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A CLINICAL APPLICATION FOR HINDENBURG'S BLIMP; HYDROGEN IN THE TREAT-
MENT OF BRAIN INJURY

APLIKACJA KLINICZNA DLA STEROWCA HINDENBURGA; WODOR W LECZENIU
URAZOW MOZGU

Shamiram S Benjamin, Tsz Yuen Au
Center for Medical Education in English, Poznan University of Medical Sciences, Poland

ABSTRACT

Introduction

Brain injury (BI) is well-known as a potential cause of irreversible brain damage in humans,
often leading to devastating consequences. Currently, there exists no effective treatment
in the reversal of BI. However, experimental studies on using hydrogen-rich saline or gas
inhalation in animal models has revealed neuroprotective effects; in the setting of BI, hydro-
gen serves as an antioxidant, anti-inflammatory, and a cytoprotective agent, ultimately
aiding in the reversal of cellular damage. The aim of this manuscript is to review existing
studies where hydrogen-infused saline was applied in the setting of BI in order to deter-
mine whether it should be further studied; if positive, we hope to bring further attention
to potential treatments that could serve revolutionary in BL

Methods

A literature review of current studies was performed, utilizing the Pubmed database. Any
studies which focused on the treatment of BI using hydrogen-rich saline were included;
relevant keywords searched were: hydrogen-rich saline; brain injury; molecular hydrogen;
hydrogen therapy; animal study. A total of 17 studies were included in this review.

Results

In reviewing the 17 studies found, one study observed the effect of hydrogen gas inhalation
while the other 15 utilized hydrogen-rich saline infusion; each of the 16 studies illustrated
that the therapeutic application of hydrogen alleviated BI.

Conclusions

In conclusion, though there have not yet been any clinical trials in human subjects, prelimi-
nary studies on animal models show promise in the treatment of various brain injury (BI)
by means of therapeutic hydrogen in saline or gaseous forms.

Keywords: trauma, brain injury, neurology, hydrogen, hydrogen-infused

STRESZCZENIE

Wstep

Uszkodzenie mézgu (UM) jest dobrze znane jako potencjalna przyczyna nieodwracalnych
urazéw mézgu u ludzi, czesto prowadzgcych do niszczycielskie konsekwencje. Obecnie nie ma
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skutecznej metody odwrécenia UM. Jednak badania eksperymentalne dotyczgce stoso-
wania bogatej w wodér soli fizjologicznej lub wdychania gazéw w modelach zwierzecych
ujawnity dziatanie neuroprotekcyjne; w przypadku UM wodér stuzy jako przeciwutleniacz,
Srodek przeciwzapalny i cytoochronny, ostatecznie pomagajac w odwréceniu uszkodzen
komoérkowych. Celem tego manuskryptu jest przeglad istniejgcych badan, w ktérych roztwor
soli fizjologicznej z infuzjg wodoru zostat zastosowany w warunkach UM, w celu ustalenia,
czy nalezy go dalej badag; jesli pozytywne, mamy nadzieje, ze zwrécimy wieksza uwage na
potencjalne metody leczenia, ktére moga by¢ rewolucyjne w UM.

Metody

Przeglad piSmiennictwa aktualnych badan przeprowadzono z wykorzystaniem bazy danych
Pubmed. Uwzgledniono wszelkie badania, ktére skupiatly sie na leczeniu UM przy uzyciu
soli fizjologicznej bogatej w wodér; wyszukiwane stowa kluczowe to: s6l fizjologiczna bogata
w wodér; uraz mézgu; wodér czasteczkowy; terapia wodorowa; badania na zwierzetach.
W tym przegladzie uwzgledniono tgcznie 17 badan.

Wyniki

Przegladajac 17 znalezionych badan, w jednym badaniu zaobserwowano efekt inhalacji gazo-
wego wodoru, podczas gdy w pozostatych 15 wykorzystano wlew soli fizjologicznej bogatej

w wodor; kazde z 16 badan pokazato, ze terapeutyczne zastosowanie wodoru tagodzi UM.

