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Abstract

The noble gas xenon has been shown to be protective in preconditioning settings against renal ischemic injury. The aims of
this study were to determine the protective effects of the other noble gases, helium, neon, argon, krypton and xenon, on
human tubular kidney HK2 cells in vitro. Cultured human renal tubular cells (HK2) were exposed to noble gas
preconditioning (75% noble gas; 20% O,; 5% CO,) for three hours or mock preconditioning. Twenty-four hours after gas
exposure, cell injury was provoked with oxygen-glucose deprived (OGD) culture medium for three hours. Cell viability was
assessed 24 h post-OGD by a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay. Other cohorts of
cultured cells were incubated in the absence of OGD in 75% noble gas, 20% O, and 5% CO, and cellular signals
phospho-Akt (p-Akt), hypoxia-inducible factor-1a (HIF-1«) and Bcl-2 were assessed by Western blotting. OGD caused a
reduction in cell viability to 0.382 + 0.1 from 1.0 + 0.15 at control (P < 0.01). Neon, argon and krypton showed no
protection from injury (0.404 + 0.03; 0.428 + 0.02; 0.452 + 0.02; P > 0.05). Helium by comparison significantly enhanced
cell injury (0.191 + 0.05; P < 0.01). Xenon alone exerted a protective effect (0.678 4+ 0.07; P < 0.001). In the absence of
OGD, helium was also detrimental (0.909 + 0.07; P < 0.01). Xenon caused an increased expression of p-Akt, HIF-1a and
Bcl-2, while the other noble gases did not modify protein expression. These results suggest that unlike other noble gases,

preconditioning with the anesthetic noble gas xenon may have a role in protection against renal ischemic injury.
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Introduction

Renal ischemia-reperfusion injury is an important clinical
concern associated with major surgical procedures that can
lead to the development of acute renal failure. This compli-
cation is known to have high mortality rates of up to 25%
after major vascular surgery.! Furthermore, current clinical
therapies of fluid management and pharmacological agents
are ineffective at preserving postoperative renal function.”
Preconditioning is the phenomenon in which a tissue is
conferred protection against a prolonged harmful insult if
previously exposed to shorter periods of harmful stimuli.
This effect is present in a variety of organs including the
kidney, most commonly with ischemic stimuli where brief
periods of ischemia followed by reperfusion protected renal
proximal tubules against the damaging effects of prolonged
hypoxia.” Further evidence confirms that varying cycles of
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ischemia and reperfusion induces protection.*> Other
pharmacological agents are able to induce cellular tolerance
against significant ischemia through activation of similar
intrinsic protective pathways known as cross-tolerance.
Helium, neon, argon, krypton and xenon are the first five
noble gases in the periodic table and are considered to be
chemically inert. Some of these gases are known to have anes-
thetic properties indicating a biological activity with xenon
being the most potent.” Aside from their known medical
uses, noble gases have been found to act as protective
agents against tissue injury. This is well established in neur-
onal injury, whereby several in vitro and in vivo models have
found xenon to be an effective neuroprotectant when adminis-
tered before oxygen-glucose deprivation (OGD) in a precon-
ditioning setting® or if co-administered with the injury.”
Helium has also been found to be a neuroprotectant in a
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model of traumatic brain injury, possibly through the action of
inducing hypothermia.'*"!

Noble gases also demonstrate other organoprotective
effects. The exposure of xenon during early reperfusion sig-
nificantly reduced infarct size after myocardial infarction."
This cardioprotective effect is suggested to be due to the
activation of protein kinase C and its downstream target
p-38 mitogen-activated protein kinases (MAPKs)." The pro-
tective effects of helium, neon and argon preconditioning
were investigated in a cardiac in vivo study.'* Argon alone
has been shown to protect cochlear hair cells against
damage in vitro."” Existing evidence suggests that xenon pre-
conditioning confers a degree of renoprotection thought to be
dependent on the activation of hypoxia-inducible factor-la
(HIF-1e) and its downstream effectors erythropoietin (EPO)
and vascular endothelial growth factor (VEGF).'® Indeed,
EPO induced the proliferation of HK2 cells in vitro and
reduced the degree of apoptosis of renal tubular cells."”

