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Abstract: Molecular hydrogen exerts biological effects on nearly all organs. It has anti-oxidative, anti-inflammatory, and
anti-aging effects and contributes to the regulation of autophagy and cell death. As the primary organ for gas exchange, the
lungs are constantly exposed to various harmful environmental irritants. Short- or long-term exposure to these harmful substances
often results in lung injury, causing respiratory and lung diseases. Acute and chronic respiratory diseases have high rates of
morbidity and mortality and have become a major public health concern worldwide. For example, coronavirus disease 2019
(COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a global pandemic. An in-
creasing number of studies have revealed that hydrogen may protect the lungs from diverse diseases, including acute lung injury,
chronic obstructive pulmonary disease, asthma, lung cancer, pulmonary arterial hypertension, and pulmonary fibrosis. In this
review, we highlight the multiple functions of hydrogen and the mechanisms underlying its protective effects in various lung

diseases, with a focus on its roles in disease pathogenesis and clinical significance.
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1 Introduction

Molecular hydrogen is a colorless, odorless, and
tasteless gas molecule with poor water solubility. It is
considered inert in mammalian cells under physio-
logical conditions. Molecular hydrogen can be broken
down by some bacteria via enzymatic catalysis to
provide energy and electrons. In addition, bacteria
produce molecular hydrogen by anaerobic metabo-
lism. Genes encoding the iron- or nickel-containing
enzymes necessary to catalyze these reactions, such as
hydrogenase, are lacking in mammals (Fritsch et al.,
2013). However, molecular hydrogen is now recog-
nized as a novel medically relevant gas with thera-
peutic potential. Ohsawa et al. (2007) reported that
the inhalation of 2% molecular hydrogen results in
the selective scavenging of hydroxyl free radical (-OH)
and peroxynitrite anion (ONOQO"), significantly
improving oxidative stress injury caused by cerebral
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ischemia/reperfusion (I/R). This study prompted
substantial interest in the medical value of molecular
hydrogen, and many cellular, animal, and clinical trials
and studies have since investigated its preventive and
therapeutic effects. Molecular hydrogen can exert bio-
logical effects on almost all organs, including the
brain, heart, lung, liver, and pancreas. It has a variety
of biological functions, including roles in the regula-
tion of oxidative stress and anti-inflammatory and
anti-apoptotic effects (Iketani and Ohsawa, 2017;
Kura et al., 2019; Hu et al., 2020; Kawamura T et al.,
2020).

The lungs are the primary organ for gas exchange
between the surrounding environment and the circu-
latory system. During respiration, they are constantly
exposed to various environmental irritants, such as
bacteria, viruses, and other pathogens, and to other
harmful external stimuli, such as tobacco smoke and
airborne particulate matter. Short- or long-term exposure
to these harmful substances often results in lung injury,
causing respiratory and lung diseases (Bhattacharya
and Matthay, 2013). Acute and chronic respiratory
diseases have high rates of morbidity and mortality,
and the efficacy of treatment strategies is insufficient,



making these diseases a major public health concern
worldwide (Bhattacharya and Matthay, 2013). For
example, coronavirus disease 2019 (COVID-19), a
form of pneumonia caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has spread
widely, resulting in an ongoing pandemic.

This review is based on publications up to May
2021 which were retrieved by a selective search in the
PubMed database, and includes clinical trials, animal
studies, and reviews. The search terms included
“hydrogen,” “acute lung injury (ALI),” “chronic
obstructive pulmonary disease (COPD),” “asthma,”
“cancer,” “pulmonary arterial hypertension (PAH),”
“pulmonary fibrosis (PF),” and “hydrogen.” We briefly
discuss the mechanism of action of molecular hydrogen
and its effects on biological functions and cellular
processes. We then describe the status of research on
its contributions to various lung diseases. We expect
molecular hydrogen to have an increasing role in the
treatment and prevention of lung diseases. This review
provides support for the development of future treat-
ments based on molecular hydrogen.

LRI

2 Mechanism of action of hydrogen
2.1 Anti-oxidation

Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) are by-products of energy
metabolism during daily activities. ROS/RNS include
superoxide anion (O,"), -OH, peroxyl (RO, ), alkoxyl
(RO"), and nitric oxide (NO-) radicals. They play crit-
ical roles under normal conditions in immune defense,
signaling processes, and the extraction of energy from
organic molecules (Genestra, 2007). However, if ROS
and RNS production exceeds the antioxidant capacity
of the body or if the antioxidant capacity of the body
is decreased, oxidative stress occurs. Acute oxidative
stress often occurs during inflammation and I/R (e.g.,
cardiac arrest, myocardial and cerebral infarction,
organ transplantation, and intraoperative hemostasis)
(Ferrari et al., 1991; Vaziri and Rodriguez-Iturbe,
2006; Reuter et al., 2010). Chronic ROS injury can
occur in a variety of pathological conditions, such as
malignant cancer, diabetes, chronic inflammatory dis-
eases, atherosclerosis, and neurodegeneration, as well
as in the process of aging (Stump et al., 2005; Kim
and Byzova, 2014; Guzik and Touyz, 2017). Humans
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have antioxidant defense systems to protect against free
radical toxicity (Birben et al., 2012). Antioxidants are
divided into enzymatic and non-enzymatic types. Enzy-
matic types include superoxide dismutase (SOD), cata-
lase (CAT), and glutathione peroxidase (GSH-Px), and
non-enzymatic types include bilirubin, o-tocopherol
(vitamin E), B-carotene, and uric acid (Wu et al., 2013).

The antioxidant effects of molecular hydrogen
are primarily mediated by the following mechanisms.
(1) Molecular hydrogen has a lower molecular weight
than other common antioxidants (e.g., SOD, CAT, and
a-tocopherol). It can selectively react with strong
oxidants and can easily penetrate biological mem-
branes, such as nuclear and mitochondrial mem-
branes, without affecting the metabolic redox reaction
(Ohta, 2012, 2015). (2) By stimulating nuclear factor
erythroid 2-related factor 2 (Nrf2), which regulates
the basal and induces expression of many antioxi-
dant enzymes and the proteasome (Zhang HQ et al.,
2015), hydrogen can increase the expression of heme
oxygenase-1 (HO-1) (Kawamura et al., 2013; Xie
et al., 2020; Yu et al., 2020). It also decreases -ONOO -
related gene expression and production (Shinbo et al.,
2013) and increases the activity of the antioxidant
enzymes SOD, CAT, and myeloperoxidase (MPO)
(Cai et al., 2013). (3) Molecular hydrogen can block
the apoptosis signal-regulating kinase 1 (ASK1) sig-
naling pathway and the downstream signaling mole-
cule p38 mitogen-activated protein kinase (p38“™),
thereby inhibiting nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity and decreasing
free radical production. Through these antioxidant
effects, molecular hydrogen protects cells from lipid
and fatty acid peroxidation.

