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Congestive hart failure (CHF) following myocardial idarction (MI) continues to be 

an important clinical problem. Although the etiology of heart failure is multifactorial, one 

mechanism that appears to play a key d e  is an increase in oxidative stress. We have earlier 

demonstmted that mild, rnoderate and severe stages of heart failure subsequent to MI are 

accompanied by an antioxidant deficit and elevated oxidative stress in the rnyocardium. The 

objective of the present research was to characterize regional changes in antioxidants and 

oxidative stress in the right and viable left ventricles separately in relation to the 

hemodynarnic function in each of the respective ventricles. Another goal of this research 

was to establish whether a relative deficit in the antioxidant reserve is the cause or sirnply 

an effect of the CHF due to MI. The hypothesis tested was that an increase in oxidahve 

stress aided by a deficit in the antioxidant reserve plays a role in the pathogenesis of heart 

failure subsequent to MI and that chronic antioxidant therapy involving vitarnin E may 

modulate the development of heart failure. 

Left ventricular MI was produced in male Sprague-Dawley rats weighng 

150 * 10 g by occlusion of the left coronary artery. Anirnals were monitored daily for their 

general behaviour and any dinical signs of heart failure. At the end of 1,4,8 and 16 week 

post-MI penods, left ventricular systolic pressure (LVSP), left ventncular end-diastolic 

pressure (LVEDP), nght ventricular systolic pressure (RVSP) and nght ventncular end- 

diastolic pressure (RVEDP) were recorded. Viable lefi and nght venhcular tissues were 

shidied separately with respect to antioxidant enyme activities [catalase (CAT) and 



glutathione peroxidase (GSHPx)], glutathione (reduced and oxidized), lipid peroxidation and 

myocardial content of vitamin E. 

in 1 week sham-operated controls, LVEDP was 2.4 * 0.26 and LVSP was 125 k 1 .O 

mrnHg. Baseline value for RVEDP was 1.1 * 0.6 and RVSP was 3 1.8 + 0.7 mmHg. 

Catalase activity in the lef€ ventricle was 3 1.1 0.6 1 and in the right ventncle was 3 1 -2 * 2.4 

U/mg protein. Glutathione peroxidase in the lefi ventricle was 82.1 * 2.3 and in the nght 

ventricle was 83.7 * 3.3 nmoledmg protein. GSWGSSG ratio in the le ft ventricle was 1 3.4 

while this ratio in the right ventncle was 14.0. Baseline value for myocardial TBARS in the 

lefi ventricle was 66.6 * 2.8 and in the right ventricle it was 64.5 k 2.3 nmoVgm wet weight. 

Thus, except for the systolic pressure being higher in the LV, there were no differences 

between the left and the right ventricle with respect to any of the parameters studied. Al1 of 

these values recorded in 1 week sham controls were not changed at 4,8 and 16 weeks of 

post-surgical durations. However, in the MI anùnals, a characteristic pattern of changes was 

noticed with respect to most of these pararneters. 

At one week post-MI, rats demonstrated sustained LV function as indicated by the 

maintenance of LVEDP and LVSP. RVEDP was also rnaintained while RVSP was 

increased, indicating hyperhinctionality of the RV. Catalase and GSHPx activities in the 

viable LV were unchanged while in the RV, a significant increase in their activities was 

observed. No change in Lipid peroxidation was observed in either the viable LV or RV. 

GSWGSSG ratio was depressed in the viable LV while a marginal increase in this ratio was 

seen in the RV. Clinid signs of heart failure involvhg lung and liver congestion were not 

evident in these animais. 



At 4 weeks post-MI, development of LV failure was manifesteci in a decreased LVSP 

and increased LVEDP. RV function was maintained as seen by sustained RVSP and 

RVEDP. Clinid signs of heart failure were not evident, indicating mild depression of LV 

function. Catalase and GSHPx activities were reduced in the viable LV and were not 

changed in the RV. An increase in lipid peroxidation was seen in the viable LV and no 

change was observed in the RV. GSH levels were decreased and GSSG levels increased in 

the viable LV, b ~ g i n g  down the ratio of GSWGSSG, while no changes were seen in the 

RV. 

At 8 weeks post-MI, LVSP was M e r  depressed and LVEDP m e r  increased. As 

weU, RVEDP was eievated while RVSP was maintained. The occurrence of lung congestion 

in these animals indicated a worsening of cardiac function. Catalase and GSHPx activities 

were M e r  reduced in the viable LV while no change in their activities was seen in the RV. 

A M e r  increase in lipid peroxidation was seen in the viable LV while no change was 

observed in the RV. GSWGSSG ratio was M e r  depressed in the viable LV and at this 

stage, a decrease in this ratio was also seen in the RV. 

At 16 weeks post-MI, a most pronounceci elevation in LVEDP (3 1.4 * 1.5 mmHg) 

and depression in LVSP (89.2 1.4 mdg) was seen. In addition, RVEDP was increased 

(10.8 k 0.8 rnmHg) and RVSP decreased (19.9 * 0.5 mmHg) , indicating failure of the nght 

ventricle. Occurrence of both lung and liver congestion in these animals indicated severe 

heart failure. Catalase and GSHPx activities in the viable LV were most severely reduced 

at this time point of post-MI with values of 9.3 * 0.26 Ulmg protein and 41.7 k 1.3 

nmoleslrng protein, respectively. At this stage, these values in the RV (catalase, 18.4 * 0.62 
X 



Ulmg protein and GSKPx, 6 1.4 1.8 nmoledmg protein) were also decreased but the 

magnitude of this reduction was less as comparai to the viable LV. Lipid peroxidation was 

maximally elevated in the viable LV (1 26.8 * 1.5 nmoVgm wet weight) and an increase was 

also seen in the RV (95.0 * 1.1 nmoUgm wet weight). GSWGSSG ratio was severely 

reduced in the viable LV (0.86) and also in the RV (3 -2). 

These characteristic hemodynamic and biochemical changes demonstrated that 

ventricular failure subsequent to MI is associateci with an antioxidant deficit and increased 

oxidative stress first in the LV, followed by the RV. These oxidative stress changes also 

correlateci with the hemodynarnic function in each of the ventricles. In order to establish a 

"cause and effect" relationship for oxidative stress, bene ficial e ffects of dietary 

supplementation with vitamin E (a strong biological antioxidant) were analyzed. 

For vitamin E treatment, anirnals in the control and infarcted group were divided hto 

two subgroups prior to infarct induction. One subgroup in each category received vitamin 

E while the other did not Vitamin E treabnent was administered by dietary supplementation 

consisting of 1545 mg tocopherol acetatekg in the basai diet. Treatment of these anirnals 

was initiated 2 weeks prior to induction of MI and continued until 16 weeks post-MI. 

Untreated animals were rnaintained on a regular rat chow that contained 40 mgkg vitamin 

E. In the 16 week post-MI vitamin E treatment group, vitamin E therapy completely 

normalized RV and significantly improved LV hernodynamic function. Complete 

normalization of LV fiuiction was not achieved. Absence of both lung and liver congestion 

indicated that the residual cardiac dysfunction was not severe enough to exert any influence 

on the tissues upstream. Catalase and GSHPx activities were increased in the viable LV, 

xi 



though these levels remained lower than that of controls. In the RV, catalase and GSHPx 

activities were normalized to the point that they were not different fkom respective controls. 

Myocardial vitamin E concentration in the LV of 16 week sham controls was 65.4 

* 2.3 and in the RV it was 53.5 * 3.2 pg/g wet weight. Dietary supplementation with 

vitamin E increased myocardial vitamin E content in both the LV (1 05.9 7.5 pg/g wet 

weight) and RV (81.4 * 6.8 pg/g wet weight). Myocardial vitamin E content was 

significantly reduced in the viable LV of mtreated 1 6 week pst-MI anirnals (44.5 * 6.1 pg/g 

wet weight) while no change was observed in the RV. In the vitamin E supplemented MI 

group, the content was 86.5 * 2.3 pg/g wet weight in the viable LV and 92.8 î 1 1.3 pg/g wet 

weight in the RV. Lipid peroxidation was completely normalized in the RV, while in the 

viable LV, a reduction was seen. GSH and GSSG levels were compietely nomalized in both 

the viable LV and RV as was the GSWGSSG ratio in each of the ventricles. Thus, improved 

cardiac function in each of the respective venûicles with vitamin E treatment was associated 

with an enbanced antioxidant statu, improved redox ratio and reduced lipid peroxidation. 

In conclusion, it is suggested that decreased antioxidants and increased oxidative 

stress may have a causative role in the pathogenesis of hart failure subsequent to rnyocardial 

infarction. Clhical potential and applicability of these findings in surviving patients with 

myocardid infârction needs to be addressed. 

xii 



Congestive heart failure (CHF) following myocardial ùifarction (MI) is a comrnon 

clinical syndrome with a poor long-term prognosis. About 15-25% of surviving patients 

with MI ultirnately go on to develop overt hart failure in the subsequent 5 yean (Kannel et 

al., 1979; Francis et al., 1993). The syndrome of heart f~lure is dominated by hernodynamic 

abnomalities, impaireci exercise capacity and fluid retention (Cohn, 1993). Loss of 

contracting myocardium due to MI results in a chronic increase in the work load of the 

remaining viable myocardium. If this load is allowed to continue for a prolonged penod, 

cardiac pumping function is comprornised and heart failure supervenes. 

Clinical as well as  basic research efforts have focussed on understanding the 

pathophysiology of heart failure resulting fkom a variety of etiologies. Several different 

mechanisms have been poshilated to explain the pathogenesis of heart failure and its 

associated clinical manifestations, including defects in the production and utilization of ligh- 

energy phosphates (Bing, 1 983), abnomalities in excitation-contraction coup ling and 

calcium movernents (Bing, 1983; Gwathmey et al., 1987), downregulation of P-adrenergic 

receptors (Bristow et al., 1982; Vatner et al., 1985), alterations in ventricular geometry and 

architechire (Gaudron et al., 1993a; P feffer and Braunwald, 1990; McKay et ai., 1 986), kee 

radicals and lipid peroxidation (Belch et al., 1 99 1 ; Dhalla and Singal, 1 994; Siveski-Iliskovic 

et al., 1994) and apoptosis (Narula et al.,1996; Yao et al., 1996). However, as no single 

mechanisrn fully explains the development of the depresseci cardiac hction, it is iikely that 

the cause is multifactorial. In this regard, increased fie-radical mediated lipid peroxidation 



and oxidative stress appears to play an important role in the pathogenesis of cardiac 

dysfunction and failure (Kaul et al., 1993; McMurray et al., 1990; Sobotka et al., 1993; 

Dhaila et al., 1996; Khaper and Singal, 1997; Hill and Singal, 1997). 

Although a relative deficit in the myocardial antioxidant reserve and concomitant 

increase in oxidative stress have been reported in the surviving myocardium during heart 

failure subsequent to MI (Hill and Singal, 1996; Khaper and Singal, 1997), regional changes 

in antioxidants and oxidative stress remain to be examined. In the present study, the question 

of regionally speci fic changes was approached by comparing the antioxidant enzyme 

activities and oxidative stress in the viable left and nght ventricles separately in relation to 

the hemodynamic function. nius, using an already atablished animal mode1 of heart failure 

(Hill and Singai, 1996), myocardial levels of catalase and glutathione peroxidase, vitamin 

E, lipid peroxidation, reduced and oxidized glutathione and hemodynamics were analyzed 

in each of the ventricles at 1,4,8 and 16 weeks post-MI. 

Another question that remains to be resolved is whether increased fiee radical- 

mediated lipid peroxidation and oxidative stress was the "cause" or an "effect" of heart 

failure. We approached this problem by instituting a chronic antioxidant treatment therapy 

involving dietary vitamin E supplementation and examining its effects on myocardial 

antioxidants and oxidative stress in relation to hemodynamic function in each of the 

ventricles. 

The hdings described in this shidy advance our understanding of the pathogenesis 

of heart failure and in addition, provides M e r  evidence of a novel therapeutic 



strategy for preventing/mitigating its progression. The results fiom this study suggest that 

surviving patients with MI may accrue benefit fiom vitamin E supplementation. 



A. GENERAL BACKGROUND 

Heart failure constitutes the most rapidly nsing population with cardiovascular 

disease globdly and is presently arnongst the cornmonest of al1 cardiovascu1a.r syndromes 

in North Amerka. This can be attributed, in part, to the fact that heart failure is a common 

clinical endpoint of many cardiac conditions. Because of improved emergency help as well 

as wider use of cardiopuhonary resuscitation, the number of patients surviving fiom heart 

attacks has increased. However, this group of myocardial-infarct patients are also prone to 

eventual heart failure. Since the prevalence of heart failure is age-dependent and the number 

of people over the age of 65 is steadily growing, its incidence will continue to nse as our 

population ages. Heart failure continues to be the most fiequent diagnostic-related group 

diagnosis (Geltman, 1993) and the 5-year mortality fiom the tirne of diagnosis is = 50% 

(Armstrong and Moe, 1994). Therefore, heart failure remains a daunting therapeutic 

challenge in view of continued mortality. As a result, efforts focussing on improving our 

understanding of the pathophysiology of this syndrome have intensified to develop new 

therapeutic strategies aimed not ody  towards treatment of the established condition, but also 

at preventing or retarding its progression. 

B. ME H 

Both acute and chronic fonns of kart failure involve mechanical dyshetion during 

systolic d o r  diastolic phases of the cardiac cycle (Morgan et aI., 1990) and is suggested 

to result fiom a variety of subcellular abnormalities (Dhalla et al., 1982). Diverse metabolic 



as weli as morphologicai alterations involving abnomalities in myocardial energy and 

calcium metabolism, neurohormonai changes, alteratioos in contractile proteins and gene 

expression as  well as ventricular remodehg have been observed in the failing myocardium. 

More recently, a surge in experimental and chical studies have begun to document and 

characterize the phenornenon of oxidative stress as a novel and important mechanism in the 

developrnent of heart failure. A detailed account of the proposed pathophysiological 

mechanisms that may underlie the development and progression of heart failure is provided 

below. 

B.1. Abn alities in 

Under normal conditions, myocardial energy metabolism is aerobic. A substantial 

quantiîy of ATP, needed for contraction as weli as relaxation of the myocardium, is supplied 

by fatty acids and carbohydrate oxidation in the mitochondna This high level of oxidative 

capacity in the hart is also reflected morphologically as rnitochondria occupy 

approximately 35% of cardiac ce11 volume (Page et al., 1 974). During the 1 960's and early 

1 9 701s, considerable argument revolved around the question of abnorrnal energy production 

during cardiac failure (Chidsey et al., 1966; Schwartz and Lee, 1962). The gradation of 

mitochondrial oxidative p hosphory lation with the severity of myocardial failure was first 

reporteci in cardiomyopathie hamsters (Lindenmayer et al., 1970) and in rabbits with aortic 

coarctation (Sardahl et al., 1973). In both of these animal models, mitochondrial oxidative 

phosphoryiation in a severe hart failure stage was depressed. Early studies using 

overloaded guinea pig hearts demonstrated diminished ATP and creatine phosphate (CP) 

stores (Feinstein, 1962). Furthennore, significant depressions in creatine 
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phosphate concentrations in the right ventricle of cats with nght ventricular failure secondary 

to pulmonary artery constriction was also reported (Pool et al., 1967). A deficit in hi&- 

energy phosphate stores in the failhg human heart has also been documented (hgwall, 

1993). Myocardial high-energy phosphate Levels, as indexed by the CP/ATP ratio, were 

significantly depressed in patients suffering nom congestive heart failure ( C m )  secondary 

to dilated cardiomyopathy (Hardy et al., 1991). Therefore, a defect in myocardial energy 

production was viewed as the major problem. However, it is now generally accepted that 

depressed mitochondrial oxidative phosphorylation accompanies only severe end-stage heart 

failure, whereas during the compensateci stage, mitochondrial respiration rnay be normal or 

only slightly depressed (Newman, 1983). Thus, abnormalities in high energy phosphate 

metabolisn by itselc may not be the inciting stimulus for pump dysfunction associated with 

cardiac failure. 

