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Abstract: The sustainable development goals(SDG) of the UNO would be difficult to achieve without prevention
of metabolic diseases and other non-communicable diseases (NCDs). Western diet and lifestyle, which are major
risk factors of NCDs, are known to cause oxidative stress and decrease in production of molecular hydrogen in
the intestines which leads to a decline in endogenous antioxidant status in the body, leading to increase in
systemic inflammation. Many experts consider molecular hydrogen as a potential nutrient, which may be
administered as gas in the body. There are gaps in the knowledge about the role molecular hydrogen plays, in
the treatment of metabolic diseases and other NCDs This review aims to discuss the role of hydrogen in the
pathogenesis and prevention of NCDs. Molecular hydrogen (H2) has been studied extensively as a therapeutic
gas, with an estimated 2000 publications to date, exploring its potential therapeutic use in 170 disease models
across every organ in the mammalian body. Hydrogen therapy can be administered through several methods,
such as H2 inhalation, dissolving H2 gas in water to make hydrogen-rich water (HRW) for oral consumption or
topical application, or hydrogen-rich saline. The exact mechanism of action of molecular hydrogen is not known
but itis in itself a potential antioxidant that can also inhibit hydroxyl and nitrosyl radicals in the cells and tissues.
Hydrogen is known to cause a marked decline in oxidative stress, and inflammation that are crucial in the
pathogenesis of NCDs. Hydrogen therapy has been found protective against NCDs, including, metabolic
diseases, cardiovascular diseases (CVDs), neurodegenerative diseases, chronic kidney disease, cancer and
chronic lung diseases.
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Introduction

Cohort studies have demonstrated that metabolic diseases; obesity, type 2 diabetes mellitus
(T2DM) and other chronic diseases; cardiovascular diseases (CVDs), cancer, osteoporosis and
neurodegenerative diseases have become a public health problem in both developed and developing
countries of the world [1-3]. The increase in risk of these non-communicable diseases (NCDs), may
be due to western type diet, sedentary behavior, increase intake of tobacco and alcoholism [1].
Nutrition in transition from poverty to affluence may be associated with increased intake of wester
foods and lower intake traditional foods with increased use of automobiles resulting in to physical
inactivity leading to obesity and metabolic syndrome [1-3].

Western diet and lifestyle are known to cause obesity with an increase in the reactive oxygen
species (ROS), along with possible decrease in the production of molecular hydrogen in the
intestines with an accompanying decline in endogenous antioxidant status in the body, leading to an
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increase in systemic inflammation [4,5].The increase in oxidative stress and inflammation in the
adipocytes predisposes obesity and central obesity, and increased inflammation in the beta cells of
the pancreas, predisposes T2DM. Inflammation of the LDL receptors in the hepatocytes,
endothelium, neurons, osteocytes and gut may predispose related NCDs; CVDs, neuro-degenerative
diseases, bone and joint diseases and cancer that are major causes of mortality [6,7]. Figure 1

Pathway for development of Diet-Induced Oxidative Stress and Inflammation
leading to Non-communicable Diseases-. Singh et al, World Heart J, 2020
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Figure 1. Pathways for development of non-communicable diseases.

It seems that the existing gaps in knowledge do not allow us to understand how free radical-
induced damage in the tissues and concerned organs predispose metabolic diseases and other NCDs.
It is possible that increased intake of antioxidants can cause decline in free radical generation and
reactive oxygen species (ROS) leading to decline in oxidative stress and inflammation [4-7]. The
proposed hypothesis is that the Mediterranean type of diet which is rich in antioxidants can act as
potential antioxidant, due to its protective effects on gut microbiota and increased production of
molecular hydrogen, due to degradation of dietary fiber in the gut. Molecular hydrogen is known to
regulate oxidative stress and inflammation and may maintain cell and tissue homeostasis, with
decline in inflammation and risk of NCDs, including metabolic diseases [8-12]. The objective of this
article is to highlight the role of molecular hydrogen, in the management of NCDs.

Oxidative Stress and Antioxidants in the Pathogenesis of Chronic Diseases.

Several unhealthy substances and health behaviors such as western diet, fried and fast foods,
alcoholism, tobacco smoke, pesticides, radiation, and pollutants can all generate free radicals [4,5,12-
14]. The body tissues are under constant attack from these free radicals, because inhaled oxygen
undergoes single electron reduction to form superoxide radicals (Oz). This radical can initiate radical
propagation, and also be converted to hydrogen peroxide (H202) and hydroxyl radicals (-OH) [15].
Free oxygen radicals are characterized as having an unpaired electron, which makes them very
reactive as they seek another electron to have a stable pair. These free oxygen radicals scavenge the
body tissue to seek out other electrons, so they can become a pair, which causes damage to cells,
proteins, lipoproteins and DNA resulting in diseases [15]. There is evidence that unhealthy diet and
lifestyle may increase the production of free radicals and ROS in the tissues due to high levels of
protein carbonylation and lipid peroxidation products [4,5]. There is decline in the antioxidant
defense status, such as decreased production of molecular hydrogen in the gut, as well as antioxidant
enzymes; in the tissues. However, certain foods as component of the Mediterranean type of diets,
and nutrients, such as dietary fiber, flavonoids and omega-3 fatty acids [10], may produce protective
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molecules in the gut [11], such as molecular hydrogen, which is a potential free radical scavenger [12,
14].

It seems that numerous free radicals, reactive oxygen species (ROS) and reactive nitrogen species
are produced due to endogenous oxidants, exposure to different physiochemical conditions or
pathological processes [15]. In the physiology and metabolism, there is a need to have balance
between free radical generation and antioxidant status for proper metabolic function, so that there is
no increase in oxidative stress-induced cell damage resulting in to greater risk of NCDs including
T2DM [8,9,12-14]. Butylated hydroxytoluene and butylated hydroxyanisole are synthetic
antioxidants used as food additives to prevent peroxidation of foods that are known to be hazardous
for human health [4,5,15]. Hydroxyl and nitrosyl radicals represent the major cause of the destruction
of body tissues, either by a direct reaction, or by triggering a chain reaction of free radicals [4,5,15]. It
seems that physiological levels of free radicals are protective for cells, hence endogenous antioxidants
are crucial to prevent free radical-induced damage to tissues [4,5]. Therefore, there is a focused
attention toward the role of free radical biochemistry and free radical biology. in the physiology and
metabolism as well as in the pathogenesis of chronic diseases [4, 5]. There is evidence that xanthine
oxidase, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and leakage of electron
from the respiratory chain of mitochondria, are crucial in damaging the cells by superoxide radical
[16,17]. These free radicals attenuate the biological presence of NO by neutralizing it via conversion
to a more detrimental peroxy-nitrite radical. The oxidases that enzymatically generate H202 and
superoxide, are accumulated in the proteins related to Nox family, the main source of vascular free
radicals [16-19]. The shear stress in the vessels activates the Nox proteins; Nox 1, Nox2 and Nox3 that
are considered to have crucial role in vascular function [18,19]. The superoxide radicals are
particularly produced via Nox1 and Nox2 via a single transfer of electron to hydrogen molecule. The
superoxide radical reacts rapidly in the cells, to inactivate excess of NO, that produces perozxynitrite,
known to have adverse effects on the vasodilation induced by nitric oxide [19]. In such situations of
oxidative dysfunction in the presence of peroxynitrite, it may inhibit the release of endothelial nitric
oxide synthase (eNOS) enzymes causing decline in the production of NO. The cofactor of eNOS,
tetrahydrobiopterin (BH4), responsible for oxidation may inactive it to, 7,8-dihydropterin (BH2),
causing uncoupling of eNOS. and this mechanism, generates the superoxide. Molecular hydrogen
has been found to be useful in protecting against free radical induced damage due to its potential
antioxidant effects in various conditions [20-29]. However, the exact mechanisms, how molecular
hydrogen protects the body tissues is not clear. Research has found that increased supplementation
of molecular hydrogen can inhibit free radical generation with decline in inflammation, which may
be protective against NCDs including metabolic diseases [10-15].

