
 International Journal of 

Molecular Sciences

Article

Cardioprotective Properties of Mannitol—Involvement of
Mitochondrial Potassium Channels

Katharina Feige 1, Janine Rubbert 1 , Annika Raupach 1 , Martin Stroethoff 1, André Heinen 2,
Markus W. Hollmann 3, Ragnar Huhn 1,* and Carolin Torregroza 1

����������
�������

Citation: Feige, K.; Rubbert, J.;

Raupach, A.; Stroethoff, M.; Heinen,

A.; Hollmann, M.W.; Huhn, R.;

Torregroza, C. Cardioprotective

Properties of Mannitol—Involvement

of Mitochondrial Potassium Channels.

Int. J. Mol. Sci. 2021, 22, 2395.

https://doi.org/10.3390/ijms22052395

Academic Editor: Anindita Das

Received: 13 January 2021

Accepted: 24 February 2021

Published: 27 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Anesthesiology, Medical Faculty and University Hospital Duesseldorf,
Heinrich-Heine-University Duesseldorf, Moorenstr. 5, 40225 Duesseldorf, Germany;
KatharinaKristina.Feige@med.uni-duesseldorf.de (K.F.); Janine.Rubbert@hhu.de (J.R.);
Annika.Raupach@med.uni-duesseldorf.de (A.R.); Martin.Stroethoff@med.uni-duesseldorf.de (M.S.);
Carolin.Torregroza@med.uni-duesseldorf.de (C.T.)

2 Institute of Cardiovascular Physiology, Medical Faculty and University Hospital Duesseldorf,
Heinrich-Heine-University Duesseldorf, Universitaetsstr. 1, 40225 Duesseldorf, Germany;
Andre.Heinen@uni-duesseldorf.de

3 Department of Anesthesiology, Amsterdam University Medical Center (AUMC), Location AMC,
Meiberdreef 9, 1105 AZ Amsterdam, The Netherlands; m.w.hollmann@amsterdamumc.nl

* Correspondence: Ragnar.Huhn@med.uni-duesseldorf.de

Abstract: Cardiac preconditioning (PC) and postconditioning (PoC) are powerful measures against
the consequences of myocardial ischemia and reperfusion (I/R) injury. Mannitol—a hyperosmolar
solution—is clinically used for treatment of intracranial and intraocular pressure or promotion of
diuresis in renal failure. Next to these clinical indications, different organ-protective properties—e.g.,
perioperative neuroprotection—are described. However, whether Mannitol also confers cardiopro-
tection via a pre- and/or postconditioning stimulus, possibly reducing consequences of I/R injury,
remains to be seen. Therefore, in the present study we investigated whether (1) Mannitol-induced
pre- and/or postconditioning induces myocardial infarct size reduction and (2) activation of mito-
chondrial ATP-sensitive potassium (mKATP) channels is involved in cardioprotection by Mannitol.
Experiments were performed on isolated hearts of male Wistar rats via a pressure controlled Lan-
gendorff system, randomized into 7 groups. Each heart underwent 33 min of global ischemia and
60 min of reperfusion. Control hearts (Con) received Krebs–Henseleit buffer as vehicle only. Pre-
and postconditioning was achieved by administration of 11 mmol/L Mannitol for 10 min before
ischemia (Man-PC) or immediately at the onset of reperfusion (Man-PoC), respectively. In further
groups, the mKATP channel blocker 5HD, was applied with and without Mannitol, to determine the
potential underlying cardioprotective mechanisms. Primary endpoint was infarct size, determined
by triphenyltetrazolium chloride staining. Mannitol significantly reduced infarct size both as a pre-
(Man-PC) and postconditioning (Man-PoC) stimulus compared to control hearts (Man-PC: 31 ± 4%;
Man-PoC: 35 ± 6%, each p < 0.05 vs. Con: 57 ± 9%). The mKATP channel inhibitor completely
abrogated the cardioprotective effect of Mannitol-induced pre- (5HD-PC-Man-PC: 59 ± 8%, p < 0.05
vs. Man-PC) and postconditioning (5HD-PoC-Man-PoC: 59 ± 10% vs. p < 0.05 Man-PoC). Infarct size
was not influenced by 5HD itself (5HD-PC: 60 ± 14%; 5HD-PoC: 54 ± 14%, each ns vs. Con). This
study demonstrates that Mannitol (1) induces myocardial pre- and postconditioning and (2) confers
cardioprotection via activation of mKATP channels.

