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ABSTRACT
OBJECTIVES: We aimed to investigate the effect of lipoic acid in the prevention of myocardial infarction in
diabetic rats.
METHODS: Rats were divided into five groups as control, ISO, LA+ISO, STZ+ISO and STZ+LA+ISO. To induce
diabetes, single dose of streptozotocin was injected to STZ+ISO and STZ+LA+ISO groups. Lipoic acid (10 mg/
kg/day) was injected for 14 days to LA+ISO and STZ+LA+ISO groups. To induce myocardial infarction, isoproterenol was injected to ISO, LA+ISO, STZ+ISO and STZ+LA+ISO groups on the days 13 and 14 of lipoic acid
treatment. Cardiac necrosis and leucocyte infiltration were investigated histopathologically. Serum malondialdehyde levels, paraoxonase and lactonase activities were measured spectrophotometrically.
RESULTS: Isoproterenol caused a significant increase in cardiac necrosis, leucocyte infiltration and serum lipid
peroxidation whereas a significant decrease in serum paraoxonase and lactonase activities. In myocardial infarcted non-diabetic rats, while lipoic acid caused a significant decrease in cardiac necrosis, leucocyte infiltration
and serum lipid peroxidation and a significant increase in serum paraoxonase and lactonase activities, it did not
change these histopathologic or biochemical parameters in myocardial infarcted diabetic rats.
CONCLUSION: Lipoic acid, at the dose of 10 mg/kg, is effective to prevent myocardial infarction in non-diabetic
rats but it is insufficient in diabetic rats (Tab. 1, Fig. 2, Ref. 35).
KEY WORDS: streptozotocin-induced diabetes, lipoic acid, isoproterenol-induced myocardial infarction, lipid
peroxidation, paraoxonase, lactonase.

