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ABSTRACT 

Irnpaired endothelium-dependent vasodilation may contribute to increased 

vasoconstriction in heart failure. Studies have s h o w  that acute L-arginine ireatment 

restores impaired endotheliurn-dependent relaxation. This thesis examines the effects of 

chronic oral L-arginine treatment on cardiovascular function in heart failure rats. 

Sprague-Dawley rats were treated with L-arginine in drinking water ( lZ. jg/L & 

jOg/L) or water placebo for 8 weeks following coronary artery iigation or sharn surgery. 

The lower dose of L-arginine treatment restored the decreased plasma L-arginine levels 

seen in hcart failure, while the higher dose of L-arginine produced significantly higher 

plasma levels than seen in sham placebo. The lower dose but not the higher dose of L- 

arginine significantly improved endothelium-dependent relaxation of isolated aortic rings 

in heart failure. Neither treatment affected basal hemodynamic parameters. 

Thus. chronic. low dose, oral L-arginine treatment restores plasma L-arginine 

lrvels and improves endothelial-dependent relaxation in heart faiiure rats but does not 

restore basal cardiac performance. 

KEYWORDS: L-Arginine Heart Failure 

Endothelial Function Rat mode1 
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1. Introduction 



1.1 Rationale for the Study 

Vascular function is important in the control of cardiac performance as evidenced 

by the emergence of vasodilation therapy as an important advancernent in the treatment of 

heart failure in recent years. Vasodilators unload the ha r t  by decreasing peripheral 

vascular resistance and improving myocardial performance (Haas & Leier. 1994). 

Nitric oxide is a potent endogenous vasodilator synthesized from L-arginine by 

nitnc oxide synthase in the endothelium. Nitic oxide is released in response to many 

vascular stimuli. including acetylcholine (Palmer et al., 1988b), however, in heart failure 

this endothelium-dependent vasodilation to acetylcholine is impaired (Drexler et al., 

1994; Feng et al., 1997; Teerlink et al.. 1993), and is thought to contribute to increased 

vascular resistance in heart failure (Drexler et al., 1992; Kubo et al., 1991; Ontkean et al., 

1991). The decreased endothelium-dependent relaxation in heart failure is associated 

with a decreased activity of the constitutive endothelial nitric oxide synthase (cNOS) 

enzyme. (Feng et al., 1 996b; Feng er al.. 1996~;  Ontkean et al., 199 1 ). 

Recent studies have demonstrated that L-arginine availability is a rate-limiting 

step for nitric oxide synthase (Rubanyi. 1991). Decreased L-arginine availability results 

in drcreased nitric oxide production in endothelial cells. As well. plasma levels of an 

endogenous nitric oxide synthase inhibitor. asymmetric dimethylarginine (ADMA), have 

been sliown to be increased in hran failure (Feng ei  al., 1996c) and to impair 
4 

endothelium-dependent relaxation to acetylcholine. L-arginine competes with this 

inhibitor for the active site on nitric oxide synthase and dose-dependently reverses the 

inhibition of ADMA (Anima et al.. 1995). 



Supplementation of the nitric oside precursor. L-arginine, has been shown to 

normalize vascular dysfunction in héart failure in acute in vivo and in vitro studies (Feng 

et al.. 1996c; Hirooka et al., 1994; Ogilvie & Zborowska-Sluis, 1995; Panza et al., 

199321). suggesting a decreased L-arginine availability or an imbalance between the levels 

of L-arginine and endogenous nitric oxide synthase inhibitors in heart failure. The 

success of L-arginine in acutely improving impaired endothelial function in heart failure 

prompted research into its contingency as a chronic treatment of heart failure. Thus, the 

potential for chronic L-arçinine administration as a novel vasodilator treatment in heart 

failure was investigated using a rat model of hean failure and monitoring vascular 

responsiveness in vitro as well as hemodynamic parmeters in vivo. 

1.2 Heart Failure 

Heart failure is a state of impaired cardiac iùnction characterized by decreased 

cardiac output. elevated left ventricular end-diastolic pressure. and decreased contractility. 

As a consequence. the hean muscle is incapable of supplying the body's requirements for 

nutrients and oxygenated blood. Heart failure is a disease of the heart and circulation 

which evolves over time as a consequence of initial stress or damage to the myocardium. 

The etiology of hart tàilure may involve acute myocardial infarction, toxins such as 

alcohol or cytotoxic drugs. infection by viruses. or prolonged cardiovascular stress due to 

hypertension or valvular disease. In some cases the cause of cardiac injury is not 
. 

identified and the syndrome is then tenned idiopathic cardiomyopathy (Sandler & Fry, 

1990). 



Hemodynamic and neurohumoral rnechanisrns are activated to aid in preserving 

cardiac function and tissue perfusion afier myocardial injury. The condition of heart 

failure develops not when the heart is first injured but when such compensatory 

mec hanisrns are overwhelmed or exhausted (Pac ker, 1 992). 

1.2.1 Prevalence of Heart Failure 

Heart failure is not only one of the lrading causes of death for adults in Canada 

(Busse et al.. 1994) but it is also a major public health problem in most developed 

countries. Patients with congestive heart failure rnake up approximately 1 % of the total 

populations of Canada and the United States (Brophy, 1992; Kannel et al., 1994; 

Schocken et al., 1992). In the United States, the number of deaths in which heart failure 

was considered to be the underlying cause increased from 118,000 in 1970 to 270,000 in 

1990 (Group, 1996). Thus, the incidence and prevalence of heart failure have been 

increasing in recent years despite significant advances in prevention and treatment of 

cardiovascular diseases (Kannel et ni.. 1 994). 

1.2.2 Vasodilation Therapy in Heart Failure 

Among the current approaches to the treatment of heart failure are diuretics, 

positive inotropic dmgs. and vasodilators including angiotensin converting enzyme 

(ACE) inhibitors (Dargie rr rd.. 1987). Diuretics function to reduce blood volume 

through increased sodium excretion. Positive inotropic agents such as the digitalis 
I 

glycosides and catecholamines function to increase cardiac contractility and thereby 

improve cardiac output. however. they also increase oxygen demand which may be 

detrimental (Haas & Leier. 1994). 



An important advancement in the trearment of k a r t  failure involves the use of 

dmgs which reduce peri phcral vascular resis tance through vasodilation. A good example 

of vasodilator therapy in Iiran failure is the use of .4CE inhibitors. This class of dmgs 

inhibits the enzyme that produces the vasoconstrictor angiotensin II and degrades the 

vasodilator bradykinin (Dargie et al.. 1987). Through these mechanisms ACE inhibitors 

both inhibit vasoconstrictor actions and promote vasodilation in heart failure. 

The prirnary objective of vasodilator therapy is to unload the volume- or pressure- 

overloaded heart by reducing preload and afterload. thus iinproving clinical status, 

exercise capacity . and survival (Haas & Leier. 1 994). B y reducing ventricular systolic 

wall stress through afterload reduction and diastolic wall stress through preload reduction, 

vasodilator therapy reduces myocardial oxygen consumption. This has a favourable 

effect on myocardial energetics in heart failure and irnproves systolic and diastolic 

performance (DeMarco er cil.. 1988: Haas & Leier, 1994). Interventions that successfully 

unload pressure- and volume-overloaded ventricles generally result in a regression of 

myocardial hypenrophy (Cooper. 1987: McDonald et al.. 1993; Pardis et al., 1984; Smith 

& White. 1986). Al1 of thrse potential improvements may contribute to stabilization and 

perhaps regression of the condition of heart failrire. This thesis investigates a possible 

role for L-arginine as a new vasodilator therapy in heart failure. 

1.2.3 Cornpensatory Responses in Heart Failure 
s 

The major factors affecting cardiac function include preload, afterload, and 

contractility. Preload is the stretching force that determines the precontraction muscle 

length, ofien determined by the amount of blood in the ventricles ai the end of diastole 



(Little & Little. 1984). An incrrase in the preload of a healthy heart triggers a 

compensatory increase in stroke volume in accordance with the Frank-Starling Law 

(Sandler & Fry, 1990). ..\fierIoad is the tension that must be developed by the 

myocardium to overcome the forces that oppose ventricular ejection. These forces are 

determined by a number of factors including arterial impedance which takes into account 

peripheral vascular resistance and arterial cornpliance (Little & Little, 1984). The third 

factor. contractility, is the strength with which the myocardiurn contracts. Contractility is 

increased through a variety of mechanisms including activation of the sympathetic 

nervous system. However. increased contractility concomitantly increases rnyocardial 

oxygen consumption which may contribute to the progression of heart failure (Sandler & 

Fry, 1990). Patients with hean failure characteristically have both increased preload and 

afierload as well as depressed myocardial contractility (Little & Little. 1984). 

Decreased cardiac output. a primary sign of h e m  failure, is a consequence of 

increased preload. afierload. and drcreased ventricular hnction. The body responds to 

the condition of hean failure dong several lines including cardiac dilatation, hypenrophy, 

and activation of the sympathetic nervous system. the renin-angiotensin system and other 

neurohumoral systems (Francis et cil.. 1984). Each of these compensatory mechanisms 

attempts to improvr the abnormal hemodynarnics associated with heart failure. 

After myocardial damage the heart becomes dilated. As the ventncle is stretched 
. 

in response to increased blood volume the Frank-Starling law cornes into effect and the 

hean responds with increased stroke volume. thus improving cardiac output. However. in 

hean failure. the injured hean is unable to increase cardiac output past a critical point of 



ventricular stretch and as a consequence the Frank-Starling compensatory mechanism 

fails (Sandler & Fry. 1990). 

The sympathetic nervous system is activated in response to decreased cardiac 

output in the hean failure state (Francis et al.. 1984). The sympathetic system increases 

both heart rate and contractility in an effort to directly improve cardiac output but it also 

affects cardiac output indirectly through arterial vasoconstriction, diverting blood away 

from less important tissues such as skin. muscles. and bowel. towards the hem and brain 

(Francis et al.. 1984). Vasoconstriction enhances venous retum and increases preload in 

an attempt to normalize cardiac output. A negative consequence of the redistribution of 

blood flow away from kidneys. limbs, and splanchnic beds is a chronically diminished 

nutrient and oxygen supply to these tissues which manifests in the reduced exercise 

capacity and impaired rend function that is characteristic of heart failure patients (Wilson 

et al., 1986). 

The compensatory inechanisms elicited by the renin-angiotensin system require 

several days to become fully effective because of the system's endocrine nature. The 

actions of the primary effector hormone. angiotensin II,  include not only arterial 

vasoconstriction with diversion of blood tlow towards vital organs and away from 

muscle, but also stimulation of the release of aldosterone (Dzau er of., 198 1). Aldosterone 

serves to increase sodium and water retention. thereby increasing circulating blood 
n 

volume. This causes increased venous return to the heart and consequently increases 

preload and cardiac output (Dzau et  al.. 1981). However, excessive activation of the 



renin-angiotensin system would impair cardix function both directly and indirectly 

through increased preload and afterload. 

Lastly, cardiac hypertrophy is a compensatory response of myocardial celis to 

persistently elevated atrial and ventricular pressures caused by hemodynamic overloading. 

Cardiac hypertrophy is characterized both by increased heart weight and re-expression of 

fetal isoform contractile proteins such as skeletal a-actin (Green et al., 1982). The main 

stimuli for cardiac hypertrophic growth include stretch on the hem, adrenergic regulation, 

and peptide grow-th factors such as fibroblast growth factor and transforming growth 

factor which are prevalent in heart failure (Mann & Roberts, 1995). 

The hypertrophic rrsponse serves to increase the strength of the overall 

my xardial contraction in heart failure. However, since the major determinants of 

myocardial oxygen demand are contractility and ventricular wall stress, increasing the 

size and contractility of the impaired ventricles is likely to increase ventncular wall stress 

and contribute to increased myocardial osygen demand and consumption (DeMarco et ai.. 

1988). .As a consequence of the increased oxygen demand the hem must actually work 

harder in order to provide for itself. Thus hypertrophy, in causing increased oxygen 

demand, contributes to the progression of hean failure. It is of interest that the 

fundamental cardiac biochemical, anatomical. and functional daptations that develop in 

response to hemodynamic overloading during hypertension are reversible upon 

restoration of normal loading conditions (Cooper, 1987). Therefore, a treatment which 

effectively restores normal hemodynamic conditions in heart failure might also reverse 

the compensatory cardiac hypertrophy and increased oxygen demand. 



The drvelopmrnt of excessive peripheral vasoconstriction and sodium retention in 

k a r t  failure represents a shift from a state of compensation to a state of decompensation. 

Whereas prior to the onset of heart failure compensatory mechanisrns are directed towards 

supponing cardiac function. after the onset of heart failure the circulation's main 

objective is to support systrrnic perfusion pressures (Packer, 1992). Homeostatic 

responses which initially maintain the r r m s  quo become harmhl and worsen the 

condition of heart Mure .  furthering the progression of the disease. Francis et al. 

hypothesized that these compensatory mechanisms designed to increase preload and 

afterload participate in a 'vicious cycle' which actually contributes to the progression of 

heart failure (Francis er al.. 1983). 

Systernic vasoconstriction. which is a hallmark of advanced chronic congestive 

h e m  failure (Francis et al.. 1984), appears to be a consequence of several compensatory 

rnechanisms including activation of the sympathetic nervous system, vasopressin. and the 

renin-angiotensin system (Packer. 1992; Zrlis & Flairn. 1982). The neurohumoral factors 

involvcd in this increased vasoconstriction have been studied extensively while the 

impact of  local vasoactive factors released from the vascular endothelium in heart failure 

should not be overlooked. 

The endothelium lining the vasculature is the Iargest organ in the body (Pepine et 

al., 1997). Serving both endocrine and paracrine regulatory fùnctions, the endothelium 

affects hemodynamic forces. hemostasis, vascular remodelling, inflammation. as weil as 

the changing hormonal environment of the vasculature (Pepine et al., 1997). 



1.2.4 Endothelial Function in Heart Failure 

Vascular endothelid cells participate in many homeostatic functions. particularly 

in the regulation of vascular tone throuçh the relrasr of potent vasoactive agents such as 

prostacyclin (Moncada et (11.. 1978) endothelium-derived relaxing factor (Furchgon & 

Zawadzki. 1 98O), and endothelin (Yanagisawa et al., 1 988). Endothelial dysfunction, 

specifically impaired endothelium-dependent vasodilation. has been suggested as a 

possible mechanism of increased vascular resistance in hean failure (Drexler & Lu, 1992; 

Kaiser et al.. 1989: Kubo rr al.. 199 1 : Ontkean et al.. 199 1 ) .  Regulation of endotheliurn- 

dependent vasodilation and constriction is altered in hean failure and may contribute to 

the vasoconstricted state. 

