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A B S T R A C T

Oxidative stress is responsible for the pathogenesis of many diseases, and antioxidants are commonly included in 
their treatment protocols. Over the past two decades, numerous biomedical reports have revealed the therapeutic 
benefits of molecular hydrogen (H2) in relieving oxidation-related diseases. H2 has been found to have selective 
antioxidant properties against the most dangerous oxidants (hydroxyl radicals and peroxynitrite). H2 demon
strates numerous biologically therapeutic properties, including anti-inflammatory, antioxidant, anti-cancer, anti- 
stress, anti-apoptotic, anti-allergic effects, signaling molecule functions, regulation of redox balance, modulation 
of antioxidant enzyme gene expression, improvement of blood vessel function, down-regulation of pro- 
inflammatory cytokines, stimulation of energy metabolism, and protection of the nervous system. Experi
mental and clinical studies have shown the potential use of hydrogen nutrition therapy for ameliorating various 
diseases, including cardiovascular, respiratory, and metabolic disorders, as well as obesity, gastrointestinal 
disorders, and brain and nervous system disorders. The administration methods of hydrogen include inhalation, 
hydrogen-rich water, hydrogen-rich saline, hydrogen-rich eye drops, and hydrogen-rich bathing. Hydrogen 
nutritional therapy can be applied to different diseases, and it offers a natural alternative to chemical and ra
diation therapies. This review covers the different administration methods and the latest experimental and 
clinical research on the potential applications of H2 in nutritional therapy for different diseases.

1. Introduction

The human body generates free radicals during various physiological 
processes, such as respiration and inflammation. Free radicals, which 
include reactive oxygen species (ROS) and reactive nitrogen species 
(RNS), have important roles in various physiological functions. How
ever, when these levels become excessive, they can lead to oxidative 
stress-related diseases and disorders of the cardiovascular, gastrointes
tinal, metabolic, neurodegenerative, liver, and respiratory systems [1]. 
The body has a natural defense system against free radicals that includes 
both enzymatic and non-enzymatic antioxidants. Enzymatic antioxi
dants consist of superoxide dismutase (SOD), catalase (CAT), and 
glutathione peroxidase (GPX), while non-enzymatic antioxidants 
include glutathione and thioredoxin. However, during inflammation 

and illness, these endogenous antioxidant defense systems may become 
overwhelmed and unable to effectively neutralize the excessive free 
radicals. In such cases, the use of external antioxidants becomes neces
sary to restore balance [2,3].

Although H2 is chemically stable due to the strong covalent bond of 
its atoms and the high dissociation energy of 107 kcal/mol [4], the 
discovery of its selective antioxidant properties against hydroxyl radical 
(•OH) and peroxynitrite (ONOO− ) by Ohsawa et al., in 2007 surprised 
the research community. This is because cells contain more abundant 
compounds with lower dissociation energy, and thus higher antioxidant 
activity than H2 [5]. Another attractive property of H2 is its ability to 
easily cross the blood-brain barrier and penetrate biomembranes, 
diffusing throughout the different tissues and organs. The above-cited 
properties led some researchers to refer to it as a "miracle" molecule 
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[6]. H2 has been the subject of hundreds of studies investigating its 
potential health benefits [7]. Studies have shown that H2 positively af
fects weight control, inflammation, metabolic markers, and diseases 
(Fig. 1) [8–15]. Although several reviews have been published on the 
use of molecular hydrogen in medicine [8,16–19], none have specif
ically addressed its potential as a nutritional therapy for preventing and 
treating diseases related to oxidative stress. This review examines recent 
findings on hydrogen’s role in managing oxidative stress-related dis
eases from a dietician’s perspective.

2. Properties of molecular hydrogen

H2 is the smallest known molecule, with a gas property at standard 
pressure and temperature conditions and a density of 0.089 g/L [20]. H2 
refers to hydrogen gas, which is a colorless, odorless, tasteless, 
non-toxic, and non-metallic gas. It has a relatively low solubility in 
water, with a concentration of 0.8 mmol per liter (1.6 mg/L or 1.6 parts 
per million by weight) under standard conditions. It has a high diffusion 
rate, conductivity, and specific heat [21]. H2 can combust at concen
trations between 4 and 75 % in air and cause an explosion between 18.3 
and 59 % (v/v). Diluting H2 with nitrogen (N2) can lower these levels 
[22–24]. Regarding biological properties, H2 is a selective antioxidant. It 
can reduce hydroxyl radicals and, to a lesser extent, peroxynitrite, 
protecting the cells against oxidative reactions [7]. Studies indicate that 
H2 reduces oxidative stress and improves the cellular antioxidant system 
[25]. Moreover, it enhances the activity and expression of cellular 
antioxidant enzymes [26,27]. It can also regulate apoptosis-related 
factors, reducing apoptosis and neural damage and reducing the 
amount of inflammatory cytokines and immunocyte stimulation [28,
29].

Regarding the biosafety of hydrogen, numerous reports, including 
those from the US government and the EU, have indicated that hydrogen 
is safe for biological systems, showing no acute or chronic toxicity under 
normal pressure [30]. Furthermore, the human large intestine often 
produces approximately 70–140 mL of hydrogen daily through the ac
tion of coliform bacteria such as Escherichia coli under typical environ
mental conditions. This production can increase with the intake of 
dietary fibers and sugars to over 10 L/day. Internally produced 
hydrogen has been shown to have several beneficial health effects, 
including cardioprotective properties, improved liver function, reduced 
oxidative stress, and prevention of Parkinson’s disease [30]. However, 
external hydrogen intake (drinking hydrogen-rich water or inhaling 

hydrogen gas) has shown more potent biological activities, as the 
intermittent administration of hydrogen may have a more powerful ef
fect than a continuous one [31].

3. Hydrogen administration methods

There are various methods for administering H2, including inhala
tion, drinking hydrogen-rich water (HRW), injecting hydrogen-rich sa
line (HRS), taking a hydrogen-rich bath, and using hydrogen-rich eye 
drops (Fig. 2) [32].

3.1. Inhalation of hydrogen gas

Inhalation of H2 can be easily administered through a face mask or 
nasal cannula [33]. The method is accomplished via electrolysis and can 
involve combining hydrogen with oxygen gas in a 2:1 ratio or as sepa
rated gases where pure H2 gas is inhaled along with the outside air. 
These methods can be an effective treatment against acute oxidative 
stress, particularly those associated with the respiratory system. The 
encouraging aspect of this is that H2 inhalation does not affect blood 
pressure and does not present any side effects or danger to patients [7,
34]. The inhalation of hydrogen is considered safe at concentrations of 
up to ≈80 %, as to ensure sufficient O2 concentrations [30].

3.2. Hydrogen-rich water (HRW)

The use of HRW is arguably more practical than inhalation because 
of its ease of transport and application. Inhalation of hydrogen may not 
be practical during outdoor activities [35,36]. H2 dissolves in water by 
approximately 0.8 mM (1.6 mg/L) at standard ambient temperature and 
pressure conditions without changing the pH value [37]. HRW can be 
obtained in several ways, including electrolysis of water, bubbling H2 
into water, and mixing metallic non-ionic magnesium (Mg) or its hy
dride form (MgH2) with water [27,33].

