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Abstract: Glucose metabolism in mitochondria through oxidative phosphorylation (OXPHOS) for generation of ad-
enosine triphosphate (ATP) is vital for cell function. However, reactive oxygen species (ROS), a by-product from OX-
PHOS, is a major source of endogenously produced toxic stressors on the genome. In fact, ATP could be efficiently
produced in a high throughput manner without ROS generation in cytosol through glycolysis, which could be a
unique and critical metabolic pathway to prevent spontaneous mutation during DNA replication. Therefore glycolysis
is dominant in robust proliferating cells. Indeed, aerobic glycolysis, or the Warburg effect, in normal proliferating
cells is an example of homeostasis of redox status by transiently shifting metabolic flux from OXPHOS to glycolysis
to avoid ROS generation during DNA synthesis and protect genome integrity. The process of maintaining redox ho-
meostasis is driven by genome wide transcriptional clustering with mitochondrial retrograde signaling and coupled
with the glucose metabolic pathway and cell division cycle. On the contrary, the Warburg effect in cancer cells is the
results of the alteration of redox status from a reprogramed glucose metabolic pathway caused by the dysfunctional
OXPHOS. Mutations in mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) disrupt mitochondrial structural integ-
rity, leading to reduced OXPHOS capacity, sustained glycolysis and excessive ROS leak, all of which are responsible
for tumor initiation, progression and metastasis. A “plumbing model” is used to illustrate how redox status could
be regulated through glucose metabolic pathway and provide a new insight into the understanding of the Warburg
effect in both normal and cancer cells.
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Introduction emerged owing to the fact that dominant gly-
colysis is found in adjacent stromal cells, but

Increased aerobic glycolysis in cancer cells, not in tumor cells [5].

known as the Warburg effect [1], is a hallmark
of cancer and used as a diagnostic tool for solid
tumors. However, the mechanism of the

Accumulating evidence across species indi-
cates that the Warburg effect could be a univer-

Warburg effect in cancer cells is still unclear
because of its complexity. It is hypothesized
that glycolysis is dominant in cancer cells as
the result of mitochondrial damage or reduced
OXPHOS capacity [2, 3], but the functional mito-
chondria and upregulation of OXPHOS are
revealed in breast cancer tissue [3] and ROS
generation is shown to be positively associated
with tumor metastasis [4]. Not surprisingly, the
concept of ‘reverse Warburg effect’” has

sal phenomenon in normal robust proliferating
cells, such as those of budding yeast,
Drosophila, mammalian early embryonic cells,
stem cells and primary spermatocytes, and
even in virus infected cells. Thus, the under-
standing of the Warburg effect common in nor-
mal proliferating cells could be a breakthrough
point helping to elucidate the Warburg effect in
cancer cells. An early study using mitogen-acti-
vated rat thymocyte showed that resting cells
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use OXPHOS to produce 88% of ATP while pro-
liferating cells use glycolysis to generate about
the same amount of ATP [2] at the expense of
massive glucose consumption. But ROS gener-
ated from OXPHOS in the resting cells was
nearly abolished in proliferating cells by the use
of glycolysis. It was suggested that adopting
aerobic glycolysis in those cells could be a pro-
tective strategy against reactive oxygen spe-
cies [2]. The budding yeast study showed that
dominant glycolysis during DNA synthesis could
reduce spontaneous mutation rate by coupling
DNA replication with glycolysis in cell cycle [6]
and revealed that although spontaneous muta-
tions in mutants are avoidable under glycolysis,
a high spontaneous mutation rate would result
from those same mutants under glycolysis/
OXPHOS oscillation. Therefore the authors sug-
gested that glycolysis during DNA replication
could protect genome integrity [6]. In addition,
cyclinD1 expression during cell cycle G1/S tran-
sition correlated with low mitochondrial activity
with reduced OXPHOS capacity through either
inhibiting pyruvate dehydrogenase in fragment-
ed mitochondria in vitro [7], or repressing
nuclear respiratory factor 1 (NRF-1) in vivo [8],
indicating an intrinsic strategy coupled with cell
cycle to quench ROS during DNA replication in S
phase.

The aerobic environment could generate muta-
tions and inhibit growth of E.coli with a mutant
gene in scavenging H,0,, but the same mutant
strain could grow well under anaerobic condi-
tion [9]. Therefore, mitochondrion has been
adopted by eukaryotic cells through symbiosis
to serve not only as a ‘powerhouse’ for generat-
ing energy, but also a safety place for handling
ambient oxygen during energy production.
Genome wide analysis for the profiling of oxida-
tive-stress-response genes in budding yeast
revealed that 211 genes associated with mito-
chondrial respiratory function were overrepre-
sented upon H,0, assault, but very few of those
genes were involved in the response to the
assault by other oxidative stressors [10], indi-
cating that cells are equipped with a specific
defense system to recognize and respond to
H,0, as an endogenous oxidative stressor.
Thus the mitochondrion in eukaryotic cell is
more likely as a ‘nuclear power plant’, which is
designed and constructed in such a sophisti-
cated way that the ATP energy could be gener-
ated safely through OXPHOS, but ROS leak
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must be reduced to the minimal to avoid its
genotoxic effect [11]. Mitochondrial respiratory
system, an electron transport chain (ETC) on
the inner membrane, is made up of five com-
plexes (I-V) from multi protein subunits, which
are directed by 13 mtDNA and 79 nDNA struc-
tural genes and 37 nDNA assembly factor
genes [12]. Those subunits are physically con-
tacted and arranged within a distance of < 14
A, which is a conserved distance from evolution
for highly efficient electron transfer, called the
‘tunneling effect’ [13] to reduce ROS leakage.
Thus the ETC complex I, as the most sophisti-
cated complex involving 7 mtDNA- and 48
nDNA-encoded proteins in its constitution, is
the most ROS leaking site [14]. Its dysfunction
can lead to many chronic diseases such as neu-
rodegenerative disorders, ageing and cancer.

