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Amsterdam, the Netherlands injury in different organs. Clinically, the noble gas helium is used in treatment of

airway obstruction and ventilation disorders in children and adults. In addition,
studies from recent years in cells, isolated tissues, animals and finally humans show
that helium has profound biological effects: helium applied before, during or after an
ischaemic event reduced cellular damage, known as “organ conditioning”, in some
tissue, e.g. the myocardium. Although extensive research has been performed, the
exact molecular mechanisms behind these organ-protective effects of helium are yet
not completely understood. In addition, there are significant differences of protective
effects in different organs and animal models. A translation of experimental findings
to the clinical situation has yet not been shown.
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Background

When we ask our colleagues what they could do with helium, responses are mostly to
blow up balloons for their children, to produce a funny voice, or to improve diving effi-
ciency [1]. However, although helium is supposed to be chemically inert, it mediates
numerous cellular effects, leading to physiological changes and protection of different
organs against ischaemic insults, potentially useful to treat dedicated patients.

Helium belongs to the family of noble gases, a group of chemical elements character-
ized by filled valence orbitals, carrying a maximum amount of electrons in the outer
shell of the atom rendering them “inert” with very low chemical reactivity. Helium is
the lightest noble gas with a molecular weight of 4 g/mol and has the lowest melting
and boiling points of all elements [2]. In contrast to oxygen, helium has a lower density
and viscosity, leading to reduced work of breathing; helium is therefore nowadays used
in patients with obstructive airway diseases [2, 3].

On a cellular level several inert noble gases induce molecular changes leading to tis-
sue protection in ischaemia-reperfusion situations [4]. Most studied today is xenon [5],
which has been shown to have neuro- and cardioprotective effects [4, 6], although
translation of animal data to humans does not always support protection in clinical
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settings [7—9]. However, xenon is rarely available and has anaesthetic properties, limit-
ing application of higher concentrations to specific clinical situations. In contrast,
helium is readily available and lacks anaesthetic properties; it is categorized as a “non-
immobilizer”, a gas that is not able to induce anaesthesia (immobilize), but might hav-
ing other behavioural effects. Helium has no haemodynamic side effects and it might
therefore be useful for organ protection in critically ill patients. It has convincingly
been shown that helium exerts cellular effects in vitro and in vivo: helium reduces is-
chaemia/reperfusion damage in cardiac [10, 11] and neuronal tissue [12—14]. A recent
meta-analysis showed that helium has neuroprotective properties in rodents and is car-
dioprotective in rabbits [15]. For other organs like kidney and liver, there are still too
few data to allow any conclusion whether helium has organ-protective effects.

This review will summarize and discuss the underling pathways of organ protection
by helium, along with an updated review of current clinical uses of this inert gas in the
critically ill patient.

Conditioning organs against ischaemia

Ischaemic pre-conditioning, e.g. short periods of ischaemia interspersed with periods of
reperfusion before a period of sustained ischaemia, was demonstrated in animals more
than 20 years ago [16, 17] and has been described in most living cells and in all mam-
malian species. Conditioning the heart can be important in situations in which there is
brief interruption of blood flow to an organ, e.g. during organ transplantation, vascular
surgery, acute myocardial infarction and percutaneous coronary interventions (PCI),
cardiac surgery with cardioplegic arrest, ischaemic stroke or post-cardiac arrest syn-
drome. Most intensively investigated is myocardial pre-conditioning, which refers to an
application of short periods of ischaemia before a subsequent longer ischaemic period
in the coronary vasculature. Preconditioning can be divided into an early (immediate
effect, lasting for 2-3 h) and late phase of pre-conditioning (protection reappears after
24 h lasting for 2—4 days) [18]. Post-conditioning is achieved by application of short re-
petitive cycles of ischaemia within an organ/tissue directly at the onset of reperfusion
[19, 20]. In contrast, remote pre-/per- or post-conditioning is defined by the application
of sub-lethal periods of ischaemia to an organ distant from the target organ [21]. The
obvious advantage of remote conditioning is that there is no need for additional ma-
nipulation of the threatened organ itself.

As applying ischaemia to an organ yields a high risk of complications for the patient,
the search for alternative options to mimic ischaemic conditioning showed that differ-
ent pharmacologic compounds activating adenosine, muscarinic, a-adrenergic, opioid
or bradykinin receptors also contributed to organ protection [18]. Among other drugs
and gases [22-24], helium is known to exert these organ-protective effects in animal
models and partly also in human tissues [4, 25].

What do we know about cardioprotection by helium (Table 1)

Already in 2007, it was shown that inhalation of three times 5 min of 70% helium be-
fore a subsequent coronary artery occlusion (30 min) and 3 h of reperfusion signifi-
cantly reduced infarct size in rabbit hearts [26]. Using this approach, the authors
employed several different inhibitors to block divergent signalling pathways in this he-
lium induced cardioprotection, e.g. the so-called reperfusion injury salvage kinase
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Table 1 Enzymes and mediators involved in helium mediated cardioprotection
RISK pathway

Phosphatidylinositol-3-kinase (PI3K)
Mitogen/extracellular signal-related kinase 1 (MEK-1)
70-kDa ribosomal protein s6 kinase (p70s6kinase)
Inhibited glycogen synthase kinase-3beta (GSK-3[) activity
Activated apoptotic protein p53 degradation
Protein kinase A (PKA)
Opioid receptors
Endothelial nitric oxide synthase (NOS)
Increased microparticle production in endothelial cells
Reactive oxygen species (ROS)
Maintaining intracellular acidosis during early reperfusion
Cyclooxygenase 2 (COX2)
Changes in ceramide
Mitochondria
Mitochondrial permeability transition pore (mPTP)
Mitochondrial adenosine triphosphate-regulated potassium channel (mitoKATP)
Uncoupling of mitochondrial respiration
Mitochondrial calcium-sensitive potassium (mKCa) channel
Caveolins
Increased levels of circulating caveolin-3 in plasma
Decreased levels of caveolin-1 and caveolin-3 in membrane fractions of myocardial cells

Increased levels of caveolin-1 and caveolin-3 in ischaemic myocardium

(RISK) pathway. By using a phosphatidylinositol-3-kinase (PI3K) antagonist, a mitogen/
extracellular signal-related kinase 1 (MEK-1) inhibitor and an inhibitor of the 70-kDa
ribosomal protein s6 kinase (p70s6kinase) in an experimental in vivo set up, it was
demonstrated that all three enzymes are causally involved in mediating the cardiopro-
tection by helium [26]. The pro-survival kinases from the RISK pathway inhibited
glycogen synthase kinase-3beta (GSK-3p) activity and activated apoptotic protein p53
degradation. By using a mitochondrial permeability transition pore (mPTP) opener
(atractyloside), a crucial role of the mPTP in helium cardioprotection was established
[27]. Subsequently, other key mediators like opioid receptors were identified to be in-
volved in helium conditioning [28]. In addition, the non-selective nitric oxide synthase
(NOS) inhibitor N-nitro-L-arginine methyl ester abolished cardioprotection by helium,
while a selective inducible NOS inhibitor or a selective neuronal NOS inhibitor did not
diminish helium-induced preconditioning [29].

