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Abstract

Research has indicated that general anesthetics may potentially induce neuroapoptosis, resulting in long-term neurological deficits in the
developing brain. Fortunately, xenon, a noble gas, emerges as a promising candidate for an ideal anesthetic due to its favorable properties,
offering neuroprotection and mitigating the neurotoxic effects of other general anesthetics during early life stages. Nevertheless, it is
important to highlight that xenon has also been observed to cause neuroapoptosis in the neonatal brain, suggesting that xenon possesses
both neuroprotective qualities (as evidenced by pre-clinical and clinical studies) and neurotoxic potential (based mainly on pre-clinical
evidence) during brain development. To gain a comprehensive understanding the effects xenon, this review will explore the anesthetic
properties of xenon, examine its effects on anesthesia, and elucidate its mechanisms of potential neuroprotection and neurotoxicity in the
developing brain. The primary emphasis will be on xenon’s application in the context of anesthetic-induced developmental neurotoxicity
(AIDN), hypoxic-ischemic encephalopathy (HIE), and teratogenicity, aiming to provide valuable insights for pediatricians, pediatric
anesthesiologists, and other healthcare professionals involved in the use and study of xenon anesthesia.
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1. Introduction
Each year, roughly 1 to 2% of pregnant women re-

quire non-obstetric surgery and anesthesia to address vari-
ous medical conditions [1]. Simultaneously, millions of in-
fants and young children necessitate general anesthesia for
essential or life-preserving surgeries. While it was initially
believed that anesthesia induces a safe and reversible state
of unconsciousness, recent studies indicate that exposure to
general anesthetics could result in long-termmorphological
and functional changes in the developing brain, potentially
causing permanent neurocognitive deficits [2–5]. In light of
this, the Food and Drug Administration (FDA) has issued a
warning to inform the public that prolonged or repeated ex-
posure to general anesthetics may have a detrimental effect
on the brains of children under the age of three [6].

The process of brain development is a complex and
ongoing journey. Typically, it begins with the differenti-
ation of neural progenitor cells during the third week of
gestation and continues until the third decade of life [7].
Throughout this process, one of the most significant phe-

nomena observed is synaptogenesis, encompassing axon
growth, target recognition, and synapse elimination, which
are critical for the formation of neural networks [8]. The
neural networks thus formed are highly sensitive to a range
of environmental stimuli, notably the neurotransmitter glu-
tamate and its corresponding receptors [9–11].

The neuroprotective properties of xenon on the de-
veloping brain have recently attracted considerable interest
[12–20]. This noble gas was first discovered by William
Ramsay in 1898 [21], and its anesthetic properties were ini-
tially reported in 1951. Approximately half a century later,
xenon received approval as an anesthetic agent in Russia
in 2000, with this approval subsequently being extended
to Germany in 2005 and Europe in 2007 [13,22]. Over
the years, extensive research has demonstrated the safety
and efficacy of xenon in both pre-clinical and clinical stud-
ies, including in infants and young children [12,19,22–24].
In particular, several studies have highlighted the potential
neuroprotective effects of xenon on the developing brain
[14,25,26]. However, it has also been observed that xenon
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may induce neuroapoptosis in the neonatal brain [17,27].
Consequently, it appears that xenon exhibits both neuropro-
tective properties and neurotoxic effects during brain devel-
opment. To tackle this, the present review brings together
the latest information on the effects of xenon on the devel-
oping brain, focusing particularly on its impact on hypoxic-
ischemic encephalopathy (HIE), anesthetic-induced devel-
opmental neurotoxicity (AIDN), and obstetric anesthesia.

2. Xenon’s Property and Mechanisms as an
Anesthetic

Xenon, a noble gas celebrated for its complete va-
lence shell andminimal reactivity, derives its name from the
Greek term signifying “foreigner” or “stranger”, reflecting
its scarcity—it constitutes merely one part per 20 million in
the atmospheric air. Discovered in 1898 by William Ram-
say and Maurice Travers [21], xenon was isolated via frac-
tional distillation of liquefied air. In 1951, xenon was first
utilized as a clinical anesthetic by the American anesthesi-
ologist Stuart C. Cullen, who successfully administered it
to an 81-year-old man in good health [22]. Later, extensive
clinical and laboratory studies have highlighted xenon as a
potent anesthetic possessing numerous desirable properties,
including rapid onset and expiration, low blood/gas parti-
tion coefficients [28], non-toxicity, effective analgesia [12],
minimal hemodynamic depression [29], and organ protec-
tion, particularly neuroprotection [30,31] and cardioprotec-
tion [32].

Nonetheless, the mechanism of xenon as an anesthetic
remained largely a mystery until 1998, when Franks et
al. [33] discovered that in rat hippocampal neuronal cul-
tures, exposure to 80% xenon resulted in a non-competitive
reduction of N-methyl-D-aspartic acid (NMDA) receptor-
induced currents by roughly 60%. Subsequently, in 2007,
Dickinson et al. [34] conducted further research and
demonstrated that xenon not only acted as a noncompeti-
tive antagonist of NMDA receptors but also competed with
glycine on the GluN1 subunit of the NMDA receptor. This
revealed that xenon inhibited NMDA receptors via both
competitive and noncompetitive mechanisms.

The additional research conducted by Haseneder et
al. [35] revealed that in basolateral amygdala slices,
xenon depressed another ionotropic glutamate receptor,
α-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid
(AMPA) receptor-mediated synaptic transmission. In this
study, xenon concentration-dependently reduced NMDA
and AMPA receptor-mediated synaptic currents with simi-
lar potency [35]. Moreover, at a liquid phase concentration
of 1.9 mM, xenon is a weak antagonist against NMDA and
AMPA receptors by reducing synaptic responses in slices
of various brain regions only to approximately 65–58% and
67–56%, respectively [36,37]. At this concentration, xenon
reversibly blocked CA1-long-term potentiation (LTP) due
to the impact of NMDA receptor activation on synaptic
plasticity [38].

