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Abstract: Background: Molecular hydrogen (H2) is now recognized as a therapeutic gas for the treatment of 
numerous diseases including neurodegenerative diseases, metabolic disorders, and inflammatory diseases. Non-
polar, neutral H2 is assumed to have health benefits facilitated by its passive diffusion across the human body 
immediately after administration and is considered a safe therapeutic inert gas that does not interfere with physio-
logical enzymatic reactions. The effects of H2 on mammalian cells are assumed to be based on non-enzymatic 
reactions with reactive oxygen species (ROS) exhibiting extremely high reactivity. However, many reports on 
therapeutic applications of H2 have the limitation to regard H2 only as a scavenger for the hydroxyl radical and 
peroxynitrite.  

Methods: Apart from this proposed principle, a new possible mechanism of H2 activation and consumption in 
mammalian cells is considered in this review, which is specifically focused on the mitochondrial complex I that 
has a close evolutionary relationship with energy-converting, membrane-bound [NiFe]-hydrogenases (MBH). 
Notably, the possibility that H2 may function as both electron and proton donor in the ubiquinone-binding cham-
ber of complex I is discussed.  

Results: H2 is proposed to act as the rectifier of the mitochondrial electron flow in the disordered or pathological 
state when the accumulation of electrons leads to ROS production, specifically during the re-supply of O2 after 
hypoxia in the mitochondria.  

Conclusion: Furthermore, H2 is proposed to convert the quinone intermediates to the fully reduced ubiquinol, 
thereby increasing the antioxidant capacity of the quinone pool as well as preventing the generation of ROS. 

Keywords: Molecular hydrogen, semiquinone, hydrogenase, rectifier of electron flow, mitochondrial respiratory complex, electron and pro-
ton donor. 

1. INTRODUCTION 

 Molecular hydrogen (H2) is a non-polar molecule with a stable 
covalent bond. Many microorganisms are equipped with hydro-
genase, an enzyme that reversibly splits H2 into protons and elec-
trons. Most hydrogenases have a catalytic center containing two 
metal atoms, [NiFe] or [FeFe], along with iron-sulfur (Fe-S) clus-
ters. Interestingly, there are energy-converting, membrane-bound 
[NiFe]-hydrogenases (MBH) with O2 tolerance that function in H2 
uptake by oxidizing it in the presence of certain electron acceptors 
including ubiquinone or menaquinone [1, 2]. Due to these charac-
teristics, MBH-type enzymes are considered to be close to the an-
cestor of respiratory complex I. Despite the lack of hydrogenases in 
mammalian cells, H2 is now recognized as a therapeutic gas, with 
therapeutic effects on numerous diseases including neurodegenera-
tive diseases, metabolic disorders, and inflammatory diseases. 
Therapeutic H2 possesses neutral properties that are assumed to 
facilitate its passive diffusion across the human body immediately 
after administration and to ensure a beneficial safety profile as a 
relatively inert gas that does not affect physiological enzymatic 
reactions. To date, the effects of H2 on mammalian cells are as-
sumed to be mostly related to non-enzymatic interactions with ex-
tremely reactive oxygen species (ROS) by random collisions 
(named “scavenger theory” here and explained below). Apart from 
this insight, a possible mechanism of H2 activation and consump-
tion in mammalian cells is discussed in this review, specifically 
focusing on the mitochondrial complex I with its close evolutionary 
relationship with MBH.  
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 In reports since 1975, the therapeutic potential of H2 has been 
demonstrated in some diseases using hydrogen gas containing he-
lium or alkaline water containing H2 produced by electrolysis [3, 4]. 
The scavenger theory is based on a report from 2007 by Ohsawa 
and colleagues. They explained the biological effects of H2 in vivo 
as liquid-phase chemical reactions of H2, which can act as an elec-
tron donor for ROS molecules such as the extremely reactive hy-
droxyl radical or peroxynitrite [5]. The amphipathic properties of 
H2 are thought to contribute to these scavenging effects in the mito-
chondrial inner membrane composed of a lipid bilayer [6]. The 
authors demonstrated the protective potential of H2 against ische-
mia-reperfusion (I/R) injury in a mouse model where H2 reduced 
oxidative stress and scavenged hydroxyl radicals. Following this 
publication, many studies demonstrated the efficacy of hydrogen in 
rodents with induced oxidative stress due to physiological treat-
ments impairing circulation or the administration of oxidative 
stress-inducing chemical compounds. However, most of these ani-
mal experiments were designed to investigate the prophylactic effi-
cacy of H2 by administering H2 prior to, simultaneously, or imme-
diately after the oxidative stress-inducing treatment to develop a 
pathologic disorder rather than to evaluate the therapeutic efficacy 
of H2 [6], in animals that had developed diseases prior to the ex-
periments. 

 In contrast, in human trials, the enrolled patients  suffered from 
the disease for a certain period and the pathological conditions 
and/or the adaptation of the body to compensate for the disorders 
were established when they were diagnosed and enrolled in the 
clinical trials. Because of this critical difference in the experimental 
strategy between efficacy testing in animals/cultured cells and 
clinical trials, the therapeutic application or precise strategy for 
using H2 in human disease should be developed further, specifically 
when H2 is used in combination with pharmaceutical drugs. There-
fore, insights into the mechanisms of action of H2 are critical for 
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assessing the benefit of H2 therapy even after the disorders have 
become irreversible because treatment decisions should not be 
solely based on the scavenging reactions for the prophylactic appli-
cation. This review discusses a new possible mechanism of action 
of H2, apart from the scavenger properties of H2 against ROS. 