The role of the endotheliurn as a potrnt modulator of vascular smooth muscle 

function is the subject of much study. Endothelin, first identified in 1988, is a potent 

vasoconstrictor produced by the endothelium (Yanaçisawa et al., 1988) which has 

multiple effects on various tissues throughout the body. Its effects on the cardiovascular 

system include a positive inotropic effect on the myocardium, mitogenic propenies (Ito et 

al.. 1991). influences on salt and water homeostasis (Goetz et al., 1988), as well as 

enhancement of the vasoconstrictor responses to sympathetic nerve stimulation (Wong- 

Dusting et d.. 199 1).  Together thrse actions promote vasoconstriction and increase blood 

pressure. Endothelin productich is inducrd by angiotensin II which is rlevated in h e m  

failure (Hahn et al.. 1990). In addition. endothelin is regulaied in a negative feedback 

manner by vasodilator substances in that endothelin both stimulates the release of dilators, 



such as nitric oxide and prostacyclin. from the endothelium and has its own 

vasoconstrictor actions modulated by these vasodilators (Rubany i, 1 993; Vane er al., 

1990). The plasma concentrations of endothelin are elevated in h e m  failure (Cody et  al.. 

1992; Margulies C r  cd. ,  1990) which suggests that this vasoconstrictor could have 

important pathophysioloçical effects. 

Endothelial cells also synthesize vasodilators. Prostacyclin is produced in 

response to shear stress and othrr stimuli and is most notably a potent inhibitor of platelet 

aggregation (Vane et al.. 1990). Prostacyclin and other prostaglandins are synthesized 

from arachidonic acid and their levels are elevated in heart failure (Dzau er al., 198 1). 

Since the production of prostaglandins is stimulated directly by vasoconstrictor hormones 

such as angiotensin. vasopressin. and norepinephrine (McGiff er al., 1972; Zusman & 

Keiser, 1977). prostaglandins may function to counterbalance vasoconstriction. 

Vasodilators whose release is impaired may not be present in adequate concentrations to 

compensate for the increased vasoconstriction in heart failure. Thus. a possible 

mechanism for ameliorating the state of peripheral vasoconstriction. increased preload, 

and atierload in hean failure may lie in augmenting the release of vasodilators and 

restoring the balance of agents controlling vascular tone. This may be the case for 

rndothelium-derived relaxing factor. 

1.3 Endothelium-Derived Relaxing Factor 
4 

Furchgott and Zawadzki ( 1980) initially demonstrated that relaxation of vascular 

rings in response to acetylcholine requires the presence of an intact endothelium 

containing muscarinic receptors (Furchgott & Zawadzki, 1980). Stimulation of these 



receptors causes the endothelial cells to release an endothelium-derived relaxing factor 

which then acts on smooth muscle cells of  the artery causing them to relax (Furchgott. 

1981). The chernical nature of rndothrliurn-derived relaxing factor has since been 

identified as the endogenous nitrovasodilator nitric oxide (NO) (Palmer et al., 1987) or a 

related nitroso compound (Ignarro et al.. 1987) wiiich is formed from the amino acid L- 

arginine by the enzyme nitric oxide synthase (Palmer el al., 1988a; Palmer el al., l988b). 

Nitric oxide is synthesized in the vascular endothelial cells by the enzyme nitric 

oxide synthase frorn the terminal guanidino nitrogen of the amino acid L-arginine (Feng 

& Hedner. 1 WOa; Moncada & Higgs. 1993; Palmer et al.. 1988a). figure 1.  The reaction 

is stereo-specific and requires a variety of CO-factors including NADPH, flavoproteins, 

and tetrahydrobiopterin. The CO-product of this reaction is L-citruliine (Mayer et al.. 

1989; Palmer & Moncada. 1989). The stable end products of the L-arginine, nitric oxide 

signalling pathway are the oxidation products of nitric oxide, namely nitrite and nitrate 

(Ignarro er al.. 198 7 ) .  

Three nitric oxide synthase isoforms have been identified which differ in their 

cellular distribution, calcium requirernents. and Km for L-arginine (Bredt & Snyder. 

1994). Two of the isoforms are constitutively rxpressed, the neuronal nitric oxide 

synthase (nNOS or isoform 1) and the rndothelial nitric oxide synihase (cNOS or isoform 

III). cNOS is the enzyme responsible for the endotheiium-derived nitric oxide production 
* 

and functions in the regulation of basal vascular tone, blood pressure, and tissue perfusion 

(Vallance et (il.. 1989). The third isoform is inducible nitric oxide synthase (iNOS or 

isoform II) which is induced to produce large amounts of nitric oxide in response 

inflmmatory stimuli such as cytokines (Moncada & Higgs, 1993; Moncada et al., 1991). 



Carbamyl Phosphate 

Fumaric Acid L-Aspartic Acid 

Figure 1: The biosynthetic and metabolic pathways of L- 
arginine including the synthesis of nitric oxide and its inhibition. 



Tetrahydrobiopterin is an rssential cofactor for the nitric oxide synthase. It 

increases synthase activity by serving as an electron donor for the hydroxylation of L- 

arginine (Tayeh & Marletta. 1989). Tetrahydrobiopterin also serves to stabilize the active 

dimeric state of the nitric oxide synthase (Klatt et al., 1995; Nathan & Zie, 199Jb; 

Venema et al., 1997). iNOS has been show to be dependent on tetrahydrobiopterin 

availability (Cho et al., 1995; Gross & Levi, 1992). As well, tetrahydrobiopterin 

deficiency has been associated with the enzyme cNOS producing oxygen radicals in 

combination with nitric oxide (Cosentino & Katusic, 1995). Thus, supplementing with 

tetrahydrobiopterin rnay restore nitric oxide synthase activity and decrease oxygen radical 

formation which would effectively increase the biological activity of nitric oxide. Stroes 

et al. ( 1997) demonstrated that infusion of tetrahydrobiopterin in humans restored 

endothelial hnction in patients with hypercholesterolemia and abolished the rate limiting 

role of L-arginine (Stroes et al., 1997), possibly due to the mechanisms mentioned above. 

Trtrahydrobioptenn is an important aspect of nitric oxide synthesis and endothelial 

dysfunction and one that needs further investigation. 

1.3.1 Nitric Oxide Activity 

Nitric oxide is released in response to a large variety of cell surface receptor 

agonists including adenine nucleotides, thrombin, bradykinin, acetylcholine, substance P, 

epinephrine, histamine. vasopressin. platelet-derived products, and shear stress (Feng & 
a 

Hedner, 1 WOa; Furchgon & Zawadzki, 1980; Moncada et  al., 1 99 1). Interactions arnong 

these multiple receptor pathways rnay be the most important mechanisms regulating the 

generation of nitric oxide (Michel et  al., 1993). In addition to its potent vasodilator 



effects. nitric oxide is an inhibitor of platelet adhesion and aggregation (Radomski er ai,. 

1991). 

The biological actions of nitric oxide differ From other major mediators in that it 

diffuses freely from its site of synthesis to act on adjacent tissues and that no enzymatic 

rnechanism is required for its removal because of its free radical nature and short half-life 

( C o ~ e r  & Grisham. 1995). Nitric oxide acts on vascular smooth muscle and platelets 

through the stimulation of soluble guanylate cyclase and elevation of intracellular cyclic 

guanosine monophosphate (GMP) (Rapopon & Murad, 1983). A cyclic GMP-dependent 

protein kinase (PKG) is then activated and through its phosphorylation actions stimulates 

the extrusion of calcium via the sarcolemmal and sarcoplasmic reticulum 

calciurn/magnesiurn ATPase membrane pumps. resul ting in decreased intracellular 

calcium concentrations (Goy. 199 1 ; Lincoln, 1989). The activated PKG may also 

phosphorylate potassium channels in the ceil membrane causing hyperpolarization which 

may inhibit voltage sensitive L-type calcium charnels, resulting in decreased calcium 

rntry and lower intracellular calcium concentrations (Walsh, 1994). The decrease in 

intracellular calcium concentration causes dissociation of calrnodulin from and 

consequential inactivation of myosin light chain kinase allowing the dephosphorylation of 

myosin and resultant relaxation of the smooth muscle (Dusting, 1995; Nelson ei al.. 1 990: 

Thombury et al., 199 1 ). 
* 

The biological half-Iife of nitric oxide is very short, a matter of seconds, due to the 

abundance of oxyhemoglobin which results in the conversion of nitric oxide to inactive 

nitrite and nitrate. Superoxide radicals can also participate in nitic oxide inactivation and 



further reduce the biological half-life of nitric oxide (Gryglewski et al., 1986; Rubanyi & 

Vanhoutte. 1986). In arginine depleted cells. nitric oxide synthase catalyzes synthesis 

of both nitric oxide and superoxide which rnay result in increased levels of peroxynitrite, 

a free radical which c m  potentially cause tissue damage through lipid peroxidation. thiol 

oxidation. nitrosation. and DNA damage (Huie & Pakmaja, 1993; Xia et al.. 1996). 

Increased nitric oxide degradation may be associated with decreased nitric oxide activity 

in heart failure as has been dernonstrated in hypercholesterolemia (Stroes et al., 1997). 

Superoxide dismutase and analogues of the enzyme which destroy superoxide radicals 

have been shown to functionally increase the biological half-life of nitric oxide 

(Gryglewski et ai., 1986; Kasten et al., 1995; Rubanyi & Vanhoutte, 1986). Therefore, 

treatments which would either decrease the production of superoxide radicals or decrease 

their concentrations rnay effectively increase the half life of nitric oxide and improve 

vasodilation in heart failure. 

1.3.2 Systemic Effects of Nitric Oxide: Implications in Heart Failure 

Evidence supporting a role for nitric oxide in the regulation of systemic vascular 

resistance was elucidated in experiments using L-arginine analogues which are inhibitors 

G G of nitric oxide synthase, namely N -N -dimethyl arginine or asymmetric 

dime thy larginine (ADMA) and mon mon orne thyl-L-arginine (L-NMMA), figure 1 . 

Studies have shown that these compounds increase blood pressure and produce 
t 

vasoconstriction which is accompanied by a significant decrease in the arnount of nitric 

oxide generated (Calver et al., 1993; Calver e l  al., 1992; Vallance el  al., 1989; Vallance 

et al., 1992a). These effects are reversible by L-arginine supplementation because of the 



cornpetitive nature of the nitric oxide synthase inhibition (Azuma er al.. 1995). Since L- 

NMMA is not a vasoconstrictor in its own right, but rather an inhibitor of the synthesis of 

an endogrnous vasodilator. it has been suggested that there is an L-arginine. nitric oxide- 

dependent tone in the cardiovascular system which is important in the regulation of biood 

flow and blood pressure (Moncada et al.. 1991). If the decrease in endothelium- 

dependent relaxation in heart failure is the result of increased endogenous levels of 

ADMA it is possible that supplementation with L-arginine will improve this impairment 

through direct cornpetition with these nitric oxide synthase antagonists. 

The contribution of nitric oxide to vascular tone is not uniform throughout the 

vascular system. It has been suggested ihat nitric oxide activity is highest in arteries of 

large diameter that are subjected to the greatest mechanical forces of blood flow and shear 

stress, where nitric oxide is involved in the autoregulation of blood flow (Ignarro. 1989; 

Pepine et al., 1997). As well. endotheliurn-dependent relaxation has been show to be 

greater in arteries than in veins which suggests that arteries generate more nitric oxide 

than do veins (Luscher et al., 1988). In support of such regional differences in nitric 

oxide production, the physiological role, expression. and activity of cNOS in capillary 

and venous endotheliurn differ from those of resistance arteries and merioles possibly 

due to differences in local stimuli such as shear stress (Kelly et al., 1996). If such 

regional differences in nitric oxide production are closely linked to blood flow and shear 
4 

stress. it may suggest that stimulated endothelium-dependent release of nitric oxide is 

impaired in heart failure as a consequence of chronically reduced cardiac output and the 

resultant decrease in shear stress (Drexler ei  al., 1994). 



The data surrounding the levels and release of nitric oxide in hean hilure are 

interesting. I t  has been suggested that there is a dissociation of stimulated and basal 

release of nitric oxide which may play a role in the pathophysiology of heart failure 

(Drexler et al.. 1994). Drexler States that the basal release of nitric oxide appears to be 

preserved or enhanced in advanced heart failure whereas the endotheliurn-dependent 

dilation stimulated by acetylcholine is blunted (Drexler et al., 1992; Drexler el  al., 1994). 

1 A2. l  Basal Nitric Oxide Release 

The opinions on the conditions under which the basal release of nitric oxide is 

altered are controversial. Basal release of nitric oxide plays an important role in 

rnodulating tissue perfùsion in distal resistance vessels such as in the f o r e m  (Drexler et 

al., 1994). Teerlink demonstrated that early in heart failure, while there is yet no 

endothelial dysfunction to acetylcholine, there is impaired basal release of nitric oxide 

(Teerlink et al., 1994). Ontkean et al. demonstrated that basal nitric oxide release is 

impaired in pulmonary artery segments of heart failure rats (Ontkean et al., 1991). 

Drexler shorved preserved or enhanced basal nitric oxide production in rats with advanced 

heart failure (Drexler el  al., 1994; Drcxler & Lu, 1992). and Hildebrand et al. also 

suggested that basal release of nitric oxide is increased in heart failure (Hildebrand et al.. 

1991). Thus, the status of basal nitric oxide release appean to Vary both with time and the 

progression of the disease of hem failure as well as with the species used in the study. 
a 

More work is needed to investigate the properties and role of basal nitric oxide release in 

heart failure. 



iNOS is not considered to be normally expressed in healthy tissues as it is an 

inflammatory response stimulated by increased levels of circulating cytokines such as 

tumor necrosis factor (Geller et al.. 1993; Levine et al.. 1990). Researchers have shown 

that patients with heart failure express higher levels of iNOS in the ventricular 

myocardiurn (Habib et al., 1 996; Haywood et al ., 1 996). NOS activity may be enhanced 

by increased intracellular CAMP or activation of protein kinase C isofoms; this suggests 

that elevated intracardiac or systernic levels of catecholamines and angiotensin II, which 

are characteristic of heart failure could promote and sustain iNOS expression in this 

syndrome (Kelly et al.. 1996). The expression of iNOS by cardiac muscle in response to 

lipopolysaccharides and specific cytokines results in large amounts of nitrîc oxide being 

produced; the physiological and pathophysiological consequences of this are not fully 

clucidated but it may result in increased basal levels of nitric oxide and contribute in a 

compensatory manner to maintaining adequate tissue perfusion at rest. 

