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SUMMÀRY

Although hllpertrophied hearts have been shown to respond

differently to drugs whose t,oxic effects are known to invoLve

oxygen radical species , changes in oxygen radical- processes

during hypertrophy remain to be described. Furthermore, the

sequence of subcell-u1ar changes underlying oxygen radical-
induced myocardial dysfunction in a normal- heart have not been

defined. The aims of this research, therefore, \â/ere: 1) to

define and characterize oxygen radical induced injury in normal-

and in hlpertrophied hearts; 2) to examine important myocardial

antioxidant enzymes and lipid peroxidation in normal and in
hlpertrophied hearts at different post-operative interval-s.

fn order to define the time-course of oxygen radical--

induced myocardial injury, isol-ated rat hearts were perfused

with Krebs Hensel-eit (KH) buf fer containing xanthine (2 mM) -
xanthine oxidase (10 U/L) (X-XO). Perfusion of rat heart with

X-XO (an ex vivo oxygen radical- source) resulted in decl-ine in
peak developed force as weLl- as rate of force deveJ-opment and

relaxation within 5 min and complete contractile failure was

observed at 20 min. Resting tension was higher at 10 min and

showed a maximum increase of 400t at 40 min

The presence as wel-l as the nature of different radical
species responsi-ble for X-XO induced cont,ractiJ-e dysfunction

was confirmed by t.he use of a variety of antioxidants including
glutathione, methionine, superoxide dismutase, catalase and

J_X



mannitol. Glutathione (200 uM and 2 mM), methionine (1 and 20

mM), superoxide dismutase (L.2 x 105 U/L), catalase (2 and 4 x
ô.10' U/L) and mannitol (10 and 20 mM), showed dose-dependent

protection against X-XO induced-contractile fail_ure and the

rise in resting tension. These data suggested the

participation of superoxide, hydrogen peroxide and hydroxyl_

radicals in producing X-XO-induced contract.ile failure.
However, desferal (300 uIvI and 3mM) r ârr iron chelat.ing agent,

failed to show any protection against x-xo-induced changes in
contractiLe function indicating a lack of a rol-e of iron in the

production of activated oxygen species including hydroxyl

radicals via X-XO interaction.
Myocardial mal-ondialdehyde (MDA) content, which is an

indirect indicator of lipid peroxidation, was significantly
higher at 5 min and showed a continuous increase upon

prolongation of X-XO perfusion for up to 40 min. A strong

correlation (r = 0.935) was noted between increased MDA content

and decrease in peak developed force. creatine phosphate (cp)

and adenosine triphosphate (ATp) showed a time-dependent

decrease due to x-xo perfusion. A strong correlation was also

observed (r = 0.819) between depletion of myocardial_ ATp

content and l-oss of developed force. Àdenosine diphosphate

showed an increase at 5 min foll-owed by a decrease at 20 and 40

min. Adenosine monophosphat.e, adenosine.and creatine
content increased with continued x-xo perfusion. eualitative
urtrastructurar changes j-nvolved damage to sarcoplasmic

reticulum,
X



mitochondria, interstitial- edema f ormation and damage to t,hese

organelles became more severe upon proJ-ongation of perfusion

time with X-XO. In a semiquantitative morphometric study,

significant ul-trastructural- changes became apparent only after
10 min of X-XO perfusion.

Cardiac hlrpertrophy was induced in rats by banding of the

abdominal aorta in the subdiaphragmatic region proximal to its
renal bifurcation. After 6, 12, 24 and 48 weeks of surgery,

cardiac hlpertrophy was confirmed by increased l-eft
ventricle/body weight ratio (25 308). Myocardial RNA content

showed a significant increase in hypertrophied hearts.

Hemodynamically, these animal-s demonstrated increased bl-ood

pressure as well as l-eft ventricular pressure (24 30% ) and a

corresponding increase in +dPldt and -dpldt. These

hlpertrophied hearts were not in failure as indicated by

unchanged left ventricul-ar end diastolic pressure, wet/dry
weight ratios for liver and lung and absence of ascites or
pleuritis.

All hypertrophied hearts showed a greater resistance to
x-xo-induced contractile failure and rise in resting tension.

since 508 of contractile failure in hypertrophied hearts \Á¡as

observed at approximately 10 mj-n, these hearts hrere also

analysed for lipid peroxidation, high energy phosphates and

qualitative and semiquantitative morphometric ultrastructural-
studies foll-owing x-xo perfusion for 10 min. Hypertrophied

hearts revealed a l-esser increase in lipid peroxidation and

XI



less depletion of high energy phosphates relative to sham

controls. Qualitative structural- changes were less in
hllpertrophied hearts. The differences in ultrastructural
changes became more evident in a semiguantitative morphometric

analysis, which demonstrated the presence of a greater number

of normal- cells and rel-atively few severely damaged cel-l-s in
the hlpertrophied heart.

Control- and hlpertrophied hearts \^rere analysed for

antioxidative enzymes including superoxide dismutase and

glutathione peroxidaser âs wel-l as for MDA content. The SOD

activity was significantly higher in hypertrophied hearts at 6

and 12 weeks as compared to thej-r respective controls.
However, this difference did not remain significant at 24 and

48 weeks due to a marked increase in the SOD activity of

control- hearts in these age groups. During the time period

studied, glutathione peroxidase activity remained unchanged in
controls but was significantly elevated in hearts from aII four

hllpertrophied groups. MDA level-s were significantly l-ower in
hlpertrophied hearts.

In conclusion, this study demonstraLes that the

interaction of xanthine-xanthine oxidase results in the

formation of activated oxygen radical- species such as

superoxide radicals, hydrogen peroxide and hydroxyl radicals
and that the production of hydroxyl radical- may not require

the presence of iron. Perfusion of hearts with a source of

such radical species results in contractile failure which

correlates with l-ipid peroxidation and depletion of high
XII



energy phosphates. Structural damage appears to be a delayed

event contributing only to the later stages of injury. The

stable heart hlpertrophy up to 48 weeks is accompanied by a

higher activi-ty of antioxidative enzfrmes and a lower degree of

lipid peroxidation. This adaptive change probabJ-y heJ-ps

hlpertrophied hearts to resist oxidative damage upon exposure

to a radical generating system. ft is proposed that
antioxidative capacity in the heart is a dlmamic phenomenon

adjusting with changing physiological or pathophysiological

conditions.
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I. TNTRODUCTION

Cardiovascular disease, especially congestive heart

fail-ure, is one of the leading cause of death in North America

and the dominant etiologic factor for cong'estive heart fail-ure

is hllgertension. Any pressure overload such as may be present

during hlrpertension can be seen to accompany cardiac

hlpertrophy. Furthermore, patients with definite evidence of

Ieft ventricular hlpertrophy have a significantly higher risk
of developing congestive heart failure. The markedly increased

risk of developing congestive heart failure in hlpertensive

subjects with left ventricular hllpertrophy probably refl-ects

the severity and duration of underlying hlpertension and of

the compensatory cardj-ac hypertrophy.

Cardiac hlpertrophy is an adaptive mechanism which develops

in response to chronic increase in work demands associated

with conditions such as hlpertensive heart disease, coronary

defects, aortic stenosis, arteriovenous fistula and

thyrotoxicosis. The increase in cardiac mass (hlpertrophy)

helps the heart to maintain its pu.mp function in face of

increased workload. This adaptive process is not a simple

addition of identical- unit.s, rat.her it involves cel-l-ular and

subcel-Iul-ar reorganization of myocytes. Some of the

subcel-lular adjustments during hlpertrophy incJ-ude an

increase in the relative vol-ume of the mitochondria and the

myofibrils, functional changes in mitochondriar ât
increase in the rel-ative amount of the V, (Iow ATPase)



isoenzyme of myosin and a decreased rate of cal-cium cycling

which probably resul-ts in more economical- f orce development.

The exact profile of the total- _reorganizatÍon is apparentJ-y

determined by the t1pe, intensity and duration of the specific
stress imposed on the heart.

This condition of compensated hlzpertrophy can change into
decompensated heart failure and patients with left ventricul-ar

hlzpertrophy show a 10 times greater risk of developing' heart

fail-ure. Several theories, which may not be mutually

exclusive, have been advanced to expJ-ain this transition.

These incl-ude reduced energy supply, al-tered Cu2+ metabolism,

down-regulation of receptors and relative hlrpoxia due to

increased muscl-e mass. Recent data from this and other

laboratories have raised a neh/ possibility that the transition
from a compensated hlrpertrophy to heart failure may also

invol-ve changes in free radical mechanisms. The role of free

radicals has been documented in inflammation, pulmonary

disorders, radiation injury, oxygen toxicity and ischemic

injury to the brain, intestine, kidney and heart,.

Ã.ctivated oxygen species such as superoxide anion (O; ),
hydrogen peroxide (HZOZ) and hydroxyl (OH') radicals can be

generated in vivo by a number of cell-ul-ar reactions. AJ-though

cltochrome oxidase catalyzes the tetravalent reduction of

oxygen to HrO wit.hout the re.l-ease of these toxic oxygen

species, the generation of O;- in the mitochondria by the

univalent, reduction of oxygen was demonstrated.
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Myeloperoxidase, NADPH oxidase and xanthine oxidase are other

biologic sources of oxygen radicals. fn normal heaj-thy

tissues, these toxic species are effectively scavenged by

different enzyme systems including superoxide dismutase (SOD),

glutathione peroxidase (GSHPx), catalase and other unspecified

agents protecting the cell against toxic effects of O;- | HZOZ

and OH'. However, in certain disease states, the cel-l- may be

predisposed to injury either due to increased production of

free radicals or al-terations in defense mechanisms against

these highly reactive species. These active, inorganic

radical species, if not scavenged effectively, can initiate

oxidation of lipids in the lipid biÌayer of membranes as

wel-I as of proteins especially those containing SH groups.

Furthermore, oxidation of membrane lipids results j-n formation

of peroxide clusters, that initiate further lipid
peroxidation, thus setting up a chain reaction which can

compromise membrane fluidity and permeability characteristics.
Thus, the quantitation of lipid peroxidation in tissues would

provide a useful basis for identifying radical-induced injury.
The potential role of oxygen radical-s in the pathogenesis

of myocardial injury has been the subject of many recent

investigations. It is established that these radical-s play

an important role in ischemia-reperfusion-induced myocardial

damage. A rol-e f or these radical- species has al-so been

sug:gested. in stress-induced myocardial dysfunction.

Catecholamine-induced cardiomyopathy and arrhythmias are

suggested to be mediated by production of oxygen radical



species and lipid peroxidation. Cardiotoxic effects of

adriamycin, an anticancer drug, have also been shown to

involve free radical mechanisms. Evidence for the

invol-vement of oxygen radical-s in the above-mentioned heart

diseases is deri-ved from the fact that treatment with

different radical- scavengers and antioxidants has shown

beneficial- effects. However, details of the radical-induced

cardiac injury with respect to function, high energy

phosphates and structure remain to be delineated.

During heart hlpertrophy, because of alterations in

myocardial metabolism and plasma catecholamine content, the

probability of greater oxygen radical- production could be

increased. In fact, in a recent investigation, increased

radical production in the mitochondria isolated from a

hllpertrophied heart was shown (Guarnieri et al-, L985).

Observations that adriamycin and catecholamines (radical
producing agents) produced greater cardiotoxi-city in the

hlrpertrophied heart also supports the argument that radical
metabol-ism is changed during cardiac hypertrophy. Various

physiological as wel-I as pathophysiological cond.itions such

as a9ê, exercise and beta-thal-assemia minor are known to be

associated with increased radical production and have al-so

been shown to be accompanied by alterations in antioxidative
enzyme l-evels. SÍnce heart hlpertrophy is accompanied by

metabolic changes as wel-l- as al-tered protein slmthesis, it is
possible that these adaptations are al-so associated with

changes in antioxidative enzymes in the hlpertrophied hearts.



The present research was undertaken: 1) to examine in
detail structural, functional and subcellular changes in
normal hearts exposed to oxygen radj-cals in order to
understand the pathogenesis of radical-induced injury; 2) to

characterize differences in the response of control- and

hlpertrophied hearts to ex vivo oxidative stress with respect

to these parameters; and 3) to discern any changes in

antioxidative enzfrmes and lipÍd peroxidation in hlpertrophied

hearts as compared to controls. For this purpose, isolated
perfused heart.s \üere exposed to xanthine-xanthine oxidase and

the time- course of changes in contractil-e function was

studied in relation to changes in the content of MDÀ and of

high energy phosphates. Qualitative as well as a

semiquantitative morphometric analyses of ultrastructural-
changes were also conducted. Heart hlpertrophy was induced by

banding of the aorta in the subdiaphragmÍc region proximal to

the renal- arteries. Hemodlmamic assessments were done at 6,

L2, 24 and 48 weeks after the surgery and the hearts were

exposed ex vivo to the same oxidative stress. Superoxide

dismutase, and glutathione peroxidase activities and MDA

content of t.he sham control and hlpertrophied hearts were

monitored. It was hoped that the results of this study could

extend our existing knowledge concerning the pathophysiology

of oxygen radical-induced damag'e as wel-I as chang'es in radical
metabolism during cardiac hlpertrophy due to pressure

overl-oad.
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II.REVIEW OF LITERATURE

A. OXYGEN RADICÀLS

Mol-ecular oxygen is both essential as well as

destructive to biologic tissues. Many of the biologic

reactions in which it participates generate a variety of

activated oxygen intermediates, including superoxide (O; ),
hydrogen peroxide (H2O2) t hydroxyl rad.ical-s (OH' ) and singlet
oxygen. For the sake of conciseness these will- be

coll-ectively termed as oxygen radicals. Interest in oxygen

radical involvement in various pathophysiological- conditions

dates from the late f960's when erythrocuprin (SOD) was first

discovered (I4cCord and Fridovich, L969). This discovery

provided an important tool with which biological systems coul-d

be probed for oxygen radj-cal, invol-vement. Oxygen radical-s are

highly reactive species which can injure and even kiII the

cel1.

A free radical is any chemical species that has one or

more unpaired electrons. Mo1ecu1ar oxygen, in the ground

state, contains two unpaired el-ectrons with paralJ-e1 spins.

Because of its unusual atomic configuration, it can undergo

unival-ent reduction (for review see Green and Hil-l-, 1984).

Most organic compounds that might react with oxygen contain

paired electrons; therefore, it becomes obvious that one

el-ectronic spin would have to be inverted in order to avoid

the placement of two parallel spins in one orbital (Agner

L972). The inversion of electronic spin is slow relative to
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the life t,ime of collisional- complexes and whenever

energeticalJ-y feasibl-e, univalent pathways of oxygen

reduction wil-I be favored over divalent pathways. Spin

restriction is more fully discussed by Taube (1965). However,

in the presence of certain enzymes, it is possible to

accomplish tetravalent reduction of O2 to HrO without the

production of detectabl-e intermediates. Cytochrome C oxidase,

which accounts for most of the oxygen consumption by aerobes,

produces HrO as the first detectable product of oxyg.en

reduction (Wharton et aI 1968, Mal-kin and Mal-mstrom 1970).

This is obviousl-y advantaqeous in that it minimizes the l-oad

of reactive intermediates which must be scavenged. However

there are a number of biol-ogical- oxidations both enzymatic and

spontaneous which do generate oxyg'en radical-s and these

mechanisms are discussed separately. It. follows that oxyqen

radicals, which \^rere f ormerly of interest primarily to

radiation chemists, can be produced in biological systems and

these have been shown to be injurious to tissues in various

pathological processes .

B. BIOLOGICAT, SOIJRCES OF OXYGEN RÀDÏCAIS

There are multiple sources of oxygen radicals in a normal

healthy cel-I (Forman and Boveris L982t Freeman and Crapo

1982). During disease states, because of acceleration of

exisiting pathways as well as appearance of ne\^¡

pathwaysrproduction of oxygen radical-s is increased (Rao et al-

L983, Garlick et aI 1987). Intracellular presence of these

radical species has been reported in vivo as well- as in vitro



oO

studies. Fol-l-owing are the potential- in

radicals.

vivo sources of oxygen

1 . ltitochondria:

Mitochondrial- cytochrome oxidase accounts for greater

than 958 of cellul-ar oxygen consumption (Chance et aI, 1979) |

yieJ-ding water without releasing O; or HrO, as intermediates,

whil-e 2-52 of OZ undergoes unival-ent reduction and accounts

for the production of radical-s. A number of factors can

enhance the unival-ent pathway of mitochondrial- oxygen

reduction. For example, superoxide radical- generation by

mitochondria is greatest when respiratory chain carriers

Iocated on the inner mitochondrial- membrane are highly reduced

(Turrens et al, L982). The avail-ability of NAD-l-inked

substrates, succinate, ADP and oxygen (Freeman and Crapo,

L982), can al-so influence mitochondrial- radical production. If
oxygen is present in concentrations that limit its reduction

to HrO by cytochrome oxidase (1-3 mm Hg) increased respiratory
chain reduct,ion and an accumul-ation of reduced cofacLors in
cell-s may enhance Oi production by el-ectron transport
components in ischemic cel-l-s (Jobsis and LaManna, L978).

2. Enzlanes:

Other important intracellular sources of reactive oxygen

species incl-ude various enzymes and the list includes oxidases

and fÌavoproteiùs of peroxisomesr xanthine oxidase, aJ-dehyde

oxidase, tryptophan dioxygenase and dihydroorotate

dehydrogenase (For reviews see Freeman and Crapo, I9B2¡

Fridovich, :-.982). Autooxidation of low molecular weight
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catecholamines, flavins and tetrahydroproteins. Cytochrome

P450-dependent monooxygenases can also oxidize aromatic

hydrocarbons (Griffin et a1, 1981). Recently xanthine oxidase

has been shown to be a major source of oxygien radicals during

ischemia-reperfusion injury (McCord, I9B5). fn normal-

tissues, the enzfrme exists as a dehyd.rogenase, utilizing ttAO+

instead of OZ as el-ectron acceptor. However, under ischemic

conditions it is converted to the oxidase form (Chambers et al,

1985) which utilizes mol-ecul-ar oxygen as its electron donor

resuJ-ting in production of radicals.

3 . teukoclrtes:

Activated phagocytic cel-l-s, including macrophages and

neutrophil-s, produc" O;, H2OZ, OH', hypochJ-orite and N-

chloroamines (Thomas et al, 1983). Thus, actj-ve phagocytosis

by leukocytes is associated with a burst of oxygen consumption

(Patriarca et aI I 1-97:.) and a corresponding increase in the

production of superoxide radical-s (Babior et al-, 1973). The

mechanism of activated leukocyte-induced damage in
infl-ammation involves infiltration of neutrophils and

macrophages in the infl-amed area. Although there are multiple
stimuli for neutrophil migration, chemoattractants generated.

from the interaction of plasma J-ipids with oxygen free

radicals derived from the action of cyclooxygenase or xanthine

oxidase on their respective substrates may also be

contributing to the accumul-ation of neutrophils (Petrone et

af, 1980; Werns et al, 1986). Furthermore, activated
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polymorphonucl-ear l-eukocytes possess NADPH oxidase on their
plasma membrane that reduces molecul-ar oxygen to the

superoxide radical, with concomi-tant oxidation of cytosolic
NADPH (Babior, L978). This may enable polymorphs to digest
phagocytosed microorganisms with a variety of oxidizing agents

incl-uding oxygen radical-s, hypochlorous acid (HOCL) and N-

substituted chloramines (Thomas et al, 1983). The enzyme

myeÌoperoxidase Ís required for the production of chloramine

which is indirectly dependent on the NADPH oxidase activity
for the supply of hydrogen peroxide via dismutation of

superoxide. fn addition to phagocytosis, oxidi-zing agents

released from activated leukocytes have additional- damaging

effects on connective tissue (Greenwald et aI L976). Recently

it has been recognized that superoxide radical can inactivate
alpha-protease inhibitor (Schraufstatter et al-, 1984), a
protein which in healthy cells inhibits elastase and

collagenase activity. The role of activated leukocytes in
infl-ammation-induced tissue injury (Lee et aI, 1981; Repine,

1985) and ischemia reperfusion injury (Engler et al-, 1986¡

Parks et al, L982) is becoming evident.