2. LIMITATIONS OF THE SCAVENGER THEORY OF H2 

 In the most recent clinical report by Yoritaka A. and colleagues, 
the efficacy of H2 on Parkinson’s disease (PD) could not be con-
firmed, indicating the need for further investigations [7]. However, 
in an earlier clinical trial on PD, a daily dose of 0.8 mM H2 (1.6 
ppm) dissolved in 1 L of water was ingested over 48 weeks by one 
treatment group. As a potential therapeutic effect, the results sug-
gested that the neurodegenerative symptoms of PD could be im-
proved by this daily dose of H2 even in patients with modified Hoen 
and Yahr stage 1-4 (approximate average, 2.0) [8]. The onset of PD 
occurred prior to study enrollment, indicating that the duration of 
the disease was more than 4 years on average in the study. This fact 
is an indication of improvement rather than prevention. It is as-
sumed that ROS promote the PD pathogenesis by causing the cell 
death of dopamine-producing cells, but the observed improvement 
of PD by H2 therapy was not inferior to the nonergot dopamine 
therapy; however, the significance of this finding is limited due to 
the small number of participants (placebo and H2 therapy group 
size: n = 9 each). Even if H2 only blocks oxidative damage, the 
improvement of established PD should require the regeneration of 
the dopaminergic cells in the neuron network including the restora-
tion of mitochondrial function in damaged cells. Therefore, the 
efficacy of H2 for human PD could not be fully explained by the 
reduction of ROS, if this early trial by Yoritaka A. and colleagues 
[8] generated representative data. There remains the possibility that 
H2 does not specifically affect established PD but may compensate 
for the effects of neurodegenerative disorders by another collateral 
pathway associated with the repair of the injured or disordered tis-
sues by the regeneration of mitochondria in the affected cells. At 
the same time, the improvement of circulation appears to be re-
quired for the reconstruction of tissues, and the consumption of H2 
could improve endothelial function [9]. 

 Moreover, in the field of anti-inflammation therapy, to improve 
the established disorder of the immune system caused by rheuma-
toid arthritis (RA), it seems that it is not sufficient to reduce the 
oxidative stress that promotes the deleterious effects amplified by 
the NF-κB and pro-inflammatory cytokines including TNF-α and 
IL-6. In our recent review, to explain the mechanistic insight into 
the anti-rheumatoid effect of H2, it was discussed that continuous 
stimulation by ROS appears to be required to maintain the rheu-
matic immune reactions; therefore, H2 could improve RA by shut-
ting down the vicious cycle solely as a ROS scavenger [10]. The 
efficacy of H2 on RA was explained partially by the reduction in the 
content of hydroxyl radicals.  

 In the field of PD and RA, improvements of certain aspects of 
these diseases by H2 therapy cannot be fully explained by the scav-
enging properties of H2 against ROS, indicating a limitation of the 
scavenger theory [3]. From a medical point of view, it appears to be 
a logical conclusion to consider the regeneration of tissues or bio-
logical networks accompanied by mitochondrial regeneration as a 
requirement for improvement in these established diseases. In addi-
tion, the rate constant for the hydroxyl radical (k value, L mol-1 s-1) 
in pure water is 4.2 x 107 against H2, which is much lower than the 
k values for two precursors of the hydroxyl radical, H2O2 and O•

2
- 

(1.2 x 1010 and 8 x 109, respectively), which are expected to exist in 
proximity [11]. Furthermore, there remains the basic assumption 
that the probability for a collision between H2 and the hydroxyl 
radical may be limited to a half-life in the range of nanoseconds 
before this radical encounters the surrounding biomolecules. Once 
the hydroxyl radical is formed, it reacts with the closest molecules 
including lipids, proteins, or nucleic acids packed and concentrated 

in a cell [12]. The k values for the hydroxyl radical against other 
molecules including the amino acids proline, glutamic acid, and 
pyroglutamic acid are 3.1 x 108, 2.3 x 108, and 1.05 x 109, respec-
tively, which are much higher than the values against H2 [13]. Thus, 
as it appears, the higher the oxidative potential of the ROS, the 
lower is its chance to collide specifically with H2. 

 In addition to the clinical and biochemical limitations of the 
scavenger theory, H2 administration caused an improvement of the 
metabolic system in db/db mice lacking the functional leptin recep-
tor [14]. Oxidative stress reduction and energy metabolism en-
hancement associated with the increased expression of FGF21 are 
shown and discussed as the mechanisms of H2 for the improvement 
of obesity and diabetes in those mice. It is interesting that H2 could 
improve the congenitally established disorder of energy metabo-
lism. Presumably, there appears to be a big gap between the reduc-
tion of the hydroxyl radical and the improvement of energy metabo-
lism. The pathology of chronic human diseases, including that of 
RA and PD assessed in the clinical trials, had been established sev-
eral years before testing the administration of H2. To improve the 
prognosis of these congenital or established diseases associated 
with chronic disorders, it appears that the functional regeneration of 
mitochondria from the existing cells in the affected tissues is re-
quired. Consequently, these cells and tissues could play an impor-
tant role in the amelioration of long-term pathological states; hence, 
the reported efficacy of H2 should be related to these processes. To 
fill the gap between the scavenging property of H2 and the im-
provements in the metabolism and the cellular regeneration, re-
searchers are investigating the signal transduction triggered by H2 

[3]. However, to restore the established disorder and/or partial de-
generation of the neuronal or immune systems, it seems insufficient 
or too late that only some altered or non-specific signal transduc-
tions can restore the normal function after the abnormal tissue had 
been formed. The improvement by H2 administration was rapid, 
i.e., within 4 weeks in RA [15] and within 1 hour for the endothelial 
function of the brachial artery in our pilot studies [9]. It seems to be 
necessary to improve the cellular dysfunction towards a radical 
switch of cellular energetics, in addition to the indirect metabolic 
alterations in response to the signals from outside the cell. The key 
events linking the actual properties of H2 to the energy metabolism 
should occur somewhere upstream of the generation of ROS, as 
opposed to the function as a scavenger molecule downstream of the 
oxidative stress. These mechanisms directly related to the energy 
metabolism are predicted to be critical for using the H2 molecule to 
establish treatment strategies for long-term adjuvant administrations 
because the energy metabolism processes are located upstream in 
relation to most of the pathological events. The center of energy 
metabolism is the mitochondrion. Accordingly, the possible behav-
ior of H2 in the catalytic center of energy-converting respiratory 
complexes is discussed further. 

