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Although significant progress has been made in defining

the cellu1ar and subcel-lular changes during ischemic

myocardial- injury, the exact mechanism(s) remain/s el-usive.

Research done over the last decade suggests that partially

reduced forms of oxygen (PRFO), which include the superoxide

anion, hydrogen peroxide and hydroxyl radical- generated

during hlpoxia and/or reoxygenation may also contribut.e to

myocardial cel-l- injury. Antioxidants such as superoxide

dismutase, glutathione peroxidase and catalase have been

shown to scavenge PRFO and protect the myocardium from the

deleterious effect of PRFO during ischemic injury.
These antioxidant enzfrmes have been reported to be

increased during stable pressure overl-oad heart hlpertrophy

in rats. Although in an ex vivo perfusion system these

hlpertrophied hearts were found to be l-ess susceptible to
oxygen-radical- induced contractile failure, the physiological

significance of these antioxidant changes remains to be

established. Furthermore, it is not clear whether the

anlioxidant changes seen during heart hlpertrophy and/or

oxidative stress conditions are occurring at the level of the

cardiac myocyte. The present st.udy, therefore, was

undertaken with the following objectives: 1) Test the

hlpothesis that the hlpertrophied heart with an increased

endogenous antioxidant reserve is more resistant to oxidative

xi
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sLress injury induced by ischemia-reperfusion and hlpoxia-

reoxygenation i 2) Determine antioxidant changes as wel-l- as

response to oxidative stress in isolated cardiac myocytes

independent of the vascular and non-myocytic componentsi and

3) examine the response of control hearts, supplemented with

exogenous antioxidants, to the oxidative stress and compare

the response of hlpertrophied hearts to the sarne stress.

Heart hllpertrophy was j-nduced in male rats by narrowing

of the abdominal aorta for 10 weeks. This resulted in a 368

increase in the heart to body weight ratio and a 75& increase

in lef t ventricul-ar systolic pressure. In the hlrpertrophy

group, there was no apparent change in the end diastolic
pressure, wet to dry weight ratj-os of liver and lungs \À/ere

not changed and animals did not show any signs of congestive

heart failure. Hlpertrophied hearts showed increased

antioxidant enzyme activities of superoxide dismutase (SOD)

and glutathione peroxidase (GSHPx) with no changie in catalase

(CAT). Lipid peroxide content as indicated by the

mal-ondialdehyde content (MDA) was significantly lower in the

hlpertrophied hearts than in the sham control- hearts. These

diiferences in the sham and hlpertrophied hearts r^rere al-so

observed in isolated cardiac myocybes" There was no apparent

difference in either the Na* and Ca2* content or in high

energy phosphates between sham and hlpertrophied hearts.

xll_



Hearts \ùere exposed to either 10 min ischemia and 15 min

reperfusion or 15 min hllpoxia and 30 min reoxygienation,

Contractile fail-ure and rise in resting tension due to either
ischemia or hlpoxia was comparable in the sham and

hlpertrophied hearts. Upon reperfusion or reoxygenation,

hlpertrophied hearts showed better recovery of the developed

force as well as resting tension and these hearts also showed

reduced incidence of arrhythmias than corresponding sham

hearts. Ischemia as well- as reperfusion caused a ,reduction

in the antioxidants SOD and GSHPx in hearts but this drop was

significantly less in the hlrpertrophied hearts. The SOD

activity during hlpoxia \üas significantly reduced in both

sham and hlpertrophied groups, however, the GSHPx activity
was reduced only in the sham group. No further change in any

of these antioxidant enzymes was detected upon reoxygenation.

Furthermore, both the SOD and GSHPx activities were

significantly higher in the hypertrophied hearts after
reoxygenation than corresponding sham hearts. These changes

r¡rere not due to leakage of the enz)rme activities into the

perfusion medium"

' Reperfusion of hlpertrophied hearts after ischemia was

also associated with better maintenance of ultrastructure,
recovery of high energy phosphates and Na* and Ca2* contents.

The MDA content in the hylgertrophied hearts after ischemia-

reperfusion or hlpoxia-reoxygenation was signj_ficantly lower

than the corresponding sham hearts. Supplementation of the
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perfusion medium with exogenous SOD (I20 U/ml-) and CAT (80

U/ml ) significantly attenuated the ischemia-reperfusion

injury in the sham hearts to a 1evel comparable to that seen

in the hlzpertrophied hearts.

In the isolated sham myocytes, hlpoxia caused a

significant reduction in the total SOD, Mn SOD and GSHpx

activities with no change in the Cu-Zn SOD,. CAT activity and

¡,IDA content. Reoxygenation of sham myocytes resulted in
recovery of total- Mn and SOD but not in the GSHpx activity
indicating some difference between the response of myocytes

and whole hearts" The MDA content increased significantly
upon reoxygenation. No change in the antioxidants SOD, GSHpx

or CAT activities were seen in hlpertrophied myocytes during

hlpoxia or upon reoxygenation. These observations also

suggest a rol-e of nonmyocytic components in the response of
the whole heart. Although the MDA content increased upon

reoxygenation in hllgertrophied myocytes this increase was

comparatively less than that seen in the sham myocytes.

Hlrpoxia as wel1 as reoxygenation caused a reduction in
the number of rod shaped cell-s with a paraller increase in
thé round shaped cells in both sham and hlpertrophied myocyte

population. There \^/as a significant increase in the myocyte

Na+ and CaZ* contents during hlpoxia and reoxygenation in both

sham and hlrpertrophied myocytes but these changes $¡ere

reratively ress in the hlrpertrophied myocytes. Addition of

xl_v



exogenous catalase (40 u/mI) to the perfusion buffer
^.: --:4: ---!l--s l- ginr i rcantl-y a-utenuatecl ihe hlpoxia-reoxygenat j_on in j ury in
the sham myocytes, a finding consistent with our whol-e heart
studies. Leakage of l-actate dehydrogenase due to hlpoxia-
reoxygenation in sham myocytes \,vas al-so modulated by

catalase.

Data in the present study show that the hllgertrophied

hearts as well- as hllpertrophied myocytes with increased

endogenous antioxidant reserve vrere more resistant to
oxidative stress injury imposed by either ischemia-

reperfusion or hlrpoxia-reoxygenation. rt is proposed that an

adequate endogenous antioxidant reserve may have therapeutic
potentiar in protecting the myocardium against oxidative
stress injury



Under aerobic conditions more than 958 of the oxyg,en

inside the cel-l undergoes tetravalent reduction to water via

the cytochrome oxidase system in the mitochondria. However,

3-58 of oxygen is known to undergo mono and/or dival_ent

reduction with the generation of partially reduced forms of

oxygen (PRFO) including superoxide anion, hydrogen peroxide

and hydroxyl radical. Because of their unique electronic
configuration, oxyg'en radical-s are highly reactive and have

been suggested to mediate cell injury in a variety of
pathological conditions including infl-ammation (Weiss , 1986) i

irradiation injury (Petkau et af., 1978); cardiomyopathies

(Singal et af., 1983; Singa1 et al., L987)r catecholamine-

induces arrhythmias (Singal et aI., L982; Kirshenbaum et al.,
l-990) and ischemia-reperfusion injury (Freeman and Crapo,

L982; Shlafer et â1., 1982a; Ferrari et aI., 1985; Bolli et
â1., 1988, I9B9)"

The potential- role of these parti-aIly reduced forms of

oxygen in the pathogenesis of myocardial dysfunction has also

been demonstrated by employing defined sources of pRFO in an
i

ex vivo system (Gupta and Singal, L9B9a) " Thus the impor-

tance of PRFO in cardiac pathophysiolog-y has been recognized

(Singal and Kirshenbarrm/ 1990). Although PRFO are contin-
ually being generated by constitutive metabolic processes by

aerobic cel1s there is no immediate threat to cell damage

because of the antioxidant enzymes superoxide dismutase

1
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(SOD), glutathione peroxidase (GSHPx) and catal-ase (CAT),

which scavenge these toxic species. Other antioxidants such

as ascorbic acid, alpha tocopherol, cysteine and reduced

glutathione al-so protect the cell against oxidative injury.
In different disease states or conditions of imposed

oxidative stress, the celI may be predisposed to free radical-

injury either due to increased production of PRFO and/or due

to alterations in the defense mechanisms against these

reactive oxygen species. In this regard, antioxidant enzyme

activities have been reported to change in response to both

physiological and pathophysiological conditions including age

(Nohl and Hegner, L978), exercise (Higuchi et aI., l-985;

Kanter et aI., 1985), hlpertrophy (Gupta and Singal, l-989b),

myocardial ischemia and hlpoxia (Ferrari et al " , 1-985;

Guarnieri et aI., 1980; Dhaliwal et aI., 1991).

Adequate coronary flow is essential for sustained

functioning of the heart. Reduced coronary flow results in
regional myocardial ischemic ínjury and depressed contractile
function" However, withj-n the peripheral regions of the

"ischemic zone" there is a population of viable cells which

can be salvaged, if managed adequately (Jennings and ReÍmer,

1983). If the ischemic interval is prolonged further cell
damage may occur, a condition referred to as reperfusion

injury (Braunwald and Kloner, L982i Werns and Lucchesi,

19BB) " Therefore, timely reperfusion of the ischemic

myocardium is essential to faciLitate tissue recovery and

2



maintain ventricular function.
interventions such as coronary angiopJ-asty, thromborytic
therapy and coronary artery bllpass surgery are examples of
reperfusion, an obligatory requirement for tissue recovery
after ischemia; but these interventions also carry the risk
of causing reperfusion injury. rschemia-reperfusion injury
is characterized by the occurrence of arrhythmias (Helmdrickx

et al., L975; Manning and Hearse, L9g4), depressed

contractile function (Bolli et aI., 19Bg), increased lipid
peroxidation (Meerson et al., Lg82), low energy state
(Jennings et âf., 1981), intracellular Na+ and ca2* overload

(Tani and Neely, 1989) and loss of ceII structure (EIz et
al., 1989).

Formation of oxygen radicars during ischemia (Rao et
ar., L982) as well as during reperfusion has been

demonstrated (Bol1i et aI., 19BB) and suggested to cause

electrical, subce]lular and contractiLe abnormalities in the

heart (Hess et al., l-983; Gupta and singal, r-989a; BeresewLcz

and Horackova, 1991). Furthermore, myocardial injury has

been shown to be ameliorated with exogenous antioxidants
introduced at different times of ischemia and/or reperfusion
(Gaudel and Duvellroy, Ig84; Jo1ly et âf., 1994; Tamura et
â1., 1988; Bolli et al., 1989; Massey and Burton, I9g9).
Hearts exposed to free radical- generating systems display
sarient features of ischemia-reperfusi-on injury (Burton et
af., 1984; Blaustein et al., 1986; ytrehus et af., 1-9g6;

3
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Gupta et al., L987 ) and these radical induced changes can be

attenuated with antioxid.ants SOD, GSHPx, CAT, and vitamin E,

(Guarnieri et af., 1978; Shlafer et al., 1982b; Tamura et
af ., 1"988; Przyklenk and Kloner, L989).

During ischemia-reperfusion oxygen radicals can be

generated by a variety of both intracelLul_ar and

extracellul-ar sources such as endothelial- xanthine oxidase

(Chambers et aI., 1985), influx and activation of neutrophils
(Werns et af . , 1986 ) and autoxid.ation of catecholamines

(Singal et al-., l-983). A close examination of the list above

revears that these radical- sources couLd be vascular and/or

cardiac myocytic in origin.
Although endogenous myocardial antioxidant enzfrmes

activities have been reported to be increased during stable
hlperf unctional- heart hlpertrophy secondary to pressure

overload as well as exercise training in rats (Kanter et al.,
1985; cupta and Singal , I989b), the physiological

significance of these changes remains to be defined.

Similarly, some of these antioxidant enzymes are depressed

during myocardial- ischemia (Ferrari et al., 1985) and hlpoxia

(Guarnieri et al., 1"980; Dhaliwa1 et al., 1991_). However, it
is not clear whether these antioxidant changes are a direct
consequence of ischemia/hlpoxia and/or reperfusion and are

occurring at the l-eve1 of the cardiac myocyte"

Alternatively, the changes may be a refl-ection of changes

within the vascular component, alone or may be secondary to

4



vascular influences during hypoxia-reoxygenation.

Furthermore, the relative import,ance of ihese ant,ioxidant

enzl¡me changes and their bearing on recovery remains to be

understood.

The present research was therefore undertaken, to

examine in detail the physiological significance of an

increased endogenous antioxidant capacity by testing the

hllpothesis that hlpertrophied hearts with an increased

antioxidant reserve may be more resistant to an ,oxidative

stress due to ischemia-reperfusj-on and hlpoxia-reoxygenation.

In order to further describe the direct effects of oxidative

stress on the myoclrb,ic antioxidant changes r as well as their
relation to ceLl injury, isolated myocytes from sham and

hllgertrophied hearts \dere studied during hlpoxia and

reoxygenation. The physiological significance of antioxidant

changes in the hlpertrophied hearts was further examined by

comparing the response of sham hearts to oxidative stress in
the presence of exogenous antioxidants.

Heart hlpertrophy vras induced in male rats by

constriction of the abdominal aorta for 10 weeks. Sham and

hyþertrophied hearts were hemodlmamically assessed and used

for the determination of the following: l-) the course of

ischemia-reperfusion and hlrpoxia-reoxygenation injury in
these hearts; 2) the antioxidant capacity and lipid peroxide

content of these hearts during these oxidative stresses; 3)

the response of isol-ated cardiac myocytes to hlrpoxia-
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reoxygenation; and 4) protective effects of exog:enous

antioxidants aqainst oxidative stress iniurv in the sham

heart. MyocardiaL structural and contractile changes due to

ischemia-reperfusion and hlpoxia-reoxygenation v/ere examined

with respect to antioxidant enzyme activities of SOD, GSHPx

and CAT as well as lipid peroxide content, high energ'y

phosphates and cation contents in whole heart and in isolated
cardiac myocytes" For protection studies, exogenous

antioxidants SOD and CAT were used.



Å. @XYGEP{ RÅE}ICALS

Since the discovery of oxygen in 1774, there has been

a plethora of information regarding the therapeutic

potential of oxygen in clinical medicine as wel-l- as its
many toxic side effects (Priestely, 1957 ) . Oxygen supplied

at concentration greater than that found in normal air has

long been known to damage plants, bacteria and animals.

Further insight into the mechanisms of oxygen toxicity was

provided by Gerschman et al. (L954), who proposed that
oxygen toxicity and cell-uLar damage was mediated by oxygen

radicals. This hlpothesis \,vas further developed and

confirmed by McCord and Fridovich (1969 ) when they

identified erythrocuprein ( superoxide dismutase) in aerobic

bacteria. Partially reduced forms of oxygen (PRFO) which

include the superoxide anion (Oz'-), hydrogen peroxide

(HzOz), hydroxyl radical (OH') and singlet oxygen have been

suggested to be involved in the pathogenesis of a variety
of disease conditions" For example, infLammation (Weiss,

i-986 ), irradiation injury (Freeman and Crapo , L9B2) ,

cardiomyopathies (Singal et aI", 1981; Singal et al.,
L982), catecholamine-induced arrhythmias (Singal- et al.,
i-981-; Kirshenbaum et aI., 1990), aging (Harman, L956),

atherosclerosis (Hessler et a1., 1983; Quinn et al., l-985)

as welL as ischemia-reperfusion (Shlafer et â1., L982ai

Ferrari et af., 1985; Bo11i et â1., L989) and hlpoxia-
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reoxygenation injury (Gaurnieri et al., 1980; Dhaliwal et

af., 1991) have been shown to involve free radical-s"

Recently, the importance of oxygen radicals in congestive

heart faiÌure has al-so been suggested (Singat and

Kirshenbaum, 1990).

1" REACTI\rE OXYGEN IIi¡ITERMEDIATES

i. Chemistry:

A free radical can be defined as any mol-ecuIe or

molecular speci-es that contains an unpaired electron in its

valence orbital. For the most part, the presence of the

unpaired electron increases the chemical reactivity of a

molecule and makes it more likely to react with other bio-
molecules to achieve a lower energy state. Because of its
unique electronic config:uration, molecular oxygen can also

be considered to be a diradical (Green and Hill , L9 84 ) .

Oxygen contaj-ns two unpaired electrons in j-ts outermost

orbital and both have a parallel spin or identical quantum

number. For the two electrons in molecular oxygen to share

the same valence orbital-, the spin quantums must be anti-
paralleI to satisfy the Pauli exclusion principle.

iTherefore, in order for molecular oxygen to oxidize (gain)

a two electron donor, a spin inversion must t.ake place on

one of the valence electrons. Thermodlmamically, the rate

of formation of a reaction complex between a two electron

donor and molecul-ar oxygen is shorter than the time

necessary for the spin inversion to take place. Therefore,
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although molecular oxygen can be considered to be a

diradical, it is relaiively unreactive because of the

imposed spin restrictions.
There are several- biol-ogical enzymes that are able to

form a complex with mol-ecul-ar oxygen for sufficient time

for oxidations to occur. For example, mitochondrial-

cytochrome oxidase facil-itates the tetravalent reduction of

oxygen to water during aerobic respiration. In many

instances, however, molecular oxygen can be reduced

univalently to form partially reduced intermediates which

can be cytotoxic (Green and Hill I 1984).

ii" Oxygen Radical Species:

The univalent reduction or the addition of a single

electron to molecul-ar oxygen yields the superoxide anion

radical (oz-') (Fridovich, l-975). This radical- species can

act as a ligand, base, nucleophile, oxidant or reductant

and its reactivity is solvent dependent (for review see Fee

and Valentine, L979; Sawyer and Gibian, 1979). However,

the reactivity of this oxygen radical species is high

because of its relatively short hal-f-Iife, it spontaneously

d.ismutates to HrO, with K-= 2 x 105 l¿-1 sec-l. In spite of

what appears to be a limited reactivity, it shoul-d be noted

that free radical- production from subsequent reactions may

have biologic effects distal to the initial site of free

radical generation (Fridovich, I978, 1983). For instance,

protonation of O2-' increases its hal-f-l-ife as well as its
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ability to diffuse at rel-atively large distances (Freeman

and Crapo, 1982).

The addition of a subsequent electron (two electron

reduction) to the O2-' results in the formation of the

peroxide anion, which at physiological pH protonates to

form HzOz. It should be menLioned that this species is not

an oxygen radicaL. It is, however, a partially reduced

f orm of oxygen capable of cell- in jury. HzOz is a strong

oxidant but reacts relatively slowly with most biomolecules

(Chance et al. , 1979 ) .

transition metals such as iron or copper via Fenton

chemistry, can l-ead to the production of more powerful and

reactive oxidant species (HalIiwell- and Gutteridge, l-984).

The trival-ent reduction of oxygen or subsequent

addition of an electron Lo HrO, resul-ts in the formation of

the hydroxyl anion OH and the hydroxyl radical OH'.

Similarly, OH' can be formed by metal catalyzed Haber-Weiss

reactions or by biological Fenton reactions (for revj-ew see

HalliwelJ-, 1981; HalliwelJ- and Gutteridge, L984). The

protonated form of the hydroxyl anion is water which is not
ibioreactive. The OH', on the other hand, is an extremely

reactive and powerful oxidant and will indiscriminately
interact with almost all biological mol-ecules (Halliwell
and Gutteridge, 1984). Pryor and Tang (797 8) described the

potential reaction mechanisms most frequently encountered

with the OH' radical. These incl-ude addition reactions,

10
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hydrogen abstractions and electron transfers and can

mediate cell injury through lipid peroxidation, sulphydryl
group oxidation as weII as al-terations in DNA (Freeman and

Crapo | 1982) " Because of its high reactivity (Km- 10-10 M-l

sec-l) it can be seen that the OH' will interact with

biomolecules that are in close proximity to its site of
generation (Dorfman and Adams, L973). Clearly, the

formation of the OH' presents several problems to normal

cell-ul-ar function. :

Last1y, the singJ-et oxygen radical species can be

formed by the spin inversion of one of the two valence

electrons in the mol-ecular oxygen (HaIIiweI1 and

Gutteridge, l-984). Furthermore, two tlzpes of singlet oxygen

have been identified and include a very short Ij_ved species

and a longer l-ived delta singlet oxygen species (Bel1us,

L97B). The l-ater species is biological-ly more important.

Del-ta singlet oxygen can also be generated by enzymatic

systems (Cadenas et al., 1983) as wel_l as by Íonizing or

photon energy (ZiegJ-er and Goosey, l-981). The exact role
of singlet oxygen in the mediation of tissue damage remains

oL"..rr" and further investigation is required to define its
role in mediating oxidative injury (Ha11iwe1l, l-981).

2 " BIOLæIC.AI SOURCES OF OXYGEI{ R,ADIC.AtS

In the aerobj-c organism there exist several

intracell-ular as well as extracel-luar sites from which

oxygen radicaLs can be derived. Moreover, these oxygen

11



radj-cal- sources may be important in oxygen radical mediated

tissue injury in several different disease condi-tions, some

of which may be more important than others.

i . Þfitochondrial:

Under aerobic conditions 958 of the oxygen consumed by

the cel-l undergoes tetraval-ent reduction by mitochondrial

cytochrome oxidase to form water, without the production of

oxygen radical intermediates (Chance et af., L979) "

However, under certain conditions 3-58 of the :consumed

oxygen is known to be univalently reduced to form PRFO

(Weiss, l-986 ) . Several- f actors enhance the unival-ent

reduction pathway. In this regard superoxide radical pro-

duction is greatest when the respiratory chain carriers
located on the inner membrane of the mit.ochondria are

reduced (Turrens et af., l-982). Clearly, factors that
influence mitochondrial- radical- production are those that
regulate respiration.
availability of NAD-linked substrates, succinate, ADP

(Chance et â1., 1-979 ) and molecular oxygen (Freeman and

Crapo, L982).