Mitochondrial proton electrochemical gradient
between mitochondrial matrix and inter mem-
brane space across the inner membrane could
create a membrane potential (AWm), which is
used for ATP synthesis from ADP and inorganic
phosphate (iP) [3], or heat generation from
brown adipose tissue (BAT) via uncoupling pro-
teins [15]. As the electron carriers, mitochon-
drial ETC complexes, especially the complex |
and lll, are the major sources of endogenous
ROS generation, depending on AWm, the
NADH/NAD* ratio, CoQH,/CoQ ratio and the
local O, concentration [16] and the integrity of
ETC’s infrastructure as well [14]. Under non-
stressful conditions, ROS emission level will be
kept to a minimal by both intact mitochondrial
structure and ROS scavenging system despite
high respiration rate [17]. Excess mitochondrial
ROS could be generated by damages either in
respiratory function or structural integrity
caused by mutations as seen in cancer cells
[3]. For example, a nonsense mutation of G44A
in NADH dehydrogenase (ubiquinone) Fe-S pro-
tein (NDUFS) gene of complex | is associated
with increased oxidative stress in fibroblasts
from patients with mutations [18]. This proba-
bly occurs as a result of the alteration of protein
structure leading to the loss the ‘tunneling
effect’” [13]. Aerobic organisms have a wide
array of ROS scavenging mechanisms to reduce
genome toxicity of ROS, including constitutive
and inducible antioxidant components. Man-
ganese superoxide dismutase (MnSOD) within
mitochondrial matrix mainly catalyzes the for-
mation of O, and H,O, from superoxide (O,")
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generated from complex I, as only H,0, could
be diffused through membranes from mito-
chondria into cytosol, while Cu/Zn SOD in inter-
membrane space and glutathione peroxidase
(GPx) in cytosol are responsible for catalyzing
H,0, into water [15]. Sublethal H,O, could act
as an independent signal to regulate cell func-
tion, such as the modulation of cell cycle pro-
gression in Drosophila developmental models
[18-20], but H,0, could be converted to hydrox-
yl radical ("HO), a highly oxidative reactive mol-
ecule via ‘Fenton chemistry’ with Fe?*, which
could attack all of cellular components includ-
ing DNA, proteins and lipids. The ROS-induced
DNA damage includes single and double-
stranded DNA breaks (DSB), base and sugar
modifications, and DNA-protein crosslinks [21,
22].

Studies on the correlation of mitochondrial
respiratory capacity with its morphology and
dynamics including fusion/fission and cytosol
localization revealed that some mitochondrial
morphologies, such as orthodox form and fis-
sion (fragmentation), were associated with low
respiration capacity and linked to many human
diseases, including cancer [23, 24]. A pioneer
study on mitochondrial ultrastructure coupling
with respiration capacity revealed that three
forms of mitochondria as condensed, orthodox
and intermediate coexisted with different respi-
ration capacity [25, 26]. The condensed form of
mitochondrion has high respiration capacity
while the orthodox form has low respiration
rate and the intermediate form has the capaci-
ty between condensed and orthodox forms.
Interestingly, those forms with different respira-
tion rate could be switched back and forth
quickly under different metabolic conditions
[27, 28]. Mitochondria with different respiration
capacity could represent different redox states
as well. For example, the condensed form with
high OXPHOS capacity could be termed as ‘oxi-
dative state’ with more ROS generation, and
the orthodox form with low respiration capacity
as ‘reductive state’ with less ROS generation
while the intermediate form could be a ‘neutral
state’. As mitochondrion is the major source of
endogenous ROS with potential genomic toxici-
ty, reductive state created by glycolysis without
ROS (the Warburg effect) and its synchroniza-
tion with DNA replication could be vital to pre-
vent spontaneous mutation [6], which is the top
priority and far more important than the ‘econ-
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omy’ of glucose catabolism for ATP production.
In other words, the economic ATP production
with ROS generation during respiration is
exchanged to a less economic glycolysis with
no ROS generation as a tradeoff for creating a
transient reductive milieu during DNA replica-
tion to protect genome integrity [2, 6]. Moreover,
glycolysis could generate ATP as almost equally
efficient as OXPHOS in a high throughput man-
ner [29]. The correlation of metabolic flux with
cell redox status has been recognized and led
to the question “how alteration in glucose
metabolism affects cytosolic and mitochondri-
al redox potential and ATP generation” [27].
Although alteration in mitochondrial energy
production, termed mitochondrial bioenerget-
ics, has a role in tumorigenesis as currently rec-
ognized [3], the homeostasis of redox status in
normal proliferating cells coupled with glucose
metabolism, the alteration of redox status
derived from ‘reprogrammed energetics’ by
mutations in cancer cells and its importance in
the origin of cancer need to be elucidated.
Instead of mitochondrial bioenergetics, we
introduce a new concept of mitochondrial ‘bio-
redox’, a dynamics in regulation of cellular
redox potential through glucose metabolic
pathway via 1) glucose metabolic ‘flux rate’
(OXPHOS in mitochondria) and 2) glucose meta-
bolic ‘flux route’ (glycolysis in cytosol and/or
respiration in mitochondria) in cell survival and
function. Glycolytic flux could be boosted by
reducing OXPHOS rate [2, 6], or inhibited by
ROS through inactivating pyruvate kinase M2
(PKM2), an essential regulator of aerobic
glycolysis in early embryo and cancer cells,
by way of oxidizing the cysteine 358 of the pro-
tein [25]. On the other hand, OXPHOS flux
could be boosted by hyperfusion of frag-
mented mitochondria with low respiration
capacity through mitochondrial dynamics in
normal cells [26], or inhibited by metabolic
intermediates of Krebs cycle through mito-
chondria-cytosol shuttle systems such as
citrate-a-ketoglutarate (x-KG) shuttle for re-
ductive NADPH generation, or malate (MAL)-
oxaloacetate (OOA)-aspartate (ASP) shuttle for
impermeable NADH transport in energy rejuve-
nation [3, 30]. Both shuttle systems involved in
redox regulation could be interconnected
through antiporters and both could regulate
glucose metabolism, as high glucose could sat-
urate MAL-OOA-ASP shuttle, decrease NAD*
level in cytosol and increase glycolysis with lac-
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tate production as a compensation process for
less NAD* in cytosol [31]. Meanwhile the altera-
tion of citrate-a-KG shuttle system by mutation
in isocitrate dehydrogenase (IDH) in cancer
cells could further convert o-KG to 2-hydroxy-
glutarate (2HG) as an ‘oncometabolite’ with
decreased NADPH [3]. The conversion of 2HG
from o-KG may also reduce the efficacy of
citrate-a-KG/MAL-ASP shuttles via antiporters,
resulting in the shift to glycolysis in cytosol [3].
Calorie restriction therefore could keep those
shuttle systems working efficiently partly
through increased activity of malate dehydro-
genase (MDH) in mitochondria for the regener-
ation of OOA from MAL, which in turn maintains
glucose flux on the route of OXPHOS with high
efficiency [32].

