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Abstract: Hydrogen (H2) is promising as an energy source for the next generation.
Medical applications using H2 gas can be also considered as a clean and economical technology.
Since the H2 gas based on electrolysis of water production has potential to expand the medical
applications, the technology has been developed in order to safely dilute it and to supply it to the
living body by inhalation, respectively. H2 is an inert molecule which can scavenge the highly
active oxidants including hydroxyl radical (·OH) and peroxynitrite (ONOO−), and which can convert
them into water. H2 is clean and causes no adverse effects in the body. The mechanism of H2 is
different from that of traditional drugs because it works on the root of many diseases. Since H2 has
extensive and various effects, it may be called a “wide spectrum molecule” on diseases. In this paper,
we reviewed the current medical applications of H2 including its initiation and development, and we
also proposed its prospective medical applications. Due to its marked efficacy and no adverse effects,
H2 will be a next generation therapy candidate for medical applications.

Keywords: hydrogen; medical application; medical gas; oxidative stress; inflammation; clinical
efficacy; clean technology

1. Introduction

Power generation systems include thermal, hydroelectric, and solar power. In recent years,
however, hydrogen (H2) power generation has been gaining attention around the world. H2 is a
clean energy source because it does not emit carbon dioxide (CO2) when using it for generating
electricity. H2 can be converted from fuel to electric energy through fuel cells. On the other hand,
medical applications using H2 gas can also be considered as a clean and economical technology.
Even H2 gas produced using the electrolysis method of water has the risk of explosion without the
safety mechanism. Therefore, we have developed the technology in order to safely dilute it and to
supply it to the living body by inhalation [1,2]. H2 is an inert molecule which can scavenge the highly
active oxidants including hydroxyl radical (·OH) and peroxynitrite (ONOO−), and which can convert
them into water [3]. Many clinical studies have reported that H2 has no safety issue [4–8]. Using H2 is
a clean technology in medical applications.

In 1975, Dole et al. first reported the therapeutic applications of H2. He demonstrated that
hyperbaric hydrogen has significant anti-tumor effects in mice with skin carcinoma [9]. However,
the potential of H2 in medical applications has not been widely reported except in a few studies.
In 2007, Ohsawa et al. demonstrated that H2 has selective scavenging effects by reducing the reactive
oxygen species (ROS) including hydroxyl radical (·OH) and peroxynitrite (ONOO−) [3]. Since then,
many studies have explored therapeutic and preventive effects of H2. In 2005, however, 2 years
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before Ohsawa’s study, Yanagihara et al. showed that the oxidative stress induced by chemical
oxidants was significantly reduced by the daily consumption of neutral H2-rich water produced by
electrolysis in rats, indicating that this is a pioneering report in H2 medicine [10]. H2 has become
a novel antioxidant as a result of the antiapoptotic, antioxidant, anti-inflammatory and antiallergy
effects. Moreover, H2 has marked therapeutic and preventive effects on many diseases such as
cancer [11], sepsis [12], cardiovascular disease [13], brain and neurological disorder [14], diabetes [15],
and metabolic syndrome [16].

2. Oxidative Stress as a Root of Many Diseases

2.1. Hydrogen Can Eliminate the Hydroxyl Radical

The human adult consumes approximately 430 L of oxygen per day at rest. However,
various reactive oxygen species (ROS) are formed by imbalance between free radical and reactive
metabolic production. The excessive ROS are produced by imbalance, including smoking, atmospheric
pollution, ultraviolet or irradiation ray exposure, intense exercise, and physical or psychological stress
etc. The oxidative stress is induced by the excessive decrease in endogenous antioxidant capacity,
and indiscriminate oxidation elicits harmful effects. ROS are products of oxygen-derived small
molecules involved in cellular metabolism, including superoxide anion (O2

−), hydrogen peroxide
(H2O2), and ·OH, etc. [3]. Among the ROS, the ·OH has about 100 times greater oxidation power than
O2
− and oxidizes intranuclear DNA, while O2

− and H2O2 do not have sufficient oxidation power to
oxidize the DNA directly [17]. In addition, since the mitochondria produce large amounts of ROS,
they are always affected by ·OH especially, and it causes DNA damage and cellular apoptosis. [3].

Since biologic membranes are quite permeable to H2, H2 is distributed into the cytosol,
mitochondria, and nucleus [3]. H2 is an inactive molecule that has no metabolic system in mammalian
cells and does not interact with biological substances, but it is a molecule that reacts with ·OH,
which occurs inside mitochondria [3]. In addition, because H2 itself is an inert substance and the
reaction product of H2 and ·OH is a water molecule, and the production of H2 in the intestine, adverse
effects caused by H2 has not been observed in many clinical studies [4–8]. In a recent paper, we proposed
that H2 is the only molecule that enters the mitochondria and undergoes a hydrogen withdrawal
reaction from the ·OH [18]. Thus, H2 is a molecule entering the mitochondria that can protect cells from
cytotoxicity caused by ·OH. It is considered that ideal antioxidant could be H2 because it selectively
eliminates ·OH but does not have the chemical reaction with O2

−
, H2O2, and nitric oxide (NO·) that

have physiological roles [3].

2.2. Chronic Inflammation as a Root of Many Disease

Chronic inflammation is at the root of many diseases. It is no exaggeration to say that “chronic
inflammation is the source of all diseases” since the chronic inflammation is involved in many
diseases. Modern medical treatment can control the acute inflammatory disease, but it cannot control
chronic inflammatory disease. Many parts of inflammation are induced by releasing inflammatory
cytokines produced by macrophages and neutrophils. Minor but prolonged inflammation can
damage the living body and induce the chronic inflammation. Recent studies have shown that
mitochondria play an important role in producing the cytokines. It has also been reported that
mitochondria-related ROS activate the nucleotide-binding and oligomerization domain-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome, and its stimulation triggers producing
inflammatory cytokines [19–28]. It has been shown by some studies that H2 in the various animal
models of inflammation could be based on the mechanisms by inhibitions of mitochondrial oxidation
and NLRP3 inflammasome activation [29–37]. Therefore, the mitochondrial selective ·OH scavenger
such as H2 can block the cascade leading to the activation of the NLRP3 inflammasome.
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3. Methods of Hydrogen Ingestion

3.1. Hydrogen Gas Inhalation

H2 is a gas that exhibits tasteless and odorless characteristics. Inhalation of H2 gas is one
of the most straightforward therapeutic methods and provides the largest amount of H2 gas in a
time-dependent manner compared to other ingestion methods, because the maximum tissue and
blood concentrations (Cmax) in H2 gas inhalation are low, while their area under the curve (AUC) is
extremely high compared to other administration routes [38,39]. It has been considered that H2 gas
will burn in air at the concentrations between 4% and 75% by volume. However, in our recent study,
we investigated the safe concentrations of H2 gas from a literature survey and explosion experiments,
and we reported that H2 gas does not explode when the concentration is less than 10% [2]. Therefore,
we developed the safe H2 gas supply system as follows [1,2].

