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Abstract. The animal models of myocardial injury induced by systemic β-adrenergic receptor ago-
nist administration represent an experimental approach of persisting interest. These models were
found useful especially for studies of structural and functional adaptation of myocardium during 
the progression of cardiac adaptive response towards maladaptive hypertrophy and insufficiency.
The pathological alterations induced by isoproterenol (ISO) do not develop evenly. The ISO models
may contribute effectively to understanding of pathologies in signal transduction, energetics, excit-
ability and contractility that may contribute concomitantly to cardiac dysfunction and heart failure. 
In this minireview we focused on the alterations in general characteristics and heart function as 
well as on the morphological changes of cardiomyocytes developed during ISO administration. The
morphological alterations within the cellular macro- and microdomains correspond to the electrical 
remodeling and contractile dysfunction of ventricular myocardium that could be used to identify 
pathological changes ranging from hypertrophy to failing heart.
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Introduction

Catecholamines increase the contractile force and the 
beating rate of the heart resulting in markedly increased 
cardiac pumping output and cardiac oxygen consumption, 
albeit at reduced efficiency. Excess of catecholamines in
circulation is responsible for the myocardial tissue damage 
(Cibllis and Hirstat 1980) observed in clinical conditions 
such as ischemia, angina, infarction, cardiac arrhythmias 
and sudden cardiac death. Increased release of endogenous 
catecholamines as well as the increased administration of 
exogenous catecholamines leads to remodeling of myo-
cardium and of cardiomyocytes at subcellular level (Raab 
1960; Rona 1985). These effects of catecholamines were
found useful for development of models of myocardial 
injury intended to study details of underlying processes 
at the tissue, cellular and molecular levels. Here we review 

briefly the changes in the function and structure of hearts
induced by administration of isoproterenol as reported 
up to date. 

Cardiac remodeling resulting from increased heart rate 
and hemodynamic overload, or increased workload and 
increased wall tension (Lijnen et al. 2000; Ozaki et al. 2002) 
initiates cardiac hypertrophy as evidenced by both in vivo 
(Benjamin et al. 1989; Zierhut and Zimmer 1989; Boluyt 
et al. 1995) and in vitro (Clark et al. 1991; Zou et al. 1999) 
studies. Chronic stimulation of β-adrenergic receptor as-
sociated with cardiac overload and congestive heart failure 
(Bristow 2000) may cause progressive myocyte dysfunc-
tion, cell loss or cardiac chamber remodeling (Limbird 
and Voughan 1999) as it has been demonstrated in humans 
and experimental animals. Several mechanisms including 
increased preload and afterload, the defects in energy pro-
duction and utilization, altered signal transduction, and 
calcium handling abnormalities have been put forward 
about the mechanism of induced cardiac injury (for review 
see Osadchii 2007; Dhalla et al. 2009). 

Myocardial contractility is regulated by catecholamines 
through β-adrenergic receptors. Any alterations in the 
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dynamics of β-adrenergic receptors would affect cardiac
ourput. An externalization (overexpression) of β-adrenergic 
receptors contribute to the development of the hypercardio-
dynamic state, whereas an internalization (underexpression) 
of β-adrenergic receptors would lead to the formation of 
hypocardiodynamic state (Tang et al. 1998).

Administration of isoproterenol (ISO), a synthetic cat-
echolamine, causes severe stress in the myocardium due to 
the activation of adrenergic system and other neurohumoral 
systems inducing an increase in the L-type Ca2+ channel 
activity. If the stress is sustained then the hearts are remod-
eled into a compensatory stage with enhanced contractility 
and sarcoplasmic reticulum Ca2+ load. During the progres-
sion of heart failure, the reduced or even compromised 
responsiveness to β-adrenergic stimulation was shown and 
excitation-contraction coupling efficiency was significantly
reduced (Tang et al. 2010). 

