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INTRODUCTION

Helium is an odorless and colorless noble gas that does not induce anesthesia and lacks 
hemodynamic side effects. Despite supposed inertness, organ protective properties for 
helium have been described in the heart, the brain and blood vessels1. In experimental 
studies in healthy animals it was shown that helium induces early preconditioning 
(EPC), late preconditioning (LPC) and postconditioning (PostC) of the heart2-4.  

Reperfusion after acute myocardial infarction by thrombolysis, percutaneous 
coronary intervention or coronary artery bypass surgery is the best therapeutic strategy 
to reduce definitive myocardial cell loss5. “Conditioning” results in a further reduction 
of cell damage after reperfusion of a tissue exposed to a prolonged episode of ischemia. 
Postconditioning is the most feasible kind of conditioning in the clinical arena, as 
ischemic events often have already occurred upon arrival of the patient in the hospital. 

The majority of patients with coronary artery disease is aged and suffers from multiple 
co-existing (chronic) diseases. Pathological conditions such as hypertension and/or 
myocardial hypertrophy, hyperlipidemia, diabetes, insulin resistance, atherosclerosis, 
heart failure, but also aging cause intrinsic changes of the myocardium6. This makes them 
more susceptible for tissue damage, and might also abolish the tissue salvaging effect 
of cardioprotective interventions such as ischemic or pharmacologic conditioning7. An 
example is the less pronounced infarct size reduction after EPC in isolated hearts from 
hypertensive rats in comparison to healthy controls8. In guinea pigs, anesthetic EPC 
by sevoflurane was abolished in larger/older hearts in comparison to smaller/younger 
hearts9. 

In this study we used the Spontaneously Hypertensive Rat (SHR), a rat model of 
essential hypertension in which cardiac hypertrophy can already occur at 13 weeks 
of age10,11. We hypothesized that a possible protective effect of helium PostC can be 
enhanced by a combination with LPC and EPC through an additive or synergistic 
mechanism, enabling us to protect the hypertensive heart. 

Protein kinase C isoform epsilon (PKC- epsilon)- activation after pharmacologic 
preconditioning comprises phosphorylation and subcellular redistribution12,13. Increased 
phosphorylation of PKC-epsilon after xenon and isoflurane preconditioning with three 
5-min cycles was found 10 min after application of the last preconditioning stimulus13. 
These results were supported by administration of PKC-epsilon –blockers, resulting 
in loss of phosphorylation. The increased phosphorylation after isoflurane and xenon 
preconditioning was positively correlated with infarct size measurements, however, 
the protective ischemic preconditioning protocol was not affected by administration 
of PKC-epsilon –blockers and did not result in increased phosphorylation of PKC-
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epsilon13. Zatta and colleagues found increased phosphorylation of PKC-epsilon after 
ischemic postconditioning at 30 minutes (min) of reperfusion14. 

Involvement of glycogen synthase kinase-3 beta (GSK-3beta) in helium-induced 
preconditioning was shown by the use of the GSK-blocker SB 21676315.  Increased 
phosphorylation of GSK-3beta after isoflurane postconditioning was found directly 
after the end of the protective stimulus at 15 min of reperfusion16. Use of volatile 
anesthetics as a postconditioning stimulus exerts important immediate effects during 
early reperfusion, possibly by affecting mitochondria, the end-target of many signaling 
transduction pathways17. 

We hypothesized that –considering the well-known role of both PKC-epsilon and 
GSK-3beta in ischemic and pharmacologic conditioning- a cardioprotective effect of 
helium-induced conditioning involves phosphorylation and subcellular redistribution 
of PKC-epsilon and GSK-3beta. We postulated that a reduction of infarct size after 
application of a conditioning stimulus is positively correlated with activation of the 
above-mentioned signaling kinases and that whenever effects after helium-induced 
conditioning are found; they emerge immediately after the end of the stimulus.    
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MATERIALS AND METHODS

Ethics statement

The study conforms to the Guide for the Care and Use of Laboratory Animals published by 
the US National Institutes of Health (NIH Publication No. 85-23, revised 1996), and 
was performed in accordance with the requirements of the Animal Ethics Committee of 
the University of Amsterdam, The Netherlands.  The study was approved by the Animal 
Ethics Committee of the University of Amsterdam, The Netherlands and received 
approval number 101141. 