As shown in Figure 1a,b, this H2 gas inhaler consists of a purified water tank, cathode, anode,
diaphragm, and blasting pump. The H2 gas produced by the electrolysis of water on the surface of
the cathode is immediately diluted with air to a safe concentration, and the H2 concentration was
maintained at about 5.0–6.0%. In addition, since the electrolysis is designed to stop when the blasting
pump is inactive, the lower explosive limit concentration of H2 gas will not be exceeded. Patients can
inhale the H2 gas through a nasal cannula or mask connected to a H2 gas outlet for a long time.
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Figure 1. Schematic diagram (a) and photograph (b) of a hydrogen gas inhaler. The H2 gas produced
by the electrolysis of water on the surface of the cathode is immediately diluted with air to a safe
concentration, and the H2 concentration was maintained at about 5.0–6.0%.

3.2. Oral Ingestion by Drinking Hydrogen Water

The solubility of H2 gas under normal temperature and pressure conditions is 1.6 ppm (1.6 mg/L;
0.8 mM). As the pressure increases, however, H2 can be dissolved in water in a pressure-dependent
manner (Henry’s Law). Therefore, we developed super-saturated H2 water (10 ppm-water) for drinking
using H2-generating agent with chemical reaction as follows [1]:

2 Al + Ca(OH)2 + 6 H2O→ Ca[Al(OH)4]2 + 3 H2

As shown in Figure 2a,b, in a pressure-resistant 500 mL polyethylene terephthalate (PET) bottle
(e.g., Coke bottle), a non-woven fabric containing a water-wetted H2-generating agent was first inserted
into an acrylic resin tube, and the PET bottle was sealed tightly. In about 5 min at room temperature,
the H2 gas generated in the tube was released into the bottle through a check valve. After 24 h, the bottle
was shaken for about 30 s to dissolve the H2 gas and obtain 10 ppm water. We have demonstrated the
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important fact in the previous paper that if the bottle is not opened, the concentration of 10 ppm can be
maintained for about a week (Figure 2c) [1]. This “supersaturated H2 water” would be convenient
because it is portable, easy to administer, and provides a safe way to ingest H2.
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Figure 2. (a,b) Device for super-saturated hydrogen (H2) water. In a pressure-resistant polyethylene
terephthalate (PET) bottle, a non-woven fabric containing a water-wetted H2-generating agent was
inserted into an acrylic resin tube. In about 5 min at room temperature, the H2 gas generated in the tube
was released into the bottle. After 24 h, the PET bottle was shaken for about 30 s and 10 ppm water was
obtained. (c) The concentration of 10 ppm water can be maintained for about a week. Data are shown
as mean ± standard deviation (SD) for 3 or 5 experiments.

3.3. Injection of Hydrogen-Dissolved Saline

H2 can be dissolved in saline and administered intravenously or intraperitoneally. We developed
a device for injectable H2-dissolved saline [1]. As shown in Figure 3a–c, non-woven fabric containing a
H2-generating agent was moistened with a small amount of water, and both the drip infusion bag and
the non-woven fabric were wrapped in aluminum foil and vacuumed. The H2-generating agent in
the non-woven fabric reacted with water to produce H2, and the H2 gas permeated the polyethylene
film inside the bag and dissolved aseptically into the saline. The concentration of H2 in the infusion
bag depends on its thickness and the contents of the solution. However, about 1.3 ppm of H2 can be
dissolved in normal saline solution and the H2 concentrations in the bags can be maintained at least
for 12 months without opening the aluminum foil. We named this method of dissolving H2-saline
using the device as the “non-destructive hydrogen adding method”.

Cold reservation of organ grafts such as lung, heart, kidney, and liver in H2-rich solution baths
has been reported to improve organ damage due to ischemia and reperfusion [40,41]. Such a method
of saturating organs with H2 during cold preservation may ameliorate the damage during organ
transplantation in humans. In addition, the H2-rich saline is used as a rinse solution to protect corneal
endothelial cells from injury during cataract surgery [42,43]. These H2-rich solutions can be also
produced by the “non-destructive hydrogen adding method”.
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4. Effects of Hydrogen on Clinical Examinations

4.1. Effects on Brain and Neurological Disorders

Effects of H2 on acute cerebral infarction were examined by Ono et al. [44]. The patients were
intravenously treated with Edaravone (a ROS scavenger) alone (26 patients) or in a combination
treatment with Edaravone and H2-rich saline (1.6 ppm: eight patients) in a pilot study. The protective
effects were significantly observed in the Edaravone and H2-rich saline group compared to the
Edaravone only group. Moreover, Ono et al. showed the effects of H2 gas inhalation in patients with
acute cerebral infarction [5]. The patients were treated with 3% H2 gas inhalation or conventional
medications (25 patients each) in a randomized controlled clinical study. He showed that H2 gas
treatment was effective with no adverse effects in patients with acute cerebral infarction.

Nishimaki et al. showed the effects of H2-rich water on mild cognitive impairment (MCI) [8].
The subjects with MCI were orally treated with H2-rich water (1.2 ppm; 35 subjects) or placebo
water (38 subjects) for 1 year in a randomized clinical study. Although the significant difference was
not observed between the H2-group and control group, carriers of the apolipoprotein E4 (APOE4)
genotype in the H2-group (seven subjects) were improved significantly compared to the placebo water
group (six subjects), suggesting that H2-water has a potential for suppressing MCI in APOE4 carriers.
Ono et al. evaluated the effects of H2 gas inhalation in the patient with Alzheimer’s disease [45].
The patients inhaled 3% H2 gas and received oral Li2CO3 for 4–7 months (11 patients) in a pilot
study. The Alzheimer’s Disease Assessment Scale-cognitive subscale (ADAS-cog) was significantly
improved in the H2 gas inhalation group in comparison with that in the control group (five patients).
Yoritaka et al. reported the effects H2-rich water on Parkinson’s disease in a randomized controlled
clinical study [4]. The patients with Parkinson’s disease drank H2-water (1.6 ppm; nine patients) or
placebo water (eight patients) for 48 weeks. The authors showed that drinking H2-water significantly
improved the Parkinson’s disease.
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Effects of H2 water were evaluated in newborns with hypoxic-ischemia encephalopathy (HIE) by
Yang et al. [46]. In the retrospective study, 40 newborns with neonatal HIE were treated with 1.2 ppm
H2 water in addition to conventional treatment or conventional treatment only (20 patients each) for
10 days after birth. The H2 water group significantly decreased the levels of serum neuron-specific
enolase (NSE), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) in comparison with the
conventional group, suggesting that H2 water has a protective effect on neonatal HIE.

4.2. Effects on Cardiovascular Disease

Tamura et al. demonstrated the effects of H2 gas inhalation in patients with post-cardiac arrest
syndrome [47]. Five patients with post-cardiac arrest syndrome (PCAS) received 2% H2 gas inhalation
and target temperature management (TTM) for 18 h in a pilot study. H2 gas inhalation showed
no undesirable effects and four patients survived 90 days with a favorable neurological outcome.
In another pilot study by Tamura et al., five patients were also treated with 2% H2 gas inhalation with
TTM for 18 h [48]. In four cardiogenic patients, the oxidative stress was reduced but cytokine levels
were unchanged. However, in a septic cardiac arrest patient, the cytokine levels were diminished but
oxidative stress was unchanged.

Katsumata et al. reported the effects of H2 gas inhalation in patients with adverse left ventricular
remodeling after percutaneous coronary intervention for ST-elevated myocardial infarction [13].
The patients were assigned to either a treated 1.3% H2 gas inhalation group or a control group in a pilot
study. In some of the outcomes at 6-month follow-up, H2 gas inhalation group (six patients) showed a
greater numerical improvement from day 7 than control group did (5 patients), suggesting that H2

inhalation is safe and promotes left ventricular reverse remodeling.