3. MITOCHONDRIAL RESPIRATORY CHAIN AS A POS-
SIBLE TARGET FOR H2 

 In reviewing potential targets for H2, the processes upstream of 
the production of superoxide were focused, apart from the reduction 
of the hydroxyl radical. Here, the possibility is discussed that H2 
can suppress the electron leakage in the electron transport chain 
(ETC), thereby preventing superoxide overproduction, which is the 
first step during mitochondrial oxidative stress. Mammalian cells 
contain approximately 1000 mitochondria (with 100–10000 ge-
nome copies per organelle) [16]. A mechanism that can regenerate 
mitochondrial dysfunction by improving the uncontrolled electron 
flow or by preventing the deleterious electron leakage from the 
ETC is predicted to have the potential to regenerate the dysfunction 
of the cells by rescuing the disordered population of mitochondria. 
Improvement of mitochondrial dysfunction is also expected to im-
prove the disordered signal transduction that depends on or is re-
lated to cellular redox balance.  
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 Mitochondrial respiratory complexes I, III, and IV are the en-
ergy-converting enzymes that are key to establishing the ETC, 
which converts redox energy into the electrochemical potential 
between the inner mitochondrial membrane and mitochondrial ma-
trix [17]. The electron transfer, which begins with NADH (nicoti-
namide adenine dinucleotide) and ends with the reduction of O2 to 
H2O, generates the proton-motive force across the mitochondrial 
inner membrane, thereby driving complex V (mitochondrial AT-
Pase) to synthesize almost 90% of the ATP from ADP [18]. Spe-
cifically in the mitochondrial complex I that converts approxi-
mately 40% of the energy of the ETC from redox energy to mem-
brane potential, the elaborate catalytic mechanisms employed by 
hydrogenases are conserved through evolution [19]. Although liv-
ing organisms have selected and established this elaborate machine 
through evolution, it is not perfect at least in higher organisms in 
which the inevitable electron leakage from the ETC is often the 
origin of dysfunction of the energy-producing organelle, the mito-
chondrion. About 2% of O2 is assumed to be reduced by leaked 
electrons [20]. This level appears to be within the tolerance level, 
and some ROS are utilized in redox signaling, especially in the 
endothelium [21]. However, higher electron leakage levels increase 
the production of deleterious ROS and induce the vicious circle of 
mitochondrial dysfunction that causes inflammatory diseases, neu-
rodegenerative diseases, endothelial dysfunction, and metabolic 
disorders [10, 22]. Optimal efficiency of electron transfer along the 
ETC is critical for preventing excess electron leakage that interferes 
with the appropriate energy conversion in mitochondria. 

 In the mammalian ETC, ubiquinone (abbreviated as quinone or 
Q) is the most important electron and proton carrier. In complex I, 
the intermediate quinone species including semiquinones (SQ) be-
tween ubiquinone and ubiquinol (QH2) play a pivotal role in con-
verting the energy of the electrons into the proton-motive force by 
still unidentified coupling mechanisms linking the peripheral arm 
with the catalytic center including the iron-sulfur cluster, N2 and 
the membrane domain with the proton pumps [23, 24]. The electron 
and proton transfers via SQ intermediates are also indispensable for 
the Q-cycle in complex III, whereas SQ generated excessively or 
inappropriately is believed to be one of the major sources of super-
oxide [21, 25]. Much of the electron leakage and subsequent pro-
duction of superoxide by a single electron reduction of O2 is as-
sumed to relate to the semiquinone intermediates in the catalytic 
center of the complexes as well as in the Q pools in the mitochon-
drial membrane. The unstable SQ itself with an unpaired electron 
can directly donate one electron to the oxygen molecule to produce 
the superoxide according to the following reaction [26, 27].  

Q•- + O2 → Q + O•
2

- 

 To prevent the electron flow in ETC from generating excessive 
superoxide and causing oxidative damage to the respiratory com-
plexes, it is critical to suppress the production of the deleterious or 
uncontrolled SQ. If an appropriate target can be identified, it will 
become one of the ideal procedures to improve or prevent the nu-
merous diseases induced by the mitochondrial dysfunctions. In this 
review, I focus on the quinone intermediate species including 
semiquinones as a possible target of H2. 

 The highly reactive and unstable semiquinone species have 
been observed by electron paramagnetic resonance (EPR) spectros-
copy both in complex I and III [25, 28]. The stability constant of 
SQ (Q•H) at physiological temperature is approximately 10-10 [29]. 
Therefore, in complex I, at least 105 times of the binding stability is 
required to keep the highly reactive semiquinone form (termed 
SQNf) in the Q-binding site during the energy conversion [30]. 
There appears to be the possibility that these quinone intermediate 
species, including the unstable SQNf in complex I and the unstable 
semiquinone (Q•-) at the Q(o)-site in complex III, may react non-
enzymatically with H2 because of their high reactivity. It should be 
noted, however, that the leading enzyme in the ETC, the complex I, 

is known to have evolved from the energy-converting MBH [2, 19]. 
To consider the interaction of H2 with the quinone species, it is 
important to focus on the possibility that H2 is activated in the qui-
none-binding space (Q-chamber) of the catalytic center of complex 
I, where quinone intermediates species play a pivotal role for the 
energy conversion. 

4. THE STRUCTURE OF THE BINDING SITES OF QUI-
NONE SPECIES IN COMPLEX I 

 Dysfunction of complex I is involved in numerous neurodegen-
erative diseases including PD as well as congenital diseases that are 
caused by the mutation of genes encoding the amino acids forming 
the Q-chamber [31, 32]. Many of the reports concerning the effi-
cacy of H2 are on neurodegenerative diseases, and therefore, it is 
important to discuss the site in complex I, where H2 could interact 
to regenerate the disordered ETC. In the mammalian complex I, 
two electrons are transferred from NADH to the 8 Fe-S clusters via 
the non-covalently bound FMN (flavin mononucleotide) as a hy-
dride ion in the hydrophilic matrix arm of the complex [23, 33]. 
The electrons from the array of Fe-S clusters ending at N2 are 
transferred one by one to the quinone from the N2 cluster, thereby 
generating quinone intermediates species including SQ radicals. 
The N2 cluster is positioned at the deepest tip of the Q-chamber, 
formed by the 49-kDa and PSST subunits that have a pH-dependent 
redox midpoint potential of approximately -150 mV (60 mV per 1 
pH), which is higher than the arrays upstream of the Fe-S clusters 
(approximately -250 mV), which function as electron reservoir in 
complex I [34, 35]. 

 To consider the possibility that H2 is activated in the catalytic 
center of complex I, the binding site of quinone species including 
the reactive intermediates should be the pivot of the discussion. If 
the activation of H2 is possible, it likely could occur during the 
electron and proton transfer in the presence of unstable quinone 
intermediates, preferentially when the electron leakage is induced in 
the Q-chamber at the catalytic center of complex I. Based on this 
model, I discuss the possible site where H2 could be activated as 
electron and proton donor according to the structural information 
and the redox mechanisms recently proposed. 

