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Abstract: There is evidence that western-type diet and lifestyle may cause oxidative stress and inflammation,
whereas Mediterranean type of diet rich in antioxidants, may be inversely associated, with risk of mortality
due to cardiovascular diseases (CVDs) and type 2 diabetes mellitus (T2DM). This article aims to highlight the
role of diet, with reference to molecular hydrogen generation in the gut, and the role of hydrogen in the
pathophysiology and prevention of above diseases. It is possible that beneficial effects of diet may be due to
increased content of fiber and flavonoids and probiotics that are known to produce liters of molecular hydrogen
in the gut. Increase in hydrogen, acts as an antioxidant and may inhibit free radical generation and
inflammation. In the last two decades, it has become increasingly clear that molecular hydrogen, either
produced endogenously or administered exogenously via inhalation or hydrogen rich water (HRW) or via any
releasing agents, acts as potential anti-inflammatory agent, in a wide range of biochemical and
pathophysiological processes. Recent studies indicate that molecular hydrogen can inhibit hydroxyl and
nitrosyl radicals and can directly act as antioxidant in the cells and tissues, which can cause marked decline in
oxidative stress and inflammation, leading to significant decline in CVDs and metabolic diseases. Clinical and
experimental studies indicate that hydrogen therapy such as HRW can be beneficial in the management of
CVDs and metabolic diseases. Larger studies are necessary to verify the role of hydrogen administration in all
the chronic diseases.
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Introduction

There is evidence that obesity, type 2 diabetes mellitus (T2DM) and cardiovascular diseases
(CVDs) have become a major cause of mortality in several countries of the world [1-3]. The increase
in risk of CVDs and T2DM, may be due to unhealthy diet, tobacco intake and alcoholism and decline
in physical activity [1]. Majority of the risk factors, in particular, western diet, are known to
predispose oxidative stress, due to decrease in antioxidant state in the body, leading to inflammation
[4,5]. Thus, increase in systemic inflammation in the beta cells of the pancreas, LDL receptors in the
hepatocytes, endothelium, neurons, osteocytes and gut may predispose CVDs and T2DM leading to
increased mortality [6,7]. There are gaps in knowledge how oxidative stress associated with CVDs
and metabolic disorders can be alleviated by increasing the intake of antioxidants. The hypothesis is
that a healthy dietary pattern may regulate oxidative stress and inflammation and may maintain cell
and tissue homeostasis, with decline in inflammation and risk of CVDs as well as metabolic diseases
[8,9]. Western type diets, predisposes oxidative stress by elevating the levels of protein carbonylation
and lipid peroxidation products [4,5] while reducing the antioxidant defense status, such as
decreased production of molecular hydrogen in the gut. It is possible that certain foods and nutrients
present in the Mediterranean type of diets, such as dietary fiber, flavonoids and omega-3 fatty acids
[10], may generate or may be helpful in producing protective molecules in the gut [11], such as
molecular hydrogen, which is known to be a potential antioxidant [12,14]. The exact mechanisms,
how molecular hydrogen provide protective effects is still unknown. However, there is evidence that
increased supplementation of molecular hydrogen can decrease oxidative stress and inflammation,
which may be protective against CVDs as well as metabolic diseases [10-15]. This communication
aims to highlight the role of molecular hydrogen, in the management of cardio-metabolic diseases
(CMDs).

Free Radical Stress and Antioxidants in the Pathogenesis of Chronic Diseases

The substances that generate free radicals can be found in the western foods, pollution and other
harmful lifestyle factors. For example, 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 oxidative stress, 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].

In the body, 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]. Balance is needed between free radicals and antioxidant status for proper
metabolic function, so that there is no increase in oxidative stress, which is known to damage the
tissues resulting in CVDs and 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]. Diets rich in antioxidants can do scavenging of free radicals that may
act preventively or therapeutically. A number of antioxidants reacting with free radicals have been
found in the Mediterranean type of diets, to serve as scavengers, which increase the internal
endogenous potential of antioxidant status to protect tissues against oxidative damage [8,9].
However, western diet is poor in antioxidant nutrients and may produce free radical stress and
inflammation leading to CVDs and T2DM [4,5].

There is evidence that physiological levels of free radicals are protective for cellshence
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
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biology. in the physiology and metabolism as well as in the pathogenesis of chronic diseases [4,5]. It
seems 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].