4. Arachidonic Acid Metabolism:

Enzymatic oxidation of arachidonic acid by membrane-bound

cyclooxyg'enase involves f ree radical- intermediates, one of
which was shown by electron spin resonance to be a carbon-

centered free radical. This radical is produced by

cyclooxygenase-mediated abstraction of one of the methylene

hydrogens of arachidonic acid, producing a fat,ty acid-free
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radical species (Mason et aI, f980). AIso during breakdown

of the hydroperoxide to PGG2, hemoprotein-derived radical- is
produced (Nobuchika et al-, L97B). Thromboxane synthesis in
platelets is inhibited by the radical scavengers imidazole

and nordihydroguiaretic acid, suggesting that a free radical
reaction is involved in conversion of prostaglandin

endoperoxide (PGH2) to thromboxanes (Salvador et al, f977).

5. Toxic Àgents:

A number of factors can modify the rate of O;- and

HZOZ production by living tissues. Xenobiotics such as

paraquat (Fisher et aI, L973) | adriamycin (Singal et al,

1987 ) and nitrofurantoin (Holtzman et al-, 19Bl) are

metabolically activated by cel-Iular reductases and then cause

cel-l- damage via reduction of dioxygen to radical- species.

Exposure to hyperoxic conditions used to treat respiratory
insufficiency also increases the rate of pulmonary O; and

HZOZ generation (Freeman and Crapo, 1981, Yusa et aI, 1984a).

C. DEFENSE MECTIANTSMS

Any organism that avails itsel-f of the benefits of

oxygen does so at the cost of maintaining an elaborate system

of defenses against oxygen reduction intermediates, and

possession of these defenses is a prerequisite for aerobic

life.

One approach to defense is simply avoidance of the

univalent pathway. This is achieved by enzymes with multiple
el-ectron carrying components which can accompì_ish the

tetravalent reduction of dioxygen to water wit,hout the release
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of reactive intermediates. Cytochrome oxidase is such an

enzfrme, and in actively respiring ceIls it is responsible for
more than 90t of the observed dioxygen reduction (Wharton

et aI, l-968 Ma1kin and Mal-mstrom 1-970). This avoidance of the

unival-ent pathway reduces the burden of reactive intermediates

the cell must face. Protection is also provided by

metall-oenzymes call-ed superoxide dismutases, which cataJ-yze

the fol-Iowing reaction:

o;- + o;- + 211+ 

-2 

HzOz n 02 ( 1)

The superoxide dismutase found in the cytosol of mammalian

cel-Is is a homodimer with molecular weight 32r500 and contains

both Cu(II) and Zn(II) at its active site (For reviews see

Fridovich l-978, 1982, 1983). X-ray crystallography has

provided a detailed view of the structure of this enzyme and

has shown that copper and zr-nc are cl-ose together and are

bridged by the imidazolate of histidj-ne 61 (Tainer et al,
L982). During the catalytic cycle Cu(II) is alternately
reduced t,o Cu(I) and then reoxidized, whereas Zn(II) does not

change valence and pJ-ays a secondary role which has not yet

been elucidated (Blackburn et aI, 1984). ft is clearr
however, that the Zn(II) contributes to the structural
stability of the enzfrme (Cass et al, L979, Forman and Fisher,

1981). Eukaryotic celÌs contain another superoxide dismutase

which has manganese at its active site (Weisiger and

Fridovich, 1973). This enzyme, a homoLetramer of mol-ecular

weight - 95,000, is found in the matrix of the mitochondria.

The mechanism of manganese superoxide dismutase invol_ves

al-ternate reduction and reoxidation of t.he active site Mn(III)
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during successive encounters with Oi- (Pick et aI, L974).

Antioxidant defense is also provided by enzymes that
eliminate Llne HrO, produced either by dismutation of O;- or

directly by reoxidation of reduced fl-avoenzymes (Chance et aI

1979, Flohe 1982). Cata.l-ase in mammalian cel-l-s is a

hemoprotein; it dismutes H2OZ into HrO and O, by catalyzíng

the following reaction:

HzOz * H2O2 2H2O + 02 (2)

Mammal-ian catalase is a homotetrameric enzyme with a

mol-ecul-ar weight of 240 t000 (Deisseroth and Dounce, 1970 ) .

During the catalytic cycle the active site heme undergoes

al-ternate divalent oxidation and reduction during successive

encounters with HZOZ. The oxidized state of the enzyme which

is often cal-l-ed compound I is an Fe(fV) porphyrin pi cation

radical (Dolphin et al, L97L). Compound I is a powerful

oxidant and could be red.uced by substances other than HZO2.

In the case of catalase, the heme fits deeply and snugly into
a crevice in the protein structure, and only small mol-ecul-es

can gain access to the heme iron (Reid et aI, 19Bl). It is
thus not surprising that catal-ase compound I can also be

easily reduced by sma1l molecules, such as methanoJ-, ethanol,

formate, and nitrite, and therefore that native catalase

effectively acts as a peroxidase towards such small molecules

(Chancet 7949t Keilin and Hartree, 1955). However, in the

heart the concentration of catalase is reported to be l_ow

(Thayert L97Bt Doroshow et aI, 1980) and catal-ase activity
coul-d not be det,ected in isol-ated rat cardiac myocytes (Jones
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heart tissues (Herzog and Fahimi, l-974).

HZOZ can also be el-iminated by peroxidases that catalyze

reduction of HZOZ by a variety of electron donors.

Glutathione peroxidase is a selenoenzyme and its activity in
tissue depends on the nutritional state (Chaudiere and

Tappel, L983). When rats were maintained on selenium-

def icient diet, g'J-utathione peroxidase activity in the heart

decreased substantially (Doroshow et al, L980). The enzyme

catal-yzes the following reaction:

2GSH * H2O2 cSSc + 2H2O (3)

This reaction accomplishes the reduction of HZOZ to water at

the expense of the oxidation of glutathione (GSH) to the

corresponding disul-fide. Although quite specific with respect

to glutathione, gJ-utathione peroxidase can also catalyze the

reduction of fatty acid hydroperoxides (Forman and Fridovich,
1973) produced during the peroxidation of pollrunsaturated

fatty acids. Hydroperoxide reduction by glutathione
peroxidase is accomplished at the expense of GSH. Glutathione

reductase, which catalyzes the reduction of glutathione

disulfide (GSSG) by NADPH (Mize and Langdon, 1962) | prevents

depletion of cerlurar gJ-utathione. At a given concentration

of GSH, the maximal velocity of this enzyme is independent of

the tlpe of peroxide. Activity appears to be limited by the

ability to maintain adequate GSH l-evels in the cel-I, and this
can be l-imited by the cel-Iu1ar supply of NADPH (chance et aI,
L979; Zimmer et al-, l-981). NADPH supply is determined by the

pentose phosphate pathway (Sies and Summer, L975; Zimmer et
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pentose phosphate pathway (Sies and Summer, 1975; Zimmer et
âf, 1981). Fl-ux through this pathway has been shown to be

dependent on the ratio of NADPH/NADP+ as wel-l- as on the

celluIar content of GSSG (Zinmer et al, 1981, Fabregat et a]-,

l-985). NADPH is a potent inhibitor of glucose-6-phosphate

dehydrogenase, the rate limiting enzfrme in the pathway.

However, this inhibition can be overcome by GSSG ( Zimmer et

âI, 1981) and in the heart this may be especialJ-y important

since GSSG efflux is slow (fshikawa et aI, L9B6). However,

under conditions of oxidative stress, tissue glutathione

content has been reported to be decreased (Viau et aI, 1988)

and the increased efflux of GSSH has been used as an index

of oxidative stress in the heart (Guarnieri et al , L9B7 ) .

Catal-ase is l-ocated in peroxisomes, while glutathione

peroxidase is distributed throughout the cytosol-. This

compartment.alization coupled wit.h the lower K* of glutathione

peroxidase for HrO, (Jones et al-, l-981) and hydroperoxj_de

suggests that in the heart catal-ase is less important than

glutathione peroxidase in celluJ-ar HrO, decomposit.ion and in
red.ucing lipid hydroperoxides. However, as intracel_Iul_ar

rates of HZOZ g'eneration are increased, catalase may become

more important because the catalytic reaction, which has a

greater rate constant, predominates over the peroxidative

reaction.

Alpha-tocopherol is another important antioxidant which

can interrupt radical-induced lipid peroxidation. It reacts

rapidJ-y with the chain-propagating fatty acid radicals to
yield alpha-tochopherol radical, which is unable to further
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propagate the chain reaction (Burton and Ingold, L98L, Burton

et al, l-983). Tocopherol is particularly effective because

of its hydrophobicity which aIlows it to partition into

biological membranes, thus positioning it for maximum

effect.iveness. A1pha tocopherol is regenerated from its

radical- by Vitamin C which also serves as a water-solubIe

reductant and radical scavenger (TappeJ- 1969). Other non-

enzymic antioxidants include B-carotene, and glutathione.

These general-Iy protect cel-l-s either by quenching singlet

oxygen (Kearns L97I) or by donation of hydrogen atoms before

the latter can initiate lipid peroxidation in membranes

(Comporti, 1985; Arrigoni-Martelli, 1985) .

Thus, in a heal-thy ceIl, the accumulation of these

intermediate products of oxygen reduction such as superoxide,

hydrogen peroxide and hydroxyl radicals is limited by the

mul-ti-l-ayered defense system. However, if oxygen radical-s

are produced in excess of the tissue capacity to el-iminate

t,hem, tissue damage can occur. For example, oxygen free

radicals have been shown to kilI bacteria, lyse cells,
initiate lipid peroxidation of cel-l membranes and inactivate
enzymes. The ability of oxygen radicals to damage a wide

variety of cell-ul-ar components has l-ed to the suggestion that
they may be important mediators of tissue damage in a variety
of pathological- states

D. OXYGEN RÀDICATS AS MEDTATORS OF PATHOPHYSIOLOGIC PROCESSES

The precise mechanism of free radical--mediated cel-l-ular

toxicity is uncertain. As previously noted, these radical-
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species are potent oxidizing agents that can damag'e a wide

variety of organic molecules including lipids, proteins and

nucl-eic acids.

1. Lipid Peroxidation:

It has been suggested that lipid peroxidation of ceIl
membranes is.a mechanism of free radical toxicity (For reviews

see Tappel 1980, Aust and Svingen Lg82) Support, for this
concept comes from studies that demonstrate the abil-ity of

free radicals to initiate lipid peroxidation of cel-l-

membranes. The unsaturated bonds of membrane chol-esterol and

fatty acids can readily react with free radical-s and undergo

peroxidation. The chemical process of lipid peroxidation is
defined as the reaction of an oxidant initiator with a

polyunsaturated fat (LH) to form a lipid free radical
intermediate (L') (Mead, L976i Pryor, L976). A peroxy free
radical (LOO') is then formed when oxygen reacts with this
free radical intermediate (L').

L' + OZ Loo'

LOO. + LH LOOH + L'

(4)

(s)

A relatively nonspecific hydrogen abstraction reaction is
repeated when the unpaired el-ectrons of the peroxy free
radical react wit.h another J-ipid mo1ecu1e. Thus this process

can become autocatalytic after initiation and wiII yield
lipid peroxide, J-ipid al-cohol and al_dehyde by-products

(Boveris et aI 19Bl).

The biological sequeJ_ae of membrane lipid peroxidation

depend on the fatty acid profile of membrane phospholipids
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(and other oxidizable lipid components, for example

cholesterol) and perhaps on the content of protein-bound iron
which is able to decompose any generated hydroperoxides.

Lipid peroxidation has been extensively reviewed (Gibson et aI

L979, Donato 1981, Frankel 1980, Vladimisov et aI 1980); these

reviews summarize the hallmarks of cel-I damage that can be

j-nduced by lipid peroxidation. Plasma membrane and organeJ-Ie

membrane lipid peroxidation can be stimulated by oxygen

radicals and are potentiated by the presence of metal-s (Aust

and Svingen 1982). These metal-s can serve as redox catalysts
and also catalyze the conversion of Ol and HZOZ to OH'

radical-, a more potent oxidant (Svingen et aI, L979). Lipid
peroxides and lipid perofy radicals can exert their toxicity
by reacting with many of the same cellular components as

oxygen radicals. Because of the hydrophobic nature of J-ipid

radicals most of the reactions take place with membrane fatty
acids. The production of short chain fatty acids containing

R-OOH' R-COOH, R-CHO, and R-OH groups within the bil-ayer may

disrupt membrane archit.ecture and function secondary to the

introduction of hydrophilic moieties. (PIaa and Witsche,

L976). In vitro studies demonstrate abnorma] membrane

structure (Burton et aI, 1984), permeability changes (Gupta

et al, L9B7 ) and functional loss and cell- death (Gupta and

Singa1 , 1-987 ) after exposure of the tissue to oxygen

radicals. Abnormal- conditions in which lipid peroxidation has

been implicated in some species include hemolytic anemia,

reproductive dysfunction, lung damage, muscle atrophy, liver
necrosis, encephalomalacia, ceroid epof uscinosis (IrIcCay 1981 ) ,
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iron overload (Gutteridge 1986) and ischemia-reperfusion

injury, (Guarnieri et aI 1980).

Lipid peroxidation can be detected by a variety of

means. Increased absorbance of J-ipid extracts at 233 nm

, indicates conjugated diene formation, a conseguence of

hydrogen abstraction and bond migration in unsaturated fatty

acids. Loss of ceII membrane unsaturated fatty acids,

production of volatiLe hydrocarbons such as ethane and

pentane (Tappel and Dil-lard 1981), and oxygen uptake by

' membrane lipids al-l indicat.e peroxidation. Peroxid.ation of

fatty acids containing three or more double bonds wil1
produce malondialdehyde. The presence of this oxidation by-

product can be measured with thiobarbituric acid, which,

though not a specific or quantitative indicator of fatty acid

oxidation, correlates with the extent of lipid peroxidation.

This reaction has been critically discussed (Donato, L981).

Mal-ondial-dehyde produced by peroxidation can cause cross

linking and polymerization of membrane components (Nie1sen,
:

1981). This can al-ter intrinsic membrane properties such as

deformability, ion transport, enzyme activity and aggregation

state of ce1l surface determinants (Freeman and Crapo, 1982).

Because malondialdehyde is diffusible, it may also react

) with nitrogenous bases of DNA (Donato, 1981). All of these

effects may explain why malondial-dehyde is mutagenic (Mukai

and Gol-dstein I L976) and carcinogenic. Another useful

estimate of extent of lipid peroxidation involves measurement

of ethane and pentane gasses (Dillard et al-, L971). These
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vol-atile hydrocarbons are the metabolic by-products of
cellular hydroperoxide metabolism and can be detected by

sensitive and noninvasive gas chromatographic methods.

2. Protein Dâmag,e:

Because of the presence of double bonds and sulfahydryl
groups, (Pryor, L976), amino acids such as trlptophan,
tyrosine, phenylalanine, histidine, methionine and cysteine can

undergo free radical--mediated amino acid modification. Enzymes

which depend on these amino acids for activity will_ be

inhibited by exposure to free radicaLs or radicar-generating
agents. Cytoplasmic and membrane proteins can also cross-link
into dimers or rarger aggregates after exposure to a number of
oxidizing agents (Girotti, r976). Reactions of free radicals
with proteins may al-so generate by-products that would amplify
the damage of the initiar reactions. For exampfe, oxidation of
trlptophan will produce N-formyl klmeurenine and HZOZ as by-

products (Meiners et al, L977). N-formyl Kyneurenine can

combine with amino-containing compounds by a schiff's base

reaction to form cross-linked species between lipids and

proteins. Another way radicar damage can be potentiated is by

abstraction of an electron from molecul-es such as thiols, which

can then form an intermediate capable of attacking other
mol-ecul-es .

The susceptibiJ-ity of proteins to free radical damage

depends on their amino acid composition. oxygen radicars
generated by xanthine-xanthine oxidase or activated
phagocytes have been reported to alter ca2! ATpase activity
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in cardiac sarcoplasmic reticulum, resulting in a depression

and uncoupling of Ca2+ transport from ATP hydrolysis (Rowe

et al- l-983, Hess et al- 1984). HZ0Z and xanthine-xanthine

oxidase are also capable of altering the ability of

mitochond.ria to seguester and retain Ca2+ (Lotscher et al
L979, Harris et aI L9B2). The precise mechanism of these

effects is not cl-ear, but it is interesting to note that the

Ca2! ATPase contains a critical thiol- group ( Sarkad.i et al-

1980, Shalev et al- 1981) and that the Ca2+ binding protein,

calmodulin, has functionally important methionine groups

(Wa1sh et aI 1978). Ischemia-reperfusion-induced inhibition
- ++of Na'K'-ATPase is prevented by oxygen radical

scavengers and antioxidants (Kim and Akera 1987 ) . In this
J.Jregard, Nâ'K'-ATPase is al-so shown to contain essent.ial-

thiols necessary for its activity (Garner et a1 1983 ) .

Add.ition of HZQZ to bovine l-ens has been shown to decrease K*

inf l-ux and uncouple the ATPase.

3. Nucleic Acid Damage:

Radiations such as ultraviolet and visible light, heat

and x-ray irradiation generate free radicals and excited

molecul-es. Ionizing radiation produces radicals and

electrons as primary species that decay to produce charged

and neutral free radicals. Cel-l- mutation and death from

ionizing radiation is primarily due to free radical reactions

with DNA. Cytotoxicity in J-arge part is a consequence of

chromosomal aberrations arising from either nucl-eic acid base

modifications or DNA strand scission (Ward, L986). HydroxyJ_
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radical is the main species responsible for DNA damage and

all OH' radical scavangers inhibit DNA strand scission.

Superoxide dismutase, catalase and metal chelating ag'ents

also prevent strand scission. Enzymatic scavengers of O;-

and HrO, protect DNA by decreasing the concentration of OH'

precursors, whereas metal- chelating agents would prevent the

metal catalyzed j-nteract.ion of O;- and HrO, to form OH'

(Freeman and Crapo, L9B2).

E. PATHOPTTYSIOLOGIC.AL SIGNIFIC.ANCE OF OXYGEN RADICJ\IS

The rol-e of free radicals in heal-th and disease is becoming

increasingly evident. The physiological role of these

radicals in the bactericidal activity of leukocytes, drug

metabol-ism in the .l-iver, and their therapeutic role in
radiation therapy is now well- establ-ished.

In recent years medical scientists have begun to real-ise

that oxygen radicals can impose a threat to tissue survival
especially under conditions when certain radical- producing

reactions are activated and/or t.heir scavenging systems become

ineffective. Extensive research during the l_ast decade has

provided evidence that oxygen radicals pfay some rol-e in the

development:'õf many diseases (Cross et al_, L9B7; Marx, I9B7).

Much evidence is based on experimental data indicating
increased rates of lipid peroxidation in diseased tissue,
ameliorating ef fects of antioxidants, and. the l-evel- of

antioxidants in a variety of pathological conditions.
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Furthermore, recentJ-y even direct radical- measurement has been

done in cardiac muscle subjected to ischemia (Rao et al-, 1983)

and ischemia-reperfusion induced rhythm disturbances (Garlick
et aI, 1987). Such studies often use experimental- end-points

of cell and tissue damage that may not reflect human disease

processes and shoul-d be interpreted cautiously.

The brain is sensitive to oxygen radicals and their role is
demonstrated in cerebral- vascul-ar reactivity and vascu1ar wal-1

damage in such conditions as hlzpertensive encephalopathy

(Kontos et al- 1981) and hlperbaric exposure to oxygen (Yusa et
41, 1984 b). The lung is another target for oxygen radical-

attack and agents such as ionizing radiations, paraquat t ot
breathing 1008 oxygen have been shown to exert their toxic
effects through the generation of oxygen radicals (Brigham,

1986 ) . The pathogenesis of the adult respiratory distress
syndrome which is characterized by a diffuse acute inflammation

and progressive damage to the alveolar capillary membrane may

involve radicals released by activated polymorphonucl_ear cells
(Lee et aI, 1981, Repine, L985). The neutrophils and

macrophages that infiltrate inflamed tissue have several vreapons

that they can use to damag'e cell-s. These incl-ude, in addition to
superoxide radicals, secreted enzfrmes such as el_astase which

breaks down connective tissue of the lung. The damage caused by

elastase can l-ead to emphysema (schraufstatter et al-, 1984).