4.3. Effects on Thoracic Disease

As of December 16, 2020, more than 73.4 million cases of infection and 1.63 million deaths
have been reported worldwide for coronavirus disease 2019 (COVID-19). Guan et al. reported the
improvements of H2-O2 mixed gas inhalation in patients with COVID-19 [49]. In an open-label
multicenter clinical trial in China, the patients with COVID-19 were divided into treatment group and
control group. The patients in treatment group (44 patients) inhaled H2-O2 mixed gas (67% H2: 33% O2)
daily until discharge, and the patients in control group (46 patients) received only the conventional
standard-of-care (with O2 gas therapy each day) until discharge. He showed that the improvements in
disease severity, dyspnea, cough, chest distress, chest pain, and oxygen saturation were significantly
greater in H2-O2 treatment group than those in control group. The authors suggested that H2 gas
inhalation with O2 gas may be useful to patients with dyspnea or those in facilities without sufficient
oxygen supplies.

Effects of H2 on the lung injury of sanitation workers exposed to haze were examined by
Gong et al. [50]. The clinical examination was conducted by a randomized controlled clinical trial.
The patients in the treatment group inhaled H2-O2 mixed gas (67% H2: 33% O2) for 30 days, and control
group inhaled N2-O2 mixed gas for 30 days (48 patients each). Inhalation of H2 gas significantly
could alleviate airway inflammation and oxidative stress of the sanitation workers. On the other
hand, effects of H2 gas inhalation on asthma and chronic obstructive pulmonary disease (COPD)
were reported by Wang et al. [51]. An amount of 2.4% H2 containing steam mixed gas was inhaled
once for 45 min in 10 patients with asthma and 10 patients with COPD. A single inhalation of H2

for 45 min attenuated inflammatory status in airways in patient with asthma and COPD. Moreover,
Zhou et al. reported the effects of H2-O2 mixed gas (67% H2: 33% O2) in patients with severe acute
tracheal stenosis [52]. Thirty-five patients were inhaled with air, oxygen, and H2-O2 mixed gas in that
order in a prospective self-control study. A single inhalation of H2-O2 mixed gas for 120 min reduced
the inspiratory effort in patients with acute severe tracheal stenosis in comparison with other air or
oxygen treatment.
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4.4. Effects on Diabetes, Liver Disease and Metabolic Syndrome

Effects of H2-rich water on lipid and glucose metabolism in patients with either type 2 diabetes
mellitus (T2DM) or impaired glucose tolerance (IGT) were examined by Kajiyama et al. [53]. The study
was performed as a randomized controlled crossover study in 30 patients with T2DM and 6 patients
with IGT. The patients consumed either 1.2 ppm H2-rich water or placebo water for 8 weeks, with a
12-week washout period. The authors demonstrated that sufficient supply of H2-rich water prevents
or delays the development and progression of T2DM and insulin resistance by providing protection
against oxidative stress.

Effects of H2-rich water on oxidative stress, liver function and hepatitis B virus (HBV) were
investigated in patients with chronic hepatitis B (CHB) by Xia et al. [54]. The patients were assigned
into routine treatment group in which patients received routine treatment alone or additional oral
1.2 ppm H2-rich water (30 patients each), respectively, for 6 weeks. Although H2-rich water did not
affect liver function and HBV DNA level, it significantly attenuated oxidative stress in CHB patients.

Effects of H2-rich water were investigated by Song et al. in patients with potential metabolic
syndrome in a randomized controlled study [55]. The patients were allocated to either drinking
H2-rich water (1.0–1.2 ppm) or placebo water for 10 weeks (34 patients each). H2-rich water decreased
plasma low-density lipoprotein (LDL) cholesterol levels and improved high-density lipoprotein (HDL)
function. The authors also examined the effects of supplementation with H2-rich water (0.4–0.5 ppm)
on the content, composition, and biological activities of serum lipoproteins on 20 patients with potential
metabolic syndrome for 10 weeks [56]. H2-rich water decreased the serum LDL cholesterol and
apolipoprotein B (apo B) levels, and improved HDL function in patients with potential metabolic
syndrome. Moreover, effects of H2-rich water (1.1–1.3 ppm) on antioxidant status of subjects with
potential metabolic syndrome were also investigated by Nakao et al. [16]; twenty patients received
H2-rich water for 8 weeks in an open label pilot study. The consumption of H2-rich water resulted in
an increase in antioxidant enzyme superoxide dismutase (SOD) and a decrease in thiobarbituric acid
reactive substances (TBARS). Further, subjects demonstrated an increase in HDL cholesterol and a
decrease in LDL cholesterol.

Effects of H2-rich water were investigated by Korovljev et al. in patients with non-alcoholic
fatty liver disease (NAFLD) in a randomized controlled trial [57]. Twelve patients with NAFLD were
allocated to receive 1.2 ppm H2-rich water or placebo water for 28 days. Although H2-rich water did
not affect the weight and body composition, it significantly reduced liver fat accumulation and liver
enzyme profiles in comparison with placebo water.

4.5. Effects on Cancer and Side Effects by Cancer Therapies

Effects of H2 gas inhalation on 82 advanced cancer patients with stage III and IV were investigated
by Chen et al. in a prospective follow-up study [58]. The H2 inhalation (67% H2: 33% O2) was continued
for >3 h per day for at least 3 consecutive months. After 3–46 months of follow-up, 12 patients died in
stage IV. The patients reported significant improvements in fatigue, insomnia, anorexia and pain after
4 weeks of H2 inhalation. In addition, 42.5% of patients had improved physical status. Of the 80 cases
with a tumor visible in imaging, the total disease control rate was 57.5%, and it was significantly higher
in stage III patients than in stage IV patients (83.0% and 47.7%). In a case study, he also showed the
efficacy of H2 therapy (67% H2: 33% O2) in a patient with metastatic gallbladder cancer [59], and a
patient with brain metastases in non-small cell lung cancer [60], respectively. The antitumor mechanism
of H2 gas was investigated by Akagi et al. in 55 patients with stage IV colorectal cancer, and it was
showed that H2 gas (67% H2: 33% O2) may have restored the exhausted CD8+ T cells in the patients
with advanced colorectal cancer to improve prognosis [11].

Effects of drinking H2-rich water on the quality of life (QOL) of patients treated with radiotherapy
for liver tumors were examined by Kang et al. in a randomized controlled study [61]. The patients
received H2-rich water (1.1–1.3 ppm: 25 patients) or placebo water (24 patients) for 6 weeks. The H2-rich
water reduced reactive oxygen metabolites and maintained blood oxidation potential. QOL scores
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were significantly improved in patients treated with H2-rich water compared to that with placebo
water, suggesting that H2-rich water reduces the blood reaction to radiation-induced oxidative stress
without compromising anti-tumor effects.

