Glutathione Peroxidase (GSHpx)

GSHPx activity was determined in whole heart by a method previously

described by Paglia and Valentine (1967). Hearts were homogenizsd 1:10 in 75

mnìol/L phosphate buffer, pH 7.0. Homogenate was centrifuged at 20,000 g for 25

minutes and the supernatant was aspirated and assayed for total cytosolic GSHpx

activity. GSFIPx activity was assayed in a 3-ml cuvette containing 2.0 mL of 75

mmol/L phosphate buffer, pH 7.0. The following solutions were then added: 50 pL

of 60 mmol/L glutathione, L00 ¡,cL glutathione reductase solution (30 U/mL), 50 p.L

of 0.12 mollL NuN¡, 100 ¡rL of 15 mmol/L Na2 EDTA, 100 p"L of 3.0 mmolll

NADPH, and 100 p'L ofcytosolic fraction. The reaction w¿N starred by the addition

of 100 p.L or 7.5 mnollL Hro, and the conversion of NADpH to NADp was
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monitored by a continuous recotding of the change of absorbance at 340 nm at one

minute intervals for 5 minutes. GSHPx activity was expressed as nanomoles of

reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidized to

nicotinamide adenine dinucleotide phosphate (NADP) per minute per milligram

protein, with a molar extinction coefficient for NADPH at 340 nm of 6.22 x L06.

8.3. Catalase

Catalase activity in the hearts was determined by the method previously

described by Clairborne (1985). Hearts were homogenized in (1:10) 50 mmol/L

potassium phosphate buffer, pH 7.4. Homogenate was centrifuged at 40,000 g for

30 min. Supernatant 50 ¡r,L was added to a 3-mL cuvette which contained 2.95 mL

of 19 mmolil hydrogen peroxide in 50 mmol/L potassium phosphate buffer, pH 7.4.

Changes in absorbance at 240 nm were continuously followed for 5 minutes.

Catalase activity was e4pressed as Units per milligram protein.

8.4. Vitamin E Analysis

Hearts were freeze clamped and stored in liquid nitrogen until anaþed by

high-performance liquid chromatography (HPLC) method described by Lang et al

(1986). Heart tissue was weighed and homogenized in a solution containing 1 ml of

0.1 mol/L aqueous SDS, 1 mL of water along with 50 pI of ethanolic BHT (10

mg/ml). The sample was transferred to a 10 mL test tube, fitted with a teflon-lined

screw cap. The homogenizer was rinsed with 2 mL of reagent alcohol which was

combined with the homogenate. The mixture was vortexed for 30 seconds and} mL

of hexane was added. Tubes were capped and vortexed for 2 minutes and were then
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centrifuged for 5 minutes at 1000 g to separate the layers. One millilitre of the

hexane (top) layer was transferred to a small vial and dried under nitrogen. The

residue was redissolved in .25 mL reagent alcohol. Samples were analyzed, by

Beckman Gold HPLC system immediately after preparation. Different components

of the Beckman Gold HPLC system used included a model 116 programable solvent

delivery system, model 166 programmable detector module, Altex injector system,

a Brownlee Silica Spheri-S (25 cm x 4.6 mm) column. The mobiie phase consisted

of methanol/reagent alcohol ll9 (vlv) containing 20 mmol/Llithium perchlorate. The

solvent flow rate was L.0 ml/min and the injected volume was 20 ¡rL. Using an IJV

detector at 275 nm, area under the peak was recoÍded and compared with an

external standard of a-tocopherol (Sigma).

8.5. Glutathione

Concentration of total glutathione (GSSG + GSH) was measured in the

myocardium by the glutathione reductase/5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB)

recycling assay (Anderson, 1,985). The rate of TNB fonnation is followed at 4L2 nm

and is proportional to the sum of GSH and GSSG present. Myocardial tissue was

homogenized in 57o sulfosalicylic acid. The tissue homogenate was centrifuged for

L0 min at 10,000 g. Supernatant was stored at 4C until assayed. GSSG alone was

measured by treating the sulfosalicylic acid supernatant with 2-vinylpyridine and

triethanolamine. The solution \ryas vigorously mixed and final pH of the solution w¿N

checked to be between 6 and 7. After 60 min, the derivatized samples were assayed

as described above in the DTNB-GSSG reductase recycling assay. GSH values were
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calculated as the difference between total (GSSG + GSH) and GSSG concentrations.

Values are expressed as pmr.

8.6. Thiobarbituric Reactine Substånces (TBARS)

Lipid peroxide content in hearts was determined by using the thiobarbituric

acid reactive material method as descdbed previously (Singal et a1.,1986). Hearts

were homogenized in (10% wt/vol) 0.2 mollLTris-0.16 mollLKCl buffer , p]f'7.4 and

incubated for t hour at37'C in a water bath. A ZmL aliquot was withdrawn from

the incubation mixture and pipetted into a t2 mL Corning culture tube. This was

followed by the addition of 2.0 ml of 40Vo trichloroacetic acid and 1.0 mI of 0.2Vo

thiobarbituric acid (TBA). In order to minimize peroxidation during the assay

procedure, t00 p'L of ZVo butylated hydrory-toluene was added to the TBA reagent

mixture. Tubes were then boiled for 15 minutes and cooled on ice for 15 minutes.

Two millilitres of 707o tnchloroacetic acid were added, and tubes were allowed to

stand fot 20 minutes, centrifuged at 800 gfor 20 minutes. The developed colour was

read at 532 nm on a Zniss spectrophotometer. Commercially available

malondialdehyde was used as a standard. Proteins \ryere determined by the method

described by Lowry et al. (1951).

F. Statistical Analysis:

Data were e4pressed as the mean + SEM. For a statistical analysis of the

data, group means \ilere compared by one-way ANOVA and Bonferroni's test was

used to identiff differences between groups. Values of p<0.05 were considered

sþificant.
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V. RESULTS

A. General Characteristics

Mortality due to surgery in these animals was 25Vo. This included loss of

animals during the operation as well as recovery from anaesthesia. Another L\Vo of

the animals died within 24 hrs. Body weight, scar weight, lung and liver wet/dry

weight ratios were examined in control as well as experimental animals at 1, 4, 8 and

1.6 weeks after the surgery (Tables I and 2). Body weight gain in e4perimental

animals was no different from controls. The scar weight increased from.l to 16 week

e4perimental groups and the maximum weight was seen at L6 weeks of post-

myocardial infarction (Table 1). At l week of post-myocardial infarction, there were

no differences in lung or liver weVdry weight ratios in experimental animals relative

to controls. However, Iung weVdry weight ratio was significantly higher at 8 and L6

weeks. Liver wet/dry weight ratio showed a trend of increase in the e4perimental

animals at 4 and 8 weeks, but the differences were statistically'significant only at 16

weeks (Table 2).

8.. Hemodynamic Data

Assessment of ventricular pressures of animals revealed significant decreases

in Ieft ventricular peak systolic pressure in 4, 8 and 16 week groups ¿rs compared to

control animals, with the most sevete depression seen in the 16 week e4perimental

animals (Table 3). At L week, e4perimental animals showed a stight but insignificant

increase in left ventricular systolic pressure. The Ieft ventricular end-diastolic

pressure at l week \ryas no different than controls. However, in the 4,8 and L6 week
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TABLE L: Body weight and scar weight of the animals at L, 4,
I and 16 weeks of post-surgery duration.

