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Abstract:

Background: It has been proposed that metformin exerts protective effects on ischemic hearts. In the present study, we evaluated the

effects of metformin on cardiac function, hemodynamic parameters, and histopathological changes in isoproterenol-induced myo-

cardial infarction (MI).

Methods: Male Wistar rats were divided into six groups (n = 6) of control, isoproterenol (100 mg/kg; MI), metformin alone

(100 mg/kg; sham), and metformin (25, 50, 100 mg/kg) with isoproterenol. Subsequently, isoproterenol was injected subcutaneously

for two consecutive days and metformin was administered orally twice daily for the same period.

Results: Isoproterenol elevated ST-segment and suppressed R-amplitude on ECG. All doses of metformin were found to signifi-

cantly amend the ECG pattern. Isoproterenol also caused an intensive myocardial necrosis along with a profound decrease in arterial

pressure indices, left ventricular contractility (LVdP/dtmax) and relaxation (LVdP/dtmin), and an increase in left ventricular end-

diastolic pressure (LVEDP). Histopathological analysis showed a marked attenuation of myocyte necrosis in all metformin treated

groups (p < 0.001). Metformin at 50 mg/kg strongly (p < 0.01) increased LVdP/dtmax from 2988 ± 439 (mmHg/s) in the MI group to

4699 ± 332 (mmHg/s). Similarly, treatment with 50 mg/kg of metfromin lowered the elevated LVEDP from 27 ± 8 mmHg in the

myocardial infarcted rats to a normal value of 5 ± 1.4 (mmHg; p < 0.01) and the heart to body weight ratio as an index of myocardial

edematous from 4.14 ± 0.13 to 3.75 ± 0.08 (p < 0.05).

Conclusion: The results of this study demonstrated that a short-term administration of metformin strongly protected the myocar-

dium against isoproterenol-induced infarction, and thereby suggest that patients suffering from myocardial ischemia could benefit

from treatment with metformin.
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Introduction

Metformin is commonly used in the treatment of type

2 diabetes mellitus. The drug is known to decrease the

production of glucose in liver [15], reduce the absorp-

tion of glucose from intestine, and improve insulin

sensitivity by increasing peripheral glucose uptake

and utilization [9, 14]. Several epidemiological stud-

ies have found that in type 2 diabetic patients, met-

formin improves vascular function and reduces car-

diovascular events and mortality [1, 28] by mecha-
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nisms that are not entirely attributed to its anti-

hyperglycemic effects [16]. Most of the beneficial ef-

fects of metformin are mediated through its ability to

activate the adenosine monophosphate activated pro-

tein kinase (AMPK) [31]. However, some of the ef-

fects of metformin are AMPK independent [22].

AMPK is a key sensor of cellular energy status and is

activated by an increase in AMP : ATP ratio [12]. The

activation of AMPK possibly results from the partial

inhibition of the mitochondrial respiratory chain by

metformin and thereby increases in the AMP : ATP

ratio [24]. It is well known that conditions such as

ischemia or oxidative stress that occur in myocardial

infarction activate AMPK [13]. Studies using the iso-

lated perfused working heart model have reported that

metformin in diabetic or non-diabetic ischemic hearts

is cardioprotective and improves cardiac functional

recovery after ischemia [20, 29]. In other experimen-

tal studies related to the effect of metformin on ische-

mia/reperfusion injury and heart failure, the cardio-

protective effects of the drug have been reported fre-

quently [3, 11, 26]. It should be considered that

a majority of these studies employ the isolated per-

fused hearts that usually use glucose as an energy

source. When activated, AMPK stimulates fatty acid

oxidation [19] as well as glycolysis [23]. Further, the

acceleration of glycolysis is in favor of ischemic myo-

cardium, while the stimulation of fatty acid oxidation

might produce opposing results. Therefore, some

questions remain to be answered regarding the protec-

tive effects of metformin in in vivo models of myocar-

dial infarction in which the fatty acids are the main

source of energy.

Acute myocardial infarction is an important

ischemic heart disease and the leading cause of mor-

bidity and mortality worldwide. Myocardial infarction

is found to occur more often in patients with diabetes

mellitus [7]. Isoproterenol is a synthetic b-adrenoce-

ptor agonist and its subcutaneous injection induces

myocardial infarction in rats [17] as well as depletes

the energy source of myocytes, which results in irre-

versible cellular damage and ultimately infarct-like

necrosis [4, 25]. The acute phase of myocardial necro-

sis induced by isoproterenol mimics changes in blood

pressure, heart rate, electrocardiogram (ECG), and

left ventricular dysfunction similar to that occurring

in patients with myocardial infarction. The rat model

of isoproterenol-induced myocardial infarction offers

a reliable non-invasive technique for studying the ef-

fects of various potentially cardioprotective agents

[17]. The aim of the present study was to investigate

the potential cardioprotective effects of a short time

administration of metformin in isoproterenol-induced

myocardial infarction in rat.

Materials and Methods

Animals

Male Wistar rats (260 ± 30 g) were used in this study.

The animals were given food and water ad libitum.