Known key players of ischaemic pre/post conditioning like the pro-survival kinases
PI3K, ERK1/2 and their downstream targets: endothelial nitric oxide synthase (eNOS),
p53 and GSK-3beta all converge at the mitochondrial level by preventing opening of
the mPTP [30]. This is of critical importance as opening of the mPTP leads to mito-
chondrial dysfunction and finally cell death, and thus different preconditioning stimuli
might preserve cardiac mitochondrial function by keeping the mPTP closed, thereby re-
ducing tissue damage. Three critical mitochondria related mechanism have been identi-
fied to be involved in ischaemic cardioprotection: (1) opening of mitochondrial
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adenosine triphosphate-regulated potassium channel (mitoKATP), (2) generation of a
small reactive oxygen species (ROS) burst and (3) maintenance of the mPTP. It is very
likely that these mechanisms are also involved in preconditioning by noble gases and
other pharmacological interventions. Helium-induced preconditioning has been shown
to be mediated via preventing mPTP opening [31]: helium prevented mPTP opening by
maintaining intracellular acidosis during early reperfusion. Additionally, the ROS scav-
engers N-Acetylcysteine and N-2-mercaptopropionyl glycine or the K-ATP-channel
blocker 5-hydroxydecanoate abolished helium-induced preconditioning in rabbits, link-
ing also the other two mentioned key pathways in the mitochondria to helium-induced
cardioprotection [32]. This is supported by studies showing the involvement of
mitochondria-related channels [33]: measuring cardiac mitochondrial function by de-
termining the rate of oxygen consumption in isolated mitochondria, a direct effect of
helium conditioning on mitochondrial function was demonstrated: helium induced a
mild uncoupling of mitochondrial respiration [33]. Furthermore, the mitochondrial
calcium-sensitive potassium (mKCa) channel blocker Iberotoxin abolished helium-
induced infarct size reduction in these rats [33]. These data were confirmed in another
study: the role of mKCa channels in helium induced cardioprotection was demon-
strated by using NS1619, an activator of mKCa channels, which reduced the infarct size
in both, young and aged animals. Moreover, the protein kinase A (PKA) blocker H-89
completely blocked this helium induced cardioprotection [34]. Looking more into detail
of PKA regulation, it was found that the adenylyl cyclase activator forskolin reduced in-
farct size only in young animals. Thus, helium preconditioning is mediated by activa-
tion of PKA, and adaptions in PKA regulation might be an explanation for the age-
dependent loss of cardioprotection by helium [34]. In a study using different concentra-
tions of helium in a late preconditioning model, a helium concentration of 30% was still
protective, while a lower concentration of 10% was not [35]. These data are of special
interest for a clinical application of helium, as a low concentration of 30% of helium to
achieve the threshold of protection allows the use of a significant amount of oxygen in
critical ill patients. Helium was administered for 15 min 24 h before ischaemia/reperfu-
sion, and cyclooxygenase 2 (COX2) was identified as a key mediator in helium late pre-
conditioning [35]. Regarding postconditioning, prolonged helium application did not
induce cardioprotection [36].

Employing gene expression screening methods, more details on the underlying mech-
anisms of helium-induced conditioning were revealed. Rats were subjected to either 5,
15, or 30 min of helium postconditioning, and a semi-quantitative histological analysis
revealed that only 15 min of helium postconditioning decreased the ischaemia/reperfu-
sion-induced cell damage [37]. With this 15 min helium postconditioning, 17 of 23
genes involved in necrosis, and 18 of 25 genes involved in pro-apoptosis were upregu-
lated. Four of 23 (necrosis) and 7 of 25 genes (pro-apoptosis) were downregulated, and
9 of 11 anti-apoptotic genes as well as 24 of 32 genes involved in autophagy were up-
regulated after helium postconditioning. These data suggest that helium postcondition-
ing alters dedicated targets in the cell death program [37]. Experimental studies
demonstrated that conditioning is omitted or at least reduced by conditions such as
diabetes, ageing and hypertension [38]. Only a few studies investigating helium condi-
tioning in diseased animals have been performed. In healthy versus spontaneous hyper-
tensive rats subjected to 25min of myocardial ischaemia followed by 120 min
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reperfusion, 70% helium applied for 15 min after the index ischaemia (helium post-
conditioning), combined with 15 min helium inhalation 24 h prior to index ischaemia
(helium late pre-conditioning) or a triple intervention with additional 3 short cycles of
5 min helium inhalation shortly before ischaemia (helium early pre-conditioning) had
inconsistent protective effects [39]. Only the triple intervention by pre-/post- and late
conditioning was able to induce cardioprotection; a single intervention by helium post-
conditioning alone was however not protective. Molecular analyses demonstrated that
helium conditioning was not associated with a mechanism involving GSK-3p and PKC-
e. Helium-induced early preconditioning and postconditioning were abolished in pre-
diabetic obese Zucker rats in vivo [40]. Helium caused mild mitochondrial uncoupling
in Zucker lean rats but not in Zucker obese rats. It was shown that helium had no ef-
fect on myocardial ERK1/2 and Akt phosphorylation in both animals’ types. However,
GSK-3p phosphorylation was reduced in the heart only in Zucker lean animals but not
in the obese rats [40].

A novel target for helium conditioning: membrane proteins “caveolins”

All the aforementioned potential mechanisms probably involved in organ protection by
helium leave one question unanswered: considering helium as an inert gas that would
have a low activity to bind to specific receptors, thereby inducing signalling effects, an
explanation for “how” helium would regulate differential protein expressions remained
unknown. While it has been shown for xenon that van der Waals energy [41], charge-
induced dipole interactions [42] and intermolecular complexes of xenon with small
aromatic molecules play a role in cellular effects of this inert gas [19], similar findings
for helium are yet not described.