Keywords: mannitol; osmolarity; myocardial infarction; preconditioning; postconditioning

1. Introduction

Ischemic conditioning still remains a strong measure to confer cardioprotection by
inducing infarct size reduction and thereby protecting the heart against the detrimental
consequences of ischemia and reperfusion (I/R) injury [1]. However, due to its immense
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invasiveness in the majority of cases, it is unattainable in daily clinical routine. For this
reason, pharmacological preconditioning (PC) and postconditioning (PoC) induced by
treatment with various different substances, e.g., Dexmedetomidine, volatile anesthet-
ics or opioids, gained importance over the years and have revealed persuading results
comparable to ischemic conditioning [2,3].

Mannitol, 6-carbon natural alditol, is a hyperosmolar solution and osmotherapeutic
agent only scarcely metabolized and mainly excreted rapidly via the kidneys [4]. To
this day, it is widely used in many fields of medicine due to its beneficial effects on the
kidney [5], brain [6–8] and heart [4,9]. One main clinical indication is treatment of elevated
intracranial pressure (ICP), as the osmotherapeutic agent is thought to decrease brain
volume by reducing overall water content and thus blood volume by its osmotic and
vasoconstrictive effect [9]. Further, Mannitol may also improve cerebral perfusion by
decreasing viscosity or altering red blood cell rheology [9]. Next to its favorable effects
on cerebral and renal function, Mannitol has been extensively used in cardiac surgery
achieving an increased coronary blood flow, cardiac output, mean systemic arterial pressure,
left-ventricular end-diastolic pressure and myocardial left-ventricular contractility [4].
Previous experimental studies have shown cardioprotective properties of Mannitol, mostly
ascribed to its hyperosmolar or radical scavenging characteristics [10–13]. However, to this
point profound data on mechanisms of Mannitol-induced cardioprotection is lacking.

The mitochondrion is not only an integral player but possibly the end effector of
cardioprotection [14]. Regulation of mitochondrial function, alongside mitophagy, is
crucial for cell survival after myocardial I/R injury [15,16]. Mitochondrial potassium
(mK+) channels have been proven to play a central role in various kinds of ischemic
and pharmacological conditioning strategies [17,18]. The mitochondrial ATP-sensitive
potassium (mKATP) channels are crucially involved in the regulation of cellular energy
levels as well as organelle volume and function [19–22]. Treatment with diazoxide, a
specific mKATP opener, has led to a significant infarct size reduction in experimental studies,
while the respective channel blocker 5-hydroxydecanoate (5HD) averts this effect. We and
others have previously demonstrated that several different pharmacological conditioning
strategies are mediated via mKATP, as combining 5HD with these stimuli completely
abrogates cardioprotection [3].

Considering that Mannitol is already approved safe for clinical use and also employed
in different perioperative settings, it appears as a promising candidate for a pharmacologi-
cal conditioning strategy in patients. Given its potential clinical impact, more profound
data on pre- and postconditioning as well as the underlying mechanisms of cardioprotec-
tion by Mannitol is of crucial importance. Therefore, we set out to determine whether (1)
Mannitol induces cardioprotection by pre- and/or postconditioning and (2) this effect is
mediated via activation of mKATP channels.

