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ABSTRACT

Cardiovascular disease is considered the major cause of morbidity and mortality throughout the world. Catecholamines (epinephrine, norepinephrine and
isoproterenol) and their oxidation products cause a direct toxic effect on the myocardium. They exert a receptor-mediated effect on the myocardium.
Isoproterenol is a synthetic catecholamine that simulates the actions of sympathetic nervous system (SNS) activation on the heart. Chronic isoproterenol
administration produces a rapid, highly reproducible rodent model of cardiac hypertrophy. Isoproterenol infusion impaired in vivo cardiac function, induced
hypertrophy and decreased both fatty acid and glucose metabolism, changes similar in direction and magnitude to those found in the rat heart following
moderate severity myocardial infarction. With the use of small animal disease models in preclinical research, workers have acquired a large amount of
information on the pathogenesis/progression of cardiovascular disease, which has aided the development of effective treatment options. These animal models
are effective scientific tools to study the molecular mechanisms of cardiovascular diseases, which potentially provide a powerful approach for discovering new

drugs.

Keywords:Pathogenesis of Catecholamine-Induced Cardiomyopathy, Isoproterenol, Mechanisms, Hypoxia and Hemodynamic Changes, Coronary Spasms
and Hemodynamic, Biochemical Changes, Electrolyte shift and ca®" over load, Membrane changes and Histological changes.

INTRODUCTION

Heart disease is a major public health problem in the United
States. Every year, approximately 715,000 persons in the
United States have a heart attack, and approximately 600,000
die from heart disease. Heart disease is the leading cause of
death for U.S. men and women, accounting for one out of
every four deaths each year'. Cardiovascular disease, in most
European countries around 40% of all-cause mortality is
attributable to this spectrum of illness '*. Cardiovascular
disease is the leading cause of death in both men and
women®. Sudden cardiac arrest accounts for many of these
deaths. Population-based reports of emergency medical
services ‘experience from the United States of America give
survival estimates of approximately 8%°. The adrenergic
receptors in the heart that are stimulated by catecholamines
are the o-adrenoceptors and B-adrenoceptors (B; and [,);
however, the [,-adrenoceptors are found chiefly in
extracardiac sites, such as arterioles, where they cause
dilation. On the other hand, the a-adrenoceptors present in
the vascular smooth muscle are mainly concerned with the
maintenance of blood vessel tone. SNS activation results in
increased cardiac contraction, increased heart rate, increased
systolic blood pressure and decreased diastolic pressure.
Catecholamines at low concentrations are beneficial in
regulating heart function by exerting a positive inotropic
action on the myocardium®, whereas high concentrations of
catecholamines or chronic exposure to catecholamines over a
prolonged period produce deleterious effects on the
cardiovascular system. It has been known for many years that
epinephrine, norepinephrine, and isoproterenol cause cardiac
hypertrophy and/or myocardial lesions®®. The lesions caused
by epinephrine, norepinephrine, and isoproterenol were
qualitatively similar, but the lesions that were seen after
isoproterenol treatment were more severe than those
produced by epinephrine or norepinephrine”'® In fact,
isoproterenol was found to be 29 to 72 times more potent in
producing myocardial lesions of equal severity than

epinephrine or norepinephrine. Large doses of exogenously
administered norepinephrine in humans and animals were
observed to produce myocardial lesions that include focal
necrosis and degeneration as well as mononuclear leukocytic
infiltration'". Typical pathological findings of catecholamine-
induced myocardial damage are hypertrophy and contraction
band necrosis of myofibers accompanied by a moderate
inflammatory reaction; fibrous replacement of the
myocardium cans sometimes occur'>. These myocardial
lesions and damage are considered to represent
“catecholamine-induced myocardial cell damage,”
“catecholamine induced myocarditis or myocardial infarction
(MI) and are now designated as ‘“catecholamine-induced
cardiomyopathy.” The activation of SNS has been observed
in patients suffering from acute MI as well as during
percutaneous transluminal coronary angioplasty; the levels of
catecholamines were found to correlate with the degree of
injury. Catecholamine-induced cardiomyopathy is also
associated with several pathological conditions such as
pheochromocytoma'®*™**, subarachnoid haemorrhage, and
various other intracranial lesions'®"’ as well as following
electrical stimulation of the stellate ganglion®?' or
hypothalamus® in experimental animals showing high levels
of plasma catecholamines. These studies not only
demonstrate that catecholamines are capable of producing
myocardial necrosis but also suggest that myocardial cell
damage seen in patients may be the result of high levels of
circulating catecholamines for a prolonged period. It should
be pointed out that reversible catecholamine-induced
cardiomyopathy has also been reported®?’. Catecholamines
are known to produce a wide variety of direct and indirect
pharmacological actions on cardiovascular hemodynamics
and metabolism. As a consequence of these complex effects,
it has been difficult to determine whether catecholamines
exert a direct toxic influence on the myocardium or whether
myocardial cell damage is in some way secondary to other
actions of catecholamines **7°. Up until now, several
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mechanisms such as cardiovascular hemodynamic and
metabolic changes, alterations in the sarcolemmal (SL)
permeability, formation of oxidation products of
catecholamines, and accumulation of catecholamine
metabolites during the monoamine oxidase (MAOQ) reaction
are thought to be involved in the pathogenesis on
catecholamine induced cardiomyopathy ***°. Although there
is no clear-cut implication of any one of these mechanisms,
an attempt has been made in this review to formulate a
unifying concept regarding the pathophysiology and clinical
significance of catecholamine-induced cardiomyopathy.