3.3. Hydrogen-rich saline (HRS)

Although drinking HRW is safe, controlling the amount of dissolved 
hydrogen can be challenging as it escapes over time, and some is lost 
during absorption in the body’s organs and tissues via exhalation [38]. 
To prevent this loss, H2 can be administered intraperitoneally or intra
venously by injecting HRS [27]. By administering H2 through an 
injectable HRS method, a more precise amount of H2 can be delivered. 
This method can relieve symptoms such as pain and fever in patients 

Fig. 1. Properties of molecular hydrogen. Fig. 2. Hydrogen administration methods.
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with acute erythematous skin conditions [39]. It can also be used in the 
treatment of patients with viral infections, hypertension, liver damage, 
diabetes, and various other diseases [6,32,40,41].

3.4. Hydrogen administration by diffusion: hydrogen eye drops and a 
hydrogen bath

Hydrogen-rich eye drops are created by infusing H2 into a saline 
solution and can be applied directly onto the surface of the eye. Several 
studies have reported an improvement of approximately 70 % on the 
ocular surface as a result of the continuous application of H2-rich eye 
drops [42,43].

Regarding the H2-rich bath, H2 in warm HRW can quickly penetrate 
skin and tissues, diffusing throughout the body by blood flow [32]. This 
can reduce the appearance of spots on the body, lighten dark spots, and 
improve lipid metabolic markers and visceral fat area [44].

4. Effect of H2 on nutrients

In addition to impacting human health, hydrogen also affects plant 
growth and the nutritional value of crops [45]. Moreover, applying 
hydrogen to postharvest crops and foods can extend their shelf life and 
preserve their quality properties [46–53].

The ability of molecular hydrogen to facilitate the separation of 
phytochemicals from its source of plant material through the extraction 
process has been recently demonstrated [54]. Many recent reports have 
revealed that molecular hydrogen’s specific physical, chemical, and 
biological properties make it highly effective in the extraction of phe
nolics and antioxidants [55]. For example, the use of HRW as a solvent 
has been shown to improve the extraction of many phytochemicals, such 
as anthocyanins, flavonoids, and phenolic acids, from various crop and 
fruit parts [55–59]. This novel extraction technique led to a several-fold 
increase in phenolic substances like gallic acid, p-coumaric acid, epi
catechin, and rutin [60]. It is possible that consuming HRW together 
with plant-based meals may improve the separation of bioactive com
pounds during digestion, leading to improved bioavailability [61]. 
However, this hypothesis requires further research studies to confirm its 
validity.

5. H2 administration in the nutritional therapy of different 
diseases

Hydrogen nutritional therapy is an emerging field with promising 
potential as a natural and eco-friendly treatment alternative to chemical 
and radiation therapies. Administration of H2 can help prevent and 
alleviate a variety of diseases, including cardiovascular, respiratory, and 
metabolic disorders, obesity, gastrointestinal issues, and brain and 
nervous system disorders (Fig. 3).

Regarding the dose and the administration protocol of hydrogen, up 
to now there is no defined or standard dosage or protocol. Researchers 
used different dosages and protocols in their studies. However, Nakao 
and co-workers outlined the following protocol for administering 
hydrogen-rich water (HRW) in their study on the potential preventive 
and therapeutic effects of HRW for individuals at risk of metabolic 
syndrome [62]. 

− 300–400 mL 1 h before breakfast
− 300–400 mL 1 h before lunch
− 300–400 mL 2 h after lunch
− 300–400 mL 1 h before dinner
− 300–400 mL 30 min before bedtime

In total, individuals should consume 300–400 mL five times a day, 
which is 1.5–2 L of HRW per day, corresponding to a dosage of 1.65–2.6 
mg H2/day (Table 1).

5.1. Hydrogen nutrition therapy application in cardiovascular diseases

The excessive production of free radicals leads to the oxidation of 
LDL and cell membrane affecting Endothelin-1, leading to vasocon
striction [1]. Additionally, the excessive production of ROS leads to the 
activation of various hypertrophic signaling kinases and transcription 
factors, which promote myocardial growth, matrix reorganization, and 
cellular dysfunction [3].

Nutrition plays a crucial role in preventing and managing cardio
vascular diseases. These conditions include high levels of triglycerides, 
high levels of LDL-cholesterol, low HDL-cholesterol, damage to the 
structure and function of the heart and blood vessels, high blood pres
sure, accumulation of fat tissue, and chronic inflammation [63–65].

Studies have shown that a well-balanced and nutritious diet, with a 
low meat and sugar intake and high consumption of fruits, vegetables, 
legumes, and grains, can considerably reduce the risk factors for car
diovascular disease. Furthermore, dietary approaches such as Mediter
ranean and DASH diets have been found to be effective in reducing risk 
factors associated with cardiovascular diseases [65,66].

Hydrogen nutritional therapy can be a useful preventive tool for 
cardiovascular disease (Fig. 4). A research study explored the potential 
cardiovascular benefits of HRW consumption in mice with high-fat diet- 
induced obesity (DIO). The study results revealed that the two-week 
consumption of HRW did not lead to an increase in blood glucose or 
body weight. However, it resulted in various positive effects, such as 
reduced heart weight, improved cardiac hypertrophy, narrowed car
diomyocyte width, dilated capillaries, and arterioles. Furthermore, 
HRW consumption restored left ventricular function to baseline levels. 
The study also revealed that HRW activated the expansion, differentia
tion, and mobilization of EPCs, which maintained vascular homeostasis. 
As a result, it was revealed that HRW administration can exert cardio
vascular protective impacts in DIO mice [67].

In a study by Song et al. (2013), the effects of HRW consumption on 
the structure, presence, and biological potency of serum lipoproteins 
were evaluated in 20 patients with metabolic syndrome. The study 
found that consuming 0.9–1.0 L of HRW per day for 10 weeks reduced 
serum total cholesterol and LDL cholesterol levels, as well as 

Fig. 3. Diseases for which hydrogen nutritional therapy is applicable.
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Table 1 
Effect of molecular hydrogen administration on obesity, diabetes, and metabolic syndrome.