Physiology of Molecular Hydrogen and the Gut Microbiota.

The microbiota in the gastrointestinal tract, is crucial in the prevention of NCDs including
metabolic diseases. Indo-Mediterranean-style foods such as butter milk, curd and yoghurt, are used
to alter the composition and improve function of the communities of the microbes that develop
colonies in the gut for improvement of health, and protect from NCDs [8,9]. Increased production of
molecular hydrogen is one of the important mechanisms by which healthy foods provide the
beneficial effects in health and diseases [8-11]. The mechanisms by which molecular hydrogen
provides the benefits are not well understood. Increased production of intestinal hydrogen along
with recovery in muscle function has been reported following intensive exercises [30]. A previous
study reported increased production of acetate which mediates a microbiome—brain—f3- cell axis to
have influence on metabolic syndrome [31]. However, increased generation of metabolites such as
short chain fatty acids, BDNF and hydrogen from gut microbiota may enhance benefits in the
metabolism via gut-brain neural circuits [32]. The microbes present in the gut can metabolize several
of these polysaccharides into more useful fatty acids. These short-chain fatty acids (SCFAs);
propionate, butyrate, acetate, and gases; methane and hydrogen have potential anti-inflammatory
effects [8-11,31,32].

There are several biochemical pathways by which microbes convert the complex
polysaccharides into monosaccharides, that are mediated by the enzymatic actions [32,33]. Hydrogen
gas in the body is also produced through fermentation of carbohydrates; lactose, lactulose, and
fructose by intestinal bacteria. The bacteria normally present in the large intestine are mainly
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Bacteroides fragilis group, Clostridium perfringens and Pseudomonas that possess hydrogenases to
produce hydrogen. The presence of SCFAs in the gut indicates that fermentation due to microbes,
occurs in the colon; with a greater level in the proximal colon but lower in the distal colon. The region
of distal colon may have the highest number of microbes and with highest level of gases. Since all the
Mediterranean type of diets promote the growth of gut microbiota, hydrogen is produced in liter
quantities by the intestinal bacteria, in particular, if the individual has a healthy bacterial population
in the gut and high fibers and probiotics in the diets [33-35].

The hydrogen production in the gastrointestinal tract in man is primarily dependent upon the
delivery of ingested, fermentable fibrous substrates to an abundant intestinal flora [33]. This is
normally present mainly in the colon and produce relatively large amounts of H2. The removal of
excess hydrogen through methanogenesis from the gut is not the only microbial mechanism to
remove excess hydrogen from the gut; this can also be mediated through the reduction of sulphate
to sulphide by sulphate-reducing bacteria. At least one explanation is possible applying the
pathogens that can provoke inflammation by remodeling the microbiota [34]. Certain low-abundance
microbial pathogens may orchestrate inflammatory disease by remodeling a normally benign
microbiota into a dysbiotic one [35]. There is evidence that, Citrobacter rodentium causes in mice
global changes in microbial community structure, apparently dependent upon the ability of this
pathogen to cause inflammation [35]. Induction of gut inflammation by administration of dextran
sodium sulfate leading to a dysbiotic microbiota, and improvement in gut microbiom by healthy diets
suggest, an intimate relationship between the inflammatory status of the intestine and gut microbiota
[33-36]. Figure 2.
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Figure 2. Mechanism of production and inhibition of molecular hydrogen due to diets via microbiota in the
gut, and its effects on anti-inflammatory molecules and risk of chronic diseases.

The research on molecular hydrogen is intensified in search of an effective, nontoxic natural
compound, with potential anti-oxidant activity for prevention of chronic NCDs [12-15]. It seems that
after the discovery of the biological significance of the molecular hydrogen produced in the intestines,
there has been a dramatic shift to the belief that hydrogen may have a critical protective role in
health and disease [14-17]. In the last 20 years, large number of studies have been published
indicating that molecular hydrogen, either produced endogenously via consuming healthy foods or
via any releasing agents, administered exogenously via inhalation or hydrogen rich water (HRW),
acts as potential antioxidant in a wide range of physiological and pathophysiological processes
[16,17]. Molecular hydrogen in itself appear to be a potential antioxidant that can also inhibit
hydroxyl and nitrosyl radicals in the cells and tissues, causing a marked decline in oxidative stress,
leading to a decline in the inflammation that is marker in the pathogenesis of NCDs. Slezak et al. and
other experts [12-15] have demonstrated that hydrogen can also rapidly diffuse into tissues and cells
without affecting metabolic redox reactions and signaling reactive species [12-15] Apart from its
direct neutralizing effects on reactive oxidants, hydrogen, directly decreases free radical stress by
regulation of expression of genes [16, 17]. It seems that molecular hydrogen not only regulate gene
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expression but also does epigenetic modulation, which could be alternative mechanisms for decline
in oxidative stress-induced damage to genes, resulting in to increase in its anti-inflammatory and
anti-apoptotic potential [16,17]. It is proposed that apart from improvement in gut microbiota,
molecular hydrogen may also activate the production of bioactive lipids that are potential anti-
inflammatory metabolites. This potential of molecular hydrogen may be utilized for preventive and
therapeutic applications. (Figure 3).

Mechanism of action of Hydrogen
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Figure 3. Molecular mechanisms of hydrogen action resulting in to beneficial effects. (Modified from Ichihara
et al, reference 14).

