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It has been reported that heart hypertrophy is aaompanied by an increase in
antioxidants and a decrease in oxidative stress, while the converse is true during heart
failure. These conclusions are generaiiy based on studies done on left heart failureHowever, 14 - 34% of heart failure cases are due to an impairment of the nght
ventncular hinction and nothing is hown about oxidative stress changes in this
condition. In order to addrea this problem, oxidative stress changes were examined

in the right ventncle of rats administered monocrotaline (50 mg/Kg i-p.), a
pyrrolindine alkaloid h o w n to produce pulmonary hypertension and nght heart
failure. Three weeks alter the treatment, animals were assessed hemodynamicaiiy.

The hearts were harvested and right ventricles were studied for enzymatic (catalase,
glutathione peroxïdase, superoxide dismutase) and non-enzymatic

(vitamin E,

retinol) antioxidant changes. Myocardial lipid hydroperoxides were also quantified
in the right ventride as a measure of overail oxidative stress.
Monocrotaline treatment resuited in reduced body weight gain and the treated
animals were about 20% lighter than controls at 3 weeks post-treatment duration.

These experimental animals showed signs of pulmonary distress maniksted as
shortness of breath, p d o r and listlessness. In monocrotaiine injected rats, right hean
hypertrophy was confirmed by an aimost 2 fold increase in ventricular weight. Both
right ventricular systolic and end diastolic pressures were significantly increased, with
a slight drop in heart rate.

Lung as weli as liver wet/dry weight ratios were

unchanged in the monocrotahe group wmpared to the control. The occurrence of

increased end diastolic pressure with a higher end systolic pressure in the right
ventride and no edema of the liver suggested that these animals were in a

compensated right heart failure- An increase in the right ventricular weight to body
weight ratio suggested the presence of hypertrophy in the nght ventricle of
experimental animals.
Myocardial antioxidant enzymes, catalase, glutathione perolodase and
superoxïde dismutase in the right ventricle of .monocrotalîne treated rats were not
different from the right ventricle of control animals. There were no differences with
respect to the non-enymatic antioxidant retinol. There was a significant decline in
the Mtamin E content of the right ventncle of the monocrotaline treated anirnals-

Lipid hydroperoxide concentrations in the right ventncle was three lold higher in the
monocrotaline treated rats compared to the right ventricle of the control group.

These results suggest that during wmpensated heart faiiure the heart functions
to produce eievated systolic pressures to maintain perfusion to vital tissues.
However, at this elevated pressure there is an increase in oxidative stress and a

decline in endogenous cardiac vitamin E content. Other enzymatic and non-

enzymatic antioxidants not being different £rom control raises the possibility that the
changes may be biphasic, increaslig in hypertrophy and decreasing in heart faiiure.
Our investigation addressed the compensated heart failure stage.

Increased

oxidative stress seen in cardiac tissues in tbis study may precede overt heart failure

in these animals and thus a time-course of changes need to be studied to coofirm this
aspect. Further studies are also required to understand the role of oxidative stress

in the hypertrophie stage and penod beyond the compensated right heart failure.

II. INTRODUCTION

Congestive heart failure (CHF) affects 300,000 people in Canada a ~ u d l (Liu
y
1996) and is a condition characterized by the inabiüty of the heart to provide

adequate blood flow to metabolizing tissues (Braunwdd and Grossman 1992). A
number of pathologies may impair myocardial contractility and thereby contribute to

the development of CHF. These include structural abnormafities such as congenital
malformations, valvular lesions, left ventricular aneurysm, coronary artery disease,
myocardial infarction, diabetic cardiomyopathy, and cardiomyopathies resulting 6otn
cardiotoxic drugs.
Before the pathogenesis of heart f d u r e , several adaptive mecbanisrns are
tnggered to maintain myocardial contractility during a relative increase in cardiac
workload. Central to this compensation is the development of cardiac hypertrophy
and augmentation of the m a s of contractile tissue with or without chamber dilatation

(Gerdes et al. 1996, Bassand 1995). Stimulation of the adrenergic (Hauser et al.
1996, Xiong et al. 1996, Anfossi and Trwati 1996, Kinugawa et al- 1996), and renin-

angiotensin-aldosterone systems, as weii as other neurohumoral adjustments can act
to maintain arterial pressure and thus perfusion to vital organs (Teerlink 1996,
Kinugawa et al. 1996, Kato et al. 1996).

Activation of the renin-angiotensin-

aldosterone system also increases Ouid retention, which acts as a compensatory

mechanism to maintain arterial blood pressure and cardiac output (Luchner et al.

1996).

Transition from the adaptive changes of hypertrophy to the pathogenesis of

CHF is known to be accompanied by different cellular and subcellular changes.

During hypertrophy there is an increase in mitochondrial content (Morgan and
Baker 1991) probably to meet the increased energy demand. However, as the muscle

continues to hypertrophy the distance between the capiiiary blood flow and the cells
also increases, as the capiliary network is not able to develop as fast as the

myocardium (Kobayashi et al. 1994). Therefore, during the development of heart
failure, even though there is an increase in mitochondrial content, the ability

to

produce energy may be insufficient for the greater myocardial mas. Indeed in heart
failure stage there is a relative decrease in the high energy phosphates.
Transition from hypertrophy to CHF has also been suggested to include the
depietion of myocardial high energy phosphate stores, related to both mitochondrial
detenoration and to a decrease in creatine phosphate flux to the myofibrils. Creatine
Phosphate is an important factor in the energy transport in cardiomyocytes (Tim et
al. 1996).

Since myocardial celis preferentially use ATP that is supplied by

regeneration through the creatùie h a s e reaction (Bessman e t al. 1990).

A second important process in the transition fkom hypenrophy to CHF is the
development of myocardial stiffness. Insufficientenergy supply to the myofibnls and
accumulation of products of adenine nucleotide breakdown can contribute to CHI?
by decreasing calcium sensitivity of myofibrils (Kapeiko et ai. 1996). This results in

increased stiffness during the period of energy deprivation related to a decrease in
the ATPADP ratio within the myofibril ( Kupriyanov et al. 1991). An increase in

ADP and cytoplasmic Ca2+(Men and Orchard 1983) content can also contribute to
stifiess by facilitating an increase in the number of actomyosin bonds remainiq
attached and sustained cross-bridge activation during diastole.
The pathogeaesis of CHF may also involve alterations in ion homeostasis. In
particular, intraceliular w+can be increased several fold (Morgan and Baker 1993).
This increase may exceed the capacity of the sarcoplasmic reticulum to take up ~ a "
causing CaZ+overload in cardiac myocytes. As CaZ+overload progresses, oscillation
of extracellular Ca2+occurs and an asynchronous contraction of the rnyocardium is

obsewed (Saeki et ai. 1993, Orchard et al. 1983). The Na+/K+ATPase has also been
shown to be downregulated in the faüing heart (Norgaard et al. 1990). This

decreased activity can increase intraceilular Na' which is normaiIy exchanged for
extracellular Ca2+,exacerbating

+

overload.

Ventncular remodelling has also been considered as a factor contributing to
the onset of CHF. Remodelling takes place in both viable myocardium and the dead

tissue in response to myocardial infarction, where the necrosed myocardium is being
replaced by fibrous scar tissue (von Krimpen et al. 2991).

Meanwhile, viable

myocardium inclusive of myocytes and non-myocytes, undergoes hypertrophy with
some or aii the aforementioned metabolic, ionic and biochemical changes in CHF.
Finaliy, the transition fiom hypertrophy to CHF has histoncaiiy been investigated
with reference to energy demand and supply, ion homeostasis and ventricular
remodelling processes. Over the 1st two decades, it has become increasingly clear
that oxîdative stress is of paramount importance in this process (Singal and

Kinhenbaum 1990, Hiil and Singal 1996, H o h a n and Garewal 1995).
Under normal conditions there is a continuous production of &ee radicals by
various metabolic redox reactions. These reactive oxygen species are not problematic
because they are converted to l e s reactive products by cellular antioxidant defense

mechanisms that include enzymatic (CAT, GSKPx, SOD) and non-enymatic
(Vitamins E, A and C, glutathione) antioxidants (Singai et al. 1995). However, the
condition h o w n as oxidative stress anses when the production of ftee radicals
overcomes the capacity of edogenous antioxidants (Hill and Singal 1996).
Lt is

weU known that an increase in oxidative stress is involved in vanous

disease states.

Heart failure, ischemia-repemisio, aging, arthritis and several

different types of cardiomyopathy ; ail involve elevated fkee radicals generation.
Additionalty, different models have been deveioped to tiy to understand the role of
oxidative stress in the above mentioned pathologies (Singal et al. 1995, Ferrari 1992).
Coronacy artery Ligation (Hifi and Singal 1996), aortic banding, drug-induced
cardiotoxicity (Siveski-liiskovic et al. 1994), are some of the approaches currently
being used to induce the development of heart failure so that the involvernent of
oxidative stress can be studied. It has been shown in these models that oxygen fi-ee
radical production is significaatly increased during the disease stage. Accompanying

the increase in oxidative stress is a decrease in the antioxidant status of the
myocardium (Singh et al. 1995). Before the disease stage, during hypertrophy, it has
also been shown that there is an increase in the activity of antioxidant enymes and

a decrease in iipid peroxidation, whereas, during heart failure there is a marked

increase in the generation of oxygen bee radicals correlated with declining
antioxidant status (Belch et al. 1991); in fact, the transition 6om hypertrophy to CHF
also involves bipbasic changes in the cellular antioxidant status and occurence of
oxidatîve stress (Dhalla and Siagal 1994). These antioxidant-oxidant dynamics have

previously been described in le€t ventricular dysfunction but there is no information
with respect to the right heart failure (RHF).