Profound structural abnomalities of myocardial mitochondria have been identified 

in both the experimental and clinical setting of heart failure. Decrease in mitochondrial size 

and struchual injury ( l o s  of matrix granules, disniption of cristae) of these energy producing 

organelles have been reported in dogs with CHF (Sabbah et al., 1992a). Similar alterations 

in mitochondrial morphology have been reported in CHF patients (Hatt, 1988; Perennec and 

Han, 1988). These ultrastructural abnomalities may be responsible, in part, for the 

reductions in high energy phosphate production that reportedly occurs in the late stages of 

heart failure. However, more specific studies are needed to establish a cause and effect 

relationship between mitochondrial structural defects and deficient energy production during 

the development of hart failure. 



B.2. Pefects in Intraceilular Calcium Handling 

Appropriate release and uptake of intracellular calcium is necessary for the normal 

systolic and diastolic function of the mammalian heart. Intracellular calcium homeostasis 

is maintaineci by sarcolemmal calcium transport mechanisms including sodium-calcium 

exchanger, an energy-dependent calcium pump and calcium channels. In addition, the 

sarcoplasmic reticutum (SR), a highiy specialized network of subcellular membranes, is also 

believed to participate in the regulation of cytoplasmic calcium levels. SR vesicles isolated 

h m  cardiac muscle have been shown to accumulate calcium in an energy-dependent manner 

phalla et al., 1982; Levitsky et al., 1976). 

A progressive decrease in SR calcium uptake in the viable left ventricle during the 

development of CHF subsequent to lefi ventricular myocardial infarction (MI) in rats has 

been reported (M and Dhalla, 1992) and similar kdings of reduced calcium sequestration 

by the SR have also been reported in the myocardium of humans with terminal heart failure 

(Beuckelrnann et al., 1992). At the level of the sarcolemma, sodium-calcium exchange and 

calcium pump activities have also been shown to be depressed during heart failure 

subsequent to MI as well as during ischemia-repehion (Dixon et al., 1992; Makino et al., 

1988). These abnomalities are thought to partly account for the occurrence of inhacellular 

calcium overload and prolonged myocardial relaxation associated with heart failure. These 

shidies provide support for the hypothesis that the handling of inû-acellular calcium is 

abnomal in the failuig heart (Morgan, 1991). 

The result of these alterations in both hypertrophied and failing hearts is a prolonged 

relaxation due to decreased velocity of lengthenulg, which has been shown to be 
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accompanied by abnormal calcium handling involving the sarcoplasmic reticulurn (Lompre 

et al., 1991). In experimental cardiac hypertrophy, there is a decrease in calcium transport 

by the sarcoplasmic reticulum, with a fiuthm decrease seen in the failing heart (Schwartz et 

al., 1993; De La Bastie et d., 1990). Severe hypertrophy of the left ventricle of rat heart 

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

leading to a decrease in the density of the calcium pumps (De La Bastie et al., 1990). This 

results in an alteration in the b c t i o n  of the sarcoplasmic reticulum and impaired calcium 

movements in the hypertrophied myocardium. A decrease in the myocardial level of the 

mRNA encoding the calcium-ATPase of the sarcoplasmic reticuium has been shown 

during experimental cardiac hypertrophy and failure as well as in the hurnan ventricle 

during end-stage heart failure (Mercadier et al., 1990). A causative role of these 

abnomalities in heart failure is not established. 

B.3. Contractile Proteins and Gene Expression Alterations 

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

diverse set of proteins working in a well coordinated fashion to generate force of contraction. 

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

filaments are made up of myosin molecules each containhg two heavy chains and four light 

chahs. The thin filaments are composed predominantly of actin, tropomyosin and troponin 

cornplex. The thick filament may contain two possible myosin heavy chain (MHC) 

isoforms, a-MHC and P-MHC, while the thin filament may contain two actin isoforms, a- 

skeletal actin and a-cardiac actin. 



Cardiac hypettrophy and subsequent heart failure induced by hemodynamic overload 

have been shown to be accompanied by a process of gene reprograxnming. The latter is 

characterized by both qualitative and quantitative changes in the cardiomyocyte gene 

expression. The qualitative changes involve a di fferential expression of multigene families 

of contractiIe proteins involving myosin and actin. These changes presumably represent an 

adaptive response to the new £imctional demands placed upon the viable myocardiurn. In 

a chronic hcrease in hemodynamic overload on the heart, an analysis of the mRNA levels 

hdicated activation of the P-MHC gene while the a-MHC gene was deactivated (Schwartz 

et al., 1993). This results in a slower rate of ATP cycling by myosin, which is believed to 

account for the slower velocity of contraction in the hypertrophiecl heart. With respect to 

actin, there was increased expression of a-skeletal actin mRNA during hypertrophy 

(Schwartz et ai., 1986). Since P-MHC and cc-skeletal actin mRNA are predominant at birth 

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

hypertrophy was developed. With respect to hurnan heart, isomyosin composition in the 

ventricles does not change during hypertrophy because they normally contain almost 

exclusively high levels of P-MHC. The atria however did show changes in isomyosin 

composition (Schwartz et al., 1993). 

Until recently, isoactins were less well studied and it was unclear whether 

cardiovascular diseases in humans were accompanied b y isoactin expressions. Cardiac tissue 

sarnples obtained fkom patients undergoing cardiac transplantation due to advanced stages 

of heart failure showed that the percentage of a-skeletai actin mRNA of al1 pathological 

hearts was the same as controls (Schwartz et al., 1 993; Boheler et al., 1 99 1). Thus, it can be 
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seen that myosin heavy chah and actin multigene families are independently regulated in 

human heart and are expressed in a specific fashion. In addition to a modulation of genes 

responsible for contractile properties of the myocardium, as discussed earlier there are 

changes in the expression of genes influencing m y ocardial relaxation through sarcop lasmic 

reticular fiinction. These studies demonstrate that cardiac hypertrophy as well as fai1u.e are 

accompanied by a complex modulation of a battery of genes responsible for the relaxation 

and contractile proteins of the heart muscle and that characteristic changes in isogene 

expression of hypertrophiecl myocardium during relaxation and contraction may also 

contribute to heart failure following myocardial hypertrophy. 

B.4. Chronic Overactivation of the Svrn~athetic Newous Svstem 

CHF has been shown to be accompanied by overactivation of the sympathetic 

nervous system. In the initial stages of CHF? sympathetic activation provides an imrnediate 

means of supporting blood pressure in face of a low cardiac output by vimie of its ability to 

stimulate rnyocardial contractility, heart rate and systemic vasoconstriction (Packer et al ., 

1987; Francis et al., 1984). Plasma concentrations of norepinephrine have been docurnented 

to reflect the degree of activity of the sympathetic nervous system (Leimbach et al., 1986; 

Lake et al., 1976). 

In patients with chronic, clinically stable CHF. there is a trend for plasma 

norepinephrine to gradually increase over time (Francis et al., 1 988). Plasma norepinephrine 

has also been shown to increase progressively in an experimental pacing mode1 of CHF in 

dogs (Riegger et al., 1984). In addition, it has also been reported that plasma norepinephrine 

levels are elevated in patients with asymptomatic left venaicular dysfunction, with a M e r  
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increase seen with the progression to overt CHF (Francis et al., 1990). Chronic sympathetic 

overactivation may exert deletenous effects on cardiac function through toxic effects of 

catecholamines (Singal et al., 1982) as well as by exacerbating any preexisting imbalance 

between myocardiai oxygen supply and demand. Prolonged sympathoadrenergic activation 

may &O directly provoke spontaneous and lethal venûicular tachyarrhythmias (Lown and 

Verrier, 1976; Sabbah et ai., 1992b). The magnitude of sympathetic activation h CHF has 

been suggested to independently predict survival. In this regard, the annual mortality rate 

of patients with venous plasma norepinephrine concentrations > 800 pghl  may exceed 70% 

(Floras, 1993; Cohn et al., 1984; 1991). Furthemore, data fiom the Studies of Left 

Ventricular Dysfiinction (SOLVD) Trial indicated that sympathetic excitation actually 

precedes the development of clinicaily recognized heart failure (Ferguson, 1 993 ; Francis et 

al., 1990). Taken together, these observations suggest that sympathetic activation plays an 

important pathogenetic role in this disorder and in addition, appears to provide important 

prognostic information regarding outcome for CHF patients. 

Although in heart failure, plasma concentrations of norepinephrine have been shown 

to be markedly elevated, m y o d a i  levels have been reported to be profoundly depressed. 

In guinea pigs with left ventricular f ~ l u r e  and in dogs with right ventricular failure, a striking 

reduction of norepinephrine concentration was observed in all chambers of the k a r t  (Spann 

et al., 1964; Chidsey et al., 1965). Total norepinephrine content in both the left and right 

ventricles of these animals were reduced to values of less t'an 20% of normal (Chidsey et 

al., 1964). The reduction in myocardial norepinephrine stores in dogs with CHF was found 

to be so severe that the response to tyramine administration, which acts by releasing 
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norepinephrine, was M I y  absent in the isolated papillary muscle (Chidsey et al., 1964). 

The mechanism responsible for this reduction in myocardial norepinephnne stores has not 

been elucidated. However, it has been suggested that a prolonged increase in cardiac 

sympathetic nerve activity may exhaust the norepinephrine stores in the hart (Chidsey et al., 

1964). Taking both the experimental and clinical findings together, it is clear that CHF is 

associated with substantial reductions in cardiac norepinephrine stores. 

B.5. Auementation of Adrenergic Receptors 

The hallmark of heart failure is decreased myocardial inotropic fiction. During 

penods of increased cardiac workload (such as following myocardial infarction), initial 

response is increased contractility. This is facilitated by the release of norepinephrine fiom 

sympathetic nerves and epinephrine £kom the adrenal gland. These catecho lamines enhance 

the contractile response by interacting with a transmembrane signalling system located 

within the sarcolemma of myocytes which consists of adrenergic receptors, signal 

transduction cornplex, G proteins and an effector enzyme. In the heart, the stimulatory 

guanine nucleo tide-binding protein (GJ couples P-adrenergic receptors with activation of the 

effector enzyme adenylyl cyclase. In contrast, the inhibitory guanine nucleotide-binding 

regdatory protein (Gd couples inhibitory receptors with inhibition of the effector enzyme. 

Stimulation of adenylyl cyclase leads to the synthesis of the iotmcellular second rnessenger, 

CAMP. CAMP activates protein kinase A which results in phosphorylation of calcium 

charnels and subsequent enhancement of cardiac contractility. Increased activation of the 

P-adrenergic system is an important compensatory rnechanisrn which supports cardiac 

function and meets circulatory needs. 



In the 1 9 6 0 ' ~ ~  it was recognized that heart failure was associated with a diminished 

response to adrenergic stimulation (Coveil et al., 1966). Subsequent studies demonstrated 

that in patients with CHF, myocardial P-adrenergic receptor density and responsiveness are 

severely diminished (Bristow et al., 1982; 1986; Damiss et al., 1989; Murphree and Saflitz, 

1 989), which in tuni confers a subsensitivity to P-adrenergic receptor-mediated contractile 

events. Investigations on membranes derived fiom hurnan lefl and right ven~cular  tissue 

showed that these tissues contain two types of P-adrenergic receptor subtypes: P , and PZ. 

In the non-failing heart, the predorninant receptor is the P, subtype (Bristow et al., 1986). 

However, in the failing heart, there was a reduction in the Pl-receptor density while P,- 

receptor density remained unchanged (Asano et al., 1 988), resulting in a shift in the ratio of 

P,/P, receptors kom 80:20 in non-failing to 60:40 in a failing heart. Thus, there appean to 

be a selective downregulation of P , -adrenergic receptors and the Pz-recep tor subpopulation 

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

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

by selective P,-agonists (Bristow et al., 1986). 

More recently, it has been documented that the marked alteration in PI$, receptor 

density ratio does not occur in a spatiaLly unSom distribution in patients with CHF. Rather, 

it results prirnarily h m  loss of receptors in the subendocardiun (Beau et al., 1993). This 

important hnndùig suggests that a substantial transmural gradient may exist in the distribution 

of P-adrenergic receptor subtypes in the failing myocardium (Beau et al., 1993). These 

desensitization changes in P-adrenergic receptors limit the functional capacity of the failing 

heart because of the blunted inotropic response to any @en number of agonist-occupied 



receptors (Bristow, 1993). These hdings provide evidence for the key role played by the 

P-adrenergic nervous system in mediating the naturai history of heart failure. 

In addition to downregdation of P-adrenergic receptors, uncoupling of the receptor 

from adenylyl cycIase has also been reported. Considerable evidence in support of this 

phenomenon stems from studies that have shown an increase in the activity of G, and a 

decrease in the activity of G, in human heart failure (Feldman et al., 1988; Karliner and 

Scheinmen, 1 988; Denniss et al., 1 989; Bohm et al., 1 990). Although the pathophysiological 

mechanisms responsible for this receptor uncoupling remain undefined, these abnormali ties 

clearly contribute to the insensitivity of the f a ihg  heart to adrenergic stimulation. 

Myocardial responsiveness to adrenergic stimulation is also mediateci by a-adrenergic 

receptors. However, in contrast to the two subtypes of P-receptors, only one subtype of a- 

adrenergic receptors (a,) are found in human ventricular myocardiurn (Bohm et al., 1988; 

Braunwaid et al., 1988). These recepton are also couple- by a G-protein. Stimulation of the 

a, receptor activates phospholipase C, which mediates the hydrolysis of phosphotidylinositol 

4,s-biphosphate into diacyglycerol @AG) and inositd triphosphate (IP,). DAG activates 

protein kinase C which results in the subsequent phosphorylation of cellular proteins, 

whereas IP, mobilizes calcium fiom the sarcoplasmic reticulum, thereby increasing the 

amount of calcium available to interact wi th contractile myo filaments. a, -adrenergic 

recepton account for a very minute proportion of the total adrenergic receptor pool in human 

venûicular myocardium (Feldman, 1993). It has been shown that a, receptor density remains 

unaltered in the failing human heari (Bristow et al., 1988). However, subsequent studies 

have demonstrated that stimulation of a, receptors exerts a positive inotropic effect in both 
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normal and failing hearts (Landzberg et al., 199 1 ; Colucci, 1 993), though the magnitude of 

the a,-mediated contractile response is significantly lower in heart failure patients (Colucci, 

1993). These observations suggest that the a,-adrenergic receptor pathway is also attenuated 

in CHF. 

B.6. Ventricular Remodeling 

The term "ventricular remodeling" refers to global changes in ventricular chamber 

size, shape and rnass that develop in a complex and coordinated fashion in response to 

altered myocardial Ioading conditions (Grossrnan and Lmrell, 1993). More recentiy, the term 

has dso included changes occurring at the cellular level in both myocyte and the 

extracellular matrix cornpartmentsi (Sabbah and Goldstein, 1993). The clinical setting in 

which ventricular rernodeling occurs in a prominent fashion is after myocardial ùifarction 

(Grosman and Lorell, 1993). Following myocardial infarction, there are major alterations 

in the topography of both infarcted and nodarc ted  ventricular regions (Pfeffer and 

Braunwald, 1990). In the infarct region, viable myocardium is replaced with non-contractile 

connective tissue and "infarct expansion" occm which is defmed as acute dilation and 

thinning of the area of infarction not explaineci by additional myocardial necrosis (Hutchins 

and Bulkley, 1978). Infarct expansion has been demonstrated to serve as the basis for 

aneurysm formation and subsequent cardiac rupture (Hochman and Bulkley, 1982; Schuster 

and Bulkley, 1979) and is an important substnite for left ventricular dilation as s h o w  by 

echocardiography (Eaton et al., 1979; Erlebacher et al., 1984). 