2. Results
2.1. Animal Characteristics

There were no differences detected between and within all groups of this study
regarding body weight, wet and dry heart weight and level or time of maximal ischemic
contracture (Tables 1 and 2).
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Table 1. Body weights and wet and dry heart weights.

n Body
Weight (g)

Dry Heart
Weight (g)

Wet Heart
Weight (g)

Con 7 292 ± 11 0.11 ± 0.01 1.15 ± 0.05
Man-PC 6 295 ± 22 0.12 ± 0.02 1.16 ± 0.19

5HD-PC+Man-PC 7 297 ± 14 0.11 ± 0.01 1.25 ± 0.10
5HD-PC 6 297 ± 12 0.10 ± 0.02 1.18 ± 0.09
Man-PoC 6 290 ± 14 0.10 ± 0.01 1.17 ± 0.17

5HD-PoC+Man-PoC 7 302 ± 20 0.09 ± 0.01 1.16 ± 0.11
5HD-PoC 6 288 ± 10 0.11 ± 0.01 1.12 ± 0.07

Data are mean ± SD. Con = Control; Man = Mannitol; 5HD = 5-hydroxydecanoate; PC = Preconditioning;
PoC = Postconditioning.

Table 2. Time and level of maximum ischemic contracture.

n Time of Max.
Ischemic Contracture (min)

Level of Max. Ischemic
Contracture (mmHg)

Con 7 14 ± 2 66 ± 8
Man-PC 6 14 ± 1 61 ± 7

5HD-PC+Man-PC 7 15 ± 2 58 ± 14
5HD-PC 6 15 ± 1 60 ± 9
Man-PoC 6 15 ± 1 64 ± 11

5HD-PoC+Man-PoC 7 15 ± 2 80 ± 9
5HD-PoC 6 15 ± 1 65 ± 6

Data are mean ± SD. Con = Control; Man = Mannitol; 5HD = 5-hydroxydecanoate; PC = Preconditioning;
PoC = Postconditioning.

2.2. Infarct Size

All infarct sizes are displayed in Figure 1. Control hearts showed an infarct size of
57 ± 9% of the left ventricle. Both pre- and postconditioning with Mannitol significantly
reduced infarct size to 31 ± 4% (Man-PC, p < 0.05 vs. Con) and 35 ± 6% (Man-PoC,
p < 0.05 vs. Con), respectively. The mKATP channel blocker 5HD completely abolished
cardioprotection by Mannitol-induced pre- (5HD-PC+Man-PC: 59 ± 8%, p < 0.05 vs. Man-
PC) and postconditioning (5HD-PoC+Man-PoC: 59 ± 10%, p < 0.05 vs. Man-PoC). The
channel blocker itself had no effect on infarct size (5HD-PC: 60 ± 14%, ns vs. Con and
5HD-PoC: 54 ± 14%, ns vs. Con).
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2.3. Cardiac Function

Hemodynamic variables are shown in Table 3. There were no differences detected
between the different groups for each time of measurement. Heart rate slightly decreased
from baseline to the end of reperfusion, but no significant differences were measured within
or between groups. Both left ventricular-developed pressure and coronary flow signifi-
cantly decreased during reperfusion compared to baseline values within each study group.

Table 3. Hemodynamic variables.

Baseline PC Reperfusion

30 60

Heart Rate (bpm)
Con 318 ± 40 318 ± 51 338 ± 75 277 ± 62

Man-PC 293 ± 20 284 ± 22 273 ± 56 233 ± 60
5HD-PC+Man-PC 300 ± 40 292 ± 35 291 ± 58 263 ± 69

5HD-PC 314 ± 46 329 ± 52 275 ± 46 227 ± 57
Man-PoC 312 ± 38 306 ± 21 253 ± 51 266 ± 17

5HD-PoC+Man-PoC 301 ± 49 289 ± 45 288 ± 63 270 ± 67
5HD-PoC 297 ± 30 288 ± 18 286 ± 29 242 ± 37

Left Ventricular-Developed Pressure (mmHg)
Con 118 ± 24 122 ± 22 12 ± 6 * 24 ± 9 *

Man-PC 114 ± 9 111 ± 23 21 ± 14 * 33 ± 12 *
5HD-PC+Man-PC 112 ± 12 117 ± 9 21 ± 13 * 29 ± 14 *

5HD-PC 114 ± 10 121 ± 16 14 ± 9 * 22 ± 9 *
Man-PoC 106 ± 11 119 ± 16 27 ± 14 * 32 ± 10 *

5HD-PoC+Man-PoC 135 ± 15 145 ± 15 # 18 ± 13 * 25 ± 19 *
5HD-PoC 123 ± 21 133 ± 16 22 ± 13 * 36 ± 14 *