Whnioski
Podsumowujac, chociaz nie przeprowadzono jeszcze zadnych préb klinicznych na ludziach,
wstepne badania na modelach zwierzecych sg obiecujgce w leczeniu réznych uszkodzen
moézgu (UM) za pomoca terapeutycznego wodoru w postaci soli fizjologicznej lub w postaci
gazowe;j.

Stowa kluczowe: neurologia, wodér, uraz, uszkodzenie mézgu, infuzja wodoru

Introduction

Brain injury (BI) is well-known as a poten-
tial cause of irreversible brain damage in
humans, often leading to impairment of
bodily functions, paralysis, or even death. The
etiology of BI may be linked to many factors
including trauma, ischemic and hemorrhagic
stroke, ischemia-reperfusion injury, and even
intentional deep hypothermic circulatory
arrest (DHCA) as part of surgical prepara-
tion (Figure 1). Traumatic injury may result
from concuss ons, hematomas, fractures of
the skull, edema, or diffuse axonal injury.
Conversely, non-traumatic reasons can be
categorized into hypoxic/anoxic injury from
a respiratory cause, ischemic/hemorrhagic
stroke from a hematogenous anomaly, and
even cardiac arrest (Figure 2).

Depending on the severity of the damage
and its cause, the prognosis for this diag-
nosis can vary greatly; damage may be
self-resolving or poor, even fatal in some
circumstances. Currently, the treatment
of BI, regardless of its cause, is focused
heavily on the management and resolu-
tion of downstream, associated symptoms.
In regards to the reversal or treatment of
BI itself, there presently exists no “gold
standard” or effective treatment (Figure 1).

However, experimental studies on using
hydrogen-rich saline or gas inhalation
in animal models have revealed neuro-
protective effects; (Kumagai et al. 2020;
Hu et al., 2022; Jiang et al., 2021; Chen et al.,
2017;Keetal,2020;Gaoetal,2017; Lietal, 2017;
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Brain injury (Bl)

Etiology: trauma, ischemic/hemorrhagic stroke,

ischemia-reperfusion injury, intentional deep

hypothermic circulatory arrest (DHCA)

Prognosis: Ranges depending on severity, can be

self-resolving or extremely poor, even fatal

Current Treatment: symptom-focused,

no specific “gold standard” or indicated treatment

Figure 1. Etiology, prognosis, and current treatment of BI

Figure 2. Traumatic vs. non-traumatic BI

Baietal, 2016 Shaoetal.,2016;Zhaoetal., 2015;
Ciuetal,2014;Huoetal,2014;Hongetal,2014;
Zhuangetal, 2013;Jietal,2012;Jietal, 2011;
Shenetal.,, 2011) in the setting of BI, hydrogen
serves as an antioxidant, anti-inflammatory,
and a cytoprotective agent, ultimately aiding
in the reversal of cellular damage (Kumagai
etal. 2020; Hu et al,, 2022; Jiang et al., 2021;
Chenetal,2017;Keetal.,2020;Gaoet al.2017;
Lietal,2017;Baietal, 2016 Shaoetal, 2016;
Zhaoetal,2015;Ciuetal,2014;Huoetal,2014;

Hong et al., 2014; Zhuang et al., 2013;
Jietal,2012;Jietal,2011;Shenetal., 2011).
To better understand the mechanism of
how hydrogen-infused treatments may
combat the physiological effects of BI, we
must reflect on the pathophysiology of BI
itself and address its cellular and microvascu-
lar consequences (Sekhon et al., 2017; Albert-
Weissenberger et al., 2019). In hypoxic/anoxic
conditions of BI, decreased oxygen concentra-
tion at oxygen-dependent complex IV of the
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electron transport chain leads to decreased
adenosine triphosphate (ATP) production
(Sekhon et al., 2017). This decrease in ATP
leads to a buildup of intracellular calcium
which ultimately may cause mitochondrial
membrane damage and dysfunction. Most
notably, in the case of reperfusion injury
following ischemic events or impaired micro-
cellular conditions, there may be an increased
production of reactive oxygen species (ROS)
which can directly cause mitochondrial
leakage; increased ROS also promotes the
activity of xanthine oxidase, which further
promotes the positive feedback mechanism
of ROS production (Sekhon et al., 2017; Di
Meo et al., 2016).