Disease Model System H2 Application Method H2 

Concentration
Dosage Treatment 

Duration
Outcomes Reference

Metabolic 
syndrome

10 men 
10 women

1.5–2.0 L/day drinking 
HRW orally

0.55–0.65 mM 1.65–2.6 mg 
H2/day

8 weeks SOD: ↑ 
TRABS: ↓ 
HDL: ↑ 
Total cholesterol/HDL: ↓ 
Glucose level:=

[62]

Obesity and 
Diabetes

Leprdb/db mice, HFD-induced 
obesity mice

Orally ad libitum drinking 
HRW

0.8 mmol/L 15 mg H2/Kg 3 months Hepatic oxidative stress and 
lipid accumulation: ↓ 
Body weight, serum FBG, TG, 
insulin: 
TC, LDL, HDL: NSC

[37]

Obesity high-fat diet-induced obesity 
mice

0.5 mL of saline 
intragastrically once a 
day

>0.6 mmol/L. 0.0006 mg/ 
day

42 days Body weight, total cholesterol, 
total glyceride, low-density 
lipoprotein: ↓ 
high-density lipoprotein: ↑

[101]

Obesity 2 men 
2 women

10-min hydrogen bath 
once daily

300–310 μg/L – 1–6 months Visceral fat, LDL in two 
women: ↓

[44]

Obesity 10 women Oral intake of H2 

generating minerals
~6 ppm – 4 weeks Body fat, arm fat index, TG, 

insulin: ↓ 
Ghrelin: ↑, 
Lactate: ↓ 
BW, FBG, other lipid 
parameters: NSC

[74]

Metabolic 
syndrome

30 men 
30 women

Orally drinking HRW >5.5 mmol H2/ 
day

11 mg H2/ 
day

6 months BMI, WHC, TG, TC, LDL, HDL, 
FBG, HbA1c: ↓ 
TNF-α, IL-6, CRP: ↓ 
MDA: ↓, 
TBARS: NSC 
Vitamin E, Vitamin C: ↑

[77]

Metabolic 
syndrome

12 men 
8 women

Orally drinking 0.9–1.0 L 
HRW

0.2–0.25 mM 0.4–0.5 mg 
H2/day

10 weeks TC, LDL, apoB100, apoE: ↓ 
TG, HDL, FBG: NSC 
MDA: ↓, 
SOD: ↑ 
TNF-α, IL-6: NSC

[68]

Metabolic 
syndrome

10 men 
10 women

Orally drinking HRW 0.55–0.65 mM 1.65–1.95 
mg H2/day

8 weeks SOD: ↑ 
TBARS: ↓ 
HDL: ↑ (4. weeks)LDL, TC/ 
HDL: ↓ 
TC, TG, FBG: NSC

[78]

T2DM/IGT 18 men 
18 women

Orally drinking HRW ~1.2 mg/L 1.08 mg H2/ 
day

8 weeks sdLDL, emLDL, u-IsoP: ↓, 
ox-LDL: ↑ 
Glucose tolerance: ↑ 
TG, TC, LDL, HDL, FBG, 
HbA1C, insulin: NSC

[76]

Type 2 DM HFD and low-dose STZ-induced 
DM rat

Orally drinking HRW 1.2 ppm 1.08 mg H2/ 
day

3 weeks FBG, TG, TC, LDL-c, HDL-c, IL- 
1β, hepatic fat, renal and 
spleen tissue damage: ↓ 
GHb: NSC

[75]

Type 2 DM HFD and STZ-induced DM mice Subcutaneous injection 
of H2 gas at 1 mL/ 
mouse/week

100 % 1 mL H2/ 
mouse/week

4 weeks AKŞ, insulin, TG, LDL-c: ↓ 
HDL-c: ↑ 
Glucose tolerance and insulin 
sensitivity: ↑ 
Diabetic renal injury: ↓

[102]

Type 2 DM HGHFD-induced insulin 
resistance rat model, high 
glucose and HFD and low-dose 
STZ-induced DM rat

Oral gavage of HRS – 10 mL HRS/ 
kg

2 months IR: FBG, insulin, TG, TC, LDL- 
c: ↓ 
Insulin sensitivity: ↑ 
DM: FBG, TG, TC, LDL-c: ↓

[103]

Type 2 DM HFD and low-dose STZ-induced 
DM rat

Orally 3 mL ad libitum 
drinking HRW

1.0 ppm 0.003 mg 
H2/day

14 days Insulin: ↑ 
IRs expression in adipose and 
skeletal muscle tissues: ↑

[104]

Type 2 DM HFD and low-dose STZ-induced 
DM rat

Intragastric injection of 
500 μl HRS

>0.6 mmol/L 0.0006 mg 
H2/day

80 days FBG, TG, TC, LDL-c: ↓ 
HDL-c: ↑ 
Insulin resistance, pancreatic 
islets and glomeruli damage: ↓ 
Insulin: NSC

[105]

Type 2 DM Lepr db/db mice Orally ad libitum drinking 
HRW

0.8 mM 0.024 mg 
H2/day

3 months FBG, insulin, TG, hepatic fat: ↓ [37]

Type 2 DM Lepr db/db mice Orally drinking ERW 0.3–0.6 mg/L – 6 weeks FBG: ↓ insulin: ↑; 
glucose tolerance: NSC

[106]

Type 1 DM STZ-induced T1DM mice Orally drinking ERW 0.3–0.6 mg/L – 6 weeks FBG: ↓ 
Insulin: NSC 
Glucose tolerance: ↑

[106]

Abbreviations WAT, white adipose tissue; PON-1, paraoxonase-1; BAT, brown adipose tissue; HR, heart rate; FFA, free fatty acids; 4-HNE, 4-hydroxy-2-nonenal; 
PGPC, 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphatidylcholine; PONPC, 1-palmitoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphatidylcholine; PAzPC, 1-palmitoyl-2- 
azelaoyl-sn-glycero-3-phosphatidylcholine; Lp-PLA2, lipoprotein-associated phospholipase A2; LCAT, lecithin:cholesterol acyltransferase; HFD, high-fat diet; STZ, 
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apolipoprotein (apo) B100 and apoE. Furthermore, the study concluded 
that HRW significantly improved HDL functionality by protecting 
endothelial cells from tumor necrosis factor alpha (TNF α)-induced 
apoptosis, inhibiting TNF-α-induced monocyte adhesion to endothelial 
cells, stimulating cholesterol efflux from macrophage foam cells, and 
protecting against LDL oxidation. The study also found a decrease in 
reactive substances of thiobarbituric acid reactive substances in whole 
serum and LDL. At the same time, HRW intake increased the level of the 
antioxidant enzyme, i.e., superoxide dismutase. The study proposed 
HRW intake as a helpful tool to prevent possible metabolic syndrome by 
reducing serum LDL cholesterol levels and apoB grades, reducing 
oxidative stress, and improving HDL functions damaged by dyslipidemia 
[68].

Another recent study examined the impact of drinking 0.9 L per day 
of HRW versus regular water for 10 weeks in 68 patients with high 
cholesterol levels. Although there was no difference in HDL-cholesterol 
levels in the blood, the pre-β-HDL levels increased. Furthermore, HRW 
intake improved various HDL functions, such as protecting against LDL 
oxidation, inhibiting oxidized LDL-excited inflammation, and protecting 
endothelial cells from oxidized LDL-excited apoptosis. The study also 
showed that drinking HRW decreased LDL cholesterol levels (47.06 % 
vs. 23.53 %) and total cholesterol (47.06 % vs. 17.65 %) in the blood. 
Furthermore, HRW treatment significantly reduced some inflammatory 
and oxidative stress markers in both the full plasma and HDL corpuscles. 
The study findings suggest that H2 can potentially reduce hypercholes
terolemia and atherosclerosis [69].

5.2. Hydrogen nutrition therapy application in obesity and metabolic 
disorders

The excessive production of free radicals can induce discontinuation 
of the gastrointestinal tract barrier, thereby causing the inflammation 
and the loss of redox homeostasis observed in some gastrointestinal 

diseases and implicated in the pathogenesis of several gastrointestinal 
disorders [2].