Left Ventricular End Diastolic Pressure (mmHg)
Con 3 ± 2 4 ± 3 85 ± 23 * 72 ± 21 *

Man-PC 3 ± 1 3 ± 2 83 ± 16 * 72 ± 14 *
5HD-PC+Man-PC 4 ± 2 4 ± 2 81 ± 14 * 70 ± 12 *

5HD-PC 3 ± 1 4 ± 3 77 ± 20 * 67 ± 20 *
Man-PoC 3 ± 2 3 ± 2 75 ± 14 * 65 ± 13 *

5HD-PoC+Man-PoC 5 ± 2 5 ± 2 109 ± 18 * 97 ± 17 *
5HD-PoC 5 ± 2 5 ± 2 103 ± 10 * 88 ± 7 *

Coronary Flow (mL/min)
Con 14 ± 2 14 ± 2 8 ± 1 * 8 ± 2 *

Man-PC 14 ± 2 14 ± 4 8 ± 1 * 7 ± 1 *
5HD-PC+Man-PC 14 ± 3 15 ± 3 9 ± 3 * 9 ± 3 *

5HD-PC 13 ± 2 15 ± 1 6 ± 2 * 6 ± 2 *
Man-PoC 14 ± 3 14 ± 3 8 ± 2 * 7 ± 1 *

5HD-PoC+Man-PoC 14 ± 2 14 ± 2 7 ± 2 * 7 ± 2 *
5HD-PoC 14 ± 3 13 ± 3 7 ± 2 * 6 ± 2 *

Data are mean ± SD. Con = Control; Man = Mannitol; 5HD = 5-hydroxydecanoate; PC = Preconditioning;
PoC = Postconditioning. * p < 0.05 vs. Baseline; # p < 0.05 vs. Con.

3. Discussion

In this study, we demonstrated infarct size-reducing effects by Mannitol-induced pre-
and postconditioning and reported novel possible underlying mechanisms of cardioprotec-
tion by Mannitol.

Cardioprotective properties of Mannitol have been described over several years in
various animal species and experimental setups and were mostly ascribed to its hyperos-
molar characteristics or possible radical scavenging features [12,23,24]. Magovern et al.
showed that reperfusion with Mannitol resulted in improved developed pressure, greater
coronary flow and less myocardial edema due to its osmotherapeutic effects [12]. However,
studies on cardioprotection and hyperosmolarity show inconsistent results. Intracoronary
administration of Mannitol in different in vivo experiments for instance did not improve
heart resistance against I/R injury [25,26]. Hence, Mannitol-induced cardioprotection
might not only be explained by its osmotic characteristics.

Next to several known signaling cascades, oxidative stress by reactive oxygen species
(ROS) has been discussed as playing a key role in I/R injury [3,18,27]. Even though low
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levels of ROS are needed for cardioprotection, excessive ROS formation ultimately leads to
cell death after I/R injury. As Mannitol is known to be an effective free radical scavenger, it
appears likely that the osmotherapeutic agent might confer its organ-protective properties
via regulation of ROS levels during ischemia and reperfusion. While Ouriel et al. [24]
suggested that Mannitol offers myocardial protection not only via hyperosmolarity but
also possibly due to free radical scavenging activity, an ex vivo study by Pastukh et al. [28]
did not support this concept of cardioprotection by Mannitol. In isolated cardiomyocytes,
pretreatment with Mannitol showed no effect on the generation of free radicals during
hypoxia [28]. Yet, hyperosmolarity by Mannitol induced activation of phosphoinositide
3-kinase (PI 3K)/protein kinase B (Akt) pathway contributing to cardioprotection. Gard-
ner et al. [11] underline these findings by investigating the effect of Mannitol on the
oxygen paradox in an in vitro I/R injury study. Results indicate that Mannitol reduces
reoxygenation-induced cardiac biomarker release by osmotic activity, rather than by its
oxygen-free radical scavenger abilities. Hence, to this date clear consensus on the underly-
ing mechanisms of Mannitol-induced myocardial protection has been lacking. Moreover,
studies on Mannitol and cardioprotection used different conditioning strategies, time or
duration of application as well as varying substance concentrations. For instance, precon-
ditioning with Mannitol was demonstrated by Falck et al. [10] through perfusion with the
hyperosmotic (600 mOsm/kg) solution before ischemia and reperfusion. However, only a
2 min treatment with Mannitol induced infarct size reduction, while 1 min or even 5 min of
application showed no effect. Thus, next to a lack of profound knowledge on underlying
mechanisms of cardioprotection by Mannitol, studies investigating different conditioning
stimuli with clinically used concentrations have also been sparse to this point.