Meanwhile, microvascular consequences
may be observed as well, since ROS may
lead to aloss of nitric oxide bioactivity
within blood vessels, impairing endothelial
vasodilation, and potentially resulting in
endothelial damage (Sekhon et al., 2017;
Di Meo et al., 2016). This damage may lead
to both the formation of microthrombi as
well as increased porousness of the blood-
brain barrier; this may lead to cerebral edema
as well as the formation of microthrombi
which can limit blood flow in affected vessels
and further exacerbate ischemic conditions.
Regardless of the mechanism, increased ROS
may eventually cause damage to cellular DNA
which promotes apoptosis of affected cells.
In the case of neurons, a stable tissue that is
incapable of regeneration or replication, this
effect may have devastating downstream
consequences (Sekhon et al., 2017; Albert-
Weissenberger et al., 2019; Di Meo et al., 2016)
(Figure 3).

In response to this elevated production
of ROS, hydrogen, a small and highly diffus-
ible molecule may be extremely effective in
the treatment and neutralization of these
oxygen species into more benign molecules
(Khatri et al., 2018). When hydrogen molecules
are introduced into this environment, the
resultant reduction of oxidative stress may
help to minimize tissue damage; given its
small size, high diffusibility, and antioxidant

properties, hydrogen may serve as a perfect
treatment in these conditions (Ohta 2012)
(Figure 4).

The aim of this manuscript is to compile
and review existing studies where hydrogen-
infused saline was applied in the setting of BI
in order to determine whether it should be
further studied; if the outlook is positive, we
hope to bring further attention to potential
treatments that could serve revolutionary
in the realm of a condition with scarce treat-
ment options at present.

Material and methods

Aliterature review of current studies was
performed, utilizing the Pubmed database.
Any studies which focused on the treatment
of Bl using hydrogen-rich saline or hydrogen
gas administration were included and their
results were compared. Relevant keywords
utilized in this search were: hydrogen-rich
saline; brain injury; molecular hydrogen;
hydrogen therapy; animal study (Figure 5).
After compiling all applicable studies, a total of
17 studies were included in this review; out of
the 17 studies found, one study observed the
effect of hydrogen gas inhalation via nebu-
lizer, while the other 16 utilized hydrogen-
rich saline infusion intraperitoneally - all
of the studies analyzed were animal studies
(Figure 6).

Results

When analyzing the 17 studies, 5 of them
focused on subarachnoid hemorrhage,
7 on ischemic reperfusion, 2 on traumatic
injury, 1 after cardiopulmonary bypass injury,
1 after cardiac arrest, and 1 resulting from
intentional deep hypothermic circulatory
arrest (DHCA) (Kumagai et al. 2020; Hu et al.,
2022; Jiang et al., 2021; Chen et al., 2017; Ke
etal,2020;Gaoetal,2017;Liet al.,, 2017; Bai
etal,2016 Shaoetal, 2016;Zhao et al., 2015;
Ciuetal, 2014; Huo et al,, 2014; Hong et al.,
2014; Zhuang et al., 2013; Ji et al.,2012; Ji
etal,2011;Shen et al., 2011). In each of the
17 studies, regardless of underlying etiology
or administration style, results illustrated
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Pathophysiology of Bi

Reperfusion injury, compensatory breathing irregularities
(hypoxemia, hyperoxia, hyperventilation, etc.), anemia,
microcirculatory dysfunction, impaired regulation

Healthy
dendrite

Cellular consequences
hypoxia leads to | ATP production (C V), 1 [Ca?*]
intracellularly — mitochondrial dysfunction

TROS - mitochondrial leakage, 1 xanthine oxidase activity
increased ROS leads to damage of DNA; promotes apoptosis

Microvascular consequences
Neutrophil ) @ Endothelial damage — porous BBB — cerebral edema —

diapedesis - & . . P . . -
i microthrombi formation — limits flow; ischemic exacerbation