Cyclic nucleotide-gated cation channel Type 2
(HCN2) channels are a special class of ion channels that
play multiple important roles in the nervous system, mainly
including the regulation of neuron excitability, synaptic
plasticity, spontaneous rhythmic activities of neurons
(such as the sleep-wake cycle), and synchrony of neural
networks [39]. Thalamic HCN channels are pivotal targets
for the influence of anesthetics on consciousness levels
and may play a significant role in the process of anesthesia
recovery [40]. In acute brain slices from adult wild-type
mice, xenon reduced thalamocortical signal transmission in
a concentration-dependent manner. In contrast, in HCN2
knockout mice, xenon neither attenuated thalamocortical
signal transmission nor exhibited sedative effects [41].
Subsequently, they confirmed that the hypnotic properties
of xenon are mediated by impairing HCN2 channel func-
tion through interference with the cyclic nucleotide-binding
domain (CNBD) of HCN2 channels [42].

Other mechanisms also contribute to the anesthetic
properties of xenon. Subsequent research revealed that at
clinically relevant concentrations, xenon inhibited nicotinic
acetylcholine (nACh) receptors in a non-competitive and
voltage-independent manner, which suggested that xenon
functions via the suppression of nACh receptors [43]. In
addition, two-pore-domain potassium (TREK-1) channels
belong to the two-pore domain K+ channels (K2P) and dis-
plays sensitivity to physical and chemical stimuli, includ-
ing volatile anesthetics [44]. Gruss et al. [45] evaluated
the currents of mock-transfected human embryonic kidney
cells (HEK-293 cells) and found that xenon markedly acti-
vated TREK-1 channels in HEK-293 cells.

In conclusion, xenon, as an inhaled anesthetic, exerts
its effects by suppressing NMDA, AMPA, and nACh re-
ceptors, activating K2P-TREK-1 channels, and inhibiting
HCN2 channels (refer to Table 1, Ref. [33–37,41–43,45]).

3. Neuroprotection Mechanisms of Xenon

3.1 Cellular and Molecular Candidates
As demonstrated previously, xenon has been utilized

as an inhaled anesthetic with various mechanisms of action.
Among these, certain candidates are believed to contribute
to xenon’s neuroprotective properties. The neuroprotective
effect of xenon is potentially due to its antagonistic effect
on the NMDA receptor. This mechanism enables xenon to
counteract the excitotoxicity resulting from the over-release
of glutamate, which is implicated in various neuropatho-
logical conditions. Preclinical studies have demonstrated
that xenon exhibits neuroprotective properties across a va-
riety of models, including those of hypoxic-ischemic injury
[31], traumatic brain injury [46], and AIDN [47]. However,
the precise mechanisms underlying these neuroprotective
effects have not yet been fully elucidated. Current observa-
tions suggest that these effects primarily involve the antag-
onism of the NMDA, AMPA, and HCN receptors [13,14],
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Table 1. Molecular mechanisms of xenon’s anesthetic effect.
Experimental subjects Concentration Mechanisms

Cultured rat hippocampal neurons 80% Noncompetitive antagonist of NMDA receptors [33].

Hippocampal neurons 5%, 20%, 40%, 60%, and 80% Competitive antagonist of NMDA receptors for glycine binding
site on the GluN1 subunit [34].

Neurons in the acute basolateral
amygdala slices

18%, 30%, and 65% Concentration-dependently inhibitedNMDAandAMPA recep-
tors with similar potency [35].

Acute basolateral amygdala brain
slices

65% (1.9 mM) No selective antagonist of NR2A- or NR2B subunit of NMDA
receptors [36].

Acute prefrontal cortex and sub-
stantia gelatinosa slices

65% (1.9 mM) Inhibition of NMDA and AMPA receptor-mediated synaptic
transmission to approximately 65–58% and 67–56%, respec-
tively, in slices of various brain regions via postsynaptic mech-
anisms; reversibly blockage of CA1-LTP due to the impact of
NMDA receptor activation on synaptic plasticity [37].

Acute thalamocortical slices from
adult mice

18%, 30%, and 65% Concentration-dependent inhibition ofHCN2 channel functions
depending on intracellular cyclic adenosine monophosphate
levels [41].

HEK-293 cells transfected with
murine HCN2

65% Decreasing maximum Ih current amplitude by 33.4 ± 12.2%
[41].

Acute thalamocortical slices from
adult mice

65% Impaired HCN2 channel function via interfering with the
CNBD [42].

Xenopus Oocyte 35%, 70%, and 100% Concentration-dependent inhibition of (α7) 5 nACh receptor in
a non-competitive and voltage-independent manner [43].

Modified HEK-293 cells 80% Concentration-dependent activation of K2P-TREK-1 [45].
NMDA, N-methyl-D-aspartic acid; AMPA, α-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid; LTP, long-term potentiation;
HCN2, Cyclic nucleotide-gated cation channel Type 2; HEK-293 cells, human embryonic kidney cells; CNBD, cyclic nucleotide-
binding domain; nACh, nicotinic acetylcholine; K2P, two-pore domain K+ channels; TREK-1, two-pore-domain potassium; GluN1,
Glutamate Receptor NMDAType Subunit 1; NR2A,Glutamate Receptor NMDAType Subunit 2A; NR2B,Glutamate Receptor NMDA
Type Subunit 2B.

the modulation of K2P-TREK-1 [48], and the upregulation
of the hypoxia-inducible factor 1 alpha (HIF-1α) pathway
[49].

3.1.1 NMDA Receptors Antagonism

As previously stated, NMDA receptors are essential
ionotropic glutamate receptors within the central nervous
system (CNS), playing a critical role inmost excitatory neu-
rotransmission, synaptic plasticity, and learning and mem-
ory. Excessive activation of these receptors can lead to
excitotoxicity, a phenomenon first identified by Olney in
1969 [50]. Excitotoxicity plays a role not only in acute neu-
ral injuries such as those caused by hypoxia-ischemia and
traumatic brain injury, but also closely linked to neurode-
generative disorders like Alzheimer’s disease [51]. Non-
competitive NMDA receptor antagonists have the capac-
ity to avert the excessive activation of NMDA receptors,
thereby demonstrating significant potential in maintaining
their normal physiological function and offering neuropro-
tective benefits for the management of neurological condi-
tions. Unsurprisingly, xenon, as a specific NMDA recep-
tor antagonist, has been demonstrated to partially restored

amyloid β 1–42 (Aβ1−42)-induced impairment of LTP at
subanesthetic concentrations in acute mice brain slices [52].
Furthermore, xenon exhibited a concentration-dependent
neuroprotective effect at subanesthetic levels without in-
ducing neurotoxicity [14].

