Exploratory Research and Hypothesis in Medicine 2022 vol. 000(000) | 000-000  Epub
DO 10.14218/ERHM.2022.00083 HH

Check for
updates

Hypothetical Hydrogenase Activity of Human Mitochondrial
Complex | and Its Role in Preventing Cancer Transformation

Fuxiong Lu"

Department of Bioinformatics, Bayonne Press, Bayonne, USA

Received: June 28, 2022 | Revised: July 28, 2022 | Accepted: August 02, 2022 | Published: August 31, 2022

Abstract

Cancer research has made a magnificent progress in past decades with an advancement of molecular biology. How-
ever, the mechanisms of cancer transformation are still not fully revealed. Thus, we must think about if there are
some unknown factors playing a causative role in the cancer formation. Mitochondrial complex | oxidizes NADH to
NAD* and reduces ubiquinone to ubiquinol, regenerated NAD* keeping pyruvate dehydrogenase and Krebs cycle
function. Hydrogenases are widespread in nature, they occur in bacteria, archaea, and some eukarya. It is unknown
whether hydrogenase activity exists in human mitochondria. The complex | shares a last common ancestor with
hydrogenases, and is closely related with hydrogenase in sequence and modular structure. The hydrogenase activity
has been observed recently in complex | of higher plants. Based on these observations, | propose a hypothesis that
mitochondrial complex | in human may also retain the hydrogenase activity. The hypothetical hydrogenase activ-
ity could release excessive reducing equivalents of NADH from electron transport chain when a cell is in hypoxia,
decreased oxidative phosphorylation or a low ATP demand. Loss of the hydrogenase activity may result in aerobic
glycolysis, activation of pentose phosphate pathway, elevated lipid synthesis, and activations of oncoproteins via
acetylation, all of these alterations lead to cell proliferations and cancer transformation. Reducing mitochondrial
NADH/NAD* ratio or recovering the hydrogenase activity would reverse the cell transformation.

Introduction with a bacterial NAD*-reducing hydrogenase.? Moreover, hydroge-
nase activity has been detected in higher plants mitochondria and is

3 . .
Complex 1 (NADH:ubiquinone oxidoreductase, E.C.1.6.5.3) closely related to complex I.° Based on these observations and ubig-

uity of mitochondria in eukaryotes, it is likely that human mitochon-
drial complex I also possesses hydrogenase activity. On the other
hand, it is generally accepted that aerobic glycolysis is a hallmark of
cancer cells. Warburg initially suggested that the aerobic glycolysis
was caused by mitochondrial defect.* However, later studies show
that cancer cells still exhibit certain extent of oxidative phosphoryla-
tion (OXPHOS) to meet the cellular energy demand. Other studies
indicate that the aerobic glycolysis may result from upregulation of
oncogenes, such as c-Myc and Hypoxia-Inducible Factor (HIF), or
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is the first enzyme in the respiratory chain of mitochondria and
bacteria, which catalyzes the oxidation of NADH and the reduc-
tion of quinone. Close relations between complex I and group 4
membrane-bound [NiFe] hydrogenase suggest that complex I arose
from the association of a soluble nicotinamide adenine dinucleo-
tide (NAD")-reducing hydrogenase with a Mrp-like antiporter.! In
addition, Bovine mitochondrial complex I has sequence similarity

The hypothesis
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MYC directly activates the transcription of almost all glycolytic genes
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Fig. 1. Glucose metabolism and cancer formation. Under conditions of hypoxia, reduced OXPHOS, or low ATP demand, the pyruvate oxidation in mitochon-
dria decreases. The accumulated pyruvate is reduced to lactate with regenerating NAD+ when cellular ATP demand is high, whereas the glucose metabolism
diverts to PPP when the ATP demand is low. The PPP produces biomass precursors and NADPH for the syntheses of nucleic acids, proteins, and lipids, which
lead to cell replications. On the other hand, the citrate is converted to OAA and acetyl-CoA that enhances protein acetylation. The acetylation of oncopro-
teins activates Myc, E2F1, cyclin E, cyclin D1, etc. If complex | possesses hydrogenase activity, the excessive equivalents of NADH could be released by the
formation of molecular hydrogen. Thus, the PDC and Krebs cycle would be de-inhibited, resulting in complete oxidation of pyruvate to CO2 in mitochondria.
Since the glucose carbons are completely converted to CO2, there is little biomass accumulation and the cell cannot replicate. Black arrow lines mean acti-
vation, red lines mean inhibition. AA, amino acid; OAA, oxaloacetate; ACLY, ATP citrate lyase; NAD, nicotinamide adenine dinucleotide; FAD, flavin adenine
dinucleotide; CoQ, coenzyme Q; Cyt C, cytochrome C.

transformation. In hypoxia, reduced mitochondrial capacity for cumulated pyruvate in cytoplasm is reduced to lactate by lactate
OXPHOS, or low ATP demand, the electron transport chain (ETC) dehydrogenase (LDH) with regenerating NAD™* that accelerates
is unable to oxidize as much amount of NADH as that produced glycolysis. The activation of glycolysis may also be accompanied
by pyruvate dehydrogenase complex (PDC) and tricarboxylic by an increase in pentose phosphate pathway (PPP) activity for
acid (TCA) cycle. In these situations, the hydrogenase activity of biosynthesis.® On the other hand, the mitochondrial citrate can
complex I could transfer electrons from NADH to proton to form be transported to cytoplasm to restore oxaloacetate (OAA) and
molecular hydrogen and release excessive reducing equivalents acetyl-CoA, which serves de novo lipid synthesis and enhances
of NADH. In case of losing the hydrogenase activity, the NADH/ protein acetylation that activates oncoproteins.”® Taken together,
NAD" ratio is increased, which inhibits PDC and TCA cycle, re- these metabolic alterations lead to sustained biomass syntheses
sulting in reduced entry of pyruvate into mitochondria. The ac- and cell proliferations (Fig. 1). Thus, decreasing NADH/NAD" ra-
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tio, recovering hydrogenase activity or increasing ATP consump-
tion may reverse the transformation.

