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INTRODUCTION

Coronary artery disease and subsequent myocardial infarction is a common cause of 
death1. In the acute phase of myocardial infarction, occlusion of a cardiac vessel by 
a thrombus or stationary embolus leads to myocardial hypoxia, which is followed by 
cessation of aerobic respiration and ATP production in the affected cardiomyocytes. The 
rapid energy depletion gradually suppresses metabolic activity and leads to the induction 
of cell death pathways and eventually the demise of cardiomyocytes. Reperfusion and 
reoxygenation of the infarcted tissue, as a result of e.g., pharmacological dissolution 
or dislodgement of the clot, ameliorates the extent of hypoxia-induced cell death, 
but in turn inflicts lethal reperfusion injury2. The type of cell death that is manifested 
depends on how fast reoxygenation occurs as a result of reperfusion2 and may proceed 
via necrosis, apoptosis, or autophagy. Cell survival is mainly mediated by activation of 
anti-apoptotic proteins and stimulation of pro-survival autophagy3-5. 

The colorless, odorless, non-anesthetic noble gas helium has been shown to reduce the 
extent of cell death in myocardial, neuronal and epithelial tissue subjected to ischemia/
reperfusion (I/R), as reviewed in6. In the heart, helium preconditioning considerably 
reduced infarct size in animal models of cardiac I/R by coronary artery ligation 
(summarized in Figure 1). Helium postconditioning (HePOC), the clinically more 
relevant form of conditioning, also protects the myocardium, as has been demonstrated 
in several rat strains7,8. Some mechanistic insight into the damage-ameliorating effects 
of helium gas during I/R has been provided in the last few years9. Apoptotic pathways 
have been shown to be involved in helium conditioning10-12. 

Given the fact that helium preconditioning and HePOC reduce the extent of cell 
death following I/R (Figure 1), helium may affect the transcriptional regulation of cell 
death and survival pathways and thereby promote pro-survival signaling. Here we used 
a regional cardiac I/R model in rats to determine the differential expression patterns 
of genes related to apoptosis, necrosis, and autophagy following ischemia, I/R, or I/R 
with different regimes of HePOC. Transcriptional analysis of these pathways not only 
allowed us to test the hypothesis that HePOC reduces the magnitude of death signaling 
and stimulates survival pathways, but also provided insight in the significance of each 
mode of cell death and cell survival in every phase of I/R under native conditions and 
following HePOC. 
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Figure 1. Summary of literature in which the infarct sizes are plotted as a percentage of area at 
risk after helium preconditioning. Data are plotted as means. * = p<0.05 vs. control (CON). 
Infarct size reduction by early preconditioning (EPC) entails application of five-minute cycles 
of helium inhalation before the ischemic episode. EPC1, EPC3, and EPC5 consist of 1, 3, 
or 5 five-minute cycles of helium before ischemia, respectively. Late preconditioning (LPC) is 
based on 15 min of helium administration 24 h before the ischemic episode and also results 
in infarct size reduction. A13: rats, n=8 per group, 25 min of ischemia and 2 h of reperfusion; 
B14: rabbits, n=6 per group, 30 min of ischemia and 3 h of reperfusion; C15: rabbits, n=6/7 
per group, 30 min of ischemia and 3 h of reperfusion; D16: rabbits, n=7/8 per group, 30 
min of ischemia and 3 h of reperfusion; E7: rats, n=8 per group, 25 min of ischemia and 2 
h of reperfusion; F17: rats, n=10 per group, 25 min of ischemia and 2 h of reperfusion; G12: 
rabbits, n=6/7 per group, 30 min of ischemia and 3 h of reperfusion; H10: rabbits, n=8 per 
group, 30 min of ischemia and 3 h of reperfusion; I11: rabbits, n=8 per group, 30 min of 
ischemia and 3 h of reperfusion; J18: rats, n=8-12 per group, 25 min of ischemia and 2 h of 
reperfusion.
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MATERIALS AND METHODS
 

Animal model of ischemia/reperfusion

Animal experiments were approved by the institute’s animal ethics committee 
(DAA102650). Animals were treated in accordance with the Guide for the Care and 
Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). Male Wistar 
rats (354-426 g) were acclimatized for 7 d under conditions of 12-h light and dark cycles 
and ad libitum access to food and water. 