Diet as Oxidant and Antioxidant Agent

Increased intake of western-type foods in conjunction with low dietary antioxidants results in
deficiency of antioxidant nutrients in tissues, along with endogenous antioxidants deficiency, leading
to marked increase in free radical stress-induced tissue damage in the body [4,5,12-14]. Catalase,
superoxide dismutase and ceruloplasmin are important endogenous antioxidants that are protective
against damage to cholesterol receptors in the hepatocytes, beta cells of the pancreas, and endothelial
damage by inhibiting free radical generation [9]. The variations in blood pressure and blood flow can
influence endothelial function, thereby maintaining the appropriate vasomotor tone because the
endothelium in the arteries have active function that work to modulate shear stress [13]. Endothelial
dysfunction may be associated with accumulation of oxidative stress-induced vascular damage with
inflammation, which may predispose to atherosclerosis and CVDs [13]. Endothelium-derived
relaxing factors (EDRF), such as nitric oxide (NO), endothelium-derived hyperpolarization factor
(EDHEF) and prostacyclin are known to play a crucial role in the development of diet induced vascular
dysfunction [4,5].

There is evidence that western type diet is deficient in antioxidant nutrients such as favonoida,
fiber and omega-3 fatty acids, leading to decreased production of molecular hydrogen in the gut
[4,5,14,15]. Previous studies also indicated that western type of diets, poor in dietary fiber, may also
cause a decline in gut microbiota known to produce protective molecules: short chain fatty acids,
glucagon like peptides and molecular hydrogen (H2), which are potential anti-inflamm- atory agents
[13-15]. Recent studies have shown that Mediterranean type of diets that are rich in antioxidants such
vitamins, minerals, flavonoids, omega-3 fatty acids and fiber can inhibit oxidative stress and
inflammation resulting in to decline in CVDs and T2DM [4,5,8,9]. Diets rich in antioxidants, are also
known to enhance the production of molecular hydrogen in the gut, which may regulate circadian
variations in blood pressure [9,13-15]. Molecular hydrogen has been demonstrated to inhibit free
radical stress in subjects with endothelial dysfunction as well as other CVDs and diabetes, that occur,
due to oxidative stress [14,15]. Figure 1.
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Western Diet & Lifestyle Factors Decrease the Production of Hydrogen in the Gut
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Figure 1. Mechanisms of diet on oxidative stress and inflammation with reference to molecular
hydrogen, on development of cardiovascular and metabolic diseases.

Production of Molecular Hydrogen in the Gut

Dietary approaches consisting of Mediterranean-style foods, yoghurt, and butter milk 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 against CVDs and T2DM [8,9]. In view of
the known beneficial effects of hydrogen therapy [20-29], there is a need to understand how it is
produced in the gut. A pilot study reported increased production of intestinal hydrogen along with
recovery in muscle function following intensive exercises [30]. A previous study found that acetate
mediates a microbiome-brain—f3- cell axis to promote metabolic syndrome [31], whereas increased
generation of metabolites such as short chain fatty acids, BDNF and hydrogen from gut microbiota
enhance benefits in the metabolism via gut-brain neural circuits [32]. Since all the Mediterranean type
of diets rich in fiber promote the growth of gut microbiota, hydrogen is produced in liter quantities
by the intestinal bacteria if the individual has a healthy bacterial population and eats a diet of healthy
fibers and probiotics [33-35]. There is an intensified search for effective, nontoxic natural compounds
such as hydrogen, with potential anti-oxidant activity for prevention of CVDs and other chronic
diseases [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 from the belief that hydrogen
has a critical role in global organ function and homeostasis [14-17].

In the last two decades, it has become increasingly clear 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 is in itself 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 diabetes and CVDs. This potential of molecular hydrogen may be utilized for
preventive and therapeutic applications. Slezak et al. and other experts [12-15] have demonstrated
that hydrogen can rapidly diffuse into tissues and cells without affecting metabolic redox reactions
and signaling reactive species [12-15] (Figure 2).
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Figure 2. Mechanism of action of molecular hydrogen in the pathogenesis and control of
cardiovascular and metabolic diseases (Modified from reference [14]).

