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It is known that molecular hydrogen is a relatively stable, ubiquitous gas that is a minor component of the

atmosphere. At the same time, molecular hydrogen has been shown to have diverse biological effects. By the end

of 2022, more than 2000 articles have been published in the field of hydrogen medicine, many of which are original

studies.
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1. Introduction

In recent decades, medical gases have deservedly attracted much attention from specialists in the field of

biomedicine. At the same time, the spectrum of gases for which biological effects have been discovered and a

beneficial effects have been observed is quite wide and continues to increase . Initially, the concept of

“medical gases” extended only to oxygen and hyperbaric O  procedures, followed by the introduction of the

inhalation of anesthetics and ozone into medical practice. At the same time, among these gases, only ozone had

specific bioregulatory effects, while other factors either contributed to the elimination of hypoxia, or had a systemic

anesthetic effect, being considered as a pharmacological (synthetic) agent.

The prospect of using endogenously formed low-molecular-weight gaseous compounds as regulators began to

arise only after the establishment of the biological activity of nitrogen monoxide (i.e., nitric oxide; NO ), for which

the Nobel Prize in Medicine and Physiology was awarded . Later, the ability of other substances—previously

considered exclusively as toxic—to act as endogenous gaso-transmitters was discovered. These substances

formed a triumvirate, which, in addition to nitric oxide, included hydrogen sulfide and carbon monoxide .

In parallel, ideas were developed about the biological properties of inert gases (helium, argon, xenon, etc.) which

are chemically inactive under standard conditions, but show a modulating effect on cells and tissues .

These ideas served as the basis for the creation of innovative therapeutic technologies, the prospects of which

continue to be studied and expanded upon.

Recently, molecular hydrogen, which has several unique characteristics, has occupied a special place in medical

gas therapy. This gas, which has no specific color or smell, is created from the lightest chemical element, is

ubiquitous, and, due to its size and minimal molecular weight, can penetrate through any biological barrier 

. Many supplements and antioxidants require specific transporters to enter the cells and realize their effect,
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whereas H  does not need them due it is smaller molecular weight/size (Figure 1). The high bioavailability of H

satisfies the first requirement of any pharmacological agent to have a biological effect. However, there are

additional properties that are needed to explain the breadth of the biomodulating and, consequently, therapeutic

effect of this gas.

Figure 1. Relative size of molecular hydrogen and some antioxidants based on differences in their molecular

weights, not their actual effective diameter size (e.g., kinetic diameter or Stokes–Einstein radius).

The body of knowledge in the field of H  biomedicine is being actively updated, including about 100 randomized

controlled trials and more than 2000 articles that have been published by the end of 2022 (Figure 2). Various

aspects of the issue are considered in detail, but the focus of research is largely shifted towards the cardiac ,

neurological , and radioprotective effects  of hydrogen. Several studies assessed the possibility and

expediency of using hydrogen in oncological diseases . On the other hand, cellular effects, which are

fundamentally significant for regenerative medicine, are revealed only indirectly. In this regard, the purpose of this

research is to systematize ideas about the nature, features, and mechanisms of the influence of H  on cells,

specifically stem cells.
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Figure 2. Routes of molecular hydrogen administration.

2. A Brief Outline of the History of the Discovery of Molecular
Hydrogen as a Biological Agent and the Formation of
Hydrogen Biomedicine

Hydrogen in free form was first experimentally obtained in 1671 by Robert Boyle  and identified as an

independent chemical element in 1766 by Henry Cavendish . Interestingly, by the end of the eighteenth century,

Thomas Beddoes had completed the first documented attempt at the medical use of hydrogen for the treatment of

patients with tuberculosis . Until around 1969, the possibility of endogenous production of H  in the human

body from intestinal bacteria was not known .

One of the earliest direct uses of hydrogen was in deep sea diving. For example, Lanphier (1972) used Hydroliox

(a mixture of hydrogen, helium, and oxygen) to prevent the development of decompression syndrome and nitrogen

anesthesia in divers working at great depths . One of the most famous early publications in this field belongs to

Doyle et al. (1975), who showed a marked regression of squamous skin carcinoma in mice under the influence of
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H  supplied under increased pressure (8 ATM) . They used a gas mixture containing 97.5% hydrogen and 2.5%

oxygen. Since that time, isolated reports have appeared on the effectiveness of the use of H  for other applications

. However, an article in 2007 by Ohsawa et al. was the trigger for an rapid increase in the interest of

specialists into the biological and medical effects of hydrogen . The research presents the results of a successful

treatment using inhalation of H  to prevent the damage induced from ischemia–reperfusion after ischemic stroke in

a rat model . The researchers suggested that the main mechanism for achieving this clinical effect is the relief of

oxidative stress induced by these pathological conditions.

