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ABSTRACT 

Objective: The objective of the present study was to determine the efficacy of the pineal hormone melatonin in the recovery of rat myocardium after 
Isoproterenol (ISO)-induced ischemic injury. 

Methods: Myocardial ischemia was generated by subcutaneous injection of ISO (25mg/kg BW) twice at interval of 24hrs. The rats were pre-treated 
with melatonin at a dose of 10mg/kg BW intraperitoneally (i.p.) 30mins prior to ISO treatment. In case of the recovery groups, melatonin treatment 
was continued for 2 and 4 days respectively post ISO treatment. ISO-induced cardiac injury was determined by the histopathological changes of the 
rat myocardium and LDH1 activity. Induction of oxidative stress was determined by the activities of xanthine oxidase, xanthine dehydrogenase, 
SOD1 and catalase. Activation of stress and apoptotic pathways by ISO were determined by western blotting, DAPI staining and DNA degradation. 

Results: ISO induced cardiac injury was evident from increased LDH 1 activity and histopathological studies. Changes in the activity of pro and 
antioxidant enzymes indicated involvement of oxidative stress. ISO also caused activation of the stress and apoptotic pathways and DNA damage. 
Pre-treatment of rats with melatonin significantly ameliorated many of the damaging effects of ISO but could not bring them back to control levels. 
However, continuation of melatonin treatment post ISO for 2 and 4 days, completely brought back all the parameters of cardiac injury to control 
levels indicating improvement in cardiac function.  

Conclusion: The present study shows that continuation of melatonin treatment post-ISO is capable of completely ameliorating the ISO-induced 
ischemic injury pointing toward melatonin’s efficacy as a cardioprotective agent. 
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INTRODUCTION 

Cardiovascular diseases are currently one of the major causes of 
disability and mortality in both economically well-developed as well 
as developing countries [1]. Ischemic heart disease (IHD) is 
considered to be one of the particularly debilitating problems of 
global concern [2]. Myocardial ischemia or IHD occurs when there is 
a disparity between the oxygen demand and supply to the 
myocardium usually due coronary artery disease. A reduction in 
coronary blood flow due to atherosclerotic plaques or vasospasm 
can be sufficiently prolonged to result in severe damage to the 
myocardium which leads to cellular injury and eventually to cellular 
death due to apoptosis and/ or necrosis. Loss of this vital tissue 
ultimately leads to compromised cardiac function thereby 
jeopardizing the overall health of the individual and possibly leading 
to myocardial infarction or heart attack [3, 4].  

Recently, generation of free radicals particularly reactive oxygen 
species have been implicated in the pathogenesis of various 
cardiovascular disorders including ischemia/reperfusion (I/R), 
atherosclerosis, hypertension and cardiotoxicity induced by drugs [1].  

Isoproterenol (ISO), a synthetic β-adrenergic agonist, produces 
pathophysiological changes in the rat heart similar to those seen in 
humans after myocardial infarction. We have provided evidence that 
ISO-induced myocardial infarction occurs through the production of 
reactive oxygen species [4]. We have also shown that the ROS mediated 
cardiomyocyte damage involves a faltering electron transport chain in 
mitochondria and activation of stress sensitive signaling pathways that 
regulate gene expression resulting in cellular damage [5]. 

Melatonin (N-acetyl-5-methoxytryptamine), a tryptophan derivative 
secreted by the pineal gland, is a highly evolutionarily conserved 
molecule – present virtually in all organisms. In addition to its 
important physiological functions in mammals including seasonal 
reproductive regulation, immune enhancement, regulation of light–
dark signal transduction etc, melatonin has widespread antioxidant 

actions [6, 7]. In our earlier studies, we have demonstrated that 
melatonin significantly protects against ISO-induced myocardial 
infarction through its direct and indirect antioxidant capacity. Our 
studies also indicated that melatonin played a role in the recovery of 
the damaged myocardium in the post-ischemic period as opposed to 
natural healing of the heart.  

In these studies, we further elucidate melatonin’s role in the 
recovery process of the ISO-treated ischemic heart after withdrawal 
of ISO-treatment. Our studies reveal that this low molecular weight 
natural indole helps the rat heart to recover from ISO administered 
injury through its direct and indirect antioxidant actions as well as 
by ameliorating the ISO-induced induction of the stress and 
apoptotic pathways.  

Melatonin is a highly conserved natural molecule, present both in 
plants and animals including humans and its pharmacological doses 
have been found to be non-toxic [8]. Understanding its role in 
ameliorating ischemic damage, particularly in helping the 
myocardium to recover from an ischemic shock, is interesting since 
it may have the potential for being used as a future therapeutic 
against myocardial ischemia. 

MATERIALS AND METHODS 

Animals 

Male Sprague–Dawley rats, weighing 180–220 g were used for the 
experiment. They were housed in the departmental animal house 
with food and water ad libitum. The animals were handled as per the 
guidelines of the Committee for the Purpose of Control and 
Supervision of Experiments on Animals (CPCSEA), Ministry of Social 
Justice and Empowerment, Government of India. All the 
experimental protocols had approval of the Institutional Animal 
Ethics Committee (IAEC) of the Department of Physiology, 
University of Calcutta. Prof. P. K. Samanta, M. Sc. (Vet.), Ph. D., 
CPCSEA Nominee to IAEC, Department of Physiology, University of 
Calcutta, monitored care and experiments on animals. 
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Drugs and chemicals 

Melatonin, isoproterenol bitartrate (ISO), eosin, ethidium bromide, 
DAPI (4, 6-diamidino-2-phenylindole), nitroblue tetrazolium 
(NBT), 5-bromo-4-chloro-3-indolyl phosphate (BCIP) were 
obtained from Sigma, St. Louis, MO, USA. Hematoxylin, 
isopropanol, trichloro acetic acid (TCA), perchloric acid (PCA) 
were obtained from Merck Limited, Delhi, India. Bovine serum 
albumin (BSA), agarose, bromophenol blue, glycerol were 
obtained from Sisco Research Laboratories (SRL), Mumbai, India. 
Apaf-1 (H 324), pP38 (Tyr 182) and actin (I-19) polyclonal 
antibodies and donkey anti-goat and anti-mouse IgG conjugated 
with alkaline phosphatase were purchased from Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA. 