In the developing brain, NMDA receptors and their
agonists are necessary for synaptogenesis, synaptic devel-
opment and synapse stabilization [53]. In neonatal animal
models, it has been confirmed drugs that blocking NMDA
receptors has been shown to trigger widespread apoptotic
neurodegeneration during early postnatal brain develop-
ment [54–56]. Although xenon has been demonstrated to
provide neuroprotective effects in various preclinical mod-
els [31]. However, as an NMDA receptors antagonist,
xenon can also trigger neurotoxicity in the developing brain
[16]. It seems that xenonmay have dual effects to the devel-
oping brain depending on the duration of exposure. That is
exposure for a short period is protective, whereas prolonged
exposure may exert toxicity to the developing brain.
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3.1.2 Activation of Two-pore-domain Potassium-TREK-1
The distinctive subunit architecture of the K2P chan-

nel renders it a compelling target for general anesthetics.
Comprising four transmembrane segments and two pore-
forming domains configured in tandem, K2P channels op-
erate as either homo- or hetero-dimeric entities. This struc-
tural configuration is linked to basal channel activity and
responsiveness to membrane tension. Specifically, when
K2P channels are stimulated, they produce basal K+ cur-
rents, which assist in sustaining the membrane in a hy-
perpolarized condition, thereby modulating neuronal ex-
citability [57,58]. TREK-1, a subtype of K2P channels
distributed throughout the CNS, responds to mechanical
stimuli, temperature fluctuations, pH variations, voltage
changes, and lipid interactions. Upon activation, TREK-
1 facilitates the efflux of potassium ions (K+), leading to
neuronal hyperpolarization. This process can diminish cel-
lular excitability and safeguard the brain against excitotoxic
damage [48,59,60]. The research team led by Franks em-
ployed electrophysiological techniques to investigate hu-
man HEK-293 cells that had been transfected with TREK-1
and TASK-3 channels. They discovered that TREK-1 chan-
nels were activated by clinically relevant concentrations of
xenon, whereas TASK-3 channels remained unresponsive
to the gas. This finding corroborates the potential of TREK-
1 channels as a significant target for xenon, which may play
a role in its neuroprotective effects [45].

3.1.3 Hypoxia-inducible Factor 1α
HIF-1α, a critical subunit of the heterodimeric tran-

scription factor HIF-1, plays a central role in modulating
cellular and developmental responses to low oxygen levels
[61]. Under normoxic conditions, the expression levels of
HIF-1α are typically minimal; however, they surge signif-
icantly when oxygen levels drop. Notably, HIF-1α has the
capacity to induce the expression of genes crucial for cel-
lular repair and restoration, such as erythropoietin (EPO)
and vascular endothelial growth factor (VEGF). EPO and
VEGF play a vital role in improving oxygen delivery to hy-
poxic regions via angiogenesis and erythropoiesis. Further-
more, they are critical in protecting neurons during condi-
tions of hypoxia, ischemia, and preconditioning events [62].
Interestingly, xenon significantly enhanced HIF-1α tran-
scription and translation even under normal oxygen condi-
tions. This finding indicates that xenon might confer neuro-
protective advantages by increasing the expression of HIF-
1α and promoting cellular responses to hypoxia [49,63].

3.2 Modulation of Dendritic Spines and Neural Activity
Neurons play a crucial role in the transmission of

chemical and electrical signals. Dendritic spines, which
are found along the dendrite shafts of neurons, offer es-
sential morphological support for synaptic transmission and
plasticity. Under normal conditions, these dendritic spines
undergo a highly dynamic process of pruning, which is

vital for integrating neurons into functional circuits. A
prior study that compared equipotent concentrations of
xenon, isoflurane, and sevoflurane demonstrated that only
xenon maintained the normal structure and density of CA1-
dendritic spines, whereas a decrease in spine subtypes was
noted with the other two anesthetics [20]. This suggests a
potential mechanism by which xenon, as an inhaled anes-
thetic, may provide neuroprotection.

Xenon has been demonstrated to mitigate the neu-
rotoxic effects of Aβ on dendritic spine morphology. In
acute hippocampal slices pre-incubated with Aβ, expo-
sure to 1.9 mM xenon counteracted the deleterious im-
pact of Aβ1−42 on dendritic spines, whether in the den-
tate gyrus region [64] or throughout the entire hippocam-
pus [65]. Furthermore, the replenishment of xenon in
dentate gyrus (DG) dendritic spines played a role in aug-
menting synaptic pruning through MEGF10-mediated as-
trocytic phagocytosis [64]. The revival of neural function
by xenon was noted in hippocampal slices pretreated with
Aβ isoforms. In this research, hippocampal slices were pre-
incubated with four Aβ species, namely Aβ1−40, Aβ1−42,
AβpE3, and 3NTyrAβ, followed by the introduction of
65% xenon. Remarkably, xenon exposure led to a partial
or complete restoration of neural activity, as evidenced by
voltage-sensitive dye imaging [65].

3.3 Modulation of Mitochondrial Function
Mitochondria are highly plastic and dynamic or-

ganelles that are essential for cellular metabolism, cell
signaling, stress response, and homeostasis maintenance
[66]. Increasing data suggest that mitochondria are a po-
tential key target of anesthetic damage, and general anes-
thetics can cause mitochondrial dysfunction through mul-
tiple pathways, including oxidative stress, impaired mi-
tochondrial dynamics, imbalance of calcium homeostasis,
and mitochondria-dependent apoptotic pathways [67,68].
Xenon was reported to alleviate isoflurane-induced apop-
tosis in neonatal rats, which could partially attributed to
the inhibition of mitochondria-induced activation of the
caspase-3 pathway [26,47]. Furthermore, in a neonatal
hypoxia-induced seizures preclinical model, xenon was
demonstrated to enhance neuronal protection by decreas-
ing mitochondrial oxidative stress [69]. Moreover, in one
prolonged febrile seizures study, 70% xenon application
was shown to alleviate oxidative stress and attenuate mi-
tochondrial defects, and subsequently reduce the level of
mitophagy [70].