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 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]. Molecular hydrogen appears to be an effective
antioxidant for the prevention of CVDs and other chronic diseases in which oxidative stress-related
damage is the major problem [16,17]. Hydrogen also alleviates 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]. microbial conversion of by

Molecular Hydrogen Production by Gastrointestinal Microbiota

The microbiota in the gastrointestinal tract, is crucial in the prevention of diabetes and CVDs.
Most of the complex carbohydrates and plant polysaccharides are undigested in the human gut due
to the absence of enzymes [32]. There are several biochemical pathways by which microbes convert
the complex polysaccharides into monosaccharides, that are mediated by the enzymatic actions. The
microbes present in the gut can metabolize several of these polysaccharides into more useful fatty
acids. These short-chain fatty acids (SCFAs), have potential anti-inflammatory effects and they are;
propionate, butyrate, acetate, and gases; methane and hydrogen. Hydrogen gas in the body is
produced through fermentation of carbohydrates — such as lactose, lactulose, and fructose by
intestinal bacteria. The bacteria normally present in the large intestine are mainly Bacteroides fragilis
group, Clostridium perfringens, 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. The microbiota generates acetate and
other metabolites, which can modulate neural function in the brain [31,32] (Figure 3).


https://doi.org/10.20944/preprints202301.0470.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2023 d0i:10.20944/preprints202301.0470.v1

6
Oxidative Stress /GutMicrobiota /Hydrogen
Probiotics, Digestion| ¢ Increased Microbes in
of ¢ Gut Microbiota
Fiber, Starch = Anti-Qxidants- H2
/ . ) o [ - -
Western diet = ¥ ] diterranean diet
= = Mucosal Inflammation & Gut Permeability
. - {L’fé':-\__ Signal Transduction, Gene Expression
i ;) ! . h IL&, IL4__IL1U,TGFb,Antiapoptosis__hntidysmetabulis
- GLP & BDNF & Immune cell Regulation
-, > SCFA,acetate, propionate butyrate & NO Activatie ) =
— Brain RAAS & Angioll Cell Signaling 4
i
;:._rmpathetm_ | Insulin Resistance+| Enﬂotﬁailai..gﬁﬁ Neuronal Function
\.&ﬂmm#lalm | _Luﬂaml"nansm_ .
*
| Vascular & Cardiac Cells, Neurons & Beta Cell Modulation |
1

| Hypertension, Diabetes & CAD Decline |

Figure 3. Mechanism of production and inhibition of molecular hydrogen due to diets via microbiota
in the gut, and its effects on anti-inflammatory molecules and cardio-metabolic diseases.

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. The hydrogen produced in this way should significantly
outweigh the effect of hydrogen administered in the hydrogen-rich water. At least one explanation
is possible applying the “keystone pathogen” hypothesis [34]. Certain low-abundance microbial
pathogens may orchestrate inflammatory disease by remodeling a normally benign microbiota into
a dysbiotic one [34]. Keystone microorganisms that support and stabilize a microbiota associated
with disease states are “keystone pathogens”. And the presence of such microorganisms in the
human microbiotas may result in disease. A substantial body of literature now supports a role for
“keystone” pathogens that provoke inflammation by remodeling the microbiota [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. Chemical
induction of gut inflammation by administration of dextran sodium sulfate leads to a dysbiotic
microbiota, suggesting an intimate relationship between the inflammatory status of the intestine and
gut microbiota. The oxidation of LDL by myeloperoxidase and reactive nitrogen species can cause
free radical generation which may be protected by antioxidants produced by the gut microbiota [40].

Molecular Hydrogen Therapy for Cardiovascular Diseases

All the risk factors of CVDs act by damaging the cardiomyocytes, vasculature, including
endothelium and smooth muscle cells, resulting in to cardiovascular dysfunction leading to CVDs. It
seems that myocardial remodeling and fibrosis, as component of healing are the important function
of hydrogen therapy that can influence the outcomes in patients with myocardial infarction [24]. The
amount of fibrosis and apoptosis are closely related to the occurrence of heart failure. Therefore,
novel therapeutic approaches for the treatment of cardiac remodeling and fibrosis of myocardium
are important for increased survival of patients with cardiac ischemia. In an experimental study in
rats with myocardial infarction, the rats were administered inhalation of 2 % hydrogen for a
duration of 28 days, (daily for 3 hours) [24]. The findings revealed that treatment with hydrogen may
cause significant improvement in the function of the heart with decline in the area of fibrosis. The in-
vitro experiments also showed that Hydrogen therapy has also been found to decrease the damage


https://doi.org/10.20944/preprints202301.0470.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2023 d0i:10.20944/preprints202301.0470.v1

due to hypoxia in the cardiac cells and also inhibit migration and activation of cardiac fibroblasts
caused by angiotensin II. It is possible that hydrogen exerts special beneficial effect via reducing
pyroptosis mediated by NLRP3.