Moreover, we recently examined the protective effects of H2 gas inhalation on radiation-induced
bone marrow damage in cancer patients in a retrospective observational study [62]. The patients with
stage IV cancer received intensity-modulated radiation therapy (IMRT) once per day for 1 to 4 weeks.
After each IMRT, the patients in the control group (seven patients) were placed in health care chamber
(HCC, mild hyperbaric oxygen chamber) for 30 min; the patients in the H2 group (16 patients) were
also placed in the HCC and received 5% H2 gas inhalation for 30 min once a day. The total number of
radiation times and total exposure doses of radiation were similar between the control and H2 groups.
White blood cells (WBC) and platelets (PLT) were significantly decreased by IMRT, while red blood
cells (RBC), hemoglobin (HGB), and hematocrit (HT) were unchanged. In contrast, the decrease in
WBC and PLT observed in the control group was significantly improved in H2 group. Tumor responses
to IMRT were similar between the two groups.

5. Future Possibilities of Hydrogen Medicine

5.1. Problems in Modern Medicine

Modern medicine is believed to have originated from Hippocrates, who represented ancient
Greece in the 5th–4th century. Hippocrates is called the “Father of Medicine”. Modern medicine
views the human body as an aggregation of organs and conducts microscopic analysis of organs as
objects. It subdivides the object of study from organ to cell, then to molecule, and finally to gene to
identify the factors that most affect diseases. Drugs are designed to act on a single factor (e.g., enzymes,
receptors, genes) in order to ameliorate the diseases. These methods of modern medicine are called
the “elemental reductionist approach”. In modern medicine, it is also said that there is a “one-to-one
relationship” between the cause of a disease and its treatment. However, many diseases are not caused
by a single factor alone, but by multiple factors and a wide variety of mechanisms. In some cases,
these factors are not yet understood by modern medicine.

Based on the World Health Organization’s (WHO) Statistical Classification and Related Health
Problems (ICD), the number of diseases should be from 30,000 to 40,000 [63]. However, pharmacopeia
illustrates approximately 20,000 drugs registered [64,65]. The registered drugs with a variety of
dosages are duplicated so that only several thousand drugs exist in our society. Most of the drugs
used in modern medicine are symptomatic treatments and are far from being a cure for the diseases.
In addition, the adverse effects are unavoidable in the use of drugs. It was reported in the Lancet in
2017 that global health care costs are increasing every year, from USD 9.21 trillion per year in 2014 to
USD 24.21 trillion by 2040 [66]. As such, health care using modern medicine is approaching its limits
and needs fundamental reform.

5.2. Prospective Medical Application of Hydrogen

In this paper, we demonstrated that the root of many diseases is caused by ·OH-induced oxidative
stress in the mitochondria, and at the same time, the root of chronic inflammation may be also attributed
to the ·OH; we have also showed that H2 is a new and easily applicable medical therapy that can be
replaced by modern medicine. Indeed, the clinical effects of H2 were positive in patients with various
diseases, and more than 70 clinical papers have been published. In traditional Chinese medicine,
there is a concept called “pre-symptomatic disease” (“mibyou”), which is defined as a state without
boundaries between health and illness. Even if a person is apparently healthy, the “seeds of disease”
exist, but H2 is thought to have the potential to improve the “mibyou” as well. Since the H2 alleviates
the root of disease and can treat many diseases at the same time, H2 has potential for preventive and
therapeutic applications in many diseases due to its marked efficacy with no adverse effects (Figure 4).
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Since H2 is arguably a molecule essential for the survival of life, we proposed in the recent paper that
H2 is a “philosophical molecule” [18].Clean Technol. 2020, 2 FOR PEER REVIEW  9 
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There are many drugs that can alleviate oxidative stress. However, very few ROS scavengers have
been clinically applied and they are not as effective as H2. For example, Edaravone, which is used for
acute cerebral infarction, and Amifostine, which is used as a radioprotective agent, are less effective
than H2 and have adverse effects [44,67]. In addition, non-steroidal anti-inflammatory drugs (NSAIDs),
steroids, and biological products such as anti-IL-6 monoclonal antibody and anti-TNF-α monoclonal
antibody have been applied clinically as anti-inflammatory drugs. However, these drugs have less
effects and adverse effects. Therefore, H2 is an ideal antioxidant with potent anti-inflammatory effects
and without adverse effects.

In the recent pre-clinical studies, hydrogen nanomedicine to address the issues of H2 medicine
by using functional/nanomaterials for augmented H2 therapy has been reported [68–71]. Zhao et al.
demonstrated that local generation of H2 for enhanced photothermal therapy has a cancer-selective
effects on synergistic cancer [69]. Yu et al. also demonstrated that hydrogen-releasing Pd hydride
(PdH) nanoparticles exhibits antibacterial and wound-healing effects [70]. Moreover, Zhang et al. also
showed that PdH nanoparticles have ameliorating effects on the cognitive impairment in Alzheimer’s
disease model mice [71].

In Japan, H2 gas has been approved by the Ministry of Health, Labor and Welfare as an advanced
medical treatment B and is under clinical study as a treatment for post-cardiac arrest syndrome [72].
Following this clinical study, the pharmaceutical approval of H2 gas as a medical gas is planned.
Apart from this clinical study, we are also trying to develop a H2 gas inhaler as a medical device.
The day will come when H2 gas or H2 gas inhalers will be used in the market as a medical gas or a
medical device in the near future.

6. Conclusions

This article reported the progress and perspective of hydrogen medicine including its initiation
and clinical applications. H2 is easily applicable because it has no adverse effects and shows marked
efficacy for many diseases, including oxidative stress-related diseases and chronic inflammatory
diseases. More than 70 papers reported the clinical effects of H2 on various diseases. Although most
traditional drugs specifically act on each target, H2 works on the root of many diseases. It is different
from the traditional drugs from the viewpoint of efficacy and adverse effects. Since H2 has extensive
and various effects, it may be called a “wide spectrum molecule” on diseases. Moreover, due to its
marked efficacy with no adverse effects, H2 has promising potential for clinical applications on many
diseases. H2 will be a next generation therapy candidate with clean and economical medical technology.



Clean Technol. 2020, 2 538

Author Contributions: Conceptualization, S.-i.H. and Y.T.; methodology, S.-i.H., B.S. and F.S.; investigation, S.-i.H.
and Y.I.; writing—original draft preparation, S.-i.H., writing—review and editing, S.-i.H., Y.I., B.S., F.S. and Y.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors are grateful to Yoko Satoh and Yoshihiro Mitekura (MiZ Company Limited) for
their excellent advice on writing this manuscript.

Conflicts of Interest: S.-i.H., Y.I., B.S. and F.S. are employees of MiZ Company Limited. For Y.T., a resource was
provided by MiZ Company Limited, which manufactures and markets hydrogen-ingesting machine and device.