Figure 3. Pathophysiology of BI from cellular and microvascular perspectives

1 1.0079
Hydrogen molecule
Hydrogen - antioxidant, anti-inflammatory, and cytoprotective
- Easily diffuse into cells (intracellular cytoprotective)
7-,1 - Reduces oxidative stress— minimize brain damage
2

e H—H https://pubmed.ncbi.nlm.nih.gov/29952272/

Figure 4. Clinical effects and molecular properties of hydrogen
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Breakdown of
resulting studies

In reviewing the 17 studies found

=> Subarachnoid hemorrhagic (5)

= Ischemic reperfusion (7)
Traumatic injury (2)
Cardiopulmonary bypass injury (1)
Cardiac arrest (1)

DHCA (2)

Figure 6. Categorization of studies analyzed

that the therapeutic application of hydrogen
alleviated BI and its downstream repercus-
sions (Kumagai et al. 2020; Hu et al.,, 2022;
Jiang et al., 2021; Chen et al., 2017; Ke et al.,
2020; Gaoetal,,2017;Lietal., 2017;Baietal,
2016 Shao et al., 2016; Zhao et al.,, 2015; Ciu
etal,2014;Huoetal,2014;Hongetal., 2014;
Zhuangetal,2013;Jietal,2012;Jietal, 2011;
Shen et al., 2011). Hydrogen-infused saline
exerted cardioprotective effects through the
involvement of ATP-dependent potassium
channels and permeability of mitochondrial
pores. Meanwhile, hydrogen gas inhalation
perioperatively diminished the extent and
prevalence of neurologic injury, revealed
through increased neural activity and
decreased activity of neural repair enzymes.
Regardless of the application, hydrogen led
to a significant reduction in oxidative stress,
minimizing damage and improving progno-
sis in patients with BI, whether traumatic
or not (Kumagai et al. 2020; Hu et al., 2022;
Jiang et al., 2021; Chen et al., 2017; Ke et al.,
2020; Gaoetal,2017;Lietal., 2017;Baietal,
2016 Shao et al., 2016; Zhao et al.,, 2015; Ciu
etal,2014;Huoetal,2014;Hongetal., 2014;
Zhuangetal, 2013;Jietal,2012;Jietal, 2011;
Shen et al,, 2011) (Figure 5).

Benefits of hydrogen
therapy in Bl

Across all 17 studies, there was a positive
therapeutic effect observed in each case,
regardless of underlying etiology or
administration style

= Hydrogen-infused saline (16)
introduced intraperitoneally and
circulated throughout the body

=> Hydrogen gas inhalation (1)
provided via nebulizer

Discussion

The neuroprotective, anti-inflammatory, and
cytoprotective properties of hydrogen may
already be observed on a molecular level as
it may specifically reduce hydroxide species
while modifying critical gene expression
and signal transduction pathways which
maintain redox homeostasis and modulate
cellular stress response(s) (Kumagai et al.
2020; Hu et al., 2022; Jiang et al., 2021; Chen
et al, 2017; Ke et al., 2020; Gao et al,, 2017;
Liet al, 2017; Bai et al., 2016 Shao et al.,
2016; Zhao et al., 2015; Ciu et al., 2014; Huo
et al, 2014; Hong et al.,, 2014; Zhuang et al.,
2013;Jietal,2012;Jietal, 2011; Shen et al,
2011;Slezak et al.,, 2021). In neutralizing ROS,
hydrogen may logically aid in the reversal of
cellular damage. Additionally, the impact of
hydrogen molecules on enzymes, kinases,
and signals within apoptotic and autophagic
processes may illustrate the added thera-
peutic benefit in antiaging and regenerative
potential in more than just Bl alone (Fu et al.,
2022). In conclusion, though there have not
yet been any clinical trials in human subjects,
preliminary studies on animal models show
promise in the treatment of various brain
injuries by means of therapeutic hydrogen
in saline or gaseous forms. Hydrogen-rich
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saline could be applied in patients after brain
trauma, stroke, or cardiopulmonary resus-
citation in order to treat BI and minimize
the negative consequences of these events
(Figure 7). When observing limitations, it
must be acknowledged that there could be
some discrepancy when applying results
from animals to humans; therefore, clinical
trials must be performed in order to assess
the safety and ultimate effect of treatment
with hydrogen-infused saline or gas (Figure 8).
Additionally, the administration of hydrogen
gas could prove toxic in high concentrations,
leading to the precipitation of symptoms like
headache, nausea - or in extreme conditions —