They were housed in the Animal House of Tabriz

University of Medical Sciences at a controlled ambi-

ent temperature of 25 ± 2°C with 50 ± 10% relative

humidity and a 12-h light/12-h dark cycle. The pres-

ent study was performed in accordance with the

Guide for the Care and Use of Laboratory Animals of

Tabriz University of Medical Sciences, Tabriz-Iran

(National Institutes of Health Publication No. 85–23,

revised 1985).

Chemical reagents

Metformin was a generous gift from Osvah Pharma-

ceutical Inc. (Tehran, Iran). Isoproterenol was pur-

chased from Sigma Chemicals Co. The other reagents

were of a commercial analytical grade.

Experimental protocol

The animals were randomized into six groups consist-

ing of six rats each. Rats in group 1 (control) received

a subcutaneous injection of physiological saline

(0.5 ml) and were left untreated for the entire experi-

mental period. Rats in group 2 (sham) received an

oral administration of metformin (100 mg/kg; twice

daily) for 2 days and were subcutaneously (sc)

injected with saline at an interval of 24 h for 2 con-

secutive days. Rats in group 3 (MI control; ISO) re-

ceived an oral administration of saline (twice daily)

for 2 days and were sc injected with isoproterenol

(100 mg/kg) daily for 2 consecutive days at an inter-

val of 24 h. Rats in groups 4 to 6 were treated with

metformin at 25, 50, and 100 mg/kg. Metformin was

dissolved in saline and was gavaged at a volume of

0.25–0.5 ml twice a day at an interval of 12 h, started

immediately before isoproterenol injection.
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Induction of myocardial infarction

Isoproterenol was dissolved in saline and injected sc

to rats (100 mg/kg) daily for 2 consecutive days at an

interval of 24 h to induce experimental myocardial in-

farction [8].

Hemodynamic measurements

All rats were made to fast overnight. However, they

were given free access to water at the last administra-

tion of the drug. The animals were anesthetized by an

ip injection of a mixture of ketamin (60 mg/kg), xy-

lazin (10 mg/kg), and acepromazin (10 mg/kg), and

when the rats no longer responded to external stimuli

a standard limb lead II ECG (Powerlab system; AD

Instruments, Australia) was monitored continuously

throughout the experimental period and the changes

in ECG pattern were examined.

A ventral midline skin incision was made from the

lower mandible posterior to the sternum (~3 cm). The

left common carotid artery was isolated using fine

forceps and two silk ligatures were passed under the

vessel. The artery was occluded toward the brain by

tightening the loose ends of the upper ligature in

a knot and the lower ligature was tied but left loose

about 1 cm from the upper tie. The artery was tempo-

rary occluded toward the heart using a Dieffenbach

serrefines clamp (Elcon; Germany), and a tiny inci-

sion on the carotid artery was made using Vannas mi-

cro iris scissors (Medi Plus; USA), and a polyethylene

cannula (Protex; OD 0.98 mm, ID 0.58 mm) con-

nected to a pressure transducer (Powerlab system; AD

Instruments, Australia) was inserted into the artery for

recording the systemic arterial blood pressure. The

mean arterial blood pressure was calculated from the

systolic and diastolic blood pressure traces. To evalu-

ate the cardiac left ventricular function, a Mikro Tip

catheter transducer (Millar Instruments, Inc., NC,

USA) was advanced to the lumen of the left ventricle.

This helped to measure the left ventricular systolic

pressure (LVSP), left ventricular end-diastolic pres-

sure (LVEDP), the maximum rate of left ventricular

(LV) pressure increase (LVdP/dtmax; contractility), the

maximum rate of LV pressure decline (LVdP/dtmin; re-

laxation), and the rate of pressure change at a fixed

LV pressure (LVdP/dt/P) [10]. All parameters were

continuously recorded using a Powerlab system (AD

Instruments, Australia).

Tissue weights

Subsequent to the hemodynamic measurements, the

animals were killed by an overdose of pentobarbital

and the hearts were removed and weighed. The wet

heart weight to body weight ratio was calculated for

assessing the degree of myocardial weight gain.

Histopathological examination

A separate group of rats (n = 5) treated with iso-

proterenol and isoproterenol plus metformin (25, 50,

and 100 mg/kg) was prepared for the histopathologi-

cal examination. The cardiac apex was excised and

fixed in neutral buffered formalin. The tissues were

embedded in paraffin, sectioned at 5 µm, and stained

with hematoxylin and eosin (H&E) for evaluation of

necrosis. Myocardial necrosis was evaluated in each

section of the heart tissue using a morphometric

point-counting procedure [2]. Two persons graded the

histopathological changes as 1, 2, 3, and 4 for low,

moderate, high, and intensive pathological changes,

respectively.

Results

Effects of metformin on the electrocardiogram

The electrocardiogram and related parameters of the

normal and treated rats are shown in Figure 1 and

Table 1. It can be seen that the control group rats as

well as the rats that had received metformin alone

(100 mg/kg; sham) showed normal patterns of ECG,

whereas rats treated with isoproterenol showed

a marked (p < 0.001) decrease in R-amplitude along

with an intense (p < 0.001) elevation of ST-segment,

which is indicative of myocardial infarction (Fig. 1).