Animal Experimental protocol 

Five groups of rats, each comprising of 6 animals, were employed in 
the present study. The dose selection for isoproterenol-bitartrate 
(ISO) and melatonin was based on previous dose response studies 
carried out by us [4]. All the groups except the control group were 
given ISO at a dose of 25mg/kg BW subcutaneously twice at 
difference of 24hrs, and melatonin at 10mg/kg BW intraperitoneally 
for different durations. There was no mortality of animals during the 
treatment period. The animal groups were as follows: 

Group I: Control group (C) 

The rats of this group comprised of the vehicle (0.9% saline) treated 
control 

Group II: Isoproterenol treated group (I) 

The rats of this group were treated with ISO only (25mg/kg BW s.c. 
twice at an interval of 24hrs). The rats were then euthanized by 
cervical dislocation 48 hrs after start of experiment, and the hearts 
collected and stored at -80ºC for further analyses. Blood was also 
collected for isolation of serum. 

Group III: ISO + melatonin protected group (I + m) 

The rats were pretreated with melatonin at a dose of 10mg/kg BW 
i.p. 30mins prior to ISO treatment (two doses 24hrs apart). The rats 
were euthanized with the ISO treated rats and blood and cardiac 
tissue collected. 

Group IV: Melatonin protected group-2 days (Iw +m 2D) 

Rats of this group were treated with initially ISO and melatonin 
was given prior to ISO treatment for 2 days like the I+m group. ISO 
treatment was then withdrawn and only melatonin treatment 
continued for 2 more days. The rats were euthanized five days 
after start of experiment and blood and tissue collected as before. 

Group V: Melatonin protected group- 4 days (Iw + m 4D) 

In rats of this group, melatonin treatment was continued for 4 days 
after withdrawal of ISO treatment after 2days. Rats were euthanized 
seven days after the start of experiment and blood and tissue 
collected as before. 

Measurement of serum LDH1 levels 

The cardiac specific Type 1 isoform of lactate dehydrogenase 
(LDH1) was obtained according to the method of Varcoe et al. [9] by 
incubating the serum samples at 65°C for 30mins, which destroys all 
isoforms except LDH1 . The enzyme activity was then obtained by 
measuring the oxidation of NADH (0.1mM) to NAD+ at 340nm using 
1.0mM sodium pyruvate as the substrate according to the method of 
Strittmatter [10]. Values were expressed as Units/ml. 

Measurement of superoxide dismutase (SOD) and catalase 
(CAT) activities 

The activity of copper-zinc superoxide dismutase [Cu-Zn-SOD 
(SOD1)], an important cytosolic antioxidant enzyme, was measured 
by hematoxylin autooxidation method of Martin et al. [11]. 
Inhibition of hematoxylin autooxidation by the cell free supernatant 
was measured at 560nm using a UV-VIS spectrophotometer. The 
enzyme activity was expressed as Units per mg of tissue protein. 

Catalase was assayed by the method of Beers and Sizer [12] with 
some modifications as adopted by Chattopadhyay et al. [13]. The cell 
free supernatant in 50mM phosphate buffer, pH 7.0, was incubated 
with 0.01ml of absolute ethanol at 4°C for 30 min, after which 10% 
Triton X-100 was added. The enzyme preparation, thus obtained, 
was used to determine catalase activity by measuring the 
breakdown of H2O2 spectrophotometrically at 240nm. The enzyme 
activity was expressed as moles H2O2 consumed / mg of tissue 
protein.  

Assessment of superoxide anion free radical (O2-) generation by 
the xanthine oxidase/xanthine dehydrogenase system 

Xanthine oxidase (XO) was assayed by measuring the conversion of 
xanthine to uric acid following the method of Greenlee and Handler 
[14] with some modifications by Mukherjee et al. [4]. The cell free 
supernatantwas used for spectrophotometric assay at 295nm using 
0.1mM xanthine in 50mM phosphate buffer, pH 7.8, as the substrate. 
The enzyme activity was expressed as milli Units / mg protein.  

Xanthine dehydrogenase (XDH) was assayed by following the 
reduction of NAD+ to NADH according to the method of Strittmatter 
[10] with some modifications [4]. Cell free supernatant was used for 
enzyme assay using a UV/VIS spectrophotometer at 340nm with 
0.3mM xanthine as the substrate (in 50mM phosphate buffer, pH 
7.5) and 0.7mM NAD+ as an electron donor. The enzyme activity was 
expressed as milli Units / mg protein. 

Western Blot Analysis 

The whole homogenate from left ventricular tissues was prepared as 
described earlier [5] using lysis buffer containing 50 mM Tris-HCl 
(pH 7.4), 150 mM NaCl, 1 mM PMSF, 1mM sodium orthovanadate, 1 
μg/ml each of pepstatin A, leupeptin, and aprotinin. Protein 35 µg 
for pP38 and 50 µg for Apaf 1 and actin were loaded and resolved in 
10% SDS-PAGE for immunodetection.The proteins were transferred 
to nitrocellulose membranes in an electroblotting apparatus (Mini 
Trans-Blot, Bio-Rad). The membranes were blocked using 10% non-
fat dried milk for 2hrs at room temperature then washed and 
incubated overnight with the respective primary antibody (1: 2000 
dilution). The blots were then washed and incubated for 2hrs with 
secondary antibody at room temperature. The immunoreactive 
bands were detected with alkaline phosphatase buffer (pH 9.5) in 
the presence of NBT and BCIP in the ratio of 2:1. The pixel density of 
the bands obtained was quantified using ImajeJ software (NIH, 
Bethesda, MD, USA)  

Measurement of total DNA and RNA content of rat cardiac tissue 

Total DNA and RNA content of the cardiac tissue were determined 
using the method of 16Schmidt and Thannhauser with some 
modifications [15]. AA 10% homogenate of the rat cardiac tissue in 
0.25M sucrose was treated with 10% trichloro acetic acid (TCA) and 
centrifuged at 4°C, 2000rpm for 10mins. The supernatant was 
discarded and the pellet suspended in 5% TCA. It was then 
centrifuged again for 5mins (2000rpm, 4°C). The pellet, thus 
obtained, was re-suspended in cold 8% perchloric acid (PCA) and 
centrifuged (2000 rpm at 4°C for 5mins). The supernatant was 
discarded and pellet suspended in cold 2% PCA, and, centrifuged 
again. The residue obtained was re-suspended in distilled water and 
3N NaOH was added to it and mixed well. It was then incubated at 
37°C for 1hr. Then, ice-cold 20% PCA was added to it and kept in 
cold for 10mins. The mixture was then centrifuged in cold at 2500 
rpm for 10mins. The supernatant, thus obtained, contained the RNA 
fraction. The total RNA concentration was determined by recording 
the absorbance at 270nm and 290nm using a UV-VIS 
spectrophotometer against distilled water as the blank. 