Various intracellular signaling pathways are known to play a crucial role in cardio-
protection, and it is accepted that several mediators finally converge upon and regulate
the mitochondria ultimately providing protection against myocardial I/R injury [14,15,27].
Next to different intracellular mediators, mitochondrial potassium channels have been
identified as integral players in cardiac conditioning by several different ischemic and
pharmacological stimuli [17,19,29,30]. These channels are closely linked to the modulation
of mitochondrial function, especially considering the energetic status, electrolyte influx and,
hence, membrane potential [31]. Activation of these mK+ channels is generally considered
to inhibit the mitochondrial permeability transition pore (mPTP). Prolonged opening of
the mPTP leads to mitochondrial swelling, release of pro-apoptotic factors and ultimately
cell death after I/R injury. Thus, inhibition of mPTP opening is a key step in myocardial
protection [32,33].

Our findings demonstrate for the first time, that mKATP are involved in the cardiopro-
tective effect by Mannitol, as the mKATP channel inhibitor 5HD completely abolished infarct
size reduction by Mannitol. A potent and selective blocker of the mKATP channel [34], 5HD
has been widely used in several different experimental studies successfully blocking the
respective channel [35–38]. In more detail, 5HD mimics ATP by binding to the mitochon-
drial potassium channel. With regard to its effectiveness, it was recently reported that 5HD
in a concentration of 100 µM—the same concentration used in our experiments—leads
to a complete blockage of the mKATP channel [21]. While results from our study support
that pre- and postconditioning with Mannitol leads to cardioprotection via mKATP channel
activation, at this point it still remains to be discussed how exactly Mannitol confers the
opening of these respective channels. There are different signaling pathways, e.g., reper-
fusion injury salvage kinase (RISK), survivor activating factor enhancement (SAFE) and
nitric oxide/protein kinase G (NO/PKG), recognized to target the mitochondrion as an
end-effector of cardioprotection after I/R injury. Referring to mKATP channels, both protein
kinase C (PKC) as part of the RISK pathway and NO/PKG have been shown to take a
central role in intracellular signaling. These signaling cascades and downstream targets are
for instance activated by the binding of specific agonists to G-protein coupled receptors
located at the plasma membrane [30,39,40]. It could be assumed that Mannitol might influ-
ence these pathways, ultimately targeting the mKATP channels; however, further research
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is needed to fully unravel the involved mechanisms. Despite knowledge on these respec-
tive pathways involved in mKATP channel activation and cardioprotection, an osmotic
effect of Mannitol or the channel itself cannot be fully excluded. There is experimental
evidence that ischemia (especially during early phases) leads to matrix contracture caused
by a lack of oxygen, depolarization of mitochondrial membrane and, hence, decrease of
K+ influx [39]. In contrast, activation of the mKATP channel leads to moderate matrix
swelling via osmotic effects preserving intermembrane space and in turn—via a complex
interaction of different intermediates—providing adequate ATP support upon reperfusion,
counteracting the negative consequences of ischemia. Referring to the possible osmotic
action of Mannitol, we further looked at overall edema or swelling within the different
study groups. In the experimental setup, all hearts fulfilled the same basic prerequisite,
permitting a comparison of the wet and dry heart weight at the end of the experiment
(see Table 1). In line with findings from Carlson et al. and Klein et al. regarding Mannitol
and hyperosmolarity [25,26], there were no significant differences in wet heart weight in
control hearts (perfused with Krebs–Henseleit buffer) compared to hearts perfused with
Mannitol as a pre- or postconditioning stimulus. At the end of reperfusion, all hearts were
weighed and dried before reweighing. From this, a determination of the content of water as
a percentage can be differentiated (weight wet−weight dry/weight wet × 100). Focusing
on control hearts and those treated with Mannitol solely, the water percentage results do
not show a significant difference between groups. This indicates that Mannitol-induced
cardioprotection might not only be explained by its hyperosmolar characteristics resulting
in a reduction of edema. However, both edema and cardiac dysfunction have a number of
promotors, making a direct causal relationship difficult to prove.