A significant body of evidence fiom experimental and clinical studies have 

demonstrated a loss of intrinsic contractility in the surviving myocardium after transmwal 
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myocardial infarction (Mill et ai., 1990). As a result, intense interest regarding the 

remodehg of the noninfarcted myocardium, remote £kom the zone of infarction, has begun 

to emerge. Myocyte celI lengthening with a disproportionate increase in ce11 diameter leads 

to a reduction in the wall thickness-to-chamber radius ratio (Micheletti et al., 1993). As a 

result, myocardium remote from the area of infarction is subjected to an increased diasto lic 

wall stress (Weisman et al., 1985). This increaçed stress can lead to myocyte slippage, 

resulting in a decreased nurnber of myocytes across the wall (Weisman et al., 1985) and 

concomitant ventricular wall thùinuig. These architectural rearrangements of myocytes in 

the unaffecteci regions of the infarcted ventricle contribute in the ventricular dilation 

(Micheletti et al., 1993). 

hcreasing evidence shows that dilatation of the remnant left ventride plays a centrai 

role in the development of chronic heart failure after myocardial infarction (Gaudron et al., 

1993a). Ventricular dilation during the post-myocardial infarction period has been 

demonstrated to be accompanied by increased left ventricular end-systolic volume (White 

et al., 1987; Hammerrneister et al., 1979) and this derangement has been shown to be 

associated with depressed ventricular function and poor survival in both animais and patients 

(Anversa et al.,1993; Pfeffer et al., 198th; Warren et al., 1988). Thus, ventricular chamber 

enlargement, when left unattended for a prolonged period of time, results in progressive 

cardiac dysfùnction and ultimately heart failure. 

B.7. Extracellular Matrix 

Alterations in the extracellular matrix @CM) have also been suggested to contribute 

to the development of hart failure subsequent to myocardial infarction (Pelouch et al., 
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1993a; Ju and Dixon, L 995; Dixon et al., 1 996a) and cardiomyopathy (Dixon et al., 1 997). 

In the case of myocardial infarction, recent studies have reveaied abnomai collagen 

deposition in the scar region as weU as in the rernainkg, viable myocardium remote fiom the 

site of infarcion @ixon et al., 1996b; Ju et al., 1997). The cardiac ECM acts to direct the 

contractile force produced by myocytes and in addition, contributes to the passive stretch 

characteristics c f  the ventricular chamber (Pelouch et al., 1993b). The cardiac ECM is 

predominantly composed of collagen, with collagen types 1 and III being the most abundant 

foms within the heart (Speiser et al., 1991 ; Bashey et al., 1992). Concentration of collagen 

in the cardiac interstitium is dependent on the relative balance between synthetic pathways 

and degradation of collagen mediated by rnatrix metalloproteinases (MMP's) (Dixon et al., 

1996a). Results fkom experirnental studies (Pelouch et ai., 1993a; McConnick et al., 1994; 

Cleutjens et al., 1 995) and those fkom clinical investigations (Volders et al., 1 993; Weber, 

1989) have provided incremental evidence for increased deposition of collagen proteins in 

regions of the lefi ventricle remote fiom the zone of infarction. This abnormal increase in 

myocardial collagen concentration results in myocardial fibrosis (Weber and Brilla, 1 992) 

which manifests itself as reactive interstitial and penvascular fibrosis (in the swiving 

myocardium) and replacement fibrosis for n m s e d  cardiac muscle (Weber and Brilla, 1 99 1 ) . 

Development of cardiac fibrosis may be attributed to either increased collagen synthesis, 

reduced collagen degradation, or both (TXxon et al., 1997). Excessive collagen deposition 

may lead to diastolic dysfiuiction by increasing cardiac muscle stifiess and reducing 

ventricular chamber cornpliance (LitWin et al., 1 99 1). Presence of excessive cardiac collagen 

has also been reporteci in human dilated cardiomyopathy (Bishop et al., 1990; Schaper et al., 
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1991), in the Syrian hamster with genetic cardiomyopathy (Dixon et al., 1997), and pressure- 

induced hypertrophy phalla et al., 1996). 

Recent shidies suggest that the renîn-angiotensin system plays an important role in 

the stimulation of myocardial fibrosis (Brilla et al., 1 990). Upregulation of angiotensin type 

1 receptors (AT,) has been s h o w  to occur in cardiomyopathic hamsters (Lambert et al., 

1995). Administration of losartan, an AT, blocker, resulted in a significant decrease in 

cardiac fibrosis Ui post-MI rat hearts and this reduction was associated with an improved lefl 

ventricular hc t i on  in these experimental ariimals (Ju et al., 1997). These studies provide 

M e r  evidence linking cardiac ECM remodeling in the development of heart failure. 

B.8. Excessive Activity of the Renin-Angiotensin Svstem 

Chronic hart  failure is characterized by elevated intracardiac and venous pressures 

and Iow cardiac output (Hodsman et al., 1988). Activation of the renin-angiotensin system 

(RAS) results in salt and water retention and an increase in peripheral vascular resistance in 

an effort to increase blood volume, blood pressure and organ perfusion. These effects are 

mediated by the generation of an effector peptide, angiotensin (Ang) II. h g  II formation 

is initiated by renin, a proteolytic enzyme that is stored and secreted by the juxtaglomerular 

apparatus within the kidney. Upon appropriate stimulation, renin is secreted and acts on 

angiotensinogen to form the decapeptide Ang 1. Ang 1 is cleaved by the action of 

angiotensin converhg enyme (ACE) which leads to the generation of the eflector peptide 

Ang II. Ang II is one of the most potent pressor substances and it exerts a direct effect on 

smooth muscle cells and also stimuIates the release of aldosterone fiom the adrenal gland. 

The effects of Ang II are mediated by two types of specific receptors: AT, and AT,. 
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In addition to circulating renin-angiotensin ( Campbell et al., 1991), it has now been firmly 

established that there is the existence of local RAS in several organs, including the kart (Lee 

et al., 1993; Dzau, 1988; Campbell and Habener, 1986; Dzau et ai., 1987). Whereas the 

circulating RAS appears to be responsible for acute effects, the tissue RAS seems to 

participate in mediahg more chronic processes such as secondary structural changes and 

may therefore contribute to a variety of cardiovascular disorden, including CHF (Lee et al., 

1993). 

Examination of the role of the RAS in CHF was neglected untii the early 1980's. At 

this t h e ,  the nrst studies to document a paîhophysiological role for RAS in the development 

of CHF were fiom surviving patients with myocardial infarction. Plasma renin and 

aldosterone values were not found to be elevated in patients with uncornplicated myocardial 

infarction (Michorowski and Ceremuzynski, 1983; Dzau et al., 198 1). However, in contrast, 

significant elevations in plasma renin and Ang II levels were observed in acute myocardial 

infarction patients in whom left ventricular failure developed (Michorowski and 

Ceremuzynski, 1983; Bnvet et al., 1981; Vaney et al., 1984). Furthemore, an increase in 

myocardial mRNA for angiotensinogen and ACE was observed in patients with 

asymptomatic lefi ventricular dysfiinction (Francis et al., 1993). These findings suggest 

some involvement of RAS in the pathogenesis of the syndrome of CHF. 

Evidence for enhanced activity of RAS during CHF has also been obtained fiom 

vanous animal studies. Banding of rat aorta has been shown to be associated with significant 

upregulation of angiotensin mRNA during the transition fiom hypertrophy to heart failure 

(Baker et al., IWO). Volume-overload induced by aortocaval fistula in rat resulted in an 
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elevation in left ventricdûr re- mRNA levels (Boer et al., 1994). In addition, hart failure 

due to mitral regurgitation in the dog (DeIl' Italia et al., 1995) and pacing-induced 

tachycardia in the rat (Finckh et al., 1991) was associated with substantid increases in 

intracardiac Ang II and angiotensinogen mRNA. 

Use of ACE inhibitors in the treatment of heart failure patients has resulted in an 

improvement in hemodynamic indexes as well as clinical symptoms and quality of life 

(Gavras et al., 1978; Davis et al., 1979; Turini et ai., 1979; Ader et al., 1980; Dzau et al., 

1980). An improvement in the severity of heart failure and its other clinical manifestations 

have been shown to occur in patients treated with ACE inhibitors @zau et al., 1980; Levine 

et al., 1980). The results of these clinicd trials demonstrate that increased activity of the 

RAS contributes directly to the hemodynamic and clinical abnormalities characteristic of 

hearî failure. 

B.9. Hvoores~onsiveness to Atrial Natnuretic Pe~tide 

Atrial natriuretic peptide (ANP) was first descnbed more than a decade ago (De Bold 

et al., 198 1) and since then, it has become one of the most familiar and thoroughly studied 

natriuretic peptides of cardiac origin. ANP is secreted in response to atrial distention or 

stretch (De Bold et al., 198 1). The biological actions of ANP are mediated by binding of the 

peptide to two classes of specific membrane receptors, AN\ and AN&,. Amongst its many 

actions, ANP has been shown to relax vascular smooth muscle, inhibit activity of RAS and 

modulate the r e k e  of vasopressin (Brenner et al., 1990). These multiple biological actions 

indicate the importance of ANP in the regulation of body fluid and cardiovascular 

homeostasis. 



Perturbations in the ANP system have been documented in a variety of 

pathophysiological conditions, particularly those of edematous disorders (Brenner et al., 

1990). CHF is one of the most common pathological entities that is associated with 

aberrations in the ANP system (Winaver et al., 1995). Circulating levels of ANP have been 

reportai to be rnarkedly elevated in patients with CHF (Nakaoka et al., 1985; Shenker et al., 

1985; Burnett et al., 1986). It has been postuiated that the significant rise in circulating .W 

in CHF patients occurs in response to the marked atrial distension that accompanies the 

elevation of left and right atrial pressures (Ekcker et al., 1987). Consequently, plasma ANP 

levels are thought to bear a direct correlation to the severity of cardiac failure (Nakaoka et 

al., 1985). 

Increases in circulating ANP have been viewed as an important adaptive mechanisrn 

that aids the failing heart by virtue of reducing intravascular blood volume and venous return 

while at the same tirne, producing systemic vasodilation. However, the occurrence of salt 

and water retention despite high circulating levels of ANP in patients with CHI? suggested 

that there may be derangements in the ANP system during CHF. Initial studies aimed at 

examining the pathophysiological aiterations of the ANP system demonstrated that the 

natn'uretic response to exogenous ANP administration was attenuated in rats with 

experimental kart failure due to A-V fistuia (Abassi et al., 1990; Winaver et al., 1988). The 

actions of ANP on the kidney in particuiar, have been demonstrated to be markedly 

attenuated in patients with CHF. Infusion of ANP produced little change in urinary sodium 

or water excretion in these patients (Cody et al., 1986; Winaver et al., 1 995). The blunted 

rend response to ANP is now thought to be part of a more generalized target organ 
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hyporesponsivaiess to the hormone in CHF. Proposed mechanims that may contribute to 

the development of end-organ raistance to ANP include downregulation of ANP receptors 

in response to hi& circulatory ANP levels and increased activity of RAS which opposes the 

actions of ANP within the kidney (Winaver et al., 1995; Koepke et al., 1987). Thus, 

rnarkedly elevated ANP levels carry an unfavourable long-term prognosis for CHF patients 

and serves to underscore its key homeostatic role in preserving fluid balance and 

B. 10. ADOD~OS~S 

Apoptosis was first described in 1972 as a ce11 death mechanism that was ûuly 

distinct fiom necrosis (Kerr et al., 1972). In contrast to necrosis, which is a type of ce11 death 

characterimi by loss of membrane integrity and inflammatory responses secondary to severe 

trauma or injury to the cell, apoptosis is an active, tightly regulated, energy requiring process 

in which ce11 death proceeds in an orderly and controlled manner and follows a defined 

program (Kerr et al., 1972; Wyllie et al., 1980; Searle et al., 1982; Barr and Tomei, 1994). 

Thus, apoptosis is fkequently referred to as "p rogrmed  ce11 death" (l3uttke and Sandstrom, 

1994). Unlike necrosis, apoptosis is generally of a non-inflammatory nature due to the fact 

that the apoptotic ce11 does not swell or rupture prior to its being engulfed by macrophages 

and this process of phagocytosis also occurs in a rapid fashion (James, 1993). Fragmentation 

of chromosomal DNA is the biologicd hallmark of apoptosis (Arends et al., 1990; Bursch 

et al., 1990). This process has been shown to be associateci with the abnormal expression of 

such genes as p53 (Yonish-Rowh et ai., 1991) and c-myc @van et al., 1992) or a deficiency 

of other genes such as bcl-2 (Hockenbery et al., 1990). 



Apoptosis has been viewed as a valuable process for removing cells that are no longer 

useful or are potentialiy h a d ,  e.g. benign and malignant tumon. However, as is the case 

with many biological processes that go awry, the end result is disease. Apoptosis is no 

exception, with both acute and chronic disregdation of cell death contributing to a variety 

of diverse human diseases (Barr and Tomei, 1994). Due to the compIex integration of 

multiple apoptotic signals, there is a multitude of control points where nomai control of ce11 

death may be lost. As a result, ongoing investigation to define the role of apoptosis in the 

decline of myocardial fimetion is a particularly active area 

Recent reports have detected the occurrence of programmed ceIl death in 

ischemic/reperfused rabbit myocardial tissue but not in nonnal or iscbernic-only rabbit hearts 

(Gottlieb et ai., 1994). This suggested that apoptosis may be unique to reperfusion injury. 

This hding spux~ed on M e r  studies to assess the contribution of apoptosis to in£arct size. 

Programmed ce11 death was found to be the major initial form of myocardial damage 

produced by occlusion of the left main coronary artery in rats as confirmed by 

electrophoretic analysis of the DNA extracted fkom ischemic myocardiurn (Kajstura et al., 

1996). Acute myocardial infmtion in patients has also been shown to be characterizrd by 

activation of programmeci cell death in the suniving portion of the left ventricdar fkee wall, 

with apoptosis affecting nearly 12% of the myocardial population in the region bordering on 

the infarct and approximately 1% of myocytes remote nom the area of necrotic tissue 

(Oliveni et al., 1996). Furthemore, it has also been reported that a subset of myocytes 

undergo apoptosis after acute-MI iu patients with patent infsct-related arteries (Saraste et 

al., 1997). These studies demonstrate that apoptosis rnay act as a confounding factor in acute 
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myocardid infarction hy increasing the magnitude of rnyocyte cell death. Size of the uifarct 

has been reporteci to be an important deteminant of prognosis in humans, with acute infarcts 

compnsing 2 40% of the left ventricular m a s  being associated with intractable cardiogenic 

shock and resultant hart failure (Caulfield et al., 1976). 

The role of apoptosis in the development of CHF has been M e r  suggested by the 

occurrence of this phenornenon in patients with end-stage heart failure. Examination O f 

explanted hearts fiom patients with idiopathic dilated cardiomyopathy (IDCM) obtained 

during cardiac transplantation revealed histochemical evidence of DNA hgmentation 

(Nanila et al., 1996; Yao et al., 1996). 

C. FREE 1 AL ANTI 

In recent years, miderable  evidence has accumulated to suggest that changes in fiee 

radical production and antioxidant status may play a role in the pathogenesis of cardiac 

dysfunction and h a r t  failure (Kaul et al., 1993). Although the involvement of free radicals 

in various types of tissue injury has been laiown for some tirne, their role in cardiac 

abnormalities was k t  documented by early studies d d i n g  with catecholarnine-induced 

cardiomyopathy (Singal et al., l982), adnamycin-cardiomyopathy (Singal et al., 1987) and 

ischemia-repemision injury (BolIi, 1988). These early studies have been followed by a senes 

of elegant and detailed expen'ments which have provided incrementai evidence supporting 

fiee radical involvement in cardiac injury (Kaul et al., 1 993). 