Materials

Helium was purchased from Linde Gas (Linde Gas Benelux B.V., Dieren, The 
Netherlands). For western blot analysis, we used phospho-GSK-3beta (Ser9) and total-
GSK-3beta rabbit polyclonal antibody, phospho-PKC-epsilon and total-PKC-epsilon 
rabbit polyclonal antibody purchased from Bio Connect (Huissen, The Netherlands), 
anti-alpha-tubulin mouse monoclonal antibody purchased from Sigma-Aldrich (Saint 
Louis, Missouri, USA), voltage-dependent anion selective channel rabbit polyclonal 
antibody purchased from Calbiochem, Merck (Darmstadt, Germany). For creation 
of infrared western blots, we used Odyssey Blocking Buffer, Millipore Immobilon FL 
polyvinylidene fluoride Membranes, infrared Dye 800CW conjugated goat (polyclonal) 
anti-mouse, IRDye 680 CW conjugated goat (polyclonal) anti-rabbit, all purchased at 
LI-COR (Westburg, Leusden, The Netherlands). All other chemicals were purchased 
from Sigma-Aldrich Chemie B.V. (Zwijndrecht, The Netherlands).

Animal preparation

Animals had free access to food and water at all times before start of the experiments. 
Male Wistar Kyoto rats (WKY rats) and SHR (both aged 12-14 weeks) were anesthetized 
by intraperitoneal S-ketamine injection (150 mg/kg) and diazepam (1.5 mg/kg). 
Spontaneously hypertensive rats start to develop elevated blood pressures at the age of 
3 weeks, and blood pressure continues to rise until the age of 20-28 weeks11.  Surgical 
preparation for infarct size experiments was performed as described previously18.
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Experimental Protocol: Infarct size measurements and hemodynamics

Rats from each strain (WKY rats and SHR) where assigned to one of four groups (Figure 
1). Sample size analysis for our primary endpoint infarct size revealed a required number 
of rats being 8 per group. The input for the power calculation was based on similar 
studies from our laboratory, with an expected difference in mean of infarct size of 18%, 
an expected difference in standard deviation of 12%, a power of 80% and a type I error 
of 0.053. Complementary to the rats needed for a total of 64 successful experiments, 
we calculated 13 rats for the expected drop out of 20%.  We therefore performed 68 
successful experiments for this study. We had 9 dropouts due to failure of staining of the 
area at risk or fatal rhythm disorders. 

All animals were left untreated for 20 min before the start of the respective 
experimental protocol. The aortic pressure signal from the fluid filled pressure catheter 
was digitized using an analogue-to-digital converter (Powerlab/8SP, ADInstruments Pty 
Ltd, Castle Hill, Australia) at a sampling rate of 500 Hertz and continuously recorded 
on a personal computer using Chart for Windows, version 5.0 (ADInstruments Pty 
Ltd). Regional ischemia of 25 minutes was induced by tightening the snare, followed by 
120 min of reperfusion (verified by the disappearance of epicardial cyanosis) induced by 
loosening the snare. Animals were all mechanically ventilated with 30% oxygen and 70% 
nitrogen during the experiment, except during conditioning protocols EPC and PostC, 
when 30% oxygen and 70% helium was given. Frequency and pressure were adjusted 
to maintain carbon dioxide and pH at physiologic levels; approximately 50/min with 
positive end-expiratory pressures of 2-3 cm water column. Late preconditioning was 
induced by placement of the animals in a chamber for 15 min 24 hours before ischemia 
and exposing them to 30% oxygen and 70% helium. 