Similarities of complex I with hydrogenases

Hydrogenases exist in bacteria, archaea, and some eukarya.’ It is
unknown whether hydrogenases exist in human cells. The proto-
type complex I from prokaryotes may be viewed as a combina-
tion of 14 subunits, constituting a peripheral and a membrane
arm. The peripheral arm is composed of seven subunits (NuoB
to G and Nuol). The membrane arm is also constituted by seven
subunits (NuoA, H, J to N).1° It has long been recognized that
complex I is closely related with group 4 hydrogenases. These
hydrogenases are membrane-bound enzymes, which receive
electrons from cytoplasmic donors and reduce protons to hydro-
gen. The simplest known functional group 4 hydrogenases are
the energy-converting hydrogenase (Ech). They are constituted
by six subunits EchA to F. The membrane subunits EchA and
EchB are homologous to NuoL and AuoH respectively, whilst the
peripheral subunits EchC, D, E and F are homologous to subunits
NuoB, C, D and I, respectively.! In addition, the most closely
related to complex I are the formate hydrogenlyases (FHL) of Es-
cherichia coli: a seven subunit FHL-1 and a ten subunit FHL-2.
Nine subunits of FHL-2 are homologous to 10 subunits of com-
plex L' Moreover, the quinone binding site in complex I appears
to correspond to the NiFe active site in hydrogenase.'> Besides
prokaryotes, the bovine mitochondrial complex I was also related
to bacterial NAD"-reducing hydrogenase. The protein sequences
of the 51-, 24-, and 75-kDa subunits of bovine mitochondrial
complex I all have homologues in the soluble NAD"-reducing
hydrogenase from A. eutrophus.?

Hydrogenase activity of mitochondrial complex I in higher
plants

It was reported that higher plants can produce H, during seed’s
germination or from tissue lysis.!? The photosystem in chloroplasts
had been shown to have H, evolution activity.!* Recently, Zhang
et al® have reported that a hydrogenase activity existed in higher
plants mitochondria and was closely related to complex I. Hypoxia
could simultaneously promote H, evolution and succinate accu-
mulation. The authors suggest that increased succinate and NADH
are the driving force of the mitochondrial H, production. The H,
production at least in plants is to adapt to the metabolic stress such
as succinate accumulation, increased reduction of Q-pool and
NADH/NAD+ ratio caused by hypoxia in order to maintain a more
effective redox homeostasis regulation.? It is interesting to note
that exogeneous H2 could greatly reduce the oxidative damage in
animal and human body,!5 although the actual effect of oxidative
stress in cancer formation was disputed.!¢

Implications of complex I hydrogenase activity in glucose me-
tabolism

Glucose is converted to pyruvate through glycolysis, most of
which is transferred to mitochondria under normal oxygen con-
dition and is oxidized to acetyl-CoA and CO, by PDC, with re-
duction of NAD" to NADH. The acetyl-CoA then enter into TCA
cycle in which it is oxidized to CO, and reduces NAD* to NADH.
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The NADH is oxidized by complex I to regenerate NAD*. Elec-
trons from NADH and FADH2 pass through the ETC to oxygen
to generate a proton gradient across the mitochondrial membrane
. This gradient is utilized by the ATP synthase to produce ATP to
meet cellular energy demand (Fig. 1).17-19

In hypoxia, reduced capacity for OXPHOS or resting state of
cells (low ATP demand), the ETC is unable to oxidize as much
amount of NADH as that produced by PDC and TCA cycle. The
increase in NADH/NAD™ ratio inhibits PDC and all the regula-
tory enzymes in the TCA cycle.?*2! The inhibition of pyruvate
oxidation results in reduced entry of pyruvate into mitochondria.
Hence the accumulated pyruvate in cytoplasm is reduced to lac-
tate by LDH, regenerating NAD" and accelerating glycolysis
since it requires NAD™ to keep function. If complex I possesses
a hydrogenase activity the excessive NADH could transfer elec-
trons to protons to form molecular hydrogen and reduce NADH/
NAD" ratio, providing the redox potential of H/H, is higher than
that of NAD"/NADH and that of UQ/UQH, (electrons flow from
low potential to high one). Consequently, the excessive reducing
equivalents of NADH are released as a form of molecular hydro-
gen. Without constrain of high ratio of NADH/NAD", the pyruvate
oxidation and TCA cycle can keep functions, even in hypoxia or
low capacity for OXPHOS (Fig. 1).

Loss of complex I hydrogenase activity may lead to cancer
formation

Cancer cells may lose the hydrogenase activity due to complex I
gene mutations or epigenetic alterations. Loss of it could increase
NADH/NAD™ ratio, inhibit PDK and TCA cycle, upregulate gly-
colysis and PPP, enhance lipid synthesis, and activate oncogenes
via protein acetylation.

Upregulation of glycolysis and PPP
Increase in NADH/NAD" ratio

Under hypoxia the NADH/NAD" ratio in the mitochondria often
increases owing to slowing of electron transport and consequent
decrease in the rate of NADH oxidation.>2?? It was also observed
that several cell lines from cholangiocellular carcinoma and hepa-
tocellular carcinoma showed significantly high NADH levels com-
pared to normal hepatocytes.??