We were intrigued by reports that gaseous anesthetics (volatile anaesthetics like, e.g.
sevoflurane and isoflurane)-induced cardioprotection involves caveolins [43]. Mem-
brane structures like caveolae and membrane proteins linked to these caveolae, the
caveolins, might be important also in helium-induced organ protection [44—46].

Caveolins are structural proteins that are essential for the formation of caveolae. The
role of caveolins in ischaemic and isoflurane-induced conditioning has been shown be-
fore [47-49]. Moreover, caveolins play a central role in several stress adaptation pro-
cesses of different organs and tissues [50]. With their scaffolding domains caveolins can
anchor and regulate cell proteins having been implicated in helium induced condition-
ing [51]. Among the three isoforms, caveolin-1 and caveolin-2 are expressed in numer-
ous cell types (e.g. endothelial cells), while caveolin-3 is found primarily in skeletal and
cardiac muscle, as well as in certain smooth muscle cells [52]. A recent review on
caveolins summarizes the different cellular functions, e.g. as chaperones and scaffold
recruiting signalling molecules [50]. As caveolins are considered to play a key role in
the regulation of several multi-protein complexes [53], it is of special interest that many
of the signalling molecules involved in cardiac protection by conditioning, including
the G-alpha subunit of heterotrimeric G-proteins, Src kinases, PI3K, eNOS, PKC iso-
forms and ERK, are known to be regulated by caveolins [54, 55].

Studies aiming to elucidate in vivo a possible connection of helium to caveolins in
fact showed that helium postconditioning increased levels of circulating caveolin-3 in
plasma, along with increased levels of caveolin-1 and caveolin-3 in the myocardial area-
at-risk (ischaemic area) in the rat heart in vivo [56, 57]. In a resuscitation model in rats,
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inhalation of helium (70%) for 5 min before cardiac arrest, plus 30 min after restoration
of spontaneous circulation (ROSC) led to reduced myocardial apoptosis along with a
differential expression of caveolin-1 and caveolin-3 in the heart [12]. We hypothesized
that helium upregulates caveolin-1 and caveolin-3 in the myocardium, and therefore,
mice inhaled 20 min either helium (70%)/oxygen (30%) or oxygen (30%)/air. Thirty mi-
nutes or 24 h after the experimental protocol, hearts were excised and blood was with-
drawn from animals. In strong contrast to our initial hypothesis, the mice heart showed
a significant downregulation of caveolin-1 and caveolin-3 after 24 h [58]. Subsequent
sub-fractionation of the whole heart showed that specifically the membrane fractions,
but not the cytosolic fractions, had decreased levels of caveolin-1 and caveolin-3. Cor-
responding to the decreased caveolin levels in the heart tissue and in the membrane
fractions, increased levels of caveolin-3 in platelet free plasma of mice having inhaled
helium were found [58]. This was confirmed by lowered cholesterol levels, a primary
binding protein of caveolin in the plasma membrane. These data suggest that after he-
lium inhalation caveolins might be secreted—together with lipids—from cardiac cell
membranes into the blood stream. To confirm this, we mounted isolated mice hearts
on a Langendorff system and repeated the respective experiments. The data showed
that no helium protection was seen in this model lacking the in vivo blood flow [58]. It
was further evaluated whether the secreted factors in the serum from helium-exposed
mice have a measurable effect on mitochondrial function. The addition of helium con-
ditioned serum to muscle cells in cell culture or naive ventricular tissue increased mito-
chondrial metabolism without increasing ROS generation. Measurements of primary
and lipid metabolites showed potential changes in ceramide in helium-conditioned
serum [58]. Data from this mice study is in line with our previous findings in human
endothelial cells investigating the direct effects of helium in vitro [59]. Administration
of helium to endothelial cells in fact led to release of caveolins to the supernatant of
these cells. In addition, the supernatant of the endothelial cells was able to preserve
endothelial dysfunction by maintaining endothelial permeability [59].

Regarding circulating factors mediating organ protection to remote organs, extra-
cellular vesicle release has become of high interest [60]. As helium exposure can
increase microparticle production in endothelial cells [61], we suggested that the
production of microparticles is linked or even mediated via caveolin levels in the
supernatant of cell cultures or in the blood stream and could in part be respon-
sible for the protective effects of helium. These experimental findings are finally
also in line with data from studies in human male volunteers [62]. Plasma was ob-
tained from volunteers 6h after helium inhalation. Cell damage was induced by
hypoxia in isolated human endothelial cells in vitro. A 10% solution of plasma
from volunteers previously exposed to helium decreased hypoxia induced cell dam-
age. By caveolin-1 knockdown in the respective endothelial cells, a potential in-
volvement of circulating caveolins was demonstrated [62]. We therefore concluded
that helium induces the release of secreted membrane factors and microparticles
that are enriched in caveolae/caveolins. All results taken together suggest a key
role for these circulating factors in helium-induced organ protection. The experi-
mental data for helium-induced conditioning are summarized in Fig. 1. Additional
information on cellular changes mediated by caveolins and caveolae can be found
elsewhere [50, 63, 64].
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Fig. 1 Mechanisms involved in helium-induced cardioprotection. This figure summarizes the known
mechanisms in helium-induced cardioprotection, mainly via the RISK pathway, which is closely related to
alterations in caveolin-related processes. Helium is depicted as a purple circle (He). Red arrows indicate an
activating or upregulatory effect; squares indicate a suppressive or downregulatory effect. Intracellular the
mechanisms converge on the mitochondria and preventing the mPTP from opening indicates
cardioprotection. Also, the potential pathway of “remote condition” by helium has been depicted on the
left side of the picture. Unknown and identified factors (caveolin, probably carried by exosomes) mediate a
distant organ protection and can improve the mitochondrial respiration in distant cells. MEK-1, mitogen-
activated protein kinase-extracellular signal-regulated kinase-1; ERK1/2, extracellular signal-regulated kinase
1/2; IP3, inositol triphosphate-3; DAG, diacylglycerol; PKC-¢, protein kinase C epsilon; GSK33, glycogen
synthase kinase 33; PI3K, phosphatidylinositol-3-kinase, PDK-1, phosphoinositide-dependent protein kinase-1;
PKB, protein kinase B; mTOR, mammalian target of rapamycin; P53, tumour protein P53; mPTP
mitochondrial permeability transition pore; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; L-
NAME, L-NG-nitroarginine methyl esther; PKA, protein kinase A; mKCa, mitochondrial calcium-sensitive
potassium channel; ROS, reactive oxygen species; Pi, inorganic phosphate; ATP, adenosine triphosphate;
ADP, adenosine diphosphate