After 120 min of reperfusion, the heart was excised in deep anesthesia and treated 
for further analysis as described previously3. The area of risk and the infarcted area were 
determined by planimetry using SigmaScan Pro 5® software (SPSS Science Software, 
Chicago, IL, USA). 

Experimental Protocol: Molecular biology

For the involvement of the signaling kinases GSK-3beta and PKC-epsilon in helium-
induced conditioning, we investigated the intervention groups with largest expected 
effect at key time points. Since activation of signaling kinases is most likely to be found 
in those groups with significant infarct size reduction, we investigated the PostC group 
in WKY rats and the EPC+LPC+PostC group in SHR. For this purpose, hearts were 
excised at the designated time points (see Figure 1).
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Figure 1. Experimental protocols for infarct size measurements and molecular biology. EPC = 
early preconditioning, LPC = late preconditioning, PostC = postconditioning, Rep = reperfusion. 
Hemodynamic measurements: 1 = baseline, 2 = washout #3, 3 = 15 min ischemia, 4 = 24 min 
ischemia, 5 = 15 min reperfusion, 6 = 60 min reperfusion, 7 = 120 min reperfusion. WKY = 
normotensive Wistar Kyoto Rat, SHR = Spontaneously Hypertensive Rat
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Heart homogenization and fractionation

After excision, hearts were cut in four parts and frozen in liquid nitrogen and the 
tissue was kept in -80˚Celsius (C˚) until further processing. For western blot assay 
investigating GSK-3beta and PKC-epsilon activation and distribution in the cell, 
tissue specimens were prepared for cellular fractionation (cytosolic and membranous 
fraction) according to literature13. According to a cell fractioning protocol from our 
colleagues, we centrifuged heart homogenates at 1.000 g, 4°C, for 10 min to obtain a 
mitochondrial fraction for analysis of GSK-3beta in both WKY rats and SHR19. This 
protocol was investigated in a study about myocardial hexokinase I and II content and 
activity after ischemic preconditioning19, by measurement of the activity of citrate 
synthase (a mitochondrial marker), NADPH cytochrome-c reductase (a microsomal 
marker) and LDH (a cytosolic marker) in 3 different subcellular fractions. From these 
data, the 10,000 g pellet was designated as the mitochondrial fraction. Additionally, the 
distribution of the specific markers was unaffected throughout the ischemia-reperfusion 
protocol19. The remaining supernatant was centrifuged again at 10.000 g, 4°C, for 15 
min. The resulting pellet contained the mitochondrial fraction and was stored at -80°C 
until use for further Western blot assay.

Western blot analysis

After protein determination by the Lowry method, we prepared samples for western 
blot analysis as described previously13,20. To prevent unspecific binding of the antibody 
we incubated membranes with Odyssey Blocking Buffer (LI-COR, Westburg, Leusden, 
The Netherlands) with 0.1% Tween (TBS-T) for 1 hour. Subsequently, the membrane 
was incubated over night at 4°C with the respective primary antibody phospho- or total 
GSK-3beta (1:5.000), phospho- or total PKC-epsilon (1:5.000), anti-alpha-tubulin 
(1:40.000) or voltage-dependent anion selective channel (1:10.000). After washing in 
fresh, cold TBS-T, the blot was subjected to the appropriate IRDye 800CW or IRDye 
680 CW secondary antibody conjugated goat (polyclonal) anti-rabbit or anti-mouse for 
1 hour at room temperature. Immunoreactive bands on the membrane were visualized 
by the two-channel laser system of the Odyssey system. The blots were quantified 
using the Odyssey IR Manager®. Equal loading of the protein to the sodium dodecyl 
sulphatepolyacrylamide gel was ensured by Coomassie blue staining (Coomassie brilliant 
blue®, Serva electrophoresis GmbH, Heidelberg, Germany) of each gel.
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Statistical analysis of heart/body weight ratio, infarct size and hemodynamics