The emergence of gut microbiome in the signaling of neuronal cells and neurogenesis poses the
possibility that targeting the gut-brain axis could be a new strategy for treatment of
neurodegenerative diseases and other NCDs [39]. Apart from SCFA, there may be increased
production of bioactive lipids; protectins, maresins, resolvins, and nitrolipids that are also anti-
inflammatory molecules. Several studies concerned with diseases of gastroentestinal, metabolic,
cardiovascular and neurodegeneration support the existence of a bidirectional communication
network of signaling mediators, such as bioactive lipids, that can interact with molecular hydrogen
in modulation of inflammation, gut permeability, microbiota composition, and the gut-brain
axis[39].The crosstalk between the gut-brain axis, microbiome, molecular hydrogen and bioactive
lipids may emerge as the basis of a promising therapeutic strategy to counteract the pathogenesis of
many of the NCDs. The results from recent studies, can contribute to the explanation of a new
beneficial mechanism of hydrogen on a part of antioxidant protection in organism [44-46]. The
hydrogen produced in the large intestine is metabolized, and excreted in the large intestine [44], by
the microbes. [45]. The largest amount of hydrogen is produced by Blautia coccoides and Clostridium
leptum. [45]. However, depending on microbiota composition, substantial amounts of hydrogen
molecules are consumed by methanogenic and sulfate-reducing bacteria [45,46].

Molecular Hydrogen; A New Therapeutic Agent

Hydrogen is the most abundant element in the universe, which typically exists as molecular
hydrogen in its diatomic form (H2). It has been considered as a biologically inert gas initially,
although later on, in 1975, bio-therapeutic effects of hydrogen were observed, by Dole and co-
workers, for the first time [47]. It is only recently, with the discovery of the antioxidant properties of
hydrogen, its beneficial effects have been reported in the peer-reviewed journals, [48]. The new
discoveries drew increasing attention on new therapeutic strategies such as drinking HRW,
inhalation of hydrogen gas, injecting the saline rich in hydrogen, along with topical administration
via hydrogen baths, and its buccal consumption. It has been reviewed that in all the NCDs, in which
oxidative stress-related damage is the major problem, molecular hydrogen may be administered as
an effective antioxidant for the prevention of these chronic diseases [37-41]. Hydrogen also alleviates
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blood-brain barrier impairment and improves cognitive dysfunction [23]. Hydrogen therapy has
been found to ameliorate cardiac remodeling [24], dyslipidemia and metabolic syndrome [25] oxygen
saturation in chronic lung disease [26] and in NSAID-induced enteropathy [27]. Hydrogen therapy
as combine treatment showed beneficial effects in facial paralysis [28], on physical fatigue via
prefrontal cortex activation during and after high intensity exercise [29]. The oxidation of LDL by
myeloperoxidase produces ROS along with free radical generation which may be protected by
antioxidants such as hydrogen [40-43].

Effects of Molecular Hydrogen on Obesity, Diabetes and Metabolic Syndrome.Molecular
hydrogen therapy has been used among patients with metabolic diseases by the several experts [49-
56]. Obesity is the first metabolic disease which begins with hypertrophy of adipocyte causing
overweight and central obesity leading to metabolic syndrome and T2DM [51-53]. Metabolic
syndrome may be defined as an accumulation of at least three risk factors out of obesity, diabetes,
hypertension, hyperlipidemia and low HDL. It is possible that free radical stress with or without
inflammation, with decrease in high density lipoprotein (HDL) cholesterol are crucial in the
development of metabolic syndrome which is a risk factor of T2DM and CVDs [49,51-55]. Treatment
with HRW may improve metabolism of glucose and lipids in T2DM patients or those with glucose
intolerance because both conditions are associated with oxidative stress [49,50]. The effectiveness of
HRW (1.5-2 L/day) was examined in an open label, 8-week study in 20 subjects with potential
metabolic syndrome [51]. HRW was produced by placing a metallic magnesium stick into drinking
water (hydrogen concentration; 0.55-0.65 mM) by the following chemical reaction: Mg + 2H0 — Mg
(OH)2 + Hz. The consumption of hydrogen-rich water for 8 weeks resulted in a 39% increase (p<0.05)
in antioxidant enzyme superoxide dismutase (SOD) and a 43% decrease (p<0.05) in thiobarbituric
acid reactive substances (TBARS) in urine [49]. Further, subjects showed an 8% increase in high-
density lipoprotein (HDL)-cholesterol and a 13% decrease in total cholesterol/HDL-cholesterol from
reference to week 4. There was no change in fasting glucose concentrations during the 8-week study.
Drinking hydrogen-rich water may represent a potentially novel therapeutic and preventive strategy
for metabolic syndrome.

In a randomized, controlled trial, Singh,s group administered HRW showing favorable effects
on multiple parameters of metabolic syndrome after treatment for 24-week [25]. Compared to
control group (P < 0.05), (P = 0.309), HRW group showed significant decline in the parameters of
central obesity BMI and WHR after treatment with HRW (P < 0.05) [25]. In addition, treatment with
HRW caused a significant decline in blood lipids as given in the table 1. Table 1.

Table 1. Effects of hydrogen rich water on blood lipoproteins in patients with metabolic syndrome [25].

Data Hydrogen rich water (n-30) Placebo (n=30)
Data, mg/dl Baseline After 24 weeks Baseline After 24 weeks
Cholesterol 187.7 +32.4 169.2 + 26.1%** 184.3+37.4 184.4 +38.6
LDL-Cholesterol 109.0 + 34.4 102.5+28.0 105.5+42.0 106.0 +43.3
HDL cholesterol 41.7+42 404+1.38 41.8+23 423+24
VLDL cholesterol 37.3+17.9 28.0£11.3** 36.8 £20.6 37.3+£20.5
Triglycerides 189.8+93.3 142.4 + 65.0%* 184.4+102.8 185.6 +101.3
C-reactive proteins 05+0.2 0.5+0.1* 0.6+0.5 0.6+0.5

*** = p value <0.0001, **= p value <0.01, *= p value <0.05, by comparison of baseline and after follow up

using analysis of variance. (Modified from reference 25}.

Treatment with HRW also showed decline in fasting blood glucose after 24-week, in the active
treatment group, along with a significant decline in HbA1C (12%, P < 0.05) compared to baseline
levels and placebo group [25]. Treatment with HRW also reduced the markers of inflammation; TNF-
a, and IL-6 (P<0.05). Interestingly, markers of oxidation showed significant decline, while vitamins C
and E showed rise in the hydrogen group. Serum levels of angiotensin converting enzyme showed
significant decline whereas serum nitrite level showed significant increase, which may cause decline
in blood pressures. Table 2.

doi:10.20944/preprints202304.1223.v1
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Table 2. Effect of hydrogen rich water on glycaemia, oxidative stress and cytokines in patients with metabolic

syndrome [25].