In summary, the neuroprotective benefits of xenon ob-
served in recent studies are primarily ascribed to its ability
to inhibit the overstimulation of NMDA receptors in exci-
totoxic scenarios, activate K2P channels and the HIF-1α
pathway, preserve dendritic spine structure and neuronal
function, and alleviate mitochondrial dysfunction.
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4. Effects of Xenon on the Developing Brain
The development of the brain is a complex and pro-

tracted process, during which NMDA receptors are of
paramount importance [9–11]. Exposure to substances that
inhibit NMDA receptors during the late fetal stage or the
early postnatal period can induce extensive neurodegener-
ation via apoptosis [54–56]. Nevertheless, there is a signif-
icant exception: the NMDA antagonist xenon has proven
to be an effective neuroprotective agent for the develop-
ing brain in various pre-clinical models, including those
for HIE [15,71–73], AIDN [26,47], and obstetric anesthe-
sia [74–76] (refer to Table 2, Ref. [14,15,31,71–73,77], Ta-
ble 3, Ref. [24,78], Table 4, Ref. [26,47,79]).

4.1 Hypoxic-ischemic Encephalopathy (HIE)
HIE is one of the leading causes of neonatal brain in-

jury, often resulting from acute perinatal asphyxia. It af-
fects roughly 1.5 infants per 1000 live births, with a mor-
tality rate ranging between 15% and 20% [80]. Survivors
frequently experience severe neurodevelopmental deficits.
The neuropathology of HIE is an evolving process that be-
gins with an acute hypoxic-ischemic event and progresses
into a reperfusion phase, which can exacerbate the injury.
Acute hypoxia-ischemia causes a deprivation of glucose
and oxygen supply, leading to energy failure and a cascade
of biochemical events that result in cell dysfunction and,
ultimately, cell death through mechanisms such as excito-
toxicity, inflammation, and oxidative stress [81,82].

Therapeutic hypothermia has emerged as the standard
treatment for moderate to severe cases of HIE in numerous
countries, substantially improving the overall prognosis for
affected infants. However, approximately one-third of pa-
tients do not respond favorably to therapeutic hypothermia,
and the mortality and disability rates persist at an alarm-
ingly high level among infants with HIE [83,84]. As a re-
sult, there is a pressing need for supplementary therapies. In
a neonatal rat model of hypoxic-ischemia, xenon has been
observed to demonstrate both short- and long-term neuro-
protective effects [25,85]. Furthermore, xenon’s advanta-
geous properties, such as its swift onset and offset of ac-
tion, non-toxicity, and minimal hemodynamic depression,
make it an appealing candidate for improving the outcomes
of HIE treatment.

4.1.1 Pre-clinical Studies
Studies have shown that the combination of xenon

with hypothermia can amplify the neuroprotective effects
of hypothermia when used alone in models of HIE [15,71–
73]. In a neonatal rat model of hypoxia-ischemia, Ma et
al. [15] observed that four hours post-injury, the syner-
gistic neuroprotective effects of xenon combined with hy-
pothermia were evident both in-vitro and -vivo. This com-
bined therapy was effective in reducing excitotoxicity by
diminishing neurotransmitter release and blocking recep-
tors [15]. Similarly, Hobbs et al. [71] conducted a study

that illustrated the enduring neuroprotective benefits of the
xenon-hypothermia combination in HIE cases. Their re-
search indicated that a combination of 50% xenon with
32 °C hypothermia yielded the most significant improve-
ment and nearly fully restored function. Subsequently, they
found that pairing 50% xenon with 24 hours of hypother-
mia at 33.5 °C resulted in global neuroprotection with sub-
stantially reduced histological damage compared to either
treatment administered individually [73]. The additional
neuroprotective benefits of the xenon-hypothermia com-
bination were corroborated in a neonatal global hypoxia-
ischemia porcine model that closely mirrored clinical HIE.
These findings imply that the xenon-hypothermia combi-
nation could offer a more efficacious therapeutic option for
individuals with HIE. However, further research is urgently
required to fully comprehend the potential advantages and
risks associated with this treatment strategy.

However, in a rat model of severe hypoxia-ischemia
at seven days old, the addition of 50% xenon to 32 °C hy-
pothermia for a duration of 5 hours did not yield the an-
ticipated neuroprotective effects of therapeutic hypother-
mia [77]. The discrepancy in results may be attributed to
several factors. Firstly, the concentration of xenon might
have been insufficient, or the exposure period could have
been too brief. When xenon is used in conjunction with hy-
pothermia, its efficacy in reducing brain injury is contingent
upon its concentration, with significant effects observed at
levels exceeding 40% [15]. Secondly, in this model of se-
vere hypoxia-ischemia, a hypothermia level of 32 °C may
not represent the optimal therapeutic temperature.

4.1.2 Clinical Trials
Increasing experimental evidence suggest that xenon

can amplify the neuroprotective effects of hypothermia to
hypoxic–ischemic injury. Nonetheless, clinical trials re-
main essential to validate this effect. The initial human trial,
named CoolXenon, took place from March 2010 to April
2011. This study involved the inhalation of xenon along-
side 72 hours of cooling in 14 neonates diagnosed with HIE.
While the study did not confirm the enhanced neuroprotec-
tive effect of xenon, an 18-month follow-up study showed
the safety and feasibility to administer 50% xenon and hy-
pothermia to term infants with perinatal asphyxia [24].

Shortly after the initiation of the CoolXenon study, the
Total Body hypothermia plus Xenon (TOBY-Xe) trial—the
first randomized clinical trial—was conducted to assess the
efficacy of xenon in conjunction with hypothermia for treat-
ing birth asphyxia in 4 neonatal intensive-care units across
the UK. In this trial, 92 infants with moderate to severe
HIE were randomized to receive hypothermia at 33.5 °C for
72 hours or hypothermia combined with 30% xenon for 24
hours, initiatedwithin 6 hours of birth [78]. Despite promis-
ing results from preclinical trials, the study found that the
addition of xenon to hypothermia did not enhance neuropro-
tective effects, as measured by magnetic resonance spec-
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Table 2. Neuroprotection of xenon in hypoxic-ischemic model from pre-clinical studies.
Age Model and xenon Molecular mechanisms of neuroprotection of xenon Outcomes

Organotypic hippocampal brain slices
from 7-day-old C57/BL6 mice

Hypoxia-ischemia Blockage of NMDA receptors via binding to its glycine site. Xenon was neuroprotective when
applied up to 3 h after oxygen-
glucose deprivation (OGD) [31].