For statistical analysis we used SPSS Science Software version 18. For analysis of normal 
distribution of the data, the Kolmogorov-Smirnov test was used. Heart/body weight 
ratios were analyzed by students T-test and are shown as mean±standard error of the mean 
(S.E.M.). Infarct sizes were analyzed by one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test and are shown as mean±S.E.M. Differences were considered 
significant if P<0.05. Heart rate (in beats per minute) and mean aortic pressure (in 
millimeters of mercury) were measured at various time points during baseline, coronary 
artery occlusion and reperfusion. Significant differences over time in heart rate and 
mean aortic pressure between intervention groups and rat strains were investigated with 
a generalized linear univariate model.

Statistical analysis molecular biology

Western blot data in cytosolic, membranous or mitochondrial fractions were analyzed 
by student’s t test. In WKY rats, a comparison between control and PostC was made; 
in SHR we compared control and LPC+EPC+PostC groups at specific time points. 
Changes within and among groups were considered statistically significant if P<0.05.
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RESULTS

Body and heart weight

In SHR, (n=33) both body weight (314±4 g) and heart weight (218±3 mg) were higher 
in comparison to bodyweights (293±3 g) and heart weights (188±4 mg) of WKY rats 
(n=33).  The heart/body weight ratio was higher in SHR (0.70) than in WKY rats (0.64, 
P<0.05).

Hemodynamic variables

At baseline, mean aortic pressure and heart rate were significantly different between 
WKY rats and SHR, with a mean aortic pressure of 96±4 mmHg in WKY rats and 
161±4 mmHg in SHR and a heart rate of 264±7/min in WKY rats and 372±6/min in 
SHR. During the course of the experiment, heart rate and mean aortic pressure in both 
SHR and WKY rats slowly decreased to similar levels. Exposure of WKY rats and SHR 
to helium conditioning protocols did not affect hemodynamics. For an overview of 
hemodynamics also see Table 1. 
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Infarct size measurement

In WKY rats, helium PostC reduced infarct size compared to control (29±2 vs. 46 ±2 % 
of area at risk, P<0.05, also see Table 2). The combination of helium LPC with PostC 
or the triple intervention EPC and LPC with PostC was similarly protective (30±3 and 
32±2 % of area at risk, with P<0.05 vs. control), but did not further reduce infarct 
size in comparison to PostC alone (P=0.99 and P=0.76, respectively). In SHR, only a 
triple intervention comprising helium EPC and LPC with PostC reduced infarct size in 
comparison to control (39±3 vs. 53±3% of area at risk, P=0.03), while helium PostC 
alone or in combination with helium LPC had no effect on infarct size (48±4 and 
44±4 % of area at risk, with P=0.69 and P=0.29, respectively). Pictures of representative 
myocardial slices are shown in Figure 2.  

Table 2. Infarct sizes. Area at risk (AAR) as % of  total ventricular tissue and 
infarct size (IS) as percentage of  AAR. Data are shown as mean±S.E.M., a 
indicates P < 0.05 in comparison to control.
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Western blot experiments

In WKY rats, no differences in phosphorylation of GSK-3beta (Figure 3, panel A) and 
PKC-epsilon (Figure 3, panel B) in the cytosolic or membranous fraction were found 
between control and PostC at baseline, after 24 min of ischemia or 15 min of reperfusion. 
Data are shown as ratio of the phosphorylated target protein over the total amount of 
the target protein; equal protein loading was detected by alpha-tubulin. In SHR, no 
differences in GSK-3beta phosphorylation in the cytosolic or the membranous fraction 
were found between control and PostC at baseline or 15 min of reperfusion (Figure 4). 
Investigation of the mitochondrial fraction revealed no differences in phosphorylation 
of GSK-3beta in WKY rats between control and PostC (Figure 5, panel A) or in SHR 
between control and LPC+EPC+PostC (Figure 5, panel B), at baseline or 15 min of 
reperfusion. To assure equal protein loading, we detected the voltage-dependent anion 
selective channel – a constituent of the mitochondrial wall.

