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Objective: Ischemia/reperfusion (I/R) injury is an important cause of myocardial damage by means of
oxidative, inflammatory, and apoptotic mechanisms. The aim of the present study was to examine the potential
cardio protective effects of levosimendan in a diabetic rat model of myocardial I/R injury.
Methods: A total of 18 streptozotocin-induced diabetic Wistar Albino rats (55 mg/kg) were randomly divided
into three equal groups as follows: the diabetic I/R group (DIR) in which myocardial I/R was induced following left thoracotomy, by ligating the left anterior descending coronary artery for 60 min, followed by 2 h of
reperfusion; the diabetic I/R levosimendan group (DIRL), which underwent I/R by the same method while
taking levosimendan intraperitoneal 12 mg kg 1; and the diabetic control group (DC) which underwent sham
operations without tightening of the coronary sutures. As a control group (C), six healthy age-matched Wistar
Albino rats underwent sham operations similar to the DC group. Two hours after the operation, the rats were
sacrificed and the myocardial tissue samples were examined by light microscopy for evidence of myonecrosis
and inflammatory cell infiltration.
Results: Myonecrosis findings were significantly different among groups (p 0.008). Myonecrosis was more
pronounced in the DIR group compared with the C, DC, and DIRL groups (p 0.001, p 0.007 and p 0.037,
respectively). Similarly, the degree of inflammatory cell infiltration showed significant difference among groups
(p B0.0001). Compared with C, DC, and DIRL groups, the inflammatory cell infiltration was significantly
higher among the DIR group (p B0.0001, p B0.0001, and p 0.020, respectively). Also, myocardial tissue
edema was significantly different among groups (p 0.006). The light microscopic myocardial tissue edema
levels were significantly higher in the DIR group than the C, DC, and DIRL groups (p 0.001, p 0.037, and
p 0.014, respectively).
Conclusion: Taken together, our data indicate that levosimendan may be helpful in reducing myocardial
necrosis, myocardial inflammation, and myocardial tissue edema resulting from ischemiareperfusion injury.
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oronary artery atherosclerosis ranks first among
the causes of death globally, and in the Western
world it is thought that over one million people
will experience life-threatening myocardial infarction (MI)
annually (1). Diabetes mellitus is an important triggering
factor that increases the risk of cardiovascular disease fourto fivefold (2). In diabetics, two- to fourfold higher risks
of heart failure and fatalities after MI were reported (3).

C

Oxidative stress is an essential mediator of myocardial
injury during ischemia and reperfusion. Mitochondriaderived reactive oxygen species has special relevance
among various cellular sources of free radicals during
tissue ischemia and reperfusion. Particularly in diabetics,
hyperglycemia, hyperinsulinemia, and insulin resistance
are closely related with high levels of oxidatives associated with myocardial ischemiareperfusion injury (4).
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Mitochondrial dysfunction, high NADPH oxidase activity, and nitric oxide synthetase (NOS) uncoupling result
in very high levels of free radical generation in myocardium of diabetic rodents and subsequently myocardium
tissue becomes non-resistant to the process of ischemia
reperfusion (5). Hyperglycemic state, mitochondrial dysfunction, NOS uncoupling, and decreased antioxidant
defense systems in addition to disregulated cellular signaling mechanisms can lead to a more vulnerable myocardium, increased remodeling with a high risk of heart
failure (6).
Levosimendan is an inotropic agent that sensitizes
myocardium to calcium effects without leading to any
increase in intracellular calcium levels (7). Levosimendan
facilitates functional recovery from myocardial ischemia
reperfusion injury and may lead to preserved perfusion
of major organs after myocardial reperfusion (810).
Another important effect of levosimendan is the vasodilation of cardiac vessels as a result of the opening of
ATP-sensitive potassium (KATP) channels in the plasma
membrane and the activation of myocardial mitochondrial KATP (m-KATP) channels that result in limiting
and persevering deleterious effects of ischemiareperfusion
injury (10). In this experimental study, we investigated the
effects of levosimendan on cardiac ischemiareperfusion
injury in diabetic rats.