The aim of this study was to investigate whether the other
noble gases, helium, neon, argon and krypton, had similar
protective effects to the xenon-mediated attenuation of
OGD-induced cell death in human kidney cells.

Materials and methods
Cell culture

Stabilized cell line of human kidney cells (HK2), derived
from adult human kidney proximal tubular epithelial cells,
was used in our experiments (European Cell Culture
Collection, Salisbury, UK). They were cultured in Roswell
Park Memorial Institute 1640 medium, 1% L-glutamine
100 nmmol/L, 1% penicillin-streptomycin 100 U/ml and
5% fetal calf serum (Gibco, Invitrogen Ltd, Paisley, UK).
When 80% confluence was achieved, cells were trypsinated
in 0.25% trypsin-EDTA solution (Sigma-Aldrich, Dorset,
UK) and plated at a density of 4.8 x 10° cells/cm’ into
12-multiwell plates (Costar, Cambridge, MA, USA) and
incubated in a humidified 5% CO, aerobic incubator
(Automatic CO, incubator, NuAire, Caerphilly, UK) at
37°C. The culture medium was replaced every 24-48 h.

Gas exposure

Purpose-built airtight, temperature-controlled chambers
equipped with inlet and outlet valves and an internal elec-
tric fan were used to provide continuous delivery and
mixture of gases. The chamber was connected to calibrated
flow meters to obtain desired composition of noble gas,
nitrogen, carbon dioxide and oxygen. The chamber was
flushed for one hour before use to ensure a stable gas com-
position was achieved and a closed system was established
to prevent leakage. Gases were supplied by BOC Gases
(Surrey, UK), except xenon (Air Products Plc, Cheshire, UK).

Oxygen and glucose deprivation

The OGD technique was based on a previously described pro-
tocol.'® OGD solution is a balanced salt solution without
glucose consisting of 116 mmol/L NaCl, 5.4 mmol/L KCl,
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0.8 mmol/L MgSO,4, 1.0 mmol/L NaH,PO,, 26 mmol/L
NaHCO; and 1.8 mmol/L CaCl,. The solution was sterile fil-
tered and pH adjusted to 7.4 by the addition of 0.1 mmol/L
HCL. Before use, pure nitrogen gas was bubbled through for
15 min using sterile Drechsel bottles to remove oxygen from
the solution. Cells were washed sequentially with warmed
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES)
buffer solution (120 mmol/L NaCl, 54 mmol/L KCl,
0.8 mmol/L MgCl,, 1.8 mmol/L CaCl,, 15 mmol/L anhy-
drous D-glucose and 20 mmol/L HEPES) and warmed, pre-
pared OGD solution. The multiwell plates were then
cultured with 1 mL of warmed OGD solution and incubated
in airtight gas chambers for the indicated period exposed to
95% nitrogen and 5% CO, at 37°C.

After OGD treatment, cells were removed from the gas
chamber, the OGD solution was replaced with warmed
culture medium and placed in a humidified 5% CO, incuba-
tor at 37°C for 24 h.

OGD exposure time

To determine the optimum length of time for cell injury of
around 60%, multiwell plates of cells were exposed to inter-
vals of one, two, three or four hours of OGD injury by incu-
bating with the OGD solution and exposure to a hypoxic
environment of 95% nitrogen and 5% CO, in airtight gas
chambers at 37°C. After the injury time, the OGD solution
was replaced with prewarmed culture medium and cells
were placed in a humidified CO, incubator at 37°C for 24 h,
after which cell viability was assessed. For naive (negative)
control cultures, the medium was replaced with fresh pre-
warmed medium and left for 24 h in a CO, incubator at 37°C.

