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Prolonged helium postconditioning protocols 
during early reperfusion do not induce 

cardioprotection in the rat heart in vivo: role of 
inflammatory cytokines?
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INTRODUCTION

Early reperfusion is the cornerstone in the treatment of myocardial infarction, as quick 
restoration of blood flow to compromised areas will reduce infarct size, hence reducing 
the development of heart failure, myocardial stunning and arrhythmias1. The flipside of 
the coin is reperfusion injury; cellular dysfunction caused by hyper acute return of blood 
flow and oxygen to tissue, primarily caused by oxidative stress and an inflammatory 
burst2. The search for techniques to further reduce ischemia/reperfusion (I/R) injury 
has led to the discovery of pre-3 and postconditioning4; techniques reducing infarct 
size by applying repetitive, short cycles of ischemia before or after the ischemic insult. 
‘Conditioning’ can also be achieved by application of volatile anesthetics (sevoflurane, 
isoflurane) or noble gases (xenon, helium) according to specific protocols5.  In rats, 
inhalation of 15 minutes of 70% helium before or immediately after 25 minutes of 
myocardial ischemia reduced infarct size after 120 minutes of reperfusion6,7.  

A mechanism for helium-induced cardioprotection has yet not been elucidated, 
although several potential pathways have been suggested, such as signaling kinases of 
the RISK-pathway and the mitochondrial permeability transition pore8. The role of the 
innate immune system in I/R injury has been under debate for years, as an excessive 
inflammatory burst is detrimental but at the same time a general inhibition of the innate 
immune system is associated with adverse outcome after myocardial infarction9. During 
early reperfusion, several processes occur such as leukocyte activation and recruitment, 
cytokine and reactive oxygen species burst and concomitant endothelial dysfunction10. 

The exact spatial and temporal function of the different components of the innate 
immune response are unknown, but new insights propose the new ‘danger model’ as 
a concept for the initiation of the immune burst during early reperfusion. This model 
suggests that immunity can be triggered by release of damage-associated molecular 
patterns (DAMPs) from cells in danger or stress, and that tissue itself decides how the 
immune response is orchestrated11.  The myocardium and myocardial endothelial cells 
then release cytokines and complement, which cause a toll like receptor-mediated influx 
of inflammatory cells and upregulation of cytokine expression and cytokine release10,12. 
Influx of neutrophils in the myocardium takes place due to changed endothelial barrier 
function under circumstances of stress such as exposure to high levels of reactive oxygen 
species13. The migration, adhesion and diapedesis of neutrophils as a result of expression 
of adhesion molecules are subsequent events. 

Exposure of human umbilical vein endothelial cells to xenon and inhalational 
anesthetics -which are known to be cytoprotective- lead to a reduction in protein levels 
and expression of adhesion molecules, suggesting an immunomodulatory effect at the 
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endothelial level14. Administration of reactive oxygen species-scavengers in mice resulted 
in a smaller endothelial dysfunction, accumulation of neutrophils, expression of IL-
1beta and smaller infarct size13. Cytokine-induced neutrophil chemoattractant (CINC-
3) is a potent chemotactic factor for neutrophils15 and expressed in myocardium in 
a chronic rat model of I/R16. Interleukin 1-beta (IL-1beta), interleukin 6 (IL-6) and 
tumor necrosis factor-alpha (TNF-alpha) are proinflammatory cytokines widely studied 
in myocardial ischemia/reperfusion models and are therefore assumed to play a role in 
the stimulation of the innate immune response during cardiac I/R17,18.  

