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Abstract The ability of amiodarone to prevent patho-

logical changes and oxidative stress after isoproterenol

(ISO)-induced myocardial injury was investigated in rats.

A better understanding of the processes involved in the

pathophysiology of myocardial infarction has led to the

search for drugs that can limit the extent of myocardial

injury. Amiodarone was administered to groups of rats

groups once per day for 30 days. On days 29 and 30, the

rats of the ISO control and drug treatment groups were

administered 180 mg/kg ISO subcutaneously at an interval

of 24 h for two consecutive days. In the control groups,

clinical indicators, such as creatine kinase-isoenzymes and

troponin-I, were found to be statistically higher than in the

drug groups. Parallel to this increase in indicators, a sig-

nificant decrease in glutathione levels and activities of

superoxide dismutase and an increase in malondialdehyde

level were detected. Biochemical and histopathologic

results in the ISO-induced model of myocardial injury

emphasize the beneficial action of amiodarone as a car-

dioprotective agent.
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Introduction

Amiodarone {2-butyl-3-(30;50 diiodo-40a-diethyl-aminoeth-

oxy-benzoyl)-benzofuran} (AMD), one of the most effec-

tive antiarrhythmic agents, is a multiple ion (Ca??, Na?,

K?) channel blocker, but it primarily inhibits K? channels

and is also a noncompetitive adrenergic antagonist that

inhibits a- and b-receptors in cardiac cells. It is an effec-

tive antiarrhythmic agent and is used to treat a wide variety

of ventricular and supraventricular tachyarrhythmias [1]; it

is considered the gold standard for the pharmacological
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treatment of life-threatening ventricular tachyarrhythmias

in high-risk patients [2]. This drug can also modulate

phospholipid metabolism [3] and inhibit phospholipase A1,

A2 and phospholipase C [4]. Phospholipase enzyme plays

a role in the production of inflammatory mediators during

arachidonic acid metabolism. Although amiodarone

inhibits the phospholipase enzyme, blocks calcium chan-

nels, and is reported to exert antioxidant activity, antiul-

cerogenic activity and anti-inflammatory activity as other

beneficial effects [5–7], clinical use of AMD is limited

because of its potential for developing numerous adverse

side effects. Of the greatest concern is amiodarone-induced

pulmonary toxicity (AIPT), due to the potential for

mortality. However, hepatotoxicity and other adverse

effects are also of clinical importance. This drug can

also modulate thyroid function and phospholipid metabo-

lism [3].

It is now well recognized that isoproterenol (ISO), a

synthetic catecholamine and b-adrenergic agonist, causes

severe stress in the myocardium, resulting in infarct-like

necrosis of the heart muscles and MI in supramaximal

dosages [8]. The various mechanisms proposed to explain

ISO-induced damage include hypoxia due to myocardial

hyperactivity and coronary hypotension [9], calcium

overload [10], depletion of energy reserves [11] and

generation of highly cytotoxic free radical through auto-

oxidation of catecholamines [12]. Free radicals are pro-

duced in cells by cellular metabolism and by exogenous

agents.

A better understanding of the processes involved in

the pathophysiology of MI has led to the search for

drugs that can limit the extent of myocardial injury

[13–15]. Proven cardioprotective and membrane stabi-

lizing activity of many drugs in animal models of

myocardial necrosis further strengthen this theory

[13–15]. Drugs with multiple mechanisms of protective

action, including antioxidant properties, may be one step

forward in MI [12]. In this study, we chose the drug that

most commonly used in the treatment of potentially fatal

arrhythmias.

In evaluating the overall related literature, it is clear that

there are not enough studies focusing on the effects of

amiodarone on acute periods of ISO-induced myocardial

injury in rats. The rat ISO-induced myocardial injury

model in the present study was used to understand the role

of ISO on the response of cardiac enzyme and oxidative

response. The present study also determined whether

amiodarone would protect against myocardial injury

induced by ISO as evaluated by activities of superoxide

dismutase (SOD), levels of glutathione (GSH), levels of

lipid peroxidation (MDA) and histological examination of

heart tissues dose dependently.