Figure 2 Examples of  infarct size pictures. Transversal slices starting from the apex in cranial direction 
are shown. Figure shows representative slices of  the control group and the most protective interventions 
in normotensive WKY rats and hypertensive SHR. WKY = normotensive Wistar Kyoto Rat, SHR 
= Spontaneously Hypertensive Rat
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Figure 3. Phosphorylation of  GSK-3beta and PKC-epsilon in WKY rats. Ratio of  phosphorylated 
GSK-3beta over total amount of  GSK-3beta and ratio of  phosphorylated PKC-epsilon over total 
amount of  PKC-epsilon in cytosolic and membranous fractions. Comparison between control and 
PostC at baseline, ischemia and reperfusion. All groups are n=6, except for one; this is shown in 
the figure with n=5. Data are shown as mean±S.E.M. Examples of  representative western blots 
are shown above the graph and show the phosphorylated form, total protein and the internally used 
control tubulin. WKY = normotensive Wistar Kyoto Rat, SHR = Spontaneously Hypertensive Rat, 
EPC = early preconditioning, LPC = late preconditioning, PostC = postconditioning, GSK-3beta = 
glycogen synthase kinase-3 beta, PKC-epsilon = protein kinase C-epsilon.
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DISCUSSION

Our main finding is that the hypertensive myocardium of young SHR can be protected 
against ischemia/reperfusion injury by a triple intervention of helium conditioning, 
while helium PostC as a single stimulus is not protective. This suggests the existence of 
a „threshold” in hypertensive myocardium, in which the combination of helium stimuli 
forms a stronger stimulus than each stimulus alone.

In healthy rabbit myocardium, the combination of ischemic LPC and EPC and 
ischemic LPC and sevoflurane-induced EPC led to a stronger infarct size reduction 
than each protective stimulus alone21,22. These results suggest that application of a 
double preconditioning stimulus induces a stronger protective mechanism than a single 
preconditioning stimulus. In contrast, in dogs and rats it was shown that albeit protective 
when applied as a single stimulus, the combination of ischemic EPC and PostC did 
not provide extra infarct size reduction23,24. The same was found for a combination of 
anesthetic conditioning with isoflurane: in young and healthy rats sevoflurane-induced 

Figure 4. Phosphorylation of  GSK-3beta in SHR in cytosolic and membranous fractions. Figure 
shows the ratio of  phosphorylated GSK-3beta over total amount of  GSK-3beta in the cytosolic and 
membranous fractions in SHR. Comparison between control and EPC+LPC+PostC at baseline and 
reperfusion. All groups are n=4 and are measured in duplo. Data are shown as mean±S.E.M. SHR 
= Spontaneously Hypertensive Rat, EPC = early preconditioning, LPC = late preconditioning, 
PostC = postconditioning, GSK-3beta = glycogen synthase kinase-3 beta
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EPC with PostC did not further reduce infarct size in comparison to sevoflurane EPC 
or PostC alone25. This is in line with results in healthy animals from our study; the 
combination of LPC+PostC and EPC+LPC+PostC did not afford extra protection in 
comparison to PostC alone. It is possible that in healthy animals PostC alone triggered 
a maximum amount of protection.  