Inhibition of PDC and TCA cycle by NADH

The increase in NADH/NAD" ratio inhibits PDC and Krebs cy-
cle (especially NADH producing reactions) activities.?*! PDC
catalyzes the rate-limiting oxidative decarboxylation of pyruvate
into acetyl-CoA with reduction of NAD* into NADH. The PDC
activity is regulated mainly by pyruvate dehydrogenase kinases
(PDKs). PDC phosphorylation by PDK inactivates its activity. The
PDKs regulate PDC activity by responding to diverse allosteric
modulators. Increase in NADH/NAD ratios is strong allosteric ac-
tivators of PDKs, shutting down PDC activity.?! The regulation of
the TCA cycle and its constant feedback with OXPHOS is critical
to keep the cells in a stable state. NADH inhibits all the regulatory
enzymes in the TCA cycle. Thus, when electron flux through ETC
slows down, NADH accumulates and the TCA cycle shuts down
consequently (Fig. 1).2
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Upregulation of aerobic glycolysis and PPP

Pyruvate, as an end product of glycolysis, can be converted to lac-
tate by LDH, whose activity is regulated by the relative concentra-
tions of its substrates. The increased levels of pyruvate and NADH
activate LDH to produce lactate and regenerate NAD". 2425 The
NAD" is required for the activation of glyceraldehyde phosphate
dehydrogenase (GAPDH), one of key enzymes of glycolysis.
However, the enhanced glycolysis itself is insufficient to promote
cell replication.%2¢ Glycolysis provides cells with ATP production,
whereas PPP produces ribose-5-phosphate, amino acid precur-
sors?” and NADPH for the syntheses of nucleic acids, proteins and
lipids. When a cell needs more ATP pyruvate is reduced to lactate
with NAD™ regeneration, so that the glycolysis can keep function
to supply the cell with ATP. This is the cases that skeletal muscles
produce lactate while exercising, and that most people with mi-
tochondrial diseases such as MELAS have a lactic acidosis, but
no higher incidence of cancers.?® In this situation, the cells can-
not replicate due to lack of biomass precursors. When a cell has
sufficient ATP for maintenance of its structures and functions, the
increased ATP level inhibits glycolysis,?® and the glucose and gly-
colytic intermediates are diverted to PPP to promote biomass syn-
theses and cell replications.® Thus, the glucose metabolism may
oscillate between glycolysis and PPP according to cellular energy
demand. This hypothesis is supported by that the PPP, together
with glycolysis, coordinates glucose flux and supports the cellular
biogenesis of macromolecules and energy production.® The glyco-
lysis provides cells with energy, while PPP supplies precursors for
biomass syntheses. If the hypoxia or reduced OXPHOS capacity
persist the cancer cells could adapt metabolically to these environ-
ments and alter epigenetics (activation of oncogenes) in favor of
glycolysis and PPP. After the epigenetics have been changed, can-
cer cells could proliferate continuously even under normal oxygen
condition (aerobic glycolysis, so called Warburg effect) (Fig. 1).4

In perspective of central carbon metabolism, glucose can be
converted to metabolic precursors that are used to generate the
entire biomass of the cell.2’” When pyruvate is not oxidized com-
pletely to CO, in mitochondria or reduced to lactate in cytosol, the
glucose metabolism is shunted to PPP in which only 1/6 of glucose
carbons are converted to CO, and rest to biomass precursors (Fig.
1). As the biomass accumulates, the internal energy (U, it depends
on the amount of substance it contains) of a cell increase. When the
internal energy doubles owing to the accumulations of biomass,
the cell should divide into two in order to accommodate the inter-
nal energy level at a physiological range. Therefore, cancer cells
duplicate uncontrollably.

Citrate, acetyl-CoA, and protein acetylation in cancer cells

In addition to upregulation of aerobic glycolysis and PPP, the in-
termediate metabolites of TCA cycle play important roles in cell
growth and proliferation as well.?’ Citrate is synthesized from
acetyl-CoA and oxaloacetate (OAA) in the first step of TCA cycle
and can be transferred to cytosol via the citrate/isocitrate carrier
(CIC) and be converted back to acetyl-CoA and oxaloacetate by
ATP citrate lyase (ACLY). Acetyl-CoA is a vital building block
for the endogenous biosynthesis of fatty acids and cholesterol. The
increased fatty acid synthesis in cancer cells enhances membrane
biogenesis in rapidly proliferating cancer cells.?? On the other
hand, the increase in acetyl-CoA levels has been associated with
alterations in acetylation of both global histone and non-histone
substrates including oncoproteins,30-33
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It was reported that CIC mRNA levels were increased in various
cancer cell lines and human tumors, and CIC levels were found
elevated in many tumor cell lines.?* In addition, ACLY is shown to
be upregulated in cancer cells, and inhibition of ACLY suppresses
proliferation of certain types of cancer cells.?*35-37 Moreover, dis-
tinctive elevation of ACLY expression and activity was observed
in colon, breast, lung, stomach, bladder, prostate, and liver tu-
mors 30-38-40