Introduction
Myocardial infarction can be defined as myocardial cell death
due to a prolonged ischemia and it is a major cause of death and
disability worldwide (1). Oxidative stress is increased in patients
with myocardial infarction (2). High doses of isoproterenol (ISO)
induce experimental myocardial infarction which has similar histopathological changes in cardiac tissue when compared with
cardiac tissue of the patients with myocardial infarction (3, 4).
Oxidative stress plays an important role also in the pathogenesis
of ISO-induced myocardial infarction (5, 6).
Diabetes mellitus (DM) is a metabolic derangement with
hyperglycemia and it’s a global health problem. DM has several
microvascular and macrovascular complications, which reduce
health-related quality of life and increase mortality (7). DM is a risk
factor for myocardial infarction (8) and oxidative stress is one of
the primary causes of myocardial infarction in diabetics (9). Streptozotocin (STZ) is a frequently used chemical to induce experimental diabetes with its cytotoxic effect on pancreatic beta cells (10).
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Hyperglycemia increases oxidative stress, which causes damages to biological molecules, such as protein, lipid and DNA and
oxidative stress is associated with complication of DM (9, 11).
Malondialdehyde (MDA) is the end product and a useful marker
of lipid peroxidation (12).
Paraoxonase (PON) enzyme family has three members including PON1, PON2 and PON3, which are primarily synthesized by
the liver. PON1 and PON3 are antioxidant enzymes bound to HDL
in circulation and have anti-atherogenic properties (13). PON enzymes have different activities toward different substrates, but their
primary activity is lactanose activity (14). It has been shown that
serum PON enzyme activities are decreased in both myocardial
infarction (15, 16) and diabetes (17, 18).
Lipoic acid (LA) is synthesized from octanoic acid and cysteine in mitochondria and is present in very small amounts in
mammalian tissues as a cofactor of pyruvate dehydrogenase,
α-keto-glutarate dehydrogenase and branched-chain-α-ketoacid
dehydrogenase enzymes (19). LA has direct and indirect antioxidant properties and has been proposed as a potent antioxidant for
the treatment of DM and its complications (19, 20). In our previous study, we showed that LA increased serum PON activities and
decreased serum lipid peroxidation in experimental diabetes (18).
Although it has been shown that LA has beneficial effects in
myocardial infarction (21) and DM (19), its effect on preventing
cardiac damage in myocardial-infarcted diabetic patients is not
known. We did not encounter any studies which investigated the
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effect of LA on PON enzyme activities or lipid peroxidation in
myocardial infarction.
The aim of our study was to investigate the effect of LA in
the prevention of myocardial infarction in diabetic rats. For this
purpose, the effect of LA on cardiac damage, serum MDA levels and paraoxonase and lactonase activities were investigated in
ISO-induced myocardial infarcted non-diabetic and diabetic rats.
Materials and methods
Animal experiments
This study was approved by the Animal Ethics Committee of
our University. The experiments were performed using SpragueDawley male rats provided by The Unite of the Laboratory Animals for Experimental Studies. The animal room was maintained
at a temperature of 22 ± 2 °C and a relative humidity of 55 ± 15
% with a 12-h light-dark cycle.
In the present study, diabetic myocardial infarction model of
Goyal et al (22) was used with some modifications. We choose
40 mg/kg dose of STZ to induce DM as we used in our previous
studies (18).
Thirty-five rats were equally and randomly divided into five
groups as control, ISO, LA+ISO, STZ+ISO and STZ+LA+ISO.
One rat from STZ+ISO group (5 days after STZ injection) and one
rat from STZ+LA+ISO group (12 days after STZ injection) died
during the course of experiment. Also one rat from STZ+LA+ISO
group was resistant after STZ injection and its tail vein blood glucose level was lower than 300 mg/dL (22). Experimental procedure
was repeated with 3 new rats instead of them. None of the rats was
death after ISO injections.
In the beginning of the experiment, fasting blood glucose
levels from tail vein were measured in all rats by using AccuChek Active blood glucose test meter (Roche Diagnostics, Basel,
Switzerland). To induce diabetes, a single dose of STZ (40 mg/kg,
dissolved in pH 4.5 citrate buffer) was injected intraperitoneally
to STZ+ISO and STZ+LA+ISO groups. Simultaneously, a single
dose of citrate buffer (pH 4.5) was injected intraperitoneally to
other groups. 72 hours after STZ or citrate buffer injection, fasting blood glucose levels from tail vein were measured in all rats.
Rats with fasting blood glucose levels higher than 300 mg/dL were
considered diabetic (22).
Immediately after fasting blood glucose measurement, LA was
injected to LA+ISO and STZ+LA+ISO groups. LA was dissolved
in sterile 1M sodium bicarbonate and diluted with sterile saline
(18) and was injected intraperitoneally for 14 days (10 mg/kg/
day) to LA+ISO and STZ+LA+ISO groups (23). To other groups,
vehicle was injected instead of LA. 10 mg/kg/day LA dose used
for the treatment of rats was similar to 600 mg/day LA, a dose for
diabetic neuropathy treatment (24, 25), for 60‒70 kg person, which
was also used in previous studies for the treatment of diabetic rats
(18, 23). We also choose this LA dose by taking into consideration
of Al-Rasheed et al (26) who reported that 100 mg/kg/day LA had
adverse cardiac responses in diabetic rats.
Before the ISO injection, blood glucose levels from tail vein
were measured in all animals after 12 hour fasting to confirm

