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Abstract 

 

Xenon is a noble gas that establishes neuroprotection, anesthesia 

and serves as a contrast agent in nuclear medicine. Its lack of side 

effects, safe cardiovascular and organoprotective profiles as well as 

effective neuroprotective role favor its applications in clinics. 

Xenon performs its anesthetic and neuroprotective functions 

through binding to glycine site of glutamatergic N-methyl-D-

aspartate (NMDA) receptor competitively and blocking it. This 

blockage inhibits the overstimulation of NMDA receptors, 

preventing the following calcium accumulation cascades. Xenon is 

also used in combination therapies together with hypothermia. The 

neuroprotective effects of xenon and hypothermia cooperate 

synergistically whether they are applied synchronously or 

asynchronously. In addition, xenon demonstrates many favorable 

pharmacodynamic and pharmacokinetic properties, which could be 

used in certain clinical settings (cardiopulmonary bypass). This gas 

is capable of interacting with a variety of molecular targets, and 

some of them are modulated in anesthesia-relevant brain regions. 

Besides these anesthetic and analgesic effects, xenon has been 

shown to exert substantial organoprotective properties, especially in 

the brain and the heart. Several experimental studies have 

demonstrated a reduction in cerebral and myocardial infarction after 

xenon application. Distinguishing properties of xenon promise for 

innovations in medical gas field. 
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Introduction to Xenon, its Physical and 

Chemical Properties. 

 

Xenon is the 54th element in the Periodic 

Table of the Elements and derives its name 

from the Greek word ―stranger‖ (Sanders et 

al., 2003). It was discovered in 1898 by 

William Ramsay and Morris Travers in the 

residue left after evaporating the 

components of liquid air. At room 

temperature and atmospheric pressure xenon 

exists as a heavy, colorless, odorless gas but 

liquid and solid phases are easily obtained 

within an experimentally accessible range of 

temperatures and pressures (Cherubini et al., 

2003; Cook, 1961).  It presents in nature in 

nine stable isotopes; more than 35 unstable 

isotopes have been characterized (
133

Xe is 

used as a radioisotope in nuclear medicine). 

Due to its fully occupied external electronic 

orbitals xenon is chemically inert. However, 

it has a low ionization potential, allowing its 

electron shell to be polarized by surrounding 

molecules. Large and highly polarisable 

electron cloud makes xenon strongly 

lipophilic (Clever, 1979). Due to its 

lipophilic properties liquid xenon is an ideal 

solvent for a number of small organic 

compounds (Marshall et al., 1981; Rentzepis 

et al., 1981), while its high polarizability 

gives rise to significant, but not chemically 

or structurally disruptive interactions 

between xenon and other molecules in 

solution. Thus, xenon can associate with 

aminoacids in the active site of enzymes 

(Prange et al., 1998; Schiltz et al., 1995; 

Jawad et al., 2009; Preckel et al., 2006; 

Esencan et al., 2013; Tilton et al., 1982; 

Landon et al., 2001; Spence et al., 2001; 

Schoenborn et al., 1965; Trudell et al., 1998; 

Wishnia, 1969; Ewing et al., 1970; Quillin et 

al., 2000; McKim et al., 1994; Anderson et 

al., 1993; Hasegawa et al., 1999; Brunori et 

al., 2001; Schiltz et al., 1994; Soltis et al., 

1997) and these enzymes form a specific 

binding cavity for a single xenon atom 

without inducing major changes in protein 

structure. Xenon is used commercially for 

lasers (Maze, 2016; Patel et al., 1962), high-

intensity lamps (Maze, 2016; Shuaibov et 

al., 2003), plasma screens (Maze, 2016; 

Marin, 2001), propellant in the aerospace 

industry (Maze, 2016; Glenn, 2008), x-ray 

tubes, and medical applications, including 

imaging (Maze, 2016; Marcucci et al., 2001; 

Nisticò et al., 2008; Ko et al., 2005; Coles, 

2007; Latchaw et al., 2003; Wintermark  et 

al., 2005; Kubota et al., 2012; Mountz et al., 

2003; Saha et al., 1994) and anesthesia. 

Figure 1 summarizes xenon applications. 
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Figure 1 

 
 

 

Figure 1. Schema summarizing xenon‘s applications. Noble gas xenon is used in various fields. In 

medicine, xenon can be utilized as a neuroprotective, anesthetic and a contrast agent. It can also be used 

in the field of optics (adopted from Esencan et al., 2013). 

 

Use of Xenon in Anesthesia 

 

After xenon‘s discovery in 1898, A. R. 

Behnke Jr. used different breathing mixtures 

including xenon in his studies (Marx et al., 

2000). He concluded that xenon could be 

used as an anesthetizing agent with the 

results obtained from his trials in 1939. 

Following this outcome, xenon was used as 

a surgical anesthetic agent for the first time 

by S. C. Cullen and Gross in 1951 (Cullen et 

al., 1951). This was the first report in the 

English literature of xenon clinical use for 

general anesthesia. At approximately the 

same time, a group of physiologists at the 

University of California reported xenon‘s 

anesthetic properties (Maze, 2016; 

Lawrence et al., 1946). Within five years, 

this preclinical finding was advanced to 

patients (Marx et al., 2000; Dworschak, 

2008); it took further five decades, however, 

before marketing authorization was granted 

for the use of xenon as a general anesthetic. 

The Russian Federation was first to approve 

its use, possibly because of its notoriety as 

the purported anesthetic for the Russian 

President‘s heart surgery in 1996 (Maze, 

2016). Since then, Western Europe has 

approved its use. However, xenon remains 

without marketing authorization for use as 

an anesthetic in North America. Certain 

factors, including its scarcity, the high cost 

of xenon purification from the atmosphere 

by fractional distillation as well as 
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competition posed by high-spend industries, 

such as aerospace make difficult to justify 

its value for general anesthesia. Xenon has 

yet to be tested for pediatric anesthesia 

where its potential in preventing anesthetic 

induced developmental toxicity may direct 

its use as an anesthetic for this vulnerable 

patient population (Maze, 2016). 

 

As a general anesthetic, xenon possesses 

many advantages. It is proven that xenon 

doesn‘t have any side effects to human body 

(Esencan et al., 2013; Kratzer et al., 2012; 

Rossaint et al., 2003; Lynch et al., 2000). It 

has been shown in vitro that xenon does not 

cause any coagulation (Horn et al., 2001) or 

platelet dysfunction (de Rossi et al., 2001). 

It also does not deteriorate hepatic or renal 

functions (Bedi et al., 2003; Reinelt et al., 

2002) and does not impact the immune 

system (Bedi et al., 2002). Besides its 

organoprotective property, xenon‘s blood-

gas partition coefficient is extremely small 

(0.115), which results in a rapid onset and 

offset of its action (Esencan et al., 2013; Liu 

et al., 2013). It has a safe cardiovascular 

profile (Dworschak, 2008) and ability to 

penetrate through blood brain barrier 

without extensive effort (Kelen et al., 2010; 

Dworschak, 2008; David et al., 2008). These 

advantageous properties enable xenon to 

have a rapid induction, which is a key 

element in anesthesia (Liu et al., 2011; 

Dworschak, 2008). Moreover, xenon is non-

teratogenic (Kelen et al., 2010) and non-

fetotoxic (Joyce, 2000; Lane et al., 1980). Its 

lack of teratogenicity can produce profound 

analgesia which thereby inhibits the surgery 

induced hemodynamic and catecholamine 

responses. It is also a potent hypnotic and 

does not produce hemodynamic depression 

because it has no influence (at least in part) 

on some important ion channels (Jordan et 

al., 2010; Sanders et al., 2003). Xenon is a 

good candidate for being an ideal anesthetic 

because of not only its beneficial effects, but 

also its lack of toxicity. It does not have any 

effect on hematological and biochemical 

variables (Bedi et al., 2003), is non-reactive 

in the body and is disposed from the lungs 

without interfering with hepatic and renal 

systems, thus, not impairing hepatic or renal 

function (Bedi et al., 2003; Reinelt et al., 

2002). Xenon has such further advantages as 

neuroprotective (Banks et al., 2010) and 

cardioprotective (Pagel, 2010; Preckel et al., 

2000) effects. It has preferred hemodynamic 

stability (Tonner, 2006) and rapid perfusion 

to specific organs (Marx et al., 2000). As a 

result, xenon correlates with maintaining a 

slower heart rate and a greater arterial 

pressure value better than other anesthetics 

(Baumert, 2009). This adventitious 

cardiovascular profile enables the usage of 

xenon as an anesthetic agent during the 

operations on patients having coronary 

artery disease with tachycardia and low 

arterial pressure that are life threatening for 

them (Sprung et al., 2000). 