Rats were anesthetized and surgically prepared as described previously8. In short, rats 
were mechanically ventilated and the carotid artery was cannulated for measurement 
of mean arterial pressure and heart rate and for blood sampling. The left anterior 
descending coronary artery (LAD) was ligated with a single puncture 5-0 Prolene suture 
through the myocardium. The ends of the suture were threaded through propylene 
tubing to enable tightening and loosening of the snare for the induction of ischemia 
and reperfusion, respectively. The helium postconditioning groups received helium gas 
(Linde Gas Benelux, Dieren, The Netherlands) at the onset of reperfusion (Figure 2). To 
ensure that sufficient helium was present in the lungs and normal air washed out at the 
onset of reperfusion, helium administration was started at 24 min of ischemia. 

      
Study design (Figure 2)

The study was divided into two test arms for the determination of (1) histological 
damage and (2) quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) 
experiments.  

Histological staining and analysis

For histological processing of the hearts, the organs were mounted on a modified 
Langendorff setup and perfused retrograde with isotonic saline solution to wash out 
blood from the coronary circulation. Next, the coronary circulation was flushed with 
10 mL of ice-cold fixative (96% ethanol, acetic acid, 10% buffered formalin and MilliQ 
water in a 50:5:10:35 volume ratio). Adequate retrograde perfusion was confirmed 
visually by uniform changes in size and color of the myocardium. The heart was then 
removed from the Langendorff setup and stored in ice-cold fixative. Fixed rat hearts 
were dehydrated in graded steps of ethanol and xylene and cut into half, longitudinally 
at the center of the ligation of the LAD (Online Resource 1). The left halve of the 
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Figure 2. Schematic overview of the experimental protocols. Panel A: rats were sacrificed 
after 25 min of ischemia and 5, 15 or 30 minutes of reperfusion for histological analysis; 
I = ischemia, I/R5 = ischemia 25 min/reperfusion 5 min, I/R15 and I/R30: respectively/
reperfusion 15 and 30 min, He5 = ischemia 25 min/reperfusion 5 min with 5 min of 
helium postconditioning, He15 and He30: respectively with 15 and 30 min of helium 
postconditioning. Panel B: rats were sacrificed after ischemia or 15 min of reperfusion; 
Sham= no ischemia/reperfusion, I = ischemia, I/R15 = ischemia 25 min/reperfusion 15 min, 
He15 = ischemia 25 min/reperfusion 15 min with 15 min of helium postconditioning.
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heart was embedded in paraffin and sectioned with a microtome along the cutting plane 
(4-μm thick sections). The sections were deparaffinized, stained with hematoxylin and 
eosin (H&E), and mounted on glass slides using VectaMount (Vector Laboratories, 
Burlingame, CA). 
A histological scoring system was developed to semi-quantitatively analyze the extent 

of myocardial damage in I/R-subjected rat hearts and to determine the extent of 
cardiomyocyte protection by HePOC. The scoring parameters are listed in Table 1. 
H&E-stained sections were viewed under a light microscope (Confocal Microscope SP-
8X, Leica). The area at risk was delineated on the basis of the pathological demarcation 

zone at low power view (10× magnification), whereby the puncture wound from the 
suture was used as an anchor point. The area at risk always extended from the periphery 
of the puncture wound to the apical end. Semi quantitative scoring of histopathological 
parameters of myocardial damage (contraction band necrosis, interstitial edema, 
granulocyte adherence/extravasation, extravasation of erythrocytes) was performed 
at higher power magnification (400x) in the full thickness of the myocardium. The 

Table 1. Histological scoring parameters as used to semi-quantively score myocardial damage 
in the different experimental groups.
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endocardial segment and an epidcardial segment of myocardium were scored separately. 
All parameters were scored in 4 fields of view (FOVs) per segment in the area at risk 
(x400). 

qRT-PCR

At the end of the experiment (Figure 2B) the heart was excised under deep anesthesia. 
The area at risk was cut from the rest of the myocardium and sliced in two pieces on ice, 
which was snap frozen in liquid nitrogen and stored at -80 °C until further analysis. All 
analyses were performed in myocardial tissue at risk. 

RNA was extracted from heart tissue using the RNAeasy Fibrous Tissue Mini 
Kit (Qiagen, Venlo, The Netherlands) according to manufacturer’s instructions. All 
materials and reagents used in the procedure were from Qiagen, unless stated otherwise. 
In brief, ±30 mg of heart tissue was added to 300 μL of RLT lysis buffer containing 
1% (v/v) alpha-mercaptoethanol and homogenized with a MagNA Lyser using MagNA 
Lyser Green Beads (both from Roche Applied Sciences, Penzberg, Germany). The lysate 
was collected and 600 μL of nuclease-free water containing 1.67% (v/v) proteinase K 
was added to digest residual fibrous tissue (6 min at 55oC). Total RNA was extracted 
using spin columns, including on-column DNAse I treatment, and eluted in 30 μL 
of nuclease-free water. Next, eluate RNA concentrations were determined by UV-vis 
absorbance spectroscopy (NanoDrop, Thermo Scientific, Rockford IL). RNA yields 
typically ranged from 0.3 to 3 μg/μL (data not shown). To ensure RNA purity, samples 
with an A260/A280 ratio of ≤1.99 were excluded from further analysis.

