Role of hydrogen in traumatic brain injury: a narrative
review
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Traumatic brain injury (TBI) is a serious global public health problem. Survivors of TBI often suffer from long-term disability, which puts
a heavy burden on society and families. Unfortunately, up to now, there is no efficacious treatment for TBI patients in clinical practice. As
a reducing gas, hydrogen has been shown to be neuroprotective in multiple cerebral disease models; however, its efficacy in TBI remains
controversial. In this review, we will focus on the results of hydrogen in experimental TBI, elaborate the potential mechanisms, and put
forward for future researches based on our current understanding and views.
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INTRODUCTION

Traumatic brain injury (TBI) is defined as an alteration in brain
function, or other evidence of brain pathology caused by an
external force.! Around the world, more than 50 million people
suffer from TBI every year, and it is predicted that almost half
of'the world’s population will experience TBI once or more in
their lifetime.? TBI is one of the leading causes of morbidity,
disability and mortality of all age groups in all countries, which
has increased burden on families and society and becomes a
global public health and medical problem.>?

The clinical symptoms of TBI vary in severity, mainly
depending on the extent of brain damage. Survivors of TBI often
suffer from long-term physical, cognitive and psychological
dysfunction.* According to the pathophysiological mechanism
of brain injury, TBI can be divided into two categories: primary
and secondary brain injury.’ Primary injury is directly caused
by mechanical forces which occurs at the exact moment of
insult and results in the disruption of the integrity of brain
cells.® Then a series of events happened. It includes the release
of excitatory amino acids and the opening of Ca?* channel, the
generation of free radicals and lipid peroxidation, the release
of inflammatory cell mediators, apoptosis and so on.” These
mechanisms not only have simultanecous effects, but also
constitute a chain reaction. Altogether, these events lead to
brain edema, ischemia, cytotoxic cell swelling and intracranial
pressure rise, and finally lead to secondary injury after TBI,
which is considered to be the main cause of death after brain
injury.® To sum up, for the primary brain injury, all we can do
is to prevent and reduce the injury. However, investigations
on the secondary injury after TBI are of great significance,

which are helpful for us to determine the therapeutic target of
TBI and to improve the prognosis.

Hydrogen is a kind of colorless, tasteless and reductive
small molecular gas. It was thought that hydrogen was a
physiologically inert gas in mammalian cells until 1975,
when it was first reported in Science that hydrogen plays a
therapeutic role in mouse skin cancer model by scavenging
hydroxyl radicals.’ In 2007, it was reported that hydrogen could
reduce the cerebral ischemia-reperfusion injury by selectively
reducing cytotoxic reactive oxygen species.!® Since then,
hydrogen has opened a new chapter in the field of medical
research and application. And a large number of studies
have shown that hydrogen plays a therapeutic role through
the mechanism of antioxidant stress in a variety of diseases,
such as central nervous system diseases,!! respiratory system
diseases,'? cardiovascular system diseases,'* digestive system
diseases,'* urinary system diseases'> and other diseases.!®
Central nervous system diseases are the focus of hydrogen
medicine research. Compared with other organs of the body,
brain tissue is more vulnerable to oxidative stress because of its
high oxygen consumption, low antioxidant enzymes and high
content of unsaturated fatty acids.!” Unfortunately, there is no
ideal antioxidant for the treatment of nervous system diseases.
However, hydrogen, as a reducing gas, has the advantages of
easy access, convenient administration (such as inhalation and
intraperitoneal injection of hydrogen, oral administration of
hydrogen-rich water, and injection of hydrogen-rich sodium
chloride solution), easy diffusion, quick onset and no obvious
toxicity, which will provide a new idea for the prevention and
treatment of nervous system diseases.'® From January 2007 to
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May 2020, a search was performed at Web of Science database.
In this review, we will discuss the role of hydrogen in TBI,
elaborate the potential mechanisms and put forward our current
understanding and views for future researches.

AppLicaTION OF HYDROGEN ON CENTRAL NERVOUS
SYSTEM DISEASES

Since 2007, due to the moderate reduction activity of hydro-
gen that can quickly diffuse through the blood-brain barrier,'°
more and more researches have focused on the application of
hydrogen in central nervous system diseases.