 

Other than being non-hazardous to 

cardiovascular system, xenon can be also 

used as an anesthetic agent because of its 

additional neuroprotective role (Franks et 

al., 1998; Schmidt et al., 2005). Most 

general anesthetics induce anesthesia by 

potentiation of gamma-amino butyric acid 

receptor which is an inhibitory synaptic 

receptor (Esencan et al., 2013). Xenon, on 

the other hand, performs its anesthetic role 
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by blocking N-methyl-D-aspartate (NMDA) 

receptor similar to its neuroprotective 

mechanism (Franks et al., 1998; Liu et al., 

2011). This blockage inhibits excitatory 

neurotransmission of NMDA receptors and 

thus, causes anesthesia. Franks et al. proved 

that 80% xenon decreased NMDA-activated 

currents by approximately 60%. Xenon‘s 

blockage of NMDA receptors enables it to 

have anesthetic effects, since NMDA 

receptors are involved in synaptic 

mechanisms of perception of pain, learning 

and memory (Franks et al., 1998). It is 

claimed that xenon induces anesthesia also 

by activating two pore domain background 

potassium channel TREK-1 (Sanders et al., 

2005). Once activated, these channels cause 

neuronal hyperpolarization. Consequently, 

cellular excitability is decreased and 

anesthesia is provided (Heurteaux et al., 

2004; Sanders et al., 2004). The following 

section reviews different mechanisms of 

xenon anesthetic action. 

 

Proposed Mechanisms for Anesthetic 

Action 

 

Receptor Effects 

While several molecular targets in 

anesthesia-relevant brain regions are 

modulated by xenon, there is still no direct 

evidence to support one mechanism, but the 

role of glutamate receptors seems to be 

pivotal (Nagele et al., 2004; Nagele et al., 

2005). Most general anesthetics act on one 

or more super-families of ligand-gated ion 

channels (Franks et al., 1994). Recent data 

indicate that xenon induces anesthesia in a 

unique way by inhibiting excitatory 

glutamatergic signaling (Nagele et al., 

2005), although it remains unclear which 

subtype of glutamate-gated receptors is 

responsible for xenon‘s effects. This is 

certainly a feasible mechanism of anesthesia 

(Dildy-Mayfield et al., 1996; Krasowski et 

al., 1999); it also has a potential to explain 

the difference in potency between 

halogenated agents and xenon. Which of the 

three subtypes of postsynaptic glutamate-

gated ion channels is the prime target is 

currently under debate; however, the current 

evidence firmly indicates that xenon inhibits 

NMDA receptor signaling by competing for 

binding at the glycine coactivation site 

(Dickinson et al., 2007) through an 

interaction with a phenylalanine residue 

(Armstrong et al., 2012). This is regarded as 

the prime mechanism for xenon to induce 

anesthesia. 

 

Xenon has little or no effect on the 

inhibitory GABAA receptors in 

hippocampal neurons (Franks et al., 1998), 

which are quite sensitive to several other 

gaseous anesthetics (Franks et al., 1994). 

There is no effect of xenon on GABAergic 

inhibitory postsynaptic currents or on 

currents evoked by exogenous application of 

GABA in cultured neurons containing 

excitatory and inhibitory synapses (De 

Sousa et al., 2000). At the same time, in 

recombinant GABA receptor complexes 

expressed in human embryonic kidney cells 

xenon enhances the inhibitory GABAergic 

transmission (Hapfelmeier et al., 2000; 

Yamakura et al., 2000). In human 

homomeric glycine receptors xenon 

potentiates the current response, suggesting 

a contribution to the prolongation of the 

inhibitory postsynaptic potential (Daniels et 
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al., 1998). However, because xenon exerts 

little effect on inhibitory neurotransmission 

in neuronal systems, there is currently little 

evidence to suggest that effects at GABA 

and glycine receptors contribute to the 

xenon anesthetic state. It is shown that 

xenon inhibits neuronal acetylcholine 

(nACh) receptors responsible for modulating 

transmitter release in neurotransmission 

(Yamakura et al., 2000; Mori et al., 2001). 

This effect is noncompetitive and voltage 

independent. (Suzuki et al., 2003). It also 

activates TREK channels, which are 

proposed as a target for general anesthesia 

(Gruss et al., 2004; Nicoll et al., 1992; Patel 

et al., 2001). 

 

Besides NMDA receptor, there are two other 

glutamate receptors – α-amino-3-hydroxy-5-

methyl-4 isoxazolole propionate (AMPA) 

receptor and kainate receptor, which are 

called ―non-NMDA receptors‖. Since the 

structures of these three glutamate receptors 

are very similar, both AMPA and kainate 

receptors are additional molecular targets for 

xenon (Dinse et al., 2005). Most studies 

confirm that xenon causes anesthesia by 

inhibiting NMDA receptors, whereas the 

studies of its effects on AMPA and kainate 

receptors are contradictory (Georgiev et al., 

2010). In a study performed by Plested et 

al., the sensitivity of AMPA receptor to 

xenon is observed by bath application of 

xenon and recording the resulting ionic 

currents (Plested et al., 2004). When kainate 

is used as an artificial agonist, xenon blocks 

AMPA receptor due to desensitizing 

response elicited by kainate. When 

glutamate, a natural agonist of AMPA 

receptor is used rather than kainate xenon 

does not block AMPA receptor due to lack 

of desensitization. Therefore, it is concluded 

that the sensitivity of AMPA receptor to 

xenon depends on desensitization and that 

AMPA receptor is not blocked during 

anesthesia with xenon (Plested et al., 2004). 

Dinse et al., on the other hand, demonstrate 

by using voltage-clamped cortical neurons 

from embryonic mice that desensitization 

still occurs with the fast application of 

glutamate. Xenon blocks AMPA and kainate 

receptors even when glutamate is used as the 

agonist, so it is concluded that the blockage 

of AMPA and kainate receptors in cortical 

neurons contributed to xenon‘s anesthetic 

property (Dinse et al., 2005). Georgiev et al. 

agree that xenon performes its anesthetic 

action by blocking both NMDA and AMPA 

receptors but they claim that this blockage 

occurs in spinal cord dorsal horn neurons 

rather than cortical neurons (Georgiev et al., 

2010). Thus, the role of AMPA and kainite 

receptors in xenon‘s anesthetic action is not 

as clear as the role of NMDA receptor 

(Dinse et al., 2005). Further investigations 

are needed for understanding xenon‘s 

anesthetic mechanisms. 

 

Second Messenger Signaling 

General anesthesia may result from 

interference at the synaptic level of Ca
2+

–

dependent transmitter release; in addition, 

modulation of second messenger systems 

may alter postsynaptic neuronal responses to 

released neurotransmitter. Changes in 

neuronal Ca
2+

 homeostasis may alter 

neurotransmission in the brain and 

contribute to the production of the anesthetic 

state. It is shown that in human endothelial 

cells incubated with xenon only the first part 
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of the adenosine triphosphate–induced Ca
2+

 

response is observed, and the Ca
2+

–

dependent Ca
2+

 influx is absent (Petzelt et 

al., 1997). These data indicate that xenon 

affects mechanisms regulating the Ca
2+

 

release–activated Ca
2+

–channel of plasma 

membranes. The plasma membrane Ca
2+

–

adenosine triphosphatase (PMCA) is one 

Ca
2+

 transport system found in neurons 

responsible for maintaining low cytosolic 

calcium concentrations (Penniston et al., 

1994). It turns out that xenon inhibits PMCA 

pump activity, resulting in an increase in 

neuronal Ca
2+

 concentration and alters 

excitability in brain synaptic plasma 

membranes and glioma cells (Franks et al., 

1995; Singh et al., 1995). This effect 

presumably results from a conformational 

change that occurs when xenon binds to 

nonpolar sites inside the protein (Lopez et 

al., 1995) as well as non-specific 

interactions between the xenon and the lipid 

membrane (Xu et al., 1997). Xenon 

increases phospholipid methylation and 

simultaneously depresses PMCA activity 

(Horn et al., 1995). It also exerts some 

effects on second messenger signaling; 

however, currently it is unclear how this 

causally relates to the induction of 

anesthesia. 