1.3.2.2 Stimulated Nitric Oxide Release 

Many labs, including our own. have found that endothelium-dependent dilation to 

acetylcholine is attenuated in rats with heart failure (Feng er al., 1997; Teerlink et al., 

1993; Teerlink et al.? 1994). The vasodilator effects of acetylcholine and methacholine are 

blunted in the forearm circulation of patients with heart failure (Drexler et al.. 1992; Kubo 

et al., 1991) and in the aorta and mesenteric aneries from rats with heart failure (Feng er 

cd., 1997; Feng et al., 1996~). Recent studies demonstrated for the first time that 

decreased endothelial-dependent relaxation in heart failure is due at least in part to 

decreased cNOS activity (Feng et al., 1997; Feng et al., 1 996b: Ontkean et al., 199 1 ) .  It 



is not known what other mechanisrns are involved in producing ihese changes in NOS 

activity. nor whether thesr changes and other cardiovascular alterations associated with 

heart failure can be modifiêd through treatment with L-arginine. 

1.3.3 Endothelial Dysfunction in Heart Failure 

C hronic, severe heart fai lure could potential l y induce endothelial dysfinction 

involving nitric oxide ihrough several mechanisms. Recall that the levels of endothelin 

are elevated in heart failure (Cody et al.. 1992; Margulies et al.. 1990), and that 

endothelin is negatively regulated by nitric oxide (Rubanyi, 1993; Vane ei ui., 1990). If 

endothelium-dependent release of nitric oxide is impaired in heart failure then there is 

reduced negative regulation of the vasoconstriciing effects elicited by endothelin resuliing 

in increased vasoconstriction that is characteristic of h e m  faiiure. 

Altemativeiy, decreased release of nitric oxide rnay occur as a result o f  activation 

of the renin-angiotensin system and increased expression and activity of the vascular 

tissue angiotensin converting enzyme (ACE) which is identical to kininase II. the enzyme 

that degrades bradykinin (Luscher, 1993a). Since bradykinin is a powerful stimulator of 

nitric oxide release (Boglie et al.. 1991), decreased tissue levels of bradykinin would 

result in lower levels of nitric oxide and possibly impaired vasodilation. 

It is also possible that hem failure exhibiting depressed cardiac output leads to 

reduced levels of shear stress and consequently diminished nitric oxide release (Drexler es 
t 

al., 1994). One may also consider that tumor necrosis factor (TNF) levels are increased 

in severe chronic heart failure (Lcvine et al., 1990). MF has been s h o w  to decrease 

nitric oxide mRNA expression and to impair the stimulated release of nitric oxide and 



therefore elevated plasma levels may cause endothelial dy~function in patients with 

chronic heart failure (Drexler et al., 1994). 

In addition, the levels of endogenous nitnc oxide synthase inhibitors, such as 

ADMA. may be elevated in heart failure as has been demonstrated in patients with 

hyperc holesterolemia or renal failure (Bode-Boger et al., 1996; Vallance et al.. l992a). It 

is in this instance that a possible role for L-arginine treatment of heart failure is most 

clearly implicated. 

1.4 L-arginine 

Over a century ago arginine's role in normal physiology began to unfold when 

German scientists first recognized. identified, isolated, and named arginine as a 

cornponent of proteins (Schulze & Steiger, 1886 reviewed in Reyes et al. 1994). In the 

L930's studies on the synthesis of urea in liver slices incubated with arginine, citnilline. 

or ornithine led Krebs and Henseleit to postulate the existence of the urea cycle (Krebs & 

Henseleit, 1932) which established a key role of arginine in a major metabolic pathway. 

figure 1. 

In addition to being involved in protein. urea, and creatinine synthesis, L-arginine 

is the physiological precursor to nitric oxide and has the potential to affect the release of 

hormones such as catecholarninrs, glucagon, growth hormone, insulin, prolactin, 

somatostatin, and corticosterone (Reyes et al., 1994); all of which are capable of 

affecting a vast array of biological processes. Thus, L-arginine is involved in regulation 

pathways rmging from the urea cycle. muscle metabolism. immune system function. and 

vascular regulation to neurotransmission. 



1.1.1 L-arginine Kinetics 

Improved understanding of the intracellular pharmacokinetics of L-arginine and 

its role as a nutrient substrate in disease states is required before its full pharmacological 

effects can be explored. The amino acid L-arginine is generally classified as semi- 

essential (Rose. 1937). The sources of L-arginine are exogenous from dietary intake and 

endogenous via synthesis in the liver and kidney and release through muscle metabolism. 

In the growing animal, much of the L-arginine is used primarily for the synthesis of 

c o ~ e c t i v e  tissue proteins and other L-arginine-rich proteins. In the injured or wounded 

animal an increase in the arnount of L-arginine utilized in the synthesis of reparative 

connective tissue could also be expected. I t  is only in such states of growth, wound 

healing, trauma. injury or sepsis, when L-arginine degradation and utilizaiion is increased, 

that L-arginine becomes an essential amino acid (Castille et a/., 1993b). Under such 

cases it is recommended that the dietary intake of L-arginine be increased. 

It has been estirnated that the average North American diet contains 5.4g of L- 

arginine daily which is provided p h d y  from meat sources (Visek, 1986). The LD,, 

(intraperitoneal [i.p.] after 24 hour starvation) for L-arginine-HCl in rats is 18miWkg 

(3.8glkg) (Gullino et ai., 1955). which places L-arginine in a class of compounds with 

very low toxicity for normally nourished animals. In some human studies, subjects 

ingested 30 grarns of L-arginine daily for one week and showed no sidr effects besides 
b 

mild gastrointestinal discornfort (Barbu1 er al., 198 1). L-Arginine infusions have been 

s h o w  to lead to hypophosphatrmia and hyperkalemia in both normal subjects and 

insulin-dependent diabetics (Massara et al., 1980). Much of the accumulated evidence 



suggests that high doses of L-arginine (30-60gIday) are well tolerated in humans (Barbul. 

1986) 

As with other amino acids. the intestinai absorption of L-arginine occurs in the 

jejunum where there is a specific transport system (Kim et al., 1991 ; Wang et al., 1991) 

known as system y*. a sodium-independent carrier prirnarily for cationic amino acids 

(Christensen, 1984; Kim e l  al.. 1991; Wang e f  al., 1991; White, 1985; White & 

Christensen, 1982). After its absorption by the brush-border membrane, L-arginine is 

extensively catabolized by the enterocyte (Blachier et al.. 199 1 a; Blachier e t  al., 199 1 b). 

I t  has been reported that approximately 3044% of the ingested arginine is absorbed 

(Castillo et al.. 1993a). The effect of altered dietary L-arginine on these kinetics are not 

known. 

Tissues must actively take up L-arginine from the circulation. This transport may 

be a rate-limiting or regulatory step for subsequent metabolic events. Greene er al. 

demonstrated that at physiological circulating L-arginine concentrations, approximately 

70% of arginine transport by pulmonary artery endothelial cells occurs via system y+ and 

the rest through a sodium-dependent camer named system BO.* (Greene et al., 1993). 

L-arginine uptake into smooih muscle cells has been suggested as the limiting 

factor for nitric oxide production by lipopol y saccharide-induced iNOS (Sc hott el al., 

1993). The activity of the L-arginine transporter systern y- is stimulated by certain 
5 

inflammatory cytokines in NOS-expressing cells (Greene et al., 1993: Pacitti et al.. 

1992). Thus, L-arginine transport is stimulated by the same mediators, tumor necrosis 

factor and lipopolysaccharides, that induce iNOS to synthesize nitric oxide. It has also 



been shown that inducers of iNOS. namely lipopolysaccharide and interferon-.{, CO- 

induce activity and mRNA expression for argininosuccinate synthetase which is the rate 

limiting enzyme for the recycling of L-citrulline to L-arginine (Nussler et al., 1994). 

These mechanisms may compensate For the increased utilization of L-arginine upon 

stimulation of NOS. Citrulline recycling would contribute to nitric oxide production 

under conditions when extracellular L-arginine concentrations were insufficient. 

The majority of endogenous L-arginine synthesis occurs in the liver and kidney 

through the transfer of an arnino group from L-aspartic acid or L-glutamic acid to L- 

citrulline, figure I. This reaction uses ATP and is mediated by the enzyme 

argininosuccinate synthase. It should be noted that the liver extracts Far more L-arginine 

than it releases into the blood Stream. The rnajority of L-arginine synthesized in the liver 

is utilized locally in the urea cycle (Rogers et al., 1972; White & Christensen, 1982). In 

the kidney. circulating L-arginine is filtered in the glomerulus and alrnost entirely 

reabsorbed in the proximal tubule which is also the major site of L-arginine synthesis 

(Levillain et al., 1991). L-arginine that is synthesized in the proximal convoluted tubule 

rnters systemic circulation while most of the L-arginine that is synthesized in the 

proximal straight tubule is metabolized to urea (Featherson el al., 1973). Maintaining 

normal plasma levels of L-arginine, therefore, depends mainly on dietary intake and 

synthesis in the kidney. 
s 



1.42 Physiological Effects of L-arginine 

While this thesis investigates the effects of L-arginine as a substrate of nitric 

oxide. oral administration of L-arginine will likely affect al1 pathways in which L- 

arginine plays a role. L-Arginine has multiple and potent secretagogue activities on 

several endocrine glands including the pituitary, pancreas, and adrenal glands (Barbul. 

1986). I t  has been shown that animals given L-arginine in their diet show an increase in 

weight gain. irnproved nitrogen balance, increased wound healing and collagen 

deposition, as well as improved immune function including enhanced thymic, 

lymphocyte. and natural killer cell activity (Barbul er al., 1983; Brittenden e f  al., 1 994; 

Swanson. 1990). While the mechanism for L-arginine induced wound healing likely 

involves increased macrophage and neutrophil activity and vasodilation involving nitric 

oxide production. an appreciation of the other potential effects of L-arginine is required to 

Fully explore the consequences of chronic oral L-arginine treatrnent. 

Administration of L-arginine has been s h o w  to cause increased pituitary growth 

hormone secretion (Franchimont et al., 1979: Isidori et al.. 1981: Knopf et al., 1965: 

Masuda et al.. IWO; Merimee el al.. 1965; Nakaki & Kato, 1994; Rakoff er al.. 1973). L- 

kg in in r  also affects the release of insulin and glucagon (Chemngton et al., 1974; Floyd 

er al., 1966; Nakaki & Kato, 1994: Palmer er al.. 1975b; Utsumi et al., 1979). pituitary 

prolactin (Rakoff et al.. 1973). and adrenal catecholamines (Imms el  al., 1969). 
b 

L-arginine's stimulation of growth hormone release is worthy of note when one 

considers the potential effects of growth hormone on the heart, figure 2. It is believed that 

L-arginine stimulates growth hormone secretion through inhibition of sornatostatin 



release from the hypothalamus (Alba-Roth er al.. 1988; Masuda er cil., 1990). possibly 

involving muscarinic receptors (Delitala et al.. 1982). The severity of cardiac failure in 

dilated cardiomyopathy has been linked to decreased circulating growth hormone 

(Giustina et al., 1996), therefore, growth hormone may be involved in regulatory 

responses to heart failure and the failure of this compensatory mechanism may result in 

the worsening of ventricular function. 

Growth hormone has been shown to affect the heart in such a way as to ailow the 

cardiac muscle to function more economically (Yang et al., 1995). Shon tenn 

administration of growth hormone results in an increase in myocardial contractility in 

normal humans, while chronic growth hormone treatment enhances cardiac output. 

increases glomerular Filtration rate. and improves exercise capacity in growth hormone 

deficient adults (Yang et al., 1995). Treatment with growth hormone in heart failure rats 

improves cardiac output and contractility while reducing left ventricular end-diastolic 

pressure and systemic vascular resistance (Yang er al.. 1995). 

The expression of growth hormone's local effector. insulin-li ke growth factor 1 

(IGF-1) is increased in hypenrophic myocardium (Duerr et  al., 1995) and has been shown 

to increase the size of cultured cardiomyocytes and increase the expression of myosin, 

actin, and troponin (Sacca & Fazio, 1996). IGF-1 increases blood flow through a nitric 

oxide dependent mechanism (Fryburg, 1996), stimulating nitric oxide production in 
* 

vessels and decreasing vascular contractility (Walsh et al., 1996). Although IGF-1 is 

produced locally there is a long lag time for these responses which rnay suggest that 

somplex mechanisms are involved (Walsh e t  al., 1996). In rats with myocardial 



infarction, IGF-1 induced additional myocyte growh and consequently restored cardiac 

function as did the growth hormone treatrnent rnentioned above (Duerr et al.. 1995; Yang 

I 1 .  1995) These results suggest that L-arginine through the release of growth hormone 

and IGF-1 may improve cardiac function throuyh both increasing myocardial contractility 

and decreasing peripheral vascular resistance in heart failure. 

An additional L-arginine pathway that may contribute to improving cardiovascular 

performance in heart failure involves the conversion of L-arginine to agmatine by the 

enzyme arginine decarboxylase. Agmatine is an endogenous non-catecholamine a2- 

agonist that acts on the nucleus tractus solitarius in the brainstem to decrease peripheral 

sympathetic stimulation (Nakaki & Kato. 1994), figure 2. As catecholamines are known 

to promote vasoconstriction. agmatine may participate in the hypotensive effects of L- 

arginine administration, however, more research is needrd to elucidate this pathway. 

Thus. L-arginine paihways that do not involve nitric oxide production may prove 

beneficial in the treatment of heart failure, but that does not preclude a role for L- 

arginine's effects elicited through nitric oxide production. 

1 .A3 Effects of L-arginine and Nitric Oxide Production 

It has been suggested that systemically administered L-arginine releases nitric 

oxide in man following the observation that L-arginine administration increased cardiac 

output, decreased periphrral resistance, and increased plasma concentrations of cGMP, L- 

citrulline. and urine nitrate and nitrite levels in normotensive humans (Hishikawa er al.. 

1991; Hishikawa el al., 1992). The effects elicited by L-arginine through the production 

of nitric oxide are stereo-specific because the inactive optical isomer, D-arginine, is not a 



substrate for nitric oxide synthase and daes not affect ace~ylcholine-induccd vasodilation 

(Egashira et al.. 1 996). 

Endothelium-dependent relaxation is decreased in many disease states including 

atherosclerosis (Cooke & Tsao, 1992b; Cox et al.. 1989), hypertension (Panza et al., 

1993a: Panza er al.. 1993b: Panza et al.. 1990; Taddei er al.. 1996). myocardial ischemia 

and reperfusion (Weyrich et al., 1 W) ,  hypercholesterolemia (Bode-Boger et ai., 1996; 

Crlemajer et al., 1992; Cooke er cil.. 1992a; Drexler er ai., 1991). angina pectoris 

(Egashira et al., 1996). and heart failure (Katz er al.. 1993; Kubo et al., 199 1 ; Thuillez et 

al.. 1995). however. relaxation in response to sodium nitroprusside, an endothelium- 

independent source of nitric oxide. is not affected. This suggests that the locus for 

impaired vasorelavation is specific and located at the level of the endothelial cell, that is, 

prior to diffusion of the signal carried by nitric oxide. In these states, the acute 

administration of L-arginine. either orally or in vitro. normalizes this vascular dyshnction 

without affecting the response to nitroprusside which would indicate that the defect is not 

a consequence of receptor down-regulation (Cooke et al., 1992a; Cooke & Tsao, 1992b; 

Drexler er al., 1991; Egashira et al.. 1996). The administration of L-arginine has 

~dditional cardiovascular benefits such as reducing systolic and diastolic pressures when 

inhised into healthy humans and patients with essential hypertension makaki & Kato, 

1994). L-arginine has also been s h o w  to increase cardiac output and reduce pulmonary 
b 

vascular resistance in the canine pacing mode1 of heart failure (Ogilvie & Zborowska- 

Sluis, 1995), figure 2. 
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Figure 2: Possible L-arginine pathways for improving cardiac 
performance in heart failure. 