NormaJ-Iy the enzyme el-astase is held in check by aJ-phal-protease
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inhibitor but the reactions of superoxi-de and hydrogen peroxide

can permanently inactivate this inhibitory protein, thus

allowing elastase to work unchecked (Cochrane et. aI, L9B3).

This situation can be further excerbated by cigaret,te smoking,

which has been linked to emphysema as well as to heart disease

and lung cancer. Cigarette smoke contains free radicals that
can also inactivate the protease inhibitor.

A popular current, theory to explain gastrointestinal-

mucosal and endothel-ia} l-esions after even short term

reduction in intestinal bl-ood fl-ow invofves formation of

radical-s during reperfusion (Granger et al-, 1981). Radicals

may aJ-so be relevant to the pathogenesis of gastrointestinal-

tract lesions seen in patients after circul-atory shock, and

they might even play a role in gastroint,estinal tract damage

induced by alcohol and non-steroidal antinfl-ammatory drugs.

Renal- tubules have a high density of mitochondria, which

show structural- and functional defects in acute renal-

failure. In addition, both xanthine and arachidonate

metabol-isms are very active in renal- tissues. Therefore,

oxygen radical-s might play a potential role in renal-

ischemia-refl-ow injury (Baud and Araillou, L986), nephrotoxic

nephritis (Rehan et al, 1984) and in the pathogenesis of

immune-complex glomerulonephritis (Johnson et ai-, 1987 ) .

Oxygen radicals are important considerations in kidney

preservat.ion for transpJ-antation and have al-so been

implicated in aminoglycoside nephrotoxicit,y.
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fnjury to cutaneous structures by oxygen radicals is
thought to occur in various condit.ions such as damage by

ultraviol-et radiations, the phototoxicity of porphyria,

certain tetracycl-ines and benoxaprofen (Hai-liwell and

Gutteridge, 1985). The role of oxygen radicals in such

cond.itions as skin erythema, in skin graft implantation,

contact dermatitis, age-related wrinkling and skin cancer is
the subject of active investigation.

The role of oxygen radicals derived from activat.ed

poJ-ymorpholeukocytes, complement system and arachidonic acid

metabolism is now believed to account for deleterious effects of

inf l-ammation both in animal- models and humans (f or reviews

see Hal-Iiwell and Gutteridge, 1985; Fantone and Vlard, 1982,

Cross et aI 1987). Inflammatory arthritis seems to represent

the ideal condition in which induction of this disease

process has been demonstrated by oxygen radical-producing
reactions. Hyaluronic acid present in the cartilage pannus

junction and in synovial fl-uid is easiJ-y degraded by oxygen

radical-s as are other proteoglycans and to some extent

collagen and elastin. Oxidants can inactivate protease

inhibitors and activate l-atent coJ-J-agenase, thus potentiating
damage. Other than arthritis, oxygen radical-s have been

found to be invol-ved in chronic infl-ammation and DNÀ damage

in other autoimmune diseases and in primary alloantigen-
induced T-cel-l- activation and proJ-if eration (chaudhri et al,
1986 ) .
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An antiinflammatory pharmaceutical preparation rich in
SOD (Orgotein) is used in veterinary medicine and recently
has been shown to be both effective and apparently safe in
the treatment of various inflammatory lesions in humans.

Catal-ase has al-so been used in the treatment of arthritic
dj-sease in humans with reported success (Proctor and

Relmolds , 19 84 ) .

Diabetogenic actions of streptozotocin and alloxan may be

mediated by oxygen radical mechanisms (Wahaieb and Godin,

L987 ) and use of SOD and catalase has been shown to prevent

the deleterious effects of these agents on the pancreas. The

implication of this experimental research in human patients

remains far from c1ear, but certain compJ-ications observed in
these diabetic patients can be expJ-ained on the basis of

oxygen radical involvement. A few examples of such

complications are retinopathy, g'reater incidence of ischemic

heart disease and atheroscl-erosis. The use of antioxidants in
preventing these complications may prove beneficial in the

near future.

Much attention is currentl-y focussed on a role for oxygen

radicals in heart and bl-ood vessel abnormal_ities and in
myocardial changes secondary to the antitumor agent

adriamycin (Singat et al, 7987)t alcohol (Edes et aI, 1986),

and iron overload (Dillard et al-, 1984). Oxygen radical
reactions probably contribute to the production of ischemia-

reperfusion injury (Werns et al_, 1986), stress-induced

arrhythmias (singar et al, 1983) and atherogenesis (Heinecke

et al-, 1986).
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A role for oxygen radical-s in myocardial injury caused

by ischemia-reperfusion is apparent. Àctivation of the

complement system, g'eneration of chemotactic peptides,

migration and activation of polymorphonuclear cellsr oxygen

radical-induced membrane and lipid changes and depletion of

intracellular scaveng'ers of free radical-s may all be involved

in reperfusion injury. Agents that lower circulating

poll.morphonuclear ce.l-l- counts modul-ate antioxidant enzyme

level-s, chelate iron or scavenge radicals may all prove

therapeutically useful. The expanding clinical use of

thrombolytic ag'ents such as streptokinase, urokinase and

tissue plasminogen activator as well as angioplasty for

restoring the blood flow in acute myocardial infarction

illustrates the potential- cl-inical importance of this

research. In addition to exacerbating the myocardial damage

due to heart attacks, oxidative damage by free radicals may

contribute to early changes that lead to arterial- blockage.

The involvement of superoxide radical and oxidized lipids in

vessel wall abnormalities may bring new insights into

atherogenesis. Oxygen radicals al-ter the kinetics of

circul-ating lipoproteins, increase the permeability of

endothelial cel-l-s and modulate uptake of lipoproteins by

macrophaqes. Whether these radical-s play a key role in the

development of atheroma remains to be established.

F. OXYGEN RADTCAIS .AND CARDTAC }ryPERTROP}TY

There are reasons to believe that due to altered cardiac
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metabol-ism and increased levels of plasma catecholamines

during cardiac hllpertrophy and faj-l-ure, oxyg'en radical
metabolism may be altered in a hllpertrophied heart. fn this

regard, increased formation of superoxide radicals has been

reported in mÍtochondria isol-ated from hlpertrophied hearts

(Guarnieri et al/ 1985). Furthermore, the hlrpert.rophied

heart is shown to be more sensitive to oxidative injury due

to adriamycin (Singal et aI, 1984) and ischemia-reperfusion

injury (Guarnieri et al | 1,985, Levitsky l-986). However, more

studies are required to investigate the details of oxygen

radical metabol-ism during cardiac hypertrophy and failure.

In addition, pathogenesis of oxygen radical-induced injury in
the heart, normal- or otherwise, remains to be understood. It
a.l-so remains to be seen if increased metabol-ism as well- as

protein synthesis in a hlT)ertrophied heart is accompanied by

a shift in antj-oxidant and,/or peroxidant capacities.
Fol-lowing is a brj-ef review of literature of cardiac

hllpertrophy.

The term "hypertrophy" can be defined as the growth of an

org'an or part due to an increase in size of its constituent
cells as opposed to hyperplasia which invol-ves nucl-ear

division. Cardiac hlrpertrophy usuaJ-Iy develops in response

to increased workl-oad on the myocardium and is manifest

when the heart weight exceed.s the accepted norms for age, sex

and body weight. Study of this growth process in the heart

is of great interest because clinical-Iy it has been
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observed that heart failure may follow the increased

heart size. Furthermore, cardiac hlpert.rophy is one of the

major adaptive mechanisms in chronic cardiovascular diseases,

such as hlpertension and val-vular defects.

G. CARDIAC ITYPERTROPIIY: ÄN ÀDi\PTIVE OR A PÀTHOLOGfCAI, PROCESS

In an effort to cope with the stress of an imposed work

overload, a conrmon response of nearly every organ in the body is
to increase its size (Julian et aI, 1981). The heart is capable

of dramatically j-l-lustrating this adaptive process by changing

it's mass in response to modified functional demands.

Nonethel-ess, the presence of hllpertrophy in various disease

conditions and with strenuous exertion involving myocardial

decompensation is strong'evidence for the hypertrophy eventually

being a pathological change. Where exactly the l-ine shoul-d be

drawn between the physiologicaÌ and pathological phases of the

same process is not clear. Various classifications have been

put forward in an attempt to distinguish between different
phases of the compensatory growbh of the heart. For example,

Meerson (L969) divided hlpertrophy into three stages which

corresponded to Se1ye's phases of the general stress slmdróme

(Zak, L9B4). Under this classification, stagie of damage (alarm

reaction), stage of stable hlperfunction (resistance) and stage

of prog,ressive cardiosclerosis and gradual- exhaustion were

described.

Zak (1984) proposed an al-ternative cl_assification in
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which measurable indices of growth and their correl-ation with
the different phases was emphasized: phase I - developing

hllpertrophyt phase ff compensatory hllpertrophy; and phase

III - heart failure. During phase T.t imposed workload exceeds

the mass of the heart and in phase II, induced growbh has

compensated for the increased workload established in phase

I. In phase fIIr workl-oad per unit of cardj-ac mass increases

again due to progressively decreasing force generation and

consequent dilatation of the heart. Emphasizing the

functional- status of the hypertrophied myocardium, Wikman-

Coffelt et aI (L979 ) categorized the hlpertrophy process as

physiological or pathological hlpertrophy i.e. whether

factors secondary to the process of hlpertrophy have induced

the heart to augment or depress it.s mechanical_ f unction.

Jacob (1983) restated these.two stages as "physiological
reactions" and "Pathologica1 response. "

Adaptational changes accompanying cardiac hlpertrophy
include modification of contractile proteins (for review see

Swlmghedauw 1986), membrane proteins (Lelievre et al- l-986)

and alteration of el-ectrical properties of the membrane (Gulch

1980, Ten Eick and Bassel 1983). chronic pressure overroad is
shown to modify gene expression for myosin heavy chain (sinha

et al 1983) resuJ-ting in predominent expression of fetal
(V.) isoform (Lompre et al- IgTg). During cardiac' J'

hlpertrophy appearance of the fetal- form of the isozyme has al_so

been reported for creatine phosphokinase (rng-we11 and Fosse1
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l-983); however, the significance of this observation remains to

be el-ucidated. V3 isoform of myosin is reported to produce

decreased velocity of shortening and rate of force

development whil-e time to peak tension was increased

(Schwartz et al 1981). Heat measurments in pressure-

overloaded hearts indicated that t.he economy of isometric

shortening is increased (Alpert and l4ulieri L982).

H. CET.LT]I,AR BASIS OF CARDIAC HYPERTROPHY

During the last two decades considerable information has

accumul-ated about biochemical and cell-ular processes t.hat

accompany cardiac hllpertrophy. A variety of experimental

procedures was deveJ-oped in animals which induce a rapid or

gradual increase in cardiac mass in response to increased

work demand. These include constriction of the

ascending/descending aorta or main pulmonary artery; renal- or

deoxycorticosteroid-induced systemic hllpertension; damage to

valves which results in aortic, pulmonic or tricuspid
insufficiency; chronic hlpoxia, anemia, arteriovenous

fistula, administration of thyroxin or isoproterenol and

severe prolonged exercise with a treadmill or an enforced

swimming program. Cardiac hlpertrophy secondary to
g.enetically determined cardiomyopathy in the Syrian hamster

has al-so been studied.

Cafdiac growLh stimulated by these procedures is usualJ-y

due to (f ) increase in size of the myocardj-al cel-ls (Laks
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et al, 1969; Carney and Brown I L964) (2) increased number of

connective tissue cells (Meerson et al-, 1968; Morkin and

Ashfold, 1968) and (3) longitudinal splitting of muscle cell
(Grove et al-, 1969; Linzbach, 1960). These concl-usions are

based on histoJ-ogical , radioautographic and quantitative
cytological studies. Increased workload on the myocardium

appears to activate the genetic apparatus of the myocardial-

ceIl, resulting in enhanced nucleic acid (Fanburg and Posner,

1968), and protein (Schreiber et al-, 1966 Morgan et aI 1986)

slmthesis.

The sequence of events leading to increased protein

slmthesis in stressed heart has been investigated both in
vivo and in vitro and increased ribosomal RNA content and

increased amino acid incorporation has been used to assess

increased protein slmthesis. It was shown that following
aortic constriction, cardiac mass and protein content

increase by 30 - 50 percent in 48 hrs ( Zak and Fischman,

I97L; Nair et aI, 1968), representing the synthesis of 1 mg

protein/}:.r/g tissue. This increased protein slmthesis is the

product of selective synthesis and did not incl-ude all
cardiac proteins. For exampJ-e, increase in mitochondrial- and

microsomal proteins has been shown to occur as early as I hr
(schreiber et, ar, L967¡ Zak et alt L976) and increased myosin

bicslmthesis occurs approximately 3 hrs following work

overload (Schreiber et aI, 1966). Therefore, independent

control- mechanisms exist for mit,ochondrial and myofibrillar



- r-,

proteins and this may account for different patterns of

subcell-ular accumulation following different physiologicaJ-

stimuli. In contrast, myoglobin and collagen synthesis appear

unchanged at this time (Schreiber et al, L970). Increased

rate of protein slmthesis has been demonstrated to be

independent of cardiac contraction, intraventicular pressure

development and oxyg'en consumpt.ion in isolated perfused

hearts subjected to increased aort.ic pressure (Morgan et aI

1986 ) . Protein degradation, on the other hand, is reported

to have sl-owed down (zak et aI, L97L, L976). It is possible

that during the earl-y or compensated phase of cardiac hypertrophy

there is proportionate slmthesis of subcellular organelles so

that the mitochondriaì-/ myofibrillar ratio remains consLanL,

and asynchronous slmthesis of these proteins in later stages

may be responsible for cardiac failure (Vùikman-Coffel-t et aÌ,

r979).

Although considerabl-e information has accumulated

describing the biochemical and cytological changes in the

hlpertrophied cardiac muscle cell, little is known about the

mechanism of initiation of the integrated growb.h response by the

physiological stimulus. In this regard, numerous ingeniou

theories of growth regulation in the heart by its functional-

l-oad have been advanced : (a) increased work demand Ieads to a

Iocal- tissue hlpoxia (Norman, Lg62) or depletion of high energy

phosphates (Badeer, 1968) which in turn induce or repress the

slmthetic process; (b) increased wall- tension results in a "\,{ear
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and tear effect" leading to the breakdown of macromolecul-es with
the release of substances that stimulate growth (Meerson, L969)¡

(c) stretch of the muscle cel-l- secondary to enhanced preJ-oad or

af terload results in augrmented slmthesis (Eyster et al 1927 |

Morgan et al- l-986); (d) humoral or hormonal factors such as

catecholamines, cycJ-ic AMP, and growth factors participate in
hlpertrophy (Seifert and Rudland L974, Hnik L962). However,

none of the above-mentioned theories coul-d entirely explain the

induction of growt,h process. The recent development of cloned DNÀ

probes for each specific prot,ein night provide a sol_ution to
what is, as yet, an unresolved problem.

ï. CoNSEQUENCES OF CÀRDTAC rrypERTRoprry

1. Functional Changes in Cardiac Hlpertrophy:

The contractil-e and pump functions of pressure-

overloaded hearts have been subjects of recent controversy.

It is clear that hllpertrophy and other compensations maintain
punp function in init.ial stages of pressure overload. rt is
equa1J-y crear that if overload is excessive and/or proÌonged,

pump function eventually fails. But whether systolic
contractile function is normal_ or reduced in each

hlpertrophied muscle unÍt of the pressure-overl-oaded non-

faiJ-ing and failing heart has been critically debated. A

number of recent studies make it clear that there is no

universally applicable answer to this issue. Rather, the

data indicate that within a group of pressure-overroaded
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hlpertrophied hearts, there is a pathologic continuum of

systolic contractile muscl-e function which varies from normal

in some hearts to depressed in other hearts. The continuum

extends from one extreme of normally functÍoning units of
hlrpertrophied muscle with excessive pump function, across the

middl-e group of moderately dysfunctioning units which

maintain basic pump function, to the other extreme of severely

dysfunctioning units of hlpertrophied muscle with poor pump

f unction and cong'estive f ailure.
The presence and degree of myocardial contract.il-e

dysfunction in experimental- animals vary in direct relation to

the extent of the overl-oad stress and correlate with degree of

hlpertrophy. For example, various degrees of acute pulmonary

artery constriction have been used in a number of studies in
which contractile function was analyzed in either in vivo
hemodynamic measurements or in in vitro papilJ-ary muscle studies.

Acute constriction (508) of the pulmonary artery in cats for 4 -
24 weeks produced 388 right ventricular hlpertrophy with no

impairment in contractile function (maximum isotonic shortening

and isometric tension deveJ-opment) and there was no heart

failure in these animals (Pannier, L97L). Similarly, in dogs,

acute constriction of the abdominal- aorta for L7 days resul-ted

in 362 l-eft ventricular hlpertrophy and myocardial contractile
function (based on isovolumic and ejection phase index) was not

impaired (Sasayama et aI, L975). A constriction of (B0B) in
the pulmonary artery for 3 12 weeks resul-ted in 90S
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development of hllpertrophy with only a 25* reduction in
contractile function (isotonic vel-ocity and isometric tension)

(Spann et al-, L967). In another study a similar degree of
pulmonary artery constriction was found to be associated with

only transient impairment (at 6 weeks) in contractil-e function
which returned to normaÌ at 24 weeks (lIilliams and Potter,
L974), fn this study it was concluded that the contractil-e

abnormal-ities v/ere a transient defect, probably related to a

reversible injury produced by acute pressure overl-oad. When the

pulmonary artery was severely constricted (908) in adul-t cats

for 3 - 13 weeks, there was I42% development of hlpertrophy and

the contractile function (isotonic vel-ocity and isometric
tension) was severeÌy (62?) impaired (Spann et aI, L967).

Similarly, in dogs, severe acute aortic constriction was al-so

reported to be associated with abnormal contractil-e function
(Newman and Vüebb, 1980).

The importance of the degree of hypertrophy in determining

contractile function is evidenced in a study on spontaneousJ-y

hlpertensive rats (Pfef fer et aI, L979). In 6 month ol-d

animais with 25* hlzpertrophy, l-eft ventricurar contractil-e
function was normal as was diastol-ic vol-ume and end-diastol-ic
pressure. At age 18 months with 608 hypertrophy, there was a

depression of left ventricul-ar contractile function with an

increase in diastolic volume and end diastol-ic pressure.

The development of acute injury due to sudden imposition
of workload was avoided in a study (Cooper et aI, 1981),
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in which kittens were subjected to chronic pressure

overload which increased gradually with the growt.h of the

animal. After 25 and 60 weeks of pulmonary banding, in vivo
pump function (cardiac output and ejection fraction) and in
vitro muscle function (maximum isometric tension deveJ-opment

and tightly preloaded shortening velocity) were measured in
these animal-s. Both groups showed normal funct.ion but

contractil-e function of papillary muscle was markedJ-y reduced

(Cooper et aI 1981). A similar model of gradual- and mild

aortic constriction was produced in dogs (Carabello et al,
1981 ) . In this study, a non-constricting subcoronary band

vras placed along the aorta in young puppies. After 37 weeks,

the aortic lumen was 658 of normal size with 29 mm peak

systolic gradient and development of 272 heart hllpertrophy.

This model showed normal- pump function as judged by ejection
fraction, dP/dt, stroke work and ventricular function at
rest. However, in vitro contractile function was not

measured in this study. Thus, models employed in these

studies avoid non-pathophysiologic acute damage due to the

sudden imposition of pressure overl-oad and may be cl_oser to
the course of events seen in clinical- situations. A similar
approach of a gradual imposition of pressure overload in rats
was adopted in the present study.