Xenon (0.5 atm) with 20% O2/75% N2/5% (1 atm) for 24 h

(1) A mouse neuronal-glial cell co-
culture

Hypoxia-ischemia (in vitro with neuronal-glial cell co-
culture)

(1) Lactate dehydrogenase (LDH) release was reduced ¬ to baseline by
xenon (60%) with oxygen deprivation; ­ by 80% with either NMDA- or
glutamate-induced injury with xenon (75% atm).

Xenon was concentration-
dependently protective against
neuronal injury provoked by
oxygen deprivation, NMDA, or
glutamate [14].

(2) Female Sprague-Dawley (SD) rats
(weight, 240–260 g)

Xenon: 20%, 40%, 60%, 75% (2) The degenerated neurons in both arcuate nuclei were reduced by 45% by
xenon (75% atm).

(1) Glial-neuronal cocultures from
early postnatal and fetal BALB/cmice

Hypoxic-ischemic injury In-vitro with glial-neuronal cocultures:

Combination of xenon and
hypothermia synergistically
enhanced individual
neuroprotective properties [15].

(2) Seven-day-old SD rats Xenon (12.5–75%) and hypothermia (33 °C) 4 h after injury (1) Xenon (75%) obtained dendritic network after 75 min OGD.
(2) During OGD and recovery, xenon (12.5–75%) decreased LDH release in
a concentration-dependent manner (IC50: 36 ± 3% atm).
(3) Xenon (10, 20, 50, 75%) + hypothermia (33 °C) or xenon (12.5%) +
hypothermia (30–35 °C) reduced LDH release.
(4) xenon (75%, 24 h) did not harm uninjured cells: increased cell viability
and reduced apoptotic cell death by cytometry of annexin V (for apoptosis)
and propidium iodide (for necrosis).
In-vivo with SD rats:
(1) Xenon (≥40%) + hypoxia increased ratio of right-to-left hemispheric
weight (R/L ratio); xenon (70%, 90 min–6 h) increased R/L ratio after the
hypoxic-ischemic insult; xenon (≥60%) increased R/L ratio 4 h after the
hypoxic-ischemic insult.
(2) Xenon (70%, 16, 24, and 48 h) decreased apoptotic cell death and in-
creased the viable cell count (cerebral cortex and dentate gyrus); xenon
(70%, 48 h) reduced necrotic cell death (cortex); xenon (20%) + hypother-
mia (35 °C) decreased cell apoptosis and increased cell viability 4 h after
hypoxic insult.
(3) 30 days after injury, xenon (70%) improved the motor and coordination;
xenon (20%) + hypothermia (35 °C) restored neurological function.
(4) Xenon (70%/20%) + hypothermi (35 °C) suppressed Bcl-2-Associated
X Protein (Bax) expression.

Neonatal rat Hypoxic/ischemic model Complete restoration of long-term function. Xenon and hypothermia combine
additively, offering long-term
functional and histopathologic
neuroprotection after neonatal
hypoxia/ischemia [71].

Xenon (50%) with hypothermia (32 °C) after injury
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Table 2. Continued.
Age Model and xenon Molecular mechanisms of neuroprotection of xenon Outcomes

Seven-day-old Wistar rat Hypoxic–ischemic model Adding 50% xenon to 5 h delayed hypothermia significantly improved func-
tional outcome as compared to delayed hypothermia alone.

Adding 5 h delayed xenon to
delayed hypothermia treatment
improves long-term function in
neonatal rats surviving to
adulthood [72].

Xenon (50%) with hypothermia (32 °C) 5 h after injury

Newborn pigs Hypoxic–ischemic mode Combination of xenon with 12/24 h hypothermia produced additive neuro-
protective effect.

Xenon enhances hypothermic
neuroprotection in asphyxiated
newborn pigs [73].Xenon (50%, 18 h) with hypothermia (33.5 °C, 12/24 h)

Seven-day-old rat pups Severe hypoxic–ischemic insult mode Adding 50% inhaled xenon with hypothermia didn’t provide neuroprotec-
tion 1 week after severe hypoxic–ischemic brain injury.

Xenon combined with therapeutic
hypothermia is not neuroprotective
after severe hypoxia-ischemia in
neonatal rat [77].

Xenon (50%) with hypothermia (32 °C) for 5 h after
hypoxic–ischemia

Table 3. Effects of xenon on the developing brain-clinical trials.
Age Model Treatment Outcomes

Newborns 14 newborns with moderate to severe neonatal encephalopathy
Up to 18 h xenon inhalation with 72 h 33.5 °C hypothermia (1 received 25%
and 13 received 50% xenon)

(1) 50% xenon for up to 18 h with
72 h of cooling was feasible;
(2) No adverse effects with 18
months follow-up [24].

36–43 weeks gestational age moderate to severe encephalopathy Within 12 h of birth, 33.5 °C hypothermia for 72 h in combination with 30%
xenon for 24 h

Administration of xenon is safe
but didn’t enhance the neuropro-
tection of cooling after birth as-
phyxia [78].

CoolXenon2 + CoolXenon3 Newborns at high risk of brain injury following poor condi-
tion at birth

33.5 °C hypothermia for 72 h starting within 3 h after birth, combining 50%
xenon for 18 h starting within 5 h after birth in neonates of Hypoxic-ischemic
Encephalopathy (HIE)

Cooling+xenon was safe but did
not improve the cognition, lan-
guage, and motor abilities of the
infants (CoolXenon3–Health Re-
search Authority (https://www.hr
a.nhs.uk/))
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Table 4. Effects of xenon in combination with other anesthetics.
General anesthetics Model Effects of xenon Molecular mechanisms

0.75% isoflurane plus 30% or
60% xenon for 6 h

P7 SD rat pups Xenon (both 30% and 60%) miti-
gates isoflurane-induced neonatal
apoptosis.

Downregulated the expressions
apoptotic pathways indicators:
caspase-3, caspase-8, caspase-9,
cytochrome cc [26].

Pretreatment with 70%
xenon/70% nitrous oxide for
2 h, 24 h later exposed to the
combination of 70% nitrous
oxide with 0.75% isoflurane for
6 h

P7 SD rat pups Xenon pretreatment prevented
nitrous oxide- and isoflurane-
induced neuroapoptosis and
cognitive deterioration.