2.2 Anti-inflammatory effects

The anti-inflammatory effects of molecular hydro-
gen were first identified in a study of Gharib et al.
(2001) in which parasite-induced liver inflammation
was treated by the inhalation of high-pressure hydro-
gen. Subsequent studies of a variety of injury models
have confirmed that molecular hydrogen has anti-
inflammatory effects. In the lungs, acute and per-
sistent chronic inflammation underlies the pathogen-
esis of numerous pulmonary diseases, such as ALI,
COPD, asthma, and PF. The protective effect of mo-
lecular hydrogen on lung tissues is mediated by its
anti-inflammatory effects.
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The major mechanisms underlying the anti-
inflammatory effects of molecular hydrogen are as
follows. (1) It inhibits the synthesis and release of the
pro-inflammatory factors tumor necrosis factor-o
(TNF-a), interleukin (IL)-1B, IL-6, nuclear factor-xB
(NF-xB), and high-mobility group box 1 (HMGB-1);
increases the expression of the anti-inflammatory
factor IL-10 (Buchholz et al., 2008; Shao et al., 2016;
Fu et al., 2020); inhibits the release of chemokines,
including keratinocyte-derived chemokine, macro-
phage inflammatory protein (MIP)-1a, MIP-2, and
monocyte chemoattractant protein 1 (Xie et al., 2012);
and inhibits the release of intercellular cell adhesion
molecule-1 (ICAM-1), granulocyte-macrophage colony-
stimulating factor (GMCSF), and granulocyte colony-
stimulating factor (G-CSF) (Xie et al., 2012; Chen
MH et al., 2018). (2) It promotes macrophage phag-
ocytosis at lesion sites (Huang et al., 2019) and inhibits
the recruitment of neutrophils and M1 macrophages
to lesions. (3) The anti-inflammatory effects of mol-
ecular hydrogen involve multiple signaling pathways.
For example, the stimulation of the Nrf2/HO-1/
HMGB-1 pathway mitigates endothelial dysfunction
and lung injury caused by polymicrobial sepsis (Chen
et al., 2015; Yang et al., 2019). The inhibition of
p38¥*™ and c-Jun N-terminal kinase (JNK) alleviates
lipopolysaccharide (LPS)-induced ALI (Tao et al.,
2016). The modulation of autophagy-related pathways,
such as the mammalian target of rapamycin (mTOR)/
transcription factor EB (TFEB) and phosphatase and
tensin homolog (PTEN)-induced kinase 1 (PINK1)/
Parkin pathways, mitigates ALI endothelial dysfunc-
tion and myocardial I/R injury (Chen et al., 2020; Fu
et al., 2020).

2.3 Regulation of autophagy

In eukaryotic cells, catabolism is the degradation
of intracellular components by the ubiquitin-proteasome
system and lysosomes. Autophagy (particularly macro-
autophagy) is defined as a lysosome-dependent cata-
bolic process for maintaining cellular homeostasis
(Yang and Klionsky, 2010). However, when stress
exceeds a critical duration or intensity threshold, it
may have maladaptive effects (Maiuri et al., 2007),
causing cell damage or even death. Emerging evidence
suggests that hydrogen has dual roles in the modula-
tion of autophagy (i.e., roles in both its promotion and
inhibition).

2.3.1 Promotion of autophagy

Hydrogen can promote autophagy-mediated
nucleotide-binding domain and leucine-rich repeat
protein 3 (NLRP3) inactivation in macrophages and
alleviate inflammatory reactions and subsequent organ
damage and mitochondrial dysfunction (Chen HG
et al., 2019). In sepsis, endoplasmic reticulum (ER)
stress is triggered and is often accompanied by im-
paired autophagy. Hydrogen alleviates ER stress by
activating autophagy pathways, thereby attenuating
inflammation and organ injury (Chen et al., 2020).
These observations suggest that under pathological
conditions, as a key regulator of innate and adaptive
immunity, autophagy is activated, but is not sufficient
to overcome stress. Hydrogen exerts protective effects
by promoting autophagy for the maintenance of homeo-
stasis and attenuation of the effects of stress.

2.3.2 Inhibition of autophagy

Basal autophagy is essential for the maintenance of
normal cellular functions and homeostasis. However,
dysregulated or excessive autophagy may disrupt
intracellular homeostasis, predisposing individuals to
pathological conditions. Under these conditions, appro-
priate inhibition of autophagy serves a protective
function. We have demonstrated that hydrogen allevi-
ates LPS-induced ALI by inhibiting excessive auto-
phagy (Zhang Y et al., 2015; Liu and Zhang, 2017).
Similarly, in traumatic brain injury, by inhibiting
autophagy, hydrogen improves the viability of micro-
vascular endothelial cells (ECs) (Wang YF et al., 2020).

The mechanisms underlying the dual effects of
hydrogen on autophagy are yet to be fully clarified
and might depend on disease stage or severity, as well
as cell types and locations. Nevertheless, these find-
ings suggest that hydrogen is a candidate therapeutic
agent for the modulation of autophagy pathways and
therefore, disease outcomes.

2.4 Effects of hydrogen on cell death
2.4.1 Regulation of apoptosis

Apoptosis is a canonical form of programmed cell
death that does not stimulate inflammatory responses
(Elmore, 2007). It is an evolutionarily conserved
type of cell death with major effects on biological
processes (Singh et al., 2019). The molecular mech-
anism underlying apoptosis involves the sequential



activation of cysteine proteases, called caspases (Shalini
et al., 2015), and a series of pro-apoptotic and anti-
apoptotic B-cell lymphoma-2 (Bcl-2) family proteins
(Westphal et al., 2014). In various disease models and
organs, molecular hydrogen plays a protective role by
regulating apoptosis. It can inhibit apoptosis by regu-
lating apoptosis signaling pathways and apoptosis-
related proteins, such as the phosphatidylinositol-3-
kinase (PI3K)/protein kinase B (Akt)/glycogen synthase
kinase-3B (GSK3p) (Chen et al., 2017), ASK1/JINK
(Liu YQ et al., 2015), rat sarcoma (Ras)-extracellular
signal-related kinase 1/2 (ERK1/2)-mitogen-activated
protein kinase kinase 1/2 (MEK1/2), and Akt path-
ways (Chen et al., 2013), and by suppressing the acti-
vation of caspase-3, -8, and -9 and the Bcl-2/Bcl-2-
associated X (Bax) ratio (Huo et al., 2014; Liu YQ
et al., 2015; Mo et al., 2019). Molecular hydrogen also
reduces the rate of apoptosis by reducing inflamma-
tion and oxidative damage (Guo SX et al., 2015; Li
et al., 2016), and protects mitochondrial function (Cui
et al., 2014; Jiao et al., 2020). The inhibition of auto-
phagy improves cell survival and inhibits apoptosis.
For example, in an I/R myocardial injury model, PINK-
mediated autophagy alleviates inflammation and apop-
tosis (Yao et al., 2019). Accordingly, there is crosstalk
among molecular hydrogen, apoptosis, and autophagy.