Currently it is unknown whether the duration of helium postconditioning protocols 
influences the final infarct size after myocardial regional I/R, neither do we know if 
helium postconditioning affects the cytokine burst during early reperfusion. Therefore, 
in this study we exposed rats undergoing regional I/R to various lengths of helium 
postconditioning protocols and measured infarct size and release of biomarkers into 
the circulation. We hypothesized that helium-induced cardioprotection is accompanied 
by a reduction in the hyperacute cytokine burst during reperfusion, we therefore 
analyzed CINC-3, IL-6, IL-1beta and TNF-alpha at protein level and at mRNA levels 
in myocardium exposed to I/R (‘area at risk’, AAR) and myocardium not downstream 
from the occluded coronary artery (‘area not at risk’, NAAR). 
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MATERIALS AND METHODS

Rat model of regional myocardial I/R 

Helium70%/oxygen30% was purchased from Linde Gas (Linde Gas Benelux BV, 
Dieren, The Netherlands). Male adult Wistar rats (Charles River, Wilmington, MA, 
USA) were acclimatized for 7 days under conditions of 12-h light and dark cycles and 
had free access to food and water. Animals were treated in accordance with the Guide 
for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 
1996) and all experiments were approved by the institute’s animal ethics committee 
(DAA102650 and 102279). 

Study design

For investigation of the effect of various helium postconditioning protocols on cellular 
damage within the myocardium we divided animals in 5 groups (Figure 1A).  Surgery of 
the animals was performed as previously described19 and comprised reversible ligation 
of a great branch of the left descending coronary artery. All animals were connected to 
blood pressure and heart frequency monitoring by cannulation of the carotid artery 
and had a 15 minutes baseline period for stabilization after surgical preparation. 
Sham operated animals (Sham) underwent surgery, but did not undergo ischemia and 
reperfusion.  The control group (CON) underwent 25 minutes of ischemia and 120 
minutes of reperfusion. The helium intervention groups also underwent 25 minutes 
of ischemia and 120 minutes of reperfusion, but additionally inhaled 15, 30 or 60 
minutes of 70% helium/30% oxygen at the onset of reperfusion (He15, He30, He60). 
To make sure adequate helium concentrations were present at the onset of reperfusion, 
inhalation of helium was started in the last minute of the ischemic episode. Cellular 
damage was investigated by infarct size staining of myocardial slices and measurement of 
serum levels of lactate dehydrogenase (LDH) and troponine-T (TnT), both commonly 
used methods to assess cellular damage20.  

 The effect of helium inhalation on mRNA and protein levels of proinflammatory 
markers TNF-alpha, IL-1beta, IL-6 and chemokine CINC-3 was investigated in two 
different time frames. As transcription of mRNA precedes translation to proteins, rats 
underwent short reperfusion for investigation of cytokine expression. We hypothesized 
that if helium postconditioning exerts its effects during early reperfusion, a direct and 
immediate effect on transcription of inflammatory cytokines should be found during this 
critical phase. In order to measure differences in mRNA levels rats should not undergo 
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the entire reperfusion period, but reperfusion time should be limited to the duration 
of helium postconditioning. Rats were assigned to 7 groups (Figure 1B). Three groups 
underwent 25 minutes of ischemia and 5, 15 or 30 minutes of reperfusion respectively 
(I/R5, I/R15 and I/R30). The helium intervention groups underwent 25 minutes 
of ischemia and 5, 15 or 30 minutes of reperfusion with simultaneous inhalation of 
helium during the entire reperfusion episode. After completion of the experimental 
protocol –the duration varied in each group- hearts were excised and kept at -80°C until 
further processing for RT-PCR experiments. In order to analyze the effect of helium 
postconditioning on mRNA levels of inflammatory cytokines, we compared each I/R 
group with its correspondent helium interventional group.

For the measurement of protein levels of cytokines in myocardial tissue, hearts were 
divided in groups as depicted in Figure 1A. Protein levels of cytokines during I/R not 
only rise due to an upregulation of transcription, but also rise due to increased release 
from inflammatory cells and migration of inflammatory cells towards the myocardium. 
We hypothesized that if helium postconditioning affects the innate immune system, an 
effect on protein levels of inflammatory cytokines should be found shortly after but not 
during the application of the protective stimulus. Therefore, these groups underwent 
120 minutes of reperfusion after which hearts were excised and kept at -80°C until 
further processing for ELISA measurements.