Post-Surgical
Duration

Bodv Wt (s) Scar Wt (me)
Expt Cont Expt

1 Weeks

4 Weeks

8 Weeks

16 Weeks

337 -t- 3

428 -r 4

580 -r 17

634 -+ L3

268 -r 4

401 -r 5

527 -r 8

625 -r t4

17-r2

36 -r 3*

42 -r 1.*

56 -r 9*

Values are mean -¡ S.E. of 8-10 e4periments. *) Significantþ higher (p<0.05) from

one week e4perimental groups (ANOVA followed by Bonferroni test). Cont., sham

control; E4pt, e4perimental group.
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TABLE 2: Lung and Liver wet/dry weight ratios of the animals at
L, 4r 8 and L6 weeks of post-surgery duration.

Post-Surgical
Duration

Luns Liver
Cont Expt Expt

L Weeks

4 Weeks

8 Weeks

L6 Weeks

4.8 r- .01

4.8 -¡ .09

4.7 -r .01

4.7 + .L

4.8 -r .07

5.L -+ .4

5.5 -r .04*

6.5 + .14*

2.7 -+ .5

2.9 + .5

2.9 -r .5

2.8 -r .2

2.7 -r .48

3.L -r .2

3.3 -r .33

3.9 -r .4t

Values are mean -r S.E. of 8-10 experiments. Significantly different (p<0.05) from
-!

respective control groups. t) ANOVA and *) ANOVA followed by Bonferroni test.
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TABLE 3: Ventricular pressures of experimental rats at 1,4,8 and
L6 weeks of post-myocardial infarction as compared to
sham controls.

Post-Surgical
Duration

LVEDP lmmHs) LVPSP lmmHp)
Cont Expt Cont Expt

L Weeks

4 Weeks

8 Weeks

L6 Weeks

2.3 -r .25

2.L -r .72

3.9 -r .43

3.9 -r .53

L.8 + .6

7.6 -r .441

L8.6 t 1.0*

30.6 -r .96+

126.3 -r 3.3

126.9 -r 1.2

L28.4 x.2.3

L27.5 -r 2.5

I33.L -r 4.3

114.0 -r 57*

LU2.4 -r .97

89J -r 1-5*

Values are mean -r S.E. of 8-1,0 experiments. LVEDP) Leftventricular end-diastolic

pressure; LVPSP) Left ventricular peak systolic pressure. Significantly different

(p<0.05) from respective control groups. t) ANOVA and *) ANOVA followed by

Bonferroni test.
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TABLE 4: Blood pressure in rats at Lr 4, 8 and 16 weeks of post-
myocardial infarction as compared to sham controls.

Post-Surgical
Duration

ADP lmmHp) ASP (mmlig)
Cont ExptCont

L Weeks

4 Weeks

8 Weeks

1,6 Weeks

65.0 -+ L.7

64.6 -r L.0

66.9 x. .2

66.8 -r .6

64.5 -r 1.0

72.8 t- 2.4

70.0 -r 1.2

73.3 x. 1..3

108.3 t 8.3

110.8 + 4.4

L06.L -r 0.6

102.0 -r 2.0

L0L.7 + 3.5

100.1 -r 2.3

93.7 + L.OI

91.4 -r 06t

Values are mean t S.E. of 8-L0 experiments. ADP) Aortic diastolic pressure; ASP)

Aortic systolic pressure. t) Significantly different (p<0.05) from respective control

groups (ANOVA).
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experimental animals, LVEDP was significantly elevated when compared to control

values, with the greatest elevation occurring in 16 week experimental animals (Table

3). Aortic diastolic pressures were not changed in any of the groups. Compared to

respective controls, aortic systolic pressure showed some drop at 4 weeks. However,

the decreases were statistically significant only at I and 16 weeks (Iable 4).

C. Histolosical Observations

Myocardial tissue from four different regions of the ventricles (scar area in the

left fi'ee wall; junctional region between the scar and healthy myofibres in left free

wall; right ventricular free wall; and septum) of the control and 16 weeks of post-

myocardial infarction duration was examined using trichrome staining. These data

are shown in Figs. L-4. A significant portion of the Ieft ventricular free wall of the

heart that suffered infarction, showed connective tissue deposition with only a few

healthy looking myofibers (Fig. 1). There was connective tissue deposition in the

perivascular region and some in the interstitial spaces. At the junction of the scar

and viable muscle area, there \ilas a clear transition zone comprised of more

connective tissue in the scar region and these fibers were less apparent towards the

healthy myofibers of the free wall (Fig. 2). The right ventricular free wall also

showed some collagen deposition (Fig. 3). In the septum region, however, there was

no collagen deposition (Fig. 4) and the histological details were quite comparable to

the control hearts.

D. Myocardial Antioxidant Enzymes

Various endogenous antioxidant enzyme activities were examined in the
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remaining, viable myocardium at 1-, 4, 8 and 16 weeks of post-myocardial infarction

(post-Ml). At one week of post-Ml, antioxidant SOD showed a trend towards

increase relative to respective controls, followed by a decrease at 4, 8 and 16 weeks

(Fig. 5). The depression in the SOD activity at 16 weeks was 45Vo as compared to

its control values and these changes were statistically significant. GSHPx activity was

significantly decreased as compared to controls at 4, 8 and 16 weeks. At one week,

this activity was slightly higher than the control value (Fig. 6). A similar trend wai

seen with respect to catalase activity (Fig. 7). Catalase activity at4,8 a¡d L6 weeks

was 86Vo,69Vo and 45Vo of. their control values respectively and these changes were

srgnificant. At one week, catalase activity was 1157o as compared to its control.

E. Myocardial Vitamin E Content

Myocardial vitamin E analysis was done by quantitating a-tocopherol using the

HPLC method and these data are shown in figure 8. At 1 and 4 weeks of post-

surgical duration, vitamin E levels were no different relative to respective controls.

Flowever, at 8 weeks, there w¿Ìs a 25Vo depression and at 16 weeks the decrease was

abor¡t 38Vo as compared to controls. These changes were statistically significant.

F. Lipid Peroxidation

The amount of lipid peroxidation was determined by evaluating myocardial

thiobarbituric reacting substances (TBARS). At oneweek of PMI, TBARS remained

near that of control values (Fig. 9). At 4,8 and 16 weeks of pMI, TBARS were

increased by 20Vo, 40Vo and 64Vo rcspectively as compared to their controls.
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Figure 9: Lipid peroxidation as indicated by thiobarbituric
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G. Redox State

Myocardial GSH and GSSG contents were evaluated in control and

experimental hearts and these data arc shown in Table 5. GSH content in

experimental hearts showed no significant change at 1 and 4 weeks of post-surgical

duration relative to respective controls. By 8 weeks, GSH content was decreased by

24Vo and a decrease of about 40Vo was seen at '16 weeks. GSSG content in

e4perimental hearts at 1 and 4 weeks of post-surgical duration was significantly less

from controls. At 8 weeks, GSSG content in experimental hearts were slightly

increased compared to control hearts. At 16 weeks, the GSSG content was

significantþ increased (>L007o) relative to controls.