Fourteen to 34% of deatbs related to heart failure in Canada are due to right
ventricular failure (Liu 1996). Right heart failure develops as a consequence of a n
increase in ventncular afterload due to pulmonary embolism and hypertension
(Rubin 1995).

in order to address the experimental examination of RHF.

monocrotaline treatment of srnail mammals has been used to induce pulmonary
hypertension and subsequent induction of right ventricular hypertrophy and
congestive faüure- This mode1 is advantageous because right heart hypertrophy and
failure develop relatively quickly and reproducibly.

With this approach the

antioxidant-oxidant dynamics in the transition from hypertrophy to CHF was studied
in rats to detennhe the role of oxidative stress during the development of tïght
ventncuiar failure.

A. GenerPI Background.
ln Canada, about 40% of aU deaths in the general pupulace are due to heart
failure (Liu 1996). Congestive heart failure (Cm,a condition characterized by the

inability of the heart to provide adequate blood flow to body tissues, can result 60m
structural abnormaüties includïng congenital malformations, valwlar lesions, leEt
ventncular aneurysm, myocardial infarction, coronary artery disease, diabetic
cardiomyopathy or €rom exposure to cardiotoxic drugs. According to the New York
Heart Association, there are four different stages of heart failure:
Ciass 1

No limitation in perfonning ordinary physical activity.

Class II Süght limitation. Ordinaiy physical activity results in dyspnea and
fatigue. No symptoms at rest

Class III Moderate limitation. Minimal physical activity produces dyspnea

and fatigue.
Class N Severe limitation. Symptoms of dyspnea and fatigue present at rest.

Al. Symptoms.

Withti this classification the main symptoms denning the occurrence of CHF
are dyspnea and fatigue (Kieber and Wensel1996). Dyspnea during lefi ventricular

failure increases in its seventy kom exertional dyspnea, to orthopnea, paroxysmal

noctumal dyspnea, dyspnea at rest and finaliy acute pulmonary edema. These

symptoms depend on the inability of the lei3 ventride to propel sufficient blood

through the aorta, so that blood pools in the pulmonary circulation (Weber and
Weosell996). Fatigue, wealuiess and a feeling of heaviness in the ümbs, are related
to the accompanying decrease in skeletal muscle perfksion. Increased catecholamine

release by the sympathetic nervous system acts to increase contractüity and therefore
cardiac output. Although tbis increase in the amount of blood expelled by the beart
is distnbuted to provide adequate perfusion to vital organs, skeletal muscles receive

less blood and fatigue anses (Sirnonini et al. 1996).

Other symptoms including conhision, headache, insomnia and delirium c m be
associated with heart faiiure. Additiondy, pallor and coldness of the extremities and
cyanosis of the digits results €rom an increase in adrenergic activity and penpheral
vasoconstriction. Hydrothorax due to severe systemic venous hypertension and
pulmonary embolisrn and ascites, due to an increase in capillary permeabüity are
other symptoms frequentiy obseived during severe heart failure.

During CHF there is a loss of myocardial contractility which is manifested in
reduced cardiac output. Lower cardiac output then eücits renal responses inciuding

increased water and Na+ retention and vasoconstriction that initially helps to
maintain artenal blood pressure and tissue pemision (Luchner et al 1996).
Consequently, the earüest ciinical signs of CHF are increases in Na' and water
retention.

Aside from fluid and ion retention. other adaptive mechanisms are Viggered
to optimize perhision of the body tissues. These include: a) development of cardiac

hypertrophy with or without chamber dilatation to augment the mass of contractile
tissue (Gerdes et al. 1996, Bassand 1995); b) an increase in the catecholamuie
release to increase myocardial contractility (Hauser et al. 1996, Xiong et al. 1996,
Anfossi and Trovati 1996, Kinugawa et al. 2996); c) activation of the reninangiotensin-aldosterone pathway; and d) other neurobumoral systems to maintain
blood and pemision pressures (ïeerlink 1996, Kinugawa et al. 1996, Kato et al.
1996).

Continued systematic studies of these adaptive mechaaisms and the
subsequent pathogenesis of CHF are greatiy needed in order to hlly understand the
widespread existence of cardiovascular disease.

B. Causes of Heart Failure.
B.1. Myocardial Enecgy Production.
Disturbances in the normal production of energy are thought to be an
important cause of heart Mure.

During hypertrophy there is an increase in

mitocbondrial content, mainly due to an increase in rnuscular mas. As the muscle
hypertrophies, the distance between the capfianes and the d i s increases because the
capillary net caxmot develop as fast as the growing myocardium. Therefore, during
heart failure, the abiliîy of the mitochondria to produce and supply energy is
insufficient for the larger myocardium.
D u ~ contractile
g
failure, Iow energy supply to the myofibrils can result in

iocreased s t i f i e u of the myocardium. Stifhess may be attributed to several factors,

induding enlargement of the myocytes, cardiac fibrosis, contracture of the sarcomeres
in some ceUs, calcium retention in myo6brils and limited ATP supply to the

myofibrüs.

Accumuiation of adenine nudeotide breakdown products decrease

calcium sensitivity of the myofibrils (Kapelko et al. 1996), can dso contnbute to
stihess during the period of energy deprivation (Kupnyanov et al. 1991). In fact,

any increase in ADP versus ATP content can increase stiffness by raising the number
of actomyosin bonds remaining attached during diastole. Elevation of cytoplasmic

calcium ( M e n and Orchard 1983) may induce sustained cross-bridge activation and
also contribute to stiffhess.

The depletion of myocardial high energy phosphate stores may be related to
both mitochondrial deterioration and to a decrease in creatine phosphate flux to the

myofibds, the main pathway for energy transport in cardiomyocytes (Tian et al.
1996).

Compromised energy production in mitochondna is likely related to the

gradua1 increase in cellular calcium during CHF @hafia et ai. 1994, Tian et al.
1996). Since myocardiai ceils use ATP supplied by the creatbe b a s e reaction

(Bessman et al. 1990), the decrease in the creatine b a s e reaction velocity and
contractile reserve seen in cardiomyopathie hearts, suggests that depletion of the
energy reserve contributes to the development of heart failure (Tian et al. 1996).

B.2. Altered ion homeostasis.
Altered ion homeostasis is another central theory for explainhg the
progression of CHF. For example, under pathophysiological conditions intracellular

Ca2+concentration increases beyond the capacity of the sarcoplasmic reticulum to

take up the ion, causing Ca2+overload in cardiac myocytes. While CaZCoverload
progresses, oscillation of extraceiluiar Ca2+occua and asynchronous contractions are
obseived (Saeki et al. 1993, Orchard et al. 1983). The ryanodine-sensitive Ca2+
release channels of the sarcoplasmic reticulum play a particularly important role in
the intraceiiular CaZ+handhg in cardiomyocytes. Altered expression of ryanodine

channel constituents contributes to abnormal cellular CaZ' handhg and myocardial
dysfunction in diiated and ischemïccardiomyopathy (Schumacher et al. 2995). Other

ion handling g t e m s are also aitered d u ~ the
g compensated failure stage. For
example, the Na+/KCATPase has been show to be down regulated in the failing
heart (Norgaard et al. 1990).

B3. Ventricular Remodelh g .
Ventricular remodelling, a third mechanism proposed to explain CHF, refen
to the structural and biochemical changes that take place in response to volume

overload and/or hypertension in the failing heart. This remodehg of the cardiac
tissue is characterized by concentric and eecentnc hypertrophy of the myocytes and
alterations of the biochemical characteristics of the myosin protein (Mili et al. 1990).
The proceu of remodelling subsequent to myocardial infarction involves necrosed
myocardium being replaced by fibrous scar tissue (von KRmpen et al. 1991) as well

as fibrosis of the extracellular matrix. Meanwbile, the viable myocardium undergoes
hypertropby, that may be accompanied by an increase in myocyte diameter or length

or both. Lateral myocyte expansion is responsible for an increase in ventricular wall

thickness without changing the chamber volume- in contrast, myocyte lengthening
alone produces an enlargement of the chamber wïth a relative thinning of the wall
(Olivetti et al. 1990).

C. Oxidative Stress.
Over the past two decades, attention has also been focused on oxidative stress
as the main factor contributhg to the progression of CHE Oxidative stress is a

condition that develops when cellular antioxidants are overcome by the production
of oxygen fiee radicals. Free radicals are unstable and highly reactive chemical

species that have an unpaired electron in their outemost orbital. The presence of
an un paired electron rnakes these radicals highly reactive.