' Mitochondrial generation of HrO, was first reported by

Jensen (1966) but later studies demonstrated that most, if
not all, of the mitochondrial produced HzOz was from the

dismutation of superoxide anion (Boveris and Cadenas,

1975). Similar1y, Jobsis and LaManna (l-978) reported that
an oxygen concentration below 3 mmHg, would enhance the

L2
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productÍon of Oz-' because of increased respiratory chain

reduction and by accumul-at,ion of reduced co-f actors.

Several studies have shown that the major site of Or-' pro-

duction in the respiratory chain pathway was in the

ubiquinone-cytochrome c region (Dionisi et al., L975¡

Turrens and Boveris, 1980; Turrens et al., f982). In this

respect, Guarnieri et al., (1985) demonstrated increased

Oz-' and HzOz production in the rabbit heart after chronic

pressure overload. It should al-so be mentioned that there

are species as well- as tissue specific variations with
respect to the site of Oz-' generation ( for review see

Boveris, 1977i Chance et 41., L979; Forman and Boveris,

r.982 ) .

ii. Enzlmatic and Non-enzlmatic Sourcess

Under aerobic conditions there are severaf intra-
cell-ular as wel-l- as extracel-]uar enzfrmes that generate O2-' ,

HrO, and OH' as part of their normal biochemical processes.

Several- of these have been characterized and extensiveÌy

studied over that past two decades as putative sites for
oxygen radical- mediated cel-l injury. These include xanthine

oxidase, aldehyde oxidase, urate oxidase, NADPH oxidase,

dihydroorotate dehydrogenase, as well as the cyclooxygenase

and lipoxygenase pathways (for review see Freeman and

Crapo, 1982). Although this list is by no means exhaustive,

it is representative of the major sites important ín oxygen

radical generation. Li-kewise, preferential- production by

13



one or more of these systems has been suggested to operate

in different disease conditions.

It has recently been suggested that a major source of

O2-' production during ischemia-reperfusion is the xanthine

oxidase system (McCord, 1985). Interestingly enough, this

enz)zme exists for the most part as a dehydrogenase,

uti-lizing NAD+ instead of oxygen as an electron acceptor.

However, during ischemia, proteolytic modification of this

enzfrme converts it from the dehydrogenase form to the

oxidase form resulting in the metabol-ism of molecular

oxygen into Oz-' and HrO, (Granger et al., 1981; Terada et

ê1., 1991). It shoul-d be mentioned that the fl-ux as well

as oxygen radical- species produced by xanthine oxidase is

both pH and oxygen concentration dependent (Fridovich,

1,970; Porras et aI. , l-981- ) .

monoxygenase pathway of the endoplasmic reticulum has al-so

been suggested to be a site of oxygen radical generation

(Sligar et aI., L974).

Oxygen radicals can also be generated by a variety of

ceLlul-ar non-enzfrmatic sources. In this regard, auto-

oii¿.tion of low molecular weight compounds such as thiols,
guinones, hydroguinones, catecholamines, as well as

flavins, and hydropterins has also been suggested to be a

potential site of oxygen radical- generation (Misra and

Fridovich, L972; Fisher and Kaufman, L973i Misra, I974i

Singal et aI. , 1983 ) .

74

The P450-dependent



iii. .A.ctivated Phagoclrtes :

NeutrophiJ-s and circulating phagocytes are uniquely

endowed with the potential- of producing large quantities of

powerful oxidizing agents for defense against microbial

organisms (Tauber et af., L979; Root and Cohen, 1981).

Because the onset of oxidant production is associated with

an abrupt rise in phagocyte oxygen consumption, Rossi and

Zatti (L964) coined the expression "respiratory burst" to

refer to the metabolic events leading to the production of

oxidant species in activated phagocytes. The oxidants

produced include a highly reactive mixture of O2-'. r HrO, as

well- as chloralamines and oxidized halogens (Babior, L97Bi

Rosen and Klebanoff , L97 9; Weiss et al., 1982). It shoul-d

be mentioned that the sole purpose for the production of

these oxidant species is the destruction and removal of

invading bacteria and is strictly for internal phagocytic

use. However, under some conditi-ons, these reactive

oxidants l-eak into the surrounding milieu and produce

undesirabl-e tissue injury (Weissmann et aI., 1980).

Following activatj-on by specific membrane stimuli,
neutrophils as well as other phagocytes (monocytes,

eosinophils, and macrophages) activate a membrane-

associated NADPH oxidase which oxidizes NADPH to NADP+ with

the production of O2-' (Tauber et â1., 7979; Babior and

Peters, 1981). The generated Oz-' rapidly undergoes spon-

taneous dismutation to form HrO, which accounts for the bulk
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of phagocyte produced HzOz (Root and Metcalf , 1977 ) . fn

additionr polymorpholeucocytes contain a lysosomal bound

enzyme, myeloperoxidase, which is able to produce

hlpohalous acids through oxidation of halogens in the

presence of HzOz (Clark, L9B3). Hypohalous acids (e.9.

hlpochlorous) are very powerful oxidants and can react with
a variety of biological molecules such as amino acids,

thiols, aromatics, and other unsaturated carbon compounds

(Agner I I972¡ Thomas, L979i Albrich et al., 1981).

Similarly, these neutrophil derived oxidants can react with
primary or secondary bioamines to form cytotoxic N-

chloroamines (Grisham et af., l-984i Sagone et af., 1984).

RecentIy, phagocyte derived oxidants have been suggested to

be involved i-n several- pathologic conditions such as

respiratory distress slmdrome (Tate and Repine, L983),

infl-ammatory diseases (Fantone and Ward, 1982) as well- as

ischemia-reperfusion injury (Romson et aI., 1983; Engler et

aI., 1983).

iv. Ot'her Sources:

a. Ãrachidonic acid metabolism

' Th" oxidation of arachidonic acid. to prostaglandins,

thromboxanes, and l-eukotrienes by either the cyclooxygenase

or lipoxygenase pathways has also been suggested to be a
site f or f ree radical- production . In this reg,ard,

metabolism of arachidonic aci-d has led to the detection of

both carbon and oxygen centered radicals (Mason et al. ,
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1980). The radical-s are produced by abstraction of a

methylene hyd.rogen from the arachidonic acid molecule. The

production of OH' radicals has also been detected (Egan et

af., L976) and suggested to part,icipate in the cytotoxic
effects of prostanoid hydroperoxide slmthesis (Freeman and

Crapo | 7982). Moreover, a hemoprotein-derived radical has

afso been detected during the metabolism of PGG, (Nobuchika

et al. , 1978 ) . During prostaglandin bioslmthesis it appears

that several free radical- species can be generated all of

which are clrtotoxic and capable of j-nteracting with

different ce11 constituents, particularly unsaturated

biomembranes (Niki et al., 1989).

b. Catecholamines

Additionally, several studies have shown that
excessively high levels of catecholamines cause patho-

Iogical changes in myocardial structure and function

(Singa1 et aI., l-981-, L982t 1983; Rona et al., 1985).

Although the mechanism(s) responsible for catecholamine-

induced cardiomyopathies remains to be fully understood,

there is compelling evidence to suggest the involvement of

o*yge.t free radicals. In this regard. autoxidation of

catechol-amines has been suggested to invol-ve the production

of oxygen radical (Cohen and Heikkila, 7974i Singal et aI.,
1981 , L9B2). Moreover, in several st,udies the use of anti-
oxidants has been shown to modulate the cardiotoxic effects
induced by catechol-amines ( Sing'a1 et âf . , L982, i- 9I3 i
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Kirshenbaum et aI. , 1990 ) .

c" Toxic Àgents

The cytotoxic effects of carbon tetrachloride,
paraquat and doxorubicin (adriamycin) have al-l- been sug-

gested to invol-ve oxygen radical formation (for review see

Freeman and Crapo, I9B2). Several- studies have shown that

the cardiotoxic effects of adriamycin, an anthra-cycline

quinone, may be related to its ability to generate oxygen

radicals by redox cycling between the quinone and semi-

quinone radical with the formation of Or-' and HrO, (Olsen et

af ., i-981-; Singal et aI., L9B7; Lee et aI., 1991-).

3 " OXYGEÌ{ R.A,DICAI, HEDIATED INJT]RY

Because oxygen radicals are po\4rerful- oxidants, it has

been proposed that modification and/or damage to specific
biomolecules such as J-ipids, proteins, or DNA may represent

a conmon pathway for oxygen radical mediated cell injury.
i. Lipid Peroxidation:

There is considerable evidence to suggest that
peroxidation of membrane lipids in itself is characteristic
of free radical mediated injury. Biomembranes and sub-

râ1Io1u.. organelles that contain pollrunsaturated f atty
acids are particularly vulnerable to free radical attack

(Tappel, I973i Mead, L976i Donato, 1981). Às previously

described, oxygen radicals, specifically OH', are highly
reactive and wil-1 readily interact with membrane lipids to
initiate lipid peroxidation. In most cases a hydrogen atom
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abstracted from one of the methyJ-ene hydrogens in the lipid

mol-ecul-e .l-eaves behind an unpaired el-ectron and an alkyl

radical.

rearrangement to a conjugated diene which rapidly interacts

with an oxygen molecul-e to f orm a peroxyl- radical ROO'.

RH + OH' ---> R' + H2O

R' + 02 ---> ROO'

The peroxyl radical has sufficient energy to abstract a

hydrogen atom from the neighbouring unsaturated fatty acid

to form a stable hydroperoxide and a new alkyl radical-.

ROO' + RH --> ROOH + R'

As it can be seen, this process is autocatalytic and self
propagative, until the chain reaction is terminated by

either collision of two J-ipid radical species to form a

non-radical product (Weiss, 1986) or by antioxidants which

will subsequently be discussed.

R.+R.

ROO' + ROO'

ROO'+R' >ROOR

The a1ky1 radical is then stabil-ized by

Oxygen radical induced J-ipid peroxidation can be

pbtentiated by the presence of transition metals such as

ferrous or ferric complexes (Aust and Svingen, !982) "

These metals can serve as redox catalysts and al-so to

catalyze the conversion of Oz-' and HzOz to more potent

oxidants (Svingen et al-., 1979; Hochstein, 1981). Ferrous

or ferric complexes can also react with lipid hydro-
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peroxides to form peroxy or alkoxy radicals (RO') which can

further propagate the lipid peroxidation process (Aust and

Svingen, 1982; Halliwel-l and Gutteridge, 1984). Because of

their hydrophilic nature, lipid peroxides can cause cel-l

injury by altering the permeability as well as the micro-

viscosity characteristics of the membrane (Plaa and

Wistsche, 1976i Hochstein et al., 1981).

Permeability changes in rat hearts exposed to PRFO

have been documented by intracel-luLar Iocalization of

lanthanum (Gupt.a et af ., L987; Gupta and Singal , L989a).

Similarl-y, increased tipid peroxidation has been associated

with several disease conditions such as retrolental
fibroplasia (Tripathi and Tripathi, 1984) | atheroscl-erosis

(Chakravarti et aI., 1991), aging (Harman, 1"956) as wel-l- as

hllgoxia-reoxygenation injury (Guarnieri et aI., 1980;

Dhaliwal et aJ-., l-991) and drug induced toxicity (Singal et
al", 1987).

Peroxidation of fatty acids containing three or more

double bonds wil-l- result in the f ormation of malon-

dial-dehyde. Malondialdehyde is a relatively stabl-e end

product of lipid peroxidation and can be readily detected

by thiobarbituric acid. Although it is not a specific or

quantitative indicator of fatty acid oxi-dation, it does

provide a stoichiometric relationship between the amount of
substrate utilized and the product formed within l-imits and

this has been critically discussed (ptacer et al., 1966¡
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May and McCay, 1968). Ot.her techniques used to quantitate

lipid peroxidation involve the estimation of the volatile

hydrocarbons ethane and pentane that are secondary products

formed from endoperoxide metabol-ism (DiIIard et aI., L977i

Sevanian and Hochstein, 1985). Malondialdehyde itself al-so

has cytotoxic properties which can al-ter intrinsic membrane

properties such as cell shape, ion transport, and membrane

associated enzyme activity (Freeman and Crapo, 1982).

Additionally, malondialdehyde has mutagenic and

carcinogenic properties (Shamberger et aI", L974; Mukai and

Goldstein, L976).

ii. Protein Damage:

There is considerable evidence to suggest that free

radical modif ication of specif ic cel-L proteins can

adversely affect normal- ce11 function. In this regard,

proteins t.hat are rich in sulphydryl containing amino acids

such as trlptophan, tyrosine, histidine, methionine and

cysteine are most susceptible to oxygen radical attack

(Pryor, L976). Cytoplasmic and membrane proteins can be

cross-linked into dimers or larger aggregates after

"ílposor" to oxygen radicals (Rovba1 and Tappel, L966i

Girotti I L976). Several investigations have suggested that
protein thiol groups rather than non-protein thiol-s are

important in maintaining celI viability during oxidative

conditions and their loss could be a major factor in cell-

injury (Dimont.e et al-", 1984; Nicotera et af ., 1985, L9B6¡
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Reed, 1990).

Oxygen radicals have been shown to l-mpair Ca-ATPase

activities in the heart sarcolemma (Kaneko et aI., l-990),

sarcopl-asmic reticulum (Rowe et af . , 1983 ) r . as well as

Na*/Caz+ exchange (Reeves et â1., 1986) and Na*-K* ATPase

activity in microsoma.l fractions (Kramer et al., 1984; Kako

et al., 1988). CJ-early, perturbations in the normal trans-

port of either Na* or Ca?* ions would seem to have detri-

mental- effects on the cell- functions (Dha1la et al., L982i

Dhalla et af . , 1984; Tani and Nee1y, l-989 ) . Secondary

reaction products from free radical- interactions with

proteins are also possible and may al-so be cytotoxic. For

instance, oxidation of trlptophan will produce N-formyl

klmeurine with HrO, as the reaction by-product (Meiners et

af ., L977 ) which could cause cel-I damage. Therefore, the

susceptibility of proteins to free radical attack, depends

on their amino acid composition and l-ocation as well as

potenti-al for the repair (Freeman and Crapo, L9B2) "

iii. Damagie to DNA and l{ucleic Acids s

Irradiation of ceIls with ultraviolet light and X-rays

has been shown to produce free radicals and oxidant species

(Roots and Okada I L975). Cel-l- mutation and death from

subsequent ionizing radiation is due primarily to free

radical interactions with nucleic acids and DNA (Þlyers et

af., L977; Ward, L978)" In fact over 80* of the ceIl death

in both prokaryotic and eukaryotic cell tlpes subsequent to
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irradiation injury is thought to be mediated by OH'

(Freeman and Crapo I L9B2). fn vitro studies have shown

that OH' readily interacts and modifies deoxyribose base

moieties (Kuwabara et af", L982) and causes DNA strand

scission (Repine et al., 1981-). It can be seen that
chromosomal- aberrations arising f rom al-terations in DNA

structure can represent a major pathway for free radical
mediated cel-l- injury.
4 " Ã¡flTIOXIDÃIi¡TT DEFENSE SYSTEMS

During the evolution of aerobic life it was necessary

for all aerobic organisms to develop an elaborate anti-
oxidant defense system to guard against free radical
injury. Several- different antioxidant systems of both

enzymatic and non-enzymatic in nature have been identified.
i. Superoxide Disnutase;

The first line of defence against oxygen radical
injury is a family of metalloenzymes, the superoxide

dismutases, which catalyze the dismutation of Oz-' to HzOz

(McCord and Fridovich, 1969; Fridovich, 1-975 ) . Because

superoxide dismutases have a variety of defined prosthetic
igroups, this al-l-ows f or their classif ication into distinct

subgroups. In this regard, the SOD found in the cytosol of

mammalian cel-l-s is a dimeric protein with mol_ecul-ar weight

of 32r000 daltons containing a CuZn complex at the active
site (Fridovich, l-983). Structural analysis by X-ray

crystallography has revealed that the active site of the
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molecule is composed of copper zinc complex bridged by a
imidazolate of histidine (Tainer et al", 1982) " Twenty-one

amino acid residues in addition to the activity important

arginine I4L (Malinowski and Fridovich, L979) have also

been identified at the active site (Tainer et aI., l-988).

Moreover, it has been suggested that the copper atom is
essential for the catalytic activity of the molecu1e,

whereas the zinc atom imparts stability to the molecule

(Fridovich, L975).

Redox cycling of copper between Cu I and Cu II at the

active site is suggested to account for electron transfer
during the dismutation of Oz-' to HzOz (Fridovich, 1975).

Several- in vitro ESR (McAdam et af., L977 ) and NMR (Bertini
et âf., 1985) studies indicate that the histidine bridge

between Cu and Zn is broken when O2-' reduces the copper

atom f rom Cu I to Cu II. This all-ov¡s the molecule to

assume a more tetrahedral- configuration. The histidine
residue holds the stray proton until the second Or-' attacks

the Cu I and can become protonated. With the formation of

HrO, and the re-oxidation of the copper atom, the histidine
bridge between Cu and Zn is reformed.

Mammalian cell-s al-so contain a manganese (Mn ) SOD

v¡hich is primarily localized in the mitochondrial matrix"

This molecule is a tetrameric protein with a mol-ecular

weight of -95r000 daltons (Fridovich, L975). The MnSOD

invoLves an alternate reaction mechanism invol-ving Mn If at
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the active site during successive attacks by Oz-'

(Fridovich, 1975). Other forms of SOD which have been

identified include an iron-containi-ng SOD and a Cu-

containing SOD (Cotgreave et 41., L988). The former is

primariJ-y found in prokaryot.ic and plant ceIl tlpes while

the l-atter is in human bl-ood plasma (MarkJ-und, 1984).

ii. Glutathione Peroxidase:

The second line of antioxidant defense includes a

mechanism by which the ceII can protect itself against the

production and accumulation metabol-ic peroxides. Tn this

regard mammalian cells possess a selenium-dependent

glutathione peroxidase which catalyses the reduction of a

variety of hydroperoxides using glutathione (GSH) to form

oxidized glutathione (GSSG), water and,/or an organic

alcohol (Chance et aI., I979; Flohe', 1988)"

H2O2 + 2GSH

ROOH + 2GSH

The GSHPX enzfrme is a tetrameric protein with a molecular

weight of approximately 85,000 dal-tons containing four

selenocystine moieties which form the active site (Wendel,
i1980)" It is unique among other peroxidases in that it has

a direct requirement for selenium and can reduce a variety
of lipid peroxides and hydroperoxides with little degree of

specificity (Ursini et aI., 1986).

The importance of selenium has been recognized in

studies showing that rats fed a sel-enj-um deficient diet
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resulted in lowered GSHPx activity (Lawrence and Burk,

1976). Recen-uly, seJ-enium deficiency has been associaied

with decrease in the mRNA level-s which code for GSHPx

expression (Yoshimura et â1., 19BB). Although preferen-

tia1ly localized in the cytosol, GSHPx can be found also in

mitochondria. X-ray analysis has reveal-ed that each of the

four subunits is composed of helices and beta strands

connected by beta turns. The selenium atom is located on

the surface of a flat impression surrounded by four

arginine residues (Flohe', 19BB).

For the enzyme to continue to reduce peroxides,

oxidized glutathione (GSSG) must be reduced back to (cSH).

This is accomplished by a NADPH-dependent glutathione

reductase enzlzme, which catalyses the reduction of GSSG by

NADPH back to GSH (Mize and Langdon, L962) " This serves to

maintain an adequate cel-lular glutathione pool. The

availability of an adequate cel-l-ular glutathione

concentration appears to be a determinate factor of the

GSHPx activity and therefore, may l-imit the ability of

GSHPx to remove peroxides (Chance et af., L979; Zimmer et
a\., 1981-). The accumulation of GSSG in the heart has been

used as an indicator of oxidative stress injury (Ferrari et
41" , l-985; Ishikawa et al. , 1986 ) "

Íii. Catalase:

The enzyme catalase also serves to protect aerobic

celI from excessive production and accumu.l-ation of HrO, by
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forming oxygen and water.

The majority of mammalian catalase exists as a

homotetrameric mol-ecule with a molecular weight of

approximately 240t000 daltons (Deisseroth and Dounce, l-970)

and is primarily local-ized in peroxisomes. Each of the

subunits has a molecular weight of approximately 60r000

daltons and contains a single ferriprot.oporphyrin group.

The interaction of catal-ase with HzOz involves a divalent
oxidation reduction of the heme center (DoJ-phin et a1.,

l-971). In this regard the oxidized state of the enzyme has

often been referred to as compound I which is actually
Fe(IV) porphyrin (Dolphin et aI", 1971). This implies that
during the two electron reduction of the ferriheme, one

electron is removed from the iron atom and another from the

porphyrin ring.