Redox state (GSFVGSSG) was evaluated in control and experimental hearts

(Fig. 10). The redox state was significantly elevated at I week post-surgery duration,

but began to decrease at 4 and 8 weeks, with a significant reduction in GSIVGSSG

seen at 16 weeks of post-surgical duration.
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TABLE 5: Myocardial reduced (GSH) and oxidized (GSSG)
glutathione levels in control and experimental rats at L,
4, 8 and L6 weeks of post-surgical duration.

Post-Surgical
Duration

GSH løm) GSSG (um)
Expt Cont Expt

L Week

4 Weeks

8 Weeks

16 Weeks

79.4-+. I.4

78.4 -r I.0

79.8 -r 3.3

80.2 -r 3.L

82.9 +

72.3 +-

60.9 -r

47.9 t-

8.6 -r .66

I0.l -r .24

12.4 -r .24

L1.3 x. .43

5.3 +- .27t

7.3 -t- .30t

L7.5 + .39

28.3 -r 1.8"

L.7

1.5

L.4*

1.9*

Values are mean -¡ S.E. of 8-10 e4periments. *) Significantly different (p<0.05)

from respective control group. t) ANOVA. +) ANOVA followed by Bonferroni test.
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Figure 10: GSH/GSSG (redox state) in control and

experimental hearts at l, 4, 8 and L6 weeks of post-

myocardial infarction period. Data are mean = S.E. from

8-10 experiments. *) Signifïcantly different (p<0.05) from

respective controls (ANOVA followed by Bonferroni test).
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VI. DISCUSSION

Heart failure following myocardial infarction (MI) is a common clinical

occurrence with a relatively poor prognosis in it's advanced stages. Despite the

remarkable improvements in strategies for treating acute myocarclial infarction and

subsequent heart failure, understanding of the pathogenesis of heart failure remains

a problem. Occurrence of antioxidant deficit has been suggested as one of the

mechanisms for the development of heart failure (Gupta and Singal, 1989a; Singal

and Kirshenbaum, 1990). The data in the present study demonstratel-for the first

time that development of congestive heart failure secondary to myocardial infarction

of the Ieft ventricular free wall correlates with a progressive decrease in antioxidants

and a concomitant increase in the oxidative stress.

The model of heart failure subsequent to MI used in this study was developed

in which surgical occlusion of the left coronary artery in rats causes myocardial

infarction of a significant portion of the left ventricle (Johns and Olson, t959; Selye

et al., 1960). The present study not only confirmed the formation of an infarct but

aprogressive increase in infarct size as indicated by the scar weight was also seen

from L to L6 week post-surgical durations. Mortality of.35Vo seen in our study has

also been reported (Dixon et al., 1992). A rightward shift on the Frank-starling

curve was indicated by elevated left ventricular end diastolic pressure, which is also

a hallmark of congestive heart failure. A progressive increase in left ventricular end

diastolic pressure, seen in our study, has been suggested to be a function of infarct

size (Pfeffer et al., 1985). Signs of pulmonary edema as well as üver congestion were
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also apparent in these animals. Similar indications of congestive heart failure

secondary to myocardial infarction due to surgical ligation of the coronary artery have

been reported by others (Dixon et al., 1990; Fellenius et al., 1985; Pfeffer et al.,

1984). Thus, a progressive deterioration of cardiac function coupled with the gradual

development of congestive heart failure was cleady established in our study.

Maintenance of left ventricular peak systolic pressure and left ventricular end-

diastolic pressures as well as aortic systolic and diastolic pressures in 1 week

experimental animals indicated sustained cardiac functioning in these. animals. In

addition, at 1 week no signs of heart failure were evident fi'om a wet-to-dry weight

ratio of liver and lungs. Thus, we suggest it to be a "stable function or non-failure"

stage. Although left ventricular end-diastolic pressure was elevated in 4 week

e4perimental animals and left ventricular systolic pressure was significantþ depressed,

aortic pressures were maintained and pulmonary edema or lung congestion were not

apparent, indicating that these animals were in a stage of "mild heart failure". At 8

weeks, significant reduction in left ventricular systolic pressure and increase in left

ventricular end diastolic pressures were accompanied by pulmonary edema without

any liver congestion. These animals were considered to be in a stage of "moderate

heart failure". At 16 weeks, the greatest elevation in left ventricular end-diastolic and

depressed left ventricular systolic pressures were also accompanied by pulmonary

edema and liver congestion. Thus, these animals were considered to be in a stage

of "severe heart failure". The segregation of experimental animals into non-failure,

mild, moderate and severe stages of heart failure att,4,8 and 16 weeks respectively,
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subsequent to the coronary ligation, is being adopted here for a more objective

comparison of the hemodynamic functions with biochemical changes in antioxidants

as well as oxidative stress. It should be noted that this classification is arbitrary.

Data in the present study also show that sustained cardiac function in non-

failing hearts until 1 week of post-surgery duration was accompanied by a mild

increase in antioxidants. That the antioxidant reserve was increased at this stage was

clearly indicated by a decrease in GSSG as well as a significant increase in redox

state (GSFVGSSG). Increase in myocardial redox state has been demonstrated in

different conditions and the change is correlated with sustained or better

hemodynamic function (shan et al., 1990; Dhalla and singar, tgg4).

As the post-surgery duration was prolonged further, all antioxidants showed

changes characteristic of the stage of failure. Mitd failure at four weeks w¿rs

accompanied by a significant depression in GSHPx and catalase activities. Although

SOD activity as well as vitamin E content at this stage were not changed, increased

oxidative stress was indicated by a significant increase in TBARS. Increases in lipid

peroxidation has also been reported in heart failure due to a chronic pressure

overload of the heart (Dhalla and Singal, Lg94), as well as in the case of

cardiomyopathic hamsters (Kobayashi et al., 1987).

A close correlation between reduced antioxidant reserve and depressed cardiac

function was further apparent at moderate and severe stages of failure. At 8 weeks,

moderate failure stage, antioxidants GSHPx, catalase and vitamin Ewere depressed.

Severe failure stage at 16 weeks showed not only a further reduction in these
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parameters but SOD activity at this stage was also depressed. A graded increase in

lipid peroxidation as well as depressed redox state were also apparent at these failure

stages. Similar changes have also been reported for heart failure due to chronic

pressure overload in guinea pigs (Dhalla and Singal, 1994). These findings may

suggest that a relative deficit in the endogenous antioxidants as well as redox state

may play an important role in the pathogenesis of heart failure.

Vitamin E has been shown to be a potent antioxidant and it's presence in

biological membranes is thought to represent the major defense ry*"- against

peroxidation of membrane lipids. A relative deficiency in myocardial vitamin E may

leave the myocardial tissue susceptible to free radical mediated lipid peroxidation and

subsequent cardiac dysfunction. Vitamin E deficiency has been reported to

accentuate adriamycin-induced cardiomyopathy (Singal and Tong, 1938) as well as

catecholamine-induced cardiomyopathy (Singal et al., L982). Animals with vitamin

Edeficiencyfrequentþdisplaymyopathyof heartmuscle (Machlin, 1984). Decreases

in vitamin E levels at 8 and 16 weeks may have further compromised the antioxidant

protection, particularly in the membrane phase during the moderate and severe

stages of failure.