Induction of Cardiomyopathy

Administration of isoproterenol depletes the energy reserve
of cardiac muscle cells and causes complex biochemical and
structural changes that eventually lead to cell damage and
necrosis ¥’ Isoproterenol can also cause severe oxidative
stress in the myocardium, resulting in infarct-like necrosis of
the heart myocardium. In fact, it was discovered that
relatively low and nonlethal doses of isoproterenol can cause
severe myocardial necrosis Although the LDs, of
isoproterenol in rats was reported to be 680mg/kg, doses as
low as 0.02mg/kg were observed to produce microscopic
focal necrotic lesions. The severity of myocardial damage
was closely related to the dosage of isoproterenol used and
varied from focal lesions affecting single cells to massive
infarcts involving large portions of the myocardium.
Isoproterenol-induced myocardial lesions were generally
found to be localized in the apex as well as in the LV
subendocardium and were observed less frequently in the
papillary muscle and the right ventricle. Isoproterenol was
also found to produce apical lesions and disseminated focal
necrosis *; however, these lesions were frequently fatal and
the median lethal dosage was much lower. Isoproterenol has
been observed to produce a number of biochemical or
electrophysiological  alterations, which precede the
histopathological changes in the heart. It is believed that
isoproterenol-induced myocardial necrosis is related to
altered myocardial energy generation, which may be related
to Ca*" -overload. Ca*" -influx after isoproterenol in rats
shows two phases: a rapid process occurring immediately,
followed by a delayed slower influx of Ca*'. The initial phase
is associated with histopathological alterations of the
myocardium (mitochondrial swelling and Z-disk thickening
due to hypercontraction). Thus, the initial phase is thought to
be the key event during isoproterenol-induced myocardial
necrosis *°. Another study suggests that there are three stages
of isoproterenol-induced cardiotoxicity: preinfarction, which
occurs before 12 hours; infarction, which occurs from 12 to
24 hours; and postinfarction, which occurs after 24 hours
following isoproterenol  admistration’’.  17-B-Estradiol
inhibited the stimulatory action of isoproterenol on Ca®' -
influx via the L-type Ca** channel in the ventricular
myocytes. This inhibition may lead to reductions in the heart
rate and contraction, therefore reducing oxygen consumption
and producing cardioprotection . Estrogen also inhibited the
augmented cyclic adenosine monophosphate (cAMP)
production on isoproterenol administration.”> When Ca®" -
influx was inhibited, there was only a reduction in
isoproterenol myocardial necrosis, suggesting factors other
than Ca®" may be involved. Isoproterenol can also increase
the levels of serum and myocardial lipids, leading to coronary
heart disease™ and stimulate lipid peroxidation, leading to
irreversible damage to the myocardial membrane.
Specifically, damage to the myocardium could be due to the

induction of free radical-mediated lipid peroxidation.
Recently, some studies have shown that certain treatments
may improve the negative effects of isoproterenol. For
example, pretreating isoproterenol cardiotoxic hearts with
naringin, a predominant flavanone found in grapefruit,
significantly decreased the levels of thiobarbituric acid—
reactive substances and cardiac tissue lipid peroxides in
plasma and heart, in addition to increased activities of
superoxide dismutase (SOD), catalase, reduced glutathione
(GSH), GSH-dependent enzymes glutathione peroxidase
(GPx) and glutathione-S-transferase (GST) in the heart.
Isoproterenol also decreased the levels of antioxidants,
vitamin C and vitamin E; however, pretreatment with
naringin increased the antioxidant levels. In one study,
isoproterenol was observed to induce GSH oxidation and
conjugation, but this effect decreased at sub physiological
Ca®" concentrations. Simultaneous incubation with copper
increased isoproterenol oxidation and GSH oxidation but
decreased GSH conjugation™. Vitamin C>*°7 has shown
protection from myocardial lipid peroxidation, and likewise,
vitamin E pretreatment protected the myocardium against
isoproterenol-induced  injury®® In another study, S-
allycysteine lowered the lipid peroxidation end products and
increased the levels of SOD, catalase, GSH, GPx, GST, and
ascorbic acid. Also, mangiferin, a pharmacologically active
phytochemical has demonstrated hypolipidemic activity in
isoproterenol-induced rats. Isoproterenol was shown to result
in diffuse areas of fibrosis; however, when treated with
phenytoin, the fibrosis was less severe”. Some studies have
shown a marked increase in cholesterol, free fatty acids, and
TGs in both serum and heart in isoproterenol-induced
cardiomyopathy; aspirin showed a marked reversal of these
metabolic changes induced by isoproterenol®. Isoproterenol
can also produce an accumulation of neutral fat droplets in
the sarcoplasm; y-hydroxybutyrate either abolished or
reduced the accumulation of fat and completely prevented
myofiber death®. In isoproterenol-treated rats, there was a
decrease in diagnostic marker enzymes of MI, which are
creatine kinase, lactate dehydrogenase (LDH), aspartate
transaminase, alanine transaminase; this change may be due
to membrane leakage caused by isoproterenol-induced
damage to the SL membrane. Oral S-allycysteine
administration restored these activities in isoproterenol
treated rats. From these studies, it appears that the
isoproterenol-induced cardiomyopathy may be due to
oxidative stress and free radical damage, myocardial
hypoperfusion, glycogen depletion, electrolyte imbalance and
lipid accumulation.