In order to investigate the involvement of the innate immune system in helium 
postconditioning we distinguished two types of myocardial (ventricular) tissue. After 
excision of the whole heart, we first separated the ventricular from the atrial tissue and 
removed valves and remains of great vessels. As the (opened) ligature was left in situ, we 
could clearly point out the area of the ventricle downstream of the ligature and named 
this the ‘area at risk’ (AAR). In all groups except the Sham group, the distinct color of 
the AAR in comparison to the surrounding tissue further enabled separate excision. 
This part of the ventricle was cut from the rest of the ventricle on ice and comprised 
approximately one quarter to one fifth of total ventricular tissue. At the opposite side of 
the ventricle, not downstream of the ligature, we excised a second part of the ventricular 
tissue and named this the ‘area not at risk’ (NAAR). For a schematic overview of this 
process, also see Figure 2.

Sample size analysis for each part of the study was based on results obtained from an 
earlier study7 in which the primary endpoint was infarct size. The expected difference 
in mean was 18%, the standard deviation 12%, the power was 80% and the type I 
error 0.05, resulting in a required number of rats per group being 8. Due to a suspected 
drop out of 20% due to surgical error, fatal arrhythmias or technological problems with 
staining, enzyme linked immunosorbent assay (ELISA) or polymerase chain reaction 
(PCR), we performed a total of 158 experiments, of which 22 dropped out.
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Figure 1 Experimental protocols.  A. Experiments for determination of infarct size, 
measurements of biomarkers, hemodynamics and protein levels of inflammatory cytokines. 
Sham= sham group, did not undergo ischemia/reperfusion; CON= control group; underwent 
25 minutes of ischemia and 120 minutes of reperfusion; He15, He30 and He60 groups all 
underwent 25 minutes of ischemia and 120 minutes of reperfusion and additionally received 
15, 30 or 60 minutes of helium during reperfusion. B. Experiments for measurements 
of mRNA levels of inflammatory cytokines. Animals underwent 5, 15 or 30 minutes of 
reperfusion without (I/R5, I/R15, I/R30) or with helium (He5, He15, He30). 
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Infarct size determination and measurement of LDH and TnT

At the end of the experiments (Figure 1A), the heart was excised under deep anesthesia 
and treated for further analysis as described previously6. The area at risk and the 
infarcted area were determined by planimetry using SigmaScan Pro 5® software (SPSS 
Science Software, Chicago, IL, USA). For measurement of injury markers LDH and 
TnT arterial blood sampling through the carotid cannula was done at baseline, after 
24 minutes of ischemia, after application of the conditioning stimulus and after 120 
minutes of reperfusion. After sampling, blood was centrifuged at 3100 RPM, 20°C for 
10 min. Serum was kept at -80 ° until measurement of LDH and TnT by ELISA in our 
clinical laboratory.

Homogenization and fractionation

After separation of the AAR from the NAAR on ice, tissue was subsequently snap frozen 
in liquid nitrogen for storage at -80 °C until further analysis. Hearts were weighted 
and accordingly diluted with normal saline 1 mg of heart tissue was multiplied by 4, 
resulting in the amount of saline in ml to be added) and Greenberger Lysis buffer (105 

Figure 2 Separation of area not at risk (NAAR) from area at risk (AAR). A shows a 
schematic overview of the heart after excision. First the atria and remains of valves were 
removed according to the dashed line. Note that the opened ligature is still in situ. The AAR 
is the area of the myocardium downstream from the occluded coronary artery and depicted 
in the figure by the colored area. The AAR comprises both necrotic tissue and tissue at risk to 
become necrotic. This area is cut out from the ventricle first. Subsequently, the NAAR is cut 
out. B shows a schematic cross sectional view of the heart to clarify the part of the ventricle 
where the NAAR is taken from: the opposite side of the left ventricle. 
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mM NaCl, 15 mM Tris, 1 mM MgCl.H2O, 1 mM CaCl2, 1% Triton and destilled 
water) with protease inhibitor mix (pepstation A, Leupeptin, Aprotinine) (1:5) upon 
homogenization. After homogenization, samples were left on ice for 20 minutes and 
subsequently centrifuged for 10 minutes at 3600 RPM at 4°C. Supernatants were stored 
at -80 °C for ELISA analysis. For qRT-PCR analysis, homogenates were stored with 
Tripure isolation reagent (1:9) at -80 °C.  