References

1. Kurokawa, R.; Seo, T.; Sato, B.; Hirano, S.I.; Sato, F. Convenient methods for ingestion of molecular hydrogen:
Drinking, injection, and inhalation. Med. Gas Res. 2015, 5, 13. [CrossRef] [PubMed]

2. Kurokawa, R.; Hirano, S.I.; Ichikawa, Y.; Matsuo, G.; Takefuji, Y. Preventing explosions of hydrogen gas
inhalers. Med. Gas Res. 2019, 9, 160–162. [PubMed]

3. Ohsawa, I.; Ishikawa, M.; Takahashi, K.; Watanabe, M.; Nishimaki, K.; Yamagata, K.; Katsuya, K.I.;
Katayama, Y.; Asoh, S.; Ohta, S. Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic
oxygen radicals. Nat. Med. 2007, 13, 688–694. [CrossRef] [PubMed]

4. Yoritaka, A.; Takanashi, M.; Hirayama, M.; Nakahara, T.; Ohta, S.; Hattori, N. Pilot study of H2 therapy in
Parkinson’s disease. A randomized double-blind placebo-controlled trial. Mov. Disord. 2013, 28, 836–839.
[CrossRef] [PubMed]

5. Ono, H.; Nishijima, Y.; Ohta, S.; Sakamoto, M.; Kinone, K.; Horikoshi, T.; Tamaki, M.; Takeshita, H.;
Futatuki, T.; Ohishi, W.; et al. Hydrogen gas inhalation treatment in acute cerebral infarction: A randomized
controlled clinical study on safety and neuroprotection. J. Stroke Cerebrovasc. 2017, 26, 2587–2594. [CrossRef]

6. Ishibashi, T.; Sato, B.; Rikitake, M.; Seo, T.; Kurokawa, T.; Hara, Y.; Naritomi, Y.; Hara, H.; Nagao, T.
Consumption of water containing a high concentration of molecular hydrogen reduces oxidative stress and
disease activity in patients with rheumatoid arthritis: An open-label pilot study. Med. Gas Res. 2012, 2, 27.
[CrossRef]

7. Ishibashi, T.; Sato, B.; Shibata, S.; Sakai, T.; Hara, Y.; Naritomi, Y. Therapeutic efficacy of infused molecular
hydrogen in saline on rheumatoid arthritis: A randomized, double-blind placebo-controlled pilot study.
Int. Immunopharmacol. 2014, 21, 468–473. [CrossRef]

8. Nishimaki, K.; Asada, T.; Ohsawa, I.; Nakajima, E.; Ikejima, C.; Yokota, T.; Kamimura, N.; Ohta, S. Effects of
molecular hydrogen assessed by an animal model and a randomized clinical study on mild cognitive
impairment. Curr. Alzheimer Res. 2017, 15, 482–492. [CrossRef]

9. Dole, M.; Wilson, F.R.; Fife, W.P. Hyperbaric hydrogen therapy: A possible treatment for cancer. Science 1975,
190, 152–154. [CrossRef]

10. Yanagihara, T.; Arai, K.; Miyamae, K.; Sato, B.; Shudo, T.; Yamada, M.; Aoyama, M. Electrolyzed
hydrogen-saturated water for drinking use elicits an antioxidative effect; a feeding test with rats.
Biosci. Biotrechnol. Biochem. 2005, 69, 1985–1987. [CrossRef]

11. Akagi, J.; Baba, H. Hydrogen gas restores exhausted CD8+ T cells in patients with advanced colorectal cancer
to improve prognosis. Oncol. Rep. 2018, 41, 301–311. [CrossRef] [PubMed]

12. Ikeda, M.; Shimizu, K.; Ogura, H.; Kurokawa, T.; Umemoto, E.; Motooka, D.; Nakamura, S.; Ichimaru, N.;
Takeda, K.; Takahara, S.; et al. Hydrogen-rich saline regulates intestinal barrier dysfunction, dysbiosis and
bacterial translocation in a murine model of sepsis. Shock 2018, 50, 640–647. [CrossRef] [PubMed]

13. Katsumata, Y.; Sano, F.; Abe, T.; Tamura, T.; Fujisawa, T.; Shiraishi, Y.; Khosaka, S.; Ueda, I.; Honmma, K.;
Suzuki, M.; et al. The effects of hydrogen gas inhalation on adverse left ventricular remodeling after
percutaneous coronary intervention for ST-elevated myocardial infraction. First pilot study in humans.
Circ. J. 2017, 81, 940–947. [CrossRef] [PubMed]

14. Takeuchi, S.; Nagatani, K.; Otani, N.; Nawashiro, H.; Sugawara, T.; Wada, K.; Mori, K. Hydrogen improves
neurological function through attenuation of blood-brain barrier disruption in spontaneously hypertensive
stroke-prone rats. BMC Neurosci. 2015, 16, 22. [CrossRef] [PubMed]

15. Zhang, X.; Liu, J.; Jin, K.; Xu, H.; Wang, C.; Zhang, Z. Subcutaneous injection of hydrogen gas is a novel
effective treatment for type 2 diabetes. J. Diabetes Investig. 2018, 9, 83–90. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s13618-015-0034-2
http://www.ncbi.nlm.nih.gov/pubmed/26504515
http://www.ncbi.nlm.nih.gov/pubmed/31552881
http://dx.doi.org/10.1038/nm1577
http://www.ncbi.nlm.nih.gov/pubmed/17486089
http://dx.doi.org/10.1002/mds.25375
http://www.ncbi.nlm.nih.gov/pubmed/23400965
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2017.06.012
http://dx.doi.org/10.1186/2045-9912-2-27
http://dx.doi.org/10.1016/j.intimp.2014.06.001
http://dx.doi.org/10.2174/1567205014666171106145017
http://dx.doi.org/10.1126/science.1166304
http://dx.doi.org/10.1271/bbb.69.1985
http://dx.doi.org/10.3892/or.2018.6841
http://www.ncbi.nlm.nih.gov/pubmed/30542740
http://dx.doi.org/10.1097/SHK.0000000000001098
http://www.ncbi.nlm.nih.gov/pubmed/29293174
http://dx.doi.org/10.1253/circj.CJ-17-0105
http://www.ncbi.nlm.nih.gov/pubmed/28321000
http://dx.doi.org/10.1186/s12868-015-0165-3
http://www.ncbi.nlm.nih.gov/pubmed/25925889
http://dx.doi.org/10.1111/jdi.12674
http://www.ncbi.nlm.nih.gov/pubmed/28390099


Clean Technol. 2020, 2 539

16. Nakao, A.; Toyoda, Y.; Sharma, P.; Evans, M.; Guthrie, N. Effectiveness of hydrogen rich water on antioxidant
status of subjects with potential metabolic syndrome: An open label pilot study. J. Clin. Biochem. Nutr. 2010,
46, 140–149. [CrossRef]

17. Setsukinai, K.I.; Urano, Y.; Kakinuma, K.; Majima, H.J.; Nagano, T. Development of novel fluorescence probes
that can reliably detect reactive oxygen species and distinguish specific species. J. Biol. Chem. 2003, 278,
3170–3175. [CrossRef]

18. Hirano, S.I.; Ichikawa, Y.; Kurokawa, R.; Takefuji, Y.; Satoh, F. A “philosophical molecule”, hydrogen may
overcome senescence and intractable diseases. Med. Gas Res. 2020, 10, 47–49. [CrossRef]

19. Tschopp, J. Mitochondria: Sovereign of inflammation? Eur. J. Immunol. 2011, 41, 1196–1202. [CrossRef]
20. Ismael, S.; Ahmed, H.A.; Adris, T.; Parveen, K.; Thakor, P.; Ishrat, T. The NLRP3 inflammasome: A potent

therapeutic target for traumatic brain injury. Neural. Regen. Res. 2020, 16, 49–57.
21. Hosseinian, N.; Cho, Y.; Lockey, R.F.; Kolliputi, N. The role of the NLRP3 inflammasome in pulmonary

diseases. Ther. Adv. Respir. Dis. 2015, 9, 188–197. [CrossRef] [PubMed]
22. Ozaki, E.; Campbell, M.; Doyle, S.L. Targeting the NLRP3 inflammasome in chronic inflammatory diseases:

Current perspectives. J. Inflamm. Res. 2015, 8, 15–27. [PubMed]
23. Baldrighi, M.; Mallat, Z.; Li, X. NLRP3 inflammasome pathways in atherosclerosis. Atherosclerosis 2017, 267,

127–138. [CrossRef] [PubMed]
24. Martinon, F.; Burns, K.; Tshopp, J. The inflammasome: A molecular platform triggering activation of

inflammatory caspases and processing of proIL-beta. Mol. Cell 2002, 10, 417–426. [CrossRef]
25. Olhava, E.J.; Roush, W.R.; Seidel, H.M.; Glick, G.D.; Latz, E. Targeting the NLRP3 inflammasome in

inflammatory diseases. Nat. Rev. Drug Discov. 2018, 17, 588–606.
26. Swanson, K.V.; Deng, M.; Ting, J.P.Y. The NLRP3 inflammasome: Molecular activation and regulation to

therapeutics. Nat. Rev. Immunol. 2019, 19, 477–489. [CrossRef]
27. Guo, H.; Callaway, J.B.; Ting, J.P.Y. Inflammasomes: Mechanism of action, role in disease, and therapeutics.

Nat. Med. 2015, 21, 677–687. [CrossRef]
28. Strowig, T.; Henao-Mejia, J.; Elinav, E.; Flavel, R. Inflammasomes in health and disease. Nature 2012, 481,

278–286. [CrossRef]
29. Ren, J.D.; Wu, X.B.; Jiang, R.; Hao, D.P.; Liu, Y. Molecular hydrogen inhibits lipopolysaccharide-triggered

NLRP3 inflammasome activation in macrophages by targeting the mitochondrial reactive oxygen species.
Biochim. Biophys. Acta. 2016, 1863, 50–55. [CrossRef]

30. Ren, J.D.; Ma, J.; Hou, J.; Xiao, W.J.; Jin, W.H.; Wu, J.; Fan, K.H. Hydrogen-rich saline inhibits NLRP3
inflammasome activation and attenuates experimental acute pancreatitis in mice. Mediat. Inflamm. 2014,
2014, 930894. [CrossRef]

31. Yang, L.; Guo, Y.; Fan, X.; Chen, Y.; Yang, B.; Liu, K.X.; Zhou, J. Amelioration of coagulation disorders
and inflammation by hydrogen-rich solution reduces intestinal ischemia/reperfusion injury in rats through
NF-κB/NLRP3 pathway. Mediat. Inflamma. 2020, 2020, 4359305. [CrossRef]

32. Zou, R.; Wang, M.H.; Chen, Y.; Fan, X.; Yang, B.; Du, J.; Wang, X.B.; Liu, K.H.; Zhou, J. Hydrogen-rich
saline attenuates acute lung injury induced by limb ischemia/reperfusion via down-regulating chemerin and
NLRP3 in rats. Shock 2018, 52, 134–141. [CrossRef] [PubMed]

33. Chen, H.; Zhou, C.; Xie, K.; Meng, X.; Wang, Y.; Yu, Y. Hydrogen-rich saline alleviated the hyperpathia
and microglia activation via autophagy mediated inflammasome inactivation in neuropathic pain rats.
Neuroscience 2019, 421, 17–30. [CrossRef] [PubMed]

34. Shao, A.; Wu, H.; Hong, Y.; Tu, S.; Sun, X.; Wu, Q.; Zhao, Q.; Zhang, J.; Sheng, J. Hydrogen-rich saline
attenuated subarachnoid hemorrhage-induced early brain injury in rats by suppressing inflammatory
response: Possible involvement of NF-κB pathway and NLRP3 inflammasome. Mol. Neurobiol. 2016, 53,
3462–3476. [CrossRef] [PubMed]

35. Zhuang, K.; Zuo, Y.C.; Scherchan, P.; Wang, J.K.; Yan, X.X.; Liu, F. Hydrogen inhalation attenuates oxidative
stress related endothelial cells injury after subarachnoid hemorrhage in rats. Front. Neurosci. 2020, 13, 1441.
[CrossRef]

36. Xie, K.; Zhang, Y.; Wang, Y.; Meng, X.; Wang, Y.; Yu, Y.; Chen, H. Hydrogen attenuates sepsis-associated
encephalopathy by NRF2 mediated NLRP3 pathway inactivation. Inflamm. Res. 2015, 69, 697–710. [CrossRef]

http://dx.doi.org/10.3164/jcbn.09-100
http://dx.doi.org/10.1074/jbc.M209264200
http://dx.doi.org/10.4103/2045-9912.279983
http://dx.doi.org/10.1002/eji.201141436
http://dx.doi.org/10.1177/1753465815586335
http://www.ncbi.nlm.nih.gov/pubmed/26012351
http://www.ncbi.nlm.nih.gov/pubmed/25653548
http://dx.doi.org/10.1016/j.atherosclerosis.2017.10.027
http://www.ncbi.nlm.nih.gov/pubmed/29126031
http://dx.doi.org/10.1016/S1097-2765(02)00599-3
http://dx.doi.org/10.1038/s41577-019-0165-0
http://dx.doi.org/10.1038/nm.3893
http://dx.doi.org/10.1038/nature10759
http://dx.doi.org/10.1016/j.bbamcr.2015.10.012
http://dx.doi.org/10.1155/2014/930894
http://dx.doi.org/10.1155/2020/4359305
http://dx.doi.org/10.1097/SHK.0000000000001194
http://www.ncbi.nlm.nih.gov/pubmed/29847499
http://dx.doi.org/10.1016/j.neuroscience.2019.10.046
http://www.ncbi.nlm.nih.gov/pubmed/31689487
http://dx.doi.org/10.1007/s12035-015-9242-y
http://www.ncbi.nlm.nih.gov/pubmed/26091790
http://dx.doi.org/10.3389/fnins.2019.01441
http://dx.doi.org/10.1007/s00011-020-01347-9


Clean Technol. 2020, 2 540

37. Chen, H.; Mao, X.; Meng, X.; Li, Y.; Feng, J.; Zhang, L.; Zhang, Y.; Wang, Y.; Yu, Y.; Xie, K. Hydrogen alleviates
mitochondrial dysfunction and organ damage via autophagy-mediated NLRP3 inflammasome inactivation
in sepsis. Int. J. Mol. Med. 2019, 44, 1309–1324. [CrossRef]

38. Liu, C.; Kurokawa, R.; Fujino, M.; Hirano, S.I.; Sato, B.; Li, X.K. Estimation of the hydrogen concentration in
rat tissue using an airtight tube following the administration of hydrogen via various routes. Sci. Rep. 2014,
4, 5485. [CrossRef]

39. Yamamoto, R.; Homma, K.; Suzuki, S.; Sano, M.; Sasaki, J. Hydrogen gas distribution in organs after
inhalation: Real-time monitoring of tissue hydrogen concentration in rat. Sci. Rep. 2019, 9, 1255. [CrossRef]