Mechanisms of Isoproterenol-Induced Cardiomyopathy

Although excessive amounts of circulating catecholamines
are known to induce cardiomyopathy, the mechanisms are not
clearly understood. Various theories have been proposed to
suggest the cause and mechanisms for the development of
catecholamine-induced  cardiomyopathy.  The  major
hypotheses include: (i) a relative cardiac hypoxemia due to
increased cardiac work and myocardial oxygen demands,
aggravated by hypotension in the case of isoproterenol® (ii)
coronary arterial  vasoconstriction  (spasm) = causing
endocardial ischemia®® 'ii) inadequate perfusion of the
endocardium due to impaired venous drainage of the heart®™
(iv) hypoxia due to direct oxygen-wasting effects of
catecholamines or their oxidation products ; (v) interference
with mitochondrial oxidative phosphorylation by free fatty
acids®** (vi) occurrence of intracellular Ca®>" -overload due
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to massive calcium influx ; (vii) formation of adrenochromes
and other oxidation products including oxyradicals®; (viii)
potassium depletion® and altered permeability of the
myocardial cell membrane through elevation of plasma
nonesterified—free fatty acids’’; and, (ix) depletion of
intracellular magnesium required for many ATP-dependent
enzymatic processes®™ This section is devoted to discussion
of different mechanisms, which have been suggested to
explain the cardiotoxic effects of isoproterenol.

Hypoxia and Hemodynamic Changes

It was found that both high and low doses of isoproterenol
increased heart rate similarly but the cardiac lesion—
producing doses of isoproterenol resulted in a fall in blood
pressure. It was suggested that the fall in aortic blood
pressure was of such a degree that a reduced coronary flow
could be inferred. It was further postulated that the necrotic
lesions are the ischemic infarcts due to a decreased coronary
flow during a time when both amplitude and frequency of
cardiac contractions are increased. Thus, the greater damage
to myocardium by isoproterenol as compared with
epinephrine or norepinephrine was attributed to the dramatic
hypotension. Various factors, such as previous myocardial
damage, previous isoproterenol injections, or activation of
metabolic processes were considered to provide cardiac
muscle cells with an adaptation to withstand the increased
oxygen demand and relative hypoxia produced by
isoproterenolﬁg. On the other hand, it was found that dlI-
ephedrine and d-amphetamine produced lesions in less than
50% of animals, although these agents increase blood
pressure, while ephedrine and amphetamine have a positive
inotropic effect’’. Accordingly, it was suggested that drugs
with both positive inotropic and chronotropic actions might
not produce cardiac lesions. In fact, methoxamine which has
no positive inotropic effect was found to produce cardiac
lesions. In another study®, the hemodynamic effects of
“pharmacologic” and  lesion-producing  doses  of
sympathomimetics were compared. It was found that lesion-
producing doses of isoproterenol decreased aortic flow and
heart rate as compared with pharmacological doses, but these
were still above the control values. Stroke work was greater
with  lesion-producing doses as compared with
pharmacological doses, but the mean aortic pressure, which
determines the coronary perfusion pressure, was not reduced
by the lesion-producing doses of isoproterenol. Thus, there is
evidence of impaired function of the myocardium but the
hemodynamic change does not appear adequate to produce
insufficient myocardial perfusion. As a result of these
findings, it was suggested that the effects of isoproterenol
were due to some direct action on the myocardial cell and not
solely due to the hemodynamic effects. Furthermore, the
coronary flow could not have been greatly reduced by
isoproterenol because the blood pressure remained above that
in shock and the cardiac output was increased** and thus it
was concluded that hypotension is nonessential for the
production of cardiac necrosis by isoproterenol. This view
was supported by the finding that verapamil was effective in
protecting the heart from isoproterenol-induced necrosis even
though blood pressure fell almost twice as much when
verapamil was administered together with isoproterenol as it
did following administration of isoproterenol alone’""

Coronary Spasms and Hemodynamic Effects
Another hypothesis closely related to that of coronary
insufficiency of hemodynamic origin is that of a relative

ischemia resulting from coronary vascular changes. It was
found that isoproterenol changed the distribution of uniform
coronary flow in the endomyocardium®® These results
suggest that dilatation of arteriovenous shunts might be
responsible for the endocardial ischemia because coronary
flow is usually increased with isoproterenol. On the other
hand, a marked occlusion of coronary vessels was observed
in 69% of animals at 30 minutes and 33% of animals at 60
minutes, but almost no occlusion was seen at 24 hours
following isoproterenol injection’'. It was thought that these
results occurred due to spasm of the coronary vessels.
Changes in peripheral resistance due to catecholamines were
also important because it was possible to reproduce
essentially similar pathological changes by surgical occlusion
of the efferent vessels®> On this basis it was suggested that
impairment of venous drainage via venospasm largely
accounts for the adverse effects of catecholamines. Blood
flow to the LV subendocardial muscle has been suggested to
be compromised during systole and to occur mainly during
diastole because intramyocardial compressive force is
greatest in this region’>”. Furthermore, it has been shown’
that when aortic diastolic pressure was lowered or diastole
shortened (by pacing) and myocardial oxygen demands
simultaneously rose, myocardial performance was found to
be impaired. Scintillation counting of the distribution of
#Ce-, 88r-, or *Sc-labeled microspheres was used to
determine the coronary flow distribution during isoproterenol
infusion” When isoproterenol was infused at a rate, which
failed to maintain the increase in contractile force, it was
found that subendocardial flow fell by 35%, while
subepicardial flow increased by 19%. Thus, although spasm
of coronary arteries and/or veins may well occur, it is
possible that increased cardiac activity, reduced aortic
pressure, and greatly decreased diastole could also be
responsible for an under perfusion of the endocardium. A
serious challenge to the concept of impaired ventricular
perfusion as the primary cause of necrosis was presented by
employing the 85Kr clearance method to study perfusion of
the ventricle during epinephrine infusion®® Evidence of
myocardial necrosis was obtained 75 minutes after the start of
epinephrine infusion but 85Kr clearance studies showed no
difference in the rate of clearance from inner, middle, and
outer layers of the left ventricle in either the control or
epinephrine-treated hearts. Thus, there was no evidence for
ischemia of subendocardial tissue as a causal factor in the
epinephrine-induced necrosis. On the other hand a decreased
passage of the trace substance horseradish peroxidase from
the capillaries to the myocardial interstitium was observed in
a study in which isoproterenol was infused at a low
concentration®® Thus, this controversy still remained to be
resolved. The hypothesis that the vascular factors are the
primary cause of necrotic lesions was also tested using the
turtle heart as a unique model in which perfusion of the
endocardium is not vascular *> In the turtle heart, the internal
spongy musculature is supplied by diffusion from the
ventricular lumen via intertrabecular spaces, while the outer
compact layer is supplied by the coronary artery branching
off the aorta. Isoproterenol injections were found to produce
necrotic lesions in the spongy layer of the turtle heart, which
does not support the concept that isoproterenol-induced
cardiac necrosis is due to a vascular mechanism.