Next, 1 μg of RNA was reverse transcribed to cDNA using the RT2 First Strand 
Kit according to manufacturer’s instructions. For optimal temperature control, cDNA 
synthesis was performed on a PTC-200 thermal cycler (MJ Research, Waltham, MA). 
The reaction conditions are included in Online Resource 2. cDNA was subsequently 
mixed with RT2 SYBR Green qPCR Mastermix and nuclease-free water according to the 
manufacturer’s instructions, loaded (25 μL/well) onto the Rat Cell Death PathwayFinder 
PCR Array (SABiosciences catalogue number #PARN-212A), and run on a LightCycler 
480 (Roche Applied Sciences). The run parameters are specified in Online Resource 2.

Melting curve analysis was performed at the end of the PCR run. Amplicons that 
showed amplification of non-specific products were excluded from analysis. The data was 
further processed according to Ruijter and colleagues19. Each amplicon was corrected 
for baseline fluorescence and a common fluorescence threshold (Nq) for all arrays was 
set in the upper half of the log-linear phase of the amplification plot. Amplicons that 
did not reach Nq before cycle 40 were considered undetectable. Next, the individual 
PCR efficiencies were calculated and amplicons with an efficiency <1.80 or >2.00 were 
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excluded from further analysis. The individual efficiencies were subsequently used to 
calculate the starting concentration (N0) per amplicon. All samples were normalized 
to the mean N0 of the housekeeping genes that showed the most stable expression over 
all arrays (i.e., Ldha and Rplp1). Two comparisons were made. First, the differences 
between experimental groups (I, I/R15 and He15) and the sham group was calculated 
according to

and expressed as fold difference versus the sham group. The GOI (gene of interest) 
within one group is thus first normalized against the housekeeping gene, afterwards 
a comparison between each experimental group and the sham group was made. Heat 
maps of these expression profiles were generated using Mayday Microarray Data 
Analysis software20. A total of 84 genes involved in cell death and survival pathways 
were investigated and divided in 4 categories: necrosis, pro-apoptosis, anti-apoptosis 
and autophagy. For a description of each gene see Online Resource 3. Due to multiple 
roles for some genes, the total amount of genes in each category was 27 (necrosis), 23 
(pro-apoptosis), 14 (anti-apoptosis) and 33 (autophagy). After exclusion of genes with 
insufficient n-numbers in either group due to an aberrant melting curve, efficiency, or 
undetectable levels of mRNA, a total of 20 (necrosis), 21 (pro-apoptosis), 14 (anti-
apoptosis) and 29 (autophagy) genes were included in the heatmaps.  

Secondly, a comparison between the I/R and He15 group was made. In order to 
do so, the means of the He15 group were divided by the means of the I/R group and 
presented as fold increase. Gene selection was performed according to the criteria as 
described above. A total of 20 (necrosis), 20 (pro-apoptosis), 14 (anti-apoptosis) and 30 
genes (autophagy) were included in the analysis.   

Statistical analysis

Statistical analysis was performed in GraphPad Prism (GraphPad Software, La Jolla, 
CA). Baseline hemodynamics were analyzed using one way ANOVA with a Tukey post 
hoc test for multiple comparisons. Differences in mRNA expression levels between 
the I/R and He15 group were tested using a Mann-Whitney test. A P-value of ≤0.05, 
indicated with an asterisk in the figures, was considered significant.
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RESULTS

Hemodynamic parameters 

Aortic pressure and heart rate (mean ± S.D.) during the experiments are shown in Table 
2. Baseline hemodynamics did not vary between groups. 

Histological damage profiles 

Histological analysis was performed to assess cell damage at a microscopic level (n=4-6 
per group). The morphology of cardiomyocytes clearly differed among the experimental 
groups. Hearts in the sham group contained normal unaltered cardiomyocytes; myofibrils 
were ordered in a structured manner and exhibited similar morphology. The absence 
of cardiomyocyte damage, inflammatory cell infiltrates, red blood cell extravasation, 
thrombosis, and edema resulted in a mean total histology scores of 0. Representative 
micrographs of sham-operated animals are shown in Figure 3B and Online Resource 
4A. 