Free radicals are continuously produced under normal conditions of aerobic
metabolism. In fact, approximately 5% of aii the 4 used during aerobic metabolism
goes through univalent reduction pathway which generates oxygen fiee radicals

(Singal et al 1988, Singal et al. 1995). The main generator of these chemical species'
are the redox reactions. During aerobic metabolism, superofide anions (O,--)are
produced in the electron transport chah as by-products of various enzyme-substrate
reactions, and by autoxidation of some low molecular weight molecules. ui the heart,
75% of the superoxïcie generation occurs between the quinones and cytochrome by
autoxidation of the semiquinones (Ferrari et al. 1991), in the mitochoadrial inner
membrane. The other 25% cornes from otber auto-oxidizable electron caniers of the

mitochondrial inner membrane, including NADH dehydrogenase. Autoxidation of
catecholamines bas also been suggested to contribute in the production of Eree
radicals (Singal et al. 1982).
Superonde anions are dismutated to f o m hydrogen peroxide (H,02), by the
enzyme superoxide dismutase (SOD). Mitochondria are particdarly rich in MUSOD,

so most of 0;-is eoymatically dismuted to H202
and O p Peroxisomes which
contain oxidases can generate H20,directiy without the presence of O?--.Although

H,O, is not itself a radical, it is often considered along with them, because of its
ability to produce the hydroxy1 radical (OH-) through the interaction of H202with

O

Hydroxyl radicals can also be formed by means of the electron transport

mechanism that operates within the endoplasmic reticulum and the nuclear
membranes. The hydroql radical is the most potent oxygen free radical by virtue of
its short half life and indiscriminate reactivïty with cellular components.

CA. Antioxidant Defense Mechanisms.
Oxygen free radicals produced by metabolism do not normally damage cellular

components. Instead, chernical compounds caiied antioxidants readiiy accommodate
the unpaired electron of free radicds and neutralize them (O'Keefe et al. 1995).

Neutraikation can take place enymaticdy by superoxide dismutase (SOD),
glutathione peroxidase (GSHPx) and catalase (CAT), or non-enymatically by
vitamin E (a-tocopherol), vitamin C (ascorbic acid), vitamin A (retinol) or its
provitamin forms, glutathione, ubiquinone, cedoplasmin, uric acid, desferroxamïne,

metallothionein, and other low molecular weight scavengers.

C 2 . Enzymatic Antioxidants.
C.2.a. S u p e r d e dLsmutase.

Superoxide dismutase is a metdoenzyme that catalyzes the dismutation of O to H2Q-

In mammaiian ceils there are several isoforms. One containing copper and
zinc and is found in the cytosoi, and the other that contains manganese, is
predominantly found in mitochondna. A third isofonn containing iron, is lound in

the cytoplasm of Escherichia coli.

C.2.b. GWaîhione praxiühse.
Aiter superoxide anions are dismuted by SOD, hydrogen peroxide is produced.
As mentioned, this molecuie is not a fiee radical but it can be damaging and is,

therefore, reduced by the enymatic antioxidant, giutathione peroxidase (GSHPx).

GSH

+

H202 -. 2GSSG

+ 2H,O

GSHPx uses glutathione (GSH)as a substrate, fonning oxidized glutat hione
(GSSG), water and/or an organic alcohol (Chance et al. 1979). Once glutathione is
transfoxmed to its oxidized form, it can be re-reduced by the NADPH dependeot

enzyme,glutathione reductase. Since the concentration of glutathione is the ratelimiting factor for glutathione peroxidase, maintenance of cellular glutathione stores
is critical. In fact, changes in the glutathione redox status are used as a sensitive and
accurate index of oxidative stress (Ferrari et al. 1992). This enzyme plays an

important role in hydrolysing lipid peroxïdes and thus interrupting free radical chah

reactions.

C.2.c. Catadase.

CAT is a hemeprotein that, iike GSHPx serves to protect the ce11 against H301
accumulation. CAT uses H,O, in a peroxidative reaction both as an oxidant and
reductant to produce H20and Oz.

2HA

4

2H20

+

O2

Catalase is found in low concentrations in the myocardium, but is catalytically

most important when the concentration of H202
reaches the milimolar range. For
example wben

[H20,1is 10-9to IO-' MM,
glutathione peroxidase is the major

antioxidant defense, but as the concentration nses, so does the importance of
catalase.

C3. Non-enzymatic antioridants.
C.3.a. trdumh E
Vitamin E is a family of isoprenoid molecules which include tocopherols and

tocotrienols. Among these molecules, a-tocopherol is the most widely recognized
and studied.

u-Tocopherol is a tipophilic molecule found in virtually al1 lipid

membranes. It reacts directly with iïpid hydroperoxïde radicals to produce membrane
lipids and a slow reacting a-tocopheroxy radical (Burton and Traber 1990).

a-TOH

+

ROO-

+

a-TO

+

ROOH

Lipid peroxidation is not Iikely to occur when a-tocopherol is above a
concentration threshold of one a-tocopherol molecule pet 500 to 1000 membrane
lipid molecules (Sies and Murphy 1991, Kombrust and Mavis 1980).

C.3.b. Ascorbk acîd and Gluratiiwtte.

Ascorbic acid is an aqueous soluble molecule whose main action is to
regenerate vitamin E form the a-tocopheroxy radical. After interacting with the atocopheroxy radical, the oxidized form of ascorbic acid, dehydroascorbic acid, is

produced. Glutathione can re-reduce the oxicüzed dehydroascorbic acid or interact
directly with a-tocopherol to re-reduce that molecuie (Leedle and Aust 1990).

C.3.c. Oukr AnthxWnts.

Other iipid and aqueous soluble antioxidants including vitamin A and its
provitamin forms @?-carotene, astaxanthines, canthaxaathin), ceruloplasmin,
ubiquinone, metailothionein, unc acid, thionein and melatonin can quench free
radicals. Other molecules have also been proposed to act as antioxidants, but their

mechanisms of action are stiil poorly understood.

C.4. Oxidative Stress and Carâiovascular pathologies.

CHF increases the generation of free radicals and decreases the effectiveness
of antioxïdant defenses. The higher production of free radicals anses from an

increase in polymorphonuclear leucocyte and prostaglandin concentrations (Belch et
al. 1991, Parmley 1985), and autoxidation of the higher prevailing catecholamine

g
heart failure there is a
concentration (Singal e t al. 1982). Aditionally, d u ~ acute
decrease in antioxidant enzyme activïty (Hill and Singal 1996). However, prier to
this, during the hypertrophie phase of heart failure, there may actually be an increase
in the antioxidant capacity of hearts subjected to pressure overload (Gupta and

Singal 1989, Singh et al. 1995, Kaul et al. 1993, Dhalla and Singal 1996). Strong
evidence also points to the involvement of oxygen free radicals in the development
of reperfusion injury (Grech et al. 1995, Singh et al. 1996). Numerous studies report
the potential benefit for administering antioxidants to reduce the deleterious effects
fkee radicals during reperfusion (Kirshenbaum and Singal 1992, Kirshenbaum and

Singal 1993, Bernier et ai. 1986, BeU et al. 1990).

D. Management of Heart Failure.
Current treatments for heart failure entail different methods to decrease the
worMoad of the heart, improve cardiac contractility, and reduce sodium and water
retention,

D.1. Diuretics.

To reduce the workioad imposed on the heart, diuretics, are often used.
These dmgs act on the kidney to induce a decrease in salt and fluid retention, that

in turn decreases blood volume to reduce the afterload, Often, low-dose diuretic

therapy is effective in preventing both stroke and coronaxy related events (Freis and
Papademetnou 1996).

Diuretics are effective in

improving congestion and

decreasing ventncular 6iiing pressures (Kieber and Wensel 1996). Differences
between diuretics lie in their sites of action. h o p diuretics reduce cation transport
by ïnhibiting the Na+/K+/CI' CO-transporter,and can induce natriuresis of up to 20%

of the fikered load of sodium in a short period of rime (Yelton e t al. 1995). Distal
tubule diuretics, or thiazides, inhibit resorption of NaCl in the distal tube. These
compounds also promote calcium resorption by enhanciog the entry of calcium into
the distal tubular epithelial cells.

D.2. Cardiotonie Agents.
Cardiac glycosides have also been widely used in the treatment of CHF.
Cardiac glycosides generaiiy improve depressed myocaràial contractility, increase
cardiac output, promote diuresis and reduce the
- filling pressure of the failing
ventncle, with the consequent reduction of pulmonary vascular congestion (van
Veldhuisen et al. 1996). The most commonly used glycoside is digitalis. It has a

positive inotropic action, increasing the force and velocity of contraction in the failing
heart through the inhibition of the Na+/Kf ATPase. Inhibition of the ATPase pump

induces a net loss of

K
' and a net uptake of Na'.

This Na' uptake by activation

of the Na'/Cazc exchanger increases the intraceliular CaZCconcentration, and thereby
increases contractility (McMahon et al. 1996).

While glycosides are beneficial in the treatment of patients with heart failure.
they also have some toxic effects. The administered dose must be adjusted according
to the susceptibilityof each patient and rnonitored constantly to avoid toxicity. Major

manifestations of toxicity include arrhythmias, disturbances of cardiac refractory

penod (ventxïcular bigemy, trigemy, tachycardia), gastrointesthal (anorexia, nausea,
vomiting) and central nervous system symptoms (headache, fatigue disorientation,
confusion, delirium, seizures).
Catecholamines and other sympathomimetic amines exert potent inotropic
effect by interacting with myocardial 8-adrenoceptors, but they also have potent
positive chronotropic effects which are non desirable effects in patients with heart

failure (Xiong et al. 1996, Hauser et al. 1996). Epinephrine causes tachycardia and
hypotension by stimulatingBI-adrenoceptors in the sinoatrial node and &-receptors

in the systemic vascuiar bed. Norepinephrine, a powerful stimulant of P, and a,adrenoceptoa, causes vasoconstriction and hypertension (Heilbron and Gin 1996).
Dopamine and dobutamine cause less tachycardia and fewer systemic vascular effects,
so they are of some use in short term treatment of severe heart failure.