Effects of helium in other organs

There are also studies investigating the effect of helium conditioning in other organs. Pre-
treatment with helium did not attenuate liver injury after warm ischaemia-reperfusion in
the rat, although there was some evidence for modulation of the inflammatory response
after hepatic ischaemia [65]. In contrast, Zhang et al. showed reduction of liver injury after
helium preconditioning in mice, with the PI3K involved in the protective mechanism [66].
In human tubular kidney cells, helium in itself induced cell damage and increased cell
damage after oxygen deprivation damage [67]. In contrast, Carmona et al. showed in dogs
subjected to pneumoperitoneum that helium attenuates kidney damage if it was used for
insufflation compared to carbon dioxide [68]. These data show that there is no constant
protective effect of this noble gas in different organs, which holds also true for neuronal
tissue. This is also supported by the meta-analysis performed by De Deken et al., showing
that up to now, no conclusive data for helium application to prevent kidney or liver injury
are available [15]. While we know that xenon is protective in the heart, neuronal tissue,
kidney and other organs, it yet remains unsolved why helium has different effects in differ-

ent organs.
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Initially, neuroprotective properties of helium have been suggested in different brain
damage models [42]. Post-ischemic neuroprotection after middle cerebral artery occlu-
sion was caused by hypothermia induced by helium inhalation and not by direct
cellular effects of the noble gas [69]. In a rat model of thromboembolic stroke, intra-
ischemic helium at 75% inhibited tissue plasminogen activator-induced thrombolysis
and subsequent reduction of ischemic brain damage, indicating that helium should not
be given during thrombolysis [70]. However, post-ischemic helium at 75% reduced is-
chemic brain damage and brain haemorrhages and thus helium could be an efficient
neuroprotective agent if given after tissue plasminogen activator-induced reperfusion
[70]. In contrast, in neuronal cultures derived from foetal BALB/c mice cortices, which
were damaged by oxygen and glucose deprivation (OGD), helium increased damage
compared to control cells [47]. Pan et al. showed that hyperoxia (100% oxygen) had less
effect on infarct volume reduction than had a mixture of heliox (30% oxygen/70% he-
lium) during the ischemia/reperfusion process in the brain after focal ischaemia-
reperfusion. Heliox improved neurological deficits at 24 h in these animal experiments
[71]. This protection was only observed when heliox was administered immediately
after cerebral artery occlusion: a 30—-60 min delay abolished the infarct reducing effect
[72]. Liu et al. examined the short and long-term neuroprotective effects of helium pre-
conditioning in an neonatal cerebral hypoxia—ischemia model in rat pubs subjected to
left common carotid artery ligation and then 90 min of hypoxia (8% oxygen at 37 °C)
[13]. The authors showed that helium preconditioning reduced the infarct ratio, in-
creased the number of survival neurons and inhibited apoptosis at the early stage of
hypoxia-ischaemia insult. Furthermore, the sensorimotor function and the cognitive
function were improved significantly in rats with helium preconditioning [13]. In an-
other study from this group, helium preconditioning increased nitric oxide content, re-
duced the brain infarct area, increased anti-oxidases expression, decreased the number
of apoptotic cells and improved neurological function and brain atrophy, an effect that
was inhibited by a non-selective nitric oxide synthase inhibitor [73]. These data indicate
that helium preconditioning attenuates hypoxia-ischaemia induced injury in the neo-
natal brain. Helium preconditioning ameliorated decompression-induced neurological
deficits in rats [74].

However, other studies failed to show a neuroprotective effect of helium: inhalation
of helium (50%) for 24 h did not improve histological or neurobehavioral assessment in
rats subjected to 8 min of cardiac arrest [56]. In a model of neonatal asphyxia, argon,
helium and xenon treatment to a different extend restored the cell morphology from
mild ischemic/hypoxic insult. While argon and xenon treatment reduced infarct vol-
ume also from severe ischemia, helium had no protective effect [75]. Lack of neuropro-
tection for helium was recently confirmed: in contrast to xenon or argon, helium (75%)
induced no protection against hypoxic-ischaemic injury in rat hippocampus in vitro
[76]. Thus, data on neuroprotection are conflicting, and a final conclusion whether he-
lium will be neuroprotective cannot be made at this moment.

Is the organ protection by helium translatable to the clinical situation?

Although helium is used in patients with respiratory diseases, the enormous amount of
data on helium induced organ protection is not yet translated to the clinical situation
(Table 2). Failure to demonstrate translatability might include a number of reasons, e.g.
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Table 2 Effects of helium in ischemic human tissue

Release of secreted membrane factors and microparticles that are enriched in caveolae/caveolins
Protecting human endothelium against ischaemia/reperfusion damage

No changes in post-occlusive hyperaemic reactions in human endothelium

Not any protective effect on post-operative troponin release after coronary artery bypass surgery

No effect on the responsiveness of the human innate and early adaptive immune system

age of the investigated population, concomitant diseases of patients, co-medication for
concomitant diseases, differences in surgical trauma between standardized laboratory
experiments and individual clinical situations, or just species differences.