Stroke is a severe acute cerebrovascular disease, which is
caused by occlusion or rupture of cerebral blood vessels, in-
cluding ischemic stroke and hemorrhagic stroke.!® Oxidative
stress,? inflammatory response,?-*> mitochondrial damage?
and apoptosis?** are key elements of stroke pathophysiology.
In 2007, Ohsawa and colleagues!? first reported that inhala-
tion of hydrogen markedly suppressed brain injury in a focal
cerebral ischemia/reperfusion injury rat model. The potential
mechanism might be associated with that hydrogen could
selectively reduce the hydroxyl radical, which was the most
cytotoxic of reactive oxygen species.!® Since then, a large
number of researches have reported that hydrogen plays a role
of protection in stroke. In a common carotid artery occlusion
rat model, inhalation of hydrogen alleviated cognitive impair-
ment by decreasing the levels of oxidative stress products
malondialdehyde (MDA) and 8-iso-prostaglandin-2a, and
increasing the activities of anti-oxidative enzymes superoxi-
dase dismutase and catalase.?® In another study, after cerebral
ischemia/reperfusion injury (middle cerebral artery occlusion
rat model), the levels of pro-inflammatory cytokines, such as
tumor necrosis factor-a, interleukine-6 and interleukine-1,
were reduced by hydrogen treatment. However, transform-
ing growth factor-1p (a kind of anti-inflammatory cytokine)
increased. It indicated that hydrogen could ameliorate cerebral
ischemia/reperfusion injury via anti-inflammation.?’ Lately,
it was reported that hydrogen exerted neuroprotective effects
on oxygen-glucose deprivation/re-oxygenation damaged neu-
rons in rat hippocampal. And the underlying mechanism was
protecting mitochondrial function via regulating mitophagy
mediated by phosphatase and tensin homolog-induced kinase
1/Parkin signaling pathway.?® Besides application on ischemic
stroke, hydrogen can also applicate on hemorrhagic stroke. It
is well known that hemorrhagic stroke including subarachnoid
hemorrhage and intracerebral hemorrhage. After hemorrhage,
microglia and inflammatory cells are activated and free radicals
are produced.?3° Then a series of pathophysiological changes,
such as hematoma formation, hemoglobin decomposition,
can deteriorate oxidative stress. In 2019, it was reported that
inhalation of 66% hydrogen increased 72-hour survival rate
and improved 24-hour neurological deficits after subarachnoid
hemorrhage in rats’!; however, it had no detrimental effects
on subarachnoid hemorrhage grade 24 hours after subarach-
noid hemorrhage compared to air group. In a rat model of
intracerebral hemorrhage, inhalation of 1.3% hydrogen for 1
hour significantly reduced the levels of MDA, tumor necrosis
factor-a, interleukine-1p and Caspase-3 protein and increased
brain-derived neurotrophic factor expression, suggesting that

hydrogen exerted a neuroprotective effect against brain injury
after intracerebral hemorrhage through antioxidative activity,
anti-inflammatory, anti-apoptotic, and neuroprotective.*?

The neurodegenerative disease is characterized as the loss of
brain and spinal cord cells, which are usually not renewable.
With the passage of time, neurological function deteriorated,
and eventually irreversible neurological dysfunction appeared.
Alzheimer’s and Parkinson’s diseases are two of the most
common neurodegenerative diseases. And inflammation and
oxidative stress are recognized as the main causes of Alzheim-
er’s and Parkinson’s diseases.® In a dementia mice model
(transgenic mice (DAL101) lacking aldehyde dehydrogenase
2), drinking hydrogen-water could reduce oxidative stress, sup-
press the decline in learning and memory impairment, decrease
neurodegeneration and extend the mean of lifespan of mice.**
Recently, Zhang et al.** developed a small-sized palladium
hydride nanoparticle that could release hydrogen sustainably in
Alzheimer’s disease brain, and they demonstrated that it could
overcome the cognitive impairment in Alzheimer’s disease
mice via recovering mitochondrial dysfunction, inhibiting
B-amyloid generation and aggregation, reducing oxidative
stress and activating the anti-oxidative pathway. Additionally,
drinking hydrogen water could alleviate cognitive impairment
and inhibit hippocampal neurodegeneration in a mouse model
of Parkinson’s disease.*® In a 6-hydroxydopamine-induced
Parkinson’s disease rat model, it has demonstrated that hy-
drogen could prevent both development and progression of
the nigrostriatal degeneration.’’