Enzyme-linked immunosorbent assay (ELISA)

For measurement of protein levels of inflammatory cytokines, ELISA kits for TNF-
alpha, IL-1beta, IL-6 and CINC-3 were purchased at R&D Systems (Abingdon, United 
Kingdom) and performed according to manufacturer’s instructions. 

Quantitative real-time polymerase chain reaction (qRT-PCR)

All qRT-PCR materials were purchased at Roche (the Netherlands), unless otherwise 
stated.  Hundred µl of chloroform was added to heart homogenate in Tripure isolation 
reagent. Samples were then centrifuged for 15 minutes at 12000 RPM at 4 °C. The 
supernatant was added to 250 µl of 2-propanol and left untreated at room temperature 
for 10 minutes. After centrifugation for 10 minutes at 12000 RPM the supernatants 
were discarded and the pellet washed with 500 µl of 75% ethanol. This mix was again 
centrifuged for 5 minutes at 12000 RPM. The pellet was dissolved in RNAse-free water 
and heated for 10 minutes at 60 °C, after which all samples were kept at -80 °C. 

RNA concentration was measured on the Nanodrop 2000 (Thermo Scientific, the 
Netherlands). Complementary deoxyribonucleic acid (cDNA) synthesis was conducted 
with one microgram RNA using the Transcriptor First Strand cDNA Synthesis kit. 
One microliter cDNA was used in a total volume of 10 µl PCR mix per reaction. 
Each mixture contained 10µM of primer pairs and 2x LightCycler® 480 SYBR Green 
I Master. Real-time qPCR amplification was carried out using the LightCycler® 480 
instrument under the following conditions: pre-incubation at 95 ˚C for 10 minutes, 
followed by 45 cycles of 95 ˚C for 10 seconds, 60 ˚C for 10 seconds and 72 ˚C for 
15 seconds. The fluorescence measured per cycle of each sample was acquired. Primer 
sequences of genes for qRT-PCR were: TNF-alpha (forward CTG GGA CAG TGA 
CCT GGA CT; reverse GCA CCT CAG GGA AGA GTC TG), IL-1beta (forward 
GCC CAT CCT CTG TGA CTC AT; reverse AGG CCA CAG GTA TTT TGT CG), 
IL-6 (forward AGT TGC CTT GGG ACT GA; TCC ACG ATT TCC CAG AGA 
AC), CINC-3 (forward GTG CTA AGG CAT TGT GGT GTG T; reverse GCA ACA 
TCT TAT CAG TCC ATG GTT) and GAPDH (forward TGC CCC CAT GTT TGT 
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GAT G; reverse GCT GAC AAT CTT GAG GGA GTT GT), which were purchased 
at Invitrogen (the Netherlands)

Raw data was exported as text file format and subsequently converted into an Excel 
sheet by using the program LC480Converter. The converted data was imported to 
the LinRegPCR program21 and baseline correction was carried out, thus measuring 
fluorescence before amplification-specific fluorescence can be determined, consisting out 
of fluorescence from cDNA, primers and unbound SYBR Green. Hereafter, individual 
PCR efficiency of each sample was obtained from the slope of the regression line fitted 
to a subset of baseline- corrected data points in the log linear phase21. Finally, the relative 
quantities of each target gene were calculated by normalization to the housekeeping 
gene GAPDH.