After 25 min of ischemia, hypercontraction of myofibers was observed in some 
slices (Online Resource 4B), without loss of the native structure and morphology of 
cardiomyocytes similar to the sham operated group. In the 5-min reperfusion group, 
waviness of myofibers and contraction bands could be observed and were accompanied 
by other signs of tissue damage (Online Resource 4C). At 15 or 30 min of reperfusion the 
cardiac tissue exhibited clear signs of damage, that entailed necrosis, interstitial edema, 
granulocyte infiltration, platelet aggregates/thrombi, and extravasation of red blood cells 
(Figure 3C). This was observed in all histological specimens (Online Resources 4D and 
4E) and was reflected in the total histology score (Figure 3A). 

Fifteen min of HePOC reduced the extent of cell damage, which was reflected in 
the trend of an overall lower total histology score in this group compared to all other 
intervention groups (Figure 3A). Interestingly, 15 minutes of HePOC resulted in less 
cell damage compared to 30 min of helium, indicating that prolonged helium inhalation 
is not beneficial for cardiac I/R. The morphological features of cardiomyocytes that 
had been exposed to 30 min of HePOC were similar to those of cardiomyocytes in 
the I/R15, I/R30 and He5 group (Online Resource 4D, 4E and 4H). A representative 
micrograph of myocardium exposed to I/R15 and He15 is shown in Figure 3C and 3D, 
respectively. The extent of necrosis, edema, extravasation of red blood cells, granulocyte 
infiltration, and platelet aggregation is much lower after He15 (Figure 3D) compared 
to I/R15 (Figure 3C). This is also reflected in the total histology score (Figure 3A). 
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Figure 3. Panel A. Total histology score plotted per group. Panels B-D: Representative 
histological sections of hearts in the sham, I/R15, and He15 group. Slices are 400 times 
enlarged. E indicates tissue edema, P indicates presence of platelets and thrombi, RBC 
indicates extravasation of red blood cells, GRA indicates extravasation of granulocytes and 
stars indicate contraction band or coagulation necrosis.
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mRNA expression profiles in hearts subjected to ischemia, ischemia/reperfusion 
and HePOC

Exposure of cardiomyocytes to I, I/R15 and He15 caused differential gene expression in 
all cell death pathways compared to cardiomyocytes in the sham-operated group (Figure 
4). Many genes of the cell death pathways in the I and I/R15 groups are regulated 
in a similar manner, i.e. the expression patterns of genes involved in the execution 
of necrosis, apoptosis and autophagy are affected similarly under both conditions 
of ischemia and I/R. To specify this: most genes are similarly up- or downregulated 
after I and I/R15. This can be seen from the actual amount of genes that are up- or 
downregulated in each group of genes. Fifteen out of 20 genes involved in necrosis 
pathways were downregulated after I and 14/20 after I/R15. Simultaneously, genes 
involved in pro-apoptosis were upregulated (I 11/21; I/R15 12/21) and anti-apoptotic 
genes were downregulated (10/14 in both groups). I and I/R15 also downregulated 
most genes involved in autophagy; 21/29 and 23/29, respectively. 

Addition of 15 min of helium postconditioning changed the expression profiles of 
whole sets of genes. This can be easily seen when one compares the last column to 
the third column. Helium particularly upregulated genes involved in anti-apoptotic 
pathways (10/14) and autophagy (16/29). In contrast, I and I/R15 downregulated the 
majority of anti-apoptotic genes and genes involved in autophagy. This suggests that the 
protective effect of 15 min of helium postconditioning is linked to expression of genes 
involved in autophagy and anti-apoptotic signaling.  

Figure 4 first of all shows that gene expression patterns that are visible during 
reperfusion already emerge during ischemia. Additionally it shows that exposure to a 
short 15-minute episode of HePOC is powerful enough to exert changes on expression 
patterns of genes involved in cell death pathways, which occurs already during early 
reperfusion. Taken together, the data suggests that effects of helium postconditioning 
are immediate and undo some of the detrimental changes in gene expression that have 
been initiated during ischemia and are extended during reperfusion. 