C.1. Free Radicals 

In the simplest ternis, a free radical is any atom or moIecule that has an unpaired 

electron in their outer orbit making that atom or molecule a highiy reactive species. Free 
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radical production occurs via the addition of an electron or by it's removal in a 

reductiodoxidation reaction. Due to its unique diradical configuration, oxygen is a major 

intracellular source of radical species. A sequential univalent reduction of oxygen gives rise 

to reactive intermediate products (Kad et al., 1993; Singal et al ., 1988). A single electron 

reduction of oxygen gives rise to superoxide anion, which can act as both a reducing and an 

oxidizing agent. The relatively short half life of superoxide anion limits its di ffision away 

fiom the site of its generation. Two electmn reduction of oxygen yields the nonradical 

species, hydrogen peroxide. Hydrogen peroxide has a relatively long half life and therefore 

can travel significant distances, causing darnage at sites distant fYom its origin. A three 

electron reduction of oxygen yields hydroxyl radical, which is the most reactive and potent 

of al1 the fiee oxygen radicals. Addition of a fourth electron results in the formation of 

water. Al1 of these reactive oxygen intermediates are called activated oxygen speczes and are 

collectively termed as partiall'y reduced f o m  of oxygen (PRFO) (Singal and Kirshenbaum, 

1990). Endogenous sources of fiee radicals are the numerous enzyme and non-enzyme 

systems located in the subcellular membranes, plasma membrane and blood ce11 elements. 

One mechanism of tissue damage induced by PRFO is via lipid peroxidation, in 

which there is formation of lipid peroxides within myocardiai ce11 membranes. This process 

is initiate. when one hydrogen is abstracted fiom polyunsaturated fatty acids (PUFA'S) by 

a fkee radical to f o m  fatty acid radicals (Kaul et al., 1993). In addition, PRFO can cause 

oxidation of the thiol groups in pmteins and can directly interact with nucleic acids. Thus 

in these chernicd reactions, there are stmctural as well as functional modifications in the 

macromolecules leading to modificatioI1S/alterations in ce11 and organ function. 
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C.2. Antioxidants 

Due to a continuous generation of PRFO during cardiac ce11 metabolism, a number 

of protective enzymatic as well a s  nonenzymatic antioxidants have evolved constituting an 

antioxidmt resewe (Singal and Kirshenbaum, 1990) that act to limit the tissue concentration 

of these highly reactive species. A proper balance between the generation of PRFOand the 

antioxidant defense system is cntical for the maintenance of a nomal myocardial ce11 

structure and hnction. 

Three of the most important endogenous enzymatic antioxidants cornmonly present 

in most cells are superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase 

(GSHPx). SOD catalyzes the dismutation of superoxide anion to hydrogen peroxide. Both 

catalase and glutathione peroxidase catalyze the reduction of hydrogen peroxide to water, 

thereby preventing the formation of the potent hydroxyl radical. 

C.3. Oxidative Stress and Heart Failure 

Any time there is a relative increase in PRFO, it can result in increased oxidative 

stress and ce11 injury. One of the most important endogenous nonenzymatic antioxidants 

is glutathione. 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 hydrogen peroxide as well as other organic peroxides, thus 

preventing the peroxidation of membrane lipids (Ferrari et al., 1986). Study of changes in 

glutathione status provides important information on cellular oxidative events and tissue 

accumulation andor release of GSSG. 



The redox ratio (GSWGSSG) is used as a sensitive index of oxidative stress (Ferrari 

et ai., 1985; Curello et al., 1985). An increase in the redox ratio indicates reduced oxidative 

stress while a decrease in the redox ratio suggests increased oxidative stress. Depletion of 

total glutathione (GSH) levels to about 20-30% can impair the cell's defense against free 

radical attack and may lead to ce11 injury and death (Reed, 1984). There are many 

rnyocardial disease conditions under which the GSH levels are compromised and the 

maintenance of GSH levels reduce myocardial vulnerability to oxidative stress (Verma et al., 

1997). 

Under normal physiological conditions, the tissue concentration of oxygen radicals 

is limited due to the existence of a delicate balance between the generation of PRFO and the 

antioxidant defense system (Singh et al., 1995). However, if this balance is disturbed in 

favour of more PRFO, either through an enhanced production or via a reduction in the 

endogenous antioxidant defense system or both, the heart is at risk for a PRFO-rnediated 

myocardial ce11 damage. Thus, changes in myocardial antioxidant status and oxidative stress 

rnay have a profound effect on cardiac structure and function (Gupta and Singal, 1989a; 

Kaul et al., 1993). 

One of the most clearly docurnented conditions of increased myocardial oxidative 

stress has been reported in an animal mode1 of acute heart failure involving hypoxia- 

reoxygenation and ischernia-reperfusion. Acute Cailure in rat hearts due to 10 min hypoxia 

at 37°C was accompanied by a decrease in SOD and GSHPx activities. Functional recovery 

upon reoxygenation was poor (Dhaiiwal et al., 1991). Same duration of hypoxia conducted 

at a lower temperature (22 OC) maintained antioxidant recovery and afforded full recovery 
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of function upon reoxygenation (Dhaliwal et al., 1991). Studies on the cardiac myocytes 

isolated fkom normal adult hearts exposed to hypoxia for 15 minutes resulted in a reduction 

in SOD and GSHPx activities (Kirshenbaurn and Singal, 1992). Upon 15 minutes of 

reoxygenation, there was a significant increase in lipid peroxidation accompanied by changes 

in ce11 morphology and function. Addition of cataiase to the medium modulated the hypoxic 

injury, suggesting that a decreased antioxidant reserve during hypoxia did contribute to the 

injury upon reoxygenation (Dhaliwal et al., 1 99 1 ). These changes were also accompanied 

by a decrease in tissue redox state (GSWGSSG), indicating increased oxidative stress. Free 

radical mediated increases in oxidative stress has also been documented in myocardial 

stunning (post-ischemic myocardial dysfunction). Indirect evidence implicating oxidative 

stress stemmed f?om the finding that administration of antioxidants SOD and CAT resulted 

in a significantly enhanced recovery of h c t i o n  after reperfusion (Myers et ai., 1985). More 

direct evidence was obtained by detecting the production of free radicals using spin trap. In 

the open-chest dog mode1 of post-ischemic dysfunction (1 5 minutes coronary occlusion), a 

burst of fiee radical production was detected in the stunned myocardium (Bolli et al., 1988). 

Subsequent studies involving antioxidant therapy begun at the time of reperhrsion 

demonstrated that a substantial portion of the damage responsible for stunning develops in 

the initial seconds OF reperfùsion and can be attenuated by administration of free-radical 

scavengers just before reinstitution of blood flow (Bolli et al., 1989). These elegantly 

performed studies provide solid evidence in support of a role for fiee radical mediated 

oxidative stress in the genesis of myocardial stunning (Bolli, 1996). 



In animal models with chronic cardiac dysfunction and heart failure, myocardial 

oxidative stress has been reported to increase while the antioxidant reserve is depressed 

phal la  and Singal, 1994; Siveski-Iliskovic et al., 1994; 1995). For example, pressure- 

overload induced heart failure in guinea pigs via banding of the ascending aorta resulted in 

heart failure at 20 weeks of post-surgery duration phalla and Singal, 1994). Hemodynarnic 

data revealed decreases in aortic systolic pressure (ASP), lefi ventricular systolic pressure 

(LVSP) and increases in left ventncular end-diastolic pressure (LVEDP) dong with other 

indications of heart failure such as dyspnea, ascites and tissue congestion. These 

hemodynamic alterations were accompanied by decreases in myocardial SOD and GSHPx 

activities as compared to controls. Redox state (mainly due to an increase in GSSG 

accumulation) was also depressed, indicating increased oxidative stress (Dhalla and Singal, 

1994). Thus, in this animal model of chronic heart failure, a depression in the endogenous 

antioxidant reserve was seen. Depressed antioxidant reserve and increased oxidative stress 

have also been reported in congestive heart failure due to adriamycin (Siveski-Iliskovic et 

al., 1994; 1995). In the cardiomyopathic hamster model of heart failure, myocardial lipid 

peroxidation was also reported to increase (Kobayashi et al., 1987). 

Clinical studies of heart failure patients have corroborated the findings obtained from 

the experimentat animal models. Malondialdehyde (MDA) levels have been reported to be 

significantly higher in patients with CHF (Belch et al., 1991; McMurray et al., 1990). 

Excessive quantities of pentane, a byproduct of lipid peroxidation, have been found to be 

signi ficantly elevated as compared with healthy age-matched subjects (McMumay et al., 

IWO; Weitz et al., 1991 ; Sobotka et al., 1993). In addition, lipid peroxidation has been 
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shown to increase in proportion to the severity of heart failure (Diaz-Velez et al., 1996; 

Sobotka et al., 1993). 

D. EXPERTMENTAL MODELS OF HEART FAILURE 

Over the years, a number of models have been developed to produce CHF in animais 

which contain the primary clinical features of this disorder such as increased filling 

pressures, low cardiac output and neurohormonal activation. One of the eariiest models 

developed to study heart failure was the coronary-artery ligation model. Experimental 

coronary occlusion with consequent myocardial infarction is produced by the surgical 

ligation of one or more coronary artenes (Selye et al., 1960; Johns and Olson, 1954). 

Initially, this surgical procedure was performed on dogs. However, coronary occlusion in 

the dog produced infarct sizes that were extremely variable due to the presence of collateral 

vessels. This made evaluation of therapeutic interventions extremely difficult (Johns and 

Olson, 1954). As a result, coronary occlusion was also tned in other animals. These studies 

demonstrated that the rat model produces infarct sizes that were more consistent than in the 

dog and this was shown to be largely due to the absence of collateral vessels (Fishbein et al., 

1978). Following surgical induction of myocardial infarction, rats have been shown to 

develop clinical signs of heart failure consisting of dyspnea, pulmonary edema, 

hepatornegaly and ascites of varying seventy at different post-surgical durations (Dixon et 

al., 1990; Hill and Singal, 1996). Since this closely mimics the human situation, the rat 

rnodel is extensively used for studying heart failure. 

More recently, low cardiac output CHF has also been produced by rapid ventricular 

pacing in the rabbit (Masaki et al., 1993; Shannon et al., 1993). Paced animals develop signs 
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and symptoms of CHF similar to those in hurnans (appetite loss, fatigue) as well as 

characteristic hemodynamic derangements (Masaki et al., 1993). in addition, this mode1 aiso 

produces chronic biventncular CHF. Pressure-overload induced by coarctation of the 

ascending aorta has aIso been established as a good mode1 for studying low output CHF, 

particularly the transition h m  compensatory hypertrophy to decompensatory hypertrophy 

and heart failure. Banding of the ascending aorta results in sustained hemodynamic 

functioning at 10 weeks of post-surgical duration followed by depressed hemodynamic 

function and heart failure at 20 weeks post-surgical duration (Dhalla and Singal, 1994). 

Chronic artenovenous (AV) fistula is a high cardiac output mode1 of heart failure 

characterized by low total penpheral resistance (TPR) (Huang et al., 1992). This mode1 

creates a volume-overload on the heart with the subsequent development of heart failure. 

This mode1 allows for the studying of blood flow and cardiac output distribution. This in 

turn allows for the exarnining of the basic circulatory alterations that are known to occur with 

such diseases as anemia and hyperthyroidism-induced heart failure. 

E. PHARMACOLOGICAL TREATMENTS FOR HEART FAILURE 

E. 1. Didalis 

More than 200 years has passed since digitalis was first introduced as a therapeutic 

agent to treat heart failure. Since that time, considerable controversy has existed regarding 

the therapeutic efficacy of digitalis as the dmg of choice in the treatment of chronic heart 

failure. The clinical benefits observed in CHF patients treated with digitalis have 

traditionally been attributed to the hemodynamic improvement produced by this agent (Krum 

et al., 199Sa; Guyatt et al., 1988). However, therapy with other positive inotropic agents has 
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also resulted in similar hemodynarnic improvements without any influence on long-term 

outcornes in patients with heart failure (Uretsb et al., 1990; Packer et al., 1991). As a result, 

considerable attention has recently been focussed on the additional pharmacologie actions 

of digitalis that are independent of its direct positive inotropic effects. 

Short-terni administration of digitalis in patients with chronic heari failure have 

demonstrated acute peripheral vasodilation and reduced plasma norepinephnne levels 

(Gheorghiade et al., 1989). These effects were sustained during long-term therap y with 

digitalis (Krum et al., 1995a). These anti-adrenergic effects may be of important prognostic 

significance given the fact that the degree of sympathetic activity has been found to be 

directly related to patient prognosis in patients with heart failure (Cohn et al., 1984). These 

newly documented effects of digitalis on autonornic f i c t ion  rnay explain why digitalis 

glycosides are the only group of positive inotropic dmgs that persistently increase ejection 

fraction during long-terrn administration in patients with heart failure (Erdmann. 1995). 

These studies support the clinical use of digitalis as a mainstay in the treatrnent of heart 

failure. 

E.2. Diuretics 

Administration of diuretics has long been accepted as a first-line of treatment for 

patients with CHF. This is due principally to the substantial improvement in congestive 

symptoms experienced by these patients. Arnongst the most studied of diuretics is 

fûrosemide, a member of the "loop" diuretics. The predominant effect of furoesmide has 

been to reduce left ventricular filling pressure by reducing preload (Taylor et al.. 1982: 



Nelson et al., 1983). This has been shown to result in an improved hemodynamic profile 

along with rapid relief of symptoms of breathlessness. 

Although diuretics, particularly loop diuretics, improve the hemodynamic profile and 

congestive symptoms in patients with CHF, there is no valid information at the present time 

conceming their ability to reduce rnorbidity and mortality (Taylor, 1995). This may be due 

to the fact that diuretics induce an increase in systemic vascular resistance (Nelson et al., 

1983) as a result of activation of the renin-angiotensin system. When such excitation is 

suppressed by concomitant administration of ACE inhibiton, a ciramatic reduction in 

morbidity and mortality is seen (Taylor, 1995). Thus. although diuretics remain the 

cornerstone of treaîment for relieving symptoms of CHF, administration of diuretics in 

combination with ACE inhibitors produces a clinical benefit far beyond that achieved by 

diuretics alone. 

E.3. Angiotensin Convertinp Enzyme (ACE) Inhibitors 

In 1984, it was demonstrated for the first time in an animal mode1 of CHF caused by 

rapid venûicular pacing that chronic ACE blockade retards the progression of pump failure 

(Riegger et al., 1984) and this beneficial effect was shown to be accompanied by a blunting 

of neurohormonal activation as evidenced by a decrease in peripheral vascular resistance. 

Subsequent animal studies involving experimental myocardial infarction demonstrated that 

long-tem therapy with the ACE inhibitor captopnl not only improved left ventncular 

fimction and lessened dilation in the chronic phase of infarction, but also improved survival 

(Pfeffer et al., 1985; Jugdun, 1995). Prevention of deterioration of cardiac performance and 

attenuation of lefi ventricular remodeling has also been reported in spontaneously 
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hypertensive rats (SHR) (Pfeffer and Pfeffer, 1988b) as well as in rats with myocardial 

infarction (Khaper and Singal, 1997). 

The fint clinical trial that demonstrated a clear reduction in mortality arnong patients 

with severe CHF after administration of ACE inhibitors was the Cooperative North 

Scandinavian Enalapnl Survival Study (CONSENSUS). The results of the CONSENSUS 

trial suggested that the reduction in mortality afforded by enalapril amongst New York Heart 

Association (NYHA) class TV patients was due in part to its antagonistic effects on RAS 

(The CONSENSUS Trial Study Group, 1987). Since that time, nurnerous clinical studies 

have demonstmted that administration of ACE inhibitors alone (Magnani, 1988; Newman 

et ai., 1988) or as an add-on therapy to that of existing therapy with digitalis and diuretics 

(The Captopd-Digoxin Multicenter Research Group, 1988; Riegger, 1993) improves 

survival, left ventricular hnction as well as maximal exercise performance. 

Although ACE inhibitors have been shown to be effective therapeutic agents in the 

clinical setting of heart failure, ACE inhibition is a relatively non-specific approach to 

blockade the RAS (Regitz-Zagrosek et al., 1995). Furthemore, side effects of ACE 

inhibitors, resulting from high plasma kinin levels due to their inhibition of bradykinin 

degradation, contrahdicate high-dose treatrnent which may limit their beneficial effects (Yeo 

and Rarnsey, 1990; Yeo et al., 1991). Thus, a great deal of attention has focussed on finding 

an alternative approach to inhibit RAS. 