 

Neurotransmitter Release 

The hypothalamus is a crucial homeostatic 

center in the brain, and the noradrenergic 

neuronal activity therein modulates 

physiologic states including consciousness 

and the cardiovascular system. The posterior 

hypothalamus is involved in the regulation 

of the autonomic nervous system, and an 

increase in norepinephrine concentration in 

the posterior hypothalamus increases 

sympathetic tone. It is shown that xenon 

stimulates noradrenergic neurons in the 

hypothalamus (Yoshida et al., 2001). This 

may be one mechanism contributing to the 

hypnotic and the sympathotonic effects of 

xenon. In the cerebral cortex, xenon induces 

an initial increase in ACh release, followed 

by a gradual decrease (Shichino et al., 

2002). In addition, xenon had no effect on 

acetylcholinesterases (Ishiguro et al., 2003). 

Currently, the relevance of xenon‘s effects 

on the cholinergic system to the mechanisms 

of anesthesia, amnesia, analgesia, and organ 

protection requires further study. 

 

Neuroprotective Properties of Xenon. 

 

Excitotoxicity 

Over-activation of glutamate receptors is 

involved in a number of pathological 

processes. Excessive entry of calcium, 

mediated by N-methyl-D-aspartate (NMDA) 

receptors, triggers biochemical cascades that 

ultimately lead to neuronal cell death. This 

neurotoxicity due to over-activation of 

NMDA receptors, termed excitotoxicity by 

Olney (Olney, 1969) is considered to 

underlie the acute neuronal injury observed 

following insults such as stroke, cardiac 

arrest, and traumatic brain injury (TBI). 

NMDA receptor antagonists are 

neuroprotective in in vitro and in vivo brain 

injury models (Choi et al., 1988). 

 

Following the discovery that xenon inhibits 

NMDA receptors (Franks et al., 1998) it is 

shown that xenon can protect neuronal cell 

cultures against injury induced by NMDA, 

glutamate, or oxygen-glucose deprivation 
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(Wilhelm et al., 2002). The same study 

shows xenon to be neuroprotective in vivo 

against neuronal injury caused by 

subcutaneous injection of N-methyl-D,L-

aspartate. Subsequently, this finding was 

corroborated in an in vitro model of hypoxia 

(Petzelt et al., 2003) and in an in vivo model 

of stroke (David et al., 2003). It turns out 

that xenon decreases acute neuronal injury 

in response to both the exogenous 

administration of excitotoxins or through 

deprivation of oxygen and glucose in a 

neuronal– glial coculture system (Wilhelm 

et al., 2002). In vivo, xenon prevents the 

morphologic and functional consequences of 

acute neuronal injury provoked by ischemia 

(middle cerebral artery occlusion) (Homi et 

al., 2003), cardiopulmonary bypass (Ma et 

al., 2003) and excitotoxins (Wilhelm et al., 

2002). 

 

Interestingly, recent crystallographic data on 

the binding of xenon to the Annexin V 

protein suggest that xenon may disrupt 

conformational changes in this protein 

(Dickinson et al., 2010; Colloc‘h et al., 

2007). Consistent with competitive 

inhibition at the NMDA-receptor glycine 

site, xenon inhibits the NMDA receptor 

more potently at low glycine concentrations 

than at high glycine concentration. Besides 

competitive inhibition at the glycine site, 

xenon has an additional noncompetitive 

inhibition component (Dickinson et al., 

2007). It is possible that xenon‘s mixed 

competitive and noncompetitive inhibition 

underlies its beneficial profile compared 

with other NMDA receptor antagonists. 

 

Several NMDA antagonists have been 

clinically evaluated for their putative 

neuroprotective properties. Gavestinel (with 

activity at the glycine co-agonist site) and 

magnesium sulfate (an open pore blocker) 

are among the most recent, but neither has 

sufficient efficacy, possibly because of poor 

central nervous system (CNS) penetrability 

(Haley et al., 2005; Saver et al., 2015). 

Other NMDA receptor antagonists, such as 

nitrous oxide, ketamine, and dizocilpine 

(MK-801) have intrinsic neurotoxicity (Ma 

et al., 2002). As compared, xenon not only 

avoids these neurotoxic effects but also 

ameliorates the injury produced by other 

NMDA antagonists (Nagata et al., 2001). It 

is shown that many NMDA receptor 

antagonists (such as ketamine and nitrous 

oxide) may reduce the neuronal damage 

after cerebral ischemia but concomitantly 

produce psychotomimetic side effects (Allen 

et al., 1990; Jevtovic-Todorovic et al., 

1998). These effects are not observed, 

however, after xenon administration (Ma et 

al., 2002).  A reliable marker of neuronal 

toxicity is the c-Fos expression in distinct 

cerebral regions (Gass et al., 1993).  Xenon, 

in contrast to nitrous oxide or ketamine, 

does not induce c-Fos expression in the 

retrosplenial and posterior cingulate nuclei 

in vivo (Ma et al., 2002) and therefore, is not 

neurotoxic.  Also, the combined use of 

NMDA receptor antagonists may exacerbate 

neurotoxicity. Nagata et al. demonstrate that 

nitrous oxide alone produces a small amount 

of c-Fos expression but significantly 

enhances ketamine-induced neurotoxicity 

(Nagata et al., 2001). In contrast, xenon 

alone exhibits no neurotoxicity; it reduces 

concentration-dependently the ketamine-
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induced c-Fos expression in posterior 

cingulate and retrosplenial cortices, which 

indicates the reduction of ketamine 

neurotoxicity (Nagata et al., 2001). Reasons 

for xenon‘s relative lack of neurotoxicity 

may relate to both the site of its action on 

the NMDA receptor as well its neutral effect 

on spontaneous dopamine release that the 

other NMDA antagonists enhance 

(Sakamoto et al., 2006). 

 

Existing data distinguish the actions of 

xenon as a competitive inhibitor of NMDA 

receptors from well-established open-

channel blockers of NMDA receptors, such 

as ketamine and MK-801. Open-channel 

blockers of NMDA receptors invariably 

show changed kinetics following the 

application of the agonist in the presence of 

the inhibitor. For example, when NMDA is 

applied to NMDA receptors, the rate of 

closure of the channel is always much faster 

than that observed with an open-channel 

blocker, such as ketamine or MK-801 

(Parsons et al., 1993). In the presence of 

xenon, there is no increase in the rate of 

NMDA response (Franks et al., 1998; 

Dickinson et al., 2007). Also, open-channel 

blockers, such as ketamine, invariably 

increase the decay of excitatory postsynaptic 

currents (Emnett et al., 2015) but this is not 

observed with xenon (De Sousa et al., 2000). 

Thus, with both heterologous expression 

systems and intact synapses, xenon does not 

behave as an open channel blocker, which 

may be an additional reason why it lacks 

neurotoxicity seen with other NMDA 

antagonists. 

 

Modulation of Background (‘‘leak’’) 

Potassium Conductance 

Activation of the two-pore potassium 

channels (K2p channels) tends to 

hyperpolarize the membrane potential, 

taking it farther from an activation 

threshold. These TREK-1 channels are the 

mediating mechanism by which 

polyunsaturated fatty acids produce 

neuroprotection (Honore, 2007). Genetically 

modified mice that lack TREK-1 channels 

perform poorly in models of cerebral 

ischemia, highlighting the importance of this 

molecular species in the organism‘s defense 

against acute neuronal injury (Heurteaux et 

al., 2004). Xenon is shown to activate the 

species (TREK-1)
B 

of these channels, with 

activation being critically dependent on the 

specific amino acid residue (Glu306). It is 

notable that other NMDA antagonists, 

including nitrous oxide and cyclopropane, 

also activate TREK-1 (Gruss et al., 2004). 

 

Modulation of Neuroapoptosis 

 

Xenon is found to reduce neuronal apoptosis 

following brain injury in many models 

(Cattano et al., 2011; Shu et al., 2010; Yang 

et al., 2012). It is shown that acute neuronal 

ischemic injury provokes sequential waves 

of signalling mechanisms, which 

successively results in neuronal death at 

different times. While excitotoxicity features 

early in the processes, resulting in neuronal 

death, apoptosis (i.e., programmed cell 

death) follows later through signalling 

mechanisms that are well defined (Young et 

al., 2004). Xenon reduces the expression of 

pro-apoptotic genes, such as BAX (Ma et 

al., 2005) and increases the expression of 
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anti-apoptotic proteins, such as Bcl-xL (Ma 

et al., 2005) and Bcl-2 (Ma et al., 2005; 

Zhuang et al., 2012) resulting in a 

significant decline in neuroapoptosis. (Ma et 

al., 2005). 

 

Modulation of Neuroinflammation 

Several investigators have reported that 

circulating immune cells traverse the blood-

brain barrier following acute injury 

(Ishikawa, et al., 2004), while the ischemic 

brain activates the resident microglia cells. 