Materials and Methods

Drugs and Chemicals

Amiodarone (Cordarone, 100 mg tb) from Sanofi-Aventis-

Turkey was obtained. Isoproterenol hydrochloride was

purchased from Sigma Chemical (Germany). All other

chemicals used were of analytical grade.

Experimental Animals

A total of 30 male Sprague–Dawley rats, weighing 180–

200 g, were used in the study. The experiments were con-

ducted according to the ethical norms approved by the Ethic

Committee of Experimental Animal Teaching and Research

Center. Rats were obtained from the Experimental Animal

Laboratory of Medicinal and Experimental Application and

Research Center, Erzurum, Turkey. They were kept in

standard laboratory conditions under natural light and dark

cycle. The animals were fed normal diet and water.

Experimental Protocols of Isoproterenol-Induced

Myocardial Injury

In this study, a total of 30 rats were divided into five groups

(n = 6 in each group); the experimental groups are sum-

marized below:

Group 1, intact control; Group 2, ISO control; Group 3,

amiodarone intact control; Group 4, ISO ? amiodarone

30 mg/kg; Group 5, ISO ? amiodarone 100 mg/kg.

Amiodarone 30 and 100 mg/kg were administered

orally in the treatment groups once a day for 30 days. For

induction of myocardial injury, we used ISO 180 mg/kg

subcutaneously [16]. The intact control group (Group 1)

was administered isotonic NaCl subcutaneously as a

vehicle. For the myocardial injury model, on days 29 and

30 of the drug treatment, the rats of the ISO acute control

(Group 2) and amiodarone (Groups 4 and 5) treatment

groups were administered ISO (180 mg/kg) subcutane-

ously at an interval of 24 h.

Amiodarone (Group 3) was administered orally at an

interval of 24 h for 30 days to healthy rats in the drug

control group.

After the experimental period, the animals were killed

using high-dose sodium thiopental (50 mg/kg). Blood was

collected without anticoagulant for serum. Serum was sep-

arated by centrifugation. Hearts from all rat groups were

removed then located on cold-ice bars. Then, definite sec-

tions of the rat hearts were separated for biochemical anal-

yses and transferred to a -80�C refrigerator. The remaining

sections of the heart tissues were transferred into 10%

formaldehyde solution for histopathologic examination.
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Histological Examination

The hearts were fixed in 10% formalin solution and

embedded in paraffin. Sections of three different left

ventricular locations measuring 4 lm were made and

stained with hematoxylin and eosin (H&E) and observed

microscopically. The severity and extent of MI were

noted for each specimen. The pathologist was blinded to

the treatment. The severity of changes was quantitated

none (-) to severe (???) based on the degree of

inflammation, interstitial fibrosis, myocardial disorgani-

zation and interstitial edema. The scoring system was as

follows: (0), no damage; (?), minimal inflammatory cell

infiltration, focal minimal interstitial fibrosis and mild

myocardial disorganization (less than 5%); (??), mod-

erate inflammatory cell infiltration, patchy multifocal

interstitial fibrosis and moderate myocardial disorganiza-

tion (5–20%); (???), widespread inflammatory cell

infiltration, severe interstitial fibrosis and myocardial

disorganization (more than 20%).

Biochemical Studies

Cardiac Marker Enzymes

The separated serums were used for the determination of

CK-MB [17] activities with an autoanalyzer (Comas

C-501) and levels of TnI [18] with another autoanalyzer

(Vidas System). The measurements were expressed as U/L

for CK-MB and ng/ml for TnI.

Measurements of SOD, MDA and GSH in Heart Tissue

After the macroscopic analysis, heart tissue homogenates

were prepared to determine SOD enzyme activity, and the

levels of GSH and lipid peroxidation were measured by the

thiobarbituric assay for malondialdehyde (MDA) in all rat

groups. Whole hearts of the individual rat groups were

ground with liquid nitrogen in a mortar, and 0.5 g of the

heart tissue was treated with 4.5 ml of appropriate buffer.