Biochemical Changes
It was pointed out that the catecholamine-induced myocardial
necrosis must be considered to be of a mixed pathogenesis
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involving both direct metabolic actions in the cardiac muscle
as well as factors secondary to vascular and hemodynamic
effects”® Cardiac lesions due to epinephrine and isoproterenol
are of a mixed type in which both hypoxias secondary to
vascular and hemodynamic effects as well as direct metabolic
effects in the heart muscle have a role in their development. It

is not, then, wunreasonable to regard vascular and
hemodynamic effects as complicating factors, which greatly
aggravate some more direct toxic influence of catecholamines
on myocardial cells. Accordingly, it can be readily
understood how a reduction in the extent and severity of
catecholamine-induced lesions is brought about by
interventions, which specifically block the peripheral
vascular change, prevent the positive inotropic and
chronotropic effects of these drugs on the heart, or improve
the delivery of oxygen to the myocardium. Many years ago
Raab** attributed the cardio toxic actions of catecholamines
to their oxygen-wasting effect. According to him: “The most
conspicuous reaction of myocardial metabolism to the
administration of adrenaline is an intense enhancement of
local oxygen consumption which, in certain dosages, by far
exceeds the demand of simultaneously increased myocardial
muscular work, and which is only partially compensated by a
simultaneous increase of coronary blood flow. In this respect
adrenaline is able, so to speak, to mimic the anoxiating
effects of coronary insufficiency in the absence of any real
coronary anomaly. It should be emphasized, however, that
the tissue anoxia resulting from the administration of
adrenaline is probably not caused by adrenaline itself but by
an oxidation product of adrenaline (Bruno Kisch’s omega),
which acts as an oxidation catalyst even in very high
dilutions.” It was found that identical electrocardiographic
changes occurred during cardiac sympathetic nerve
stimulation, electrically induced muscular exercise, or
intravenous injection of norepinephrine or epinephrine, when
coronary artery dilatability is impaired and during exogenous
anoxia or partial occlusion of the coronary arteries’” This
was taken as evidence that the increased O, consumption
caused by catecholamines produced a relative hypoxia if
coronary flow could not be sufficiently increased. A crucial
point in the concept of oxygen wasting concerns the origin of
the increased O, consumption with catecholamines—whether
it is due to a decreased efficiency of oxygen use or an
increased oxygen demand. It was found that the oxygen
consumption of resting papillary muscle was not increased by
catecholamines even in concentrations 10 times higher than
those effective in stimulating O, consumption of contracting
papillary muscles’ This study concluded that the increased
O, consumption of the intact heart following administration
of epinephrine or norepinephrine is secondary to the
increased contractility. On the other hand, it was reported that
low dose norepinephrine exerted a maximal inotropic effect
with little or no increase of O, consumption, while larger
doses had no further inotropic effect but did increase O,
consumption, indicating that it is excessive catecholamine
concentrations which cause oxygen wasting’” It was
observed that the increase of O, consumption of the
potassium arrested heart caused by catecholamines was 5% to
20% of that found in the beating heart®” this study concluded
that most, but not all, of the increased O, consumption was
secondary to hemodynamic alterations and increased cardiac
work. In a similar comparison of the effects of epinephrine on
O, consumption in beating and arrested hearts, it was found
that about one-third of the increment in O, consumption in
beating hearts was accounted for by a metabolic effect

