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Abstract
Purpose Small and big conductance Ca2+-sensitive potassium (KCa) channels are involved in cardioprotective measures aiming
at reducing myocardial reperfusion injury. For levosimendan, infarct size–reducing effects were shown. Whether activation of
these channels is involved in levosimendan-induced postconditioning is unknown. We hypothesized that levosimendan exerts a
concentration-dependent cardioprotective effect and that both types of Ca2+-sensitive potassium channels are involved.
Methods In a prospective blinded experimental laboratory investigation, hearts of male Wistar rats were randomized and placed
on a Langendorff system, perfused with Krebs-Henseleit buffer at a constant pressure of 80 mmHg. All hearts were subjected to
33 min of global ischemia and 60 min of reperfusion. At the onset of reperfusion, hearts were perfused with various concentra-
tions of levosimendan (0.03–1 μM) in order to determine a concentration-response relationship. To elucidate the involvement of
KCa-channels for the observed cardioprotection, in the second set of experiments, 0.3 μM levosimendan was administered in
combination with the subtype-specific KCa-channel inhibitors paxilline (1 μM, big KCa-channel) and NS8593 (0.1 μM, small
KCa-channel) respectively. Infarct size was determined by tetrazolium chloride (TTC) staining.
Results Infarct size in controls was 60 ± 7% and 59 ± 6% respectively. Levosimendan at a concentration of 0.3 μM reduced
infarct size to 30 ± 5% (P < 0.0001 vs. control). Higher concentrations of levosimendan did not induce a stronger effect. Paxilline
but not NS8593 completely abolished levosimendan-induced cardioprotection while both substances alone had no effect on
infarct size.
Conclusions Cardioprotection by levosimendan-induced postconditioning shows a binary phenomenon, either ineffective or with
maximal effect. The cardioprotective effect requires activation of big but not small KCa channels.
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Introduction

After myocardial infarction, the restoration of coronary blood
flow is crucial for the survival of the patient. Myocardial ische-
mia is mostly not predictable making cardioprotective strategies
for these situations necessary. Cardioprotection against ischemia
and reperfusion injury can be achieved by postconditioning, an
intervention that occurs at the end of an ischemic period and the
onset of reperfusion. Zhao et al. [1] described the phenomenon
of ischemic postconditioningwhere short cycles of ischemia and
reperfusion at the onset of reperfusion-induced significant in-
farct size reduction. The effect of ischemic postconditioning
can be mimicked pharmacologically, e.g., with volatile anes-
thetics [2] or opioids [3]. Also for calcium (Ca2+) sensitizer,
levosimendan cardioprotective properties were shown [4]. A
cardioprotective effect by levosimendan postconditioning was
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described by du Toit et al. [5]. The authors showed in isolated
Guinea pigs hearts an involvement of the reperfusion injury
salvage kinase (RISK) pathway and ATP-sensitive potassium
(KATP)-channels. Matsumoto et al. demonstrated an involve-
ment of the mitochondrial permeability transition pore (mPTP)
and a decrease of the cardioprotective effect of levosimendan-
induced conditioning by hyperglycemia [6]. Levosimendan is a
positive inotropic drug without any effect on diastolic function
[7]. An interaction of levosimendan with cardiac troponin C
causes an increased sensitivity for Ca2+ in cardiomyocytes.
Clinically, levosimendan is indicated for the treatment of heart
failure. Whether cardioprotection by levosimendan-induced
postconditioning is concentration-dependent is unknown.

Activation of Ca2+-sensitive potassium channels was
shown to be involved in cardioprotection by postconditioning
induced by the volatile anesthetic isoflurane [8]. One can dis-
tinguish between big (BKCa) and small (SKCa) conductance
calcium-sensitive potassium channels. Opening of BKCa

channels is related to increased cytosolic Ca2+ and a voltage
gradient [9]. SKCa channels are voltage-independent and acti-
vation of these channels triggers an interaction of calmodulin
in the C-terminus region [10]. Stowe et al. demonstrated that
BKCa and SKCa channels activated by respective agonists in-
dependently from each other induced significant infarct size
reduction [11]. Whether both types of Ca2+-sensitive potassi-
um channels play a role in levosimendan-induced
postconditioning has not been investigated so far.