The mixtures were homogenized on ice for 15 min, and the

homogenates were filtered and centrifuged using a refrig-

erator centrifuge at 4�C. The supernatants were used in

biochemical assays. All assays were carried out at room

temperature in triplicate. SOD activity was measured

according to Sun et al. [19], expressed as mmol/min/mg

tissue. GSH was measured according to a previously

reported method [20]. GSH levels in the heart tissue are

expressed as nmol/g tissue. Heart tissue lipid peroxidation

was determined by estimating levels of malondialdehyde

(MDA) using the thiobarbituric acid test [21]. The results

were expressed as nmol MDA/g tissue.

Statistical Analysis

Statistical analysis was done by one-way analysis of vari-

ance (ANOVA), followed by LSD’s multiple range test

using the SPSS software package, version 12.00. P values

\0.05 were considered as significant. All the results are

expressed as mean ± standard deviation (SD) for six rats

in each group.

Results

Histological Findings

Figure 1 illustrates normal myocardial tissue in an intact

control (group 1) and ISO-induced rat (group 2), respec-

tively. Figure 2 shows sections of myocardial tissue from

rats in Group 3; amiodarone intact control 100 mg/kg,

Group 4; ISO ? amiodarone 30 mg/kg, Group 5; ISO ?

amiodarone 100 mg/kg, respectively. Histological changes

in heart of ISO-treated animals and after amiodarone

administration were graded and summarized in Fig. 3.

Intact Control Rat Group

In histological sections from the intact control group show

the architecture of the normal cardiac tissue, normal car-

diac fibers without any fraying or infarction (Fig. 1a).

ISO-Induced Rat Group

In histological analysis of the acute period of ISO-induced

rat group, acute severe (???) extensive myofibrillar

degeneration, which was associated with infiltration of

neutrophil granulocytes and interstitial edema (Fig. 1b).

This myocardial damage was observed markedly in the

subendocardial layer of the left ventricle. ISO alone-

induced myocardium showed infarcted zone with edema

and inflammatory cells. The myocardial fibers showed

coagulative necrosis.

Amiodarone Intact Control 100 mg/kg Rat Group

Histological analysis showed the normal architecture of rat

heart of amiodarone intact control group (Fig. 2a).

ISO ? Amiodarone 30 mg/kg Rat Group

Treatment of amiodarone at a dose of 30 mg/kg showed

areas of moderate (??) focal myonecrosis, edema with

infiltration of neutrophil granulocytes (Fig. 2b).
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Fig. 2 Light microscopical sections of group 3–5. my Myocardium, i
interstitium, cm cardiac myocytes, in inflammatory cell infiltration

and magnification bars: 25 lm. In a normal aspect of myocardial

tissue in only amiodarone-treated rats. In b areas of focal myonecro-

sis, edema were seen in myocardial tissue of rat receiving amiodarone

30 mg/kg ? isoproterenol. In c areas of mild myofibrillar degener-

ation, which is associated with interstitial edema were seen in

myocardial tissue of rat receiving amiodarone 100 mg/kg ? isopro-

terenol. Magnification bars: 25 lm

Fig. 3 Effect of amiodarone on

the morphological changes as

assessed by histopathologic

examination of heart tissue at

acute periods after

isoproterenol-induced

myocardial infarction in rats

Fig. 1 Light microscopical sections of group 1 and 2. my Myocar-

dium, i interstitium, in inflammatory cell infiltration and cm cardiac

myocytes. In a normal aspect of myocardial tissue in control rat. In b
acute extensive myofibrillary degeneration, which is related to

infiltration with neutrophil granulocytes and interstitial edema that

(marked myocardial injury) were seen in myocardial tissue of rat

receiving isoproterenol only. Magnification bars: 25 lm
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ISO ? Amiodarone 100 mg/kg Rat Group

Treatment of amiodarone at a dose of 100 mg/kg showed

areas of mild (?) myofibrillar degeneration, which is

associated with interstitial edema (Fig. 2c). The degree of

cardiac damage exhibiting moderate and/or marked was

found with higher ISO in the ISO ? amiodarone 30 mg/kg

rat group when compared with ISO ? amiodarone

100 mg/kg rat group. One hundred milligram per kilogram

of amiodarone pretreatment showed only mild edema

without infarction, and the myocardial fibers were within

normal limits.