Free radical-mediated damage largely occurs via lipid peroxidation as well as

reduction in thiol groups (Singal et al., 1993; Fliss et al., 1988). Peroxidation of

membrane lipids has been reported in many pathological situations (Plaa and

Witschi, 1976). Peroxidation of poþnsaturated fatty acids results in changes in

membrane architecture and permeability as well as alterations in membrane-bound
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enzyme activities (Kaul et al., 1993). One of the intermediate compounds formed

as a result of lipid peroxidation is malondialdehyde which reacts with thiobarbituric

acid. In the present study, TBARS levels remain near that of controls during the

non-failure stage, while during mild, moderate and severe heart failure stages,

TBARS were progressively increased relative to respective controls. This observation

of elevated lipid peroxidation during the respective heart failure stages is consistent

with our data of decreased antioxidants as well as with the report on chronic heart

failure patients in which elevated lipid peroxidation was demonstrated (McMurray

et al., 1990). Thus, increased lipid peroxidation during the heart failure stages

subsequent to MI clearþ suggests an alteration in the delicate balance that normally

exists between free radical production and the antioxidant enryme defense systems.

The redox state (GSFVGSSG) was significantly increased at 1 week, but was

significantly decreased at 16 weeks of post-surgical duration. These changes in

glutathione status provide important information on the cellular redox state which

is a sensitive index of oxidative stress. The increased redox state observed in the L

w.eek e4perimental hearts indicated reduced oxidative stress at this stage while during

the heart failure stages, oxidative stress was significantly increased. This biphasic

change and increased oxidative stress in the failing stages may be conducive to

causing oxidant-induced cell damage by lipid peroxidation and/or oxidation of protein

thiol groups (Ferrari et al., 199L; Shan et al., L990; Fliss et al., 1988).

Various membrane transport mechanisms important in maintaining Cu'*

homeostasis such as sarcolemmal Ca2* pump (Kaneko et al., 1990), Na+-K*-
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adenosine triphosphatase (Kim and Akera, L997;Kramer et al., L984), sarcolemmal

phospholipid pathways (Dai et a1.,1992) and sarcoplasmic reticular calcium pump

(Hess et a1.,1981; Rowe et al., 1983), have been shown to be influenced by oxidative

stress. Myocardial exposure to oxygen radicals in ex vivo conditions has been shown

to cause increased lipid peroxidation, structural damage, loss of high energy

phosphates and contractile failure (Gupta and Singal, 1989a,b). Furthermore, the

importance of maintaining antioxidants is also documented by the fact that

administration of exogenous antioxidants offers protection against- myocardial

dysfunction due to oxidative stress (Brown et a1.,1989; Gupta and Singal, 1.989a, b).

Biochemical and subcellular changes in the pathogenesis of heart failure are also

determined by factors such as severity, duration and type of workload (Zak, 1983).

Clearly, the severity of heart failure as well as antioxidant changes in the present

study progressed with post-surgery duration. Subcellular mechanisms governing the

entry of Ca2* in the myocardium were reported to be depressed in severe stages of

heart failure subsequent to myocardial infarction (Dixon et al., 1990). It is possible

that increased oxidative stress subsequent to chronic myocardial stress/injury may

contribute in many of the subcellular changes reported as well as heart failure (Kaul

et al., 1993).

Molecular mechanisms for the depressed activities of these antioxidants are

not known. Antioxidant enzymes are known to be substrate stimulated as well as

inactivated under oxidative stress (Reddy and Tappel, L974; Kimball et al., 1976;

Chow and Tappel, L972; Cowan et al., 1993). Changes in antioxidative enzymes
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under a wide range of physiological and pathological conditions such ¿ìs age (Nohl

and Hegner, 1979), exercise (Kanter et al., 1985; Higuchi et al., 19g5), Beta-

thalassaemia (Gerli et a1.,1980), hyperrrophy (Gupra and Singal , I9B9a; Dhalla and

Singal, L994; Kirshenbaum and Singal, Lgg3),heart failure (Dhalla and Singal,Igg4)

and hypoxia (Dhalliwal et al., 1991) have been reported. These studies clearly

document a dynamic nature of the endogenous antioxidant reserve adjusting to the

physiological and pathophysiological conditions imposed. Any maladaptation in these

adjustments can be seen to contribute in the pathogenesis of heart failure.

In conclusion, this study demonstrates that heart failure subsequent to

myocardial infarction is associated with an antioxidant deficit with concomitant

increase in oxidative stress and free radical mediated lipid peroxidation. Antioxidant

adjustments observed during the earþ stage may serve to sustain cardiac function

while depressed cardiac function and cardiac failure may correlate with the

antioxidant changes observed during the heart failure stages. The data indicate the

possible beneficial effects of"antioxidant therapy in ameliorating the development of

heart failure as well as modulating the severity of cardiac dysfunction reached during

this pathological state. E4periments involving antioxidant therapy will be required

to test this hypothesis and future studies should be designed to investþate the

therapeutic potential of antioxidant therapy ¿rs a treatment strategy in the

management of heart failure.

65



VII. REFERENCES

Abrams, J. Nitrates and nitrate tolerance in congestive heart failure. Coronary
Artery Disease. 4:27-36, 1993.

Anderson, M.E. Determination of glutathione and glutathione disulfide in biological
samples. Methods in Enqymolory. 113:548-555, 1985.

Anversa, P., Olivetti., G. and Capasso, J.M. Cellular basis of ventricular remodeling
after myocardial infarction. Am. J. Cardiol. 68:7D-16D, 199L.

Asano, T., Kamiya, N., Marishita, R. and Kato, K. Immunoassay for the By-subunits
of GTP-binding proteins and their regional distribution in bovine brain. J. Biochem.
103:950-953, 1988.

Boheler, K.R., Carrier, L., de la Bastie, D., Allen, P.D., Homajda, M., Mercadier, J.J.

and Schwartz, K. Skeletal actin mRNA increases in the human heart during
ontogenic development and is the major isoform of control and failing huinan hearts.
J. Clin. Invest. 88:323-330, L99L.

Braunwald, E. ACE inhibitors - A cornerstone of the treatment of heart failure. N.
Engl. J. Med. 325:35L-353, L991.

Bristow, M.R., Ginsburg, R., Minobe, W.4., Cubicciotti, R.S., Sageman, W.S., Lurie,
K., Billingham, M.E., Harrison, D.C. and Stinson, E.B. Decreased catecholamine
sensitivity and B-adrenergic receptor density in failing human hearts. N. Engl. J.

Med. 307:205-2L1, L982.

Bristow, M.R. Pathophysiologic and phannacologic rationales for clinical
management of chronic heart failure with beta blocking agents. Am J. Cardiol.
7|:L2C-22C, 1993.

Bristow, M.R., Ginsburg, R., Umans, V., Fowler, M., Minobe, W., Rasmussen, R.,
7-,era, P., Menlove, R., Shah, P., Jamieson, S. and Stinson, E.B. Êr- and Br-adrenergic
receptor subpopulations in nonfailing and failing human ventricular myocardium:
coupling of both receptor subtypes to muscle contraction and selective, Br-receptor
downregulation in heart failure. Circ. Res. 59:297-309, 1986.