Hydrogen rich water(n=30) Placebo (n=30)
Data, mg/dl Baseline After 24 weeks Baseline After 24 weeks
Fasting blood glucose 121.5+61.0 103.1 + 33.0* 123.9+43.4 126.4+42.3
HbAlc, % 5.8+0.9 5.1 +0.2%** 62+1.2 6.1+1.2
TNF-a 48+1.2 3.9 +£0.6%** 48+1.3 48+1.3
IL-6 1.9+0.7 1.6 +0.2** 1.6 +0.6 1.7+0.6
TBARS 25+03 1.6 £ 0.3% 25+0.3 25+0.3
Melondialdehyde 3.4+0.2 2.7 £0.2%** 3.4+0.2 3.5+0.2
Diene conjugates 27.8+1.0 26.7 £ 0.5*** 28.3+0.8 28.3+0.8
Vitamin E 23.0+2.3 26.8 £ 1.9%** 23.0+1.5 231+1.1
Vitamin C 20.7+2.5 24.2 +1.8%** 20.7+2.5 20.8+24
Nitrite 0.63 + 0.06 0.68 + 0.06*** 0.66 + 0.04 0.65+0.03
Angiotensin converting | 85.2+7.8 80.7 £ 5.8*** 84.5+8.8 83.8+8.7
enzyme

*** = p value <0.0001, **= p value <0.01, *= p value <0.05, by comparison of baseline and after follow up using

analysis of variance. (Modified from reference 25}.

In a cross-over, randomized, controlled, trial in 30 patients with T2DM and 6 patients with
impaired glucose tolerance, patients took either 900 mL/d of HRW or 900 mL of placebo water for 8
weeks, with a 12-week period of washout [50]. Intake of HRW was associated with a significant
decline in the concentrations of modified LDL cholesterol, small dense LDL, and urinary 8-
isoprostanes by 15.5% (P <0.01), 5.7% (P <0.05), and 6.6% (P < 0.05), respectively. Intake of HRW was
also associated with a trend of decreased serum concentrations of oxidized LDL and free fatty acids,
and increased plasma concentrations of adiponectin and extracellular-superoxide dismutase [50].
These results suggest that supplementation with HRW may have a beneficial role in the prevention
of T2DM and insulin resistance, without any adverse effects [51]. This observational, non-
interventional, retrospective, double-arm, 6-month clinical study included T2DM patients (n=1088),
receiving anti-diabetes drugs with or without hydrogen initiation from 2018 to 2021[52].
Interestingly, subjects in hydrogen group maintained greater improvement in the level of HbAlc (-
0.94% vs -0.46%), fasting blood glucose (-22.7 mg/dL vs -11.7 mg/dL), total cholesterol (-12.9 mg/dL
vs -4.4 mg/dL), HOMA-IR (-0.76 vs -0.17) and HOMA- (8.2% vs 1.98%) with all p< 0.001 post the
treatment, compared to control group. Logistics regression analysis revealed that the likelihood of
reaching HbAlc< 7%, 2 7% to< 8% and > 1% reduction at the follow-up period was higher in the
hydrogen group, while patients in the control group were more likely to attain HbAlc > 9%. Patients
in hydrogen group had a lower incidence of several adverse effects including hypoglycemia (2.0% vs
6.8%), vomiting (2.6% vs 7.4%), constipation (1.7% vs 4.4%) and giddiness (3.3% vs 6.3%) with
significance in comparison to the control group [52]. It is clear that hydrogen therapy as an adjunct,
may benefit glycemic control, lipid metabolism, insulin resistance and incidence of adverse events in
T2DM patients after 6-month treatment.

Hydrogen may activate ATP-binding cassette transporter Al-dependent efflux, enhance HDL
anti-atherosclerotic functions, and have beneficial lipid-lowering effects. In a more recent
randomized trial among 30 subjects with nonalcoholic fatty liver disease (NAFLD), treatment with
HRW was administered for eight weeks [57]. Despite short period of therapy, beneficial trends (p >
0.05) were observed in decreased weight (=1 kg) and body mass index as well as a trend of improved
lipid profile and reduced lactate dehydrogenase levels, in the HRW group. HRW tended to non-
significantly decrease levels of nuclear factor kappa B, heat shock protein 70 and matrix
metalloproteinase-9. In a recent controlled trial, including 43 subjects, inhalation of hydrogen/oxygen
improved serum lipid and liver enzymes [56]. There was a significantly improvement in liver fat
content detected by ultrasound and CT scans after hydrogen/oxygen inhalation depending upon
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severity. In the same study, including diet-induced mice model, the effect of hydrogen on mouse
NASH showed that hydrogen/oxygen inhalation improved systemic inflammation and liver
histology. Molecular hydrogen also inhibited lipid accumulation in AML-12 cells indicating that
hydrogen/oxygen inhalation can inhibit NAFLD which may be due to hepatic autophagy [56]. Since
metabolic syndrome has become a worldwide problem, hydrogen therapy may be a new approach
for the prevention of metabolic disease [51-57].

Hydrogen therapy may positively affect mitochondrial bioenergetics. In an experimental study
in rats, Gvozdjakova et al. reported, increased state 3 respiration with both CI and ClII-linked
substrates in cardiac mitochondria after H2 administration [70]. It is proposed that H2 may convert
the quinone intermediates in the Q-cycle to the fully reduced ubiquinol, increasing this way
antioxidant capacity of the quinone pool and preventing mitochondrial ROS generation [71].

The increase in the rate of ATP production was accompanied with increased concentration of
CoQ9 in heart tissue and mitochondria and decreased plasma levels of malondialdehyde [71].
Beneficial effects of molecular hydrogen in various experimental models of human diseases and in
many clinical studies was documented. H2 can be administered by various ways, as a gas inhalation,
drinking of hydrogen-enriched water, or taking a hydrogen-dissolved bath as well as in saline
infusions [70-72]. As antioxidant, hydrogen selectively scavenges hydroxyl and peroxynitrite
radicals, and decreases oxidative stress, however, the hydrogen effect on antioxidant—coenzyme Q
information is lacking. A recent review has reemphasized, that Indo-Mediterranean type of foods or
DASH diet that are known to decrease blood pressure, may also produce greater amount of hydrogen
in the gut, which may be responsible for prevention of hypertension [58].

Effects of Hydrogen Therapy on Blood Lipids.

High LDL cholesterol is known to predispose atherosclerosis which is recognized as a chronic
inflammatory condition that begins with the dysfunction or activation of arterial endothelium. Low-
density lipoprotein (LDL) and especially its oxidized form play a key role in endothelial dysfunction
and atherogenesis. Several small-scale studies evaluating the effects of HRW, indicated an
advantageous effects in regulating blood lipid profiles. In a recent meta-analysis, including seven
studies, the finding reported a significant decline in total cholesterol, LDL, and triglycerides after
HRW intake (p = 0.01), with small to moderate effects [42]. The results indicate that drinking HRW
can cause significant benefit in the lipid profile of the patients. The Forest Plot of studies shows total
cholesterol with a small negative effect (pooled SMD = -0.23 [from -0.40 to 0.05]; p < 0.01), (b) LDL
with small effect (pooled SMD = -0.22 [from —0.39 to 0.04]; p < 0.01), and (c) triglycerides, with a
moderate beneficial effect (pooled SMD =—0.38 [from -0.59 to 0.18], p <0.01).( Figure 4).
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Figure 4. Forest plots of included studies comparing the effects of HRW supplementation on blood lipids.
(Adapted from reference 42).

