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Hydrogen and therapeutic gases for neonatal
hypoxic-ischemic encephalopathy: potential neuroprotective
adjuncts 1n translational research

Yinmon Htun'?, Shinji Nakamura' and Takashi Kusaka'

Numerous studies have examined the potential use of therapeutic gases for the treatment of various neurological disorders.
Hydrogen gas, a promising neuroprotective agent, has been a focus of study due to its potent antioxidative properties. In
translational research into adult diseases, hydrogen has been shown to be neuroprotective in disorders such as cerebral ischemia
and traumatic brain injury, and in neurodegenerative diseases such as Alzheimer’s disease. Animal and human studies have verified
the safety and feasibility of molecular hydrogen. However, despite extensive research on its efficacy in adults, only a few studies
have investigated its application in pediatric and neonatal medicine. Neonatal hypoxic-ischemic encephalopathy (HIE) is
characterized by damage to neurons and other cells of the nervous system. One of the major contributing factors is excessive
exposure to oxidative stress. Current research interest in HIE is shifting toward new neuroprotective agents, as single agents or as
adjuncts to therapeutic hypothermia. Here, we review therapeutic gases, particularly hydrogen, and their potentials and limitations

in the treatment of HIE in newborns.
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IMPACT:

® Translational animal models of neonatal HIE are a current focus of research into the therapeutic usefulness of various gases.
® Hydrogen ventilation as a single agent or in combination with therapeutic hypothermia shows short- and long-term

neuroprotection in neonatal translational HIE models.

® The optimal target severity for therapeutic interventions should be well established to improve outcomes.

HYDROGEN AND THERAPEUTIC GASES FOR NEONATAL
HYPOXIC-ISCHEMIC ENCEPHALOPATHY: POTENTIAL
NEUROPROTECTIVE ADJUNCTS IN TRANSLATIONAL RESEARCH
In vivo, gaseous molecules such as oxygen (O,), carbon dioxide
(CO,), carbon monoxide (CO), and hydrogen sulfide (H,S) play
important roles under both physiological and pathological
conditions in the regulation of organ functions such as
cerebrovascular resistance and energy metabolism.! With
increased understanding of the interactions of gaseous molecules
in biological systems, therapeutic gases have gained attention in
recent years as potential neuroprotective agents in basic,
translational, and clinical research of neonatal hypoxic-ischemic
encephalopathy (HIE).

Hydrogen gas (H;) became a major focus of research in
neonatal medicine after the discovery of its potent antioxidative
properties in vivo and in vitro for adult diseases such as cerebral
ischemia.? Other major gases of interest for neonatal HIE are argon
(Ar) and xenon (Xe). In neonatal HIE, gas therapy is administered
either as a single agent or as an adjunct to the current standard
treatment of therapeutic hypothermia (TH).

In this literature review, we briefly discuss the pathogenesis and
current clinical situation of term neonatal HIE and then review
hydrogen medicine and gas therapy in neonatal animal models of
HIE, as well as those of other gaseous agents. In this article, we

emphasize the mechanisms of action, treatment methods, ways to
evaluate effectiveness, and future direction of hydrogen gas
therapy in neonatal HIE.

NEONATAL HIE

Neonatal HIE is one of the major causes of neonatal death,
responsible for about one in five of all neonatal deaths worldwide.
In addition, neonatal HIE leads to various degrees of neurological
impairments. One severe consequence of HIE is cerebral palsy
with or without mental retardation.

The pathophysiology of HIE is highly complex. After
hypoxia—ischemia (HI), cells undergo both injurious and
recovery phases with ongoing feedback loops. HI leads to
reduced ATP production at the cellular level. Under anaerobic
energy conditions, cells accumulate glutamate, the excitatory
amino acid. Glutamate allows increased Ca®" influx into the
cells, which activates lipase synthase and NO synthase,
damaging the mitochondria and triggering the release of free
radicals. The free radicals, in turn, lead to cell death, due not
only to direct HI insult, but also to ischemic reperfusion
(reoxygenation), which promotes the necrosis—apoptosis con-
tinuum.>™> Necrotic cell death in turn induces inflammation,
which allows further release of free radicals. Furthermore,
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neonatal brains have a deficient antioxidative system that makes
them vulnerable to HI injury.®” Therefore, prevention of free
radical injury is vital in neonatal HIE.