These activated macrophages propagate the 

ongoing neuronal damage through the 

elaboration of pro-inflammatory cytokines 

that further injures the penumbra around an 

infarcted core (Arvin, et al., 1996). This 

process selectively prevents the spread of 

neuroinflammation and attenuates brain 

ischemic injury (Han et al., 2014a; Han et 

al., 2014b; Degos, et al., 2013). In several 

types of organ injury models, xenon has 

been shown to exert anti-inflammatory 

effects (Zhao et al., 2015; Jia et al., 2015) 

and decrease neuronal dysfunction 

associated with neuroinflammation 

(Vizcaychipi et al., 2011; Bessiere, et al., 

2010). 

 

Induction of Hypoxia-Inducible factor 

1alpha (HIF-1α) 

Xenon potently increases the translational 

efficiency and upregulation of the oxygen 

sensor, HIF-1α, under normoxic conditions 

(Ma et al., 2009). Downstream effectors of 

HIF-1α, including erythropoietin (EPO), 

have been shown to exert important 

neuroprotective properties (Merelli et al., 

2013). Nevertheless, it should be 

emphasized that, when EPO is administered 

to patients with anemia due to diabetes-

induced renal failure, there is a twofold 

increase in stroke (Pfeffer et al., 2009). In 

the setting of organ injury, xenon-induced 

upregulation of HIF-1α has been shown to 

be cytoprotective in the kidney (Ma et al., 

2009; Zhao et al., 2013), (Degos, et al., 

2013) lung, heart (Goetzenich et al., 2014) 

and brain (Patel et al., 1962) without 

producing any side effects. 

 

Modulation of Adenosine Triphosphate 

(ATP)-sensitive Potassium Channels 

(KATP Channels) 

Recently, xenon has been shown to activate 

another potassium channel, the 

plasmalemmal ATP-sensitive potassium 

(KATP) channel (Dickinson et al., 2010; 

Bantel et al., 2009). KATP channels are 

inhibited by physiological levels of ATP and 

act as sensors of metabolic activity. In 

neurons, KATP channels are activated under 

conditions of physiological stress such as 

hypoxia. Activation of KATP channels 

reduces neuronal excitability and is 

protective against ischemic injury (Ballanyi, 

2004). Clinical concentrations of xenon 

activate KATP channels by up to 50%, and 

this activation may mediate xenon 

preconditioning against ischemic injury 

(Bantel et al., 2009). Hypoxic-ischemic 

neuronal injury can be also preempted by 

activation of KATP channels (Sun et al., 

2015; Qu et al., 2015; Dickinson et al., 

2010; Haseneder et al., 2009) and the 

absence of activation exacerbates cerebral 

ischemic injury (Li et al., 2013). Pre-

treatment with xenon prevents glucose- and 

oxygen-deprived neuronal cells from dying 

in primary cultures. A key mechanism 
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involves xenon‘s activation of the KATP 

channels (Bantel et al., 2009; Bantel et al., 

2010). 

 

Modulation of neuronal nicotinic 

acetylcholine (nACh) receptors 

Other ion channels that appear to be 

sensitive to xenon are neuronal nicotinic 

acetylcholine (nACh) receptors and 5-

hydroxytryptamine type 3 (5-HT3) receptors. 

Neuronal nACh receptors, composed of α4β2 

subunits, and homomeric α7 subunits are 

inhibited by xenon, while α4β4-containing 

receptors are insensitive to it (Dickinson et 

al., 2010; Yamakura, et al., 2000; Suzuki et 

al., 2003). Although nACh receptors are 

inhibited by a number of anesthetics at 

clinically relevant concentrations, it is 

unclear whether this inhibition has any role 

in mediating general anesthesia. Neuronal 

nACh receptors have been implicated in 

neuroprotection (Bencherif, 2009); it is 

unclear, however, whether the inhibition of 

nACh receptors by xenon plays a role in 

xenon neuroprotection. Xenon inhibits 

human 5-HT3 receptors expressed in 

Xenopus oocytes by ~65% at clinical 

concentrations (Suzuki et al., 2002), but the 

clinical significance of this observation is 

still unclear. 

 

Cellular and Molecular Mechanisms of 

Neuroprotection 

 

Xenon exerts its neuroprotective effect 

through an antiapoptotic mechanism (Ma et 

al., 2005) and does not produce apoptotic 

neurodegeneration (Williamson et al., 2004). 

On the basis of existing data, xenon‘s 

neuroprotective action seems to be mediated 

via antiapoptotic pathways. Exposure to 

xenon doubles the number of viable cells, 

and this improvement exclusively results 

from a reduction in the amount of apoptosis. 

Necrotic cell death, on the other hand, is not 

reduced with xenon exposure. A similar 

antiapoptotic effect of xenon is noted when 

acute neuronal injury is provoked by NMDA 

exposure or by oxygen–glucose deprivation. 

Xenon‘s antiapoptotic effect is also 

confirmed in in vivo studies. In rat pups 

injured by hypoxia– ischemia, xenon alone, 

as well as a neuroprotective combination of 

subtherapeutic interventions with xenon 

(20%) and hypothermia (35°C), significantly 

increased cell viability by decreasing 

apoptosis as assessed by morphologic 

criteria. 

 

Hypothermia is the only therapeutic 

intervention that has, so far, been shown to 

provide even a modicum of neuroprotection 

in the clinical setting (Bernard et al., 2002); 

therefore, it is worth determining the 

possible convergence of hypothermia and 

xenon on similar signaling pathways. When 

applied individually, both xenon and 

hypothermia reduce acute neuronal injury 

after oxygen–glucose deprivation. When 

applied together, the neuronal protection 

provided by the combination is significantly 

greater than could be expected from a 

simply additive interaction. Such a 

synergistic interaction with hypothermia 

may be a unique feature of xenon because it 

is not present with another NMDA receptor 

antagonist, gavestinel. Xenon also interacts 

synergistically with isoflurane, another 

anesthetic capable of providing 

neuroprotection. Neuroprotection of 
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isoflurane is at least in part a result of 

GABAA receptor stimulation (Ma et al., 

2003b), and the potentiated neuroprotective 

effect of a combination with xenon may be 

due to their differing mechanisms of action. 

Consistent with this concept, NMDA-

induced Ca
2+

 influx, which is thought to be a 

critical event involved in excitotoxic 

neuronal death (Goldberg et al., 1993), is 

reduced after administration of xenon in 

cortical cell cultures (David et al., 2003). 

 

In addition to the effects mediated via the 

NMDA receptor, xenon protects cortical 

neurons against hypoxia- related cell 

damage via Ca
2+

-dependent mechanisms 

(Petzelt et al., 2003). Petzelt et al. 

demonstrated xenon-induced neuroprotec-

tion in dopaminergic neurons (Petzelt et al., 

2004). Nerve growth factors that include 

D1- and D2-dopamine receptors differ-

rentiate pheochromocytoma cells (PC-12 

cells) and release dopamine as a result of 

increased release and reduced uptake rate of 

dopamine after hypoxia. This dopamine 

release is linked to cellular damage as 

evidenced by lactate dehydrogenase release 

from the cells. Xenon prevents the dopamine 

release in PC-12 cells induced hypoxia, and 

this neuroprotective effect is reduced after 

buffering intracellular Ca
2+

 using a Ca
2+

 

chelator (Petzelt et al., 2004). This is of 

special interest because NMDA antagonist 

neurotoxicity has been linked to excess 

dopaminergic activation (Ma et al., 2002) 

and xenon, which itself lacks toxicity (Ma et 

al., 2002) and protects against ketamine 

induced neurotoxicity (Nagata et al., 2001) 

seems to prevent dopamine induced toxicity. 

The role of dopamine in the mechanism of 

NMDA antagonist toxicity and xenon‘s 

neuroprotective effects requires further 

investigation. 

 

In a neuronal– glial cell coculture, pre-

exposure to xenon causes a concentration-

dependent reduction of lactate dehydro-

genase release from cells deprived of 

oxygen and glucose (Preckel et al., 2006). 

Thus, preconditioning with xenon decreases 

oxygen–glucose deprivation. However, 

xenon‘s preconditioning effect is abolished 

by cycloheximide, a protein synthesis 

inhibitor (Ma et al., 2006). In an in vivo 

model of neonatal asphyxia involving 

hypoxic– ischemic injury preconditioning 

with xenon reduces infarction size and gives 

rises to sustained improvement in neurologic 

function. Contrastingly, no preconditioning 

is observed with nitrous oxide (Ma et al., 

2006). From in vivo experiments, 

quantitative immunoblotting reveals that the 

phosphorylated Ca
2+

/cAMP-responsive 

element binding protein and brain-derived 

neurotrophic factor (Ma et al., 2006) are 

significantly up-regulated after xenon 

exposure, with a time course similar to that 

of the preconditioning response; this 

provides an important clue as to which 

signaling pathways are involved. Neither 

brain derived neurotrophic factor nor the 

phosphorylated Ca
2+

/cAMP-responsive 

element binding protein levels changed after 

nitrous oxide exposure (Ma et al., 2006) as 

opposite to xenon. The molecular effects of 

xenon on the central nervous system are 

summarized in table 1 and Figure 2. 