Individuals diagnosed with metabolic syndrome (MetS), impaired 
glucose tolerance, diabetes, and obesity tend to have higher fasting 
plasma glucose levels (above 110 mg/dl), triglyceride levels (above 150 
mg/dl), and lower levels of HDL cholesterol (below 50 mg/dl in women 
and 40 mg/dl in men). Other conditions such as hypertension, high CRP, 
and abdominal obesity have also been linked to metabolic diseases [70,
71].

By adhering to a healthy lifestyle and eating habits, positive im
provements in diseases can be achieved. When discussing the nutritional 
model that can help with these diseases, it is important to mention 
reducing the intake of saturated fats and increasing the intake of un
saturated fats. The Mediterranean diet is a good example, as it recom
mends increasing the consumption of fruits, vegetables, nuts, legumes, 
whole grains, fish, and fiber, while also incorporating complex 
carbohydrate-rich foods, as well as foods rich in sterols and stanols [72]. 
In addition to the Mediterranean diet, other nutritional styles that have 
positive effects on obesity and metabolic diseases include vegan, vege
tarian, Korean, Paleolithic, ketogenic, and DASH diets [65,73].

Recent studies have shown that H2 has the potential to effectively 
treat diseases related to oxidative stress, such as obesity, diabetes, and 
metabolic syndrome (Fig. 5). This can be done through various admin
istration methods, such as hydrogen saline injection, hydrogen gas 
inhalation, and HRW intake [37] (Table 1).

In a double-blind, placebo-controlled crossover pilot study, Kor
ovljev and co-workers (2018) investigated the effects of molecular 
hydrogen on hormonal status, body composition, and mitochondrial 
function in 10 middle-aged obese women. During the study, participants 
received a mineral tablet providing approximately 1.6 mg of H2 or a 
placebo capsule every day orally for four weeks. Although there were no 
significant differences between the treatment and control groups in 
weight changes, body mass index, and body circumference, hydrogen 

streptozotocin; FBG, fast blood sugar; TG, total triglyceride; TC, total cholesterol; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein 
cholesterol; IL-1β, interleukin-1 beta; GHb, glycated hemoglobin; HGHFD, high glucose and high fat diet; IR, insulin resistance; IRs, insulin receptors; Lepr db/db, db/ 
db with leptin receptor deficiency; HRW, hydrogen rich water; HRS, hydrogen rich saline; ERW, electrolyzed reduced water; IGT, impaired glucose tolerance; sdLDL, 
small dense LDL; emLDL, electronegative charge of modified LDL; u-IsoP, urinary 8-isoprostanes; oxLDL, oxidized LDL; HbA1C, hemoglobin A1c; TBARS, thio
barbituric acid reactive substances; apoB100, apolipoprotein B100; apoE, apolipoprotein E; TNF-α, tumor necrosis factor alpha; IL-6, interleukin-6; BMI, body mass 
index; WHC, waist-hip circumference; CRP, C-reactive protein; MDA, malondialdehyde; ALP, alkaline phosphatase; BA, brachial artery; ⇓, insignificant decrease; ⇑, 
insignificant increase; NSC, no significant change; No, not available [107].

Fig. 4. The effect of hydrogen nutrition therapy on cardiovascular disease.
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treatment significantly reduced arm fat index (from 9.7 % to 6.0 %) and 
body weight percentage (from 3.2 % to 0.9 %) compared to the placebo 
group. Furthermore, there was a notable decrease in serum triglycerides 
after the H2 intervention (21.3 % vs. 6.5 %), while other blood lipids did 
not change during the study. Fasting serum insulin level decreased by 
5.4 % after hydrogen intervention, while it increased by 29.3 % in the 
placebo group. The study suggests that orally administered hydrogen, as 
a combination of hydrogen-producing minerals, may be a helpful tool 
for controlling body composition and insulin resistance in overweight 
individuals [74].

A recent study investigated the potential benefits of HRW con
sumption on glucose and lipid metabolism, inflammation, and oxidative 
stress in mice with type 2 diabetes mellitus (DM2). The study used well- 
modeled T2DM mice in two groups. The first group was fed a high-fat 
diet and consumed purified water or HRW at 1.0 mg/L. The control 
group included normal mice who followed a regular diet and consumed 
purified water. After three weeks of treatment, multiple biomarkers 
were evaluated to assess glucose and lipid metabolism, inflammation, 
oxidative stress, and other factors. The results showed that the con
sumption of HRW can help alleviate the increase in glucose, total 
cholesterol, oxidative stress, and inflammation. Furthermore, HRW can 
also improve the liver, kidney, and spleen dysfunction caused by hy
perglycemia. The study concluded that daily consumption of HRW by 
patients with Type 2 diabetes can potentially improve their condition 
[75].

Another clinical study investigated the effects of drinking HRW on 
patients with lipid metabolism, glucose metabolism, and DM2 or 
impaired glucose tolerance (IGT). The study comprised 30 patients with 
Type 2 DM who underwent diet therapy and exercise and 6 patients with 
IGT. Patients were randomly divided into two groups: one group 
received 900 mL of HRW daily for 8 weeks with a 12-week washout 
period, and the other group received 900 mL of placebo pure water. The 
study showed that drinking HRW was associated with a significant 
decrease (15.5 %) in modified low-density lipoprotein cholesterol (LDL), 
and urinary 8-isoprostane levels. HRW intake also led to a tendency to 
decrease serum concentrations of oxidized LDL and free fatty acids and 
an increase in plasma levels of adiponectin and extracellular superoxide 
dismutase. Drinking HRW normalized the oral glucose tolerance test in 4 
out of 6 patients with IGT. These findings suggest that HRW drinking 
could play a beneficial role in preventing Type 2 DM and insulin resis
tance [76].

A study investigated the effects of HRW drinking on type 2 diabetes 
in obese db/db mice lacking functional leptin receptors. The results 
revealed that HRW consumption significantly reduced oxidative stress in 
the liver and fatty liver induced by a high-fat diet. In addition, long-term 
consumption of HRW significantly controlled body weight and fat 
without increasing diet or water intake. Furthermore, HRW was found to 
reduce plasma glucose, insulin, and triglyceride levels, increase the 
expression of FGF21, a hormone that enhances the consumption of 
glucose and fatty acids, and stimulate energy metabolism. These find
ings indicate that HRW intake has potential benefits to improve obesity, 
diabetes, and metabolic syndrome [37].

A randomized, double-blind, placebo-controlled trial was conducted 
on 60 individuals diagnosed with metabolic syndrome. The trial 
included an initial one-week observation period to record baseline 
clinical data. This was followed by a 24-week treatment phase in which 
participants were randomly assigned to receive a placebo or highly 
concentrated HRW (>5.5 mmol H2 per day) through randomization. The 
study concluded that the administration of high-concentration HRW 
could significantly lower blood cholesterol and glucose levels, mitigate 
serum hemoglobin A1c, and improve inflammation and redox homeo
stasis biomarkers compared to the placebo group. Furthermore, HRW 
slightly affected body mass index and waist-hip ratio reduction. Based 
on these findings, the report suggested that high-concentration HRW 
may have the potential as a therapeutic approach to mitigate the risk 
factors associated with metabolic syndrome [77].