40. Abe, T.; Li, X.K.; Yazawa, K.; Hatayama, N.; Xie, L.; Sato, B.; Kakuta, Y.; Tsutahara, K.; Okumi, M.; Tsuda, H.;
et al. Hydrogen-rich University of Wisconsin solution attenuates renal cold ischemia-reperfusion injury.
Transplantation 2012, 94, 14–21. [CrossRef]

41. Tamaki, I.; Hata, K.; Okamura, Y.; Nigmet, Y.; Hirano, H.; Kubota, T.; Inamoto, O.; Kusakabe, J.; Goto, T.;
Tajima, T.; et al. Hydrogen flush after cold storage as a new end-ischemic ex vivo treatment for liver graft
against ischemia/reperfusion injury. Liver Transpl. 2018, 24, 1589–1602. [CrossRef]

42. Igarashi, T.; Ohsawa, I.; Kobayashi, M.; Igarashi, T.; Suzuki, T.; Iketani, M.; Takahashi, H. Hydrogen prevents
corneal endothelial damage in phacoemulsification cataract surgery. Sci. Rep. 2016, 6, 31190. [CrossRef]
[PubMed]

43. Igarashi, T.; Ohsawa, I.; Kobayashi, M.; Umemoto, Y.; Arima, T.; Suzuki, T.; Igarashi, T.; Otsuka, T.;
Takahashi, H. Effects of hydrogen in prevention of corneal endothelial damage during phacoemulsification:
A prospective randomized clinical trial. Am. J. Ophthalmol. 2019, 207, 10–17. [CrossRef] [PubMed]

44. Ono, H.; Nishijima, Y.; Adachi, N.; Tachibana, S.; Chitoku, S.; Mukaihara, S.; Sakamoto, M.; Kudo, Y.;
Nakazawa, J.; Kaneko, K.; et al. Improved brain MRI indices in the acute brain stem infarct sires treated with
hydroxy radical scavengers, Edaravone and hydrogen, as compared to Edaravone alone. A non-controlled
study. Med. Gas Res. 2011, 1, 12. [CrossRef] [PubMed]

45. Ono, H.; Nishizima, Y.; Sakamoto, M.; Horikoshi, T.; Tamaki, M.; Oishi, W.; Naitoh, Y.; Futaki, T.; Ishii, S.;
Suzuki, K.; et al. Pilot study on therapeutic inhalation of hydrogen gas for improving patients with
Alzheimer’s disease assessed by cognitive subscale scores and magnetic resonance diffusion tensor imaging.
Int. J. Alzheimers Neuro. Disord. 2018, 1, 1.

46. Yang, L.; Li, D.; Chen, S. Hydrogen water reduces NSE, IL-6, and TNF-α levels in hypoxic-ischemic
encephalopathy. Open Med. 2016, 11, 399–406. [CrossRef] [PubMed]

47. Tamura, T.; Hayashida, K.; Sano, M.; Suzuki, M.; Shibusawa, T.; Yoshizawa, J.; Kabayashi, Y.; Suzuki, T.;
Ohta, S.; Morisaki, H.; et al. Feasibility and safety of hydrogen gas inhalation for post-cardiac arrest syndrome.
Circ. J. 2016, 80, 1870–1873. [CrossRef] [PubMed]

48. Tamura, T.; Suzuki, M.; Hayashida, K.; Kobayashi, Y.; Yoshizawa, J.; Shibusawa, T.; Sano, M.; Hori, S.;
Sasaki, J. Hydrogen gas inhalation alleviates oxidative stress in patients with post-cardiac arrest syndrome.
J. Clin. Biochem. Nutr. 2020, 67, 214–221. [CrossRef]

49. Guan, W.J.; Wei, C.H.; Chen, A.L.; Sun, X.C.; Guo, G.Y.; Zou, X.; Shi, J.D.; Lai, P.Z.; Zheng, Z.G.; Zhong, N.S.
Hydrogen/oxygen mixed gas inhalation improves disease severity and dyspnea in patients with Coronavirus
disease 2019 in a recent multicenter, open-label clinical trial. J. Thorac. Dis. 2020, 12, 3448–3452. [CrossRef]

50. Gong, Z.; Guan, J.; Ren, X.; Meng, D.; Zhang, H.; Wang, B.; Yan, X. Protective effect of hydrogen on the lung
of sanitation workers exposed to haze. Chin. J. Tuberc. Respir. Dis. 2016, 39, 916–923.

51. Wang, S.T.; Bao, C.; He, Y.; Tian, X.; Yang, Y.; Zhang, T.; Xu, K.F. Hydrogen gas (XEN) inhalation ameliorates
airway inflammation in asthma and COPD patients. QJM Int. J. Med. 2020, 164. [CrossRef] [PubMed]

52. Zhou, Z.Q.; Zhong, C.H.; Su, Z.Q.; Li, X.Y.; Chen, Y.; Chen, X.B.; Tang, C.L.; Zhou, L.Q.; Li, S.Y. Breathing
hydrogen-oxygen mixture decreases inspiratory effort in patients with tracheal stenosis. Respiration 2019, 97,
42–51. [CrossRef] [PubMed]

53. Kajiyama, S.; Hasegawa, G.; Asano, M.; Hosoda, H.; Fukui, M.; Nakamura, N.; Kitawaki, J.; Imai, S.;
Nakano, K.; Ohta, M.; et al. Supplementation of hydrogen-rich water improves lipid and glucose metabolism
in patients with type 2 diabetes or impaired glucose tolerance. Nutr. Res. 2008, 28, 137–143. [CrossRef] [PubMed]

54. Xia, C.; Liu, W.; Zeng, D.; Zhu, L.; Sun, X.; Sun, X. Effect of hydrogen-rich water on oxidative stress, liver
function, and viral load in patients with chronic hepatitis B. Clin. Trans. Sci. 2013, 6, 372–375. [CrossRef]
[PubMed]

http://dx.doi.org/10.3892/ijmm.2019.4311
http://dx.doi.org/10.1038/srep05485
http://dx.doi.org/10.1038/s41598-018-38180-4
http://dx.doi.org/10.1097/TP.0b013e318255f8be
http://dx.doi.org/10.1002/lt.25326
http://dx.doi.org/10.1038/srep31190
http://www.ncbi.nlm.nih.gov/pubmed/27498755
http://dx.doi.org/10.1016/j.ajo.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/31077667
http://dx.doi.org/10.1186/2045-9912-1-12
http://www.ncbi.nlm.nih.gov/pubmed/22146068
http://dx.doi.org/10.1515/med-2016-0072
http://www.ncbi.nlm.nih.gov/pubmed/28352827
http://dx.doi.org/10.1253/circj.CJ-16-0127
http://www.ncbi.nlm.nih.gov/pubmed/27334126
http://dx.doi.org/10.3164/jcbn.19-101
http://dx.doi.org/10.21037/jtd-2020-057
http://dx.doi.org/10.1093/qjmed/hcaa164
http://www.ncbi.nlm.nih.gov/pubmed/32407476
http://dx.doi.org/10.1159/000492031
http://www.ncbi.nlm.nih.gov/pubmed/30227423
http://dx.doi.org/10.1016/j.nutres.2008.01.008
http://www.ncbi.nlm.nih.gov/pubmed/19083400
http://dx.doi.org/10.1111/cts.12076
http://www.ncbi.nlm.nih.gov/pubmed/24127924