Homeostasis of redox status derived from glu-
cose metabolism is vital to reduce oxidative
stress and maintain genome fidelity during
DNA replication

The budding yeast shares a high degree of con-
servation of cellular and molecular pathways
with human cells and several features with can-
cer cells [33, 34]. Therefore it has been a valu-
able tool not only for the study of the mecha-
nism of human diseases, including cancer [35]
but also for the discovery of cancer therapeutic
agents [36]. The most important contributions
to cancer research from budding yeast study
are the pioneer discovery of cell division cycle
genes (CDC-genes) in the regulation of cell
cycle in early 1970s [37] and the study of the
coupling between the yeast metabolic cycle
and cell division cycle [38]. Yeast cells without
mitochondrial DNA (rhoO) would have low
genome instability only under fast dividing con-
dition, but would have high genome instability
under non-dividing condition [39], supporting
the notion that glycolysis without ROS genera-
tion in fast dividing cells is protective for the
genome stability. Glycolysis is therefore pre-
ferred for robust proliferation when cells are
growing in high glucose medium owing to the
Crabtree effect [40]. But under limited nutrient
condition such as growing in phosphate limited
medium, the majority of the yeast cells would
stop ‘buddying’ with only G1 phase coupling
with oxygen consumption oscillation, but no
cell division occurred [41]. Interestingly, after
brief starvation, followed by growing in low glu-
cose medium, a specific scenario created in
laboratory to study cell cycle and metabolism,
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the buddying yeast would resume cell division
cycle which is synchronized with oxygen con-
sumption oscillation [6]. It was revealed that
low or deceased oxygen consumption phase
called reductive building (RB) was coupled with
DNA replication and associated with dominant
glycolytic metabolism while G2/M phases pro-
ceeded during oxygen consumption phase
including reductive recharge phase (RC) and
oxidative phase (OX) [6], indicating that glycoly-
sis is synchronized with DNA replication only
during cell cycle. Yeast mutants with aberra-
tions in cell cycle, especially with fast growth
rate, could increase the spontaneous mutation
with oxygen consumption oscillation [6]. But
strikingly, no extra spontaneous mutation was
found for the same mutants if growing solely
under glycolysis. This suggested that glycolytic
pathway could protect genome integrity [6].

Interestingly, the spontaneous mutation rate is
negatively correlated with the cell-cycle length
(cell growth rate) [6]. For example, mutant
strains with similar growth rate to the wild type
(WT) would have a similar spontaneous muta-
tion rate. But the shorter the cycle length (fast-
er growth) is, the higher the mutation rate will
be with oxygen consumption oscillation. It was
shown that the mutant with the shortest cell
cycle harboring mutation of Sicl, a cyclin-
dependent kinase (CDK) inhibitor, would have
the highest mutation rate [6]. This phenome-
non could be explained by another yeast study
showing that the DNA replication would syn-
chronize more closely with RB phase with gly-
colysis in cells with slow growth rate (longer cell
cycle length) but the dynamic of DNA replica-
tion shifted right away into high oxygen con-
sumption phase in cells with fast growth rate
[41]. We speculate that the faster the growth
rate is, the further the shift away from reductive
environment (glycolysis) to high oxidative stress
environment (OXPHOS) will be during DNA syn-
thesis, leading to higher spontaneous mutation
rate. The fastest growing cells would suffer the
most oxygen assault during their DNA replica-
tion and result in the highest mutation rate,
which is the case in Chen’s observation [6].
Moreover, the fast-growing cells have less cells
arrested in G1/GO with more cells entering
dividing cycle under oxidative stress [42]. These
cells ignore the genomic toxicity of ambient oxy-
gen [9] and therefore are more vulnerable to
mutagenesis. In other words, slowing down cell
growth rate could have protective effect against
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spontaneous mutagenesis because DNA repli-
cation would be synchronized more closely with
reductive environment. Genome-wide tran-
scription oscillation analysis revealed that cells
with slow growth rate would have 67% less
gene transcripts during high oxygen consump-
tion phase [42], owing to low oxidative stress in
cells with slow growth rate [43]. On the other
hand, in fast growing cells, a total of 494 (only
25%) gene transcripts in S phase showed up
compared to that in slow growing cells. Those
25% gene products might represent the ‘core’
or ‘short pulse’ gene products necessary for
DNA replication and cell division [41, 42].
However, the remaining 1485 (75%) gene tran-
scripts in S phase in slow growing cells could be
critical in protecting their genome integrity as
one gene transcript called “DNA-dependent
DNA replication” [42] could be vital for genome
fidelity in daughter cells.

It has been generally accepted that the Warburg
effect is one of the hallmarks in the develop-
ment of the early mammalian embryo [44],
especially at pre-implantation stage [45], in
self -renewing stem cells [46], and even in non-
mammalian and human tumor virus infection
[47-50]. In early embryo development, redox
status is tightly and precisely controlled by
changes in OXPHOS capacity through the regu-
lation of mtDNA replication, mitochondrial bio-
genesis, mitochondrial dynamics and cytosol
localization in different stages of embryo prolif-
eration and differentiation [51]. For example,
following fertilization and up to implantation
when cell division begins, the total number of
mitochondria within each blastomere decreas-
es owing to dilution, with little mitochondrial
biogenesis occurring at this stage [51]. During
the oocyte maturation, each cell has about
75,000-100,000 mitochondria, which form
clusters located around the nucleus. These
mitochondria have shown an elevated capacity
of OXPHOS based on the high levels of mito-
chondrial transcription factor A (mtTFA) and
mMtDNA polymerase subunit gamma expression
for mitochondrial biogenesis. Starting from pre-
implantation, the mitochondria decrease in
numbers after each cell division to about half in
the inner cell mass and to only 20 per cell in the
embryonic stem cells at the blastocyst stage.
Indeed, even new mitochondrial generation is
blocked by low expression of mtTFA during the
two-cell stage, then the mitochondrial biogen-
esis increases in the eight-cell stage, reaching
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a maximum at the morula stage [51]. Strikingly,
mitochondria start to gain regenerating capac-
ity first at the trophectoderm, then throughout
the entire embryo [51]. This sequence indicates
that OXPHOS is prioritized for cells involved in
the functioning of placenta formation in the
trophectoderm for transporting nutrition, while
low number of mitochondria in the inner cell
mass is maintained for cell mass production
during organ generation.