Another study was conducted in 20 people at risk of metabolic syn
drome. Participants were asked to consume HRW for two months. The 
study found that this consumption of HRW increased the antioxidant 
enzyme, that is, superoxide dismutase (SOD), in urine by 39 % and 
decreased reactive substances of thiobarbituric acid (TBARS) by 43 %. 
Furthermore, participants experienced a 13 % decrease in total choles
terol/HDL cholesterol from baseline to week 4, and an 8 % increase in 
HDL cholesterol was observed. The study concluded that HRW drinking 
may be a preventive and therapeutic method for metabolic syndrome 
[78].

Another study explored the effects of HRW bathing on internal organ 
fat and weight loss. Participants were immersed in a warm hydrogen 
water bath for 10 min daily for one month. They did not make any 
changes to their diet or exercise regimen. The results showed that the 
abdominal circumference of two individuals decreased significantly 
after one month. The abdominal circumference of one person reduced 
from 91 to 82 cm, and the other individual decreased from 79 to 74 cm. 
The wrinkles in their abdomen disappeared, and their abdomen became 
tighter. After three months, the internal fat area of these individuals also 
decreased significantly. The internal fat area of one person decreased 
from 99 cm2 to 76 cm2, and the other decreased from 47 cm2 to 36 cm2. 
The study suggests that a hydrogen bath can effectively penetrate the 
skin and reach the internal organs of the body, thereby improving the 
visceral fat area and lipid metabolic markers [44].

Ulcerative colitis (UC) is a common disease that affects the rectum 
and the colon mucosa, causing severe abdominal pain, bloating, weak
ness, and diarrhea. A high-energy, high-protein diet (15–20 % of daily 
energy) rich in vitamins and minerals and low in fat and fiber has been 
found to have therapeutic benefits for people with this disease. Studies 
have also revealed that medium-chain fatty acids and n-3 fatty acids 
have a positive impact on these patients [79].

A study was carried out in mice to investigate the impact and 
mechanism of H2 in chronic ulcerative colitis. The mice were divided 
into three groups: the control (NC) group, the UC (Dextran Sulfate So
dium, DSS) group, and the (DSS + HRW) group treated with HRW (0.8 
ppm) and DSS. At the end of the study, mice in the DSS group showed 
typical clinical signs of colitis. At the same time, HRW treatment 
partially alleviated colitis symptoms, improved histopathological 
changes, significantly increased glutathione (GSH) concentration, and 
reduced the level of TNF-α. HRW treatment also significantly inhibited 
Clostridium perfringens, Enterococcus faecalis, and Bacteroides fragilis 

Fig. 5. Effects of hydrogen nutrition therapy on obesity and metabolic diseases.
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growth, bringing their levels close to those of the NC group. Microarray 
analysis showed significant alterations in 252 genes after HRW treat
ment compared to the DSS treatment alone group, with 17 genes asso
ciated with inflammation, including 9 interferon-stimulated genes (ISG). 
HRW was found to exhibit partial relief of inflammation, oxidative 
stress, and dysbiosis in the intestinal flora of mice with chronic ulcera
tive colitis (UC) induced by dextran sulfate sodium (DSS) [80].

In a research study exploring the effects of H2 on UC, mice were 
injected with 10 or 20 mL/kg of hydrogen-rich saline every two days for 
two weeks. Treatment with HRS resulted in reduced weight loss, 
reduced diarrhea, and alleviated colonic mucosal damage in UC mice 
[81].

5.3. Hydrogen nutrition therapy application in liver diseases

The liver is one of the primary targets for free radical attack due to its 
direct involvement in metabolic processes. Free radicals damage hepa
tocyte membranes, which in turn causes the deposition of collagen in the 
hepatocyte and finally causes liver fibrosis and cirrhosis [1].

The liver plays a crucial role in nutritional metabolism, performing 
essential functions such as glycogen storage, detoxification, and protein 
synthesis. These functions are impaired in liver disease, resulting in 
various metabolic disorders. The degradation of the nutritional condi
tion of these patients can lead to progression of the disease. Therefore, 
diet counseling and nutrition therapy can be helpful in the treatment of 
certain liver diseases [82].

Nonalcoholic fatty liver disease (NAFLD) is caused by excessive 
consumption of saturated fat, salt, and fructose in a person’s diet, 
leading to conditions such as obesity, insulin resistance, and the accu
mulation of triglycerides in liver cells. Therefore, nutritional therapy is 
crucial in the treatment of NAFLD. There is no single diet program that 
can be applied to all patients with NAFLD. However, a balanced diet 
consisting of whole grains, fruits, vegetables, and fish, with a limited 
intake of saturated fat, salt, and fructose, has been found to have 
beneficial effects on the disease [82,83].

Hepatitis is a liver disease that can cause malnutrition in patients. To 
prevent this, a diet high in protein and energy is recommended, with 
carbohydrates making up approximately 55–60 % of daily energy, fats 
accounting for 25–40 %, and proteins contributing 2–3 g/kg/day. This 
diet should also be rich in vitamins. For those with chronic hepatitis C, 
medical nutrition therapy can increase the effectiveness of antiviral 
treatment. Consumption of n-3 polyunsaturated fatty acids (PUFA) has 
been shown to inhibit HCV replication, and a low-iron diet can help 
reduce liver damage. In liver cirrhosis, which is the most advanced stage 
of chronic hepatitis, nutritional problems can arise and complicate the 
patient’s condition and prognosis. Therefore, nutritional therapy is 
crucial to preventing these complications.

A study in mice evaluated the effects of HRW and electrolyzed 
alkaline water (EAW) on NAFLD induced by a high-fat diet. The findings 
showed that HRW effectively reduced the accumulation of lipids in the 
liver, inflammation, and CD36 expression. However, neither EAW nor 
HRW with low hydrogen concentration had any beneficial effect on 
NAFLD. The study concluded that hydrogen (H2) is the active thera
peutic agent in EAW and can relieve HFD-induced NAFLD in mice [84]. 
An eight-week double-blinded, placebo-controlled randomized clinical 
study in 30 subjects with NAFLD found that HRW decreased body weight 
and BMI. It also tended to improve lipid profile and have divergent 
antioxidant and anti-inflammatory effects [85].

A study was conducted to investigate the effect of HRW on people 
with chronic hepatitis B (CHB). The study randomly assigned 60 patients 
diagnosed with chronic hepatitis B to the routine treatment group or the 
hydrogen therapy group. Patients in the control treatment group 
received standard care, while those in the hydrogen therapy group 
consumed HRW orally (1200–1800 mL/day, twice daily) for 6 weeks in 
addition to standard care. The study also included a control group of 30 
healthy subjects for comparison purposes. After the experiment, the 

control group exhibited a nonsignificant change in oxidative stress, 
whereas the hydrogen treatment group showed a notable improvement. 
Liver function demonstrated a significant improvement, and there was a 
substantial reduction in DNA levels of the hepatitis B virus after treat
ment. Although a nonsignificant difference in oxidative stress was 
observed between the two groups, the control and hydrogen groups 
showed an improving trend in liver function and DNA levels of the 
hepatitis B virus. Consistent with these findings, HRW was reported to 
reduce oxidative stress in patients with chronic hepatitis B significantly. 
However, further studies with long-term treatment were recommended 
to confirm the impact of HRW on liver function and hepatitis B virus 
DNA levels [86].