The presence of contractile abnormalities in clinical cardiac

hlpertrophy indicated that hlpertrophy produces abnormal

intrinsic contractil-e function which might contribute to the
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eventual deterioration of initial-l-y compensating hlpertrophy
into a congestive heart failure state ( McDonaj-d L975). The

exact reason for abnormal- intrinsic contractile function during

cardiac hllpertrophy is not clear but it is known that the

contractile function of the heart is served by a number of key

proteins that reguJ-ate the efficiency of excitation-contraction
coupling which leads to tension devel-opment (Katz L977 ) .

Components of sarcoplasmic reticulum and mitochondria also

affect the tension development in the heart. À number of
studies have shown that biochemical properties of each of these

components may be alt.ered during the process of hypertrophy

(Sordah1 L979).

Myosin, a contractile protein, acts as an enzfrme (myosin

ATPase) which is essential for actin-myosin interaction and

hence the force development by the heart. A number of reports
suggest that the activity of myosin ATPase changes in the

hlpertrophied heart responding to hemodlmamic overl_oad

(Swlmghedauw et aI I973, Fizelova and Fizel- 1970, Wikmen Coffett
et al 1975). changes in enzyme activity appear to be dependent,

on severity and duration of stress (swlmghedauw et al, r976¡

I,Iikman-coffelt et al-, 1979¡ scheuer and Bhan, rgTg). This may

be rerated to the arterations in slmthesis of the morecure

and/or post slmthetic modification such as phosphoryrat.ion

(Aderstein and Eisenberg, l-980) or modification of surfhydryì-

groups involved in the active site of the mol-ecul-e (Thomas and

Arpert , 1977 ) . tvtost aut,hors agree that myosin ATpase activity
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is not al-tered in compensated hllpertrophy (Wikman-Coffel-t et aI,
1975; Fizelova and Fizel, 1970) and is decreased j-n chronic

hlpertrophy (Maughan et aI, L979; Swynghedauw et aI, 1973).

Several authors found actomyosin ATPase to be depressed in
chronic hlpertrophy (Fizelova and Fizel , 1970i Hoar et al_,

L97L). Altered proportions of myosin isozyme have been

demonstrated in pressure overload-induced and thyroxin-induced

hlpertrophy and have been related to al-tered cardiac

performance in these models (Litten et aI L982, Lompre et aI

LgTg). A defective sarcoplasmic reticular ATPase may be

partially responsible for the attenuated contractility observed

in the faiJ-ing heart. (Limas and Cohen, 1977, Suko et al, 1970).

ft is apparent that the amount of activity of the calcium-

accumu.l-ating system in the heart may be altered in cong'estive

failure, but whether this is a primary or secondary effect is
yet to be established.

An interesting insight into a possible mechanism for
eventual decline of abnormal- unit muscle function toward

reversibly abnormal prrmp function (Coulson et aI, L977 ) is
provided by a model of progressive pressure overload

producingi very extensive hlrpertrophy (Rembert et aI, l97B).

rt was found that when the demand for myocardial- perfusion is
hiqh, there is a selective decrease in subendocardial_

perfusion. This might be expected to result in transiently
abnormal ventricul-ar function during stress and perhaps

eventually to irreversibl-e ventricular damage.
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2. Metabolic Alterations During Hlpertrophy:

A number of investigations have shown that cardiac

metabol-ism changes in response to increased workload (for
reviews see Meerson, 1969 aì Sordahl, L979). Initially,
there is an increase in oxygen consumption which is
associated with increased coronary flow, increased uptake of

glucose and conversion of a positive pyruvate balance to a

neg'ative one (Meerson, L969a). However, in long standing

cardiac hlrperfunction that is secondary to hlpertension, the

oxygen consumption per unit mass of the myocardium returns to
normal-. It is interesting to note that this return is not

due to a decrease in cardiac hllperfunction, rather, because of

the development of hlpertrophy, the functional- l_evel_ of each

subcellular element is increased, resulting in greater energy

production per unit mass. This adaptation plays an important

role in providing stable, long lasting compensatory

hyperfunction (Meerson, L969 a). It has been reported that
total- oxygen consumption in humans with compensated cardiac

defects is increased by an average of L2% under basal

metabolic conditions. The greatest increase in oxygen

consumption (188) was observed in l-esions of the aortic val-ve

associated with intense hlperfunction of the left ventricle.
These increases in oxygen consumption demonstrate that a

clinically compensated state of aortic stenosis is associated

with a considerabre increase in oxygen requirements of the

hlpertrophied heart (for review, see Meerson, 1969 a).
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Levine and lnlagman (L962) studied myocardial oxyqen

consumption in patients with overt heart. failure secondary to
val-vul-ar l-esions or hlpertension. In spite of decreased

efficiency of the heart as a pump, myocardial oxygen consumpti-on

was three times eLevated in these patients. It remains to be

seen whether or not some of the excess oxygen is converted into
radical intermediates.

The glycog'en concentration was found to be markedJ-y reduced

just after aortic stenosis in rabbits. During stable

hyperfunction, there is a restoration of glycogen concentration

to normal- level-s, while the f ail-ure stage was f ound to be

associated with either normal- or somer^/hat decreased level-s of
glycogen The activity of phosphorylase was reported to be

increased initially followed by a return to normar, and finally
it is decreased during heart fail-ure. On the other hand, the

terminal products of glycolysis such as l-actate and pyruvate

r¡¡ere found to be increased ( for review, see Meersonr 1969a).

There are conflicting reports avail-ab1e in t.he IÍterature
regarding oxidative phosphorylation in hllpertrophy and heart

fairure. The principar points made in various studies suggest

either no significant chanqe in oxidative phosphorylation

(Chidsey et al-, L966; Pierce et al, 1984) or significant
depression in mitochondrial- energy-producing capacity due to

hlrpertrophy-faiJ-ure (Procita et al-, 1965; worlenberger et al-,

1963; Argus et al, 1964; Lindenmayer et al_, 1971). fn the

l-atter case, it was found that the degree of couplj_ng of
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oxidation to phosphorylation in the area of the respiratory
chain between NAD and cytochrome c r^ras only sJ-ightJ-y different
from control-, while j-n the area between cytochrome c and oxygên,

there was a marked reduction in coupJ-ing (Schwartz and Lee,

L962). This observation might have an important link in
production of oxygen radical-sr âs has been discussed before in
the section on oxygen radical-s.

Creatine phosphate l-evels appear to be l-ow in
compensated hllpertrophy (Alpert and HamreII, L976) | while

adenosine triphosphate Ìevel-s are within the normal range in
the non-faiJ-ing hlzpertrophied heart (Katz, L977¡ AJ-pert and

Hamrell I L976) falJ-ing only in the termÍnal phases of heart

failure (Katz, L977, AÌpert and HarmeII, L976). In fact, it
was proposed by Sordahl et aI (L973) that in the later stages

of hypertrophy when mitochondrial- respiratory activity is at
or below control- levels, the energy produced is insufficient
to meet the demands of the hlperfunctioning heart and thus

contributes to the development of heart failure.
3.Sympathetic Nervous System in Hlpertrophied and Failing Heart:

The sympathetic nervous system represents a major control
mechanism in the moment-to-moment reguration of the norma]

circulatory responses to changing metabolic requirements of
tissues. This system provides a sensitive mechanism for rapid
alteration of myocardial contractility, heart rate and

peripheral venous and arterial- tone. Nerve terminals from the

network of sympathetic nerves that supply the cardiovascul-ar
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system are found in arteries, veins and al-l chambers of the

heart. Nerve terminals are the storag'e site of the

neurotransmitter norepinephrine. Stimulation of the sympathetic

nerves to the heart results in discharge of this norepinephrine

which acts upon the cardiac cell-ul-ar beta-recept.or to exert
effects dependent on the site of stimulation. fncreases in
heart rate occur with stimul-ation of the sinoatrial node,

increased velocity of conduction occurs through the

atrioventricular junctional- tissues and augmentation of

myocardial contractility occurs foll-owing interaction with

beta-receptors which resul-ts in the activation of cyclic AMÞ-

dependent protein kinase (Rinaldi et al-, 1982). Hence, beta-

adrenergic effects on cardiac function are explained in terms

of cyclic AMP-dependent protein phosphorylation of either the

contractile machinery (Perry, L979 ) or membrane proteins

involved in calcium movements (Kirchberqer et al-, I974).

It is known that cardiac contractile proteins, namely

troponin I and myosin light chains, underg,o cyclic ÀMP-induced

phosphorylation (Co1e and Perry 1975, Rubio et al 1975,

Morgan et aI L976). Phosphorylation of troponin I resulted in
increased sensivitity of actomyosin ATpase for ca2+ (Rubioet ar

1975 ) . The role of phosphorylation of myosin P light chain is not

cl-ear, but it is suggested to modulate cross-bridge cycling
(Huxley I972).

Synthesis of norepinephrine and its metabolism occurs
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within cardiac sympathetic neurons and in the synaptic cleft.
During norepinephrine slmthesis, tyrosine hydroxyl-ase is the

major regulating enzyme and neuronal synthesis accounts for 808

to 908 of total catecholamine content of the heart whil-e the

remaining 202 is due to reuptake of norepinephrine by nerve

terminals. ft has now been established t,hat catecholamines are

inactivated under in vivo conditions by three pathways involving
monoamine oxidase, catechol--O-methyl transferase and

autooxidation of catecholamines. It is also known that
autooxj-dation of catecholamine involves generation of oxygen

radicals (Singal et aI, 1981 , L982).

During hlpertrophy and cardiac failure, the sympathetic

nervous system is quite abnormal-. A number of reports

indicate that myocardial stores of norepinephrine are severeÌy

reduced in both cl-inical (Chidsey et aIr' 1963, 1965) and

experimental- (Spann et al-, L964, 1965 ) hlpertrophy with or

without congestive heart failure. Norepinephrine depletion
occurred in both ventricl-es regardless of which ventricl-e hras

subjected to the primary hemodlmamic burden. Reduced total
cardiac content of norepinephrine proves that there is a true
depletion of catecholamine, rather than dilution of the

normal- component of norepinephrine by hypertrophy of the

heart. Depletion of cardiac norepinephrine content has been

attributed to a reduction in norepinephrine uptake (Fischer

et aI, 1965) and a defect in the synthetic pat.hway for
norepinephrine both in experimental_ hypertrophy with



45

congestive heart failure (PooJ- et al, L967 ) and clinical
hlpertrophy (Dequattro et aI, L973) with congestive heart

failure. Furthermore, these changes in norepinephrine

metabol-ism have been found to be associated with decreased

neurotransmitter rel-ease following sympathetic nerve

stimulat,ion in experimental ventricular hylpertrophy and heart

failure (CoveII et al-, 1966) as wel-l- as in the clinical
situation (Goldstein et al, 1975). The number of cardiac

alpha and beta adrenoceptors was shown to be increased in
cardiac hllpertrophy (Karliner et al-, 1-980; Limas , L979). It
r^ras proposed that this increase might be a compensatory

phenomenon in order to cope with the decline in tissue

catechol-amine level-s (Limas, I979). Nonetheless, it should be

noted that depletion of tissue catecholamines is usualJ-y

associated with an increase in the plasma levels of these

hormones. Thus, high levels of circulating catecholamines in
chronic heart hlpertrophy may become available for oxidation
into toxic substances such as free radicals and adrenochrome,

which may then produce cell damage as well- as defects in
contractile properties of the myocardium.

From the foregoing review it is quite clear that
differential- protein slmthesis during hypertrophy may induce

differences in the total- antioxidant capacity. Furthermore,

increased cel-1 metabolism as wel-l- as oxygen consumption

during hypertrophy may provide for the formation of oxyg.en

radicals. Together, these changes can result in an altered
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bal-ance between free radical production and scavenging

mechanisms in hlpertrophied heart. Thus, study of oxygen

radical mechanisms in control as well as hlpertrophied hearts

as proposed here can be of great val-ue in the understanding of
pathophysiology of heart disease.
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rII. METHODS

A. ANT}ÍAtS:

Adult male sprague-Dawrey rats weighing 225 27s g'rams

r^rere used. l\nimars were housed (2 to 3 in a cage ) in the
central- Animar care Facil-ities of the university, and were

provided with standard rat chow and wat,er ad libitum.

B. HEART PERFUSTON:

Animals v/ere sacrificed by decapitation, their hearts \^¡ere

rapidry excised and pJ-aced in an ice-cord oxygenated buffer
sol-ution. The hearts \rere mounted on a steer cannul_a and

perfused according to the Langend.orff method in a retrograde
fashion through the coronary arteries at a flow rate of B

mI,/min. The perfusion medium was a modified Krebs-Henseleit
(KH) solution containing (nl{) : Nacl-, L20¡ NaHCor, 25.4¡ KCr,

4.8; KH2PO4, L.2; MgSOn, 0.86i CaCI, I I.2S and glucose 11.0.
This solution was continuously g'assed with a mixture of 95g oz

and 5% coz which resulted in a pH of 7.4. The temperature of
the entire perfusion system was maintained at 37oc. Arr atrial
tissue and fat were trimmed off. Hearts were erectricaJ_ty
paced with bipolar platinum electrodes attached to the
ventricurar muscle. supramaximar stimuli (4v-6v) of 1.5 ms

duration r^/ere delivered at the rate of 300 puJ-ses/min.

Myocardial contractile force was recorded. after calibrating the
channel in grams and data expressed as percent change relative
to zero time data. Rate of change of devel_oped. tension
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(instantaneous maximal- dF/dt) was recorded on a Beckman

recorder via a force displacement transducer (Ff .03).

A resting tension of 2 g was applied to provide a constant

load on the hearts.

C. SOURCE OF OXYGEN RÀDICALS:

fn order to generate partially reduced forms of oxygen,

xanthine (2 mM at 40oC) and xanthine oxidase (10 U/L) \^rere

dissoJ-ved in t,he above mentioned Krebs Henseleit. solution
(McCord et aI, 1977, Burton et al, 1984) and mixed for 90

min. In order to obtain a stabilized force, all hearts $¡ere

perfused with normal oxygenated KH buffer for 15 min before

switching to the KH medium containing xanthine-xanthine

oxidase (X-XO). Hearts showing instabil_ity in rhythm or

force were not used.

Characterization of Oxygen Radical Species:

In order to characterLze the nature of the radical- species

resulting from xanthine xanthine oxidase (x-xo) interaction,
effects of antioxidants and specific scaveng'ers on X-XO-

induced changes were studied. For this purpose, superoxide

dismutase (3 x Lo4 and L.2 x l-05 u/L), catarase (z and 4 x 104

U/L), mannitol (10 and 20 mM), cSH (200 u.ÙI and 2 mM) and

methionine (1 and 20 mM), were employed. Effects of each

intervention on devel-oped force and instantaneous maximal- rate
of force development (+dF/dt) and rate of rel-axation (-dF/dt)
were studied in separate experiments. The rore of iron in
hydroxyl radical formation \rras studied by adding

desferrioxamine (300 uM and 3 mM) r ân iron chelator, in Krebs
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Henseleit buffer containing xanthine - xanthine oxidase and its
effects on force parameters were evaluated. For control
studies, effects of xanthine, xanthine oxidaser âs well as of

superoxide dismutase, catalase, mannitol, GSH, methionine and

desferrioxamine in higher concentration v¡ere also individually
tested.

D. TT}fE-COURSE STUDIES OF EFFECTS OF OXYGEN RÀDTC.AT,S:

In order to examine the seguence of events following
xanthine - xanthine oxidase perfusion, lipid peroxidation,
high energy phosphates and structural- changes $rere studied

at 5,10, 20 and 40 min of perfusion with Krebs Henseleit
solution containing X-XO.

1. Malondialdehyde Assay

Lipid peroxide formation r^ras followed by the

thiobarbituric acid method for the examination of

malondialdehyde cont,ent (Hunter et al-, 1963; placer et al,
l-966). Hearts r¡rere quickly washed in ice-col-d buf fered 0.9t
KCl (pg 7.4). After removing, atria, extraneous fat and

connective tissues, the ventricl-es \^rere weighed, homogenized

in 10 vol- of the above buffer. The homog,enate was incubated

for one hour at 3zoc in a water bath. After incubation, 2 mr

aliquots r¡rere withdrawn from the homogenate and pipetted into
I mI pyrex tubes. One ml of 40t trichloroacetic acid (TCA)

and one ml of 0.22 thiobarbituric acid v¡ere added

immediately. Tube contents vrere mixed, boiled for 15 minutes

and cooled on ice for 5 min. Two ml of 70* TCA was then
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added to all tubes and, after mixing contents were allowed to
stand at room temperature (25oC) for 20 min. Foll-owing this,
the tubes vrere centrifuged at 800 x g for 20 min in a tabl-e-

t,op centrifuge. The supernatant was careful-Iy drawn off and

centrifuged again for 20 mÍnutes in an RC II-B Sorvall-

centrifuge at 3500 rpm. The supernatent was read at 532 nm

on a Spectronic 2000 spectrophotometer, and the tissue

malondialdehyde (MDA) concentrations were cal-culated using

1 nmol- standard MDA and expresssed as nmoles/g wet weight.

Mal-ondialdehyde bis (dimethyl acetal), obtained from Aldrich
Chemical Company Inc. \¡ras used as a standard.

2. High Energ-y Phosphates and their Metabolites

Hearts r¡rere quickly frozen using Wol-l-enberger cJ-amps

precooled in liquid nitrogen. The frozen tissue was

pulverized in the presence of liquid nitrogen. The tissue
powder thus obtained was homogenized in 68 perchloric acid (8

ml-/g heart weight) with a Polytron homogenizer for 15 seconds.

The homogenate was centrifuged at 61000 rpm for 20 min. The

supernatant was neutral-ized with 5 M K2CO, and centrifuged
(10,000 rpm for 15 min) to remove precipitated KCIO4 The

neutralized supernatant was stored in liquid nitrogen until it
I^ras analysed by high perf ormance liquid chromatography (HPLC ) .

Adenosine triphosphat.e (ATP) r adenosine diphosphate

(ADP), adenosine monophosphate (MP), adenosine, creatine
phosphate (CP) and creatine \¡rere separated and analyzed using

HPLC as described by Sellevol-d et al-, (1987). This procedure

allows a simultaneous analysis of various metabolites. The
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HPLC anal-yses were performed using a Beckman system containing

a 1108 sol-vent delivery system, a 42LA gradient controller, a

2104 sample injector system, a 46 mm(id) x 25 cm reverse

phase C-l-8 column and a 163 variable wavelength detector set

at 206 nm. Flow rate was maintained at 1 ml-/min. The mobile

phase consisted of 215 mM potassium dihydrogen phosphate

(KH2PO4)' 2.3 nM tetrabutyJ-ammonium hydrogen sulphate (TBÀHS),

and 3.58 acetonitrile (pH = 6.25). With this method, creatine

eluted first, followed by CP, A-I{P, ADP, adenosine and ATp, at
their specific retention times. The peaks found at 206 nm in
the tissue samples \{ere identified by comparison of their
retention times with known standards. The concentrations

(umoIe/g dry weight) of nucl-eotides, nucleoside and creatine
compounds li/ere quantified by measuring the area under the peak

and comparing it with a known standard. The extract from each

heart was chromatographed in duplicate or tripricate and the

mean value from each sample was calculated.

3. Ultrastructural Studies

The hearts were perfusion-fixed with 38 glutaraldehyde

(8 m]/min) for 15 min and processed for el-ectron microscopic

examination using technigues previously described (singal et.

41, 1981). Briefly, mid.-myocardial pieces were obtained from

four different areas of the l-eft ventricul_ar free wal_l_

between the mid-region and the apex of the heart. These

pre-fixed tissue pieces vrere immersed in 0. lM phosph4te buffer
(pU 7.4) containing 38 glutaraldehyde and were further cut
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into cubes

continued for an additional 2 !¡rr. The tissues were washed for
t hr in the above described phosphate buffer containing 0.05 M

sucrose. Post-fixation was performed in 2* OsOn for 2 hr with

a change of solution at t hour, after which the tissue pieces

!üere dehydrated in a series of graded alcohol sol-utions. The

dehydrated tissue was transferred into propylene oxide

fol-l-owed by an Epon-propyJ-ene mixture. The tissue was embedded

in Epon (Luft, L961). Ultra-thin sections v/ere cut on an MT

If Porter-B1um Ultramicrotome. Thin sections brere pJ-aced on

Formvar coated grids and stained with uranyl acetate and

l-ead citrate (Relmo1ds, 1963). The stained sections vùere

examined under an el-ectron microscope.

