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1. Introduction

Hydrogen gas (Hz), a colorless, tasteless, odorless, non-irritating and highly flammable
diatomic gas, has been used in medical applications to prevent decomposition sickness in
deep divers. For a long time, H, was thought to be a “biologically inert gas” which could not
react with biomolecules under normal pressure. In 2007, Ohsawa et al. first reported that
inhalation of H markedly suppressed brain injury induced by ischemia-reperfusion, which
made the antioxidant properties of H, drew wide attention (Ohsawa et al.,, 2007). Soon
afterwards H, was found to be effective for many other diseases, including hepatic and
cardiac hypoxia-ischemia injury, inflammation injury caused by small intestine
transplantation, neonatal hypoxia-ischemia injury, and lung allograft, (Fukuda et al., 2007;
Buchholz et al., 2008; Cai et al., 2008; Hayashida et al., 2008; Kawamura et al., 2011;). Besides,
other ways to administrate Hy, such as drinking H)-saturated water, intraperitoneal and
intravenous injection of Hr-saturated saline (first developed by our group), have also been
proved to be effective to many disorders related with oxidative stress, such as cerebral
hypoxia-ischemia injury, human typell diabetes, nephrotoxicity induced by cisplatin,
Parkinson’s disease and atherosclerosis in apolipoprotein (Cai et al., 2009; Chen et al., 2009;
Mao et al.,, 2009; Sun et al., 2009; Zheng et al., 2009; Oharazawa et al., 2010). Up to now, H»
has been proved to be effective to various disease models. Considering the unique
antioxidant properties of Hy, we believe it is important to review the medical researches of
this novel antioxidant in this chapter. The aim of this chapter is to summarize research
findings and mechanisms concerning the therapeutic potential of Ho.

2. Physical, chemical and biological characteristics of H,

The most lightweight gas diatomic hydrogen, the first element in the periodic table and
constitutes at least 90 % of the observable universe, is rare on earth. In 1671, Robert Boyle
firstly produced hydrogen when he dissolved iron in diluted hydrochloric acid. However, it
was not actually discovered as a distinct gas until 1766 when Henry Cavendish originally
segregated and called it “inflammable air”. A few years later, Lavoisier, the father of
modern chemistry, gave it a name “hydrogen”. Hydrogen is a colorless, odorless, non-
metallic, tasteless and highly combustible diatomic gas with the molecular formula H>
(Huang et al., 2010). Hydrogen gas directly and violently reacts with oxidizing elements
such as chlorine and fluorine and is highly flammable, a property evident in the 1937
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Hindenburg zeppelin fire and its use as propellant fuel for the space shuttle. However, safe
hydrogen concentrations in air and in pure oxygen gas are 4.6% and 4.1% by volume,
respectively (Huang et al., 2010). On the other hand, H; is rather less active and behaves as
an inert gas in the absence of catalysts or at body temperature (Ohta, 2011). As hydrogen is a
highly potent energy source, the industrial use of hydrogen is expanding, such as the use of
hydrogen fuel cells for zero-emission vehicles (Nakao et al., 2009). H, can be dissolved in
water to 0.8 mM under atmospheric pressure, and aluminum containers are able to retain
hydrogen gas for a long time (Ohta, 2011). Hydrogen gas is highly diffusible and reacts with
hydroxyl radical to produce water.

3. The history of medical researches and application of H,

For a long time, it has been believed that hydrogen did not react with biomoleculars.
Hydrogen gas is routinely administered to divers as hydreliox, which contains 49%
hydrogen (Abraini, 2011), to prevent decompression sickness. In 1975 and 2001, Dole and
Gharib respectively reported that hydrogen under a high pressure might be a therapeutic
gas for cancer and parasite-induced liver inflammation by eliminating toxic ROS (Dole et al.,
1975; Gharib et al., 2001). In 2007, Ohsawa set out to see if hydrogen gas could be used as a
therapeutic mitochondrial antioxidant to neutralize oxidative stress after ischemia
reperfusion injury (Ohsawa et al., 2007). In these studies, Ohsawa found that hydrogen
could increase cell survival significantly and hydrogen gas could reach sub-cellular
compartments such as the nucleus and mitochondria. This is particularly important as
mitochondria is the primary site of generation of reactive oxygen species after reperfusion
and is notoriously difficult to target. To test the efficacy of hydrogen gas therapy during
oxidative stress, Ohsawa et al. used a rat model of stroke, with middle cerebral artery
ligation and reperfusion. Inhalation of hydrogen gas limited the stroke volume if given
before the reperfusion phase of injury. Hydrogen gas treatment also reduced brain tissue
lipid peroxidation and DNA oxidation, findings that were also noted in cultured cells
challenged with reactive oxygen species. The decrease in reperfusion damage improved
long term neurological function, such as thermoregulation and weight maintenance, at one
week, implying that hydrogen gas can protect cells in vivo. Soon after that, the medical
value of hydrogen rapidly drew wide attention in the world. H> was found to produce some
positive therapeutic outcomes in other diseases of various systems, such as central nervous
system, cardiovascular system, lung, renal system, liver, pancreas, and auditory system
(Huang et al., 2010), as shown in Fig. 1.