Further, the short term oral administration of met-

formin at the doses of 25, 50, and 100 mg/kg signifi-

cantly suppressed the isoproterenol-induced elevation

of ST-segment by 37% (p < 0.001), 32% (p < 0.01),

and 45% (p < 0.001), respectively. In addition, the

treatment with all doses of metformin demonstrated

a considerable increase in R-amplitude (p < 0.001) as

compared to the rats treated with isoproterenol alone

(Fig. 1). A significant (p < 0.01) decrease in the R–R

interval (Tab. 1) and therefore, a significant (p < 0.05)

increase in the heart rate was observed in the rats in-
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Fig. 1. Effect of metformin on electrocardiographic pattern and changes (recorded from limb lead II) in control, isoproterenol alone injected
(MI) and treated rats. Iso: isoproterenol; Met: metformin. Values are the mean ± SEM (n = 6); a p < 0.001 from respective control value, ** p <
0.01, *** p < 0.001 as compared with isoproterenol treated group using one way ANOVA with Student-Newman-Keuls post-hoc test

Tab. 1. Effecsts of metformin on electrocardiographic parameters in isoproterenol induced myocardial infarction in rats

Groups P wave
(s)

QRS complex
(s)

QT interval
(s)

R-R interval
(s)n = 6

Control

Sham

Isoproterenol

Metformin (25 mg/kg) + isoproterenol

Metformin (50 mg/kg) + isoproterenol

Metformin (100 mg/kg) + isoproterenol

0 .016 ± 0.0008

0.017 ± 0.004

0.014 ± 0.0005

0.014 ± 0.0006

0.015 ± 0.001

0.015 ± 0.0006

0.016 ± 0.001

0.016 ± 0.002

0.015 ± 0.0008

0.018 ± 0.004

0.016 ± 0.0007

0.015 ± 0.0007

0.075 ± 0.005

0.071 ± 0.019

0.064 ± 0.006

0.075 ± 0.005

0.066 ± 0.01

0.078 ± 0.008

0.25 ± 0.008

0.25 ± 0.02

0.18 ± 0.01a

0.19 ± 0.017

0.21 ± 0.01*

0.23 ± 0.013*

Data are expressed as the mean ± SEM; a p < 0.001 from respective control value, * p < 0.05 as compared with isoproterenol treated group
using one way ANOVA with Student-Newman-Keuls post-hoc test



jected with isoproterenol. Metformin treatment re-

sulted in a significant increase (p < 0.05) in R–R in-

terval and thus substantially reduced the number of

heart beats (Tabs. 1, 2).

Effects of metformin on the hemodynamic

responses

It was observed that the mean arterial blood pressure

significantly decreased from 106 ± 5.6 mmHg in the

control group to 68 ± 6 mmHg in the isoproterenol

treated group (p < 0.01; Tab. 2). Also, there was

a considerable (p < 0.01) increase in the blood pres-

sure to a normal value of 101 ± 9, 104 ± 4.9, and 105

± 8 mmHg, respectively, after acute treatment with

25, 50, and 100 mg/kg metformin. The intraventricu-

lar pressure was measured to determine the degree of

left ventricular responses to the isoproterenol injec-

tion. It was found that isoproterenol reduced the LVSP

from 115 ± 6 mmHg in the control group to 70 ± 7

mmHg (p < 0.05). All doses of metformin were found

to increase LVSP to become closer to the normal val-

ues so that the increase with 25 and 50 mg/kg was

very significant (p < 0.05; p < 0.01, respectively).

There was almost a four-fold elevation in LVEDP in

the isoproterenol treated rats, which indicates left

ventricular dysfunction. All three doses of metformin

profoundly (p < 0.01) improved the left ventricular

function by lowering LVEDP from 27 ± 8 mmHg in

rats with myocardial infarction to 6.3 ± 0.5, 5 ± 1.4,

1480 Pharmacological Reports, 2012, 64, 1476�1484

Tab. 2. Effects of acute treatment with metformin on hemodynamic and left ventricular functions in rats treated with isoproterenol (ip)

Groups MAP
(mmHg)

Heart rate
(bpm)

LVSP
(mmHg)

LVEDP
(mmHg)

LV dP/dt/P
(1/s)

n = 6

Control

Sham

Isoproterenol

Metformin (25 mg/kg) + isoproterenol

Metformin (50 mg/kg) + isoproterenol

Metformin (100 mg/kg) + isoproterenol

106 ± 5.6

105 ± 5.3

68 ± 6b

101 ± 9**

104 ± 4.9**

105 ± 8**

215 ± 7

215 ± 4

307 ± 26a

268 ± 19

276 ± 24

272 ± 16

115 ± 6

103 ± 5

70 ± 7a

118 ± 13*

133 ± 21*

110 ± 10

6 ± 0.9

5.1 ± 0.9

27 ± 8b

6.3 ± 0.5**

5 ± 1.4**

7.8 ± 5**

84 ± 4.2

82 ± 0.8

55 ± 9a

83 ± 7*

84 ± 5.6*

76 ± 6*

Data are expressed as the mean ± SEM. MAP – mean arterial pressure; LVSP – left ventricular systolic pressure; LVEDP – left ventricular end
diastolic pressure. a p < 0.05; b p < 0.01 from respective control value; * p < 0.05, ** p < 0.01 as compared with isoproterenol treated group
using one way ANOVA with Student-Newman-Keuls post-hoc test