Brown, J.M., Grosso, M.4., Terada, L.S., Beehler, C.J., Toth, K.M., Whitman, G.J.,
Harken, A.H. and Repine, J.E. Erythrocytes decrease myocardial hydrogen peroxide

66



levels and repertusion injury. Am J. Physiol. 256(Heaú Circ. Physiol. 25):FI584-
H588, 1ggg.

Chatterjee, K., Ports, T.4., Brundage, 8.H., et al. oral hydralazine in chronic heart
failure: Sustained beneficial hemodynamic effects. Ann. Intern. Med. 92.600,1980.

chidsey, c.4., Koiser, G.4., sonnenblick, E.H., spann J.F. and Braunwald, E.
Cardiac norepinephrine stores in experimental heart failure in the dog. J. Clin.
Invest. 43:3286-3293, 1964.

chidsey, c.4., weinbach, E.c., Pool, P.E. and Morrow, A.G. Biochemical studies
of energy production in the failing human heart. J. Clin. Invest. 45:40-50, t966.

Chow, C.K. and Tappel, A.L. An enrymatic protective mechanism against lipid
peroxidation damage to lungs of ozone exposed rats. Lipids. i:SI8-524,lg7z.

Clairborne, A. Catalase activity. In: Handbook of Methods for Oxygen Radical
Research, Greenwald, R.A. (ed). Boca Raton, Florida: CRC press, l_985, ppZB3-284.

Covell, J.W., Chidsey, C.A. and Braunwald, E. Reduction in the cardiac response to
póstganglionic sympathetic nerve stimulation in experimental heart failure. Circ. Res.
L9:51-66,1966.

Cowan, D.8., weisel, R.D., williams, w.G. and Mickle, D.A.G. Identification of
oxygen responsive elements in the S'-flanking region of the human glutathione
peroxidase gene. J. Biol. Chem. 268:26904-269L0, L993.

curello, S., ceconi, C., Bigoli, c., Ferrari, R., Albertini, 4., Guarnieri, C. change

-ix- 
the cardiac glutathione after ischemia and reperfusion. Experimentia. 4L:42-43,

1985.

D'Agnolo,4., Luciani, G.8., Mazzucco,4., Gallucci, v. and Salviati, G. contractile
properties and Caz* release activity of the sarcoplasmic reticulum in dilated
cardiomyopathy. Circulation. 85:518-525, L992.

Dai, J., Meij, J.T.A., Padua, R. and Panagia, v. Depression of cardiac sarcolemmal
phospholipase D activity by oxidant-induced thiol modification. Circ. Res. 7L:970-
977, L992.

67



Danforth, w.4., Naegle, S. and Bing, R.J. Effect of ischemia and reoxygenation on
glycolytic reactions and adenosine triphosphate in heart muscle. Circulation Res.
8:965-97L,1960.

de la Bastic,D., Levitsy, D., Rappaport, L., Mercadier, J.J., Marotte, F., Wisnewsþ,
C., Brovkovich, v., Schwartz, K. and Lompre, A.M. Function of the sarcoplasmic
reticulum and e4pression of its calcium ATPase gene in pressure overload induced
cardiac lrypertrophy in the rat. Circ. Res. 66:554-564, 1990.

Dhaliwal, H., Kirshenbaum, L.4., Randhawa, A.K. and singal, P.K. Correlation
between antioxidant changes during hypoxia and recovery upon reoxygenation. Am.
J. Physiol. 261:H632-H638, L991.

Dhalla, A.K. and Singal, P.K. Antioxidant changes in hypertrophie{ and failing
guinea pig hearts. Am. J. Physiol. 266(Heart Circ. Physiol. 35):H1280-H1285, t994.

Dhalla, N.S., Das, P.K. and Sharma, G.M. Subcellular basis of cardiac contractile
failure. J. Mol. Cell. Cardiol. 10:363-385, L978.

Dhalla, N.S., Singh, J.N., McNamara, D.8., Bernatsþ, 4., Singh, A. and Harrow,
J.A.C. Energy production and utilization in contractile failure due to intracellular
calcium overload. In: Myocardial Injury, Spitzer, J.J. (ed). New york: plenum

Publishing Corp., 1983, pp 305-31,6.

Dhalla, N.S., Heyliger, c.E., Beamish, R.E. and Innes, I.R. Pathophysiological
aspects of myocardial hypertrophy. Can. J. Cardiol. 3:183-L96,L987.

Dietz, R., Woos, W., Susselbeck, T., Willenbrock, R. and Osteniel, K.J.
Improvement of cardiac function by angiotensin converting enryme inhibition: sites
of action. Circulation. 87(Suppl IV):IV-108-IV-116, L993.

Dixon, I.M.C., Lee, S-L. and Dhalla, N.S. Nitrendipine binding in congestive heart
failure due to myocardial infarction. Circ. Res. 66:782-788, L990.

Dixon, I.M.C., Hata, T. and Dhalla, N.S. Sarcolemmal Na-K ATPase activity in
congestive heart failure due to myocardial infarction. Am. J Physiol. 262(C-eX.

Physiol. 3L):C664-C67 l), 1992.

68



Doedng, c.w., Jalil, J.E., Janicki, J.s., et al. collagen network remodeling and
diastolic stiffness of the rat left ventricle with pressure overload hypertrophy.
Cardiovasc. Res. 22:686-695, 1988.

Dzau v.J., colucci w.s., williams, G.H., curfman, G. and Meggs, L. Sustained
effectiveness of converting en4yme inhibition in patients with severe congestive heart
failure. N. Engl. J. Med. 302:L373-L379,1980.

Feinstein, B.B. Effects of experimental congestive heart failure, ouabain and
asphyxia on the high energy phosphate and creatine content of guinea pig heart.
Circ. Res. L0:333-346, 1962.

Fellenius, E. Hansen, C.4., Mjos, O. and Neely, J.R. Chronic infarction decreases
maximum cardiac work and sensitivity of heart to extracellular calcium. Am. J.
Physiol. 249:H80-H87, 1985.

Ferrari, R., ceconi, c., curello, s., Guarnieri, c., caldarera, c.M., Albertini, A. and
Visioli, O. Orygen-mediated myocardial damage during ischemia and reperfusion:
role of the cellular defences against o)rygen toxicity. J. Mol. Cell. Cardiol. L7:937-
945, Lggs.

Ferrari, R., Ceconi, C., Curello, S., Cargnoni, 4., Medici, D. Grygen-free radicals
and reperfusion injury: The effects of ischemia and reperfusion on the cellular ability
to neutralize oxygen toxicity. J. Mol. Cell. Cardiol. LB:67-69,1986.

Ferrari, R., ceconi, C., Curello, S., Cargnoni,4., Alfieri, o., Pardini, 4., Marzollo,
P. and Visioli, O. Oxygen free radicals and myocardial damage: Protective role of
thiol-containing agents. Am. J. Med. 9l(Suppl 3C):955-1055, tggL.

Field, 8.J., Russel, R.o., Moraski, R.E., et al. Left ventricular size and function and
heart size in the year following myocardial infarction. Circulation. 50:331-339,1974.