dissociable from the increased work®™ -~ Furthermore, it was
reported that this effect could be blocked by dichloro
isoproterenol but not by phentolamine®* From these studies it
is evident that catecholamines can cause an increase in O,
consumption that is not related to increase cardiac work or
activity and the concept of decreased efficiency or oxygen
wasting is therefore justified. It has been suggested that this
oxygen-wasting effect was actually due to an oxidation
product of epinephrine* and one such oxidation product,
adrenochrome, was shown to uncouple mitochondria®  The
uncoupling of mitochondria by adrenochrome was
antagonized by GSH in high concentration, probably due to a
direct reduction of adrenochrome, since the characteristic red
colour of adrenochrome was lost when GSH was added in the
presence or absence of mitochondria, whereas oxidized GSH
did not affect this uncoupling by adrenochrome. It was found
the P:O ratio of heart mitochondria by norepinephrine,
epinephrine, or isoproterenol was significantly low" RCI
and Q O, were similar to control, but unfortunately the
control RCI values in these experiments were very low. A
good relationship between elevation of myocardial
catecholamine content and depression of P:O ratio in
mitochondria was  observed. =~ Whereas  propranolol
pretreatment enhanced the increase in myocardial
catecholamines and caused a more marked depression of
mitochondrial P:O ratios, dibenzyline and reserpine inhibited
both the increase in catecholamine contents and the decrease
in the mitochondrial P:O ratio. Since catecholamines under in
vitro conditions did not affect the P:O ratio of mitochondria
at a concentration of 1mM, it was concluded that this was not
a direct action of the catecholamines on the mitochondria, but
instead adrenochrome or one of its metabolites might be
responsible for the observed effect. Some biochemical
changes in  catecholamine-induced  cardiomyopathy.
Glycogen content of the heart decreased rapidly after an
injection of isoproterenol and then rose above control level
during subsequent five hours. Serum glutamate-oxaloacetate
transaminase (GOT), aspartate aminotransferase (AST),
glutamate-pyruvate transaminase (GPT), LDH, and creatine
phosphokinase (CPK) were all greatly elevated during the
acute phase of necrotization following catecholamine
administration® In one experiment studying the oxidative
phosphorylation of heart mitochondria from isoproterenol-
treated rats revealed that the RCI was reduced without
affecting the P:O ratio® It is not possible to draw any
definite conclusions from these studies with respect to the
effects of catecholamines on mitochondrial respiration,
although uncoupling of oxidative phosphorylation is certainly
indicated and would explain both the oxygen-wasting effect
and the depletion of myocardial high-energy phosphate stores
caused by large doses of catecholamines. Having found that
heart mitochondria from catecholamine-treated rats were
uncoupled, the level of free fatty acids in the mitochondria
was determined because free fatty acids are known to
uncouple mitochondria* No difference in mitochondrial-free
fatty acid content or composition was found and it was
concluded that the observed uncoupling might not be due to
the accumulation of fatty acids. Furthermore, ephedrine,
which produced no significant changes in plasma
nonesterified—free fatty acids, was observed to cause cardiac
lesions®” Nevertheless, it was found that inhibition of
lipolysis by nicotinic acid, B-pyridyl carbonyl or high plasma
glucose concentrations during infusion of isoproterenol could
substantially reduce the increase in myocardial oxygen
consumption. This may be possibly due to the prevention of
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the uncoupling action of high intracellular concentrations of
free fatty acid in the heart, following catecholamine
administration® A casual relationship between the increase
in plasma-free fatty acids following norepinephrine
administration and the occurrence of cardiac lesions has also
been postulated® The evidence fails to implicate elevated
levels of free fatty acids as primary agents in mitochondrial
uncoupling following administration of catecholamines. But
it was suggested that metabolism of free fatty acids in some
way aggravate the cardio toxic effects of catecholamines® as
well as the correlation of severity of lesions with the amount
of body fat™*:

Electrolytes Shifts and Intercellular Ca**-Overload

In view of the close relationship between electrolyte shifts
and the occurrence of necrotic lesions, it has been suggested
that changes in myocardial electrolyte contents initiated by
altered cationic transfer ability of myocardial cells at the
plasma membrane and subcellular membrane sites by
catecholamines contribute to irreversible failure of cell
function®> Critical in the pathogenesis of irreversible damage
was the loss of cellular Mg**® In this regard, it was pointed
out that Mg”" is an important activator cation participating in
the function of many enzymes involved in phosphate transfer
reactions, including use of ATP. Unfortunately, this
mechanism cannot be considered adequate to explain the
reduction of high-energy phosphate content in the
myocardium® since interference with energy use would have
the opposite effect. On the other hand, Mg* is reported to
cause a decrease in the respiration-supported uptake of Ca**
by isolated heart mitochondria®” and could thus be important
in regulating the mitochondrial function in terms of oxidative
phosphorylation. It has been similarly argued that it is the
derangement of myocardial electrolyte balance, specifically
the loss of K and Mg”" ions from the myocardium, which is
the central mechanism in a variety of cardiomyopathies®® But
this derangement of electrolyte balance was considered to be
secondary to an inadequate supply of energy for
transmembrane cation pumps required for the maintenance of
electrolyte equilibrium, which occurs with oxygen deficiency
or impaired energy production. It has also been suggested
that electrolyte shifts are an important component in the
development of irreversible damage produced by both direct
and indirect pathogenic mechanisms, and that myocardial
resistance is related to the ability of the heart to maintain a
normal electrolyte balance in the face of potentially
cardiotoxic episodes . It was observed that the
isoproterenol-induced necrosis and decline in high-energy
phosphates were associated with a six- to sevenfold increase
in the rate of radioactive Ca®" - uptake and a doubling of net
myocardial Ca®* content’” This finding suggested that
isoproterenol causes a greatly increased influx of Ca®*, which
overloads the cardiomyocytes. It was postulated that the
intracellular Ca®" - overload initiates a depression in high-
energy phosphate stores by excessive activation of Ca®" -
dependent ATPases and impairing mitochondrial oxidative
phosphorylation. This hypothesis attempts to explain why the
myocardium is sensitized to isoproterenol-induced necrosis
by factors, such as 9-o-fluoro cortisol acetate,
dihydrotachysterol, NaH,PO,, high extracellular Ca*" or
increased blood pH, which favours intracellular Ca?" -
overload. Consistent with this hypothesis, K~ and Mg** salts,
low extracellular Ca*", thyrocalcitonin, low blood pH, or
specific blockers of transmembrane Ca>* fluxes protect the
heart against isoproterenol, presumably by preventing the