In general, free radicals in mammals are reactive oxygen and
nitrogen species. Some important radicals are -OH (hydroxyl
radicals), O, (superoxide), H,O, (hydrogen peroxide), and
ONOO™ (peroxynitrite). Most free radicals are signaling molecules:
O, is a precursor to H,0,, H,0, itself acts as a secondary
messenger, and «OH is also thought to act as a signaling molecule
through lipid peroxidation. By-products of lipid peroxidation are
involved in signaling through receptors®® Of the radicals,
hydroxyl radical (+OH) is the most potent, reacting indiscriminately
with membrane lipids and proteins.? H, has no known target
molecules, but <OH scavenging may be one of the main ways to
reduce further oxidative injury.

THERAPEUTIC HYPOTHERMIA

The current standard treatment for neonatal HIE is TH (mild
cooling of 33.0-34.0 °C for 72 h) initiated within 6 h after birth.
The potential benefits of TH have been studied since ancient
times.'® Before TH became the standard treatment for neonatal
HIE, therapeutic interventions focused on the prevention and
control of cerebral edema.'’ However, none of the pharmaco-
logic interventions have been proven to be useful and the
research focus eventually shifted to agents, such as free radical
scavengers, calcium channel blockers, and excitatory amino acid
antagonists.'> One of the potential strategies is induced
hypothermia.

The exact mechanisms underlying the neuroprotection
afforded by TH in neonatal HIE are uncertain, but clearly
multifactorial. After HI insult, cerebral blood flow decreases and
the cells undergo anaerobic metabolism with the accumulation
of lactate, which is responsible for mitochondrial dysfunction
and cell death. TH reduces the lactate level in traumatic brain
injury in rodents.”® In addition, 12-24 h of TH after HI insult
seems to improve the status of secondary energy failure
parameters in the mammalian brain."* TH reduces the cerebral
blood flow, with every degree Celsius fall in temperature
reducing cerebral metabolism by 5-6%.'*

In terms of oxidative stress and inflammation, TH prevents
excessive release of the excitotoxic neurotransmitter glutamate by
reducing glycine, which is responsible for the activation of N-
methyl-p-aspartate (NMDA) receptor.'® TH significantly reduces
the levels of free radicals and inflammatory cytokines.'*'”

TH effectively ameliorates apoptosis, with both piglet and rat
models showing fewer apoptotic cells.'®’® As an underlying
mechanism, TH is partially involved in the intrinsic pathway for
apoptosis through the suppression of cytochrome c release and
activation of caspase-3 in neonatal rat brain. The important steps
in the apoptotic pathways are activated by Fe?™ and ascorbic acid,
which are both inhibited by TH.2° In traumatic brain injury animal
models, TH alleviates the blood-brain barrier disruption, thereby
relieving edema formation.?'

OUTCOMES AND LIMITATIONS OF TH

According to meta-analyses,>>** TH reduces death or severe
disabilities in term and late preterm infants with moderate-to-
severe HIE. TH boosts the chance of survival with normal
neurological function, reduces the rates of severe disability,
significantly lowers electrographic seizure burden on early and
prolonged continuous multichannel video electroencephalo-
gram (EEG), and decreases the rates of cerebral palsy and a
lower psychomotor index at 18 months of age. TH improves
neurocognitive outcomes in middle childhood. Although not
significant, academic achievements tend to be superior in
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TH-treated individuals and the use of special educational
resources is also lower. A favorable outcome at 18 months of
age is stronglg/ associated with normal functional outcomes at
school age.?>*°

Despite the benefits of TH, nearly half of the infants who
receive the treatment still die or are left with disabilities. To
prevent one case of death or disability from HIE, seven or eight
infants must be treated with TH. Thus, more work is needed to
study outcomes.?®

At any rate, new agents that can augment the effects of TH are
required to further improve outcomes.

HYDROGEN THERAPY: INTRODUCTION

In mammals, H, is produced by intestinal bacteria.?’ H, gas has
been used in hydreliox (49% H,, 50% helium, 1% O,) to prevent
decompression sickness and nitrogen narcosis in deep-sea divers
for nearly three decades.”®

H, entered the spotlight as a potential therapeutic gas owing to
the work of Ohsawa et al.? from Japan in 2007. Its antioxidant,
anti-inflammatory, and anti-apoptotic potential was shown both
in vivo and in vitro. H, selectively reduces «OH in cultured cells and
‘OH and ONOO™ in cell-free systems. In the same report, H,
protected neurons and prevented further damage in a cerebral
ischemic reperfusion model of adult rats. H, inhalation also
reduces edema and improves neurobehavioral functions.