In the present study, we set out to determine the lowest
cardioprotective concentration of levosimendan and the un-
derlying mechanism involved in levosimendan-induced
cardioprotection against ischemia and reperfusion injury. We
hypothesize that the infarct size–reducing effect of
levosimendan is concentration-dependent and that activation
of small and/or big conductance Ca2+-sensitive potassium
channels is required for its cardioprotective property.

Methods

The study was performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the
National Institutes of Health (publication number 85-23,
revised 1996) and was approved by the Animal Ethics
Committee of the University of Duesseldorf (O 27/12),
Germany. Experiments were done and results were reported
in accordance with the ARRIVE guidelines.

Surgical Preparation

Surgical preparation was performed as described previously
[3]. Male Wistar rats (mean body weight part one, 287 ± 16 g;
part two, 317 ± 23 g) were anesthetized by intraperitoneal in-
jection of pentobarbital (90 mg/kg). Hereafter, animals were

thoracotomized for the removal of the hearts. The hearts were
mounted on a Langendorff system and perfused with Krebs-
Henseleit solution, enriched with 95% O2 and 5% CO2. The
solution contains (in mM) 118 NaCl, 4.7 KCl, 1.2 MgSO4,
1.17 KH2PO4, 24.9 NaHCO3, 2.52 CaCl2, 0.5 EDTA, 11 glu-
cose, and 1 lactate at 37 °C. For the duration of the experi-
ments, a constant pressure (80 mmHg) and temperature
(37 °C) was maintained [12].We inserted a fluid-filled balloon
into the left ventricle and kept an end-diastolic pressure of 2–
8 mmHg. The hearts underwent an equilibration period of
20min.Wemeasured heart rate, maximal left ventricular pres-
sure (LVP max), coronary flow and minimal left ventricular
pressure (LVPmin) continuously and digitized it at a sampling
rate of 500 Hz by use of an analogue to digital converter
system (PowerLab/8SP, ADInstrument Pty Ltd., Castle Hill,
Australia). Left ventricular–developed pressure (LVDP) was
calculated as maximal LVP–minimal LVP. Data were contin-
uously recorded on a personal computer using Chart for
Windows v5.0 (ADInstruments Pty Ltd., Castle Hill,
Australia).

Experimental Protocol

After surgical preparation, all hearts underwent a baseline pe-
riod of 20 min and 33 min of global ischemia followed by
60min of reperfusion. Global ischemia of 33min was achieved
by stopping coronary perfusion (no-flow ischemia) of the heart
with Krebs-Henseleit buffer for 33 min. Furthermore, the heart
was surrounded by oxygen-free buffer solution to prevent dif-
fusion of oxygen from the outside into the myocardium. Start
of reperfusion was induced by removing the surrounding buffer
and restoring the coronary perfusion of the heart.

Global ischemia caused a sufficient infarct size,
representing the primary endpoint of this study, to show rele-
vant cardioprotective effects. Additionally, this degree of
myocardial damage does not completely impair myocardial
function during reperfusion.

The present study was divided into two parts. In the first
part, we determined the lowest cardioprotective concentration
of levosimendan needed for infarct size reduction. Hearts were
randomly assigned to five groups (n = 6 per group, Fig. 1a):

& Control (Con): Hearts received no further treatment.
& Levosimendan (Lev): Hearts were perfused with 0.03, 0.1,

0.3, and 1 μM Lev for 10 min at the onset of reperfusion.

Levosimendan in a concentration of 0.3 μM showed the
strongest infarct size–reducing effect, thus this concentration
was chosen for part two of the study assessing the underlying
mechanism of levosimendan-induced postconditioning.
Hearts were randomly assigned to six groups (n = 5–6 per
group, Fig. 1b):
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& Control (Con, n = 6): Hearts received no further
treatment.