THERAPEUTIC EFFECTS OF HYDROGEN ON TRAUMATIC
BRAIN INJURY
The application of hydrogen in the treatment of TBI began
in 2010. The first study reported that hydrogen could exert
neuroprotection in a rat model of controlled cortical impact
(CCI) brain injury. It demonstrated that inhalation of 2%
hydrogen from 5 minutes to 5 hours significantly attenuated
blood-brain barrier damage, brain edema and lesion volume
and improved neurological outcome after TBI.*® In the follow-
ing years, many studies on the therapeutic effect of hydrogen
on TBI have been reported (Table 1). One study examined
the role of hydrogen in brain injury induced by surgery. The
results showed that inhalation of 2.9% hydrogen could also
reduce brain edema and improve neurological function. How-
ever, through myeloperoxidase and lipid peroxidation assay,
it was found that hydrogen failed to reduce oxidative stress
and inflammation. Unfortunately, the authors did not give the
possible reasons.** Recently, another study investigated the
effects of different concentrations of hydrogen inhalation on
the neurological function of a lateral fluid percussion injury
model of diabetic rat after TBI. It found that inhalation of 42%
hydrogen was shown to alleviate nerve damage and improve
neurological function after TBI in diabetic rats; however,
inhalation of 3% hydrogen did not. The potential mechanism
might include reducing oxidative stress and neuron apoptosis.*’
In addition, it reported that 2% of hydrogen treatment could
also improve the neurological outcome after TBI induced by
CCI via increasing the expression of miR-21.4!

In recent years, there were many kinds of researches on the
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Table 1: Experimental studies regarding hydrogen in traumatic brain injury

Author Model Animals/cells Hydrogen administration Main results

Jietal™ Controlled cortical ~ Rat Inhalation of 2% hydrogen Hydrogen inhibits oxidative stress and improves
impact neurological outcome.

Eckermann et Surgically induced  Rat Inhalation of 2.9% hydrogen = Hydrogen decreases the cerebral edema and improves

al” brain injury neurobehavioral score but fails to reduce oxidative

stress or inflammation.

Hou et al.” Fluid percussion Rat Intraperitoneal injection of Hydrogen-rich saline attenuates oxidative stress injury
injury hydrogen-rich saline and improves cognitive performance.

Jietal® Controlled cortical ~ Rat Intraperitoneal injection of Hydrogen-rich saline exerts a neuroprotective effect via
impact hydrogen-rich saline reducing oxidative stress.

Dohietal.”  Controlled cortical ~ Mouse Molecular hydrogen given in
impact drinking water

Tian et al.* Controlled cortical ~ Rat Intraperitoneal injection of
impact hydrogen-rich water

Wang et al.*'  Controlled cortical ~ Rat Inhalation of 2% hydrogen
impact

Yuan etal.*  Feeney weight-drop Rat

Lietal® Fluid percussion Diabetic rat Inhalation of 3% and 42%
injury hydrogen

Wang et al.¥’  Scratch injury PC12 cell Hydrogen-rich medium
model

Wang et al.*®  Scratch injury

model endothelial

cells (bEnd.3)

Intraperitoneal injection of
hydrogen-rich water

Microvascular Hydrogen-rich medium

Molecular hydrogen in drinking water inhibits
neurodegenerative changes.

Hydrogen-rich water attenuates brain damage and
inflammation.

Hydrogen improves the neurological outcome by
increasing miR-21 expression.

Hydrogen-rich water attenuates oxidative stress via
nuclear factor erythroid 2-related factor-2 pathway.

Inhalation of 42% hydrogen alleviates nerve damage
and improves neurological function.

Hydrogen exerts neuroprotection by activation of
the miR-21/phosphoinositide 3-kinase/Akt/glycogen
synthase kinase-3f pathway.