Preconditioning experiment

Prior to OGD injury, confluent plates of cells were placed in an
airtight gas chamber at 37°C. Cells were exposed to continu-
ous flow of 75% noble gas (helium, neon, argon, krypton or
xenon), 20% oxygen and 5% carbon dioxide for three hours.
After this preconditioning period, cells were placed into a
humidified CO, incubator at 37°C. OGD exposure was per-
formed 24 h later for three hours as this is the optimum
length of time to cause about 60% cell death from the previous
time-course study (see the Results section). For positive control
there was no preconditioning with a noble gas but only OGD
injury. For the negative control, the culture media were
replaced with fresh prewarmed media and placed in a CO,
aerobic incubator at 37°C. Cell viability tests for all groups
were performed 24 h after OGD insult.

Cell viability measure - MTT

Cell viability was assessed using a 3-(4,5-dimethyl-2-thiazo-
Iyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Merck
KGaA, Darmstadt, Germany) assay. MIT is converted from
a yellow solution to an insoluble purple formazan by the
action of mitochondrial dehydrogenases intracellularly. MTT
was diluted with minimum essential medium + Earle’s —
L-glutamine x 1 (Gibco, Invitrogen Ltd, Paisley, UK) to a con-
centration of 0.5 mg/mL. Cells were incubated with 600 uL of
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MTT solution for two hours followed by 1 mL of dimethyl-
sulfoxide (Fisher Scientific, Leicestershire, UK) to dissolve
the crystals and then mixed to achieve a homogeneous
purple color. The absorbance of dissolved formazan crystals
was spectrophotometrically assessed at a wavelength of
595 nm. Cell viability was calculated as a percentage of the
optical density of formazan in the treated group against that
in the control.

Western blotting

Proteins were extracted from the cultures that were only
exposed to noble gas exposure for three hours without
OGD insult, by the addition of cell lysis buffer. The
samples were then centrifuged at 14,000 rpm for 10 min
and protein quantification was performed. Each sample
containing 15 ug was then diluted with NuPage sample
buffer (Invitrogen Ltd, Paisley, UK) and warmed for five
minutes at 95°C. Samples were then analyzed by electro-
phoresis (20 pg/lane) onto a NuPage 4-12% Bis-Tris gel
(Invitrogen, Paisley, UK) for one hour. The proteins were
then transferred onto nitrocellulose membranes (Hybond
ECL, Amersham Biosciences, Piscataway, NJ, USA). The
membranes were blocked for three hours in 5% non-fat
powdered milk in Tris-buffered saline/Tween (50 mmol/L
Tris base, 150 mmol/L NaCl, 0.1% Tween 20, pH 7.4). The
membranes were then incubated with phospho-Akt
(p-AKT), HIF-la or Bcl-2 primary antibodies (1:1000
dilution) overnight at 4°C followed by secondary horse-
radish peroxidise-conjugated antibodies. Protein bands
were visualized using an enhanced chemoluminescence
system (Cell Signaling Technology, Hertfordshire, UK).
The membranes were then stripped and re-incubated with
monoclonal-anti-a-tubulin used as a loading control
(1:1000 dilution). The protein bands were captured with
image processor GeneSnap (Syngene, Cambridge, UK)
and their density measured with GeneTools software
(Syngene, Cambridge, UK) was nomalized with a-tubulin
and expressed as ratio of control for data analysis.

Statistical analysis

Data were expressed as a ratio of the naive control and pre-
sented as mean =+ standard deviation. Statistical analysis
was performed using one-way analysis of variance followed
by post hoc Student-Newman-Keuls test. A value of P <
0.05 was considered as a statistical significance.

Results
OGD injury

Cell viability analysis after varying times of oxygen and
glucose injury showed the induction of cell death after
three hours of injury. This was further confirmed by light
microscopy. In the naive control, cell viability was high
and taken as 1.0 £+ 0.15, and following injury there was a
significant reduction in viability to 0.38 + 0.1 (P < 0.01);
therefore, this length of time was used for further experi-
ments (Figure 1).