Statistical analysis

Statistical analysis of infarct size experiments, biomarkers and inflammatory protein 
levels was performed in GraphPad Prism (GraphPad Software, La Jolla, CA, USA) using 
one way ANOVA with a Dunnet post-hoc test comparing the control group against 
all other groups. Hemodynamics were tested using one way ANOVA with Tukey’s 
posthoc test. For inflammatory cytokine expression I/R groups were tested against the 
helium groups using students T-tests, testing the I/R5 against the He5 group, the I/R15 
against the He15 group, and the I/R30 against the He30 group. P<0.05 was considered 
significant.
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RESULTS

Hemodynamics

Mean aortic pressure and heart rate slowly decreased during the experimental 
protocol. Exposure of rats to various helium postconditioning protocols did not affect 
hemodynamics. For an overview of hemodynamics also see Table 1.

Infarct size and biomarkers LDH and TnT

Fifteen minutes of helium reduce infarct size as percentage of the area at risk from 43% 
in control animals to 21%, whereas prolonged helium inhalation for 30 or 60 minutes 
during early reperfusion did not, also see Figure 3A. No significant differences in area 
at risk as percentage of total ventricular tissue were found between groups, means +/- 
S.E.M. were 23% +/- 3% (Sham), 20% +/- 2% (CON), 28% +/- 2% (He15), 26%  +/- 
5% (He30) and 22% +/- 2% (He60) (data not shown). Analysis of biomarkers within 
each experimental group shows that LDH- and TnT-release in serum increases when 
reperfusion time increases (data not shown). Figure 3B shows LDH and TnT-levels in 
the Sham, CON, He15, He30 and He60 groups after 120 minutes of reperfusion. 

Protein levels and expression of CINC-3, IL-6, IL-1beta, TNF-alpha

In myocardial tissue exposed to I/R (AAR), CINC-3 protein levels were significantly 
higher in the He30 and He60 group in comparison to the CON group. IL-1beta levels 
were significantly higher in the He60 group in comparison to the CON group. All 
cytokines were lower in the sham group in comparison to the CON group. For protein 
levels also see Figure 4. 

Expression of cytokines in the AAR myocardium groups was not significantly 
different between I/R and He groups. In the NAAR myocardium, CINC-3 expression 
in the He30 group was significantly higher than in the I/R30 group, also see Figure 5.
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Figure 3 Infarct size and biomarkers after 120 minutes of reperfusion. Data are shown as 
mean +/- S.E.M. * = p<0.05 vs CON. Amount of experiments in each group is shown below 
individual bars. A. Infarct sizes as percentage of the area at risk. Underneath the graph, 
pictures of representative slices of myocardium are shown for each group. B. Troponin T and 
LDH levels in the circulation after 120 minutes of reperfusion.
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Figure 4 Protein levels of CINC-3, IL-6, IL-1beta, TNF-alpha. All data are shown as 
mean +/- S.E.M. Amount of experiments in each group is shown below individual bars. 
* P<0.05 significant in comparison to CON.
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Figure 5. CINC-3, IL-6, IL-1beta and TNF-alpha expression. All data are shown as mean 
+/- S.E.M. Amount of experiments in each group is shown below individual bars. * P<0.05 
I/R30 in comparison to He30.
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DISCUSSION

In rat hearts we applied regional I/R and determined myocardial infarction by 
2,3,5-triphenyltetrazolium chloride (TTC) staining. We investigated the release of 
the injury markers LDH and TnT into the circulation. In this study we show that a 
short episode of helium postconditioning (15 minutes) reduces infarct size, whereas 
prolonged helium inhalation (30 and 60 minutes) during reperfusion abrogates this 
protection. The main results suggest that prolonged exposure to 70% helium gas is 
not protective but might even induce cellular damage. This is in line with the general 
consensus on ischemic postconditioning; a postconditioning stimulus after ischemia 
should comprise short stimuli1. Deleterious effects of prolonged helium exposure have 
been described in vitro in human tubular kidney HK2 cells exposed to three hours of 
oxygen glucose deprivation, 3 hours of incubation with 75% helium 24 hours before 
the cytotoxic stimulus resulted in reduced cell viability in comparison to oxygen glucose 
deprivation alone22. 