Partly attributed to the inhibi-
tion of mitochondria-induced ac-
tivation of the caspase-3 path-
way since xenon up-regulated the
expression of antiapoptotic Bcl-
2 and down-regulated proapop-
totic tumor suppressor transcrip-
tion factor P53 [47].

Exposed to propofol (50 µM) for
16 h in the presence or absence of
33% xenon

Human neural stem cells 33% xenon effectively protect
neurons from propofol-induced
downregulation of polysialic acid
(PSA) expression.

Xenon recovered the expression
of PSA neural cell adhesion
molecule (NCAM) on human
neural stem cell differentiated
neurons [79].

troscopy and magnetic resonance imaging (MRI), beyond
6 hours after birth compared to hypothermia alone [78,86].
The lack of a positive effect from xenon could be attributed
to a suboptimal dose, duration, and timing of xenon ad-
ministration (the mean age at which xenon was started was
nearly 10 hours); the severity of encephalopathy in the par-
ticipants; the low sensitivity of the cerebral biomarkers used
in the study; and the low power of the follow-up study. De-
spite the absence of a beneficial effect from the combination
of xenon in the TOBY-Xe study, it confirmed the suitability
of cerebral magnetic resonance biomarkers as predictors of
outcomes following neuroprotective therapy after birth as-
phyxia.

Two additional randomized clinical trials,
CoolXenon2 and CoolXenon3, were also conducted
in the UK. These trials aimed to determine if adding 50%
xenon for 18 hours to 33.5 °C hypothermia for 72 hours
could further reduce movement and cognitive disabilities.
Efforts were made to initiate xenon and cooling as soon as
possible, with xenon starting within 5 hours and hypother-
mia within 3 hours after birth. From March 2012 to March
2018, 82 newborns were enrolled, and no significant dif-
ferences were found in the primary outcomes of death and
disability with the additional use of xenon (CoolXenon3 -
Health Research Authority (https://www.hra.nhs.uk/)).

In summary, despite promising pre-clinical results in-
dicating that xenon may enhance neuroprotection in HIE,
clinical evidence remains only modest. There is an ur-
gent need for further research, particularly focusing on the
dosage, timing, and duration of xenon administration. Con-
sequently, while xenon may hold potential to augment the
neuroprotective effects of hypothermia in HIE, it is too soon
to consider its routine application in human newborns.

4.2 Teratogenicity in Obstetric Anesthesia
During pregnancy, a woman might need non-obstetric

surgery at any stage. Statistics indicate that roughly 1.5% to
2.0% of expectant mothers undergo anesthesia for such pro-
cedures [1,87]. At this time, the fetus’s CNS is especially
susceptible and fragile. Consequently, it is imperative to
pay close attention to the potential teratogenic and other ad-
verse effects of anesthetics [88]. Recent research indicates
that exposure to xenon during pregnancy does not appear to
have any detrimental impact on fetal development or repro-
ductive function [74–76]. For instance, one study on rats
exposed to 70–75% xenon for 24 hours on the ninth day of
pregnancy did not exhibit any birth defects [74]. Likewise,
an 80% xenon concentration did not affect fertility, preg-
nancy outcomes, embryo survival rates, body weight, or the
overall development of newborns [75,76]. These findings
suggest that xenon does not present a significant risk to ex-
pectant mothers or their developing fetuses. While clinical
data on the administration of xenon to pregnant women is
scarce, the safety profile of xenon as shown in pre-clinical
studies provides an optimistic perspective for its use in ob-
stetric anesthesia.

4.3 Anesthesia-induced Developmental Neurotoxicity
(AIDN)

Each year, millions of young children undergo general
anesthesia to undergo critical surgeries. At present, all gen-
eral anesthetic agents either inhibit NMDA receptors (such
as nitrous oxide, ketamine, and xenon), enhance Gamma-
Aminobutyric Acid (GABA) receptors (including midazo-
lam and propofol), or influence both (as with volatile anes-
thetics isoflurane and sevoflurane). However, exposure
to drugs that block NMDA receptors during the late fe-
tal or early postnatal period can induce widespread apop-
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totic neurodegeneration [89,90]. Furthermore, numerous
preclinical studies involving rodents and non-human pri-
mates have shown that prolonged exposure to general anes-
thetics, especially during periods of rapid brain growth, is
linked to widespread neuroapoptosis and long-term neu-
rocognitive deficits [2,4,91]. In 2003, Vesna Jevtovic-
Todorovic and her team [2] assessed the impact of anesthe-
sia on the developing brain using 7-day-old rats. They ad-
ministered a combination of three commonly used pediatric
anesthetics—midazolam, nitrous oxide, and isoflurane—at
clinically relevant doses for 6 hours. Their findings indi-
cated widespread neuroapoptosis, programmed brain cell
death, and enduring learning and memory deficits. Since
then, a burgeoning body of research suggests that prolonged
exposure to anesthetics early in life disrupts neuronal devel-
opment and synaptogenesis [92–94]. For instance, isoflu-
rane exposure led to the loss of neural stem cells and per-
sistent, progressive memory impairment in young rodents
[92]; propofol, the most commonly used intravenous anes-
thetic, resulted in significant apoptosis of neurons and glia
in the young rhesus macaque brain [93].

Therefore, nearly all pediatric anesthetics currently
in clinical use have been shown to exhibit neurodegen-
erative effects on the developing brain. In comparison
to the commonly used volatile anesthetics, xenon stands
out as a superior option, offering unique benefits as an
ideal anesthetic for the developing brain. Nevertheless, re-
search has demonstrated that xenon provides neuroprotec-
tion against neuroapoptosis induced by other general anes-
thetics [26,47,79], although there is limited evidence to
suggest that xenon may also have apoptotic effects on the
neonatal brain [16,17,27].