Hydrogen improves cell viability partly through
inhibition of autophagy and activation of
phosphoinositide 3-kinase/Akt/glycogen synthase
kinase-3[ signal pathway.

role of other forms of hydrogen on TBI, such as hydrogen-
rich saline, hydrogen-rich water and hydrogen in drinking
water. Hou et al.*? reported that after mild TBI induced by
fluid percussion injury, treatment with hydrogen-rich saline
attenuated oxidative stress injury and cognitive impairment.
In the same year, another study revealed that hydrogen-rich
saline intraperitoneally injection also exerted the similar
neuroprotective effects after TBI induced by CCI, and these
protective effects were dose-dependent.* In 2014, Dohi and
colleagues* found that the molecular hydrogen in drinking
water relieved brain edema, blood-brain barrier disruption,
and neuroinflammation after CCI induced TBI model of mice.
Then, Tian et al.* studied the role of hydrogen-rich water in a
CCI induced TBI rat model. They found that intraperitoneal
injection of hydrogen-rich water could reduce the mortality
rate, attenuate blood-brain barrier disruption and brain edema
and improve the cognitive function of CCI-induced TBI rats. In
a Feeny weight-drop model of the rat after TBI, compared with
TBI group, intraperitoneal injection of hydrogen-rich water
significantly increased the 7-day survival rate, ameliorated
neurological severity score (modified neurological severity
score) and lowered intracellular oxidative stress level.

Currently, the application of hydrogen-rich medium in an
in vitro model of TBI has been investigated. In 2020, using an
in vitro model of TBI (PC12 cells), a report indicated that the
hydrogen-rich medium played a neuroprotective role against
neuronal apoptosis and impaired nerve regeneration.*’ Another
similar study revealed that hydrogen-rich medium improved
the cell viability in a microvascular endothelial cell model of
TBI (bEnd.3, an immortalized mouse brain endothelial cell
line) though inhibition of autophagy.*®

MEecHANISMS OF THE HYDROGEN THERAPY IN
TRAUMATIC BRAIN INJURY

It is well known that TBI is a major cause of death and dis-
ability among young people globally.*” And the survivors after
TBI often have neurological deficits, seizures, behavioral
changes, cognitive impairment and so on, which seriously af-
fect the quality of life and bring heavy burden to both family
and society. So far, to all organs in the body, TBI is one of
the most complex diseases. Because of the high heterogeneity
of brain injury and neuroendocrine dysfunction, the underly-
ing pathophysiological mechanism occurring in TBI is more
complex.>! At present, it is believed that the brain tissue will
have violent collision, acceleration, deceleration, or rotation
movement when the head is subjected to external force. Then,
the mechanical destruction of the brain tissue causes axon
shearing and blood vessels tearing, which can lead to contu-
sion and hemorrhage. All these events result in a secondary
cascade of molecular and biochemical changes in minutes of
the initial impact, which is called secondary brain injury.’ The
secondary injury mechanisms mainly include mitochondrial
dysfunction, excitotoxicity, calcium overload, neuroinflamma-
tory response and oxidative stress. These induce membrane
cellular and vascular system destruction, which will lead to
blood-brain barrier damage, cerebral blood flow alteration,
ischemia and hypoxia, energy deficit, and eventually bring
about apoptosis or necrosis.*> Some experiments have shown
that TBI rats can have brain edema, neurological dysfunction
and prolonged remodeling time. Oxidative stress, neuroinflam-
mation and apoptosis are important factors leading to these
pathological changes.*4>%
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At present, many studies have shown that hydrogen plays
neuroprotective roles in TBI through a variety of mechanisms.
The potential mechanisms include anti-oxidation, anti-inflam-
mation, inhibition of apoptosis and so on (Figure 1).%