NO is released from the endothelium which may be assessed via examination of the flow-
mediated dilation that occur due to hyperemia caused by occlusion of artery. It could be a method
of choice for measuring the bioavailability of NO obtained from the endothelium of the brachial
artery. This technique can assess the effects of cardiovascular risk factors on endothelial dysfunction,
including tobacco, aging, diabetes, and hypertension, as well as hyperglycemia after meals. It seems
that the oxidative stress may be increased in presence of all these conditions causing endothelial
dysfunction due to redox imbalance. It seems that reactive oxygen species (ROS) have important role
in the development of vascular disease, which may also modulate 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. Another ROS; H202 may
cause either detrimental or beneficial influence on vascular function. 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, treatment with hydrogen therapy was associated with significant rise in flow-mediated
dilatation in the group receiving high hydrogen from 6.80%%1.96% to 7.64%=1.68% (mean + SD) and
a decrease from 8.07%22.41% to 6.87%+2.94% in the placebo group. There was a significant beneficial
effect in the ratio of FMD in the high-H> group than to the control group [13].

It is possible that treatment with hydrogen may protect the vasculature from shear stress-
derived detrimental hydroxyl radical by maintaining the nitric oxide-mediated vasomotor response.
Since oxidative stress enhances systemic inflammation, it may damage the function of cardiomyocyte
and beta cells as well as neurons, apart from endothelium. Figure 4.
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Figure 4. Mechanisms of the effects of hydrogen therapy on pro-inflammatory biomarkers and cardio-
metabolic diseases. (Modified from LeBaron et al, 2019, reference 17).

Apart from the classical risk factors of coronary artery disease (CAD); hypertension, high lipids,
T2DM, or smoking, rheumatoid arthritis, can also predispose to atherosclerosis, which often occurs
independently of these factors [36,37]. Reactive oxygen species are generated as an essential co-factors
in the oxidative phosphorylation via electron transfer at the time of aerobic metabolism [13-15]. CAD
and atherosclerosis are important complications of rheumatoid arthritis, that predisposes CVDs with
increased deaths in these patients. The cascades of inflammation are common to both rheumatoid
arthritis and CAD, free radical stress and pro-inflammatory cytokines appear to be major cause of
interrelation with these diseases. It seems that the pro-inflammatory mechanisms may influence the
vascular endothelium as well as joint tissues in arthritis. The endothelial cells and smooth muscle


https://doi.org/10.20944/preprints202301.0470.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2023 d0i:10.20944/preprints202301.0470.v1

8

cells produce superoxide radical through mechanism of Nox including Nox1, Nox2, Nox4, and Nox5,
that are considered crucial in the function of the endothelium and progression of atherosclerosis,
concerned with the ROS [36-39]. The oxidation of low density lipoprotein(LDL) cholesterol, observed
at the intersection of the mechanisms, predispose development of plaque in atherosclerosis, leading
to high CVD risk [40,41]. The development of CAD or stroke in patients with arthritis may be
predisposed by alteration of endothelial phenotypic response to high quantity of harmful stimuli.
Oxidative stress initiates greater expression of adhesion molecules; vascular cell adhesion molecule-
1 (VCAM-1), intercellular adhesion molecules 1 (ICAM-1), and E-selectin. The pro-inflammatory
cytokines (TNF-q, IL-1, interferon-y, are also activated in the pathogenesis of atherosclerosis [36—41].
Interestingly, vascular dysfunction may also occur due to up-regulation of TNFa expression alone,
leading to atherosclerosis. There is evidence, that TNFa, administration (80 or 240 ng/min for 30 min),
was associated with an acute vascular inflammation, causing impairment in the endothelial structure
[42]. In patients with rheumatoid arthritis, anti-TNFa therapies could improve the progression of
atherosclerosis, indicating that the pathogenesis of atherosclerosis involves shared TNFa/ROS
inflammatory pathways at the crossing between Loop 1 and 2 [43]. Further studies by Slezak and his
group [44-49] have illustrated the role of molecular hydrogen in hypoxic post-conditioning,
radiation-induced heart injury, mediastinal irradiation in rats, acute cardiac injury, radiation-induced
heart disease and changes in microRNA-1, -15b and -21 levels in irradiated rat hearts.