Most recently, hydrogen therapy was included in the protocol for the management of patients with COVID-19 in

China (Chinese Clinical Guidelines (7th edition) for COVID-19 Pneumonia Diagnosis and Treatment, issued by

China National Health Commission). For this purpose, based on extensive experimental and clinical studies, it

appears that inhalation of a mixture of 66.6% H  and 33.3% oxygen significantly reduces the rate of deterioration of

respiratory lung function in a new coronavirus infection, as well as the development of emphysema and

inflammatory reactions in lung tissue in various acute and chronic diseases .

3. Routes of Introducing Molecular Hydrogen into the Body

Currently, the range of routes of introducing H  into the body is extremely wide (Figure 2). First, it is important to

emphasize that these methods differ not only in the convenience of application for a specific pathology (e.g., in the

case of the treatment of dermatological diseases, hydrogen baths may be the preferred option), but also in the

pharmacokinetics of the molecule, which alters its pharmacological activity .

Historically, the first way of introducing hydrogen is the use of hyperbaric chambers with an atmosphere rich in

hydrogen gas . Despite the encouraging results obtained in the experiments by Dole et al. (1975), work using

such a technology was not continued, which may be due to the difficulties of its practical implementation .

The most common options for molecular hydrogen therapy are the inhalation of H -containing gas mixtures of

various compositions, the use of hydrogen-saturated water, and the infusion/injection of a sodium chloride solution

saturated with H  (Figure 2) . Each of these pathways has its own characteristics, advantages, and

disadvantages, as well as possible different molecular mechanisms of action.

Most studies aimed at evaluating the effectiveness of the use of H  have used hydrogen-saturated solutions (i.e.,

hydrogen water, hydrogen saline, etc.). However, studies on the inhalation of hydrogen, especially in clinical use,

are increasing . Inhalation of H  is a fairly simple way of exposure for both laboratory animals and

humans. Indeed, this was the method employed by Ohsawa et al. using the rat model of ischemia–reperfusion .

In addition, an important advantage of the technology is the possibility of the strict dosing of hydrogen by regulating

the exposure time and concentration of H  in the gas mixture . On the other hand, molecular hydrogen is a

combustible and explosive gas in the case of its reaction with oxygen. It is assumed that the risk of such a negative

effect is quite high when the concentration of H  in the gas mixture is higher than 4% . Nevertheless, in

some cases, gas mixtures with a high hydrogen content are used, but with special safety requirements. For
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example, 66.67% H  and 33.33% O  is used in the treatment of patients with COVID-19, which is the same

hydrogen therapy protocol that has been introduced in China . The effectiveness of H  inhalation in chronic

obstructive pulmonary disease  and severe bronchial asthma  has also been reported. The expediency of

such an approach is associated with the variable dose dependence of the antioxidant and anti-inflammatory

properties of H  .

Considering the physicochemical characteristics and the extremely small size and molecular weight of H ,

hydrogen inhalation has ample opportunities for systemic action. Since it easily diffuses through the walls of the

alveoli, hydrogen diffuses into the blood plasma and is transported to various organs and tissues. Experimental

studies by Cole et al. (2021) have shown that in healthy animals, inhalation of a gas mixture containing 2.4%

hydrogen continuously for 72 h does not cause any changes in physiological parameters . At the same time,

sanogenetic effects on various organs and tissues have been demonstrated in numerous studies 

.

The most convenient way of introducing molecular hydrogen in clinical practice is drinking water saturated with

molecular hydrogen; this option eliminates the explosion and fire hazard of the therapy and ensures its portability,

opening up the possibility for the widespread use of H -containing water. However, this path also has

disadvantages associated with low gas solubility . It is known that the saturation of dissolved hydrogen is 0.78

mM (1.57 mg/L) at normal atmospheric pressure and room temperature . This circumstance may be significant

since it does not always allow achieving the necessary dose of the molecule to ensure a full clinical effect. In

addition, when using this route, it should be considered that the prepared hydrogen water should be applied

immediately, since it has a very short period of maintaining the concentration of H . Moreover, upon ingestion of

hydrogen water, a significant amount (>90%) is lost via normal expiration . This at least indicates the high

uptake of H  to pass through the gastrointestinal tract and into the venous system where it reaches the lungs and

is exhaled. At the same time, the distribution of hydrogen in various tissues and organs after drinking hydrogen

water is not the same. In particular, the penetration of H  into brain cells when using the route of administration

under consideration is minimal , which may be of fundamental importance for determining indications for its

clinical use.