Stimulation of β-adrenergic receptors by ISO is as-
sociated with activation of the transduction mechanisms 
involving kinases, G proteins, and adenosine nucleotides 
(Zimmer 1997; Suzuki et al. 1998; Zou et al. 1999), activa-
tion of the renin – angiotensin – aldosterone system (Na-
gano et al. 1992; Golomb et al. 1994; Baillard et al. 2000; 
Leenen et al. 2001; Rajadurai and Prince 2007), induction 
of oxidative stress (Zhang et al 2005; Rajadurai and Prince 
2007), activation of the Na+/H+ exchanger (Ennis et al. 
2003) and Na+/Ca2+ exchanger (Chorvatova et al. 2004), el-
evated levels of endothelins (Suzuki et al. 1998), or changes 
in NO production (Krenek et al. 2006, 2009; Ribeiro et al. 
2009), increased expression of fibrogenic factors includ-
ing, e.g., connective tissue growth factor (CTGF) and 
NADPH oxidase (NOX4) (Ma et al. 2011). Overexpression 
of β1-adrenergic receptors and Gs-protein in the murine 
myocardium (Colluci et al. 2000) developed left ventricular
dilatation, contractile dysfunction and apoptosis. However, 
downregulation of microRNA-133 is a prerequisite for the 
development of apoptosis, fibrosis, and prolongation of the
QT interval (Abdellatif 2010). 

In the earlier reports it was shown that repeated stimula-
tion of β-adrenergic receptors by ISO did not extend necrotic 
lesions, but that the induced “myocardial resistance or 
adaptation” against ISO was developed (Poupa 1962; Turek 
et al. 1966; Korb and Totovič 1967; Moalic et al. 1993a). 
This finding is not clearly explained, however, it could be
related to internalization or downregulation of β-adrenergic 
receptor.

Downregulation of β-adrenergic receptor signaling path-
way is manifested as reduced β-adrenergic receptor density 
and impaired transduction pathways and has been linked to 
increased left ventricular tissue mass in hypertrophied rat
hearts (Moalic et al. 1993b), or as an important attribute of 
human heart failure (Fowler et al. 1986). However, Sethi et 
al. (2007) demonstrated that β-adrenergic receptor-mediated 

signal transduction mechanism is unaltered or upregulated 
in the compensated stages of cardiac hypertrophy and are 
downregulated in the decompensated stages of cardiac 
hypertrophy. 

Recently, Soltysinska et al. (2011a) provided experi-
mental evidence, that sustained sympathetic activation 
by very low dose of isoproterenol infusion (400 µg/kg·h 
over 16 days) may promote downregulation of myocardial 
β-adrenergic receptor-mediated effects associated with
markedly reduced Gsα-protein expression. These changes
could represent an early negative feedback to enhanced 
adrenergic tone.

ISO-induced myocardial injury

Adrenergic over-activation promoted development of 
cardiac hypertrophy. Despite the positive inotropic and 
chronotropic effect on the heart, administration of ISO
decreases peripheral resistance and produces vasodilata-
tion in many vascular beds that results in reduced diastolic 
and systolic blood pressure (Lijnen et al. 2000; Ozaki et 
al. 2002; Rajadurai and Prince 2007). Recent clinical study 
showed (Strand et al. 2006) that development of cardiac 
hypertrophy is independent of systolic blood pressure 
(Verdecchia et al. 1998; Mathew et al. 2001). Therefore the
important role of sustained adrenergic receptor activation 
in association to cardiac hypertrophy and failure was sug-
gested. Acute ISO administration produced tachycardia 
associated with relative ischemia due to imbalance be-
tween increased myocardial oxygen demand and reduced 
coronary blood supply. The increased demands placed on
the heart lead to an increased heart/body weight ratio as 
a result of the increased afterload or direct β-adrenergic
receptor stimulation (Dresel et al. 1963; Lijnen et al. 2000; 
Ozaki 2002). 

β-adrenergic receptors stimulation by ISO for more than 
3 days resulted in cardiac hypertrophy demonstrating as 
an increased ratio of heart weight to body weight (Zimmer 
1997; Linck et al. 1998; Suzuki et al. 1998). Seven days last-
ing ISO treatment (2 mg/kg) induced hypertrophy of the 
left ventricle (Fereira 2007). Nagano et al. (1992) reported
that ISO application for 7 days increased both the left and
the right ventricular weight. Krenek et al. (2009) found an 
increased weight of both chambers and atria upon low-dose 
administration of ISO (5 mg/kg, 7 days). Similar results re-
ported by Leenen et al. (2001) indicated a significant increase
in the weight and thickness of the right and left ventricles
and typical increase in thickness of the septum. Comparison 
between the two weeks lasting daily subcutaneous injec-
tion or continuous infusion of ISO revealed similar degree 
of cardiac hypertrophy in mice. However, daily injection 
developed more severe ventricular systolic and diastolic 
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143Models of myocardial injury induced by isoproterenol