Acetyl-CoA represents a critical metabolic signal for growth
and proliferation. Upon entry into growth, intracellular acetyl-
CoA levels increase substantially.*! Cancer cells often manifest
alterations of acetylation patterns and levels.® Acetylation levels
are regulated by a balance in the activities of acetyltransferases
and deacetylases. It has been shown that lysine acetyltransferases
(KAT) play important roles in cellular differentiation and embryo
development,*? and are involved in oncogenesis.® MYC plays a
key role in the regulation of aerobic glycolysis and directly ac-
tivates the transcription of almost all glycolytic genes through
binding the classical E-box sequence (CACGTG). Glucose trans-
porter SLC2A1 is one of MYC targets, and upregulated by MYC
to enhance glucose uptake.**»* The acetylation of Myc by GCN5
(general control non-derepressible 5) acetyltransferase stabilizes
the Myc protein. Myc often acts in concert with another transcrip-
tion factor important in the regulation of cell growth, E2F1. In
small-cell lung cancer, E2F1 recruits GCNS to acetylate H3K9, fa-
cilitating transcription of the £2F 1, cyclin E, and cyclin D1 target
genes,* all of which promote cell proliferation and tumor growth.
In addition, it was shown that acetylation of ACLY stabilizes the
protein by blocking lysine ubiquitination, resulting in elevated
ACLY protein levels, increased lipid biosynthesis and enhanced
cell proliferation.*0

In summary, citrate can travel from mitochondria to cytoplasm,
where it is converted into acetyl-CoA and OAA. The Acetyl-CoA
is capable of promoting lipid synthesis and protein acetylation that
activates growth related genes and proteins including oncopro-
teins.

Discussion

The soluble hydrogenase consists of four different subunits, a, f3,
v, and &. The ay dimer is an NADH oxidoreductase, whereas the
other two subunits are concerned with the hydrogenase activity.
The analysis of amino acid sequences showed that the similarity
fell only in NADH oxidoreductase subunits o and y of soluble hy-
drogenase and the 51-, 24-, and 75-kDa subunits of bovine mito-
chondrial complex I, but no similarity was observed between the
hydrogenase subunits (B and 8) and bovine complex 1.2 Theoreti-
cally, this observation lowers the probability that human complex
I possesses hydrogenase activity. Since eukayotic complex I con-
tains as many as 45 subunits, the actions of a few subunits are yet
to elucidated, it could not be excluded that human complex I have
the hydrogenase activity under certain conditions.

Several theories of cancer transformation have been proposed,
but even the most prominent and accepted model (mutation theory)
is confronted by a growing amount of experimental data and argu-
ments that could either not explained by the model, or that contra-
dicted this model.*’ The mutation theory cannot explain the facts
that there exist of cancers without mutations,*® and that the normal
tissues can show massive genetic changes including changes in
cancer-initiating and cancer-driving genes.*” The Warburg’s hy-
pothesis* of the disturbance of OXPHOS was unable to explain the
fact that hereditary mitochondrial diseases are not associated with
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an increased rate of cancer formation, even when most mitochon-
dria are affected.> In addition, these two models contradicted each
other. However, the hydrogenase hypothesis could account for the
effects of the OXPHOS defect, aerobic glycolysis, and oncogene
activation in cancer formation. This hypothesis may provide a
united framework that combines previous different models.

If human mitochondria indeed possess hydrogenase activity, the
excessive reducing equivalents of NADH can be released by the hy-
drogenase activity via the formation of molecular hydrogen. Thus,
the releasing of excessive equivalents of NADH could prevent the
cell malignant transformation when the cells are in hypoxia, ETC
defect or low ATP consumption. Reducing NADH/NAD" ratio, re-
covering the hydrogenase activity or increasing ATP consumption
would reverse the transformation and provide a novel approach
to combat cancers. If the hydrogenase hypothesis is confirmed by
experiment, we could use genetic engineering techniques to cor-
rect the mitochondrial gene mutations or import exogenous NADH
oxidizing hydrogenase in order to reduce NADH/NAD" ratio and
keep TCA cycle functioning. It was reported that physical activ-
ity reduces the risk of developing invasive cancer by 10 to 20%,
and the relative risk of all-cause mortality of cancer survivors by
as high as 49%.5' The underlying mechanism of the relationship
between physical activity and cancer risk can be explained by the
hydrogenase hypothesis. Since physical activity consumes a large
amount ATP, which can inhibit electron flux through ETC, the OX-
PHOS activity is increased and the cytosol pyruvate is reduced
to lactate that is transported to outside of cells. Thus, there are
no glucose carbons accumulated to support biomass synthesis and
cell proliferations. For this reason, the government health authority
would launch a campaign to promote a more physical activity to
prevent cancer development in vast populations.

Future direction

First, the hydrogenase activity of human mitochondrial complex
I must be falsified or confirmed by experiments. If the complex I
indeed possesses hydrogenase activity, we need study how the hy-
drogenase activity of complex I influences PDC, TCA cycle, and
OXPHOS in mitochondria; and glycolysis and PPP in cytoplasm.
Second, it is of importance to detect whether cancer cell complex
I loses the hydrogenase activity and elucidate how it is lost in re-
spect of gene mutations or epigenetic alteration. Third, preced-
ing discussion indicates that the direction of metabolic pathway
is mainly controlled thermodynamically, rather than kinetically,
since enzymes only increase reaction speed. Thus, future study on
metabolic pathways would pay more attention to how concentra-
tions of substrates and products alter the pathway direction.

Conclusion

The complex I of human mitochondria may possess hydrogenase
activity. Under conditions of hypoxia, low OXPHOS capacity, or
low ATP demand, the hydrogenase activity could release exces-
sive reducing equivalents of NADH by transferring electrons from
NADH to proton to form molecular hydrogen. Loss of the hydro-
genase activity would inhibit PDC and TCA cycle due to increased
NADH/NAD" ratio in low OXPHOS capacity. Reduced activities
of PDC and TCA cycle leads to upregulation of glycolysis and
PPP, resulting in cancer formation. Conversely, restoring the hy-
drogenase activity, lowing NADH/NAD" ratio and/or increasing
ATP demand may stop the proliferations of cancer cells.

DOI: 10.14218/ERHM.2022.00083 | Volume 00 Issue 00, Month Year

Explor Res Hypothesis Med

Acknowledgments

None.