For a semiquantitative morphometric analysis, a minimum

of 100 non-overlapping cel-Is râ/ere counted from each heart

(n=4 ) and damage was defined as mild, moderate or severe

according to the structural abnormalities seen in the

mitochondria, myofibril-s, sarcopl-asmic reticulum, increase in
the number of lysosomes and the general appearance of the cel_I

(Billingham et aI, L979). Mitochondria demonstrating swelling
or loss of cristae or clear matrix were considered damaged,

whil-e format.ion of contraction bands and/or loss of fil-aments

were the criteria for the damaged myofibrils. Based on this
analysis, a score vras assigned to each myocyte and the injury
$ras categ,orized as mild, moderate or severe. The number of
cells in each category v/ere expressed as the percent.age of
total ce1ls counted. The absol-ute number of cardiac

mitochondria and myofibrirs in 25 cel-l- profiJ-es, and 50 brood
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vessel-s in cross-section were al-so examined and counted in
normal and X-XO treated hearts (n:4). Vacuolation and/or

blebbing of endothelial cel-ls indicated vascular injury.
In order to study the permeability chang'es folJ-owing 20

min perfusion with KH buffer containing X-XO, hearts were

perfusion-fixed with 38 glutaraldehyde solution cont.aining 18

Ianthanum in collidine buffer (ptt = 7.8) for 5 min at the

perfusion rate of I - 10 mI/min (Singal and Dha1la, 1984).

The midmyocardial- region was then chopped into smal-I cubes of

approximately 1mm in size and fixation in the same sol-ution

h/as continued for another 2 }:tr. Tissues \^/ere given five
gentre washings in the wash sorution each of 30 min duration.
Post-fixation was done with osmium tetroxide sol-ution

containing colloidal- lanthanum for l- to 2 hr. Tissues were

then dehydrat,ed in increasing concentrations of ethanol,
embedded in epon, sectioned and stained for electron
microscopic examination as described above. At l-east three
different blocks from four hearts $rere examined and compared

with cont.rol- hearts perfused with KH buffer for 20 min.

E. HEART ITYPERTROP}ry PROCEDI-IRE:

For thÍs part of the study, rats weighing 100-1409 were

used. Pressure overload was produced by the narrowing of the

abdominal aorta in anesthet,ized (Nembutal, 35 mg/kg i.p. )

rats. Access to the aorta was gained through a midl-ine

abdominal incision and a 0.5 cm segrnent of this vessel- in the

subdiaphragmatic reg'ion was cl-eared from adhering tissue. To
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produce a uniform degree of constriction in all animals, a

bl-unt steel wire having a 1.15 mm diameter was placed along

the aorta proximaJ- to renal- arteries and a 3-0 sil-k ligature
was tied snugly around the wire and aorta. The wire was then

withdrawn from the ligature and the abdominal incision was

closed. Sham-operated rats were treated identicaJ-J-y except

that the aortic band was not. placed. In this wây, a gradual

and progressive pressure overload developed. Re.l-ative

reduction in the diameter of the aorta in the banded region

lrras quantitated in a post-mortem study of aortic strips at
different post-operative interval-s.

1. Experimental Protocol

Following surg,ery, animals hrere sacrificed at four time

intervals for up to 48 weeks. For this, animals were divided
into B groups as follows: 1) 6 weeks sham control (6 WS);

2) 6W hypertrophy (6 ffi) ; 3 ) 12W sham control_ ( 12 vüS ) ; 4)

12W hypertrophy (12 WH); 5) 24 vI sham control (24 WS); 6)

24W hllpertrophy (24 ffi); 7) 4BW sham control (48 wS); 8)

48W hypertrophy (48 WH). These animals were employed in
further studies as fol-lows.

2 . Hemodlmanic Measurements:

Following different postoperative periods, animals v¡ere

anaesthetized with thiopental-sodium (35 mglkg i.p. ) and

the hemodynamic function of the heart in cl-osed chest rats was

assessed. An ultraminiature catheter pressure transducer (modeJ-

PR 249, Millar Instruments Inc. Houston, Texas) *1" inserted
into the right carotid artery and then quickly advanced into the
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l-eft ventricle. Heart rate, left ventricular systolic pressure

(LVSP), left ventricular end diastolic pressure (LVEDP), aortic
systolic and diastol-ic pressures and maximal- rate of rise and

fall of l-eft ventricuJ-ar pressure (+ dPldt) were continuously

recorded on a precalibrated multichannel- Beckman dlmograph.

Measurements were taken 15 min after catheterization of the l-eft
ventricle when steady state was reached.

3. Tissue Weights

After decapitation, the heart, lung and liver v¡ere

immediately removed, freed from adhering tissues and weighed.

The left vent.ricl-e (including the interventricul-ar septum) was

dissected and weighed. Dry weights for liver and J-ung \¡rere

obtained by placing these org'ans in an oven (65oC) for 48 hrs

and wet/dry weight ratios for these tissues were estimated.

4. Determination of Total RNA:

In order to examine RNA content during cardiac

hypertrophy, a modified method of Murno and Fleck, as

described by Jamieson et al (L982) was followed. BriefJ_y,

the left ventricle \^ras homogenized in 9 vol- of sodium

phosphate buffer (pH = 7.4) and 5 vol of 0.6 M perchloric
acid was added to precipitate protein and nucl_eic acids.

After cooling for 10 min on ice, sampJ_es were centrifuged at
8500 g for 20 min in a Sorval RC2B centrifuge; pellets h/ere

washed twice with 10 vol of 0.2 Nf. perchJ_oric acid,

resuspended in 4 vo1 of 0.3 N KOH, and incubated at 3ZoC for
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one hour to hydrolyse RNA. After precipitating out protein and

DNA (2.5 mI of 1.2 M perchloric acid), the RNA content of the

supernatants was determined at 260 nm. Using standard RNA,

the data were expressed as total RNA in mg.

5. Superoxide Dismutase Assay:

Autooxidation of 6-hydroxydopamine gives rise to
breakdown products with an absorbance increase at 490 nm. The

appearance of colour is promoted by superoxide anion and

inhibition of this reaction has been used to assess superoxide

dismutase (SOD) activity (HeikkiJ-a and Cabbat, L976).

cytosoric concentration of soD was determined by homogenizing

the left ventricre in 9 vor of 0.05 M sodium phosphate buffer
(pH = 7.4) and centrifuging the homogenate at 301000 g for 45

min. À fresh 6-OH dopamine hydrobromide (Sigma Chemicals)

solution 1f O-3 U¡ r4/as prepared in d.istill-ed water bubbled with
nitrogen. Autooxidation of dopamine r^ras measured by addition
of 50 uI of the above sorution (finar concentration r.66 x l0-
Ê'u.M) to the buffer (final vol 3 ml) and increase in
absorbance \^ras recorded for 5 min at 490 Dftr using a

spectronic 2000 spectrophotometer. The effects of various
concentrations (l-00U - 2000U) of standard SOD (Siguna

ChemicaJ-s ) as well- as various concentrations of tissue protein
(0.2 1.2 mg) on this autooxidation were examined to assess

heart SOD activity in dif ferent g'roups.
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6. Glutathione Peroxidase Assay:

GSHPX activity was measured by the method of Paglia and

Val-entine (f967 ) and the activity was expressed as umol- of
NADPH oxidized to NADP per min per g wet tissue, using a

mol-ar extinction coefficient. for NADPH at 340 nm of 6.22 x
106. Cytosolic concentrations of glut.athione peroxidase \^rere

determined by homogenizing the l-eft ventricl-e in 9 vot of
0.05 M sodium phosphate buffer and then centrifuging at
301000 g for 45 min. GSHPX was assayed in a 3 mI cuvette

containing 2.0 ml of 75 mM phosphate buffer pH 7 .0. The

following sol-utions were then added: 50 uI of 60 mM

glutathione, 0.10 ml- of gJ-utathione reductase sol_ution (30

units/mI¡, 50 ul of 0.12 M NaNr, 0.1 ml of 15 mlf Na2EDTA, 0.1

mI of 3.0 nM NADPHT âr ali-quot of cytosolic fraction (100 ul)
and HrO was added to make up a total volume 2.9 mI. The

reaction was started by the addition of 0.1 ml- of 7.5 mM H2oz

and the conversion of NADPH to NADP was monitored by

continuous recording of the change in absorbance of the

system at 340 nm every minute for 5 min.

F. CHEMICÀIS

Xanthine, superoxide dismutase, catal-ase, ATp, ADp, AMp,

adenosine, creatine and Cp were obtained from Sigma

chemicals . KH2PO4, TBAHS and acetonitril-e of HpLc grade \^/ere

obtained from Fisher Scientific. Xanthine oxidase was

obtained from Calbiochem. AlI other chemicals $¡ere obtained

from commercial sources and were of highest purity (998) avaiJ-able.
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(r. PROTETN ESTTMATION AND STATISTTCS:

For determination of protein concentration in the heart

homogenate, bovine serum albumin (fractioû V, Sigma

Chemicals) was used as a standard (Lowry et aI, 1951). The

results were expressed as mean + SEM. For normal-izatj.on,

percentages were employed on the assumption that parameters

under study for both control- and test conditions would vary

in a linear fashion. A one-vray analysis of variance was

carried out to test for any differences between the mean

values of al-I groups. Individual means were compared using

unpaired Students 't' test. For comparisons invol_ving more

than two groups, Tukey's mul-tiple comparison test was used.

For semiquantitative morphoJ-ogical studies, the Kruskal--Wa1lis

test was used to establ-ish differences in various groups

while Índividual means were compared by the Wilcoxen two

sample rank test. p values below 0.05 were considered

significant.
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rV. RESULTS

A. MYOCÀRDTAI EFFECTS OF OXYGEN RADICALS TN CONTROT HEARTS

After obtaining stable contractions for 15 min with
normal Krebs Henseleit (KH) buffer, hearts \dere perfused

with the KH medium containing xanthine-xanthine oxidase (X-

XO) for dif ferent time interval-s (5, 10, 20, 40 min).

Changes in contractile function (developed tension, resting
tension and + dF/dt), lipid peroxidation, high enerqy

phosphate level-s and ultrastructural damage were studied.

l-. Contractil-e Force

A tlpical record of X-XO induced changes in contractil-e
force as well as in instantaneous maximum rate of force
development and relaxation (.rdF/dt) is shown in Figure 1 and

t,he data are summarized in Table I and Figure 2. Af ter 5 min

of perfusion, force declined to 56.2 + 5.68 without any

significant change in resting tension (+20.00 + 10.16r"). At

l-0 min, contractil-e force was reduced to 26 + 2.42 of the

control- value while the rise in resting tension r^/as 58 + 26%.

Complete failure with a marked increase in resting tension (357

+ 40.48) \^ras apparent within 20 min. Furt,her perfusion with x-
xo for 40 min caused only a smal-l- increase in resting tensj-on

(400 + 568). This decline in peak developed force was also

accompanied by a depression of +dF/dt and -dF/dt (Table 1. ) .

Hearts (n=4) perfused with KH medium containing only xanthine

(2 mM) or xanthine oxidase (f0 U/L) for 40 min
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did not show any change in these force parameters.

2. Characterization of Radical Species in X-XO Medium:

fn order to confirm the presence as well as describe the

nature of different oxyg'en metabolites, the effects of

antioxidants and./or scavengers such as GSH, methionine,

superoxide dismutase, catalase, and mannitol-r or X-XO-induced

contractile failure were examined (Figure 3 and Tables 2, 3 and

4). Superoxide dismutase (SOD) (L.2 x 105 U/L), cataJ-ase (2

and 4 x 104 U/L) and mannitol- (10 and 20 mM) showed. a

protective effect against t.he X-XO-induced contractile fail-ure
and the rise in resting tension. SOD at the l-ower dose (3 x

Ll-0' U/L) had no protective effect (Figure 3) if anything,

there was a further decline in - dF/dt up to B min of perfusion

with X-XO and SOD. Inclusion of cSH (200 uM and 2 mM) or

methionine (1 and 20 mM) in KH medium containing X-XO also

showed dose-dependent protective effects on developed tension

(Table 3) and on the rate of development of force (+dF/dt) and

on the rate of rel-axation (-dF/dt) (fab1e 4). On the other

hand, desferal (300 uM and 3mM)r âr iron chelator, did not show

any protection against X-XO-induced contractile failure (Tabtes

3 and 4). In coniirol experiments, hearts perfused *litr higher

concentrations of SOD, catal-ase, mannitol, GSH, methionine or

desferal- alone did not show any change in developed force (data

not shown).



64

loo

X-X X-XO (ZmM- t OU/L)
^-', SOO (3x ¡O. U/L)
4 SOO (1.2 x t05 U/L)
( Carafase (2xtO< utL)
(H Catalaso (,{x lO. U/L)
(H Mannitof ( lOmM)

H Mannitol (2OmM)

t

o
L

c
o
O
èß

c
.9
a)
c
o)

F-
E
o)
o.
o
O)

a)ô

80

40

Ffgure 3:

I

lo

TIME (min)

Effects of superoxide diemutase (SOD), catalase and

mannitol on xanthine-xanthine oxidase induced

contractile failure in isol_ated perfused rat

hearts. Superoxide dismutase at a lower

concentration had no protective effect but a

significant'protection was seen at higher

concentration (p . .05). Both catal-ase and

mannitol- were protective at concentrations used (p
< .01; One Way ÀNOVÀ; Tukey's Test)- VaLues are t

of control data and are expressed as mean + SEM of

B experiments.

I



T
ab

le
 2

.
E

ffe
ct

s
ch

an
ge

 s
of

 d
iff

er
en

t 
ra

di
ca

l 
sc

av
en

ge
rs

in
 p

os
iti

ve
 (

+
) 

an
d 

ne
ga

tiv
ã 

(-
)

A
ge

nt

x-
x0

x-
xo

 +
S

up
er

ox
id

e
di

 s
m

ut
a 

s 
e

X
-X

O
 +

I'l
.a

nn
ito

l

X
-X

O
 +

C
at

al
as

e

C
on

ce
nt

ra
tio

n

2 
nù

f 
; 

10
 U

/L

r 
x 

ro
4 

u/
l

r.
2 

x 
ro

s 
u/

1,

10
 tr

M

20
 u

M

z 
x 

to
4 

ul
t

t 
x 

to
4 

u¡
l

on
 x

an
th

in
e-

xa
nt

hi
ne

 o
xi

da
se

dF
/d

t 
in

 i
so

la
te

d 
pe

rf
us

ed

50
+

6 
51

+
5

47
+

2 
28

+
2*

84
+

2*
 8

1+
3*

8L
+

1*
 8

5+
2*

93
+

3*
 g

I+
2*

90
+

2*
 8

8+
2*

87
+

3*
 7

7+
7*

V
al

ue
s 

ar
e 

m
ea

n
* 

S
ig

ni
fic

an
rly

K
re

bs
 H

an
se

le
it

st
ab

le
 f

or
 m

or
e

P
er

fu
si

on
 T

ím
e 

(m
in

)

27
+

4 
23

+
4

22
+

I 
9+

2x

77
+

5*
 7

2+
6*

68
+

3*
 7

 4
fi.

*

91
+

5*
 8

0+
5*

78
+

4*
 7

0+
6*

84
+

3*
 6

3+
3*

t 
lE

ll 
of

 5
 e

xp
er

im
en

ts
 e

xp
re

ss
ed

 a
s 

pe
rc

en
t 
of

 z
er

o 
tim

e 
co

nt
ro

l 
da

ta
.

di
ffe

re
nt

 (
p 

<
 0

.0
1;

 A
no

va
 o

ne
 !¡

ay
; 

Q
 te

st
) 

fr
om

 h
ea

rt
s 

pe
rf

us
ed

 w
ith

so
lu

tio
n 

co
nt

ai
ni

ng
 x

-x
o.

 
B

ot
h 

* 
an

d 
- 

dF
/d

t 
in

 t
he

 a
bs

en
ce

 o
f 

x-
xo

 v
¡e

re
th

an
 o

ne
 h

ou
r.

(X
-X

0)
 i

nd
uc

ed
ra

t 
he

ar
ts

.

1-
Z

L2
+

3 
I0

+
2

14
+

1 
6+

2

7I
+

7*
 6

6+
g*

64
+

1*
 6

8+
3*

85
+

6*
 7

 4
+

6*

57
 +

2r
<

 5
2+

4*

77
+

2*
 6

2+
4*

16

5+
1

6+
2

68
+

g*

55
+

1*

76
+

13
*

43
+

3*

69
+

2*

20

-

L

0.
5+

0.
5

2+
2

6 
1+

9*

63
+

3*

7 
I+

9*

45
+

2*

54
 +

6*

58
+

9*
 5

1+
g*

52
+

3r
, 

53
+

2*

'6
9+

12
* 

69
+

12
*

32
+

1*
 3

I+
2*

66
+

2*
 5

2+
6*

o\ L¡



T
ab

le
E

ffe
ct

s 
of

 v
ar

ío
us

de
ve

lo
pe

d 
fo

rc
e 

at

A
ge

nt
s

X
-X

O

C
on

ce
nt

ra
tio

n

an
tio

xi
da

nt
s 

on
 x

an
th

in
e-

xa
nt

hi
ne

 o
xi

da
se

di
ffe

re
nt

 t
im

e 
in

te
rv

al
s.

X
-X

O
 +

G
S

H

2 
nù

1,
; 
10

 U
/L

4 
m

in

20
0 

uM

2 
fl1

Ù
|

X
-X

O
 +

 
1 

m
M

M
et

hi
on

in
e

20
 m

M

58
.2

 +
 6

.4

8 
m

in

x-
xo

 +
 

30
0

D
e 

s 
fe

 ra
l

a J

74
.7

83
.9

29
.8

 +
 4

.6

t +

3.
3*

3.
1-

*

12
 m

in

(X
-X

O
)-

in
du

ce
d 

ch
an

ge
s 

in
 p

ea
k

V
al

ue
s 

ar
e 

m
ea

n 
* 

S
E

M
 o

f 
5

(p
 <

 .
01

 A
N

O
V

A
 o

ne
 w

ay
, 

Q

uM

80
.0

70
.5

5L
 .8

77
.2

nM

18
.3

 +
 3

.6

1 +

t +

r.
2*

8.
7*

4 
.6

*

3.
3*

16
 n

in

32
.9

 +
 2

.L
*

77
.5

 +
 2

.8
*

56
.9

65
.6

52
.0

55
.3

8.
7 

+
 4

.1

+ +

t I
r.

7*

l_
. 
9*

2.
9

4.
6

ex
pe

rim
en

ts
 e

xp
re

ss
ed

 a
s 

ze
ro

te
st

 )
 f 

ro
m

 h
ea

rt
s 

pe
rf

us
ed

 r
,r

ith

20
 m

in

23
.4

64
 .

8

43
.7

65
.6

20
.2

26
.2

+ I

t t

3.
3*

2.
7*

+ t

1.
5*

 
23

 ,2

l-.
8*

 
63

 .
8

2.
6

aç

l-0
.5

qo
 o

r_
5.

3

16
.2

t +

t +

l-.
 8

*

2.
7*

t t

1.
9*

2 
.9

*

2.
2

1.
6

tim
e 

co
nt

ro
l 

da
ta

. 
* 

S
ig

ni
fic

an
tly

 d
iff

er
en

t
K

re
bs

 H
en

se
le

it 
so

lu
tio

n 
co

nt
ai

ni
ng

 X
-X

O
.

l-5
.7

62
.5

6.
9

8.
3

t t

t t
1.