Although hydrogen has anti-apoptotic effects in
the above conditions, it promotes apoptosis under
various other conditions. For example, hydrogen can
increase rates of early and late apoptosis in lung cancer
(Jiang et al., 2018; Wang et al., 2018). It facilitates the
scavenging of carcinoma cells in body, reduces cell
proliferation, and promotes cancer cell apoptosis. The
mechanisms underlying the contrasting effects of
hydrogen on apoptosis are not completely under-
stood. However, they may be explained by the ability
of hydrogen to modulate cell death via different path-
ways to protect against injury and other harmful attacks.

2.4.2 Regulation of pyroptosis

Pyroptosis is a novel form of programmed cell
death associated with inflammation. The activation of
pattern-recognition receptors (PRRs) in inflammasomes
can trigger pyroptosis by stimulating inflammatory
responses (Guo HT et al., 2015; Shi et al., 2017). Pyrop-
tosis is a protective mechanism, but excessive pyrop-
tosis can have serious consequences. ROS and the acti-
vation of caspase-1 and inflammasomes play important
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roles in promoting pyroptosis (Lamkanfi and Dixit,
2014; Zha et al., 2016). Molecular hydrogen plays an
important regulatory role in resistance to inflamma-
tion and oxidation. Thus, molecular hydrogen might
affect pyroptosis in inflammatory diseases, such as
sepsis and I/R injury. In a rat model of myocardial
I/R injury, hydrogen inhibited oxidative stress and
NLRP3-mediated pyroptosis and significantly im-
proved cardiac function, microstructure, and mitochon-
drial morphology (Nie et al., 2021).

2.5 Regulation of aging

Aging is a progressive loss of physiological func-
tion and is an unavoidable process ending in death
(Golden and Melov, 2007; Newgard and Sharpless,
2013). It is now considered a major factor underlying
the development and progression of various diseases,
such as COPD and idiopathic PF. Molecular hydrogen
can decrease the expression of the aging-related pro-
teins P-galactosidase, p53, and p21 (Han et al., 2017;
Zhang WB et al., 2018), suppress downregulation of
sirtuin 3 (Sirt3) expression, and reduce oxidative stress
damage, thereby extending cell survival (Li et al., 2019;
Zhang et al., 2020). Research has shown that molecu-
lar hydrogen produced by intestinal bacteria in the
body suppresses increased hydrogen peroxide (H,0,)
by suppressing intracellular -OH-mediated lipid per-
oxide formation and cellular senescence, thus contrib-
uting to the suppression of aging (Sakai et al., 2019).
Genomic instability is one of the primary hallmarks of
the aging process (Li et al., 2021). By reducing oxida-
tive DNA damage, hydrogen can help maintain genomic
stability. For example, in cigarette smoke (CS)-induced
emphysema, hydrogen significantly decreased phos-
phorylated histone H2AX and 8-hydroxy-2'-deoxy-
guanosine (8-OHdG), which are markers of oxidative
DNA damage (Suzuki et al., 2017). As a “philosophical
molecule,” hydrogen may be used for the treatment of
intractable diseases and aging (Hirano et al., 2020).

Some possible mechanisms underlying the bio-
logical effects of hydrogen are summarized in Fig. 1.

3 Protective function of molecular hydrogen
in lung diseases

To understand the following text easily and fully
explain the preventive and therapeutic effects of
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Fig. 1 Illustration of the possible biological effects of hydrogen. Hydrogen exerts antioxidant activity by directly neutralizing
‘OH, upregulating Nrf2, HO-1, SOD, CAT, and MPO, and scavenging ONOO; hydrogen exerts anti-inflammatory
activity by inhibiting NF-kB and the pro-inflammatory factors (TNF-a, IL-1p, IL-6, and HMGB-1), inhibiting MIP-1a,
MIP-2, G-CSF, and ICAM-1, and increasing the expression of the anti-inflammatory factor IL-10; hydrogen modulates
autophagy including Parkin/PINKI1-mediated mitophagy, alleviates inflammation and NLRP3-mediated pyroptosis;
hydrogen inhibits apoptosis by modulating apoptosis-related proteins and signaling pathways, but it promotes apoptosis
in cancer cells; hydrogen has anti-aging effects by reducing oxidative DNA damage, decreasing the expression of the
aging-related proteins f-galactosidase, pS3, and p21, and upregulating Sirt3 expression. + refers to activate; — refers to
inhibit. RNS: reactive nitrogen species; ROS: reactive oxygen species; NF-kB: nuclear factor-kB; JNK: ¢-Jun N-terminal
kinase; -‘OH: hydroxyl free radical; ONOO™: peroxynitrite anion; HO-1: heme oxygenase-1; SOD: superoxide dismutase;
CAT: catalase; MPO: myeloperoxidase; NLRP3: nucleotide-binding domain and leucine-rich repeat protein 3; PINK:
phosphatase and tensin homolog (PTEN)-induced kinase; TNF-a: tumor necrosis factor-a; G-CSF: granulocyte
colony-stimulating factor; ICAM-1: intercellular cell adhesion molecule-1; IL: interleukin; HMGB-1: high-mobility
group box 1; MIP: macrophage inflammatory protein; Sirt3: sirtuins 3; Nrf2: nuclear factor erythroid 2-related factor 2.

hydrogen in various lung diseases, we first summarize
the extensive therapeutic spectrum of hydrogen in

the alveolar—-capillary barrier and pulmonary edema.
Although supportive critical care medicine has resulted

lung diseases in Fig. 2a. We describe the specific
therapeutic effects of hydrogen in ALI in detail in
Fig. 2b.

3.1 Role of hydrogen in ALI

ALI and its more severe form, acute respiratory
distress syndrome (ARDS), are characterized by an
excessive inflammatory response in the lungs and
severe gas exchange dysfunction due to disruption of

in an increase in survival rates of ALI/ARDS in the
past two decades, mortality rates remain high (Goss
et al., 2003; Maybauer et al., 2006). A variety of anti-
inflammatory drugs have been studied to treat ALIL
Palrnatine can inhibit the activation of the Akt/NF-xB
signaling pathway, and relieve LPS-induced ALI
in mice and in LPS-induced RAW264.7 cells (Kan
et al., 2021). Recent studies of animal models by our
group and others have indicated that hydrogen has the



potential to alleviate the pathogenesis of ALI caused
by LPS, sepsis, and other pathogenic factors.