Preconditioning

Exposure of injured cells to xenon preconditioning was
shown to be protective with an increase in cell viability
from 0.38 + 0.1 to 0.68 £+ 0.07 (P < 0.001) compared with
the positive control (OGD) group. However, this viability
was still lower than the naive control (Figure 2a).

Neon, argon and krypton had no effect on cell viability
(0.40 £+ 0.03; 0.43 +0.02; 0.45+ 0.02; P > 0.05) compared
with the positive control. Helium preconditioning worsened
the injury in the presence of OGD. This reduction in cell via-
bility was statistically significant (0.19 £+ 0.05; P < 0.05)
(Figure 2a).

Toxicity

Without OGD, the noble gases neon, argon, krypton and
xenon had no significant effect on viability (0.98 + 0.02;
0.96 +0.07; 0.99 +0.04; 1.0+ 0.04; P> 0.05). However,
helium reduced cell viability compared with the naive
control (0.91 + 0.07; P < 0.05) (Figure 2b).

Cellular signals

The expression of cellular signals p-Akt, HIF-1aw and Bcl-2
were significantly increased in the presence of xenon
exposure alone compared with the naive control group
(P<0.05) (Figure 3a-c). There was a decrease in the
expression of HIF-la with neon, argon (P < 0.01) and
krypton (P < 0.05). Neon also decreased the expression of
Bcl-2. There was no significant change in signal expression
observed with helium.

Discussion

This study demonstrates that in the presence of OGD injury
to human kidney cells, xenon preconditioning is protective
against cell death and this is possibly mediated by the up-
regulation of survival factors p-Akt, HIF-la and Bcl-2. In
contrast, helium is cytotoxic to cells independent of the
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Figure 1 Human renal tubular cell (HK2) injury was provoked with a culture

medium of OGD for 1-4 h. The cell viability was determined with an MTT
assay and expressed as a ratio of the MTT value in control cultures. Mean +
standard deviation (n =12). *P < 0.05, **P < 0.01 versus Control. OGD, oxygen
and glucose deprivation; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide
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Figure 2 Effect of helium, neon, argon, krypton and xenon preconditioning
on human renal tubular cell viability. (a) In the presence and (b) absence of
OGD. Naive control is no ODG or other treatment; positive control is
OGD in the absence of exposure to noble gases. Mean + standard deviation
(n=12); *P <0.05, **P < 0.01 versus naive control; "P < 0.05, **P < 0.01
versus OGD. OGD, oxygen and glucose deprivation

presence of injury. Neon, argon and krypton exhibited no
effects on cell viability in this model.

These data support previous evidence that xenon precon-
ditioning is protective against cell injury. Most widely docu-
mented is the effect of xenon as a potent neuroprotectant.”*”
This action may be likely attributed to xenon competitively
binding at the §lycine binding site of the N-methyl-p-aspartic
acid receptor.?’ Experiments to determine the mechanism of
action of this protective effect have shown that xenon can
bind mostly to apolar amino acid residues, supporting the
notion that its biological activity can be attributed to the
induction of dipoles, an effect in which xenon has the greatest
ability.

Xenon preconditioning singularly had a protective effect
against OGD-induced injury. This was hypothesized to be
due to the upregulation of particular cell survival factors,
including p-Akt, HIF-1a and Bcl-2 as xenon exposure sig-
nificantly increased the expression of these factors com-
pared with the other noble gases. Phospho-Akt, a protein
kinase important in mediating cell growth, metabolism
and apoptosis,”’ has been shown to be a key regulator of
the preconditioning response by modulating several path-
ways activated in the presence of ischemic stimuli.”* These
include the expression of MAPKs, inhibition of proapoptotic
complex BAD and inhibition of voltage-gated anion chan-
nels important in limiting toxic calcium overload in the
mitochondria.”