The immunohistochemical results showed that H, substantially
protects cells from nuclear acid oxidation, lipid peroxidation, and
microglia accumulation. In particular, microglia are involved in
neuroinflammation and remodeling.?

Due to its remarkable therapeutic potential, over 300 reports
have been published regarding H, therapy in healthy normal
individuals and those with various conditions, as well as in plants
and animals. H, is neuroprotective, cardioprotective, and effective
in various diseases, such as sepsis, diabetes mellitus, malignancies,
Alzheimer’s disease, and allergies. In the adult medical field, 19
clinical trials of H, therapy have been published, and another 19
were registered between 2008 and 2015.2°*° However, there have
been no trials in neonatal medicine.

H, has many advantages. First and foremost, it is generally
considered safe. In adult patients with post-cardiac arrest
syndrome, a mixture of 4% H, and 96% O, inhalation was safe,
but did not affect outcomes.>' The small molecular size of H,
allows it to cross biological membranes such as the blood-brain
barrier. It is also effective at low concentrations (1-4%). As long as
the concentration is below 4%, ignition is almost impossible. H, is
cheaper than other medical gases,>*>>° and is thus cost-effective
in clinical situations. Unlike Xe and Ar, H, is not only
neuroprotective, but also exerts protective effects in other organ
systems.

In animal models, H, can be delivered by oral ingestion,
intravenous administration, inhalation/ventilation, and peritoneal
injection. Inhalation/ventilation has many advantages. For exam-
ple, it is the most straightforward method. In addition, for delivery
to the brain, an advantage is its close proximity to the target
organ. Inhalation allows H, to reach a plateau within 10-20 min.3
In clinical practice, HIE neonates treated with TH require sedation
and most babies receiving TH are managed with mechanical
ventilation. In this article, inhalation and ventilation are considered
to be the same.

HYDROGEN VENTILATION IN NEONATAL HIE ANIMALS

Neonatal rodent (e.g., rats and mice) and piglet HIE models are the
most common translational models for studying the efficacy of H,
gas therapy. In rodent models, the HI insult is usually transient
systemic hypoxia and permanent unilateral carotid artery ligation
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(Rice-Vannucci model).3®* Rodent models offer better insight into
molecular details, such as the effects of oxidative stress on the
endoplasmic reticulum (ER), and enable assessment of neurobe-
havioral outcomes in relatively long-term periods, as well as
showing a similar central nervous system maturation to human
newborns (term human neonates are equivalent to days 10-14 in
rodents).>**> In rodents, even though the hypoxic component is
systemic, the ischemic component can be unilateral, resulting, for
example, in focal stroke-like lesions that do not resemble the
selective neuronal necrosis pattern of brain injury in human term
HIE neonates.3®

Using a neonatal rat model, Cai et al.>’ determined that
inhalation of 2% H, in postnatal day 7 (P7) rats effectively
decreased the infarct ratio and reduced the neuronal loss in the
cortex and hippocampus in a time-dependent manner. Even with
initiation of H, inhalation 30 min after ischemia-reperfusion, H,
effectively reduced the apoptosis in these brain areas and
decreased caspase activity, which is an important regulator of
apoptosis. In the same report, the level of caspase-12, which is
specifically activated by ER stress, was also reduced. The H,
mechanism could involve the capture of free radicals, inhibiting
caspases and preventing apoptotic cell death and thereby
leading to morphological preservation of the brain.

However, H, inhalation can be ineffective for moderate-to-
severe Hl insult. A study by Matchett et al.3® revealed that 2.9% H,
ventilation did not improve outcomes in P10 rats with severe
insult. The authors stated that neuroprotection depended not only
on the severity, but also on the age of the rats, with P10 rats not
showing neuroprotection, unlike P7 rats. In the same report, a
tendency for neuroprotection was seen in an adult rat
stroke model.

Piglet models are also commonly used to study neonatal HIE.
Piglets share a similar brain growth spurt near the time of birth to
as human neonates.*® Piglet models have well-established data on
cerebral metabolic processes.”**® The neonatal HIE piglet model
is also histologically similar to human HIE term neonates because
the primary sensory and forebrain motor systems are preferen-
tially damaged in neonatal HIE piglets.”’ The effectiveness of TH
and the new gaseous adjuncts Xe, Ar, and H, have been studied
using piglets.*®5°