 In the first report on the entire structure of the crystallized bac-
terial complex I (from Thermus thermophilus), the binding site of 
the quinone head is hydrogen-bonded to the hydroxyl group of 
Tyr87, which is located in proximity to the N2 cluster (9 Å) and is 
essential for the electron transfer with N2 [24, 36]. Although an 
endogenous quinone was not bound to the complex in the crystal 
structure, the folding of the complex I catalytic center is assumed to 
be similar to that of the resolved structure co-crystalized with pieri-
cidin and decylubiquinone in this study. It should be noted that the 
quinone analog decylubiquinone acted on complex I and was hy-
drogen-bonded to His38 as well as Tyr87. In the structure, the qui-
none binding chamber has a length of 30 Å and a diameter of 2-3 x 
4-5 Å [36]. 

 Recently, the mitochondrial complex I structures of yeast (Yar-
rowia lipolytica) [37], ovine (Ovis aries) [38], and bovine (Bos 
taurus) [39, 40] complexes have been reported. The 14 core 
subunits conserved from bacteria are surrounded by multiple 
subunits specific for mitochondria with a total mass of nearly 1 
MDa. An additional feature specific for the mitochondrial complex 
I is the conformational flexibility linked to the movement associ-
ated with the activated (A-form)-deactivated (D-form) transition 
that plays an important role in controlling the generation of ROS as 
well as in the catalysis of the energy-converting redox reactions via 
the quinone species during the enzyme turnover [37, 41]. In the D-
form of mammalian complex I (Ovis aries), the distance between 
the Q head and the N2 cluster is not less than 20 Å due to the exten-
sion of the β1-β2 loop of the 49-kDa subunit into the catalytic cen-
ter [38]. Because only the structure of the D-form has been ob-
tained, the A-form is assumed to be unstable. Although the struc-
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tural data have not been verified, the distance between the quinone 
head groups and N2 cluster in the A-form is assumed to be similar 
to the findings in bacteria; 12 Å was identified as the fast relaxing 
signal of the semiquinone which was analyzed using EPR and was 
sensitive to the proton-motive force (designated SQNf) [42]. During 
the catalytic reactions in the A-from, the mammalian Q head is also 
assumed to enter between His 59 and Tyr108 (corresponding to 
His95 and Tyr144 in Y. lipolytica, and His38 and Tyr87 in T. ther-
mophilus), whereas these two residues are predicted to be located 
closer to each other in the absence of the Q head in the D-form [40]. 
Because the binding of NADH and quinone is assumed to reactivate 
the Q-site to the A-form, the structural requirement for this confor-
mational change to the A-form appears to reflect the flexibility that 
allows the accessibility and binding of different types of quinone 
analogs including inhibitors with bulky extensions (such as rote-
none). This flexible structure of the Q-chamber near the N2 cluster 
also facilitates the mobility of authentic quinone head groups, and it 
may relate to the absence of endogenous ubiquinone in the purified 
complex I. The dynamics of all the possible interactions between 
the quinone species and the catalytic center with His59 prompted 
me to consider the possibility of the usage of H2 as the electron and 
proton donor during the transition from the D- to the A-form of 
complex I, thereby preventing the deleterious electron leakage that 
generates the superoxide, especially in cases of I/R injury. Consid-
ering the complex I conformations in the A-form (including bacte-
rial complex I) and D-form, I propose that H2 is present in the qui-
none/semiquinone reaction chamber, when it is administered. In 
this scenario, the acquired H2 could be positioned between His 59 
and the quinone head groups, forming a triangle with Tyr108. This 
possible configuration including H2, quinone, and basic residues 
resembles the situation during the cleavage reaction of H2 in the 
[NiFe] hydrogenase, supporting the assumption that the structure of 
the catalytic center and the energy-converting mechanisms are con-
served through an evolution including that in complex I [43]. Al-
though complex I lacks a metal catalyst, it should be noted that 
activation and cleavage of H2 do not necessarily require metals and 
the mechanistic basis for the metal-free activation of H2 has 
emerged in the recent decade [44]. 

5. POSSIBLE MECHANISMS TO ACTIVATE H2 IN THE Q-

CHAMBER OF COMPLEX I 

 Complex I-related oxidoreductases are thought to have evolved 
from MBH without acquiring new essential subunits or components 
from energy-converting hydrogenases-related (Ehr) complexes 
[19]. The structures forming the 49-kDa/PSST subunits of complex 
I and the large/small subunits in the hydrogenase are highly con-
served, including the N2 cluster, the proton delivery pathways, and 
the similar folding around the catalytic center, which is assumed to 
be important for the energy-coupling conformational change in both 
proteins [43]. The structure composing the catalytic metals in 
[NiFe] hydrogenase is conserved in complex I except for the space 
occupying the metal center in the hydrogenase of Themus thermo-
philus with the amino acids 85-89 including Tyr87 (Tyr108 in the 
mammalian protein) that functions as the quinone binding site in 
complex I [43]. It is suggested that the ancestor of complex I-
related oxidoreductases, proposed as the missing link in the evolu-
tion from the hydrogenase to complex I, may have utilized both H2 
and ubiquinone as the electron/proton carrying substrate [45]. In 
this review, the possibility that even mitochondrial complex I may 
have the ancestral properties to convert the energy of electron by 
using both quinone and H2 is considered. Among the conserved and 
essential arrays of basic residues close to the catalytic center in 
complex I, His59 in the mammalian Q-chamber (His38 in bacteria) 
and should be examined first as a possible candidate that may acti-
vate H2. 