Funding

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

Conflict of interest

None.

Author contributions

Contributed to study concept, drafting of the manuscript, critical
revision of the manuscript (FL).

References

[1] Marreiros BC, Batista AP, Duarte AMS, Pereira MM. A missing link be-
tween complex | and group 4 membrane-bound [NiFe] hydrogenases.
Biochim Biophys Acta 2013;1827(2):198-209. do0i:10.1016/j.bba-
bi0.2012.09.012, PMID:23000657.

[2] Pilkington SJ, Skehel JM, Gennis RB, Walker JE. Relationship be-
tween mitochondrial NADH-ubiquinone reductase and a bacte-
rial NAD-reducing hydrogenase. Biochemistry 1991;30(8):2166-2175.
doi:10.1021/bi00222a021, PMID:1900194.

[3] Zhang X, Zhang Z, Wei Y, Li M, Zhao P, Adzavon YM, et al. Mitochon-
dria in higher plants possess H 2-evolving activity which is closely re-
lated to complex I. arXiv [Preprint] 2001. doi:10.48550/arXiv.2001.
02132.

[4] Warburg O. On the origin of cancer cells. Science 1956;123(3191):309—
314. doi:10.1126/science.123.3191.309, PMID:13298683.

[5] Chen JQ, Russo J. Dysregulation of glucose transport, glycolysis, TCA
cycle and glutaminolysis by oncogenes and tumor suppressors in can-
cer cells. Biochim Biophys Acta 2012;1826(2):370-384. doi:10.1016/j.
bbcan.2012.06.004.

[6] Jiang P, Du W, Wu M. Regulation of the pentose phosphate path-
way in cancer. Protein Cell 2014;5(8):1-11. doi:10.1007/s13238-
014-0082-8, PMID:25015087.

[7]1 IcardP,PoulainL,LincetH.Understandingthe central role of citrateinthe
metabolism of cancer cells. Biochim Biophys Acta 2012;1825(1):111-
116. doi:10.1016/j.bbcan.2011.10.007, PMID:22101401.

[8] Farria A, Li W, DentS. KATs in cancer: functions and therapies. Oncogene
2015;34:4901-4913. doi:10.1038/0nc.2014.453, PMID:25659580.

[9] Lubitz W, Ogata H, Ru O, Reijerse E. Hydrogenases. Chem Rev
2014;114:4081-4148. doi:10.1021/cr4005814, PMID:24655035.

[10] Friedrich T, Weiss H. Modular evolution of the respiratory
NADH:ubiquinone oxidoreductase and the origin of its modules. J The-
or Biol 1997;187(4):529-540. doi:10.1006/jtbi.1996.0387, PMID:929
9297.

[11] Efremov RG, Sazanov LA. The coupling mechanism of respiratory com-
plex | - A structural and evolutionary perspective. Biochim Biophys
Acta 2012;1817(10):1785-1795. doi:10.1016/j.bbabio.2012.02.015,
PMID:22386882.

[12] Tocilescu MA, Zickermann V, Zwicker K, Brandt U. Quinone bind-
ing and reduction by respiratory complex I. Biochim Biophys Acta
2010;1797(12):1883-1890. doi:10.1016/j.bbabio.2010.05.009, PMID:
20493164.

[13] Jin Q, Zhu K, Cui W, Li L, Shen W. Hydrogen-Modulated Stomatal Sensi-
tivity to Abscisic Acid and Drought Tolerance Via the Regulation of Apo-


https://doi.org/10.14218/ERHM.2022.00083
https://doi.org/10.1016/j.bbabio.2012.09.012
https://doi.org/10.1016/j.bbabio.2012.09.012
http://www.ncbi.nlm.nih.gov/pubmed/23000657
https://doi.org/10.1021/bi00222a021
http://www.ncbi.nlm.nih.gov/pubmed/1900194
https://doi.org/10.48550/arXiv.2001.02132
https://doi.org/10.48550/arXiv.2001.02132
https://doi.org/10.1126/science.123.3191.309
http://www.ncbi.nlm.nih.gov/pubmed/13298683
https://doi.org/10.1016/j.bbcan.2012.06.004
https://doi.org/10.1016/j.bbcan.2012.06.004
https://doi.org/10.1007%2Fs13238-014-0082-8
https://doi.org/10.1007%2Fs13238-014-0082-8
http://www.ncbi.nlm.nih.gov/pubmed/25015087
https://doi.org/10.1016/j.bbcan.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22101401
https://doi.org/10.1038/onc.2014.453
http://www.ncbi.nlm.nih.gov/pubmed/25659580
https://doi.org/10.1021/cr4005814
http://www.ncbi.nlm.nih.gov/pubmed/24655035
https://doi.org/10.1006/jtbi.1996.0387
http://www.ncbi.nlm.nih.gov/pubmed/9299297
http://www.ncbi.nlm.nih.gov/pubmed/9299297
https://doi.org/10.1016/j.bbabio.2012.02.015
http://www.ncbi.nlm.nih.gov/pubmed/22386882
https://doi.org/10.1016/j.bbabio.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20493164

Explor Res Hypothesis Med

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

(33]

plastic pH in Medicago sativa. J Plant Growth Regul 2016;35(2):565—
573. doi:10.1007/s00344-015-9561-2.

Mal'tsev SV, Allakhverdiev SI, Klimov VV, Krasnovsky AA. Hydrogen
evolution by subchloroplast preparations of photosystem Il from
pea and spinach. FEBS Lett 1988;240(1-2):1-5. doi:10.1016/0014-
5793(88)80329-6, PMID:22872912.