The mtDNA replication is also controlled at the
transcriptional level during mouse embryo
development. It was shown that even when
transcriptional factors were abundant, mtDNA
replication did not occur until the blastocyst
stage [52], suggesting that a strategy of reduc-
ing oxidative stress is restrictedly applied to
this stage. It has also been reported that gly-
colysis is dominant in less-formed cells or
stemness cells to boost the formation of inva-
dopodia as seen in metastatic cells with lamel-
lipodia/pseudopodia features [53] or in earliest
primordial germ cells (PGCs) with amoeboid
appearance [54]. In other words, glycolysis or
reductive state is associated with functionless
and formless of cells [1], such as early embryo,
stem cells and cancer cells. A study using cul-
tured human osteosarcoma cells (143B)
showed that the mitochondrial shape and size
were synchronized with the cell cycle and oscil-
lated between reticular and fragmented forms
during cell cycle [55]. Using fluorescence in situ
hybridization (FISH) imaging of mtDNA com-
bined with mitochondrial staining, it showed
that 60-75% of cells with fragmented mitochon-
dria were in S phase and that reticular mito-
chondria increased during mitosis and in G1
phase [55], confirming the findings in buddying
yeast study [6]. Interestingly, the whole copy
set of 16 kb of mtDNA that encodes the 13
polypeptides for the OXPHOS system is in the
form of nucleoids and segregated into each
fragmented mitochondrion during the fission
process possibly with one copy of nucleoid for
every fragment [55]. This suggests that the
mitochondrial mass in reticular shape could be
made up of fragmented mitochondria that still
have potentially all the functional components
for OXPHOS, which could be the foundation of
mitochondrial dynamics in fusion/fission to
modulate cellular metabolism and stress [56].
Mitochondrial bioredox was also coupled with
spermatogenesis [57] in which mitochondria in
spermatogonial cells undergoing DNA replica-
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tion adopted the orthodox form with reduced
OXPHOS/ROS generation. But beyond this
stage, mitochondria changed to condensed
form with high OXPHOS capacity to meet the
needs in different stages of meiosis [57].

Mitochondrial bioredox is governed by ge-
nome-wide transcriptional expression cluster-
ing and mitochondrial retrograde signaling

Mitochondrial dynamics, especially mitochon-
drial fusion/fission and the distribution in
cytosol could be important in regulating re-
dox status and energy production of cells [24].
The alteration of mitochondrial dynamics could
be the etiology of many human diseases [58].
Genetic studies have revealed that mitochon-
drial fusion process is governed by three
guanosine triphosphate hydrolase enzyme
(GTPase) which include two dynamin-like pro-
teins mitofusin-1 (MFN1) and mitofusin-2
(MFN2), and another optic atrophy protein 1
(OPA1) located at different cellular compart-
ments [58]. OPA1 is located in the inner mem-
brane, whereas MFN1 and MFN2 are both
located in the outer membrane for mitochon-
drial fusion. Other proteins, including fission 1
protein (FIS1) located in the outer membrane
as a receptor and dynamin related protein 1
(DRP1) located in cytosol, are involved in mito-
chondrial fission [58]. Disruption of mitochon-
drial fusion process is associated with neuro-
degenerative diseases such as Parkinson’s,
Alzheimer’s and Huntington’s diseases [59],
probably by the alteration in both bioredox and
bioenergetics of cells. Indeed, a study of virus
infection in neuron revealed that virus could
high-jack the moving ability of mitochondria
along microtubule and down-regulate OXPHOS
capacity with increased fragmented mitochon-
dria [59] to create a reductive milieu for virus
replication. Mitochondrial fusion could gener-
ate a functioning mitochondrial population that
could survive from autophagy during starvation
[60]. Disruption of mitochondrial fusion/fission
processes, either by overexpression of MFN2
or knockdown of DRP1, would increase OXPHOS
capacity to prevent cell-cycle progression in
lung cancer cells [61], probably due to change
in oxidative state and increase in ROS leak,
whereas fragmented mitochondria, either
genetically induced or obesity-related, were
associated with dysfunctional mitochondria as
seen in insulin resistance and aging [62, 63].
These dysfunctional mitochondria are probably
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in excessive reductive state. Moreover,
decreased ATP synthesis, either by inhibiting
ETC complexes activity via oligomycin in vitro
[60] or by altering protein crystal structure via
site-directed mutation on cytochrome bcl com-
plex [64], could delay S phase entry of cells
through excessive ROS leak, which in turn dis-
turbs homeostasis of redox status during cell
division cycle.