The residue left after decanting the RNA fraction was suspended in 
cold 2% PCA and centrifuged at 3000rpm in cold for 10mins. The 
supernatant was discarded and pellet re-suspended in cold 8% PCA. 
It was incubated at 70°C for 45mins, then cooled to room 
temperature. The mixture was then centrifuged at 3000rpm at 4°C 
for 15mins and the supernatant collected. This forms the DNA 
fraction whose concentration was determined by recording the 
absorbance at 270nm and 290nm using a UV-VIS spectrophotometer 
with 8% PCA as blank.  
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Determination of DNA degradation 

Rat cardiac tissue genomic DNA was extracted according to the 
method of Wu et al. [16] with some modifications. Briefly, tissue 
samples suspended in phosphate buffered saline (PBS) were dispersed 
into small pieces and single cells by passing multiple times through a 3 
ml syringe. After allowing the large debris to settle for 1 min, the cell 
suspension was transferred to a 5 ml culture tube and centrifuged at 
1200 rpm for 7 mins at 4ºC.The pellet was suspended in lysis buffer 
(400 mM NaCl, 100 mM TRIS-HCl, pH: 8.5, 5 mM EDTA, 0.2 % SDS, 20 
µg/ ml RNAse A, 500 µg/ µl Proteinase K). 3 ml lysate was placed in 
100mm petridishes. The petridishes were incubated overnight at 
37ºC. After digestion, an equal volume of isopropanol was added to 
each plate and mixed by gentle rocking. The dishes were left 
undisturbed at room temperature for atleast 2 hrs until the white DNA 
precipitate could be seen adhering to the bottom of the dish. The 
supernatant was poured off gently and the DNA washed twice with 
ice-cold 70 % ethanol. After washing, the DNA was air-dried for 10 
mins then dissolved in appropriate amount of Tris-EDTA (TE) buffer 
by incubating at 4ºC overnight. The DNA thus obtained gave an 
average 260/280 absorbance ratio of 2-2.5. The obtained DNA 
samples were then mixed with 6X loading dye and resolved in an 0.8% 
agarose gel. The gel was stained with ethidium bromide and DNA 
bands detected in a Gel-Doc apparatus (Biorad, Hercules CA). 

Estimation of proteins 

Proteins of the different samples were determined by the method of 
Lowry et al. [17]. 

Histological studies 

The extirpated hearts were fixed immediately in 10% formalin and 
embedded in paraffin following routine procedure [18]. Left 
Ventricular (LV) sections (5 μm thick) were prepared and stained 

with hematoxylin–eosin (H-E). The tissue sections were examined 
under an Olympus BX51 (Olympus Corporation, Tokyo, Japan) 
microscope and images were captured with a digital camera 
attached to it.  

Determination of apoptosis using immunoflourescence 
microscopy 

Formalin fixed paraffin embedded 5uM thick left ventricular 
sections were processed according to routine procedure. They were 
then equilibrated to pH 7.0 using a neutral pH buffer. The tissue 
sections were then stained with DAPI stain according to the method 
of [19]. The tissue sections were examined under an Olympus BX51 
(Olympus Corporation, Tokyo, Japan) immunoflourescence 
microscope and images were captured with a digital camera 
attached to it. When stained with DAPI, the DNA appears as blue-
white fluorescence under ultraviolet (UV) illumination. The digitized 
images were analyzed using ImageJ analysis system (ImageJ, NIH 
software) and total fluorescence of each image measured and 
expressed as mean fluorescence intensity (MFI). 

Statistical evaluation 

Each experiment was repeated at least three times with different 
rats. Data are presented as mean ± S.E.M. Significance was calculated 
using one-way ANOVA followed by Tukey’s multiple comparison 
test. P < 0.001 was taken as significant.  

RESULT 

Isoproterenol-induced cardiomyopathy and protection by 
melatonin 

Isoproterenol at the dose of 25mg/kg BW s.c. for 2 days caused 
myocardial infarction as is evident from the distinct ischemic patch 
visible in the ISO treated rat heart in figure 1.  

 

 

Fig. 1: Representative image showing morphology of rat hearts after treatment with ISO (I) and melatonin (I+m). Melatonin treatment 
was continued for 2days (Iw+m 2D) and 4days (Iw+m 4D) after discontinuation of ISO treatment. The control (CON) rats were treated with 

vehicle only. 
 

There was significant enlargement of the heart due to ISO 
treatment as also evidenced by increases HW/BW ratio (Table 1, 
*P< 0.001 vs C). Pre-treatment of rats with melatonin reduced the 
infarct size but was unable to significantly decrease the ISO 
induced enlargement of the rat heart. Continuation of melatonin 
treatment for 2 and 4 days post ISO-treatment however, 

completely ameliorated the ISO-induced cardiac hypertrophy and 
infarction with maximum effect seen at 4 days post ISO-treatment. 
The hematoxylin-eosin stained left ventricular sections (Fig. 2) 
showed considerable damage to the myocardial tissue architecture 
with ISO treatment leading to myofibril degeneration and 
mononuclear cell infiltration. 

 

 

Fig. 2: Representative images (400X magnification) of haematoxylin-eosin stained left ventricular longitudinal sections of rat hearts of 
Control (CON) ISO (I) treated and Melatonin (m) protected, pre (I+m) and post (Iw+m 2D, Iw+m 4D) ISO treatment. 

 

Pre-treatment of rats with melatonin significantly lowered the ISO-
induced changes to the myocardial tissue. However, the recovery 
from tissue injury was found to be complete when melatonin 
treatment was continued for another 2 and 4 days after withdrawal 
of ISO-treatment (Fig 2). 