These above reasons necessitated the search for alternative ways of delivering H  to tissues, including the

creation of nanocomposites with a delayed release of gas . It was assumed that these nanocomposites would

be included in the oral tablet form, which would ensure maximum compliance for patients. Such targeted H

therapy can be carried out using hybrid palladium nanocrystals. This approach was tested in experimental

conditions in a model of oncopathology, which allowed not only the confirmation of its anticarcinogenic activity, but

also its protection of unchanged cells against hyperthermia , as well as the manifestation of oxidative stress and

damage induced by ischemia and reperfusion . The possibility of using various elements as a basis for

hydrogen-releasing nanocomposites (in particular, silicon particles ) should be emphasized.

A technology fundamentally similar to the creation of nanocrystals as carriers of H  is the use of microbubble

systems (Figure 2). In recent years, it has been suggested that a specific delivery of hydrogen using microbubbles
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provides maximum bioavailability and a minimization of “transport losses” of the molecule . An important

advantage of this pathway is the possibility of introducing significantly higher amounts of gas compared to the

intake of water that has been saturated with H . The effectiveness of the method was demonstrated in a model of

ischemic myocardial injury in rats .

The third main route of introducing H  into the body is the use of injections and infusions of an H -saturated

isotonic saline solution . The specified path also has advantages and disadvantages. For one, this path

allows the dosing of the injected amount of hydrogen with high accuracy, the use of different concentrations, an

increase in the bioavailability of the agent to the target organ, and, if necessary, a carrying out of the topical effects

on strictly defined areas of tissues (e.g., surface localization or areas of catheterization and injection). At the same

time, injections of hydrogen solutions pose a certain risk of invasiveness and, consequently, infection, while also

requiring the involvement of experienced medical personnel for manipulation. The administration of these solutions

is mainly performed intravenously (in patients) or intraperitoneally (in experimental studies using laboratory

animals) . The clinical potential of this route of administration is not fully developed, as evidenced the rich

experience of intravenous ozone therapy, also based on the effects of a medical gas .

Currently, the literature describes alternative routes of using molecular hydrogen, which use both its systemic and

local action (Figure 2). In particular, an example of the effective administration of H  in dermatology and

cosmetology is the use of hydrogen baths for psoriasis  and liposuction . A variant of H  therapy close to this

technology is the use of eye drops saturated with the gas in question for the treatment of ischemic lesions of the

iris of the eye, as well as the suppression of apoptosis . Stimulation of the endogenous synthesis of H  by

symbiotic microflora is of particular interest. It has been shown that oral administration of lactulose increases the

synthesis of H  by bacteria of the gastrointestinal tract . Moreover, a hydrogen breathing test has been proposed

to determine the state of the intestinal microflora by its ability to generate molecular hydrogen . It is important to

emphasize that hydrogen is synthesized by microorganisms together with other gases (for example, methane) .

At the same time, the amount of hydrogen produced is the result of the balance of activity of the H -producing

(hydrogenogenic) and H -utilizing (hydrogenotrophic) intestinal microbes .

A few more exclusive H  pathways should also be noted, including probe feeding with the inclusion of a solution

saturated with H  , introduction during hemodialysis , local treatment of the skin surface , the addition of

hydrogen to the preservation medium for transplanted organs to prevent cold damage , and the washing of

various body cavities.

As mentioned previously, different routes of administration differ not only in their proximity to the point of exposure,

but also in their pharmacokinetics . In particular, it was found that the concentration of hydrogen in the blood

increases rapidly after inhalation, but 3 min after cessation, it decreases to 1/40 of the peak value . At the same

time, the amount of hydrogen in arterial blood during inhalation always exceeds that in venous blood, which may

indicate the diffusion of the gas into the tissues . It is also shown that the peak values during inhalation of H

and the intake of hydrogen water are achieved at the same time (e.g., 10–30 min depending on

concentration/dose). However, the duration that H  remains in the body before returning to baseline lasts longer
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than 30 min . It should be noted that the effect on molecular cascades (e.g., on the expression of NF-KB and

other regulatory proteins in liver tissue) is more pronounced for hydrogen water, and the combination of its intake

with H  inhalation enhances the effect . Interestingly, the tissue concentration of H  was significantly higher and

persisted for a longer time after inhalation compared to drinking hydrogen water . Naturally, with intravenous

administration of isotonic solutions saturated with hydrogen, the peak breath concentration of the molecule is

reached as quickly as possible, within 1 min .

Thus, at present, there is a wide range of routes of introducing molecular hydrogen into the body, differing not only

in the topical and physico–chemical parameters, but also in the pharmacokinetics of the action of the molecule.
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