Materials and methods
Animals and experimental protocol
This study was conducted in the GUDAM Laboratory
of Gazi University with the consent of the Experimental
Animals Ethics Committee of Gazi University. All animals
received human care in compliance with the ‘Principles of
Laboratory Animal Care’ formulated by the National
Society for Medical Research and the ‘Guide for the
Care and the Use of Laboratory Animals’ prepared by
the National Academy of Science and published by
the National Institutes of Health (NIH Publication No.
8523, revised in 1985).
In the study, 24 male Wistar Albino rats weighing
between 200 and 250 g, raised under the same environmental conditions, were used. The rats were kept at
20218C in cycles of 12 h of daylight and 12 h of darkness
and had free access to food until 2 h before the anesthetic
procedure. The animals were randomly separated into
four groups, each containing six rats.
Diabetes was induced by a single IP injection of streptozotocin (Sigma Chemical, St. Louis, MO, USA), at a dose
of 55 mg kg 1 body weight. The blood glucose levels were
measured 72 h and 4 weeks following this injection. Rats
were classified as diabetic if their fasting blood glucose
(FBG) levels exceeded 250 mg dl 1, and only animals
with FBGs of 250 mg dl 1 were included in the diabetic
groups (diabetes only, diabetes plus ischemiareperfusion,
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and diabetes plus levosimendanischemiareperfusion).
The rats were kept alive for 4 weeks after streptozotocin
injection to allow the development of chronic diabetes
before they were exposed to ischemia/reperfusion (I/R),
as described previously (11).
Rats were anesthetized with an IP injection of
100 mg kg 1 of ketamine. The trachea was cannulated
for artificial respiration. The chest was shaved and each
animal was fixed in a supine position on the operating
table. The chest was opened by a left thoracotomy followed
by sectioning of the fourth and fifth ribs about 2 mm to the
left of the sternum. Positive-pressure artificial respiration
was started immediately with room air, using a volume
of 1.5 ml/100 g body weight at a rate of 60 strokes/min.
Sodium heparin (500 IU/kg) was administered through
the peripheral vein in the tail.
After the pericardium was incised, the heart was exteriorized with gentle pressure on the right side of the rib
cage. An 8-0 silk suture attached to a 10-mm micro point
reverse-cutting needle was quickly placed under the
left main coronary artery. The heart was then carefully
replaced in the chest and the animal was allowed to
recover for 20 min.
There were four experimental groups. Control group
(C; n6), diabetic control group (DC; n6), diabetes
ischemiareperfusion group (DIR; n6), and diabetes
ischemiareperfusionlevosimendan group (DIRL; n6)
underwent left thoracotomy and received IP Simdax
2.5 mg/ml (Abbott† , Orion Pharma, Espoo, Finland)
12 mg kg 1 diluted in 10 ml of 0.5% dextrose administered
intraperitoneally 30 min before ligating the left anterior
descending (LAD) (1214). A small plastic snare was
threaded through the ligature and placed in contact with
the heart. The artery could then be occluded by applying
tension to the ligature (60 min of ischemia), and reperfusion was achieved by releasing the tension (120 min) (15).
However, after the above procedure, the coronary artery
was not occluded or reperfused in the control and diabetic
control rats.
All the rats were given ketamine 100 mg kg 1 IP and
intracardiac blood samples were obtained. At the end
of the reperfusion period, all rats were sacrificed under
anesthesia and myocardium was harvested for histopathological analyses.
Histological determinations
All of the specimens were fixed in 10% buffered neutral
formalin and embedded in paraffin. To visualize myocardial lesions at different levels, the entire heart was cut into
four segments from apex to the base. The segments were
embedded in paraffin and 4-mm thickness cross-sections
were cut from each segment.
The slides were stained with HematoxylinEosin (Biooptica, Milano, Italy) for the evaluation of the tissues’
histological features. The slides were examined under light

Citation: Libyan J Med 2015, 10: 29269 - http://dx.doi.org/10.3402/ljm.v10.29269

Effect of levosimendan on injury in diabetic rats

microscope for myonecrosis, inflammatory cell infiltration, and edema. A minimum of 10 fields for each slide
were examined and graded for severity of changes using
scores on a scale of severe (  ), moderate (  ),
mild (), and nil () (16).
Statistical analysis
The Statistical Package for the Social Sciences (SPSS,
Chicago, IL, USA) 20.0 Program was used for the statistical analysis. Differences in blood glucose levels and
histopathological observations between study groups were
assessed using the KruskalWallis test. The Bonferroniadjusted MannWhitney U-test was used after significant
KruskalWallis to determine which groups differed from
the others. Results were expressed as mean9standard
deviation (Mean9SD). Statistical significance was set at
a p value of B0.05 for all analyses.