Fliss, H., Masika, M., Eley, D.w. and Koreclcy, B. oxygen radical mediated protein
oxidation in heart. In: Orygen Radicals in the Pathophysiology of Heart Disease,
edited by, P.K. singal. Boston: Kluwer Academic Publishers, pp. 7L-90, L988.

Franciosa, J.8., Guiha, N.M., Limas, C.J., et al. Improved left ventricular function
during nitroprusside infusion in acute myocardial infarction. Lancet. L:650-657,
1972.

69



Francis, G.S., Goldsmith, S.R., Levine, T.8., Olivari, M.T. and Cohn, J.N. The
neurohormonal axis in congestive heart failure. Ann. Intern. Med. 101:370-37i,
L984.

Geltman, E.M. Current treatment of congestive heart failure. Coronary Artery
Disease. 4:l-3, L993.

Gerli, G.C., Beretta, L., Bianchi, M., Pellegatta, A. and Agostini, S. Erythrocyte
superoxide dismutase, catalase and gluathione peroxidase activities inB-thalassaemia
(major and minor). Scand. J. Haematol. 25:87-92,1980.

Greenberg, 8.H., Massie, 8.M., Brundage, 8.H., et al. Beneficial effects of
hydralazine in severe mitral regurgitation. Circulation. 58:273-279, L979.

Guarnieri, C., Flamigni, F. and Caldarera, C.M. Role of oxygen in celiùlar damage
induced by reoxygenation of hypoxic heart. J. Mol. Cell. Cardiol. 12:797-808, 1980.

Gupta, M. and Singal, P.K. Higher antioxidant capacity during chronic stable heart
hypertrophy. Circ. Res. 64:398-406, 1989a.

Gupta, M. and Singal, P.K. Time course of structure, function and metabolic
changes due to an exogenous source of orygen metabolites in rat heart. Can. J.
Physiol. Pharmacol. 67:L549-L559, 1989b.

Gwathmey, J.K., Capelas, L., Mackinnon, R., Schoen, F.J., Feldman, M.D.,
Grossman, W. and Morgan, J.P. Abnormal intracellular calcium handling in
myocardium from patients with end-stage heart failure. Circ. Res. 6L70-76,1987.

Hammermeister, K.8., Derouen, T.A. and Dodge, H.T. Variables predictive of
survival in patients with coronary artery disease: Selection by univariate and
multivariate analyses from the clinical, electrocardiographic, exercise, arteriographic
and quantitative angiographic evaluation. Circulation. 59:42L-430, 1979.

Harris, P. Evolution and the cardiac patient. Cardiovasc. Res. I7:t-22,1983.

Hasking, G.J., Esler, M.D., Jennings, G.L., Burton, D. and Korner, p.I.

Norepinephrine spill over to plasma in patients with C.H.F. Evidence of increased
overall and cardiorenal sympathetic nervous activity. Circulation. 73:6L5-62L, L986.

70



Hearse, D.J. and Bolli, R. Reperfusion induced injury: manifestations, mechanisms,
and clinical relevance. Cardiovasc. Res. 26:L0l-I08, L99Z

Held, P. Effects of Beta-blockers on ventricular dysfunction after myocardial
infarction: Tolerability and survival effects. Am. J. Cardiol. 7t:39C-44C, Lgg3.

Hess, M.L., Okabe, E. and Kontos, H.A. Proton and free radical interaction with the
calcium transport system of cardiac sarcoplasmic reticulum. J. Mol. Cell. Cardiol.
L3:767-772, 1981.

Higuchi, M., CartieÍ,L.J., Chen, M. and Hollosry, J.o. superoxide dismutase and
catalase in skeletal muscle: Adaptive response to exercise. J. Gerontol. 40:28L-286,
198s.

Hjalmarsoû, 4., Herlitz, J., Malek, I., et al. Effect on mortality of mbtoprolol in
acute myocardial infarction: A double-blind randomized trial. Lancet. tl:823-827,
1981.

Huang, M., Hester, R.L. and Guyton, A.c. Hemodynamic changes in rats after
opening an arteriovenous fistula. Am. J. Physiot. 262(HeartCirc. Physiol. 31):H846-
H851, t992.

Hutchins, G.M. and Bulkley, E.H. Infarct expansion versus extension: Two different
complications of acute myocardial infarction. Am. J. Cardiol. 4L:L127-LI32, Lg7B.

Jennings, R.8., Sommers, H.M., Smyth, G.4., et al. Myocardial necrosis induced by
temporary occlusion of a coronary artery in the dog. Arch. Pathol. 70:68-78, L960.

Johns, T.N.P. and Olson, B.J. E4perimental myocardial infarction: I. A method of
coronary occlusion in small animals. Ann. surg. 1,40:675-682, L954.

Kaneko, M., Singal, P.K. and Dhalla, N.S. Alterations in heart sarcolemm al Caz+-

ATPase and Ca2+-binding activities due to o)rygen free radicals. Basic Res. Cardiol.
85:45-54, 1990.

Kanter, M.M., Hamlin, R.L., unverferth, D.v., Davis, H.w. and Merola, A.J. Effect
of exercise training on antioxidant en4rmes and cardiotoxicity of doxorubicin. J.
Appl. Physiol. 59:L298-1303, 1985.

71



Katz, A.M. Cardiomyopathy of overload: A major determinant of prognosis in
congestive heart failure. N. Engl. J. Med. 322:L00-L10, 1990.

Kaul, N., Siveski-Iliskovic, N., Hill, M., Slezak, J. and Singal, p.K. Free radicals and
the heart. J. Phannacol. Toxicol. Meth. 30:55-67, Lgg3.

Kim, M.S. and Akera, T. O, free radicals: Cause of ischemia-reperfusion injury to
cardiac Na-K-ATPase. Am. J. Physiol. 252(Heart Circ. Physiol.2L):II252-ILZS7,
1987.

Kimball, R.F., Reddy, K., Pierce, T.H., schwartz, L.w., Mustafa, M.G. and cross,
C.E. O>rygen toxicity: Augmentation of antioxidant defense mechanisms in rat lung.
Am. J. Physiol. 230:1425-1431, t976.

Kirshenbaum, J.M. Therapy for acute myocardial infarction: An uptlate. Heart
Disease and Stroke. l:Zll-2I7, t992.

Kirshenbaum, L.A. and Singal, P.K. Antioxidant changes in heart hypertrophy:
significance during hypoxia-reoxygenation injury. Can. J. Physiol. Pharmacol.
70:L330-L335, L992.

Kirshenbaum, L.A. and Singal, P.K. Increase in endogenous antioxidant enzymes
protects hearts against reperfusion injury. Am. J. Physiol. 265(Heart Circ. Physiol.
34):H484-H493, L993.

Kleijnen, J., Knipschild, P., ter Riet, G. Vitamin E and cardiovascular disease. Eur.
J. Clin. Phannacol. 37:54I-544, 1989.

Kobayashi, 4., Yamashita, T., Kaneko, M., Nishiyama, T., Hayashi, H., and
Yamazaki, N. Effects of verapamil on experimental cardiomyopathy in the bio 14.6
Syrian hamster. J. Am. Coll. Cardiol. l0:1L28-1.L34, lgï7.