occurrence of intracellular Ca™ -overload. In support of the
central role for Ca®* -overload in the pathogenesis of
catecholamine-induced necrosis is the observation that
spontaneous necrotization of cardiac tissue in myopathic
hamsters, which exhibit high levels of circulating
catecholamines, is prevented by treatment with a Ca®" -
channel blocker, verapamil®* * It was also shown that
propranolol could completely block the increase of Ca*
content of the myocardium but would only reduce the
incidence of lesions rather than preventing them. Also,
necrosis of skeletal muscle fibers can be induced through
mechanical injury of the cell membrane, permitting increased
amount of Ca®" -influx, which can be prevented by
elimination of Ca®* from the Ringer solution or by an outward
electric current, which blocks Ca®" -influx’"" Unfortunately,
there is no direct evidence that it is in fact Ca*" which
produces the decline of high-energy phosphate in the hearts
of animals given isoproterenol and a causal relationship has
not yet been established. Furthermore, it has been found that
myocardial Ca®* content increased on increasing the dose of
isoproterenol in the range from 0.1 to 10 mg/kg, but it did not
increase further with higher dose levels required to produce
myocardial lesions’* It has also been shown that increased
cystolic Ca”" in the myocytes may be due to leakage from the
SR through dysfunctional ryanodine receptors’ Thus, it was
suggested that the inotropic response to catecholamines is
related to Ca*" entry but that the necrosis may be due to some
other factor, possibly the intracellular metabolism of Ca®".
Nonetheless, the dramatic modification of necrosis by factors
influencing transmembrane Ca’" fluxes clearly suggests the
involvement of Ca®" at some level in the etiology of necrosis
caused by catecholamines™ On the basis of coincidence of
localization of isoproterenol-induced myocardial lesions and
the highest myocardial MAO activity, it has been suggested
that the accumulation of products metabolically formed
during deamination of catecholamines may be the cause of
necrosis in the heart® It is further pointed out that the lower
sensitivity to isoproterenol may be due to the lesser MAO
activity in the hearts of young rats in comparison with the
older rats. These observations as well as the protective effect
of monoamine oxidase inhibitors (MAOI) do not appear to be
consistent with the hypothesis of intracellular Ca*" -overload.
Likewise, no specific explanation has been offered for the
changes in contractile proteins, which are seen to occur in
catecholamine-induced necrotic lesions except for the
suggestion that a direct interaction of catecholamine or some
metabolite with the heavy meromyosin region of the myosin
molecule is involved®™ It is possible that MAOI may reduce
the oxidation of catecholamines and thus decrease the
formation of toxic substance such as free radicals and
adrenochrome and subsequent myocardial necrosis. It may
very well be that lysosomes’ are activated because of
intracellular Ca®" -overload, and this may produce cellular
damage due to catecholamines. Furthermore, catecholamines
are known to markedly increase the concentration of cAMP
in the heart and it is likely that this agent in high
concentrations may represent an important factor for causing
catecholamine-induced myocardial necrosis in association
with changes due to the oxidation products of
catecholamines. In summary, the majority of the factors
found to influence the severity of catecholamine-induced
lesions can be understood in terms of their effects on
hemodynamic factors, delivery of oxygen to the myocardium,
electrolyte balance, metabolism of calcium, and mobilization
of lipids. It would thus appear that hemodynamic and
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coronary vascular factors contribute significantly to the
severity of myocardial damage following catecholamine
administration but that some primary pathogenic mechanism
acting directly on the myocardial cell is probably involved as
well. Furthermore, it is clear that the exhaustion of high-
energy phosphate store and disruption of electrolyte balance
are crucial events in the etiology of irreversible cell damage.
Although mobilization of lipids and the occurrence of
intracellular Ca*" -overload may be involved, the nature of
the direct pathogenic influence following injection of
catecholamines is yet unknown. Ultrastructural Changes
shows the time —course of ultrastructural changes following
isoproterenol injections in rats reported previously'®” It has
been observed that there is no correlation between
mitochondrial damage and disruption of myofilaments seen
10 minutes after the isoproterenol injection, normal appearing
mitochondria being found among fragmented filaments and
swollen mitochondria with ruptured cristae and electron-
dense deposits among apparently undamaged sarcomeres’™
191 Within 30 to 60 minutes, there also occurs a spectrum of
damage to the contractile filaments, ranging from irregular
bands of greater or less than normal density in sarcomeres of
irregular length to fusion of sarcomeres into confluent masses
and granular disintegration of the myofilaments'®> The
effects of norepinephrine, epinephrine, and isoproterenol are
qualitatively identical at the cellular level'™ with the
exception that glycogen depletion '°” and fat deposition were
much more extensive with epinephrine than with
isoproterenol or norepinephrine. From the foregoing
discussion it appears that alterations of the contractile
filaments begin with irregularities in length and misalignment
of the sarcomeres, which are usually associated with an
increased thickness and density of the Z-band. Contracture
ensues, with the Z-bands becoming indistinct, actin and
myosin filaments can no longer be distinguished. Granular
disintegration of the sarcomeres follows with the appearance
of large empty spaces within the muscle cells, and this
fragmentation likely contributes to swelling of the cell. The
tubular elements and mitochondria commence swelling soon
after catecholamine injection, and the mitochondrial matrix is
subsequently decreased in electron density. However, it is
pointed out that swelling of the transverse tubules and
sarcoplasmic reticulum (SR) is not as consistent a finding as
the mitochondrial swelling and may not be evident with
certain fixatives. Rupture of the cristae and deposition of
electron dense material in mitochondria represent the final
stage in the disruption of these organelles. Accumulation of
lipid droplets and disappearance of glycogen granules is not
usually evident until these other changes have occurred to
some degree and are probably due to the well-known
metabolic effects of catecholamines. Herniation of
intercalated discs and vacuolization are probably secondary
to the swelling and disruption of subcellular organelles and
the disintegration of myofilaments.