 The precise mechanisms to cleave the covalent bond of H2 in 
[Ni-Fe] hydrogenase have not been fully understood. However, in a 
recent study, H2 bound to the metal catalyst increased polarity and 

acidity by abstraction of a proton to the adjacent basic amino acid 
in a reaction that involves an arginine located close to the Ni atom 
[46]. This mechanism is based on and akin to the metal-free hydro-
gen activation theory, termed a frustrated Lewis pair (FLP) mecha-
nism [47]. In a model of this mechanism, H2 is activated by being 
sandwiched between Lewis acid and Lewis base, which are steri-
cally prevented from reacting with each other [44]. The interpreta-
tion and involvement of the basic residue in the metal-free FLP 
mechanism even in [NiFe] hydrogenases suggest the possibility that 
the cleavage reaction of H2 in complex I occurs without the Ni atom 
available as the acid catalyst but with a corresponding electrophilic 
reactant. In the mammalian complex I, the location of the proton-
abstracting bases with His59, the oxidized N2 cluster, and the elec-
trophilic/protophilic quinone species may act as accelerant for the 
reaction where two electrons and two protons are supplied from the 
activated H2 to the ETC similar to the typical reaction from Q to 
QH2 in complex I. Here, it is hypothesized that the cleavage reac-
tion of H2 in complex I proceeds via a stepwise electron transfer; it 
replaces the formation of the hydride ion (H-) bound to the Ni-Fe 
cluster in the catalytic center of hydrogenase. In the presence of the 
H2 molecule that entered the catalytic center of complex I, there is 
the possibility that the electrophilic/protophilic form of the quinone 
species, including the unstable semiquinone intermediates, could 
affect the polarity of H2 and increase the activity of H2 by pulling 
the electron/proton to the quinone head groups, thereby facilitating 
the cleavage of H2 according to the partially similar FLP mecha-
nism by the concerted reaction with the nearby base and acid, re-
spectively. The de-protonated bases located in the proximity of the 
N2 cluster are assumed to activate H2 in a scenario when the elec-
trophilic quinone species increase the acidity of H2. The oxidized 
N2 with Tyr108 may also induce the polarity in H2 and abstract the 
electron from the H2 molecule while the protophilic quinone species 
could absorb the proton from H2. However, it is still unknown 
whether the N2 cluster is oxidized (N2ox) or reduced (N2red) even in 
the presence of semiquinone species [24]. Because the quinone 
species are not metal and not fixed to the catalytic center, the mo-
bility of the quinone head groups is associated with a certain veloc-
ity that appears to provide the collision energy typically required in 
these chemical reactions. Moreover, the structural flexibility of the 
catalytic center and mobile quinone species may create the ideal 
intermolecular distance required for the FLP-like reaction involving 
H2, quinone head groups, and nearby bases, as well as the N2 clus-
ter to activate H2. Among the possible combinations of electrophilic 
(acid) and protophilic (base) factors described here, in the scenario 
with quinone or semiquinone species as an electrophilic acid, the 
His59 residue could function as the corresponding base in the 
mechanism akin to FLP. Histidine acts as the elemental base in the 
catalytic center of the amine oxidase or alcohol oxidase where the 
proton is abstracted from a hydroxyl group [48, 49]. Although His-
tidine is not involved in the FLP-related mechanisms, the deproto-
nated imidazole appears to have the potential to absorb the proton 
and polarize H2 by co-operative interaction with the electrophilic 
quinone species and/or oxidized N2 cluster.  

 In [NiFe] hydrogenases, the distance between the guanidine 
base of the Arginine and the Ni atom, which are both involved in an 
FLP-like mechanism, is within 4.5 Å and is occupied by the bound 
H2 molecule [50]. In the case of the catalytic center of the A-form 
of mammalian complex I, the predicted distance between the 
semiquinone species and the hydroxyl of Tyr108 is predicted to be 
~3 Å, and the His59 residue is assumed to be positioned in proxim-
ity at the opposite side of the tyrosine [24, 36]. Because the quinone 
head groups are mobile, it is assumed that the position of the H2 
between the quinone head groups and the His59 base could have the 
ideal distance for the H2 activation by an FLP-like interaction. 
His55 is another conserved residue in the proximity of His59 that 
also may be involved in the oxidation of H2; although, this possibil-
ity depends on whether the C1 or C4 side groups of the Q-head 
species in the electrophilic state are accessible to H2 during the 
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transition from the D- to the A-form. Furthermore, other bases close 
to the catalytic center could be considered as hypothetical candi-
dates, which abstract the protons from the H2 molecule by the FLP-
like mechanism that polarizes this molecule when it is trapped be-
tween the quinone head groups. The residues Arg63 and Arg53 
(residues Arg99 and Arg89 in Y. lipolytica, respectively [37]) are 
potential candidates that could function as proton-abstracting bases, 
although it is not clear how close they come to the Q-head during 
the conformational change to the A-form [37]. In addition, the dis-
tance between the N2 cluster and the His190 residue, which is 
known as the redox-Bohr group (His226 in Y. lipolytica, and 
His169 in T. thermophilus), is within 4 Å [51-53]; thus, this pair 
may have a mechanism similar to the FLP-like mechanism, al-
though the probability is low without the association of a quinone 
species. Many complex I inhibitors are analogs or antagonists of 
quinone. Investigations using such inhibitors may demonstrate the 
involvement of the quinone species in the activation of H2 in com-
plex I. 

 Although the accessibility of H2 close to His59 and Tyr108-N2 
during the D-form cannot be currently confirmed by the mammal-
ian structure, it is very likely, because the complex I evolved from 
[NiFe] hydrogenases and shares highly conserved amino acid resi-
dues with these hydrogenases that are critical for the conformation 
of the catalytic chamber [43, 54]. Importantly, the efficacy of H2 in 
the I/R injury is consistent with the fact that the D-form prevented 
the generation of superoxide during I/R injury and decreased the 
risk of electron leakage during the D-A transition [41]. Notably, 
besides the structure of the quinone-binding site, which is highly 
conserved with [NiFe] hydrogenases, there are also many polar and 
hydrophilic amino acids on the surface of the Q-chamber that the 
two enzyme complexes share [43]. The surface in proximity to the 
N2 cluster of the Q-chamber is positively charged due to conserved 
basic residues, and the distal part is negatively charged where the 
bound hydrophobic Q tail is positioned to block the entry of solvent 
molecules [36]. The separation of the Q-chamber into the acidic and 
basic parts (by shifting the charges from negative to positive toward 
the tip of the chamber) may electrostatically affect the polarity of 
the quinone molecule occupying the entire length of the Q-
chamber, which may also affect the redox reactivity of the quinone 
head groups as well as the velocity of the quinone species entering 
the catalytic center. And even in the presence of the isoprenoid Q 
tail at the entry of the Q-chamber, there still is the possibility that 
H2 could move to the tip of the chamber due to the amphipathicity 
of H2. Any mutation of these strictly conserved and charged resi-
dues on the surface of the Q-cavity impairs the function of complex 
I and is related to human diseases [36, 55]. 