Koren, G., weiss, 4.T., Hasin, Y., Appelbaum, D., et al. prevention of myocardial
damage in acute myocardial ischemia by early treatment with intravenous
streptokinase. N. Engl. J. Med. 3L3:I384-1389, 1988.

Kramer, J.H., Mak, I.T. and Weglicki, W.B. Differential sensitivity of canine cardiac
sarcolemmal and microsomal enzymes to inhibition by free radical induced lipid
peroxidation. Circ. Res. 55:L20-124, 1984.

72



Lamers, J.M.J., Stinis, J.T., Kort, w.K. and Hulsmann, W.C. Biochemical studies on
the sarcolemmal function in the hypertrophied rabbit heart. J. Mol. Cell. Cardiol.
10:235-248, 1978.

Lang, J.K., Gohil, K. and Packer, L. Simultaneous determination of tocopherols,
ubiquinols and ubiquinones in blood, plasma, tissue homogenates and subcellular
fractions. Anal. Biochem. 157:106-1,L6, LgB6.

Lindenmayer, G.E., Harigaya, s., Bajusz, E. and schwartz, A. oxidative
phosphorylation and calcium transport of mitochondria isolated from
cardiomyopathic hamster hearts. J. Mol. cell. cardiol. L:249-259, 1970.

Lompre, 4.M., Lambert, F., Lakatta, E.G. and schwartz, K. Expression of
sarcoplasmic reticulum calcium -ATPase and calsequestrin genes in rat heart during
ontogenic development and aging. circ. Res. 69:1380-1388, 1991.

Lowry, O.H., Rosenbrough, N.T., Farr, A.L. and Randall, A.T. protein
measurements with the Folin phenol reagent. J. Biol. Chem. 193:265-275, 1951.

Machlin, L.J. vitamin E. In: Handbook of vitamins, L.J. Machlin, ed. Marcel
Dekker: New York,1984, pp.99-145.

Mann, D.L., Kent, R.L., Parsons, B. and cooper, G.N. Adrenergic effects on the
biology of the adult mammalian cardiocyte. circulation. 85:790-g04, Iggz.

Marklund, S.L. þrogallol autooxidation. In: Handbook of Methods for Oxygen
Radical Research, Greenwald, R.A. (ed). Boca Raton, Florida: CRC press, 19g5,
pp 243-247.

i

Masaki, H., Imaizumi, T., Ando, s.-I., Hirooka, Y., et al. production of chronic
congestive heart failure by rapid ventricular pacing in the rabbit. Cardiovasc. Res.
27:828-83L, 1993.

McMurray, J., Mclay, J., chopra, M., Bridges, A. and Berch, J.J.F. Evidence for
enhanced fi'ee radical activity in chronic congestive heart failure secondary to
coronary artery disease. Am. J. Cardiol. 65 L26I-I262,1990.

Mercadier, J.J., Lompre,4.M., Duc, P., Boheler, K.R., Fraysse, J.8., Wisnewsky, C.,
Allen, P.D., Komajda, M. and Schwartz,K. Altered sarcoplasmic reticulum calcium

73



ATPase gene e4pression in human ventricles during end-stage heart failure. J. Clin.
Invest. 85:305-309, L990.

Morgan, J.P., Erny, R.E., Allen, P.D., Grossman, w. and Gwathmey, J.K. Abnormal
intracellular calcium handling, a major cause of systolic and diastolic dysfunction in
ventricular myocardium from patients with heart failure. Circulation. 8l(Suppl
III) : III-21 -III-32, 1 990.

Motgan, J.P. Mechanisms of disease: abnomal intracellular modulation of calcium
as a major cause of cardiac contractile dysfunction. N. Engl. J. Med. 325:6?5-632,
1991.

Newman, W.H. Biochemical, structural and mechanical defects of the failing
myocardium. Pharmac. Ther. 22:2L5-247, 1983.

Nohl, H. and Hegner, D. Responses of mitochondrial superoxide dismutase, catalase
and glutathione peroxidase activities to aging. Mech. Ageing Dev. 11:1 45-L51, Lg7g.

ohman, 8.M., califf, R.M., Topol, E.J., candela, R., et al. TAMI study Group:
Consequences of reocclusion after successful reperfusion therapy in acute myocardial
infarction. Circulation . 82:78I-79L, 1990.

Packer, L. Vitamin E is nature's master antioxidant. Scientific American Science
and Medicine. 54-63, 1994.

Paglia, D.E. and Valentine, W.N. Studies on the quantitative and qualitative
characterization of erythrocyte glutathione peroxidase. J. Lab. Clin. Med. 70:158-
169,1967.

Perreault, c.L., Meuse,4.J., Bentivegna, L. and Morgan, J.p. Abnormal intracellular
calcium handling in acute and chronic heart failure: role in systolic and diastolic
dysfunction. Eur. Heart J.. II(Suppl C):B-21,1990.

Pfeffer, J.M., Pfeffer, M.4., Fletcher, P.J. and Braunwald, E. ventricular
perforrnance in rats with myocardial infarction and failure. Am. J. Med. 76:99-103,
L984.

Pfeffer, M.4., Pfeffer, J.M., Fishbein, M.c., Fletcher, p.J., spadaro, J., Kloner, R.A.
and Braunwald, E. Myocardial infarct size and ventricular function in rats. Circ.
Res. 44:503-512, \979.

74



Pfeffer, M.4., Pfeffer, J.M., steinberg, c. and Finn, p. Suruival after an experimental
myocardial infarction: Beneficial effects of long-term therapy with captopril.
Circulation. 12:406-4L2, 1985.

Pfeffer, M.4., I-amas, G.4., vaughan, D.E., Parisi, A.F. and Braunwald, E. Effect
'of captopril on progressive ventricular dilation after anterior myocardial infarction.
N. Engl. J. Med. 319:80-86, 1988.

Pfeffer, M.A. and Braunwald, E. Ventricular remodeling after myocardial infarction.
Circulation. 81:1161-1172, L990.

Pfeffer, M.4., Pfeffer, J.M. and Lamas, G.A. Development and prevention of
congestive heart failure following myocardial infarction. Circulation. 87(Suppl
IV) :IV- 120-lV -L25, 1993.

Plaa, G.L. and witschi, H. Chemical, drugs and lipid peroxidation. Ann. Rev.
Pharmacol. Toxicol. L6125-L4L, 1976.

Rakusan, K., Rochemont, W.M., Braasch, W., Tschopp, H.and Bing, R. Capacity
on the terminal vascular bed during normal growth in cardiomegaly and in cardiac
atrophy. Circ. Res. 2L:209-215, L967.

Randhawa, A.K. and Singal, P.K. Pressure overload-induced cardiac hypertrophy
with and without dilation. J. Am. coll. cardiol. 20:1569-1575, r9gz.

Reddy, K. and Tappel, A.L. Effect of dietary selenium and autooxidized lipids on
the glutathione peroxidase system of gastro-intestinal tract and other tissues in the
t1r. J. Nutr. L04:1069-L078,1974.

Reed, D.J. Glutathione depletion and susceptibility. Pharmacol. Rev. 36:255-335,
L984.