dysfunction and myocardial fibrosis than sustained expo-
sure to a β-adrenergic receptor agonist (Ma et al. 2011). 
In rats, prolongation of the low-dose ISO stimulation led 
to appearance of infarct-like necrotic regions, resembling 
myocardial infarction in humans (Rona et al. 1959; Kahn 
et al. 1969; Benjamin et al. 1989; Teerlink et al. 1994), and 
to congestive heart failure (Armoundas et al. 2001; Bénitah 
2002; Ennis et al. 2003). 

Chronic ISO administration of very low doses (400 µg/
kg·h over 16 days) to guinea pig did not produce left ven-
tricular hypertrophy and the dilatation and left ventricular 
systolic functions were well preserved. No differences in
the epicardial action potential duration and the effective
refractory period were detected. In contrast to downregu-
lation of β-adrenergic receptor-mediated pharmacological 
responses, the left ventricular hypertrophy contractile and
electrophysiological responses induced by forskolin stayed 
well preserved indicating development of independent path-
ways for β-adrenergic receptor downregulation and for heart 
remodeling and systolic failure (Soltysinska et al. 2011a). 

Different single or repeated doses of ISO administered
to experimental animals induced not only different degrees
of apoptotic, regressive or degenerative processes in myo-
cardium but allowed also the studies of reparative processes 
in ISO damaged myocardium leading to improved cardiac 
function (Ellison et al. 2007; Angert et al. 2011).

Classification of ISO effects

Based on the available literature the ISO-induced effects on
heart could be divided into 3 groups depending on the dose 
and duration of ISO administration:
• low doses of isoproterenol (0.3–6 mg/kg body weight) 

administered acutely or repeatedly during 1–3 weeks 
• medium doses of isoproterenol (10–85 mg/kg body 

weight) applied in a single dose 
• high doses of isoproterenol (150–300 mg/kg body weight) 

applied in a single dose or in two consecutive doses.

Low-dose ISO models

Very low doses of ISO, 0.3 mg/kg, applied for 7 days did not 
affect the blood pressure in rats (Lijnen et al. 2000). How-
ever, it was shown, that low doses of ISO (0.3 to 6 mg/kg) 
induce cardiac hypertrophy accompanied by fibrosis and
necrosis of the tissue (Rona et al. 1961, Meszaros and Levai 
1990; Nagano et al. 1992; Meszaros and Pasztor 1995; Zim-
mer 1997; Suzuki et al. 1998; Lijnen et al. 2000; Meszaros et 
al. 2001; Ocaranza et al. 2002; Sia et al. 2002; Goldspink et 
al. 2004; Zhang et al. 2007). At the level of cardiac myocytes, 
the signs of apoptosis were observed that appeared within 

3–6 hours after single ISO application (Goldspink et al.
2004; Krenek et al. 2009). The apoptosis and continuing loss
of viable myocytes could be a mechanism for progressive 
myocardial failure (Colluci et al. 2000).

Meszaros and Levai (1990) described electrical properties 
of cardiac cells. They characterized three basic types of cells
present in the myocardium after 7 days lasting administra-
tion of 5 mg/kg/day of ISO: 
• healthy cells with normal action potentials 
• physiological hypertrophied cells with prolonged action 

potential
• pathological hypertrophied cells with very short action 

potentials. 
In the model of ISO-induced myocardial hypertrophy 

(5 mg/kg/7 days) Krenek et al. (2009) found ST segment de-
pression and negative T wave, which point to the presence of 
myocardial ischemia. In the same model, Kralova et al. (2008) 
and Mikusova et al. (2009) analyzed electrocardiograms 
(ECG) of anesthetized rats and of isolated hearts (Fig. 1). 
They revealed typical ECG characteristics of hypertrophy in
ISO-treated hearts, specifically, the longer duration of QT
interval and of QRS complex, the negative Q and S waves, 
flattening and lengthening of T wave, higher R amplitude
and increased values of voltage criteria, namely, of the Lewis, 
Sokolow-Lyon, and Cornell indexes. Hypertrophic changes 
predisposed the hearts to higher incidence of ventricular ec-
topic activity, as well as episodes of non-sustained ventricular 
tachycardia and fibrillation. The slowed left ventricular
contractile performance and impaired perfusion of coronary 
vessels were observed after ISO treatment.

