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SUMMARY

The main aims of this thesis were to investigate whether helium induces preconditioning in 

humans, and to elucidate the mechanisms behind this possible protection.

In Part 1 (chapter 1-3)

noble gases in general, and of helium in particular. In chapter 2 we have described the organ 

-

Chapter 3

Possible mechanisms of organ protection by helium are described. Helium might be a suitable 

conditioning agent, and we suggest further research to translate helium conditioning into a 

clinical setting.

In Part 2 (chapters 4-6) we investigated whether helium can induce organ protection in 

the ability to respond to pathogens in vitro  Cytokine expression in whole blood 

therefore we conclude that helium can be safely used in patients with infections.

We showed that helium induces preconditioning in humans in chapter 5

late preconditioning protected against postischemic endothelial damage following forearm 

ischemia-reperfusion in healthy volunteers. Helium inhalation, even administered 24 hours 

prior to ischemia-reperfusion, protected against post-ischemic endothelial damage. On a 

mechanistical level we demonstrated that blockade of endothelial nitric oxide during pre-

conditioning did not abrogate the observed protection, and therefore most likely does not 

mediate helium preconditioning.

In chapter 6 we conducted a clinical trial, including 125 patients undergoing coronary artery 

bypass graft surgery, investigating helium conditioning in this patient population with cardiac 

signal transduction kinases (P38 mitogen-activated protein kinase, extracellular signal–regu-

-

The second aim of this thesis was to elucidate the mechanisms behind helium conditioning, 

which we investigated in Part 3 (chapters 7-10) of this thesis in cultured endothelial cells in 

vitro.
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In chapter 7 we demonstrate prolonged helium exposure (30 minutes) in endothelial cells 

surprisingly aggravated oxidative stress induced cell damage, increasing cell death. Helium 

containing microparticles in the supernatant. Prolonged exposure to helium itself increased 

microparticle formation even in the absence of other stimuli.

chapter 9. Helium increased caveolin-1 protein 

content in the supernatant at the expense of decreased cellular levels, resulting in a decrease 

-

helium-induced cytoskeleton alterations are indeed mediated by caveolin-1.

we investigated whether plasma from healthy volunteers undergoing helium or ischemic 

conditioning protected endothelial cells against hypoxia in vitro 

In chapter 8 we demonstrated that plasma from volunteers breathing helium reduces 

hypoxia induced cell damage in human endothelial cells. This demonstrates that helium can 

induce remote conditioning in healthy volunteers in vivo, protecting endothelial cells in vitro. 

Levels of caveolin-1 in volunteer plasma were not elevated. We were unable to show that 

circulating caveolin-1 mediates helium remote conditioning in endothelial cells.

Chapter 10 shows that plasma from volunteers undergoing remote ischemic precondition-

PART I: HELIUM PRECONDITIONING IN HUMANS

In this thesis we showed that in humans, helium inhalation in repetitive cycles (chapter 5) or 

continuously for 30 minutes (chapter 8) induces conditioning, protecting endothelium in-vivo 

and in-vitro, respectively.

Helium induced preconditioning protected against postischemic endothelial damage 

showing helium induced organ protection by preconditioning in rodents. Data of helium 

conditioning in humans are scarce, the only other study investigating helium conditioning in 

healthy human volunteers found no protection against endothelial damage following forearm 

ischemia, measured by postischemic reactive hyperemia.1 Several factors can attribute to the 

absence of protection found in this study. Most importantly, the concentration of helium used 

in our study was 79% versus 50% in the study that was unable to induce protection. A dose 

-
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to a concentration of 10%.2

was shorter, 15 minutes compared to 20 minutes in our study.

system, reporting a decrease of CD11b and ICAM-1 on monocytes following forearm ischemia/

reperfusion. This is in contrast to our results, as we found that the levels of circulating adhe-

helium on the innate immune system using whole blood stimulation ex vivo. We demonstrated 

stimuli. Therefore, we concluded that helium inhalation is safe in patients with infections.

Lack of translatability

While helium was able to induce preconditioning in healthy human volunteers, we were unable 

undergoing coronary artery bypass grafting.3

not decrease postoperative troponin release either, disabling our positive control group. This 
4-6 

We will discuss several technical aspects to attribute this lack of protection by helium con-

clamping compared to our clinical study.6, 7 In contrast to a previous study,6 we allowed crystal-

loid as well as blood cardioplegia. This could possibly have diminished the ischemic burden 

The failure of helium preconditioning to translate from the experimental or even healthy 

volunteers setting to clinical practice is not an exception. In the last years several large clinical 

trials investigating (remote) ischemic postconditioning have all failed to show protection of 

the heart.8, 9

medications that can abrogate cardioprotection by conditioning.10 Experimental data clearly 

show ceased cardioprotective signaling associated with co-morbidities such as aged hearts,11 

female sex,12 and hyperlipidemia.13

10 Also, compared 

to experimental research where myocardial area-at-risk is mostly large and standardized, the 

actual area-at-risk in patients is much smaller. This automatically results in a smaller amount 

of salvageable tissue by cardioprotection.14

myocardial damage is of traumatic origin and cannot be attenuated by conditioning.15 We 
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to provide protection, and increasing the concentration is impossible because at least 30% 

inspired oxygen fraction is advised in patients. One possible way to overcome these transla-

However, in patients subjected to the combination of helium pre- and postconditioning, this 

investigate whether helium conditioning in combination with anesthetic, remote ischemic 

conditioning or analgesics such as morphine may induce protection in patients.