3.1.1 Effect of hydrogen on ALI caused by LPS

LPS, also known as endotoxin, is a component
of the outer membrane of Gram-negative bacteria.
Toll-like receptors (TLRs) are representative PRRs,
which induce pro-inflammatory responses to pathogen
invasion (Fitzgerald and Kagan, 2020). PRRs recog-
nize evolutionarily conserved components in micro-
organisms, collectively called pathogen-associated
molecular patterns (PAMPs). LPS is a PAMP and is
recognized by TLR4, stimulating TLR4-dependent
inflammatory responses and triggering the host innate
immune system (Akira and Hemmi, 2003; Tang et al.,
2012). Many studies have shown that hydrogen can

Pulmonary
arterial
hypertension
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alleviate ALI caused by LPS, serving a protective
function by the following major mechanisms.
Hydrogen treatment can reduce the degree of
inflammation in lung tissues, inhibit early and late
NF-«B activation-mediated inflammation and pul-
monary cell apoptosis, and markedly attenuate neu-
trophil recruitment caused by LPS. These protective
effects are mediated by the downregulation of lung
MPO activity and proinflammatory cytokines and
chemokines (Xie et al., 2012). Hydrogen significantly
reduces p38M*™ expression and activation (Liang
et al., 2012) and p38"*™-dependent ROS (Shi et al.,
2016; Tao et al., 2016). In addition to its good efficacy
when used alone, hydrogen in combination with NO
can provide enhanced therapeutic efficacy for LPS-
induced ALI. The underlying mechanism may involve

Hydrogen in
lung diseases

Copp
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Fig. 2 Effects of hydrogen on various lung diseases. (a) Hydrogen has protective and therapeutic effects on various lung
diseases. In COPD, hydrogen inhibits ERK1/2 and NF-kB, reduces inflammation, inhibits AhR decline, which is associated
with pathogenesis of COPD, and improves cardiovascular function. In asthma, hydrogen inhibits NF-kB, activates the
Nrf2 pathway, and reduces airway remodeling. In cancer, hydrogen alleviates side effects of other anti-cancer therapies,
modulates immunity and cell death, and inhibits cancer cell-related protein expression. In PAH, hydrogen reduces
3-nitrotyrosine, ICAM-1, and NF-kB, and prevents development of PH and RV hypertrophy. In PF, hydrogen inhibits
oxidative stress and inflammation and blocks alveolar EMT and TGF-f production. (b) Effects of hydrogen on ALI. In
LPS-induced ALI, hydrogen inhibits inflammation and apoptosis in lung tissue, and reduces epithelial and endothelial
dysfunction. In sepsis-induced ALI, hydrogen inhibits HMGB-1, reduces mitochondrial dysfunction, and exerts a synergistic
effect with other treatments. In virus-induced ALI, hydrogen might be effective for treating COVID-19. In I/R-induced
ALIL hydrogen inhibits inflammation and oxidative stress, inhibits apoptosis of lung tissue, and alleviates lung injury
caused by lung transplantation and other causes. Hydrogen can also alleviate ALI caused by various other factors.
COPD: chronic obstructive pulmonary disease; ERK1/2: extracellular signal-regulated kinase 1/2; NF-kB: nuclear factor-kB;
AhR: aryl hydrocarbon receptor; Nrf2: nuclear factor erythroid 2-related factor 2; PAH: pulmonary arterial hypertension;
ICAM-1: intercellular cell adhesion molecule-1; PH: pulmonary hypertension; RV: right ventricular; PF: pulmaonary
fibrosis; EMT: epithelial-mesenchymal transition; TGF-f: transforming growth factor-p; ALI: acute lung injury; LPS:
lipopolysaccharide; HMGB-1: high-mobility group box 1; COVID-19: coronavirus disease 2019; I/R: ischemia/reperfusion;
VILI: ventilator-induced lung injury; HO-1: heme oxygenase-1; MDA: malonaldehyde; SOD: superoxide dismutase;
AQP: aquaporin.

the interaction between these two gases, whereby the Hydrogen can reduce LPS-induced lung epithelial
combination of NO with hydrogen eliminates nitro-  barrier dysfunction. Under normal conditions, the
tyrosine caused by NO inhalation alone (Liu HY et al.,  alveolar epithelium serves as an important barrier to
2015). prevent pulmonary edema. In mammalian airways,



aquaporins (AQPs), a family of cell membrane trans-
port proteins, play critical roles in airway fluid trans-
port, humidification, and surface liquid hydration, and
modulate water permeability in the lungs (Bai et al.,
1999; Song et al., 2000, 2001). We have demonstrated
that LPS significantly decreases AQP-1 and AQP-5
expression and causes barrier dysfunction in the lungs.
Hydrogen-rich saline (HRS) significantly increases
AQP-1 and AQP-5 expression and alleviates pul-
monary epithelial cell damage, thereby protecting the
pulmonary epithelial barrier function (Liu et al., 2016;
Tao et al., 2016).

Hydrogen reduces LPS-induced endothelial dys-
function. Pulmonary microvascular endothelial cells
(PMVECs) are primary targets in LPS-induced ALIL
LPS causes PMVEC dysfunction, resulting in increased
permeability of EC monolayers as well as EC shrink-
age and death (Lee and Slutsky, 2010). Interendo-
thelial junctions of ECs, including tight junctions
(TJs) and adherens junctions (AJs), are critical com-
ponents of the physiological barrier. Occludin and
vascular endothelial (VE)-cadherin are major repre-
sentative TJ and AJ components (Giannotta et al.,
2013). LPS reduces the expression levels of occludin
and VE-cadherin in PMVECs. Hydrogen-rich medium
significantly increases the down-regulation and re-
distribution of occludin and VE-cadherin induced by
LPS in PMVECs and Caco-2 cells (Yang et al., 2016;
LiY et al., 2020). In addition, LPS facilitates the for-
mation of contractile stress fibers in the EC cytoskele-
ton (Marcos-Ramiro et al., 2014). This is mediated by
RhoA activation of Rho kinase (ROCK) and myosin
light chain kinase, accompanied by inhibition of
myosin light chain phosphatase (Schnittler, 2016).
Hydrogen significantly ameliorates the excessive
expression of ROCK, inhibits the activity of RhoA,
prevents LPS-induced junctional injury and cell death,
improves LPS-induced hyperpermeability of the en-
dothelial barrier, and reduces the disruption of TJ
and AJ (Yang et al., 2016; Li Y et al., 2020). HRS
inhibits autophagy and has anti-apoptotic effects, alle-
viating LPS-induced ALI (Wang et al., 2019). In
mice, its effects are mediated by the ROS/adenosine
5'-monophosphate (AMP)-activated protein kinase
(AMPK)/mTOR pathway. However, hydrogen can
also inhibit the mTOR/TFEB signaling pathway,
thereby increasing autophagy and alleviating LPS-
induced endothelial dysfunction and apoptosis in ALI
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(Fu et al., 2020). Despite these conflicting effects of
hydrogen on autophagy, it clearly has a cytoprotective
role in LPS-induced lung injury by modulating au-
tophagy and apoptosis.