Effects of HePOC on cell death, cell survival, and autophagy

Beside the general changes in gene expression profiles during ischemia, reperfusion 
and POC in comparison to sham animals, a direct comparison between the I/R15 and 
He15 group has been made. In Figure 5, the fold increase and decrease of each gene 
within one of four categories of cell damage/survival after He15 in comparison to I/R15 
is depicted. This figure shows which genes are upregulated and downregulated (most 
strong upregulation to downregulation from left to right in the figure) after HePOC 

Hoofdstuk6 Finale.indd   102 11/1/13   9:13 AM



103

Helium postconditioning and cell death- and survival pathways

5

and could therefore play a key role in helium’s underlying cardioprotective mechanism. 
In line with results shown in Figure 4, in comparison to I/R15, He15 particularly 

upregulates genes involved in autophagy and anti-apoptosis: 27/30 genes involved 
in autophagy were upregulated, and 12/14 anti-apoptotic genes. This underlines the 
general finding that the cardioprotective mechanism of HePOC is related to an increase 
in expression of genes employed in autophagy and against apoptosis. 

Apart from general trends, individual genes were found to be significantly upregulated 
after He15 in comparison to I/R15. Within the necrosis group of genes, Olr1583, Sycp2, 

Figure 4. Heat maps indicating the differential expression of genes in the ischemia (I), 
ischemia/reperfusion (I/R), and I/R+He (He15) relative to the sham group, classified per cell 
death/survival pathway and autophagy. The significance of the color-coding, indicating the 
extent of fold decrease (green) and fold increase (red), is provided in the inserted legend. The 
function(s) of the genes is (are) summarized in Online Resource 3.
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Cybb, Txnl4b, and Dpysl4 were all significantly upregulated after He15 in comparison 
to I/R15 only. A short description of each gene is given in Online Resource 3 and the 
relation of these genes to HePOC will be addressed in the discussion.
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Figure 5. Regulation of genes after 15 min of helium postconditioning shown as fold increase 
or decrease in comparison to I/R15 per category. * p<0.05
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DISCUSSION

In this study helium-induced postconditioning was investigated by microscopic 
assessment of cell damage and analysis of its transcriptional effects on cell death and 
survival pathways (necrosis, apoptosis and autophagy). We showed that signs of cell 
damage in H&E-stained histological slices were reduced after 15 min of helium. 
Additionally we showed that in comparison to I/R15 only, He15 upregulated genes 
in all categories; necrosis, pro- and anti-apoptosis and autophagy. However, He15 
predominantly upregulated genes involved in autophagy and inhibition of apoptosis. 
Taken together, these data suggested that the HePOC-induced reduction of I/R-
induced cell damage, is mediated by an instantaneous upregulation of genes employed 
in autophagy and the inhibition of apoptosis during early reperfusion. We therefore 
suggest that the upregulation of these genes at least counterbalance or even overrule the 
upregulation of the pro-death genes, resulting in cardioprotection after HePOC.

In earlier studies from our laboratory, infarct size reduction (analyzed by triphenyl 
tetrazolium chloride (TTC) - Evans blue staining) after HePOC was found in several 
rat strains7,8,21. Fifteen min of 70% helium during early reperfusion reduced infarct size 
as percentage of area at risk from 47 ± 2% (mean ± S.E.M.) in control to 30 ± 2% in 
the HePOC group (Online Resource 5), while the area at risk as percentage of total 
ventricular tissue was similar in both groups; 21 ± 2% in CON and 22 ± 2% (data not 
shown). This is in line with the results of the current study, in which histological analysis 
showed less cellular damage after He15 in comparison to I/R15. He15 slices exhibited 
less contraction band necrosis, edema, extravasation of RBC and granulocytes and less 
platelets/thrombi than I/R15 slices. Interestingly, histological slices of 30 min of helium 
showed excessive cellular damage in comparison to 15 min of helium. Again, this is in 
line with results from infarct size experiments analyzed by TTC-staining, in which 30 
min of helium during early reperfusion abrogated the protection that was seen after 15 
min of HePOC21.     

From enzymatic and histologic assessment of cell damage after HePOC we therefore 
drew the conclusion that (1) helium reduces cardiomyocyte damage which results in 
smaller infarct size and (2) it does so only after 15 min of HePOC. This led to the 
investigation of transcriptional profiles of genes employed in cell death and survival 
pathways after 15 min of HePOC. Although mRNA expression profiles after 25 min of 
ischemia were also analyzed in this study, we focused on reperfusion because that seems 
to be the time window in which HePOC exerts its effects. Histological analysis showed 
a reduction of cell damage after HePOC at 15 min of reperfusion. From TTC-staining 
we know that the protective effect of 15 min of HePOC can also be found after 2 h of 
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reperfusion7,8,21; 1 h and 45 min after the postconditioning stimulus is discontinued. 
It is very likely that within this time window both necrotic and apoptotic cell death 
are reduced by helium postconditioning, and that pro-survival mechanisms such as 
autophagy contribute substantially. We aimed to investigate whether signs of cellular 
survival on a mRNA expression level could be found as early as the 15 min reperfusion 
episode. 