Sato and colleagues investigated additive effects of ischemic conditioning in rats 
with exposure to 45- and 60-min coronary occlusions. After 45 minutes of coronary 
occlusion, ischemic LPC and PostC were found to be additive, however, PostC alone 
was not protective26. Rats exposed to 60 minutes of ischemic injury could not be 
protected by LPC or PostC alone; only the combination of LPC and PostC led to a 
significant infarct size reduction. This observation supports the idea of a “threshold” of 
conditioning in animals with more severe injury due to extended exposure to ischemia. 
The inability to protect diseased or aging myocardium by a single stimulus of helium 

Figure 5. Phosphorylation of  GSK-3beta in SHR and WKY rats in the mitochondrial 
fraction. Panel A shows ratio of  phosphorylated GSK-3beta over total amount of  GSK-3beta in 
mitochondrial fractions in WKY rats (comparison between control and PostC), panel B shows ratio of  
phosphorylated GSK-3beta over total amount of  GSK-3beta in SHR (comparison between control 
and EPC+LPC+PostC). VDAC is used as a marker for the mitochondrial fraction. All groups are 
n=3 and measured in triplo. Data are shown as mean±S.E.M. WKY = Wistar Kyoto Rat, SHR = 
Spontaneously Hypertensive Rat, EPC = early preconditioning, LPC = late preconditioning, PostC 
= postconditioning, GSK-3beta = glycogen synthase kinase-3 beta
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conditioning, e.g. EPC, was described in the prediabetic obese Zucker rat and in the 
aged Wistar rat3,27. Intensifying the preconditioning stimulus in the prediabetic heart 
could not overcome the threshold for inducing an infarct size limiting effect3. This 
suggests that the diseased myocardium needs to be stimulated with a combination of 
different conditioning stimuli at multiple time points. 

It is generally accepted that hypertrophied hearts are more susceptible to ischemia/
reperfusion injury than normotensive hearts6. Rats in our study were aged between 12 
and 14 weeks; SHR had higher heart rate and blood pressures as well as higher heart/
body weight ratios than WKY rats. This is in line with literature in which increased heart/
body weight ratio was described for 13-week old SHR10. In animals with hypertension, 
the myocardium could be protected by ischemic preconditioning alone, showing that 
application of a single conditioning stimulus is sufficient to induce cardioprotection 
even in hypertensive myocardium28-30. Regarding clinical practice, the value of the 
potentially dangerous ischemic stimulus is questionable, as application of additional 
ischemia might lead to additional tissue damage. Helium seems to be an interesting 
candidate as conditioning stimulus as it is easy applicable and harmless without proven 
side effects. 

In this study we used different timeframes for the helium conditioning stimuli.  EPC 
comprised 3 short cycles of helium (5 minutes each, with wash outs of 5 min in between 
and a final washout episode of 10 minutes). LPC and PostC were induced by 15 min 
of helium administration. Each of these stimuli induced cardioprotection in previous 
studies from our laboratory2,3. To reduce the amount of stress and thereby possible 
effects of released catecholamines on the preconditioning effects, animals were not 
instrumented for measurement of heart rate and blood pressure during LPC. Helium 
itself has previously been demonstrated to lack any relevant hemodynamic effect in a 
similar model3.

In healthy animals, ischemic PostC activates PKC-epsilon by increased 
phosphorylation in comparison to control14. PKC-epsilon is also involved in anesthetic 
EPC and LPC and in xenon EPC12,13. Xenon EPC not only increases phosphorylation of 
PKC-epsilon, but also induces translocation from cytosolic to membranous fractions13. 
In our study, increased phosphorylation or cellular redistribution of PKC-epsilon could 
not be found in groups exposed to cardioprotective helium conditioning protocols, 
suggesting that infarct size reduction after helium-induced conditioning is mediated by 
other mechanisms than PKC-epsilon modification.   

Studies in rabbits described involvement of the GSK-3beta-mitochondrial permeability 
transition pore pathway in helium-induced conditioning4,15,31. Phosphorylation of 
GSK-3beta was not investigated directly but blockers of the enzyme working directly 
or indirectly on the GSK-3beta- mitochondrial permeability transition pore pathway 
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were used. Although enzyme specific, blockers often appear to be unspecific especially 
when used in vivo. Moreover, a recent study in genetically modified mice suggested that 
GSK-3beta is not the key determinant in ischemic EPC and PostC32. This is in line with 
an earlier study from our laboratory showing that helium EPC was not mediated by an 
increase of GSK-3beta phosphorylation3. In the current study, we did not find increased 
phosphorylation of GSK-3beta in cytosolic, membranous or mitochondrial fractions 
after helium-induced conditioning in healthy and hypertensive animals. 