& Levosimendan (Lev, n = 6): Hearts were perfused with
0.3 μM Lev for 10 min at the onset of reperfusion.

& Paxilline + Levosimendan (Pax + Lev, n = 6): Hearts were
perfused with the BKCa-channel inhibitor paxilline in a
concentration of 1 μM [13] combined with 0.3 μM Lev
for 10 min at the onset of reperfusion.

& Paxilline (Pax, n = 6): Hearts were perfused with 1 μM
Pax for 10 min only, to rule out an intrinsic effect of Pax
on infarct size.

& NS8593 + Levosimendan (NS8593 + Lev, n = 6): Hearts
were perfused with the SKCa-channel inhibitor NS8593
(N-[(1R)-1,2,3,4-Tetrahydro-1-naphthalenyl]-1H-
Benzimidazol-2-amine hydrochloride) in a concentration
of 0.1 μM [14] combined with 0.3 μM Lev for 10 min at
the onset of reperfusion.

& NS8593 (NS8593, n = 5): Hearts were perfused with
0.1 μM NS8593 for 10 min only, to rule out an intrinsic
effect of NS8593 on infarct size.

At the end of reperfusion, hearts were cut into transverse
slices, starting from the cardiac apex to just before the cardiac
valvular plane. The slices were stained with 0.75% TTC so-
lution. The size of the infarcted area was determined by
planimetry using SigmaScan Pro 5 computer software (SPSS
Science Software, Chicago, IL) by two blinded investigators.
For this purpose, the individual TTC stained slices were
scanned and infarction area was manually determined on the
computer by selecting the infarcted and non-infarcted area.
The non-vital infarction area appears colorless and the vital
non-infarcted area of the myocardium red. Infarct size was
calculated as percentage of infarcted area to non-infarcted area
from the whole heart.

Statistical Analysis

Calculation of sample size was done by using GraphPad
StatMate™ (GraphPad Software, San Diego, CA, USA) and
resulted in a group size of n = 6 for detecting a 25% difference
in infarct size with a power of 80% (α < 0.05 (two-tailed)).
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Fig. 1 a, b Experimental
protocol. a Part 1 of the study:
Con = control, Lev =
levosimendan; b Part 2 of the
study: Con = control, Lev =
levosimendan, Pax = paxilline;
NS8593 = N-[(1R)-1,2,3,4-
tetrahydro-1-naphthalenyl]-1H-
benzimidazol-2-amine
hydrochloride

Cardiovasc Drugs Ther (2019) 33:581–588 583



Hemodynamic variables were measured continuously and de-
tected during baseline, ischemia, and reperfusion. To compare
hemodynamic variables between groups or between different
time points within groups, we used a two-way analysis of
variance (ANOVA) and a Tukey post hoc test (GraphPad
Software, San Diego, CA, USA). An investigator blinded to
the experimental groups determined the infarct sizes. A one-
way ANOVAwas chosen, followed by a Tukey post hoc test
to analyze infarct size. Data are presented as mean ± SD.
Differences were regarded as statistically significant when P
< 0.05.

Results

Infarct Size—Concentration-Related Effect
of Levosimendan Postconditioning

Figure 2a illustrates infarct sizes for various concentrations of
levosimendan. Control hearts showed an infarct size of 60 ±

7%. The lowest cardioprotective concentration of
levosimendan was 0.3 μM with an infarct size of 30 ± 5%
(P < 0.0001 vs. Con). Increasing the concentration to 1 μM
did not lead to a further infarct size reduction (Lev 1: 32 ± 4%;
p = 0.9871 vs. Lev 0.3). Lower concentrations than 0.3 μM
did not induce cardioprotection (Lev 0.1: 50 ± 8%; p = 0.1111
vs. Con and Lev 0.03: 56 ± 7%; p = 0.8197 vs. Con).