Biochemical Results for CK-MB Activities TnI Levels

in Serum

The effects of amiodarone (30 and 100 mg/kg) on cardiac

markers CK-MB and TnI in serum in normal and ISO-

induced rats are shown in Table 1. The CK-MB activity

and TnI levels at acute periods after ISO-induced

rats (group 2) increased significantly (P \ 0.05) when

compared with control group (group 1). It was found that

the CK-MB enzyme and TnI level at acute treatment

groups with amiodarone (group 4 and 5) decreased sig-

nificantly (P \ 0.05) when compared with that of acute MI

group (group 2). The most decreased CK-MB activities and

TnI level have shown by amiodarone 100 mg/kg ? MI

group when compared with amiodarone 30 mg/kg ? MI.

The results showed that there was no significant alteration

at the CK-MB enzyme and TnI level of amiodarone control

group (group 3) when compared with that of intact control

group (group 1).

Results of SOD Activities in Heart Tissue

The effects of amiodarone (30 and 100 mg/kg) on the

activity of the antioxidant enzyme SOD in heart tissue of

ISO-induced rats are shown in Table 2. The activity of

SOD in ISO-induced rats (Group 2) decreased significantly

(P \ 0.05) when compared with the control group (Group

1). It was found that the activity of SOD in the ISO groups

pretreated with amiodarone (Groups 4 and 5) increased

significantly (P \ 0.05) when compared with that of the

ISO control group (Group 2). The results showed that there

was no significant alteration of the SOD enzyme activities

of drug control groups when compared with that of the

intact control group (Group 1).

Results of MDA Levels in Heart Tissue

The effects of amiodarone (30 and 100 mg/kg) on levels

of MDA in heart tissue of ISO-induced rats are shown in

Table 2. The levels of MDA in ISO-induced rats

(Group 2) increased significantly (P \ 0.05) when com-

pared with the control group (Group 1). It was found

that the level of MDA in ISO groups that were pre-

treated with amiodarone (Groups 4 and 5) decreased

significantly (P \ 0.05) when compared with that of the

ISO control group (Group 2). The results showed that

there was no significant alteration of the MDA level of

Table 1 Effect of amiodarone (AMD) on the CK-MB activity and

TnI levels in serum after isoproterenol-induced myocardial injury in

rats

Groups N CK-MB (U/L) TnI (ng/ml)

1. Intact control 6 126.83 ± 12.51 0.76 ± 0.32

2. ISO control 6 225.33 ± 15.11* 9.14 ± 1.94*

3. Amiodarone control 6 186.50 ± 33.41 1.47 ± 0.72

4. ISO ? AMD 30 mg/kg 6 156.75 ± 28.58? 2.93 ± 0.77?

5. ISO ? AMD 100 mg/kg 6 139.00 ± 12.57? 2.04 ± 0.93?

Each value is mean ± SD for six rats in each group, and all statistical

analysis was done by one-way analysis of variance (ANOVA) fol-

lowed by LSD’s. Intact control group was compared with other

control groups, and the differences between groups were considered

significant (*) at P \ 0.05. ISO control group was compared with

amiodarone-treated groups, and the differences between groups were

considered significant (?) at P \ 0.05

Table 2 Effect of amiodarone (AMD) on the SOD activities and MDA, GSH levels in heart tissue after isoproterenol-induced myocardial injury

in rats

Groups N SOD (mmol/min/mg tissue) MDA (nmol MDA/g tissue) GSH (nmol/g tissue)

1. Intact control 6 106.81 ± 13.59 40.13 ± 8.26 8.97 ± 1.28

2. ISO control 6 58.48 ± 6.88* 72.29 ± 8.56* 4.65 ± 0.82*

3. Amiodarone control 6 128.81 ± 17.41 41.59 ± 8.74 7.58 ± 2.61

4. ISO ? AMD 30 mg/kg 6 118.48 ± 17.75? 52.03 ± 12.85? 6.73 ± 1.50

5. ISO ? AMD 100 mg/kg 6 136.41 ± 24.45? 47.25 ± 17.35? 7.78 ± 1.69?

Each value is mean ± SD for six rats in each group, and all statistical analysis was done by one-way analysis of variance (ANOVA) followed by

LSD’s. Intact control group was compared with other control groups, and the differences between groups were considered significant (*) at

P \ 0.05. ISO control group was compared with amiodarone-treated groups, and the differences between groups were considered significant (?)

at P \ 0.05
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amiodarone control group (group 3) when compared with

that of intact control group (group 1).