The mitochondrial redox proteins with known
crystal structure, such as cytochrome bci,
cytochrome C oxidase and cytochrome oxidase,
were collected for the determination of electron
transfer efficiency. Interestingly, the study
revealed that as close as 14 A or less apart in
distance, these redox centers could have very
high free energy optimized for tunneling rates
in the 10*3-10" per second range, called ‘tun-
neling effect’ [13]. This magic distance was
conserved from evolution as this distance was
applied to all of redox centers collected with
known crystal structure at that time, indicating
that the compacted or more closed redox cen-
ters could be vital for highly efficient electron
transfer to minimize ROS leakage. It could
explain the finding that dark electron dots pre-
cipitated in matrix and along cristae of inner
membrane in condensed form could represent
the compactness/interaction of enzymes of
Kreb’s cycle in matrix and ETC complexes on
cristae to prevent ROS leakage during high
capacity of OXPHOS [13, 27, 28]. Indeed, genet-
ic study of the cytochrome bcl showed that
changing the length of the flexible linker region
in the iron-sulfur redox region by adding one or
two alanine residues could reduce this ubiqui-
nol-cytochrome C reductase activity by 50%
and 90% respectively [64]. This result revealed
the correlation of mitochondrial ROS leak with
the integrity of mitochondrial structure and
function and supported the notion that any find-
ings in excessive ROS generation could be a
sign of damage of mitochondrial structure and/
or function especially in cancer tissue or cancer
cell lines with functional mitochondria or with
high OXPHOS [4, 65]. The tunneling effect could
also explain the fact that most of intracellular
ROS comes from complex | [66] because it is
composed of 55 different subunits with unusu-
al and unique coupling mechanism via long
range conformational changes [65], which
could be a potential ‘heel of Achilles’ and
source of ROS leak.
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What is the driver of mitochondrial bioredox
coupling with cell metabolism and function,
especially during DNA replication? A yeast study
showed that a genome-wide oscillation in tran-
scriptional clustering occurred at three nearly
equally spaced intervals within the cell cycle
and correlated with oxygen consumption cycle/
metabolic cycle [67]. Using microarray analysis
on a total of the 5329 genes expressed during
cell cycle in buddying yeast, it was found that
almost half of the genes were expressed under
high oxygen consumption phases with 2250
(42%) in RC and 650 (12%) in OX phase, where-
as 2429 (46%) genes were expressed in RB
phase. Moreover, genes expressed in OX phase
were highly dynamic with higher amplitude than
genes expressed in RC and RB phases [67].
Those results support the notion that most of
those genes “with constant low expression
level throughout cell division cycle” could repre-
sent G1 cycling in quiescent cells [41], while
genes in OX phases could represent ‘short
pulse’ [42] along with concentrated gene
expression, such as cyclins [7, 8], amino acid
synthesis and RNA metabolism for DNA synthe-
sis and cell division.

Based on these observations, we hypothesized
that gene expression in cell cycle could be
stratified into two parts: ‘G1/GO cycling’ as
background and ‘S/G2/M’ as pulse. The back-
ground of GO/G1 cycling was in quiescent cells
and regulated by the majority of gene transcrip-
tion (88%). Amazingly S phase pulse triggered
cell division on the top of G1/GO background by
only those 12% of the genes which could be
involved in cell division signaling, such as nutri-
tion, redox status, oncogenes, and the process
of “concentrating the expression of biosynthet-
ic genes and active metabolism into short puls-
es” [41]. This is demonstrated by a positive cor-
relation of over nutrition and cancer incidence
in human society [50].

Using a 39S mitochondrial ribosomal protein
L10 (MRPL10O) as a probe to identify genes
clustering with metabolism in cell cycle, it was
found that 73 clustered genes for nuclear-
encoded mitochondrial ribosomes were highly
expressed shortly after cells ceased respira-
tion in RB phase and reached the peak expres-
sion at the end of DNA synthesis, indicating
that ‘grouping’ of those genes could be vital
during DNA synthesis to quench ROS genera-
tion and protect DNA integrity [68]. Interestingly
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gene transcripts in RC phase, prior to OX phase,
were correlated with autophagy, peroxisome,
and ubiquitin/proteasome, suggesting that
‘clean-up’ could be the major tasks in the prep-
aration for the transition from redox state domi-
nant with glycolysis to oxidative state of
OXPHOS [68]. Proteasome-mediated proteoly-
sis for defined target proteins is an important
regulatory mechanism to control various path-
ways in eukaryotic cell, such as in DNA repair
mechanism [69]. A mutation in the yeast pro-
teasome gene RPN11/MPR1 resulted in cell-
cycle arrest, overproduction of nDNA and
mtDNA, and fragmentation of the mitochondria
[70], indicating that the proteasome plays a
vital role in transition process during cell cycle.
Indeed, prolonged mitochondrial fusion with
over oxidative stress in mutant could result in
chromosome misalignment during mitosis [26].
A similar study of Dacapo, a cyclin-dependent
kinase inhibitor, in Drosophila embryogenesis,
revealed that timely ‘turn-on’ and ‘turn-off’ of
this protein expression were critical for normal
cell division, as the loss-of-function mutation
resulted in its prolonged expression causing
inappropriate cell-cycle entry and lethality [71].
Moreover, proteasome might play a role in DNA
damage repair (DDR) as it was enriched at the
sites of DNA damage as a part of DDR system
[69]. Therefore proteasome inhibitors are wide-
ly used as targeted therapy in treatment of can-
cer [72].

Strikingly, the Warburg effect was also observed
in virus infection in host cells [47-50] as virus
DNA replication was found to be synchronized
with reduced H,0, level, increased glycolysis
and glucose consumption, increased lactate
production and enzyme activity of glucose-
6-phosphate dehydrogenase (G6PDH) and PPP
[47]. Human Hepatitis C virus (HCV) infection
could increase mitochondrial fission and
mitophagy to reduce HCV- induced host cell
apoptosis [48] and create a reductive environ-
ment for virus replication. Another example is
that high risk human papillomavirus protein E2,
HPV-18 E2 and 16 E2, could localize to the
mitochondrial inner membrane and modify the
cristae morphology, leading to the increase of
glycolysis and stabilization of hypoxia-inducible
factor (HIF) [49]. Taken together, these results
indicate that avoiding ROS attack during DNA
replication could be a conserved universal
strategy from evolution by all living organisms,
including virus, through adoption of glycolysis
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for DNA replication to protect their genome
integrity.