. 
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Table 1. Molecular Effects of Xenon on the Central Nervous System (adopted from Preckel et al., 

2006) 

 

Noncompetitive blockade of N-methyl-D-aspartate receptors (Franks et al., 1998; Yamakura et al., 2000) 

 

Inhibition of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor after stimulation by 

kainate, but not by glutamate (Plested et al., 2004) 

 

Potentiation of the current response of glycine receptors (Yamakura et al., 2000; Daniels et al., 1998) 

 

Blockade of N-acetyl-choline receptors (Yamakura et al., 2000; Suzuki et al., 2003) 

 

No effect on acetylcholinesterase in rat brain tissue in vitro (Ishiguro et al., 2003) 

 

Competitive blockade of 5-hydroxytryptamine type 3A receptors (Suzuki et al., 2002) 

 

Activation of two-pore-domain potassium channels TREK-1 (Gruss et al., 2004) 

 

Inhibition of plasma membrane Ca
2+

 adenosine triphosphatase pump activity (Franks et al., 1995; Singh et 

al., 1995; Horn et al., 1995) 

 

Stimulation of norepinephrinergic neurons (Yoshida et al., 2001) 

 

Increased cyclic guanosine monophosphate levels in spinal cord, brainstem, and hippocampus in rats 

(Galley et al., 2001) 

 

Suppression of spinal cord dorsal horn neurons (Utsumi et al., 1997; Miyazaki et al., 1999) 

 

Antiapoptotic effect (Ma et al., 2005; Williamson et al., 2004) 

 

Preconditioning effect (Ma et al., 2006) 

 

Lack of neurotoxicity (Ma et al., 2002) 

 

Ca
2+

-dependent neuroprotection in dopaminergic neurons and embryonic cortical neurons (Petzelt et al., 

2003) 
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Figure 2 

 

 
Figure 2. Mechanism of xenon‘s neuroprotective action. The neuroprotective effect of xenon is based on 

blockage of NMDA receptors. Without xenon blockage, increase in cytoplasmic calcium concentration 

due to overstimulation of NMDA receptors leads to cell death by various pathways. Xenon inhibits these 

cascades by competitively binding to glycine site of NMDA receptors (adopted from Esencan et al., 

2013). 

 

 

Effects of Xenon as Related to Specific 

Clinical Conditions 

 

Maze, 2016 has a detailed summary of the 

preclinical studies assessing the effects of 

xenon in models of acute neurological 

injury. The studies address various medical 

conditions for which use of xenon may be 

beneficial, including neonatal hypoxic 

ischemic encephalopathy (HIE) from 

intrapartum asphyxia, stroke, traumatic brain 

injury (TBI), anestheticinduced develop-

pmental toxicity, and cardiac arrest. Below 

we discuss some aspects of these studies that 

delineate the uniqueness of xenon action and 

beneficiary of its application. 

Cardioprotection 

Xenon has post-conditioning cardio-

protective effect (Preckel et al., 2006). Thus, 

it reduces the infarct size after regional 

myocardial ischemia in rabbits in vivo 

(Preckel et al., 2000). It can also induce 

cardioprotection via the pre-conditioning 

mechanism in ischemia (Preckel et al., 

2006). Ischemic preconditioning describes 

the protection of myocardial tissue against 

infarction by short, non-lethal periods of 

ischemia. In the past years, the halogenated 

(volatile) anesthetics, e.g., isoflurane (Cason 

et al., 1997; Mu¨llenheim et al., 2002) or 

sevoflurane (Mu¨llenheim et al., 2003), have 

been recognized to mimic the strong 
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cardioprotection exerted by ischemic 

preconditioning (pharmacologic or 

anesthetic-induced preconditioning). Phar-

macologic activation of different receptors 

mimics ischemic preconditioning and 

activates inhibitory G proteins (Kirsch et al., 

1990) and protein kinase C (PKC) (Figure 3) 

(Speechly-Dick et al., 1995). This activation 

of PKC affects other signaling pathways, 

such as Raf-MEK1-MAP kinases and the 

PI3-kinase-Akt cascade (Takahashi et al., 

1999). Moreover, the release of free radicals 

activates different kinases, including PKC 

(mainly its ε-isoform) (Yang et al., 1997), 

tyrosine kinases (Baines et al., 1998), and 

mitogen- activated protein kinases (MAPKs) 

(Weinbrenner et al., 1997), which act as 

triggers and/or mediators of the resulting 

cardioprotection (for review, see Das et al. 

1999). Recent data indicate that xenon is 

able to induce pharmacologic pre-

conditioning of the heart in vivo. Thus, 

xenon inhalation results in a significant 

reduction of the infarct size compared with 

controls (Preckel et al., 2006). Calphostin C, 

an inhibitor of PKC, and SB203580, an 

inhibitor of p38 MAPK abolishe the 

preconditioning effects of xenon. These data 

suggest that PKC and p38 MAPK are key 

mediators of xenon-induced pre-

conditioning. PKC-ε is one of the isoforms 

present in cardiac myocytes and is mainly 

implicated in preconditioning mechanisms. 

PKC isoforms have been shown to be 

mainly regulated via translocation to 

different cell compartments and subsequent 

phosphorylation, resulting in their 

activation. By use of a phosphospecific 

antibody against PKC-ε, it is demonstrated 

that xenon leads to a marked 

phosphorylation of PKC-ε compared with 

controls (Uecker et al., 2003). PKC-ε 

translocates from cytosolic to membrane 

regions upon different stimuli; xenon 

increases the amount of PKC-ε in the 

membrane fraction. It is shown (Preckel et 

al., 2006) that there is no influence of xenon 

preconditioning on phosphorylation of PKC- 

ε at different time points during the 

preconditioning protocol, suggesting an 

isoform specific activation of PKC-ε by 

xenon. Calphostin C abolished the effect of 

xenon on PKC-ε phosphorylation, which 

also implies isoform specific activation. 

 

Activation of PKC affects other downstream 

signaling pathways like the MAPK cascade, 

and in this context, it has been shown that 

PKC-ε interacts with MAPK during 

cardioprotection. Xenon induces a 

significant increase of p38 MAPK phos-

phorrylation and calphostin C abrogates this 

effect, demonstrating that p38 MAPK is 

located downstream of PKC in the signaling 

cascade of xenon-induced preconditioning 

(Weber et al., 2005a). p38 MAPK is 

suggested to interact with the actin 

cytoskeleton via the MAPK-activated 

protein kinase-2 (MAPKAPK-2) and heat 

shock protein (HSP)27 (Figure 3). Xenon 

preconditioning induces phosphorylation of 

MAPKAPK-2 and HSP27, and both effects 

could be blocked by calphostin C and 

SB203580. Xenon enhances the 

translocation of HSP27 to the particulate 

fraction and increases F-actin 

polymerization. F-actin and HSP27 are 

colocalized after xenon preconditioning 

(Weber et al., 2005b). These data show that 

xenon induces cardioprotection by 
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preconditioning and that activation of PKC-ε 

and its downstream target p38 MAPK are 

central molecular mechanisms involved. 

Xenon activates MAPKAPK-2 and HSP-27 

downstream of PKC and p38 MAPK, and 

these data link preconditioning by xenon in 

the myocardium to the actin cytoskeleton. 

 

Figure 3 

 

 
 

 

Figure 3. Preconditioning by xenon involves the activation of protein kinase C (PKC) (adopted from 

Preckel et al., 2006). 

 

It is demonstrated (Preckel et al., 2006) that 

both the p44/42 MAPK (extracellular 

signal–regulated kinase, ERK) and the 

stress-activated p54/46 MAPK (SAPK/JNK) 

participate to in xenon induced 

preconditioning (Weber et al., 2005c). Both 

kinases play a key role in differentiation and 

cell survival as well as in apoptosis 

regulation. The ERK inhibitor PD 98059 

completely abolishes the observed 

cardioprotection offered by xenon, 

demonstrating an involvement of ERK 1/2 

in the signal transduction. Interestingly, SP 

600125, a JNK inhibitor, has no effect on 

infarct size reduction by xenon. In addition, 

the phosphorylation state of SAPK/JNK is 

not influenced by xenon (Weber et al., 

2005c). These data suggest that besides the 

p38 MAPK, also ERK is involved in xenon 

preconditioning. However, the third member 

of the MAPK family, the SAPK/ JNK, is not 

a mediator of xenon preconditioning, 

suggesting a highly specific regulation of 

different kinases by xenon in the 

myocardium. 