Catalase can use HzOz in peroxidatic reactions with

ethanol or methanol as substrates but only at l-ow HzOz

concentrations whereas at higher HZOZ concentrations the

cataÌytic mode of the enzfrme predominates with the

pi:od.uction of water and oxygen (Chance et af . , L97 9 i

Freeman and Crapo, L9B2). The concentration of catalase in
the heart is reported to be low (Doroshow et af., 1980),

therefore both glutathione peroxj-dase and catalase play an

important rol-e in regulating the HrO, concentratj-on within
the cardiac cell-. From a kinetic standpoint, glutathione
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peroxidase has a l-ower Km f or HzOz and is more

important/effective at Ìow HrO, concentrations (Cohen and

Hochstein, 1963 ) . At higher HrO, concentrations, hourever,

catalase is the primary route of HrO, metabol-ism (Chance et
aI. , 1979) "

iv" Other Äntioxidantsc

Non-enzymatic antioxidant defences incl_ude small

molecules such as glutathione, uric acid, vitamin C,

taurine and the tocopherols (for review see Cotgreave et
al., L988). Among different tocopherols, alpha tocopherol

(vitamin E) has been most widely studied. Its lipophilic
properties are responsible for its excellent antioxidant
ability, in that it can partition into the hydrophobic

regj-ons of membranes positioning for maximum effectiveness

(Burton and Ingold, 1989). Vitamin E has often been termed

the "chain breaking antioxidant" because of its ability to
interrupt and terminate the free radical- mediated lipid
peroxidation cycle described above (Packer et af., Lg79).

In this case vitamin E scavenges oxygen radj-cals generated

from outside as wel-l- as from inside the membrane, limiting
tile extent of phospholipid peroxidation (Niki et aI.,
1989 ) . Additional evidence suggests that the vitamin E

radical produced during the Iipid peroxidation can be

reduced by an ascorbate-GSH redox cycle to regenerate

vitamin E (Dilberto et aI", L9B2)"

It can be seen that aerobic ceIls contain el_aborate
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mufti-layered antioxídant defence systems to guard against'

free radical generation and injury. Similarly, for aerobic

cells to maintain normal function without the occurrence of

oxidant injury, an appreciation for a delicate balance

between oxygen radical production and antioxidant defences

can be seen. With regard to this, it has been proposed

that when oxygen radical production is excessive and/or the

antioxidant defense mechanisms are inadequately supplied,

oxidative stress injury wil-I occur (Singal and Kirshenbaum,

1990). There are several reports in the literature that
suggest that oxidative stress injury in a variety of
disease conditions may be related to a deficiency in
antioxidant reserve.

5 " PHYSIOLOGIC.AL SIGNIFIC.ê,NCE OF AIflTIOXIDAÌqTS

There are several recent studies which suggest that
antioxidants function d1mamicalIy, responding to the

oxidative requirements of the cell. Antioxidants have been

reported to change in response to a wide variety of
physiological and/or pathophysiological conditions.
Exercise trained mice showed el-evated liver and bl-ood

l-ève1s of SOD, GSHPx and CAT (Kanter et aJ-., 1985). These

animal-s showed reduced morbidity due to doxirubicin, a drug

known to invorve free radj-cars in causing cardiotoxj-city
(Singa1 et a1., l-987). Higuchi et al. (t9B5) demonstrared

a 37? and ]-4e" increase in SOD l-evel_s in fast and sl_ow

twitch muscle fibers, respectively, in response to exercise
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and thyroid hormones. rncreased antioxidant reserve was

arso observed in h¡¡pertrophied rat hearts secondary to
chronic pressure overl-oad (Gupta and Singal, L9g9b). fn
the same study it was demonstrated that the hlpertrophied
hearts were more resistant to an ex vivo oxygen radical-

challenge than non-hlpertrophied control hearts. The

antioxidants SOD, GSHPx and CAT, have been reported to be

higher than normal- in red blood cel-l-s from patients with
beta-thalassaemia minor (Gerli et al., l_980).

In contrast, during pathophysiological conditions a

reduction in the protective t11pe antioxidants has been

correl-ated with an increase in oxidative cell- injury. For

instance Doroshow et aI. (1980) reported a reduction of
myocardial GSHPx level-s in mice pretreated with doxo-

rubicin, which was proposed to account for the increased

susceptibility of these hearts to anthracycl-ine anti-
biotics. Reduction in antioxidants and increased oxidative
stress injury ¡nTas also seen in lung parenchymal cel1s

following cigarette smoking (pacht et â1., l-986).

Retinopathy of premature infants (Hale et âf., 1986),

pèripheral neuropathy (Traber et âf., I9g7 ) and

spinocerebellar ataxia (Nerson, 1983) have been reported to
be accompanied by a depression in antioxidants " A

reduction in antioxidants has also been reported during
ischemia and/or hllpoxia (Ferrari et a1., 1985; Btaustein et
al", 1989; Dhaliwal et al., lg91) and correlated with poor
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recovery of function upon reperfusion and/or reoxygenation

(Guarnieri- et aI., l-980; Dhaliwal et al., l_991_).

It can be seen that cell-ul-ar antioxidants are a

dynamic function which can upreguJ-ate or downregulate

depending on the stimulus. This point is further
emphasised by a recent study showing that antioxidants in
rat hearts can be induced or upregulated by pretreatment

with bacterial endotoxin (Brown et al., 1989a). In this
study the CAT l-evel-s in treated hearts were significantly
higher than controls and the hearts were more resistant to
ischemia-reperfusion. Antioxidant changes during oxidative
stress conditions have recently been monitored at the mRNA

level. Expression of message for MnSOD \^ras decreased

during hlpoxia and subsequently increased during

reoxygenation (Fuji et al., L992). This study further
suggests that under certain conditions aerobic cel_ls are

capable of up-regulating the synthesis of antioxidants.
6 " OXIDATI\rE STRESS AI{D CARDIAC INJTIRY

Adequate coronary flow is essential for sustained

function of the heart. Reduced coronary flow results in
regional myocardial ischemic injury and depressed

contractile function. However, within the "ischemic zone"

there is a population of cel-ls which can be salvaged if
managed adequateJ-y (Jennings and Reimer, 1983; Werns and

Lucchessi, f98B). Otherwise these viabl-e cells become

irreversibry injured. This phenomenon has been referred to
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as reperfusion Ínjury (Braunwald and Kloner, LgB2i Werns

and Lucchesi, 19BB). Thus, interventions such as

thrombol-ytic therapy, angioplasty and by-pass surgery which

reinstitute coronary fl-ow are essentiar for any recovery of
contractile activity in the jeopardized cardiac muscJ-e; but

these interventions also carry the risk of causing reper-
fusion injury. Al-though the pathogenesis of myocardial

ischemia-reperfusion/hlpoxia-reoxygenation in jury has been

studied over the last decade, the mechanism(s) responsible

for the cellular and subcellular changes associated with
the occurrence of arrhythmias (Helmdrickx et al., L97Si

Manning and Hearse, l-984; Moffat, 1989) as well as contrac-
til-e dysfunction (Braunwald and Kloner, L9B2i Werns and

Lucchessi, 1988; Bolli et aI., 1988, l-989) remain unknown.

Several putative mechanisms have been suggested to
account for these events (Ziegelhoffer et al., J,979¡

Jennings et al., 1981i EIz et al., 1989; Tani and Neely,

1989 ) " Recently, several l_ines of ínvestigation have

suggested that oxygen radicals generated during

ischemia/hlpoxia and/or reperfusion/reoxygenation may

côntribute to this injury (Guarnieri et â1., l9B0; Gaude1

and Duvellroy, 1984; Boli-i et af ., 1988; Dha1iwa1 et aI.,
1991). Increased oxygen radical production has been

detected within the first few minutes of reperfusion of an

ischemic heart (Garlick et aI., L987; Zweier et aI., L9B7¡

Bolli et a1., 19BB). Free radical production was shown to
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peak at two minutes after reperfusion and continued

thereafter for up to 3 hours after reperfusion (Bolli e-u

aI., 19BB). Those studies provide direct evidence of
oxygen free radical production during myocardial ischemia-

reperfusion.

Free radical mediated injury to Ca transport systems,

Na*-Caz+ exchange, Na*-K* transport and permeability chang,es

have been suggested to account for the contractile deficit
and caLcium overroad during ischemia-reperfusion/hlpoxia-
reoxygenation (Hochstein and Jain, 1981; Hess et al., L9B2;

Meerson et al., 7982; Reeves et al.. 1986; Dixon et âf.,
1987; Kim and Akera, L987; Kako et al., 19gBi ELz et al.,
1989; Tani and Neely, 1989; Kaneko et aI. , l_990 ) . Anti-
oxidants such as soD, cAT, vitamin E and mannitol have been

shown to mitigate these changes and improve myocardial

function upon reperfusion (GaudeJ- and Duvellroy, L9g4i

Jol1y et aI. , 1984; BoJ-Ii et â1. , 1gg9 i przykl-enk and

Kloner, 1989 ), further suggesting' an invol-vement for oxygen

radical production and mediation of celr injury during
ischemia-reperfusion and hlrpoxia-reoxygenation.
' Although endogenous myocardial antioxidants have been

shown to be increased during stable heart hlzpertrophy

secondary to chronic pressure owerload (Gupta and singal,
1989b) as well as during exercise training in rats (Kanter
et ê1., 1985), the physiological significance of these

changes is not known. rn the present thesis, we therefore
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tested the hy¡gothesis that the hlrpertrophied heart with an

increased antioxidant reserve may be more resistant to
oxidative stress imposed by ischemia-reperfusion or by

hypoxia-reoxygenat.ion conditions known to be associated

with increased oxygen radical activity.

B. CARE}¡,.AG h$YPERT'ffi@PFgY

The statement s "No organ in the whol-e body is so

conservative in its tendencies as the heart; what improve-

ment it has obtained in the course of its history it never

loses; its progress is made not by the introduction of new

structures but by modification of the oId" (Keith, 1904)

signifies the rapid and consistently-reproducibl-e adap-

tation of the heart to the ever changing needs of the body.

The phenomenon or term "hypertrophy" refers to the

enlargement of an organ in response to physiorogical and/or
pathophysioJ-ogical stimul_i. In this regard, it is an

increase in cel1 size (hlpertrophy) rather than cel-l number

(hlperplasia) that accounts for the increase in mass of an

organ. Cardiac hlpertrophy is an adaptive response

mechanism by which the myocardium enlarges its muscl-e mass
i

to compensate for an increased hemodlmamic workroad.

Regardless of the cause, the heart hlpertrophy is usualry
associated with an increase in myoclrbe size, sarcomere

number and protein content, all of which contribute to the

increased muscl-e mass. Together, these adaptj-ve changes

permit the heart to perform at normal- or elevated work
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function, while maintaining myocardial fiber lengths to
wiLhin normar limits " understanding these ad.aptive
processes is of great interest to both the experimental
cardiol-ogist and the practising physician because defects
in any of these adaptive processes may be responsibre for
the compensated hlrpertrophied heart to rose its abj_lity to
maintain adequate contractile function resurting in heart
failure.
1" C.ARDIAC IIÍPERTROPIIy: DEFTNITIONS

The severity of workload (volume or pressure),
duration of onset (acute or chroni.), age as well as other
factors are all recognized experimental- variables that
affect the hypertrophic process. During the early
hlrpertrophy process, there is an increased muscle mass that
maintains the heart's ability to pump bl-ood. However, when

the imposed workl-oad conditions become excessj_ve or greater
than the compensatory hlzpertrophy, card.iac decompensation

ensues, resurting in diminished pump function and contrac-
til-e f ail-ure. clearly, this l-ater decompensated state
during heart hlpertrophy in which the heart loses its
ability to maintain adequate force generatj-on is conducive
to a pathological process. rt therefore appears that
cardiac hlzpertrophy represents a continuum in which it is
both a physiologicar and pathological condition. Exactly
where the l-ine shoul-d be drawn between these two events
remains far from clear.
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Over the years different classifications have been

established in an attempt to categorize the different
phases of heart hlzpertrophy. rn this regard Meerson (r-969)

described three distinct stages of cardiac hlpertrophy that
corresponded to Selye's general stress slmdrome (Zak,

1983 ) . The first stage described the initial stage of
damage in which the heart adapts to the imposed workload by

increasing mitochondrial mass and protein slmthesis. stage

two ref erred to a condition of stab]e hlperf unction in
which symptoms of the first stage are all-eviated by the

increased contractile mass. The final stage, three, \¡ras

depicted by progressive cardioscrerosis and exhaustion. rn

this stage muscre cel-l-s die and are repJ-aced by connective

and fibrotic tissues which j-nevitably cause the return of
impaired contractile function.

Alternatively, Zak (1983) proposed a different
crassification system in which measurable indices of growth

were correlated with different phases of heart hlpertrophy"
In this regard phase I referred to the developing

hlpertrophy stage in which the workload requirements exceed

tÍre mass of the heart. This phase may be accompanied by a
decrease in contractile function and diration. rn the
second phase compensatory cardj_ac hlpertrophy, there is an

increase in cardiac mass which compensates for the

increased workl-oad to cardiac mass ratio imposed in phase

I. The final phase III can be depicted by myocardial
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fail-ure in which the workload per unit mass subseguently

increased due to a progressively decreasing force
generating ability by the myocardial cells. This stage

invariably l-eads to cardiac dilation and contractil-e

f aíl-ure.

Another classification system based entirely upon the

functional status of the myocardium has also been presented

to def ine physioJ-ogical and pathological hlpertrophies

(Wikman-Cof f elt et al. , 1,979) . The hlrpertrophy is
considered physiological if accompanied by normal_ or

augirnented contractile function in r.rhich the maximum rate of

myosin ATP hydrolysis and the maximum shortening velocity
is either normal or el-evated. Pathological hlpertrophy,

however, is associated with depressed contractile function,
in which the myosin ATPase activity and muscl-e shortening

velocity are also depressed.

llhether it is appropriate to make such a distinction
between physiological and/or pathological hlpertrophy has

been questioned, since changes in contractility may be

representative of adaptive changes due to different
circulatory loading conditions (Alpert et af., L979). fn

this respect it can be seen that the heart adapts to an

increased workload by activating its biosynthetic machinery

to compensate for the increased wall stress. When the

workl-oad becomes too excessive or prolonged for the
physiological compensatory mechanisms set forth, diminished
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contractile function and cardiac failure ensue. Both

physiological and pathological hlrpertrophy maybe considered

to be compensatory but the exact rel-ation between the two

remains unclear (Gravanis, 1987).

2 " C.ARDIAC ITÍPERTROPITY: DEVELOPME}üTÃI, CONSIDERATIONS

During fetal life and up to approximately three to six

weeks after birth the growLh of the heart is accomplished

by cardiac cel-l- division or hlrperpJ-asia ( zak , L9 83 ) .

Thereafter, cel1 hlpertrophy is considered to be the

primary mechanism by which cardiac mass increases from

infancy to adul-thood (Zak, 1-983). Reorganization occurs at

the microscopic, subcellular and cellular l-evels. When the

hlpertrophy occurs with a normal- growth of the heart or in

many tlpes of volume loads, the ratio of the wall thickness

to radius remains constant. In most instances the volume

overloaded condition is better tolerated by the heart than

pressure overload because it is l-ess energy consuming and

teleologically resembl-es the normal growbh process of the

heart (Gravanis, 1987 ) "

3 " CARDIAC IIÍPERTROPITYa BIOCTIEÞIIC.AL ASPECTS

' To understand better the relationship between the

inciting stimul-us and pattern of hlpertrophy, several

different experimental models have been developed to study

cardiac hlpertrophy under a variety of different
conditions. These include encapsulation of the kidney,

unilateral- nephrectoÍry, administration
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deoxycorticosterone and of safine, constriction of the
renal artery, aort.ic stenosis, constriction of the
pulmonary artery, thyroxine administration and genetically-
spontaneous hlzpertensive rats (for review see Fanburg,

1970 ) . Each method produces an increased workload on the

heart and al-ters hemodlmamic l-oad. Laks et a1 . (Lg7 4)

proposed that increased systolic pressure due to narrowing

of the purmonary artery or to volume overl-oad l-eads to an

increased ventricular wal-l- tension per sarcomere and an

increased end-diastolic sarcomere length.

The increased pressure or wa11 stretch has been

suggested to activate the genetic apparatus and the
myocardial growL.h process by the addition of new sarcomeres

in series and in parallel. This resurts in augmentation of
cell- length and width, reducing the tension per sarcomere

unit (Schreiber et af., L978; Vandenburgh and Kaufman,

7979) " Although the mechanism by which new sarcomeres are

formed remains unknown, the intercal-ated disc and Z bands

are considered prospective sites for new sarcomere

formation (Legato, 1-970¡ Adomian et af., Lg74). pressure

(schreiber et âf., 1978) and/or stretching of myocardial
fibers (vandenburgh and Kaufman I r97g) during volume and

pressure overload condit.ions has been shown to be

associated with an increased synthesis of nucleic acids,
(Fanburg and Posner, L968i Morkin and Ashford, 1968),

mitochondrial and muscle proteins (Zak et af., Lg76) as
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T¡/el-l- as of different myosin isozymes (rrink and Morkin,

1977 ) . The events 1 eading to increased protein slmthesis
in the hllpertrophied heart hawe been studied in both in
vitro and in vivo. An i-ncrease in both cardiac mass and

protein content \^zas observed 4B hours f ollowing aortic
constriction in rats (Nair et aI., 1968 i zak and Fischman,

1968 ) .

increased adenylate cyclase activity within the first 30

min to I hour after increased myocardial workload have been

reported (caldarera et al., L971"). Moreover, elevated mRNA

slmthesis has al-so been detected at 2 hours f oÌrowing
increased myocardial workl-oad (schreiber et al., 1969).

The increased protein synthesis, at least in the early
stages, is a product of a selective process and does not
include al-l cardiac proteins (schreiber et al., 196g). For

example I a preferentiar slmthesis and increased

accumul-ation of mitochondrial and microsomal proteins as

well as an increased concentration of mitochondrial RNA and

DNA was reported to occur as early as t hour after
myocardial overload (schreiber et al., 1966i zak et a1.,

ir976). The increased mitochondrial- protein content has

been suggested to be an adaptíve mechanism which hetps cope

with the increased energy demand (Rabinowitz and zak, r975¡

Zak et af ., 7976). Moreover, myosin biosynthesis r^/as

reported to increase by approximately 3 hour after the

initial increased wall- stress (schreiber et af., 1966), rn
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contrast, however, during the early stages of the
hlpertrophy no apparent change in the collagen or myoglobin

content vras reported (schreiber et al., l_970). rt could be

argued that the increased protein content during the

hlpertrophy process may be due to al-tered protein
degradation.

unchanged during the early phase of heart hlrpertrophy

(Everett et af., 7977; Laurent et al., l9g0).
As the hllpertrophy proceeds, the relative volume

occupied by the mitochondria begin to decrease in rel_ation

to the elevated myofibrillar accumulation at 3-10 d.ays

fol-l-owing aortic bandi-ng (caldarera et âf ., 19zl-). several
morphometric studies have indicated that during cardiac
growbh there is an increased muscle mass along with
enlargement of muscle fibers (Geha et al., l-966), so that
the cell- surface to cell volume ratio may actually
decrease (Wikman-Coffelt et â1., 1975). Clear1y, any

change in the cel-l- vol-ume surface ratio woul-d impair or
limit the efficiency of metabolite and gas exchange.

Recently, it has been shown that along with the hlrpertrophy
there is proriferation of the external prasma membrane and

T - tubule systems so that the normal ratio of celr surface
ratio tends to be maintained (Breisch et ar., l-984).

During the course of the cardiac growL.h process, there is
a proportionate slmthesis of both the cel]utar and

subcellu]ar constituents, this would maintain a constant
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ratio between mitochondria and myofibrils. It can

therefore be seen that disproportionate slmthesis of any of

these proteins may be the subcell-ular basis for
decompensation of heart function (pathological hlpertrophy)

which may ultimately l-ead to cardiac f ailure (Wikman-

Coffelt et aI., 7979).

During cardiac enlargement there are alterations in
the different components of the adrenergic system. A

reduction in the cAMP as well as norepinephrine content of

the pressure-overloaded ventricle has been reported (Mason

et al", L97L; Stewart et af., 1978). Myocardial stores of

norepinephrine are reduced both in cl-inical (Chidsey et
af ., l-963) and in experimental- hllpertrophy (Spann et al.,
1964; Ganguly et aI. , 1989 ) with or without congestive

heart fail-ure. This reduced norepinephine content in the

hllpertrophied heart appears to be a true depletion rather
than a dilutional- effect due to an increased myocardial

mass. Defects in norepinephrine uptake as wel_l as in
slmthetic processes have been suggested to account for the

reduced myocardial norepinerphine stores (Fischer et al.,
l-965; Pool et af ., 1967). An increase in the number of

alpha and beta adrenergic receptors has also been reported

during the hllpertrophy process (Limas, 7979i Karlinger et
41., l-980; Vatner et al., 1984). However, in the later
stages a reduction in the number of beta receptors has been

shown (Fadda et af., 1987). Changes in the proportion of
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myocardial adrenoreceptors has been suggested to be

compensatory to the reduced norepinephrine content (Limas,

r979).