5.4. Hydrogen nutrition therapy application in respiratory system diseases

The production of reactive oxygen species (ROS) can deplete lung 
antioxidants, such as glutathione, leading to various lung diseases [41]. 
These include asthma, chronic obstructive pulmonary disease (COPD), 
acute lung injury, pulmonary fibrosis, and lung cancer. Oxidative stress 
is a key factor in the inflammatory responses associated with lung dis
eases, as it triggers the upregulation of redox-sensitive transcription 
factors, which promote the expression of pro-inflammatory genes. 
Additionally, the inflammation itself can further contribute to oxidative 
stress in the lungs [10,41,87].

Several respiratory diseases can affect a person’s health. These 
include occupational lung diseases, respiratory allergies, chronic 
obstructive pulmonary disease, sleep apnea syndrome, asthma, and 
pulmonary hypertension. These diseases can cause chronic inflamma
tion, abnormal response to injury, shortness of breath, decreased exer
cise tolerance, premature aging, and loss of macrophages, T 
lymphocytes, and lung neutrophils. These conditions may also lead to 
excessive activation of fibroblasts, which can negatively affect the per
son’s respiratory health [88]. Individuals with respiratory system dis
eases have increased energy requirements. Breathing difficulties arise 
due to the accumulation of carbon dioxide in the lungs. A high protein 
intake is necessary to protect and repair lung and muscle tissue, meeting 
15–20 % of daily energy needs (1.2–1.7 g/kg). Fat should comprise 
30–45 % of daily energy needs, and saturated fat should be avoided. 
Patients with respiratory diseases need vitamins and minerals such as 
vitamin C, magnesium, and calcium. Furthermore, vitamin D and K 
should be taken if there is a decrease in bone mineral density. The diet 
should restrict sodium and fluid intake for those with edema while 
increasing potassium. Personalized nutritional therapy positively im
pacts patients with respiratory system diseases [89].

A study was conducted to evaluate the positive effects of hydrogen 
gas on lung damage caused by exposure to cigarette smoke (CS) in mice. 
The study used a murine model of chronic obstructive pulmonary dis
ease, where mice were exposed to CS for 8 weeks and HRW was 
administered. The results showed that HRW administration had a miti
gating effect on CS-induced lung injury, as demonstrated by a reduction 
in the mean linear intercept and the destructive index of the lungs. 
Furthermore, HRW administration significantly improved static lung 
compliance in mice exposed to CS compared to their non-hydrogen- 
treated counterparts. Furthermore, HRW-treated mice exhibited 
decreased levels of markers associated with oxidative DNA damage, 
such as phosphorylated histone H2AX and 8-hydroxy-2′-deoxy
guanosine, as well as markers indicative of aging, such as the cyclin- 
dependent kinase inhibitor 2A, 1, and β-galactosidase. These findings 
indicate that HRW can potentially alleviate CS-induced emphysema by 
reducing oxidative DNA damage and premature cellular aging in the 
lungs [90].

A study has suggested that H2 may be able to reduce lung injury 
caused by cecal ligation and puncture (CLP) in rats. The study showed 
that the animals subjected to CLP experienced inflammation and gas 
exchange dysfunction in their lungs. However, hydrogen-rich saline 
treatment significantly improved lung injury by reducing lung water 
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content and neutrophil infiltration, improving gas exchange and histo
logical alterations in the lungs. H2 also reduced lipid peroxidation and 
DNA oxidation in lung tissue by reducing the nitrotyrosine content. 
Furthermore, H2 acted as an antioxidant by maintaining superoxide 
dismutase activity in the presence of CLP. Treatment with HRS also 
inhibited the activation of p-p38 and NF-κB while suppressing the pro
duction of several pro-inflammatory mediators, which showed that 
peritoneal injection of HRS improved histological and functional eval
uations in the rat model of CLP-induced acute lung injury [91].

5.5. Hydrogen nutrition therapy application in brain and nervous system 
diseases

The brain abundantly produces ROS, which can cause neurological 
disorders, such as Alzheimer’s disease, Parkinson’s disease, and amyo
trophic lateral sclerosis [92].

Certain diseases are caused by neurons’ gradual degeneration, 
leading to functional and structural loss. Some examples of such 
neurological conditions include Alzheimer’s disease, Parkinson’s dis
ease, Schizophrenia, Multiple Sclerosis, and Depression. However, 
certain diets such as the Mediterranean diet, ketogenic diet, or DASH 
diet can have beneficial effects in treating these conditions [93–96]. A 
medical nutritional diet should consist mainly of fruits, vegetables, nuts, 
spices, and legumes. These foods contain anti-inflammatory elements, 
such as polyphenols, vitamins, essential minerals, omega-3 fatty acids, 
and probiotics. Consuming a lot of these products in the diet benefits 
brain health and reduces the risk of neurological diseases [93–95,97].

During a study that lasted seven months, HRW treated triple trans
genic Alzheimer’s disease in mice. The study showed that HRW intake 
prevented synaptic loss and neuronal death, inhibited the formation of 
senile plaques, and reduced hyperphosphorylated neurofibrillary tan
gles in the mice. Furthermore, HRW intake improved disorders in brain 
energy metabolism, addressed imbalances in the intestinal flora, and 
mitigated inflammatory reactions [98].

In a clinical study, 48 patients with Parkinson’s disease were 
randomly divided into two groups. All patients had already undergone 
levodopa treatment. One group drank 1 L of HRW daily, while the other 
drank normal water. After 48 weeks, clinical evaluations were con
ducted using the Unified Parkinson’s Disease Rating Scale (UPDRS) 
score, which assesses both motor and non-motor symptoms of Parkin
son’s patients. The results showed that the control group showed a 
deterioration in symptoms, while the HRW-consuming group showed a 
significant improvement in symptoms [99].

In a study, mice were exposed to mild and unpredictable stress for 
four weeks and fed HRW during this time. The study found that mice 
who consumed HRW showed fewer symptoms of depression than those 
who did not. HRW intake was also found to suppress inflammatory 
activation, which resulted in lower levels of protein IL-1β and ROS 
production [100].

6. Conclusions

The overproduction of free radicals from various intrinsic and 
extrinsic factors leads to oxidative stress, which can alter redox ho
meostasis and the structural composition of numerous cellular and organ 
components, resulting in various disorders and diseases.

Molecular hydrogen has anti-inflammatory, antiapoptotic, selective 
antioxidant, and easy diffusion and penetration properties. Studies have 
shown that molecular hydrogen has benefits for the control of body 
weight, inflammation, metabolic markers, and diseases without adverse 
side effects. Most studies on using molecular hydrogen to relieve dis
eases suggest that hydrogen may provide health benefits because of its 
specific biological properties. The use of molecular hydrogen in nutri
tional therapy for diseases has not yet been thoroughly investigated. 
However, the findings obtained from recent experimental and clinical 
studies suggest that H2 may be a promising nutritional therapy for 

various diseases. However, longer-term studies must be conducted to 
administer molecular hydrogen in defined protocols.
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[15] M.N. Aker, İ.M. Gönenç, D. Çalişici, M. Bulut, D. Alwazeer, T.W. LeBaron, The 
effect of hydrogen-rich water consumption on premenstrual symptoms and 
quality of life: a randomized controlled trial, BMC Wom. Health (2024), https:// 
doi.org/10.1186/s12905-024-03029-8.