Separate studies investigating the effects of helium conditioning on specific proteins 
and their concomitant posttranslational modifications in the cell death and survival 
pathways have been conducted9. However, cell death and survival pathways interact and 
various ways of cellular stress might trigger necrotic, apoptotic and autophagic pathways 
simultaneously, leading to activation of common downstream cell death elements or 
might off set each other4. We therefore used PCR arrays to investigate 4 categories of cell 
death/survival simultaneously. Generally it is thought that necrosis occurs quickly and 
centrally, whereas apoptotic cell death takes a bit longer due to the slowly orchestrated 
execution of the apoptotic cell death program and mainly occurs in the border zone 
of the area at risk3. In this study we investigated gene expression in the area at risk, to 
find out which type of cell death is particularly affected by HePOC. The trend of the 
current study suggests that orchestration of genes against apoptosis and pro-autophagy 
leads to the reduced cellular damage that is found in histological analyses at 15 min of 
reperfusion. This could make sense, as programmed cell death might play a far more 
important role than anticipated: in rats, chronic (7 d) ligation of a coronary artery 
resulted in a peak-mycocyte death within the first 4.5 h after ligation in which apoptosis 
predominated22. 

Autophagy is originally categorized as a survival mechanism in which cells consume 
their own proteins, lipids and organelles in order to maintain protein and organelle quality 
and to provide amino acids, energy and free fatty acids in case of nutrient deficiency. 
Cell constituents and parts of the cytoplasm are first engulfed in autophagosomes, after 
which fusion with lysosomes take place. Hereafter, degradation and recycling occurs. 
It is suggested that once this process becomes overactive, it becomes detrimental to 
cells and might end in autophagic cell death or in another type of cell death, such as 
apoptosis5,23,24. Yet, inhibition of autophagy might lead to cellular damage, for example 
due to an increased sensitivity to apoptotic signs, stressing the potential pro-survival 
role of autophagy25. In vivo, sevoflurane late preconditioning26 and ischemic POC27 

increased autophagic vacuoles and reduced infarct size. 
In the current study, we found a simultaneous upregulation of genes employed 

in pathways against apoptosis and pro-autophagy; this could relate to the infarct size 
reduction that was observed after HePOC7,8,21 as well as the results from histological 
analysis in this study. Three significantly regulated genes - Becn1 and Sqstm1 (autophagy) 
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and Nol3 (anti-apoptosis) - in this analysis were of particular interest. The inactivation 
of Beclin-1 (Becn1), a protein involved in autophagosome formation, reduced infarct 
sizes28 thereby suggesting a detrimental effect of autophagosome formation on infarct 
size. Becn1 loses its pro-autophagic function after interaction with Bcl-25, which is logic 
according to the hypothesis that an increased rate of autophagy in apoptotic cells probably 
leads to cell death29. Thus, a combined downregulation of the anti-apoptotic Bcl-2 with 
an upregulation of Becn1 during reperfusion facilitates cell death, presumably necrosis. 
In our study, I/R caused a downregulation of both Becn1 and Bcl-2 in comparison to 
sham, which was diminished by helium postconditioning. These findings are comparable 
to results from a study in rats, in which ischemic postconditioning increased protein- 
and mRNA-levels of Beclin-127. 

Sqstm1 (Sequestosome 1) is a stress-inducible intracellular protein affecting autophagy 
activity. Protein levels of Sqstm1 are regulated by autophagy as they are degraded in 
its machinery, but Sqstm1 is also involved in the delivery of ubiquitinated cargo to 
autophagosomes30.  The latter is particularly important with regard to mitochondrial 
damage caused by I/R injury and the need to clear cells from mitochondrial debris. 
In mice, infarct size reduction after ischemic postconditioning was accompanied by 
translocation of Sqstm1 to mitochondria and presence of Parkin, an E3 ubiquitin ligase. 
In Parkin -/- mice the translocation of Sqstm1 to mitochondria was absent and infarct 
size reduction was blunted31. These findings are in line with our results, as the I/R-
induced downregulation of Sqstm1 was attenuated after helium postconditioning.