death. Conversely, peritoneal administration
of hydrogen-infused saline does not present
with intoxication risk in the same way, aslong
as the fluid volume administered remains
within an appropriate range. Considering the
extremely limited risk, preliminary results
from these animal studies are extremely
promising in the setting of BI, where patients
are currently left without any type of “gold
standard” care. The clinical application of
hydrogen-infused saline could help to treat
BI, mitigate resultant damage, and preserve
critical brain function in patients affected
(Figure 8).

Clinical application

- use of hydrogen-rich saline in patients with
- brain trauma

- after CPR
- stroke

- Results reveal potential to decrease the likelihood of developing
irreversible brain damage in patients with TBl and NTBI

Figure 7. Clinical applications of hydrogen-rich saline

Current Conclusions

Figure 8. Conclusions regarding the clinical application of hydrogen-rich saline

www.ironsjournal.org

49



50

Shamiram S Benjamin et al.: A clinical application for Hindenburg's blimp; hydrogen in the treatment of brain injury

REFERENCES

Albert-Weissenberger C, Hopp S, Nieswandt

B, Sirén AL, Kleinschnitz C, Stetter C. (2019)

‘How is the formation of microthrombi after

traumatic brain injury linked to inflamma-
tion?’ Journal of Neuroimmunology. 326:

pp. 9-13.

Bai X, Liu S, Yuan L, et al. (2016) ‘Hydrogen-
rich saline mediates neuroprotection through

the regulation of endoplasmic reticulum stress

and autophagy under hypoxiaischemia neo-
natal brain injury in mice.’ Brain Res.;1646:

pp. 410-417.

Chen K, Wang N, Diao Y, et al. (2017) ‘Hy-
drogen-Rich Saline Attenuates Brain Injury
Induced by Cardiopulmonary Bypass and

Inhibits Microvascular Endothelial Cell Ap-
optosis Via the PI3K/Akt/GSK33 Signaling

Pathway in Rats.’ Cell Physiol Biochem.;43(4):

pp. 1634-1647.

CuiY, ZhangH, Ji M, et al. (2014) ‘Hydrogen-
rich saline attenuates neuronal ischemia —
Reperfusion injury by protecting mitochon-
drial function in rats.” J Surg Res. 192(2):

pp. 564-572.

Di Meo S, Reed TT, Venditti P, Victor VM.
(2016) Role of ROS and RNS Sources in Physi-
ological and Pathological Conditions.” Oxid

Med Cell Longev,;2016:1245049.

FuZ,Zhang J, Zhang Y. (2022) Role of Molecu-
lar Hydrogen in Ageing and Ageing-Related

Diseases.’Oxid Med Cell Longev,;2022:2249749.
GaoY,GuiQ,JinL,etal. (2017) ‘Hydrogen-rich

saline attenuates hippocampus endoplasmic

reticulum stress after cardiac arrest in rats.’
Neurosci Lett. 640: pp. 29-36.

Hong Y, Shao A, Wang J, et al. (2014) ‘Neu-
roprotective effect of hydrogen-rich saline

against neurologic damage and apoptosis

in early brain injury following subarachnoid-
hemorrhage: possible role of the Akt/GSK3[3

signaling pathway.’ PLoS One.;9(4): p.e96212.
Hu Y, Feng X, Chen J, Wu Y, Shen L. (2022)

‘Hydrogen-rich saline alleviates early brain

injury through inhibition of necroptosis and

neuroinflammation via the ROS/HO-1sign-
aling pathway after traumatic brain injury.’
Exp Ther Med.;23(2): p. 126.

Huo TT, Zeng Y, Liu XN, et al. (2014) ‘Hy-
drogen-rich saline improves survival and

neurological outcome after cardiac arrest
and cardiopulmonary resuscitation in rats.’
Anesth Analg.;119(2): pp. 368-380.