ISO-induced cardiac injury was also evident from the increased 
activity of the diagnostic enzyme for myocardial damage, the lactate 
dehydrogenase type1 (LDH1). Melatonin time-dependently reduced 
the activity of this enzyme to control level after 4 days (Iw+m 4D) 
(Fig.3; ^P< 0.001 vs I and I+m). 

Figure 1 

  CON                         I                             I+m                  Iw +m 2D               Iw +m 4D 

CON I 

 

I+m 

 

Iw +m 2D 

 

Iw +m 4D 
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Fig. 3: Protective effect of melatonin against ISO-induced elevation of cardiac specific LDH 1 activity. Values are means ± S.E.M. of six rats 
in each group; *P < 0.001 vs CON; #P < 0.001 vs I; ^P < 0.001 vs I+m. 

 

Isoproterenol-induced generation of superoxide anion free 
radical (O2•¯) in vivo and protection by melatonin 

As evident from table 2, the activities of xanthine oxidase (XO) and 
xanthine dehydrogenase (XD), XO/XD ratio, the total enzyme activity i.e. 
XO plus XD and XO/ XO+XD ratio all increased significantly following ISO 
treatment of rats indicating enhancement in the generation of 
superoxide anion free radical in vivo. All these parameters were time-
dependently restored to control levels when the rats were pre-treated 

with melatonin and then melatonin treatment was continued even after 
withdrawal of ISO treatment after 48 hrs. 

Effect of ISO treatment on cardiac antioxidant enzymes and 
protection by melatonin-a time-dependant study 

Figure 4 reveals that ISO treatment significantly increased the 
activity of Cu-Zn superoxide dismutase (SOD 1) and decreased the 
activity of catalase of the cardiac tissue of rats.  

 

 

Fig. 4: Protective effect of melatonin against ISO-induced decrease in catalase (primary axis) and increase in Cu-Zn SOD (SOD 1 (secondary 
axis) activity of rat heart tissue. The rats were treated with ISO (I) at a dose of 25 mg/kg body weight s.c. Melatonin (m) protected rats 
were treated with 10 mg/kg body weight i.p. 30 min before ISO-treatment, and post ISO treatment period of 2 and 4 days. The control 
(CON) rats were treated with vehicle only. Values are means ± S.E.M. of six rats in each group; *P < 0.001 vs CON; #P < 0.001 vs I; ^P < 

0.001 vs I+m. 

This enhancement of SOD 1 activity following ISO treatment was 
significantly lowered when the rats were pre-treated with melatonin 
for 2 days. A further reduction in the activity of the enzyme was also 
observed when melatonin treatment was continued for a period of 2 
(Iw+m 2D) and 4 (Iw+m 4D) more days after ISO withdrawal (^P< 
0.001 vs I and I+m).  

Similarly, pre-treatment of rats with melatonin caused a 
significant (#P< 0.01 vs I) elevation in catalase activity compared 
to ISO-treated rats. Interestingly, continuation of melatonin 
treatment for 2 more days after withdrawal of ISO treatment 
(Iw+m 2D) caused a more than two fold increase in catalase 
activity compared to the activity observed in the control rats (P < 
0.001 vs C). This elevation of the enzyme activity following 
withdrawal of the ISO treatment, however, was brought down to 

the activity observed in the control animals when the rats were 
continued to be treated with melatonin for another 2 days (i.e., 4 
days from ISO withdrawal- Iw+m 4D).  

ISO-induced activation of stress proteins- amelioration by 
melatonin 

Figure 5A shows ISO-induced elevation in the levels of apoptotic 
protease activating factor (Apaf)-1, a protein involved in the 
activation of the mitochondria related intrinsic apoptotic pathway of 
the cell. Melatonin pre-treatment for 2 days caused significant 
decrease in the level of Apaf 1 (P< 0.001 vs I). However, continuation 
of melatonin treatment lowered the level of this stress protein 
further with maximum protection seen after 4 days of melatonin 
treatment (Iw+m 4D; ^P< 0.001 vs I and I+m).  
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Figure 5B shows activation of p38 MAP kinase protein by ISO 
treatment (*P< 0.001 vs C. Melatonin time- dependently lowered 

p38 expression to control levels with Iw +m 4D values being even 
lower than those of the control animals. 

 

 

Fig. 5: Western blot analysis of (A) phosphorylated p38 and (B) apoptotic protease activating factor (Apaf)-1 of heart tissue in control 
(CON), ISO (I) treated and melatonin (m) protected hearts pre (I+m) and post (Iw+m 2D, Iw+m 4D) ISO treatment. The western blot 

analyses were repeated atleast 3 times. Actin served as loading control. The pixel density of the bands obtained through western blotting 
was quantified with imageJ software (NIH) and the values (means ± S.E.M) are presented below the blots in the form of bar graphs. *P < 

0.001 vs CON; #P < 0.001 vs I; ^P < 0.001 vs I+m. 

 

Isoproterenol-induced changes in rat cardiac tissue total DNA 
and RNA levels and induction of nuclear apoptosis: protective 
role of melatonin 

Figure 6A and 6B shows the ISO-induced induction of nuclear 
apoptosis through the DAPI stained cardiac sections. ISO treatment 
caused an increase in the number of mitotic nuclei as evident from 
the increased mean fluorescence intensity. Pre-treatment of rats 
with melatonin for only 2 days could not completely restore the 

apoptotic changes brought about by ISO to the nuclei of the 
myocardial cells. But when the treatment of rats with melatonin was 
continued even after withdrawal of ISO treatment, the structure of 
the cardiac cell nuclei were restored to that comparable with the 
structure of the nuclei of the cardiac cells of the control rats. Figure 
6C shows ISO-induced DNA fragmentation by agarose gel 
electrophoresis. Melatonin pretreatment and continuation 
prevented DNA fragmentation time dependently. 
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Fig. 6: (A) Representative images (600X magnification) of DAPI (4, 6-diamidino-2-phenylindole) stained sections of left ventricular 
longitudinal sections of rat hearts of Control (CON), ISO (I) treated and Melatonin (m) protected, pre (I+m) and post (Iw+m 2D, Iw+m 4D) 

ISO treatment. The images were captured by confocal laser scanning microscope. (B) Histogram showing mean fluorescence intensity 
(MFI) of the DAPI stained ventricular tissue sections. Values are means ± S.E.M. *P < 0.001 vs CON; #P < 0.001 vs I; ^P < 0.001 vs I+m. (C) 
Analysis of DNA degradation using agarose gel electrophoresis of genomic DNA from ventricular tissue of rat hearts. From left, control 

(A), ISO-treated (B) and melatonin pretreated (C) and post treated for 2days (D) and 4 days (E). The extraction of genomic DNA and 
agarose gel electrophoresis was repeated at least 3 times and best representative blot given. 