Although we see a strong effect on infarct size reduction by both Mannitol-induced
pre- and postconditioning, no hemodynamic improvement during the reperfusion phase
was detected between groups. The exact reason for this remains unknown, however the
occurrence of myocardial stunning after global ischemia is often discussed in this context,
meaning a temporary depression of function in the surviving myocardial tissue, especially
after global ischemia. As the global function of the left ventricle is measured, we cannot
discriminate between effects that belong to differences in infarct size or differences in the
degree of stunning [41].

The respective Mannitol concentration of 11 mmol/L employed in this study was
taken from the literature as well as one of our previous studies. In a preliminary exper-
imental protocol, we investigated the influence of hyperglycemia on cardioprotection
by Dexmedetomidine [42]. To ensure comparable osmolarity in all experiments, normo-
glycemic groups were treated with Mannitol—achieving the same osmolar conditions to
hyperglycemia without affecting glucose levels. Interestingly, our results showed that
11 mmol/L Mannitol—administered throughout the whole experimental period— induced
a strong cardioprotective effect, significantly reducing the infarct size. Along with our own
findings, the respective concentration has been used in different experimental studies inves-
tigating organ-protective effects of the osmotherapeutic agent. Zálešák et al. demonstrated
similar results to our previous own study, where administration of 11 mmol/L Mannitol
over a prolonged experimental period induced a significant infarct size reduction [13].
They also detected a suppressed release of heart fatty acid binding protein (h-FABP) as a
biomarker of myocardial cell injury. Regarding translation into the clinical setting, the em-
ployed Mannitol concentration in our in vitro study converts to around 1 g/kg bodyweight,
which is exactly in line with the routinely used clinical dosage.

The present study presents Mannitol as a pre- and postconditioning stimulus in a
clinically used concentration effectively reducing infarct size after I/R injury. Furthermore,
we report mKATP channel activation as an alternative and novel underlying mechanism of
Mannitol-induced cardioprotection, independent of the known hyperosmolar or radical
scavenger characteristics.
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4. Materials and Methods

The present investigation is in accordance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institute of Health (NIH publication
No.85-23, revised 1996) and was conducted after obtaining approval by the local Animal
Care and Use Committee of the University of Duesseldorf (project number O27/12). The
animals were provided from the breeding facility at the Central Animal Research Facility
of Heinrich Heine University Duesseldorf.

4.1. Surgical Preparation

All experiments were performed on male Wistar rats (2–3 months old), as described
previously [42]. In short, animals were anesthetized with intraperitoneal injection of
pentobarbital (80 mg/kg body weight, Narcoren, Merial, Germany) and decapitated.
A thoracotomy was performed to excise the hearts, which were then mounted onto a
Langendorff system perfused with Krebs–Henseleit buffer (118 mM NaCl, 4.7 mM KCl,
1.2 mM MgSO4, 1.17 mM KH2PO4, 24.9 mM NaHCO3, 2.52 mM CaCl2, 11 mM glucose
and 1mM lactate) under constant pressure (80 mmHg) and temperature (37 ◦C). The
Krebs–Henseleit buffer was supplemented with a mixture of 95% O2 and 5% CO2. For
implementing continuous pressure measurements, a saline-filled balloon was inserted into
the left ventricle and the end-diastolic pressure was adjusted to 4–6 mmHg. The continuous
measurement of the hemodynamic data (including heart rate, left ventricular end-systolic
pressure (LVESP), left ventricular end-diastolic pressure (LVEDP) and coronary flow) was
attained by using an analogue-to-digital converter (PowerLab/8SP, ADInstruments Pty
Ltd., Castle Hill, Australia) at a sampling rate of 500 Hz. Data were recorded using
Labchart 8.0 for Windows (ADInstruments Pty Ltd., Castle Hill, Australia). Left ventricular-
developed pressure (LVDP) was calculated as LVESP—LVEDP. Additionally, maximal
contracture during ischemia and the respective timepoint was analyzed for each experiment
as an indicator for myocardial injury. At the end of reperfusion, hearts were removed from
the Langendorff system, cut into 8 transverse slices (2 mm each) and stained with 0.75%
triphenyltetrazolium chloride (TTC) solution. The size of the infarcted area was determined
by planimetry using SigmaScan Pro5 software by a blinded, experienced investigator [43].
Infarct size was determined as percentage of infarct area per total area of the left ventricle.