 4
*

4.
2*

3.
¿

1.
6

o\ o,

0 0



T
ab

re
 4

: 
E

ffe
ct

s 
of

 d
iff

er
en

t 
ag

en
ts

 o
n 

xa
nt

hi
ne

 -
 x

an
th

in
e 

ox
id

as
e 

(x
-x

o)
 in

du
ce

d 
ch

an
ge

s 
in

 p
os

iti
ve

 (
+

)
an

d 
ne

ga
riv

e 
(-

) 
dF

/d
r 

in
 i

so
la

te
d 

pe
rf

us
ed

 r
at

 h
ea

rt
.s

.

A
ge

nt
s 

C
on

c.

X
-X

O
 

2 
sì

M
,

10
 u

/L

X
-X

O
+

G
S

H

20
0 

uM

2 
n'

M

50
.0

+
 6

.0

X
-X

O
+

M
e 
th

77
.0

+
 1

.9
*

77
.2

+
 0

.9
*

R
at

e 
of

 c
ha

ng
e 

in
 c

on
tr

ac
til

e 
fo

rc
e 

(d
F

/d
t)

51
. 

0

+
 5

.0

1m
M

20
 m

M

X
-X

O
 

30
0 

uM
+ D
es

fe
ra

l
3 

st
M

48
 .

7
+

 1
.6

73
.8

+
 6

.4
*

27
 .

0
+

 4
.0

88
.4

+
 1

.3
*

85
.2

+
 6

,7
*

P
er

fu
si

on
 t

im
e 

(n
in

)

57
.8

+
 3

.9
*

7r
.6

+
 1

.1
*

V
al

ue
s 

ar
e 

m
ea

n 
+

 S
E

I,I
 o

f 
S

 "i
,l3

.ir
;1

1;
"Ï

t:å
":

:"
=

'å
å;

":
.::

::1
":

:"
m

 he
ar

ts
 p

er
ru

se
d 

w
ith

 K
re

bs
 H

en
se

re
it 

so
tu

tio
n 

co
nr

ai
ni

ng
 x

-x
o.

 M
er

h.
 *

23
.0

+
 4

.0

62
.7

+
 3

.0
'k

86
.6

+
 2

.4
*

I2

s8
.6

 
39

.2
 

19
.8

 
20

.4
 

2.
3 

rz
,2

 
o 

0
+

 9
.7

 
+

 1
.0

 
+

 1
.9

 
+

 1
.6

 
+

 1
.5

 
+

 0
.9

42
.5

 
47

 .4
 

28
.7

 
24

 .0
 

],2
,3

 
14

.3
 

L7
 

10
.9

f1
1.

0 
+

 7
,2

 
+

 4
.0

 
+

 3
.5

 
+

 l_
.4

 
+

 4
.1

 
+

 1
.8

 
+

 5
.9

27
 .

4
+

 2
.3

60
.4

+
 5

.6
*

12
.0

+
 3

.0

71
.5

+
 3

.9
*

83
.1

+
 5

.7
*

35
 .

4
+

 1
.4

*

65
.4

+
 L

.1
*

l-0
 .

0
+

 2
,0

42
 .

7
+

 4
.9

*

62
.5

+
 2

.9
*

16

2I
.L

+
 1

.9
*

50
.5

+
 5

.5
*

5.
0

+
 1

.0

49
 .

6
+

 5
.0

*

79
.6

+
 5

.0
*

2r
 .6

+
 1

,3
*

54
 .

4
+

 0
.9

*

0.
5

+
 0

.5

30
 .5

+
 l_

.9
*

4L
 ,

4
+

 3
.9

*

20

16
.2

+
 2

.0
*

44
.2

+
 3

.9
*

23
 .

0
+

 1
.9

*

76
.6

+
 6

.5
*

9.
03

+
 1

. 
05

*

42
,6

+
 1

.9
*

20
,2

+
 3

.0
*

4r
 .

3
+

 5
.5

*

14
.6

 o
\

t 
1.

2*
-¡

40
.2

t 
1.

9*

r_
4.

0
+

 1
.7

*

75
 .

8
+

 7
,2

*

17
 .

2
+

 L
.6

*

34
.9

+
 6

.6
*



6B

3. tipid Peroxidation:

Hearts perfused with normal KH buffer and KH buffer
containing X-XO were examined for malondialdehyde MDA content,

a relativeJ-y stable end-product of lipid peroxidation. X-X0

perfusion for 5 min caused more than a 508 increase in MDA,

while 10 min of perfusion resul-ted in al-most a 908 increase in
MDÄ, content. At 20 and 40 min, the increase in MDA was 1358

and 1-68t respectively. These chang'es in MDA content were

significantly different from zero time control data (Figure

4). Since both developed force and MDA content showed time-

dependent changes due to X-XO, a Scatchard analysis of
correlation between percent decline in force and percent

increase in MDA content was done. A signficant (p<.001)

positive correlation (r = 0.935) was noted between these two

variables (Figure 5).

4. Myocardial High Energry Phosphates and their Metabolites:

Ànalysis of cardiac high enerqy phosphates and their
met.abolite l-evel-s was performed using high performance liquid
chromatography. Assays of cardiac tissue extracts from at
l-east 6 hearts for each data point r¡rere performed and compared

with known standards (Figure 6).

The characteristic response of myocardial adenine

nucl-eotide and creatine compounds to X-XO perfusion for
different times is shown in Table 5. perfusion with x-xo for
up to 20 min caused a progressive depletion of ATp/ Cp and
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total- high energy phosphates (THEP). Continued perfusion

with X-XO for up to 40 min did not result in any further
decline in .A.TP, CP or THEP contents of the myocardium. ADP

content increased (+ 222) during the first 5 min of perfusion

with X-XO followed by a significant decline with continued

exposure to X-XO. Concentrations of AMP and adenosine

increased significantly up to 20 min with no further change

with continued perfusion with X-XO for 40 min. The total
adenine nucl-eotide pool (TAd) showed a significant decline

between 5-40 min perfusion with X-XO. Creatine (Cr) hTas

increased at 10, 20 and 40 min of perfusion with X-XO whil-e

total- creatine content (TCr=Cr + CP) did not change.

Adenylate charge, defined as: ATP + 0.5 ADp/TAd (Atkinson,

l-968), was decreased at 10, 20 and 40 min of perfusion with
X-XO. Since the processes of contraction and relaxation are

dependent upon availability of high energy phosphates,

developed tension v¡as also examined in relation to changes in
ATP content at different level-s of contractile failure. A

good correlation (r=0.819) between developed force and ATp

content of,myocardium was seen (Figure 7).

5. Ultrastructural- Changes:

Hearts perfused with control_ KH buffer for one hour

showed norma] ul-trastructure including compact myocytes free
of edema, myofibrils in register having typical appearance of

A and I bands and normal T-tubules. Mitochondria in these

control hearLs v/ere generally normal with moderately dense
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matrix (Figure B). Endothel-ial- cells of the vascul-ature r¡/ere

normal and showed cytopJ-asmic processes as well_ as small_

vesicles.

QuaJ-itative ultrastructural changes seen at 5, 10, 20 and

40 min of X-XO perfussion are shown in Figures 9, 10, l-1 and

L2, respectively. Àt 5 min of X-XO perfusion, swelling of some

of the mitochondria was apparent, while myofibrils,
sarcoplasmic reticulum and nucleus appeared normal (Figure 9).

At 10 min of X-XO perfusion, cel-l-s were edematous, showed

disruption of the sarcoplasmic reticulum (SR) system and

vacuolisation (Figure 10). Damage to the myofibrils in these

hearts was minimal- and the intercal-ated discs were intact.
After 20 min of perfusion with x-xo most of the mitochondria

exhibited marked swelling and loss of cristae and myofibrils
were disrupted (Figure 11). At 40 min of perfusion, damage

involved almost every organelle of the cell (Figure L2).

Mitochondria appeared sworren and showed l-oss of cristae
membranes, myofibrils showed ross of myofilaments; however,

cell- to ceII contact in the intercalated disc was maintained

even after 40 min of perfusion with x-xo. Because of a large
variability in the type as wel-r as extent of injury to the

subcell-ular el-ements, a semiquantitative morphometric analysis
of cel-I injury was also done. These data are shown in Figure

13 and Table 6. A smalI percentage of cerls in normar hearts
perfused with KH buffer r^¡as found to be abnormal- because of
sporadic mitochondrial swelling as well- as vacuorisation in
some endothel-ial- cel-ls (Table 6 and Figure f 3).
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Figure 8: Electronmicrograph demonstrating the

ultrastructure of control_ myocardium.

Note normal appearance of mitochondria,

tubular system and sarcomeres. BV,

bfood vessel_ with endothel_iaI cel_ls

showing cytoplasmic processes as well as

pinocytotic vesicles. The magnification
l-ine represents 1 um.
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Figures 9 - I2z Qualitative ultrastructural- changes due to

xanthine-xanthine oxidase in an isolated perfused

rat heart at d.ifferent perfusion times. The

magnification line in all micrographs represents

one micron.

Figure 9: Electronmicrograph ill-ustrates the maximum

damage seen in only a l-imited number of

mitochondria after 5 min of perfusion with

xanthine-xanthine oxidase. Mitochondrial- damage

seen in this micrograph \¡ras present only in
small- percentage of cel-Is examined (Table 6).

SarcopÌasmic reticulum (SR) and myofibrils (M)

are normal. No interstitial- edema is evident.

Figure 10: El-ectronmicrograph shows the damage seen

after 10 min of perfusion wit,h xanthine-xanthine

oxidase. The sarcoplasmic reticul_um is damaged,

interstitial edema between the myofibrits is
evident ( * ) and mitochondria are swollen.
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Figures 9 L2 cont:

Figure 11:

Figure L2t

Electronmicrograph il-lustrat,es damage observed after
20 min of perfusion with xanthine-xanthine oxidase.

Mitochondrial damage has progressed further as

indicat.ed by l-oss of cristae mem-brane and clearing

of matrix in majority of mitochondria. The sarco-

plasmic reticul-um is damaged and myofibrils are in
disarray.

Electronmicrograph shows advanced damage following
40 min of perfusion with xanthine-xanthine oxidase.

Mitochondria are swollen and clearing of the matrix

is frequent. The intercal-ated disc (ID) seen in
this and other micrographs was always normal in
appearance with respect to electron density and

intercel-l-ular gap. Lt lysosome.
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Mltochondrla

Myollbrlts

Blood vossols

Control
,{O mln

Figure l-3: semiquantitative analysis of myocardial injury due

t'oxanthine-xanthineoxidase(x-Xo).Percentages

of normal and abnorma] mitochondria' myofibrils and

blood vessels at d.ifferent times of perfusion with

X-Xovlerecounted.Foreachpoint'aminimumof25
ce]-]sand50b]-oodVesselcross-Sectionswere

examined from four hearts ' * p < ' 05 compared to

control; ** P

ll
n

)
-
cc
o
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Tabl-e 6: urtrastructural damage to the rat heart perfused
with xanthine-xanthine oxidase for diffeient timeinterval-s.

Group t I'fyocytes

Normal Mild Moderate Severe

conrrol- 92.0 + 2.3 6.0 + s.0 2.0 + 2.0 0

5 min 77 .O + 5.0 18.0 + 4.8* 5.0 + 3.0 0

10 min 21.2 + 3.8* 42.4 + 4.2* 30.3 + 2.9* 6.I + 2.s
20 min 8.5 + 2.3* 25.5 + 6.0* 38.3 + 4.6* 27.6 + 5.2*
40 min 3.4 + L.2* L7.2 + 2.3* 24.I + 2.6* 55.2 + 2.5*

Data expressed as mean + SEM (n=4¡.* p
conrrol- val-ue (Krauskal-walliè reét; ivil-coxon reãt¡.
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Perfusion with X-XO for 5 min resulted in mil-d to moderate

injury in 232 of myocytes. However, X-XO perfusion for 10 min

and longer resul-ted in injury to a majority of cell-s with a

progressive increase in the number of cells showing moderate to

severe injury (Table 6). Examination and counting of different
celI elements revealed that this shift towards severe damage

fol-l-owed injury to the mitochondria and bl-ood vessels (Figure

13 ) accompanied by other ul-trastructural- changes.

Hearts \Árere also perfusion-fixed in the presence of

lanthanumr âD extracellular marker, to test for any g-ross

permeability changes. This el-ectron-dense tracer was

restricted to extracellular spaces in hearts perfused with
control medium (data not shown). Hearts exposed to X-XO

medium-fixed at 20 min showed intracytoprasmic localization
of lanthanum (Figure 14). This tracer was specifically
localized in the perimitochondrial region.

B. IIYOCARDIÄI EFFECTS OF OXYGEN RÀDTC.ALS TN TTYPERTROPHIED

HEARTS

l-. Characterization of the Hlpertrophy ModeJ_:

a) General Observations

In this study, following 6, 72, 24 and 48 weeks of

surgery, all rats in control and experimental- groups remained

in good condition and showed no apparent difference in their
daiJ-y eating or drinking patterns. Throughout the post-
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Figure L4: El-ectron micrograph from xanthine-xanthine

oxidase-perfused heart. Lanthanum, an extracel-lu1ar

tracer, is seen intracelJ-u1arly and around swollen

mitochondria (M). Contracture of myofibrils is
indicated by a reduced gap between Z l-ines (Z)

which appear fuzzy. Magnification line indicates
1 um.
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operative period, both control- and experimental animals

showed weight gain for up to l-2 weeks and thereafter not much

change in their body weight was observed. Banded animals

showed no change in their body weight compared to their
respective sham-control-s (Table 7 ) . The circumference of the

aortic l-umen at the banded site in control- at 6W and 48W

duration was 5.0 + 0.2 and 8.2 + 0.3 mm respectively while in
banded rats at 6W, it was 3.7 ! 0.25 mm and at 48W it was

3.75 + 0.5 mm. Thus, the degiree of aortic constriction at 6W

duration was 26 + 2% which gradualJ-y progressed to 54.26 +

1.88 at 48 weeks duration. In pressure-overloaded animals,

the increase in left ventricuJ-ar weight was in the range of

23 318 fol-lowing different durations of surgery and the

increase in left ventricle/body weight ratios was al-so in a

simil-ar range. An increase in the heart weight to body

weight ratio has been shown to indicate the presence of

cardiac hlpertrophy (HamrelI and Alpert, L977; Lecarpentier

et al, 1982). Increased rate of protein slmthesis during

developing hlpertrophy appears to be related primarily to an

increase in the number of myocardial ribosomes (Rabinowitz and

Zak, f972). Increased RNA content per gram of heart as

wel-l as increased total cardiac RNA content reflect the

increased number of ribosomes and this has been observed in
card.iac growth induced by a variety of experimental-

procedures (Grimm et a], L966; Korecky and French, L967 ¡

Meerson, 1969 b). In the present investigation, âr increase
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Table 7: Left ventricular welght, body weight and myocardial RNA content
in rats from control and hypertrophied groups.

Groups Left ventricle
weight (ng)

Body weight
(e)

Left ventricle/
Body weJ-ght

(ng/g)

ToTal RNA
Content (mg)

6WS

6WH

804 + 18.5
(L2)

1010 + 23.4**
(L2)

437 + 7.9
(12)

44s t 6.e
(]-z)

1.83 + 0.04
(]-2)

2.27 + 0.04**
(L2)

I.79

3.09

0.09

0 - 08**

+
(6)

t
(6)

12 WS

L2 ITH

904 + 29.7
(7)

1112 + 39.5**
( 11)

533 + 9.04
( 11)

525 + L2.0
( 11)

1.68 + 0.04
( 11)

2.L6 L 0.08**
( 11)

L.82

2.45

0.tz

0.08*

t
(6)

+
(6)

24 WS

24 \IH

101_0

]-328

46.s

53.0*

r.76

2.16

0.06

0. 06*

2.OZ

z .63

0. 08

0 .11*

t
(s)

t
(s)

+
(6)

+
(6)

+
(6)

+
(6)

568 + 33-2
(6)

579 + 15.3
(6)

48 WS

48 WH

t026

LZ62

38 .4

32.1**

+
(7)

+
(7)

607 + 23.6
(7)

580 + Z8.Z
(7)

1.68 + 0.03
(7)

z.L7 + 0.04**
(7)

2.16 + 0.09
(s)

2.53 + 0.16*
(s)

Data are expressed
hypertrophied group
't' Lest). * p <
Hypertrophy.

as mean + SE¡'l rsith no.
is compared with its

-01, ** p < .001. H

of experiments in parenthesis. Each
respective sham control (ANOVA; Unpaired
- weeks post-operation. S - Sharn, H =
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Table 8: Comparlson of ¡¡et weight, dry weJ.ght and wet/dry weight ratlos of
Iiver and lung of sham operated and aortic constricted rats at
dlfferent durations following the surgical procedure.

Liver Lung Wet wt/Dry wt

Wet v¡t
(e)

Dry wt
(e)

t{et wt
(e)

Dry wt
(e)

Liver Lung

6WS

6 I{H

12.64
+ 0.50

12.81
+ 0.20

3.95
+ 0.13

3 .80
+ 0.14

L.77
+ 0.06

1.80
+ 0.05

0.31
+ 0.01

0.33
+ o.02

3.20
+ 0.32

3.36
+ 0.04

5. 71
+ 0.18

5.40
+ 0.20

L2 ws

I2 WH

15 .80
+ 0.3

15. 70
+ 0.40

4.52
+ o.20

4 .60
+ 0.16

2.r2
+ 0.03

z.z0
+ o.02

o.42
+ 0.03

0.43
+ 0.02

3.49
+ 0.03

3.41
+.0.04

5 .00
+ 0.16

5. 11
+ 0.I2

24 ws

24 WH

17. 90
+ L.oz

19 .89
+ L.28

5.45
+ 0.35

6.04
+ 0.39

2.33
+ o.24

2.80
+ 0.10

0.48
+ 0.04

0. 60
+ 0.03

3.28
+ 0.03

3.29
+ 0.02

4.77
+ 0.16

4.68
+ 0.17

48 WS

48 I,IH

L6.20
+ 1.60

18.37
+ 0.90

4.89
+ 0.50

s.51
+ o.22

3.94
+ 0.35

0.86
+ 0.10

3.20
+ 0.04

3.32
+ 0.06

4 .60
+ 0.17

4 .49
+ 0.18

3 .89 0.87
+ 0.19 + 0.05

DataareexpressedaSmean+SEMof6experiments;sy*ffi
in Table 7.
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of 72.6 + 4.2% was observed in total- RNA content of LV in
the 6 week hlpertrophied group (Tab1e 7), while total RNA

content of the remaining groups of hlpertrophied hearts

showed an approximately 258 increase. Therefore, our

experimental model does refl-ect an increase in prot.ein

slmthesis in these hearts.

l\nimals with left ventrj-cu1ar hlpertrophy did not

show ascites, pleural effusion or any changes in dry to

wet weight ratios for lungs or liver (Tab1e B).

b. Hemodlmamic Assessment,

In order to gain some information regarding the

funct,ional status of experimental animals foÌlowing 6 |

L2, 24 and 48 weeks of pressure overload, sham-control as

wel-l as hlpertrophy animals were examined for left
ventricul-ar function (LVSP, LVEDP, tdP/dt), aortic
pressures, el-ectrocardiographic changes and heart rate.
Changes in these parameters in experimental animals were

compared with their respective sham-controls (TabJ-e 9).

Tlpical recordings of these parameters in sham-control, 6

week hlpertrophy and 48 week hlrpertrophy animals are

shown in Figure 11. Electrocardiographic changes

revealed an increase in QRS amplitude and occasionally ST

depression in standard Limb l-ead II ECG (Figure 15),

further suggesting the presence of hypertrophy in
experimental animals. Pressure overload for different
durations resulted in a 24 308 increase in left
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Figure 15: Comparison of systolic and diastolic left

ventricular pressures (LVP) and their rate of rise

(+ dP/dt) and faII (- dP/dt), aortic pressures

(AP) and electro-cardiographic recordings in

anaesthetised sham-control (C)' 6 (6WH) and 48

(4BWH) week hlPertroPhY rats'

ECGW tillttllttlttllM
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ventricular systolic pressure, an increase in +dP/dt and

-dP/dt while LVEDP showed no change. Aortic systolic
pressure al-so showed a similar degree of increase as LVSP

while aortic diastolic pressure showed a l-5 252 increase

in hearts subjected to different durations of pressure

overload as compared to their respective sham-control-s.