The effects of Ang U are mediated by binding of the ligand to two types of speci fic 

receptors: AT, and AT,. Antagonism of Ang II receptors have been extensively studied as 

a more specific blocker of RAS. AT, receptor antagonists have been developed and these 

3 4  



agents have already proved usehl in the management of hypertension (Delacretaz et al., 

1995). The fint ciinical study involving hurnan heart failure demonstrated that a single dose 

of the AT, blocker losartan resulted in an improved lefi ventricular ejection hct ion 

concomitant with vasodilation and modulation of the neurohormonal response (Gottlieb et 

ai., 1 993). Following the skgle dose experirnent, a multi-dose study of losartan- in heart 

failure for a penod of 12 weeks was found to produce favourable hernodynarnic effects and 

improved clinical symptoms (Crozier et al., 1995). Further impetus for the use of AT, 

receptor antagonists stems fkom recent findings reporting that in addition to ACE, an Ang 

II fomiing serine proteinase (chymase) has been identified as art additional Ang II forming 

pathway (Urata et al., 1995). These findings suggest the use of ACE inhibitors in 

combination with AT, blockers for a more complete blockade of the RAS. 

E.4. Beta-Blockers 

The rationale for the use of beta-blockers as part of the therapeutic regimen for heart 

failure relates to several factors. Firstiy, a poor prognosis for CHF patients remains despite 

the use of ACE inhibitors. Secondly, greater the degree of heightened adrenergic activity, 

worse is the outlook for CHF patients. Thirdly, downregulation of myocardial beta- 

adrenergic receptors in response to increased sympathetic activity has been documented in 

heart failure. As a result, introduction of beta-blockers as  part of a combined treatrnent 

therapy has emerged. 

Traditionally, beta-blocken have been considered contraindicated in heart failure due 

to their negative inotropic effects, which in tum may exacerbate the severity of cardiac 

dysfunction in the already failing heart. However, upon recognition that elevated plasma 
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levels of norepinephrine, a surrogate marker for adrenergic activity, increase in proportion 

to the severity of heart failure, the idea of applying beta-blocking agents as a means of 

counteracting the chronic overactivation of the sympathetic nervous system was examined. 

Beta-adrenoreceptor blockade as a treatment for heart failure was first described in a 1975 

report which showed that congestive cardiornyopathy patients treated with alprenolol or 

practolol for five months expenenced hemodynamic irnprovement (Waagstein et al., 1975). 

Later, it was reported that prolongation of survival among congestive cardiomyopathy 

patients could be achieved with beta-blocker administration (Swedberg et al., 1979). These 

initial positive findings led to the evaluation of beta-blocker use in patients with acute 

myocardial infarction. In 1 98 1, three large-scde studies exarnining the value of beta- b loc ker 

therapy in the clinical setting of rnyocardial infarction were completed (Nonvegian 

Multicenter Study Group, 198 1 ; Hjalmarson et al., 198 1 ; Beta-B locker Heart Attack Trial 

Research Group, 1982). The findings from al1 three studies demonstrated significant 

reductions in mortality with the use of propranolol, metaprolol or timolol. Beneficial effects 

of beta-blockers have also been shown in expenmental animals. Administration of 

propranolol following coronary occlusion resulted in significantly reduced infarct sizes 

(Braunwald et al., 1983; Pierce et al., 1973; Rasmussen et al., 1977). Et was also 

demonstrated that the beneficial effect of beta-blocker administration on infarct size 

decreased with the delay in drug administration (Miura et al., 1979). Although many 

mechanisms of action have been proposed, the prevailing and most widel y held view is that 

beta blockade reduces myocardial oxygen demands by virtue of blocking beta-receptors and 



sympathetic nervous system activity (Braunwald et al., 1983) as evidenced by a decrease in 

heart rate and blood pressure. 

New data have recently emerged fiom experirnental animal and patient studies which 

have documented the therapeutic efficacy of carvedilo 1, a novel multiple action vasodilating 

beta-blocker, in the treatment of heart failure. Ln addition to being a beta-adrenoreceptor 

antagonist, it also acts as an a,-adrenoreceptor blocker (Feuentein and Ruffolo, 1995; 

Raftery, 1995). These combined actions of carvedilol produce systemic artenal vasodilation 

in the absence of reflex tachycardia. Addition of carvedilol to conventional therapy has been 

shown to decrease mortality among patients with chronic heart failure in a large double- 

blind, placebo-controlled clinical trial (Packer et al., l996a). Carvedilol administration has 

also been shown to produce important hemodynamic and clinical benefits in patients with 

mild to moderate CHF (Packer et al., 1 W6b; K m  et al., 1995b). An unusually high 

degree of efficacy has been observed for carvedilol in expenmental animal studies exploring 

its cardioprotective effects. Carvedilol has been shown to reduce infarct size following 

coronary occlusion in rat, dog and pig. This was especially so in the pig model where nearly 

complete protection against myocardial necrosis was observed (i.e. 9 1 % reduction in infarct 

size) (Hamburger et al., 199 1 ; Feuerstein et al., 1993; Bril et al., 1992). It has since been 

shown that carvedilol has potent antioxidant properties (Yue et al., 1992) and this may 

explain the dramatic salvage of myocardial tissue in this model that is known to involve 

oxygen fkee radical mediated injury. Because carvedilol exerts pharmacologie e ffec ts that 

are atypical of and in addition to other beta-blockers, this makes carvedilol an attractive and 

leading beta-blocking agent of choice for the treatment of heart failure. 
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F. MYOCARDIAL INFARCTTON AND HEART FAILURE 

During the 1 s t  few decades, there has been a major focus on improving the early and 

late outcomes of myocardial infarction. Improvernents in thrombolytic therapy have reduced 

short-term mortality of patients with myocardial infarction by about 20-30% in the last two 

decades (Breithardt et al., 1995). However, this has not been accompanied by asimilar 

decline in long-term mortdity (Gersh, 1995). Reasons for this diverging trend are due to the 

fact that survivors of myocardial infarction have an increased susceptibility of recurrent 

ischemia, cardiac rupture, arrhythmias and pump failure. Despite this array of post- 

rnyocardial infarction complications, heart failure continues to be the prominent clinical 

problem after myocardial infarction (Armstrong and Moe, 1994). Irrevenible loss of 

contracting myocardium due to MI results in a chronic increase in the work load of the 

remaining viable myocardiurn. The heart responds with an increase in muscle m a s  and this 

process of heart hypertmphy represents a hindamental compensatory mechanism that permits 

the ventncle 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. As a result, research efforts have intensified with 

regards to the pathogenesis and management of post-MI heart failure. In this regard, an 

improved and expanded knowledge of the pathophysiological mechanisms that ultimately 

contribute to progressive cardiac dysfunction and failure have led to a preventative approach 

to heart failure treatment following myocardial infarction. 



G. VITAMIN E 

Vitamin E is an essential micronutrient that also functions as one of the major 

components of the body's antioxidant defense system. It is essential, by definition, because 

the body c a ~ o t  synthesize it on its own and therefore it must be provided for by food and 

supplements. Vitamin E was first discovered and isolated fkom wheat germ in the 1930's 

(Evans et ai., 1936). The antioxidant activity of vitarnin E was later discovered in 1937 

(Olcott and Emerson, 1937). 

Vitamin E is a generic terni that encornpasses a group of eight stnicturally related 

compounds. These eight vitamin E-like compounds are divided into two groups: tocop hero 1s 

and trienols. Each of these have a chromanol head group and a phytyl side chain (Packer, 

1994). The side chah of tocopherols are saturated while those of tocotrienols are 

unsaturated. The antioxidant property resides in the chroman head group (Burton et a[., 

1980) while the phytyl side chah is thought to retain the molecule and anchor it in the 

membrane (van Acker et ai., 1993). Of these eight substances, d-alpha-tocopherol (Figure 

1) has the highest biopotency and is the most comrnon type of vitarnin E absorbed from the 

human diet. Approximately 20-40% of dietary vitarnin E in a normal diet is absorbed. Upon 

being absorbed, it is bound to lipoproteins while circulating in the blood and is stored 

principally in adipose tissue, liver and muscle. 

Vitarnin E reacts directly with hee radicals. During this process, vitamin E donates 

a hydrogen atom, resulting in the generation of a hydroperoxide and vitamin E radical, both 

of which are Iess reactive. This effectively terminates lipid peroxide mediated chain 



Fipure 1 : Chemical structure of vitamin E. 

reactions. As a result, vitamin E is referred to as a "chain-breaking" antioxidant (Packer, 

1994). Since vitamin E is lipid-soluble, it represents the major defense mechanism against 

oxidation of polyunsaturated fatty acids (PUFA'S). 

The resultant vitamin E radical is less reactive and incapable of any further free 

radical scavenging activity. Thus, it must be regenerated back to a hnctional vitarnin E 

molecule. It has been shown that vitarnin C regenerates vitamin E to the reduced form and 

therefore acts to spare the functional fonn of vitamin E (Chan, 1993). This synergistic 

interaction between vitamins C and E is an efficient and cntical mechanism for the recycling 

of functional vitamin E. 

Recent studies have dernonstrated a new role for vitamin E that involves a non- 

antioxidant mechanism as the basis for its action. Evidence in support of this new role for 

vitamin E stems in large part kom studies examining the mechanism of its inhibitory effects 

on smooth muscle ce11 proli feration (S MC) and growth dunng atherosc lerosis. During the 

pathogenesis of atherosclerosis, stimulation of SMC proliferation by low density lipoproteins 
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is associated with an increase in protein kinase C activity and the process is inhibited by d- 

alpha-tocopherol, the most biologically active form of vitarnin E (Ozer et al., 1995; Stauble 

et al., 1994; Chatelain et al., 1993). This effect of d-alpha-tocopherol was shown to be 

independent of its free radical scavenging properties, occurring mainly as a result of its 

ability to activate the cellular release of ûansforming growth factor-beta (TGF-P): a SMC 

growth inhibitor. Additional mechanisms of action by which vitarnin E is hown to hinction 

inchde reductions in platelet adhesion and aggregation (Steiner, 199 1 ) and inhibition of 

vitamin K-dependent ciotting factors (Dowd and Zheng, 1 995). 

Evidence supporting a protective role for vitamin E in cardiovascular disease has 

begun to accumulate. Shidies of middle-age men fiom different European populations have 

demonstrated a high inverse correlation between mortality fiom ischemic heart disease and 

lipid-standardized plasma vitarnin E levels (Gey et al., 1989). Furthemore, another 

European shidy has reported that low plasma concentrations of vitarnin E were correlated 

with an increased risk of angina pectons in men even afier adjusting for age, blood pressure 

and total cholesterol (Riemersrna et al., 199 1). Ver -  recently, &JO large prospective studies 

of association between vitarnin E intake and risk of coronary heart disease demonstrated a 

substantially reduced risk in both men and women who used vitamin E supplements 

(Starnpfer et al., 1993; Rimm et al., 1993). Data From animal studies have s h o w  that 

toxicity of vitarnin E is very low. In human studies of oral vitarnin E therapy, few side 

effects have been reported, even at doses as high as 3200 mg/day (3200 IU/day) (Bendich 

and Machlin, 1988). These findings suppon a safe and protective role for vitarnin E 

supplementation against the development and progression of cardiovascular disease. 
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The data reported from patient studies as well as animal expenrnents provide a strong 

indication of the involvement of increased fiee radical production and oxidative stress in the 

pathogenesis of cardiac dysfunction and failure. However, no information is available with 

respect to antioxidants and oxidative stress in the lef€ and right ventricles of the heart. 

Furthemore, direct information on the cause and effect relationship between antioxidant 

changes and heart failure is lacking. 



III. JMETHODS 

A. ANIMALS 

Male Sprague-Dawley rats weighing 150 * log were used in this study. Animals 

were purchased fkom Central Animal Care SeMces at the University of Manitoba and 

housed in metal wire cages (two ratdcage). Feed and water was provided ad libitum, unless 

specified othenvise. Al1 of the animals used in this study were maintained and treated in 

accordance with the policies and procedures of the Canadian Council on Animal Care 

(CCAC). 

B. EXf ERI'IMENTAL MODEL 

Myocardial infarction was produced via occlusion of the lefi coronary artery (Hill and 

Singal, 1996). In this procedure, the animais were anesthetized with 5% isoflurane in an 

induction chamber and a left intercostal thoracotomy was performed under aseptic 

conditions. The skin was incised along the left stemal border and the third and fourth nbs 

were cut proximal to the sternum. The pericardial sac was perforated and the heart was 

exteriorized through the intercostal space. The lefi coronary artery was ligated about 1-2 mm 

fkom its origin with a 6-0 silk thread. Following the left coronary artery occlusion. the heart 

was repositioned in the chest. Closure of the thoracic cavity was accornplished by 

reapproximation of the nbs along with a pune-string suture of the incised muscles. Prior to 

suturing of the skin, air in the chest was removed using a syringe. Throughout this surgical 

procedure, a maintenance dose of anaesthesia (1 5 3 %  isoflurane) was delivered using a 



positive pressure ventilation system consisting of 95% 02. The mortality arnong the 

coronary ligated animals was 35% within the first 24 hours. 

It should be pointed out that with the surgical procedure used in this study, most of 

the expenmental animals develop an infarct size ranging between 2040% of the lefi 

ventricular mas.  Rats with infàrcts comprising <O% of the left ventncular mass were not 

included for M e r  investigations. Control animals were treated in a similar fashion with 

the exception that the suture around the ieft coronary artery was not tied. No mortality was 

observed in the sham control animals within 24 hours of the operation. Following the 

operation, animais were placed in a chamber in which an oxygen atmosphere was maintained 

and the animals were allowed to recover. Analgesia (Buprenorphine, .O 1 -.O5 mgkg  body 

weight) was given subcutaneously, every 12 hours for up to 48 hours post-operatively. 

Animals were utilized at 1,4,8 and 16 weeks post-MI for different studies. 

C. VITAMIN E SUPPLEMENTATION 

Animals in the control and infarcted group were divided into 2 subgroups. One 

subgroup in each category received vitamin E in the diet while the other received standard 

rat chow (basal diet, PM? Feeds, St. Louis, MO). Dietary supplementation consisted of 1545 

mgkg of vitamin E and basal diet contained 40 mgkg tocopherol acetate. Diet 

supplementation of these animals was initiated 2 weeks pnor to induction of MI and was 

continued until 16 weeks post-MI. Untreated anirnals were rnaintained on the regular rat 

chow basal diet that was not e ~ c h e d  with vitamin E. 



D. HEMODYNAMIC MEASUREMENTS 

Animals were anesthetized with sodium pentobarbi ta1 (50 mgkg i .p.). A miniature 

pressure transducer (Millar Micro-Tip) was inserted into the right carotid artery and then 

advanced into the left ventride, Left ventricular end-diastolic (LVEDP) and lefl ventricular 

systolic (LVSP) pressures were recorded on a cornputer using an Axotape Data Acquisition 

Program. For recordhg of right venûîcuiar pressures, the miniature pressure transducer was 

inserted into the right jugular vein and then advanced into the right ventricle. AAer 

hemodynarnic recordings, animals were sacrificed and the heart and other organs were 

removed for M e r  studies. 

E. TISSUE MBIGHTS 

Pieces of tissues from the lungs as well as liver were removed and weighed. For the 

detemination of dry weight, these tissue pieces were placed in the oven at 65°C untii a 

constant weight was reached. Wetldry weight ratios were calculated for lungs as well as 

liver. 

F. BIOCHEMXCAL ASSAYS 

Connective tissue, atria and the scar tissue were carefully removed fiom al1 hearts. 

The viable portion of the left ventricle with the septum were separated from the right 

ventricle. Scar tissue was distinct fiom viable myocardium due to it's white colour 

appearance and thin texture as opposed to the reddish-brown colour and thick texture 

appearance of the surviving myocardium. These right and lefi ventncles were separately 

analyzed for antioxidant and oxidative stress changes. Pnor to homogenization, hearts were 

placed in a 0.2 m o n  Tris and 0.16 moVL KCI buffer, pH=7.4. The hearts were allowed to 



beat for a short penod of time in the buffer, thereby allowing for perfûsion of the 

rnyocardium as well as to wash out blood to minimize the extent of contamination by blood- 

denved elernents on antioxidant enzyme measurements. 