PART II: MECHANISMS OF HELIUM CONDITIONING

Some of the mechanisms involved in helium conditioning have been elucidated, such as 
16

permeability pore (mPTP).17 -

tion by all forms of conditioning, including helium conditioning.18

roles of radical oxygen scavengers and the mitochondrial adenosine triphosphate–regulated 

potassium channel (KATP 19 Another mitochondrial channel, the calcium 

sensitive potassium channel that is mediated by protein kinase A, is also clearly involved in he-

lium conditioning.11, 20 All these mediators are located on the mitochondria, suggesting helium 

function is modulated by caveolins.21, 22 Caveolins are structural proteins that are essential in 

the formation of cholesterol- and sphingolipid-enriched invaginations of the plasma mem-
23

cholesterol and calcium homeostasis and signal transduction.24 These signaling molecules, 

that aggregate into multiprotein complexes known as a signalosomes, are continuously form-

ing and dissociating under basal and stimulated conditions, and are regulated by caveolins.25

The possible role of caveolin in helium conditioning

In chapter 9 we show that helium alters the cytoskeleton and permeability in endothelial cells 

in vitro via caveolin-1. Helium increased caveolin-1 protein content in the supernatant at the 

expense of decreased cellular levels, resulting in a decrease in cellular permeability. Transfec-

-

tions are indeed mediated by caveolin-1.

functions. Caveolin-1 is ubiquitous in endothelial cells, and caveolin-3 derives from striated 

preconditioning low-
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ers levels of caveolin-1 and -3 in the whole heart by increasing levels of circulating caveolin-1 

and -3 in the blood in mice.26 Considering these data, we expected that helium inhalation in 

volunteers would result in increased circulating levels of caveolin-1 in blood. However, in chap-

inhalation. This could either mean that circulating levels of caveolin-1 are not the mediating 

without measurable caveolin-1 levels, the plasma of volunteers obtained after helium inhala-

tion did protect endothelial cells in vitro against hypoxia induced cell damage.

Possible role for caveolin in target organ protection

Caveolins are not only involved in conveying a remote conditioning signal, but also mediate 

-

cytes involve increased levels of caveolin-3 in the target organ27, 28 and absence of caveolin-3 

abrogated protection, proving that caveolin in the target organ is essential.28, 29 In chapter 8 

we investigated the caveolin-1 levels in the target organ, the endothelial cells. And although 

helium plasma obtained 30 minutes and 24 hours after helium treatment did increase cellular 

caveolin-1 levels, plasma obtained 6 hours after helium inhalation did not. This is in contrast to 

the fact that helium plasma from this time point protected the cells against hypoxia-induced 

cell damage (as measured by LDH activity levels). Hypothetically, increased caveolin-1 levels 

could have reached a threshold that initiated a response that eventually normalized cytosolic 

caveolin-1 levels.

Microparticles and helium conditioning

Caveolae play a role in vascular permeability by mediating both endocytosis and exocytosis.30 

Endothelial cells produce microvesicles via exocytosis, known as microparticles, exosomes, 

and apoptotic bodies. A novel concept in cancer research regards these apoptotic bodies, con-

taining caspase 3, as messengers warning nearby cells for loss of membrane integrity.31 Larger 

extracellular vesicles were shown to contain caveolin-1,32 and exosomes from cardiomyocytes 

contain caveolin-3 and are recognized as signalosomes.33 Prolonged exposure to helium (30 

minutes) increased microparticles production in HUVEC (chapter 7). Microparticles are known 

mediators of remote conditioning, and removal of microparticles abolished protection by 
34,35 Severe 

cardiac ischemia and surgery increased microparticles to a detectable level in patients, as 
36 and cardiac surgery.37 Clinical data 

of microparticles following preconditioning are scarce because of low concentrations in the 

systemic circulation. In chapter 5 we showed that forearm ischemia of 20 minutes in healthy 

volunteers did not increase systemic levels of microparticles.38

When we combine all the results of this thesis, we hypothesize helium increases caveolin 

mediated exocytosis, and caveolin-1 is secreted in the plasma or the supernatant. This caveo-
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lin-1 containing plasma induces temporary increased levels of caveolin-1 in the target organ 

via endocytosis. Secondly, it increases levels of adherens protein VE-cadherin and gap junc-

tion protein connexin 43, resulting in a decreased cellular permeability, and possibly protect 

against ischemia-reperfusion injury.
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