Ohsawa |, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, Yama-
gata K, et al. Hydrogen acts as a therapeutic antioxidant by selectively
reducing cytotoxic oxygen radicals. Nat Med 2007;13(6):688-694.
doi:10.1038/nm1577, PMID:17486089.

Lu F. Reactive oxygen species in cancer, too much or too little? Med
Hypotheses 2007;69(6):1293-1298. doi:10.1016/j.mehy.2007.03.017,
PMID:17509774.

Abrahams JP, Leslie AGW, Lutter R, Walker JE. Structure at 2.8 A
resolution of F1-ATPase from bovine heart mitochondria. Nature
1994;370(6491):621-628. doi:10.1038/370621a0, PMID:8065448.
Watt IN, Montgomery MG, Runswick MJ, Leslie AG, Walker JE. Bioen-
ergetic cost of making an adenosine triphosphate molecule in animal
mitochondria. Proc Natl Acad Sci U S A 2010;107(39):16823-16827.
doi:10.1073/pnas.1011099107, PMID:20847295.

Sazanov LA. A giant molecular proton pump: structure and mechanism
of respiratory complex I. Nat Rev Mol Cell Biol 2015;16(6):375-388.
doi:10.1038/nrm3997, PMID:25991374.

Martinez-Reyes |, Chandel NS. Mitochondrial TCA cycle metabo-
lites control physiology and disease. Nat Commun 2020;11(1):102.
doi:10.1038/s41467-019-13668-3, PMID:31900386.

Bingham PM, Zachar Z. Canuto RA. The Pyruvate Dehydrogenase
Complex in Cancer: Implications for the Transformed State and Can-
cer Chemotherapy. Dehydrogenases. London: IntechOpen. 2012.
doi:10.5772/48582.

Mayevsky A. Brain NADH redox state monitored in vivo by fiber optic
surface fluorometry. Brain Res 1984;319(1):49-68. doi:10.1016/0165-
0173(84)90029-8, PMID:6370376.

Bahitham W, Liao X, Peng F, Bamforth F, Chan A, Mason A, et al. Mi-
tochondriome and cholangiocellular carcinoma. PLoS One 2014;
9(8):104694. doi:10.1371/journal.pone.0104694, PMID:25137133.
Rogatzki MJ, Ferguson BS, Goodwin ML, Gladden LB, Brooks GA. Lac-
tate is always the end product of glycolysis. Front Neurosci 2015;9:22.
doi:10.3389/fnins.2015.00022, PMID:25774123.

Spriet LL, Howlett RA, Heigenhauser GJF. An enzymatic approach to
lactate production in human skeletal muscle during exercise. Med Sci
Sports Exerc 2000;32(4):756-763. doi:10.1097/00005768-200004000-
00007, PMID:10776894.

Hsu PP, Sabatini DM. Cancer Cell Metabolism: Warburg and Be-
yond. Cell 2008;134(5):703-707. doi:10.1016/j.cell.2008.08.021,
PMID:18775299.

Noor E, Eden E, Milo R, Alon U. Central Carbon Metabolism as a
Minimal Biochemical Walk between Precursors for Biomass and En-
ergy. Mol Cell 2010;39(5):809-820. doi:10.1016/j.molcel.2010.08.031,
PMID:20832731.

Larsson C, Pdhiman IL, Gustafsson L. The importance of ATP as a regu-
lator of glycolytic flux in Saccharomyces cerevisiae. Yeast 2000;16(9):
797-809. d0i:10.1002/1097-0061(20000630)16:9%3C797::aid-yea553
%3E3.0.c0;2-5, PMID:10861904.

Zaidi N, Swinnen J v, Smans K. ATP-Citrate Lyase: A Key Player in Cancer
Metabolism. Cancer Res 2012;72(15):3709-3714. doi:10.1158/0008-
5472.can-11-4112, PMID:22787121.

Endo M, Su L, Nielsen TO. Activating transcription factor 2 in mesen-
chymal tumors. Hum Pathol 2014;45(2):276-284. doi:10.1016/j.hum-
path.2013.09.003, PMID:24289970.

Bhoumik A, Ronai Z. ATF2: A transcription factor that elicits oncogenic
or tumor suppressor activities. Cell Cycle 2008;7(15):2341-2345.
doi:10.4161/cc.6388, PMID:18677098.

Lv G, Hu Z, Tie Y, DuJ, Fu H, Gao X, et al. MicroRNA-451 regulates acti-
vating transcription factor 2 expression and inhibits liver cancer cell mi-
gration. Oncol Rep 2014;32(3):1021-1028. doi:10.3892/0r.2014.3296,
PMID:24968707.

Shah M, Bhoumik A, Goel V, Dewing A, Breitwieser W. A Role for
ATF2 in Regulating MITF and Melanoma Development. PLoS Genet
2010;6(12):1001258. doi:10.1371/journal.pgen.1001258, PMID:212

Lu FX: Hypothetical hydrogenase activity of human complex I

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

[51]

03491.

Catalina-Rodriguez O, Kolukula VK, Tomita Y, Preet A, Palmieri F, Well-
stein A, et al. The mitochondrial citrate transporter, CIC, is essential
for mitochondrial homeostasis. Oncotarget 2012;3(10):1220-1235.
doi:10.18632/oncotarget.714, PMID:23100451.

Bauer DE, Hatzivassiliou G, Zhao F, Andreadis C, Thompson CB. ATP
citrate lyase is an important component of cell growth and transforma-
tion. Oncogene 2005;24(41):6314-6322. doi:10.1038/sj.0nc.1208773,
PMID:16007201.