Nol3, nucleolar protein 3, also known as apoptosis repressor with caspase recruitment 
domain (ARC), inhibits apoptosis on a level further down the apoptotic cascade as it 
directly binds to and inhibits caspase-8 activity. Phosphorylation of ARC by protein 
kinase CK2 (CK2) activates this protein, while calcineurin dephosphorylates and 
inactivates ARC32. Not only did ARC overexpression decrease infarct size after I/R5, 
anesthetic-induced preconditioning was associated with an increase of phosphorylation 
of ARC, a reduction in activity of calcineurin and a reduction in caspase-8 activity and 
cytochrome c release32. This in line with our results; I/R decreases Nol3 expression while 
He15 increases it. 

Although Figure 5 is particularly useful to observe trends, it also shows that some 
genes categorized in the necrotic pathway were upregulated significantly after He15: 
Olr1583, Sycp2, Cybb, Txnl4b and Dpysl4. A short description of the genes are given 
in Online Resource 3. After a quick glance at these genes, it looks as if some unexpected 
genes play a role in cardioprotective mechanisms. Olr1583 and Dpysl4 are not directly 
known to be expressed in the heart, but do play a role in HePOC. Olr1583 (Olfactory 
receptor 1583), member of the olfactory gene family, is predominantly found in the 
olfactory epithelium of the nose and is involved in the recognition of specific odorants33. 
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However, evidence exists that at least one specific member of the olfactory receptor 
family also exists in the heart. Olfactory receptor 1 transcripts were detected in the 
developing heart, suggesting that the olfactory receptor might play a role in cardiac 
development34. In the current study we show that Olr1583 is expressed in the heart 
and that this expression is downregulated by I/R, but upregulated after He15. Dpysl4 
(dihydropyrimidinase-like 4) -also known as CRMP3- is expressed in the developing 
brain but its function is unclear35,36. An inhibitory effect on brain development36 as well 
as a crucial role in neurite outgrowth and axonal differentiation35 has been described. 
We showed a downregulation of CRPM3 in heart tissue after I/R in comparison to 
sham operated animals and an attenuation of downregulation after He15. 

Two other genes - Sycp2 and Txnl4b - are involved in the cell cycle and biological 
diversity. Sycp2 (synaptonemal complex protein 2) is part of the so-called synaptonemal 
complex, a meiosis-specific nuclear structure that is involved in recombination of 
chromosomes during the prophase, resulting in chromosomal crossover37. Sycp2 
therefore plays a role in genetic variation. Txnl4b (Thioredoxin-like 4B) or DIM-2 is a 
gene required in cell cycle progression as it transits cells from the synthesis (S) –phase to 
the Growth 2 (G2) phase, and it is involved in pre-mRNA splicing38. Pre-mRNA leads 
to different types of mRNA, which in turn result in different proteins. In a way it plays 
a role in the establishment of the huge diversity of proteins that exists in eukaryotes. I/R 
downregulated both Sycp2 and Txnl4b, while He15 attenuated the downregulation of 
Sycp2 and even upregulated Txnl4b. 

 Cybb (Cytochrome b-245, beta polypeptide) -also known as Gp91-phox or 
Nox2- encodes for a protein called cytochrome b-245, which is a constituent of the 
NADPH-oxidase. The NADPH-oxidase produces superoxide and hydrogen peroxide in 
phagocytes that need them for killing of pathogens39, in vascular smooth muscle cells, 
endothelial cells40,41 and cardiomyocytes42. Nox2 is upregulated in infarcted areas after 
myocardial infarction in the rat40 and after hypoxia-reoxygenation in porcine coronary 
artery endothelial cells (PCAEC)41. Pharmacologic or genetic blockade of the NAPDH 
oxidase in PCAECs reduced the hypoxia/reoxygenation induced reactive oxygen 
species levels. Interestingly this was accompanied by a reduction in vessel outgrowth41, 
suggesting a role for the NADPH oxidase in angiogenesis and neovascularization. 

Nox2 and NADPH oxidase upregulation might be associated with cell death due to 
increased levels of oxidative stress, however under certain circumstances upregulation 
could be pro-survival43. It is not unlikely that the outcome depends on the intensity and 
extent of the ROS signal, the present kinases and caspases in the tissue, the stress signal 
that induced it and the type of tissue43. Nox-induced ROS was shown to be involved 
in the differentiation of cardiomyocytes from embryonic stem cells and neonatal 
cardiomyocytes. Nox2 expression peaked at embryonic day 12, suggesting a critical 
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role for Nox2 in early cardiomyogenesis. As Nox2 is also upregulated after myocardial 
infarction, it is not unlikely that it plays a role in differentiation of cardiac progenitor 
cells42. In our study, I/R downregulated the Cybb/Nox2 gene while He15 upregulated 
it. Taken together, the relative upregulation of Cybb/Nox2, Sycp2 and Txnl4b suggest 
that HePOC is possibly related to organ development and cell reproduction. This idea 
is underlined by the finding that Olr1583 and Dpysl4 are expressed in the heart and 
affected by HePOC. 