We also studied the effect of ISO treatment on total DNA and RNA levels of the cardiac cells. As is evident from Fig. 7A and B, treatment of rats with 
ISO caused a significant increase in the total DNA and RNA content of the cardiac cells. Pre-treatment of rats with melatonin was unable to reduce 
the ISO-induced increase in DNA and RNA levels. However, on continuation of melatonin treatment for another 2 and 4 days after withdrawal of ISO 
treatment, the total DNA and RNA levels were restored to control levels (*P < 0.001 vs I). 

 

Fig. 7: Protective effect of melatonin against ISO-induced increase in the (A) Total DNA content and (B) Total RNA content. The rats were 
treated with ISO (I) at a dose of 25 mg/kg body weight s.c. Melatonin (m) protected rats were treated with 10 mg/kg body weight i.p. 30 

min before ISO-treatment, and post ISO treatment period. The control (CON) rats were treated with vehicle only. Values are means ± 
S.E.M. of six rats in each group; *P < 0.001 vs CON; #P < 0.001 vs I; ^P < 0.001 vs I+m. 

Table 1: Isoproterenol-induced cardiac hypertrophy is inhibited by melatonin 

Parameters studied Experimental Groups 
CON I I+m Iw+m 2D Iw+m 4D 

HW 620 ± 18.6 813 ± 28.0* 774 ± 19.3 741 ± 16.8 662 ± 10.5# 
BW 229 ± 9.4 223 ± 9.3 220 ± 8.9 224 ± 7.1 217 ± 7.7 
HW/BW (mg/g) 2.71± 0.06 3.83 ± 0.06* 3.53 ± 0.03 3.29 ± 0.05# 3.05± 0.04^# 

*P< 0.001 vs control, #P < 0.001 versus I, ^P < 0.001 versus I+m; n=6. 

Table 2: Isoproterenol-induced generation of superoxide anion free radical (O2•) in vivo and protection by melatonin 

Parameters studied Experimental groups 
CON I I+m  Iw+m 2D Iw+m 4D 

XO 1.12 ± 0.07 4.70 ± 0.03* 1.48 ± 0.04# 1.21 ± 0.05# 1.04 ± 0.02#^ 
XDH 5.69 ± 0.35 9.38 ± 0.38* 5.62 ± 0.08# 5.24 ± 0.14# 5.12 ± 0.16#^ 
XO+XDH 6.81 ± 0.30 14.08 ± 0.7* 7.08 ± 0.10# 6.43 ± 0.20# 6.16 ± 0.20#^ 
XO/XDH 0.22 ± 0.010 0.53 ± 0.010* 0.26 ± 0.01# 0.225 ± 0.01# 0.20 ± 0.01#^ 
XO/XO+XDH 0.17 ± 0.006 0.32 ± 0.016* 0.21 ± 0.006# 0.19 ± 0.004# 0.17 ± 0.01#^ 

*P< 0.001 vs control, #P < 0.001 versus I, ^P < 0.001 versus I+m; n=6. 
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DISCUSSION 

The studies on the cardio-protective ability of melatonin in animal 
models as well as in humans have been the subject of intense 
research during the last decade [20, 21]. The usefulness of melatonin 
as a cardio-protective antioxidant against various experimental and 
clinical cardiac situations is getting increasing appreciation.  

In our earlier study [4], we demonstrated that ISO caused 
myocardial ischemia (at a dose of 25mg/ kg BW s.c.) via the 
induction of oxidative stress. ISO-induced oxidative stress was 
both by direct generation of ROS as well as by inhibiting the 
antioxidant defense mechanisms of the myocardial cells. Melatonin 
(at the dose of 10mg/kg BW i.p.) was capable of ameliorating the 
ISO-induced stress [4]. ISO-treatment also disturbed the 
mitochondrial TCA cycle and respiratory chain functions leading 
to activation of both the mitochondrial and extra mitochondrial 
stress signaling pathways finally converging on apoptosis.  It was 
found that melatonin treatment, when given simultaneously with 
ISO for 2 days, was unable to restore cardiac histopathology and 
heart function and few of the key stress signaling proteins to the 
levels seen in control animals, thus, raising the possibility of 
testing a higher dose of melatonin or a longer duration of 
treatment with melatonin. In our earlier study [5] we have 
demonstrated that continuation of melatonin treatment 
significantly improved the status of the myocardium as compared 
to natural healing of the rat heart in which case hardly any 
difference was found from the ISO only treated rats. In this present 
study, we further elucidate this mechanism of recovery by 
melatonin after inducing ischemia. Herein we demonstrate that 
melatonin improves cardiac physiology of ISO-treated rats and 
helps in the complete myocardial recovery mainly through its 
antioxidant ability as well as by repressing the activation of the 
stress mediated and apoptotic signaling pathways of the cell. 

Photographic images of the rat hearts indicate the development of 
large infarcts in the ISO treated hearts. This could be due to the 
induction of apoptosis in the cardiac cells by ISO-treatment which 
lead to cell death and necrosis. Other studies have also shown an 
extensive cardiac remodeling and hypertrophy due to induction of 
oxidative stress [22]. Melatonin pre-treatment at 10mg/kg BW was 
able to ameliorate the myocardial infarction, but could not 
significantly reduce the cardiac enlargement. Continuation of 
melatonin treatment, however, was able to restore the cardiac size 
to that seen in control animals. Melatonin’s ability to reduce cardiac 
hypertrophy has been shown earlier [18, 22, 23]. However, the 
details of the mechanism remain to be elucidated. 