 



Internal Medicine Review 
Neuroprotective Properties, Role in Anesthesia and Cadioprotection, Molecular Mechanisms of 

Action 
February 2018 

17 

Copyright 2018 Internal Medicine Review. All Rights Reserved. Volume 4, Issue 2. 
 

Several investigators have demonstrated the 

existence of a second episode of myocardial 

protection (late preconditioning), which 

begins 12–24 h after the preconditioning 

stimulus and lasts for 48–72 h (Preckel et 

al., 2006). In contrast to early pre-

conditioning, the phenomenon of late 

preconditioning is long thought not to be 

induced by halogenated anesthetics (Kehl et 

al., 2002). Interestingly, there exists 

increasing evidence from different in vivo 

models that isoflurane, sevoflurane, and 

desflurane produce a second window of 

cardioprotection (Lutz et al., 2004; Wakeno-

Takahashi et al., 2005; Smul et al., 2005). 

Preliminary results show (Preckel et al., 

2006) that xenon also induces late 

cardioprotection similar to ischemic late 

preconditioning. However, the molecular 

mechanisms behind this xenon-induced late 

cardioprotection remain unknown and need 

further investigation. Molecular effects of 

xenon on the heart are summarized in Table 

2. 

 

Table 2. Molecular Effects of Xenon on the Cardiovascular System (adopted from Preckel et al., 

2006) 

 

Slight inhibition of transient outward currents of voltage-gated K+ channels (Hu¨neke et al., 2001) 

 

Preconditioning of the heart via PKC and p38 mitogen-activated protein kinase (Weber et al., 2005c) 

 

Myocardial preconditioning via extracellular signal–regulated kinase ½ (Weber et al., 2005a) 

 

No effect on PKC-α, PKC-δ, and stress-activated p54/46 MAPK after xenon preconditioning (Wirthle et 

al., 2005; Weber et al., 2005a) 

 

Phosphorylation and translocation of PKC-ε (Weber et al., 2005c) 

 

Phosphorylation of p38 mitogen-activated protein kinase downstream of PKC (Weber et al., 2005c) 

 

Phosphorylation of mitogen-activated protein kinase–activated protein kinase-2 and heat shock protein 

(Yamakura et al, 2000; Weber et al., 2005b) 

 

Translocation of heat shock protein 27 and F-actin polymerization (Weber et al., 2005b) 

 

Blockade of Ca
2+

-dependent Ca
2+

 influx in endothelial cells (Petzelt et al., 1997) 

 

 

Hypoxia–ischemia. In vivo Studies. 

Recent in vivo studies on sub-anesthetic 

dosage of xenon with 50% concentration 

have promising results against neonatal 

hypoxia-ischemia (Esencan et al., 2013; Liu 

et al., 2011), cardiac arrest (CA) induced 

cerebral ischemia (Fries et al., 2008) and 

neurobehavioral dysfunction caused by brain 

insult (Parsons et al., 2000). Major 

mechanisms lying behind xenon‘s 

neuroprotective property are the reduction of 

ischemia-induced neurotransmitter release 

(Dinse et al., 2005) as well as the 

antagonistic property against NMDA 

receptors (Fries et al., 2008; Chakkarapani et 

al., 2009; Natale et al., 2006) (Figure 2). It 

has been proven by Franks and colleagues 

that xenon‘s property of being antagonist to 
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NMDA receptors is a key factor (Franks et 

al., 1998), since NMDA receptors are 

primarily involved in initiation and 

progression of apoptosis in neural tissue 

(Sanders et al., 2005; Hardingham et al., 

2003). Fries et al. state that after xenon 

treatment, there is a reduction of 

perivascular inflammation in putamen and 

caudate nucleus on pigs with post CA (Fries 

et al., 2008). In addition, Dingley et al. show 

short-term neuroprotective effects of xenon 

administration in neonatal rats which are 

exposed to hypoxia-ischemia (Dingley et al., 

2006; Liu et al., 2011). Also, it is 

demonstrated that preconditioning of xenon 

displays neuroprotective effects like 

reducing the size of infarction and 

enhancing neurological functions in neonatal 

rats having hypoxia-ischemia (Liu et al., 

2011; Ma et al., 2006). It has also been 

indicated that xenon has a higher efficacy in 

cortex rather than subcortex due to the 

difference in vascularity and in density of 

NMDA receptors in two distinct layers of 

cerebrum (Homi et al., 2003). Another 

beneficial property of xenon is its non-toxic 

chemical characteristic which enables the 

usage of the gas on neonates. The high risk 

of any traumatic event during childbirth 

brings the idea of xenon preconditioning to 

mother as a method of reducing the 

possibility of brain insult to the neonate 

(Luo et al., 2008). Xenon is an ideal gas for 

this model due to its cardiovascular stability 

(Coburn et al., 2005) and myocardial 

protection property (Preckel et al., 2002), as 

well as its rapid induction rate through 

blood–brain-barrier (Kelen et al., 2010; 

Goto et al., 1997). Due to these favoring 

characteristics, clinical usage of xenon for 

neuroprotection was approved in Europe in 

2007 (Spieth et al., 2001; Derwall et al., 

2009). Focal cerebral ischemia, in which a 

blood clot occludes blood vessels of the 

brain (Smith, 2004), is commonly induced 

by in vivo animal model called filament 

occlusion of middle cerebral artery (MCAO) 

(Homi et al., 2003). It has been indicated 

that application of xenon during MCAO in 

mice reduces total infarct size and augments 

neurologic outcome (David et al., 2008; 

Sanders et al., 2005; Homi et al., 2003). 

Besides its co-administration with the injury, 

its preconditioning also provides 

neuroprotection in mice model of MCAO 

(Horiguchi et al., 2006). 

 

Hypoxia–ischemia. In vitro Studies. 

Oxygen glucose deprivation (OGD) is one 

of the in vitro models of ischemia. It is a 

condition that neurons undergo after the 

insult when cerebral blood flow is disrupted. 

This deprivation activates excitoxicity in 

which NMDA glutamate receptors are 

overstimulated, leading to neuronal death 

through apoptosis and necrosis (David et al., 

2008). It has been shown that xenon reduces 

neuronal injury by its administration before 

and during the insult (Rizvi et al., 2010; Ma 

et al., 2006; Wilhelm et al., 2002). Bantel et 

al. demonstrated neuronal preconditioning 

property of xenon by exposing neuronal-

glial co-cultures to 75% xenon for 2 hours 

(Bantel et al., 2009). Another study held by 

Maleeha et al. (Esencan et al., 2013) showed 

that xenon preconditioning protects human 

kidney cells from OGD injury. They 

proposed the mechanism in which survival 

factors p-Akt, HIF-1a and Bcl-2 are 

upregulated (Rizvi et al., 2010). Xenon also 
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acts as a neuro-protectant when co-

administered with OGD injurious agents. It 

has been shown that xenon reduces OGD 

induced neuronal cell death in neuronal-glial 

cell co-culture at sub-anesthetic concen-

trations. Since lactate dehydrogenase release 

is an indication for cell injury, xenon‘s 

mentioned neuroprotective role has been 

assessed by the reduction in lactate 

dehydrogenase release (Liu et al., 2011; 

Wilhelm et al., 2002). Helene et al. also 

prove that xenon reduces lactate 

dehydrogenase and dopamine release, the 

latter being a key event in excitotoxicity in 

OGD (David et al., 2008). This again shows 

that xenon attenuates neuronal injury when 

it is co-administered with OGD. 

 

Synergistic Interaction Between Xenon 

and Therapeutic Hypothermia 

Currently, hypothermia is the only 

intervention that provides neuroprotection 

after hypoxia-ischemia (Chakkarapani et al., 

2009; Tooley et al., 2003; Gunn et al., 2006; 

Gluckman et al., 2005). It has been proven 

that it enhances neurological outcome after 

hypoxia-ischemia not only in neonatal rats, 

pigs, and sheep but also in infants who 

suffer from hypoxic ischemic 

encephalopathy (Kelen et al., 2010) and 

adults after out-of-hospital CA (Thoresen et 

al., 2009). Hypothermia makes it possible to 

reduce neurological deficits for one out of 

six infants with neonatal encephalopathy 

(Gluckman et al., 2005; Thoresen et al., 

2009). To increase this ratio, drugs able to 

enhance hypothermia‘s neuroprotection 

should be investigated. Xenon is a 

promising candidate for this role because of 

its lack of chemical reactivity and side 

effects, non-fetotoxicity and easy 

reversibility (Chakkarapani et al., 2009).  