There has been considerable interest in studying

myosin isozymes and their expression during cardiac

hlpertrophy. From animal studies alone, it has become

apparent that there is great versatility of cardiac muscle

with respect to myosin composition. Three myosin isozymes

have been identified; the high-ATPase Vl isozyme composed

of two heawy a myosin chainsr âD intermediate-ATPase V2

isozyme composed of heavy a and b myosin chains and a low-

ATPase V3 isozyme composed of two b myosin chains

(Swlmghedauw et al., 1983). The velocity of muscle

shortening is proportional- to the myosin ATPase activity
and the VL/V3 ratio, whereas the economy of isometric force

development is inversely related to this ratio (Alpert and

Mulieri, l-983). In the normally compensated heart there is
usually no change in the myosin ATPase activity and in the

vI/V3 ratio, whereas during chronic pressure overl-oad a

decreased myosin ATPase activity has been reported

(Ewlmghedauw et aI., 7973; Mercadier et al., 1981). In

hlperthyroidism, volume overl-oad or exercise, there is
tlrpically an increase in the myosin ATPase activity
corresponding to a greater VL/V3 rat-i-o (Swynghedauw et aI.,
1983). The regulatory signal which directs the expressj-on

of the different cardj-ac myosin isozymes in response to a
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given stress remains to be elucidated but appears to be

related to the severity as well as duration of the stress

(Scheuer and Bhan, I979i Swynghedauw et af., l9B3).

CÌear1y, changes in the expression of the myosin isozymes

or post-slmthetic modif ication such as phosphory]-ation

(Adelstein and Eisenberg, 1980 ) or modifj_cation of
sulphydryl groups at the active site of the molecul_e

(Thomas and Alpert r 1977) has implications for artered
myosin ATPase activity. These changes alone could lead to
artered mechanical performance and contractile functj-on.

Alterations in the sarcoplasmic reticurar carcium

transport have arso been reported in the hlpertrophied
heart (Sordahl et âf., I973; Limas et â1., 1990). In
severe hlpertrophy in the presence or absence of failure,
there is a reduction in the uptake of calcium by isorated
sarcoplasmic reticulum fragments and uncoupling of the

uptake from the ATPase activity (Limas and cohen , ]-977 i
Lamers and stinis, L979). rn mild or moderate cardiac

hlzpertrophy, cal-cium uptake as well as ATpase activity may

be increased (Limas et al., 1980). There is also a report
tsuggesting that the efficiency of calcium uptake is

increased following pulmonary artery banding in the calf
(Suko et af. , 1970 ) .

several different processes have been suggested to
induce hlpertrophy. rn this regard l-ocat tissue hlpoxia
due to j-ncreased work demand (Norman, L962), increased wa1l
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tension, which can induce or repress the slmthetic process

by a "\^/ear and tear" ef fect (Meerson, 1969), depletion of
high energy phosphates (Badeer, 1968) and humoral or
hormonar agents such as catecholamines released from

sympathetic nerve terminals (Ostman-Smith, 1_981; Rossi and

Carill-o, 1985; Simpson, L9B5), may play an important rol-e

in the induction of the hlpertrophy process.

In any event. the mechanism(s) by which the different
biological signals become integrated to initiate the

hlpertrophy process are f ar f rom cl_ear but it is
interesting to speculate that a common biochemical pathway

may be involved (ostman-smith, 1981). Mechanical stretch
and cell deformation generate a wide variety of
intracelluar signals that may modulate RNA and protein
slmthesis (Morgan and Baker, 1_991) . In this regard

stretch-activated translocations of Na*, K* and Ca2* have

been suggested to be possible intracell-uar transducers of
mechanical- stretch and protein synthesis (Morgan and Baker,

199L ) . Myocardi-al stretch has recently been shown to be

associated with enhanced mono, bi and triphosphates of
iiositor due presumably to increased. phophoripase c
activity (Harsdorf et al., i-989)" Recently, a variety of
circulating hormonal- factors such as angiotensin rr, and

growt.h factors such as FGF and rGF have been suggested to
arso be involved in the hlpertrophy process (Morgan and

Baker, L99L ) .
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4 " GARDTAC ITTPERTROPITY: FIINCTTONAI coNSrpER-¡ruolus

over the years there has been considerabre controversy

regarding the functional characteristics of the
hlrpertrophied myocardium. rt is crear that d.uring the

earry stages of the heart hlpertrophy contractile function
is maintained by the increased wal-l- thickness as wel-l- as by

other cel-l-ular compensations . Likewise, it is equarry

cl-ear that when the workload is excessive or proronged

there is decompensation of mechanical function resulting in
contractile fail-ure. whether contractile function is
normal or reduced in each hlpertrophied muscl-e unit of the
pressure-overloaded non-failing and failing heart is a

debatable point (Spann, 1983, 1984). Recent studies
indicate that there is no universarly accepted answer to
this issue. within a given group of pressure-overloaded

hllpertrophied hearts there appears to be a pathologic
continuum of contractile function which ranges from one

extreme in which pìLmp function is either normal_ (Grimm et
aI., l-963; Geha et âI., 1966; Carabello et aI., 1991) or
elevated (Kerr et al., 1961) to the other extreme in which

fúnction is depressed (Spann et af., 1967; Basset and

Gelband , 1973¡ Hamrel-l and Alpert, 1977 ) .

obviously, in the experimental setting the presence

and degree of myocardial dysfunction will- vary in rel_ation
to the extent of the imposed work overload as wel_l as the
deg-ree of hlpertrophy. For example, several experimental
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studies have examined the effects of different degrees of
pulmonary artery constriction on contracti_1e function.
Pannier (I971) reported that acute constriction (508) of
the pulmonary artery in cats for 4-24 weeks produced 3BS

right ventricular hlpertrophy with no impairment of
contractile function as indicated by maximum isotonic
shortening and isometric tension development. Moreover,

there was no obvious signs of heart faj-lure in these

animals. Further, Sasayama et al-" (1975) produced a 36S

left ventricular hlpertrophy following L7 days of aortic
constriction in dogs. On the basis of isovol_umic and

ejection phase index, the authors concluded that myocardial-

function was not depressed. Acute constriction of the

pulmonary artery in adul-t cats to a remaining Lumen of
approximately 30t of normal produced a 702 right
ventricular hlrpertrophy without faiLure (williams and

Potter, L974). Papillary muscle function was reduced by

approximatel-y 28?. at 6 weeks following constriction but

normalized after 24 weeks. rn this study the authors

concluded that the reductj-on of contractility may have been

tlansient due to acute pressure overload. A more severely

constricting band resul-ted in 908 cardiac hylpertrophy after
3-I2 weeks of banding with only a 2SZ reduction in
contractile function (isotonic velocity and isometric
tension deveÌopment), (Spann et â1., 1967). It can been

seen from the above-cited studies that when the pulmonary
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artery is moderateJ-y constricted, the resulting hlpertrophy

is also moderate and contractife function is only

moderately impaired.

The importance of the degree of cardiac hlpertrophy

and its relation to contractil-e f unction has al_so been

reported in spontaneous hypertensive rats (Pfeffer et al.,
1979) " In t,hat study animal-s 6 month of age with 252

ventricul-ar hlpertrophy maintained normal contractil-e
function as well as end diastol-ic volume and pressure. fn

contrast, however, animals at 18 months of age with 60S

hlpertrophy displayed a reduction in contractile function
and increased end diastolic volume and pressure. The

possibility of acute cardiac injury due t,o the sudden

imposition of workload was eliminated by placing an

initiall-y non-constricting band around the pulmonary artery
of kittens (Cooper et al., 1981). As the kittens grew they

were subjected to a g,radual chronic pressure overload which

increased over the growth of the animal. Following 25 and

60 weeks of pulmonary artery banding in vivo pump function
i.e. cardiac output and ejection fraction as T¡¡eLl as in
,rîtro musc.l-e f unction i. e. isometric f orce development and

preload shortening velocity were measured in these animal_s"

Individual groups displayed normal_ pump function but

papillary muscle function was dramatically reduced.

Clearly, hlpertrophy model systems which are nonpathologic

i.e. do not impose a sudden acute pressure overl_oad of the

4B



ventricle are more desirabl-e since they may be a more

accurate representation the cardiac hllpertrophy process

seen clinically.
Although the exact mechanism(s) for abnormal

contractile function in cardiac hlpertrophy is not known,

it has been suggested that alterations in certain
regulatory proteins may be invol-ved. Alpert et al-. (L974)

showed a correlation between the reduction in maximum force

development in cardiac hlpertrophy and the reduction in the

myosin ATPase activity. Several- studies have shown that
other biochemical components related to contractile
function may also be altered during hlpertrophy and could

account for the impaired function in Later stages (for
review see Alpert, 1-983).

5 " CÃRDIAC IIÍPBRTROPIIY: METÃBOLIC CONSTDERÀTTONS

During pressure overload hlpertrophy there are changes

in cardiac metabol-ism that are consonant with the

development of increased muscl-e mass. In this respect a
number of studies have shown that irnmediately after the

onset of increased workl-oad there is a rise in myocardial
\okygen consumption which is parallel to increased coronary

flow and glucose uptake (Meerson, L969i Kissling, 1980).

Studies in dogs have shown that the average oxygen

consumption following aortic stenosis v¡as increased in
accordance wj-th increased cardiac output (Meerson I l-969) "

In these studies the increased oxygen consumption and
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cardiac output demonstrate that the compensated

hlpertrophied heart is associated with an increased energy

and oxygen requirement. Moreover, in the early stages of

ventricular overload there is an increase in myocardial

wa11 tension which corresponds to an increased energy

util-ization and oxygen consumption per unit mass of heart

tissue. But with the progression and development of the

hlpertrophy, the increased ventricular wall- thickness

offsets the increased wal-l- tension per unit mass muscle

thereby lowering the oxygen consumption toward normal-

limits (Meerson, 1969 ) .

Changes in oxygen consumption have also been studied

in relation to substrate avail-ability and mitochondrial

function. In this regard glycogen content of the heart in
rabbits $ras shown to be depressed shortly after aortic
constriction by 50-708 (Meerson , L969 ) . In the same

studies glycogen content normal-ized during the compensated

stages of hlpertrophy and again decreased in the later
decompensation stages. Simil-ar changes were seen in the

glycogen phosphorylase activity in the hllgertrophied heart.
Hbwever, terminal glycolytic products such as pyruvate and

lactate have been found to increase j-n the hllpertrophied

heart (for review see Meerson, i-969). There are several

conflicting reports in the fiterature regarding the

oxidative phosphorylation potential of mitochondria in
hllpertrophied hearts. fn this regard during compensated
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hlzpertrophy mitochondriar respiratory function indicated by

the ADP:O ratio (a measure of the efficiency of mol-es of
ÀDP phosphorylated to ATP per oxygen atom) increases or
remains unchanged (Meerson et al., L964; Chidsey et al.,
1966 ) .

Significant depression has been reported during the

later stages of hlpertrophy and fail-ure (wollenberger et
af., 1963; Lindenmayer et al., 197I). It was found that in
the latter case the degree of coupling of oxidation to
phosphorylation in the respiratory chain between NAD and

cytochrome c was slightly different from control, while
there was marked reduction in the coupring between

cytochrome C and oxygen (Schwartz and Lee, 1962). This may

be a potential site f or oxygen rad.ical- production

(Guarnieri et af ., 1985). Neverthel_ess, the high energy

phosphates appear to be maintained in the compensated

hllpertrophied heart to within normar l-imits and farl-ing to
below only in decompensated stages (Alpert and Harmell,

L976; Katz, J-977i Bittl_ and Ingwall , I9g7) " It has been

postulated that defects in mitochondriar energy production

dirring the decompensated stages of hlpertrophy may account

for the diminished contractile function and contribute to
cardiac fail-ure (Wollenbergier, L963 ) "
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Mal-e Sprague-Dawley rats weighing L7S ! 25 g. v¡ere kept

in individuar cages and were provided with food and water ad

libitum. For studies on isorated cardiac myocytes animal-s

with a body weight of 500 t 309 r¡rere used" .Animals were

allowed to acclimatize for 3-7 days j-n the animal holding
facirities of the st. Boniface General Hospital Research

Centre prior to their use in the study.

i. Surgery:

Pressure overl-oad was surgically Índuced by narrowing of
the abdominal aorta as previousÌy described (Gupta and

Singal' 1989b). Animal-s were anaesthetized with methohexital
sodium (Brevital), (35 mg/kg i"p. ) " Access to the abd.ominal

aorta was gained through a midline abdominal- incision, 1 cm

distal from xiphoid process. A 0.5 cm segment of aorta in
the subdiaphragmatic region was creared from the adhering

connective tissue. A brunt steel wire (i-.15 mm diameter) was

placed along the aorta, and a 3-0 sil-k ligature was tied
sn¡rgly around the wire and aorta. The wire s¡as then

withdrawn from the ligature and the abdominal incision was

closed with 2-0 silk in separate layers " .ê,ntibiotic powd.er

(cicatrin) was applied to the wound to prevent infection.
sham-operated rats (sham controls) were handred in an

identical manner except that the abdominal aorta \das not
narrowed. After surgery, animals lvere closely watched for
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any signs of distress or abnormalities following surgery.

Animals generally recovered within 20 min of completion of
the surgery and resumed normal activity. Banded and sham-

operated rats were used in further experimental studies.
ii. Hemodrrnamic Measurements:

Animals were anesthetized with sodium pentobarbital
(Nembutal) (35 mg/kg i.p.), and a miniature catheter (3

French) with pressure transducer (model pR 249, Mitlar
ïnstruments, Houston, Texas) was introduced into the right
carotid artery and advanced into the left ventricle. Heart

rate (HR), left ventricular systolic pressure (LVSP), left
ventricular end-diastoric pressure (LvEDp) and aortic
systolic and diastolic pressures were recorded on a

precal-ibrated multichannel dlmograph (Becknan rnstruments,

Furrerton, carifornia). Measurements were taken 15 minutes

after catheterization of the l-eft ventricle when steady state
had been reached. Hearts from hemodlmamically assessed as

well as from other animals were used in further stud.ies.

B" ISCFBEffi!A.REPERFq,JS!OAü ST1,'E}[ES

AnimaLs were sacrificed by decapitation and their hearts

rapidly excised and placed in cord well oxygenated buffer.
Hearts were mounted on a glass cannula and perfused

retrogradely through the coronary arteries at a flow rate of
B mI/min according to the Langend.orff method. The perfusion

medium consisted of a modified Krebs-Hensel-eit (K-H) solution
containing the following (mM): NaCt I20l- NaHCO, 25"4; KCI
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4.8¡ KH2PO4 L.2¡ MgSOo 0.86i CaCL, L.25; and g:lucose l_1.0 and

was continually gassed with a mixture of 958 02 and COz to
maintain pH at 7.4. Atria and the connective tissue were

removed and the atrio-ventricular node was crushed. These

hearts were paced el-ectrically with a supramaximal stimulus

of 3.0 ms duration, delivered at a frequency of 3 Hz ( 180

beats/min). Myocardial- contractile force was recorded using

a (Grass FT.03) force displacement transducer on a Beckman

51LÀ chart recorder. A resting tension of 2.0 g was applied.

A jacketed recirculating water reservoir (37"C) and parafil_m

cap \das placed around the heart to minimize heat and moisture

losses, particularly during ischemia and reperfusion. The

entire perfusion system was maintained at 37oC. Hearts were

allowed to attain stable function for 15 min with a normally
oxygenated K-H buffer before the induction of ischemia.

Global- ischemia was induced by clamping the aortic f l_ow

cannula for 10 min. Hearts \^¡ere reperfused by reinstituting
the fl-ow with K-H buffer for 15 min.

Contractile function, incidence of reperfusion-induced

ventricular fibrillation (V.F. ), antioxidant enzyme

..åi-riti"", superoxide dismutase (SOD), gJ-utathione

peroxidase (GSHPx), catal-ase (cAT), lipid peroxide content

(MDA), cations (Na* and Ca2*), high energy phosphates

(adenosine tri, di and monophosphates) and ul-trastructure
v¡ere studied in these hearts subsequent to 10 min global
ischemia and 15 min reperfusion. Hearts that were perfused
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for about 40 min with normal K-H buffer and not subjected to

ischemia-reperf usion \{ere studied f or basel-ine control data.

G" FIVPOX¡A.REOXVGEAüAT'ãOru ST'[.ãE}SES

In experiments examining the effects of hlrpoxia-

reoxygenation stress on sham and hlrpertrophied hearts, the K-

H buffer described above wi-thout glucose and pregassed with

958 N2; 5B COz for 60 min (partial pressure of 02

as described by Hearse et al. (i-973) was used in these

studies. Hearts v/ere perfused with this hlpoxic medium f or

l-5 min at 37o C f oll-owed by reoxyg'enation f or 30 min with
normally oxygenated K-H buffer i.e. pregassed with 95? O2i 54

CO2 for 60 min and containing gJ-ucose. Contractile function,
changes in antioxidant enzymes as well- as other subcel_l_u1ar

changes lvere studied in these hearts.

[}" Mtrocv-r'E sTuptEs

i. Þfyocyte Isolation:

Calcium tolerant rat myocytes were obtained from sham

control as well as hlpertrophied hearts by a method

previously described (Bihler et aI., l_984). Rats were

injected with sodj-um heparin (1000 u/kq) and sacrificed after
i

one hour. The thoracic cavity was opened to expose the heart

and the ascending aorta was cannulated. Retrograde aortic
(coronary) perfusion was started in situ prior to removal_ of
the heart from the animal. Hearts were excised and mounted.

on a modified Langendorff perfusion apparatus which all-owed

for switching between singre-pass and recircul-ating
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perfusions at 37" C. The perfusation medium contained

modified Joklik minimum essential medium (calcium free)

suppl-emented with (mM) taurine, 60i glutamate, 8; carnitine,
2i magnesium, 3.4; gJ-ucose, 15 and 0.18 bovine serum albumin

with a low fatty acid content (pH 7.4). Following a brief
washout period, the perfusion system \.øas switched to the

recirculating mode with JokIik buffer containi-ng: 25 pm

cal-cium; 0.18 tlpe II collagenase; and 0.18 hyaluronidase for
20 min. The extraneous tissue was removed and hearts r^zere

incubated in the same buffer for 20 min. To facilitate
disaggregation, the tissue and cell suspension was

intermittently forced through a pipette with progressively

small-er sized tip diameters. The suspension was then

filtered through a 200 ¡r nylon mesh and resuspended in buffer
containing 30 mM potassium and 28 albumin and centrifuged at
30 x g for 2 min. The supernatant r¡ras aspirated and the

remaining cel1 pellet was resuspended in buffer containing

7,25 mM cal-cium.

ii. Mvocrrte Horphol-oqvs

Each myocyt,e isolation was examined as a f resh

prbparation under phase light microscope and tested for
viability using Trlzpan Blue dye excl-usion method " CelL

dimensions in maximum length and width r¡rere measured on

individual cells using a precalibrated stage mj-crometer and

ocular insert set on an Olympus BH-12 phase contrast

microscope. Over 200 cel-l-s f rom dif f erent myocfie isolations
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\.Íere individually measured. For ul-trastructural examination,

myocytes were fixed in 2Z glutaraldehyde made in sucrose

phosphate buf f er . Foll-owing centrif ugation, the myocyt.e

pellet was postfixed in 18 osmium tetroxide for t h and

processed in the conventional manner for electron microscopy

(Singa1 et aI., 1981). Thick sections were stained with 0.2%

toluidine blue in 0.58 borax. Based on their morphological

appearance in the thick sections as well as fresh
preparations, cells were categorized into rods,

hlpercontracted, and rounded shape (Altschu1d et af., L981).

Ultra thin sections of silver and gold color were obtained

with a sorval- microtome and stained with uranyl acetate and

lead citrate.
iii. Hypoxia-reoxygenation in Isolated Mvocytes:

Isolated adult rat cardiac myocytes were superfused in
a specially designed air-tight perfusion bath with a total
capacity of L2 ml-. The cells rÁ¡ere perfused with either
hlpoxic or normoxic buffer (pH 7 "4) in a non-recirculating
mode at a fl-ow rate of 4 m]/min. Gl-ucose-free buffer was

pregassed with 958 nitrogen and 58 carbon dioxide for 60 min

"ttá was used f or hlpoxic perfusion. Normoxic buf f er with
glucose was used for control- as well as reoxygenation and was

gassed with 958 oxygen and 58 carbon dioxide for 60 min.

Myocytes \,vere subjected to hlpoxia for 30 min with glucose-

free Joklik buffer and subsequentty reoxygenated for l-5 min

with the normoxic buffer containing glucose. serial- samples

57



of myocytes r^rere taken at 0 min, after 30 min hlpoxia and

after 15 min reoxygenation. Myocytes were studied for
morphological changes, antioxidant enzymes, Iipid
peroxidation, cations and high energy phosphates.

E. B¡@GF¡Fffi¡CAE-ST€..FD!ES

i. Superoxide Dismutase .Assav:

Superoxide dismutase activity in sham and hlpertrophied
hearts as well as in isolated myoclrtes was determined by the

method previously described by Marklund (l_986). Hearts

and/or myoc)rtes \^rere homogenized (1:10) in 50 mM Tris-HCl, pH

8.20, containing 1 mI4 diethylenetriamine pentaacetic acid"

Homogenates were centrifuged at 201000 X g for 20 min. The

supernatant was aspirated and assayed for total superoxide

dismutase activity by fol-lowing the inhibition of pyrogarlol
autoxidation. Pyrogal-l-or (24 mM) was prepared in l-0 mM Hcl-

and kept at 4oc prior to use. catalase, 30 ¡rld stock solution
was prepared in an alkaline buffer (pU 9"0). Atiquots of
supernatant (i-50 pg protein) were added to Tris-HCI buffer
containing: 25 ¡rI pyrogalloL and L0 ¡r1 catalase. The final
vorume of 3 ml was made up with the same buffer. changes in

iabsorbance at 420 nn lvere recorded at 1 min interval-s for 5

min. For the determination of cuZnsoD and MnsoD fractions,
potassium cyanide (1 mM) !,ras added to the reaction mixture to
inactivate the cuZnsoD fraction. The remaining activity
represented I,InSoD which was then substracted from the total
soD activity to obtain the cuZnsoD fraction. Totat soD
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activity was determined from a standard curve related to t
inhibition of pyrogallot autoxidation with commercially

available SOD. This assay riras highly reproducibl-e and the

standard curve was l-inear up to 250, pg protein with a

correlation coefficient of r = 0.998. Data are expressed as

SOD U/mg protein derived from an SOD standard curve.

ii. Glutathione Peroxidase Ãssarr:

GSHPx activity was determined in sham and hlpertrophied

hearts as well as in isol-ated myocyte preparations by a

method previousÌy described by Paglia and Valentine (1967).