Migita T, Narita T, Nomura K, Miyagi E, Inazuka F, Matsuura M, et al. ATP
Citrate Lyase: Activation and Therapeutic Implications in Non-Small
Cell Lung Cancer. Cancer Res 2008;68:8547—-8554. doi:10.1158/0008-
5472.can-08-1235, PMID:18922930.

Hatzivassiliou G, Zhao F, Bauer DE, Andreadis C, Shaw AN, Dhanak D,
et al. ATP citrate lyase inhibition can suppress tumor cell growth. Can-
cer Cell 2005;8(4):311-321. doi:10.1016/j.ccr.2005.09.008, PMID:162
26706.

Yancy HF, Mason JA, Peters S, Thompson Il CE, Littleton GK, Jett M, et
al. Metastatic progression and gene expression between breast can-
cer cell lines from African American and Caucasian women. J Carcinog
2007;6:8. d0i:10.1186/1477-3163-6-8, PMID:17472751.

Varis A, Wolf M, Monni O, Vakkari ML, Kokkola A, Moskaluk C, et al.
Targets of gene amplification and overexpression at 17q in gastric can-
cer. Cancer Res 2002;62(9):2625-2659. PMID:11980659.

Turyn J, Schlichtholz B, Dettlaff-Pokora A, Presler M, Goyke E, Matusze-
wski M, et al. Increased activity of glycerol 3-phosphate dehydrogenase
and other lipogenic enzymes in human bladder cancer. Hormone and
metabolic research 2003;35(10):565-569. doi:10.1055/s-2003-43500,
PMID:14605988.

Cai L, Tu BP. On Acetyl-CoA as a Gauge of Cellular Metabolic State.
Cold Spring Harb Symp Quant Biol 2011;126:195-202. doi:10.1101/
sqb.2011.76.010769, PMID:21900151.

Butler JS, Koutelou E, Schibler AC, Dent SY. Histone-modifying enzymes:
regulators of developmental decisions and drivers of human disease.
Epigenomics 2012;4(2):163-177. doi:10.2217/epi.12.3, PMID:224
49188.

Kim JW, Zeller K, Wang Y, Jegga A, Aronow B, O’Donnell K, et al. Evalua-
tion of Myc E-Box Phylogenetic Footprints in Glycolytic Genes by Chro-
matin Immunoprecipitation Assays. Mol Cell Biol 2004;24(13):5923—
5936. doi:10.1128/mcb.24.13.5923-5936.2004, PMID:15199147.
Dong Y, Tu R, Liu H, Qing G. Regulation of cancer cell metabolism:
oncogenic MYC in the driver’s seat. Signal Transduct Target Ther
2020;5(1):124. doi:10.1038/s41392-020-00235-2, PMID:32651356.
Chen L, Wei T, Si X, Wang Q, Li Y, Leng Y, et al. Lysine Acetyltransferase
GCN5 Potentiates the Growth of Non-small Cell Lung Cancer via
Promotion of E2F1, Cyclin D1, and Cyclin E1 Expression. J Biol Chem
2013;288(20):14510-14521.d0i:10.1074/jbc.m113.458737,PMID:235
43735.

LinR, Tao R, Gao X, Li T, Zhou X, Guan KL, et al. Acetylation Stabilizes ATP-
Citrate Lyase to Promote Lipid Biosynthesis and Tumor Growth. Mol Cell
2013;51(4):506-518. do0i:10.1016/j.molcel.2013.07.002, PMID:239
32781.

Hanselmann RG, Welter C. Origin of cancer: An information, energy,
and matter disease. Front Cell Dev Biol 2016;4:121. doi:10.3389/
fcell.2016.00121, PMID:27909692.

Martincorena I, Roshan A, Gerstung M, Ellis P, van Loo P, McLaren S, et
al. High burden and pervasive positive selection of somatic mutations
in normal human skin. Science 2015;348(6237):880-886. doi:10.1126/
science.aaa6806, PMID:25999502.

MacK SC, Witt H, Piro RM, Gu L, Zuyderduyn S, Stitz AM, et al. Epi-
genomic alterations define lethal CIMP-positive ependymomas of
infancy. Nature 2014;506(7489):445-450. doi:10.1038/nature13108,
PMID:24553142.

Moggio M, Colombo I, Peverelli L, Villa L, Xhani R, Testolin S, et al. Mi-
tochondrial disease heterogeneity: a prognostic challenge. Acta Myol
2014;33(2):86-93. PMID:25709378.

McTiernan A, Friedenreich CM, Katzmarzyk PT, Powell KE, Macko R,
Buchner D, et al. Physical activity in cancer prevention and survival:
A systematic review. Med Sci Sports Exerc 2019;51(6):1252-1261.
doi:10.1249/MSS.0000000000001937, PMID:31095082.