0.3. Vasodilators.

In patients with congestive heart failure, the arterial and venous beds are often

constricted. Vasoconstriction is due to a decrease in cardiac output, that acts to up

regulate adrenergically mediated vasoconstriction tone. Circulating catecholamines?
renin, and, therefore, angiotensin II and arginine-vasopressin,levels are all increased.
Thicknesses of artenolar w d s are also elevated due to the accumulation of
extracellular fluid in the blood vessels. Therefore, vasodilator drug therapy for CHF
is common.

In generd, vasodilaton do not exert a direct effect on myocardium, but
instead relaxvascuiar smooth muscle ceils resulting in improved hemodynamics of the
patient. Arteriolar dilatioo reduces afterload and augments cardiac output, while
venodüatoa reduce preload to lower ventncular nIling pressure, and reduce the
symptorns of pulmooary congestion (Kleber and Wensel 1996).

In CHF patients who have eievated levels of renin, angiotensin and
aldosterone, angiotensin converthg enzyme (ACE) inhibitors are often used. ACE
inhibitors depress circulating and local levels of angiotensin II, a strong
vasoconstrictor but conversely, angiotensin 1 levels increase. ACE inhibition also
modulates the b reakdown of bradykinin, thereby increasing circulating levels of this
vasodilator (Kiowski et al. 1996, Teerlink 1996). ACE inhibitors also cause a decline
in lett and right venhicular fïliing pressures and a slight increase in cardiac output
with no change to artenal pressure or heart rate (Struthea 1996).

Other vasodilators used are nitrate derivatives, hydralazine and the calcium
antagonists. These compounds act p ~ c i p a l l yon the vascular smooth muscle layer.
Nitrates have prominent venodilation capabiiities and act in the puimonaxy and the

systemic artenolar beds. CHF patients with elevated puhonary capillary pressure

are Often successfully treated with nitrogiyceno to reduce ventricular 6Uing pressure
and relieve congestive symptorns (Munzel et al. 1996). Conversely, hydraiazine acts
directly on artenolar smooth muscle, resulting in an increase of cardiac output with
relatively minor reductions in ventricular filling and artenal pressure (Munzel et al.
1996).

The calcium antagonists, nifedipine, diltiazern and dehydropyridine are

variably use in the treatment of patients with heart failure (Freis and Papademetnou
1996), and yield o d y short term improvement of le& ventncular hinction.

E. Right Heart Failure.
The buk of studies examining the mechanisms, progression and treatment of

CHF have been performed concerning the left ventricular huiction. This includes
aimost ail of the stuàies examining oxïdative stress as a fundamental factor in the

pathogenesis of CHF. It is known that heart M u r e account. for 40% of the deaths

in Canada, however, it is important to recognize that 14 to 34% of these are due to
right ventricular failure.

Right heart failure (RHF) develops as a consequence of an increase in
ventricular afterload due to pulmonary embolism and hypertension (Kirshbom et al.
1996, Shimoni e t al. 1996). Puhonary hypertension is most often d e h e d by a

resting pulmonary artenal pressure greater than 35 to 40 mmHg compared to
approximately 28 mmHg in normal hdividuals (Tak et al. 1996, Lualdi and
Goldhaber 1995).

Once established, pulmonary hypertension leads to right

ventricular hypertrophy which may ultimately result in failure. A decrease in coronary
pemision pressure to the overloaded nght ventricle may produce ischemia and

exacerbate RHF.
Right heart failure is characterized by the presence of ascites, hydrothorax.
increased pulrnonary pressure, shortness ofbreath, jugularvenous distention, systemic
hypotension, hepatomegaly, peripheral edema, dyspnea on exertion, fatigue and
angina. Angina is due to right ventricular ischemia secondary to an increase in
myocardial oxygen demand, provoked by an increase in ventricular wall tension.

Many studies on the development of RHF,have shown similanties in changes
seen in left ventricular failure. Specificaily, norepinephrioe concentration in the right
ventrÏcular fkee wail of animals with RHF increase (Angoletti et al. 1990, Ceconi et
al. 1989) as does the concentration of epinephrine (Honda et al. 1991). Plasma levels
of norepinephrine are also increased during RHF (Ishikawa et ai. 1991). Okumura

et al. (1995) showed a depletion of l,ZDAG, NE and ACIi with the progression of

right heart f d u r e but NE concentration was maintained during the developrnent of
hypertrophy. When these animals mached the failure stage there was a significant
loss in NE concentration, and ACh concentrations varied in a similar way.

Piasma concentration of AM? is increased in patients and rats with CHF

(Cornini e t al. 1995) and the peptide concentration in the right atrium decreased in
relation to the severity of the disease. It was specdated that depletion of ANP may
be due to the chronic stretching of the atrium as a consequence of right ventricular

overload. Atrial natriuretic factor in rats witb RHF decreased by 30.5% in the left

atrium, and by 84.8% in the nght atrium, whereas the concentration of ANP in the
plasma increased 7.6 times. These changes are likely due to an increase in the rate
of release of the peptide

corn the atria to the plasma leading to a decline in nght

and left atrial stores of ANF (Angoletti et al. 1990, Kuchel et al. 1987). Elevated

ANF release may be mediated by adrenergic stimuli during cardiac fdure to

counterbalance the vasoconstrictor effects of the sympathetic nervous system and
water retention by the renin angiotensin system (Packer 1988, Comini et al. 1995).

In pigs, ANF, [CAM-1 (intraceilular adhesion molecule-1), TGFB (Tumor growth
factor+) and VEGF (vascular endothelial growth factor) were ali increased in

response to right ventncular pressure overload, but PDGF (platelet derived growth
factor) was decreased (Carroll et al. 1995).
Several enzyme activities are suppressed during RHE Similar to changes in
the left ventricle, the Na+/'+ ATPase activity in the RV of animals with RHF is

~ig~ficantly
decreased (Yoshie et al. 1994). Furthemore, the B-adrenoceptor density
and adenylate cyclase activities were significantly decreased in the RV of rats in overt

heart faiiute stage. The creatine kinase and lactate dehydrogenase activities were

lower in animals that showed symptoms of RHF and isoenzyme distribution of the

enzymes switched to the embryonal type of creatine kinase (CK-B) and to the
anaerobic type subunit of lactate dehydrogenase (LD-M). These changes are thought
to be

adaptive for the faiiing heart condition (Ishikawa et al. 1995).

There is a shifi from VI to V3 myosin isoenzymes, and this change correlated
with slower but more efficient myocardial contraction in nght heart failure. Total

coUagen content increased with an increase of type iI and type V couagen and a
decrease in type 1 collagen. It is important to note that type II collagen is normaliy

associated only with embryonic and neonatal development. Organ hypertrophy
and/or hyperplasia have also been associated with type V collagen (Morioka et al.
1992, Ishikawa et al. 1994).

Although there bas been a recent surge in mechanistic studies concemiog

RHF and the trend is encouraging, these still represents a disproportionately small
Eraction compared with the number of cünically documented cases of RHF vs left
heart failure. More work concerning the pathogenesis of

RHF is required if we are

to make a significant effect on the morbidity and mortaiity due to RHF.

F. Models for studying Right Heart Foiluce.

Several models have been used to experimentaiiy induce right heart Mure.
In an earlier attempt, animals have been exposed to anoxemic conditions, in a steel
respiratory chamber kept at lower pressure (Van Liere 1936). Under these
conditions, there was an increase in the heart weightmody weight ratio of rats by

155.8% the normal value and the ciifference was predominantly due to hypertrophy
of the RV. Guinea pigs subjected to sirnulated atmospheric conditions of 18,000 feet

in a steel tank, showed right ventricular hypertrophy (Valdivia 1957). In another
model, rats kept breathing at a low oxygen pressure, had right ventricular
hypertrophy shown by an increase of 80% in the RV/(LV+S) ratio (Roberts et al.
1995). In response to chronic hypoxia in these rats, smooth muscle cells of the

pulmonary vesse1 wall showed hypertrophy and/or hyperplasia and ceIl proliferation
in the wall of peripheral arteries was also seen. In humans, pulmonary vascuIar

remodebg with RV hypertrophy aiso occua at high altitudes (Arias-Steila and
Saldana 1962). This phettomenon can be reproduced in newbom rats continuously
breathing gases with reduced oxygen tension for several weeks (Mayrick and Reid
1981, Rabinovithch et ai. 1981).

Baoding of the pulmonary artery to induce RV pressure overload is one of the
most cornmon models of induction for nght ventricuiar hypertrophy (Ng et al. 1995).
Briefly, rats are anaesthetized and th rough a left thoracotomy, the pulmona ry artery
is exposed. After dissecting it from the aorta, a stenle silk suture is placed around
the pulmonary artery and a blunt neede with a specified diameter is tied against the

pulmonary arteiy. The needle is later removed resulting in a tied constriction of the
arteiy to the size of the diameter of the needle (Roberts et al. 1995). Fifteen weeks
after the surgery, rats showed cardiac hypertropby with an elevation of the central
venous pressure, evidence of fluid retention in the thoracic cavity and peripheral
edema.