A significant increase in the activity of the diagnostic enzyme for 
myocardial injury, lactate dehydrogenase type 1 (LDH 1) (Fig. 3) 
indicated the induction of myocardial injury. Increase in LDH 1 
activity level in serum occurs when the enzyme leaks into the 
surrounding fluid from damaged cardiac cells. Pre-treatment of 
the rats with melatonin could not significantly ameliorate this 
effect. However, continuation of melatonin treatment for 2 (Iw+m 
2D) and 4 (Iw+m 4D) more days respectively after withdrawal of 
ISO restored the activity of this enzyme completely to that seen in 
control animals indicating melatonin’s ability to repair the cardiac 
tissue. The improvement of cardiac status was also evident from 
the histopathological studies of the myocardial tissue. The 
haematoxylin-eosin stained cardiac tissue sections showed 
significant cellular damage and degeneration following ISO 
treatment. Pre-treatment of rats with melatonin for only 2 days 
was unable to restore the cardiac tissue architecture. Continuation 
of melatonin treatment for another 2 and 4 days however, 
restored the cardiac tissue morphology in a time-dependant 
manner. Earlier studies done on spinal cord trauma have shown 
melatonin to play a role in tissue recovery [24]. 

The studies showed that ISO caused cardiac damage through the 
induction of oxidative stress as evident from the ISO-induced 
generation of O2•‾ anion radical by the activation of the xanthine 
oxidase (XO)- xanthine dehydrogenase (XDH) pro-oxidant enzyme 
system (Table 2). Our earlier studies have also shown ISO-induced 
elevation of O2•‾ level [4].  

The increase in the activity of the O2•‾ scavenging enzyme Cu-Zn 
superoxide dismutase may be a compensatory reaction to increased 
O2•‾. Many studies indicate over expression of various SODs which 
confers significant protection against ischemia-reperfusion injury 
[25]. This increment in activity was found to be partially but 
significantly restored when the rats were pre-treated with 
melatonin for 2 days. However, continued melatonin treatment in 
rats for another 2 and 4 days after discontinuation of the ISO-
treatment gradually and significantly restored the SOD 1 activity to 
control levels indicating again a role of melatonin in the recovery 
process either by directly scavenging the O2•‾ produced, or by 
inhibiting the XO-XDH enzyme system or both as also shown by 
other studies [26]. When O2

●- levels are high, several enzymes vital 
to cardiac functions are vulnerable to inactivation by this radical. 
The decrease in catalase activity after ISO-administration in rats 
may be due to excessive generation of O2

●- leading to inactivation of 
the enzyme [27]. In our present studies, pre-treatment of rats with 
melatonin for two days significantly restored the catalase activity to 
almost near control levels. A significant surge in catalase activity 
was observed when melatonin treatment was continued for 2 more 
days after discontinuation of ISO-treatment which was found to 
return to the activity observed in the control rats on continuing 
melatonin treatment (Iw+m 4D). Melatonin’s ability to enhance the 
synthesis and activity of peroxidase enzymes including catalase have 
been shown by earlier workers [28, 29, 30]. This surge in catalase 
activity on melatonin treatment may be due to an adaptive response 
of the cardiac cells to increased ROS like H2O2. Due to the removal of 
ISO stress after 2 days, the level of accumulated H2O2 would have 
decreased by the 2nd day post-ISO. The melatonin induced activation 
of the enzyme may have persisted as an adaptive response. 
However, further studies are required for proper elucidation. 

An increase in cytosolic SOD1 levels and decrease in catalase levels 
indicates a possible accumulation of H2O2. H2O2 may lead to the 
generation of free ●OH radical through the Fenton or Haber-Weis 
pathways. Nearly, a six-fold rise in endogenous generation of ●OH 
following treatment of rats with ISO and amelioration by melatonin 
have been demonstrated recently [4]. Melatonin’s ability to scavenge 
free ●OH in vivo has also been shown by earlier workers in other 
models of oxidative stress [31, 2, 32].  

Generation of ●OH may cause DNA damage and apoptosis. Our studies 
indicate an increase in the levels of stress and apoptotic signal 
proteins p38 and apaf 1 respectively (Fig 5A and 5B), as well as total 
DNA and RNA content of the cardiac cells (Fig 7A and 7B), with a 
concomitant increase in DNA degradation (Fig 6C). ISO-induced 
myocardial infarction was associated with an increase in the total 
number of nuclei as was evident from the DAPI stained sections of the 
myocardial tissue studied through confocal microscopy (Fig 6A and 
6B). Cardiac myocytes are terminally differentiated cells. However, 
DNA synthesis in adult cardiac myocytes after myocardial infarction in 
rats [33] as well as in humans [34] was described. Further on, 
observations in humans have provided strong supportive evidence 
that myocyte cellular hyperplasia [23, 35] and polyploidization may 
occur under pathological conditions characterized by large and 
prolonged stress on the myocardium [36]. However, the perennial 
issue of whether DNA replication leads exclusively to the formation of 
ploidy or to nuclear mitotic division has been a matter of controversy 
[34]. Our studies indicate that the activation of DNA synthesis in 
myocytes might be involved in the myocardial response after 
infarction as evident from increased MFI of the DAPI stained cells. In 
our studies, pre-treatment of rats with melatonin for 2 days, was 
incapable of significantly lowering the total DNA and RNA levels or 
decrease the number of myocyte nuclei. Similar results were obtained 
by other workers in case of myocardial infarction as well as coronary 
artery narrowing induced cardiomyopathy in rats [37, 38]. However, 
continued melatonin treatment could reduce the total number of 
nuclei and the total DNA and RNA levels to that observed in control 
rats indicating again at the role of melatonin in the cardiac recovery 
process after ischemia.  

These observations suggest that melatonin could have a potential 
clinical application in the treatment of myocardial ischemia, even if 
the mechanisms(s) underlying this protection remain to be 
determined [39].  
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CONCLUSION 

The results of the current studies clearly indicate that melatonin not 
only has the ability to protect the heart against ischemic stress but 
may also play a critical role in the improvement and maintenance of 
normal cardiac function even after ischemic episode. This small 
indole and several of its metabolites are excellent antioxidants [40, 
41]. They also reduce the toxicity of different drugs [38, 42]. 
Moreover, pharmacological doses of melatonin do possess very low 
or no toxicity [39]. Therefore, it will be worth investigating whether 
melatonin can be used along with other cardio-protective drugs [43, 
44, 45] as a co-therapeutic in the treatment of ischemic heart 
disease. The available information to date suggests that melatonin 
may be an ideal candidate for thorough investigation with respect of 
its cardio-protective ability. 