Membrane Changes

By virtue of their ability to regulate Ca>* movements in the
myocardial cell, different membrane systems such as SL, SR,
and mitochondria are considered to determine the status of
heart function in health and disease'™ Accordingly,
alterations in SR, mitochondrial, and SL. membranes were
observed in myocardium from animals treated with high
doses of catecholamines'™ To investigate the role of these
membrane changes in the development of contractile
dysfunction and myocardial cell damage due to

catecholamines, rats were injected intraperitonial with high
doses of isoproterenol (40 mg/kg) and the hearts were
removed at 3, 9, and 24 hours post injection'®® The cardiac
hypertrophy as measured by the heart or body weight ratio
and depression in contractile function were seen at 9 and 24
hours, whereas varying degrees of myocardial cell damage
occurred within 3 to 24 hours of isoproterenol injection.
Alterations in heart membranes were evident from the fact
that phospholipid contents in SL and mitochondria were
increased at 3 and 9 hours, whereas the SR phospholipid
contents increased at 3, 9, and 24 hours after injecting
isoproterenol. It was interesting to observe that phospholipid
N-methylation, which has been shown to modulate the Ca*" -
transport activities'*” exhibited an increase at 3 hours and a
decrease at 24 hours in both SL and SR, while no changes
were observed in mitochondria. These studies '® suggest that
changes in heart membranes during the development of
catecholamine-induced cardiomyopathy are of crucial
importance in determining the functional and structural status
of the myocardium. An analysis of results described in
various investigations'®''" revealed that the activity of the
SL Ca** -pump (ATP-dependent Ca** —uptake and Ca*" -
stimulated ATPase), which is concerned with the removal of
Ca®" from the cytoplasm, was increased at 3 hours and
decreased at 24 hours following isoproterenol injection. On
the other hand, Na" -dependent Ca** -uptake, unlike the Na*
-induced Ca*" -release, was decreased at 3, 9, and 24 hours of
isoproterenol administration. The SL ATP-independent Ca®" -
binding, which is considered to reflect the status of
superficial stores of Ca®* at the cell membrane, and SL sialic
acid residues, which bind Ca®>" were increased at 9 and 24
hours. These SL alterations were not associated with any
changes in the nitrendipine binding (an index of Ca*" -
channels), Na" —K" ATPase (an index of Na" -pump), and
Ca®* /Mg®" ecto-ATPase (an index of Ca*' -gating
mechanism). An early increase in SL Ca®" -pump may help
the cell to remove Ca®', whereas depressed Na' -Ca®
exchange can be seen to contribute toward the occurrence of
intracellular Ca*" -overload. Likewise, an increase in the
entry of Ca®" from the elevated SL superficial Ca®>" stores as
well as depressed SL Ca’" -pump may contribute toward the
occurrence of intracellular Ca®* —overload at late stage
catecholamine-induced cardiomyopathy. It is now well
known that relaxation of the cardiac muscle is mainly
determined by the activity of Ca2" -pump located in the SR,
whereas the interaction of Ca®" with myofibrils determines
the ability of myocardium to contract. On the other hand,
mitochondria, which are primarily concerned with the
production of ATP, are also known to accumulate Ca®’ to
lower the intracellular concentration of Ca®" under
pathological conditions. Mitochondrial Ca®" -uptake, unlike
mitochondrial ATPase activity, was increased at 9 and 24
hours of isoproterenol injection. Although no change in
myofibrillar Ca®* -stimulated ATPase activity was apparent,
the myofibrillar Mg®*  ATPase activity was depressed at 9
and 24 hours of isoproterenol injection. Time-dependent
changes in the adrenergic receptor mechanisms''"* which are
also concerned with the regulation of Ca’* movements in
myocardium, were also seen during the development of
catecholamine-induced cardiomyopathy. In particular, the
number of fB-adrenergic receptors was decreased at 9 hours,
whereas the number of a-adrenergic receptors decreased at 24
hours of isoproterenol injection. In another study it was found
that norepinephrine increased myocardial [;-adrenoceptor
density at one and four hours post norepinephrine
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treatment ~ in contrast, chronic administration of
norepinephrine for eight weeks has been shown to reduce ;-
adrenoceptor density' """ The basal adenylyl cyclase
activities were not changed, whereas stimulation of adenylyl
cyclase by epinephrine was depressed at three and nine hours.
Activation of adenylyl cyclase by a non hydrolyzable analog
of guanine nucleotide (Gpp(NH)p) and NaF was decreased at
3,9, and 24 hours of isoproterenol injection. Chronic infusion
of isoproterenol has also been associated with an increase in
cardiac B-adrenergic receptor kinase content'"> Recently in
another study, early changes in intracellular Ca*" -overload
were observed to occur two minutes following isoproterenol
injection. During the preinfarction period (before 12 hours)
there was a significant increase in Ca*" levels in cardiac
mitochondrial and microsomal fractions. Enhanced
mitochondrial Ca®" -uptake, decreased ryanodine binding and
Na * /Ca® exchanger activity, as well as activation of PMCA
and SERCA have also been reported. These changes lead to
failed compensation and failed recuperation of Ca®" dynamics
during the first six hours post isoproterenol treatment®"
Accordingly, it is suggested that subcellular mechanisms
concerned with the regulation of Ca*' movements are altered
in catecholamine induced cardiomyopathy. In summary, it
appears that some of the changes in heart membranes are
adaptive in nature, whereas others contribute toward the
pathogenesis of myocardial cell damage and contractile
dysfunction. The early increase in SL and SR Ca*" -pump
mechanisms as well as late changes in mitochondrial Ca*" -
uptake seems to help the myocardial cell in lowering the
intracellular concentration of Ca®*". On the other hand, the
early depression in SL Na "-Ca*" exchange and late decrease
in SL and SR Ca®" -pump may lead to the development of
intracellular Ca** -overload. This change may result in the
redistribution and activation of lysosomal enzymes''® and
other mechanisms for the disruption of the myocardial cell
due to high levels of circulating catecholamines. It should be
mentioned that genes such as UCP2 and FHLI have been
identified to play a role in the development of
cardiomyopathy induced by b-adrenergic signalling''”
Increased protein amounts of the tumour suppressor PTEN in
response to isoproterenol stimulation may negatively regulate
P" kinase activity''® P" kinase g was found to be critical for
inducing myocardial hypertrophy, interstitial fibrosis, and
cardiac dysfunction in response to b-adrenergic stimulation.
P110g mice, which are deficient for the catalytic subunit for
pI3 kinase y, have shown resistance to the effects of
isoproterenol on cardiac structure and function; however,
these animals did not show any change in the induction of
hypertrophy markers in response to isoproterenol'"*"