Another mode1 for inducing nght heart hypertrophy is the treatment of the
rats with monocrotaline. This pyrrolizidine alkaloid predictably induces right heart
failure, four weeks after the administration of monocrotaiine. The chernical caa be
administered by an i-p. injection, dissolved in drinking water, or by mixing seeds of
its plant of origin, Crotaluria spectabilis, in the food (Turner and Lalich 1965). A

dose of 50 - 60 mg&

body weight of monocrotahe by i.p. injection is commonly

administered. Intraperitoneal administration is an ideal approach in controlling the
amount &en as well as only one injection of monocrotaline is required. Animals
always develop RHF in four weeks, and surgical interventions are avoided.
Consequentiy, in each study a greater number of animals can be obtained in a
reliable and reproducible €ashion.

G. Toxicology o f Monocrotaline.
G.1. General.

Pyrrolizidine alkaloids comprise a major group of toxins derived from plants.
CrolalarUl is a genus in the Leguminosae family found worldwide (Yan and Huxtable

1995). Several hundred species are known, many of which contain the pyrrolizidine
alkaloid, monocrotaline (Smith and Culvenor 1981, Chesney and Men 1973). These
plants are botanicaily and geographicaily widespread and are responsible for
considerable üvestock loss. Outbreaks of poisoning as a result of contamination of
grains by pyrrolizidine-containing weeds have occurred in Afghanistan, Uzbekistan,
Tadjikistan, India and South Aoica (Yan and Huxtable 1995). Poisonings from use
of pyrrolizidine-containing plants as food or herbs have occurred in Saudi Arabia,

Egypt, Europe, Britain, the Caribbean nations, Hong Kong, North America, and else
where (Yan and Huxtable 1995b). They dso represent a major public health and
economic problem in both developed and underdeveloped countries (Smith and
Culvenor 1981, Yan and Hw<table 1995).

In humans, pyrrolizidines cause hepatomegaly, veno-occlusive disease of the

liver, cirrhosis (Lame et al. 1991, Yan and Huxtable 1995) and are considered to be
iiver carcinogens (Hirono 1981). Toxicity can also be expressed in other organ

systems including the heart, lungs and central nemous system.

G 2 . Pharnacology and Phannacokinetics

It is now know that the toxicity of monocrotaline is due to bioactivatioo in
the liver

(Yan and Hwtable 1995). There are two major routes of monocrotaline

metabolism (Fig 1); 1) The N-oxidation to monocrotaline N-oxide via fiavin
monooxygenase (Lafranconi et al. 1985, Estep et al. 1991); and 2) The
dehydrogenation

to

dehydromooocrotaline by

means

of

P45O-mediated

dehydrogenation (Lame et al. 1991, Williams et al. 1989).
The fiat route is without toxicological implications, as N-ondes appear to be
toxic only if reduction to the parental alkaloid takes place (Yan and Huxtable 199Sb).

However, dehydromonocrotaline formed in the iiver has four pathways available
(Fig 2):

1) Hydrolysis to 6,7-dihydro-7-hydroxy-1,l-hydroxymethyl-SH-pyrroIizine

(DPH), a compound of low toxicity (Lameet al. 1991, Yan and Hwtable 1995); 2)
Alkylation of ce11 macromolecules, thought to Iead to iiver damage (Culvenor et al.
1962); 3) Dehydromonocrotaline can also be released into the circulation leading
to damage of the hepatic vasculanire. Once released into the circulation, this
compound is able to travel to the pulmonary circulation where it exerts damage in
this tissue leading to pulmonary hypertension (Lafranconi and Huxtable 1981);and
4)

Conjugation with glutathione (GSN) to form 7-glutathionyl-6,7-dihydro1-

Dehydragenation mediated by
cytochrarne P450

Dehydromonocmtaline

Figure 1: Monocrotaline metabolism in the liver.
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Figure 2: Metabolism of dehydromonocrotaline

hydroxymethyl-SH-pyrrolizine(GSDHP) which is released into the bile (Mattocks et
al. 1991, Yan and Huxtable 1995).

The distribution of dehydromonocrotaline among these pathways determines
both the sites at which toxicity is expressed as well as the degree of monocrotaline
toxicity (Yan and Huxtable 1995). Monocrotaline pyrrole, is extremely reactive in
aqueous solution (including plasma) with a half-life ranging from 3 to 5 seconds (Pan

et al. 1993). It bas been proposed that red blood cells could sequester monocrotaline

pyrroles and reduce their aqueous degradation, while increasing their transport to
lungs and other organs (Estep et al. 1991, Pan et al. 1993).
Monocrotaline given by single intraperitooeal injection is pneumotoxic in the
range of 180320 pmol/Kg (Aitiere et al. 1986, Yan and Huxtable 1995). Given
subacutely in drinking water, however, monocrotaiine exhibits pneumotoxicity in the

range of only 30-40 pmol/Kg (Shubat et al. 1989). Of the pyrrole Eorms of
monocrotaline, DHP (Fig. 2) shows extra hepatic toxicity only at doses of 350
firnoVKg or higher, whether given subcutaneously, intraperitoneally, or via
intravenous routes (Huxtable 1990). Dehydromooocrotaihe, on the other band,
shows no systemic toxicity on subcutaneous injection (reacting completely at the site

of injection) but shows toxicity with intravenous injection at a dose of 15 pmoVKg

(Bruner e t al. 1983).

in feeding experiments which extend over three to four weeks, seeds of
C r o t a l a ~spectabilis were administered in diet at 10 mg/Kg to rats (Turner and

Lalich 1965). At this dose pneumotoxicity is apparent at 4 weeks. It is important to

note that a large portion of the original dose administered to animais is eliminated

in the urine, a further 12% is Iost in the bile, and only 25% is ultimately pneumotoxic
(Estep et al. 1991).
Signs of monocrotaline toxicity include: tachypnea and dyspnea on excitement

or at rest, peripherai cyanosis, weakness, listlessness, diarrhea, pale feces and marked
Bucîuations in weight (Hayashi and Lalich 1967). Sudden weight gain is as significant
as weight los, since it retlects the accumulation of edema and fluid effusions from

the serous cavities (Pan and Huxtable 1993, Angoletti et al. 1990, Turner and Lalich

1965).

G 3 . Pulmonary Toxicity:

Early pulmonary changes in rats treated with monocrotaline are acute
congestion, puimonary edema and intra-alveolar hemorrhage. Tbese changes result
in alveolar hypoventilation and hypoxia which are knowo to produce pulmonary

hypertension probably by means of arterial vasoconstriction (Boor et al. 1994).

Capillary occlusions, arteriolar hyahosis, and the thickening in the waUs of both the
muscular and elastic arteries are aii evidence of an increased pulmonary vascular
resistance, that induce right ventricular hypertrophy ('I'odorovich--ter

et al. 1992,

Boor et ai. 1994). The hypertrophy and diiation is iimited to the right ventncle
(Kentera et al. 1978). HistologicaI examination reveals smaii foci of myocardiai
degeneratioo in the nght ventricle or septum, and focal lymphocytic infiltration

(Valdivia 1957).

Macroscopic examination of the lungs, reveals that they are bulb, edematous.
congested, haemorrhagic foci and areas of induration are also evident (Sbultze et
al. 1994). Microscopie sectioning of the lungs show nodules (Turner and Lalich
1965), congested capillaries, and in some areas they have mptured into the alveolar

sacs where fiee erythrocytes and siderophages are present dong with the fibrinous
edema fluid.

Jhtense eosinophilia with swelling of the endothelial linhg and

occlusion of the lumen by fibrin and eameshed erythrocytes also occurs (Roth et al.
1981, M e n et al. 1972). InDammatory ceU infiltration surrounding the occluded
capillaries , interstitial and intra-aiveolar fibrosis with emphysema, distorted Iung

structure, prominent and thickened vessels of atteî-iolar calibre and the presence of
a layer of smooth muscle cells outside the elastic membrane, occasionaiiy showing

necrosis are present (Pan et al. 1993). The intemal elastic lamina, which nonnally
separates endothelial cells from the smooth muscle cells in muscular artenes is often
fiagmented (Zhu et al. 1994) and in some instances endothefial ce11 proliferation has
resuited in complete obstruction of the arteriole. More commonly f i b h occlusions
are present (Turner and Laüch 1965). Endotheiiaf ceus of the intima and fibrin

thrombi fonn on the damaged intimai surface. in the reparative process, the media
is replaced by fibrous tissue and h e elastic fibres are without normal orientation

(Turner and Lalich 1965). The end result of ail these changes in the puimonary
vasculahire is increased resistance to RV output.

in some arteries, hypertrophy and hyperplasia of the muscle coat, as well as
hypertrophy of the endothebal ceiis results in disruption of the endothelium and

accumulation of large amounts of fibrin, blood cells and plasma in the subendothelial
area and between the muscular components of the vessel.

This can result in

complete or partial occlusion of the vessel lumen (menet al. 1972). Additionally.
the fibrin is covered with an endotheiial Lining and the end result is a grossly
thickened intima with fibroelastosis. The waUs of arteries become thicker, and the
lumen is sometimes reduced to a mere süt (Pan et al. 1993). Other relevant damage
includes a thickeaing of the alveolar septa that is associated with the loss of
pulmonary capflanes (Boor et al. 1994) and abnormal muscuiarization of nonnally
non muscular peripheral arteries as a result of differentiation of precunor cells to
smooth muscle cells (Zhu et al. 1994).

G.4. Toxicity of other tissues:

Monocrotaline also affects other tissues, the liver after treatment becomes
darkly congested, firm on palpation, and has a fine granular surface (Allen et al.