Mvtechanisms such as depletion of L-arginine. impaired L-argininr transport into 

cells. blockade of recycling of L-citrulline to L-arginine are al1 possible pathways which 

may rxplain the decreased endothelium-dependent relaxation seen in hean failure and 

outline possible ways in which L-arginine treatment could arneliorate the condition of 

impaired nitric oxide production in heart failure. I t  is also possible that L-arginine 

administration produces cardiopro tec tive e ffec ts through increased ni tric oxide release b y 

inhibiting neutrophil aggrrgation and stimulation. or by reducing the production of 

superoxide free radicals which are one of the most important inactivators of nitric oxide 

(Gryglewski et cd., 1986; Rubanyi & Vanhoutte. 1986; Xia et al.. 1996). 

M i l e  many studies indicate that exogenous administration of L-arginine can 

improve disease States where nitric oxide release or endothelium-dependent relaxation is 

impaired (Girerd et a/ . ,  1990), others have demonstrated that sufficient amounts of 

rndogenous L-arginine are available to saturate nitric oxide synthase and that the addition 

of exogenous L-arginine does not enhance endothelium-dependent relaxation in normal 

vessels (Gold et ai., 1989). This has been referred to as the L-arginine paradox 

(Forstermann et al., 1994). Plasma L-arginine concentrations in humans are normally in 

the 80-1 10pM range (Sax et al., 1988). The intracellular concentration of L-arginine is 

presumed to be about 100 FM (Nakaki & Kato. 1994). Since the Km value of the 

constitutive NOS for L-arginine is 10 $4 this enzyme is theoretically saturated (Nakaki 
* 

& Kato. 1994). The apparent Km of iNOS for L-arginine is 150 FM, approxirnately one 

order of magnitude larger than for the constitutive NOS (Bogle et al., 1992a; Iyengar et 

al., 1987). Tiius. cellular nitric oxide production could be substrate-limited at physiologie 



concentrations of L-arginine (Nussler et ai., 1994) but recall that the L-arginine 

transporter may be stimulated by the same agents that stimulate iNOS expression (Greene 

et al.. 1993; Pacitti et al., 1992). thus. the L-arginine paradox endures. 

Cellular nitric oxide production is determined by intracellular L-arginine 

concentration, nitric oxide synthase activity, availability of the various cofactors required 

for the nitric oxide synthase reaction, and ceil responsiveness to stimuli. Thus, there are 

multiple potential sites at which nitric oxide production may be regulated and the actual 

regulated steps may vary for different ceIl types and may be altered in disease States. The 

study by Nussler er al. indicates that the recycling of citmlline to arginine may be an 

important regulatory mechanism for deterrnining rates of cellular nitric oxide production 

in vivo only when L-arginine concentrations are insufficient to suppon maximal or near 

maximal rates of nitnc oxide synthase (Nussler et al., 1994). Stroes er al. suggest that the 

decreased affinity of nitric oxide synthase for L-arginine due to tetrahydrobiopterin 

deficiency rnay contribute to the L-arginine paradox in hypercholesterolemia (Stroes et 

al.. 1997). Further investigation is needed in this area in any state where L-arginine 

administration arneliorates conditions through unknown mechanisms. 

Getting away from the L-arginine paradox. a mechanism through which L- 

arginine may improve endothelium-dependent relaxation involves oxygen radicals. It is 

well known that superoxide anion is involved in the breakdown of nitric oaide 
1 

(Gryglewski er al., 1986). Recall that in L-arginine depleted cells, nitric oxide synthase 

produces both nitric oxide and superoxide anion (Xia et al., 1996). Thus, L-arginine 



supplementat ion may both decrease the levels O f oxygen radicals produced and increase 

nitric oxide production and its biologically active hall-life. 

Another possible explmation for the beneficial effects of exogenous L-arginine is 

the presence of endogenous nitric oxide synthase inhibitors, ADMA or L-NMMA 

(Nakajirna et al.. 197 1 ; Vallance et al., 1992a). whose inhibition of nitric oxide synthesis 

may be out-competed by exogenous L-arginine (Vallance et al., 1992b). Both ADMA 

and L-NMMA have been shown to accumulate in the plasma of patients with acute renal 

failure (Vallance et al.. 1992a), and ADMA was s h o w  to be increased in hyper- 

cholesterolemic patient plasma (Bode-Boger et al., 1996) and in heart failure rats (Feng et 

ni., 1997). Thus, inhibition of nitric oxide synthase by these compounds could explain, in 

part, the hypertension that occurs in these conditions and the impaired endothelium- 

dependent relaxation in heart failure. Administration of L-arginine thus has the potential 

of improving nitric oxide production through cornpetition with ADMA and L-NMMA for 

the active site on nitric oxide synthase. Treatment with L-arginine effectively restores 

impaired endothelium-dependent relaxation in heart failure rats exhibiting elevated levels 

of ADMA (Anima et al.. 1995), suggesting a role for L-arginine in treatment of these 

diseases. lncreasing plasma L-arginine levels, while the elevated levels of ADMA and L- 

NMMA remain the same, results in elevation of the ratio of L-arginine to inhibitor above 

the nomal level which may account partially for the restored nitric oxide formation seen 
1 

in the above cases (Bode-Boger et al., 1996). 

Bogle et al. demonstrated thût some nitric oxide synthase inhibitors. L-NMMA for 

exampleo also inhibit L-arginine uptake via the system y' unidirectional transporter 



(Bogle el a/.. 1992b). Close coupling of the L-arginine transporter and nitric oxide 

synthase could account for the regulation of nitric oxide release as well as for the ability 

of circulating L-arginine to reverse the inhibition of nitric oxide synthase by L-NMMA 

(Bogle el al., 1992b). If L-arginine supplementation does improve the production of 

nitric oxide the consequence would be improved vasodilation, supponing a role for L- 

arginine as a type of vasodilator therapy. 

Short-term, oral L-arginine treatment in humans with heart failure, 4-IZg L- 

aginine per day for three weeks, was shown to decrease mean arterial pressure, and was 

accompanied by a decrease in circulating levels of endothelin. The patients exhibited 

increased exercise tolerance and general quality of life as measured by a questionaire, 

showed increased forearm blood flow during exercise, but no change was detected in 

basal nitric oxide synthase activity as evaluated by vasoconstrictor responses to L- 

NMMA (Rector et al., 1996). Thus. oral L-arginine treatment has beneficial effects in 

heart failure in humans notabl y improving conditions during exercise. 

The purpose of this thesis was to evaluate the effectiveness of chronic oral L- 

arginine as a treatment to improve the irnpaired endothelium-dependent vasorelaxation in 

lieart failure and to examine any beneficial effects on overall hemodynamics. Since L- 

arginine is a substrate of nitric oxide synthase and nitnc oxide release is attenuated in 

heart failure. it was investigated whether administration of exogenous L-arginine would 
a 

increase nitric oxide production and improve endothelial function. The studies identified 

above support the belief that acute administration of L-arginine restores endothelial 

function stimulated by acetylcholine and thus improves disease States such as 



hypertension and heart failure (Feng er al.. 1 996b; Girerd et al., 1990; Hirooka er al., 

1 99 4). The present study investigates whether these e ffec ts are maintained during chronic 

L-arginine treatment. We hypothesized that chronic oral L-arginine treatment would 

restore endotheliurn-dependent relaxation and improve basal cardiac function and cardiac 

output in heart failure rats. 



2. Materials and Methods 



2.1 Animal Protocol 

/\nimals uscd in this study were handled in accordance with the guidelines of the 

Animal Care Cornmittee ai the University of Western Ontario. Canada. 

Al1 experiments were conducted on male Sprague-Dawley rats weighing 210- 

3Og. Al1 animals were maintained on normal rat chow and given water ad libitum in a 

twelve hour light-dark cycle. Animals were caged individually after surgical operation. 

2 . 1 1  Rationale for the Use of Current Heart Faiture Mode1 

Experimental coronary occlusion with consequent myocardial infarction bas been 

produced for many years by surgical ligation of cne or more coronary arteries. Heart 

failure due to coronary mery ligation in rats is a well-established animal model that bas 

provided significant information about the pathophysiology of chronic heart failure and 

endothelial dysfunction (Drexler et al., 1992; Drexler & Lu, 1992; Feng et al., 1992; Hill 

& Singal, 1996; Pfeffer et al.. 1979; Pfeffer et al.. 1985; Sun et al., 1995; Thuillez et ai., 

1995: Yang et al.. 1995). 

2.1.2 Coronary Artery Ligation Surgery 

Rats were randomly selected to undergo coronary artery ligation or sham surgery 

using the techniques sirnilar to those previousiy described (Pfeffer et al., 1979). Rats 

were anaesthetized with sodium pentobarbital (50 mgkg  intraperitcneally [i.p].. MTC 

Pharmaceuticals, Cambridge. ON), then intubated and artificially ventilated with a 

respirator (SAR-830, CWE. Inc., Ardmore, PA.). Tidal volume was approximately 3 cc 

at 70 breaths per minute. 



fi left intercostal thoracotomy was perfomed. The chest was opened through the 

third or fourth intercostal space. ribs spread using a chest retractor. and the lefi side of the 

k a r t  was exposed. In the Sprague-Dawley rat. the left coronary artery is the predominant 

supplier of blood to the left ventricle. The artery lies beneath the epicardium, buried in 

heart muscle but it c m  be seen in the intact beating heart as a tiny pink streak beneath the 

hem's surface. After opening the pericardium. the proximal left coronary artery was 

ligated between the pulmonary out-tlow tract and the lefi atrium by positioning a suture of 

6-0 silk thread (Ethicon, Inc.. Somerville, New Jersey) around the artery together with a 

small bundle of heart muscle that is transfixed with it (Feng et al., 1992; Feng et al., 

1990b). The lungs were thereafter hyper-inflated using positive endexpiratory pressure 

and the thorax closed with three intercostal sutures of 2-0 silk thread. The muscle and 

skin layers were then closed using 4-0 silk stitches. The usual time necessary to complete 

the procedure was thiny minutes to one hour. 

Changes immediately following left coronary artery ligation included a sudden 

pallor of the myocardium which was often accompanied by cardiac anhythmias, 

including ventricular tachycardia and fibrillation which subsided after twenty to thirty 

minutes. Afier coronary artery ligation approximately 30% of the rats die within several 

hours, those surviving this initial penod have about 11% rnortality within eight weeks. 

Sharn-operated rats undenvent the same surgery minus the coronary artery ligation. 
1 

Following surgery, both groups of rats ate and drank normally and moved about in their 

cages without difficulty. 



2.1.3 Post iMortem Examination 

At the time of experimentation. approximately eight weeks post-surgery, a blood 

sample was usually taken from the rats pnor to lethal injection of sodium pentobarbital. 

Subsequently, the hran and riona wrre excised and intemal organs examined for evidence 

of heart failure including pleural effusions and edema, or other abnormalities such as 

infection which may have affected the outcome. The heart was dissected free of adjacent 

tissues, the ventricles were separated frorn the atria, and the right ventricular free wall was 

dissected from the septum. Righi and lefi ventricle and atnal sections were bloned dry 

and weighed. Lefi ventricle volume was then measured by the weight of water injected 

into the leH ventricle under atmospheric pressure. Al1 sarnples were stored at -80°C. 

2.1.4 Measurement of Infarct Size 

Lrft coronary artery occlusion in rais can readily provide lefi ventricular frre wall 

infarctions of varying sizes. Within twenty-one days of the infarction, the necrotic 

myocardial tissue was completely replaced by connective tissue (Fishbein et al., 1978). 

Ligated hearts show progression of pathologic changes including discolouration. necrosis. 

scar tissue, as well as left ventricular wall thinning and volume expansion (Pfeffer el al., 

1979). Heart failure in this mode1 was caused primarily by decreased myocardial 

contractility due to decreased myocardial mass. 

The infarct size resulting from coronary artery ligûtion was evaluated by cutting 
3 

the Irfi ventricles of ligated hearts into four transverse slices of equal thickness from apex 

to base. Photographs were taken of these slices and the infarcted area was measured by 

tracing the endocardial circumferences of the fibrotic and normal areas on the 



photographs with a distance meter. Infarct size was expressed as a fraction of the total 

cross-sectional endocardial circurnference of the left vcntricle (Feng et al., 1996c; Sun et 

al., 1995). 

Other methods of evaluating infarct size involve again cutting the lefi ventricle 

into four transverse slices from apex to base but then cutting five-micron thick sections, 

staining with Masson's trichrome stain and mounting. The endocardial and epicardial 

circumferences of the infarcted and non-infarcted circumference are then determined with 

a planimeter Digital Image Analyzer. The results of al1 four slices are summed 

separately, averaged, and expressed as a percentage for infarct size (Hill & Singal, 1996; 

Pfeffer cr al.. 1979; Sakai et al., 1996; Yang er al., 1995). Alternatively, the left ventricle 

may be opened with an incision dong the septum from base to apex and pressed flat so 

that the circumferences of the left ventricle and the region of infarction may be outlined 

on a clear plastic sheet to represent the endocardial and epicardial surfaces. lnfarct size 

was then calculated as a percentage of left ventricle surface area as determined by weight 

of the tnced sections of the plastic sheet (Chien ef al.. 1988; Ontkean er ai., 1991). The 

method employed in the present study was deemed acceptable as it yields accurate 

rneasurements in a relatively inexpensive marner. 