Fig. 2. Left ventricular maximal rate of
pressure increase (LV dP/dtmax; con-
tractility) and maximal rate of pressure
decline (LV dP/dtmin; relaxation) in the
control group and in the rats treated
with isoproterenol alone (rats with myo-
cardial infarction), metformin alone
(100 mg/kg, sham), and isoproterenol
plus metformin. Iso: isoproterenol,
Met: metformin. Values are the mean
± SEM (n = 6); a p < 0.01 from respec-
tive control value, * p < 0.05, ** p <
0.01 as compared with isoproterenol
treated group using one way ANOVA
with Student-Newman-Keuls post-hoc
test



and 7.8 ± 5 mmHg, respectively (Tab. 2). When com-

pared with the control, the rats with left ventricular

dysfunction (isoproterenol group) demonstrated a fall

in the values of the left ventricular maximal and mini-

mal rates of pressure changes (LV dP/dtmax; LV

dP/dtmin, p < 0.01; Fig. 2) as well as a lower rate of

pressure change at a fixed ventricular pressure (LV

dP/dt/P, p < 0.05; Tab. 2). Similar to the LVSP

changes, these indices of myocardial contractility

showed marked improvements by all three doses of

metformin (Fig. 2). In this regard, LV dP/dtmax was

significantly increased to 4334 ± 362 (p < 0.01), 4699

± 332 (p < 0.01), and 4087 ± 320 (p < 0.05), respec-

tively, from 2988 ± 439 mmHg/s in isoproterenol

alone treated rats. The same improvement was pre-

cisely seen in LV dP/dtmin by metformin.
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Fig. 3. Heart weight (HW) to body
weight (BW) ratio in the control group
and in the rats treated with isoprotere-
nol alone (rats with myocardial infarc-
tion), metformin alone (100 mg/kg,
sham), and with isoproterenol plus
metformin. Iso: isoproterenol; Met:
metformin. Values are the mean ± SEM
(n = 6). a p < 0.001 from respective
control value; * p < 0.05 as compared
with isoproterenol treated group using
one way ANOVA with Student-New-
man-Keuls post-hoc test

Fig. 4. Photomicrographs of sections
of rat cardiac apexes. Heart tissue of
a rat treated with isoproterenol (Iso)
shows intensive cardiomyocyte necro-
sis and increased edematous intra-
muscular space. Acute treatment with
metformin (Met) demonstrates a mar-
ked improvement. Iso: isoproterenol;
Met: metformin. H&E (40´ magnifica-
tion)



Effects of metformin on the heart weight

The heart weight to body weight ratio was determined

to assess the extent of heart weight gain developed by

the injection of isoproterenol (Fig. 3). It was observed

that the ratio was significantly higher in the iso-

proterenol treated rats (4.14 ± 0.13) when compared

with the control group (2.56 ± 0.06; p < 0.001). Fur-

ther, acute treatment with 25 and 50 mg/kg of met-

formin produced a substantial (p < 0.05) reduction in

the heart to body weight ratio in comparison to the

isoproterenol alone treated rats (Fig. 3). No signifi-

cant difference was observed in the rats treated with

metformin alone (100 mg/kg; sham) when compared

to the control rats.

Histopathological examination of the cardiac

tissues

In the control group, myocardial fibers were arranged

regularly with clear striations, and no apparent degen-

eration or necrosis was observed (Fig. 4). Histological

sections of the isoproterenol treated hearts showed

widespread subendocardial necrosis and abundant hy-

perplasia along with increased edematous intramuscu-

lar space (Fig. 4). It was found that all three doses of

metformin significantly prevented inflammatory re-

sponses. Metformin at the doses of 25, 50, and

100 mg/kg reduced the isoproterenol-induced necrosis

and edematous dose dependently by 33% (p < 0.05),

60% (p < 0.001), and 58% (p < 0.001), respectively,

as shown in Figure 5.

Discussion

Acute myocardial infarction remains a leading cause of

morbidity and mortality worldwide. The United King-

dom prospective Diabetes Study Group has demon-

strated that treatment with metformin is associated with

a 39% lower risk of myocardial infarction [28]. In vari-

ous studies, using murine models of myocardial infarc-

tion, the acute administration of metformin either prior

to ischemia or at the moment of reperfusion was found

to decrease infarct size considerably [5, 26]. In intact

mice, Calvert et al. [3] indicated that ip injection of

a single considerably lower dose of metformin (125 µg/

kg) 18 h before ischemia strongly reduced infarct size

by more than 50%. Recently, Chin et al. [6] demon-

strated that pre- and post-operative treatment with met-

formin in an acute murine cardiac transplantation

model resulted in a significant reduction of apoptosis in

cardiac allograft. Further, the authors [6] showed that

metformin significantly improved graft function and

reduced cardiac allograft vasculopathy in a chronic

transplantation model as well. They suggested that

graft cardioprotection of metformin arises from de-

creasing initial ischemic reperfusion injuries and that

AMPK is involved in this effect.