Clean Technol. 2020, 2 541

55. Song, G.; Lin, Q.; Zhao, H.; Liu, M.; Ye, F.; Sun, Y.; Yu, Y.; Guo, S.; Jiao, P.; Wu, Y.; et al. Hydrogen activates
ATP-binding cassette transporter A1-dependent ex vivo and improves high-density lipoprotein function in
patients with hypercholesterolemia: A double-blinded, randomized, and placebo-controlled trial. J. Clin.
Endocrinol. Metab. 2015, 100, 2724–2733. [CrossRef] [PubMed]

56. Song, G.; Li, M.; Sang, H.; Zhang, L.; Li, X.; Yao, S.; Yu, Y.; Zong, C.; Xue, Y.; Qin, S. Hydrogen-rich water
decreases serum low-density lipoprotein cholesterol levels and improves high-density lipoprotein function
in patients with potential metabolic syndrome. J. Lipid Res. 2013, 54, 1884–1893. [CrossRef]

57. Korovljev, D.; Stajer, V.; Ostojic, J.; LeBaron, T.W.; Ostojic, S.M. Hydrogen-rich water reduces liver fat
accumulation and improves liver enzymes profiles in patients with non-alcoholic fatty liver disease:
A randomized controlled pilot trial. Clin. Res. Hepatol. Gastroenterol. 2019, 43, 688–693. [CrossRef]

58. Chen, J.B.; Kong, X.F.; Lv, Y.Y.; Qin, S.C.; Sun, X.J.; Mu, F.; Lu, T.Y.; Xu, K.C. “Real world survey” of
hydrogen-controlled cancer: A follow-up report of 82 advanced cancer patients. Med. Gas Res. 2019, 9,
115–121.

59. Chen, J.B.; Pan, Z.B.; Du, D.M.; Qian, W.; Ma, Y.Y.; Mu, F.; Xu, K.C. Hydrogen gas therapy induced shrinkage
of metastatic gallbladder cancer: A case report. World J. Clin. Cases 2019, 6, 2065–2074. [CrossRef]

60. Chen, J.; Mu, F.; Lu, T.; Du, D.; Xu, K. Brain metastases completely disappear in non-small cell lung cancer
using hydrogen gas inhalation: A case report. Onco. Targets Ther. 2019, 12, 11145–11151. [CrossRef]

61. Kang, K.M.; Kang, Y.M.; Choi, I.B.; Gu, Y.; Kawamura, T.; Toyoda, Y.; Nakao, A. Effects of hydrogen-rich
water on treated with radiotherapy for liver tumors. Med. Gas Res. 2011, 1, 11. [CrossRef] [PubMed]

62. Hirano, S.I.; Aoki, Y.; Li, X.K.; Ichimaru, N.; Takahara, S.; Takefuji, Y. Protective effects of hydrogen gas
inhalation on radiation-induced bone marrow damage in cancer patients: A retrospective observational
study. Med. Gas Res. 2021, 11. in press.

63. ICD-10 Version: 2016. Available online: http://apps.who.int/classifications/icd10/browse/2016/en#/U00-U49
(accessed on 24 November 2020).

64. U.S. Pharmacopeia. Available online: http://www.usp.org/ (accessed on 24 November 2020).
65. British Pharmacopeia. Available online: https://www.pharmacopoeia.com/ (accessed on 24 November 2020).
66. Global Burden of Disease Health Financing Collaborator Network; Dieleman, J.L.; Campbell, M.; Chapin, A.;

Eldrenkamp, E.; Fan, V.Y.; Haakenstad, A.; Kates, J.; Li, Z.; Matyasz, T.; et al. Future and potential spending
on health 2015–40: Development assistance for health, and government, prepaid private, and out-of-pocket
health spending in 184 countries. Lancet 2017, 389, 2005–2030. [CrossRef]

67. Seed, T.M.; Inal, C.E.; Singh, V.K. Radioprotection of hematopoietic progenitors by low dose amifostine
prophylaxis. Int. J. Radiat. Biol. 2014, 90, 594–604. [CrossRef]

68. Zhou, C.; Coshi, E.; He, Q. Micro/nanomaterials-augmented hydrogen therapy. Adv. Healthc. Mater. 2019,
1900463. [CrossRef]

69. Zhao, P.; Jin, Z.; Chen, Q.; Yang, T.; Chen, D.; Meng, J.; Lu, X.; Gu, Z.; He, Q. Local generation of hydrogen
for enhanced photothermal therapy. Nat. Commun. 2018, 9, 4241. [CrossRef]

70. Yu, S.; Li, G.; Zhao, P.; Cheng, Q.; He, Q.; Ma, D.; Xue, W. NIR-laser-controlled hydrogen-releasing
PdH nanohydride for synergistic hydrogen-photothermal antibacterial and wound-healing therapies.
Adv. Funct. Mater. 2019, 29, 1905697. [CrossRef]

71. Zhang, L.; Zhao, P.; Yue, C.; Jin, Z.; Liu, Q.; Du, X.; He, Q.; Du, X.; He, Q. Sustained release of bioactive
hydrogen by Pd hydride nanoparticles overcome Alzheimer’s disease. Biomaterials 2019, 197, 393–404. [CrossRef]

72. Ministry of Health, Labor and Welfare in Japan. Advanced Medical Technology Overview (in Japanese).
Available online: https://www.mhlw.go.jp/topics/bukyoku/isei/sensiniryo/kikan03.html (accessed on
9 December 2020).

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1210/jc.2015-1321
http://www.ncbi.nlm.nih.gov/pubmed/25978109
http://dx.doi.org/10.1194/jlr.M036640
http://dx.doi.org/10.1016/j.clinre.2019.03.008
http://dx.doi.org/10.12998/wjcc.v7.i15.2065
http://dx.doi.org/10.2147/OTT.S235195
http://dx.doi.org/10.1186/2045-9912-1-11
http://www.ncbi.nlm.nih.gov/pubmed/22146004
http://apps.who.int/classifications/icd10/browse/2016/en#/U00-U49
http://www.usp.org/
https://www.pharmacopoeia.com/
http://dx.doi.org/10.1016/S0140-6736(17)30873-5
http://dx.doi.org/10.3109/09553002.2014.899450
http://dx.doi.org/10.1002/adhm.201900463
http://dx.doi.org/10.1038/s41467-018-06630-2
http://dx.doi.org/10.1002/adfm.201905697
http://dx.doi.org/10.1016/j.biomaterials.2019.01.037
https://www.mhlw.go.jp/topics/bukyoku/isei/sensiniryo/kikan03.html
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Oxidative Stress as a Root of Many Diseases 
	Hydrogen Can Eliminate the Hydroxyl Radical 
	Chronic Inflammation as a Root of Many Disease 

	Methods of Hydrogen Ingestion 
	Hydrogen Gas Inhalation 
	Oral Ingestion by Drinking Hydrogen Water 
	Injection of Hydrogen-Dissolved Saline 

	Effects of Hydrogen on Clinical Examinations 
	Effects on Brain and Neurological Disorders 
	Effects on Cardiovascular Disease 
	Effects on Thoracic Disease 
	Effects on Diabetes, Liver Disease and Metabolic Syndrome 
	Effects on Cancer and Side Effects by Cancer Therapies 

	Future Possibilities of Hydrogen Medicine 
	Problems in Modern Medicine 
	Prospective Medical Application of Hydrogen 

	Conclusions 
	References