3.1.2 Protective function of hydrogen in ALI due to
sepsis

Sepsis is a major cause of morbidity and mortality
worldwide. It causes life-threatening organ dysfunction
due to a dysfunctional host response to infection (Singer
et al., 2016). The lungs are highly vulnerable during
sepsis (Park et al., 2019). Emerging evidence suggests
that hydrogen can prevent sepsis, providing a novel treat-
ment strategy for sepsis-induced ALI The precise pro-
tective effects of hydrogen are summarized as follows.

Hydrogen attenuates tissue injury and dysfunc-
tion by inhibiting HMGB-1. HMGB-1 often contrib-
utes to inflammatory disorders (Andersson et al., 2018).
Hydrogen activates the Nrf2/HO-1 pathway, reduces
HMGB-1 release in lung tissues of mice with sepsis,
inhibits pro-inflammatory cytokines, increases the ex-
pression of antioxidant enzymes and anti-inflammatory
cytokines, and increases mouse survival rates (Xie
etal., 2010; Li et al., 2015; Yu et al., 2019).

The protective effects of hydrogen are enhanced
by its combination with other treatments. In zymosan-
induced sepsis, the combination of inhalation of 2%
hydrogen and hyperoxia had obvious beneficial effects
on organs, including the lungs, liver, and kidneys
(Hong et al., 2016). Similarly, hydrogen inhalation
combined with early fluid resuscitation significantly
reduced increases in malonaldehyde (MDA) and MPO
levels due to septic shock, and significantly increased
SOD activity in lung tissue, thereby decreasing the
degree of inflammation (Liu et al., 2013). The combin-
ation of hydrogen with propofol improves the survival
rate of mice with sepsis and reduces tissue damage
and the release of cytokines (Hong et al., 2017). In
addition, the anti-oxidative effect of hydrogen can
offset the side effects of other therapies. For example,
hyperoxia may be beneficial in sepsis, but is accom-
panied by an increase in free radical formation and
the exacerbation of organ injury in cecal ligation and
puncture-induced ALI. Combination treatment with
hydrogen and hyperoxia increases the therapeutic effi-
cacy over that of monotherapy via both antioxidant
and anti-inflammatory mechanisms, and markedly
reduces the degree of ALI (Xie et al., 2010).
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Mitochondrial dysfunction is involved in the
progression of septic lung injury. Hydrogen blocks
the opening of mitochondrial permeability transition
pores and restores mitochondrial structure and func-
tion in sepsis-induced ALI (Chen X et al., 2018).
Hydrogen can also activate autophagy, decreasing
NLRP3 inflammasome activity, mitochondrial dysfunc-
tion, and cytokine release (Chen HG et al., 2019). In
addition, hydrogen improves mitochondrial quality
control by enhancing mitophagy via the activation of
the FUN14 domain-containing protein 1 (FUNDCI)
pathway, thereby alleviating organ injury (Yan et al.,
2019). These results suggest that hydrogen targets
mitochondria to improve energy metabolism in sepsis,
alleviating mitochondrial dysfunction in the lungs.

To fully understand the molecular mechanisms
underlying the protective effect of hydrogen against
sepsis, an isobaric tags for relative and absolute quan-
titation (iTRAQ)-based proteomic analysis of the
murine lung with polymicrobial sepsis has been
performed (Bian et al., 2018). This study showed that
192 of 4472 differentially expressed proteins were
related to the protective effects of hydrogen against
sepsis. These proteins are associated with muscle
contraction, oxygen transport, protein synthesis,
collagen barrier membranes, cell adhesion, and coagu-
lation function. Hydrogen also exerted protective
effects via the downregulation of the expression of
proteins which are involved in the regulation of im-
mune function, cell death, and inflammation, and the
upregulation of the expression of transferrin, which
is an iron-binding protein with cytoprotective ac-
tivity (Bian et al., 2018). These results may facilitate
the clinical application of hydrogen in patients with
sepsis.

3.1.3 Role of hydrogen in viral pneumonia injury

Viral pneumonia has received substantial attention
recently owing to the novel coronavirus. COVID-19
control remains a challenging task, and the treatments
and prognoses of COVID-19 are different from influen-
za (Bai and Tao, 2021). To date, specific antiviral
drugs for the treatment of COVID-19 are lacking.
Concentrations of inflammatory factors, such as 1L-2,
IL-7, IL-10, and TNF-q, in the plasma are higher
in patients with severe or critical disease than in other
patients (Huang et al., 2005; Chien et al., 2006; Tang
et al., 2020; Xu et al., 2020). Owing to its established

antioxidant, anti-inflammatory, and anti-apoptotic
effects, it is reasonable to use hydrogen in the early
stage of COVID-19 to reduce the destructive cytokine
storm and lung injury (Yang FX et al., 2020). In rats
treated with hydrogen-rich water (HRW), airway
damage was alleviated, and mucin SAC (MUC5AC)
expression and mucus secretion in smoke-induced
COPD models were decreased (Ning et al., 2013).
Hydrogen might be an effective agent for decreasing
COVID-19-related viscous secretions.

Although the direct use of hydrogen for the treat-
ment of COVID-19 is a promising approach, additional
experimental data are needed. In China, in the seventh
edition of Chinese Clinical Guidance for COVID-19
Pneumonia Diagnosis and Treatment issued by the
China National Health Commission (2020), the inha-
lation of oxygen mixed with hydrogen gas (33.3% O,
and 66.6% H,) is recommended.

3.1.4 Role of hydrogen in I/R injury of the lungs

I/R injury is associated with serious clinical mani-
festations, posing a serious therapeutic challenge for
physicians (Wu MY et al., 2018). The total tissue injury
induced by I/R is divided into ischemia injury and
reperfusion injury (Gottlieb, 2011). The pathophysi-
ology of I/R injury involves ROS, aseptic inflamma-
tion, and cell death pathways.

I/R injury in the lungs often develops during
lung transplantation. Severe I/R injury leads to primary
graft dysfunction. This is the major cause of short- and
long-term morbidity and mortality after lung trans-
plantation (den Hengst et al., 2010; Porteous et al.,
2015). Currently, there is no effective method for the
prevention of I/R injury, and treatment strategies are
focused on supportive care. Molecular hydrogen can
reduce inflammation, oxidative stress, and apoptosis,
and alleviate I/R injury.