Furthermore, xenon can independently increase the
expression of extracellular receptor kinases 1 and 2
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Figure 3 Effect of helium, neon, argon, krypton and xenon on p-Akt (a),
HIF-1a (b) and Bcl-2 (c) in human renal tubular cells in the absence of
oxygen and glucose deprivation. In each section, the top panel is the repre-
sentative bands from three independent experiments and the bottom panel
is the histogram chart derived from densitometry analysis of the three inde-
pendent experiments. Mean + standard deviation (n = 3); *P < 0.05; **P <
0.01 versus naive control. P-Akt, phospho-Akt; HIF-1«, hypoxia-inducible
factor-1«

(ERK1-2), which are downstream effectors of the p-Akt
pathway." Tt is thought that xenon can also activate a
cascade of prosurvival kinases, which is well documented
within the context of cardioprotection.** These pathways
may be shared by ischemic and anesthetic preconditioning;
in particular, the involvement of protein kinase C (PKC) and
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ERKs.?® Therefore, to better characterize the mechanism, it
would be useful to study the direct effects of xenon precon-
ditioning or the other noble gases on these kinases. There is
also an important effect on mitochondrial function after
xenon preconditioning, with alterations in the activity of
the mitochondrial permeability pore which could also be
implicated in the preconditioning response.”® Furthermore,
p-Akt can also activate HIF-1a through the mammalian
target of rapamycin pathway (mTOR), which causes adap-
tive changes in cell metabolism and proliferation.”” This
established link between p-Akt and HIF-la regulation
could be enhanced by the presence of xenon. The estab-
lished pathway within ischemic preconditioning is centered
around the involvement of PKC, which in turn activates the
PI3-kinase-Akt cascade.?® Indeed, xenon activating the
PI3-kinase-Akt pathway at preconditioning setting has
been well documented in neuronal cells recently.?

HIF-1a expression is increased in the presence of hypoxia;
however, xenon has been shown to cause a sustained increase
in HIF greater than that induced by hypoxia.'® This transcrip-
tion factor may act to increase transcriptional efficiency of its
downstream effectors EPO and VEGEF, which act to increase
cellular tolerance to hypoxia.>® Within the kidney, attenu-
ation of the enzyme HIF-hydroxylase caused an increase in
the activation of HIF-la that resulted in reduction in
tubular injury in mice in wvivo®' Additionally, this
HIF-mediated protection is thought to be important in the
late preconditioning phase of protection, which can appear
up to eight weeks later.>* This late stage relies on gene tran-
scription and translation of new proteins®* that is of particu-
lar relevance to the model employed in the present study
where the preconditioning occurred 24 h before injury.

Apoptotic cell death during ischemia can be mediated
through the intrinsic pathway due to the expression of
factors from the mitochondria in response to an increase
in calcium permeability. Bcl-2, an antiapoptotic protein
has been shown to be increased by the presence of ischemic
preconditioning and in the present studies. After xenon
exposure, enhanced expression of Bcl-2 was also observed
in neuronal cultures.® The dissociation of the apoptotic
BAD complex as a result of activation of preconditioning
pathways can lead to the release of Bcl-2, which is known
to inhibit the mitochondrial permeability transition pore
and reduce the overload of calcium, while decreasing the
release of the apoptotic factor cytochrome c¢ into the
cytosol.> The results suggest that the renoprotective
effects of xenon are mediated by a combination of altered
expressions of p-Akt, HIF-1a and Bcl-2. However, the path-
ways of Akt, BAD and p38 are worth analyzing further as
these have been suggested as part of the preconditioning
response.

In the present study helium enhanced cellular cytotoxi-
city. Previous experiments have found helium to have a pro-
tective role against neuronal injury and to be able to induce
preconditioning.'®'* However, these studies were in the
context of neuronal and cardiac protection and involved
different forms of injury.