There are up to date no clinical studies evaluating possible neuroprotective properties
of helium. Regarding cardioprotection, patients undergoing coronary artery bypass graft-
ing surgery were ventilated with a gas mixture containing helium (70%) for 3 x 5 min be-
fore start of cardiopulmonary bypass (helium pre-conditioning) or at the moment of
coronary artery reperfusion after declamping of the aorta (helium post-conditioning) [77].
Surprisingly, neither helium pre- or postconditioning nor a combination of pre- and post-
conditioning had any protective effect on post-operative troponin release [77]. However,
in healthy volunteers, helium protects human endothelium against ischaemia/reperfusion
damage [78]. In a forearm blood flow model, endothelial function was measured by re-
sponse to acetylcholine after 20 min of forearm ischaemia/reperfusion. Venous occlusion
plethysmography measurement of the forearm blood flow in response to acetylcholine in-
fusion showed that 3 x 5 min of 79% helium inhalation prevented post-ischaemic endo-
thelial dysfunction. However, helium preconditioning did not affect plasma levels of
cytokines, adhesion molecules, or microparticles. Also, a late endothelial preconditioning
effect of helium could be shown 24 h after helium inhalation [78]. However, involvement
of NOS, which has been previously demonstrated to be involved in experimental settings
[29], could not be confirmed in humans. Another study in human healthy volunteers in-
haling 50% helium before, during and after ischaemia used post-ischaemic reactive hyper-
aemia to determine endothelial function before and after 15 min of forearm ischaemia
[79]. No changes in post-occlusive hyperaemic reactions were observed. An increase of
the pro-inflammatory marker CD11b and ICAM-1 on leukocytes as well as an attenuated
expression of the pro-coagulant markers CD42b and PSGL-1 on platelets were shown,
suggesting a mild anti-inflammatory property of helium in humans [79]. Oei et al. investi-
gated the effect of prolonged helium inhalation on the responsiveness of the human im-
mune response in whole blood ex vivo [80]. Male healthy volunteers inhaled 30 min of
heliox (79% He/21%0,) or air in a crossover design. Blood was withdrawn at different
time points after helium inhalation and then incubated with lipopolysaccharide (LPS),
lipoteichoic acid, T cell stimuli anti-CD3/anti-CD28 or pure media for 0, 2, 4 and 24 h. In
this study, tumour necrosis factor-alpha (TNF-alpha), interleukin-lbeta (IL-1beta),
interleukin-6 (IL-6), interleukin-8 (IL-8), interferon-gamma and interleukin-2 (IL-2) were
analysed by cytometric bead arrays. Helium inhalation did not influence the amounts of
TNF-alpha, IL-1beta, IL-6, IL-8, IFN-gamma and IL-2 in comparison to air. Additionally,
a group of volunteers inhaling helium for the extended period of 60 min did not show dif-
ferences in cytokine production after LPS stimulation of whole blood [80]. Thus, this
study did not show an effect of helium on the responsiveness of the human innate and
early adaptive immune system.
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Ventilation improvement and lung-protective effects of helium

As a helium-oxygen mixture (heliox) reduces the work of breathing and gas trap-
ping, heliox has been used long time for treatment of ventilation disorders, al-
though very clear randomized controlled trials on this topic are still scarce. Acute
respiratory stress can immediately be reduced by helium inhalation [81], as the low
density of heliox renders turbulent airflow to laminar, subsequently lowering airway
resistance and work of breathing. Heliox improved oxygen delivery during dynamic
exercise in patients with chronic obstructive pulmonary disease (COPD) [82] and
reduced dynamic lung hyperinflation, thereby improving indices of cardio-
circulatory function like heart rate kinetics in the rest-to-exercise transition [83].
Heliox also reduced arterial carbon dioxide (CO,) tension; however, reduction of
hypercapnia was mainly observed in spontaneously breathing and noninvasively
ventilated helium-treated patients, but not in intubated patients during controlled
ventilation [84]. These observations suggest that the decrease in arterial CO, is
based on reduced CO, production, related to reduced work of breathing, and not
improved alveolar ventilation. Improvement of pulmonary function test using he-
lium as a driving gas for albuterol nebulization was only observed in patients with
significantly reduced FEV; [85].

A recent meta-analysis investigating the effects of non-invasive ventilation (NIV) with
helium in patients with hypercapnic COPD exacerbation did not show a reduced rate
for tracheal intubation in this patient population, although a lower incidence of NIV-
related adverse events was observed [86]. A multicenter randomized controlled trial
could also not show reduced intubation rates after heliox NIV, although heliox reduced
the extend of respiratory acidosis and encephalopathy score [87]. It therefore remains
questionable whether physiological improvement really leads to clinical benefits for the
patient [88].

The lower density of heliox changes ventilation parameters during mechanical venti-
lation [89], and medical staff needs to be vigilant for possible ventilator disturbances
[90]. Although several ventilators are available allowing heliox positive pressure ventila-
tion, in the trial by Jolliet et al., heliox ventilation was stopped at the moment an endo-
tracheal intubation was necessary [87]. Mechanical ventilation with helium has the
potential to protect against ischaemic tissue damage after ischaemia-reperfusion has
been occurred. In an explorative study, we showed that helium ventilation is feasible
and can be safely used in patients treated with hypothermia after out-of-hospital car-
diac arrest [91]. No adverse events related to the helium ventilation occurred during 3
h of ventilation with the noble gas. In animals, heliox improved CO, removal during
lung protective mechanical ventilation [92] and allowed for lower minute volume venti-
lation in subjects with ventilator-induced lung injury [93]. Helium inhalation after in-
ducing adult respiratory distress syndrome in rats decreased neutrophil infiltration,
interstitial/intraalveolar oedema, perivascular and/or intraalveolar haemorrhage and
hyaline membrane formation [94]. Thus, next to non-invasive application of heliox, also
mechanically ventilation of adults and children with heliox should be considered [95].
However, in mechanically ventilated subjects with severe air-flow obstruction, adminis-
tration of heliox had no effect on indices of dynamic hyperinflation and resulted in only
a small reduction in arterial CO, tension [96]. Thus, it remains to be proven whether
heliox inhalation really benefits severely pulmonary compromised patients [84, 88].
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Summary and conclusion

Though translation to the clinical practice of the protective effects of many condition-
ing agents failed, the current data show potential organ-protective effects of helium not
only in animals but probably also in humans. Helium might therefore be of interest not
only for patients with ventilation disorders. As helium has no anaesthetic side effects
and no significant other off-target effects, it could be used in patients undergoing crit-
ical acute ischaemic events in numerous clinical situations. Whether application of he-
lium in these clinical situations really reduces cell and organ damage, thereby
improving patient outcome, needs further investigations.

Acknowledgements
Not applicable

Authors’ contributions
NCW and BP wrote the manuscript. Both authors read and approved the final manuscript.

Funding
There are no funding sources to be reported.