ACKNOWLEDGEMENT 

Debasri Mukherjee gratefully acknowledges the receipt of a Senior 
Research Fellowship (SRF) from CSIR, Govt. of India, New Delhi. AKG 
is a Senior Research Fellow (SRF) under RFSMS Fellowship Program, 
Govt. of India. A. Basu is supported from the funds available to Dr. 
DB under BI 92 (7). Dr. SD is supported from the funds available to 
him from Govt. of West Bengal. This work is partially supported by 
UGC Major Research Project Grant to Dr. DB [F. No. 37-396 / 2009 
(SR)] and also by CSIR Grant to Dr. AB (SIP 007). Technical help from 
Swapan Mandal, Prabir Das and Sumanta Ghoshal is also gratefully 
acknowledged. The help from Bose Institute, Kolkata is also 
gratefully acknowledged. 

REFERENCES 

1. Tangattini S, Reiter RJ, Tan DX, Temon MP, Rodella LF, Rezzani 
R. Cardiovascular diseases: Protective effects of melatonin. J 
Pineal Res 2008; 44: 16–25. 

2. Reiter RJ, Tan DX. Melatonin: a novel protective agent against 
oxidative injury of the ischemic / reperfused heart. Cardiovasc 
Res 2003; 58: 10–19. 

3. Bandyopadhyay D, Chattopadhyay A, Ghosh G, Datta A G. 
Oxidative stress-induced ischemic heart disease: protection by 
antioxidants. Curr Med Chem 2004a; 11: 369- 87. 

4. Mukherjee D, Roy SG, Bandyopadhyay A, Chattopadhyay A, 
Basu A, Mitra E, Ghosh AK, Reiter RJ, Bandyopadhyay D. 
Melatonin protects against isoproterenol-induced myocardial 
injury in the rat: antioxidative mechanisms. J Pineal Res 2010a; 
48: 251-62. 

5. Mukherjee D, Ghosh AK, Bandyopadhyay A, Basu A, Datta S. 
Pattari SK, Reiter RJ, Bandyopadhyay D. Melatonin protects 
against isoproterenol-induced alterations in cardiac 
mitochondrial energy-metabolizing enzymes, apoptotic 
proteins, and assists in complete recovery from myocardial 
injury in rats. J Pineal Res 2012; 53: 166-179. 

6. Tan DX, Hardeland R, Manchester LC, Poeggeler B, Lopez-
Burillo S, Mayo JC, Sainz RM, Reiter RJ. Mechanistic and 
comparative studies of melatonin and classic antioxidants in 
terms of their interactions with the ABTS cation radical. J 
Pineal Res 2003; 34: 249–59. 

7. Tan DX, Hardeland R, Manchester LC, Parades SD, Korkmaz A, 
Sainz RM, Mayo JC, Fuentes-Broto L, Reiter RJ. The changing 
biological roles of melatonin during evolution: from an 
antioxidant to signals of darkeness, sexual selection and fitness. 
Biol Rev 2010; 85: 607-623. 

8. Lopez AD, Murray CC. The global burden of disease,1990-2020. 
Nat Med 1998; 4: 1241-43. 

9. Varcoe JS: Clinical Biochemistry. Techniques and 
Instrumentation-A practical approach. 1st edition.World 
Scientific Publishing Company; 2001.  

10. Strittmatter CF. Studies on avian xanthine dehydrogenases: 
Properties and patterns of appearance during development. J 
Biol Chem 1965; 240: 2557–64. 

11. Martin J P, Daily M, Sugarman E. Negative and Positive assays 
of superoxide dismutase based on hematoxyline autooxidation. 
Arch Biochem Biophysics 1987; 255: 329-26. 

12. Beers RF JR., Sizer IW. A spectrophotometric method for 
measuring the breakdown of hydrogen peroxide by catalase. J 
Biol Chem 1952; 195: 133-40. 

13. Chattopadhyay A, Biswas S, Bandyopadhyay D, Sarkar C, Datta 
AG. Effect of Isoproterenol on lipid peroxidation and 
antioxidant enzymes of myocardial tissue of mice and 
protection by quinidine. Mol Cellular Biochem 2003; 58: 179-
87. 

14. Greenlee L, Handler P. Xanthine oxidase: Influence of pH on 
substrate specificity. J Biol Chem 1964; 239: 1090-95. 

15. Schmidt G, Thanhauser SJ. A method for the determination of 
desoxyribonucleic acid, ribonucleic acid, and phosphoproteins 
in animal tissues. J Biol Chem 1945; 161: 83-9. 

16. Wu Q, Chen M, Buchwal M, Philips RA. A simple, rapid method 
for isolation of high quality genomic DNA from animal tissues. 
Nucleic Acids Res 1995; 23(24): 5087-88. 

17. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein 
measurement with Folin phenol reagent. J Biol Chem 1970; 
193: 265–75. 

18. Ghose Roy S, De P, Mukherjee D, Chander V, Konar A, 
Bandyopadhyay D, Bandyopadhyay A. Excess of glucocorticoid 
induces cardiac dysfunction via activating angiotensin II 
pathway. Cell Physiol Biochem 2009; 24: 1–10. 

19. Suzuki T, Fujikura K, Higashiyama T, Takata K. DNA Staining for 
Fluorescence and Laser Confocal Microscopy. The J Histochem 
& Cytochem 1997; 45: 49–53. 

20. Bertuglia S, Reiter RJ. Melatonin reduces ventricular 
arrhythmias and preserves capillary perfusion during 
ischemia-reperfusion events in cardiomyopathic hamsters. J 
Pineal Res 2007; 42(1): 55-63. 

21. Dominguez-Rodriquez A, Abreu-Gonzalez P, Garcia-Gonzalez 
MJ, Kaski JC, Reiter RJ, Jiminez-Sosa A: A unicenter randomized, 
double-blind, parallel-group, Placebo controlled study of 
Melatonin as an Adjunct in patients with acute myocardial 
Infarction undergoing primary Angioplasty. The Melatonin 
Adjunct in the acute myocardial infarction treated with 
Angioplasty (MARIA) trail: study design and rationale. 
Contemp Clin Trials 2007; 28: 532–39. 

22. Ghosh G, De K, Maity S, Bandyopadhyay D, Bhattacharya S, 
Reiter RJ, Bandyopadhyay A. Melatonin protects against 
oxidative damage and restores expression of GLUT 4 gene in 
the hyperthyroid rat heart. J Pineal Res 2007; 42: 71-82. 