The early neuroprotective properties of H, inhalation in a
translational HIE piglet model were first reported by Nemeth
et al.>” After hypoxia and reventilation, 2.1% H, was delivered to
the sedated piglets for 4 h. The piglets that received H, therapy
exhibited restored EEG function and had no electrographic
seizures. Neuropathological outcomes were also improved.
Immunohistochemistry of the parietal cortex 24h after insult
revealed a significant reduction in 8-hydroxy-2’-deoxyguanosine
(8-OHdG), which is a biomarker of oxidative stress-induced DNA
damage. The same group reported improved cerebrovascular
reactivity and alleviated delayed neurovascular dysfunction with
2.1% H, inhalation.>>*® In addition, based on a piglet model study
by Varga et al>® at 24 h after insult, H, ventilation suppressed
cyclooxygenase 2, an enzyme abundant in the cortex and
hippocampus of the newborn brain that is upregulated in cerebral
ischemia.

The neuroprotective effects of H, ventilation were observed
as single therapy. As an adjunct to TH, we reported its
neuroprotective potential through assessment of the short-
term neurological outcomes of combined therapy and histolo-
gical findings in 5-day neonatal HIE piglets.>® H, ventilation
(2.1-2.7%, adjusted according to oxygen requirements) was
administered for 24 h along with TH (33.0-34.0°C). On day 3
after the insult, 83% of the piglets in the combined therapy
group regained walking function. The highest neurological score
was observed in the same group from days 2 to 5. Histological
analysis revealed improved outcomes, particularly in the cortex.
Apoptotic cells were significantly reduced with the combined
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therapy. Possible mechanisms could be a decrease in antiox-
idant levels in the early phase, as suggested by previous work.
This hypothesis is supported by several studies of injurious insult
to the cerebral cortex. In a model based on needlestick injury to
the cerebral cortex in young rats, oxidative damage was
progressively and markedly reduced over the 6-day survival
period due to a self-protective response to prevent cell death.®’
In a rat cerebral ischemia model, the serum 8-OHdG level
peaked 24 h after reperfusion. In the early injury phase, oxidative
stress and excitotoxicity triggered neuronal damage, which may
have eventually promoted delayed cell death in the later
phase.®?

POSSIBLE NEUROPROTECTIVE MECHANISMS OF H; IN
DEVELOPING BRAIN

In neonatal HIE, it is important to maintain the growth and
development of the developing newborn brain after
hypoxic—ischemic insult. To do so, preservation of the architecture
and function of the cells of the nervous system and vascular
structures are important.

Unlike Xe and Ar, H, has effectiveness in whole body, not only
the central nervous system. Also, not having the single target, H,
protects the cells in multiple approaches mainly anti-oxidation,
anti-inflammation, anti-apoptosis, cellular signaling, protection of
organelles, and promotion of cellular survival and repair.®® In that
way, H, is assumed to be cytoprotective and neurotrophic for the
developing brain after neonatal HIE.

H, act as a potent radical scavenger, especially of «OH, which is
the most potent of free radicals, formed by Fenton reaction in the
mammalian cells.? Apart from direct scavenging action, H, plays
role in enhancing endogenous antioxidative enzymes: superoxide
dismutase, catalase, and glutathione peroxidase.5* ¢

Nuclear factor erythroid 2-related factor (Nrf2) is a transcription
factor that regulates antioxidants which is activated under
oxidative stress. H, modulates Nrf2. Besides, Nrf2 involves in
inflammation, apoptosis, autophagy, ER stress, and cellular
signaling.%”~7°

H, plays significant role in anti-inflammation by decreasing
circulating tumor necrosis factor-a (TNF-0).”" TNF-a regulates cell
survival, immune response, and apoptosis.®> H, can alter the
downstream cascades of TNF-a to alleviate inflammation. One
downstream factor regulated by TNF-a is nuclear factor-kB (NF-
KB). It is the major regulator of proinflammatory cytokines, which
is the key factor that H, exerts its effect.®® H, decreased NF-kB
activation and subsequent transcription of inflammatory cyto-
kines’? and increased inhibitor of kB in the cytoplasm,%®’37*
leading to reduction of interleukins (ILs) that encourages
inflammation and increase in IL-10 (anti-inflammatory cyto-
kines).”476

H, regulates cell survival and cell death by acting as signaling
molecule. H, alters the genes involving in signaling pathways
under oxidative stress.”” In recent studies, H, is involved in
modulation of autophagy, but it varies in different pathological
conditions.”® H, also exerts cytoprotective effects by reducing ER
stress.”®