Availability of data and materials
Not applicable

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Received: 18 September 2019 Accepted: 9 December 2019
Published online: 19 December 2019

References

1. Baddeley AD, Flemming NC (1967) The efficiency of divers breathing oxy-helium. Ergonomics 10:311-319

2. Harris PD, Barnes R (2008) The uses of helium and xenon in current clinical practice. Anaesthesia 63:284-293

3. Berganza CJ, Zhang JH (2013) The role of helium gas in medicine. Med Gas Res 3:18

4. Smit KF, Weber NC, Hollmann MW, Preckel B (2015) Noble gases as cardioprotectants—translatability and mechanism. Br
J Pharmacol 172:2062-2073

5. Weber NC, Fréassdorf J, Ratajczak C et al (2008) Xenon induces late cardiac preconditioning in vivo: a role for
cyclooxygenase 27 Anesth Analg 107:1807-1813

6. Preckel B, Weber NC, Sanders RD et al (2006) Molecular mechanisms transducing the anesthetic, analgesic, and organ-
protective actions of xenon. Anesthesiology 105:187-197

7. Laitio R, Hynninen M, Arola O et al (2016) Effect of inhaled xenon on cerebral white matter damage in comatose
survivors of out-of-hospital cardiac arrest: a randomized clinical trial. JAMA 315:1120-1128

8. Arola O, Saraste A, Laitio R et al (2017) Inhaled xenon attenuates myocardial damage in comatose survivors of out-of-
hospital cardiac arrest. J Am Coll Cardiol 70:2652-2660

9. Hofland J, Ouattara A, Fellahi J-L et al (2017) Effect of xenon anesthesia compared to sevoflurane and total intravenous
anesthesia for coronary artery bypass graft surgery on postoperative cardiac troponin release: an international,
multicenter, phase 3, single-blinded, randomized noninferiority trial. Anesthesiology 127:918-933

10.  Oei GTML, Weber NC, Hollmann MW, Preckel B (2010) Cellular effects of helium in different organs. Anesthesiology 112:
1503-1510

11, Weber NC, Smit KF, Hollmann MW, Preckel B (2015) Targets involved in cardioprotection by the non-anaesthetic noble
gas helium. Curr Drug Targets 16:786-792

12. Aehling C, Weber NC, Zuurbier CJ et al (2017) Effects of combined helium pre/post-conditioning on the brain and heart
in a rat resuscitation model. Acta Anaesthesiol Scand 62:63-74

13. LiuY, Xue F, Liu G et al (2011) Helium preconditioning attenuates hypoxia/ischemia-induced injury in the developing
brain. Brain Res 1376:122-129

14. LiY, Zhang P, Liu Y et al (2016) Helium preconditioning protects the brain against hypoxia/ischemia injury via
improving the neurovascular niche in a neonatal rat model. Behav Brain Res 314:165-172

15. De Deken J, Rex S, Monbaliu D et al (2016) The efficacy of noble gases in the attenuation of ischemia reperfusion injury:
a systematic review and meta-analyses. Crit Care Med 44.:e886-e896

16. Murry CE, Jennings RB, Reimer KA (1986) Preconditioning with ischemia: a delay of lethal cell injury in ischemic
myocardium. Circulation 74:1124-1136

17. Reimer KA, Murry CE, Yamasawa | et al (1986) Four brief periods of myocardial ischemia cause no cumulative ATP loss
or necrosis. Am J Phys 251:H1306-H1315



Weber and Preckel Intensive Care Medicine Experimental (2019) 7:73

18. Yellon DM, Downey JM (2003) Preconditioning the myocardium: from cellular physiology to clinical cardiology. Physiol
Rev 83:1113-1151

19. Andrijchenko NN, Ermilov AY, Khriachtchev L et al (2015) Toward molecular mechanism of xenon anesthesia: a link to
studies of xenon complexes with small aromatic molecules. J Phys Chem A 119:2517-2521

20. Vinten-Johansen J, Yellon DM, Opie LH (2005) Postconditioning: a simple, clinically applicable procedure to improve
revascularization in acute myocardial infarction. Circulation 112:2085-2088

21, Przyklenk K, Whittaker P (2013) Genesis of remote conditioning: action at a distance -hypotheses non fingo'? J
Cardiovasc Med 14:180-186

22, Mdllenheim J, Ebel D, Bauer M et al (2003) Sevoflurane confers additional cardioprotection after ischemic late
preconditioning in rabbits. Anesthesiology 99:624-631

23. Obal D, Weber NC, Zacharowski K et al (2005) Role of protein kinase C-epsilon (PKCepsilon) in isoflurane-induced
cardioprotection. Br J Anaesth 94:166-173

24. Weber NC, Preckel B, Schlack W (2005) The effect of anaesthetics on the myocardium--new insights into myocardial
protection. Eur J Anaesthesiol 22:647-657

25. Ding Y-P, Zhang J-Y, Feng D-X et al (2017) Advances in molecular mechanism of cardioprotection induced by helium.
Med Gas Res 7:124-132

26.  Pagel PS, Krolikowski JG, Shim YH et al (2007) Noble gases without anesthetic properties protect myocardium against
infarction by activating prosurvival signaling kinases and inhibiting mitochondrial permeability transition in vivo. Anesth
Analg 105:562-569. https://doi.org/10.1213/01.ane.0000278083.31991.36

27. Pagel PS, Krolikowski JG, Pratt PF Jr et al (2008) Inhibition of glycogen synthase kinase or the apoptotic protein p53 lowers the
threshold of helium cardioprotection in vivo: the role of mitochondrial permeability transition. Anesth Analg 107:769-775

28.  Pagel PS, Krolikowski JG, Amour J et al (2009) Morphine reduces the threshold of helium preconditioning against
myocardial infarction: the role of opioid receptors in rabbits. J Cardiothorac Vasc Anesth 23:619-624

29.  Pagel PS, Krolikowski JG, Pratt PF et al (2008) The mechanism of helium-induced preconditioning: a direct role for nitric
oxide in rabbits. Anesth Analg 107:762-768

30. Hausenloy DJ, Ong S-B, Yellon DM (2009) The mitochondrial permeability transition pore as a target for preconditioning
and postconditioning. Basic Res Cardiol 104:189-202

31.  Pagel PS, Krolikowski JG (2009) Transient metabolic alkalosis during early reperfusion abolishes helium preconditioning
against myocardial infarction: restoration of cardioprotection by cyclosporin A in rabbits. Anesth Analg 108:1076-1082

32. Pagel PS, Krolikowski JG, Pratt PF et al (2008) Reactive oxygen species and mitochondrial adenosine triphosphate-
regulated potassium channels mediate helium-induced preconditioning against myocardial infarction in vivo. J
Cardiothorac Vasc Anesth 22:554-559

33. Heinen A, Huhn R, Smeele KMA et al (2008) Helium-induced preconditioning in young and old rat heart: impact of
mitochondrial Ca(2+) -sensitive potassium channel activation. Anesthesiology 109:830-836

34. Huhn R, Weber NC, Preckel B et al (2012) Age-related loss of cardiac preconditioning: impact of protein kinase A. Exp
Gerontol 47:116-121

35. Huhn R, Heinen A, Weber NC et al (2009) Helium-induced late preconditioning in the rat heart in vivo. Br J Anaesth 102:614-619

36.  Oei GTML, Aslami H, Kerindongo RP, et al (2015) Prolonged helium postconditioning protocols during early reperfusion do
not induce cardioprotection in the rat heart in vivo: role of inflammatory cytokines. J Immunol Res 2015:2015:2216798.