Unbalanced mitochondrial bioredox along
with the alteration of glucose metabolism ow-
ing to mtDNA and nDNA mutation is respon-
sible for the Warburg effect in cancer cells

The Warburg effect in cancer cells could be par-
tially explained by the facts that cancer cells
share many common properties in gene expres-
sion with normal embryonic cells especially at
very early stage [1], such as the amoeboid pri-
mordial germ stage in the yolk sack [54] or pre-
implantation stage [73]. The embryonic isoform
of pyruvate kinase (PKM2), which catalyzes the
last step of glycolysis to yield pyruvate, is highly
expressed in tumors, yet is absent from adult
tissues except in adipocytes [74]. Dominant gly-
colysis with reduced mitochondrial respiration
has been widely observed in patients with dif-
ferent kinds of solid tumors [30, 75]. Using a
trans-mitochondrial approach, the mitochon-
dria were switched among different tumor cell
lines while the cytosol of the cells was kept
intact (cybrid) [76]. Aggressive osteosarcoma
cell line (143B TK-pO cells) cybrid harboring
mitochondria from benign breast epithelial
cells (MCF10A) showed reduced ability in
metastasis, reduced ROS generation, increased
complex | expression, and reduced cell prolif-
eration and tumorigesis in nude mice, while the
cybrid with mitochondria from moderately met-
astatic cells showed lower capacity in tumori-
genesis in nude mice [76], suggesting a role of
mitochondria in tumorigenesis. This role of
mitochondria was probably the result of mito-
chondrial retrograde signaling. In another
study, the ability of tumorigenesis of a prostate
cancer cell line PC3, harboring a mutation in
cytochrome oxidase subunit | (COIl) with reduced
OXPHOS and increased ROS leak, could be
neutralized by harboring normal mitochondria
in nude mouse model [77], indicating the intact
structure and function of mitochondria are cru-
cial in preventing tumorigenesis.

Interestingly, mitochondria from highly meta-
static tumor cells could not transform non-
transformed mouse NIH3T3 cells into tumor
cells, even with defect on OXPHOS capacity due
to a mutation at complex | [76], implying that
the interaction of mitochondria and cytosol
compartments played a role in tumor initiation.
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Microarray analysis in a cybrid of highly meta-
static breast cell line harboring non-cancerous
mitochondria revealed that normal mitochon-
dria could decrease the expression of onco-
genes such as RAS, HER2, SRC, etc and
increase the expression of tumor suppressor
genes such as RB1, PTEN and VHL [78], again
demonstrating the importance of intact mito-
chondrial in cancer prevention. Importantly, the
ROS generating capacity but not excessive gly-
colysis, could be responsible for tumor metas-
tasis, as only enhanced glycolysis without ROS
generation in hybrid harboring mitochondria
without mtDNA (mtA) cannot trigger metastasis
[79], supporting the hypothesis that alteration
of mitochondrial bioredox with excessive ROS
could be the driver for tumorigenesis and
metastasis.

ROS plays a vital role in antimicrobial host
defense as well as signal transduction in inflam-
mation process [80]. During acute inflamma-
tion process, it is critical to stop microorgan-
isms’ invasion via excessive ROS generated
from mitochondria of damaged cells and per-
oxisome from neutrophils. This strategy is real-
ized through metabolic alterations by increas-
ing OXPHOS, fatty acid oxidation and UCPs [80].
However chronic inflammation process with
sustained ROS leak could be tumorigenic and
responsible for many types of cancers [81].
Indeed, H,O, pulse could induce DNA replica-
tion even under oxidative stress environment in
yeast study [6]. Meanwhile excessive and sus-
tained ROS could act as a mutagen for initiating
cancer by creating ‘gain-of-function” mutations
in oncogenes for proliferation and metastasis
[82] or ‘loss-of-function’” mutations in tumor
suppressor genes, because lack of mutation
variation, called genostasis, could prevent cells
from adapting to stress [80], due to less avail-
able choices. It is highly possible that excessive
ROS from damaged mitochondria could play a
critical role in cancer initiation and evolution
[81] by generating a vast diversity of mutations,
some of which are oncogenic mutations such
as mutations in oncogenes KRAS and PI3K [81,
83]. Tumor cells could be nourished by glycoly-
sis for survival, recurrence and metastasis.

Mutation of mtDNA and nDNA are responsible
for the alteration of mitochondrial redox poten-
tial [31] and reprogramming of bioenergetics
[4]. How does mutation be generated in the first
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place even with intact mitochondria with nor-
mal function? The key could be in the synchro-
nization of DNA replication with reductive state
which is coupled with glucose metabolism, cell
growth rate and cell cycling [41-43]. Budding
yeast study showed that glucose concentration
in the medium would influence the growth rate,
as 40% of glucose reduction could slow down
cell growth rate from 2 hour to 4 hours [43].
The slower the growth rate (longer the cell cycle
length), the more closed the synchronization of
DNA replication with reductive environment
[43]. And more genes were expressed during
DNA synthesis to improve genome fidelity [42].
On the other hand, the faster the growth rate
(shorter the cell cycle), the farther away the
DNA synthesis from reductive phase [43]. As a
result, less genes were expressed in DNA syn-
thesis and more cells were entering cell cycle
under high oxidative stress [42]. All of these
scenarios lead to increased vulnerability of
spontaneous mutations [6], ultimately causing
mutations critical in cell cycle control, such as
TP53 mutation in cancer [84]. The effect of
calorie restriction on tumor prevention was
demonstrated in mouse liver regeneration
model in vivo [85]. It showed that under 40%
less calorie intake, newly generated liver cells
showed a shorter time for both DNA synthesis
(accelerated or fast pass though S phases) and
low protein expression of p21, cyclin A and
E2F1, compared with ad libitum-fed mice [86].
Clinical study showed that low E2F1 expression
could favor positive outcome of breast cancer
patients [87], while the fast pass-through S
phase could be beneficial in the prevention of
spontaneous mutation, which was demonstrat-
ed in yeast study [7, 42]. The quick pass of S
phase under calorie restriction could represent
a new mechanism among others to reduce
spontaneous mutation rate, including s phase
closely synchronized with reductive milieu [42],
higher level of fidelity of DNA polymerases and
lower level of mitochondrial membrane poten-
tial for less ROS leakage [88]. Moreover, highly
efficient generation of ATP via glycolysis makes
it possible for DNA replication to complete fast-
er and for the time of exposure in unavoidable
oxidative stress to shorten during S phase to
prevent spontaneous mutation. In the above
studies, no data were collected in mutation
rate in newly generated liver tissue under calo-
rie restriction or with ad libitum diet mice.
Meanwhile, high glucose level could saturate
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MAL-OOA-ASP shuttle to shun glucose meta-
bolic flux rout from OXPHOS to glycolysis as the
Warburg effect [89].