Infarct Size—Mechanism of Levosimendan
Postconditioning

Figure 2b represents infarct sizes from part two of the study
assessing the involvement of BKCa and/or SKCa channels in
levosimendan-induced postconditioning. Infarct size of the
control group was 59 ± 6%. Administration of 0.3 μM
levosimendan reduced infarct size to 31 ± 8% (P < 0.0001
vs. Con). The cardioprotective effect of levosimendan was
completely abrogated by the BKCa-channel inhibitor paxilline
(Pax + Lev: 62 ± 6%, P < 0.0001 vs. Lev) but not by the SKCa-
channel inhibitor NS8593 (NS8593 + Lev: 35 ± 7%, P =
0.9021 vs. Lev). Both inhibitors alone had no effect on infarct
size (Pax: 62 ± 4%;P = 0.9021 vs. Con and NS8593: 60 ± 4%;
P > 0.9999 vs. Con).

Cardiac Function

There were no differences in heart rate, LVDP, and coronary
flow between the groups (Tables 1 and 2). After ischemia and
during reperfusion, LVDP and coronary flowwere statistically
different from baseline in all groups in both parts of the study
(Tables 1 and 2). In part two of the study, heart rate was
statistically different compared to baseline after ischemia in
the Pax + Lev group and in the Pax group (Table 2). LVPmin,
dP/dt max, and dP/dt min were statistically different during
the reperfusion period compared to baseline (Supplement
Table S1 and S2).

Discussion

The results of the current study demonstrate that
postconditioning with the calcium-sensitizer levosimendan
shows a binary phenomenon, either ineffective or with maxi-
mal effect. The lowest cardioprotective concentration of
levosimendan in our study model was 0.3 μM.We are the first
to demonstrate that this cardioprotective effect requires acti-
vation of BKCa but not SKCa channels.

Cardioprotective interventions by postconditioning are
promising because the majority of myocardial ischemic events
cannot be predicted. Although short cycles of ischemia and
reperfusion are a very strong stimulus to induce infarct size
reduction—with the exception of cardiac surgery and cardio-
logical interventions—such measure is not feasible for the
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Fig. 2 a, b Infarct size measurement. a The infarct size of controls (Con)
and levosimendan (Lev); b the infarct size of controls (Con),
levosimendan (Lev) with or without the KCa-channel inhibitors
paxilline (Pax) and NS8593 (NS8593). Data are mean ± SD. *P < 0.05
vs. Con and #P < 0.05 vs. Lev respectively
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clinical scenario. Fortunately, cardioprotection achieved by
ischemic stimuli can be mimicked pharmacologically thereby
inducing a comparable infarct size reduction.

Levosimendan is clinically used for patients with heart fail-
ure and leads, when administered preoperatively, to lower
mortality [15]. It increases the calcium sensitivity by binding
to troponin C and has a positive inotropic effect, without
influencing relaxation in the diastole. In addition, it opens
ATP-dependent potassium channels (KATP) in the smooth vas-
cular muscles, lowering pre- and afterload by vasodilation.
Hönisch et al. demonstrated postconditioning properties of
levosimendan in the rat heart in vivo [4]. The infarct size
reduction was in the same range as with ischemic
postconditioning but the combination of both interventions
did not lead to a more pronounced cardioprotective effect. In
addition, this group showed that cardioprotection was medi-
ated by PI3K (phosphatidylinositol 3 kinase) pathway and
activation of KATP-channels.

The current results show that the lowest cardioprotective
concentration of levosimendan in our model is 0.3 μM and
an increase in concentration to 1 μM had no additional effect.
Employing the lowest effective concentration of levosimendan
allows for maximal cardioprotection by minimizing possible
drug-related side effects. Concentration-dependent effects of
levosimendan postconditioning have not been studied so far.
Based on our results, the effect of levosimendan-induced
cardioprotection is more concentration-related than dependent

as we detected an on-off phenomenon, either ineffective or with
maximal effect.