The finding that helium itself is injurious to cells suggests
that this gas possesses cytotoxic properties. This has been
indicated previously by the use of helium during

laparoscopic surgery for intra-abdominal tumors, which
demonstrated that there was a greater degree of tumor cell
death when helium was utilized compared with other
gases, including carbon dioxide and xenon, where the
latter actually caused an increase in tumour mass.”
Further studies have also supported the findings that
helium can actively induce cell death.*®

Helium has been classified as a non-immobilizer, a gas
which is unable to produce anesthesia, suggesting an
alternative mode of action to the other anesthetic noble
gases, hence accounting for the unique detrimental effects
observed in our study reported here. Molecular modeling
using human serum protein has confirmed that helium pos-
sesses an alternative site of binding compared with xenon,
argon and krypton.”” Further experimentation has shown
that bonding with helium was predominately due to sur-
rounding nonspecific solvent bonding, as opposed to the
induced dipoles found with xenon, which additionally
explain the observed cytotoxic effect of helium.”®
Moreover, helium is the smallest noble gas and conse-
quently could easily fit within protein cavities and mem-
brane spaces and disrupt physiological bonding, thus
having an injurious effect on cells.

The gases neon, argon and krypton demonstrated no sig-
nificant effect on cell viability in the present studies.
However, cardiac preconditioning with these gases, and in
particular with argon, has been found to have cytoprotec-
tive effects.'*'> A neuroprotective effect has also been
demonstrated for argon by in vitro studies.® This discre-
pancy may be due to the differences in cell type (neurons
versus renal cells) and in experimental protocols (concurrent
exposure to OGD versus preconditioning). Unlike xenon,
other tested gases had either no effect or caused a decrease
in the expression of the cellular survival factors p-Akt, Bcl-2
and HIF-1a, which may explain their non-protective effect.
However, the lack of preconditioning observed may be
due to the expression of proapoptotic factors, although
limited evidence is currently available to suggest this.
Further experimentation is required to investigate the possi-
ble mechanisms of protection, lack of effect or toxicity
through changes of expression of apoptotic or cell survival
factors after preconditioning.

In summary, our data suggest that xenon preconditioning
is protective against cell death. This appears to be mediated
by the upregulation of survival factors p-Akt, Bcl-2 and
HIF-1a. In contrast, neon, argon and krypton exhibited no
effects on cell viability, while helium was cytotoxic.

Author contributions: All authors participated in the
design, interpretation of the studies and analysis of
the data and review of the manuscript. MR conducted the
experiments, YL supplied critical reagents, NJ, MPV and
MM contributed to study design and MR and DM wrote
the manuscript and designed the experimental protocol.

ACKNOWLEDGEMENTS

This work was supported by grants from ESA, Belgium
and the Westminster Medical School Research Trust,
London, UK.



Rizvi et al.

891

Protective and toxic effects of noble gases in vitro

REFERENCES

1

2

O

10

11

12

13

14

15

16

17

18

19

20

Swaminathan M, Stafford-Smith M. Renal dysfunction after vascular
surgery. Curr Opin Anaesthesiol 2003;6:45-51

Zacharias M, Gilmore IC, Herbison GP, Sivalingam P, Walker R].
Interventions for protecting renal function in the perioperative period.
Anesth Analg 2005;101:1558

Zager RA, Iwata M, Burkhart KM, Schimpf BA. Post-ischemic acute renal
failure protects proximal tubules from O, deprivation injury, possibly by
inducing uremia. Kidney Int 1994;45:1760-8

Bonventre JV. Kidney ischemic preconditioning. Curr Opin Nephrol
Hypertens 2002;11:43-8

Park KM, Chen A, Bonventre JV. Prevention of kidney ischemia/
reperfusion-induced functional injury and JNK, p38, and MAPK kinase
activation by remote ischemic pretreatment. | Biol Chem 2001;276:1870-6
Minguet G, Joris ], Lamy M. Preconditioning and protection against
ischaemia - reperfusion in non-cardiac organs: a place for volatile
anaesthetics? Eur | Anaesthesiol 2007;24:733-45

Koblin DD, Fang Z, Eger EI, Laster M], Gong D, Ionescu P, Halsey M],
Trudell JR. Minimum alveolar concentrations of noble gases, nitrogen,
and sulfur hexafluoride in rats: helium and neon as nonimmobilizers
(nonanesthetics). Anesth Analg 1998;87:419-24