Mechanisms involved in the homeostasis of
mitochondrial bioredox which couples with
glucose metabolic pathway and cell function

It has been revealed that the condensed form
of mitochondria with high respiration rate is
associated with a phenomenon of ‘contraction
of matrix” which reduces the volume of matrix
by 50% compared to the orthodox form [27,
28]. How can the volume of mitochondrial
matrix regulate mitochondrial respiration
capacity or mitochondrial bioredox? Studies of
mitochondrial membrane ion channels revealed
that four potassium channels are located in the
inner membrane [85, 90]. Among those potas-
sium channels, an ATP-sensitive potassium
channel (mitoK, ) could be regulated by ATP
status, similar to the potassium channel on the
pancreatic cell membrane for insulin secretion
[4, 85, 91]. MitoK, , could be regulated by redox
states as well. Oxidative agents such as H,0,
and O, could activate this channel [90, 92],
while molecules such as high level of NADPH
and ATP could close the channel to stop K*
influx from entering matrix from inner mem-
brane space [93], leading to the retention of K*
within the intermembrane space, which in turn
results in increased osmotic pressure and
swelling of intermembrane space and cristae
[90]. Atthe same time, swelling of the intermme-
brane space causes the matrix being squeezed
or contracted to about 50% of its original vol-
ume as seen in condensed form [27, 28] while
low ATP and high ROS could active/open mito-
K, and let K" influx into matrix via ionic con-
centration gradient to restore the volume of
matrix to its original through osmotic pressure
by water as seen in orthodox form [93]. This
phenomenon points to the possibility of switch-
ing from condensed form to orthodox form with-
in minutes [25, 26] just through potassium flux-
induced osmotic pressure and water. It was
shown in one study that the orthodox form with
low respiration capacity and low AWm could act
as cardioprotective preconditioning in heart
ischemia-reperfusion injury model to prevent
ROS-induced damage [94]. In cancer cells, low
mitoK . expression was associated with low
respiration and high AWm leading to the resis-
tance of apoptosis [95, 96]. Dichloroacetate
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(DCA), an inhibitor of mitochondrial pyruvate
dehydrogenase kinase (PDK), an inhibitor of
mitochondrial pyruvate dehydrogenase kinase
(PDK), which phosphorylates and inhibits the
activity of pyruvate dehydrogenase complex to
prevent pyruvate entry into mitochondria for
OXPHOS, could increase respiration, ROS gen-
eration and expression of Kvl.5 of potassium
channel in plasma membrane and decrease
proliferation and induce apoptosis in cancer
cells, but not in normal cells [96]. MitoK,
channel opener, diazoxide and pinacidil at the
pharmacological dosage, could slightly increase
K* ion flux into matrix with reduced membrane
potential and respiration, leading to a signifi-
cant increase in matrix volume which is “suffi-
cient to reverse matrix contraction caused by
oxidative phosphorylation” [97].

How could OXPHOS capacity be regulated sim-
ply by squeezing the volume of mitochondrial
matrix? It revealed that condensed form of
mitochondria with high respiration feature
would accompany a phenomenon of high elec-
tron precipitate in matrix where the enzymes of
Krebs cycle locate, and in the cristae with ETC
complexes. SIRT3, a NAD*-dependent deacety-
lase in mitochondria, is an enzyme to remove
acetyl molecule from acetylated proteins. And
its activation could reduce ROS leakage [92],
via interaction with ETC complex | subunits
[95]. The effect of SIRT3 on reducing ROS from
mitochondria could be demonstrated by its
effect on improving protein-protein interaction
[98, 99], probably through increasing compact-
ness among enzymes in matrix via ‘spatial fac-
tor’ which was revealed from the enzyme activ-
ity in bacterial carbon fixation [13, 100].
Increased interaction among ETC complexes on
cristae via ‘spatial factor’ could prevent ROS
leakage to trigger ‘tunneling effect’ [14].

The process of DNA replication is vulnerable for
genome integrity itself, in term of spontaneous
mutagenesis, owing to exogenous and endoge-
nous ROS assault [9, 10, 78]. Therefore bal-
anced redox status through glucose metabolic
pathway could be crucial for genome integrity in
daughter cells [6]. A pioneer isotope labeling
study on fertilized rabbit ovum from 1-day to
6-day stage (before the blastocyst stage and
after) revealed that glucose was metabolized
mainly through pentose phosphate pathway
(PPP) prior the blastocyst stage, whereas glyco-
lytic and respiration were established after the
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blastocyst stage. This study also revealed that
no respiration could be detected in 6-day blas-
tocysts [101], indicating that reductive milieu
was critical to ensure the fidelity of DNA replica-
tion, especially within the first few copies of
DNA during the very early stage of embryo
development [1]. The *3C-metabolic flux analy-
sis was used for probing intracellular metabolic
fluxes [102] and showed in Chinese hamster
ovary (CHO) cells that in non-growing cells,
more than 97% of consumed glucose was first
diverted through PPP with a high NADPH pro-
duction as redox equivalents. Then the meta-
bolic flux continued into pyruvate entering
Krebs cycle with little or no lactate production
[103]. On the other hand, in the dividing cells
the glucose flux was diverted mainly toward gly-
colysis for pyruvate and lactate production, but
little was diverted to PPP and OXPHOS [2, 103].
Similar results were obtained from a study in
human glioblastoma cells showing that PPP
was upregulated with acute oxygenation but
down-regulated by glycolysis while glycolysis
itself was upregulated with hypoxia [104]. It
seems that the homeostasis of redox status is
maintained and coupled intrinsically by pairing
OXPHOS to generate ROS as oxidative stress
with PPP to produce NADPH as reductive equiv-
alent. This pairing has been selected from evo-
lution to protect cells from oxidative damage.