Inflammation induced by lung ischemia causes
the release of the proinflammatory cytokines IL-8 and
TNF-a and the activation of neutrophils during perfu-
sion, resulting in EC damage, ultimately leading to
alterations in permeability and lung edema. Hydrogen
treatment decreased levels of IL-8, IL-1P, and TNF-a
in the recipient lungs and serum, and decreased MPO
levels in lung grafts (Liu RF et al., 2015; Saito et al.,
2020). Hydrogen also attenuated inflammatory re-
sponse pathways, particularly the p38"*™ and NF-«xB
pathways (Zhang GC et al., 2018).



‘OH is the most detrimental ROS in I/R injury.
Hydrogen can selectively scavenge -OH and ONOO™
(Ohsawa et al., 2007). Moreover, hydrogen inhalation
during mechanical ventilation activates HO-1 (Kawa-
mura et al., 2011), reduces MDA level, and increases
SOD activity in rabbit lungs (Kawamura et al., 2010;
Lietal., 2012).

Apoptosis is also elevated after lung transplanta-
tion. Hydrogen significantly inhibits the proapoptotic
proteins caspase-3 and caspase-8 in lung grafts and
activates the Bcl-2 and B-cell lymphoma-xL (Bcl-xL),
which inhibit apoptosis by stabilizing the mitochon-
drial outer membrane, and stop the release of cyto-
chrome C into the cytosol via the intrinsic apoptotic
pathway (Kawamura et al., 2010; Liu RF et al., 2015).

Hydrogen not only has protective effects in lung
damage caused by lung transplantation itself, but also
plays a role in I/R injury due to other causes. For
example, in lung injury induced by intestinal or limb
I/R due to clamping the bilateral femoral arteries
for 3 h, compared to the control group, HRS treatment
significantly decreased neutrophil infiltration, NF-xB
activation, and levels of IL-1B3, TNF-a, MPO, and
MDA in the lung tissues, and downregulated chemerin
and NLRP3, thereby attenuating apoptosis (Mao et al.,
2009; Zou et al., 2019).

These findings suggest that hydrogen is a poten-
tial novel therapy to resolve the difficult clinical issue
of lung I/R injury and may improve outcomes after
lung transplantation and lung I/R resulting from other
causes.

3.1.5 Effect of hydrogen on other types of lung injury

In hyperoxic ALI, by activating the PI3K/Akt/
forkhead box O3a (FoxO3a) signaling pathway,
hydrogen upregulates Sirtl, protects type Il alveolar
epithelial cells against hyperoxia-induced apoptosis,
and alleviates ER stress (Sun et al., 2017; Wu D et al.,
2018). In ventilator-induced lung injury (VILI),
hydrogen gas inhalation effectively reduces VILI-
associated inflammatory responses, including both
local and systemic inflammation. Interestingly, hydro-
gen modulates the NF-xB signaling pathway by
increasing NF-«xB activation at an early stage of venti-
lation then decreasing it after 2 h of ventilation. The
early activation of NF-kB was correlated with elevated
levels of the antiapoptotic protein Bcl-2 and decreased
levels of Bax. This may contribute to the cytoprotective
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effects of hydrogen against apoptotic and inflammatory
signaling pathway activation, improve gas exchange,
and reduce VILI-induced apoptosis (Huang et al.,
2010, 2011). These findings may provide guidance
for single-lung ventilation anesthesia in thoracic
surgery. In seawater instillation-induced ALI, 2%
hydrogen gas inhalation attenuates lung injury by the
activation of Nrf2 and HO-1 expression and inhibi-
tion of caspase-3 expression (Diao et al., 2016). In
addition, in ALI caused by oleic acid and burns (early
stages of severe burn and extensive burn), hydrogen
gas inhalation has a similar protective role (Fang et al.,
2011; Qin et al., 2017; Ying et al., 2017). These find-
ings show that hydrogen has a broad range of poten-
tial applications for the treatment of diseases associated
with lung injury.

3.2 Effects of hydrogen on COPD

COPD includes chronic bronchitis and pulmon-
ary emphysema. It often leads to breathlessness and a
reduction in exercise tolerance, thereby decreasing
quality of life and increasing mortality (Liu et al.,
2011). Oxidative stress and inflammation play import-
ant roles in the pathogenesis of COPD (Pinamonti
et al., 1996; Ricciardolo et al., 2006).

By reducing CS exposure-induced COPD and
inhibiting ERK1/2 and NF-«B in the lungs (Liu et al.,
2017; Lu et al., 2018), hydrogen can reduce CS-
induced lung function decline, emphysema, inflam-
mation, small-airway remodeling, and goblet-cell
hyperplasia in the tracheal epithelium. It significantly
reduces inflammatory cells in the bronchoalveolar
lavage fluid, improves cardiovascular function, and
reduces the right ventricular (RV) hypertrophy index.

In addition to CS, other environmental risk
factors, such as exposure to ambient inhaled toxicants
(DeVries et al., 2016; Busch et al., 2017), can exacer-
bate COPD. The aryl hydrocarbon receptor (AhR) is a
ligand-activated transcription factor involved in medi-
ating responses to human-made environmental toxi-
cants (Guerrina et al., 2018; Feng et al., 2019). A
decline in AhR contributes to the pro-oxidative and
pro-inflammatory effects of fine ambient particulate
matter (PM, ;) (Yue et al., 2017). Hydrogen can effect-
ively inhibit the AhR decline induced by concentrated
ambient particles, and alleviate lung injury induced
by exposure to concentrated ambient PM,,, which is
involved in the pathogenesis of COPD (Feng et al.,
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2019). A clinical trial showed that 2.4% hydrogen gas
inhaled for 45 min in patients with asthma or COPD
decreases the levels of pro-inflammatory factors in
the peripheral blood of patients and in exhaled breath
condensates (Wang ST et al., 2020).

Hydrogen can reach lung cells easily and quickly,
and act directly on the lungs, leading to good thera-
peutic efficacy (Liu et al., 2011). Hydrogen is a novel
candidate preventive and therapeutic strategy for
COPD (Liu et al., 2011).

3.3 Effects of hydrogen on asthma

Asthma is a chronic complex lung disease asso-
ciated with airway inflammation, and leads to hyper-
reactivity, airflow limitation, and airway remodeling
(Haahtela, 1997; Combhair et al., 2000). Endogenous
and exogenous ROS play a major role in airway in-
flammation and are determinants of asthma severity
(Combhair et al., 2000, 2001).