4.2. Experimental Protocol

Hearts were randomized into 7 experimental groups (n = 6–7 per group) as shown
in Figure 2. All hearts underwent a 15 min adaption period, a 10 min preconditioning
period and 33 min of ischemia, followed by 60 min of reperfusion including a 10 min
postconditioning period. Global ischemia was achieved by complete cessation of retrograde
perfusion. At the end of ischemia, perfusion was restored to initiate the reperfusion period.

Mannitol was applied in a concentration of 11 mmol/L as a preconditioning stimu-
lus (PC) before or a postconditioning stimulus (PoC) after ischemia. This concentration
of Mannitol was determined to induce significant infarct size reduction when applied
permanently—throughout the entire experiment—in a previously performed study [42].

In further groups, Mannitol and 5HD were applied simultaneously as either a precon-
ditioning stimulus (PC) or postconditioning stimulus (PoC). Additionally, 5HD was also
given individually to rule out a possible effect of the channel blocker itself on infarct size.
The concentration of 5HD was taken from the literature [21]. All substances were applied
at an infusion rate of 1% of coronary flow.

Control (Con KHB): Hearts received Krebs–Henseleit buffer (KHB) as vehicle during
both treatment phases (pre- and postconditioning).

Man PC: Hearts were perfused with 11 mmol/L Mannitol for 10 min before ischemia.
Man+5HD-PC: Hearts were treated with 11 mmol/L Mannitol and 100 µM 5HD for

10 min before ischemia.
5HD-PC: Hearts were treated solely with 100 µM 5HD for 10 min before ischemia.
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Man PoC: Hearts were perfused with 11 mmol/L Mannitol for 10 min at the onset of
reperfusion.

Man+5HD-PoC: Hearts were treated with 11 mmol/L Mannitol and 100 µM 5HD for
10 min at the onset of reperfusion.

5HD-PoC: Hearts were treated solely with 100 µM 5HD for 10 min at the onset
of reperfusion.
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Figure 2. Experimental protocol. Con = Control; KHB = Krebs–Henseleit buffer; 5HD = 5-hydroxy-
decanoate; PC = Preconditioning; PoC = Postconditioning.

4.3. Statistical Analysis
4.3.1. Sample Size Analysis

We performed a sample size calculation (GraphPad StatMate™, GraphPad Software,
San Diego, CA, USA) revealing a group size of n = 7 for detecting a 25% mean difference
and a standard deviation of 15% in infarct size (power 80%, α < 0.05 (two-tailed)).

4.3.2. Statistical Approach

A two-way analysis of variance (ANOVA) and a Tukey’s post hoc test (GraphPad
Software V7.01, San Diego, CA, USA) were employed for comparison of hemodynamic
data between groups as well as between different timepoints within groups. All data is
presented as mean ± standard deviation (SD). Infarct sizes were analyzed by a one-way
ANOVA and a Tukey’s post hoc test. p < 0.05 was considered statistically significant for
changes within and between groups.

5. Conclusions

The results in our study demonstrate that administration of Mannitol in a clinically
used concentration as pre- and postconditioning confers cardioprotection after I/R injury.
Furthermore, this effect is mediated via activation of mKATP channels. These findings might
be of high clinical relevance, as Mannitol is already routinely used in patients. Considering
this fact, we employed a clinically used concentration in our experimental study; our
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results indicate that Mannitol might be a promising agent for establishing cardioprotection
in the clinical setting.
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