F.1. Catalase 

Catalase activity was determined by the method described elsewhere (Clairborne, 

1985). Tissue was homogenized in (1 : 10) 50 mrnol/L potassium phosphate buffer, pH 7.4 

and the homogenate was centrifuged at 18,000 g for 45 min. Supernatant (50 pl) was added 

to a 3-ml cuvette which contained 2.95 ml of 19 mmol/L hydrogen peroxide in 50 rnmoVL 

potassium phosphate buffer, pH 7.4. Changes in absorbency at 240 nm were continuously 

followed for 5 minutes. Catalase activity was expressed as Units/milligrarn protei n. 

F.2. Glutathione Peroxidase (GSHPx) 

GSHPx activity was detemined by the method described elsewhere (Paglia and 

Valentine, 1967). Tissue was homogenized 1:10 in 75 mmolll phosphate buffer, pH 7.0. 

Homogenate was centrifuged at 18,000 g for 45 minutes and the supernatant was aspirated 

and assayed for total cytosolic GSHPx activity. GSHPx activity was assayed in a 3-ml 

cuvette containing 2.0 ml of 75 mmollL phosphate buffer, pH 7.0. The following solurions 

were then added: 50 pl of 60 rnmol/L glutathione, 100 pl glutathione reductase solution (30 

U h l ) ,  50 pl of 0.12 moi& NaN,, 100 pl of 15 mmol/L Na2 EDTA, 100 pl of 3.0 rnmol/L 

NADPH, and 100 pl of cytosolic fraction. The reaction was started by the addition of 100 

pl of 7.5 mmoVL H,O, and the conversion of NADPH to NADP was monitored by a 

continuous recording of the change of absorbency at 340 nm at one minute intervals for 5 

minutes. GSHPx activity was expressed as nanomoles of reduced nicotinarnide adenine 
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dinucleotide phosphate (NADPH) oxidized to nicotinamide adenine dinucleotide phosphate 

(NADP) per minute per miIligram protein, using a molar extinction coefficient for NADPH 

at 340 nm of 6.22 x IO6. 

G.  VITAMIN E ANALYSE 

a-Tocopherol was measured in myocardial tissue and in the food using a 

modification of the extraction procedures and reverse phase HPLC detection method (Palace 

and Brown, 1994). Briefly, 100 mg of myocardial tissue or 300 mg of food were 

homogenized in 20 volumes of ice colci, double distilled water. Proteins were then 

precipitated in the homogenates by adding an qua1 volume of ice cold methanol. in the case 

of myocardial tissue extractions, the methanol contained 60 j&ml tocopherol acetate, which 

was used as an intemal standard to correct for extraction efficiency in each sample. Because 

tocopherol acetate was the ptimary source of vitamin E in the food, retinol acetate was used 

as an intemal standard for these extractions. Tocopherol as  well as the retinol acetate and 

tocopherol acetate intemal standards were extracted from the homogenates b y mi xing wi th 

2 ml of ice cold 3:2 (vh) ethyl acetate: hexane. M e r  standing on ice, capped and shielded 

fiom light for 15 min, the two phases were separated by centrifugation at 3000Xg for 5 min 

and a 1 ml aliquot of the top ethyl acetate:heaxane layer was retneved. The aliquot was 

dned under vacuum in a rotary evaporator to complete dryness, reconstituted in 60 pl of 

HPLC mobile phase and injected directly into the HPLC system for analysis. A standard 

c w e  constnicted with cornrnercially prepared tocopherol and tocopherol acetate standards 

allowed quantification of each analyte from area under the peak. 



The HPLC mobile phase contained 70:20: 1 O ( v/v/v ) 

acetonitrile:dichloromethane:methanoI and was delivered at 1 mumin through an 

Adsorbosphere HS Cl8 (250 X 4.6 mm, 5 pn pore size) preceded by a 5 mm guard column 

with the same packing matenal. Ultraviolet detection of peaks was accomplished by 

monitoring at 325 nrn until 7 min for retinol acetate and then switching to 292 nrn for 

detection of tocopherol and tocopherol acetate. Total run time was 30 min, with typical 

retention times for retinol acetate, tocopherol and tocopherol acetate of 5.1, 10.7 and 12.5 

min, respectively. 

H. GLUTATHIONE 

Concentrations of total glutathione (GSSG + GSH) were measured in the 

myocardium by the glutathione reductase/5,St-dithiobis-(2-nitrobemoic acid) (DTM3) 

recycling assay (Anderson, 1985). The rate of TNB formation, being proportional to the sum 

of GSH and GSSG present, was followed at 412 nm. Myocardial tissue was homogenized 

in 5% sulfosalicylic acid. The tissue homogenate was centrifüged for 1 O min at 10,000 g. 

Supernatant was stored at 4°C until assayed. GSSG alone was measured by treating the 

sulfosalicylic acid supernatant with 2-vinylpyridine and triethanolamine. The solution was 

vigorously mixed and final pH of the solution was adjusted to between 6 and 7. Afier 60 

min, the derivatized samples were assayed as descnbed above in the DTNB-GSSG reductase 

recycling assay. GSH values were calculated as the difference between total (GSSG + GSH) 



and GSSG concentrations. Values are reported in GSH equivalents and expressed as ~ m o 1  

per gram tissue weight. 

1. 1) TH1 BARBIT 

Lipid peroxide content in myocardium was determined by quantitating the 

thiobarbituric acid reactive substances as described previously (Singal and Pierce, 1986). 

Tissue was homogenized in (1 0% wt/vol) 0.2 mo l/L Tris-O. 1 6 rnollL KCI buffer, pH 7.4 and 

incubated for 1 hour at 37°C in a water bath. A 2 ml aliquot was withdrawn from the 

incubation mixture and pipetted into a 12 ml Corning culture tube. This was followed by the 

addition of 2.0 ml of 40% tricldoroacetic acid and 1 .O ml of 0.2% thiobarbituric acid (TB A). 

In order to rninimize peroxidation during the assay procedure, 100 pi of 2% butylated 

hydroxy-toluene was added to the TBA ragent mixture. Tubes were then boiled for 15 min 

and cooled on ice for 15 min. Two ml of 70% trichloroacetic acid were added and tubes 

were allowed to stand for 20 min, at which t h e  the tubes were subsequently centnfuged 

at 800 g for 20 min. The developed color was read at 532 nm on a spectrophotometer. 

Comrnercially available malondialdehyde was used as  a standard. 

J. PROTEINS AND STATISTICAL ANALYSIS 

Proteins were determined by the method described elsewhere (Lowry et al., 195 1). 

Data were expressed as the mean I SEM. For a statistical analysis of the data, group means 

were compared by one-way ANOVA and ANOVA followed by Bonferroni's test was used 

to identim differences bebveen groups. Values of pc0.05 were considered significant. In 

cases where Bonferroni's test returned marginal significant differences @<O. 1 ) and the power 



of the test was ~0.8, type II errors were minirnized by reanalyzing the groups with student's 

t-test (pc0.05). 



IV. RESULTS 

Following coronary-artery ligation, rats in al1 groups were observed for 16 weeks on 

a daily basis for their food intake, general behaviour and presence of any clinical signs of 

heart failure. There was a nominal decline (-7%) in the food consumed by the coronary- 

artery ligated animals as compared to their sham controls. Food consurnption in the 

coronary-artery ligated animais supplemented with vitamin E was not different as compared 

to their vitamin E treated sham controls. in both the vitarnin E treated and untreated sham- 

operated animals, nothing unusual was noted throughout the experimental period. However, 

in the untreated coronary-artery ligated rats, lethargy, dyspnea and cyanosis of penpheral 

extremities were present, appearing at about 12 weeks after the surgery. At autopsy, 

congested lungs as well as hepatomegaly associated with a black cherry colour appearance 

of the liver were noted in these animals. In contrast, coronary-artery ligated animals 

supplemented wiih vitarnin E did not display any of the above mentioned clinical signs at 

any time point throughout the course of the study. Lung congestion as well as hepatomegaly 

were not noticeable in the coronary-artery ligated vitamin E supplemented animals. 

B. HEMODYNAMIC STUDIES 

Animals were assessecl for left and right ventricular fùnctions @eak systoiic and end- 

diastolic pressures) at 1, 4, 8 and 16 weeks post-MI and these data are shown in Table 1. 

There was no change in either the LVEDP or LVSP in the coronary-ligated animals at 1 

week post-MI. However, there was a significant increase in the LVEDP and a significant 



Table 1: Left and right ventricular pressures (mmHg) in rats at 1, 4, 8 and 16 weeks post-MI 
as compared to respective sham controls. 

Post-Surgical LVEDP LVSP A A 
Duration Cont Expt Cont Expt Cont Expt Cont Expt 

-- - -- pp - - 

1 Week 2.4 f .26 2.0 * .6 125 f 1.0 133.0 f 2.3 1.1 * .6 1.7 f .2 3f .8f  .7 43.8f 1.1* 

4 Weeks 1.5 f .29 8.2 f .52' 125.9 f 1.2 112.0 f 1.57* 0.8 f .4 1.6 f .4 29.7k.3  31.4f .8 

8 Weeks 3.2 f .60 17.4 f 1.7* 130.9 f 4.2 99.9 f .52* 2.6 f .2 6.1 f .5* 28.5 f 1.6 24.6 f .9 

16 Weeks 3.7 f .33 31.4 f 1.5* 130.0 f 5.0 89.2 f 1.4* 2.1 f .2 10.8 f .8* 30.5 .5 19.9 f ,5* 

Values are mean f S.E. of 6-8 rats. LVEDP) Left ventricular end-diastolic pressure; LVSP) Left ventricular systolic pressure; 
RVEDP) Righi ventricular enddiastolic pressure; RVSP) Right ventricular systolic pressure. Significant differences (p < 0.05) from 
respective control groups are indicated by 6) ANOVA and *) ANOVA followed by Bonferroni's test. 



decrease in the LVSP in the infarcted animals relative to their controls at 4, 8 and 16 weeks 

post-MI. These changes were progressive and became more pronounced as the period of 

post-MI increased fiom 4 to 16 weeks. With respect to nght ventricular hinction, no change 

in the RVEDP was observed at 1 and 4 weeks in the infarcted animals as compared to their 

respective controls. RVEDP was elevated in the post-MI animals at 8 and 16 weeks: In the 

infarcted animals, a significant elevation in the RVSP was observed at 1 week post-MI. This 

pressure was near control levels in the 4 and 8 week groups and a significant depression in 

the RVSP was seen at 16 weeks. 

Effects of vitamin E treatment on left and nght ventncular function @eak systolic and 

end-diastolic pressures) were assessed in the animals at 16 weeks post-MI and these data 

are shown in Table 2. Vitamin E treatment of coronary artery-ligated anirnals resul ted in the 

cornplete normalization of RVEDP and RVSP while a significant improvement was observed 

in the LVEDP and LVSP. However, LVEDP and LVSP in these vitamin E treated infarcted 

animais sti li remained significantly di fferent from the respective control values. 

C. TISSUE WEIGHTS 

The lung and liver wet/dry weight ratios of infarcted animals were no di fferent fiom 

their respective controls at 1 and 4 weeks post-MI (Table 3). However, this ratio for lungs 

was significantly higher at 8 and 16 weeks while in the liver the ratio was significantly 

increased only at 16 weeks post-MI. Vitamin E treatment of coronary-artery ligated anirnals 

resulted in a significant reduction in the wet to dry weight ratio for both the lungs and liver 

at 16 weeks post-MI, such that these values were not statistically different from their 

respective controls (Table 4). 
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Table 3: Lung and Liver wetldry weight ratios in the animais at 1, 
4, 8 and 16 weeks of post-surgery duration. 

Post-Surgical Lunp Liver 
Duration Cont =Pt Cont Expt 

1 Week 4.6 & .O1  4.8 &- -17 2.8 * -5 2.7 + .10 

4 Weeks 4.8 I: .O6 5.0 * -04 3.1 & .O4 3.1 f -02 

8 Weeks 4.8 * .O5 5.6 .3* 3.0 * -12 3.3 f -04 

16 Weeks 4.7 + .O3 6.8 * .17* 2.9 * -10 3.9 & .05e 

Values are mean f S.E. of 6-8 rats. Significant differences (p <O.05) from respective control 
groups are indicated by 0) ANOVA and *) ANOVA followed by Bonferroni's test. 



Table 4: Lung and liver wetldry weight ratios in rats at 16 
weeks post-MI with and without Mtamin E treatrnent. 

Animai Group Lung Liver 

- - - 

$asal Diet: 

CONT 

MI 

Vitamin E S u ~ ~ i e m e n t e d  Diet: 

CONT 4.8 0.2 3.2 * 0.1 

MI 5.1 * 0.3t 3.2 * O. 1 t 

Values are mean * SEM of 6-8 rats. *) Significantly different (pC0.05) from respective 
coneol group by ANOVA followed b y Bonferroni's test. t) S igni ficantly di fferent (pc0.05) 
from untreated MI group by ANOVA followed by Bonferroni's test. 



D. MYOCARDIAL ENDOGENOUS ANTlOXIDANT ENZYMES 

Myocardid catalase and glutathione peroxidase activities were examined in the viable 

le ft and right ventricles separately, at 1,4, 8 and 1 6 weeks post-MI and compared with their 

respective controls. At 1 week, catalase activity in the left ventricle was maintained near that 

of its respective controls while in the right venükle it was 134% as compared to the controls 

and this increase was statistically significant (Figure 2). At 4, 8 and 16 weeks, catalase 

activity in the leff ventricle was 71,48 and 28% of the respective control values. In contrasi, 

catalase activity in the right venûicle was no different from the respective controls at 4 and 

8 weeks post-MI, while a significant decrease was observed at 16 weeks. Catalase activity 

in the right ventricle remained significantly higher as compared to the corresponding lefl 

ventricle at al1 tirne points. Values for glutathione peroxidase activity in the lefl ventricle at 

1,4,8 and 16 weeks post-MI were 102%, 74%, 60% and 55% respectively as compared to 

their controls (Figure 3). In the right ventricle, the values in the post-MI groups at 1.4,8 and 

16 weeks were 125%, 1 O3%, 89% and 77% respectively as compared to their controls. 

Treatrnent with vitamin E resulted in a significant increase in catalase activities in 

both the viable lefi and right ventricles of infarcted animals at 16 weeks post-MI. However, 

catalase activity in the left ventncle of these vitamin E treated infarcted animals remained 

lower than their respective control values (Figure 4). In contrat, no difference in catalase 

activity was observed in the right ventricle of vitarnin E treated infarcted anirnals as 

compared to respective controls (Figure 4). 

With respect to GSHPx activity, vitamin E supplementation increased the values for 

GSHPx in the left ventricle, though they remained significantly different from their 
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Fieure 2: Myocardial catalase activity in the left and right ventricles of control and 
experimental hearts at 1, 4, 8 and 16 weeks pst-infarction. Data are mean 
I S.E. from 8-10 rats. *) Signifcantiy different (p < 0.05) from respective controls . 
t) Siflcantiy different (p < 0.05) from corresponding experimental left ventricular 
tissue. 
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Fimire 3: Myocardial glutathione peroxidase (GSHPx) activity in the left and right 
ventricles of control and experimental hearts at 1, 4, 8 and 16 weeks post- 
infarction. Data are mean f S.E. from 8-10 rats. *) Signiîieantly differen t 
(p < 0.05) from respective controls. t) Significantly different (p < 0.09 from 
corres ponding experimental left ventricular tissue. 
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Fipure 4: Myocardial catalase activity at 16 weeks after surgery in the viable LV and 
RV of control (CONT) and MI animals maintained on a basal or vitamin E 
supplemented (Suppl) diet. Data are rnean * SEM from 6-8 rats. *) Significantly 
different (p4.05) €rom respective controls. t) Significantly different (pC0.05) from 
corresponding ventricular tissue of unheated MI hearts. 



respective control values (Figure 5). No difference in GSHPx activity was observed in the 

right ventricle of the vitamin E treated infarcted animals as compared to their respective 

controls (Figure 5). 