Hydrogen can attenuate inflammation and oxida-
tive stress in asthma. In ovalbumin-induced allergic air-
way inflammation, hydrogen gas inhalation reduces eo-
sinophils and lymphocytes in bronchial alveolar lavage
fluid (BALF), markedly decreases pro-inflammatory
factors in the serum, upregulates the activity of SOD,
and attenuates the increases in MDA and MPO (Zhang
N et al., 2018). Hydrogen significantly alleviates
airway hyperresponsiveness and goblet cell hyper-
plasia, diminishes the T helper type 2 (T,2) response,
and decreases IL-4 as well as immunoglobulin E (IgE)
levels by inhibiting NF-kB activation and activating
the Nrf2 pathway (Huang et al., 2019).

Normally, alveolar macrophages in the lung func-
tion to maintain an airway clear of bacteria, foreign
particles, and apoptotic cells. However, in asthma, the
phagocytic ability of alveolar macrophages is signifi-
cantly reduced. This defective phagocytosis is reversed
by hydrogen gas inhalation (Huang et al., 2019). In
addition, hydrogen reduces airway remodeling which
causes persistent alterations in airway wall structures
and function, ultimately resulting in the progressive
loss of lung function (Fehrenbach et al., 2017). In
ovalbumin-induced asthma, HRS inhibits the NF-xB
pathway and significantly decreases the mucus index,
the expression of MUCSAC, collagen 111, and vascular
endothelium growth factor (VEGF), and collagen
deposition (Xiao et al., 2013), effectively alleviating
airway remodeling.

These results suggest that hydrogen alleviates
allergic airway inflammation and improves airway
function in asthma. Although research has been limited
mainly to animal models, which imperfectly recapitu-
late asthma, these studies have improved our under-
standing of the benefits of hydrogen as a therapeutic
intervention in asthma. Further studies are necessary
to establish the clinical value of hydrogen.

3.4 Effects of hydrogen on lung cancer

Lung cancer is one of the most common lethal
malignancies, with a poor prognosis owing to its high
metastatic potential and drug resistance. An increasing
number of animal experiments and clinical trials have
established the efficacy of hydrogen against cancers, in-
cluding lung cancer. The mechanisms underlying the anti-
cancer effects of hydrogen are summarized as follows.

Hydrogen downregulates the expression of pro-
teins involved in stemness, proliferation, and angio-
genesis and upregulates the expression of proteins
that promote differentiation (Liu et al., 2019). Hydro-
gen can also downregulate the chromosome condensa-
tion regulator structural maintenance of chromosomes
3 (SMC3), as well as the migration and invasion of
A549 and H1975 cells, thereby inhibiting lung cancer
progression (Wang et al., 2018).

Hydrogen modulates cell death. The dysregula-
tion of apoptosis is a hallmark of cancer. The alter-
ation of apoptosis contributes not only to tumor devel-
opment and progression, but also to tumor resistance
to therapies (Pistritto et al., 2016). Hydrogen promotes
apoptosis, including early and late apoptosis, in lung
cancer (Jiang et al., 2018; Wang et al., 2018). The
PI3K/Akt pathway is an important signaling pathway
involved in extracellular signaling events and cellular
processes, including cell proliferation, apoptosis, and
survival. In non-small cell lung cancer, when com-
bined with the PI3K inhibitor LY294002, hydrogen
reduced cell proliferation and promoted apoptosis by
downregulating Akt phosphorylation and inhibiting
the PI3K pathway. Recently, it has been shown that
hydrogen pretreatment enhances ROS and the expres-
sion of pyroptosis-related proteins, stimulates NLRP3
inflammasome/gasdermin D (GSDMD) activation, and
inhibits endometrial cancer (Yang Y et al., 2020).
Further studies are needed to determine whether
hydrogen can induce pyroptosis in lung cancer and to
clarify the underlying molecular mechanism.



Hydrogen modulates immunity by reducing the
proportion of terminal programmed cell death 1 posi-
tive (PD-1") cluster of differentiation 8 positive (CD8")
T cells, which are associated with a poor prognosis in
cancer (Akagi, 2018). In patients with lung cancer,
hydrogen can activate coenzyme Q10, restore exhausted
CD8' T cells (especially PD-1"Tim3" terminal CD8"
T cells; Tim3", T cell immunoglobulin and mucin
domain-containing protein 3 positive), enhance the
clinical efficacy of nivolumab, and increase overall
survival time (Akagi and Baba, 2020).

Hydrogen can alleviate the side effects of conven-
tional anti-cancer therapies, such as chemotherapy
and radiotherapy, and improve quality of life. By
reducing oxidative stress and inflammation, hydrogen
protects cultured cells and mice against radiation-
induced injury (Qian et al., 2010; Qiu et al., 2020). It
also attenuates the gefitinib-induced exacerbation of
naphthalene-induced ALI without impairing anti-
tumor activity (Terasaki et al., 2019b).

Hydrogen is well-suited for the treatment of
advanced cancer. It significantly improves the physical
status of patients, reduces fatigue, insomnia, anorexia,
and pain, and decreases elevated tumor markers.
These effects are particularly evident in patients with
lung cancer (Chen JB et al., 2019). As a simple, low-
cost treatment with few adverse reactions, hydrogen
therapy in lung cancer is very promising.

3.5 Effects of hydrogen on PAH

Pulmonary hypertension (PH) is a progressive
complication of chronic lung disease (resting mean
pulmonary artery pressure =25 mmHg (1 mmHg=
133.3 Pa) (Simonneau et al., 2019). PAH is one of
most common forms of PH. Although therapies have
improved the prognosis of patients with PAH, morbid-
ity and mortality rates are still high (Barst et al., 2012;
Benza et al., 2012). PAH is a progressive vasculopathy
involving an imbalance of vasodilators and vasocon-
strictors, ROS, and inflammation (Perez-Vizcaino
et al., 2010; Price et al., 2012).

The oral administration and injection of hydrogen
have similar preventive effects against the develop-
ment of PH and RV hypertrophy in monocrotaline
(MCT)-induced PAH in rats (Paulin et al., 2011; Wang
Y et al,, 2011; He et al., 2013). Via its antioxidant
and anti-inflammatory effects, hydrogen treatment
effectively alleviates smooth muscle cell proliferation,
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increases vascular density, and alleviates PH and RV
hypertrophy. Hydrogen can reduce 3-nitrotyrosine,
which is a specific metabolic product of ONOO™ and
may participate in PH formation, decrease levels of
MDA and 8-OHdG, and decrease SOD activity in PH
(Wang Y et al., 2011). Hydrogen could reduce ICAM-
1, which is associated with the infiltration of chronic
inflammatory cells in local lung tissues (He et al., 2013).