Increase in triglycerides with decline in HDL cholesterol are important characteristics of
metabolic syndrome, which are common in most of the clinical trials, using HRW among patients
with metabolic syndrome [25,52-57]. Treatment with HRW was associated with beneficial effects on
blood glucose and blood lipids with significant decline in blood lipoproteins [25, 52-56] and a
beneficial trend in some of the trials [57].

Effects of Hydrogen Therapy on Blood Pressures.

Previous studies showed that hydrogen supplementation m a decrease blood pressures (59, 60).
Nakayama et al. developed a hydrogen enriched dialysate by reverse osmosis via the electrolysis of
purified tap water. He and found that compared to hemodialysis with standard dialysate, dialysis
with hydrogen-enriched dialysate reduces blood pressure, in particular systolic blood pressure, in
patients on chronic maintenance hemodialysis [60]. In an experimental study, 5/6 nephrectomized
rats given inhalation of either hydrogen (1.3% Hz+21% O2+77.7% Nz2) or control (21% O2+79% N2)
gas mixture for 1 h per day [59]. Addition of hydrogen significantly suppressed the rise in blood
pressure after 5/6 nephrectomy. Interestingly, blood pressure lowering effect of hydrogen was also
confirmed in rats in a stable hypertensive state 3 weeks after nephrectomy. Implantation of telemetry
system for continuous blood pressure monitoring revealed, that an anti-hypertensive effect was
observed during daytime rest, as well as during night-time activities. It seems that hydrogen therapy
caused improvement in blood pressure variability and autonomic imbalance, by suppressing the
overly active sympathetic nervous system and augmenting parasympathetic nervous system activity
[59]. It is possible that 1-h daily exposure to hydrogen supplementation exerts an anti-hypertensive
effect in an animal model of hypertension. This experiment provide further support that decline in
blood pressure variability via DASH diet, may be because increased production of hydrogen in the
gut, due to high content of fiber, flavonoids and omega-3 fatty acids in the diet [58]. In a randomized,
controlled trial [25], supplementation with HRW was associated with significant decline in systolic
and diastolic blood pressures, as well as heart rate (Personal communication, by Singh et al). This
study also found that hydrogen therapy was associated with significant decline in angiotensin
converting enzyme(ACE) and nitrite, a precursor of nitric oxide (NO) [25]. Decline in ACE and
increase in NO can cause decrease in blood pressures. Larger randomized, controlled trials would be
necessary to confirm the blood pressure controlling role of hydrogen therapy in hypertension.

In a controlled trial, of 60 patients randomized to treatment, 56 patients completed the study (27
in the Air group and 29 in the H>-O2 group). The right and left arm systolic blood pressure (SBP) were
significantly declined in H2-O:z group compared with the baseline levels (151.9 + 12.7 mmHg to 147.1
+12.0 mmHg, and 150.7 + 13.3 mmHg to 145.7 + 13.0 mmHg, respectively; all p < 0.05). Interestingly,
treatment with hydrogen, significantly reduced diastolic nighttime ambulatory blood pressure by 2.7
+ 6.5 mmHg (p < 0.05). In the placebo group, all blood pressures showed no affect (all p > 0.05). In
addition, the angiotensin II, aldosterone, and cortisol levels as well as the aldosterone-to-renin ratio
in plasma were significantly lower in H2-O2 group compared with baseline (p < 0.05). No significant
differences were observed in the Air group before and after the intervention. It is clear, that inhalation
of alow-dose H2-O2 mixture exerts a favorable effect on blood pressure, and reduces the plasma levels
of hormones associated with hypertension on renin-angiotensin-aldosterone system and stress in
midlife/older adults with hypertension.

Effects of Hydrogen Therapy on Endothelial Function.

NO is a signaling molecule involved in many physiological and pathological processes and a
vasodilator in the vascular system. The endothelium is the major source of NO, under healthy
conditions, Release of NO from the endothelium may be examined by finding out the flow-mediated
dilation (FMD) that occur due to hyperemia caused by atherosclerotic occlusion of brachial artery
[13]. It seems that the effects of cardiovascular risk factors; tobacco, aging, obesity, hyperlipidemia,
diabetes and hypertension, as well as hyperglycemia after meals on endothelial dysfunction may be
examined by this method. These risk factors may increase the oxidative stress resulting into
endothelial dysfunction due to redox imbalance. The role of ROS is crucial in the development of
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vascular disease, but physiological generation of ROS is necessary for vasomotor function in most of
the vessels [13]. Thus the imbalance in the redox state between NO and superoxide radical produced
in the endothelial cells may be crucial in causing endothelial dysfunction. For example, another ROS;
H202 may cause either detrimental or beneficial influence on vascular function, depending on
presence endogenous antioxidants in the arterial cells. The role of hydroxyl radical, produced as
byproduct of decay of hydrogen peroxide is unclear, although it is known that it causes impairment
in the endothelium, which can be neutralized by molecular hydrogen [13]. In a clinical study,
administration of hydrogen was associated with significant rise in FMD, from (mean * SD)
6.80%+1.96% to 7.64%+1.68%, whereas in the control group, there was a decline from 8.07%+2.41%
to 6.87%+2.94% [13]. There was a significant beneficial effect in the ratio of FMD in the high-H> group
than to the control group [13]. Itis possible that treatment with hydrogen may protect the vasculature
from shear stress-derived detrimental hydroxyl radical by maintaining the nitric oxide-mediated
vasomotor response.

Effects of Molecular Hydrogen in Stroke.

In experimental studies, molecular hydrogen therapy was found to act as an antioxidant, and
inhalation of hydrogen gas (1-4%) was markedly effective for the improvement of cerebral infarction
[62-65]. Inhalation hydrogen during normoxic resuscitation was also found to improve neurological
outcomes in a cardiac arrest. In a controlled trial, 50 patients were randomized to (25 each in
the hydrogen group and the control group) a therapeutic time window of 6 to 24 hours [65].
The hydrogen group inhaled 3% hydrogen gas (1 hour twice a day), and the control group received
conventional intravenous medications for the initial 7 days. Treatment with hydrogen was associated
with no significant adverse effects but with improvements in oxygen saturation. The relative signal
intensity of MRI of brain was significant, indicating the severity of the infarction site, National
Institute of Health(NIH) Stroke Scale scores for clinically quantifying stroke severity, and physical
therapy evaluation, as judged by the Barthel Index were also significant in the hydrogen group[65].1t
is clear that hydrogen treatment was safe and beneficial in patients with cerebral infarction. In
another controlled trial, the safety and effectiveness of H2 hydrogen therapy was examined in
patients with cerebral infarction in an acute stage with mild- to moderate-severity (NIH) stroke scale
scores (NIHSS =2-6) [66]. No significant adverse effects were noted in the hydrogen group, with
improvements in oxygen saturation. The following significant effects were found: the relative signal
intensity of MRI, which indicated the severity of the infarction site, NIHSS scores for clinically
quantifying stroke severity, and physical therapy evaluation, as judged by the Barthel Index were
significant changes in the hydrogen group compared to control group. It is possible that hydrogen
acts by reducing cerebral artery vasospasm and direct beneficial effects on neurons, by improving
mitochondrial function and over all vascular function, due to its anti-inflammatory, and improved
signal transduction and gene function effects [67-70].