It seems that superoxide radical is the primary product among highly active ROS that are
released into the extracellular matrix with sequestration within lysosomes. There is spontaneous
conversion of superoxide to hydrogen peroxide, that may also be via catalysis under availability of
superoxide dismutase (SOD). The beneficial effects of molecular hydrogen for a wide range of disease
models and human diseases have been investigated since 2007 [50-56]. Ichihara et al. [14] reviewed
that approximately more than 321 articles have been published from China, Japan and the USA
during 2007 to June 2015. Approximately three-quarters of the articles are on experimental studies
showing the effects of molecular hydrogen in mice and rats. The studies included on effect of
hydrogen water, hydrogen saline, or hydrogen gas via inhalation and during inhalation, hydrogen
gas (< 4%) is administered. In many early studies, inhibition of peroxynitrite and hydroxyl radical
were reported, but the scavenging of free radicals is not the sole action of hydrogen, because it is not
solely accountable for its substantial effects. The effects of molecular hydrogen may be due to
modulation of expressions of various molecules, for example; Nox1, NF-xB p65, IkBa, STATS3,
NFATCc, c-Fos, Lyn, ERK, p38, JNK, ASK1, Akt, GTP-Racl, iNOS, , and ghrelin [14,50-56]. However,
the master regulator(s) that drive these modifications remain to be elucidated and are currently being
extensively investigated.

Effects of Hydrogen in Stroke

The medicinal value of hydrogen has been shown by inhalation of 2% hydrogen which can
significantly decrease the damage of cerebral ischemia/reperfusion caused by oxidative stress via
selective elimination of hydroxyl radical (-OH) and peroxynitrite anion (ONOO") [56-63]. Numerous
experimental and clinical studies involving the mechanisms underlying hydrogen therapy indicate
its anti-oxygenation, anti-inflammation, and anti-apoptosis effects. Since brain tissue is highly
susceptible to cell damage, produced by free radicals and other markers, it may be easier to
demonstrate the beneficial effects of hydrogen therapy in patients predisposed to stroke [56-63]. A
single comprehensive review accounting for the blood-brain barrier, penetrability, possible side
effects, and the molecular properties of hydrogen, should contribute to advancing both clinical and
experimental research and therapies. In clinical studies, upon ischemic stroke onset, 8.5-30% of
patients suffer a hemorrhagic stroke and the others have an ischemic stroke. In animals, small doses
of hydrogen can significantly reduce mortality in cases of ischemic strokes that target the entire brain.
In both the high-sugar and tMCAO groups, due to its suppressive effects, the risk of brain
hemorrhage was reduced upon hydrogen administration. After persistent hydrogen inhalation
(2.9%) for 2 hours, oxidation and nitration products and matrix metalloproteinases-9 (MMP-9)
showed a significant decline, indicating protection of the blood brain-barrier [56-63]. Chen et al. [59]
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proposed that this effect contributed to the lower occurrence of hemorrhage accompanying cerebral
infarction. In an experimental study, intraperitoneal injection of hydrogen-rich saline during
persistent middle cerebral artery occlusion (pMCAOQO) conformed to continuous ischemia of vessels,
showed an elevation in the action of antioxidant enzymes with a decline in infarction areas [57].
Another clinical trial on brain stem infarction showed that treatment with hydrogen and edaravone
can cut down recovery time significantly better than using edaravone alone [63].

A hemorrhagic stroke is defined as a cerebral hemorrhage followed by compression and necrosis
of brain tissue [60]. Hemorrhagic strokes are typically more dangerous than ischemic strokes because
they are characterized by microglia and inflammatory cells, which are activated upon hemorrhage,
producing free radicals [61]. In an intracerebral model for mice, inhalation of 2% hydrogen for 1 hour
reduced the degree of cerebral edema and improved neural function significantly, though only for 72
hours, suggesting that hydrogen inhalation provides protection only in the acute phase from
hemorrhage [62]. This was speculated to be due to neutrophil infiltration and microglial activation,
not peaking until after 72 hours, and anti-oxygenation of hydrogen not persistent or sufficient at that
time [62]. Lastly, infiltration and activation of mastocytes play an important role in inflammatory
responses during the initial stages of stroke, because hydrogen protects the blood-brain barrier and
decreases cerebral edema by amelioration of mastocytes activity [62,63]. In an experiment of acute
hyperglycemia in rat, treatment with hydrogen-rich saline was associated with increased
hemorrhagic transformation in a focal ischemia [59].