4.3.1 Animal Studies

The neuroprotective properties of xenon have been
documented in numerous studies. In 2007, Ma and col-
leagues [26] demonstrated that exposing 7-day-old rats to
a combination of xenon and isoflurane did not lead to dete-
rioration but instead offered concentration-dependent pro-
tection against isoflurane-induced neuronal apoptosis. Sub-
sequently, in 2010, they delved deeper into the effects of
xenon on neuronal apoptosis triggered by isoflurane and
nitrous oxide during the critical period of synaptogenesis.
Their research revealed that preconditioning with xenon
safeguarded against neurodegeneration and cognitive de-
cline caused by nitrous oxide and isoflurane in 7-day-old
rats. These findings indicated that xenon also conferred
protection against the neurotoxic effects of nitrous oxide
[47]. An additional study, which utilized human neural
stem cells, showed that the co-administration of a subclin-
ical dose of xenon with propofol effectively shielded neu-
rons from propofol-induced damage [79].

In contrast, the neurotoxic effects of xenon on the
developing brain have also been observed [16,17,27]. In
2011, Dr. Cattano et al. [17] discovered that adminis-

tering a mixture of 75% xenon and 25% oxygen to new-
born rats for 2 hours increased the transcriptional activity
of genes associated with protein kinase B (PKB) and c-Jun
N-terminal kinase kinase 1 (JNKK1), which were linked
to heightened neuronal apoptosis in the neonatal rat brain.
Similarly, a study by Brosnan and Bickler [27], utilizing
postnatal rat hippocampal slice cultures, demonstrated that
xenon’s neurotoxicity was comparable to that of isoflu-
rane and sevoflurane at equivalent concentrations. Addi-
tionally, neuroapoptosis was observed in newborn mice af-
ter exposure to 70% xenon for 4 hours. Despite these in-
stances of neuroapoptosis, xenon remains a relatively safe
inhaled anesthetic when compared to others; for instance,
its propensity to promote neural apoptosis is significantly
less than that of isoflurane [16]. However, when xenon is
administered in conjunction with isoflurane, it retains its
neurotoxic properties and suppresses isoflurane’s apopto-
genic effects [16]. Therefore, xenon’s impact on neurode-
velopment may hinge on the delicate balance between neu-
roprotection and neurodegeneration. Furthermore, xenon’s
efficacy as a neuroprotective agent seems to rely on its ca-
pacity to prevent the neurotoxicity of other co-administered
anesthetics.

4.3.2 Clinical Trials

The minimal alveolar concentration (MAC) indicates
the potency of an anesthetic required to prevent 50% of
subjects from experiencing pain during surgery. Xenon’s
MAC in adults is approximately 63.1%, whereas the value
for children remains undetermined [95]. However, extrap-
olating from the MAC values of other volatile anesthetics,
it is anticipated that xenon’sMAC in children would exceed
that of adults. A meta-analysis has estimated that xenon’s
MAC at one year of age could be as high as 92% [96]. Con-
sequently, in pediatric anesthesia, xenon should be admin-
istered in conjunction with other anesthetics to guarantee
that the inspiratory oxygen concentration does not fall be-
low 30%.

In 2014, a phase-II clinical trial was conducted to
evaluate the efficacy of xenon in children aged between 4
and 12 years. During this pilot study, the group receiving
xenon-augmented sevoflurane anesthesia exhibited quicker
emergence compared to those receiving sevoflurane alone.
Nonetheless, no significant variations were observed in
neurocognitive assessments [19,97]. In a parallel clinical
trial involving children under the age of 4, the administra-
tion of 50–65% xenon as an adjunct to sevoflurane anes-
thesia was shown to be safe and practicable in preschool-
ers. Additionally, the co-administration of xenon was as-
sociated with enhanced hemodynamic stability, improved
cerebral oxygen saturation, faster recovery times, and a re-
duced incidence of emergence delirium [18]. Currently, an
ongoing clinical trial is assessing the safety and feasibility
of combining dexmedetomidine with xenon anesthesia in
children aged 1 month to 3 years undergoing elective car-
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Table 5. Neurotoxicity of xenon on the developing brain from pre- and clinical studies.
Age Treatment Mechanisms

Postnatal day 7 rats 75% xenon/25% oxygen for 2 h Xenon was neuroapoptotic for the developing ro-
dent forebrain [17].

Organotypic hippocampal cul-
tures from 7-day-old rats

0.75, 1, and 2 minimal alveolar concen-
tration (MAC) of xenon, isoflurane and
sevoflurane

At 1 MAC, xenon increased cell death 40% above
baseline, and the neurotoxicity of xenon in rat hip-
pocampal slice cultures is similar to isoflurane and
sevoflurane [27].

Postnatal day 7 C57BL/6 mice 0.75% isoflurane, 70% xenon; or 0.75%
isoflurane + 70% xenon for 4 h

(1) Xenon and isoflurane alone induced a signifi-
cant increase in neuroapoptosis. (2) When xenon
was administered with isoflurane, the apoptosis
was reduced to a level lower than that for isoflu-
rane alone [16].

Children less than 4 with cardiac
catheterization

50–65% xenon plus sevoflurane or
sevoflurane alone

50–65% xenon plus sevoflurane has better cerebral
oxygen saturation, leading toa faster recovery and
a reduction of emergence delirium [18].

Children between 4 to 12 years
old undergoing elective cardiac
catheterization

50% xenon plus sevoflurane or sevoflu-
rane alone

No significant difference was observed in neu-
rocognitive test [19].

diac catheterization [98]. The results of this study are antic-
ipated to furnish essential data for future clinical trials in-
vestigating the neurodevelopmental impacts of xenon and
dexmedetomidine (Table 5, Ref. [16–19,27]).

Based on preclinical studies, we must recognize that
xenon can exert dual effects on the developing brain,
namely neuroprotection and neurodegeneration [18,19].
The equilibrium between these two effects is of paramount
importance. Furthermore, the degree of xenon’s neurotoxi-
city in the developing brain is contingent upon various fac-
tors, including dosage, the timing of application, and the du-
ration of exposure. Significantly, xenon has the potential to
mitigate developmental neurotoxicity caused by other anes-
thetics. Consequently, xenon’s impact on the developmen-
tal brain may hinge on its capacity to safeguard against the
neurotoxicity induced by concurrently administered anes-
thetics.

It is essential to remember that the preclinical model
functions as an experimental tool and should not be con-
fused with clinical pediatric anesthesia. Although xenon
has shown encouraging outcomes in laboratory research, its
use in clinical pediatric anesthesia is still in the early stages.
The precise timing and scope of exposure, including fre-
quency and total dosage of anesthesia, have not yet been
determined for humans. Therefore, further well-structured
studies are imperative to investigate the potential benefits
and drawbacks of xenon and to enhance the safety of pedi-
atric anesthetic procedures.