The cardioprotective effect of metformin is medi-

ated, at least in part, by the activation of AMPK.

AMPK is considered as a cellular ‘energy sensor’ ac-

tivating the energy sparing metabolic processes re-

sulting in increased tolerance to hypoxia and ischemia

[18]. In the heart, the AMPK system is significantly

activated by hypoxia only during pathological
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Fig. 5. Grading of histopathological
changes in the rat’s cardiac apex tis-
sues. Grades 1, 2, 3, and 4 show low,
moderate, high and intensive patho-
logical changes, respectively. Iso: iso-
proterenol; Met: metformin. Values are
the mean ± SEM (n = 5). a p < 0.001
from respective control value; * p <
0.05, *** p < 0.001 as compared with
isoproterenol treated group using one
way ANOVA with Student-Newman-
Keuls post-hoc test



ischemic episodes [27] and AMPK-activating drugs

such as 5-aminoimidazole-4-carboxamide riboside or

metformin precisely mimic all of the effects of hy-

poxia. The activation of AMPK, either pharmacologi-

cally or by hypoxia, increases the uptake of glucose

and stimulates glycolysis in the cardiomyocytes and

thereby helps the heart in the energy supply during

ischemic stress [27]. In addition to its role in the regu-

lation of energy balance, AMPK activity also represses

cell growth and proliferation and in this way helps in

preventing cardiac remodeling after infarction.

The results of the present study demonstrate that

short-term oral administration of metformin concur-

rent with the induction of myocardial infarction by

isoproterenol significantly improves cardiac function

and amends the ECG pattern. A subcutaneous injec-

tion of isoproterenol (100 mg/kg) administered for

two consecutive days resulted in cardiac weight gain

and increased edematous intramuscular space with

decreased myocardial compliance very similar to the

hemodynamic and pathological changes seen in myo-

cardial infarcted patients. Further, the oral administra-

tion of metformin in doses of 25, 50, and 100 mg/kg

for two days clearly and dose dependently prevented

myocardial injury, edematous, and massive fibrosis in

the isoproterenol treated rats.

The ECG is considered the most important clinical

test for the diagnosis of myocardial infarction. The

isoproterenol administration in rats showed a decrease

in R-R interval and an increase in heart rate. It was

observed that the increase in heart rate is responsible

for augmented oxygen consumption and leads to

myocardial necrosis [25]. Besides, isoproterenol in-

jection also caused an elevated ‘ST-segment’ and

a depressed ‘R-amplitude’. The ST-segment elevation

reflects the potential difference in the boundary be-

tween the ischemic and non-ischemic zones and the

consequent loss of cell membrane function, whereas

the decreased R-amplitude might be due to the onset

of myocardial edema following isoproterenol admin-

istration [8]. Short-term oral administration of met-

formin strongly prevented pathologic alterations in

the ECG, indicating its protective effects on cell

membrane function. Isoproterenol administration sig-

nificantly decreased the arterial pressure indices, con-

tractility (LVdP/dtmax) and relaxation (LVdP/dtmin),
and increased the left ventricular end-diastolic pres-

sure. Treatment with all doses of metformin construc-

tively improved all of the studied parameters in the

isoproterenol induced left ventricular dysfunction.

The cardioprotective effects of metformin have been

reported repeatedly, and nevertheless, an important

finding of this study is that the acute administration of

metformin during the occurrence of myocardial in-

farction resulted in a remarkable cardioprotection

against the early complications of myocardial infarc-

tion. Therefore, a short-term use of the drug can be

recommended as an effective cardioprotective in the

events of myocardial infarction. In addition to the

treatment of early post-infarction cardiac dysfunc-

tions, it was seen that metformin also afforded protec-

tion against the late consequences of myocardial

infarction. Yin et al. [30] demonstrated that in non dia-

betic rats a long-term treatment with metformin attenu-

ated left ventricular dilatation and improved left ven-

tricular ejection fraction 12 weeks after myocardial in-

farction. Indeed, a clinical trial is being currently run

by University Medical Centre Groningen [21] in Neth-

erlands to evaluate the effects of metformin therapy for

a period of 4 months in non-diabetic patients following

ST-elevation myocardial infarction on left ventricular

ejection fraction. In the trial, metformin (500 mg) was

given twice daily commenced within three hours after

the percutaneous coronary intervention, and is contin-

ued for 4 months. However, it appears that short-term

and long-term use of metformin may have different ef-

fects on the infarcted heart.

To conclude, the short-term administration of met-

formin potently protects the myocardium against iso-

proterenol induced infarction, and it is thus suggested

that patients suffering from myocardial ischemia

could benefit from treatment with metformin.

Acknowledgment:

The present study was supported by a grant from the Research Vice

Chancellors of Tabriz University of Medical Sciences; Tabriz, Iran.

References:

1. Abbasi F, Chu JW, McLaughlin T, Lamendola C, Leary

ET, Reaven GM: Effect of metformin treatment on multi-

ple cardiovascular disease risk factors in patients with type

2 diabetes mellitus. Metabolism, 2004, 53, 159–164.

2. Benjamin IJ, Jalil JE, Tan LB, Cho K, Weber KT, Clark

WA: Isoproterenol-induced myocardial fibrosis in rela-

tion to myocyte necrosis. Circ Res, 1989, 65, 657–670.