4. Potential mechanisms of H, as an antioxidant based on informed
researches

To explore the mechanism of the protective effect of hydrogen, Ohsawa and his coworkers
treated PC12 cells with antimycin A (a mitochondrial respiratory complex III inhibitor) to
produce hydroxyl radicals (¢*OH) by the Fenton reaction (Ohsawa et al., 2007). In the
presence of H; in the medium, the intracellular levels of *OH and ONOO- were significantly
reduced. Biochemical experiments using fluorescent probes and electron paramagnetic
resonance spectroscopy spin traps indicated that hydrogen gas might selectively scavenge
the hydroxyl radical. The authors propose this as a unique cyto-protective pathway that
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Fig. 1. Therapeutic opportunities of H; in a variety of disease models (Huang et al., 2010).

specifically quenches the *OH and ONOO- while preserving other reactive oxygen and
nitrogen species important in signaling. Many antioxidants or enzymes that scavenge reactive
oxygen species limit cyto-toxicity after ischemia and reperfusion. In the presence of
catalytically active metals, however, detoxification of superoxide to hydrogen peroxide by
superoxide dismutase generates the more potent hydroxyl radical. *OH and ONOO- react
indiscriminately with and damage molecular targets such as nucleic acids, lipids and proteins.
Based on these evidence, Ohsawa et al. drew the conclusion that hydrogen gas protected cells
from oxidative damage through selective scavenging of *OH and ONOO-, as shown in Fig. 2.

However, accumulating evidence suggest that hydrogen may be not a simple ROS
scavenger. There were reports that treatment with H, was unable to scavenge *OH (Atsushi
et al., 2010). As suggested by Wood and Gladwin (2007), the concentrations of hydrogen
may be insufficient to protect the numerous cellular targets of *OH. In addition, H> has been
demonstrated to be effective for many diseases, but *OH and other ROS are not the only
cause of injury for all these diseases. This indicates that *OH scavenging may not be the
only underlying mechanism for the protective effects of H, for those diseases where
oxidative stress plays a less important role in the pathogenesis. A number of more recent
investigations have reported that H, might influence signal transduction (Itoh et al., 2009;
Wang et al., 2011), suggesting that hydrogen may act as a novel signaling molecule rather
than a ROS scavenger. Itoh and his associates found that H> could modulate the immediate-
type allergic reaction, which is not causally associated with oxidative stress (Itoh et al., 2009).
In another study, H> was found to inhibit lipopolysaccharide/interferon y-induced
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Fig. 2. The reactive oxygen species (ROS) production pathway and the selective reduction of
*OH and ONOO- by H, (Hong et al., 2010).

nitric oxide production through modulation of signal transduction in macrophages (Itoh et
al., 2011). All these evidences imply that the effect of hydrogen may reside not in its radical-
scavenging activity but in its ability to modulate a specific signaling pathway. Additionally,
there is evidence of endogenous hydrogen in human and animals from anaerobic
metabolism of bacteria in the large intestine (Sobko et al., 2005). In the normal terminal
breath, levels of H; are in the range 5-10 ppm (Maffel et al., 1977) ; in the liver, it reaches 42
pM, while in the large intestine and spleen, it is even higher (Olson & Maier, 2002) . The
existence of endogenous hydrogen also suggests that hydrogen may be capable of exerting
biological effects in physiological and pathological conditions in a manner similar to NO,
CO and H,S. However, much additional research is required prior to verification, such as
characterizing the molecular mechanism of hydrogen’s effects.