1972). Histopathology of the liver shows centrilobular haemorrhagic necrosis, mid

zona1 fatty degeneration and formation of cellular aggregates on the luminal surface
of central veins. Large parenchymal cells with 2-3 times the diameter of normal cells,
become widely scattered in the liver.

They have eosinophilic cytoplasm with

prominent nucleoü and morphologicaily correspond with megalocytes (Roth et al.

1981, Men et al. 1972, Chung and Buhier 1994). Lymph nodes become edematous
and congested with sinus ce11 hyperplasia, and accumulate mononuclear and mast
cells in the dilated sinuses. Acute gasîric erosions are present and the fluid content

of the intestine is stained with bile and blood (Turuer and Lalich 1965). The

mesenteric artenes show a chronic granulomatous arteritis. This change is usually
associated with systemic hypertension (Hayashi and Lalich 1967).
The kidneys are discoloured brown and petechial hemorrhages appear in the
cortex. Ferrocyanide reaction can disclose deposits of ionizable iron in the proximal
convoluted tubules. Glomeruli are swoiien and occasionaiiy wntained proteinaceous
matenal positive for femc iron (Hayashi and Lalich 1967). Thrombosis wociated
with subendothelial hyaünization or even oecrosis is noted in giomerular capillaries

and d e r e n t arterioles (Roth e t al. 1981). The epithelial and mesangeal ceUs of the
t u b undergoes either cytoplasmic vacuolation or karyolysis. Thickening of the
interlobular artenes with intima1 hyalinization and media1 hypertrophy is obsewed.
Hemosiderosis and erythrophagocytosis can also be seen in the rend lymph nodes.

Mesentenc arteritis and thickening of the intima and media has been documented
in some rats (Hayashi and Lalich 1967).

la conclusion, monocrotaline has been successfully used to induce nght heart
failure. This is an advantageous model due to the predictabiiity by which right
ventricdar h y p e ~ o p h yand M u r e can be produced, as well as the short period of
t h e needed to obtaio results compared with other

methods.

In the past, right ventricular Mure has been underestimated and, therefore,
the biochemical and physiological changes during the development of this pathology
have been poorly investigated. The availability of a weU characterized model like
monocrotaline induced heart M u r e , affords and excellent opportunity to induce

specific stages of right heart failure and to study the underiyïng biochemical changes

during the development of right heart failure.

hi this review of literature, several deficiencies in Our understanding of the
pathogenesis of right heart fdure have been identified. This animal mode1 of right

beart hypertrophy followed by heart failure leads itself to the study of antioledants
as well as oxidative stress changes. The present study attempts to characterize some

of these changes during the pathogenesis of nght heart failure.

IV, Material and Methods

A. Animals and Treatment

In preliminary studies, we used different concentrations of monocrotaiine in
different animal weight groups.
weil as the post-treatment

information was used in deciding the dose as

duration dtimately used in this study. After a one week

acciimation penod, male Sprague-Dawley rats weighing 110 t 8.0 g received a single
intraperitoneal injection (50 mg/Kg body weigh t) of mooocrotaline (Sigma Chernical

Co- St Louis, MO) in 1N HCI buffered to pH 7.0 with LM NaOH. Control animals
received the same volume per gram of body weight of a 0.9% saline solution.

Animais were housed one in each cage to aliow measurement of individual food and
water intake. Their body weight and generd appearance was monitored every other

day for three weeks after the injections. AU of the animai treatment procedures were
camed out with approval fkom, and accordkg to, the regdations of the Canadian

Council on Animal Care (CACC) as monitored by the Animal Care Committe of the

University of Manitoba

B. Hemodynamic measurements.
Three weeks after the monocrotdine injection, ail animals were assessed
hem~dyna~caliy.The rats were anaesthetized with an intraperitoneal dose of
ketamine (60 m m ) and lcjashe (10 m m ) . When the rats no longer responded
to extemal stimuli, the right jugular vein was exposed and a miniature pressure

trmsducer-tipped catheter (mode1 PR249, Millar instruments Inc. Houston Texas)
was inserted through

a srnail incision in the vein and advanced into the rigbt atria

and the ventricle. Right ventncular systolic (RVSP)and end diastolic pressure

(RVEDP) were recorded using an Axotape software (Axon Instruments,inc. Foster
City, CA).

Following the hemodynamic assessrneut, animals were killed by

decapitation, and the heart, lung and liver were removed. Hearts were immediately
washed in 0.033M NaJPOJ0.9% KCi buffer for hirther studies.

C. Tissue Weights-

After washing, hearts were blotted dry, and the right ventncle was separated
from the left ventricle free wail and the septum. Weights for each heart were

recorded and the dissected portions were maintained at -75°Cuntil further analysis.
Samples of lung and liver tissue were weighed and chopped into smailer picess for
dryhg in an oven at 55OC until a stable weight was obtained. Wet to dry ratios were
calculated as a measure of lung and liver congestion.

D. Antioxidants.

Both enzymatic and non-enzymatic antioxidants were analyzed as follows:
D.1.

Enzymatic Antioddants.

D.1.a. Catalase.
Catalase activity in the right ventncle was determined as described by
Clairborne (1985). Tissue was homogenized 1:10 (vh.) in 50 mmow potassium

phosphate buffer, pH 7.4, the homogenate was then centnhiged at 40,000 X g for 45

minutes, and the supematant was stored at -75°C until assayed. Supernatant (50 pl)
was thawed on ice and added to a

3 ml cuvette that contained 2.95 ml of 19 mmol/L

H 2 0 in 50 mmolK potassium phosphate buffer, pH 7.4. Changes in absorbance at
240 nm were coatinuously foiiowed for 5 minutes to determine the disappearance of

hydrogen peroxide (H203. Catalase actMty in samples was extrapolated kom a
standard cuwe constnicted by assaying commercialfy prepared Catalase in an
identical marner. Activity is expressed as units of cataiase per milligram of protein
in the supernatant.

D.1.b.

Glutatbione peroxidase

Ghtathione peroxidase activity in the right veotricle of control and
monocrotahe treated rats was determined using a method previously described
(Paglia and Valentine 1967). Tissue was homogenized 1:10 (v/v) in 75mmol/L
phosphate buffer, pH 7.0 and the homogenate was centrifuged at 20,000 X g for 45
minutes. The supernatant was coiIected and stored at -75°C untif assayed.
Glutathione peroxidase activity was measured in a 3 mi cuvette containing 2.0
ml of 75 mmol/L phosphate buffer, pH 7-0. The following solutions were then added,
50 pl of 60 mmoVL glutathione, 100pl of glutathione reductase solution (30 U/ml),
50 pl of 0.12 mol& sodium azide, 100 gl of 15 mmol/L N%EDTA, 100 pl of 3.0

mmoVL reduced nicotinamide adenine dinucleotide phosphate (NADPH), and 100
pl of the supematant tbat had been thawed on ice. The reaction was started by the

addition of LOO pl of 7 5 mmol/L MO,. The conversion of NADPH to nicotinamide
adenine dinucleotide phosphate (NADP) was monitored by the change of absorbance
at

340 nm for 5 minutes. GSHPx activity was expressed as nanomoles of NADPH

oxidized to NADP per minute per magram of protein, with a molar extinction
coefficient for NADPH at 340 nm of 6.22 X IO6.

D.1.c. Superoxide Dismutase.

Superoxide dismutase activity in the nght ventricle was determined by the
method described earlier (Marklund 1985). Tissue was homogenized in 1:10 (v/v) of
75 mmol/L phosphate buffer, pH 7.0 and the homogenate was centrihiged at 20,000

X g for 45 minutes. The supematant was collected and stored at -75°C until
assayed.

SOD actMty was measured by foilowing the inhibition of pyrogallol autooxidation. Pyrogallol (24 mmoVL) was prepared in 10 mmolR. HCI and kept at 4°C
before use. Catalase (30 pmol/L stock solution) was dissolved in an alkaline buffer

(pH 9.0). Aiiquots of the supematant (150 pg of protein) were added to Tris-HCI
buffer containing 25 pl of pyrogallol and 10 pl of catalase. The final volume of 3 ml
was made up with the same buffer. Changes in absorbance at 420 nm were recorded

for 5 minutes to foiiow pyrogallol autoxidation. SOD activity was determined fiom
a standard curve of percent inhibition of pyrogallol auto-oxidation with commerciaIly
available SOD (Sigma Chem Co, St. Louis MO). Data are expressed as total SOD

units per milligram of protein in the supernatant

D2. Non-enymatic Antioxidants.
Only a-tocopherol and retinol were analized to assess the non-enzymatic
antioxidants.

D.2.a. &trudbn Procedure,
Tocopherol and retinol were determined using an adaptation of the HPLC
method described earlier (Palace and Brown 1994). Briefiy, 100 mg of tissue were
homogenized in 4 ml of double distilled water. The homgenate was transferred to a

15 ml screw cap test tube and 2 ml of ethanol containhg tocopherol acetate (72.5
@ni) as an interna1 recovery standard were added to each sample. After thorough

mixhg, a mixture of 2 ml of ethyl acetate: hexane (3:2 v\v) was added to each tube
and the tubes were again thoroughly vortexed and aiiowed to stand on ice for 10
minutes and shielded from light .The ethyl acetate:hexane layer was separated €rom
the aqueous layer by centrifugation at 2500 X g for 3 minutes. One ml of the top
ethyl acetate:hexane layer was retrieved and dried completely under vacuum in a
rotary evaporator. Once dry (approximately 20 minutes), the oily residue was
reconstituted in 70 PL of mobile phase and this solution was directly injected into the

HPLC system. Chromatogram peaks for each sample were corrected for extraction
efficiency using the tocopberol acetate peak recwered in the sample against the peak
obtained by injecthg tocupherol acetate stock solution directly. Tocopherol and
retinol concentrations in each sample were extrapolated fkom standard curves
(tocopherol = 400 to 1600 ng, and retinol = 10 to 40 ng in the 20 pL HPLC

injection loop volume) constnicted with commercially prepared compounds (Sigma

Chem. Co.,S t Louis, MO).