6. MODELS FOR THE ELECTRON FLOW FROM THE AC-
TIVATED H2 IN THE Q-CHAMBER 

 The midpoint potential (Em) is estimated to be approximately -
420 mV for H2/2H+, +90 mV for Q/QH2, and (-150)-(-250) mV for 
the N2 cluster (pH dependency: -59 mV/pH)  [2, 43]. The nega-
tively charged semiquinone anion and quinol anion provide the 
energy that is converted by proton pumping, by being stabilized 
with a shift of the midpoint potential of approximately 200 mV 
according to the two-state model for proton pumping [34]. The 
activated H2 has the thermodynamic potential to provide the redox 
energy to these stabilized anionic intermediates. In this scenario, the 
potential convertible for proton pumping will be charged again. In 
addition, the H2 molecules have the thermodynamic potential to 
donate the electrons to the unstable quinone intermediates including 
the negatively charged semiquinones with low Em values (~ (-200)-
(-300) mV) [34]. The dissociation constant for the deprotonation of 
the quinol anion is estimated to be 2 x 10-13 M. The quinol anion 
appears to have the potential to activate H2 as a proton drawing 
base, whereas the semiquinone anion could work either as an elec-
trophilic or protophilic molecule. Furthermore, the basic residues 
(including His59) could absorb protons as described in the former 

section; alternatively, the electrophilic N2 cluster associated with 
Thy108 may also polarize and activate H2 for the collision with the 
quinone species. The possible electron and proton transfer from H2 
to the quinone species (Q: quinone, Q•-: semiquinone anion, Q•H: 
protonated neutral semiquinone, QH-: quinol anion) are presented 
below. H+-base indicates the proton-absorbing bases (including 
His59) and N2ox-e

- indicates the oxidized N2 cluster that accepts 
the electron. 

Electron transfer from H2 to Q  

Q + H2 → Q•-+ H+-base + H•→ Q•H + H+-base + e-→ QH- + H+-
base→ QH2                                                                                     (1) 

Electron transfer from H2 to Q•- 

Q•- + H2 → Q2- + H+-base + N2ox -e
-+ H+ → QH- + H+-base + N2 red 

→ QH2 + N2 red                                                                               (2) 

Proton transfer from H2 to Q•- 

Q•- + H2 → Q•H + N2ox -e
- + H+-base + e- → QH-+ N2 red + H+-base 

→ QH2 + N2 red                                                                               (3) 

Electron transfer from H2 to Q•H 

Q•H + H2 → QH- + H+-base + N2ox -e
- + H+ → QH2 + N2 red + H+-

base                                                                                                 (4) 

Proton transfer from H2 to QH- 

QH- + H2 → QH2 + N2ox -e
- + e- + H+-base → QH2 + N2 red + e- + 

H+-base                                                                                           (5) 

 Hypothetical reaction (1) would require an earlier activation of 
H2 by the neighboring bases and the electrophilic N2 cluster, 
whereas reactions (2) to (5) would depend on the bifurcated elec-
tron flow from N2ox to NAD+ via N2red (reverse flow) and from 
quinone intermediate species to QH2 (forward flow). It should be 
noted that during the first step, H2 would act as a reductant in reac-
tions (1), (2), and (4), but as an oxidant in reactions (3) and (5) 
against the anionic quinone species. The mechanism of multistep 
reactions (3) and (5) could be named “oxidant (or oxidation)-
induced reduction,” which is traditionally used for the oxidoreduc-
tion mechanism in complex III (described later). In both reactions, 
H2 would initially behave as proton-donating oxidant against the 
anionic form of the quinone species. Then, the oxidized N2 cluster 
would be reduced by accepting the electrons from H2 as a reverse 
step; moreover, in reaction (3), protonated neutral semiquinone 
would also be reduced subsequently. In the hypothetical description 
here, H2 would rectify the electron flow in both directions as reduc-
tant and oxidant by donating electrons and protons, respectively, to 
the ubiquinone species including the reactive intermediates. This 
reaction would prevent progression to the pathological dead end of 
the ETC, which is the stage prior to the I/R injury. 

 The midpoint potential of H2 has the thermodynamic potential 
to enable the reverse flow to the reduced NADH with the Em of 320 
mV. The two-way flow of electrons is expected to decrease the risk 
of oxidative burst during I/R injury by reducing the quinone inter-
mediates to quinol and donating electrons to the oxidized N2, which 
could, in turn, transfer the electrons to the Fe-S cluster array to 
reduce oxidized FMN with free radicals and/or to reduce NAD+ to 
NADH. In addition, the quinone intermediate species are fully re-
duced to ubiquinol by the forward electron transfer from H2, which 
decreases the risk for the superoxide formation related to the 
semiquinone radicals in the Q-pool with the benefit of increasing 
the antioxidant potential of the Q-pool. Further, the hypothetical 
reverse electron transfer from H2 to the oxidized N2 would be fa-
cilitated by the pH-dependent Em of the N2 cluster. In this model, 
the redox energy of H2 is supposed to be separately consumed to 
reduce the unstable quinone intermediates with the activation en-
ergy of H2; in this case, the remaining redox energy will be favor-
able if the Em of N2 is higher than the other Fe-S clusters with ~250 
mV [34, 43] according to the redox-Bohr effect. Downhill reverse 
electron transfer from the cleaved H2 will proceed more easily to 
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the N2 cluster with the higher Em of -150 mV [42]. In contrast, in 
the absence of quinone species and the membrane potential provid-
ing the proton motive force, the lower Em of N2 cluster might con-
tribute to the simple reactions with H2, N2, and the nearby bases 
because of the closer Em of N2 to H2. 