Hearts and/or isolated myocytes r¡rere homogenized 1:10 in 75mM

phosphate buf fer pH 7 .0. Homogenates \¡rere centrifuged at
201000 X g for 25 min and the supernatanL was aspirated and

assayed for total- GSHPx activity. Cytosolic GSHpx was

assayed in a 3-m1 cuvette containing 2.0 ml- of 75 mM

phosphate buf f er pH 7 .0. The foJ-lowing sol-utions r¡/ere then

added:50 ¡r1 of 60 mM glutathione, 100 p1 gJ_utathione

reductase solution (30 u/m1), 50 pI of 0.L2 M NaNr, 100 pl of

15 mM N.z EDTA, 100 pI of 3.0 mM NADPH, and 100 ¡r1 of

cytosolic fraction. ltater was added to make a total- volume

2. b mI. The reaction was started by the addition of 100 pI

of 7 .5 mM HzOz and the conversÍon of NADPH to NADP \^zas

monitored by a continuous recording of the change of
absorbance at 340 nm at one minute intervals for 5 min.

GSHPx activity was expressed as nanomoles reduced
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nicotinamide adenÍne dinucleotide phosphate (NADPH) oxid.ized

to nicotinamide adenine dinucleotide phosphate (NADP) per

minute per milligram protein, with a molar extinction
coefficient for NADPH at 340 nm of 6.22 x 106.

iii. Catalase Assav:

Catalase activity in heart and isol_ated myocyte

preparations was determíned by the method previously
described by claiborne (1985). Hearts and/or isorated
myocytes were homogenized in 50 mM potassium phosphate buffer
pH 7.4" Homogenate was centrifuged at 40,000 X g for 30 min.

Supernatant 100 pl \¡ras added to a 3-ml_ cuvette which

contained 2.9 mI of 19 mM hydrogen peroxide in 50 mM

potassium phosphate buffer, pH 7 .4 " changes in absorbance at
240 nm were f ol-lowed f or 5 min. catarase activity rqas

expressed as (U/mg protein).
iv. tactate Dehydrosenase Assal¡;

Lactate dehydrogenase activity in myocyte perfusion

effluent was determined by measuring the rate of conversion

of NAD to NADH as lactic acid is converted to pyruvate

(wacker et af., 1956). The reaction buffer contained TRrs

l-6i 6 mM, lithium lactate 5.3 mM, potassium chroride 14 .2 mM

and NAD 0.53 rnM pH 8.0 at 37oc. Appropriate sampre volumes

were added to the cuvette to ensure l-inearity of absorbance.

changes in NADH absorbance were forlowed at 340 mM on a

Hitachi 777 Spectophotometer.

standards ( Sigrna Chemical_ , St . Louis , MO ) were used to
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determine sample LDH concentrations.

v. Malondialdehvde Assav:

Lipid peroxide content in hearts and isol-ated myocyte

preparations was determined by using the thiobarbituric acid

reactive material method for the estimation of

malondialdehyde content as described previously (Singal and

Piercet L9B6t Hunter et af., 1963). Hearts and isol-ated

myocytes were homogenized in (10t wb/vo1) 0.2 M Tris-O"16 M

KC1 buffer, pH 7 .4 and incubated for t hour at 37o C in a

water bath. A 2 ml aliquot was withdrawn from the incubation

mixture and pipetted into a L2 mI Corning culture tube. This

was foll-owed by the addition of 2.0 ml of 408 trichloroacetic

acid and 2.0 ml of 0.2% sodium thiobarbiturate (TBA) " In

order to minimize peroxidation during the assay procedure,

l-00 pI of 2% butylated hydroxy toluene \úas added to the TBA

reagent mixture. Tubes were then boiled for 15 minutes and

cooled on ice for f5 min. Two milliliters of 702

trichloroacetic acid was added, and tubes were allowed to

stand for 20 min, centrifuged at 800 x g for 20 min. The

developed color was read at 532 nm. Commercially available

maiondialdehyde was used as a standard.

vi. Sodium and Calcium Measurem.ents s

The Na* and Ca2* cation content, in hearts and isolated

myocyte preparations, was determined by a method previously

described (Khatter et al., L97B; Alto and Dhalla, L979)"

Hearts were perfused retrogradely through the aorta with
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Sucrose-Hepes buffer 0oC for 1 min to minj-mize contamination

of Na* and Ca2* from extracellular space. Heart tissue was

then weighed for total wet weight and dessicated at 50o C for
3 days and tissue dry weight was determined. Dried heart

tissue \^ras homogenized and digested in 1:10 vo.l-umes of an

acid mixture containing 702 perchloric acid and 708 nitric
acid in equal volumes (Khatter et al., 1978) " Lucite tubes

containing heart homogenate-acid mixture were incubated at

40oC for 24 hours j-n a shaking water bath. The digestion lvas

continued until- the solution r^ras no longier turbid. The acid

extract was then analyzed for Na* and Ca2* content using

atomic absorption spectrometer (Perkin-El-mer, 2380).

Isolated myocytes were processed in an identicle manner as

described for hearts except for the preperfusion with

Sucrose-Hepes buffer sj-nce no extracel-lular space is present

in this preparation. Lanthanum chloride (18) \ras added to

the all samples as well- as to standards to mi-nimize

interference by contaminating phosphates. Cation standards

were processed in a manner similar to heart samples so that
they contained equivalent amounts of acid to that of the

samples.

vii" Hiqh Enercry Phosphates and their Metabolitess

High energy phosphates in hearts and isolated myocytes

\dere determined by the method previousJ-y described by

(Sellevold et al., 1986). Hearts were frozen (<2 sec) using

Wol-lenberger clamps precooled in liquid nitrogen. The frozen
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tissue was pulverized and powdered in liquid nitrogen" The

tissue powder obtained was then homogenized in 6& perchloric
acid (l-0 ml/g powdered weight) with the polytron homogenj-zer

for 15 sec. The homogenate was centrifuged at 6000 rpm in an

eppindorf centrifuge for 20 min and the supernatant vras

removed and neutral-ized with 5 M Kzco3. The acid mixture was

then centrifuged at l-0r000 rpm for 15 min to remove any KCloo

precipitate. The neutralized supernatant \{as stored in
liquid nitrogen and analyzed by high-performance liquid
chromatography (HPLC) for adenosine triphosphate (ATp),

adenosine diphosphate (ÐP), adenosine monophosphate (Mp),
creatine phosphate (cP) and creatine. This method allows for
the simurtaneous detection of all high energy phosphates.

Different components of the Beckman Gotd HpLc system used

incl-uded a model 1l-6 progranmable solvent delivery system,

model 166 progranmabl-e detector modul_e, Altex injector
system, c-18 reverse phase column with a soLvent frow rate of
1.5 mI/min" The mobile phase consisted of a 2LS mM potassium

phosphate (KHrPoa) buffer containing 2.3 mM tetrabutylammonium

hydrogen sulphate (TBAHS) and 3"58 acetonitrile pH 6.25.
Peaks found at 206 nm in the tissue samples were identified
by comparison to known commercially avaiLable standards using

peak area anaJ-ysis to quantitate different high energy

phosphates.

F" håeart &3fËnastne¡cts¡ne

Hearts were perfusion-fixed for 5 min and processed for
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electron microscopy as previously described (Singal et al.,
1981 ) . Prefixed tissue was immersed in 0.1 M phosphate

buffer (pH 7.4) containing 2Z glutaraldehyde and cut into
tubes <1 mm in size from four different areas of the left
ventricul-ar f ree wal-l- between the midregion and the apex.

Àldehyde fixation was continued for an additional- 2 h.

Tissues were washed and osmicated Ln 28 osoo for 2 h fol-l-owed

by dehydration with increasing concentrations of ethyl
alcohol. Tissues were then embedded in Epon by routine
procedure (Singa1 et al., 1981). Ultrathin sections of
silver and gold colour were obtained using a sorval- microtome

and stained with uranyl acetate and l-ead citrate" sections

were examined for ultrastructural details.

G" Antioxlda¡rt Sunpler¡'temtatlon Str¡dies

In order to examine the significance of antioxidants
during hlrpoxia-reoxygenation and/or ischemia-reperfusion, soD

( 120 U/mI ) or CAT (40 U/ml or 80 U/ml) were ad.ded ro
perfusion buffers in the different experimental, study

protocols described above. Antioxidant protection was

examined also in iso1ated myocytes exposed to hlpoxia-
ireoxygenation. To test whether antioxidant protection was

provided by the antioxidant property of catalase, control
experiments using heat-inactivated catal-ase were al-so

conducted. rn those experiments, the catal-ase enzyme was

heated to 100"c for 60 min" complete inactivation of
catalase was tested by adding the heat-inactivated catalase
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to a sol-ution containing 10 mM Hzoz and monitoring its
hydroJ-ysis.

B-8. Protetm Est¡rmat¡on amd S&at¡st¡as

Protein content of heart and myocyte homogenate as well-

as respective supernatants was determined by a method

previously described (Lowry, 1951). serum bovine albumin (1
mglm]) (fraction v sigma) was used as a protein standard.
Enzyme activities soD, GSHpx and cAT were expressed in terms

of mg protein. All data are expressed as mean t sEM.

Analysis of variance (ANovA) was used. to determine
statistical significance among groups and Tukey's test was

used to identify significant difference between groups.

statistical significance was acceptable to a level_ of p<0.05.

E. Chers¡Ecals a¡¡d ReaEe¡¡ts

The SOD, CAT, ATp, ADp, AMp,

acetonitrile used in these studies

Chemical- Company (St. Louis, MO,

used r¡rere of the highest purity
sources. Type II collagenase was

Mannheim LTD., Canada.

Cr, CP, KH2PO4, TBAHS and

were obtained from Sig.ma

U. S .A) . Other chemicals

avail-able from different
obtained from Boehringer
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Animals in the hlpertrophied group as well as in sham

operated control-s remained in good physical condition and

showed no signs or symptoms of post-operative complications.

Mortal-ity during or immediately after surgery Ì^ras less than

28 and no loss of animals was experienced during the L0 week

post-surgery period" Animals in both groups showed a

comparable weight gain. Hearts vrere removed and weighed and

in some cases, atria and right ventricle were removed to
obtain the weight of the Left ventricLe including the septum.

In the hypertrophied group there was about a 308 increase in
the heart weight and about a 724 increase in the left
ventricular weight. Both left ventricl-e to body weight and

heart weight to body weight ratios r^rere significantly higher

in the hlpertrophied group (Tab1e l-).

Ten weeks post-surgery¡ the aortÍc segment with the

constricting band vras removed to estabLish the cross

sectional area of the aortíc l-umen under the band. ïn sham

animals the cross sectional area was 3.05 t 0 " l-7 mm2 and in
the hypertrophied group it was reduced to 1"40 ! 0.26 mm2.

This represents a 54.1, ! 3"22 reduction in the cross

sectional area of the aorta Ín the hlpertrophied group at 10

weeks post-surgery.

ãw" ffiHswLTs
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Table 1: Body weight, left
and hypertrophied

Parameter

Body wt (g)

LV wt (ng)

Heart/Body wt
(ns/s)

LV, left ventricular weight; Data is mean t S.E.

ventricular
rats after

Number

25

i.5

25

weight and heart to
l-0 weeks of chronic

Sham

s36.8

889.2

2.96

body weight ratio in sham
pressure overload.

r-5.3

L9 "7

0.45

t
+

Hllpertrophied

** p<0.01_.

506.6

L532.4

4.04

L0 "2

34.2**

0.46**

t
+



i . Hemodvnanic .Assessmente

For obtaining information on the ventricular function of

sham control- as wel-I as hlpertrophied animals 10 weeks post-

surçJery, the f ollowing parameters \úere recorded with a

miniature pressure transducer: aortic systolic pressure

(ASP), aortic diastolic pressure (ADP), left ventricular peak

systolic pressure (LVSP), left ventricular end-diastolic

pressure (LVEDP). The data are presented in Table 2" The

aortic systolic and diastolic pressures were significantly

(p<0.05) elevated in the hlpertrophied group as compared to

sham controls. In the hlpertrophied group there was about

752 increase in the peak LVSP. However, there was no

detectable differences in the two groups with respect to

LVEDP. Heart rate (HR) as well as electrocardiographic

changes (ECG) were also monitored. Sham and hylgertrophied

groups did not differ with respect to HR. A slight but

definite increase \^/as observed in the QRS voltage in the

hlpertrophied group.

ii. Liver and Lunq Weiqhts s

Wet as wel-l- as dry weights of liver and lungs rr.zere ex-

amined in sham and hlpertrophy groups to check for any tissue

congestion. There was no difference between the two groilps

with respect to these parameters as well as wet to dry weight

ratios of lung and liver (Table 3). Animal-s with Left ventri-

cu.l-ar hllgertrophy did not show any signs or symptoms of con-

gest,ive heart f aj-Lure such as pleural ef fusions or ascites.
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Table 2: Left ventricular function in sham and hlpertrophied animals following 10
weeks of chronic pressure overload.

Parameter

ASP (mm Hg)

ADP (Íun Hg)

LVSP (run Hg)

LVEDP (nun Hq)

HR (beats/min)
o\
\o

Aortic systolic pressure, ASP; aortic diastol-ic pressure, ADP; left ventricular
systoJ-ic pressure, LVSP; left ventricular end diastolic pressure, LVEDP; heart rate,
HR. Data presented is the mean I S.E. * p<0.05 ** p<0.01 in comparison to the val-ues
in the sham group.

Number

10

l0

10

10

t_0

Sham

LL1.4

108.0

TL2.2

3.4

336.3

t 6.3

5.2

7.2

1"1

L7 .4

Hlpertrophied

198.1 t 10.4**

151.0 r 9.1*

196.6 ! L2.4**

4.5 t 1.0

354.8 t 1,4 "9



Table 3: Comparison of wet weight,
lungs of sham control and
pressure overload.

-_l
O

Sham

Hyper

Liver wt. (q)

[det Drv

15"42

15 . 81_

Data presented is mean t S.E" from at Least 15 animal-s in each group.

0.70 4.75

0.20 4.7L

dry weight and wet/dry
hypertrophied animals

0.L2 2"3r

0.15 2 "73

Lunq wt. (q)

Wet Dry

0.03 0 "s2

0.04 0 .49

weight ratios of liver and
after 10 weeks of chronic

0.06 3 "25

0.09 3.36t

Wet/Drv wt. ratio
Liver

I 0. 70 4.44 r 0.02

0.09 4.55 t 0.30

Lunq



The increased heart to body weight ratio, increased

LVSP, lack of change in LVEDP or in the wet to dry weight

ratios of lung and l-iver as well as the absence of ascites,

taken together, suggest this to be hemodlmamically stable

hlperfunctional heart hlpertrophy without congestive heart

failure "

iii " .Antioxidant Enzvmes and I,ipid PeroNidationg

Antioxidant enzfrmes superoxide dismutase (SOD),

glutathione peroxidase (GSHPx) and catalase (CAT) were

examined in sham and hlpertrophied hearts 10 weeks post

surgery. The data are shown in Table 4. The antioxidant

enzlzmes SOD and GSHPx in the hlpertrophied hearts v¡ere higher

by about 322 and 408 respectively compared to sham control

hearts (pcO.05). The cataLase activity in the hlpertrophied

hearts was not significantly different from the sham hearts

(rable 4).

To determine the extent of lipid peroxidation, the

malondialdehyde (MDA) contentr âfl indirect measure of lipid
peroxidation, was studied in sham control- and hlpertrophied

hearts at 10 weeks post-surgery. In the hlpertrophied heart

group the MDA content was 278 less than in the corresponding

sham group (Tab1e 4) 
"
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Tab1e 4g Antioxidant enzfrmes
hypertrophied hearts

Parameter

SOD (U/mg protein)

GSHPx (nmol/min/mg
protein)

CAT (U/mq
protein )

MDA lnmol/g
wet wt )

!
NJ

and malondialdehyde content in
after l-0 weeks post surgery.

Number

SOD, superoxide
mal-ondialdehyde "

dismutase; GSHPx,
Data is mean I S.E.

Sham

r-0.5

7L"9

t
+

L.4

4.9

4.3

sham control and

25.3 t

glutathione peroxidase; CAT, catal-ase; MDA,
* p<0.05.

l-10"4 t 2"3

H]T)ertrophied

13. 9 r 0.40*

100.4 r 5.9*

24.7 r 2.8

80.3 r 3.5*
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In order to understand the physiological significance of

dif f erences in antioxidant enzymes activities as wel_l_ as

Iipid peroxide content in the sham and hlpertrophied groups,

the response of these hearts to different ex vivo oxidative
stress conditions v/as studied.

After obtaining steady state contractj_l_e function for 15

min with Krebs-Hensel-eit buffer, hearts \{ere subjected to
either control perfusion, 10 min global ischemia and/or

global ischemia followed by 15 min reperfusion. In these

studies oxidative stress injury in sham and hlpertrophied
hearts was determined by monitoring the myocardial

contractile function with respect to developed and resting
force, incid.ence of arrhythmias, MDA content, cations, high

energy phosphates and ultrastructure as described in the

methods section. Changes in antioxidant enzymes due to
ischemia alone and ischemia-reperfusion were also monitored.

i. Contractile Forces

The contractil-e f orce during control- perf usion was

normalized to 1008 for each heart and percent recovery of
mechanical function lras determined by comparing the

contractile activity of each heart after ischemia-reperfusion

to its owrt prei-schemic control- val_ue. A tlpical f orce

tracing of isolated buffer perfused sham and hlpertrophied
hearts during control, ischemia and reperfusion is shown (Fig

1 ) and the dat.a are presented in Table 5. A significant
decline in developed force and rise in resting tension \¡ras
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¡-{VPER

Figrrre 1: Tlrpical f orce tracing showing developed
and resting tensions in isolated perfused sham

(SHAM) and hlrpertrophied (HYPER) rat hearts during
globat ischemia (10 min) and teperfusion (15 min) '
vertical arrows indi-cate the onset of ischemia and

reperfusion respectively. C, control perfusion; Il
ischemiai R, reperfusion. Sca1es for time (min)
and force (grams) are shown.

{ | I rln¡cI r tYl t-
(Min)

observed. in both sham and. hlpertrophied hearts within the

first 5 min of global ischemia. There was no apparent

d.if ference between sham and hlpertrophied hearts with respect

to the developed force as well as resting tension remaining

at the end of the 10 min ischemic interval. None of the sham

or hlpertrophied hearts showed any arrhythmias during control-

perfusion or during global- ischemia'

Reperfusion of hearts however, had a differential- effect

on the percent recovery of the developed force, resting

tension and the incidence of arrhythmias in the two groups '

l/+

l"

ffi
Rl



Table 5: Effects of globa1 ischemia and reperfusion on the developed force, resting
tension and incidence of arrhythmias in sham and hypertrophied rat hearts.

B Developed 3 "2 t l-.l-*
Force

-_t
(tt

I (10 min)

Resting L62 .3 t l- . 9 *
Tension

Sham

Arrhythmias

R (15 min)

It at the end of 10 min ischemia; R, at the end of 15
force and resting tension each data point represent,s
hearts. Arrhythmias was defined as a sustained chaotic
that did not spontaneously revert to paced rhythm as
these data, n=10 for sham and n=15 for the hlpertrophy
different from its own preischemic controL value; f p<0.
the sham group.

none

Hypertrophied
I (10 min) R (r5 min)

min reperfusion. For developed
mean t S.E. from a minimum of 8

electrical activity of the heart
assessed in ECG recordings; In
group. * p<0.05, significantly
05, significantly different from



A majority of the sham hearts showed rhythm abnormalities

within the first 3 min of reperfusion which was sustained for

the duration of the reperfusion period. Reperfusion-induced

arrhythmias in the hlpertrophied hearts were significantly

Iess (pcO.05) and there was aLmost a complete recovery of the

developed force as well as resting tension toward preischemic

values within 15 min (Tab1e 5). Sham hearts upon reperfusion

showed l-ess recovery of developed force prior to complete

contractile fail-ure, whereas resting tension in these hearts

remained consistently higher.

ii. tipid Peroxidation:

Ischemia al-one had no effect on the MDA content in both

sham and hllpertrophied hearts, however, upon reperfusion,

there ltras significant increase in MDA in both sham and

hlpertrophied hearts (Fig 2). This increase in MDA \^ras

significantly higher in the sham hearts than in the

corresponding hllpertrophied hearts. Preischemic MDA content

in the hlpertrophied hearts was 272 Less than sham hearts,

however, after reperfusion the ltDA content in sham hearts was

about 672 greater than in the hlpertrophied hearts.

iii. Cat,ions e

Since defects in Na* and Cazr movements have been

suggested to be invol-ved in the occurrence of arrhythmias and

contractile fail-ure during ischemia-reperfusion, these

cations were also monitored in the present study (Table 6).
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Figrrre 2e Malondialdehyde (MDA) content j-n sham
and hlpertrophied hearts before ischemia (CTL),
after l-0 min ischemia (ISC) and 15 min reperfusion
(ISC + REP). Data is mean t S.E. of B experiments.
* ) significantly different from its own control
value in the sham heart 1 t ) significantly
dif f erent f rom its control val-ue i-n the
hlpertrophied hearti **) significantly different
from corresponding value in the sham heart. p<0.05

CTL

MyocardiaÌ Na* and CaZ* contents in the sham and the

hlpertrophied group prior to ischemia or after the l-0 mín

ischemic period \Árere not significantly dif ferent from each

ISC ISC+ REP
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Tab1e 6: Effects of ischemia-reperfusion on the cation content in sham control and
hypertrophied hearts.