DOI: 10.14218/ERHM.2022.00083 | Volume 00 Issue 00, Month Year


https://doi.org/10.14218/ERHM.2022.00083
https://doi.org/10.1007/s00344-015-9561-2
https://doi.org/10.1016/0014-5793(88)80329-6
https://doi.org/10.1016/0014-5793(88)80329-6
http://www.ncbi.nlm.nih.gov/pubmed/22872912
https://doi.org/10.1038/nm1577
http://www.ncbi.nlm.nih.gov/pubmed/17486089
https://doi.org/10.1016/j.mehy.2007.03.017
http://www.ncbi.nlm.nih.gov/pubmed/17509774
https://doi.org/10.1038/370621a0
http://www.ncbi.nlm.nih.gov/pubmed/8065448
https://doi.org/10.1073/pnas.1011099107
http://www.ncbi.nlm.nih.gov/pubmed/20847295
https://doi.org/10.1038/nrm3997
http://www.ncbi.nlm.nih.gov/pubmed/25991374
https://doi.org/10.1038/s41467-019-13668-3
http://www.ncbi.nlm.nih.gov/pubmed/31900386
https://doi.org/10.5772/48582
https://doi.org/10.1016/0165-0173(84)90029-8
https://doi.org/10.1016/0165-0173(84)90029-8
http://www.ncbi.nlm.nih.gov/pubmed/6370376
https://doi.org/10.1371/journal.pone.0104694
http://www.ncbi.nlm.nih.gov/pubmed/25137133
https://doi.org/10.3389/fnins.2015.00022
http://www.ncbi.nlm.nih.gov/pubmed/25774123
https://doi.org/10.1097/00005768-200004000-00007
https://doi.org/10.1097/00005768-200004000-00007
http://www.ncbi.nlm.nih.gov/pubmed/10776894
https://doi.org/10.1016/j.cell.2008.08.021
http://www.ncbi.nlm.nih.gov/pubmed/18775299
https://doi.org/10.1016/j.molcel.2010.08.031
http://www.ncbi.nlm.nih.gov/pubmed/20832731
https://doi.org/10.1002/1097-0061(20000630)16:9%3C797::aid-yea553%3E3.0.co;2-5
https://doi.org/10.1002/1097-0061(20000630)16:9%3C797::aid-yea553%3E3.0.co;2-5
http://www.ncbi.nlm.nih.gov/pubmed/10861904
https://doi.org/10.1158/0008-5472.can-11-4112
https://doi.org/10.1158/0008-5472.can-11-4112
http://www.ncbi.nlm.nih.gov/pubmed/22787121
https://doi.org/10.1016/j.humpath.2013.09.003
https://doi.org/10.1016/j.humpath.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24289970
http://doi.org/10.4161/cc.6388
http://www.ncbi.nlm.nih.gov/pubmed/186770
https://doi.org/10.3892/or.2014.3296
http://www.ncbi.nlm.nih.gov/pubmed/24968707
https://doi.org/10.1371/journal.pgen.1001258
http://www.ncbi.nlm.nih.gov/pubmed/21203491
http://www.ncbi.nlm.nih.gov/pubmed/21203491
https://doi.org/10.18632/oncotarget.714
http://www.ncbi.nlm.nih.gov/pubmed/23100451
https://doi.org/10.1038/sj.onc.1208773
http://www.ncbi.nlm.nih.gov/pubmed/16007201
https://doi.org/10.1158/0008-5472.can-08-1235
https://doi.org/10.1158/0008-5472.can-08-1235
http://www.ncbi.nlm.nih.gov/pubmed/18922930
https://doi.org/10.1016/j.ccr.2005.09.008
http://www.ncbi.nlm.nih.gov/pubmed/16226706
http://www.ncbi.nlm.nih.gov/pubmed/16226706
https://doi.org/10.1186/1477-3163-6-8
http://www.ncbi.nlm.nih.gov/pubmed/17472751
http://www.ncbi.nlm.nih.gov/pubmed/11980659
https://doi.org/10.1055/s-2003-43500
http://www.ncbi.nlm.nih.gov/pubmed/14605988
https://doi.org/10.1101/sqb.2011.76.010769
https://doi.org/10.1101/sqb.2011.76.010769
http://www.ncbi.nlm.nih.gov/pubmed/21900151
https://doi.org/10.2217/epi.12.3
http://www.ncbi.nlm.nih.gov/pubmed/22449188
http://www.ncbi.nlm.nih.gov/pubmed/22449188
https://doi.org/10.1128/mcb.24.13.5923-5936.2004
http://www.ncbi.nlm.nih.gov/pubmed/15199147
https://doi.org/10.1038/s41392-020-00235-2
http://www.ncbi.nlm.nih.gov/pubmed/32651356
https://doi.org/10.1074/jbc.m113.458737
http://www.ncbi.nlm.nih.gov/pubmed/23543735
http://www.ncbi.nlm.nih.gov/pubmed/23543735
https://doi.org/10.1016/j.molcel.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23932781
http://www.ncbi.nlm.nih.gov/pubmed/23932781
https://doi.org/10.3389/fcell.2016.00121
https://doi.org/10.3389/fcell.2016.00121
http://www.ncbi.nlm.nih.gov/pubmed/27909692
https://doi.org/10.1126/science.aaa6806
https://doi.org/10.1126/science.aaa6806
http://www.ncbi.nlm.nih.gov/pubmed/25999502
https://doi.org/10.1038/nature13108
http://www.ncbi.nlm.nih.gov/pubmed/24553142
http://www.ncbi.nlm.nih.gov/pubmed/25709378
https://doi.org/10.1249/MSS.0000000000001937
http://www.ncbi.nlm.nih.gov/pubmed/31095082

	﻿﻿﻿Abstract﻿

	﻿﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿﻿The hypothesis﻿

	﻿﻿﻿﻿﻿Similarities of complex I with hydrogenases﻿

	﻿﻿﻿﻿Hydrogenase activity of mitochondrial complex I in higher plants﻿

	﻿﻿﻿﻿Implications of complex I hydrogenase activity in glucose metabolism﻿

	﻿﻿﻿﻿Loss of complex I hydrogenase activity may lead to cancer formation﻿

	﻿﻿﻿﻿Upregulation of glycolysis and PPP﻿


	﻿﻿﻿﻿﻿Discussion﻿

	﻿﻿﻿﻿Future direction﻿

	﻿﻿﻿﻿Conclusion﻿

	﻿﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿﻿Funding﻿

	﻿﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿﻿Author contributions﻿

	﻿﻿﻿﻿References﻿