23. Grajek S, Lesiak M, Pyda M, Zajac M, Paradowski S, 
Kaczmarek E. Hypertrophy orhyperplasia in cardiac 
muscle:postmortem human morphometric study. Eur Heart J 
1993; 14: 40–47. 

24. Genovese T, Mazzon E, Muià C, BramantI P, De sarro A, 
Cuzzocrea S. Attenuation in the evolution of experimental 
spinal cord trauma by treatment with melatonin. J Pineal Res 
2005; 38(3): 198-208. 

25. Chen EP, Bittner HB, Davis RD, Van Trigt P, Folz RJ. Physiologic 
effects of extracellular superoxide dismutase transgene 
expression on myocardial function after ischemia and 
reperfusion injury. J Thorac Cardiovasc Surg 1998; 115: 450-
59. 

26. Zhang LY, Cosma G, Gardner H, Vallynathan V. Scavenging of 
reactive oxygen species by melatonin. Biochim Biophys Acta 
1998; 1425: 467-77. 

27. Chen Z, Siu B, Ho YS, Vincent R, Chua CC, Handy RC, Chua BH. 
Over expression of MnSOD protects against myocardial 
ischemia/reperfusion injury in transgenic mice. J Mol Cell 
Cardiol 1998; 30: 2281 -89. 

28. Barlow-Walden LR, Reiter RJ, Abe M, Pablos M, Menendez-
Palaez A, Chen LD, Poeggeler B. Melatonin stimulates brain 
glutathione peroxidase activity. Neurochem Int 1995; 26: 447-
52. 

29. Pablos MI, Agapito MT, Gutierrez R, Recio JM, Reiter RJ, 
29Barlow-Walden LF, Acuna-Castroviejo D, Menendez-Palaez 
A. Melatonin stimulates the activity of the detoxifying enzyme 
glutathione peroxidase in several tissues of chicks. J Pineal Res 
1995; 19: 111-5. 

30. Naidu PS, Singh A, Kaur P, Sandhir R, Kulkawi SK. Possible 
mechanism of action of melatonin attenuation of haloperidol-
induced orofacial dyskinesia. Pharmacol Biochem Behav 2003; 
74: 641-8. 

31. Bandyopadhyay D, Biswas K, Bandyopadhyay U, Reiter RJ, 
Banerjee RK. Melatonin protects against stress-induced gastric 



Debashish et al. 
Int J Pharm Pharm Sci, Vol 5, Issue 2, 561-569 

569 

lesions by scavenging the hydroxyl radical. J Pineal Res 2000; 
29(3): 143-51. 

32. Tan DX, Manchester LC, Terron MP, Flores LJ, Reiter RJ. One 
molecule, many derivatives: A never-ending interaction of 
melatonin with reactive oxygen and nitrogen species? J Pineal 
Res 2007; 42: 28–42. 

33. Capasso JM, Bruno S, Cheng W, Li P, Rodgers R, Darzynkiewicz 
Z. Ventricular loading is coupled with DNA synthesis in adult 
cardiac myocytes after acute and chronic myocardial infarction 
in rats. Circ Res 1992; 71: 1379– 89. 

34. Quaini F, Cigola E, La Agrasta C, Saccani G, Quaini E, Rossi C, 
Olivetti G, Anversa P. End-stage cardiac failure in humans is 
coupled with the induction of proliferating cell nuclear antigen 
and nuclear mitotic division in ventricular myocytes. Circ Res 
1994; 75: 1050–63. 

35. Linzbach AJ. Heart failure from the point of view of quantitative 
anatomy. Am J Cardiol 1960; 5: 370–82. 

36. Brodsky VY, Sarkisov DS, Arefyeva AM, Panova NW, Gvasava IG. 
Polyploidy in cardiac myocytes of normal and hypertrophic 
human hearts; range of values. Virch Arch 1994; 424: 429–35. 

37. Herget GW, Neuburger M, Plagwitz R, Adler CP. DNA content, 
ploidy level and number of nuclei in the human heart after 
myocardial infarction. Cardiovasc Res 1997; 36: 45-51. 

38. Reiter RJ, Tan DX, Sainz RM, Mayo JC. Melatonin protects the 
heart against both ischemia/reperfusion injury and 
chemotherapeutic drugs. Cardiovasc Drug Ther 2002a; 16: 5–6. 

39. Kaneko S, Okumura K, Numaguchi Y, Matsui H, Murase K, 
Mokuno S, Morishima I, Hira K, Toki Y, Ito T, Hayakawa T. 
Melatonin scavenges hydroxyl radical and protects isolated rat 
hearts from ischemic reperfusion injury. Life Sci, 2000; 67: 
101-12. 

40. Bandyopadhyay D, Ghosh G, Bandyopadhyay A, Reiter RJ. 
Melatonin protects against piroxicam-induced gastric 
ulceration. J Pineal Res 2004b; 36: 195–203. 

41. Tan DX, Chen DX, Poeggeler B, Manchester LC, Reiter RJ. 
Melatonin: a potent, endogenous hydroxyl radical scavenger. 
Endocrine J 1993; 1: 57–60. 

42. Reiter RJ, Tan DX, Sainz RM, Mayo JC, Lopez-Burillo S. 
Melatonin: reducing the toxicity and increasing the efficacy of 
drugs. J Pharm Pharmacol 2002b; 54: 1299-1321. 

43. Ghosh D, Firdaus SB, Mitra E, Dey M, Bandyopadhyay D. 
Protective effect of aqueous leaf extract of Murraya koenigi 
against lead induced oxidative stress in rat liver, heart and 
kidney: a dose response study. Asian J Pharm Clin Res. 2012; 5 
(4):54-58. 

44. Shailey S, Basir SF. Protective Role of Azadirachta Indica 
Against Oxidative Damage In Skeletal And Cardiac Muscle Of 
Alloxan Diabetic Rats. Int J Pharm Pharm Sci. 2012; 4 (1): 471-
477. 

45. J S Bidkar, Ghanwat DD, Bhujbal MD, Dama GY. Cardiotonic 
Activity Of Portulaca Oleracea On Isolated Frog Heart. Int J 
Pharm Pharm Sci. 2011; 3(5): 118-120. 

 