5. Methods for H, administration
5.1 Inhalation

For a long time, hydrogen inhalation has been applied in deep diving to prevent
decompression sickness and nitrogen narcosis, in which an exotic, breathing gas mixture of
49% hydrogen, 50% helium and 1% oxygen is used (Abraini et al., 1994), so the safety of
hydrogen for humans is fully proved. When delivered by a ventilator circuit, facemask or
nasal cannula, hydrogen can be easily delivered via inhalation (Huang et al., 2010). In the
first researches on the medical application of hydrogen, it was mainly administrated by
inhalation. There were several advantages about hydrogen inhalation. First of all, inhaled
hydrogen gas diffuses and acts more rapidly (Hong et al.,, 2010; Ohta, 2011). Second,
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inhalation of gas does not affect blood pressure (Ohsawa et al., 2007). Third, inhalation is a
way to persistently administrate hydrogen. However, safety is a big concern in hydrogen
inhalation. Although hydrogen poses no risk of explosion in air and in pure oxygen when its
concentration is under 4% (Ohta, 2011), there is still risk in the storage, transportation,
preparation and usage of hydrogen-oxygen mixture. Furthermore, a suit of complex
apparatus is required for safety, and a strict operating rule must be developed to guarantee
the safety of hydrogen inhalation.

5.2 Oral intake of hydrogen-rich water

In 2008, Nagata et al. placed water saturated with hydrogen (hydrogen water) into the
stomach of a rat and found that hydrogen was detected at several micromole levels in blood
and drinking hydrogen water prevented cognitive impairment by reducing oxidative stress
(Nagata et al., 2009). Up to now, hydrogen-rich water has proven to be effective for various
disease models, including atherosclerosis (Ohsawa et al., 2008), nephrotoxicity induced by
an anti-cancer drug cisplatin (Nakashima-Kamimura et al., 2009), Parkinson's disease (Fu et
al., 2009), colon inflammation (Kajiya et al., 2009) and cognitive impairment (Gu et al., 2010).
It is detected that H; can be dissolved in water up to 0.8 mM under atmospheric pressure at
room temperature (Ohta, 2011). Oral intake of hydrogen-rich water seems more practical in
daily life and suitable for continuous consumption for preventive or therapeutic use, and it
is found to have a comparable effect to hydrogen inhalation (Nakashima-Kamimura et al.,
2009). Hydrogen water can be made by several methods, including dissolving hydrogen into
water under high pressure and by reaction of magnesium with water, a method developed
in Japan (Ohta, 2011).

5.3 Injectable hydrogen-rich saline

In 2008, our group first injected Hz-saturated saline to rats and found that it could prevent
neonatal hypoxia-ischemia injury (Cai et al., 2009). Soon after that, injected H»-saturated
saline was found to be effective against various models, including intestinal
ischemia/reperfusion injury (Zheng et al., 2009), acute pancreatitis (Chen et al., 2010),
experimental liver injury (Sun et al., 2010) and carbon monoxide toxicity (Sun et al., 2011). It
is anticipatable that injected hydrogen saline has potential in actual clinical treatment. The
unique advantage of injectable hydrogen-rich saline is that it may provide more accurate
concentrations of hydrogen and there is little evaporation or other kind of hydrogen lost
(Cai et al., 2009).

5.4 Production of hydrogen by intestinal bacteria

It is noteworthy that endogenous hydrogen exists in humans and animals from anaerobic
metabolism of bacteria in the large intestine (Maffel et al., 1977). Studies have shown that the
hydrogen level in normal terminal breath is about 5-10 ppm, but in patients with lactose
intolerance and bacterial disorders, it may achieve more than 90 ppm (Olson et al., 2002). The
level of hydrogen has been measured in different organs of normal mice and it is found that in
the large intestine, spleen, liver and gastric mucosa the level of hydrogen is very high. Drugs
inhibiting the absorption of glucose in diabetics such as acarbose have a side effect of
flatulence, but they often show a heart protective effect (Hanefeld et al., 2004). Recent studies
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showed that the main component of these gases is hydrogen, whose increase may contribute
to the heart protective effect. Oral administration of turmeric (Shimouchi et al., 2009), milk
(Shimouchi et al., 2009), a-glucosidase inhibitors (Suzuki et al., 2009), coral calcium hydride
(Ueda et al., 2010), and mannitol (Liu et al., 2010) could also promote the production of
endogenous hydrogen, which may be one of the mechanisms for treatment of some diseases.
Moreover, it is reported that oral administration of a special designed bacteria producing
hydrogen gas can prevent Con A-induced hepatitis, whereas the protective effect disappeared
after antibiotic treatment, indicating that improving hydrogen production of intestinal bacteria
can be a treatment of diseases (Kajiya et al., 2009). It seems that oral administration of these
substances is far more cheap, convenient, comfortable and simpler than other ways to
administer hydrogen.