Currently, the mechanism of action of helium-induced conditioning is not known. 
An overview of signaling kinases and targets that are considered to be involved in 
helium-induced cardioprotection are given in an overview article by Oei et al1. Many of 
these targets have been investigated indirectly, for example by use of specific blockers. 
A recent study in young rats showed involvement of protein kinase A (PKA) in helium-
induced infarct size reduction: administration of the PKA blocker H-89 before helium 
preconditioning completely abrogated myocardial protection33. PKA-activity after 
helium preconditioning was directly investigated by performing western blot analysis of 
myocardial phosphorylated and total cyclic adenosine monophosphate response element 
binding protein (CREB), a marker for PKA-activity. Helium preconditioning did not 
increase phosphorylated CREB levels33. Mild mitochondrial uncoupling was found after 
helium-induced early preconditioning27, but an involved pathway was not found. 

The first limitation of the study is the use of a triple intervention with two stimuli being 
applied before the index ischemia, which poses limitations for use in clinical practice. 
The primary hypothesis of this study however, concerned the possibility to potentiate a 
cardioprotective effect of postconditioning. In this study, hypertensive disease, required 
additional protective stimuli. Regarding poor applicability of preconditioning stimuli, 
further research in the mechanisms underlying poor cardioprotection in diseased subjects 
and development of more clinical applicable strategies is therefore needed. 

The second limitation of the study is related to investigation of our molecular 
targets. After investigation of GSK-3beta and PKC-epsilon in WKY rats, we concluded 
that helium conditioning did not involve phosphorylation or translocation of both 
enzymes. Consecutively, a minimum amount of experiments was performed in SHR 
in the most protective group (triple intervention) after application of the last stimulus.  
It was postulated that when a triple helium intervention in SHR would involve the 
aforementioned targets, this effect should be found after application of the last 
intervention, i.e. 15 min of reperfusion. Immediate investigation of molecular target 
ERK 1/2 after preconditioning with xenon34 showed phosphorylation and translocation 
of ERK 1/2 directly after the first and second xenon stimulus. This effect could not 
be found after the third xenon-preconditioning stimulus, neither after 10 minutes of 
wash out before the start of the ischemic episode34 supporting our choice for direct 
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investigation of the molecular target after helium postconditioning.  
The specific choice for GSK-3beta only, was based on results from an earlier study in 

which the involvement of protein kinase B (serine 473, threonine 308), extracellular signal-
regulated kinase 1/2 and GSK-3beta in helium-induced preconditioning in healthy and 
diabetic rats was investigated3. In this study, no differences in phosphorylation between 
control and helium preconditioning groups of the above mentioned kinases were found, 
except for the amount of phosphorylated GSK-3beta, which was significantly lower 
at the ischemia time point in the healthy group receiving helium preconditioning. 
Additionally, an important role of GSK-3beta in the development of hypertensive heart 
disease further contributed to this choice35. 

 Despite the fact that a protective effect of helium conditioning under 
hypertensive circumstances is shown in this study, an explanation considering cell 
signaling lacks. This particular study limitation warrants more in-depth research in 
necrosis and apoptosis pathways under helium inhalation in vivo.

In summary, the present study shows that helium conditioning can protect the 
hypertensive myocardium. In contrast to the healthy heart, only a triple intervention of 
helium conditioning can reduce cell damage after ischemia/reperfusion, suggesting the 
presence of a threshold in the hypertensive heart. In this study we did not find enhanced 
phosphorylation of GSK-3beta or PKC-epsilon after helium conditioning. This result is 
remarkable and suggests that helium-induced conditioning is mediated through other 
mechanisms than ischemic and anesthetic conditioning.
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