Involvement of KCa-channel activation in cardioprotection
was described by us [3, 13] and others [8, 16]. Stowe et al.
demonstrated in the isolated heart model using global ische-
mia that activation of BKCa and SKCa channels independently
from each other confers cardioprotection [11]. In the present
study, also global ischemia was used. In the Langendorff mod-
el, both forms, regional and global, of ischemia are used
[17–19]. With a direct comparison of both ischemia forms,
Kim et al. demonstrated that global ischemia induced larger
infarct sizes than regional ischemia [20]. Due to this larger
infarct sizes, an excellent discrimination between viable and
infarcted area is possible. A further advantage of global ische-
mia is the high reproducibility due to equal severity and extent
of ischemia. In particular, induction of regional ischemia is
often inconsistent in localization and severity. Interestingly
we detected a strong effect of levosimendan on infarct size
but no hemodynamic improvement during the reperfusion pe-
riod. Consistent with current literature [21], for isolated per-
fused hearts, infarct size seems the most sensitive marker to
assess cardioprotection. The exact reason for this is unclear,
but the occurrence of myocardial stunning is often discussed,
especially after global ischemia.

The study by Stowe et al. showed that cardioprotection in-
duced by the BKCa-channel activator NS1619 was not affected
by the SKCa-channel inhibitor NS8593 and vice versa [11].

Table 1 Hemodynamic variables
Baseline Reperfusion

5 15 30 45 60

Heart rate (bpm)

Con 293 ± 8 212 ± 42 181 ± 57 224 ± 55 217 ± 37 217 ± 39

Lev 0.03 296 ± 20 191 ± 63 219 ± 93 226 ± 85 217 ± 48 214 ± 33

Lev 0.1 292 ± 34 246 ± 37 242 ± 70 209 ± 66 213 ± 72 205 ± 56

Lev 0.3 307 ± 43 211 ± 70 270 ± 32 237 ± 73 237 ± 82 220 ± 68

Lev 1 294 ± 27 280 ± 43 236 ± 21 267 ± 39 231 ± 45 237 ± 31

Left ventricular–developed pressure (mmHg)

Con 140 ± 11 11 ± 8* 15 ± 11* 25 ± 7* 29 ± 3* 37 ± 5*

Lev 0.03 137 ± 7 17 ± 7* 20 ± 10* 27 ± 11* 34 ± 13* 32 ± 17*

Lev 0.1 128 ± 22 18 ± 8* 16 ± 12* 27 ± 12* 26 ± 8* 30 ± 6*

Lev 0.3 132 ± 20 18 ± 15* 23 ± 18* 25 ± 19* 21 ± 12* 25 ± 11*

Lev 1 144 ± 18 13 ± 17* 11 ± 15* 18 ± 15* 23 ± 17* 23 ± 13*

Coronary flow (ml min−1)

Con 14 ± 2 9 ± 1* 8 ± 1* 7 ± 1* 6 ± 1* 6 ± 1*

Lev 0.03 13 ± 2 8 ± 2* 8 ± 2* 7 ± 2* 6 ± 2* 6 ± 2*

Lev 0.1 14 ± 1 9 ± 1* 9 ± 1* 8 ± 1* 7 ± 1* 7 ± 1*

Lev 0.3 15 ± 2 11 ± 2* 10 ± 3* 9 ± 3* 8 ± 2* 7 ± 2*

Lev 1 14 ± 2 10 ± 4* 8 ± 2* 7 ± 2* 6 ± 2* 6 ± 1*

Data are mean ± SD. Con = control; Lev = levosimendan

*P < 0.05 versus baseline
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Furthermore, simultaneous activation of BKCa and SKCa chan-
nels did not further enhance the infarct size reducing effect [11].
Our results emphasize that activation of KCa channels play a
pivotal role in pharmacological postconditioning induced by
levosimendan. Interestingly, the results further demonstrate that
only BKCa channels are crucial for the cardioprotective effect
as the SKCa-channel inhibitor NS8593 had no influence on the
infarct size reduction induced by levosimendan. Only the
blocker of BKCa-channels paxilline completely abrogated the
effect of levosimendan. Paxilline is a mycotoxin produced by
the fungus Penicillium paxilli blocking all subunits of BKCa