Control

!
co

Ischemia

Na* (umol-/qm dry wt)

Sham Hypertrophied

Ischemia
Reperfusion

56.6 ! 8.2

Data is mean 1 S.E. from a minimum of 6 hearts.
preischemic control- value. p<0. 05.

56"7 r 6.9

98.5 r 5.8*

64"2 r 3"4

68.5 r 5.5

80.4 t tt .2*

Ca2* (umol/gm drv wt)

Sham Hypertrophied

4.72 r 0.57

4.76 r 0.1-8

6.47 r 0.44*

* ) Significantly different from the

4.75 ! 0 "77

5.71 ! 0.72

5.05 r 0"60



other. HoÌ^rever, upon reperfusion there was about a 742 and

252 increase in tissue Na* content in the sham and

hlpertrophied hearts, respectively, compared to their own

preischemic control- values (p<0.05 ) . Cal-cium content in the

sham hearts increased by 372 compared to the preischemic

va1ue, whereas in the hllgertrophied heart the small increase

in Ca2* content was statistically not significant.
iv. High Enercry Phosphates s

Analysis of cardiac high energy phosphates (HEP) in sham

and hllgertrophied hearts in control, ischemic and ischemic-

reperfused myocardium was done using HPLC, and the content of

each metabolite \^7as determined by comparison to a known

standard. Myocardial high energy phosphates, CP and ATP, in
sham and hllgertrophied hearts prior to the induction of

ischemia were not significantly different from each other

(Fig 3 A, B). Ischemia, however, resulted in a significant
reduction in CP in sham and hlrpertrophied hearts (p<0.05).

Loss of the CP content ltras significantly greater in sham

hearts and as a result, CP content at the end of ischemia was

signif icantly greater in the hlpert,rophied heart.
Reperfusion did not cause any further change in the Cp

content and this difference in the CP content between sham

and hlpertrophied hearts was maintained (Fig 3A).

fschemia caused a comparable decline in the ATp content

of sham and hlzpertrophied hearts. Upon reperfusion, a

recovery in ATP content was seen in bot,h groups, but this
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Fignrre 3: .4.) Creatine phosphate (CP) and B) Adenosine
triphosphate (ATP) in sham and hlpertrophied hearts.
Control (CTL); global ischemia for l-0 min (ISC) and
reperfusion for 15 min (ISC + REP). Data is mean t S.E.
of B experiments. * ) significantly different from its
own control value in sham hearts; r) significantly
different from its control value in the hlpertrophied
hearti **) significantly different from corresponding
value in the sham heart. p<0.05"
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recovery of myocardial ATP content in the hlzpertrophied

hearts was almost complete (p<0.05). In sham hearts both CP

and ATP level-s remained below the control- values even after
reperfusion.

v. Ultrastructure:

Control- hearts, eJ-ectrically stimulated f or more than an

hour at the rate of 3Hz, showed norma1 ul-trastructural
details with respect to the appearance of the mitochondria,

myofibrils, glycogen distrj-bution and other subcellular
structures. These details in the hlpertrophied hearts, prior

to the induction of ischemia, were not different from sham

control hearts. Hearts from both sham and hllpertrophied

groups exposed to ischemia-reperfusion r^lere also examined for
their ultrastructure. In sham hearts made ischemic for 10

min, there was mild intracellular edema and some loss of

glycogen granules (Figure 4) " Most of the mitochondria

appeared round with a relatively dense matrix. Nuclear

chromatin was uniformly distributed with a well defined

nucleolus. Upon reper.fusion, these hearts displayed,

structural abnormalities which included the occurrence of

Fig-ure 4e Sham control rat heart subjected to 10
min global- ischemia. Most of the mitochondria are
round with a dense matrix. Mild intermyo
f ibril-Iar edema arro\ûs and l-oss of glycogen. Bar
indicates one micron.

Fig-ure 5: Sham control rat heart subjected to 10
min ischemia and 15 min reperfusion " C, CapilJ-ary
in the extracellu1ar space (ECS ) ; * ) indicates
intracel-l-ul-ar edema and loss of glycogen; M)
mitochondrion. Bar indicates one micron.
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intracel-l-ular edema, loss of glycogen and clearing of the

cyt,cplasm (Fig 5). Mitochondria appeared round and similar
to the ischemic hearts but the matrix was not as dense.

Nuclear chromatin \¡ras packed along the inner aspect of the

nuclear membrane and nucleolus appeared condensed.

In hlpertrophied heats, 10 min ischemia resul-ted in

rounding of the mitochondria but their matrix was rel-atively
electron dense in appearance (Fig 6). Other cellular details

with respect to the appearance of the cytoplasm as well as

gJ-ycogen distribution remained comparable to unstressed

control hearts.

mitochondrial appearance returned back to normal (Fig 7).

There \^rere no apparent changes in the appearance of nuclear

chromatin in the hlpertrophied hearts after either the

ischemic or reperfusion phase.

vi . .Antioxidant Enzr¡mes s

Changes in antioxidant enzfrmes SOD, GSHPx, CAT as wel-l

as lipid peroxide content during ischemia and reperfusion are

shown in Figures B A, B and C respectively. There was a

significant reduction in SOD and GSHPx activity in both sham

Figrrre 6: Hlpertrophied rat heart subjected to 10
min global ischemia. No loss of glycogen or edema.
Mitochondria appear dense. Bar indicates one
micron.

Figure 7c Hlpertrophied rat heart subjected to 10
min global ischemia followed by 15 min
reperfusion. Structural- detail-s are not different
from a normal heart. Bar indicates one micron.
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and hlzpertrophied hearts during ischemia with no apparent

change in CAT activity compared. Èo iheir respeciive

preischemic control values. However, the GSHPx activity in
the hlpertrophied hearts during the ischemic phase was

significantly higher than t,he corresponding val-ue in sham

hearts (p<0.05 ) . Reperfusion of hearts resul-ted in a further

decrease in SOD activity in sham and hlpertrophied hearts,

however, this activity was still significantly higher

(p<0.05) in the hlpertrophied hearts (Fig BA). GSHPx

activJ-ty on the other hand v/as f urther reduced upon

reperfusion only in sham hearts (Fig BB). CAT activity did

not change upon reperfusion in either of the groups (Fig 8C).

a. .A,ntioxidant Supolenentation Studies in Sham Hearts

In order to further establish the significance of the

increased antioxidant enzyme activities in the hlpertrophied

heart during j-schemia-reperfusion injury, the response of

sham control hearts to the same ischemia-reperfusion protocol

was studied after suppJ-ementing the perfusion buffer with

exogenous antioxidants, SOD (I20 U/ml) and CAT (80 U/ml).

Addition of these antioxidant enzfrmes did not alter
contractil-e function of the hearts during control perfusion

prior to ischemia and did not modify the effect of ischemia

alone.

antioxidants, upon reperfusion displayed better recovery of

the deveJ-oped f orce as wel-I as resting tension. Reperf usion-

induced incidence of arrhythmias was also reduced in these

antioxidant suppJ-emented hearts (Table 7).
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Figure 8: .4.) Superoxide dismutase (SOD ) , B) glutathione
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ischemia (ISC) and 15 min reperfusion (ISC + REP).Data is
mean t S.E. of f0 experiments. *) significantly different
from its preischemic sham control; r) significantly different
from its preischemic hlpertrophy control- 1 ** ) significantly
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Table 7: Effects of exog'enous antioxidants on ischemia-reperfusion injury in sham
control hearts.

B Developed
Force

B Resting
Tension

Arrhythmias

w
\o

Antioxidants (SOD, L20 U/ml and
prior to ischemia (I) and during
compared to ischemic value.

N
Ischemia

I (10 min)

t5

4.4 ! L.7

L60 .7 ! 2.4

none

CAT, 80 U/ml) were
reperfusion (R). N

Reperfusion
R (15 min)

added to the
= number of

77.4 ! 14.6*

L32.6 t 3.6*

46 .6%

perfusion medium
hearts. * )p<0.05



Myocardial MDA, Na* and ca2* contents were also studied
and the data are sho-¡m in Tabl-e B. Myocardial ÞtDA content in
these antioxidant supplemented ischemia-reperfused sham

hearts was r32.r t 8.8 nmol/g wet wt. This represents 19.68

increase in MDA content compared to the 64.5t increase seen

in sham hearts reperfused with normal K-H buffer without
antioxidants. These hearts also showed better maintenance of
myocardial Na* (69.1 t 5.2 pmol/g dry wt) and Ca2* (5.50 t
0.66 pmol/g dry wt) upon reperfusion. This represents a

cation content increase of only 22.38 and 16.5t for Na+ and

ca2r respectively. These changes in cation contents vrere

comparabl-e to the hllpertrophied hearts subjected to ischemia-

reperfusion without the exogenous addition of soD and cAT

(Table 8).

C. å.åVP@XIA-REOXYGE$üAT'I@ru STUÐIES

Hlpertrophied hearts were also subjected to an

alternative form of oxidative stress. rn these stud.ies

contractile function, developed and resting force,
antioxidant enzymes and IvIDA content were compared in sham and

hlpertrophied hearts exposed to hllgoxia-reoxygenation. The

peak developed force of the isolated buffer perfused sham and

hlpertrophied hearts during the control perfusion phase was

not different from each other" The contractile force during
control perfusion was normal-ized to 100t for each heart and

percent recovery of mechanical function was determined by

comparing the contractile activity of each heart after
hlpoxia-reoxygenation to it.s own prehlpoxic control- varue.
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Table Be Effects of exogenous antioxidants on ischemia-reperfusion induced percent
increase in the MDA and cation contents in sham control hearts.

Sham Hearts:

I-R*

I-R with SOD
and CAT

Hvpertrophied Hearts:

I-R

Data is mean I S.E. from 6 hearts.iSOD (120 U/ml) and
perfusion medium before as well as after ischemia. *
from the sham f-R* group without antioxidants" Data
hypertrophied heart is shown for comparison. fn these
antioxidant provided in the perfusion medium.

MDA

64.5 t 3.3

19.6 r 3"1_*

34.3 r 5"4*

Na*

74"L ! 7 .r

22.3 ! 6.7*

25"2 t 7.3*

Ca2*

CAT (80 U/ml) were added to the
p<0. 05 significantly different
for I-R induced changes in the
hearts, there was no exogenous

37.1 r 0.51-

16.5 t 0.62

2r.7 t 0.68-



The effects of 15 min substrate free hlpoxia and 30 min

reoxygenation on developed force and resting tension are

shown in figures 9A and 9B respectively. A significant
decline in developed force was observed within 5 min after
induction of hlzpoxia in both groups. complete contractile
fail-ure in both sham and hllgertrophied hearts rdas seen within
10 min of the hllpoxic period and there was no difference
between the two groups. The percent increase in resting
tension in the two groups $¡as about 200s", but this maximum

occumed at L5 min of hlpoxia in the hylgertrophy group,

whereas in the sham group, this maximum was reached. within 10

min. Reoxygenation of hearts had a di-fferentia] effect on

the percent recovery of developed force as we]l as resting
tension in the sham and hllpertrophied hearts. Hlpertrophied
hearts upon reoxygenation showed a recovery of deveroped

force of 60 t 1lu and resting the tension was only g0 t 9B

more than prehlpoxic values. rn contrast, sham hearts showed

less recovery of devel-oped force 25 t gB and resting tension
in these hearts remained consistently higher and was L30 t
108 more than prehlpoxic values.

i. Ãntioxidant Enzwmes:

changes in these antioxidant enz)rmes during hlrpoxia-
reoxygenation of the hearts are shown in Fig 10A and 108

respectively" There was a significant reduction in the soD

activity in the sham and hlpertrophied hearts during hlpoxia
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Fig-ure 9.4. and B: Effects of hlpoxia and
reoxygenation on devel-oped f orce (A), and resting
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the sham group. p<0.05.
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compared to preh)æoxic control- val_ues (p.O . 05 ) . In the

hlzpertrophied hearts, however, the SOD activity was

significantly higher than the corresponding varue in the sham

control hearts (p<0.05). Reoxygenation did not cause any

further change in the SOD activity. There vras also a

reduction in GSHPx activity during hlpoxia, but only in the

sham hearts (Fig 108). Upon reoxygenation there \¡/as no

further change in GSHPx activity in either of the sham or
hlrpertrophied hearts .

In order to test whether there was l_eakage of these

antioxidant enzymes into the extracell-ular space during
hlpoxia-reoxygenation, coronary effluent was colrected during
hlpoxia and reoxygenation and t.ested f or the presence of
these enzyme activj-ties and the findings were negative.
ii " Lioid Peroxidation:

Prior to hlpoxia-reoxygenation, myocardial j-ipid

peroxide contentr âs indicated by the MDA levels, was about

27? lower in the hlpertrophied hearts compared to the sham

control group. Hlpoxia alone had no obvious effect on the
lipid peroxide content in sham or hlpertrophied hearts (Fig
11 ) . Reoxygenation, however, resulted in a significant
increase in MDA content in both sham and hypertrophied
hearts, but the MDA content in sham hearts was about 409

greater than in the hlrpertrophied group.
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Figrrre 10: A) Superoxide dismutase ( SOD ) , B)
glutathione peroxidase (GSHpx) activities in sham
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Although there was a reduction in myocardial

antioxidants in both sham control- and hypertrophied hearts

during ischemia-reperfusion and hlpoxia-reoxygenation, j-t is
not clear whether these changes due to the oxidative stress
were also occurring' at the revel of t.he cardiac myocyte.

changes seen in the sham and hllpertrophied hearts can be a
reflection of responses within the vascular component al_one

or al-t,ernatively, these changes may be secondary to vascul-ar

infl-uences of the oxidative stress imposed. rn order to
assess the probable involvement of vascul-ar and non-myocytic

components as well as to further define the antioxidant
changes seen in the whole heart studiesr \dê examined the

effects of hlpoxia-reoxygenation in myocytes isorated from

sham and hllpertrophied hearts. ''

i. Characterization of the Cardiac Myocrrte Mod.el s

cardiac myocytes were obtained from sham control and

hlpertrophied hearts ten weeks post-surgery and characterized
for ce11 morphology, antioxidant enzymes, lipid peroxide

content, ultrastructure as wel-I as cation content and high
energ'y phosphates as described in the methods section.
ii. Cell Morphol-oqvs

Freshry isorated cel1 preparations from sham and

hlpertrophied hearts contained on average 6s-752 of viable
rod-shaped cell-s which excluded Trlrpan Blue dye and tol_erated

7.25 mM ca?*. The remainder of the ce]l populations !{ere

comprised of round (20-258 ) and hlrpercontracted cerrs (5-l_08 )
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respectively. The rod cells vrere readiJ_y distinguished by

phase light microscopy from both round and hlzpercontracted

cel-l- tlrpes, because of their striated appearance and high

length to width ratio. Rod-shaped cel-I morphology has been

suggested to be a good and reliable index of cell- viability
associated with high intracel-lular ATp levels similar to
those found in the intact myocardium in situ (Haworth et al.,
1988t Li et al., 1989). In the present study, rr're examined

the association between rod-shaped cel_l morphology and ATp

content. A close correlation with an r value of 0.987 \ras

noted (Fig L2) " This findingr âs well as exclusion of the

Trlpan Blue dye, assured that a qualitative morphological

assessment of myocytes according to cel-l shape would provide

meaningful information regarding cell viability during

hlpoxia and reoxygenation. Examples of three morphological

types of myocytes, rod (F'ig L3), hlpercontracted (Fig 14) and

round shape (Fig 13 and 15) are shown.

Ivlyocytes isol-ated from hlpertrophied hearts after 10

weeks of pressure overload had an average length of 258.i- t
2L .4¡t and width of 55 . B t 9 " l-p . In contrast, myocybes

isolated from age matched sham control hearts, had an average

length of 131.4 ! 2,1"p and width 40.3 ! 2"4¡t" ClearJ-y, this
represents a 972 increase in J-ength and a 408 increase in
width indicating that the cardiac myocytes \dere in fact
hlpertrophied (p<0.0L). The round cells from either sham or

hlrpertrophied hearts vrere barl shape in appearance and did
not show striations (Figs 13 and 15). The hlpercontracted
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cells were short and cuboidal (lower length to width ratios)
and had an average length of 68.7 ! 2.L1t and width of 75 t

1.0p but retained a visible and definable sarcomerj-c pattern

at the ultrastructural level (Fig 14).

@
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Fig'ure 1-3: Light microscope view of tlpical rod-
shaped and round cardiac myocytes in a fresh
preparation. Bar is 5 micron.

Figrrre l-4 s El-ectron micrograph of a hyper-
contracted myocyte after 30 min of hypoxia.
Sarcolemmal- folding (arrows ) , contracted
sarcomeres without any discernabl-e f bands and
swollen mitochondria. Bar is one micron.

Figrrre 15s Round shape myocyte after 30 min
hlpoxia and 15 min oxygenation" Contracted mass
surrounded by swol-l-en mitochondria toward cell_
periphery" Bar represents one micron.
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i. Lell Moroholocrv:

Sham and hlzpertrophied myocytes exposed to glucose-free

h1pox5-a f or 30 min at 37" C showed a marked reduction in the

number of rod-shaped cel-Is compared to prehlpoxic control
val-ues. However, this decrease was comparatively less in the

hllgertrophied myocytes as compared to sham myocytes and

represents values of 262 and 44? respectively (Fig 16 ) .

During hlpoxia, there \{as an increase in the number of

hlpercontracted cel-l- t11pes in both sham and hlpertrophied
myocytes but this increase was less in the hlpertrophied

myocyte group, compared to control values (p<0.05). Round

shaped cell- types \^rere also increased during hlpoxia but only

in the sham myocyte population. Reoxygenation of myocytes

resulted in 638 and 7t reduction in the number of rod-shaped

myocytes in sham and hlrpertrophied myocytes population

compared to thej-r respective pre-h11poxic control val-ues

(pcO.05). During reoxygenation, there was no further change

in the number of hlzpercontracted cell types in either the

sham or hlpertrophied myocyte populations. Upon

reoxygenation, the round cel1 tlzpes \^rere significantly
increased in the sham myocyt.e group onJ_y.

ii. Electron Hicroscoplr:

Rod shaped cel-Is displayed characteristic features of

the intact myocardium with well- definable sarcomeres and

other subcellul-ar details. No evidence of cel-l_ edema or
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sarcoletnmal blebbing was observed in t,hese cell t]lpes. In

contrasL, in hlpercontracted cells, the mitochondria were

swol-len and localized in the outpocketing of the sarcolemma

as wel-l- as in myofibills (Fíg 14). One of the most striking
cell- deformities seen in the round ceII t11pes was the

appearance of an electron dense contractile mass which r,r/as

surrounded by swol-len mitochondria segregated in clear

cytoplasmic spaces (Fiq 15). Reoxygenation injury was al-so

characterized by the presence of electron dense granules in
the mitochondria.

Addition of exogenous CAT to the perfusion buffer of

sham myocytes had no effect on the percent distribution of

cel-ls in the control population prior to the induction of

hlpoxia. However, CAT significantly protected and maintained

cel1 morphology as well as ultrastructure during hllpoxia and

reoxygenation (Fig L7 ) .

iii. Ãntioxidant Enzvmes :

.Antioxidant enzymes SOD, GSHPx and CAT were examined in
sham and hllpertrophied myocytes during controL, hllpoxia and

reoxygenation and the data are shown in figures 18 A, B and

C respectively. SOD activity in the hllpertrophied myocytes

was increased by 24? compared to age matched sham myocytes

(fig 18 A). Hlpoxia caused about a 518 reduction in the

total SOD activity in sham myocytes compared to prehylgoxic

controls as well as to hlzpertrophied myocytes (Fig 18 A).

Reoxygenation of sham myocytes resulted in a significant
recovery of the SOD activity. Further analysis revealed that
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it was the MnSOD fraction which was depressed during hlpoxia

and recovered upon reoxygienation, whereas CuZn SOD fraction
did not change during hlpoxia or reoxygenation. In the

hlrpertrophied myocytesr ro significant change was observed

either in the total- SOD activity or in the MnSOD or CuZn SOD

fractions during hlzpoxia or reoxygenation.

The prehypoxic value for GSHPx activity was about 452

higher in the hlzpertrophied myocytes than t,he corresponding

value in the sham myocytes (r'ig 18 B). Sham cardiac myocytes

exposed to h11poxÍc conditions resul-ted in about a 37+

red.uction in GSHPx activity compared to prehlpoxic control
val-ues as wel-I as to corresponding hllpertrophied myocytes

(Figure l-B B). No further change in the GSHPx activity was

seen in the sham myocytes upon reoxygenation. There was no

change in the GSHPx activity in hlpertrophied myocytes during

hlpoxia or reoxygenation.