Previous studies have evaluated the relationship between size of the healed 

rnyocardial infarction and lefi ventricular performance three weeks afier coronary artery 
1 

ligation (Pfeffer et al., 1979). They determined that rats with small (4.30%) myocardial 

infarctions have no discernible impairment ir? either baseline hemodynamics or peak 

indices of pumping and pressure-generating ability when compared to sham-operated, 



non-infarcted rats. Rats with moderate (3 1-46%) infactions have normal baseline 

hemodynamics but reduced peak flow indices and developed pressure. Rats with 

infarctions greater than 46% have congestive heart failure characterized by elevated lefi 

ventricular end-diastolic pressures, reduced rate of change of ventricular pressures (dP/dt), 

iower left ventricular systolic pressures, reduced cardiac output, and a minimal capacity to 

respond to pre-and afterload stresses. Thus, in this model of histologically healed 

myocardial infarction, the impairment of left ventricular function was directly related to 

the loss of myocardium (Pfeffer et al., 1979). The range of post-infarction ventricular 

dysfunction observed in this model reflects the spectrum of ventricular dyshnction 

observed in man. The range of infarctions associated with depressed ventricular 

performance and the condition of heart failure are unique to the rat model because of the 

rat's ability to survive such large infarctions, unlike animais like the dog in which, an 

infarction greater than 30% results in fatal arrhythrnias (Kumar el al., 1970; Pfeffer et al., 

1979). Only rats with calculated infarct sizes greater than 30% of the left ventricle were 

included in the studies since this level of infarction is standardly used in the literature for 

representing typical signs of hean failure (Pfeffer er al., 1979; Drexler et al., 1992). 

2.2.1 Rationale for Hemodynamic Study 

The presence of heart failure was assessed, as previously described (Pfeffer et al., 

1979; Sakai et al., 1996; Thuillez et al., 1993, by evaluating lefi ventncular end-diastolic 
4 

and systolic pressures, lefi ventricular pressure development, heart rate, and mean arterial 

pressures. It is of note that studies by Pfeffer were done only 21 days post-surgery and 

hemodynamic measurements were made during anesthesia. The present study was done 



under a longer tirne frame and in conscious animals. experimental conditions which 

should have allowed for funher progression and expression of the heart failure condition. 

Others have also demonstrated hemodynamic evidence of heart failure in this rat model 

afier a period of thiny days (Thuillez et al., 1995), six weeks (Yang et ai., 19953, eight 

weeks (Feng et al.. 1 W6c: Hill & Singal, 1 W6), ten weeks (Ontkean er al., 1 Wl) ,  and 

sixteen weeks (Hill & Singal, 1996). We have conducted hemodynamic measurements on 

our particular model to confirm that a state of heart failure was induced in Our model after 

eight weeks and that the present model adheres to previous criteria. 

2.2.2 Hemodynamic Protocol 

Eight weeks post-surgery, rats were anaesthetized with sodium pentobarbital (50 

mgkg, i.p.) for catheter placements. A total of four vesseis were c a ~ u i a t e d  in 

preparation for this study. Al1 lines contained heparinized saline (0.9%) to prevent 

blockage by blood clotting. In addition, the lines were secured onto the backs of the rats 

to allow for free movement. 

The tail artery rvas cannulated with polyethylene tubing (PE-50. Becton Dickinson 

& Company. Sparks, MD) for the purpose of measuring rnean arterial blood pressure and 

heart rate. A second PE-50 catheter was inserted into the left ventricle through the right 

carotid artery for the measurement of lefi ventricle systolic and end-diastolic pressures as 

well as the maximal rate of pressure development (+dP/dt) and rate of relaxation (-dP/dt) 
* 

of lrft ventricle. Pressures and heart rate measurements were taken using a Hewlea- 

Packard pressure transducer (model l29OA) c o ~ e c t e d  to a pressure rnonitor and recorded 

on a Gould recorder (mode1 2400s). 



Measurement of cardiac output 

a thennodilution probe ( X F ,  Baxter, 

(CO) required two separate cannulations. Firstly, 

Mississauga, Ontario) was passed into the upper 

thoracic aona via the right femoral artery so that the tip was at the aonic arch. The 

position of the probe was confirmed by visualization after completion of the study. 

Secondly, a PE-50 catheter was inserted into the supetior vena cava via the right jugular 

vein for injection of heparinized saline (0.9% NaCI). Cardiac output measurements were 

obtained by injecting 0.2 cc of 20-22°C saline into the superior vena cava and detecting 

changes in aortic blood temperature by a cardiac output cornputer (American Edwards 

Laboratones, CA) via the thermodilution probe. Measurements were made in duplicate 

and nomalized by dividing by the body weight of the individual rats. This nomalized 

value of cardiac output is expressed as mLlmin/lOOg body weight throughout the thesis. 

Right atrial pressure was not measured because catheter placement in the right atrium is 

often associated with significant bradycardia in conscious rats. Thus, we were unable to 

calculate peripheral vascular resistance. However, previous studies have measured 

peripheral vascular resistance in anesthetized rats and have shown the values to be 

signi ficantly increased in heart failure (Drexler. 1 986). 

The thennodilution method of quantifying cardiac output is an application of the 

indicator dilution principle in which the indicator is cold saline. This is the most widely 

used invasive method for assessing cardiac output in man for the reasons that it is easy to 
4 

perform and allows instantaneous determination of cardiac output (Branthwaite & 

Bradley, 1968; Ganz er ai.. 1971; Gola et al., 1996). It is also a popular technique for use 

in rats (Carbone11 er al., 1985; Yang et al., 1995) and dogs (O'Murchu et al., 1994). 



Non-invasive methods of assessing cardiac output involve Doppler 

rchocardiography. The most accurate and reproducible method by Doppler measures the 

left ventricular outflow tract, however, this method is not used extensively in clinical 

cardiology studies (Gola et al., 1996), and was not available in the current study. 

Al1 hemodynamic measurements were made during the conscious state, two to 

three hours post-surgery. at which time the animals were alert and able to execute 

coordinated movements. Hemodynarnic measurements were obtained when the rats were 

resting quietly. The present hemodynamic measurements taken three hours after surgery 

have partially rec~vered from the depressing effect of anaesthesia when the values are 

compared to measurements taken immediately post-surgery (own observations). Our 

rxperience indicates thût extending the recovery time is detrimental to the rat's survival 

because of the intra-ventncular catheter which causes severe arrhythmias. 

2.3.1 Rationale for Organ Bath Study 

The in vitro organ bath is a long-established method of' evaluating endothelium- 

dependent relaxation of vascular smooth muscle (O'Murchu et al., 1994). Thoracic aortae 

were used in these studies because of their feasibility as well as their long-standing 

reputûtion and use in these studies (Cooke et al., 1992a; Feng et al., 1996c; Noil et al., 

1994; Ontkean et al.. 199 1 ; Teerlink et al., 1994; Thuillez et al., 1995). Aonic endothelial 

dysfunction in the coronary artery ligated rat mode1 of hem failure has been demonstrated 
$ 

as early as four weeks post-surgery (Thuillez et al., 1995). The present studies investigate 

aonic endothelial function right weeks post surgery. 



Ontkean found that the abnormaiities in nitric oxide production were more severe 

in the pulmonary arteries than in the thoracic aorta (Ontkean et ai., 1991). While these 

are both relatively large conduit arteries. the changes observed indicate that the aorta is a 

useful mode1 for studying the pathophysiology of heart failure in the vasculature and for 

testing the effects of therapeutic rnodalities. It has also been demonstrated that small 

arteries are more affected with regards to endothelial dysfunction than larger meries 

(Teerlink et ol., 1993; Thuillez et al.. 1995). Thus. if vascular dysfunction is observed in 

thoracic aortic ring segments it might imply that the pulmonary and smaller peripheral 

arteries would also display impaired endothelial function and perhaps to a higher degree, 

however. this hypothesis was not addressed in the current studies. 

2.3.2 Organ Bath -- Ring Preparation 

Eight weeks post-surgery rats were killed via lethal injection of sodium 

pentobarbital and the thoracic aorta immediatcly removed and placed in cold Krebs' 

bicarbonate solution. While in Krebs' solution the vessels were dissected free of fat and 

c o ~ e c t i v e  tissues, cut into transverse ring segments of 4 mm in length, and mounted in a 

5 mL organ bath containing aerated Krebs' solution. Care was taken to avoid endothelial 

damage. 

2.3.3 Organ Bath -- Apparatus 

The vascular ring segments were placed around twvo horizontal stainless steel 
4 

wires which were mounted on vertical holders. One holder was attached to a Grass FT03 

Force-Displacement Transducer (Grass Instruments, Quincy, MA) c o ~ e c t e d  to a Grass 

Mode1 79E Polygraph for the continuous recording of changes in vesse1 wall tension. The 



other holder was fixed to a brass rnanipulator which was used to apply passive tension to 

the vessels. 

The ring segments were bathed in Krebs' solution which was maintained at 37°C 

in a double-walled, temperature-controlled organ bath with intemal volume of 5 mL. The 

Krebs' bicarbonate solution had the following composition (mM): NaCI, 1 1 8; NaHC03. 

27; Glucose. 1 1;  KCI, 4.7; MgSOp7H20, 1.2: KH2P04, 1.2; CaCL, 2.5. Krebs' in the 

bath was aerated with 95% O2 - 5% CO2. rnaintaining a pH of 7 . 4  Vessels were mounted 

at a resting tension of one gram, and allowed to equilibrate for one hour under these 

conditions before the experirnent was begun. 

2.3.4 Organ Bath Protocol 

To evaluate the functional state of the aonic rings, vessels were constricted with 

100 m M  KCl for a 10-1 5 minute period. This was repeated three to four times until a 

consistent maximal response to KCI was established. 

Cumulative concentration-responses to acetylcholine and sodium nitroprusside 

were performed; acety lc holine was used to evaluate the endothelium-dependent relaxation 

of the vessel and sodium nitroprusside to evaluate the endothelium-independent relaxation 

of the vessel. Since the dilator response to both acetylcholine and nitroprusside involves 

activation of the guanylate cyclase system, a generalized defect within the guanylate 

cyclase system can be ruled out as a possible explanation for endothelial dysfunction if a 
3 

response occurs to nitroprusside but not to acetylcholine. 

Vesse1 rings were preconstricted with 10" M prostaglandin F2, (PGF?,, dinoprost 

trometharnine, 5 mg/mL. The Upjohn Company of Canada, Don Mills, Ontario) 



(O'Murçhu et al.. 1994; Ontkean et al.. 1991) and challrnged with increasing arnounts of 

either acetylcholine (iodide. Sigma A-7000) from to IO-' hl (Nol1 et al., 1994; 

Teerlink el (il., 1994). or sodium nitroprusside (Sigma S-0501) frorn 10"' to 10" M 

(Thuillrz el al., 1995). These ranges of concentrations produced full concentration- 

response curves for their respective dmgs. The response to each dose added was allowed 

to reach a stable plateau before the next dose was added, approxirnately two to three 

minutes. Responses were rxpressed as a percentage of the maximum constriction to 

PGF2, for each tissue. Between individual concentration-response curves, vessels were 

washed repeatedly with fresh aerated Krebs' solution and allowed to retum to baseline 

tension. 

2.41  Rationale for Nitrite Assay 

Extracellular fluids such as plasma are continuously being circulated to al1 parts of 

the body. Rapid transport and subsequent mixing between plasma and the extracellular 

fluid via diffusion through the capillary endothelial cells allows al1 cells in the body to be 

rxposed to essentially the same extracellular environment. Thus. the presence of nitrate 

and nitrite in the extracellular Ruid is a good indicator of those metaboiic processes that 

occur at the cellular and tissue level (Grisham et al.. 1995). 

Nitric oxide itself is difficult to quantitate because it is generally produced in 

small arnounts and has a half-life of less than six seconds (Granger et al., 1995; Iyengar et 
8 

al.. 1987). The major route of nitric oxide decomposition in vivo is the reaction with 

oxyhemoglobin in the red blood cells to fom nitrate and methemoglobin (Beckman et 

ai., 1990). Another possible route is through formation of peroxynitrite by the reaction of 



nitric oxide with superoxide (Beckman et al.. 1990). Peroxynitrite c m  react directly with 

organic molecules such as sulphydryls resulting in nitrite and nitrate being formed 

(Koppenol et al.. 1992). The resulting nitrite proceeds to react with oxyhernoglobin once 

it entrrs the vascular system and as a result only small amounts are present in plasma. The 

reaction of nitrite with oxyhemoglobin results in stoichiometric fornation of nitrate and 

methemoglobin. The majority of nirric oxide synthesized from L-arginine is detected in 

plasma. senim. and urine as nitrate; however, nitrite that enters body fluids without 

traversing a vascular space may not be completely oxidized to nitrate (Granger et al., 

1995). Thus, determination of plasma levels of both nitrate and nitrite is a usehl method 

of quantifying basal systernic nitric oxide production since the only known endogenous 

source of nitrate and nitrite is the L-arginine-nitric oxide pathway. It shouid be noted that 

plasma nitrate levels retlect not only endogenous nitric oxide production but also total 

nitrate ingestion from the diet, and the rninor contribution made by bacterial metabolism 

of amino compounds in the gut (Grisharn et al., 1995). 

Our protocol employs the Griess reaction for indirect determination of nitric 

oxide and is similar to that used by Grisham and others (Grisham er ai., 1995; Kichuk et 

al.. 1996; Kumura et al., 1994; Schmidt, 1995; Schmidt et al., 1992; Tracey er al., 1995; 

Vodovotz et al., 1996). 

The Griess reaction. developed in 1879 (reviewed in Grisham et al., 1995), is 
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based on the formation of a chromophore dunng the reaction of nitrite with sulfanilamide 

and heterocyclic amines such as N-(1 -napthyl)ethylenediamine (NED) under acidic 

conditions. During this reaction. acidified nitrite undergoes a diazotization reaction with 



sulfanilamide to form a diazonium salt which then couples to NED to form a red 

chromophore with a chancteristic absorption spectrum. Griess reagents may also react 

with nitrosothiols and nitrosoamines. however, nitrate does not undergo the diazotization 

reaction and therefore must first be chemically reduced to nitrite in order to react with the 

Griess reagents (Granger et al.. 1995). 

The nitrate reduction in the following experiments was performed using bacterial 

nitrate reductase (Grisham et al., 1995; Tracey et al., 1995) but the reaction may also be 

done using cadmium metal (Green et al., 1982; Kumura et al., 1994). Other indirect 

methods of measuring nitric oxide include bioassays for cGMP which are fairly 

nonspecific and other assays for nitrate and nitrite such as gas chrornatography-mass 

spectrornetry (Tesch et al., 1 Wb), c hemiluminescence (Archer, 1 993), and high- 

performance liquid chromatography (Romero et al., 1989). Most methods available 

require expensive equipment. Mass spectrometry is the most sensitive technique but it is 

not suitable for routine analyses (Leone ei al., 1995). 

2.4.2 Nitrate Assay Protocol 

Blood sarnples were collected from rats eight weeks post-surgery. Rats were 

anaesthetized with sodium pentobarbital (50 mgkg i.p.) and the right carotid artery was 

cannulated with a PE-50 catheter for blood collection. Blood samples were collected in 

heparinized tubes, centrifuged for 15 minutes at 10.000 g, and plasma collected and stored 
4 

at -80°C for future use. A 10 m M  stock solution of sodium nitrate (NaNo,, Sigma S- 

5506) standard was stored in 100 PL aliquots at -70°C for up to two months. This stock 

was diluted to yield a standard curve ranging from 5 to 50 FM. 