 In addition to the catalytic center of complex I, another hypo-
thetical candidate of the site where H2 could be activated in the Q-
chamber is the bottleneck of the channel where the basic residues 
Arg71, Arg274, and hydroxy-Arg77 are surrounding the neck [38, 
40]. Hydroxyl-Arginine is known as the oxidized intermediate of 
arginine that is produced during the biosynthesis of nitric oxide due 
to the oxidation of arginine, following the generation of nitrite and 
citrulline [56]. The narrowest diameter is predicted to be 1.9-2.2 Å 
in the D-form, whereas the quinone head with 6 Å width will block 
the deeper access to the N2 catalytic tip. Even in the D-form or in 
the state when the channel is not fully open, the quinone head has to 
go through the bottleneck, and a collision with H2 during the pas-
sage might induce an activation by the FLP-like mechanism, which 
would involve the catalytic quinone head groups, the proton-
abstracting arginine bases (Arg71 or Arg274), and the proton-
donating oxidized arginine bases (hydroxy-Arg77). This bottleneck 
appears to be near the position of the SQNs, which was detected by 
EPR as the slow relaxing signal with a distance of 30 Å between the 
SQNs and the N2 site [25]. Thus, there is the possibility of a reaction 
between SQNs and the surrounding bases. The hypothetical model 
for the electron flow from the activated H2 in the Q-chamber is 
schematically presented in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). A hypothetical schematic for the activation of H2 in the Q-chamber. 

 

 The yellow arrows pointing in opposite directions indicate the 
bifurcate flow of electrons donated by the activated H2. The red 
arrows indicate the donation of protons from H2. The pale orange 
box represents the Q-chamber, and the “Q” head with the isopre-
noid tail represents the quinone species including the semiquinone 
intermediates. Red circles represent the basic amino acids assumed 
to be indispensable for the catalytic function of complex I. The 
open circle indicates the conserved tyrosine residue required for the 
electron transfer of the N2 cluster. The large blue background circle 
depicts the part of complex I involved in the H2 activation of this 
hypothetical interaction. The pair of blue circles symbolizes H2. 
The blue arrow in the Q-chamber indicates the movement of qui-
none species with a certain velocity to collide with H2. 

7. SEMIQUINONE RADICALS IN COMPLEX III 

 The production of superoxide in complex III (cytochrome bc1 
complex) is well defined. The mechanism of the so-called Q-cycle, 
which couples the electron transfer from ubiquinol to cytochrome c 
by the proton pumping at the stoichiometry of 2e-/2H+, was origi-

nally proposed by Michell and later modified [57, 58]. During the 
cycle, unstable semiquinone is generated at the Q(o) site (also 
called the positively charged P-side). Although complex III does 
not have an evolutionary relationship with hydrogenases, and there 
is no rationale to explain the potential that H2 could intervene with 
the Q-cycle as electron and/or proton donor, there appears to be the 
possibility that the unstable semiquinone radical at the Q(o) site, 
where most of the superoxide is supposed to be generated, may 
react with H2 and suppress superoxide production. The superoxide 
at the Q(o) site is assumed to be generated in the presence of the 
semiquinone intermediate during forward electron transfer from 
ubiquinol to the b-type heme (cytochrome bL), especially under 
pathological conditions, such as I/R injury, when the so-called 
“oxidant-induced reduction” is observed due to the high electro-
chemical membrane potential with the reduced Q-pool (1) [21, 59]. 
Alternatively, the reverse electron transfer from the reduced cyto-
chrome bL to the oxidized quinone appears to be a more plausible 
mechanism for the generation of superoxide at the Q(o) site (2) 
[27]. In this scenario, the highly oxidized Q-pool is a critical factor 
for the superoxide burst. Therefore, at the Q(o) site, it would be 
important to forwardly reduce the semiquinones of the Q-pool up-
stream of complex III to prevent the reverse reduction of oxidized 
quinone under physiological conditions and/or to re-reduce the 
semiquinone, which was forwardly reduced from quinol before the 
semiquinone donated the electron to the O2 which would be over-
supplied under the reperfusion after inducing the hypoxic condition. 
The hypothetical bifurcate electron donation from H2 to the unsta-
ble semiquinone and oxidized Rieske [2Fe2S] cluster at the Q(o) 
site appears to make it possible to prevent the two mechanisms for 
superoxide production (1 and 2, above) and may rescue the Q-cycle 
in both directions. The semiquinone at the Q(i) site is stabilized by 
the enzyme and the midpoint potential of cytochrome bH is rela-
tively high. If H2 could be reacted with semiquinone at this site, the 
reduction itself appears energetically favorable, but the activation of 
H2 seems to be difficult. 

8. SUPERCOMPLEX AND DYNAMICS OF QUINONE SPE-

CIES IN ETC 

 The appropriate amount and the distribution of quinone species 
in the mitochondrial inner membrane are not completely defined. 
Recently, studies on mice with genetically blocked or partially re-
duced quinone biosynthesis provided new insights on the general 
requirement of quinone and the appropriate quinone content in the 
ETC, which has become a focus of recent research. These genetic 
approaches suggested that intricate mechanisms are controlling the 
quinone content in the ETC. Interestingly, Mclk1+/- heterozygous 
mice with a partially decreased quinone phenotype had an extended 
lifespan associated with an approximately 20% lower content of 
quinone in the inner mitochondrial membrane [60]. Interestingly, 
the experiments with Mclk1 conditionally knockout mice indicated 
that the lowest required level of quinone in the ETC is unexpectedly 
lower than the normal level [61]. Although a 90% reduction in qui-
none severely affected the heart, kidneys, and skeletal muscles as 
indicated by the dysfunction of mitochondrial respiration (50% of 
state 3 respiration), only 10% of the normal quinone content could 
supply sufficient energy to the heart to ensure survival [62]. The 
least functional ETC with the low content of quinone may relate to 
the formation of the supercomplex in the mitochondrial respiratory 
system. Recently, the supercomplex containing all components 
(complex I-III-IV) required for mitochondrial respiration, starting 
from NADH to O2 as the terminal electron acceptor, has been iso-
lated [63]. It is suggested that the relevant conformations of the 
supercomplex may relate to the efficient electron transfer and also 
suppress the excess generation of ROS [33]. It should be noted that 
the distance between the Q-binding site of complex I and III in the 
bovine assembly is approximately 13 nm that allows quantum tun-
neling [64, 65]. It suggests that quinone is not necessarily required 
to move out from the Q-chamber of complex I to carry the electrons 