Heart rate in different groups of hlpertrophied animal-s

was not significantly different from their sham-control-s.

There was no difference in these parameters when

sham-control-s were compared with each other.

2. RESPONSE OF ITYPERTROPHIED HEÀRTS TO OXIDÀTIVE STRESS

Oxidative stress was induced by perfusing the heart.s

with xanthine-xanthine oxidase (X-XO) in an isolated
Langendorff ' s perfusion set up. Fol-l-owing a 15 min

equilibratj-on period, the responses of hypertrophied hearts

to X-XO perfusion v/ere examined by comparing contractil-e

function (developed tension, resting tension, + dF/dt), lipid
peroxidation, high energy phosphates and ultrastructural-
changes in control- and experimental hearts.

Following 6, 12, 24, and 48 weeks of surgery, sham-

control and hypertrophied hearts vrere exposed to X-XO.

Complete contractil-e failure was seen after about 20 min in
all of the sham control- and hlpertrophied. hearts, with the

exception of 6 week hlpertrophied hearts which showed fail-ure
after 24 min. Tlpica1 recordings of changes in developed

tension and + dF/dt in control, 6W and 4BW hllpertrophied
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C

TIME
(min )

10(s)6WH

48WH

Figure 16: T]4>ÍcaJ- poJ-ygraph recordings showing effects of
xanthine_xanthine oxidase perfusion on peak
developed force in control_ (C), 6 week
hlperrrophied (6wH) and 48 week hlpertrophied
(4BwH) hearts. Note the greater force retention in
hypertrophied hearts. The arrow indÍcates time of
introduction of oxidative stress. paper speed is
shown on top.
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TIME
(min)

C

6WH

48 WH

Figure L7:

fi:"*,

t
I

\picaì- poJ-ygraph recordings demonstrating the

effects of xanthine-xanthine oxidase (X-XO)

perfusion on rate of force development (+dF/dt.) and

rate of relaxation (-dF/dt). C = Control-, 6WH = 6

week and, 4BWH = 48 week hypertrophied hearts.

Arrow indicatee time of introduction of X-XO.

Paper speed is shown on top.
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hearts are presented in Figure 16 and Figure 17, respectively.
At each time point between 4 to 24 min, 6 week hlpertrophied

hearts showed significantly greater force retention as

compared to sham-control- hearts (Table 10). Retention of

developed force was also higher in L2, 24 and 48 week

hlpertrophy groups but these differences were statistically
signif icant only up to B min of X-XO perf usion. SimiJ-ar1y,

followinçl exposure to X-XO, both +df'/dt and -df/dt showed a

relatively lesser drop in all- of the hypertrophied hearts as

compared to controls (Tab1e 11), the differences being

significant up to 8 min. The rise in resting tension \,vas

significantJ-y l-ess in different groups of hypertrophied

hearts at a majority of time points (Figure 18). The mean

va.l-ue for rise in resting tension for the four hllgertrophy

groups at 28 min of X-XO perfusion was 327 + 198 as compared

to the control groups mean value of 480 + 30t.
' Since 10 min perfusion with X-XO caused approximately

508 contractile failure in hlpertrophied hearts, analyses of

lipid peroxidation, high energy phosphates and

ultrastructural changes \^rere performed at this time Lipid
peroxidation was estimated from the formation of

malondialdehyde in controf and hllpert.rophied hearts. Data on

MDA content for sham-control hearts !{ere pooled as there was no

difference in this parameter in various groups of control
hearts (Tab1e L2). Hlpertrophied hearts showed a lesser degree

(range 45 508) of lipid peroxidation in response to X-XO

perfusion for 10 min as compared to an 80.8 + 4.22 increase seen
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in sham-control hearts.

High energy phosphates \dere measured in the form of

myocardial content of ATP and CP. Sham-control and

hlpertrophied hearts at different post-surgery interval-s

did not differ from each other with respect to their ATP

(range 21 25 umol/g dry weight) or CP (range 4L 46

umol,/g dry weight) contents. Perfusion with X-XO for 10

min resulted in a decl-ine in high energy phosphates in
both control- as well as in hlpertrophied hearts.

However, the degree of depletion of ATP and CP r^ras more

in control hearts as compared to hllgertrophied hearts

(Table L2).

Ultrastructural changes folÌowing 10 min of
perfusion with X-XO revealed l-esser qualitative damage in
hllgertrophied hearts (Fig. 19) compared to control hearts

(Fig. 10). There was less damage to sarcoplasmic

reticulum and mitochondria and interstitial edema was

absent in hlpertrophied hearts exposed to X-XO for 10

min. Structural- differences became more evident when

semiquantitative morphometric analysis was performed in
these hearts. Based on damage to different ceII
organelles and general appearance of cel_ls , the cells
\^rere categorized as normal-, miJ-dÌy, moderatJ_y or severely

damaged. Sham-control hearts demonstrated tllpical damage

(Tab1e 6) following a 10 min exposure to X-XO. The percent of

cell-s showing normal appearance v¡as 2L.2*. Hypertrophied

hearts showed less damage and percent of normal- cel-ls rÁras

significantry more in different groups of hllpertrophied hearts
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Tabre 12: Effect of xanthlne-xanthine oxl-dase (x-xo) perfusion on
myocardiar ripid peroxidation, high energy phosphates andultrastructure of sham contror and hypertrophied hearts.

Groups MDA
(Z increase)

High energy phospates
(Z decline)

Myocytes
(Z Nornal)

ATP CP

Control 80.8 + 4 -2 45.7 + 2.8 38.B + 4.1 2I.2 + 3.8

6WH 45.2 + 3.8* 30.0 + 3.5* 27 .Z + 3.L* 30.6 + 2.6*

12 ITH 48.6 + 5.2* 33.9 + 2.9* 30.2 + Z.I* 29.3 + 2.8*

24 IIH 47.8 + 3.6* 32.6 + 3.0r< 29.8 + 3.2* 31. B + 3.2*

48 WH 30.0 + 2.9*

Hearts were perfused for 10 min with Krebs Hensereit (KH) arone or
KH + x-xo- Data expressed as mean + sEl,I of 5 experiments and ispercent change from hearts exposed to KH sorution for 10 min. Forcontrol, data from different groups of sham control hearts waspooled together. * Significanrly different (p < .01) from control(ANovA; students 't' test), for ultrastructurar studies Kruskal_Wallis test and Wilcoxen test were used MDA = Malondialdehyde, ATp =Adenosine Triphosphate, Cp - Creatine phosphate.

49.6 + 4.8 33.4 + 3.2* 29.6 + 4.8*
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Figrure 19: El-ectronmicrograph demonstrating the ef fect of 10

min perfusion with Xanthine - Xanthine Oxidase in a

hlpertrophied heart. Note less damage to

sarcopJ-asmic reticulum and interstitial edema

Iocal-ized on either side of the intercal-ated disc

(ID) as compared to 10 min. damage in controls (Fiq.

10. ) . Myocardial injury is apparent from the

deveJ-opment of contraction bands, some degree of

swelling in mitochondria and stress damage f*l
indicated by disrupted sarcomeres as well- as Z

lines on either side of the intact ID.

Magnification l-ine indicates 2 um.
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significantly more in different groups of hlpertrophied hearts

(Table L2). Furthermore, none of the cell-s exhibited severe

damage while there was a shift of moderately damaged cel-ls (11

168 versus 308 in control) to the mild (53 588 in

hllpertrophied hearts versus 422 in control) category. The

process of hllpertrophy (up to 48 weeks) was not accompanied by

any apparent cell damage.

C. ANÀLYSIS OF .ANTIOXIDATIVE ENZYIÍES ÀND TIPID

PEROXIDATTON TN NORMAL .AND IIYPERTROPHIED HEARTS

fn order to further elucidate the differences in

susceptibilty to free radical damage in control and

hlpertrophied hearts, superoxide dismutase and glutathione

peroxj-dase activities and MDA content were monitored in these

hearts.

l-. Superoxide Dismutase:

The increase in absorbance due to autooxidation of

dopamine was followed at 490 nm and in the absence or presence

of various concentrations of standard SOD ( 100 U -2000

U) and different concentrations of tissue proteins (0.2

1.2 mg). Ad.dition of f00 U of SOD did not produce any

change while 500 2000 U of SOD showed a dose-dependent

inhibition of autooxidation of dopamine (Figure 20a).

Similarly, different concentrations of tissue protein

inhibited dopamine autooxidation in a concentration-

dependent manner, although the linear range of inhibition
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r,vas found to be between 0.2 -0.6 mg of tissue protein (Figure

20b). Therefore, for analysing the SOD act.ivity in heart

homogenates, 400 ug of tissue protein was used and data

expressed as E/min/mg protein due to autooxidation of

dopamine. Heart homogenates from hypertrophied hearts showed a

greater degree of inhibition (range 56 70t) of autooxidation

of dopamine over a period of 5 min (Figure 218) as compared to

the degree of inhibition (35 688) observed with homogenates

from different sham-controls (Figure 214). It is interesting
to note that sham control hearts demonstrate an age-related

variation in inhibition of dopamine autooxidation i.e. 6W sham

controls showed 358 inhibition (Iess SOD) compared to 6Bt

inhibition (more SOD) in 48 W sham controls. When individual
hypertrophied groups were compared with their respective sham

control-s, the greatest stimulation (greater than I70Z) of SOD

activity was observed at 6W, with 1308 at 12W and no

significant difference in 24 and 48 week hypertrophied hearts

(Figure 2Lc).

2. Glutathione Peroxidase:

The glutathione peroxidase (GSHPx) activity was measured

by following the rate of glutathione oxidation by HrO, at 240

nm (Fig.22). There was an increase (L9.7 + I.2Z) in GSHpx

activity in 6 weeks hlpertrophied hearts compared to sham

controls, and t.his el-evated activity was maintained in 12 , 24

and 48W hlpertrophied hearts. There was no significant
difference in GSHPx activity when different sham control-

groups were compared with each other
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3. Lipid Peroxidation:

Hlpertrophied and sham-control hearts were anaJ-yzed for

mal-ondialdehyde (MDA), a relatively stable end product and an

indicator of lipid peroxidation and the results are shown in

Tabl-e 13. Hlpertrophied hearts at each post-operative duration

showed a l-esser degree of MDA formation. The range of

decreases in MDA formation varied from 20 27*. The slight
drop in MDA content in sham-controls with age did not

approached the leveI of significance.



110

Table 13: Malondialdehyde content
hypertrophied and sham

in different groups of
control hearts.

Post operative
Duration
(weeks )

Malondialdehyde (nmoles/g wet weight)

Sham Hlpertrophy

29.04 + 2.24
tsl

2L.82 + 2.02*
t0l

L2 27 .07 + 1.54
(7)

20.74 0. B6*+
r7l

+
t7t

+

tsl
24 27 .5r 1.43 20.0s 0 .26*

4B 26.54 0.94 +
tdr

+

t7l
2r.32 0.53*

Data are expressed as mean + SEM with number
parenthesis. * Significantly different (p
to sham control.

of experiments in
.05) when compared
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V. DISCUSSION

A. I{YOCARDIAL EFFECTS OF OXYGEN RÀ.DICÀI,S IN NORMAL HE.ARTS

Oxygen radicals are produced in situ as part of several-

normal- essential processes as well as during various

pathological conditions. Their role in heal-th and disease is

fairly well- established. In order to fuJ-Iy understand the

role of oxygen radicals in various diseases, it is important

to del-i-neate the subcellular basis of their toxicity.
Although direct measurement of these radicals in living tissue

has been reported (Rao et al-, 1983, Garlick et aI, L9B7),

because of their high reactivity and short half life, accuracy

of such measurements in biological tissues remains to be

established. J\t present, therefore, contribution of oxygen

radicals to tissue injury is often inferred from knowledge of

the inciting stimul-us or by studying the protective action of

different radical scaveng'ers/ ort by monitoring lipid
peroxidation prod.ucts of oxygen rad.ical injury. In the present

study, aII three approaches v¡ere adopted to understand the

pathogenesis of oxyg'en radical--induced myocardial injury.
In this study, xanthine-xanthine oxidase was utilized as a

source of oxygen radicaÌs. Al-though oxygen radicals can be

generated by a number of sources such as Fe3+- aop compJ-ex

(Kramer et al-, 1984), dihydroxyfumarate (Mak et al, 1976),

cumene hydroperoxide buffer (Koster et al, 1985) and hydrogen

peroxide (F1iss et aI, l-988), the use of xanthine-xanthine
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oxidase is advantageous because this system is chemical-ly well-

characterized (Fridovich and Handler, 1962i Fridovich, 1970).

Furt,hermore, the amount of radicals generated by the

concentration of xanthine-xanthine oxidase employed in
study is in the concentration range of radicals shown

this

to be

generated by activated neutrophils (Tate et aI, L982).

Even though controversial in humans, one of the demonstrated

sources of oxygen radicals during ischemia-reperfusion damage

in a variety of experimental model-s, was shown to be the enzyme

xanthine oxidase (Chambers et al-, 1985; Charlat et al-, 1987).

The xanthine-xanthine oxidase system may serve as an

experimental model- for a vascul-ar source of various oxygen

radicals such as may be the case in activated neutrophils

(JoIIy et al-, 1984, Rowe et aI, 1983, Wei et aI, 1985) and /or
autooxidation of catechol-amines (Singal et al-, 1982, 1983 ) . At

any rate, in the present study the xanthine-xanthine oxidase

system was used as a source of oxygen radicals.
Data presented in this study demonstrate that perfusion

of the rat heart with xanthine-xanthine oxidase resul_ted in
contractil-e fail-ure and a rise in resting tension. Since

xanthine or xanthine oxidase alone had no effect on heart

function, it in¿icates that the interaction of the two agents

is responsible for the observed contractile effects. Because

antioxidants such as methionine (Matheson et aI, 1975) and

glutathione, a reducing agent (Winterbourn, 1979), showed a

protective effect in our study, we infer that oxidant species_ 
-,

were generated due to xanthine-xanthine oxidase interaction.
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This is in agreement with an earlier observation in which the

production of oxidant species r^¡as demonstrated chemically

(Fridovich, 1970). Significant protection with the use of

superoxide dismutase (a specific scavenger of superoxide

radicals), catalase (a scavenger of hydrogen peroxide) and

mannitol- (a OH' radical scavengTer) demonst,rates that
superoxide, hydroxygen peroxide and hydroxyl radicals might

have participated in contractile effects of xanthine-xanthine

oxidase perfusion. The detrimental effect of SOD at l-ow

concentration on - df/dt remains unexpJ-ained at this time.

Burton et al (1984) using an isolated septal preparation

showed significant protection by SOD and concluded that only

superoxide radical-s are g'enerated by X-XO interaction. However,

our data show that superoxide alone is not responsibl-e for the

contractile fail-ure seen here. If it was, then catalase or

mannit,ol woul-d not prevent cont.ractil-e faj-lure because these

agents do not have any effect on superoxide radicals.
Furthermore, the scavenging action of mannitol was shor¡n to be

independent of-its osmotic effect (Magovern et al, L984). The

discrepancy between our results and those reported by Burton et

aI could be due to the differences in the mode of xanthine

oxidase administration. While xanthine was being perfused

through the septal artery they administered XO separately so

that the time all-owed for X-XO interaction was ]ess. We used a

buffer reservoir for t.he enzymatic reaction which probably

allowed the buildup of hydrogen peroxide as well as
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permitting the interaction of hydrogen peroxide with superoxide

to produce hydroxyl radicals. Since tissue injury in

biological systems often involves the participation of more

than one radical species, the medium used in this st.udy which

permits an examination of the collective effects of all- three

radical species is very relevant to the in vivo situation.

Radical production via the xanthine-xanthine oxidase system

has been shown to depend on Orr pH and xanthine concentration

(Fridovich, 1970). We observed that it might al-so depend on

the time al-lowed for xanthine-xanthine oxidase interaction

with O, prior to perfusion. ft was found that contractile

failure occurred earJ-y if this time was proJ-onged from 5 - L20

min (data not shown). In this study, this period was

controll-ed to 90 min. The mechanism by which these radicals

are produced is fairJ-y wel-l understood in the case of xanthine-

xanthine oxidase. It is known that in the presence of oxygen,

xanthine oxidase oxidizes xanthine to uric acid and, in the

process, molecuJ-ar oxygen is reduced t.o superoxide radical
according to the foll-owing reaction:

xanthine + H2o * 02 xanthine oxidase> uric acid + 2o;- + 2H+

The superoxide radical-s thus g'enerated have the potential to

react with a variety of biologically relevant organic and

inorg'anic substrates (Fridovich, L978, L9B3 ) . For

example, superoxide can reduce ferricyt,ochrome c, quinones,

transition metal complexes and can oxidize ascorbic acid,

fatty acids, alpha-tocopherol, catechols, catecholamines,

(1)
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hemoproteins and thiol-s (McCord, 1983; McCord and Roy, L9B2).

Although reactivity of Oj- may appear l-imited based on cel-l--

free in vitro studies, our observation on the protective action of

superoxide dismutase indj-cates that the participation of
superoxide is at least partially responsible for the observed

contractile fail-ure. In a recently published report,
Blaustein et aI ( 1-986 ) failed to show any protection against

an exogenous source of oxygen radical-s with superoxide

dismutase; this negative finding may have been due to the l_ow

concentration of the enzyme used. Since at a l_ower dose we

also did not see any protection, it apparently is a dose-

dependent phenomenon. superoxide radicars are al-so capabre of
undergoing spontaneous dismut,ation according to the following
reactíon:

o:-+ol-+2H+¿¿ Hzoz (2)

Hydrogen peroxide thus generated is considered to be a
powerful oxidant but it reacts only slowÌy with most organic

substrates (Chance et al-; L979, Fee and Valentine, L97g).

However, H2O2 reacts with transition metal_ ions and their
inorganic or organic comprexes at rapid rates to generate

powerful oxidants such as hydroxyJ_ radicals. Therefore,
protection oftered by cat.alase against X-XO-induced

contractile failure may not only j-nvolve faster reduction of
HZO2 to HrO but might also resul_t in a diminished

production of hydroxyl radicals. It is known that interaction
of hydrogen peroxide with superoxide radicals can resul-t in the

formation of hydroxyJ- radicals via the Haber Weiss (1934) reaction:
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HZOZ * O;- OH' + OH- + 02

This reaction is thermodlmamically favorable and has been

documented as a source of hydroxyl radicals (Beauchamp and

Fridovich, 1970; Kellog and Fridovich, L975¡ Koppenol I L976).

Under chemically defined conditions, the reaction has been

sug,gested to be kinetically sl-ow or even negJ-igible (Rigo et

al, 1977; McCord and Dayt L97B) and may be a combination of

the following two half reactions requiringi iron as a catalyst
(McCord and Day, L97B).

2r ')'+ 
- EDTA (4 )o;- * Fe'-- EDTA

Fe2+- EDTA * H2o2

2oz * o;-
The requirement for iron in reaction 4 and 5 for the production of

OH' (reaction 3) has also been demonstrated by in vitro
hydroxylation studies (HaIIiweII, 1978 ) . Hydroxylation of

aromatic compounds with xanthine-xanthine oxidase, at. pH 7.4,

could not occur until low concentrations (u.I4 range) of -FeSOn

or FeCI, \,vere provided in the medium (Hal1iwe1l, 1978). The

combination of purine and xanthine oxidase in the perfusion

medium was found to cause a significant depression of

contractj-Ie function and myocardial cel-I damage in isolated
myocardial septal preparations only upon the addition of 2.4

uu fe3+-loaded. transferrin int.o the perfusipn system (Burt,on

et al-, 1984).

In the present study, xanthine-xanthine oxidase-induced

contractile failure could occur even in the presence of desferal

(desferrioxamine), a specific iron chelat.ing agent, used

(3)
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clinically for treating iron toxicity (Cooper et aI, L977).