Ji Q, Hui K, Zhang L, Sun X, Li W, Duan M.
(2011) ‘The effect of hydrogen-rich saline on

the brain of rats with transient ischemia.’
J Surg Res.;168(1): pp. €95-101.

JiX, Tian Y, Xie K, Liu W, Qu Y, Fei Z. (2012)

‘Protective effects of hydrogen-rich saline

in a rat model of traumatic brain injury via

reducing oxidative stress.’J Surg Res.;178(1):

pp. €9-16.

Jiang B, LiY,Dai W, Wu A, Wu H, Mao D. (2021)

‘Hydrogen-rich saline alleviates early brain

injury through regulating of ER stress and

autophagy after experimental subarachnoid

hemorrhage.’ Acta Cir Bras. ;36(8): p. e360804.
KeH,LiuD, LiT, etal. (2020) ‘Hydrogen-Rich

Saline Regulates Microglial Phagocytosis

and Restores Behavioral Deficits Following

Hypoxia-Ischemia Injury in Neonatal Mice

via the Akt Pathway.' Drug Des Devel Ther.;14:

pp. 3827-3839.

Khatri N, Thakur M, Pareek V, Kumar S,
Sharma S, Datusalia AK. (2018) ‘Oxidative

Stress: Major Threat in Traumatic Brain In-
jury."CNS Neurol Disord Drug Targets.;17(9):

pp.- 689-695.

Kumagai K, Toyooka T, Takeuchi S, et al.
(2020) ‘Hydrogen gas inhalation improves

delayed brain injury by alleviating early brain

injury after experimental subarachnoid hem-
orrhage.’ Sci Rep.;10(1): p. 12319.

LiQ,YuP, Zeng Q, et al. (2016) ‘Neuroprotec-
tive Effect of Hydrogen-Rich Saline in Global

Cerebral Ischemia/Reperfusion Rats: Up-
Regulated Tregs and Down-Regulated miR21,
miR-210 and NF-kB Expression.’ Neurochem

Res.;41(10): pp. 2655-2665.

OhtasS.(2012) ‘Molecular hydrogen is a novel

antioxidant to efficiently reduce oxidative

stress with potential for the improvement

of mitochondrial diseases.’ Biochim Biophys

Acta.;1820(5): pp. 586-594.

Sekhon MS, Ainslie PN, Griesdale DE. (2017)

‘Clinical pathophysiology of hypoxic ischemic

Issues of Rehabilitation, Orthopaedics, Neurophysiology and Sport Promotion - IRONS



Shamiram S Benjamin et al.: A clinical application for Hindenburg's blimp; hydrogen in the treatment of brain injury

brain injury after cardiac arrest: a ‘two-hit’
model.’ Critical Care.;21.

Shao A, Wu H, Hong Y, et al. (2016) Hydro-
gen-Rich Saline Attenuated Subarachnoid

Hemorrhage-Induced Early Brain Injury in

Rats by Suppressing Inflammatory Response:

Possible Involvement of NF-kB Pathway and

NLRP3 Inflammasome.’ Mol Neurobiol;53(5):

pp. 3462-3476.

ShenL,Wang J,LiuK, etal. (2011) ‘Hydrogen-
rich saline is cerebroprotective in a rat model

of deep hypothermic circulatory arrest.’ Neu-
rochem Res.;36(8): pp. 1501-1511.

Slezak J, Kura B, LeBaron TW, Singal PK, Bu-
day J, Barancik M. (2021) ‘Oxidative Stress and

Pathways of Molecular Hydrogen Effects in

Medicine.’ Curr Pharm Des.;27(5): pp. 610-625.
Zhao L, Chen X, Dai Q, et al. (2015) Role of
FOXO3a in process of hydrogen-rich saline

attenuating global cerebral ischemia-reper-
fusion injury in rats.” Zhonghua Yi Xue Za

Zhi.;95(6): pp. 457-461.

Zhuang Z, Sun X jun, Zhang X, et al. (2013)

‘Nuclear factor-kB/Bcl-XL pathway is involved

in the protective effect of hydrogen-rich saline

on the brain following experimental suba-
rachnoid hemorrhage in rabbits’. J Neurosci

Res.;91(12): pp. 1599-1608.