H, involves in repair process of neurodegenerative disorders
and promotes vascular integrity. In patients with Parkinson’s
disease, H, not only reduces reactive oxygen species, but also
promotes the repair of the injured cells by regeneration of
mitochondria.?®3" H, maintains vascular integrity by inhibition of
activation of TNF-a and its downstream elements, such as NF-«kB
and ILs (e.g., IL-6), thereby restoration of the circulation to facilitate
the restoration of the damaged tissues.®

In neonatal brain, more studies need to clarify the mechanisms
of neuroprotection by H; in the developing brain and whether it is
harmful. Clinical studies and long-term follow-up studies are
required.
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FUTURE DIRECTIONS OF HYDROGEN VENTILATION

H, as a therapeutic gas can exert benefits in neonatal HIE animals
via complex mechanisms. Ventilation is considered to be effective
because the blood and tissue levels of H, reach saturation within 2
or 3min of the initiation of H, inhalation.2® The neuroprotective
effects could also be due to the shorter distance of gas delivery,
with the H, concentration increasing more rapidly and saturating
at a higher level in the brain than in the other organs®* Its
neuroprotective effects are well supported by histological findings
from animals.

To determine the effectiveness of H, ventilation, careful
determination of the optimal target severity is also important.
Thus, parameters to determine the severity should be well
established. Ideally, it should be easy to monitor these parameters
as soon as a baby with HIE is delivered and should be continually
assessed during the therapeutic interventions.

Generally, H, therapy is safe and does not interfere with
biological processes. However, research into the safety and
feasibility of H, gas in organ systems of large-animal models
and human newborns is required. In addition, in terms of HIE,
studies should examine how single therapy involving H, gas or
combined therapy with TH can alter the cerebral hemodynamics
of newborns.

For clinical application, the H, gas delivery system should be
specifically designed to enable constant monitoring of the H,
concentration.

Finally, the effectiveness of H, is not completely understood
because it does not act through a single target molecule. Multiple
simultaneous approaches to clarify the underlying mechanisms
are required when outcomes are being studied.

OTHER POTENTIAL THERAPEUTIC GASES FOR NEONATAL HIE
Xenon

Xenon (Xe) is a noble inert gas that is a natural component of air (1
in 20 million parts of air) and that is used in adults as a safe and
effective inhalational anesthesia.®"®” Being an NMDA receptor
antagonist, Xe exerts neuroprotective effects by reducing
excitotoxicity.2® NMDA is involved in the calcium calmodulin-
activated kinase 2 complex, in anti-apoptotic cascades, and in
modulating inflammatory cascades.®%°

Due to its potential, the effectiveness of Xe has been studied in
neonatal HIE animal models. In neonatal rats, Xe ventilation is
neuroprotective at a subanesthetic dose (50%).°" In rat models
with moderate HIE, Xe provides neuroprotection, as revealed by
histopathological findings and long-term neurological outcomes,
when combined with TH.>"®?"%> However, Xe was not effective in
a neonatal rat model with severe HIE® Xe is safe to use in
neonatal piglets.”” Due to this potential efficacy, a Xe recirculating
ventilator was designed for neonatal HI piglets to study its
feasglé)ility and safety for clinical application in human neonatal
HIE.

In human neonates with HIE, the feasibility of 50% Xe inhalation
for 18 h was studied in neonates undergoing TH.%% In the same
study, no adverse effect was seen in terms of cardiovascular and
respiratory systems, with increased sedation and suppressed
seizures. At 18 months of follow-up, no adverse effect was
observed. However, current evidence surrounding the safety and
efficacy of Xe combined with TH in term or late preterm HIE
neonates is inconclusive and necessitates further trials reporting
long-term outcomes.”®'%°

Argon

Another chemically inert noble gas with neuroprotective
potential is Argon (Ar), the most abundant such gas in the
atmosphere. Ar does not have anesthetic properties at atmo-
spheric pressure, but exerts neuroprotective effects in both
in vitro and in vivo mouse models of traumatic brain injury.'®" Its
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potential applications in in vivo and in vitro studies include
traumatic brain injury, cerebral ischemia, and HIE."® In piglets,
inhalation of up to 80% Ar in the normoxic state and 50% Ar in
the hypoxic state did not alter the hemodynamic status.*’
Inhalation of 40-50% Ar augmented hypothermia-induced
neuroprotection in perinatal HI piglets by improving cerebral
energy metabolism, amplitude-integrated EEG (aEEG) recovery,
and histological assessments 48 h after insult.'®? The exact
mechanisms underlying the neuroprotective effects of Ar are
still ambiguous.'®