[16] S. Ohta, Recent progress toward hydrogen medicine: potential of molecular 
hydrogen for preventive and therapeutic applications, Curr. Pharmaceut. Des. 17 
(2011) 2241–2252, https://doi.org/10.2174/138161211797052664.

[17] L. Ge, M. Yang, N.N. Yang, X.X. Yin, W.G. Song, Molecular hydrogen: a preventive 
and therapeutic medical gas for various diseases, Oncotarget 8 (2017) 
102653–102673, https://doi.org/10.18632/oncotarget.21130.

[18] J. Slezak, B. Kura, Molecular Hydrogen in Health and Disease, Springer Nature 
Switzerland, 2024. https://books.google.com.tr/books?id=yVEo0AEACAAJ.

[19] G. Russell, A. Nenov, H. Kisher, J.T. Hancock, Molecular Hydrogen as Medicine: 
an Assessment of Administration Methods, Hydrogen (Switzerland), vol. 2, 2021, 
pp. 444–460, https://doi.org/10.3390/hydrogen2040025.

[20] D. Alwazeer, F.F.-C. Liu, X.Y. Wu, W.T. LeBaron, Combating oxidative stress and 
inflammation in COVID-19 by molecular hydrogen therapy: mechanisms and 
perspectives, Oxid. Med. Cell. Longev. (2021), https://doi.org/10.1155/2021/ 
5513868.

[21] S. Ohta, Molecular hydrogen as a novel antioxidant: overview of the advantages 
of hydrogen for medical applications, in: Methods Enzymol, Elsevier, 2015, 
pp. 289–317.

[22] D.A. Crowl, Y. Do Jo, The hazards and risks of hydrogen, J. Loss Prev. Process. 
Ind. 20 (2007) 158–164, https://doi.org/10.1016/j.jlp.2007.02.002.

[23] Y.S.H. Najjar, Hydrogen safety: the road toward green technology, Int. J. 
Hydrogen Energy 38 (2013) 10716–10728, https://doi.org/10.1016/j. 
ijhydene.2013.05.126.

[24] C. Tang, Z. Huang, C. Jin, J. He, J. Wang, X. Wang, H. Miao, Explosion 
characteristics of hydrogen–nitrogen–air mixtures at elevated pressures and 
temperatures, Int. J. Hydrogen Energy 34 (2009) 554–561.

[25] K. Xie, Y. Yu, Y. Pei, L. Hou, S. Chen, L. Xiong, G. Wang, Protective effects of 
hydrogen gas on murine polymicrobial sepsis via reducing oxidative stress and 
HMGB1 release, Shock 34 (2010) 90–97.

[26] Y.Z. Shi, S. Jin, H. Qin, H.B. Jiang, G.H. Song, S.C. Qin, Hydrogen-rich water 
ameliorates rat placental stress induced by water restriction, Med. Gas Res. 8 
(2018) 79–84, https://doi.org/10.4103/2045-9912.241064.

[27] S. Ohta, Molecular hydrogen as a preventive and therapeutic medical gas: 
initiation, development and potential of hydrogen medicine, Pharmacol. Ther. 
144 (2014) 1–11.

[28] D. Lee, J.-I. Choi, Hydrogen-rich water improves cognitive ability and induces 
antioxidative, antiapoptotic, and anti-inflammatory effects in an acute ischemia- 
reperfusion injury mouse model, BioMed Res. Int. 2021 (2021).

[29] Y. Yang, Y. Zhu, X. Xi, Anti-inflammatory and antitumor action of hydrogen via 
reactive oxygen species, Oncol. Lett. 16 (2018) 2771–2776, https://doi.org/ 
10.3892/ol.2018.9023.

[30] Q. Sun, W. Han, A. Nakao, Biological safety of hydrogen, in: Hydrogen Molecular 
Biology and Medicine, Springer Netherlands, Dordrecht, 2015, pp. 35–48, 
https://doi.org/10.1007/978-94-017-9691-0_3.

[31] M. Ito, M. Hirayama, K. Yamai, S. Goto, M. Ito, M. Ichihara, K. Ohno, Drinking 
hydrogen water and intermittent hydrogen gas exposure, but not lactulose or 
continuous hydrogen gas exposure, prevent 6-hydorxydopamine-induced 
Parkinson’s disease in rats, Med. Gas Res. 2 (2012) 15, https://doi.org/10.1186/ 
2045-9912-2-15.

[32] S. Ohta, Molecular hydrogen is a novel antioxidant to efficiently reduce oxidative 
stress with potential for the improvement of mitochondrial diseases, Biochim. 
Biophys. Acta Gen. Subj. 1820 (2012) 586–594.

[33] S. Ohta, Recent progress toward hydrogen medicine: potential of molecular 
hydrogen for preventive and therapeutic applications, Curr. Pharmaceut. Des. 17 
(2011) 2241–2252.

[34] H. Ono, Y. Nishijima, N. Adachi, M. Sakamoto, Y. Kudo, K. Kaneko, A. Nakao, 
T. Imaoka, A basic study on molecular hydrogen (H2) inhalation in acute cerebral 
ischemia patients for safety check with physiological parameters and 
measurement of blood H2 level, Med. Gas Res. 2 (2012) 1–7.

[35] K. Nagata, N. Nakashima-Kamimura, T. Mikami, I. Ohsawa, S. Ohta, Consumption 
of molecular hydrogen prevents the stress-induced impairments in hippocampus- 
dependent learning tasks during chronic physical restraint in mice, 
Neuropsychopharmacology 34 (2009) 501–508.

[36] N. Nakashima-Kamimura, T. Mori, I. Ohsawa, S. Asoh, S. Ohta, Molecular 
hydrogen alleviates nephrotoxicity induced by an anti-cancer drug cisplatin 
without compromising anti-tumor activity in mice, Cancer Chemother. 
Pharmacol. 64 (2009) 753–761.

[37] N. Kamimura, K. Nishimaki, I. Ohsawa, S. Ohta, Molecular hydrogen improves 
obesity and diabetes by inducing hepatic FGF21 and stimulating energy 
metabolism in db/db mice, Obesity 19 (2011) 1396–1403.

[38] L. Ge, M. Yang, N.-N. Yang, X.-X. Yin, W.-G. Song, Molecular hydrogen: a 
preventive and therapeutic medical gas for various diseases, Oncotarget 8 (2017) 
102653.

[39] H. Ono, Y. Nishijima, N. Adachi, M. Sakamoto, Y. Kudo, J. Nakazawa, K. Kaneko, 
A. Nakao, Hydrogen(H2) treatment for acute erythymatous skin diseases. A report 

of 4 patients with safety data and a non-controlled feasibility study with H2 
concentration measurement on two volunteers, Med. Gas Res. 2 (2012) 14, 
https://doi.org/10.1186/2045-9912-2-14.