Repeated administration of ISO at low doses (5 mg/kg 
i.p. daily) for 1–3 weeks led to gradual development of 
myocardial necrosis (Meszaros and Levai 1990). A less than 
7 days ISO treatment induced the early stage of hypertrophy 
characterized by a few and small necrotic foci. At the level of 
cardiomyocytes, the aggregation and swelling of mitochon-
dria was described. This stage is known as the compensated
or so called physiological hypertrophy. The prolonged ISO
treatment induced the late stages of hypertrophy character-
ized by a pathological hypertrophy with massive confluent
myocardial lesions. In cardiomyocytes, the myofibrils were
enlarged; mitochondria were massively swollen with dis-
rupted cristae and outer membranes.

An electron microscopic study aimed at changes in cel-
lular organization during development of the compensated 
hypertrophy (Mikusova et al. 2009) characterized subcel-
lular remodeling in the functional myocardium (Fig. 2). 
The adaptive changes of cardiomyocytes occurred mainly
in the plasma membrane, showing increased incidence of 
caveolae and increased vesiculation of t-tubules, especially 
near the dyads. This study also revealed fully differentiated
myocytes showing small regions with morphological features 
of postnatal cardiomyocytes. 
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Low-dose ISO-induced hypertrophy ceases rapidly after
termination of ISO administration (Golomb et al. 1994). 
Tang and Taylor (1984) described attenuation of hypertro-
phy over 4 days after the last ISO application. Ocaranza et

al. (2002) reported that there was spontaneous regression of 
the left ventricular hypertrophy but no regression of fibrosis
on days 15 and 33 after the last application of ISO (5 mg/kg
for 10 days). 

Control: rat (Wistar CIII/6)  

ISO  5 mg/kg for 7 days: rat (Wistar BI/4) 

VT

0,6ms

1 mV

Figure 1. Typical 12 lead surface ECG and bipolar left ventricular ECG of rat. A. Control ECG recorded on day 7 after daily s.c admin-
istration of the vehicle. Characteristics of the control ECG (left): heart rate 333 beats/min, R amplitude higher in II. limb lead, T wave
positive, negative S wave. Characteristics of the bipolar left ventricular ECG of the isolated spontaneously beating control rat heart (right):
heart rate 220 beats/min, regular, occasionally incidence of ventricular premature beats (filled dots), T wave positive. B. ECG recorded 
on day 7 after daily s.c administration of 5 mg/kg isoproterenol (ISO). Characteristics of the ISO-treated rat ECG (left): variable size of
R amplitude, enlargement of R wave amplitude in the I. limb lead, lengthening of QRS complex, negative Q wave, negative T wave in 
the limb and chest leads, ST segment depression, prolongation of QT interval. Characteristics of the bipolar left ventricular ECG of the
spontaneously beating heart isolated from ISO-treated rat (right): slower heart rate, increased amplitude of R wave, presence of different
forms of ventricular premature beats (filled dots), episodes of ventricular tachycardia (VT).
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In the late stage of hypertrophy induced by a prolonged 
treatment by the low dose of ISO (5 mg/kg for 21 days), the 
cardiac overload issued in the myocardial failure and leads 
to increased incidence of death up to 80–90% (Meszaros 
and Levai 1990; Kralova et al. 2009). In surviving animals, 
the ventricular function is aggravated in comparison to that 
observed after 7 days of ISO administration. The increased
left ventricular weight and the thickness of the free wall,
increased internal diameter of the left ventricular cavity to-
gether with markedly reduced contractility, increased diasto-
lic pressure and lower coronary perfusion. At the same time, 
ECG display longer duration of waves and QRS complex, 
prolongation of PQ and QT intervals, decreased R amplitude, 
lowered voltage criteria and suppressed dysrhythmic activity 
that characterize progression of the myocardial hypertrophy 
towards failing heart (Kralova et al. 2009; Nichtova et al. 
2010). Soltysinska et al. (2011b) found that lengthening of 
QT interval as well as epicardial action potential prolonga-
tion are associated with progression of heart failure in ani-
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Figure 2. Electron micrographs of the left ventricular myocytes of
the control rat heart and the rat heart treated with the low dose of 
isoproterenol (ISO; 5 mg/kg s.c. for 7 days). A. Control rat cardio-
myocyte showing densely packed myofibrils (mf), mitochondria
(*), membrane system of sarcoplasmic reticulum (arrowhead) 
and dyad (arrow), with very low content of the free cytoplasm. B. 
ISO rat cardiomyocyte showing hypertrophying area under the 
plasma membrane. The cytoplasm contains clusters of ribosomes
(arrow) and disorganized myofibrils (mf). The plasma membrane
covered with the basement membrane forms caveolae (short arrow) 
and vesicles (arrowhead). C. ISO rat cardiomyocyte showing the 
hypertrophying area in the intermyofibrillar space. The myofibrils
and the t-tubules (arrows) are not well organized. The increased
content of free cytoplasm (*) and deformation of t-tubule near the 
dyadic microdomain (arrowhead) is observed.
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mals exposed to daily ISO 1 mg/kg addition over 3 months. 
Electrical remodeling of hypertrophic myocardium could 
be induced either by low doses of ISO for 1–3 weeks, or by 
very low ISO doses but for longer time period.