COMPARISON BETWEEN HYDROGEN WITH XE AND AR GASES
Comparison of potential gaseous adjuncts of TH is summarized in
Table 1. Among three gases, H, has the smallest atomic size. Thus,
it can easily cross the blood-brain barrier for neuroprotection.
Unlike Xe, which is an NMDA receptor antagonist, H, does not
have single target molecule. H, may act in multiple pathways, but
its mechanisms are still unclear. On the other hand, Ar is also
thought to act through y-aminobutyric acid (GABA) receptor, but
investigation is still warranted.'®*

According to previous reports, H, exerts its protective effects in
low concentration between 2 and 4% via ventilation, whereas Xe
and Ar require concentration ~50% in neonatal HIE. Thus, H, does
not require the recirculation ventilator like in the case of Xe. In this
way, H, is easier to apply in clinical settings with lower cost. Time
to reach the maximum concentration (Trhay) is not much different
from each other when inhaled.?*'°?

Being produced by fermentation of undigested carbohydrates
by intestinal flora, H, is naturally produced in the intestines of
the humans. H, therapy may perhaps be seemed as comple-
menting the required amount of the lost H,, which is consumed
by injurious stimuli. On the other hand, remaining two inert
gases are foreign to our body. The disadvantage of H; is the risk
of explosion by the rapid chain reaction if >4% H, is present in
the atmosphere.>® However, the therapeutic range is between 1
and 4%, and due to its small molecular size, it diffuses into the
atmosphere easily. Thus, H, is generally considered safe within
its therapeutic range. The disadvantage of Xe is that inhalation
of 50% Xe depressed aEEG background in healtha/ piglets, which
can affect interpretation of the outcome.'®® Xe is also
considered safe within the therapeutic range; however, it
exhibits mild respiratory depression if the concentration is
>70%.%% Up to now, side effects of Ar in biological system is not
clearly understood.

The most advantageous factor of H, of all is its cheap cost
compared to the remaining gases. For one liter, H, only
costs $US0.014/L (~SUS100 for a 7000L gas mixture cylinder
containing 3.8% H, and 96.2% N,, purchased from Takamatsu
Teisan Ltd, Kagawa, Japan). Xe costs $US30/L even when
recirculated with the designed ventilators.®” Ar is 200 times
cheaper than Xe (~$US0.15/L).'°% Therefore, H, therapy may be
feasible also in developing countries. According to the above
comparison, H, therapy is the most cost-effective gas, which
should be the important candidate as an adjunct of TH in
neonatal HIE.

CONCLUSION

Combined therapy involving medical gases and TH is one of the
potential neuroprotective strategies for neonatal HIE. Translational
animal model studies have facilitated the clinical use of
therapeutic gases. To prove their potential, optimization of the
treatment, including therapy concentration and duration, as well
as optimal target severity, well-designed clinical trials are required.
H,, Xe, and Ar are relatively safe gases, but their long-term
neuroprotective results, neurological outcomes, and long-term
effects on organ systems require further study.
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Table 1.

Comparison of potential therapeutic gases; H, Xe, and Ar in neonatal HIE.

H2 Xe

Ar

Atomic weight

Biological safety (human
and animal studies)

Disadvantages and side
effects

Cost (rough estimation)

1.008 (atomic no. 1)

1.0 min (rat)
Tmax (blood)

Human 10.0-20.0 min (both arterial 2.4 min (arterial)
and venous) 42.0 min (venous)
Animal 5.0 min (arterial, rat) 2.2 min (arterial, piglet)

53.3 min (venous, piglet)
0.6 min (arterial, rat)
3.6 min (venous, rat)

Safe

Risk of explosion (>4%) in
atmosphere

Safe Safe
Depressed aEEG background in healthy piglets, mild Unclear
respiratory depression >70% in hypoxic-ischemic

neonatal rats

$US30/L (most expensive) $US0.15/L

$US0.014/L (cheapest)

Requires recirculation ventilator

131.3 (atomic no. 54)
Inert gas (efficient anesthetic)

Type of gas Physiological gas (produced
by intestinal flora)
Target No single target molecule Mainly NMDA receptor
Effective concentration 2-4% ~50%
Tmax (brain)
Human 29.1 min
Animal 6.3 min (rat) 20.7 min (piglet)

39.95 (atomic no. 18)
Inert gas

Unclear (benzodiazepine binding
site of GABA receptor)
45-50%

16.8 min

2.1 min (arterial)
31.3 min (venous)

NMDA N-methyl-p-aspartate, GABA y-aminobutyric acid, T4 time to reach maximum concentration.
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