37. Oei GTML, Heger M, Van Golen RF et al (2014) Reduction of cardiac cell death after helium postconditioning in rats:
transcriptional analysis of cell death and survival pathways. Mol Med 20:516-526

38. Ferdinandy P, Hausenloy DJ, Heusch G et al (2014) Interaction of risk factors, comorbidities, and comedications with
sschemia/reperfusion injury and cardioprotection by preconditioning, postconditioning, and remote conditioning.
Pharmacol Rev 66:1142-1174

39. Oei GTML, Huhn R, Heinen A et al (2012) Helium-induced cardioprotection of healthy and hypertensive rat myocardium
in vivo. Eur J Pharmacol 684:125-131

40. Huhn R, Heinen A, Weber NC et al (2009) Helium-induced early preconditioning and postconditioning are abolished in
obese Zucker rats in vivo. J Pharmacol Exp Ther 329:600-607

41, Trudell JR, Koblin DD, Eger EI (1998) A molecular description of how noble gases and nitrogen bind to a model site of
anesthetic action. Anesth Analg 87:411-418

42. Dickinson R, Franks NP (2010) Bench-to-bedside review: molecular pharmacology and clinical use of inert gases in
anesthesia and neuroprotection. Crit Care 14:229

43, Tsutsumi YM, Kawaraguchi Y, Horikawa YT et al (2010) Role of caveolin-3 and glucose transporter-4 in isoflurane-
induced delayed cardiac protection. Anesthesiology 112:1136-1145

44, Pike LJ (2003) Lipid rafts: bringing order to chaos. J Lipid Res 44:655-667

45, Parton RG, Way M, Zorzi N, Stang E (1997) Caveolin-3 associates with developing T-tubules during muscle
differentiation. J Cell Biol 136:137-154

46.  Chun M, Liyanage UK, Lisanti MP, Lodish HF (1994) Signal transduction of a G protein-coupled receptor in caveolae:
colocalization of endothelin and its receptor with caveolin. Proc Natl Acad Sci U S A 91:11728-11732

47. Jawad N, Rizvi M, Gu J et al (2009) Neuroprotection (and lack of neuroprotection) afforded by a series of noble gases in
an in vitro model of neuronal injury. Neurosci Lett 460:232-236

48, Patel HH, Tsutsumi YM, Head BP et al (2007) Mechanisms of cardiac protection from ischemia/reperfusion injury: a role
for caveolae and caveolin-1. FASEB J 21:1565-1574

49.  Schilling JM, Roth DM, Patel HH (2015) Caveolins in cardioprotection - translatability and mechanisms. Br J Pharmacol
172:2114-2125

50.  Schilling JM, Head BP, Patel HH (2018) Caveolins as regulators of stress adaptation. Mol Pharmacol 93:277-285

51.  Sargiacomo M, Scherer PE, Tang Z et al (1995) Oligomeric structure of caveolin: implications for caveolae membrane
organization. Proc Natl Acad Sci U S A 92:9407-9411

52. Song KS, Scherer PE, Tang Z et al (1996) Expression of caveolin-3 in skeletal, cardiac, and smooth muscle cells. Caveolin-

3'is a component of the sarcolemma and co-fractionates with dystrophin and dystrophin-associated glycoproteins. J
Biol Chem 271:15160-15165

Page 12 of 14


https://doi.org/10.1213/01.ane.0000278083.31991.36

Weber and Preckel Intensive Care Medicine Experimental (2019) 7:73

53. Feron O, Balligand J-L (2006) Caveolins and the regulation of endothelial nitric oxide synthase in the heart. Cardiovasc
Res 69:788-797

54. Ballard-Croft C, Locklar AC, Kristo G, Lasley RD (2006) Regional myocardial ischemia-induced activation of
MAPKSs is associated with subcellular redistribution of caveolin and cholesterol. AJP: Heart Circ Physiol 291:
H658-H667

55.  Krajewska WM, Mastowska | (2004) Caveolins: structure and function in signal transduction. Cell Mol Biol Lett 9:195-220

56. Zuercher P, Springe D, Grandgirard D et al (2016) A randomized trial of the effects of the noble gases helium and argon
on neuroprotection in a rodent cardiac arrest model. BMC Neurol 16:43

57. Flick M, Albrecht M, Oei GTML et al (2016) Helium postconditioning regulates expression of caveolin-1 and -3 and
induces RISK pathway activation after ischaemia/reperfusion in cardiac tissue of rats. Eur J Pharmacol 791:718-725

58. Weber NC, Schilling JM, Warmbrunn MV et al (2019) Helium-induced changes in circulating caveolin in mice suggest a
novel mechanism of cardiac protection. Int J Mol Sci 20:2640

59.  Smit KF, Konkel M, Kerindongo R et al (2018) Helium alters the cytoskeleton and decreases permeability in endothelial
cells cultured in vitro through a pathway involving Caveolin-1. Sci Rep 8:4768

60. Sluijter JPG, Davidson SM, Boulanger CM et al (2018) Extracellular vesicles in diagnostics and therapy of the ischaemic
heart: Position paper from the working group on cellular biology of the heart of the European Society of Cardiology.
Cardiovasc Res 114:19-34

61.  Smit KF, Kerindongo RP, Boing A et al (2015) Effects of helium on inflammatory and oxidative stress-induced endothelial
cell damage. Exp Cell Res 337:37-43

62.  Smit KF, Oei GTML, Konkel M et al (2019) Plasma from volunteers breathing helium reduces hypoxia-induced cell
damage in human endothelial cells—mechanisms of remote protection against hypoxia by helium. Cardiovasc Drugs
Ther 33:297-306

63. Cheng JPX, Nichols BJ (2016) Caveolae: one function or many? Trends Cell Biol 26:177-189

64. Parton RG, Tillu VA, Collins BM (2018) Caveolae. Curr Biol 28:R402-R405

65. Braun S, Plitzko G, Bicknell L et al (2014) Pretreatment with helium does not attenuate liver injury after warm ischemia-
reperfusion. Shock 41:413-419

66. Zhang R, Zhang L, Manaenko A et al (2014) Helium preconditioning protects mouse liver against ischemia and
reperfusion injury through PI3k-Akt pathway. J Hepatol 61:1048-1055