Reed, D.J. Glutathione: Toxicological implications. Annu. Rev. Pharmacol. Toxicol.
30:603-63L, L990.

Reinchenboch, D.D. and Benditt, E.P. Catecholamines and cardiomyopathy: The
pathogenesis and potential importance of myofibrillar degeneration. Hum. Pathol.
L:L25, 1970.

75



Rentrop, P., Blanke, H., Karsch, K.R., et al. Selective intracoronary thrombolysis in
acute myocardial infarction and unstable angina pectoris. Circulation. 63:307-317,
1981.

Riegger, G.A.J., Liebau, G., Halzschuh, M., witkowski, D., steilner, H. and
Kochsiek, K. Role of the renin-angiotensin system in the development of congestive
heart failure in the dog as assessed by chronic converting-enryme blockade. Am. J.
Cardiol. 53:6L4-6I8, 1984.

Rosenbaum, J.s., Ginsburg, R., Billingham, M.E. and Hofûnan, B.B. Effects of
adrenergic receptor antagonists on cardiac morphological and functional alterations
in rats harboring pheochromocytoma. J. Pharmacol. Exp. Ther. 24I:354-360, LgB1.

Ross, J. Afterload mismatch and preload reserve: A conceptual frame.work for the
analysis of ventricular function. Prog. Cardiovasc. Dis. LB:255-264, 1976.

Rowe, G.T., Manson, N.H., caplan, M. and Hess, M.L. Hydrogen peroxide and
hydro>ryI radical mediation of activated leukocyte depression of cardiac sarcoplasmic
reticulum. Circ. Res. 53:584-591, L983.

Sabbah, H.N. and Goldstein, S. Ventricular remodeling: Consequences and therapy.
Eur. Ht. J. l4(Supppl C):24-29, L993.

Sardahl, L.4., McCollum, w.8., wood, w.G. and Schwartz, A. Mitochondria and
sarcoplasmic reticulum function in cardiac hypertrophy and failure. Am. J. Physiol.
224:497-502, L973.

Scholtz, H., Meyer, 'W. 
Phosphodiesterase inhibiting properties of newer inotropic

agents. Circulation. 73(Suppl. III):99-108, 1986.

Schwartz, A. and Lee, K.S. Study of heart mitochondria and glycolytic metabolism
in e4perimentally induced heart failure. circ. Res. 10:32r-332, 1962.

schwartz, K., de la Bastie, D., Bouveret, P., oliviero, P., Alonso, S. and Buckingham,
M.E. a-skeletal muscle actin mRNA's accumulate in hypertrophied adult rat hearts.
Circ. Res. 59:551-555, L986.

schwartz, K., carrier, L., Mercadier, J.J., Lompre, A.M. and Boheler, K. Molecular
phenotype of the hypertrophied and failing myocardium. Circulation. 87:V11-5-V11-
L0, L993.

l6



Selye, H., Bajusz, E., Grasso, S. and Mendell, P. Simple techniques for the surgical
occlusion of coronary vessels in the rat. Angiology. ll:398-407, 1960.

Shan, X., Aw, T.Y. and Jones, D.P. Glutathione dependent protection against
oxidative injury. Phannacol. Ther. 47.6L-71, 1990.

Sharpe, N., Smith, H., Murphy, J., Greaves, S., Ilar1-, H. and Gamble, G. Early
prevention of left ventricular dysfunction after myocardial infarction with angiotensin-
converting-en4/me inhibition. Lancet. 337:872-876, 199L.

Singal, P.K., Kapur, N., Dhillon, K.S., Beamish, R.E. and Dhalla, N.S. Role of free
radicals in catecholamine-induced cardiomyopathy. Can. J. Physiol. Pharmacol. 60:
1390-L397, t982.

Singal, P.K., Beamish, R.E. and Dhalla, N.s. Potential oxidative'þathways of
catecholamines in the fonnation of lipid peroxides and genesis of heart disease. Adv.
E4p. Med. Biol. I6L:391-401, 1983.

Singal, P.K. and Pierce, G.N. Adriamycin stimulates low affinity Ca2*-binding and
lipid peroxidation but depresses myocardial function. Am. J. Physiol. 250:H4L9-
H425,1996. 

,,

Singal, P.K., Tong, J. Vitamin E deficiency accentuates adriamycin-induced
cardiomyopathy and cell surface changes. Mol. Cell. Biochem. 84:I63-17L, 1988.

Singal, P.K., Kirshenbaum, L.A. A relative deficit in antioxidant reserve may
contribute in cardiac failure. Can. J. Cardiol. 6:47-49,1990.

singal, P.K., Dhalla, A.K., Hill, M. and rhomur, 'i.p. Endogenous antioxidant
changes in the myocardium in response to acute and chronic stress conditions. Mol.
Cell. Biochem. L29:I79-186, L993.

Sonnenblick, E.H. and Strobeck, J.E. Current concepts in cardiology: Derived
indexes of ventricular and myocardial function. N. Engl. J. Med. 296:978-982, L977.

stumpe, K.o., salle, H., Klein, H. and Kruck, F. Mechanism of sodium and water
retention in rats with e4perimental heart failure. Kidney Int. 4:309-3L7, L973.

77



Tanigawa, G., Jarcho, J.4., Kass, S., Solomon, S.D., Vosberg, H.D., Seidman, J.G.
and Seidman, C.E. A molecular basis for familial hypertrophic cardiomyopathy: an
ulB cardiac myosin heavy chain hybrid gene. Cell. 62:991-998, 1990.

Taylor, S.H., Sutherland, G.R., Mackenzie, G.S., Staunton, H.P. and Donald, K.W.
The circulatory effects of intravenous phentolamine in man. Circulation. 3I:741-754,
7965.

Tennant, R. and Wiggers, C. The effect of coronary occlusion on myocardial
contraction. Am. J. Physiol. LL2:351-361, 1935.

Theroux, P., Ross, J.Jr., Franklin, D., Covell, J.W., Bloor, C.M. and Sasayoma, S.

Regional myocardial function and dimension early and late after myocardial
infarction in the unanesthetized dog. Circ. Res. 40:158-165, L917.

Thomas, J.A. and Marks, B.H. Plasma norepinephrine in congestive heart failure.
Am. J. Cardiol. 4L:233-243,1987.

Vatner, D.E., Vatner, S.F., Fujii, A.M. and Homay, C.J. Loss of high affinity cardiac
beta adrenergic receptors in dogs with heart failure. J. Clin. Invest. 76:2259-2264,
1985.

Weber, K.T. Cardiac interstitium in health and disease: The fibrillar collagen
matrix. J. Am. Coll. Cardiol. L31637-1652, L989.

Weisman, H.F., Bush, D.E., Mannisi, J.4.,'Weisfeldt, M.L. and Healy, B. Cellular
mechanisms of myocardial infarct expansion. Circulation. 78:186-201, 1988.

White, H.D., Norris, R.M., Brown, M.4., et al. Left ventricular end-systolic volume
as the major determinant of survival after recovery from myocardial infarction.
Circulation . 76:44-51, t9-87.

Zak, R. Cardiac hypertrophy: Biochemical and cellular relationships. Cardiac
failure I. Hosp. Pract. 3:85-97,1983.

78