Results
Blood glucose levels measured 72 h after the injection
were 83.4497.65, 353.64947.35, 368.26950.42, and
355.32938.27 mg/dL for the C, DC, DIR, and DIRL
groups, respectively. Blood glucose levels after 4 weeks
were 96.3597.73, 335.23938.19, 349.34943.28, and
368.30950.49 mg/dL for the C, DC, DIR, and DIRL
groups, respectively. Serum glucose was detected to be
significantly lower in Group C when compared with the
DC, DIR, and DIRL groups (pB0.0001).
Light microscopic myonecrosis findings were significantly different among groups (p0.008). Myonecrosis
findings were significantly higher in the DIR group compared with the C, DC, and DIRL groups (p0.001,
p0.007, and p0.037, respectively) (Table 1, Figs. 14).
Similarly, light microscopic inflammatory cell infiltration degrees showed significant difference among groups
(pB0.0001). Compared with the C, DC, and DIRL groups,
the microscopic inflammatory cell infiltration was significantly higher among the DIR group (p B0.0001,
pB0.0001, and p0.020, respectively) (Table 1, Figs. 14).
Myocardial tissue edema was significantly different among
groups (p0.006). The light microscopic myocardial tissue
edema levels were significantly higher in the DIR group
than in the C, DC, and DIRL groups (pB0.0001, p0.037,
p0.014, respectively) (Table 1, Figs. 14).

Discussion
Myocardial ischemia and the following reperfusion is
often a fatal consequence of increased oxygen requirement
and/or diminished oxygen supply to the myocardium.
Thirty minutes after coronary ligation, signs of cellular
damage start, and if duration of coronary occlusion
lengthens out, contraction band necrosis and myocitic
cellular lysis  signs of irreversible myocardial damage 
occur. After a period of ischemia (60 min) and reperfusion
(60 min) edematous changes, nuclear changes, such as
chromatin clumping and swelling, apoptosis induced by
increased Bcl-2, and Fas ligand are observed. Also, glycogen depletion, mitochondrial swelling, and dilatation
of sarcoplasmic reticulum are observed 60 min after
occlusion (17). The essential participant of contraction
and cellular injury processes is the Na()-Ca(  ) ion
exchange. Na()-K()AT Pase and Ca(  )AT Pase
are key enzymes in maintaining normal myocardial function (17). During MI, high levels of oxidative stress arise
and consequently superoxide and free radicals damage
these ATPases. Impairment of Na  -K  ATPase pump
emerges within 1 h of coronary artery ligation. Another
important factor that causes cellular damage is hypoactivity of Ca  ATPase which is located in plasma
membrane and endoplasmic reticulum. Reduced activity
of Ca  ATPase leads to increased calcium intake.
Increased intracellular calcium decreases mitochondrial
ATP production. Free radical formation accelerates following intracellular calcium overload and consequently
ischemiareperfusion injury emerges. Further to that, diabetic myocardium is more sensitive to ischemia and
reperfusion injury than that in non-diabetics. The principal triggering factor for myocardial injury secondary to
ischemia and reperfusion in type 2 diabetes is oxidative
stress (18). Several factors lead more vulnerable myocardium to oxidative stress in diabetics. Uncontrolled oxidation of cardiomyocyte sarcomeres, mitochondria, and
interstitial and microvascular structures cause reversible
or irreversible injury that can result in necrotic and apoptotic cell death (19). Advanced glycation end products
(AGEs) and proteins are responsible for functional disturbances, impaired cytokine elimination, and the transformation process. In the diabetic state, smooth muscle
cells that take up AGEs proteins through the RAGE

Table 1. Histopathological findings of the heart tissue (Mean9SD)
Group C
(n 6)

Group DC
(n 6)

Group DIR
(n 6)

Group DIRL
(n6)

p**

Myonecrosis

0.090.0*

0.1790.41*

0.8390.41

0.3390.52*

0.008

Inflammatory cell infiltration

0.090.0*

0.1790.41*

1.0090.00

0.5090.55*

B0.0001

0.1790.41*

0.8390.41*

1.1790.82

0.6790.82*

0.006

Edema

*pB0.05: When compared with the DIR group.
**p: Statistical significance was set at a p value B0.05 for KruskalWallis test.
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Fig. 1. Normal-structured myocardial tissue fibers in the
control group, HEx200.

Fig. 2. Mild inflammatory cell infiltration and myonecrosis
myocardial tissue in the diabetic control group, HEx200.

Fig. 3. Extensive inflammatory cell infiltration and edematous myocardial tissue in the diabetic ischemia reperfusion
group, HEx200.
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Fig. 4. Mild inflammatory cell infiltration and myonecrotic
myocardial tissue in the diabetic ischemia reperfusion
levosimendan group, HEx200.