Electron microscopic analysis of surviving cardiomyocytes 
in the late stage hypertrophy (Nichtova et al. 2010) showed 
increased number of newly formed sarcoplasmic processes 
containing disorganized masses of myofibrils without t-tu-
bules and sarcoplasmic reticulum. A part of the cardiomyo-
cyte ultrastructure did not differ markedly from controls. In
mice, the similar experiments (ISO 6 mg/kg, 21 days) showed 
developing cardiac hypertrophy, which, however, exhibited 
preserved t-tubule system (Horiuchi-Hirose et al. 2010). 

Medium-dose ISO models 

Two-days lasting administration of increased ISO dose 
(40 mg/kg body weight) led to a significant but temporary
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reduction in systolic and diastolic blood pressure, however, 
prolonged administration of ISO did not affect blood pres-
sure (Leenen et al. 2001; Zhang et al. 2005).

The medium doses of ISO (10–85 mg/kg) induced
structural changes of mitochondria that are characterized 
by swelling, by decreased amount of cristae and increased 
presence of the homogenized matrix in mitochondrial 
population (Chagoya de Sanchez et al. 1997; Dudnáková et 
al. 2003; Rajadurai and Prince 2007). These doses of ISO led
to dilatation of tubules of the sarcoplasmic reticulum and 
to occurrence of vacuolae, originating probably from the 
sarcoplasmic reticulum.

Applications of medium doses of ISO to rats (65 mg/kg, 
Chagoya de Sanchez et al. 1997) induced myocardial dam-
ages in left ventricles (especially near the apex) similar 
to infarct-like areas as observed 12 to 24 hours after the 
ISO application. The heart rate increased by about 60% in 
about 3 minutes after ISO administration. Additionally, 
shortening of the atrioventricular interval, decrease of 
systemic blood pressure and decrease of left ventricular 
pressure were observed. Five hours after ISO administra-
tion, decreased levels of the mitochondrial oxygen con-
sumption, of the respiratory quotient, of ATP synthesis, 
as well as of the membrane potential were observed. 
These results revealed that the application of medium 
doses of ISO leads to changes in energy metabolism in 
cardiomyocytes.

High-dose ISO models

It was shown that high doses of ISO, within the 85–300 mg/kg 
range, induced diffuse myocardial necrosis and ultimately
lead to progressive left ventricular dilatation and myocardial
hypertrophy (Rona et al. 1959; Kahn et al. 1969; Benjamin et 
al. 1989; Teerlink et al. 1994; Ribeiro et al. 2009). The high
dose of ISO induced in rat heart similar myocardial damage 
as acute myocardial infarction. This finding suggested that
high dose of ISO could be used as a model of heart failure 
induced by acute myocardial infarction (Feng and Li 2009). 
The same authors concluded that ISO administered at 85/340
mg/kg on two consecutive days induced heart failure 4-weeks 
follow-up.