It was revealed that cancer cells, probably nor-
mal cells as well, cannot survive without glu-
cose [105], therefore, the glucose metabolic
pathway could be a cellular metabolic ‘magic
machine’, consisting of PPP and glycolysis in
cytosol and respiration in mitochondria, and
coupling with redox status and cell function.
Glucose molecule could be one of few critical
native players of the ‘game’. When a glucose
molecule enters this machine, it is not simply
for energy generation at the end, but it could
generate different ‘side effects’ before entering
OXPHOS at the end in mitochondria. Glucose
molecule might ‘stop’ or trap at glycolysis (2
ATP/glucose) by avoiding ROS generation dur-
ing DNA replication in S phase, or ‘enter’ into
mitochondria through OXPHOS for thorough
ATP generation (36 ATP/glucose) for cellular dif-
ferentiation and functioning where energy is
much needed. In other words, energy genera-
tion in the form of ATP at the end is the conse-
quence but the ‘side effect’, such as creating
reductive state via glycolysis is the driver.
Maslow’s hierarchy of needs [106] represent
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Plumbing model

Dynamics of homeostatic cell redox status from mitochondrial
bioredox coupled with mitochondrial bioenergetics in normal cell

Alteration of redox status from
reprogramming of bioenergetics
in cancer cells
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Figure 1. A plumbing model illustrate the understanding of the Warburg effect in (A) normal quiescent cells; (B)
normal proliferating cells and (C) cancer Cells. Glucose metabolic transiently shifting from (A) and (B) represents the
homeostasis of mitochondrial bioredox coupling with bioenergetics in normal proliferating cells. However, cancer
cells have excessive ROS as well as sustained glycolysis and reduced OXPHOS, owing to the alteration of mitochon-
drial bioredox derived from reprogramming of bioenergetics from mutation.

the order, by which, survival located in the bot-
tom is the first need to meet in order to fulfill
other physiological needs. Any bio-organism
will take whatever it takes to survive, then
thrive, which is an excellent example of homeo-
stasis of bioredox status adopted during cell
cycle to protect genome integrity.

Based on the facts that iron-sulfur (Fe-S) clus-
ters has been used as redox centers for anaer-
obic metabolism in anaerobic time [107] and
extended into ETC of mitochondria in aerobic
world [108], it is possible that the sequence of
glucose metabolic pathway from PPP and gly-
colysis in cytosol to OXPHOS in mitochondrion
could be another example of “ontogeny repeat-
ing phylogeny” at the cellular metabolic level.
This metabolic recapitulation with DNA synthe-
sis, either for cell duplication or virus replica-
tion in host cells, must be hooked intrinsically
by evolution, programmed into the genome in
all of living organisms and will repeat again and
again whenever a life needs to renew.

Closing remarks

The mitochondrial bioredox derived from glu-
cose metabolic pathway and coupled with cell
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function is shown in a plumbing model, which
would illustrate our understanding of the
Warburg effect in normal quiescent and prolif-
erating cells as well as in cancer cells shown in
Figure 1A-C.

Figure 1A represents the oxidative state of
mitochondrial bioredox derived from glucose
metabolic pathway in normal quiescent cells, or
healthy life style such as low calorie intake and
aerobic exercise, which is featured with high
efficiency of OXPHOS with low ROS leak and lit-
tle glycolysis in cytosol [109]. While Figure 1B
could represent the reductive state of mito-
chondrial bioredox either in normal proliferating
cells during DNA replication, which is featured
by reduced OXPHOS, but transient increase in
glycolysis with little ROS to protect genome
integrity, as the Warburg effect in normal cells
[2, 7]. The transition between Figure 1A and 1B
represents the homeostasis of mitochondrial
bioredox regulating cell redox status, which is
governed by genome-wide gene transcription
and retrograde mitochondrial signaling coupled
with cell function. However Figure 1C alone
could represent the Warburg effect in cancer
cells or unhealthy life style with over nutrition or
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lack of aerobic exercise. It is featured by exces-
sive ROS leak plus reduced OXPHOS and sus-
tained increase in glycolysis, an alteration of
mitochondrial bioredox derived from repro-
grammed bioenergetics from mutation of
mtDNA and nDNA [1, 3]. Importantly, this model
shows that OXPHOS of mitochondrion as an
evolutionary youngster at the end of glucose
metabolic pathway, could regulate upstream of
glycolytic flux effectively through a ‘reverse bot-
tle-neck effect’, or ‘funnel effect’. The transi-
tion between OXPHOS and glycolysis could be a
dynamic and transient event coupled mainly
with DNA synthesis in S phase, but not G2/M
phases to avoid ROS and protect genome integ-
rity. However, the alteration of mitochondrial
bioredox and bioenergetics make cancer cells
trapped into Figure 1B, which could be rescued
by simply reviving the OXPHOS capacity [96].

In summary, our hypothesis in understanding
the Warburg effect could be high-lighted as the
following: 1) Glycolysis as ancient metabolic
pathway has three unique features that could
be beneficial to protect genome integrity during
DNA replication by a) by providing fast ATP gen-
eration in a simple and efficient manner as
“ATP production by glycolysis can be more rapid
than OXPHOS ” to support DNA replication [29,
110]; b) by creating reductive milieu without
ROS to reduce spontaneous mutation rate [2,
71; c) by providing NADPH and macromolecules
for DNA synthesis with PPP [111], all of which
could be critical to protect genome integrity; 2)
Avoiding ROS generation during DNA replica-
tion is the top priority in all living organisms to
protect genome integrity which is conserved
from evolution for all living organisms; 3)
Dynamic homeostasis of cellular redox status
during cell division in healthy cells is governed
by genome wide transcription clustering and
mitochondrial retrograde signaling through
mitochondrial bioredox coupled with bioener-
getics and cell cycle; 4) The Warburg effect in
cancer cells is the alteration of mitochondrial
bioredox derived from reprogramming of mito-
chondrial bioenergetics by mutations [3], fea-
tured by excessive ROS, sustained with
increased glycolysis and reduced OXPHOS,
leading to tumorigenesis, progression and
metastasis. Therefore, our hypothesis empha-
sizes on the importance of mitochondrial biore-
dox coupling with bioenergetics for DNA replica-
tion and provides a new insight into the Warburg
effect in proliferating normal cells as well as in
cancer origin, treatment and prevention.
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