5.5 H.-Loaded eye drops and hydrogen bath

In 2010, Oharazawa et al. dissolved H> in saline as H> loaded eye drops and found that it
could ameliorate ischemia-reperfusion injury of the retina in a rat model by administering it
to the ocular surface (Oharazawa et al., 2010). In 2011, Kubota used it to prevent oxidative
stress-induced angiogenesis in a mouse corneal alkali-burn model with great success
(Kubota et al., 2011). In Japan, taking a H, water bath is another method to administrate H»
into the body in daily life. It is said that a 10 minutes bath is able to distribute H, throughout
the whole body (Ohta, 2011).

6. Advantages and disadvantages of H, treatment
6.1 Advantages

Compared to traditional antioxidants, hydrogen, the newly explored antioxidant, obtains a
number of advantages. First, due to its small molecular weight, hydrogen can easily
penetrate biomembranes and diffuse into the cytosol, mitochondria and nucleus, which are
the main site of ROS generation and DNA damage (Ohsawa et al., 2007), but difficult to
targeted by other drugs. Second, as hydrogen selectively reacts with *OH and ONOO-,
other important ROS (e.g. H>O, and O,-) and NO involved in cell signaling are not
decreased, so the metabolic oxidation-reduction reactions are not disturbed. As we know, O,
and H>O, have important functions in neutrophils and macrophages (Ohsawa et al., 2007).
Because of the hypo-reactivity of them, hydrogen does not disturb the innate immune
system and allow phagocytosis of infecting organisms. Also, as endogenous NO plays an
important role in vasodilation, vasoconstriction and leukocyte/endothelial interactions, it
may be beneficial to spare endogenous NO (Pinsky et al., 1994; Huang et al., 2010). Third,
hydrogen is better tolerated than many other antioxidants. Forth, it is found that hydrogen
doesn’t influence physiological parameters in the blood (temperature, blood pressure, pH,
pO2) (Hong et al., 2010). Fifth, compared to other drugs, the cost of hydrogen therapy is
much lower. All of these properties of hydrogen make administration of hydrogen water a
promising and treatment for various diseases.

6.2 Disadvantages

Every drug has its disadvantages; hydrogen is not an exception. For hydrogen inhalation,
the main concern may be the risk of explosion. Although hydrogen won’t explore under the
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concentration 4.6%, there is still risk of explosion during storing, transportation and
dispensing. Furthermore, a complicated appliance is required for it. For hydrogen water
injection, the main disadvantage may be the compliance of patients. The proper
administration time, ways and dosages of hydrogen saline injection are other concerns. Oral
administration of hydrogen water may be a better choice, but some evidences showed that
there might be some adverse effects as well. It was found that there were a few changes in
hematology and clinical chemistry parameters (Saitoh et al., 2010). In human trials, slight
decreases in aspartate aminotransferase and alanine aminotransferase and increases in
gammaglutamyl transferase and total bilirubin were observed (Nakao et al., 2010). Other
symptoms, such as loose stools, increase in frequency of bowel movement, heartburn and
headache were also experienced by some people who drunk hydrogen water (Nakao et al.,
2010; Huang et al., 2010).

7. Not solved problems of H2 as a therapeutic agent

First of all, as we mentioned above, growing number of evidence suggest that ROS
scavenging properties are unlikely to be the only explanation for the effects of hydrogen
(Huang et al., 2010). Other not yet defined biological mechanisms of hydrogen as a signaling
molecule need exploring. Some additional issues, such as, how H» involves the cross-talk
among anti-oxidation, anti-inflammation and anti-allergy, what is the primary molecular
target of Hy, remain unknown (Ohta, 2011). Secondly, although the protective effects of H
have been proved in clinical trials, well designed and large-scale clinical studies are required
to explore ideal dose, timing and delivery methods (Huang et al., 2010). Thirdly, we need to
explore the pharmacokinetics, biology and toxicity of hydrogen to well apply it clinically
(Huang et al., 2010). Fourthly, although several ways to administrate hydrogen have been
explored, no one has seriously compared their advantages and disadvantages in clinical
trials. An ideal administration method should be selected out for clinical application.
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