The concentration of desferrioxamine used in the present study

(300 ul"l and 3mM) cannot be argued to be suboptimar, because l-5

and 150 uM concentrations have been shown to protect against
reperfusion-induced arrhythmias (Bernier et aI, 1986). These

observations indicate that OH' radical-s may arise independently

of the presence of iron. ft should be noted that desferaÌ
complexes with iron to form a stable chelate ferrioxamine which

does not possess catallrtic activity in the generation of OH'

radicals (Cumming et aI, 1969). Although iron was not added to the

system used in the present study, it may have been present as a
contaminant in chemical- ingredÍents of the perfusion buffer Ín
trace amounts and in vivo in heart cerIs. our data support

the work of Fridovich and coworkers (1970t L975) and Peters and

Foote (L976) who arso demonstrated that the interaction of
superoxide and hydrogen peroxide to produce hydroxyl radicats
is possible in the absence of metal ions and addition of iron to
the xanthine-xanthine oxidase may only be enhancing the rate of
this interaction. The possibiJ-ity of a direct toxic effect of
desferrioxamine was rul-ed out in experiments emproying this
drug alone.

The time-"orr"" study revealed. that the decrease in
contractile force at 5 min due to active oxygen species

was associated with an increase in J-ipid peroxidation and a

loss of high energ'y phosphates (rHEp) without any significant
change in myocyte structure. Significant structural d.amage to
myocytes and coronaries became apparent only after 10 min of
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perfusion. Both increased lipid peroxidation and loss of THEP

may result in a heterogenous cascade of metabolic al-terations

col-Iectively causing'a depression of function and subseguent

cell damage (Fleckenstein et aI, L974, PIaa and lnlitsche,

L976).

Several reports suggest that unsaturated fatty acids of

the membrane lipid bilayer are primary targets of free radical

attack resul-ting in formation of Ìipid peroxy radical-s and lipid
peroxidation (PJ-aa and Witsche, L976, Singal- et al-, 1983).

Formation of peroxidation products in the membrane has been

sugqested to modify its permeability characteristics (Chance

et al-, 1979, Plaa and V{itsche, 1976). The time-rel-ated increase

in lipid peroxidation in the X-XO perfused heart was

demonstrated by an increase in thiobarbituric acid reactive

material-. Here it shoul-d be noted that although the f ormation of

MDA does not equal- the amount of fat,ty acid oxidized, the

relationship between substrate utilized and product formed is
stoichiometric within limits (May and I'fcCay, l-968 ) . Tl"

increase in lipid peroxidation in whole heart (Gupta et al-,

1"987 ) and in sarcolemma and microsomal membrane preparations

(Kramer et al-, l-984) in response to oxygen radicals generated by

X-XO and d.ihydÈoxyfumarate fe3+- AOp compJ-ex has been reported

earlier. Furthermore, increased J-ipid peroxidation has al-so

been observed during oxidative stress caused by ischemia-

reperfusion injury (Gaudue1 and DuvelJ-eroy, l-984), and

adriamycin (Singal et aI, 1987). The st.rong positive

correlation between the increase in lipid peroxidation and

decrease in force provides evidence that the enhanced lipid
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peroxidation could be one important factor in producing

myocardiar dysfunction. However, damage to membrane-bound

proteins containing oxidizabl-e amino acids cannot be ruled out.
In this regard, it was reported that oxygen radicals can oxidize
cysteine molecules in several proteins (Misra , L974).

The significance of the loss of ATp in contractil_e

failure was j-ndicated by a close correl-ation between these two

variables. A drop in high energy phosphate content clearry
indicates that oxygen radicals in the perfusion medium are

affecting mitochondrial oxidative phosphorylation. Depressed

adenylate charge observed in the present study has been

suggested to favour ÄTP regeneration (Atkinson, l-968); however,

this can happen onry if proper conditions for slmthesis are

available. Although alterations in mitochondriat structure
were not found to accompany the early myocardial dysfunction
due to oxygen radicals, a continued exposure to radj-cals did
resul-t in mitochondrial damage. Thus, in later stages, damage

to the mitochondrial ul-trast.ructure can al-so contribute in
oxygen radical injury. The exact nature of the mitochondrial
defect remains uncl-ear but it may concern 1ack of substrates

and/or cofactors. The presence of excess cytopÌasmic calcium due

to sarcol-emmaJ- permeability change can result. in
intramitochondria] accumulation of cu2+ which impairs ATp

production. Àltered permeability of sarcoremma produced by

oxygen radicals in the present study was evidenced by

intracel-rul-ar locarization of ranthanum - an extracerlular
tracer. The decrease in high energy phosphates was accompanied
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by net loss of total adenine nucleotides and an increase of

adenosine and creatine indicating'an accumulation of metabolic

breakdown products. It has been reported that hydrogen

peroxide and hydroxyl radical-s depress canine cardiac

sarcoplasmic reticulu¡n ca2+ transport through inhibition of

ÀTPase activity (Rowe et aI, 1983) and this hydroxyl radical-

effect is promoted by a drop in pH (Hess et al, 1981). In this

regard, ATP degradation is known to be associated with proton

generation (Gevers, 7977 ) . Depressed sarcoplasmic reticul-ar

function, intracellular build up of Ca2+ and loss of ATP can

al-l- be seen to impede relaxation and this might expJ-ain the

dramatic rise in resting tension seen in this study. Patent

mechanical- coupling between cells seen in the ultrastructural
examination would help support t.he rise in resting tension.

Vascular damage due to X-XO has been demonstrated in

cerebral arterioles (Wei et aI, 1985) and in cardiac vessels

(Burton et al, 1984). In the present study, extensive damage

to coronary vessels was observed only during the later-stages

of perfusion. Therefore, vascular injury may not be the cause

of the early myocardial changes noted in this study. It shoul-d

emphasized that perfusion with X-XO has not been found to

impede rat .otorr.r" flow (Ytrehus et al-, 1986) excluding

hlpoxia or ischemia as the underlying cause for myocardial-

injury in the present model-

Based on the present time-course study of effects of

xanthine-xanthine oxidase on myocardial function, celJ-

structure, sarcolemmal permeabiJ-ity, high energy phosphates

and lipid peroxidation, a "simplified" scheme for the

be
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pathogenesis of oxygen radical-induced myocardial injury Ís
proposed in Figure 23. The presence of active oxygen species

rÁ¡as establÍshed by use of antioxidants. These toxic agents

result in accumulation of lipid peroxides causing changes in
membrane function. Two systems found to be affected in the

present model- are mitochondria and sarcolemma. These chang'es

in myocytes are suggested to resul-t in the loss of high energy

phosphates as wel-l- as occurrence of Ca2+ overload. Both of

these may lead to contractil-e failure, a rise in resting tension

and the loss of structural integrity as seen here.

B. C.ARDTAC HYPERTROPIIY .AND OXYGEN RÀDTCÀLS

Banding of the abdominal- aorta in rats increased the left
ventricle to body weight ratio by about 258 within 6 weeks,

reflecting the presence of l-eft ventricular hllpertrophy. This

hlpertrophic state remained stable as there was no further
significant increase in left. ventricle to body weight ratio
beyond 6 weeks until- 48 weeks. HemodynamicalJ-y, animais with
aortic banding demonstrated a stable hlperfunction as reflected
by elevated systolic pressures, and increased rate of force

development and relaxation. Lack of changes in left ventricul-ar
end diastolic pressure, wet to dry weight ratio for l-iver and

lungs as wel-I as absence of pleural effusions and ascites,
cJ-ear1y excluded cardiac decompensation in èxperiment.al- animals.

Furthermore, no changes in high energy phosphate level_s v/ere

observed in hlpertrophied hearts. simirar findings have been

reported during stable cardiac hlpertrophy while high energy
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Figure 23: A tentative scheme of events of oxygen radical
induced damage in rat heart. perfusion of oxygen

radicals results in tÍpid peroxidation and
.increased membrane permeabirity to ions incJ_uding

calciLm in the heart cell. These changes coupled with
a low energy 6tate may be responsibJ-e for contractile
failure and celr damage seen in the present study.

FREE RADICALS

LIPÍD PEROXIDATION

MEMBRANE CHANGES

¡ INTRACELLULAR
CALCIUM

LOW ENERGY
STATE

FAILURE, CELL DAMAGE
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phosphates have been shown to be low in a failing heart (Katz,

L977; Alpert and Hamrell, L976). These results indicate that in
this animal model-, there was a stable compensated cardiac

hlpertrophy which did not show any sign of transition into a

decompensated heart failure state.

Although the exact initiating stimulus for the increased

cardiac mass is not c1ear, the developing phase of cardiac

hllpertrophy is usually considered to be due to increased

protein synthesis occurring as a result of activation of

nucl-eic acid slmthesis. In this regard, several reports

indicate that the RNA content of the hlpertrophying myocardium

is increased (Fizelova and Fizel-, 1970¡ lvloroz I L967). lrle also

observed a 732 increase in l-eft ventricul-ar RNA content following

6 weeks of pressure overload. However, during the later course

of hllpertrophy, total left ventricular RNA content increased

only in proportion to the increase in heart wei-ght. Therefore,

it seems that following aortic constriction RNA content first
shows an increase and then returns to normal upon prolongation

of the hlrpertrophy. Simil-ar changes in RNA content rtrere al-so

reported by other investigators (Meerson, L962 Grimm et aI,
1966; Fanburg and Posner, 1968). In a preliminary study

using two animäIs from each group, the wet to dry weight ratio
of the left ventricle from control- (4.2 ) animals was found to be

similar to that. in experimental (4.1) animals, as has also been

reported by others (Movroudis et al, IgTg; Polimeni et al-,

1983). Since myocardial water content was not increased in the

experimental model reported here and protein content of the



L24

hlpertrophied heart was also not elevated, it is possible that

the unchanged protein concentration coul-d have been due to a

rapid rate of protein turnover. In this regard, a faster rate

of total protein degradation in hlpertrophying skeletal muscle

vras reported (Laurent and MilÌward, 1980) and increased myosin

degradation has been observed in cardiac hllpertrophy (Morkin et

al, 1972). Our data support the idea that during the stabl-e

phase of cardiac hlpertrophy an augmented protein slmthesis is

accompanied by a parallel increase in protein degradation

(Schreiber et al-, L9B1).

Data obtained in this study show that increased

antioxidative capacity is supported by differential (specific)

changes in SOD and glutat,hione peroxidase activities (Gupta and

Singal, I9Bg). In this regard, increased SOD activity was

significantly higher 12 weeks post-operatively. As the

duration of hlpertrophy was prolonged further this increase did

not remain significant because of an ag'e-related increase in

the SOD activity of control-s. Gl-utathione peroxidase activity,

on the other hand, remained elevated throughout the duration of

study. An increase in GSHPx in response to increased pressure

load for 60 days has recently been reported in rabbits

(Guarnieri et al, L987). Our data show that both SOD and GSHPx_

respond to pressure overl-oad and that the change in SOD

activity may not remain as great as that of GSHPx, when the

duration of hypertrophy is prolonged. Decreased

malondialdehyde formation, even at the time when the increase j-n

SOD was no J-onger apparent further supports the view that
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glutathione peroxidase may be playing an important role in
maintaining a l-ow leve1 of lipid peroxidation in hypertrophied

hearts. In this regard, GSHPx has been shown to be a

significant factor j-n the stabilization of pollrunsaturated

membrane tipÍds (Christophersen, L969). In addition,
glutathione peroxidase activity was shown to be crucial for the

prevention of liver membrane damage associated with alpha-

tocopherol deficiency (Machado et aI, 1971). Furthermore, a

gJ-utathione-dependent cytosoJ-ic factor has been demonsLrated to

inhibit lipid peroxidation in microsomal and mitochondrial-

membranes of rat heart and lung tissues (Gibson et aI, i-980).

This inhibition rrtras found to be due to the prevention of

peroxidative attack on the pollrunsaturated fatty acids in the

membrane J-ipids even under conditions that woul-d otherwise

promote rapid lipid peroxidation (Gibson et al, 1980). Since

rat heart is rich in selenium-dependent glutathione peroxidase

activity and has very little non-selenium-containing

(glutathione S-transferase) activity (Lawrence and Burk, L97B) |

the increased glutathione peroxidase activity in the present

study may be of the sel-enium-dependent type. At any rater âr

increase in antioxidative capacity in form of cytosolic SOD and

gJ-utathiorr" p"roxidase activity during stable hypertrophy is
strongly suggested by the present study

The exact stimulus for increased activity of these

enzymes is not known; however, one possibility is that
increased radical formation itself during increased metabolic

activity due to pressure overl-oad may be a signal. fn this
regard, glutathione peroxidase activity was reported to be
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increased in intestinal mucosa and liwer after oral

administration of peroxidized lipids (Reddy and Tappel, L974)

and in lung following peroxidation due to ozorLe or 90t oxygen

for two weeks (Kimball et al-, Lg76; Chow and TappeJ-, Ig72).

Furthermore, a number of studies have reported that

antioxidative enzlzmes may respond to a wide range of

physiological and pathological conditions of increased oxidative

stress. Such conditions include age (Noht and Hegner, 1979),

exercise (Kanter et aI, 1985; Higuchi et aI, 1985) and beta-

thalassaemia minor (Gerli et al-, l-980) where compensatory

increase in antioxidative enzyme activity has been

demonstrated. In t.his study, an agie-rel-ated increase in SOD

activity in sham-control- hearts was also apparent. Here, it

should al-so be noted that antioxidative enzymes may al-so

undergo radical-induced inactivation (Hodgson and Fridovich,

L975; Searle and Wilson, 1980; Guarnieri et aI, L9B0). A

complex pattern of enzyme increase and decrease T^ras observed in

different organs during diabetes (Vùohaieb and Godin, 1987 ) . It

is suggested here that during hlpertrophy the increase in
enzyme activity is a compensatory response, which helps the

heart maintain its function in spite of possibÌe increases in
rad.ical- p=oa.r.tio.r.

A number of factors can be contributing to increasing the

radical- production in a hypertrophied heart. Since myocardial

oxygen consumption is increased during hlrpertrophy (Meerson,

Lg6g), it is possible that a higher oxygen metabol-ism'may

partially be responsible for the increased radical formation.
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Autooxidation of catecholamines courd be another source of
oxyg:en radicals (singal et a1, 1983). rt is known that during
cardiac hlzpertrophy there is depletion of cardiac
norepinephrine (Spann et al-, 1967 ) and a d.ecrease in
norepinephrine binding and uptake (Fischer et ar, 1965). This
coupled with the observation that plasma norepinephrine 1evels
are high (Limas, 1979), makes it possible to state that
increased radical formation coul-d occur via autooxidation of
catecholamines in a hlpertrophied heart. Furthermore,

increased formation of oxygen radicals has been demonstrated

in mitochondria isol-ated from hypertrophied hearts (Guarnieri
et al-, 1985). Our data suggest that durÍng cardiac
hlpertrophy, one of the adaptive mechanisms against such an

increase in radical formation is the d.evelopment of an

increased antioxidative capacity.

ft was interesting to note that alJ- hlpertrophied hearts \^¡ere

rel-atively more resistant to injury caused by an ex vivo
perfusion with oxygen radical-s. Radical-induced contractile
failure was derayed in 6 weeks hllpertrophied heart.s, *hir" the
remaj-ning hlpertrophied hearts exhibited no change in duration
of failure. The reason for the different behavior of 6 week

hlpertrophied hearts is not clear, but dat,a presented here show

that the greatest stimulation of SoD activity o.",rrràO ua this
period. Nonetheless, a lesser d.egree of oxidative damage in al-I
the hlrpertrophied hearts was al-so demonstrated by a lower level
of MDA formation, a lesser decline in high energy phosphates,

and a l-ower degree of ultrastructural- damage. The correl-ation
between less contract.il-e failure and reduced loss of high
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energy phosphates as well as reduced tipid peroxidation further

supports the scheme for oxygen radical-induced myocardial

injury shown in Figure 23.

The increased tolerance to oxidative stress of the

hlpertrophied heart may have been due to increased activity of

antioxidative enzfrmes, superoxide dismutase and glutathione

peroxidase, as well- as the lower Ievel of lipid peroxidation in

the hlrpertrophied hearts. Participation of other factors such as

increased contractil-e mass, chang'es in the permeabiJ-ity of

coronary vessels (for review see Wikman-Coffe1t, L979), such

that the free radical injury can not extend into the

hlrpertrophied myocardium with the same speed and intensity, can

not be ignored at this time. However, the lesser degree of

radical-induced damage in hlpertrophied hearts can not be argued

on the basis of suboptimum dose (on tissue weight basis) of X-xO

because in our preliminary study a 202 increase in the flow rate

did not affect the pattern of failure due to X-XO. Furthermore,

no relationship was apparent between the heart weight and

failure time in control or hlpertrophied hearts. The increased

flow rate (20?) itself did not have any effect on the heart

function

The hlpertrophied heart has been shown to be more

sensitive to the cardiotoxic effects of adriamycin (SingaI et

af, 1984) as well as to ischemia-reperfusion injury (Levitsky

1986), two conditions known to involve oxygen radicals in
producing cardiotoxic effects. These observations may be

contrary to the fÍndings of the present st,udy. The discrepancy
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may be due to differences in the int,ensity of imposed workload,

different degree of hlpertrophy produced and animal model-s used.

Since these i-nvestigators (Singal et aI, 1984; Levitsky et aI,

1986) did not assess the functional status of the heart, it is

possible that, to begin with, the contractile function of these

hearts may have been impaired. In this regard, it is known that

contractile functional abnormal-ities depend on the degree of

hlpertrophy (Spann et aI, l-984). Neverthel-ess, the present

study clearly indicates that during the stable phase of cardiac

hlpertrophy, an elevated antioxidative capacity associated with

a maintenance of heart function.

In conclusion, it is proposed that myocardial adaptation to

increased pressure load is accompanied by higher activity of

radical scavenging enzymes. This greater antioxidative

capacity of the heart reduces lipid peroxidation and probabJ-y

helps to maintain the heart function against higher oxidative

stress due to increased metabolism. This study emphasizes

that antioxidant status in the heart is a dlmamic functj-on

adjusting to the physiological and/or pathophysiological-, ,.;Ð
-¡'{f, :':' î : s.oñditions 

imposed. .
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VT. CONCTUSION

In this study, experiments were designed to evaluate the

time-course of changes in the effect of oxygen radicals on rat
heart function, lipid peroxídation, high energy phosphate

Ievels and structural damage. Experiments r¡rere al-so designed

t'o study antioxidative enzfrme levels in the non-failing
hlpertrophied heart resulting from chronic pressure-overload

due to abdomÍnal aortic banding Ín rats. The response of
hlpertrophied hearts to oxidative stress was al-so evaluated in
terms of contractile function, lipid peroxidation high energy

phosphates and structural damage. From the resul-ts obtained,

the following conclusions are made:

l-) Perfusion of the heart with xanthine-xanthine oxidase

resul-ts in contractil-e failure, increased J-ipid peroxidation
and structural damage.

2) contractire failure due to oxidative stress appears to be

mediated by an increase in lipid peroxidation and depletion
of high energy phosphates whil-e structural- damage may be a
delayed event.

3) some of the oxidant species identified in xanthine-
xanthine oxidase-induced contractil-e failure are superoxide

radicals, hydrogen peroxide and hydroxyl radicals.
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4)

of

Iron may not be a necessary

toxic oxygen radical species

requi-rement for the production

by xanthine-xanthine oxidase.

5) The aortic banded rats

hllpertrophy between 6 - 48

f ail-ure.

exhibit a stable left

weeks with no signs of

ventricular
heart

6 ) The stable hllpertrophy phase is accompanied by an el-evated

but sustained hemodlmamic function.

7) Hlzpertrophied hearts show greater resistance to oxidative

stress which may be due to a l-ower level of lipid peroxidation

and a higher antioxidative capacity.

B) Increase in antioxidative enzfrme activities of superoxide

dismutase and glutathione peroxidase during hlpertrophy is

suggested to be one of the adaptive mechanisms during pressure

overl-oad
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