 

Studies have shown that xenon augments 

neuroprotection when combined with 

hypothermia in animal hypoxia-ischemia 

models (Dingley et al., 2006; Chakkarapani 

et al., 2010).  There are convincing scientific 

data to extend the potential neuroprotective 

properties of xenon to settings in which 

therapeutic hypothermia/targeted temper-

ature management (TH/TTM) is provided. 

All data published to date show that xenon‘s 

neuroprotective action is most effective 

when body temperature is reduced. Unlike 

other neuroprotective strategies, including 

different NMDA antagonists (gavestinel), 

xenon alone exhibits this enhanced efficacy 

when temperature is reduced. To determine 

the possible mechanism for the superior 

neuroprotection that xenon provides in the 

presence of hypothermia, further studies are 

performed in vitro using an oxygen-glucose 

deprivation model to induce ischemic 

damage (lactate dehydrogenase release) in 

cultured neurons (Ma et al., 2005). It has 

been demonstrated that a combination 

therapy of hypothermia (32°C) with 

inhalation of 50% xenon for 3 hours 

increases neuroprotection from 37% 

(hypothermia only) to 76% (hypothermia 

combined with xenon inhalation) (Hobbs et 

al., 2008; Chakkarapani et al., 2010). The 

synergistic neuroprotective effect of this 

treatment is still obtained even after 

asynchronous administration of xenon and 

hypothermia. When xenon (20%) and 

hypothermia (35°C) are applied asyn-

chronously with 1 hour and 5 hour gap in 

between the treatments, their 
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neuroprotective effect still combine 

synergistically and brain infarction in 

neonatal rat hypoxia-ischemia model is 

reduced significantly (Martin et al., 2007). 

 

Hypothermia decreases the release of 

glutamate that binds to NMDA receptors. It 

also reduces the release of glycine which 

assists glutamate to act on the NMDA 

receptor. Since xenon is a NMDA receptor 

antagonist, hypothermia‘s role of decreasing 

neurotransmitter and xenon‘s role of 

receptor blockage converge on an 

antiapoptotic pathway (Hobbs et al., 2008). 

This mechanism might also explain why 

asynchronous administration of xenon and 

hypothermia still improves the neurologic 

outcome of hypoxia-ischemia (Kelen et al., 

2010). 

 

It has also been studied whether a 

combination therapy of xenon with other 

drugs like dexmedetomidine and sevoflurane 

is effective against hypoxia-ischemia. 

Combination of xenon with 

dexmedetomidine reduces OGD induced 

brain infarction in vivo (Rajakumaraswamy 

et al., 2006). Also, OGD injury is decreased 

in vivo by independent preconditioning of 

xenon and sevoflurane (Ma et al., 2006; Luo 

et al., 2008). Yan et al. have shown that 

combination of xenon and sevoflurane 

preconditioning induces long term 

neuroprotection in neonatal asphyxia. This 

combination gives the chance to apply drugs 

in lower doses in the presence of xenon (Luo 

et al., 2008). 

 

Clinical Studies of Neurological Injury 

Treated with a Combination of Xenon 

and TH (cited from Maze, 2016) 

 

For patients undergoing coronary artery 

bypass grafting while on cardio-

pulmonary bypass 

There is an increased incidence of 

postoperative neurocognitive deficit 

(POCD) following cardiac surgery with 

cardiopulmonary bypass (CPB) (Newman et 

al., 2001). Moreover, the pathogenic 

mechanisms involved in the development of 

POCD may be similar to those involved in 

the propagation of acute neuronal injury 

from other causes (Lynch et al., 2002). 

Hence, xenon has been investigated as a 

potential prophylactic pharmacological 

intervention (Lockwood et al., 2006). To test 

the feasibility and safety of delivering xenon 

to patients undergoing coronary artery 

bypass graft surgery while on CPB, xenon is 

administered to patients in an open-label 

dose-escalation study (0, 20, 35, 50% xenon 

in oxygen and air; n = 4 per group). Xenon 

is delivered throughout the surgical portion 

of the procedure, including prior to, during, 

and after CPB. Xenon concentration (partial 

pressures) is measured at five defined points 

before, during, and after CPB using gas 

chromatography. Because of a theoretical 

concern regarding gas bubble emboli, 

middle cerebral artery Doppler is used to 

assess embolic load. Blood markers, S100-b 

and troponin I, are also used to assess 

adverse effects of emboli on major organ 

system function. Xenon is delivered at the 

chosen partial pressures using a closed-

circle breathing system that recirculated the 

gas after scrubbing out the carbon dioxide 
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and supplementing oxygen to ensure 

adequate oxygenation. Patients administered 

xenon have no major organ dysfunction, 

while xenon increases gas diffusion (Reinelt 

et al., 2001). This small open-label trial 

shows the tolerability of xenon in patients 

with cardiac disease and is an important 

precursor for the subsequent Xe-hypotheca 

study. 

 

Xenon and therapeutic hypothermia for 

out-of-hospital cardiac arrest (OHCA) 

The Xe-hypotheca study is a Phase II drug 

clinical trial in adult victims of OHCA with 

an initial cardiac rhythm that is 

‗‗shockable‘‘, i.e., either ventricular 

fibrillation or pulseless ventricular 

tachycardia. One hundred ten patients are 

randomized in a 1:1 ratio to receive either 

mild therapeutic hypothermia treatment 

alone for 24 hr (MTH group) or in 

combination with inhaled xenon. A report of 

the feasibility and safety of the first 36 

patients enrolled in the trial has been 

published (Arola et al., 2013). 

 

After assessment and emergent treatment 

(i.e., mechanical ventilation and correction 

of cardiovascular instability) in the 

emergency department, patients undergo a 

brain computerized tomography scan and 

transthoracic echocardiography to exclude a 

possible cerebral origin of the cardiac arrest 

and to assess myocardial function. If an ST-

elevation myocardial infarction is 

established, primary percutaneous coronary 

intervention is performed before ICU 

admission. Subsequent care is performed 

according to the Utstein style, and the 

recommendations of the International 

Liaison Committee on Resuscitation are 

followed (Langhelle et al., 2005). 

 

Cooling of patients is conducted with the 

use of an Alsius CoolGardTM 3000 thermal 

regulation system (Zoll Medical 

Corporation, Chelmsford, MA, USA), an 

invasive intravascular temperature 

management device, to achieve a target core 

temperature of 33°C and then to maintain 

the core temperature for 24 hr. Subsequent 

rewarming is performed at a maximum rate 

of 0.5°C·hr
–1

. Sedation is accomplished with 

a continuous infusion of propofol (1-5 

mg·kg
–1

·hr
–1

) and fentanyl (50-100 µg·hr
–1

), 

and shivering is terminated with 

cisatracurium. Exposure to xenon is 

accomplished through a PhysioFlexTM 

closed system ventilator (Dra¨ger, Lu¨beck, 

Germany) to achieve an end-tidal xenon 

concentration of at least 40%. This is 

delivered continuously until completion of 

rewarming. At the time of the first report, no 

adverse reactions attributable to xenon are 

identified (Arola et al., 2013). The favorable 

cardiovascular features, together with the 

use of xenon at higher concentrations in 

surgical settings (albeit for shorter 

durations), portend safe use of xenon when 

combined with mild therapeutic 

hypothermia in patients with cardiovascular 

disease. 

 

Hypoxic ischemic encephalopathy 

The 2010 International Liaison Committee 

on Resuscitation guidelines state that infants 

born at (or near) term with moderate to 

severe HIE should be offered therapeutic 

hypothermia. Treatment should be initiated 

and conducted under clearly defined 



Internal Medicine Review 
Neuroprotective Properties, Role in Anesthesia and Cadioprotection, Molecular Mechanisms of 

Action 
February 2018 

22 

Copyright 2018 Internal Medicine Review. All Rights Reserved. Volume 4, Issue 2. 
 

protocols at neonatal intensive care facilities 

that provide multidisciplinary care and 

follow-up (Perlman et al., 2010). A meta-

analysis that included 767 neonates 

concluded that therapeutic hypothermia 

significantly reduced the risk of death or 

disability at 18 months vs standard care. The 

number needed to treat of neonates for one 

newborn to be free of death or disability is 9 

(Edwards et al., 2010). Thus, the therapeutic 

benefit of hypothermia is modest and further 

neuroprotective interventions are urgently 

needed. Studies have evolved to identify 

adjunctive agents that have focused around 

the use of EPO and xenon. While early 

studies had shown the safety and possible 

additional benefit of EPO treatment 

(Elmahdy et al., 2010; Wu et al., 2012) 

randomized trials need to be undertaken 

with this adjuvant. The current evidence is 

insufficient to recommend adjunctive EPO 

therapy for newborns with HIE who are 

undergoing hypothermia. 