Effects of Molecular Hydrogen on Blood Lipoproteins

Increased concentrations of blood lipids and pro-inflammatory cytokines are risk factors of
CVDs. Clinical and experimental studies indicate that hydrogen administration has beneficial lipid-
lowering effects. In a case study of 20 patients of metabolic syndrome, HRW (0.9-1.0 1/day) was
administered to determine its effects on biological activities of serum lipoproteins [34,54]. The intake
of HRW for 10 weeks showed a decline in total-cholesterol (TC) and LDL-cholesterol (LDL-C)
concentrations. There was also a significant decline in apoE, and apolipoprotein (apo)B100 and
improvement in function of HDL. The intake of HRW was associated with rise in superoxide
dismutase enzyme and a reduction in thiobarbituric acid-reactive substances(TBARS) in the LDL and
serum. These markers are important indicators of metabolic syndrome. In a clinical trial, 68 patients
with high cholesterol randomized to either HRW(0.9L/day) (n = 34) or placebo (n = 34) for a total
period of 10 weeks [35,55]. The HDL cholesterol isolated from the HRW group revealed an improved
capability in the promotion of binding of ATP cholesterol efflux ex- vivo, concerned to cassette
transporter A. There was an upregulation of plasma pre-B-HDL concentrations, without any
alteration in HDL-cholesterol concentrations. Moreover, treatment with HRW was associated with
improvement in other HDL functions, related to LDL oxidation, inhibition of pro-inflammatory
oxidized-LDL, with protection of endothelial cells apoptosis. In addition, therapy with HRW was
associated with the improved down-regulation of total cholesterol (47.06% vs. 17.65%) and LDL
cholesterol (47.06% vs. 23.53%). There was a significant decline in apolipoprotein B100 with rise in
apolipoprotein M in in the H2 group. Treatment with, H2 was associated with a marked decline in
the concentrations of multiple pro- inflammatory markers and indicators of oxidative stress in the
plasma and in the particle of HDL. The present results emphasize the potential efficacy of hydrogen
therapy in the reduction of cholesterol as well as atherosclerosis.

Effects of Molecular Hydrogen in Diabetes Mellitus and Metabolic Syndrome.Metabolic
syndrome is characterized by cardiometabolic risk factors that include obesity, insulin resistance,
hypertension and dyslipidemia. Oxidative stress is known to play a major role in the pathogenesis of
metabolic syndrome. The objective of this study was to examine the effectiveness of hydrogen rich
water (1.5-2 L/day) in an open label, 8-week study on 20 subjects with potential metabolic syndrome.
Hydrogen rich water was produced, by placing a metallic magnesium stick into drinking water
(hydrogen concentration; 0.55-0.65 mM), by the following chemical reaction; Mg+ 2H.0O — 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
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acid reactive substances (TBARS) in urine. Further, subjects demonstrated an 8% increase in high
density lipoprotein (HDL)-cholesterol and a 13% decrease in total cholesterol/HDL-cholesterol from
baseline to week 4. There was no change in fasting glucose levels during the 8 week study. In
conclusion, drinking hydrogen rich water represents a potentially novel therapeutic and preventive
strategy for metabolic syndrome. The portable magnesium stick was a safe, easy and effective method
of delivering hydrogen rich water for daily consumption by participants in the study.

Keywords: hydrogen, drinking water, magnesium, oxidative stress, metabolic syndrome

Metabolic syndrome may be defined as an accumulation of at least three risk factors out of
obesity, diabetes, hypertension, hyperlipidemia and low HDL etc. It is possible that free radical stress
with or without inflammation are crucial in the development of metabolic syndrome and T2DM
[54,55,64]. Therapy with HRW can improve metabolism of glucose and lipids in T2DM patients or
those with glucose intolerance because both conditions are associated with oxidative stress [64,65].
The effectiveness of hydrogen-rich water (1.5-2 L/day) was examined in an open label, 8-week study
in 20 subjects with potential metabolic syndrome [64]. Hydrogen- rich water was produced by
placing a metallic magnesium stick into drinking water (hydrogen concentration; 0.55-0.65 mM) by
the following chemical reaction: Mg + 2H.0 — 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 [64].
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.