Anti-oxidation

Increasing evidences have shown that oxidative stress is
considered to be the key factor for secondary injury in the
pathophysiology of TBI. Further studies found that exces-
sive production of reactive oxygen species and reduction of
antioxidant defense systems play an important role in the
pathogenesis of TBI. Also, oxidative stress is involved in the
development of cerebral edema, inflammation, and second-
ary neuronal damage.’*>® No matter hydrogen, hydrogen-
rich water, hydrogen-rich saline or hydrogen in drinking
water, they have been reported to have antioxidant stress
effect in many studies.’>>-% Hydrogen plays a similar role
in TBI model. MDA is the end product of lipid peroxidation
induced by free radicals and its level is related to the degree
of damage induced by free radicals.®! Additionally, 8-iso-
prostaglandin-2a is a specific product after lipid peroxidation
of arachidonic acid on free radical catalyzed biofilm, which
can sensitively reflect the level of oxidative stress in vivo
and is related to the severity of disease.®® The determination
of MDA and 8-iso-prostaglandin-2a is considered to be an
ideal index to evaluate oxidative stress.®** Meanwhile, the
harmful effects of free oxygen radicals can be alleviated by
the action of antioxidant enzymes superoxidase dismutase
and catalase.64 Related reports showed that inhalation of
hydrogen or intraperitoneal injection of hydrogen-rich saline
after TBI exerted anti-oxidative stress effects by decreasing
the level of MDA and 8-iso-prostaglandin-2a and increasing
the activities of superoxidase dismutase and catalase.*®** Si-
lent information regulator 2 (Sir2) is a nicotinamide adenine
dinucleotide*-dependent deacetylase, which is involved in the
regulation of cell cycle, energy metabolism, fatty acid oxida-
tion and other processes.® And Sir2 may play an antioxidant
stress role by promoting the antioxidant system.® Besides,
Sir2 is involved in the regulation of oxidative stress after
TBL® In 2012, Hou et al.*? confirmed that hydrogen-rich
saline could play an anti-oxidative stress role by promoting

Sir2 expression after TBI. Nuclear factor erythroid 2-related
factor-2 is an important regulator factor of cellular antioxi-
dants, which plays an important role in protecting neurons
from oxidative stress after TBI.%® A study demonstrated that
intraperitoneal injection of hydrogen-rich water could at-
tenuate oxidative stress in rats with TBI induced by Feeney
weight-drop method via nuclear factor erythroid 2-related
factor-2 pathway.*¢

Anti-inflammation

Inflammation is a common pathological process in most
diseases. The activation of immune cells and the release of
inflammatory cytokines are related to inflammation. Neuro-
inflammation is an immune response activated by microglia
and astrocytes and it usually occurs under the stimulation
of trauma, infection, toxin or the action of autoimmunity.
Although transient neuroinflammatory signal transduction
plays a protective role during development and tissue repair
after injury, chronic neuroinflammation is related to the pro-
gression of neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis
and multiple sclerosis.® Using hydrogen-rich water as the
hydrogen source, a study found a significant difference
between TBI and hydrogen-rich water-treated TBI rats in
measures of inflammatory cytokines levels and inflamma-
tory metabolites.* Intraperitoneal injection of hydrogen-rich
water significantly attenuated the levels of pro-inflammatory
cytokines (tumor necrosis factor-a, interleukine-1B and
high mobility group box-1), inflammatory cells (ionized
calcium-binding adapter molecule-1) and inflammatory me-
tabolites (choline), while observably increased the level of
anti-inflammatory cytokine (interleukine-10).* It suggested
that hydrogen could play a neuroprotective role through anti-
inflammatory response after TBI.*

Anti-apoptosis

According current studies, neuronal apoptosis is the main
pathological change type of secondary brain injury after
TBI and plays an important role in delayed neuron loss after
acute and chronic central nervous system injury. It has been
reported that there are two pathways of neuronal apoptosis,

Figure 1: The potential mechanism of hydrogen
against TBI.

Note: Hydrogen plays an important role in TBI via
anti-oxidation, anti-inflammation, anti-apoptosis,
anti-autophagy and other mechanisms. AQP-4:
Aquaporin-4; BBB: blood-brain barrier; BDNF:
brain-derived neurotrophic factor; CAT: catalase;
CHO: choline; GSK3p: glycogen synthase kinase-
3B; H,: hydrogen; HIF: hypoxia-inducible factor; Iba-
1: ionized calcium-binding adapter molecule-1; IL:
interleukine; MDA: malondialdehyde; MMP: matrix
metalloproteinase; Nrf2: nuclear factor erythroid
2-related factor-2; PGF2a: prostaglandin-2a; PI3K:
phosphoinositide 3-kinase; Sir2: silent information
regulator 2; SOD: superoxidase dismutase; TBI:
traumatic brain injury; TNF-a: tumor necrosis
factor-a.
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one is caspase-dependent apoptosis by activating caspase
family, the other is independent caspase pathway initiated by
apoptosis-inducing factors in mitochondria. Both pathways
are regulated by the Bcl-2 family of proteins. It is generally
believed that Bcl-2 plays an anti-apoptotic role, while Bax
and caspase-3 play a part in pro-apoptotic, which are com-
monly used to detect apoptosis markers.® ™ Recently, a study
showed that inhalation of 42% hydrogen could significantly
decrease the expression of Bax and caspase-3 and increase the
expression of Bcl-2 after TBI in diabetic rats. Besides, neu-
rological function scores were also improved after hydrogen
treatment. Therefore, it revealed that hydrogen could inhibit
apoptosis exerting neuroprotective effects.* Similarly, the
anti-apoptotic effect of hydrogen was also verified in vitro.
In an in vitro model of TBI (PC12 cells), after hydrogen-rich
medium treatment, the researchers measured the expression
of Bax and Bcl-2 proteins and detected the degree of apopto-
sis by terminal deoxynucleotidyl transferase dUTP nick end
labeling staining. The results showed that compared with
TBI group, hydrogen intervention significantly decreased
the expression of Bax and increased the level of Bel-2, and
reduced apoptosis.*’