diabetes. To induce MI, ISO (85 mg/kg/day dissolved in 0.9 %
NaCl) was injected intraperitoneally to ISO, LA+ISO, STZ+ISO
and STZ+LA+ISO groups on the days 13 and 14 of LA treatment.
Simultaneously, vehicle was injected to control group.
24 hours after the second ISO injection, all rats were sacrificed by collecting blood samples and heart tissues under xylazine
(10 mg/kg) and ketamine hydrochloride (50 mg/kg) anaesthesia.
Blood samples were centrifuged 3000 g for 10 minutes at 4 °C
and serum was separated. Sera were kept at ‒70 °C for subsequent
biochemical analyses.
Histopathological examinations
The rat hearts were fixed in 10 % formaldehyde for 8 hours.
All hearts were divided into two with a sagittal section perpendicular to the interventricular septa and they were sampled showing both ventricle walls and the interventricular septa. The tissues
were embedded into paraffin after an overnight alcohol processing.
Five micrometer thick sections were taken on slide and stained
with routine hematoxylin-eosin stain. Also, sections from each
block were taken on coated slides for immunohistochemistry. The
hematoxylin-eosin stained slides were evaluated under a light microscope (Olympus BX51) in a blinded manner. The necrosis of
the striated muscle and the mixed inflammatory infiltration composed of neutrophil leukocytes and histiocytes were graded in a
semi quantitative manner; 0: none, 1: mild, 2: moderate, 3: severe.
Immunohistochemically leucocyte common antigen (mouse monoclonal, Neomarkers, USA) was applied to all sections to highlight
the infiltrating leucocytes in the heart wall.
Biochemical measurements
Serum paraoxonase activities were measured according to the
method of Gan et al (27) and serum lactonase activities according
to the method of Draganov et al (28) Serum was pre-incubated
with 5x10‒6 mol/L eserine for 10 minutes at 25 °C to inhibit butyrylcholinesterase activity. All the measurements were performed
at 25 °C. Serum paraoxonase and lactonase activities were determined by measuring the initial rate of substrate hydrolysis at 412
nm for paraoxonase activity and 270 nm for lactonase activity in
the assay mixture containing 1 mM CaCl2, 1 mM substrate (respectively; paraoxon and dihydrocoumarin) in 50 mM Tris-HCl
buffer (pH 8.0).The blank sample containing incubation mixture
without serum was run simultaneously for a correction of spontaneous substrate breakdown. Enzyme activities were calculated
from molar extinction coefficients, 17000 M‒1cm‒1 for paraoxonase
activity (27) and 1295 M‒1cm‒1 for lactonase activity (28) and were
expressed as U/mL. One enzyme unit was defined as the amount
of enzyme, which hydrolyzes 1 nmol paraoxon for paraoxonase
activity and 1 μmol dihydrocoumarin for lactonase activity in one
minute at 25 °C.
Serum MDA levels were measured for the determination of
lipid peroxidation according to the method of Ohkawa et al (29)
The results were expressed in nmol MDA/mL.
Serum alanine aminotransferase (ALT) activities were measured by Advia 1800 clinical chemistry analyzer (Siemens Healthcare Diagnostics GmbH, Erlangen, Germany) using the original kit.
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Tab. 1. Body weights and blood glucose levels of groups.
Control
287.3±15.9
284.6±21.2
288.0±22.2
287.9±21.0

ISO
284.7±16.2
282.6±12.8
285.0±13.2
273.3±14.9

LA+ISO
282.7±18.5
281.4±19.5
284.0±16.7
271.0±15.5

STZ+ISO
279.0±18.2
240.3±14.6 *
204.0±13.1 *
199.7±12.2 *

STZ+LA+ISO
277.6±18.2
236.9±12.9 *
199.3±15.0 *
191.9±18.1 *

İnitial
72 hours after STZ injection
Before ISO injection

106.7±8.4
112.7±6.8
104.7±6.0

106.1±5.6
105.1±6.4
106.4±5.1

101.7±6.1
107.3±7.6
102.4±7.9

110.4±7.6
379.3±12.3 *
445.4±75.9 *

107.0±6.4
350.9±18.9 *
425.4±32.8 *

Blood
glucose
(mg/dl)

Body
weight
(g)

Parameters / Groups
İnitial
72 hours after STZ injection
Before ISO injection
Final

Results are expressed as mean ± SD for seven rats in all groups. Data was analyzed by one-way analysis of variance. *: p<0.05 compared with control, ISO and LA+ISO groups.
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Fig. 1. Histopathological examinations of hearts. A) Slides stained with hematoxylin-eosin (x100), B) Slides stained with leucocyte common
antigen immunohistochemically (x100), C) Cardiac necrosis scores and D) Leucocyte infiltration scores. Data analyzed by Two-Sample Kolmogorov‒Smirnov test. a: p < 0.05, compared with control group, b: p < 0.05, compared with ISO group.

Statistical analysis
Results were given as the means ± standard deviation (SD).
Non-parametric two-sample Kolmogorov‒Smirnov test was used
for comparisons of cardiac necrosis and leukocyte infiltration
666

scores of groups. The One-Way ANOVA test was used for comparison of all other parameters among the groups, and then, Tukey
or Tamhane post-hoc tests were used for multiple comparisons
when the significant difference obtained. SPSS 20.0 (IBM SPSS
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Inc., Chicago, IL, USA) statistical software was used for statistical analysis. p < 0.05 was considered as statistical significant.
Results
Initial weights, 72 hours after the STZ injection, before ISO
injection and final body weights of groups are given in the Table 1.
There was no significant difference between the initial body weights
of groups. 72 hours after the STZ injection, before ISO injection and
final body weights in STZ+ISO and STZ+LA+ISO groups were significantly lower when compared to the other groups (p < 0.05 for all).
Initial blood glucose, 72 hours after the STZ injection and
before ISO injection blood glucose levels are given in the Table
1. There was no significant difference between the initial blood
glucose levels in the groups, 72 hours after the STZ injection
and before ISO injection blood glucose levels in STZ+ISO and
STZ+LA+ISO groups were significantly higher when compared
to the other groups (p < 0.05 for all).
For histopathologic studies, rat hearts were stained with hematoxylin‒eosin (Fig. 1a) and leucocyte common antigen immunohistochemically (Fig. 1b). Cardiac necrosis and leucocyte infiltration
scores of groups were shown in Fig. 1c and Fig. 1d, respectively.
Cardiac necrosis or leucocyte infiltration was not seen in the control group. All of the ISO injected rats have cardiac necrosis and
leucocyte infiltration in different grades. Cardiac necrosis scores