Ma D, Hossain M, Pettet GK, Luo Y, Lim T, Akimov S, Sanders RD,
Franks NP, Maze M. Xenon preconditioning reduces brain damage from
neonatal asphyxia in rats. | Cereb Blood Flow Metab 2006;26:199-208
Wilhelm S, Ma D, Maze M, Franks NP. Effects of xenon on in vitro and in
vivo models of neuronal injury. Anesthesiology 2002;96:1485-91

Coburn M, Maze M, Franks NP. The neuroprotective effects of xenon
and helium in an in vitro model of traumatic brain injury. Crit Care Med
2008;36:588-95

David HN, Haelewyn B, Chazalviel L, Lecocq M, Degoulet M, Risso JJ,
Abraini JH. Post-ischemic helium provides neuroprotection in rats
subjected to middle cerebral artery occlusion-induced ischemia by
producing hypothermia. ] Cereb Blood Flow Metab 2009;29:1159-65
Preckel B, Mullenheim J, Moloschavij A, Thamer V, Schlack W. Xenon
administration during early reperfusion reduces infarct size after
regional ischemia in the rabbit heart in vivo. Anesth Analg
2000;91:1327-32

Weber NC, Toma O, Wolter JI, Obal D, Mullenheim J, Preckel B, Schlack
W. The noble gas xenon induces pharmacological preconditioning in the
rat heart in vivo via induction of PKC-epsilon and p38 MAPK. Br |
Pharmacol 2004;144:123-32

Pagel PS, Krolikowski JG, Shim YH, Venkatapuram S, Kersten JR,
Weihrauch D, Warltier DC, Pratt PF. Noble gases without anesthetic
properties protect myocardium against infarction by activating
prosurvival signalling kinases and inhibiting mitochondrial permeability
transition in vivo. Anesth Analg 2007;105:562-9

Yarin YM, Amarjargal N, Fuchs ], Haupt H, Mazurek B, Morozova SV,
Gross J. Argon protects hypoxia-, cisplatin- and gentamycin-exposed
hair cells in the newborn rat’s organ of Corti. Hear Res 2005;201:1-9
Ma D, Lim T, Xu J, Tang H, Wan Y, Zhao H, Hossain M, Maxwell PH,
Maze M. Xenon preconditioning protects against renal ischemic-
reperfusion injury via HIF-lalpha activation. ] Am Soc Nephrol
2009;20:713-20

Imamura R, Moriyama T, Isaka Y, Namba Y, Ichimaru N, Takahara S,
Okuyama A. Erythropoietin protects the kidneys against
ischemia-reperfusion injury by activating hypoxia inducible
factor-lalpha. Transplantation 2007;83:1371-9

Goldberg MP, Choi DW. Combined oxygen and glucose deprivation in
cortical cell culture: calcium-dependent and calcium-independent
mechanisms of neuronal injury. | Neurosci 1993;13:3510-24

Ma D, Wilhelm S, Maze M, Franks NP. Neuroprotective and neurotoxic
properties of the ‘inert’ gas, xenon. Br | Anaesth 2002;89:739-46
Dickinson R, Peterson BK, Banks P, Simillis C, Martin JC, Valenzuela CA,
Maze M, Franks NP. Competitive inhibition at the glycine site of the
N-methyl-D aspartate receptor by the anesthetics xenon and isoflurane:

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

evidence from molecular signalling and electrophysiology. Anesthesiology
2007;107:756-67

Scheid MP, Woodgett JR. PKB/AKT: functional insights from genetic
models. Nat Rev Mol Cell Biol 2001;2:760-8

Murphy E, Tong H, Steenbergen C. Preconditioning: is the Akt-ion in the
PIBK pathway? | Mol Cell Cardiol 2003;35:1021-5