67. Rizvi M, Jawad N, Li Y et al (2010) Effect of noble gases on oxygen and glucose deprived injury in human tubular
kidney cells. Exp Biol Med (Maywood) 235:886-891

68. Carmona M, Lopes RI, Borba M et al (2008) Comparison of the effects of carbon dioxide and helium
pneumoperitoneum on renal function. J Endourol 22:1077-1082

69. David HN, Haelewyn B, Chazalviel L et al (2009) Post-ischemic helium provides neuroprotection in rats subjected
to middle cerebral artery occlusion-induced ischemia by producing hypothermia. J Cereb Blood Flow Metab 29:
1159-1165

70. Haelewyn B, David HN, Blatteau J-E et al (2016) Modulation by the noble gas helium of tissue plasminogen activator:
Effects in a rat model of thromboembolic stroke. Crit Care Med 44:e383-e389

71. Pan 'Y, Zhang H, VanDeripe DR et al (2007) Heliox and oxygen reduce infarct volume in a rat model of focal ischemia.
Exp Neurol 205:587-590

72. Pan'Y, Zhang H, Acharya AB et al (2011) The effect of heliox treatment in a rat model of focal transient cerebral
ischemia. Neurosci Lett 497:144-147

73. LiY, Liu K, Kang ZM et al (2016) Helium preconditioning protects against neonatal hypoxia—-ischemia via nitric oxide
mediated up-regulation of antioxidases in a rat model. Behav Brain Res 300:31-37

74. Zhang R, Yu Y, Manaenko A et al (2019) Effect of helium preconditioning on neurological decompression sickness in
rats. J Appl Physiol 126:934-940

75. Zhuang L, Yang T, Zhao H et al (2012) The protective profile of argon, helium, and xenon in a model of neonatal
asphyxia in rats. Crit Care Med 40:1724-1730

76. Koziakova M, Harris K, Edge CJ et al (2019) Noble gas neuroprotection: xenon and argon protect against hypoxic. Br J
Anaesth 123:601-609

77. Smit KF, Brevoord D, Hert S et al (2016) Effect of helium pre- or postconditioning on signal transduction kinases in
patients undergoing coronary artery bypass graft surgery. J Transl Med 14:294

78. Smit KF, Oei GTML, Brevoord D et al (2013) Helium induces preconditioning in human endothelium in vivo.
Anesthesiology 118:95-104

79. Lucchinetti E, Wacker J, Maurer C et al (2009) Helium breathing provides modest antiinflammatory, but no endothelial
protection against ischemia-reperfusion injury in humans in vivo. Anesth Analg 109:101-108

80. Oei GT, Smit KF, vander Vondervoort D, et al (2012) Effects of helium and air inhalation on the innate and early adaptive
immune system in healthy volunteers ex vivo. J Transl Med 10:201.

81. Bathke P, Gallagher T (2009) Respiratory problems in accident and emergency--the role of helium-oxygen mixtures.
Anaesthesia 64:576

82. Chiappa GR, Queiroga F, Meda E et al (2009) Heliox improves oxygen delivery and utilization during dynamic exercise in
patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 179:1004-1010

83. Laveneziana P, Valli G, Onorati P et al (2011) Effect of heliox on heart rate kinetics and dynamic hyperinflation during
high-intensity exercise in COPD. Eur J Appl Physiol 111:225-234

84. Diehl J-L, Peigne V, Guérot E et al (2011) Helium in the adult critical care setting. Ann Intensive Care 1:24

85.  El-Khatib MF, Jamaleddine G, Kanj N et al (2014) Effect of heliox- and air-driven nebulized bronchodilator therapy on
lung function in patients with asthma. Lung 192:377-383

86. Abroug F, Ouanes-Besbes L, Hammouda Z et al (2017) Noninvasive ventilation with helium- oxygen mixture in
hypercapnic COPD exacerbation: aggregate meta-analysis of randomized controlled trials. Ann Intensive Care 7:59.
https://doi.org/10.1186/513613-017-0273-6

87. Jolliet P, Ouanes-Besbes L, Abroug F et al (2017) A multicenter randomized trial assessing the efficacy of helium/oxygen

in severe exacerbations of chronic obstructive pulmonary disease. Am J Respir Crit Care Med 195:871-880

Page 13 of 14


https://doi.org/10.1186/s13613-017-0273-6

Weber and Preckel Intensive Care Medicine Experimental (2019) 7:73

88.  Ferrer M, Torres A (2017) Noninvasive ventilation with helium/oxygen in chronic obstructive pulmonary disease exacerbations.
When physiologic improvement does not translate into clinical benefit. Am J Respir Crit Care Med 195:843-844

89. Clement K, Thurman T, Holt S et al (2015) Validation of volume delivery with the use of heliox in mechanical ventilation.
J Pediatr Intensive Care 02:39-44

90. Hurford WE, Cheifetz IM (2007) Respiratory controversies in the critical care setting. Should heliox be used for
mechanically ventilated patients? Respir Care 52:582-591

91. Brevoord D, Beurskens CJP, van den Bergh WM et al (2016) Helium ventilation for treatment of post-cardiac arrest
syndrome: a safety and feasibility study. Resuscitation 107:145-149

92. Beurskens CJ, Brevoord D, Lagrand WK et al (2014) Heliox improves carbon dioxide removal during lung protective
mechanical ventilation. Crit Care Res Pract 2014:954814

93. Beurskens CJ, Aslami H, de Beer FM et al (2013) Heliox allows for lower minute volume ventilation in an animal model
of ventilator-induced lung injury. PLoS One 8:¢78159

94. Yilmaz S, Daglioglu K, Yildizdas D et al (2013) The effectiveness of heliox in acute respiratory distress syndrome. Ann
Thorac Med 846

95. Beurskens CJP, Wosten-van Asperen RM, Preckel B, Juffermans NP (2015) The potential of heliox as a therapy for acute
respiratory distress syndrome in adults and children: a descriptive review. Respiration 89:166-174

96. Leatherman JW, Romero RS, Shapiro RS (2018) Lack of benefit of heliox during mechanical ventilation of subjects with

severe air-flow obstruction. Respir Care 63:375-379

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®

journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com

Page 14 of 14



	Abstract
	Background
	Conditioning organs against ischaemia
	What do we know about cardioprotection by helium (Table 1)
	A novel target for helium conditioning: membrane proteins “caveolins”
	Effects of helium in other organs
	Is the organ protection by helium translatable to the clinical situation?
	Ventilation improvement and lung-protective effects of helium
	Summary and conclusion
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