 

For the use of xenon as an adjunctive to 

therapeutic hypothermia, two groups have 

independently pursued clinical studies to 

ascertain the dose range, duration, 

feasibility, and safety (Maze, 2016). The 

investigators have reported preliminary 

findings regarding the potentially beneficial 

effect of xenon on seizure activity 

(Azzopardi et al., 2013). These data are very 

encouraging because the severity of seizures 

in asphyxiated encephalopathic neonates is 

strongly associated with more extensive 

brain injury (Miller et al., 2002) and worse 

clinical outcome (Glass et al., 2009). 

 

Anesthetic-induced developmental 

neurotoxicity 

Despite the reversible nature of general 

anesthesia, when immature organisms are 

exposed to compounds that produce the 

anesthetized state, brain injury can occur 

and result in long-term neurobehavioral 

deficits (Jevtovic-Todorovic et al., 2003). 

This anesthetic-induced developmental 

neurotoxicity (AIDN) is unlikely due to 

physiological derangements that may 

accompany the anesthetized state because 

blood gas tensions are normal (Yon et al., 

2005) and anesthetic-induced toxicity can be 

reproduced in in vitro neuronal cell cultures 

(Twaroski et al., 2014) as well as in ex vivo 

brain slices (Ma et al., 2007; Wise-

Faberowski et al., 2005; Spahr-Schopfer et 

al., 2000). Indeed, this AIDN has been noted 

with structurally unrelated compounds 

spanning the entire panoply of general 

anesthetic agents approved for pediatric use 

(Jevtovic-Todorovic et al., 2003; Kodama et 

al., 2011; Satomoto et al., 2009; Fredriksson 

et al., 2007; Bercker et al., 2009). It is also 

evident across species – from nematodes 

(Gentry et al., 2013) to rodents (Jevtovic-

Todorovic et al., 2003) to piglets (Schubert 

et al., 2012) as well as to non-human 

primates (Zou et al., 2011; Paule et al., 

2011; Creeley et al., 2013; Creeley et al., 

2014; Brambrink et al., 2012). 

 

In contrast to the preponderance of 

preclinical studies establishing AIDN, this 

has yet to be confirmed in well controlled 

prospective randomized clinical trials. In 

fact, observational data obtained from 

databases collected for other reasons (Ing et 

al., 2014; Sprung et al., 2012) represent the 
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most compelling support for an association 

between exposure to general anesthesia and 

subsequent cognitive and behavioral 

problems later in human life. This 

association is strongest for multiple 

anesthetics administered to children younger 

than three years (Flick et al., 2011). 

 

Based on the known neuroprotective effects 

of xenon, the question whether xenon itself 

produces AIDN and whether it can prevent 

AIDN has been addressed in several studies 

(Ma et al., 2007; Cattano et al., 2008; Sabir 

et al., 2013; Shu et al., 2010; Brosnan et al., 

2013). Apart from the in vitro preparation in 

which concentrations of xenon above 1 

MAC produced injury, each of the studies in 

neonatal rats, neonatal mice, and piglets 

showed attenuation of anesthetic-induced 

neurotoxicity and/or lack of AIDN when 

exposure to xenon is included (Ma et al., 

2007; Cattano et al., 2008; Sabir et al., 2013; 

Shu et al., 2010). Nevertheless, it is 

noteworthy that xenon alone did produce 

significant, albeit modest, neuroapoptosis 

(though less than isoflurane) when 

administered alone to mice (Cattano et al., 

2008) However, xenon attenuated the injury 

produced by isoflurane in this species, as 

well as in other species (Cattano et al., 

2008). 

 

Traumatic brain injury 

Approximately 1.7 million patients per year 

require medical care in the United States for 

TBI, incurring an annual medical cost 

burden of over $70 billion (Maze, 2016). 

The severity of the condition is highlighted 

by the fact that 1/3 of injury-related deaths 

are caused by TBI. The next imperative, 

following effective strategies to prevent TBI 

from concussive and blast assaults, is to 

acquire effective neuroprotective measures 

to salvage potentially surviving neurons 

from progressive damage and cell death. 

Earlier in vitro work on brain slice 

preparations showed significant 

neuroprotection with administered xenon 

(Coburn et al., 2008). A recent in vivo study 

of a TBI model in rats (Campos-Pires et al., 

2015) showed significant reduction in 

contusion volume, improved neurological 

outcome scores, and enhanced long-term 

locomotor function. Further studies are 

required to investigate the role of xenon in 

neuroprotection in TBI. 

 

Stroke 

Following the demonstration that 

intervention for a prehospital stroke can be 

delivered in the field (Saver et al., 2015), the 

stage is set for extending xenon‘s use to a 

‗‗field setting‘‘. Members of emergency 

medical services are quite skilled at securing 

the necessary airway to administer 

inhalation therapy at the site where the 

patient is first encountered, long before 

admission to the emergency department. It 

would not be necessary to rule out 

intracranial hemorrhage as a cause for the 

stroke. According to the best available 

evidence to date, xenon appears to be 

equally effective and non-toxic for both 

hemorrhagic and non-hemorrhagic causes of 

stroke (Sheng et al., 2012). 

 

Other Molecular Effects Exerted by 

Xenon 

In embryonic rat brain astroglial cells, xenon 

produces a block of the cell cycle at 
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metaphase, and this effect is completely 

reversible by slightly increasing intracellular 

Ca
2+

 concentration (Preckel, 2006; Petzelt et 

al., 1999a). In human endothelial cells, the 

block in the cell cycle is at the G2–M 

transition and at metaphase, again reversible 

by increasing intracellular Ca
2+

 

concentration (Petzelt et al., 1999b). 

Therefore, xenon interferes with Ca
2+

-

dependent regulatory systems, but so far, no 

specific event or defined regulatory complex 

of the Ca
2+

 signaling system has been 

identified. 

 

In human whole blood in vitro, xenon does 

not affect the unstimulated or agonist-

induced platelet glycoprotein expression, the 

activation of the glycoprotein IIb/IIIa 

receptor, or the platelet-related hemostasis, 

suggesting no altered platelet function (De 

Rossi et al., 2001). An investigation on 

neutrophil and monocyte function 

demonstrates no effect on the respiratory 

burst activity of these cells but an increased 

phagocytosis activity of neutrophils (De 

Rossi et al., 2002). Therefore, xenon 

preserves neutrophil and monocyte 

antibacterial capacity in vitro. Selectins are 

involved in the initial contact between 

neutrophils and endothelial cells. Xenon 

increases the removal of selectins from 

neutrophil surface, thereby probably 

inhibiting the adhesion of neutrophils to the 

endothelium (De Rossi et al., 2004a). This 

might have implications in the recruitment 

of neutrophils to an inflammatory site. In 

addition, adhesion molecule receptors are 

involved in the pathophysiology of 

ischemia–reperfusion injury. Xenon 

administration during reperfusion reduces 

myocardial infarct size after regional 

ischemia in rabbits (Preckel et al., 2000) and 

modulation of neutrophil function may be an 

underlying mechanism. Adhesion molecules 

facilitate leukocyte migration into injured 

tissue. However, expression of adhesion 

molecules on mice brain endothelial cells is 

not affected by 75% xenon, suggesting no 

anti-inflammatory actions at the vascular 

endothelium (Yamamoto et al., 2003). In an 

isolated cardiopulmonary bypass system, 

xenon has no immunomodulatory effects 

and does not change interleukin-8 or 

interleukin-10 levels (Bedi et al., 2002). In 

human monocytes in vitro, xenon increases 

the lipopolysaccharide- induced production 

of tumor necrosis factor α and interleukin-6 

and activated nuclear transcription factor κB 

in contrast to isoflurane (De Rossi et al., 

2004b). 

 

Conclusion 

 

Xenon has a promising future in medicine 

due to its noticeable advantages over other 

anesthetic agents. Its neuro- and myocardio-

protective profile, non-toxic chemical 

properties, nature friendly feature and 

efficacy in hypoxia-ischemia treatment 

combined with hypothermia makes it an 

ideal candidate for innovations in medical 

gas field. Promising findings obtained from 

in vivo-vitro studies of xenon denote that 

xenon will take its part in neuroprotective 

treatments for brain trauma, resuscitation 

and ischemic insults. However, further 

research and large-scale investigations are 

necessary to utilize xenon‘s therapeutic 

potential. 
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