in ISO injected groups were significantly higher than in the control
group (p < 0.05 for all). Cardiac necrosis scores in LA+ISO and
STZ+LA+ISO groups were significantly lower when compared to
the ISO group (p < 0.05 for both). Cardiac leucocyte infiltration
scores in ISO injected groups were significantly higher than in
the control group (p < 0.05 for all). Cardiac leucocyte infiltration
scores in LA+ISO, STZ+ISO and STZ+LA+ISO groups were significantly lower when compared to the ISO group (p < 0.05 for all).
Serum paraoxonase and lactonase activities of the groups are given in Figure 2a and Figure 2b respectively. Serum paraoxonase and
lactonase activities in ISO injected groups were significantly lower
when compared to the control group (p < 0.05 for all). Serum paraoxonase and lactonase activities in LA+ISO group were significantly higher than ISO group (p < 0.05). STZ+ISO and STZ+LA+ISO
groups had significantly lower serum paraoxonase and lactonase
activities when compared to the LA+ISO group (p < 0.05 for both).
Serum MDA levels of groups are given in Figure 2c. Serum
MDA levels in ISO, STZ+ISO and STZ+LA+ISO groups were
significantly higher when compared to the control group (p < 0.05
for all). Serum MDA levels in LA+ISO group were significantly
lower when compared to the ISO group (p < 0.05). Serum MDA
levels in STZ+ISO and STZ+LA+ISO groups were significantly
higher than ISO and LA+ISO group (p < 0.05 for all).
Serum ALT activities of the groups are given in Figure 2d.
Serum ALT activities in STZ+ISO and STZ+LA+ISO groups

A

B

C

D

Fig. 2. Biochemical parameters of groups. a) Serum paraoxonase activities, b) Serum lactonase activities, c) Serum MDA levels and d) Serum
ALT activities of groups. Results are expressed as the mean ± SD for seven rats in all groups. Data analyzed by One-Way ANOVA. a: p < 0.05,
compared with control group, b: p < 0.05, compared with ISO group, c: p < 0.05, compared with LA+ISO group.
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were significantly increased as compared to the other groups (p
< 0.05 for all).
Discussion
Increased oxidative stress contributes to the pathogenesis of
DM, which is a multifactorial metabolic disorder (30). DM increases the risk of myocardial infarction (8).
LA has gained a considerable attention as an antioxidant therapeutic choice for the use for the treatment of diabetic complications (20). LA acts by multiple mechanisms; it quenches reactive
oxygen species, reduces the oxidized forms of other antioxidants,
repairs oxidized proteins, regulates gene expression and chelates
metal ions (19).
PON1 and PON3, which are primarily synthesized by the liver,
are antioxidant and anti-atherogenic enzymes in circulation bound
to HDL (13). Although most known activity of PON enzymes is
paraoxonase activity, only PON1 has paraoxonase activity and all
paraoxonase enzymes are primarily lactonases (14). Both myocardial infarction (15, 16) and DM (17, 18) causes a decrease in
the activities of these antioxidant enzymes.
Although it has been shown that LA increased serum PON
activities and decreased serum lipid peroxidation in DM (18,
31), its effect on these enzyme activities and lipid peroxidation
in myocardial infarction was not known. It is known that LA has
beneficial effects in both myocardial infarction (21) and DM (19)
but its effect on preventing cardiac damage in myocardial-infarcted
diabetic patients is not known.
In the present study, we aimed to investigate the effect of LA
in the prevention of myocardial infarction in diabetic rats.
STZ injection caused hyperglycemia and weight loss, which
confirms the experimental diabetic model and supports the previous
studies (13, 18). Before ISO injection, to confirm the existence of
diabetes, we measured blood glucose level of rats once again and
found that STZ-injected rats were still hyperglycaemic. LA treatment did not change blood glucose levels and body weights of rats.
ISO-induced myocardial infarction is a common model used
for drug investigation and cardiac function (3). In our study, ISO
administration caused a cardiac necrosis and leucocyte infiltration, which confirmed the experimental myocardial infarction (4).
LA treatment significantly decreased necrosis and inflammation
scores in ISO-induced myocardial infarcted non-diabetic rats but
did not change cardiac necrosis or leucocyte infiltration scores
in ISO-induced myocardial infarcted diabetic rats. Our findings,
indicating that LA treatment significantly decreased necrosis and
inflammation scores in ISO-induced myocardial infarcted nondiabetic rats, is supported by Abdelbaky et al (21).
Interestingly, we found that ISO-induced myocardial infarcted non-diabetic rats had significantly higher cardiac leucocyte
infiltration scores when compared to ISO-induced myocardial
infarcted diabetic rats. In the present study, to induce myocardial
infarction, ISO was injected at the dose of 85 mg/kg/day to rats.
A significant decrease in body weights in diabetic rats due to STZ
injection was taken into consideration. Lower cardiac leucocyte
infiltration scores of ISO-induced myocardial infarcted diabetic
668