5. Conclusion
Numerous fetuses, infants, and young children neces-

sitate anesthesia annually. Additionally, the developing
brain undergoes highly dynamic processes and is particu-

larly susceptible to the effects of anesthesia. Therefore, it
is imperative for anesthesiologists to utilize safer anesthetic
techniques for these vulnerable subjects. General anesthet-
ics such as isoflurane and sevoflurane have been shown to
induce widespread neuroapoptosis and neurodegeneration.
Hence, xenon emerges as an extraordinary candidate, as nu-
merous studies have demonstrated its neuroprotective ef-
fects.

As an inhaled anesthetic, xenon functions by suppress-
ing NMDA, AMPA, and nACh receptors, activating K2P-
TREK-1 channels, and inhibiting HCN2 channels. More-
over, during anesthesia, xenon exhibits both neuroprotec-
tive and neurotoxic properties. According to the present
review, xenon’s neuroprotective effects are generally me-
diated by (1) modulation of molecules—the antagonism of
the NMDA, AMPA, and HCN receptors, the activation of
K2P-TREK-1 channels, and the upregulation of the HIF-
1α pathway; (2) maintenance of dendritic spine structure
and neuronal function; and (3) alleviation of mitochondrial
dysfunction.

Most pre-clinical and clinical studies have reported
xenon’s neuroprotective effects in the context of HIE, ob-
stetric anesthesia, and AIDN. HIE is one of the leading
causes of neonatal brain injury. For moderate to severe
cases of HIE, therapeutic hypothermia is considered the
most promising treatment option. Moreover, the combi-
nation of xenon has been shown to significantly improve
therapeutic outcomes. Pre-clinical studies have reported the
short- and long-term neuroprotective effects of xenon, with
mechanisms including antagonism of NMDA receptors, re-
duction of apoptosis through modulation of lactate dehy-
drogenase (LDH) and Bcl-2-Associated X Protein (Bax),
and increased cell survival. Despite these encouraging stud-
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ies, clinical trials are only just beginning. Two out of three
clinical trials have indicated positive effects of xenon co-
application with hypothermia, while the third is still ongo-
ing. Further evidence from clinical observations is urgently
needed. Teratogenicity in obstetric anesthesia poses a sig-
nificant concern for the fragile and susceptible fetal CNS.
Fortunately, the application of xenon has shown no obvious
deficits in fetal development or reproduction.

The developmental neurotoxicity associated with in-
haled anesthetics is a significant side effect. On one hand,
xenon has been shown to directly preserve neural morphol-
ogy and function. On the other hand, xenon also offers
protection against the neural function impairment caused
by other general anesthetics; for example, it has been ob-
served to mitigate neuroapoptosis induced by isoflurane. In
reality, most of the general anesthetics commonly used in
clinical settings, such as isoflurane and sevoflurane, possess
neurotoxic properties, which positions xenon as an excep-
tional candidate for anesthesia. A recent study may have
illuminated the mechanism behind this phenomenon. Re-
searchers compared the equipotent concentrations of isoflu-
rane, sevoflurane, and xenon on synaptic transmission and
morphologic plasticity, and found that xenon maintained
dendritic spine morphology in contrast to isoflurane and
sevoflurane. We hypothesize that this protective effect
of xenon may primarily stem from its markedly different
chemical structure compared to other general anesthetics.
For instance, isoflurane and sevoflurane are members of the
ether class of organic compounds, characterized by an oxy-
gen atom bonded to two alkyl or aryl groups, whereas xenon
is a chemical element with the atomic number 54 (con-
sisting of 54 protons and 54 electrons in its atomic struc-
ture). Nevertheless, due to the scarcity of literature, the pre-
cise mechanism underlying xenon’s neuroprotective effects
compared to other general inhaled anesthetics remains to be
clarified.

It is also noteworthy that, according to limited stud-
ies, xenon has been reported to induce neuroapoptosis. In
neurodevelopmental studies, xenon directly caused neu-
ral death in forebrain or hippocampal slice cultures. In a
clinical study, the rate of hemodynamic instability among
children under 4 was similar for isoflurane, sevoflurane,
and xenon. Despite these findings from animal models
and clinical trials, additional results indicated that xenon
generally reduced the neurotoxicity from both isoflurane
and sevoflurane to a lesser degree. Moreover, compared
to sevoflurane, xenon decreased vasopressor requirements,
maintained higher cerebral oxygen saturation, and led to a
quicker recovery in children under 4 undergoing cardiac
catheterization. Therefore, from the current literature, it
appears that xenon generally produces mild neurotoxicity.
Further studies are warranted to fully elucidate the specific
neuroapoptotic mechanisms of xenon and to ascertain its
safety for use in the developing brain.

In conclusion, both pre-clinical and clinical studies
have clearly demonstrated the neuroprotective effects of
xenon on the developing brain, positioning it as a promis-
ing anesthetic for use in late fetal or early postnatal life.
Nonetheless, it is important to note the potential neurode-
generative effects that xenon may induce, as suggested by
limited evidence. There are still uncertainties regarding
xenon’s precise role in anesthesia and its underlyingmecha-
nisms, including issues with delayed administration, subop-
timal dosing, and the use of insensitive biomarkers. Conse-
quently, further research into improved applicationmethod-
ologies and the precise mechanisms of xenon’s neuropro-
tective and neurotoxic effects is highly desirable. Despite
these challenges, existing evidence indicates that xenon
may provide superior neurological outcomes compared to
standard care in specific clinical scenarios. Moreover, the
safety and practicality of xenon use in young children and
neonates, as shown in clinical trials, offer a solid basis for
future investigations. Although data on pediatric patients,
particularly young children, are currently limited and vari-
able, these studies have established a foundation for upcom-
ing clinical trials. The potential for xenon in pediatric appli-
cations is indeed promising. Therefore, it is crucial to ascer-
tain the optimal administration protocols to maximize neu-
roprotection and minimize any potential risks. This proac-
tive approach will be essential in shaping the design of hu-
man trials and improving the safety of pediatric clinical
practices.
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