To begin. 100 pL of sample. standard, or water blank was added to a red 

polypropylene Eppendorf tube containing 200pL H20.  25 PL 1 M Hepes buffer (pH 7.4, 

Sigma H-3375). 25 IL 0.1 m M  flavin adenine dinucleotide disodium salt (FAD, Sigma F- 

6625). 50 PL 1 mkf nicotinamide adenine dinucleotide phosphate (NADPH. Sigma N- 

7505), and 100 pL I UImL E.coli nitrate reductase (Boehnnger Mannheim 98 1-249) and 

incubated at 37°C for three hours. Next, 5 pL l500U/mL lactic dehydrogenase (LDH 

from bovine muscle. Sigma L-1378) and 50 PL 100 m M  pynivic acid (sodium salt, Sigma 

P-2256) were added and the misture was incubated for 10 minutes at 37OC. 

Since the plasma samples contained heparin. which may precipitate upon addition 

of the Griess reagent and interfere with spectrophotometric reading (Grisham et al.. 

1995). samples were applied with 50 pL 10 mg/mL protamine sulphate (from Salmon; 

Sigma P-4020) to remove heparin. Samples were vortexed, incubated for 5 minutes at 

room temperature, and crntrifùged for 10 minutes at 10,000 rpm to remove the 

precipitate. 500 pL of the supematant was transferred to glass culture tubes and 1 mL 

premixed Griess reagent added. The Griess reagent consists of 0.7% NED in 5% 

phosphoric acid combined with an equal volume of 7% sulfanilamide in 5% phosphoric 

acid. After 10 minutes incubation at room temperature, the absorbance at 543 nm was 

read. AIl samples were done in duplicate and the average taken. 

2.5.1 Retionale for L-arginine Treatment Dose 

Previous studies adrninistering L-arginine to rats in drinking water have used a 

variety of doses: 0.63 rnmol/kg/day (Matsuoka et al., 1996); 2.25% L-arginine HCI in 

drinking water, approxirnately l.?g/day (Cooke et ai., 1992a); 0.05g free base L- 



arginine/kg/day (Lubcc et al.. 1996); l.Zjg/L in drinking water. approxirnately 

0.lglkglday (Resta & Walker. 1994). We adrninistered two different concentrations of L- 

arginine to two separate populations of rats in order to observe any dose-dependent 

effects. 

In order to establish the dose of L-arginine being administered io the rats 

chronically, randomly selected sham and heart failure rats were given a stock mixture of 

either 12.5gL or 5 O g L  L-arginine (Sigma A-5006) as their drinking water and the 

consurnption of said mixture was monitored. 

2.5.2 L-Arginine Treatment 

The amount of water consumed by both non-treated and L-arginine-treated rat 

groups was measured by weighing the water bonle and contents. These drinking water 

measurements were taken twice weekly and the average daily consumption was estimaied 

by dividing the measured change in water present in the water bonle by the number of 

days since last measurement. A similar technique was used by Lubec (Lubec er al., 

1996). Water consumption was measured to ensure that the drinking habits of the 

different treatment groups were not significantly different and to establish the dose of L- 

arçinine being adrninistered over the course of the study. The average dose of L-arginine 

rcceived by the two treatment groups was calculated by multiplying the estimated daily 

water consumption by the L-arginine stock concentration and dividing by the average rat 
s 

body weight. 



2.5.3 ~Measurement of Plasma L-arginine Levels 

Blood sarnples were collected from rats eight weeks post-surgery. Rats were 

anaesthetized with sodium pentobarbital (50 mgkg i.p.) and the nght carotid artery was 

cannulated with a PE-50 catheter for blood collection. Blood samples were collected in 

heparinized tubes, centrifuged for 15 minutes at 10,000 g, and plasma collected and stored 

at -80°C for future use. Plasma samples were sent to the Children's Psychiatric Research 

[nstitute, London, Ontario, for detection of L-arginine by ion exchange chromatography 

in an automated arnino acid analyzer using the ninhydnn detection system. Sarnples of 

0 . h L  heparinized plasma were deproteinized by addition of 0.3mL sulfosalicylic acid 

solution, and centrifuged at 16000 rpm. The supernatant was frozen and sent to the 

institute where it was filtered through a 0.22 pM filter pnor to being applied to the 

analyzer. 

2.6 Statistical Analysis 

Data were expressed as the mean + standard rrror of the mean (SEM). ECSo 

values were calculated with Graphpad Prism via non-linear regression. Al1 statistical 

cornparisons were performed with a commercially available package for PC cornputers 

(Microsoft EXCEL). One way analysis of variance analyses (ANOVA) were performed 

on data to detect significance petween the multiple groups. These analyses, considered 

significant with Pc0.05, were followed by two-tailed Fischer's Least Significant 

Difference procedure to detect significance between individual groups. In comparing 



only two groups, such as in table 1. only Students' t-test was rmployed. Again, 

differences were considered significant at the level of P<0.05. 

Inclusion cntetia for the entire study include an infarct size of greater than 30% of 

the lefi ventricle. 

Additional exclusion cri teria for the organ bath studies included tissues which 

failed to yield a constriction response to potassium chionde, had an unstable or shifting 

baseline, or which failed to dilate to 50% of the maximum constriction in response to 

sodium nitroprusside indicating severe vesse1 damage as a result of tissue handling. 

Tissue that exhibited very pronounced intrinsic oscillations after being exposed to PGF2, 

or acetylcholine and from whose tracing a credible rneasurement could not be made were 

also excluded. 

Exclusion criteria for the hemodynarnic study included rats in whom the thermal 

dilution probe position was found to be below the thoracic aorta upon visual confirmation 

at autopsy. As well, it should be noted that some measurements were unobtainable as a 

result of a line being pulled loose or blocked by a coagulated blood even though measures 

were taken to avoid such instances. The criteria mentioned here account for any 

discre pancies in sample size numbers within groups. 



3. Results 



3.1 Characterization of the Rat Heart Failure lModel 

Rats that undenvent the coronary artery ligation surgery were not readily 

discemible from sham rats by their general appearance. There were no outwardly visible 

signs of pcripherai edema. respiratory distress. nor failure to groom, and there was no 

significant difference in the body weights of these two groups. Differences were. 

however. detected upon hemodynamic analysis. Table 1 lists the various characteristics of 

hem failure and sham rats. 

Figure 3 includes photographs representing the second section of typical ligated 

and sham left ventricles which were sliced transversely from apex to base. I t  was from 

such photographs that the infarct size was calculated for al1 ligated rats. Scar tissue, 

ventricular wall thinning in the infarcted area. volume expansion, as well as hypertrophy 

of the non-infarcted ventricular muscle characteristic of hem failure were ail obvious in 

comparing the infarcted photograph to that of sham. There was no significant difference 

in the infarct sizes of the rat population used in the hemodynamic compared to organ bath 

studirs. -12.422.1 % and 38.1 t 1.3%. respectively (P=0.09). 

The heart weights standardized by body weight of heart failure rats were 

significantly increased compared to sham (P<0.01), this result vias unifom throughout 

the heart as it was seen in atria, and both the right and lefi ventricles, table 1. Similarly. 

the lefi ventricular volume of heart failure rats was also significantly increased compared 
4 

to sham (Pc0.05). 

Hemodynarnic parameters are also listed in Table 1. Hem failure rats displayed 

decreased cardiac index compared to sham (Pc0.05). As well, the ligated rats exhibited 



clcvated lefi ventricular end-diastolic pressures. depressrd systolic lefi ventricular 

pressures. and reduced rates of pressure developrnent and relaxation (+dP/dt and -dP/dt. 

respectively) (P<O.OI ). There was no significant change in heart rate nor in mean artenal 

pressures. 



TABLE 1: Physical and hemodynamic characteristics of sham compared to heart 
failure rats 8 weeks following surgery. 

Sham Heart Failure 

WEIGHTS 

LV VOLUME (mL) O. 109+,0.0 10 0.29 1 +O.OS* 

CI (mL/min/lOOg body) 21.2i1.0 17.7+ 1.2* 

LVEDP (mmHg) 4.21 1 12.1+2.2** 

SLVP (mmHg) 14553 1 S414* * 

+ d P/d t (mm Hglsec) 2935566 2296+119** 

HEART RATE (bpm) 4 4071 13 400+ 15 

Values expressed as MeankSEM. * PcO.05, * * P<0.0 1 vs. Sham, '~=0.05 vs. Sham. 



Scale: Icrn 
m 

Figure 3: Left ventricles were sliced transversely from apex to base in 
order to evaluate the infarct size. Above are representative 
photographs of the second section of typical sham (a) and ligated (b) left 
ventricles. The infarcted heart displays scnrring, volume expansion, 
and hypertrophy. Only rats with infarcts greiiter than 30°A) of the left 
ventricle were included in the studies as heart failure rats. 



3.2 Characterizing the Chronic Oral L-arginine Treatment 

Figure 1 illustrates the trend in water consumption for ail six rat groups, untreated 

sham and heart failure, low dose L-arginine treated sharn and heart failure, and high dose 

L-arginine treated sham and heart failure rats. In the first week post-surgery water 

consumption was significantly lower compared to following weeks (P<0.01). Water 

consumption increased over the following weeks and plateaued at approximately 50 mL 

of water per day afier the third week. The average low dose of L-arginine received by the 

rats in the final week was calculated as 1.36k0.04 g/kg/day. The average high dose of L- 

arginine was calculated as 5.09+0.15 g/kg/day. Figure 5 shows that the low dose L- 

arginine treated sham and h e m  failure rats received similar doses of L-arginine (P=O. 1 8). 

as did the high dose L-arginine treated sham and heart failure rats (P=0.09). 

In order to confimi that the L-arginine consumed was being absorbed by the rats, 

plasma concentrations of L-arginine were measured via ion cxchange chromatography, 

figure 6. Heart failure rats exhibit a trend towards lower plasma L-arginine levels 

compared to sham. Low dose L-arginine treatment in hean failure rats appears to have 

restored plasma levels to that of untreated sham rats while the high dose L-arginine 

treated heart failure rats had significantly higher plasma arginine levels than untreated 

sham rats (P<O.Oj). High dose treated sham rats, however. displayed significantly higher 

plasma L-arginine levels than untreated sham and heart failure rats but were not different 
4 

from high dose L-arginine treated heart failure rats (Pe0.05, P<0.05, and P=n.s., 

respectively). There appears to be a dose-dependent increase in plasma L-arginine levels. 



Plasma nitrate and nitrite levels were rneasured as an indication of basal nitric 

oxide production. Figure 7 shows that there was no significant difference between either 

untreated sham and heart M u r e  rats, nor between untreated and L-arginine treated 

groups. 



Figure 4: Rats were treated with either a high or low dose 
of L-arginine, or water placebo for 8 weeks following 
coronary artery ligation or sham surgery. The amount of 
water consumed was measured by weighing the water bottle 
and contents twice weekly. The average daily consumption 
(g/day) was estimated for each week. The water 
consumption in the first week post-surgery was significantly 
lower than consumption in the following weeks (* P<0.01). 
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Figure 5: The average dose of L-arginine consumed by 
the low and high dose treated rats was calculated by 
multiplying the estimated daily water consurnption by the 
L-arginine stock concentrations, l2.5g/L and 50glL 
respectively, and dividing by body weight. There was no 
significant difference within treatment groups. P=0.2 and 
0.09, respectively for low and high doses. 
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Figure 6 : The phsma Larginine concerrbations were 
measured by ion exchange chiomabogmphy and are 
expcpiessed as mnoVL. Them appears do be a trend bwds 
decreased phsma arginine concenbations in unûeaded CHF 
m. Sham, and an Laiginine treabnentdependent increase in 
pbsma concentrations. *P<O.OS vs. Unûeaîed and Low 
Dose LArginine ûeated Sham and CHF; # P<0.05 W. 
Unûeated and Low Dose LArginine treated CHF and 
Untreabed Sham. 
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Figure 7: Plasma levels of nitrate and nitrite were assayed 
using the Griess reaction for indirect determination of basal nitric 
oxide levels in plasma. No significant difference between the 
plasma nitratelnitrite levels of untreated or L-arginine treated 
sham or heart failure rats was detected. ANOVA P=0.47 



3.3 The Effects of L-Arginine Treatrnent on Cardiac Function in Sham Rais 

Sham rats were given L-arginine treatment to serve as controls for the treated heart 

failure rats. There was no sign of infarction in these rats and neither low nor high dose L- 

arginine treatment group was visibly discernible from untreated sham. Al1 rats ate and 

drank normally, moved about freely in the cage, and groomed normally. 

Table 11 lists the characteristics of these three sham groups. There was no 

difference between the body weights of untreated and low and high dose L-arginine 

treated sham rats. There was no significant difference between any of the three sham 

groups in heart weights normalized for body weights and this was seen consistently 

throughout al1 sections of the hem. There was no significant difference in the left 

ventricular volumes between untreated and L-arginine treated sham rats. 

Hemodynamic analyses, also presented in Table II, showed no significant 

difference in the cardiac outputs of untreated and L-arginine treated sham groups, nor was 

there any difference in left ventricular end-diastolic pressure, systolic left ventricular 

pressure, or in rates of developed pressure and relaxation. 



TABLE II: Physical and hernodynmic characteristics of untreated and L-arginine 
treated sharn rats afier 8 werks of treatment post-surgery. 

SHAM LOW DOSE SHAM HIGH DOSE SHAM 

N 

WEIGHTS 

BODY (g) 

HEARTIBODY (mg/g) 

ATRIAIBODY (mglg) 

RV/BODY (mg/g) 

LV/BODY (mglg) 

LV VOLUME (mL) 

CI (mL/min/ 100g body) 

LVEDP (mrnHg) 

SLVP (rnmHg) 

+ dP/dt (mmHg/sec) 

- dP/dt (mmHg/sec) 

MAP (mmHg) 

HEART RATE (bpm) 

3 

Values expressed as Mean f SEM. 



3.4 The Effects of L-Arginine Treatment on Cardiac Function in Henrt Failure Rats 

Figure 8 demonstrates that there was no significant difference between the infarct 

sizes produced among untreated and L-arginine treated hem failure groups (P=O.J), while 

sham rats had no myocardial infarction. 

There was no significant difference in the body weights of untreated and low or 

high dose L-arginine treated heart failure rats, figure 9. The heart weights. normalized for 

body weight, were not significantly different between the untreated and L-arginine treated 

heart failure groups, but they were significantly increased compared to sham rats 

(P<O.O5), figure IO. This characteristic was uniform throughout the heart as it was 

evident in the atria, right and lefi ventricles, figure I l  a, b and 12 a. Thus, no effect of the 

L-arginine treatment was seen. 

Lefl ventricular volume of both untreated and L-arginine treated heart failure rats 

was significantly increased compared to untreated sham rats (P<O.Oj), figure 12b. 