D.2.b. HPLC Sysfem.

An isocratic system using îO:2O: 10 (v\v\v) acetonitrile :dichloromethane :

methanol as the mobile phase was employed. The mobile phase was delivered at 1

ml per minute by a Beckman Mode1 116 pump through an Adsorbosphere HS Cl8
(250 mm X 4.6 mm I.D., Spm pore size) analytical colurnn preceeded by a 15 mm
guard column with the same packing material. Ultraviolet detection of peaks by a
Beckman mode1 166 programmable detector was accomplished by monitoring at 325

nm until 7 minutes for retinol and then switching to 292 nm for detection of
tocopherol. Total run tirne was 30 minutes, with typical retention times for retinol
and tocopherol of 4.5 and 10.9 minutes, respectively.

E. Lipid hydroperoxides.
For the determination of lipid hydroperoxides, myocardial tissue (0.3g) w as
homogenized in 10 volumes of double distilied water and extracted with 2 ml of
chlorofonn/methanol (2:l vk), 1.5 ml of this extract was completely dned under

vacuum in a rotary evaporator and reconstituted in 70 pl of isopropyl alcohol. 30 pl
of th& solution was then assayed using a commercial kit specific for lipid

hydroperoxides (Kamiya Biomed Co,Seattle, WA). This kit uses a denvative of
methylene blue (IO-N-methylcarbamoy1-3,7 dimethylamino-l0H phenothiazine

MCDP) which is specifically cleaved by Iipid hydroperoxides to yield methylene blue
dye, which can be quantified supectrophotometrïcally at 675 nm.

G. StatisticaI Analysis.

Data fi-om the control and monocrotaline groups were compared using
Students t-test.

Where data were not normally distnbuted or had a non-

homogeneous variance, meaas were compared using the Mann-Whitney rank sum
test. Significance for both types of data analyses was accepted at the ~ 4 0 . 0 5level.

A Body weight and genernl appearancc
Mer the administration of monocrotaline or saline injection in s h m controis,
body weigbt, food and water intake were recorded every other day. Four days after
the administration of monocrotaiine the rats showed a general lack of appetite.

Water consumption by these anîmals was also decreased. This condition of lower
food and water intake was seen throughout the study in monocrotaline injected rats.

Aitbough anùnals in both control and monocrotaline groups showed weight
gain, the gain in monocrotaline treated rats was significantly lower than the gain seen
in control rats (Fig. 3). The ciifferences became statisticdy signifiant @ ~ 0 . 0 5 four
)
days after injection. The weight difference continued to increase throughout the post

treatment duration and at the end of 3 weeks, weight gain in the monocrotaline
treated rats was about 20% less than control rats.
Two weeks after the treatment, monocrotaline treated rats began exhibiting

other signs of cardiac duress. In addition to the marked decrease in body weight and
the lack of appetite, there were signs of fatigue and cyanosis of h b s and ear lobes.
At three weeb after the treatment, monocrotaline treated rats also showed signs of
pulmonary impairment, evidenced by shortness of breath.

B. Assessrnent of hypertrophy.
In order to assess the extent of heart hypertrophy developed by the rats
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Fig. 3. Body weight gain in rats after monocrotaline
(n=25) or vehicle (n=15) injection. *) Significantly
different from the control (pe0.05)

injected with monocrotalllie, the right and left ventricular weights were recorded
along with an assessrnent of ventricular to body weight ratio (Table 2 ) . Both right
ventncular weight and ventricular to body weight ratio increased significantly in the
monocrotaline rats three weeks after monocrotaiine treatment- Left ventricular
weight in the monocrotaluie group decreased compared to the control rats. When
this data was normalized for body weight, there was also an increase in leH
ventricular to body weight ratio (Table 1).

C. Lung and Liver wet to dry weight ratio.
in order to estirnate the extent of heart failure in the monocrotaline treated
rats, wet to dry weight ratios of Iung and liver were deterrnined

(Table 2).

Compared to control values, neither the lung nor the iiver showed any change in the
wet to

dry weight ratio.

D. Hemodynamie changes.
After catheterization, a few minutes of stabilization were allowed for the
recording of heart rate and ngbt ventricular pressures (Table 3). In control rats
right ventncular systolic pressure (RVSP) was 30.6 2 2.6 mmHg, whereas the value
in the monocrotaline treated rats was 50 2 5.1 mmHg @<O.OS).

The same pattern

was found when analyzing the right ventncular end diastolic pressure (RVEDP),

where monocrotaline treated rats showed a marked increase in RVEDP (8.9

zt

2.0

mmHg) compared to control rats (2.1 2 15 mmHg). There was no sipificant

Table 2: Lung and liver wet to dry weight ratios, three weeks
after monocrotaline injection.
Animal

N

Lung

Liver

12

4.66 2 0.11

3-14 I
0.08

14

4.04 +: 0.29

3.22 -e 0.14

Gmup

Control
Monocrotalhe

Data are presented as mean

2

SE.

Table 3: Heart rate and right ventricular pressure changes in rats
three weeks after the monocrotaline injection.
Animal
Group

N

Heart Rate
(beats/min)

Right VentricufarPressure
(rnmHd

Systolic

Diastolic

Control

Monocrotaline
Data are presented as mean + SE. *) Significantly different fiom the control group
(p <O.OS). Student's t-test foUowed by Mann Whitney.

difference between the monocrotaline (295

I
8 bpm)

and control (322 r 10 bpm)

groups with respect to their heart rate.

E. Antioxidants.

h order to establish the antioxidant status of the myocardial tissue, activities
of both enymatic and non-enzymatic antioxidants were analyzed in the nght

ventricle.

E. 1 Enzymatic Antioxidants:
E.1.a. Catahse.

The activity of cataiase, an antioxidant enzyme that catalyzes the conversion
of hydrogen peroxïde (H202)
to oxygen (O2) plus water (H20) in the right ventricle
of controis was 28.85 2 2.14 nmol/mg protein. Compared to control rats, the activity

in the nght ventricle of monocrotaline treated rats was not significantly different
(Fig 4).

E.1.b GlurathMne praddbse.

Glutathione peroxidase also cataîyzes the conversion of H202
to H,O plus O?
but the difference is that GSHPx can also catalize organic peroxides. The activity of

this enzyme in right ventncle of control rats was 31.94 + 3.88 nmol/mg protein and

it was also not significantly different form the activity 35.19
measured in the monocrotaline group (Fig 5).

I
3.07

nmol/mg protein

Fig. 4. Catalase activity in the right ventricle
from control (ri4 O) and monocrotaline
(n=20) treated rats, 3 wks. after injection.

O Control

Monocrotaline

Fig. 5. Glutathione peroxidase (GSHPx)
activity in the right ventricle from
control (n=10) and monocrotaline
(n=20) treated rats, 3 weeks after
injection

E.1.c SuperOlnde dhutase.
Superoxide dismutase cataiyzes the conversion of superoxide (O;),

which is

normaUy generated by the electron transport chah, to H,02. The activity of
superoxide dismutase, in the right ventricle of monocrotaiine treated rats was 4559
&

7.77 U/mg protein and it was not significantly different compared to the activity

39.77 r 4.93 U/mg protein found in the right ventricle of the control rats (Fig.6).

E.2 Non-enzymatic Antioxidants.

E.2.a. Tocopherol.
Tocopherol content was anaiyzed in both groups and these data are sbown

in figure 7. The concentration of tocopherol in the right ventricle of rats from the
monocrotaline treated group (31 51 24-09 pg/g wet weight) was significantly lowe r
thao the control group (47.1

+ 2.98 pg/g wet weight).

E.2.b. Returol.
Retinol, the free alcohol form of vitamin A has also been recently proposed
as an

antioxidant It was analyzed in control as weli as monocrotaline group and

these data are shown in figure 8. Rats injected with monocrotaline had retinol
concentrations in the right ventricle (0.3786 2 0.027gdg wet weight) similar to those
of the control rats (0.3986 2 0.032 Gcglg wet weight).

O Control

Monocrotaline

Fig. 6. Superoxide Dismutase activity in the
right ventricle from control (n=lO) and
monocrotaline (n=20) tmated rats, 3
wks. after injection.

O Control

Monocrotaline

*

Fig. 7. Tocopherol concentration in right
ventricle of control (n= 10) and
monocrotaline (n=15) treated rats,
3 weeks after injection.
* ) Significantly different from the
control (p<0.05) (Student's t-test).

1
Control
1

Monocrotaline

Fig. 8. Retinol concentration in right
ventricle of control (n=6) and
monocrotaline (ni 6) tmated
rats, 3 wks. after injection.