channels [22] selectively [23–25]. In contrast to the results by
Stowe et al. [11], where activation by selective agonists of both
channels led to infarct size reduction, levosimendan’s
cardioprotective effect might bemainly conferred via activation
of BKCa channels and inhibition of SKCa channels would have
very little impact. Another explanation could be that inhibition
of the signaling pathway downstream of SKCa-channel activa-
tion with subsequent loss of cardioprotection would elucidate an
involvement of these channels in levosimendan conditioning. It
is important to distinguish between both channels due to their
differential activation depending on the actual status of the cell.
BKCa channels are voltage-gated and directly regulated by Ca

2+.
In contrast, SKCa channels are voltage-independent and are

indirectly regulated by Ca2+ via calmodulin. Both KCa channels
regulate mitochondrial bioenergetics but are activated during
different conditions of the cell [11]. Thus, time point and mode
of activation seem to be important. The importance to distin-
guish both channels is also visible by their specific inhibitors and
activators. The study by Stowe et al. demonstrated that the
cardioprotective effect of BKCa- and SKCa-channel activation
was completely abolished by the administration of the O2

·-

dismutator TBAP (Mn (III) tetrakis (4-benzoic acid) porphyrin).
TBAP hereby interferes with the signaling pathway downstream
of KCa-channel activation demonstrating that O2

·- are released
by activation of BKCa and SKCa channels suggesting that both
channels share a common final step in cardioprotection.
However, the exact involvement of SKCa channels in
levosimendan postconditioning has to be investigated in a future
study.

Activation of BKCa-channels seems to represent a crucial step
in the signaling cascade of pharmacological postconditioning.
Previously, we could show that these channels are also involved
in morphine-induced postconditioning [3].

As aforementioned, ischemic postconditioning is not feasible
for the clinical settingmaking pharmacological postconditioning
an interesting and promising option for myocardial protection in
the clinic. Unfortunately, these promising interventions are not

Table 2 Hemodynamic variables
Baseline Reperfusion

5 15 30 45 60

Heart rate (bpm)

Con 274 ± 13 219 ± 67 243 ± 42 270 ± 68 204 ± 23 197 ± 41

Lev 293 ± 29 234 ± 74 242 ± 52 246 ± 35 228 ± 44 241 ± 44

Pax + Lev 316 ± 38 247 ± 76 237 ± 45 227 ± 59 180 ± 65* 214 ± 49*

Pax 279 ± 23 234 ± 99 153 ± 60* 173 ± 58* 156 ± 63* 209 ± 70

NS8593 + Lev 292 ± 24 251 ± 71 237 ± 59 254 ± 48 218 ± 78 235 ± 32

NS8593 292 ± 43 174 ± 53* 169 ± 58* 182 ± 74* 216 ± 58 232 ± 59

Left ventricular–developed pressure (mmHg)

Con 145 ± 20 11 ± 5* 14 ± 6* 24 ± 16* 33 ± 12* 38 ± 10*

Lev 131 ± 10 19 ± 8* 23 ± 12* 33 ± 10* 34 ± 11* 31 ± 14*

Pax + Lev 127 ± 26 16 ± 7* 24 ± 5* 28 ± 8* 38 ± 7* 32 ± 5*

Pax 138 ± 21 13 ± 8* 17 ± 15* 22 ± 20* 25 ± 8* 29 ± 12*

NS8593 + Lev 128 ± 16 17 ± 9* 16 ± 9* 22 ± 12* 33 ± 12* 39 ± 11*

NS8593 131 ± 30 14 ± 4* 14 ± 4* 22 ± 11* 24 ± 11* 31 ± 10*

Coronary flow (ml min−1)