3. Calvert JW, Gundewar S, Jha S, Greer JJ, Bestermann WH,

Tian R, Lefer DJ: Acute metformin therapy confers cardio-

protection against myocardial infarction via AMPK-eNOS-

mediated signaling. Diabetes, 2008, 57, 696–705.

Pharmacological Reports, 2012, 64, 1476�1484 1483

Metformin improves cardiac function in myocardial infarction
Hamid Soraya et al.



4. Chagoya de Sánchez V, Hernández-Muñoz R, López-

Barrera F, Yañez L, Vidrio S, Suárez J, Cota-Garza MD

et al.: Sequential changes of energy metabolism and mi-

tochondrial function in myocardial infarction induced by

isoproterenol in rats: a long-term and integrative study.

Can J Physiol Pharmacol, 1997, 75, 1300–1311.

5. Charlon V, Boucher F, Mouhieddine S, de Leiris J: Re-

duction of myocardial infarct size by metformin in rats

submitted to permanent left coronary artery ligation.

Diabetes Metab, 1988, 14, 591–595.

6. Chin JT, Troke JJ, Kimura N, Itoh S, Wang X, Palmer

OP, Robbins RC, Fischbein MP: A novel cardioprotec-

tive agent in cardiac transplantation: metformin activa-

tion of AMP-activated protein kinase decreases acute

ischemia-reperfusion injury and chronic rejection. Yale

J Biol Med, 2011, 84, 423–432.

7. Davis TM, Fortun P, Mulder J, Davis WA, Bruce DG: Si-

lent myocardial infarction and its prognosis in a commu-

nity-based cohort of type 2 diabetic patients: the Freman-

tle Diabetes Study. Diabetologia, 2004, 47, 395–399.

8. Forechi L, Baldo MP, Meyerfreund D, Mill JG: Granulo-

cyte colony-stimulating factor improves early remodel-

ing in isoproterenol-induced cardiac injury in rats.

Pharmacol Rep, 2012, 64, 643–649.

9. Galuska D, Nolte LA, Zierath JR, Wallberg-Henriksson

H: Effect of metformin on insulin-stimulated glucose

transport in isolated skeletal muscle obtained from pa-

tients with NIDDM. Diabetologia, 1994, 37, 826–832.

10. Garjani A, Andalib S, Biabani S, Soraya H, Doustar Y,

Garjani A, Maleki-Dizaji N: Combined atorvastatin and

coenzyme Q10 improve the left ventricular function in

isoproterenol-induced heart failure in rat. Eur J Pharma-

col, 2011, 666, 135–141.

11. Gundewar S, Calvert JW, Jha S, Toedt-Pingel I, Ji SY,

Nunez D, Ramachandran A et al.: Activation of AMP-

activated protein kinase by metformin improves left ven-

tricular function and survival in heart failure. Circ Res,

2009, 104, 403–411.

12. Hardie DG: AMP-activated protein kinase – an energy

sensor that regulates all aspects of cell function. Genes

Dev, 2011, 125, 1895–1908.

13. Hardie DG: The AMP-activated protein kinase pathway-

new players upstream and downstream. J Cell Sci, 2004,

117, 5479–5487.

14. Hundal HS, Ramlal T, Reyes R, Leiter LA, Klip A:

Cellular mechanism of metformin action involves glu-

cose transporter translocation from an intracellular pool

to the plasma membrane in L6 muscle cells. Endocrinol-

ogy, 1992, 131, 1165–1173.

15. Hundal RS, Krssak M, Dufour S, Laurent D, Lebon V,

Chandramouli V, Inzucchi SE et al.: Mechanism by

which metformin reduces glucose production in type 2

diabetes. Diabetes, 2000, 49, 2063–2069.

16. Kirpichnikov D, McFarlane SI, Sowers JR: Metformin:

an update. Ann Intern Med, 2002, 137, 25–33.

17. Korkmaz S, Radovits T, Barnucz E, Hirschberg K,

Neugebauer P, Loganathan S, Veres G et al.: Pharma-

cological activation of soluble guanylate cyclase protects

the heart against ischemic injury. Circulation, 2009, 120,

677–686.

18. Kravchuk E, Grineva E, Bairamov A, Galagudza M,

Vlasov T: The effect of etformin on the myocardial

tolerance to ischemia-reperfusion injury in the rat model

of diabetes mellitus type II. Exp Diabetes Res, 2011,

2011, 907–496.

19. Kudo N, Barr AJ, Barr RL, Desai S, Lopaschuk GD:

High rates of fatty acid oxidation during reperfusion of

ischemic hearts are associated with a decrease in

malonyl-CoA levels due to an increase in 5-AMP-

activated protein kinase inhibition of acetyl-CoA car-

boxylase. J Biol Chem, 1995, 270, 17513–17520.

20. Legtenberg RJ, Houston RJ, Oeseburg B, Smits P: Met-

formin improves cardiac functional recovery after ische-

mia in rats. Horm Metab Res, 2002, 34, 182–185.