rats can result from the injection of lower amount of total ISO to
these animals.
In the present study, ISO caused a significant increase in lipid
peroxidation in rats that supports the previous studies (5, 16). LA
treatment prevented an increase in serum lipid peroxidation in
myocardial infarcted non-diabetic rats but it did not significantly
change serum lipid peroxidation in myocardial infarcted diabetic
rats. It is known that ISO causes damage to cardiac tissue by increasing oxidative stress (34). Our finding, which indicates that LA
decreases lipid peroxidation and cardiac damage in ISO-induced
myocardial infarcted non-diabetic rats, points out that LA may
prevent cardiac damage by decreasing oxidative stress.
We found that myocardial infarcted diabetic rats had a significant increase in lipid peroxidation when compared with myocardial
infarcted non-diabetic rats. It is known that lipid peroxidation is
also increased in STZ-induced diabetes (18, 32). According to our
results, LA was insufficient to fight with oxidative stress and to
prevent cardiac damage caused by STZ+ISO injections.
While paraoxonase activity is mainly specific to PON1 enzyme, sources of lactonase activity in serum are both PON1 and
PON3 (14). In our previous study (16), we showed that serum
paraoxonase and lactonase enzyme activities are decreased in
ISO-induced myocardial infarction. In keeping with that study
(16), ISO administration caused a significant decrease on paraoxonase and lactonase activities in the present study. LA treatment
prevented the decrease of these activities in myocardial infarcted
non-diabetic rats. The prevention of a decrease in PON enzyme
activities by LA in myocardial infarcted non-diabetic rats may
result from the antioxidant effect of LA. It is known that PON
enzymes are modulated and inactivated by oxidative stress (13).
Antioxidant LA might decrease the degradation PON1 and PON3
enzymes by decreasing oxidative stress. LA may also increase
PON1 and PON3 protein synthesis in liver in myocardial infarcted non-diabetic rats. In our previous report (33), we showed that
LA increased both PON1 and PON3 protein synthesis in humanderived liver cells.
LA treatment did not significantly change serum PON enzyme
activities in myocardial infarcted diabetic rats in this study. LA
was insufficient to prevent oxidative stress in myocardial infarcted
diabetic rats. Therefore, it might not have prevented the degradation of PON enzymes fighting with oxidative stress. We found an
increase in serum ALT activities, which indicated liver damage
in myocardial infarcted diabetic rats, which supports previous
reports (34, 35). Increased liver damage by STZ injection may
contribute to a decreased synthesis of liver PON1 and PON3 in
myocardial infarcted diabetic rats. LA could not be effective on
PON enzyme synthesis because of liver damage. LA also did not
change serum ALT activities.
In the present study, ISO caused an increase in cardiac damage
and serum lipid peroxidation, whereas a decrease in serum PON
enzyme activities. On the other hand, in myocardial infarcted nondiabetic rats, while LA caused a decrease in cardiac damage and
serum lipid peroxidation and an increase in serum PON enzyme
activities, it did not change these histopathologic or biochemical
parameters in myocardial infarcted diabetic rats.
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Conclusion
We can report that LA, at the dose of 10mg/kg, is effective
to prevent myocardial infarction in non-diabetic rats, but is insufficient in diabetic rats.
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