A limitation of this study is the lack of subsequent experiments investigating proteins 
corresponding with the found genes/ mRNA expression profile. Increased levels of 
mRNA do not necessarily translate in a rise of the correlative protein. Furthermore, 
posttranslational modifications often determine net function and the effect of a protein. 
Our study does indicate that HePOC exhibits a wide array of effects on cell death and 
survival. A clue as to the underlying mechanism of HePOC could be found within the 
complex interplay of the above-mentioned cellular processes. Future research should in 
any case comprise anti-apoptotic and autophagic pathways.   

In conclusion, helium-induced cardioprotection by 15 min of POC appears to 
be associated with activation of pro-survival cell mechanisms. Helium influences the 
balance between pro- and anti-apoptosis, in favor of genes directed against apoptosis. 
Simultaneously, it stimulates genes involved in autophagy and possibly cell reproduction 
and tissue development. This suggests that helium exerts its protective effects through a 
cell surviving mechanism that comprises a whole set of pathways.
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NON-STANDARD ABBREVIATIONS AND 
ACRONYMS

POC: postconditioning; helium postconditioning: HePOC
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ONLINE RESOURCES

Online Resource 1. Preparation of histological slices. Hearts were cut in half, through the 
ligation of the LAD.
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Online resource 4A. Representative slices of three sham animals, 200 times enlarged. The 
pictures clearly show normally structured cardiomyocytes without edema or signs of cell 
damage.
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Online resource 4B. Representative slices of three animals that underwent 25 minutes of 
ischemia, 200 times enlarged. Arrows indicate ischemic hypercontracture, E indicates edema.  
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Online resource 4C. Representative slices of three animals that were exposed to 25 minutes 
of ischemia and 5 minutes of reperfusion, 200 times enlarged. E indicates edema, RBC 
indicates extravasation of red blood cells and asterisk indicates contraction band necrosis.
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Online resource 4D. Representative slices of three animals that were exposed to 25 minutes 
of ischemia and 15 minutes of reperfusion, 200 times enlarged.  E indicates edema, RBC 
indicates extravasation of red blood cells, GRA indicates extravasation of granulocytes and 
asterisk indicates contraction band necrosis.
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Online resource 4E. Representative slices of three animals that were exposed to 25 minutes 
of ischemia and 30 minutes of reperfusion, 200 times enlarged.  E indicates edema, RBC 
indicates extravasation of red blood cells, GRA indicates extravasation of granulocytes and 
stars indicate contraction band necrosis.
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Online resource 4F. Representative slices of three animals that were exposed to 25 minutes of 
ischemia and 5 minutes of reperfusion with helium postconditioning for 5 minutes, 200 times 
enlarged.  Arrows indicate hypercontracture, E indicates edema, RBC indicates extravasation 
of red blood cells, GRA indicates extravasation of granulocytes, P indicates presence of platelets 
and thrombi and asterisk indicates contraction band necrosis.
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Online Resource 4G. Representative slices of three animals that were exposed to 25 minutes of 
ischemia and 15 minutes of reperfusion with helium postconditioning for 15 minutes, 200 
times enlarged. GRA indicates extravasation of granulocytes, P indicates presence of platelets 
and thrombi, and asterisk indicates contraction band necrosis.
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Online Resource 4H. Representative slices of three animals that were exposed to 25 
minutes of ischemia and 30 minutes of reperfusion with helium postconditioning for 
30 minutes, 200 times enlarged. E indicates edema, RBC indicates extravasation of red 
blood cells, GRA indicates extravasation of granulocytes, P indicates presence of platelets 
and thrombi and asterisk indicates contraction band necrosis.
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Online Resource 5 
Infarct sizes as percentage of area at risk.  Data are plotted as mean ± S.E.M. * refers to 
statistical significance of HePOC vs CON. Below the graph, representative TTC-stained 
cross-sections of myocardium are shown for the control (CON) and 15-min HePOC group. 
Infarct sizes from 3 earlier studies4-6 were compiled and analyzed using an unpaired Student’s 
t test.
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