The results in this study do not only show that prolonged helium inhalation in 
cytotoxic circumstances abrogate the protective effect of short lasting helium inhalation, 
but also suggest a relation with an increased immune activity. The relationship 
between cell damage and immune activation was also investigated in animal models of 
laparoscopic abdominal surgery for abdominal malignancy. Helium pneumoperitoneum 
resulted in reduced tumor growth and spread in comparison to a CO2 insufflated 
abdomen23. It was hypothesized that these cytotoxic effects on tumor cells were caused 
by increased immune activity. Increased immune activity was indeed found after 
helium pneumoperitoneum in comparison to a CO2 insufflated abdomen in rats with 
abdominally implanted hepatoma cells. In the helium group, a smaller tumor volume 
and a higher rate of leukocyte-endothelium interaction in the liver was found24. This is 
in line with results from the present study, in which 60 minutes of helium inhalation 
increased protein levels of CINC-3 and IL-1beta in AAR tissue.

Taken together, in vitro and in vivo data suggest that helium can protect the heart 
when applied for short episodes7,8, in contrast, prolonged inhalation can abrogate the 
cardioprotective effect of short lasting helium and increase the local sterile immune 
response. We hypothesized that a short episode of helium inhalation during early 
reperfusion leads to a reduction of the hyperacute reactive oxygen species- and 
neutrophil-induced cytokine burst. However in the present study the cardioprotective 
effects of helium were not accompanied by a reduction of inflammatory cytokines. 

The increase of inflammatory cytokine proteins is known to rise sharply within the 
first 12 hours after ischemia and returns back to normal within 48 hours16. Peak levels of 
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mRNA occur after 12 h of reperfusion, being 50-fold in the myocardium at risk and 15-
fold in the myocardium not at risk17. In the current study, protein levels were measured 
after 2 hours of reperfusion and mRNA levels after reperfusion times varying from 5 
to 30 minutes. The time points of analysis could have been too early to detect the final 
magnitude of the cytokine burst, which could explain the results of the mRNA data. 
However, as helium-induced postconditioning acts within a very short time window 
during reperfusion (only protective within the first 15 min), significant cellular changes 
underlying these infarct size-sparing effects should have been found within this time 
frame. 

Interestingly, some differences were found between AAR en NAAR myocardium. 
In AAR but not in NAAR myocardium, an increase in CINC-3 and IL-1beta level 
was found after 60 minutes of helium. This suggests that the combination of a severe 
damaging stimulus to the cardiomyocyte with prolonged helium inhalation not only 
leads to more cellular damage, but also increased protein levels of inflammatory cytokines. 
Possibly, only the stressed myocardium releases al of its endogenous cytokines, whereas 
the NAAR myocardium is not so much triggered to do this. 

In the present study, the release of biomarkers and the infarct sizes in the different 
experimental groups showed a same trend. However, the LDH and TnT levels in 
blood in the intervention groups did not differ significantly from the control group. 
First of all, this could have been caused by the short reperfusion times that were used. 
In a comparable study in rats, TnT correlated with infarct size after 180 minutes of 
reperfusion18. The serum levels of injury markers such as LDH and TnT are dependent 
on the release by the cell and its cytoskeletal structure, and therefore it is possible that 
our 2 hours of reperfusion were too short. In general, TnT is released from myocytes at 
a slower rate than LDH25. Secondly, the use of TnT as a marker of true cellular injury 
during ischemia/reperfusion might not be correct as TnT is also released during heavy 
exercise26. 

In summary, the present study shows that 15 minutes of helium inhalation during 
early reperfusion protects the myocardium and reduces infarct size whereas a prolonged 
inhalation of helium (30 or 60 minutes) during early reperfusion is not protective. 
Helium-induced cardioprotection is not accompanied by a reduction of the hyperacute 
burst of inflammatory cytokines, but prolonged helium inhalation might contribute to 
the pro-inflammatory response.  
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