Histological Changes

Histological changes in catecholamine-induced
cardiomyopathy are generally characterized by degeneration
and necrosis of myocardial fiber, accumulation of
inflammatory cells such as leukocytes, interstitial edema,
lipid droplet (fat deposition), and endocardial hemorrhage.
Interstitial edema is usually associated with subendocardial
and subepicardial haemorrhages following administration of
catecholamines and is characteristically present in damaged
areas of the myocardium even after 72 hours**'*"" Interstitial
edema and inflammation are much more prominent following
epinephrine or norepinephrine injections even though
isoproterenol is more potent in producing cellular damage'®”
Accordingly, it has been suggested that edema and
inflammation result from mechanisms different from those

causing necrotic tissue damage during the development of
catecholamine- induced cardiomyopathy. Histochemical
alterations subsequent to administration of lesion producing
doses of catecholamines have also been reported in
detail®'°"'% A marked loss of glycogen is seen within 30
minutes, and is most marked following epinephrine
administration. Accumulation of peroxidase acid-Schiff
(PAS)-positive material is seen at one hour and in an
increasing number of fibers over the next 24 hours. This is
associated with loss of normal striations and appearance of
clear vacuoles. A Meta chromatic substance is usually
observed in areas of interstitial edema and inflammation. All
three catecholamines have been shown to produce biphasic
changes in the activities of different oxidative enzymes.
There is a rapid increase in the activities of enzymes; this is
evident within five minutes in various individual fibers,
followed by a gradual decline in the activities during 6 to 12
hours. Certain areas of the myocardium having markedly
diminished oxidative enzyme activities are interspersed with
fibers of normal activities. Decline in oxidative enzyme
activities of certain fibers progresses until frank necrosis is
evident and there is complete loss of the activities. In each
case the degree of change of the enzyme activities is
proportional to the normal level of activity of the enzyme
involved. Cytochrome oxidase activity is unchanged until
evidence of early necrosis is seen after 6 to 12 hours, at
which time the activity of this enzyme decreases as well. An
increased number of lipid droplets are observed at 30
minutes. Fatty change is more evident in the endocardial
region than elsewhere and has been reported by Ferrans et
al'™ to be least apparent with epinephrine; this is in direct
contradiction of the findings of Lehr et al.'™ The reason for
this discrepancy is not clear; however, fibers, which contain
large lipid droplets, show decreased activities of the oxidative
enzymes, including cytochrome oxidase. Furthermore, all
three catecholamines cause a slight increase in the staining of
cytoplasm for lysosomal esterase activity'® It has been
reported that ATPase and acid phosphatase were also
increased in norepinephrine- induced cardiomyopathy'**

CONCLUSIONS

It is well known that massive amounts of catecholamines are
released from the sympathetic nerve endings and adrenal
medulla under stressful situations. Initially, these hormones
produce beneficial effects on the cardiovascular system to
meet the energy demands of various organs in the body, and
their actions on the heart are primarily mediated through the
stimulation of b- adrenergic receptors, G protein, adenylate
cyclase, and cAMP system in the myocardium. However,
prolonged exposure of the heart to high levels of
catecholamines results in coronary spasm, arrhythmias,
contractile dysfunction, cell damage, and myocardial
necrosis.  Different pharmacological, hormonal, and
metabolic interventions, which are known to reduce the
occurrence of intracellular Ca®* - overload, have been shown
to prevent the cardiotoxic actions of catecholamines. Several
mechanisms such as relative hypoxia, hemodynamic
alterations, coronary insufficiency, changes in lipid
mobilization and energy metabolism, electrolyte imbalance,
and membrane alterations have been suggested to explain the
cardiotoxic effects of high concentrations of catecholamines.
Recent studies have shown that oxidation of catecholamines
results in the formation of highly toxic substances such as
aminochromes (e.g., adrenochrome) and free radicals and
these then, by the virtue of their actions on different types of
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heart membranes, cause intracellular Ca™" -overload and

myocardial cell damage.

Hemodynamic and metabolic

actions of catecholamines may aggravate toxic effects of the
oxidation products of catecholamines. Thus, it appears that

antioxidant

therapy in combination with some Ca®"

antagonist and/or metabolic intervention may be most

effective  in

preventing the catecholamine-induced

cardiomyopathy.
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