In a case study among 200 patients, those treated with H2gas had significantly greater
improvement in NIH stroke scale score than patients treated with standard therapy [67]. The
neurological improvement was significantly greater in patients treated with hydrogen gas than those
that received standard therapy for all the days tested (p < 0.05). The onset of NIH stroke scale score
reduction was faster in patients treated with hydrogen gas when compared to standard therapy.
Hydrogen therapy also showed significant improvement in MRI signal Intensity score, which
indicates that hydrogen was effective in recovery of infraction site[67]. The findings of this study
show that hydrogen gas administered via the inhalation route is effective and safe in Chinese patients
with acute cerebral infarction, and is therefore, superior to standard therapy.

Effects of Molecular Hydrogen on Ischemia and Reperfusion Injury

There is evidence that oxidative and pro-inflammatory stress are underlying causative factors in
myocardial ischemia/reperfusion (I/R) injury, in which hydrogen therapy may be useful [37,38,71]. It
seems that increased amounts of ATP are required by the cardiac myocytes, for their physiological
function, which needs high density of mitochondria are to allow their high energy needs. These
mitochondria, filled with reactive intermediates and pro-apoptotic signals, are intimately involved
in I/R injury [63]. The inner mitochondrial membrane is responsible for maintaining mitochondrial
transmembrane potential, and is usually impermeable to ions and proteins [69]. However, under
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stress, the opening of the mitochondrial permeability transition pore (mPTP) creates a non-selective
channel between the inner membrane of the mitochondrion and the sarcoplasm. This results in to a
loss of the electrochemical gradient, production of ROS, Ca?* overload, and formation of apoptosomes
responsible for apoptosis [72]. It is well known that that there is free radical generation through
partial reduction of oxygen during I/R injury, that can rapidly overwhelm the cell’s endogenous
antioxidant self-defense system [71-74]. These reactions may cause cellular injury by damaging lipids,
proteins, DNA, and RNA. The xanthine oxidase substrates, xanthine and hypoxanthine, accumulate
during [73]. ischemia, which triggers xanthine oxidase activation and consequently increased
production of ROS. These ROS can also elicit the opening of the mPTP resulting in a positive feedback
loop of increased ROS production from the mitochondria [72,74].

It seems that restoration of blood flow in an acutely obstructed coronary artery, represents the
most effective, long-term clinical therapy for AMI, which is also responsible for I/R injury in the
myocardial cells. The myocardial remodeling and fibrosis, as component of healing are the most
important targets of hydrogen therapy that can influence the outcomes in patients with myocardial
infarction [24]. In presence of metabolic diseases and CVDs, the amount of fibrosis and apoptosis are
crucial for the development of heart failure. The novel therapeutic approaches for the management
of cardiac remodeling and fibrosis of myocardium are important for increased survival of patients
with CVDs. In a rat model of myocardial infarction, the treatment included inhalation of 2 %
hydrogen daily for 3 hours, for a duration of 28 days [24]. The results revealed that treatment with
hydrogen may be associated with improved function of the heart with decrease in the area of fibrosis.
It seems that treatment with hydrogen provides special beneficial effect, in the I/R injury of the
cardiomyocyte, via reducing pyroptosis mediated by NLRP3, that occur after restoration of blood
flow in the coronary artery [24]. Table 3.

Table 3. Mechanisms underlying pathophysiology of myocardial ischemia/reperfusion injury. (Modified from
reference 72).

Alterations due I/R injury Mechanisms

Ion flux Accumulation of intracellular calcium, a2+-induced “stone-heart”,
increased Na influx, Abnormal K flux. Drop in pH followed by

normalization upon reperfusion.

Loss of myocardial | Opening of myocardial permeability transition pore (mPTP)

membrane potential.

Reactive Oxygen Species | Substrate-level induction of xanthine oxidase resulting in more
(ROS) ROS. Impaired mitochondrial function, worsen with Q10
deficiency, Neutrophil infiltration, ROS induced ROS chain.

Dysregulation of Nitric | Loss of NO vasodilation, Production of Peroxynitrite, Abnormal S-

Oxide (NO) metaboilism. nitrosation,

Apoptosis JNK Pathway, ceramide generation, cytoplasm acidification,

caspase activation.

Autophagic cell death. Excessive AMPK activation, Excess of induction of HIF-1a

Endothelial dysfunction Cytokine,myokine, chemokine signaling. Expression of cellular

adhesion markers, Impaired vasodilation.
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Platelet aggregation Innate immunity; complement activation, induction of TLR

Auto-immune activation Neutrophil accumulation.

JNK = c-Jun N-terminal kinase, AMPK = AMP-activated protein kinase, HIF-1a = Hypoxia-inducible factor 1-
alpha.

Many cellular and molecular processes contribute to ventricular remodeling in response to
myocardial irradiation, myocardial I/R injury, myocardial infarction, hypertension, neuro-humoral
activation or other pathophysiological stimuli [75]. Increased production of endothelin-1 (ET-1),
angiotensin II, catecholamines and pro-inflammatory cytokines, bind to their cognate receptors and
activate the downstream signaling events, results in the remodeling. These pathophysiological
alterations may cause either necrosis, apoptosis, autophagy, or hypertrophy of the cardiomyocytes.
There may be activation of fibroblast to produce collagen and other proteins that cause fibrosis
[75,76]. Although restoration of blood flow in the coronary artery, is critical, the perfusion of
oxygen-rich blood induces cytotoxic ROS production. This eruption of ROS leads to cellular necrosis
and apoptosis, a process may be called lethal reperfusion injury [77]. Such injury accounts for up to
50% of the final size of the infarct [78]. In addition, the cascade of events occurring within
cardiomyocytes, the endothelium is also actively involved in the I/R injury.