Anti-autophagy

Autophagy is a process in which eukaryotic cells mediate the
degradation of damaged organelles, protein aggregates and
invading pathogens through lysosome dependent pathways.”!
Some studies have shown that autophagy is involved in oxida-
tive stress,”? inflammatory response,” apoptosis’ and other
pathophysiological processes. Furthermore, autophagy path-
way is also involved in brain injury after TBL.”® An in vitro
experiment found that hydrogen treatment would not change
the autophagy level of normal microvascular endothelial cell
(bEnd.3). While further study confirmed that the autophagy
level in bEnd.3 cells was activated after TBI, which can be
inhibited by hydrogen treatment through the up-regulation of
phosphoinositide 3-kinase/Akt/glycogen synthase kinase-3f3
signal pathway.*®

Other potential mechanisms

In addition to the above mechanisms, hydrogen also has been
reported to play a role in TBI through the following potential
mechanisms. The levels of aquaporin-4, hypoxia-inducible
factor-1a, matrix metalloproteinase-2 & -9 were altered by
molecular hydrogen in drinking water treatment after TBI
in a CCI model, which could affect brain edema, blood-
brain barrier disruption and alterations in brain interstitial
fluid circulation.** And the pathological phosphorylated tau
changes induced by CCI were blocked by molecular hydro-
gen in drinking water intervention. Moreover, molecular
hydrogen in drinking water increased adenosine triphosphate
and nucleotide-binding after TBI and altered pathological
gene expressions that regulate oxidation, carbohydrate me-
tabolism and suppressed cytokine activation.** In another
study, researchers demonstrated that hydrogen-rich saline
treatment improved rat cognitive performance after mild TBI
via increasing the expression of molecules associated with

brain-derived neurotrophic factor-mediated synaptic plas-
ticity.*> MicroRNA is a kind of non-coding single-stranded
RNA molecules with a length of about 22 nucleotides, which
involved in the regulation of post-transcriptional gene expres-
sion and related to the pathophysiology of many diseases,
including TBL.7® More and more researches on micro-RNA
in TBI have been carried out. Recently, relevant researches
showed that miR-21 expression increased after TBI, and it
could improve neurological outcome.”” Further studies
confirmed that hydrogen could play a neuroprotective role
in TBI in vivo or in vitro model via increasing the expression
of miR-21.4147

ConcLusion AND PROSPECTS

To sum up, the neuroprotective effect of hydrogen after TBI
has been confirmed by many experiments. Its potential mecha-
nism may be related to anti-oxidation, anti-inflammatory,
anti-apoptosis, anti-autophagy and regulation of cell signal-
ing pathway. Because hydrogen is non-toxic and easy to
diffuse and reductive, it is a promising gas in the treatment
of TBI. At present, the researches on the role of hydrogen in
TBI are mainly focused on antioxidant stress. However, the
pathophysiological mechanism of TBI is complex. Whether
hydrogen can play a protective role in TBI secondary brain
injury through other mechanisms remains to be studied fur-
ther, which provides a theoretical basis for the application
of hydrogen in TBI. Moreover, the relationship between the
neuroprotective mechanisms of hydrogen is also not clear. In
addition, it is still lack of large-scale researches on the way
of hydrogen administration, the optimal concentration, safety
and clinical application. All of these are potential research
directions in the future.
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