Single dose of 150 mg/kg ISO induced necrotic changes in 
rat cardiomyocytes within 24 hours. On the tissue level they 
manifested as dilatation of intercellular space and increased 
fibrosis (Grimm et al. 1998). Pick et al. (1989) reported
that high doses of ISO cause significant alterations in the
meshwork of thick and thin collagen fibers. The increased
expression of extracellular matrix proteins (fibronectin and
collagen) could play an important role by maintaining the 
structural integrity of the myocardium. However, it could 
contribute to the reduced tissue plasticity and the related 

systolic and diastolic dysfunction of myocardium (Grimm 
et al. 1998). 

Bestetti et al. (1987, 1990) described changes in ECG on 
day 10 after two doses of ISO (200 mg/kg body weight).
They showed pathological Q waves, lengthening of the
QRS complex and QRS abnormalities, and increased PR 
and QT intervals. Moreover, they identified apical an-
eurysm of the left ventricle and multifocal disseminated
microscopic cardiac lesions. Administration of a single 150 
mg/kg ISO dose to rats (Kralova et al. 2008) increased the 
left ventricular weight/body weight index, decreased the
thickness of the interventricular septum and of the free 
wall, diminished myocardial contractility, and increased 
incidence of the ventricular premature beats above that 
caused by application of 5 mg/kg ISO for 7 days. The
changes in electrocardiograms corresponded to changes 
reported in post-infarcted hypertrophic failing heart with 
ischemic-necrotic lesions. 

In rat hearts, administration of a single high dose of ISO 
leads to formation of infarcted regions containing necrotic 
tissue in the ventro-lateral part of the left ventricular free
wall above the apex. Electron microscopic study of myo-
cardium outside of the necrotic regions that developed on 
day 14 after single dose of 150 mg/kg ISO (Novotova et al.
2006) revealed ultrastructural changes in cardiomyocytes 
at the level of myofibrils, mitochondrial populations and
the t-system tubules. In the mid- and endocardial myocytes 
of the left ventricles, as well as in myocytes of papillary
muscles, the t-tubules and the longitudinal sarcoplasmic 
reticulum were vesiculated. The mitochondrial changes
were apparent especialy in myocytes of the papillary mus-
cle, where ultrastructural disturbances could be observed 
also at the level of myofibrils. Cardiomyocytes outside
the necrotic region displayed subcellular heterogeneities 
and alterations in the membrane system of the dyadic 
junctions, which represent morphological substrate of 
excitation-contraction coupling (ECC). Changes in the 
microarchitecture of dyads could in part cause disturbance 
of ECC (Cannell et al. 1995; Lopez-Lopez et al. 1995; Can-
nell et al. 2006; Song et al. 2006; Crossman et al. 2011) 
and consequently affect contraction of myocytes. Gomez
et al. (2001) and Houser (2001) considered contribu-
tion of morphological changes in dyadic microdomains 
to disturbances of calcium signaling in cardiomyocytes 
isolated from failing hearts. This was supported recently
by mathematical model about whole-cell response of 
cardiomyocytes after β-adrenergic receptor stimulation
(Heijman et al. 2011). The model built on the known
compartmental interactions explained the contribution 
of local signaling domains to cell electrophysiology and 
calcium signaling during β-adrenergic receptor stimula-
tion and provides a basis for studies on their role under 
pathological conditions.

https://webmail.fpharm.uniba.sk/exchweb/bin/redir.asp?URL=http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Bestetti%2520RB%2522%255BAuthor%255D
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Conclusion

ISO-induced myocardial injury manifests clearly in the 
whole body as well as in isolated heart myocardium elec-
trocardiograms and in the function and ultrastructure of 
cardiomyocytes. The observed macroscopic and micro-
scopic tissue heterogeneities contribute to the pathologi-
cal alterations of the electrophysiological and contractile 
properties of the myocardium. The described changes
develop proportionally to the dose and the duration of 
ISO administration and can be adjusted to induce required 
degree of pathology from mild hypertrophy up to conges-
tive heart failure. 