However, there was no difference between untreated and L-arginine treated heart failure 

rats. 

Cardiac output in untreated hem failure was decreased compared to sham 

(P<O.Oj). Low dose L-arginine treatment did not improve cardiac output in heart failure 

cornpared to untreated, however, high dose L-arginine treated heart failure rats had 

cardiac outputs that were not significantly different from either untreated sham or heart 
< 

failure, see figure 13. 

Left ventricular end-diastolic and systolic pressures, figures 14 and 15, were 

significantly different from sham for al1 three heart faiiure groups (WO.05) while there 



t a s  no differencr between untreated and L-arginine treated heart failure rats. Similady. 

the heart failure rats displayed decreased rates of pressure development and relaxation 

(1dP1dt) cornpared to sham (P~0.05) but no differences were seen between untreated and 

L-arginine treated heart failure rats. figure 16 a and b. 



Low Dose High Dose 

Heart Failure Rat Groups 

Figure 8: Comparison of infarct sizes induced by coronary 
artery ligation in untreated, low dose, and high dose 
L-arginine treated heart failure rats. l nfarct size was 
evaluated by tracing the circumferences of fibrotic and 
normal cross-sectional areas in a ligated heart. lnfarct size 
is expressed as a fraction of the total cross-sectional 
endocardial circumference of the left ventricle. Only rats 
with infarct size greater than 30% of the left ventricle were 
included in the studies. No significant difference between 
groups was observed. ANOVA P=0.4. 
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Figure 9: Comparison of body weights of rats 8 weeks 
following coronary artery ligation or sham surgery. There 
was no significant difference between the body weights of 
untreated sham, untreated heart failure, low or high dose 
L-arginine treated heart failure rats. ANOVA P=0.1. 
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Figure 10: Cornparison of heart weights of rats 8 
weeks following coronary artery ligation or sham 
surgery. Values are expressed as heart weight (mg) 
normalized for individual rat body weights (g). All 
heart failure groups, both untreated and L-arg inine 
treated , had heart weig hts g reater than untreated 
sham rats. ** P<0.01 vs. untreated sham. 



0.00 1 

Figure 11: 

Untreated 

O Sham 
m c w  1 

t 

Low Dose High Dose 

Un treated Low Dose High Dose 

Eight weeks following coronary artery 
ligation or sham surgery, hearts were excised, atria 
were removed frorn the ventricles, and the right 
ventricle free wall was dissected from the septum. 
Tissue was blotted dry and weighed. Increased 
weight was seen consistently in the heart sections of 
heart failure rats compared to sham rats. There was 
no difference between the weights of untreated and 
low or high dose L-arginine treated heart failure rats; 
*P<0.05 **P<0.0 1 vs. ontreated sham. 
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F igure  12: Comparison of left ventricle weights (a) and 
volumes (b) o f  rats 8 weeks following coronary artery ligation or 
sham surgery. Hearts were excised and the left ventricle was 
isolated. Volume was measured by weighing the ventricle both 
before and after fluid injection under atrnospheric pressure, 
volume is presented in m l  (b). The dry ventricle weight was 
normalized for whole body weight and is presented as mg 
ventriclel g body weight (a). The untreated and t-arginine 
treated heart failure rats exhib ited bo th sig nificantly increased 
left ventricular weig hts and volumes compared to sham. 
* P 4 . 0 5  **P<O.OI vs. untreated sham. 
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Figure 13: Cardiac output was measumd by 
thennodilution method and normalùed for individuai mt 
body wights to yield cardiac index which is expmssed 
as mUminll OOg body wight The cardiac output was 
significantly depressed in both unûeabd and low dose 
L-arginine treabed rais compared to untieabd sham, 
*P*0.05 **P*0.01. High dose Larginine treated heart 
failure rats had cardiac output not signficantty diffeiient 
frwn either untreaded. sham or heart failure, but w s  
significantfy increased compared to low dose Larginine 
treaiment, + P~0.05.  
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Figure 14: The right carotid artery was cannulated 
and the cathete r advanced into the left ventricle for 
measumie nt of left ventricular end-diastolic 
pressures (LVEDP) using a Hewlett-Packard 
pressure transducer. LVEDP was elevated in al1 
heart failure groups, both untreated and L-arginine 
t ~ a t e d .  There was no significant difference within 
the heart failure groups. * P<0.05, ** P<O.O1 vs. 
untmated sham. 
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Figure 15: The tigM camtid aidery was cannulated 
and ttie catheter was advanced into the left veMcle for 
measurement of left venbicular systolic pressure 
(SLVP) using a Hewlett- Packard pressure îmnsducer. 
SLVP was depressed in al1 heait failun groups. There 
was no significant difference between untreated and 
L-aginine treated heart failure groups. * P<O.OS vs. 
untreated sham. 
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Figure  16: The right carotid artery was cannulated and the 
catheter was advanced into the left ventricle for pressure 
measurement using a Hewlett-Packard pressure 
transducer. The maximal rate of pressure development 
(+dPldt, (a)) and the maximal rate of relaxation (-dP/dt, (b)) 
were significantly depressed in al1 heart failure groups 
compared to sham. There was no difference in these 
values between untreated and L-arginine treated heart 
failure groups. "P<0.01 vs. untreated sham. 



3.5 The Effects of L-Arginine Treatmen t on Endothelium-Dependent Relaxation 

Organ bath experiments were conducted to evaluate the endothelium-dependent 

and -independent relaxation of thoracic aortae. Figure 17a shows the right shifi in 

rndothel ium-dependent relaxation induced by acety lcholine of untreated heart failure rats 

compared to untreated sham rats. The ECsO value of the untreated hem failure group was 

higher than that of sham (P<0.05), table III. There was no significant difference between 

untreated sham and heart failure in the endothelium-independent relaxations to sodium 

nitropnisside, figure 17b. 

There was no significant difference between the untreated and L-arginine treated 

sham groups in either endothelium-dependent or endothelium-independent relaxations, 

figures 18a and b. 

Figure 19a illustrates the left-shift in the endothelium-dependent relaxation to 

acety lcholine of low dose L-arginine treated h e m  failure rats compared to untreated heart 

failure. This significant shift in the EC,, values of the dose response curve to 

acetylcholine demonstrated a resioration of endothelium-dependent relaxation to the level 

of untreated sham rats. The ECjo values of low dose L-arginine treated hem failure rats 

were similar to those of untreated sharn, table III, but were significantly decreased from 

untreated heart failure, PcO.05. There was no significant difference between the 

endothelium-inde pendent relaxations to nitroprusside of the low dose L-arginine treated 

and untreated heart failure rats, figure 19b. 

The endothelium-dependent relaxation to acetylcholine in high dose L-arginine 

treated heart failure rats was not significantly different from that of untreated hem failure 



rats. figure ZOa. As wrll, there was no difference between the endothelium-independent 

relaxation to nitroprusside between these two groups. see figure ZOb. 



TABLE III: Cornparison of the ECSo values for untreated and L-arginine treated heart 
failure rats in relaxation responses to acetylcholine and sodium nitroprusside. 

ACETY LCHOLME (Log[M]) NITROPRUSSIDE (Log[M]) 

SHAM 

Untreated 

Low Dose L-Arg 

High Dose L-Arg 

HEART FAiLURE 

Untreated 

Low Dose L-Arg 

High Dose L-Arg 

Values expressed as MeankSEM. 
rl * Pc0.05 vs. Untreated Sham. P<0.05 vs. High Dose L-Arg Sham. 
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Figure 17: Cumulative concentration-response curves to 
acetylcholine (a) and sodium nitroprusside (b) were done on thoracic 
aortic ring segments. Results are expressed as percent of the 
maximal constriction to PGF2,. The endothelium-dependent 
relaxation response to acetylcholine (a) of heart failure rats was 
significantly right-shifted cornpared to sham, Pc0.05. There was no 
significant difference in the endothelium- independent relaxations to 
nitroprusside of untreated sham and heart failure rats, P=0.7. 
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Figure 18: Cumulative concentration-response curves to 
acetylcholine (a) and sodium nitroprusside (b) were done on 
thoracic aortic ring segments. Results are expressed as a 
percent of the maximal constriction to PGF2,. There was no 
significant difference in either endothelium-dependent (a) or 
endotheliurn-independent (b) relaxations between untreated and 
low or high dose 1-arginine treated sham rats. ANOVA P=0.5 
and 0.5, respectively. 
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Figure 1 9: Cumulative concentration-response curves to acetylcholine (a) 
and sodium nitroprusside (b) were done on thoracic aortic ring segments 
preconstricted with PGF2,. Results are expressed as a percent of the 
maximal constriction. Thè endothelium-dependent relaxation response to 
acetylcholine (a) of heart failure rats treated with low dose L-arginine was 
significantly improved as shown by a left-shift in the cuive compared to 
untreated heart failure rats, P<O.O5. There was no significant difference in 
the endothelium- independent relaxations to nitroprusside (b) of untreated 
and low dose L-arg inine treated heart failure rats, P=0.8. 
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Figure 20: Cumulative concentration-response curves to 
acetylcholine (a) and sodium nitroprusside (b) were done on thoracic 
aortic ring segments preconstricted with PGF2,. Results are 
expressed as a percent of the maximal constiiction. There was no 
significant difference in endothelium-dependent (a) or endothelium- 
independent (b) relaxations between untreated and high dose 
L-arginine treated heart failure rats. ANOVA P=0.6 & 0.5, respectively. 



4. Discussion 



4.1 Establishing the Heart Failure Model 

Initially. studirs were carried out in order to confirm that this well established 

model of heart failure could be reproduced in my hands and. therefore, that the results 

obtained following treatment with L-arginine were attributable to the treatment's effects 

on the condition of heart failure. In this rat model of heart failure the etiology involved 

induction of myocardial infarction, thus. the observation of an infarcted area on the left 

ventricle of the ligated hearts was the most obvious parameter used to discnminate 

between rats with heart failure and those without. Evidence of an infarcted area with 

necrosis. scar tissue. and alterations in ventricular wall thic kness and volume expansion 

indicated that the syndrome of heart Mure  was present. 

As mentioned, there was no difference seen in the body weights of sham and heart 

failure rats. This result is in agreement with previous studies that also found no 

significant differencr between the body weights of sham and heart failure rats (Ontkean et 

al.. 1991; Pfeffer ei al.. 1979). There are, however, other reports of significant decreases 

in body weights in heart failure rats (Sakai er al.. 1996: Thuillez er al.. 1995), but these 

studies were done in altemate strains of rats at various ages and weights which may 

explain the difference. 

As a consequence of myocardial injury, the heart dilates to expand its volume and 

hypertrophies in an attempt to increase both stroke volume, strength of contraction, and 

cooperatively improve cardiac output. As discussed earlier, cardiac dilatation and 

hypertrophy attempt to maintain cardiac output, however. in heart failure the injured heart 

is incapable of increasing cardiac output past a cntical point and the Frank-Starling 



mechanism fails. The photographs of the ligated heart clearly illustrate what is also 

demonstrated by the heart weight and left ventricular volume measurements, that is, that 

there was hypertrophy of non-infarcted area and increased ventricular volume in heart 

failure rats. The rnarked hypertrophy of the right ventricle may have been indicative of 

elevated pulmonary pressure which was manifested as increased left ventncular end- 

diastolic pressure in heart failure rats. The combination of injury and dilatation of the left 

ventricle also contributed to the decreased contractile force generated and the elevated 

end-diastolic and decreased systolic pressures which directly reflected the condition of 

heart failure. 

The present model demonstrated such typical traits of heart failure as depressed 

cardiac output, decreased left ventricular systolic pressure and rates of pressure 

development. impaired endothelium-dependent relaxation, and clevated lefi ventricular 

end-diastolic pressures. These hemodynamic parameters indicated that, indeed, the heart 

was unable to compensate for the myocardial injury and was not able to pump effectively. 

Although mean arterial pressure was not significantly different between groups there was 

a slight trend towards decreased mean arterial pressure in h e m  failure. Studies by others 

generally noted decreased mean arterial pressures and reduced cardiac output 

accompanied by no change in peripheral resistance in rats with heart failure (Pfeffer er al.. 

1979; Yang el  al., 1995). Considering al1 the evidence provided, it appears that this rat 

model represents the pathophysiological state of heart failure. 



4.2 L-Arginine Availability in Heart Failure 

Plasma levels of L-arginine exhibit a strong trend towards being lower in 

untreated h e m  failure rats compared to sham rats. Preliminary results in Our lab (Feng et 

al.. unpublished observation) have s h o w  that aortic tissue levels of L-arginine were also 

decreased in heart failure rats. This rnay suggest that there i s  decreased L-arginine 

availability to the nitric oxide synthase enzyme in heart failure. It is possible that the 

observed trend in plasma levels of L-arginine may reflect a larger alteration in 

intracellular levels of L-arginine, particularly if L-arginine is actively sequestered in pans 

of the cell requiring arginine. such as in the vicinity of nitric oxide synthases. Although 

the cause of the decreased L-arginine concentrations in heart failure rats is not known, 

mechanisms such as impaired L-arginine transport from the jejunum or into cells, 

blockacie of L-arginine recycling From L-citrulline, or L-arginine depletion by use in other 

pathways or by excessive iNOS stimulation are suggested as possible explanations for 

this observation. Therefore, L-arginine supplementation may increase L-arginine 

availability and subsequently increase nitric oxide production by nitric oxide synthasc and 

improve the impaired rndothelium-dependent relaxation in heart failure. 

The plasma concentrations of L-arginine may be affected by alterations in 

extracellular fluid volume in the body. Under conditions where extracellular volume was 

increased due to. for example, sodium and water retention which may occur in h e m  

failure (DiBona et ai.. 1988). the measured concentration of L-arginine would be diluted 

and, therefore, not yield an accurate picnire of L-arginine levels in heart failure relative to 

sham rats. 



Future studies should investigate the aspect of L-arginine availabiiity and wheiher 

transport is inhibited or whether L-arginine is being utilized in another pathway such as 

increased urea production or increased production of endogenous ADMA which could 

have additional consequences with respect to the impaired endothelium-dependent 

relaxation in heart failure. 

1.3 L-arginine Treatment, Dosage, and Plasma Levels 

In addition to establishing the heart failure model, it was also necessary <O 

determine the characteristics of the L-arginine treatment. The lower water consumption 

in the first week of the treatment was likely a consequence of the rats undergoing an 

extensive surgical procedure. The increased water consumption of later weeks 

corresponded with the rats recovery from the surgery and their growth as indicated by 

increased body weight. 