F. Lipid hydroperoxides.

For an assessrnent of the overaii oxidative stress Lipid hydroperoxides were
analyzed and rhese data are shown in figure 9. Lipid hydroperoxides levels were
significantly different @ ~ 0 . 0 5 )in the right ventricle of monocrotaline treated rats
(25.61 19.09 nmol/g) compared to the control right v e n t d e (9.08 2 3.25 nmol/g).

0Control

i
Monocrotaline

Fig. 9. Concentration of lipid hydroperoxides
in right ventricles of control (n= 4) and
monocrotaline (n= 7) treated rats, 3 wks.
after injection.
*) Significantly different from the control
(~~0.05).

W. DISCUSSION

During the last few years, our reakation of the extensive problem of RHF has
placed a premium on establishg a better understanding of the mechanisms
underlying this condition. It is now known that plasma catecholamine tevels and

ANP are increased during RHF (Angoleni et al. 1990, Ceconi et al. 1989, Cornini et

al. 2995). There are also losses in important enzymes (Ishütawa e t al. 1995), a shift
from V1 to V3 myosin isoenyme, and a change in collagen isoforms during RHF

(Morioka et ai. 1992, Ishikawa et ai. 1995). AN of these alterations are signatures of
changes in RHF. Considering the high incidence of cardiovascularcomplications due
to RHF, we need to characterize subceiiular changes as well as their signifieance in

the pathogenesis of RHF.

in order to examine the role of oxidative stress in R I E , rats were injected
with a single dose of the pyrrolizidine alkaloid, monocrotaiine. The treatment

increase the workload imposed on the right heart. This has the advantage that it
does not require surgery. By conducting some pilot experimeats, we were able to

establish the dose of monocrotaiine which resulted in stages of hypertrophy,

-

compensated heart failure followed by ovext heart Mure with in 5 7 weeks. This
spectrum was affected by both age of the animal and dose of the drug.
Clinid right heart failure is usually produced by a chronic increase in

pulmonary artery pressure or by an inadequacy of the tricuspid or pulmonary valves.
Monocrotdine induces RHF by its effect on the puhonaiy circuit without directly

affecting the hem. After monocrotahe injection, the stage of heart hypertrophy is

seen in the first two weeks, foifowed by phases ~Ccompensatoiyheart failure at 3-4
weeks and overt heart failure at 5-7 weeks- It should be noted tbat this classification

is based on the right ventricle to body weight ratio, hemodynamics and clinical
observations. tn the present study, animais were in compensated failure as explained
iater.
Animals in the monocrotahe group grew l e s compared to the control group,
as has also been reported by others (Ceconi et al, 1989 and Comini et al, 1995).

Differences in growth became apparent and this difference widened with an increase
in post-treatment duration. This effect is probably due to gastrointestinal system

disturbances as well as direct effects of monocrotaLine on the liver, where the drug
produces veno-occlusive disease which, may have adverse effects on the growth.
Mer monocrotaline is bioactivated in the liver, its derivative travels to the lungs

where it induces pulmonary damage causïng pulmonary hypertension (Huxtable 1990,

Pan et al. 1993) with in a short period of time. At this point the rats showed signs
of laboured breathing and they appeared listless and pale. These animais at three
weeks had elevated

RVSP and RVEDP. 'fbese results suggest a compensatory phase

during which cardiac output is maintained by pumping blood with an elevated
pressure through the narrowed pulmonary circulation. Therefore, ihree weeks after
monocrotaluie injection animals were in compensated heart failure, and were
hemodynamicaiiy stable.

Detailed examination of the hearts of these rats, revealed that the right

ventricle was hypertrophied, and weighed about 15 times more than the right

ventricle of control rats. This ciifference when analyzed in relation to the body
weight was increased to 157%. in the monocrotaüne gmup, left ventncular weight.
however, was significantiy less as compared to the control group. Because of the
reduced gain in body weight in the monocrotaline group, the left ventncular to body
weight ratio was also significantly increased in the monocrotaline group. Thus usine
the critena of ventride to body weight ratio, both ventncles showed hypetrophy.

Increase in the RVEDP suggested that the ventride functioning on the FrankStraling cuxve had shifted to the right and suggested ventncular failure. Increase in

EDP is also considered as a hallmark of heart failure (Hiil and Singal 1996, Khaper
and Singal 1997). Since the ventricle was able to develop higher than normal systolic
pressure, it is considered to be compensated heart failure.

In left ventncular failure, oace heart faiiure is established there is edema of
the lungs followed by edema of the liver manifested by an increase in wet to dry
weight ratio (Randhawa and Singal 1992, Khaper and Singal 1997). The same

general phenornenon appears in right ventncular failure (Ng et al 1995, Cornini et
ai 1996), except that h e r congestion appears before luog congestion.

[n this

study,

neither liver nor lung wet to dry weight ratios were different bom the controls. This
could be explained by the increase in both

RVSP and RVEDP, that is providing

enough blood to satisfy the metabolical needs of both tissues at this particular stage-

This hirther supports the conclusion that rats at this particular stage are stiii in the
compensated stage of heart failure, where the hypertrophied heart is stiii able to

pump enough blood to satisfy the needs of the different organs.

It has previously been reported that the left ventricle of the rats injected with
monocrotaline is not affected by changes talàng place in the lungs o r in the right
ventricle (Angoletti et al 1990). in contrast, in the present study it was obsewed that
the left ventricular weight of the monocrotaline treated rats was significantly lower

than in the control. When the ventricular weight was corrected for body weight,
there was an increase in the ratio of left ventride to body weight. The difference
from Angoletti's study may be due to the fact that rats receiving the monocrotaline
injection in this study were jweniles and still growing.

When pulmonary

hypertension occurs in these animais, there may be a decrease in the amount of
blood going to the Ieft ventricle and perhaps to the body.

There are at least three phases in the development of heart failure, each one
characterized by specific physiologieai and biochernid changes of the myocardial
celis. However, there is still a lack of information regarding the neurohonnonal and
cardiac changes that occur during the compensated phase of right heart failure.
Studies of left ventricular hypemophy bave demonstrated a sigdïcant increase in

antioxidant enzyme activity and reduction in lipid peroxidation, which suggest that

this phase has better protection against oxidative stress (Singal and Kirshenbaum
1990, Dhaila and Singai 1994). In contrast,during left ventricular heart failure there
is a significant increase in oxidative stress and a decrease in antioxidant enzyme
activities. In contrast to the results fiom left ventricular hypertrophy stage studies,

results from the present study show that duriog the compensated right ventricular

failure, the activity of the antioxidant enzymes was not different from the activity of
the control rats. [t should be empbasized that an increase in antioxidants and

decrease in oxidative stress reported earlier corresponded to the hypertrophy stage
without any failure (Dhaiia and Singal1994). It is possible that in the present study,
the animals had gone past that stage and the antioxidant enzymes changes were on
the decline and were now near controi levels-

Experimental evidence in support of the role of oxidative stress in the
pathogenesis of heart failure in animal models is ovenvhelmulg (Hill and Singal 1996,
Siveslri-Uiskovic et al. 1994, Khaper and Singal1997). A limited data set on patients
in some chical studies corroborates this notion ( H o h a n and Garewal 1995, Singh
et al. 1996, Weitz et al. 1991, McMurray et al. 1990, Stephens et al. 1996). Thus left

ventricular failure corresponding to a decrease in the antioxidant status and an
increase in oxidative stress has beeo documented in a number of studies (Siveski-

lliskovic et al. 1994, Hill and Singal1996). The present study shows for the first time
that compensated failure in the right heart also corresponds to an increase in
oxidative stress.
Previous studies of the non-enzymatic antioxidants io left ventncular failure.

have show that depleted concentrations of vitamin E and vitamin A are oHen
correlated with increased lipid peroxidation (Lemoyne et al. 1987, Hiil and Singal
1996). In this study of compensated heart failure, the non-enzymatic antioxidant

retinol did not differ from the mntrol group, but tocopherol significantly declined.

The d e c h e in tocopherol concentration indicates that oxidative stress is present

during compensated right ventricular failure.

The fact that only tocopherol

concentrations were affected, may indicate sensitivity of this antioxidant. Vitamin E
is a potent antioxidant and its presence in biological membranes represents the major
defense system against membrane lipid peroxidation (Hill and Singal 1996). The

significant increase in the right ventricular Lipid hydroperoxides concentrations and
the decüne in vitamin E content of the right ventricle of the monocrotaiine group
shows that oxidative stress is present even when the right ventncle is

hemodynamicaiiy compensated. T h i s occurs even when none of the other nonnally
affected tissues (lungs and h e r ) are not wmpromised.

Heart failure stage, experimental as weU as dinical, has been shown to be
associated with a decrease in myocardial antioxidant enzymes (Siveski-Qiskovic et al.
1994, Khaper and Singal 1997), non enzymatic antioxïdants (Hill and Singal 1996)
and increased oxidative stress. In the present study only 2 out of these 3 defects

were noted. This may have to do with the fact that the animals were in compeosated
heart failure stage, a step before the estabüsment of the overt failure stage. In order
to resolve this issue, we need to examine the tirne course of these changes in
monocrotaline treated animals.

In conclusion, the present study defines early changes in antioxidants in
compensated heart failue. This study also emphasize the need to understand the role
of oxidative stress during right heart failure. In particular, the decompensated phase
of right ventricular failure, where further iaereases in iipid hydroperoxides production

and antioxidant depletion are likely to take place, requires further study.
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