Result of GSH Levels in Heart Tissue

The effects of amiodarone (30 and 100 mg/kg) on levels of

GSH in heart tissue of ISO-induced rats are shown in

Table 2. The level of GSH in ISO-induced rats (Group 2)

decreased significantly (P \ 0.05) when compared with the

control group (Group 1). It was found that the level of GSH

in ISO groups that were pretreated with amiodarone

100 mg/kg (Group 5) increased significantly (P \ 0.05)

when compared with that of the ISO group (Group 2). The

results showed that there was no significant alteration of

the MDA level of the drug control group (Group 3) when

compared with that of the control group (Group 1).

Discussion

The strategies for the treatment of life-threatening MI have

changed markedly over the past years. During the past

decade, there has been active pharmacological research

toward the development of agents that will combine the

efficacy and low proarrhythmia rates of the prototype drug

amiodarone. In the present study, we investigated the

effects of amiodarone, a highly effective antiarrhythmic

agent, on ISO-induced models of cardiotoxicity on acute

ISO-induced models of cardiotoxicity in rats. Our study

shows that amiodarone exhibited antioxidant effects in

ISO-induced toxicity. Animals develop ‘‘myocardial

infarction-like’’ lesions when injected with ISO, which acts

through b-adrenergic receptors, stimulating calcium intra-

cellular influx, increasing cAMP levels [22, 23] and

exhausting high-energy phosphates [11]. These lesions are

morphologically similar to myofibrillar degeneration,

myocardial hypertrophy, myocyte damage and cardiomy-

opathy [16]—one of the findings described in acute myo-

cardial infarction (MI) [24]. The studies of ISO-induced

damage to the myocardium clearly demonstrate that ISO

produces excessive generation of highly cytotoxic free

radicals and oxidative stress in the pathology [25]. Thera-

peutic intervention that could improve impaired antioxi-

dant defense mechanisms or diminish free radical

production in the ischemic myocardium has been of great

interest [26]. The cardiac damage markers of MI, such as

CK-MB and TnI, are elevated in the serum of ISO-induced

rats, which are the best markers of cardiac necrosis; these

assays also have high sensitivity and specificity. This is in

line with the results yielded in rats treated with ISO [27].

The increased activity of serum CK-MB observed in

ISO-induced rats might be due to cardiac damage induced

by ISO [28]. Thus, in the current study, the dosage of

150 mg/kg ISO was increased to produce early cardiac

damage markers of MI in rats, such as CK-MB and TnI.

When myocardial cells containing CK and TnI are dam-

aged, the cell membrane becomes permeable, which results

in the leakage of these products. Pretreatment with amio-

darone seems to preserve structural and functional integrity

of the myocardial membrane, which lowered the activity of

CK-MB and level of TnI in the hearts of ISO-induced rats

to near normal. This might be due to the protective effect of

amiodarone on the heart, which reduced the extent of

cardiac damage induced by ISO and thereby restricted the

leakage of these products from the myocardium tissue

when compared with the acute control MI group.

In the present study, treatment of amiodarone exhibited

significant protection against ISO-induced histopathologic

and biochemical changes. The cardioprotective mecha-

nism(s) appear to be through modulation of various anti-

oxidant/oxidant parameters, thereby improving the overall

antioxidant defense of the myocardial tissue. ISO is pro-

posed to be acting as a cardiotoxic agent via b-adrenore-

ceptor mechanism, which suggests that reactive oxygen-

derived free radicals play a crucial role in the pathogenesis

of ISO-induced myocardial injury [29–31]. The formation

of free radicals in the myocardium during ISO adminis-

tration might have exceeded the ability of the free radical-

scavenging enzymes to dismutate the radicals, resulting in

myocardial damage of the heart and reduction of scav-

engers [26].