E. p w  

Myocardial vitamin E content was analyzed by quantitating a-tocopherol by the 

HPLC method and these data are shown in Figure 6. A 33% decrease in vitamin E content 

was seen in the viable lefi ventricle of untreated infarcted animals relative to respective sham 

controls at 16 weeks post-MI. In contrast, no change in vitamin E content was observed in 

the viable nght ventricle of infarcted animals as compared to respective controls. Vitamin 

E supplementation resulted in a substantial increase in vitamin E content in the left and right 

ventricles of both sham controls and infarcted animals. However, in the vitamin E 

supplemented animals, the left ventricles in the MI group stiil had a significantly lower 

value. The content of vitamin E in the right ventricle of vitamin E treated infarcted animals 

was not statistically different Eom that of vitamin E treated sham controls. 

F. GLUTATHIONE 

Myocardial reduced (GSH) and oxidized (GSSG) glutathione levels were also 

examined in the surviving left and right ventricular tissue of MI animals and compared with 

their respective controls (Table 5). At 1 week GSH levels in the left ventricle were 

unchanged kom controls. At 4,8 and 16 weeks, GSH levels in the left ventricle were 70,60 

and 44% of control values. GSH levels in the nght ventncle at 1 week were significantly 

increased above that of controls. GSH levels in the nght ventricle showed no statistically 

significant changes until8 and 16 weeks, when a 19% and 35% decrease was observed, 
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Table 5: Myocardial reduced (GSH) and oxidized (GSSG) glutathione levels in the left and right 
ventricles of control and experimental rats at 1, 4, 8 and 16 weeks of post-surgical 
duration. 

SH &no@ tissue wt) Post-Surgical SSG l u m o w u e  wtl  
Duration LV RV LV - 

Cont Expt Cont Expt Cont Expt Cont Expt 
- 

1 Week 78.0 k 1.9 77.3 * 0.8 81.5i4.5 91.1*0.9~t 5.9 * 0.5 8.9 * 0.3 6,1*0.9 5.1k0.3 

4 Weeks 86.9 * 4.1 60.6 k 0.9* 83.0*1.2 81.5*1.4t 4.6 * 0.2 12.4 * 0.5' 5.1k0.6 6.Irt0.5t 

8 Weeks 81.9*3.4 49.5*1.7* 82.6 * 2.5 67.0 * 0.9*t 4.9k0.7 21.5f0.7* 5.5 k 0.5 9.6 * 0.6t 
16 Weeks 79.2 * 1.3 35.0 * 2.2' 82.7 * 2.3 53.4 k 1.9*t 7.7 * 0.7 28.8 * 2.2* 7.0 St 0.3 17.2 î 1.3*t 

Values are mean * S.E. of 8-10 rats. Significant differences (p<0.05) from respective control groups are indicated by 8) ANOVA. *) ANOVA 
followed by Bonferroni's test. t) Significantly different from corresponding experimental lefi ventricular tissue. 



respectively. However, GSH levels in the right ventricle remained significantly higher than 

those of the Iefi ventricle. 

GSSG content in both the left and right ventricles were unchanged from their 

respective controls at 1 week. However, GSSG content was significantly elevated at 4, 

8 and 16 weeks in the lefi ventride as  compared to the values -in left 

ventricular controls and those of the right ventricle in MI animals. The GSSG levels in the 

right ventricie were increased significantly only at 16 weeks post-MI. 

The GSWGSSG ratio was also analyzed and these data are shown in Figure 7. Base 

line values for this ratio in control right and left ventricles were not different eom each other. 

This ratio was marginally increased in the nght ventricle of infarcted animals but these 

differences were not statistically different relative to controls at 1 week. A significant 

depression in the GSWGSSG ratio in the lefi ventricle was seen at 1,4, 8 and 16 weeks 

relative to controls whereas a significant decrease in this ratio in the right ventricle was 

observed only at 8 and 16 weeks. Ln the MI animals, the ratio in the right ventricle was 

higher than the lefi ventricle at al1 time points. 

Treatrnent of infarcted animals with vitamin E increased GSH levels in both the left 

and right ventricles at 16 weeks post-MI such that these values were not significantly 

different fkom respective control values (Table 6). Vitamin E treatment of MI animals also 

resulted in the restoration of GSSG levels back to control values in each of the respective 

ventricles (Table 6). Supplementation with vitarnin E increased the GSWGSSG ratio in 

both the left and right ventricles of 16 week post-MI animals such that these values were no 

different from respective control values (Table 6). 
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Fimire 7: Reduced and oxidized (GSWGSSG) glutathione ratio in the left and right 
ventricles of control and experimental hearts at 1, 4, 8 and 16 weeks pst-infarction. 
Data are mean f S.E. €rom 8-10 rats. *) Significantly different (p < 0.05) 
from respective controls. t) Significantly different (p < 0.05) €rom corresponding 
experimental left ventricular tissue. 





G. LIPID PEROXIDATION 

The amount of lipid peroxidation was determined by evaluating myocardial 

thiobarbituric acid reactive substances (TBARS) and these data are shown in Figure 8. At 

1 week, no change was observeci in the amount of TBARS in either the ieft or nght ventricle 

relative to respective controls. However, at 4, 8 and 16 weeks, myocardial TBAEtS in 

the left ventricle were elevated by 40,s 1 and 100% respectively, as compared with their 

controls. In contrast, levels of myocardial TBARS were not changed in the nght ventncle 

until8 weeks. At 16 weeks, a significant increase (53%) was observed in the right ventrile 

relative io the respective control value. 

Myocardial TBARS in the left ventricle of vitamin E treated 16 week post-MI 

animals remained elevated as compared with their respective controls (Figure 9). However, 

the magnitude of TBARS elevation in the lefi ventricle was far less in the vitamin E treated 

group as compared to the untreated group. Myocardial TBARS in the nght ventricle of the 

vitamin E treated group were no different from respective sham controls (Figure 9). 
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m r e  8: Lipid peroxidation as indicated by thiobarbituric acid reacting substances 
(TBARS) in the left and right ventricles of control and experimental hearts at 1, 4, 
8 and 16 weeks pst-infarction. Data are mean f S.E. from 8-10 rats. 
*) Sipniticantly different (p < 0.05) from respective controls. t) SignificantLy different 
(p < 0.05) from corresponding experimental left ventricular tissue. 
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SUPPL DlET 

Figure 9: Lipid peroxidation as indicated by TBARS at 16 weeks after surgery in the 
viable LV and RV of control (CONT) and MI animais maintained on a basal or vitamin 
E supplemented (Suppl) diet Data are mean * SEM from 6-8 rats. *) Significantly 
different (pc0.05) from respective controls. t) Significantly different (p<O.OS) €rom 
corresponding ventricular tissue of untreated MI hearts. 



V. DISCUSSION 

Surviving patients with myocardial infarction (MI) are at an increased nsk for the 

occurrence of an array of cardiovascular complications involving congestive heart failure 

(CHF), reinfarction, anhythmias and sudden cardiac death (Woo and White, 1994; 

Rutherford et a1.,1994; Pfeffer et al., 1993). However, CHF continues to be a prominent 

clinicai problem, with 15-25% of surviving patients with MI ultimately developing chronic 

overt CHF in the subsequent 5 yean (Francis et al., 1993). It has been reported that the only 

kind of heart disease that is on the rise is heart failure (Beamish, 1994). There are two main 

reasons for this increase in the number of heart failure patients: A) a significant improvement 

in the survival rate fYom heart attacks has resulted in these patients living long enough to go 

on to develop CHF; B) the prevalence of heart failure is age-dependent and the number of 

people over the age of 65 is steadily growing. This adverse outcome has resulted in a 

refocussing of our attention towards developing a clearer understanding of the pathogenesis 

of CHF. Subsequent treatment measures which may prevent or retard its progression. 

particularly in these two growing subsets of patients, are also being sought. 

During the past decade, experimental and clinical research efforts have resulted in the 

development of different therapeutic approaches towards the management of MI and CHF 

patients. In the acute setting, thrombolytic agents help restore patency of infarct-related 

arteries and limit infarct size (Sharpe, 1993). Addition of ACE irhibitors to standard 

conventional therapy for clinical CHF has led to demonstrable irnprovements in reducing the 

distressing syrnptoms accompanying this syndrome. Despite these therapeutic advances, 



long-term prognosis for heart failure patients remains grave. Thus, fûrther investigations are 

needed to delineate mechanisms that may be operative in mediating the development of heart 

failure. 

Findings h m  the present shidy demonstrate the occurrence of an antioxidant deficit 

and increased oxidative stress in the surviving myocardiurn during the development -O f heart 

failure subsequent to MI. Induction of MI in the present study produced typical features of 

CHF consisting of fluid retention and hemodynamic impairment. The next logical step in 

our research process was to examine the therapeutic efficacy of antioxidant therapy in 

modulating the severity of heart failure. Data reported in the present study has significantly 

advanced o u  understanding of the pathogenesis of heart failure as well as providing a novel 

treatment therapy for preventing/mitigating its progression. 

Although involvement of fiee radicals in tissue injury has been known to radiation 

and cancer biologists for some time, attention of cardiac biologists was drawn to this fact by 

early studies dealing with catecholamine-induced cardiomyopathy (Singal et al., 1982), 

adriamyein-cardiomyopathy (Singal et al., 1 987) and ischemia-reperfusion inj ury (Bolli, 

1988). These early studies have been followed by a series of elegant and detailed 

experiments which have provided incremental evidence in support of the concept that free 

radicals do mediate cardiac injury (Kaul et al., 1993). However, direct information on the 

cause and effect relationship is lacking. Data presented in this thesis show that an increase 

in oxidative stress mediated by kee-radicals plays a causal role in the development of heart 

failure. 



The occurrence of postinfarction hart failure in patients (Kannel et al., 1 979; Nicod 

et al., 1988; Greene et al., 1989; Pfeffer et al., 1993) and its reproduction in different animal 

models (Fletcher et al., 198 1 ; Pfeffer et al., 1985; Dixon et al., 1990; Hill and Singal, 1996) 

has been f h i y  established. Characteristic hemodynamic as well as neurohormonal changes 

associated with CHF have been docurnented in hurnans (Knim et al., 1995b; McMurray et 

al., 1992; Packer, 1992) as well as in a variety of animal species, including rat (Siveski- 

lliskovic et al., 1994; Hill and Singal, 1996; Watkins et al., 1976; Hodsman et al, 1988). 

Some of the clinical feanires in comrnon to both patients and different animal models include 

fluid retention as well as ventricular dilation and neurohormonal activation (Pfeffer and 

Braunwaid, 1990; Gaudron et al., 1993b; Francis et al., 1993). Since coronary artery Iigation 

in the rat is an excellent model of chronic lefi ventricular failure that closely mimics the 

structural, functional and symptomatic features of the human condition, its use as an animal 

model has been extensive and reliable (Hodsman et al., 1 988). The use of this rnodel in our 

study is also one that is highly reproducible. 

A significant arnount of research has been devoted to understanding the cellular and 

subceilular mechanisms underlying the development of cardiac dysfunction and progression 

to overt heart failure. These efforts have resulted in several postdates being put forth which 

include abnormalities in the production and utilization of high energy phosphates (Bing, 

l983), excitation-contraction coupling and calcium metabolism defects (Bing, 1983; 

Gwathrney et al., 1987). adrenergic nervous systern alterations (Bristow et al., 1982; Vatner 

et al., 1985; Chidsey et al., 1964), ventricular remodeling (Gaudron et al., 1993a; Pfeffer and 

Braunwald, 1990; McKay et al., 1986), £ke radical formation and lipid peroxidation (Dhalla 
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and Singal, 1994; Siveski-Iliskovic et al., 1994; Belch et al., 199 1 ; McMurray et al., 1990; 

Sobotka et al., 1993) and apoptosis (Nanila et al., 1996; Yao et al., 1996). Hence, the 

pathogenesis of hart failure, irrespective of etiology, appears to be multifactonal and each 

of the above listed mechanisms may not be mutually exclusive. 

In the present study, maintenance of LVSP and LVEDP in the 1 -week post-MI group 

indicated sustained lefi ventncular functioning in these animals. Maintenance of RVEDP 

and a significant increase in RVSP indicated enhanced huictioning of the nght ventricle. 

Clinical signs of heart failure were not evident and wet/dry weight ratio of lungs and liver 

also did not suggest any heart failure. Thus, these animals were considered to be in a 

"nonfailure" stage. In the Cweek post-MI group, LVEDP was elevated while LVSP was 

depressed. RVEDP and RVSP were both maintained. Absence of l m g  or liver congestion 

indicated that these animals had some functional abnormalities without any influence on the 

tissues upstream. This stage was designated as "mild heart failure". At 8 weeks, a hnher 

reduction in LVSP and an increase in LVEDP was seen while RVEDP was elevated and 

RVSP sustained. Pulmonary edema without liver congestion was apparent and thus these 

animals were considered to be in a stage of "moderate heart failure". At 16 weeks, the 

greatest elevation in LVEDP and depression in LVSP was also accompanied by a significant 

increase in the RVEDP and decreaçe in the RVSP. Pulmonary edema as well as liver 

congestion were both present. In addition, animals from the 16 week post-MI group 

displayed overt clhical signs of heart faiiure consisting of dyspnea, abdominal enlargement 

and ascites, cyanosis of peripheral extremities and markedly lethargic behavior. Thus, the 

16 week post-MI group was considered to be in a stage of "severe heart failure". The 
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proposed segregation of experimental MI animals into nonfailure and mild, moderate and 

severe stages of heart failure at 1,4,8 and 16 weeks, respectively, is being adopted here for 

a more objective cornparison of the hemodynamic function with the biochemical changes in 

antioxidants and oxidative stress in each of the venûicles. It is ernphasized that this 

classification is stnctly arbitrary. Although deterioration of contractile huiction occurred 

in both ventncles over a 16 week period, changes in the right ventricle did not appear until 

4-8 weeks after the changes in the lef€ ventncle. Thus, right side heart failure fo~lows le R 

side heart failure in the more chronic stages of post-MI (Hill and Singal, 1997). 

Although heart failure subsequent to MI has been reported to be associated with an 

antioxidant deficit as well as increased oxidative stress (Hill and Singal, 1996), the present 

shidy demonsirates for the first tirne that these changes are regionally specific and also occur 

in a characteristic fashion, first in the left ventricle, later on followed by the right ventricle. 

Furthemore, these regionally specific changes correlated with the seventy of dysfunction 

and failure in each of the ventricles. In a variety of experimental studies, the presence of an 

antioxidant deficit has been reported to be one of the mechanisms mediating the development 

of heart failure pha l l a  et al., 1996; Gupta and Singal, l989b; Singal and Kirshenbaum. 

1990). One week after MI, sustained cardiac function in the lefi ventricle was accompanied 

by the maintenance of antioxidants while the hypemuictioning nght ventricle showed 

a significant increase in the antioxidant status. An increase in the myocardial antioxidant 

status in the right ventricle at this stage was more clearly evidenced by a significantly higher 

redox ratio as compared to the left ventricle, indicating reduced oxidative stress in the nght 

ventncle (Kaul et al., 1993; Ferrari et al, 1991; Curello et al., 1986). An increase in the 
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myocardial redox state has been reported in various conditions affecting the heart and the 

change is associated with maintained or improved hemodynarnic function (Dhalla et al., 

1996; Gupta and Singai, 1989b; Ferrari et al., 199 1 ; Shan et al., 1990). 

Previous studies have shown that le fi ventricular failure after chronic MI is associated 

with improved or sustained right ventricular function (Fletcher et al., 198 1 ; Pfeffer et al., 

1979). The precise mechanism by which left venû-icular MI leads to sustained or 

hypemuictioning of the right ventricle is currentiy unknown. Postdates that have been put 

forth to explain this phenomenon include: 1) Pulmonary hypertension arising fkom media1 

hypertrophy of the muscular branches of the pulmonary artery following infarction (Turek 

et al., 1978); 2) altered gradient across the pulmonary vascular bed during left 

ventricular failure (Pfeffer et al., 1979) and 3) sustained systemic arterial pressure in face of 

reduced cardiac output as a consequence of left ventncular failure (Turek et al., 1978). 