NO elicits vasodilation, which provides protective effects during I/R, in part by influencing
oxygen consumption, platelet aggregation, leukocyte adhesion, and free radical metabolism [79].
High concentrations of NO exacerbate I/R injury largely by producing highly reactive peroxynitrite
In addition to NO, the coronary endothelium has several other pathophysiological roles in I/R, such
as serving as a source of non-NO vasoactive substances, activating the immune system, and an
increased expression of cytokines, chemokines, and various adhesion molecules [72]. It is possible
that increased availability of hydrogen due to inhalation of HRW, may blunt the adverse effects of
NO, resulting in to overall beneficial effects.In an experimental study, treatment with hydrogen
improved the size of myocardial infarction, cardiac function, apoptosis and cytokine release
following myocardial ischemia(MI)/Reperfusion ® in rats [80]. Hydrogen also improved cell
viability and LDH release following hypoxia/reoxygenation in myocardial cells in- vitro. Apart from
these effects, hydrogen exerted an anti-inflammatory and anti-apoptotic effect in myocardial cells
induced by H/R via PINK1/Parkin mediated autophagy. It is clear that hydrogen-rich saline
alleviated the inflammation response and apoptosis induced by MI/R or H/R in vivo or in vitro, and
that hydrogen-rich saline contributed to the increased expression of proteins associated with
autophagy. The present study indicated that treatment with hydrogen-rich saline improved the
inflammatory response and apoptosis in MI/R. In a clinical study among 20 patients with ST segment
elevation myocardial infarction, hydrogen inhalation during angioplasty was associated with good
feasibility and safety, which may have also promoted left ventricular reverse remodeling at 6 months
after infarction [81].

Effects of Hydrogen Therapy in Neurodegenerative Diseases.

As a recognized reducing gas, hydrogen has shown great anti-oxidative stress and anti-
inflammatory effect in many cerebral disease models [82-86]. It can ameliorate neuronal damage,
maintain the number of neurons, prolong the lifespan of neurons, and ultimately inhibit disease
progression. Hydrogen exhibits the potential to treat Alzheimer's disease [82]. Stereotactic injection
has been previously used as an invasive method of administering active hydrogen, but this method
has limitations in clinical practice. In this study, triple transgenic (3xTg) Alzheimer's disease mice
were treated with HRW for 7 months. The results showed that treatment with HRW prevented
synaptic loss and neuronal death, inhibited senile plaques, and reduced hyperphosphorylated tau
and neurofibrillary tangles in 3xTg Alzheimer's disease mice. In addition, hydrogen-rich water
improved Interestingly, disorders of brain energy metabolism disorders, intestinal flora imbalances
and reduction in inflammatory reactions were also observed on treatment with HRW. The results
indicated that HRW therapy is an effective hydrogen donor that can treat Alzheimer's disease [82,83],
anxiety like behavior [84]. Parkinson,s disease [85] and ageing [86].
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Effects of Molecular Hydrogen on Bone and Joint Diseases.

There is evidence that compared to common antioxidants vitamin C and vitamin E, molecular
hydrogen has two unique characteristics; hydrogen selectively reduces cytotoxic ROS such as the
hydroxyl radical and does not react with other ROS that possesses physiological roles. Secondly, since
molecular hydrogen is small and electrically neutral, it easily penetrates membranes and enters cells
and organelles including nucleus and mitochondria, where normal antioxidant cannot reach [22]. In
an experimental study in ovariectomized rats, treatment with HRW was associated with reduction
of bone mass including bone mineral content and bone mineral density in femur and vertebrae, and
preserved mechanical strength including ultimate load, stiffness, and energy, and bone structure.
Interestingly, trabecular bone volume fraction, trabecular number, and trabecular thickness in femur
as well as mechanical strength including ultimate load and stiffness, and bone structure including
trabecular bone volume fraction and trabecular number in vertebrae also showed benefit on
hydrogen administration. In addition, treatment with HW abated oxidative stress and suppressed
IL-6 and TNF-ao mRNA expressions in femur of ovariectomized rats; treatment with HW increased
femur endothelial NOS activity and enhanced circulating NO level in ovariectomized rats, indicating
that intake of hydrogen can prevent osteopenia by decreasing oxidative stress and inflammation. The
results of this study were also confirmed in another study among rats having bone loss induced by
microgravity in which, treatment with hydrogen molecule abated oxidative stress and alleviated
bone loss [88].

Effects of Hydrogen on Cancer

Hydrogen therapy has been found to have positive effects in terms of quality of life in patients
with cancer [89-95]. It was examined and suggested to use hydrogen therapy in cancer in 1975 [92].
Treatment with hydrogen may improve liver function in patients who were administered
chemotherapy, as well as reduce side effects for those receiving radiation therapy, and has protective
effects against radiation-induced bone marrow damage in cancer patients [89-91].

Hydrogen has an anti-proliferative, anti-oxidative, pro-apoptotic and anti-tumor effects in
carcinogenesis [90]. In a meta-analysis, out of the 677 studies, 27 fulfilled the eligibility criteria, where
data was compiled into a table, outlining the general characteristics and findings. Analysis of data
found that hydrogen plays a promising therapeutic role as an independent therapy as well as an
adjuvant in combination therapy, resulting in an overall improvement in survival, quality of life,
blood parameters, and tumor reduction [90].

Previous studies showed that hydrogen display anti-cancer properties when administered on its
own. In mice with squamous cell carcinoma, hyperbaric hydrogen therapy has been examined as a
potential cancer therapy, revealing potent anti-tumor effects [92]. In another experimental study,
study in mice with colon cancer, treatment with HRW was found to cause benefit dose-dependently
potentiating the tumor-inhibitory activity of 5-furourasil (5-FU) by enhancing cellular apoptosis of
the cancer cells [93]. In a recent experimental study including 24 mice bearing tumors were randomly
divided into four groups (n = 6 per group) [94]. Combined treatment with HRW and 5-FU or HRW
alone, significantly improved tumor size and weight, collagen content and fibrosis as compared to
the colorectal cancer control group. Interestingly, HRW alone also attenuated oxidative stress and
potentiated antioxidant activity, whereas treatment with 5-FU exacerbated oxidative stress and
blunted antioxidant effects due to tissue damage. These findings from experimental study indicate
that treatment with HRW, with or without 5-FU, may serve as a therapeutic agent for treating
colorectal cancer. Hydrogen enhances proliferation of four out of seven human cancer cell lines
indicating response to therapy [95]. The effects showing proliferation-promotion may not correlate
with basal levels of cellular ROS. The expression profile of the seven cells showed that the responders
have higher gene expression of mitochondrial electron transport chain (ETC) molecules than the non-
responders.

Effects of Hydrogen Therapy in Kidney Diseases.

Common types of kidney disease include acute kidney injury (AKI), drug toxicity, renal fibrosis,
polycystic kidney disease, ischemia reperfusion injury and renal cell carcinoma [96-103]. In most of
the kidney diseases also, oxidative stress, inflammatory mediators and inflammatory effector cells
and the imbalance between pro-inflammatory cytokines and anti-inflammatory cytokines play an
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important role in the occurrence and progression of kidney diseases [96]. It seems that the role of
hydrogen in regulating and maintaining homeostasis in inflammatory kidney disease and the
treatment of inflammatory kidney diseases from the perspective of pro-inflammatory cytokines and
anti-inflammatory cytokines may be an interesting route for further research [96-104]. Nephropathy
is a serious complication of obesity and diabetes mellitus. Metabolic disorders can occur and manifest
as local inflammation of the kidney that can lead to fibrosis and structural remodeling of the organ
[104]. Therefore, tackling the immune-mediated inflammation is very significant for the treatment of
metabolic nephropathy [105]. There is an activation of immune cells, in AKIs, such as renal artery
infarction or toxin-mediated kidney injury [99-101].