NF-«B plays a critical role in the progression of
PAH, causing fibroblast growth factor 2 (FGF2)-
induced inflammation in a rat model of MCT-induced
PAH. Selectively inhibiting NF-kB can prevent the
increase in RV pressure, suppress proliferation, and
induce apoptosis in pulmonary arterial smooth muscle
cells (Hosokawa et al., 2013). Hydrogen treatment
effectively reduces inflammation and apoptosis by
decreasing NF-xB activity (Wang C et al., 2011; Xie
et al.,, 2012). These findings highlight the ability of
hydrogen to modulate NF-kB-mediated inflammation
in the pathogenesis of PAH.

3.6 Effect of hydrogen on PF

PF is a lung disease caused by aberrant wound
healing due to repeated alveolar injury in genetically
susceptible individuals. It is one of the major causes of
morbidity, and effective treatments are lacking (Osborn-
Heaford et al., 2015). The pathology includes chronic
inflammation, excess extracellular matrix (ECM)
deposition, and scarring of lung tissue.

The epithelial-mesenchymal transition (EMT) in
ALI can cause the activation of myofibroblasts, which
play a central role in the pathogenesis of PF via the
synthesis and deposition of ECM proteins (Cottin,
2013; Zhang YQ et al., 2015). In addition, ROS and
inflammation in ALI can induce a fibrotic response to
lung injury by modulating ECM deposition (Murthy
et al., 2009; He et al., 2011). HRS effectively sup-
presses oxidative stress, inhibits the LPS-induced acti-
vation of p38"*™ and JNK, significantly decreases the
LPS-induced loss of E-cadherin (an epithelial marker),
and decreases o-smooth muscle actin (a myofibroblast
marker) in lung tissues, thereby blocking alveolar EMT
and PF. Additionally, hydrogen inhibits pulmonary
transforming growth factor-B (TGF-p) production,
which also takes part in the reprogramming of gene
expression during EMT (Tao et al., 2016).

Hydrogen also alleviates PF caused by other fac-
tors, such as paraquat-induced lung fibroblast injury
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and rheumatoid arthritis-associated interstitial lung
disease (Terasaki et al., 2019a; Li T et al., 2020). La-
boratory experiments have not verified the effects of
hydrogen on idiopathic PF, which accounts for 25%—
30% of cases of interstitial lung disease. There is con-
vincing evidence that the EMT has important roles in
organ fibrosis. TGF-f is a major EMT inducer, with a
profibrotic effect in the lung epithelium during the
pathological process of idiopathic PF (Thiery et al.,
2009; Hewlett et al., 2018). We speculate that hydro-
gen can interfere with the process of idiopathic PF via
related pathways, particularly given the great deal of
overlap between mechanisms underlying idiopathic
PF and other types of PF. However, further analyses
are needed to evaluate this hypothesis.

4 Route of hydrogen administration

Hydrogen gas has some special characteristics,
such as its nonpolarity, small size, and low solubility
(1.6 ppm (part per million, x10°)) under physiologi-
cal conditions. Typical administration routes include
the inhalation of hydrogen gas, oral intake of HRW,
and injection of HRS. Inhalation is a simple method
in which a ventilator circuit, facemask, or nasal can-
nula is used to administer hydrogen gas. The effects
are rapid, and it can be used to treat acute oxidative
stress (Ohta, 2014). The oral intake of HRS, which is
hydrogen dissolved in water, is a portable, safe, and
convenient method for administration (Sun et al.,
2012; Koyama et al., 2014). Under normal atmospher-
ic pressure and at room temperature, hydrogen can be
dissolved in water up to 0.8 mmol/L (1.6 mg/L)
(Asada et al., 2020). The injection of HRS can pro-
vide highly accurate hydrogen doses. Either peritoneal
or intravenous injection can be applied to provide a
protective effect (Yan et al., 2017; Ying et al., 2017;
Xu et al., 2018). In addition, intrathecal injection can
produce neuro-protective effects (Ge et al., 2014). Its
lack of polarity and easy cell penetration make hydro-
gen promising for the treatment of skin and eye
diseases with topical formulations and eye drops
(Asada et al., 2019; Cejka et al., 2020).

However, these applications of hydrogen often do
not achieve highly targeted effects. Targeted delivery
and controlled release of hydrogen can address
this issue (Kawamura M et al., 2020). Recently,

investigators have designed palladium (Pd) hydride
nanocrystals as a multifunctional hydrogen carrier for
tumor-targeted delivery and the controlled release
of bio-reductive hydrogen. This method not only has
anticancer effects, but also protects normal cells
from hyperthermia damage (Zhao et al., 2018). A
similar nanomedicine strategy has been used to alle-
viate oxidative stress and I/R injury (Kou et al.,
2019; Kawamura T et al., 2020). These applications
of molecular hydrogen provide new avenues for the
treatment of lung diseases, especially for lung cancer.
The routes of hydrogen administration are summarized
in Table 1.

Table 1 Routes of hydrogen administration and their
characteristics

Administration

Characteristics
route

Dosage form

Hydrogen gas Inhalation Simple method; rapid

action
Hydrogen Oral intake Portable, safe, and
water Bath convenient
Hydrogen Peritoneal injection Provides highly accurate
saline Intravenous hydrogen doses;
injection produces neuro-protective
Intrathecal injection effects; treats eye
Eye drops diseases
Hydrogen Oral intake Highly targeted effects

nanocrystals Injection

There are many routes for hydrogen administra-
tion, such as hydrogen gas inhalation, oral intake or a
hydrogen water bath, injection of hydrogen saline
(including peritoneal, intravenous and intratheral injec-
tion), and local eye drops. To achieve highly targeted
effects, hydrogen can also be designed as nanocrys-
tals, providing a new avenue for the treatment of lung
diseases such as lung cancer.

5 Conclusions and perspectives

There is accumulating evidence for the broad
biological effects of hydrogen. It regulates oxidative
stress, inflammation, autophagy, programmed cell
death, and the aging process. Animal experiments
and clinical trials have clearly demonstrated the protec-
tive effects of hydrogen on many organs and systems.
In particular, there is increasing evidence that hydrogen
exerts a protective effect in various lung diseases.



From a systemic perspective, in addition to the direct
protective effects of hydrogen on the lungs, it indirectly
protects lung tissues via protective effects on other
tissues and organs. However, the detailed molecular
mechanisms underlying the protective effects of hydro-
gen remain to be determined, and our current under-
standing of its effects is based mainly on animal experi-
ments. Applicability to humans is yet to be tested.
Therefore, a better understanding of protective path-
ways mediating the effects of hydrogen may facilitate
the design of specific therapies for the treatment of
pulmonary diseases. We expect large-scale clinical
trials to confirm the therapeutic efficacy and safety of
hydrogen. Owing to their broad potential applications,
safety, convenience, and simple properties, hydrogen
products are promising candidates for the treatment of
diverse pulmonary diseases.
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