ISO-induced myocardial hypertrophy is demonstrated 
not only by the increased heart weight to body weight index, 
but also by the increased amplitude of R wave and other 
voltage criteria. The R wave amplitude decrease in the II.
limb lead but its increase in the I. limb lead is a marker of 
the left ventricular hypertrophy (Kannel 1998). The increased
mass of hearts was confirmed by the higher amplitude of
the R wave recorded from the perfused hearts isolated from 
the rats previously used for body ECG (Kralova et al. 2008; 
Mikusova et al. 2009). In clinical studies, the ventricular 
hypertrophy was characterized by increased voltage criteria 
(Okin et al. 2003, 2004; Oikarinen et al. 2004) and correlates 
well with the results of Kralova et al. (2008) who showed in-
creased voltage criteria in rats with ISO-induced ventricular 
hypertrophy.

It seems worthwhile, that the ISO-increased workload of 
the heart and imbalance between the blood supply and tissue 
oxygen demands are important factors in the development 
of myocardial ischemia and necrosis and from the structural 
point of view are hardly distinguished from the ischemia in-
duced by coronary occlusion. However, the deepened S wave 
and ascending depression of ST segment could indicate an 
increased tonus of sympathetic nervous system.

Prolonged QRS duration is frequently observed in pa-
tients with congestive heart failure (Dhingra et al. 2006) 
and is consistent with the hypothesis that depolarization 
delay may increase the risk of congestive heart failure. 
Pathological changes in the ST segment, T wave, and Q wave 
morphology indicate ischemic process developed within the 
layers of myocardium (Khan 2003). 

Electrocardiographic abnormalities were described in all 
ISO-treated animals. In the majority of reports, prolonga-
tions of the PQ and QT intervals, QRS complex were found. 
Lengthening of the above mentioned parameters associated 
with slower spreading of electrical impulses throughout the 
myocardium, resulted from the interstitial tissue reaction 
as well as from the structural changes in cardiomyocytes 
(Haunstetter and Izumo 2000; Swynghedauw 2005). In-
creased duration of QT interval is suggested as a risk factor 
for higher myocardial susceptibility to arrhythmias. How-

ever, QT interval prolongation with simultaneous decrease in 
the incidence of ventricular ectopic beats and of ventricular 
tachycardia could suggest the transition from the myocardial 
hypertrophy to heart failure.

ISO models of myocardial injury allowed revealing ul-
trastructural changes at the level of cardiac myocytes and 
their sarcolemmal, contractile, mitochondrial, and dyadic 
microdomains. Morphological alterations of sarcolemma 
and submembrane regions, of the membranes of t-tubules 
and of sarcoplasmic reticulum, of the myofibrils and mito-
chondria are likely to be associated with the modifications in
signaling cascades involved in calcium signaling, contractil-
ity and energetics at the cellular level that can reach as far as 
to the abnormalities in the electrical activity, contractility and 
energetics at the organ levels. Understanding remodeling at 
the level of microdomains is the next step in understanding 
of the complexity of interactions between the morphological 
substrates and cardiac function observed during myocardial 
hypertrophy and transition to heart failure.

Brief completing of relations to clinics

Experimental animal models based on administration of 
ISO allow insights into the pathomechanisms and pathologi-
cal abnormalitites developed under β-adrenergic receptor 
stimulation and help to find optimal approach to therapy of
sympathetic overactivation induced effects.

In vitro and in vivo observations provide a rational 
mechanism by which β-adrenergic receptor overstimula-
tion induced left ventricular remodeling and heart failure
in patients (Collucci et al. 2000). However, clinical signs 
of congestive heart failure were evident only in animals 
subjected to volume overload (Sethi et al. 2007) but not to 
pressure overload. 

Acute β-adrenergic receptor agonist ISO administration 
induces myocardial ischemia as was shown in the surface 
ECG of patients next to circulatory support after cardiac
surgery (Bestetti et al. 1987). Single or two ISO overdoses 
induced in rat heart similar signs of acute myocardial inf-
arction as in humans, therefore the ISO model is used as 
a non-invasive AMI model with HF (Chagoya de Sanchez 
et al. 1997).

The acute stress induced increase in the cardiac activity
followed by imbalance between blood supply and tissue 
demands resulted in the ischemic-necrotic tissue injury, ar-
rhythmogenesis and even an acute unexpected death and in-
creased mortality both in animals and patients (Landmesser 
and Drexler 2007). However, if the stress is sustained then 
the heart is subjected to remodeling toward the heart failure 
at the organ, myocyte, and molecular levels. Sympathetic 
nervous system activity to the myocardium is increased in 
the patients with heart failure.
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