There was no difference in the base l-ine prehlpoxic CAT

activity in the sham and hlpertrophied myocytes (Fig l-8 C).

Moreover, there was no significant change in the CAT activity
in either sham or hlpertrophied myocytes during any phase of

the hlpoxia-reoxygenation protocol (Fiq 1-8 C).

iv. CelI l4embrane Iniury:
In order to test if the loss of antioxidant enz)rme

activities in sham myocytes \^/as due to cell leakage, the

perfusion medium was analyzed for these enzyme activities and

the findings were negative (data not shown). Cell- leakage in
sham myocytes vras studied by analyzi,ng lactate dehydrogenase
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Figure 18: A) Superoxide dismutase (SOD), B) Gluta-
thione peroxidase (GSHPx) and C) Catal-ase (CAT)
activities in sham and hlrpertrophied myocytes for control-
(CTL) 30 min hlrpoxia (HYPX) and i-5 min reoxygenation
(HYPX-REOX). *) significantJ-y dif ferent from its owrì.
control group in the sham myocytes; **) significantJ-y
different from corresponding val-ue in sham group. Data is
mean t S.E. of 10 individual myocyte experiments. p<0.05.
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activity in the medium and these data are shown in figure 19.

H1çoxia caused a significant increase in LDH activity which

was increased by several fold upon reoxygenation. Addition
of exogenous catalase greatly protected the cel-r leakage but

did not completel-y prevent this membrane injury (Fig 19).

v. Lipid Peroxidation:

Myocardial MDA content of sham control myocytes was

significantly higher than hlpertrophied myocytes. Hypoxia

caused a small increase in the MDA content, however the

change riras not significant (F'ig 20). Reoxygenation of
hlpoxic cells resul-ted in a signif icant increase in MDA

content in both sham and hypertrophied myocytes compared to
their respective pre-hlpoxic control values (p<0.05 ) "

However, the increase in MDA content in hlpertrophied

myocytes \{as about 2Bz l-ess than the increase seen in sham

myocytes (Fig 20) "

To further test the significance of an increased

antj-oxidant enzyme reserve in hlpertrophied myoclrtes during

hlpoxia and reoxygenation, sham myocytes were supplemented

with exogenous cAT (40 u/L) in the perfusion buffer prior to
the hlpoxia-reoxygenation protocolr âs described in the

methods section. Exogenous CAT significantly (p<0.05)

attenuated the increase in MDA content upon reoxygenation

(Fig 2L). In fact, the MDA content of these CAT treated
reoxygenated sham myocytes \üas comparable to the MDA content

of reoxygenated hypertrophied myocytes. catalase that had

been previousJ-y heat inactivated offered no apparent
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Figure 19e Lactate dehydrogenase (LDH) release in
sham myocytes. Control (CTL); 30 min hlpoxia
(HYPX) and 30 min hlpoxia and 15 min reoxygenation
(HYPX-REOX). Addition of catalase significantly
modulated the leakage of LDH into the medium"
Heat,-inactivated catalase offered no protection"
*) significantly different from its prehlpoxic
control value. r ) significantly different from the
corresponding value with heat-inactivated
catalase. p<0.05.

protection against the MDA content increase upon

reoxygenation (Fig 2L) "

vi. Cations

In order to further characterize hlpoxia and

reoxygenation in jury in myocytes, lila* and ca2* contents in
sham and hypertrophied myoclrtes \^rere measured during hllpoxia
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Figure 2Oz Malondialdehyde (MDA) content in sham
and hypertrophied myocytes. Control (CTL), after
30 min hlpoxia (Hlpoxia) and 15 min reoxygenation
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individual myocyte isolation experiments. *) Dif-
ferent from its prehlpoxic control; r ) Different
from its prehllpoxic control; **) Different from
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CTL

and reoxygenation and the data are shown in (Fig 22) " Sham

and hllpertrophied myocytes incubated aerobically maintained

Iow intracellul-ar Na* (3.9 t 0.75 pmoÌ/mg) and CaZ* (0.035

10.12 ¡rmol /mg) concentrations indicating ionic stabirity of
the preparations. During hlpoxia, there was a 1BB and 17%

increase in the Na* content of sham and hllpertrophied
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Figure 2Lz Malondialdehyde content (MDA) in sham
myocrtes during control (crl,), 30 min hlpoxia
(H11poxia ) and 15 min reoxygenation (Hlpoxia-
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catalase (40 U/mI). Data is mean t S"E. of 6

experiments *) Different from control group (heat-
inactivated catalase). o*) significantly l-ess from
the values seen in the group with heat-inactivated
catalase. p<0. 05.

CTL

myocytes compared to pre-hlpoxic values respectively. There

was al-most a 1008 and 468 increase in the Ca2* content of sham

and hlpertrophied myocytes respectively. The increase in

myocyte CaZ* content in the h1'pertrophied myocyt,es $¡as

significantly less (p<0.05) than the increase seen in the

corresponding sham myocytes.
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Figrrre 222 Effects of hllpoxia and reoxygenation
on the Na* and Ca2* content in sham and.
hlpertrophied cardiac myocytes. Values are
expressed as t of prehlpoxic control, data is mean
t S.E. of 5 individual myocyte isolation
experiments. *) Different from its own control
group val-ue (p<0.05). T) significantly different
from corresponding value in the sham myocytes
(p<0.05). Base line control data are described in
the results.

Hypoxio Reoxygenotion

Reoxygenation of myocytes resulted in 5LB and 43?

increase in the Na* content in sham and hlpertrophied

myocytes respectively compared to prehlpoxic values. Ivlyocyte

Ca2* content in the sham and hlpertrophied cel-ls was increased

by 224? and 1318 respectively upon reoxygenation.
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Figure 232 Cation content of sham cardiac
myocytes during 30 min hllpoxia and 15 min
reoxygenation expressed as percent of control.
Base line control values are described in the
results. Each data point is mean t S.E. of 5
individual experiments. Figure on the right (with
CAf) shows data from myocytes exposed to hlpoxia
and reoxygenation in the presence of catal_ase (40
U/ml). *) Different from the prehlpoxic control
group. t) Different from the hlpoxic group. oo)
Different from the corresponding values seen in
the group without catalase. p<0.05.

Hypoxio Reoxygenotion

The protective effects of exogenous antioxidant
treatment on cation changes due to hlzpoxia-reoxygenation v¡ere

Hypoxio Reoxygenotion

also studied and the data are shown in figure 23.

addition of CAT to sham myocyte perfusion buffer
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Figure 242 Changes in high energy phosphates
during hlpoxia (HYPX) and reoxygenation (HYPX-
REOX). Data is mean t S.E. of 5 experiments. *)
Different from the controÌ (CTL) group. r )

Different from the hllpoxic group. p<0.05.

significantly attenuated the increase j-n both the Na+ and Ca2*

contents during hlpoxia as weII as during reoxygenation"

These values of catalase treated, reoxygenat,ed sham myocytes,

were comparable to the values of reoxygenated hlpertrophied

myoclrtes "

vii. Iligh Enersy Phosphates '

The effects of hllpoxia-reoxygenation on myocyte high

energy phosphates (CP, ATP, ADP and AMP) in sham (Fig 24) and

hlpertrophied myocytes (Fig 25) \dere also examined. There

v¡as no apparent difference in the t.otal high energy phosphate

content between sham and hlrpertrophied myocytes before the
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induction of hlpoxia-reoxygenation. During hlrpoxia, however,

there was a significant declj-ne in aII high energy phosphates

in sham myocytes except for the CP content (Fig 23). Upon

reoxygenation of sham myocytes, there \,vas a signif icant

decl-ine in the CP content but ADP content was recovered only

somewhat. Upon reoxygenation, the ATP and AlvlP contents did

not change signif icantly f rom prehlpoxic val-ues "

In hlpertrophied myocytes, there was al-so a signif icant
decline in HEP during hlzpoxia except f or the CP and .A-MP

contents, compared to prehlrpoxic val-ues (p.O . 05 ) . Upon
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contents, compared to prehlpoxic val-ues (p.0. 05 ) . Upon

reoxygenation of h¡¡pertrophied myocytes there was no change

in CP content but, there was loss of ATP. There was no

f urther change in both the A-MP and ADP l-eve1s upon

reoxygenation of the hypertrophied myocytes (Fig 24).
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The experimental approach as wel-1 as data obtained in
the present study, show for the first time that an increased

endogenous antioxidant reserve in the stable hlperfunctional
hlpertrophy stage may protect the heart against oxidative
stress such as may be imposed by conditions of ischemia/

reperfusion or hlpoxia/reoxygenatj-on. Endogenous myocardS-al

antioxidant enzyme activities have been reported to be

increased during stable hlperfunctional- heart hlpertrophy

secondary to chronic pressure overload as well as due to
exercise training in rats (Higuchi et aI., 1985; Kanter et
a}., i-985; Gupta and Singal, 1989b). In these studies, the

hlpertrophied hearts were found to be less susceptible to
injury imposed by an ex vivo oxygen radical- challenge (Gupta

and Singal, L989a). Hearts with increased endogenous

antioxidants vrere al-so f ound to be less susceptible to
doxorubicin (Kanter et aI., 1985), an anticancer drug known

to involve free radicals in causing cardiac dysfunction

(Singal et â1., l9B7; Lee et aI., 1991)" Based on these

f il¡dings, it is reasonable to suggest t,hat increased

endogenous antioxidant reserve in the hypertrophied hearts

may play an important rol-e in protecting against oxidative
stress injury.

Oxygen radicals, because of their extremely short half-
l-ife and high reactivity, have been shown to cause tissue
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injury" The suggestion that free radical-s are inwolwed in
cardiac injury as well as in heart. disease is principalJ-y

based on three t11pes of experiments: a) Free radicals have

been shown to cause electrical, subcel-l-u1ar and contractile
abnormalities in ex vivo systems (Hess et al., I9B2; Gupta

and SingaJ-, I9B9a; Beresewicz and Horackova, 1991); b)

Increased free radical- activity and/or lipid peroxidation has

been reported during ischemia and reperfusion injury (Rao et

41., 1983; Bo1li et aI., 1988) as well as during drug-induced

cardiomyopathies (Singal et al., 1984", L987)i and c) Free

radical scavengers such as superoxide dismutase, catalase and

mannitol as well as several others, have been shown to reduce

cardiac in jury at the cel-Iular and subcel-lular levels in
different model systems (Shlafer et aI., 1,982b; Jolly et aI.,
1984; Ferrari et af.r 1985; Myers et af.r 1985; Werns and

Lucchesi, 1988; Lee et aI., l-991).

Narrowing of the abdominal aorta by about 548 resul-ted

in a 368 increase in heart to body weight ratio indicating
heart hlpertrophy. Since there was about a 722 increase in
the left ventricular weight, this heart hlpertrophy may have

been primarily due to the hlpertrophy of the teft ventricular
myocardium" A significant increase in the peak systolic l-eft
ventricuLar pressure without any change in the left
ventricular end diastolic pressure in these hllpertrophied

hearts suggested a hlperfunctional state without increased

stretch of the fibers at rest. Absence of ascites or pleural
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ef f usions in these animal-s suggested that this stabl-e

hlperfunctional state was without congestive heart fail-ure.
It should be noted also that these animals did not show any

change in the wet-to-dry weight ratios of either liver and

J-ungs" Based on these data, it is concluded that the animal_s

in the hllpertrophy group in the present study were in a state
of "stabl-e hlperfunctional- hlpertrophy".

Our data also show that the heart hlrpertrophy due to 10

weeks of pressure overload was accompanied by a significant
increase in the soD and GSHPx activities whereas cAT activity
remained unchanged" simirar findings of an increase in
myocardial antioxidant levels subsequent to increases in
cardiac work overload have been previously reported in a rat
model (Kanter et al., 1985; Gupta and Singal, !989b). A

relatively lower degree of lipid peroxidation in those hearts

also supported the presence of an "increased antioxidant
reserve". Moreover, studies on myocytes isolated from

hlpertrophied hearts showed for the first time that this
increase in antj-oxidants was demonstrabl-e even at the myocyte

Level.
1 The concept of myocard.ial ischemia-reperfusion injury

has been classicalry defined to account for the increased

incidence of ventricular arrhythmias and contractile
dysfunction following extended durations of ischemia.

Although the mechanism(s) responsible for the ceIlul-ar and

subcellular changes associated with the occurrence of
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arrhythmias (Heyndrickx et â1., L975; Manning and Hearse,

1984; Moffat, 1989) as well as contractil-e d.eficit (Braunwal-d

and Kloner, L9B2i Boll-i et aI., 1988; Werns and Lucchesi,

l-988) during ischemia-reperfusion remain elusive, several

hllpothesis have been proposed. These include the occurrence

of a low energy state (Jennings et af ., 1981-), intracel-l-ular

Na* and CaZ* overload (Tani and Neely, 1989 ), loss of cell
structure (Ziegelhoffer et al., L979i EIz et al", 1989) and

increased lipid peroxidation (Meerson et al. , L98.2; Rao et

â1., l-983). There is now a general consensus that these

different mechanisms may not be mutuall-y excJ-usive and oxygen

radicals generated during ischemia/hlpoxia and/or

reperfusion/reoxygenation contribute to this injury
(Guarnieri et' al., 1980; Gaudel and Duve1lroy, l-984; Bol1i et
aI., 1988; Dhaliwal, 1991).

There is both direct as well as indirect evidence to
support this concept of oxygen radical involvement during

ischemia-reperfusion. With regard to the direct evidence,

increased oxygen radical activity has been detected within
the first few minutes of reperfusion (Zweier et â1., L987i

eoifi et â1., 19BB). rn el-ectron spin resonance studies

employing a spin trapping agent, Bolli and associates, (1-989)

detected a burst of free radicaL activity j-n the coronary

sinus of dogs upon reperfusion following 15 min of coronary

occlusion. Furthermore, t.hese authors demonstrated that
increased oxygen radical- activity as well as contractile
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dysfunction coul-d be attenuated with an exogenous antioxidant

(BotÌi et 41., 1989). In ihe preseni study the increased

lipid peroxidation in the reperfused as wel-l- as reoxygenated

hearts also supports this concept.

Several- in vivo and in vitro studies have provided

profound indirect evidence to implicate oxygen radical
involvement in ischemia-reperfusion injury (Blaustein et al",
1986; Schrier and Hess, 1988). Impairment of contractil-e
function in isolated papillary muscle or whole heart

preparatj-ons, depletion of high energy phosphates, as welL as

ultrastructural- defects due to an oxygen radical containing

buffer has also been reported (Yetrehus et aI., 1986; Gupta

et â1., l-987). In these studies, the negative inotropy as

well as the other radical-induced changes could be mitigated
by the addition of exogenous antioxidants. The two different
approaches in the present study, i.e" sham hearts

supplemented with exogenous antioxidants and hlpertrophied
hearts with a higher endogenous antioxidants showed better
maintenance of the contractile function during reperfusion

and reoxygenation of hearts.

Agents known to either inhibit or scavenge oxygen

radical-s have been shown to reduce the incidence of

reperf usion-induced ventricul-ar f ibrill-ation in a dose

dependent manner (Woodward and Zakaria, 1985; Bernier et al.,
1989 ) . Furthermore, addition of free radical generating

system to buffer perfused hearts T¡¡as shown to increase the
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incidence of reperfusion-induced f ibril-l-at.ion, further
suggesting the involvement of oxygen radicals in reperfusion

induced arrhythmias (PaÌlandi et al., Lg87; Bernier et al.,
1989 ) . In the present study, the incidence of reperfusion-
induced arrhythmias was higher in the sham hearts as compared

to the hlzpertrophied hearts which had a higher l_evel_ of
antioxidants. sham hearts supplemented with antioxidants
showed lower incidence of reperfusion-induced arrhythmias.

rn this regard, antioxidant protection against catecholamine-

induced arrhythmias has al-so been documented (Singal et al.,
L982; Kirshenbaum et al., 1990)"

Conditions of ischemia or hlpoxia have been reported to
d.epress antioxidant enzyme activities of soD and GSHpx

(Ferrari et â1., 1985; Dha1iwal, l_991). Therefore, the

combination of reduced antioxidant capacity accompanied by

increased free radical activity upon reperfusion may prime

the heart for oxidative cel-l injury (singat and Kirshenbaum,

l-990). rnterestingly, we observed a differential response of
antioxidant changes in sham and hlpertrophied hearts to
ischemia-reperfusion and hllpoxia reoxygenation. Arthough soD

anðt GSHPx activities were reduced in both sham and

hlpertrophied hearts during ischemia-reperfusion, these

enzfrme activities were significantly higher in the

hypertrophic heart than in the corresponding sham hearts

after reperfusion. rn contrast, however, the soD activity was

significantly reduced in both sham and hllpertrophied hearts
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during hlpoxia, whereas the GSHPx activity was significantly
Ànn-^-¡^Ä €-^* *-^L--^--i^ --^'1 ,.^- ^-1--.:* +l-^ ^L^* L^^-!^ r+sçI/!sËÐsu r!ulll y¿srrylJ\.r^ru vo-LLI'EÐ \Jltfy J-rl LttE Þtlcllu, Iltsjcll_ LÞ . J- L

is important to note that both SOD and GSHPx activities
during hlpoxia as well- as af ter reoxygenation were

significantly higher in the hllgertrophied hearts, a finding
consistent with the ischemia-reperfusion data. Thus,

hypertrophied hearts had a higher antioxidant reserve prior
to induction of the oxidative stress as wel-I as at the end of

both reperfusion and reoxyg:enation; and these antioxidant
chang:es correl-ated with better functional recovery seen in
the hllgertrophied hearts upon reperfusion"

The suggestion that antioxidant deficit may have been

one of the contributing factors to the ischemia-reperfusion

injury is further supported by the fact that sham hearts

suppJ-emented with SOD and CAT in the perfusion medium showed

a significant recovery of developed force and resting tension

as wel-1 as a reduced incidence of reperfusion-induced

arrhythmias" Furthermore, upon reperfusion antioxidant
supplemented sham control hearts also displayed lower MDA

l-evels and better maintenance of Na* and Ca2* contents, and

these level-s were comparable to hlpertrophied hearts. fn

other words, by increasing the available antioxidant reserve

to the sham control hearts, the degree of injury seen upon

reperfusion was now comparable to the hlpertrophied hearts.

This concept is arso supported by the fact that the hearts

exposed to a low temperature hlpoxia-reoxygenation protocol
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showed significantly better recovery of developed force and

resting tension with reduced J-ipid peroxidation than hearts

exposed to normothermic hlzpoxia-reoxygenation al-one ( DhaIiwal

et af., 1991-). In addition, the improved recovery of

function in these hearts also correlated with significantly
higher antioxidant enzymes during hlpoxia as well as upon

reoxygenation.

Glutathione peroxidase is important in detoxifying cel-I

hydrogen peroxide and lipid hydroperoxides during

ischemia/hlpoxia as well- as reperfusj-on/reoxygenation which,

if left unchecked, may interfere with membrane transport and

other cell functions by increasing lipid peroxidation

(Meerson, l9B2i Weiss, 1986)" Consistent with this concept

is the finding that the hlpertrophic hearts subjected to
ischemia-reperfusion and hlpoxia-reoxygenation demonstrated

a l-ower level- of lipid peroxidation than sham control hearts.

This reduction in peroxidative injury was also accompanied by

an improved status of the high energy phosphates as wel-I as

maintenance of ultrastructure after reperfusion compared to
sham control hearts.

, Exogenous catalase was shown to protect against

oxidative stress injury due to adriamycin and activated
polymorpholeukocytes in different experimental studies (Brown

et al., l-989b; Lee et aI., 1991). Although in those studies

an increase in tissue catalase content in the muscle was

demonstrated, intracel-lul-ar translocalization remains
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unestablished (Lee et al., 1991). Further support is
provided by our myocyte hlrpoxia-reoxygenation data in which

the addition of exogenous CAT to sham control- myocytes

reduced the amount of MDA formation, comparable to

hlrpertrophied. myocytes as well as prevented other changes due

to reoxygenation" Because of its relatively long half-Iife,

HzOz can diffuse across the sarcolemma, and this alone may

explain the beneficial effects of extracellular catalase.

This contention is further supported by the fact that
perfusion of isolated rat hearts with erythrocytes containing

catalase reduced myocardial HrO, content and improved function

on reperfusion (Brown et al., 1989b). It should be mentioned

that in the present study, heat-inactivated catalase offered

no protection against this injury, emphasizing the

antioxidant rol-e of this enzfrme. Although the combination of

SOD and CAT was protective in sham hearts, it is possible

that SOD in itsel-f may also be a contributing source for HrO,

production (Bernier et aI", 1989), and would further suggest

the importance of HrO, removal by CAT.