Con 14 ± 2 11 ± 3* 10 ± 3* 9 ± 3* 8 ± 3* 7 ± 3*

Lev 13 ± 2 9 ± 3* 9 ± 2* 8 ± 1* 8 ± 1* 8 ± 1*

Pax + Lev 15 ± 3 8 ± 2* 8 ± 2* 7 ± 2* 6 ± 2* 6 ± 2*

Pax 14 ± 2 9 ± 2* 8 ± 1* 8 ± 1* 7 ± 1* 7 ± 1*

NS8593 + Lev 14 ± 2 11 ± 3* 10 ± 2* 9 ± 2* 8 ± 2* 8 ± 2*

NS8593 13 ± 3 9 ± 2* 8 ± 1* 7 ± 1* 7 ± 1* 6 ± 1*

Data are mean ± SD. Con = control; Lev = levosimendan; Pax = paxilline

*P < 0.05 versus baseline
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implemented in the clinic yet. Results from a controlled exper-
imental setup, focusing on one specific aspect such as infarct
size reduction and excluding confounding factors such as con-
comitant diseases or effect-modulating medications, are difficult
to extrapolate to the clinical setting. Drugs like beta-blockers or
the antidiabetic glibenclamide were shown to abrogate infarct
size reduction by the volatile anesthetic desflurane [26, 27].
Furthermore, age was shown to have an impact on
cardioprotective properties of conditioning interventions [28].
Many cardioprotective interventions, ischemically or pharmaco-
logically, failed to reduce infarct size in the aged heart (for re-
view see [29]). Aging might interfere with cardioprotective sig-
naling pathways suggesting that downstream activation within
the signaling cascades might be promising for myocardial pro-
tection of the aged heart. Previously, we demonstrated that acti-
vation of BKCa channels with NS1619 reduced infarct size in the
aged rat heart in vivo and that the extent of infarct size reduction,
employing the same concentration of the BKCa-channel activa-
tor, was comparable to young rats [30]. Particularly, these results
emphasize BKCa channels as an important and promising target
for myocardial protection making future research in this field
indispensable.

Diabetes and hyperglycemia were also shown to abolish
cardioprotection by conditioning interventions [31, 32].
Matsumoto et al. demonstrated that hyperglycemia raised the
threshold for postconditioning with levosimendan [6]. Only a
ten times higher concentration of levosimendan was able to
restore the hyperglycemia-induced abrogated cardioprotective
effect [6]. Whether BKCa-channel activation of levosimendan
or other effects of this drug were responsible for
cardioprotection under hyperglycemia can only be speculated.

Limitations

An animal in vitro study has several limitations. Considering
the hemodynamic data, we measure the isovolumetric work of
the heart, thus only the intrinsic properties of the rat heart,
without neurohumoral and peripheral vascular influence.
Thus, it is difficult to transfer this isovolumetric working
Langendorff heart to the clinical situation. However, and that
is, in turn, the advantage of the model, as we detected no
differences in hemodynamic variables between the groups,
we can conclude that the infarct size reduction is due to the
effect of levosimendan.

Levosimendan is a clinically used inotropic drug for the
treatment of heart failure. Against this background, next to
its inotropic activity, cardioprotective properties of
levosimendan would be particularly attractive. In this context,
one has to consider that we have examined the hearts of young
and healthy rats. Patients who would benefit from such an
intervention are usually old, multimorbid, and take several
different medications representing possible confounders for
cardioprotection. Therefore, our results cannot be related to

the clinic immediately, but suggest a possible direction and
open up new possibilities for levosimendan, which should
be considered.

Conclusion

The current results show that the calcium-sensitizer
levosimendan induces cardioprotection by postconditioning
in a more concentration-related than a concentration-
dependent manner. The lowest cardioprotective concentration
inducing the strongest cardioprotective effect was 0.3 μM.
Furthermore, it seems that activation of BKCa channels but
not SKCa channels is an elementary step in the signaling cas-
cade of myocardial protection induced by levosimendan.
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