Present data on GSH, SOD and MDA demonstrated that

the antioxidant status of the myocardial cell in the ISO-

treated group is significantly damaged. Significant

decreases in GSH levels, which impaired SOD activity,

together with increased MDA appears to be the initial

insult to the tissue, making it more susceptible to oxidative

damage. Glutathione (GSH) participates directly in the

removing of hydrogen peroxides and also protects the

‘‘SH’’ group containing proteins from lipid peroxidation

[32, 33]. GSH-dependent enzymes provide a second line of

defense as they primarily detoxify the noxious by-products

generated by ROS and help to prevent propagation of free

radicals [34]. Decreased GSH levels observed in myocar-

dial-infarcted rats might be due to its increased utilization

in protecting SH groups containing proteins from the action

of free radicals [35]. Pretreatment with amiodarone

increased the concentration of GSH in ISO-treated rats

during acute periods and restored the levels to near normal

when compared to the acute ISO control groups. This effect

may be due to the free radical-scavenging properties of

amiodarone [5–7, 36].

Lipid peroxidation is an important pathogenic event that

has been linked to altered membrane structure and enzyme

inactivation in myocardial infarction [37]. In our current

study, lipid peroxidation was measured by the thiobarbituric
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assay for malondialdehyde (MDA). The levels of MDA

were significantly elevated with a concomitant decline in the

level of reduced GSH in the heart tissue of acute periods of

ISO-administered rats when compared to that of amioda-

rone-treated animals. Lipid peroxidation of membranes is

regulated by the availability of inducers such as free radi-

cals, and the increased levels of lipid peroxides in ISO-

induced damage might be due to free radical-mediated chain

reactions that could damage the myocardium [38]. Lipid

peroxidation has been linked with altered membrane struc-

ture and is an indication of the severity of ISO-induced

necrotic damage of the heart [39].

The elevated levels of MDA observed in ISO-treated

rats might be due to comparatively low levels of antioxi-

dant enzymes. Groups of rats that were treated with ami-

odarone showed reduced levels of lipid peroxidation when

compared to ISO-treated rats. This shows the antilipoper-

oxidative effect of amiodarone. Also, the level of SOD was

comparatively higher for this group. Also in our study,

ISO-treated rats showed decreased activities of SOD in the

heart. Superoxide dismutase reduces superoxide radical to

hydrogen peroxide and oxygen. A decrease in the activity

of this enzyme can lead to the formation of superoxide,

which can be harmful to the myocardium [40]. The

decrease in the activities of SOD and increase in the for-

mation of superoxide might be due to myocardial cell

damage.

The pathophysiological changes following ISO admin-

istration are comparable to those taking place in human

myocardial alterations [41]. On histopathologic examina-

tion, the ISO 180 mg/kg group demonstrates focal myo-

necrosis and chronic infiltration of inflammatory cells.

Marked vacuolar changes and edema were seen. One

hundred milligram per kilogram of amiodarone pretreat-

ment showed only mild edema without infarction, and the

myocardial fibers were within normal limits. This indicates

that amiodarone does not possess any adverse effects under

normal conditions. Our data indicate that amiodarone may

provide potential therapeutic value in the treatment of MI.

Conclusions

After this preliminary investigation, we conclude that ISO

successfully induced cardiotoxicity in rat hearts. Bio-

chemical and histopathologic results in the ISO-induced

model of cardiotoxicity emphasize the beneficial action of

amiodarone as a cardioprotective agent. The study has

shown that use of pretreatment with the antiarrhythmic

drug amiodarone decreases the biochemical and histo-

pathologic injury during acute period in ISO-induced

cardiotoxicity in rats dose dependently. The levels of

antioxidant system enzymes superoxide dismutase and

glutathione were adversely affected by cardiotoxicity.

Amiodarone alleviated the adverse effects of cardiotoxicity

on these enzymes and on the glutathione level. The car-

dioprotective properties of amiodarone could be related to

its positive effects on the antioxidant system in ISO-

induced cardiotoxicity in rats. However, further studies

need to be carried out to ascertain whether these results can

be reproduced in humans.
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