The subcel-lu1ar source of oxygen radicals in these

prbtocols as well as the site of action of antioxidants

remains speculative. Since both SOD and CAT are very large

molecules, it is highly unlikely that molecul-es of this size

when supplemented exogenously would gain access to intra-
celLular compartments. Data presented in the present study

show that increased endogenous antioxidant levels in the
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hlpertrophied heart were also effective in reducing oxidative

s-uress injury. It thus appears that cardioprotection is due

significantly to scavenging of oxy-radicals from intra-

cellular as well as extracell-ular compartments. Since both

endogenous as well as exog'enous antioxidants were effective

in reducing ischemia-reperfusion injury and since these

antioxidants are relatively large moJ-ecules, it is likely

that the oxygen specie(s) responsible for mediating these

effects is/are able to diffuse across the membrane. Thust

antioxid.ants present on either side of the plasma membrane

may exert their protection by providing a sink for the oxygen

radical.
In a time-course study of the effects of oxygen radicaLs

in isolated. perfused rat hearts, a close correlation has been

reported among. increased lipid peroxidation, loss of

contractile force and loss of high-energy phosphates (Gupta

and singal , L989a). Swel]íng of mitochondria, such as is

seen in the reperfused sham hearts in this study, is known to

be associated with a low-energy state (Jennings and Ganote'

Lgl6; Singal and Pierce, 1986). The increased myocard.ial Ca2*

coÀtent in these hearts may have been at the expense of ATP

production (Murerkhjee et af ., 1"978). Although loss of high

energy phosphates can explain the contractile failure,

uncoupling of Sarcoplasmic reticulum calcium transport from

ATP hydrolysis due to oxygen free radical insult may also be

an important event in the impairment of contractile function
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(Hess et aI. , L982) . In this regard, defects in the cellul-ar
and subcel lular Ca2* transport activities during oxy-radica'l

injury and ischemia-reperfusion have been demonstrated (Hess

et a1., 1983; Kramer et al., 1984; Kaneko et al., 1990). fn

the present study, an increase in lipid peroxidation and Ca2*

content as welÌ as loss of high energy phosphates were noted

and these changes vrere comparatively less in the

hlpertrophÍed hearts. Clearly, the maintenance of Ca2* and

Na* homeostasis and recovery of ATP levels in hlpertrophied

heart due to an increased "antioxidant reserve" may have

contributed to better recovery of the contractil-e function,
reduced incidence of arrhythmias and maintenance of structure
upon reperfusion in these hearts.

Free radical- mediated injury to Ca transport systems in
the sarcoplasmic reticulum (Rowe et aI., L983), sarcolemmal

Na-Ca exchange, Na-H exchange and permeability changes from

increased lipid peroxidation have been suggested to account

for cal-cium overload, contractil-e deficit and reperfusion-

induced arrhythmias (Hochstein and Jain, 1981; Hess et af.,
1982; l"leerson et af . , L982; Dixon et al " , L987 i EIz et al. ,

1989; Tani and Neely, 1989; Kaneko et al., l-990). Since

isolated hearts exposed to an ex vivo oxygen radical source

display sal-ient features of ischemia-reperfusion and/or

hypoxia-reoxygenation injury and since these defects can be

ameliorated by exogenous antioxidants, it is likely that
these events may have a cotnmon pathway of injury involving
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oxygen radical-s.

The reduction of antioxidant levels during oxidative

stress in the sham hearts may also adversely influence

myocardial recovery upon reoxygenation, since such a

deficiency can tip the balance in favour of increased free

radicals and lipid peroxidation resul-ting in myocardial ceII

damage (Meerson et al., 1982; Rao et al., 1983). It should be

noted al-so, however, that this reduced antioxidant enzyme

activity was not due to leakage of these enzfrmes, into the

vascular space, sj-nce none of the antioxidant enzfrmes v/ere

detected in the coronary effluent. Recovery in some anti-

oxidant enzyme activities upon reoxygenation may suggest that

antioxidant enzymes may undergo some reversible inacti-vation

(Hodgson and Fridovicht 1975; Fuji et al., L992).

The observation of an increased relative tolerance of

the hllpertrophied heart to ischemia-reperfusion and/or

hlpoxia-reoxygenation seen in these studies may appear to be

inconsistent with earlier findings in which reduced tolerance

of the hllpertrophied heart to increased oxidative stress

conditions have been reported (Sink et al., 1-981; Singal,

19b3; Anderson et al., 1990). These differences however, may

be explained in part by the difference in the animal model

and/or variations in the degree or stage of heart

hlpertrophy. It. is nov/ well established that contractile

force development as well as metabolic functions in the

myocardium vary according to the degree of hllpertrophy,
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namely, mild, moderate or severe (Sasayama et aI., L975¡

Carabell-o et af . , l-981" ) .

hearts with normal- pump function r^rere more tolerant to

ischemia-reperfusion injury than hearts with mechanical pump

failure (Gaasch et al., 1990). Based on the hemodlmamic as

well- as other data r w€ concl-uded that the hlpertrophied

hearts in the present study were in a stage of stable

hlperfunction. For a meaningful comparison in different

studies, it is therefore important to know the tunctional
status of the heart.

Although the exact stimulus for the increased activity

of these antioxidants enzfrmes in the hlpertrophied hearts is

not known, one possible explanation can be a substrate-

induced stimulation. In this regard, increased radical

formation due to increased metabolic activity subsequent to

pressure overl-oad may be one of the signals. This is

supported by the fact that GSHPx activity increased in

intestinal mucosa and liver after oral administration of

peroxidized lipids (Reedy and TappeJ-, L974) and in lung after

peroxidation caused by ozone or 908 oxygen for two weeks

(Chow and Tappel , 1-972¡ Kimball et â1., L976) " Moreover,

increased oxygen radical activity has been demonstrated in

the mitochondria isolated from hlpertrophied rat heart

(Guarnieri et af., f9B5). Likewise, a number of studies have

reported changes in antioxidative enzymes under a wide

variety of conditions such as age (Nohl and Hegner, L979),
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exercise (Higuchi et a1., 1985; Kanter et al., 1985) and

beta-thalassaemia minor (Gerli et al ., 1980), indicat.ing that,

these enzfrmes are a dlmamic f unction responding to

physiological and/pathophysiological conditions imposed.

Since oxygen radicals can be generated by a variety of

redox reactions taking place in the intracellul-ar as well as

extracellular milieu such as endothe]ial- xanthine oxidase

(Chambers et âf., l-985), autoxidation of catecholamines

(Singal et af., 1983), activation of neutrophils.(Werns et

a]. , l-986 ) as well as mitochondrial- cytochrome oxidase

(Weiss, l-986), a close examination of this l-ist reveals that
the majority of these sources are vascular in nature.

Therefore, it is not clear whether the antioxidant changes

seen in whole heart studies are occurring at the level of the

cardiac myoclrte and/or these are a reflection of changes

within the vascular component alone. Our studies on myocytes

isolated from hlpertrophied hearts suggest that the increase

in endog'enous antioxidant levels is indeed taking place at'

the cardiac myocyte leve1 and this is also accompanied by a

decrease in lipid peroxides.
1 The significance of these antioxidant differences in

j-soLated rat cardiac myocltes between sham and hlpertrophied

hearts was highlighted by differences in their responses to

oxidative stress. The present study demonstrates for the

first time that isoLated cardiac myoclrb.es from sham hearts

exposed to hllpoxic conditions show a depression in SOD and

131



GSHPx activíties similar to that seen in the whole heart

lGuarni eri et aI " " 1980: Dhaliwal- et al " " 1gg1 \ " Tn\ ---------- '- - - I '

contrastr ûo change in the SOD, GSHPx or CAT activities was

detected during either hlpoxia or reoxygenation of

hlpertrophied myocytes. The recovery of lvInSOD activity upon

reoxygenation of hlrpoxic sham myocytes is intriguing, since

this observation is in contrast to the lack of SOD recovery

upon reoxygenation in whole heart studies (Guarnieri et af.,

1980; Dhaliwal- et af ., l-991-). Similar1y, the l-ack of change

of these antioxidant enzymes in hlpertrophied myocytes

suggests that, in the whol-e heart, chang'es in vascular

components mask and/or prevent at least recovery of SOD on

reoxygenation. The present data, however, clearly suggest

that vascu.l-ar components, present in the whole heart but

absent in the isolated myocyte preparation, may be important

determining factors in this difference.

In addition to the direct myocytic changes in
antioxidants due to oxidative stress, the data al-so point out

specific antioxidant changes in sham myocytes during hlpoxia

as well as reoxygenation consistent with our whole heart

stildies. The recovery of the MnSOD activity in sham myocyt.es

may indicate a potentialJ-y reversible inactivation of this
enzfrme during hlpoxia. However, molecular induction of nRN.A.

for MnSOD after hlpoxia and reoxygienation in neonatal rat
heart cells has recently been shown (Fuji et al., 1992)"

Thus, the exact explanation for the recovery of MnSOD
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activity in our study remains to be defined. The data

c I early show that I oss of mlrocyte ant'i oxí dant enzyme

activities may not have been due to membrane l-eakage as none

of these activities was detectabl-e in the perfusion medium.

This also corroborates similar observations in whole heart

studies. Since catal-ase activity did not chanqe, it appears

that antioxidant enzyme changes seen in this study were not

the result of a generalized cell- injury. Furthermore, these

antioxidant changes cannot be explained on the , basis of

altered responses of hlpoxia-reoxygenated myocytes to cel1

homogenization during the assay procedures, because catal-ase

activity during hlrpoxia and reoxygenation did not change. It
can therefore be suggested that the hlpoxia-reoxygenation

induces specific changes in the antioxidant enzyme activities
in myocytes as wel-l- as in whole hearts.

Lack of change of antioxidants in the hypertrophied

myocytes al-one may suggest a greater resistance to oxidative

injury than in sham myocytes, which is again consistent with
the data from whole heart. Although MDA content \ras

increased in both sham and hlpertrophied myocytes the

inðrease \{as about 28* l-ess in the hlpertrophied myocytes

than in the corresponding sham myocytes, this may have been

related to the increased GSHPx activity in the hlpertrophied

myocytes. The increased lipid peroxidation upon reoxy-

genation in sham myocytes suggests that recovery of SOD

activity alone was not enough to prevent oxidative injury"
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Since catal-ase activity did not change during h11poxÍa or

reoxygenation and since concentrations of this enzfrme are

generally J-ow in the myocardium (Doroshow et al., 1980), the

role of endogenous CAT during oxidative stress remains

uncl-ear. Thus, it is likely that increased MDA content

during reoxygenation in the sham myocytes is associated with
the reduced GSHPx activity and that this enzymatj-c mechanism

may be one of the major defenses against the accumul-ation of

lipid hydroperoxides as wel-l- as hyd.rogen peroxide,(Noronha-

Dutra and Steen, l-982) .

In the present study, a role for HrOr-induced myocyLe

injury is supported by the fact that addition of exog'enous

CAT to sham myocytes reduced the amount of I{DA formation

comparable to hlpertrophied myocytes as well as prevented

other changes due to reoxygenation" The findings that
hlpoxia alone or foll-owed by reoxygenation decreased the

number of rod-shape cell-s with a corresponding increase in
hlpercontracted and round-cell- tlpes in sham and

hlpertrophied myocytes are consistent with previous hlpoxia-
reoxygenation studies (Altschuld et aI., l-98L; Stern et aI.,
fObS¡. It has been previously d.emonstrated. that decreases in
rod-shape morphology correl-ates with depletion of ATP in
cardiac myocytes (Haworth et al., 1988; Li et al., 1989), a

finding confirmed by the present study.

Since myocyte rod-shape morphology correlated with ATP

content with a correlation coefficient of r= 0.987 , the
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development of a hlpercontracted state during hllpoxia may

represent a rigor state which the cell- enters because of low

ATP as wel-l- as other unspecified metabolic defects (Hohl et

al., 1982; Piper eL aI., l-984) " À significant reduction in

ATP leve1s \^ras detected in both sham and hlzpertrophied

myocytes during hypoxia-reoxygenation and these changes alongi

with the increased lipid peroxide content may have

contributed to the increased number of hlpercontracted and

rounded cell tylpes. Upon reoxygenation, hlpercontracted

myocytes may become further contracted and round up or may

partially rel-ax and assume a rod-like form (Stern et a1.,

1985). Since round cells in a given population are

representative of dead or non-viabl-e cel-l- t11pes (Altschuld et

aI., 1981; HohJ- et aI., L982) and since their number

increased during hllpoxia-reoxygenation, it is suggested that
significant cell death due to oxidative stress had occurred.

However, the percentage increase in the number of round cell-

tlpes was comparatively less in the hlpertrophied myocyte

population. Moreover, this group maintained a greater

proportion of viabl-e rod shaped cell-s, f urther suggesting a

grêater resistance to oxidative stress.

The higher antioxidant capacity as well- as lower tipid
peroxide content in the hlpertrophied myocyt.es may have

accounted for the better maintenance of ceIl morphology upon

reoxygenation" Preservation of rod shaped morphology of sham

myocytes with an exog'enous catalase in this as well as in
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another study (Freedman et af., l-991) further suggests that
HrO, may pfay an important rol-e in mediating membrane injury"

The protective effect of exogenous catalase on sham myocytes

during h11poxia, indicated by the modulation of cation

chang,es ¡ fray sugigest that there is oxidative stress in jury

during hlpoxia. However, this hllpoxic injury does not appear

to involve lipid peroxidation as no change in MDA content was

noted in this stage. This point is also supported by the

morphological data. A protective role of antioxidants in
oxidative ceIl injury is also supported by the fact that
mitochondrial- respiratory function in isolated cardiac

myocytes during hlpoxia-reoxygenation was modulated by a

biological antioxidant, alpha tocopherol (Guarnieri et al.,
1_988 ) .

Although occurrence of CaZ* overload was apparent in the

present study and the change has been suggested to mediate

myocardial ceII injury, a direct cause and effect,

relationship has not been establ-ished. In this regard, it
should be noted that the increase in Ca2* content was

considerably Less in the hlpertrophied myocytes than in the

"ott""ponding sham myocytes. Defects in the energy dependent

Caz* efflux, Na+/Caz+ exchange and Ca2* entry secondary to free

radical-induced membrane changes, have been offered as some

of the mechanisms to explain Ca2* overload and occurrence of

hlpercontracted and round ceIl tlpes (Lambert et al., 1986).

The electron dense mitochondrial granules seen in this study,

i_36



have been shown to contain Ca2* by x-ray probe analysis
(Singal et aI., 1984). Mitochondrial injurlr has al_so been

correl-ated with the occurrence of CaZ* overload and loss of

high energy phosphates (Dha11a et af., 1980). Since high

energy phosphate level-s are known to be depressed during

hllpoxia as has also been seen in this study, it is possible

that energy dependant transport systems such as the Na*-K*-

ATPase and Ca2*-ATPase may be impaired and result in Na+ and

Ca2* accumul-ation during hlpoxia resulting in cefJ injury.
Inhibition of these enzfrme activities during hlpoxia-
reoxygenation as well- as ischemia-reperfusion has been

reported (Hess et af ., l-983; Dixon et al., L9B7).

Increased Na*-H* exchang'e has been reported to be a

potentiat site of Na+ infl-ux during hlpoxia and reoxygenation

in isolated rat heart as well as in cultured chick myocytes

(Murphy et al., 19BB; Tani and Neely, 1989). Inhibition of

Na*-H* with different amiloride like compounds has been shown

to ameliorate the Na+ influx as well as the injury seen upon

reperfusion (Karmazlm , L9BB; Tani and Nee1y, l_989 ) .

Accumuration of Na+ during hypoxia may account for the rise
inl intracell-urar ca2* upon reoxygenation through increased

Na+-Ca2* exchange (Tani and Nee1y, l-989). Àlternatively, the

massive increase in myocyte Na+ and Ca2* content may also be

a consequence of changes in the semipermeable characteristics
of the mem-brane secondary to increased lipid peroxidation

(Plaa and Witsche, L976).
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Although catalase did not completely prevent the
occurrence of ca2* overload. in the sham myocytes, it did
however, significantly attenuate the increase. This supports

the concept that free-radical mediated membrane changes

through lipid peroxidation may al-so contribute to the

occurrence of Ca2* overl-oad (Noronha-Dutra and Steen, 1982).

We have recently reported a time-dependent increase in
myocyte Na* and CaZ* upon exposure to oxygen-radicals which

correl-ated with an increase in the J-ipid peroxide content as

well as hlpercontracted and round cells (Kirshenbaum et al.,
L992) " Antioxidant protection against some of these changes

in hlpertrophied myocytes suggests that an antioxidant
deficit may be an important factor in oxidative cell injury
in sham myocytes.

Thus, the myocyte data shows specific antioxidant
changes at the level- of a myocardiar cell- independent of non-

myocytic and vascul-ar components, as a direct consequence of
oxidative stress. Reduction in GSHPx activity during hllpoxia

and an accumulation of Hzoz may have an important role in
causing electrolyte imbal-ance, loss of high energy phosphates

and reoxygenation injury. Availability of an,,adequate
antioxidant reserve" appears to be crucial_ for the

maintenance of myocardial structure and function under

adverse conditions (singal and Kirshenbaum, 1990).

Consistent with this concept, is our finding that no

depression in the myocyte soD and GSHpx activities \das
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observed either during hypoxia and/or reoxygenation in the

hlzpertrophied myocytes . Although specul at.ive, the data

clearly suggest that vascul-ar components present in the whole

heart while absent in the isolated myocyte preparation may be

important determinants of this difference. Moreover, in a

recent study by Lum et al. (f992), an increase was reported

in endotheliaÌ cell- superoxide production and increased

vascular cel-l- permeability during hlpoxia and reoxygenation.

In the same study, catalase significantly attenuated this
injury, suggesting a critical rol_e for HrO, in mediating cell
in jury.

These dat.a provide support for the suggestion that the

"antioxidant status in the heart is a dlmamic function
adjusting to the physiological and/or pathophysiological

conditions imposed" (Gupta and Singal , L9B9 ) . Failure of

these compensatory antioxidant adjustments, due either to
increased production of f ree radicals and,/or reduced

antioxidant enzyme l-evels/activity, could be seen to cause a

relative deficit in the antioxidant reserve. such an effect
coul-d likely result in the subcellular changes and myocardial

dyåfunction. These observations suggest, a putative
therapeutic role for antj-oxidants in cardioprotection,
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The objectives of the present study were to examine the

physiological significance of an increased endogenous

antioxidant reserve in the hlpertrophied heart subsequent to

chronic pressure overload. We adopted the approach of

examining the response of hlpertrophied hearts to oxidative

stress injury due to ischemia-reperfusion and hlpoxia-

reoxygenation. Additional experiments $¡ere conducted in

isolated cardiac myocytes to examine whether antioxidant

changes in the hlpertrophied heart v¡ere al-so present at the

myocyte leveI as well as to characterLze oxidative stress

in jury in these isolated cel-ls. Experiments were al-so done

to compare the efficacy of exogenous antioxidants with that
of endogenous antioxidants. The response to oxidative injury
in this study was quantified by monitoring contractile
function, antioxidant enzymes, J-ipid peroxidation, cation

contents, high energy phosphates and structural changes"

From the resul-ts obtained, the following conclusions are

made, '

1- ) Hlpertrophied hearts showed a stabLe hlperfunction
t

without any signs of heart f ail-ure.

2) .Antioxidant enzymes SOD and GSHPx were higher in the

hllpertrophied hearts and these hearts also displayed

reduced fipid peroxidation. CAT activity did not

change. These antioxidant changes were noted al-so in
isolated myocytes.

140

vã, c&ruGL&isBffirus



3) Ischemia caused a reduction in SOD and GSHPx activities
in sham control and hlrpertrophied hearts, but the

reduction was significantly less in the hlpertrophied

hearts. Lipid peroxide content \Áras not changed in
either group.

4) Reperfusion of hearts resul-ted in a further decrease in
antioxidants and an increase in the MDA content in sham

and hlrpertrophied hearts but these changes $rere

signif icantly l-ess in the hlpertrophied hearts.

5) There was rel-atively less gain in myocardial Na* and CaZ*

content after ischemia and reperfusion in the

hlpertrophied hearts as compared to the sham contro.Ls "

6 ) Hlpertrophied hearts showed better maintenance of high

energy phosphate l-evels after ischemia-reperfusion than

corresponding sham hearts"

7) Ultrastructural changes due to ischemia-reperfusion were

l-ess in the hlpertrophied hearts.

B) Supplementation with exogenous antioxidants in sham

hearts resulted in ischemia-reperfusion injury
comparable to hlpertrophied hearts.

b I Hllpoxia-reoxygenation ind.uced contractil-e f ailure and

rise in resting tension was significantly less in the

hlpertrophied hearts.

10) Reoxygenation of hearts resulted in a significant
increase in lipid pe:ioxide content in both sham and

L4I



hlpertrophíed hearts but this increase was comparatíveJ_y

l-ess in the hlpertrophied hearts 
"

11) Hypoxia reduced the SOD activity and GSHPx actÍvities in
sham control myocytesi reoxygenation resul-ted in
recovery of only the SOD activity. No change in these

antioxidants was observed in hlpertrophied myocytes

either during hlpoxia or upon reoxygenation. Increased

myocyte J-ipid peroxidation due to hlpoxia-reoxygenation

was l-ess in the hlpertrophied myocytes

12) Hypoxia-reoxygenation resulted in characteristic changes

in myocyte morphology, but greater preservation of rod

shape morphology as well as cation content was seen in
the hlpertrophied myoclrtes .

13) Supplementation of sham myocytes with exogenous

antioxidants resulted in hlpoxia-reoxygenation injury
comparable to hllpertrophied myocytes.

Based on these data, it is suggested that an increase in
endogenous antioxidant reserve in the hllgertrophied heart
confers significant protection against oxidative stress
inJury" It is therefore proposed that endogenous and/or

exogenous antioxidant therapy may prove useful in preserving

heart function during increased oxidative-stress conditions.
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