[40] H. Sun, L. Chen, W. Zhou, L. Hu, L. Li, Q. Tu, Y. Chang, Q. Liu, X. Sun, M. Wu, 
H. Wang, The protective role of hydrogen-rich saline in experimental liver injury 
in mice, J. Hepatol. 54 (2011) 471–480, https://doi.org/10.1016/j. 
jhep.2010.08.011.

[41] D. Alwazeer, F.F.C. Liu, X.Y. Wu, T.W. Lebaron, Combating oxidative stress and 
inflammation in COVID-19 by molecular hydrogen therapy: mechanisms and 
perspectives, Oxid. Med. Cell. Longev. 2021 (2021) 5513868, https://doi.org/ 
10.1155/2021/5513868.

[42] M. Kubota, S. Shimmura, S. Kubota, H. Miyashita, N. Kato, K. Noda, Y. Ozawa, 
T. Usui, S. Ishida, K. Umezawa, Hydrogen and N-acetyl-L-cysteine rescue 
oxidative stress-induced angiogenesis in a mouse cornealalkali-burn model, 
Invest. Ophthalmol. Vis. Sci. 52 (2011) 427–433.

[43] H. Oharazawa, T. Igarashi, T. Yokota, H. Fujii, H. Suzuki, M. Machide, 
H. Takahashi, S. Ohta, I. Ohsawa, Protection of the retina by rapid diffusion of 
hydrogen: administration of hydrogen-loaded eye drops in retinal 
ischemia–reperfusion injury, Invest. Ophthalmol. Vis. Sci. 51 (2010) 487–492.

[44] R. Asada, Y. Saitoh, N. Miwa, Effects of hydrogen-rich water bath on visceral fat 
and skin blotch, with boiling-resistant hydrogen bubbles, Med. Gas Res. 9 (2019) 
68–73, https://doi.org/10.4103/2045-9912.260647.

[45] D. Alwazeer, T. Engin, Moleküler hidrojenin gıda teknolojilerinde kullanımı, 
Turkish J. Agric. Food Sci. Tech. 10 (2022) 1205–1213.

[46] D. Alwazeer, Consumption of hydrogen-treated foods provides nutritional and 
health benefits, in: J. Slezak, K. Branislav (Eds.), Molecular Hydrogen in Health 
and Disease, Springer, Cham, 2024. In press.

[47] D. Alwazeer, Reducing atmosphere packaging technique for extending the shelf- 
life of food Products, J. Inst. Sci. Tech. 9 (2019) 2117–2123, https://doi.org/ 
10.21597/jist.539744.

[48] M.M. Ceylan, M. Bulut, D. Alwazeer, M. Koyuncu, Evaluation of the impact of 
hydrogen-rich water on the quality attribute notes of Butter, J. Dairy Res. (2022), 
https://doi.org/10.1017/S0022029922000681.
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water in rice milk preparation improves the nutritional and sensory properties of 
product, Food Chem. 437 (2024) 137821, https://doi.org/10.1016/j. 
foodchem.2023.137821.

[53] Y. Çelebi, E. Kavrut, M. Bulut, Y. Çetintaş, A. Tekin, A.A. Hayaloğlu, D. Alwazeer, 
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F. Yıldız et al.                                                                                                                                                                                                                                   Biochemistry and Biophysics Reports 41 (2025) 101933 

9 

https://doi.org/10.26881/oahs-2023.2.05
https://doi.org/10.1007/978-3-031-47375-3_19
https://doi.org/10.1007/978-3-031-47375-3_19
https://doi.org/10.1186/s12905-024-03029-8
https://doi.org/10.1186/s12905-024-03029-8
https://doi.org/10.2174/138161211797052664
https://doi.org/10.18632/oncotarget.21130
https://books.google.com.tr/books?id=yVEo0AEACAAJ
https://doi.org/10.3390/hydrogen2040025
https://doi.org/10.1155/2021/5513868
https://doi.org/10.1155/2021/5513868
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref21
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref21
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref21
https://doi.org/10.1016/j.jlp.2007.02.002
https://doi.org/10.1016/j.ijhydene.2013.05.126
https://doi.org/10.1016/j.ijhydene.2013.05.126
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref24
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref24
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref24
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref25
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref25
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref25
https://doi.org/10.4103/2045-9912.241064
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref27
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref27
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref27
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref28
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref28
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref28
https://doi.org/10.3892/ol.2018.9023
https://doi.org/10.3892/ol.2018.9023
https://doi.org/10.1007/978-94-017-9691-0_3
https://doi.org/10.1186/2045-9912-2-15
https://doi.org/10.1186/2045-9912-2-15
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref32
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref32
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref32
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref33
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref33
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref33
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref34
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref34
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref34
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref34
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref35
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref35
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref35
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref35
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref36
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref36
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref36
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref36
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref37
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref37
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref37
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref38
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref38
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref38
https://doi.org/10.1186/2045-9912-2-14
https://doi.org/10.1016/j.jhep.2010.08.011
https://doi.org/10.1016/j.jhep.2010.08.011
https://doi.org/10.1155/2021/5513868
https://doi.org/10.1155/2021/5513868
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref42
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref42
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref42
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref42
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref43
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref43
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref43
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref43
https://doi.org/10.4103/2045-9912.260647
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref45
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref45
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref46
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref46
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref46
https://doi.org/10.21597/jist.539744
https://doi.org/10.21597/jist.539744
https://doi.org/10.1017/S0022029922000681
https://doi.org/10.1007/s13197-022-05427-y
https://doi.org/10.1007/s13197-022-05427-y
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref50
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref50
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref50
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref51
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref51
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref51
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref51
https://doi.org/10.1016/j.foodchem.2023.137821
https://doi.org/10.1016/j.foodchem.2023.137821
https://doi.org/10.1016/j.foodchem.2024.139185
https://doi.org/10.1016/B978-0-443-15978-7.00010-2
https://doi.org/10.1016/B978-0-443-15978-7.00010-2
https://doi.org/10.1002/pca.3304
https://doi.org/10.1002/pca.3304
https://doi.org/10.1016/j.indcrop.2023.117005
https://doi.org/10.1016/j.indcrop.2023.117005
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref57
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref57
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref57
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref58
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref58
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref58
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref58
https://doi.org/10.1016/j.procbio.2023.01.022
https://doi.org/10.1016/j.scp.2023.101035
https://doi.org/10.1007/978-3-031-47375-3_19
https://doi.org/10.3164/jcbn.09-100
https://doi.org/10.3164/jcbn.09-100
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref63
http://refhub.elsevier.com/S2405-5808(25)00020-2/sref63


[64] N. Demirsoy, Kardiyovasküler hastalıkların epidemiyolojisi, J. Phy. Med. Reha. 
Sci. Fiziksel Tup ve Rehabilitasyon Bilimleri Dergisi 13 (2010).
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