Singh's group did a randomized, controlled trial in which treatment with HRW showed
favorable effects on multiple parameters after treatment for 24-week, as compared to control group
(P <0.05), (P =0.309), with accompanied 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. 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+4.2 404 +1.8 41.8+2.3 42.3+2.4
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 0.5£0.2 0.5+0.1% 0.6x0.5 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. Treatment with HRW also reduced the markers of inflammation; TNF-q,
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.
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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+434 126.4+42.3
HbAlc, % 58+0.9 5.1+ 027 62x1.2 6.1£1.2
TNF-a 48+1.2 3.9 £0.6"* 48+13 48+13
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+03 25+03
Melondialdehyde 34x02 2.7 £0.2%% 3.4£02 35£02
Diene conjugates 27.8+1.0 26.7 + 0.5%** 28.3+0.8 28.3+0.8
Vitamin E 23.0£23 26.8 + 1.9 23.0£15 23111
Vitamin C 20.7£25 24.2 + 1.8 20.7£25 20.8+24
Nitrite 0.63 £ 0.06 0.68 + 0.06*** 0.66 £ 0.04 0.65 £ 0.03
Angiotensin converting enzyme  85.2+7.8 80.7 + 5.8** 84.5+8.8 83.8 £8.7

*** = 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 [65]. Intake of hydrogen-rich water was associated with a
significant decline in the concentrations of modified LDL cholesterol (i.e., modifications that increase
the net negative charge of LDL), 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. Hydrogen-rich water intake 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. These results suggest that
supplementation with hydrogen-rich water may have a beneficial role in the prevention of T2DM
and insulin resistance. Hydrogen may activate ATP-binding cassette transporter Al-dependent
efflux, enhance HDL anti-atherosclerotic functions, and have beneficial lipid-lowering effects. Since
metabolic syndrome has become a worldwide problem, hydrogen therapy may be a new approach
for the prevention of CMDs [64-68]. A recent review has also reemphasized, that Indo-Mediterranean
type of foods that can produce greater hydrogen may be a better option for prevention of
hypertension [69].

Hydrogen therapy may positively affect mitochondrial bioenergetics. In a experimental study in
rats, Gvozdjakova et al. reported, increased state 3 respiration with both CI and CII-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. 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 [71-74]. The hydrogen produced in the large intestine is
metabolized, and excreted in the large intestine [72], by the microbes. [73]. The largest amount of
hydrogen is produced by Blautia coccoides and Clostridium leptum. [73]. However, depending on
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microbiota composition, substantial amounts of hydrogen molecules are consumed by methanogenic
and sulfate-reducing bacteria [73].

Conclusions

In brief, there is considerable evidence that hydrogen reacts with highly reactive oxidants, such
as hydroxyl radical (¢ OH) and peroxynitrite (ONOO-) inside cells; but it has also its own antioxidant
and anti-inflammatory effects. Hydrogen administration has been found beneficial in CVDs;
atherosclerosis, stroke, hyperlipidemia and possibly in coronary artery disease and diabetes.
Hydrogen concentrations can be monitored by gas chromatography. Since hydrogen rapidly diffuses
into tissues and cells, its results show efficient effects, hence it has been proposed to have potential
for preventive and therapeutic applications. There are several methods to ingest or consume
hydrogen: inhaling H2 gas, drinking hydrogen-dissolved water (H2-water), injecting hydrogen-
dissolved saline (H2-saline), taking an hydrogen bath, or dropping H2-saline onto the eyes.
Hydrogen functions as an anti-inflammatory, anti-allergic, and anti-apoptotic molecule, and
stimulates energy metabolism. Hydrogen therapy may differ from conventional pharmaceutical
drugs because of its great efficacy. Hydrogen is mild enough neither disturbs metabolic redox
reactions nor to affect signaling by reactive oxygen species. Hydrogen therapy, therefore, should have
no or little adverse effects.
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