�
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into complex III. In the hypothetical utilization of the H2 molecule 
in the Q-binding site in complex I or III as described in the previous 
section, it is possible that the FLP-like activation of H2 includes this 
non-diffusive interaction where the quinone species may act like a 
catalyst rather than a simple electron carrier. It is suggested that the 
Q-content in the supercomplex correlates with the size of the Q-
pool [66] and the rate of oxidized quinone in the Q-pool affects the 
generation of ROS in complex III [27]. Either in the ETC carried 
out by the mobile quinone species with random collision to com-
plex I-III-IV or in the ETC completed by the stalled quinone spe-
cies in the supercomplex assembly, the unfavorable level of qui-
none intermediates stuck in both forward and reverse directions 
should be completely reduced to suppress the generation of ROS. 
The hypothetical possibility where the activated H2 donates electron 
and proton with the catalytic quinone species may contribute to 
rectifying the electron and proton flow in the disordered ETC de-
scribed above. Although the isolated mammalian supercomplex is 
equipped with one or a few quinones [64], the precise ratio of the 
Q-content to complex I assembled in the mammalian supercomplex 
is not clear in vivo. The EPR-detectable SQ-signals are assumed to 
be less than one quinone per complex I in bovine mitochondria and 
also Q-content in the fully active complex I of yeast was sub-
stoichiometric (0.2-0.4 per complex I) [53, 67]. These observations 
may suggest the properties of quinone species as a catalyst.  

9. EFFECTIVE CONCENTRATION OF H2 

 Animal experiments in rats showed that the inhalation of H2 
could suppress the I/R injury of the brain at an effective H2 concen-
tration in the artery and vein 1 hour after inhalation of 2% H2 gas at 
a concentration of nearly 20 μM and 10 μM, respectively [5]. In a 
clinical report, the concentration of H2 in blood 30 min after inhal-
ing 3% H2 gas was close to the corresponding values in the study 
above [68]. In cases where H2 was dissolved in water for admini-
stration (15 mL/kg of 0.8 mM H2 water was administered to the 
rats), molecular H2 did effectively alleviate nephrotoxicity caused 
by cisplatin at a concentration of 5–6 μM of H2 in blood [69]. The 
measured blood concentrations of H2 were in the range of 5–20 μM, 
which typically means that a similar concentration is achieved 
throughout the body due to the passive diffusion property of H2, 
which appeared to be enough for the enzymatic activity of [NiFe] 
hydrogenase to oxidize H2. The Km value for [NiFe] hydrogenase is 
in the range of 1-10 μM and the enzyme can oxidize H2 even at a 
partial pressure of 0.01 bar (corresponding to 8 μM dissolved H2) 
[70, 71]. Although the catalytic activity of complex I for the oxida-
tion of H2 proposed here is hypothetical, the accessibility and pres-
ence of H2 in the quinone catalytic site is very instructive, consider-
ing the structural similarity around the conserved catalytic centers 
of complex I-related enzymes and [NiFe] hydrogenases [43]. Apart 
from the physiological activity of complex I, the possibility to util-
ize H2 seems to be restricted even if it exists. The hypothesis here is 
based on a pathological complex I with leaky electrons due to the 
disorders affecting the ETC and/or an increase of highly reactive 
semiquinone intermediates. Recently, the beneficial effects of H2 
were discussed by Ostojic from the view of bioenergetics [72]. In 
the commentary, the author suggested that H2 affects energy me-
tabolism via activation of the metabolism-related factors including 
ghrelin, GLUT1, GLUT4, and FGF21. Although it is not known 
how H2 triggers these signal cascades, the hypothetical insight pre-
sented here may prompt future studies to consider the relationship 
between the mitochondrial energy metabolism and H2, which might 
be involved in the activation of the cascades. In Japan, water con-
taining extremely high concentrations of H2 (recently reaching 8 
ppm in the water) is available, and we have observed over the past 
7 years that many people have adapted the habit of drinking H2-
enriched water daily. It is important to identify and describe the 
proper mechanisms, which should explain the benefits of H2 intake. 
Furthermore, future studies should focus on the effectiveness of H2 
to determine the optimal administration method and dose needed 

for having health benefits and therapeutic activity in various dis-
eases. 

CONCLUSION 

 Many reports examining the therapeutic efficacy of H2 are lim-
ited in their suggestion that H2 exerts its effects as the scavenger 
molecule for the hydroxyl radical and peroxynitrite (“scavenger 
theory”). However, it is critical to consider other potential mecha-
nisms that could explain the efficacy associated with the consump-
tion of H2, which has been observed in clinical trials. Although the 
experimental evidence for the activation of H2 in the Q-chamber is 
lacking, the recently developed FLP theory and the conserved struc-
tural features shared between the energy-converting complex I and 
the hydrogenases provide a strong argument for considering the 
significance of a new possible mechanism discussed here. H2 is 
proposed to function as the rectifier for the mitochondrial electron 
flow in the disordered or pathological state. Notably, the possibility 
exists that H2 may work as both reductant and oxidant by donating 
electrons and protons, respectively, to the ubiquinone species in-
cluding the reactive intermediates, thereby preventing the prema-
ture leakage of electrons from the ETC and, consequently, the gen-
eration of ROS. Our group currently investigates this possible 
mechanism of action for H2 treatment. It appears to be important 
that researchers interested in H2 therapy are introduced to this pos-
sible mechanism in addition to the conventional scavenger theory, 
which will expand our knowledge about the potential health bene-
fits associated with the consumption of H2. 

LIST OF ABBREVIATIONS 

H2 = Molecular hydrogen 

ROS = Reactive oxygen species 

Fe-S = Iron-sulfur 

MBH = Energy-converting, membrane-bound [NiFe]-
hydrogenases 

I/R = Ischemia-reperfusion 

PD = Parkinson’s disease 

RA = Rheumatoid arthritis 

ETC = Electron transport chain 

NADH = Nicotinamide adenine dinucleotide 

Q = Ubiquinone 

SQ = Semiquinones 

QH2 = Ubiquinol 

EPR = Electron paramagnetic resonance 

FMN = Flavin mononucleotide 

A-form = Activated form 

D-form = Deactivated form 

Ehr = Energy-converting hydrogenases-related 

FLP = A frustrated Lewis pair 

H- = Hydride ion 

N2ox = Oxidized N2 cluster 

N2red = Reduced N2 cluster 

Em = Midpoint potential 
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