receptor migrate into coronary arteries and results
in accelerated atherosclerosis in diabetes mellitus (17).
On the contrary, there are several mechanisms, including
activation of kinases such as protein kinase C (PKC), the
overexpression of heat shock protein 72 in the myocardium, and also mitochondrial ATP-dependent potassium
(mitoKATP) channel. The latter is particularly relevant
to the present study because of its role in the mechanism
of actions of levosimendan. It was shown that the opening
of the mitochondrial mitoK(ATP) channel depolarizes
the inner mitochondrial membrane leading to a reduction
of Ca(  ) overload during reperfusion and thereby
limiting the extent of the I/R injury (17, 20).
Levosimendan sensitizies myocardium to calcium without changing the cytosolic Ca2 concentration and activates the K ATP channels, which results in the protection
of the ischemic-reperfused myocardium. Levosimendan
exerts its action via two different mechanisms. The first
mechanism involves sensitizing Troponin C to calcium via
stabilizing calcium-induced conformation of Troponin C
which results in increased Ca effect on myofilaments during systole without any high energy consumption. The
second mechanism involves decreasing Ca levels during
diastole which results in declined sensitization without
any calcium overload  in contrast to other inotropics.
Calcium overload  as mentioned above  is a trigger
factor for oxidative stress because of the increased energy
consumption, and myocyte disfunction. These two actions
of levosimendan increase the calcium myofilament interaction (actin-myosin) and facilitate cross-bridge formation
results in greater contractility. One of the most important
features of levosimendan is the Ca-dependent enhancement of actin-myosin cross-bridge formation. During
diastole, intracellular Ca decreases and Ca-dependent
action of levosimendan does not cause any harmful effect
on myocardial relaxation during diastole. In addition,
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levosimendan induces vasodilatation via opening ATPdependent potassium (K) channels in myocytes and vascular smooth muscle cells. In this way, levosimendan reduces
both preload and afterload, and increases coronary blood
flow (21).
The beneficial actions of levosimendan in ischemia
reperfusion injury, as demonstrated by the results of the
present study as well as previous studies (22, 23), may be
attributed to its ability to open the ATP-sensitive K
channels in the coronary vasculature causing relaxation of
vascular wall and restoring coronary blood flow (22, 23).
Levosimendan sensitizies myocardium to Ca  without
changing the cytosolic Ca  concentration, and activates the K-ATP channels that result in the protection
of the myocardium against I/R injury. Although the
exact mechanism has not been clarified, the higher IL6
and CRP levels in patients exhibiting myocardial stunning
may serve as a link between inflammation and ischemia
reperfusion injury followed by stunning (2426). In a pilot
study, Wu et al. (27) investigated levosimendan effects
on patients with acute myocardial infarction (AMI)
who underwent percutaneous coronary intervention (PCI).
Patients in the levosimendan group received levosimendan
at a continuous infusion dose of 0.1 mg/kg/min for 24 h,
and the remaining 10 patients received placebo treatment.
At the end of study, the authors concluded that levosimendan can significantly improve the myocardial function of patients with myocardial stunning after PCI.
Levosimendan prevented the rapid growth of inflammatory markers and thereby prevented the development
of extensive injury. In our study, we similarly found
that myocardial necrosis, myocardial inflammation, and
myocardial tissue edema resulting from I/R injury were
significantly reduced in levosimendan-treated group than
that observed in other study groups.
Yapici et al. (28) showed that levosimendan-treated
rat hearts were better protected than that in untreated
group with cold cardioplegic arrest followed by global
hypothermic ischemia. Although the manner of ischemia
reperfusion injury in this study was different from the
method used in our study, the results were similar to ours.
In a similar model of acute regional myocardial ischemia
reperfusion injury that we used, Papp et al. (29) compared
the effects of levosimendan versus milrinone  a phosphodiesterase inhibitor  on ventricular arrhythmias and
in the overall survival in dogs. At the end of the study,
they concluded that levosimendan was more effective
than milrinone on preventing ventricular arrhythmias. In
addition, levosimendan significantly improved the overall
survival rate following myocardial ischemiareperfusion
injury.
Louhelainen et al. (30) assessed the effects of oral
levosimendan (1 mg/kg/day) treatment that was started
24 h after LAD occlusion in type 2 diabetic GotoKakizaki (n54) versus non-diabetic Wistar (n25) rats

for 12 weeks. The main objective of this study was
investigating postinfarct heart failure and cardiac remodeling. They found that in diabetic rats, levosimendan
improved cardiac function (as assessed by transthoracic
echocardiography) and attenuated cardiomyocyte apoptosis more effectively than that observed in normal Wistar
rats. The authors concluded that this result may be related
with the apoptosis-preventing effect of levosimenden
via induction of cellular senescence in the pathogenesis.
Although we have not investigated inflammation markers,
such as interleukins, C-reactive peptide, etc., or apoptosis
signaling pathways, our findings are positively correlated
with this study in terms of diminished inflammatory processes as is seen in histological investigation.
In conclusion, our findings strongly indicate that
levosimendan  similar to that shown in non-diabetic
cardiac ischemiareperfusion injury  has preventive
effects on diabetic cardiac ischemiareperfusion injury.
This study shows promising results for levosimendan
therapy, which may limit and/or prevent cardiac damage
arising from ischemiareperfusion injury.
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