The plasma concentrations of L-arginine corresponded well with the dosing 

regirnen of untreated, low and high dose L-arginine groups, that is, there was a dose- 

dependent increase in plasma L-arginine levels in both sham and hem failure rats in the 

present study. The elevated plasma L-arginine concentration of the treated groups 

demonstrated that oral L-arginine was being absorbed and distributed in the plasma and 

thus had physiological relevance. Since the low dose L-arginine treatment appeared to 

have restored plasma L-arginine levels to that of sham rats, the nomalized plasma L- 

arginine levels may account for any beneficial effects observed in the heart failure rats. 

As well, the extremely high plasma levels achieved by the high dose L-arginine treatment 

may account for any difference between the effects observed in the high and low dose L- 



arginine ireatment groups. In the present study. basal level of plasma L-arginine in 

unireated sham rats was about 200pM which agrees with the values reported by other 

investigators (Pieper & Peltier. 1995). 

Future studies should look at the cellular distribution of L-arginine and whether 

plasma concentrations are reflective of intracellular levels of L-arginine and whether this 

source of L-arginine is distributed into the metabolically active pool of arginine. 

4.4 Plasma Nitrate Levels 

No difference was seen in the plasma levels of nitrate and nitrite in heart failure 

rats, nor was there any difference seen with the L-arginine treatments. While it is possible 

that restriction of nitrates in the diet may improve the sensitivity of the assay, in rnost 

studies the rats were not fasted prior to obtaining blood samples but were simply fed 

standard food as in the present study. Such studies were able to detect significant 

alterations in plasma nitrate and nitrite levels (Kumura et al., 1994; Matsuoka et al., 

1996). Kumura et al. fed the rats with standard diet and found plasma nitrate and nitrite 

concentrations of approximately 33pM. The values in the present study ranged between 

?O to 25pM. This slight difference in values may be accounted for by different chow fed 

to the rats or the difference in age or strain. 

A study in humans looked at the effect of acute L-arginine supplernentation on 

cardiovascular performance in patients with hypercholesterolemia and found no 

significant improvement (Wennmalm et al., 1995). It is interesting that they also found 

no alteration in plasma nitrate concentration upon supplementation with L-arginine which 

they interpreted as indicating that the formation of nitric oxide was not markedly 



increased in the patients studied (Wennrnalm et al.. 1995). M i l e  this interpretation could 

also be applied to the present study. it would then be difficult to explain the observed 

improvement in endothelium-dependent relaxation. 

Although the major source of nitrates and nitrites endoçenously is the L-arginine. 

nitric oxide pathway, it bas been discussed that the diet may contribute as much as 60% to 

the plasma levels (Gnsham er al., 1995). Thus, under conditions where subjects are 

maintained on a defined diet and there is no abnormality in renal clearance of nitrate and 

nitrite, the accumulation of nitrate and nitrite is proportional to the total activity of nitric 

oxide synthases per unit time (Granger et al., 1995). I t  has been shown that glomerular 

filtration rates are not different between sharn and heart failure rats (Feng et al., 1997) 

(Hostetter et al., 1953), thus, the nitrate and nitnte concentrations presented here should 

reflect the basal activity of nitric oxide synthases. In the present study it was not feasible 

to obtain plasma nitrate levels that more closely reflected endogenously produced nitric 

oxide by putting the rats on a nitrate reduced diet or fasting the animals. 

If one assumes that rats drank in response to or concurrent with eating one could 

suppose that the rats aie similar iunounts since the drinking measurements were found to 

be uniform. Since the rats ate the same food the dietary contribution to plasma levels 

should be uniform across the groups. Assuming, then, that diet uniformly contributes a 

significant arnount io these levels, the remaining percentage of plasma nitrate and nitrite 

would be attributable to basal nitric oxide production and these values rnay reflect a 

difference in basal levels not detectable unless isolated from the exogenous pool. 

Therefore, it is possible that the nitrate levels reflecting the true basal levels of nitric 



oxide release may be buried in the total levels measured in the present study due to a 

substantial amount of nitrate corning from the diet. Future studies should further 

investigate the relative contribution of diet to plasma nitrate and nitrite concentrations. 

In addition, as when considering plasma L-arginine concentrations, alterations in 

extracellular fluid volume in the body, may affect the measurement of nitrate and nitrite. 

Heart failure rats may have increased Ruid retention and substances in the blood would be 

diluted. In this case the plasma concentrations on nitrate and nitnte would not yield ah 

accurate picture of the basal nitric oxide release in heart failure cornpared to sham rats. 

Another limitation of this rnethod for determining basal nitric oxide levels was 

that it was not possible to discem whether the nitrate and nitrite measured were derived 

from nitric oxide which had been able to elicit a biological effect prior to being oxidized. 

I t  should be recognized that oxygen radical inactivation may play a role in decreasing the 

biological activity of nitric oxide (Bode-Boger et ai., 1996). 

4.5 Effects of L-Arginine on Cardiac Function in Sham Rats 

Since no infarct was induced in the sham groups, it was not expected that there 

would be a significant difference between any of the parameters that characterize the heart 

failure model unless there was a non-specific effect of the L-arginine treatment. No 

differences were observed between the sharn groups in any parameters, including 

endothelium-dependent and endotheliurn-independent relaxations. 

The supplementation of exogenous L-arginine was unlikely to produce any effects 

in the sham rats because this model represents normal physiology. Since under normal 

physiological conditions the constitutive nitric oxide synthase is theoretically sahirated 



and in sham rats there is no reason to cxpect altered L-arginine availability, there would 

be no void which exogenous L-arginine could fill. instead the excess L-arginirie is likely 

taken up by the liver and shunted through the urea cycle (Rogers et al., 1972; White & 

Christensen. 1982). In addition. the possibility that L-arginine may be exening effects 

through its secretagogue actions on other organs has not been mled out. 

4.6 Effects of L-Arginine on Cardiac Function in Heart Failure Rats 

Although L-arginine has been shown to have cardioprotective effects in several 

models of myocardial ischemia and reperfusion (Amrani et al., 1995; Carrier et al., 1996; 

Weyrich et ai., 1992), a few studies have shown L-arginine treatment to be of no benefit 

or even to be detrimental (Takeuchi et al., 1995). In the present study no cardioprotective 

effects of L-arginine treatment were reported using the rnodel of coronary artery ligation 

induced hem failure. 

Ogilvie et al. infused L-arginine into a dog rnodel of heart failure resulting in 

improved cardiac output and decreased pulmonary resistance but no change in other 

hemodynarnic parameters (Ogilvie & Zborowska-Sluis, 1995). The present study 

demonstratcd no significant differences between L-arginine treated and untreated heart 

failure rats in any morphological or hemodynamic criteria used to characterize the disease 

state of heart failure. This includes the measurement of cardiac output for the high dose 

L-arginine treated heart failure rats which was not significantly different from either 

untreated sham or heart failure groups. Thus, it would appear that chronic oral L- 

arginine treatment fails to improve basal state hemodynamics or reduce infarct size or 

cardiac remodelling in hem failure rats. Recail that the half-life of nitric oxide may be 



substantially decreased by eievatrd levels of oxy gen free radicals (Gryglewski e i  al., 

1986). Thus. the supplementation of L-arginine alone may not be sufficient to overcorne 

the negative influence increased osidative stress that are present in heart failure (Hill & 

Singal, 1 996). 

I t  is worthy to note that theïe was no change in mean arterial pressure when L- 

arginine was administered chronically (Matsuoka et ai., 1996), although acute 

administration of L-arginine has been s h o w  to reduce blood pressure in hypertensivb 

humans and animals (Chen & Sanders, 1991; Nakaki et al., 1990). It was suggested that 

compensatory mechanisms take over during the chronic phase of L-arginine 

administration (Matsuoka et al.. 1996), this may explain some of the results in the present 

study. 

A study administering a bolus L-arginine intravenously in coronary artery ligation 

mode1 of heart failure two months post-surgery observed a decrease in arterial pressure as 

well as a negative inotropic effect in response to L-arginine (Feng et al., 1996~). Woo et 

(JI.  administered a chronic oral L-arginine dose of Ig/kg/day for 35 days post-surgery 

(Woo et al., 1996). They observed decreased hypertrophy of the left ventricle as well as 

presenration of left ventricular function in the form of positive inotropy in a Langendorff 

preparation. These results were not observed in Our in vivo measurements. This may also 

be a consequence of the different time course of the experiments. It is possible that these 

beneficial effects of L-arginine treatment were present earlier in the disease state but the 

mechanism was ovrnvhelmed by the tirne vie measured cardiac hinction, possibly 



through dom-regulation of L-arginine transport from the gastrointestinal tract or into 

cells, or through a shift in L-arginine metabolism to other pathways. 

4.7 Effects of L-Arginine on Endothelium-Dependent Relaxation 

r\bnormalities in vasornotor tone are well known components of chronic heart 

failure (Ontkean et al., 199 1). Both enhanced vasoconstriction at rest and impaired 

responsiveness to vasodilator stimuli such as exercise and ischernia have been descrikd 

previously (Wilson et al.. 1986: Zelis & Flaim, 1982; Zelis et al., 1968). In the presem 

study, the in vitro data confirmed that endothelium-dependent vasodilation to 

acetylcholine was impaired in heart failure rats. The ECSo of acetylcholine was 

significantly increased in heart failure but not the maximum response. This could imply 

that competitive inhibition of the nitric oxide synthase is involved in impaired endothelial 

function in heart failure. 

Endothelium-dependent relaxations are significantly inhibited by exogenous 

ADMA applied in vitro (Azuma et al., 1995). This inhibition is dose-dependeni in that a 

dose of IO-'M ADMA shifis only the ECS0 but that higher doses of ADMA shift both the 

ECzo as well as inhibiting the maximum response (Feng et al., 1997). In the present 

study. the impaired endotheliurn-dependent relaxation in heart failure expresses traits 

resembling those of 1 O-'M ADMA inhibition. 

Low dose L-arginine treatment restored the impaired endothelial function in heart 

failure as s h o w  by the reduction of the acetylcholine EC,, value to the level of untreated 

sham rais. Since there was no difference in the endothelium-independent relaxation 

stimulated by nitroprusside. the positive effect seen in the low dose L-arginine treated rats 



was specific to improving endotheliurn-dependent relaxation and the production of nitric 

oxide. 

The improvement of endothelium-dependent relaxation by the low dose L- 

arginine treatment rnay have been a consequence of the treatment restoring plasma L- 

arginine levels of heart Bilure rats to the physiological level of sham rats. The resulting 

increased L-arginine plasma concentration in heart failure may have multiple effects 

which may include providing adequate substrate for nitric oxide synthase, baiancing the 

effects of endogenous vasoconstrictors such as endothelin through increased nitric oxide 

production, reducing the production of the nitric oxide inactivating oxygen radicals, and 

competing with endogenous nitric oxide synthase inhibitors such as ADMA. Future 

studies should address these issues in order to elucidate the mechanisms by which L- 

arginine is producing its beneficial effects in this condition. 

While the low dose L-arginine treatment did not appear to irnprove 

vasoconstriction as detected through improved cardiac output or altered rnean arterial 

pressure. i t  did improve endothelium-dependent relaxation in the aorta in vitro. This may 

represent improvement in the vasodilatory response to stimuli, which would not be seen 

in measuring basal hemodynarnic parameters, but rnay be observable under conditions of 

stress, such as exercise. This would be an interesting aspect to investigate in future 

studies. 

I t  was curious that the rats treated with high dose L-arginine failed to exhibit the 

sarne restorative effect on endothelium-dependent relaxation, however, the plasma 

concentration of L-arginine was significantly higher than the physiological levels of sham 



rats and this may have had a negative feedback effect on either L-arginine transporters or 

on one or many of the enzymes which rnetabolize L-arginine. It is possible that high 

levels of L-arginine may inhibit either its own uptake into the body or ceIl or may 

stimulate the production of other regulatory factors. such as ADMA (MacAllister et al., 

1994a), to counteract the vasorelauing effects of nitric ouide. Arginine has been s h o w  to 

be partly metabolized to form dimethylarginines in cultured endothelial cells (MacAllister 

et al., 1994a), and in humans (Bode-Boger et al.. 1996), however, the results are not yet 

clear in rabbi ts (Bode-Boger et al., 1 996). Whiie the concentrations of dimethylarginines 

within cells are not known, their levels are concentrated intracellularly (MacAllister et al., 

199Ja), therefore, the small increase observed in plasma ADMA concentrations in the 

study by Bode-Boger et al. (1996) was suggested to reflect a higher increase in the 

vicinity of nitric oxide synthase intracellularly. Thus, it is possible that under conditions 

of excess L-arginine, additional dimethylarginine may be formed, resulting in increased 

inhibition of nitric oxide synthesis and decreased L-arginine concentrations due to 

increased metabolism. Altematively. the high dose of L-arginine may be working 

through other mechanisms mentioned previously such as stimulation of growth hormone 

and IGF. This may account for the apparent effect on cardiac output in that it was not 

significantly different from sham since growth hormone has been s h o w  to irnprove 

cardiac output (Yang et al., 1995). 

The organ bath studies presented were limited to the stimulaied, endothelium- 

dependent vasodilation and additional studies using blockers of nitric oxide synthase are 



required in order to provide data concerning the basal nitric oxide reiease and its 

contributions to basal arterial tone. 

1.8 Summary and Conclusions 

The studies presented in this thesis demonstrate that a low dose of L-arginine 

given chronically to heart failure rats may restore plasma L-arginine levels and irnprove 

endothelium-dependent vasorelmation to the level of sharn rats, however, it fails to 

significantly alter basai cardiac performance. High dose treatrnent of heart failure rats, on 

the other hand, produces plasma L-arginine concentrations in excess of those of sharn rats 

and fails to improve either endothelial function or cardiac performance. 

The lack of effect of the chronic oral L-arginine treatment on basal hemodynamic 

parameters reveals no obvious benefit of such a treatment, however, the improved 

endothelial function elicited by the low dose L-arginine treatment indicates a positive 

effect that may have consequences not elucidated by the current studies. A possible 

cardioprotective and hemodynamically beneficial effect of L-arginine treatment should 

not yet be ruled out, but rather, the present studies should stimulate f'urther research to 

investigate potential effects in later stage heart failure and under exercise conditions 

where endothelial-dependent relaxation is stimulated. The possibility of long-term effects 

of L-arginine supplementation on the condition of heart failure, particularly with regards 

to its effect on mortality from the disease should also be investigated. 

Heart failure is a disease state that involves multiple systems and it is often 

necessary to combine iherapies in order to more effectively combat the many deleterious 

factors. In lighi of this and the fact that we have shown a beneficial effect of low dose 



chronic oral L-arginine treatment on endothelium-dependent relaxation in heart failure, it 

is possible that this positive aspect may be incorporated into other treatment protocols in 

which potentiation and overall improvement in cardiac performance might be seen. Such 

combination therapy might involve the use of antioxidants. diuretics, or other vasodilators 

such as the ACE inhibitors. In any case, the potential for chronic oral L-arginine as a 

treatment of heart failure should not yet be dismissed. 
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