It seems that renal epithelial cells damage, activate the stress response pathways, leading to the
secretion of cytokines and vasoactive factors, resulting in immune-pathological damage [105].
Hydrogen, on the other hand, can suppress the production of immune-reactive substances [96].
Treatment with HRW has been found to inhibit cyclosporine A-induced nephrotoxicity via the
Keap1/Nrf2 signaling pathway [97], kidney fibrosis due to AKI by retaining Klotho expression [99],
after ischemia/reperfusion injury in rats via anti-oxidative stress, anti-apoptosis and anti-
inflammation [100]. Hydrogen also acts by increased expression of heme-oxygenase-1 in aged rats
[101, 102], in mice with calcium oxalate-induced renal injury [103] and immune cell damage in
diabetic nephropathy [104] as well as in patients on peritoneal dialysis with peritoneal damage in
chronic kidney disease [105]. It seems that the endoplasmic reticulum (ER) stress is characterized
with pathological stress inducing an accumulation of unfolded proteins in the ER [96]. It has been
observed that the inhalation of hydrogen significantly decreased the ER stress-related protein levels
with decline in the tissue damage in myocardial IRI [105]. Similar mechanisms may be involved
showing that hydrogen is able to ameliorate chronic intermittent hypoxia (CIH)-induced kidney
injury by decreasing ER stress and activating autophagy.

Effects of Hydrogen in Chronic Lung Diseases.

Chronic lung diseases affect the airways; alveoli, bronchioles and bronchi as well as other
structures of the lungs. Some of the most common lung diseases are; chronic obstructive pulmonary
diseases (COPD), bronchial asthma, occupational lung diseases, tuberculosis, cancer, and pulmonary
hypertension [1]. All the chronic lung diseases such as bronchial asthma and COPD, as well as post
COVID-19 pulmonary fibrosis, may be associated with lung damage along with fibrosis and
emphysema [106]. Major pathogenic factors that contribute to developing lung disease include
infection and inflammation, protease and antiprotease imbalance, and oxidative stress, which
overwhelms the antioxidant defenses. Moreover, ROS play a pivotal role in the incidence of acute
exacerbations of diseases [106]. The major feature of COPD and other united airway diseases is
characterized with an abnormal response to infection or allergen—induced injury, causing oxidative
stress and chronic inflammation, and subsequent activation of macrophages, eosinophils,
neutrophils, T lymphocytes, and fibroblasts in the lung [106].

Recently, molecular hydrogen has been suggested for the treatment of COVID-19 [107-108], as
well as COPD [109,110] due to its potential antioxidant and anti-inflammatory effects. In a
randomized, double-blinded, placebo-controlled trial involving 10 centers, patients (n=54 in each
group) with acute exacerbation of COPD (AECOPD) and a Breathlessness, Cough, and Sputum Scale
(BCSS) score of at least 6 points were randomly assigned to receive a hydrogen/oxygen therapy or
oxygen only [110]. Improvements in the BCSS score in the hydrogen/oxygen group was significantly
greater compared to the oxygen only group (- 5.3 vs. — 2.4 point; difference: - 2.75 [95% CI - 3.27 to
- 2.22], indicating superiority. Other time points from day 2 through day 6, had similar findings.
Cough Assessment Test score also showed significant decline in the hydrogen/oxygen group
compared to control (- 11.00 vs. - 6.00, p<0.001). Changes in pulmonary function, arterial blood gas
and noninvasive oxygen saturation did not differ significantly between groups as well as other
endpoints. However, similar to our findings, analysis of the per-protocol set did find significant
group interactions with respect to the changes from baseline in SpO: (P<0.0001). Acute exacerbations
were reported in 34 (63.0%) patients in hydrogen/oxygen group and 42 (77.8%) in oxygen group. This
trial demonstrated that hydrogen/oxygen therapy is superior to oxygen therapy in patients with
acute exacerbation of COPD with acceptable safety and tolerability profile [110]. Inhalation of
hydrogen has been found to protect against acute lung injury induced by hemorrhagic shock and
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resuscitation[111], as well as in adjuvant therapy in COVID-19 [112,113] and chronic heart failure
[114].In a clinical observation among 10 patients with chronic lung diseases, HRW administration
was associated with a significant increase in oxygen saturation (SpO:) and decrease in TBARS, MDA,
and diene conjugates, with an increase in vitamin E and nitrite levels, compared to baseline levels
[115]. Physical training done after HRW therapy appeared to increase exercise tolerance and decrease
hypoxia, as well as delay the need for oxygen therapy. Treatment with HRW in patients with hypoxia
from chronic lung diseases may decrease oxidative stress and improve oxygen saturation in some
patients. Mechanisms of benefit via hydrogen therapy are given in Figure 5.
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Figure 5. Mechanisms of the effects of hydrogen therapy on pro-inflammatory biomarkers and non-
communicable diseases. (Modified from LeBaron et al, 2019, reference 17).

Apart from above diseases, molecular hydrogen may be protective against peripheral arterial
disease [117.118], gene expression [119,120], acute cerebral ischemia [121], sleep deprivation [122],
traumatic brain injury [123], aneurismal sub-arachnoid hemorrhage [124], radiation induced bone-
marrow damage [125], non-small-cell lung cancer [126], restore exhausted CD8* T cells in lung cancer
[127], cognitive function in women [128]alcohol induced hangover [129], idiopathic sudden
sensorineural hearing loss[130], post-cardiac arrest syndrome [131], gut microbiota
[132],cardiopulmonary bypass surgery [133], stimulation of cardiac autonomic activity [134] and dry
eye syndrome [135]. vascular aging of the aorta [137], radiation therapy for cancer [138].

Conclusions

All the risk factors of NCDs, in particular diet, act by damaging the concerned organ which is
mainly involved in producing a disease by causing oxidative stress and inflammations in the cells
and tissues. In obesity, adipocytes are the main target but systemic inflammation also occur in the
beta cells of pancreas, endothelial cells, smooth muscle cells and hepatocytes resulting in to metabolic
syndrome and T2DM. Inflammation in the cardiomyocytes, may predispose cardiac hypertrophy
resulting in to heart failure, whereas inflammation in the vasculature, including endothelium and
smooth muscle cells, may predispose atherosclerosis and hypertension respectively. Similarly,
cellular damage in neurons, osteocytes and osteoblast, bronchial tree, glomerular cells in kidney, may
be responsible for development of related diseases. Since oxidative stress enhances systemic
inflammation, it may damage the function of cardiomyocyte, beta cells, kidney cells and bone
marrow, as well as neurons, apart from endothelium, predisposing development of concerned
diseases. Treatment with hydrogen may inhibit the free radical generation with decline in
inflammation, resulting in to restoration of cell function, causing improvement in the related organ
and concerned NCDs.
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