21. Lexis C PH, van der Horst IC: Metformin to reduce heart

failure after myocardial infarction (GIPS-III).

http://clinicaltrials.gov/ct2/show/NCT01217307.

22. £abuzek K, Liber S, Gabryel B, Okopieñ B: Metformin has

adenosine-monophosphate activated protein kinase

(AMPK)-independent effects on LPS-stimulated rat primary

microglial cultures. Pharmacol Rep, 2010, 62, 827–848.

23. Marsin AS, Bertrand L, Rider MH, Deprez J, Beauloye

C, Vincent MF, Van den Berghe G et al.: Phosphoryla-

tion and activation of heart PFK-2 by AMPK has a role

in the stimulation of glycolysis during ischaemia. Curr

Biol, 2000, 10, 1247–1255.

24. Owen MR, Doran E, Halestrap AP: Evidence that met-

formin exerts its anti-diabetic effects through inhibition

of complex 1 of the mitochondrial respiratory chain.

Biochem J, 2000, 15, 348, 607–614.

25. Rona G: Catecholamine cardiotoxicity: J Mol Cell

Cardiol, 1985, 17, 291–306.

26. Solskov L, Løfgren B, Kristiansen SB, Jessen N, Pold R,

Nielsen TT, Bøtker HE et al.: Metformin induces cardio-

protection against ischaemia/reperfusion injury in the rat

heart 24 hours after administration. Basic Clin Pharma-

col Toxicol, 2008, 103, 82–87.

27. Towler M, Hardie D: AMP-activated protein kinase in

metabolic control and insulin signaling. Circ Res, 2007,

100, 328–341.

28. UK Prospective Diabetes Study (UKPDS) Group: Effect

of intensive blood-glucose control with metformin on

complications in overweight patients with type 2 diabe-

tes (UKPDS 34). Lancet, 1998, 352, 854–865.

29. Verma S, McNeill JH: Metformin improves cardiac func-

tion in isolated streptozotocin-diabetic rat hearts. Am

J Physiol, 1994, 266, H714–H719.

30. Yin M, van der Horst IC, van Melle JP, Qian C,

van Gilst WH, Silljé HH, de Boer RA: Metformin im-

proves cardiac function in a nondiabetic rat model of

post-MI heart failure. Am J Physiol Heart Circ Physiol,

2011, 301, H459–468.

31. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody

J, Wu M et al.: Role of AMP-activated protein kinase in

mechanism of metformin action. J Clin Invest, 2001,

108, 1167–1174.

Received: December 2, 2011; in the revised form: June 12, 2012;

accepted: June 28, 2012.

1484 Pharmacological Reports, 2012, 64, 1476�1484


	1285	Review Œ Flowers for Algernon: steroid dysgenesis, epigenetics and brain disorders.
	Bryan K. Sanders

	1291	Review Œ Drug therapy in autism: a present and future perspective.
	Baldeep Kumar, Ajay Prakash, Rakesh K. Sewal, Bikash Medhi, Manish Modi

	1305	Review Œ Stress- and antidepressant treatment-induced modifications of 5-HT7 receptor functions in the rat brain.
	Krzysztof Tokarski, Bartosz Bobula, Ma³gorzata Grzegorzewska-Hiczwa, Magdalena Kusek, Grzegorz Hess

	1316	Effects of the histamine H3 receptor antagonist ABT-239 on cognition and nicotine-induced memory enhancement in mice.
	Marta Kruk, Joanna Miszkiel, Andrew C. McCreary, Edmund Przegaliñski, Ma³gorzata Filip, Gra¿yna Bia³a

	1326	Protective effect of HMG CoA reductase inhibitors against running wheel activity induced fatigue, anxiety like behavior, oxidative stress and mitochondrial dysfunction in mice.
	Anil Kumar, Aditi Vashist, Puneet Kumar, Harikesh Kalonia, Jitendriya Mishra

	1337	LC/MS/MS evaluation of cocaine and its metabolites in different brain areas, peripheral organs and plasma in cocaine self-administering rats.
	Beata Bystrowska, Przemys³aw Adamczyk, Andrzej Moniczewski, Magdalena Zaniewska, Kjell Fuxe, Ma³gorzata Filip

	1350	Concomitant use of tramadol and venlafaxine 
Œ evaluation of antidepressant-like activity and other behavioral effects in rats.
	Danuta Szkutnik-Fiedler, Krzysztof Kus, Monika Balcerkiewicz, 
Edmund Grzeœkowiak, El¿bieta Nowakowska, Kinga Burda, Piotr Ratajczak, Czes³aw Sadowski

	1359	Chronic impairment of the vagus nerve function leads to inhibition of dopamine but not serotonin neurons in rat brain structures.
	Agata Ziomber, Piotr Thor, Anna Krygowska-Wajs, Tomasz Za³êcki, Marek Moska³a, Irena Romañska, Jerzy Michaluk, Lucyna Antkiewicz-Michaluk

	1368	Effects of co-administration of fluoxetine and risperidone on properties of peritoneal and pleural macrophages in rats subjected to the forced swimming test.
	Adam Roman, Justyna Kuœmierczyk, Ewa Klimek, Zofia Rogó¿, Irena Nalepa