Murphy E. Primary and secondary signalling pathways in early
preconditioning that converge on the mitochondria to produce
cardioprotection. Circ Res 2004;94:7-16

Preckel B, Weber NC, Sanders RD, Maze M, Schlack W. Molecular
mechanisms transducing the anesthetic, analgesic, and organ-protective
actions of xenon. Anesthesiology 2006,105:187-97

Das DK, Engelman RM, Maulik N. Oxygen free radical signalling in
ischemic preconditioning. Ann N 'Y Acad Sci 1999;874:49-65

Mio Y, Shim YH, Richards E, Bosnjak Z]J, Pagel PS, Bienengraeber M.
Xenon preconditioning: the role of prosurvival signalling, mitochondrial
permeability transition and bioenergetics in rats. Anesth Analg
2009;108:858 - 66

Majumder PK, Febbo PG, Bikoff R, Berger R, Xue Q, McMahon LM,
Manola ], Brugarolas J, McDonnell TJ, Golub TR, Loda M, Lane HA,
Sellers WR. mTOR inhibition reverses Akt-dependent prostate
intraepithelial neoplasia through regulation of apoptotic and
HIF-1-dependent pathways. Nat Med 2004;10:594 - 601

Speechly-Dick ME, Grover GJ, Yellon DM. Does ischemic
preconditioning in the human involve protein kinase C and the
ATP-dependent K channel? Studies of contractile function after
simulated ischemia in an atrial in vitro model. Circ Res 1995;77:1030-5
Limatola V, Ward P, Cattano D, Gu J, Giunta F, Maze M, Ma D. Xenon
preconditioning confers neuroprotection regardless of gender in a mouse
model of transient middle cerebral artery occlusion. Neuroscience
2010;165:874-81

Semenza GL. HIF-1: mediator of physiological and pathophysiological
responses to hypoxia. | Appl Physiol 2000;88:1474-80

Hill P, Shukla D, Tran MG, Aragones J, Cook HT, Carmeliet P, Maxwell
PH. Inhibition of hypoxia inducible factor hydroxylases protects against
renal ischemia-reperfusion injury. ] Am Soc Nephrol 2008;19:39-46

Loor G, Schumacker PT. Role of hypoxia-inducible factor in cell survival
during myocardial ischemia -reperfusion. Cell Death Differ 2008;15:686-90
Ma D, Hossain M, Chow A, Arshad M, Battson RM, Sanders RD,
Mehmet H, Edwards AD, Franks NP, Maze M. Xenon and hypothermia
combine to provide neuroprotection from neonatal asphyxia. Ann Neurol
2005;58:182-93

Tsujimoto Y, Shimizu S. VDAC regulation by the Bcl-2 family of proteins.
Cell Death Differ 2000;7:1174-81

Jacobi CA, Wildbrett P, Volk T, Muller JM. Influence of different gases
and intraperitoneal instillation of antiadherent or cytotoxic agents on
peritoneal tumor cell growth and implantation with laparoscopic
surgery in a rat model. Surg Endosc 1999;13:1021-5

Dahn S, Schwalbach P, Wohleke F, Benner A, Kuntz C. Influence of
different gases used for laparoscopy (helium, carbon dioxide, room air,
xenon) on tumor volume, proliferation, and apoptosis. Surg Endosc
2003;17:1653-7

Seto T, Isogai H, Ozaki M, Nosaka S. Noble gas binding to human serum
albumin using docking simulation: nonimmobilizers and anesthetics
bind to different sites. Anesth Analg 2008;107:1223-8

Trudell JR, Koblin DD, Eger EI. A molecular description of how noble
gases and nitrogen bind to a model site of anesthetic action. Anesth Analg
1998;87:411-18

Jawad N, Rizvi M, Gu J, Adeyi O, Tao G, Maze M, Ma D.
Neuroprotection (and lack of neuroprotection) afforded by a series of
noble gases in an in vitro model of neuronal injury. Neurosci Lett
2009;460:232-6

(Received December 1, 2009, Accepted January 27, 2010)