However, the current study demonstrates for the first time that maintenance of the 

myocardial endogenous antioxidant status in the right ventricle following left ventricular 

MI may serve to sustain right venhncular tùnction, while a deficit in the antioxidant defense 

systern may predispose the right ventricle to oxidative damage and subsequent myocardial 

dys fûnction. 

Mild failure at 4 weeks post-MI was accompanied by significant depressions in 

cataiase and GSHPx activities in the left ventricle, but not in the viable right ventricle. An 

increase in oxidative stress in the leff ventricle at this stage was evidenced by a significant 

decrease in GSWGSSG ratio and a signi ficant increase in TBARS. Increases in TB ARS 

have been reported in heart failure secondary to adnarnycin cardiotoxicity (Siveski-Iliskovic 
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et al., 1994) and chronic pressure overload of the heart (Dhalla and Singal, 1994). In the 

present study, moderate failure was associated with a firrther reduction in catalase and 

GSHPx activities as  well as  a fiuther increase in T B M  in the left ventricle, but not in the 

right ventrkle. The severe failure stage was not only accompanied by the greatest deficit in 

antioxidant status and the most pronounced increase in oxidative stress in the left ventricle 

but involvement of the rïght ventricle with respect to antioxidant deficit and elevated 

oxidative stress was also found to occur. These findings suggest that a relative deficit in 

myocardial endogenous antioxidants and higher oxidative stress may play a 

pathophysiologicai role in heart failure subsequent to left ventricular MI. Furthemore. in 

each of the ventricles, the increase in oxidative stress precedes the depressed function. Thus, 

these data provide strong evidence of a tight correlation between the myocardial antioxidant 

status and cardiac fÙ.nction/dysfunction in each of the respective ventricles subsequent to left 

ventricular MI. 

In the present study, enzymatic antioxidant measurements consisted of GSHPx and 

catalase activities. Superoxide dismutase (SOD) activity was not measured. Although SOD 

is the first line of defense against kee-oxygen radical mediated damage, it acts to increase 

the levels of hydrogen peroxides by virtue of catalyzing the dismutation of superoxide anion 

to hydrogen peroxide (Kaul et al., 1993). As a result, catalase and GSHPx become the most 

crucial antioxidant enzymes as they both act to detoxify the elevated levels of peroxides 

generated by the enzymatic action of SOD. Thus, we deliberately chose to measure GSHPx 

and catalase activities only. 



Recent clinical studies of heart failure patients have corroborated the fmdings obtained 

from the various animal models of heart failure. In patients with CHF, pentane, a product of 

lipid peroxidation, was found to be àgnificantly elevated as comparai to healthy age-rnatched 

subjects (McMurray et al., 1990; Weitz et al., 1991; Roberts et al., 1990; Sobotka et al., 1993). 

Furthemore, it has also been demonstrated that in CHF patients, lipid peroxidation increases 

in proportion to the seventy of heart failure as assessed in the exhaled air or in the plasma 

(Diaz-Velez et al., 1996; Sobotka et al., 1993). In patients, plasma levels of vitarnin E, a 

"Chain-breaking antioxidant", were found to be progressively decreased by 26% during the 

fust 48 hours after the onset of acute MI (Scragg et al., 1989) and these reductions in vitarnin 

E coincided with a penod of increased nsk for subsequent reinfarction (Street et al., 1994). 

Thus, the concept that "a relative deficit in the antioxidant reserve" may mediate the 

pathogenesis of heart failure (Singai and Kirshenbaurn, 1990) is further supported by these 

studies. 

Molecuiar mechanisms for the depressed activities of these antioxidants are not known. 

Antioxidant enzymes have been shown to be substrate-stimulated as well as inactivated under 

oxidative stress (Reddy and Tappel, 1974; Kirnball et al., 1976; Chow and Tappel, 1972; 

Cowan et al., 1993). Sympathectomy (Toleikis and Godin, 1995) and a subchronic P-blockade 

(Khaper et al., 1997) have also been shown to modiS myocardial antioxidant enzyme 

activities. Alterations in antioxidant enzymes under a wide range of physiological and 

pathological conditions such as age (Nohl and Hegner, 1979), exercise (Kanter et al.. 1985; 

Higuchi et al., l985), beta-thalassaernia (Gerli et al., 1 WO), cardiac hypertroph y (Gupta and 

Singal, 1989b; Dhalla and Singal, 1994; Kirshenbaurn and Singal, 1993), hean 



failure (Dhalla and Singal, 1994) and hypoxia (Dhaliwal et al., 1 99 1) have been reported. 

Irrespective of the mechanism, these studies clearly document a dynamic nature of the 

endogenous antioxidant status which adjusts to the physiological and pathophysiological 

conditions irnposed. 

Although the above mentioned findings suggested that increased oxidative stress may 

contribute to the development of CHF, they were largely correlative in nature and did not 

establish whether these antioxidant changes were a "cause" or an "effect" of CHF. 

Pathological tissue damage can result in a secondary decrease in the activity of antioxidant 

enzymes and elevations in lipid peroxides. Thus, in an effort to resolve this issue, we decided 

to examine the effects of long-tenn antioxidant therapy involving vitamin E on the 

development of CHF subsequent to MI. The rationale behind vitamin E as the therapeutic 

antioxidant agent of choice was based on the fact that vitarnin E has been show to be 

cardioprotective in patients with ischemic h a r t  disease (IHD) (Stephens et al., 1996) as well 

as in a pressure-overload mode1 of CHF in guinea pigs (Dhalla and Singal, 1994). Data from 

animal studies indicate that vitamin E toxicity is low and is not associated with any 

mutagenicity or carcinogenicity (Bendich and Machlin, 1988). Furthemore, human studies 

involving oral vitarnin E therapy have documented few side effects, even at high doses 

(>3000 mg/day) (Bendich and Machlin, 1988). For these reasons, we chose vitamin E as our 

therapeutic antioxidant. 

The route of vitarnin E administration was via dietary supplementation so as to mimic 

as closely as possible the way humans obtain their vitarnin E. The dosage of vitamin E used 

in Our study was 1545 mgkg basal diet. This amount was determined on the basis of the 
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average amount of food consurneci by the rats per day and a relative absorption efficiency of 

20-40%, which makes this dose of vitarnin E comparable to that which has been s h o w  to 

be efficacious in both the human condition and experimental animal rnodels. Vitamin E 

treatment of coronary-artery ligated animals with dietary vitamin E resulted in the complete 

normalization of RVSP and RVEDP in the 16 week post-MI animals. An improvement in 

left ventricular hemodynarnic parameters was also seen in this treatment group, though 

complete normalization of h c t i o n  was not achieved as LVEDP remained mildly elevated 

and LVSP remained mildy depresseci. However, absence of lung or liver congestion in these 

animals indicates that the residual functional abnormalities were not severe enough to exert 

any influence on the tissues upstream. In addition, no other clinical signs of heart failure 

were present. 

Restoration of normal right ventricular function with vitarnin E treatment occurring 

in association with left ventricular infarction may have important prognostic implications. 

[t has been reported that there is a high fiequency (40%) of right ventricular dysfunction 

accompanying inferior lefl ventricular infarction (Shah et al., 1985). Some clinical studies 

have shown that patients with acute inferior MI and right ventricular involvement have a 

poorer short-term prognosis than patients in whom nght ventricular fünction is unaffected 

(Bueno et al., 1997; Zehender et al., 1993; Shah et al., 1985). Poorer outcome in these subset 

of patients is related primarily to the development of low cardiac output shock (Lloyd et 

al., 198 1 ; Goldstein et al., 1982). Furthemore, presence of postinfarction nght ventricular 

dysfunction is associated with a higher incidence of major cardiac complications (Bueno et 

al., 1997). 
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Enhanced left and right ventncular hemodynarnic fimction in the 16 week post-MI 

animais supplemented with dietary vitamin E was associated with reduced oxidative stress, 

as indicated by an increased GSWGSSG ratio and reduced formation of TBARS in each of 

the ventricles. Furthemore, an irnprovement in the myocardial catalase and GSHPx 

activities dong with an increase in the myocardial content of vitamin E was also seen in each 

of the respective ventricles of this treatrnent group. These findings demonstrate for the first 

tirne a causal role for oxidative stress in the pathogenesis of heart failure. 

It should be pointed out that in this study, we examined the effects of vitamin E 

therapy on left and right ventricular function specifically in the 16 week post-MI group. The 

reasow for selecting this particular post-MI period were two-foid. The first was to allow for 

an adequate amount of time for these animals to accumulate vitarnin E from their diet in 

levels sufficient for an effect to be seen. Since the uptake and absorption of vitarnin E is 

rather low from diet, we felt that a more chronic vitamin E treatrnent therapy would allow 

for these animals to build up their tissue levels of vitamin E. Hence, we analyzed the effects 

of vitarnin E therapy only in the 16 week post-MI animals. The second reason for selecting 

this particular post-MI penod was due to the fact that at 16 weeks post-MI, animals are in 

severe heart failure. Since the pruriary objective of instituting a chronic antioxidant therapy 

involving vitarnin E was to assess whether this treatment regimen could modulate the 

development/severity of heart failure, we wanted to establish the failure and then evaluate 

the effects of vitiunin E on mitigating its progression. By selecting the 16 week post-MI time 

penod, it allowed for this analysis to be performed. 



The myocardial content of vitamin E was shown to be significantly reduced in the 

viable lefi ventricle of the 16 week post-MI anirnals while no change was observed in the 

right ventricle. Dietary supplementation with vitamin E increased the myocardial content of 

the vitamin in both the left and right ventricles of the 16 week post-MI animals, though the 

levels in the left ventncle remained lower as compared to their respective sham controls 

supplemented with vitamin E. However, the fact that the MI animals supplemented with 

vitamin E showed a significant improvement in both left and ri@ ventricular hernodynamic 

function, indicates that the relative increase in oxidative stress in each of the respective 

ventricles contributes to the pathogenesis of ventricular dyshrnction and failure. Due to its 

lipid solubility, vitamin E remains the rnost imporiant and effective antioxidant in protecting 

against fkee-radical mediated lipid peroxidation and subsequent darnage of biological 

membranes. Maintenance of sufficient levels of myocardial vitamin E has been reported to 

be cardioprotective in preventing the transition fiom compensatory hypertrophy to 

decornpensatory hypertrophy and heart failure in a pressure-overload mode1 of heart failure 

in guinea pigs (Dhalla et al., 1996). 

A recent surge in patient studies have begun to document the clinical value of vitamin 

E treatment on prevention of cardiovascular complications in patients who are at an increased 

nsk for such events. In patients with angiographically proven symptomatic coronary 

atherosclerosis, oral administration of 400-800 KJ of vitamin E daily resulted in a substantial 

reduction in the rate of non-fatal MI (Stephens et al., 1996), although no effects on 

cardiovascular death was observed. Substantial decreases in plasma a-tocopherol levels with 

reperfusion afier percutaneous transluminal coronary angioplasty (PTCA) in patients with 
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acute MI has been reported (Lafont et al., 1996). A similar reduction in a-tocopherol levels 

after repemision during coronary artery bypass graft (CABG) surgery has also been shown 

to occur in the plasma as well as myocardiurn (Weisel et al., 1989). Moreover, preoperative 

oral administration of vitamin E, alone or in combination with vitarnin C, for 5 days prior 

to coronary bypass prevented the reductions in blood vitamin E levels associated with 

revascularization (Ferreira et al., 1 99 1 ). 

Previous research has demonstrated an inverse correlation between antioxidant 

vitamin intake and incidence of acute MI. Daily administration of vitamin E in combination 

with vitamins A, C and beta-carotene in patients with suspected acute MI resulted in a 

significantly lower average infarct size in the antioxidant supplemented group as compared 

to the placebo group (Singh et al., 1996). Furtherrnore, a significant decline in total cardiac 

end points, including total cardiac death and nonfatal acute MI, was also observed (Singh et 

al., 1996). 

Clinicai studies exarnining the effects of vitamin E in patients with CHF have been 

sparse. Plasma levels of malondialdehyde have been s h o w  to progressively increase with 

the advancing severity of NYHA functional class (Charney et al., 1997; Ghatak et al., 1996) 

while the levels of plasma enzymatic antioxidants superoxide dismutase, catalase and 

glutathione peroxidase have al1 been shown to progressively decline (Ghatak et al., 1996). 

The addition of  vitamin E in doses of 400 mg once a day orally for a period of 4 weeks 

substantially reduced the plasma levels of malondialdehyde and in addition, produced a 

significant elevation in the plasma enzymatic antioxidants (Ghatak et al.. 1996). 



Nomalization of these oxidative indices was accompanied by a rnarkedly improved response 

in these vitarnin E supplemented patients. 

Epidemiological studies have indicated that death fiom cardiovascular disease is 

inversely proportional to the plasma levels of vitamin E (Gey et al., 1987). Furthemore, 

evidence of an association between a high intake of vitamin E and a subsequent lower nsk 

for coronary artery disease has been reporced in both men and women (Rimm et a[.. 1993; 

Stampfer et al., 1993). The exact biological mechanisms responsible for this protection are 

unclear. Although the present study does not directly address the mechanism b y which 

vitarnin E modulates the development of CHF, the observation that vitamin E supplemented 

infarcted rats had reduced oxidative stress and an irnproved antioxidant reserve concomitant 

with enhanced hemodynamic functioning suggests that the protection afforded by vitarnin 

E may be attributable in part to its antioxidant properties. Vitamin E is a lipid-soluble. 

naturally occuning antioxidant and its presence in biological membranes is thought to 

represent the major defense system against peroxidation of component Lipids. Vitamin E acts 

to stabilize biological membranes by intempting the chah  of free radical reactions as well 

as by reducing lipid peroxidation (Lucy, 1972). A decline in myocardial vitamin E levels, 

as seen in this study, may comprise antioxidant protection. leaving the myocardium 

vuinerable to fiee-radical injury. Because vitamin E treatment produced an improvement in 

myocardial enzymatic antioxidants in the present study, its beneficial effect may be due to 

a combination of its direct antioxidant propeNes as well as its ability to spare the remaining 

endogenous myocardial enzymatic antioxidants. 



A protective mechanism of vitarnin E independent of direct free-radical scavenging 

may exist. a-Tocopherol has been shown to decrease platelet adhesion and aggregation 

(Steiner, 1991), promote the inhibition of vitamin K-dependent clotting factors (Dowd and 

Zheng, 1995) and inhibit the production of nitric oxide (Boulanger et al., 1992). ln anirnals. 

vitamin E supplementation has been shown to reduce the susceptibility of low density 

lipoprotein (Jialal and Grundy, 1992), thereby exerting antiatherogenic properties. Vitamin 

E is also thought to have a non-oxidant effect in suppressing atherosclerosis by inhibiting 

protein kinase C activity that is associated with the stimulation of smooth muscle ce11 

proliferation by low density lipoprotein (Ozer et al., 1995; Stauble et al., 1994; Chatelain et 

al., 1993). Recently, vitamin E has been shown to have antiarrhythmic properties, preventing 

lethal ventricular arrhythmias in dogs subjected to MI (Sebbag et alJ994). These additional 

operative mechanisms of action may explain why use of vitamin E in prirnary prevention of 

coronary heart disease has been successfül (Rimm et al., 1993; Starnpfer et al., 1993). 

In conclusion, the present study reveals that heart failure subsequent to MI is 

associated with an antioxidant deficit and increased oxidative stress first in the lefi ventricle, 

followed in the more chronic stages, by the right ventricle. Improved ventricula. function 

with vitamin E treatment was accompanied by a reduction in myocardial oxidative stress and 

an increased antioxidant reserve in each of the respective ventricles. These findings support 

a causai role for oxidative stress in mediating the pathogenesis of heart failure. The study 

suggests that surviving patients with MI rnay benefit f k m  vitarnin E therapy. Large scak 

clinical trials will be required to establish the efficacy of this approach as novel treatment 

strategy for preventinghetarding the progression of heart failure among post-MI patients. 
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