	1381	Effect of repeated restraint on homotypic stress-induced nitric oxide synthases expression in brain structures regulating HPA axis.
	Anna G¹dek- Michalska, Joanna Tadeusz, Paulina Rachwalska, Jadwiga Spyrka, Jan Bugajski

	1391	Effect of co-treatment with fluoxetine or mirtazapine and risperidone on the active behaviors and plasma corticosterone concentration in rats subjected to the forced swim test.
	Zofia Rogó¿, Marcin Kabziñski, Witold Sadaj, Paulina Rachwalska, Anna G¹dek-Michalska

	1400	Maternal immune activation leads to age-related behavioral and immunological changes in male rat offspring Œ the effect of antipsychotic drugs.
	Agnieszka Basta-Kaim, Ewa Szczêsny, Monika Leœkiewicz, Katarzyna G³ombik, Joanna „lusarczyk, Bogus³awa Budziszewska, Magdalena Regulska, Marta Kubera, Wojciech Nowak, Krzysztof Wêdzony, W³adys³aw Lasoñ

	1411	Effect of classic and atypical neuroleptics on cytochrome P450 3A (CYP3A) in rat liver.
	Jacek Wójcikowski, Anna Haduch, W³adys³awa A. Daniel

	1419	Kavain analogues as potential analgesic agents.
	Elaine C. Kormann, Patricia de Aguiar Amaral, Michele David, Vera L. Eifler-Lima, Valdir Cechinel Filho, Fátima de Campos Buzzi

	1427	Level of S100B protein, neuron specific enolase, orexin A, adiponectin and insulin-like growth factor in serum of pediatric patients suffering from sleep disorders with or without epilepsy.
	Marek Kaciñski, Bogus³awa Budziszewska, W³adys³aw Lasoñ, Anna Zaj¹c, Barbara Skowronek-Ba³a, Monika Leœkiewicz, Alicja Kubik, Agnieszka Basta-Kaim

	1434	Influence of specific endothelin-1 receptor blockers on hemodynamic parameters and antioxidant status of plasma in LPS-induced endotoxemia.
	Aleksandra Piechota-Polañczyk, Anna Gor¹ca

	1442	Function of the hypothalamo-neurohypophysial system in rats with myocardial infarction is modified by melatonin.
	Joanna Ciosek, Jacek Drobnik

	1455	Brain nitric oxide synthases in the interleukin-1b-
induced activation of hypothalamic-pituitary-adrenal axis.
	Anna G¹dek-Michalska, Joanna Tadeusz, Paulina Rachwalska, Jadwiga Spyrka, Jan Bugajski

	1466	Different effects of perindopril and enalapril on monocyte cytokine release in coronary artery disease patients with normal blood pressure.
	Robert Krysiak, Bogus³aw Okopieñ

	1476	Acute treatment with metformin improves cardiac function following isoproterenol induced myocardial infarction in rats.
	Hamid Soraya, Arash Khorrami, Afagh Garjani, Nasrin Maleki-Dizaji, Alireza Garjani

	1485	Epicutaneous immunization with protein antigen induces antigen-non-specific suppression of CD8 T cell mediated contact sensitivity.
	Magdalena Zemelka-Wi¹cek, Monika Majewska-Szczepanik, W³odzimierz Ptak, Marian Szczepanik

	1497	Epicutaneous immunization with protein antigen TNP-Ig alleviates TNBS-induced colitis in mice.
	Monika Majewska-Szczepanik, Marta Góralska, Katarzyna Marciñska, Magdalena Zemelka-Wi¹cek, Anna Strzêpa, Iwona Doro¿yñska, Marian Szczepanik

	1505	Resveratrol improves diabetic retinopathy possibly through oxidative stress Œ nuclear factor kB Œ apoptosis pathway.
	Farhad Ghadiri Soufi, Daryoush Mohammad-nejad, Hamid Ahmadieh 

	1515	Guanidine-reactive agent phenylglyoxal induces DNA damage and cancer cell death.
	José M. Calderón-Montaño, Estefanía Burgos-Morón, Manuel L. Orta, Nuria Pastor, Concepción Perez-Guerrero, Caroline A. Austin, Santiago Mateos, Miguel López-Lázaro

	1526	EP3 receptor-mediated contraction of human pulmonary arteries and inhibition of neurogenic tachycardia in pithed rats.
	Hanna Koz³owska, Marta Baranowska-Kuczko, Eberhard Schlicker, Miros³aw Koz³owski, Agnieszka Zakrzeska, Emilia Grzêda, Barbara Malinowska 

	1537	Possible mechanism by which zinc protects the testicular function of rats exposed to cigarette smoke.
	Michele K. Sankako, Patricia C. Garcia, Renata C. Piffer, Bruna Dallaqua, Débora C. Damasceno, Oduvaldo C. M. Pereira

	1547	Effect of 4-methylpyrazole on antioxidant enzyme status and lipid peroxidation in the liver of rats after exposure to ethylene glycol and ethyl alcohol.
	Karina Sommerfeld, Barbara Zieliñska-Psuja, Jêdrzej Przystanowicz, Joanna Kowalówka-Zawieja, Jerzy Or³owski

	
	content
	cont
	contents_3'2005
	contents

