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A B S T R A C T   

Cancer cells are very diverse but mostly share a common metabolic property: they are strongly glycolytic even 
though oxygen is available. Herein, the metabolic abnormalities of cancer cells are interpreted as modifications 
of the electric currents in redox reactions. A lower current in the electron transport chain, an increase of the 
concentration of reduced cofactors and a partial reversal of the tricarboxylic acid cycle are physical character
istics of several forms of cancer. The existence of electric short-circuits between oxidative branches and reductive 
branches of the metabolic network argue in favor of an electronic approach of cancer in the nanoscopic scale. 
These changes of electron flows induce a pseudo-hypoxia and the Warburg effect through succinate production 
and divert electrons from oxygen to biosynthetic pathways. This new look at cancer may have potential thera
peutic applications.   

1. Introduction 

Life is a multiscale phenomenon based on the laws of physics and 
chemistry. More precisely, life can be described as a complex network of 
coupled cyclic, dissipative processes driven by the energy flow from a 
state of low entropy to a state of higher entropy [1,2]. In the nanoscopic 
domain, this energy flow is a mere cascade of electrons from an excited 
state to a lower energy state, but this statement sheds no light on com
plex biological phenomena at higher scales. The task of describing life 
starting from non-equilibrium thermodynamics and electronics is 
particularly difficult because each scale requires the identification of 
relevant parameters, currents, cyclic processes and driving forces. A 
change of focus necessitates a change of language to find new, effective 
variables and write down the phenomenological laws which govern 
them. Similarly, in the case of a disease like cancer, which affects the 
body at different levels, the search of a generic cure is often ineffective 
because a single drug targets a single process and does not take into 

account phenomenological forces acting at other levels. 
Our basic hypothesis is that the flow of energy and matter drives the 

information flow along the signaling pathways, from the nanoscopic 
scale of electrons to the macroscopic scale of the tumor and of the or
ganism. In other words, energy dissipation drives information flow. The 
present work is an attempt to build an integrated picture of the hall
marks of cancer from a physical point of view. 

2. Cancer metabolism 

Although metabolic anomalies of cancer cells have been identified 
hundred years ago by Otto Warburg [3], the various forms of possible 
disregulation have long delayed their recognition as a hallmark of 
cancer [4–6]. Indeed, the transition from a quiescent, differentiated 
state to a proliferative, dedifferentiated state of the cell is a multistep, 
gradual phenomenon [7]. Many biological parameters vary continu
ously during this transition. For instance, in head and neck squamous 
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cell carcinoma, it has been discovered that increased glycolysis corre
sponds with tumor growth and immune invasion [8]. Similarly, it has 
been shown that glutaminase isoform 2 overexpression was connected to 
astrocytoma carcinogenesis and progression [9]. 

From a bioenergetic perspective, it is possible to identify a small 
number of parameters which describe the transition from a mainly 
oxidative metabolism - where most of the ATP is produced through 
oxidative phosphorylation (OxPhos) - to a glycolytic, glutamine 
dependent and anabolic mode - where substrate level phosphorylation 
(SLP) is higher. These parameters (ATPSLP/ATPOxPhos, [NADPH]/ 
[NADP+], pH, electric currents and conductances, etc.) are not neces
sarily direct causes of the metabolic switch but rather simple, numerical 
characteristics thereof. During oxidative catabolism, the fate of most 
carbon atoms is to be oxidized into carbon dioxide. For instance, the 
oxidation of glucose changes the average oxidation number of carbon 
atoms from nearly 0 in carbohydrates to +4 in CO2. The function of the 
tricarboxylic acid (TCA) cycle (Fig. 9) and the mitochondrial electron 
transport chain (ETC) is to transfer electrons from carbon to oxygen and 
release energy in the form of ATP. 

The Warburg effect, a paradoxical aerobic glycolysis, can be induced 
in some tumors - probably among others - by a decrease of the efficiency 
of the respiratory chains in the mitochondrial network [10]. Indeed, if 
the number of mitochondria decreases or if they do not function prop
erly for any reason affecting one of their components, the ability to carry 
the electrons from reduced cofactors to oxygen will be compromised 
[11]. The electrons, still arriving steadily with glucose at the top of their 
energetic cascade must flow somewhere else since the mitochondrial 
network - at least in some tumors - is clogged. A way out is to flow into 
the anabolic pathways of least resistance operating in the cytoplasm, 
notably the fatty acid synthesis, the pentose-phosphate pathway and the 
oxaloacetate-malate-pyruvate pathway (Fig. 1), and along a reductive 
branch of the TCA cycle (Fig. 10). 

Another metabolic peculiarity of some cancer cells is the high 
glutamine intake that provides energy for ATP synthesis and nitrogen for 
aminoacids. This high flow of glutamine feeds the TCA cycle in 
α-ketoglutarate. Under the force of redox shift, part of this α-ketoglu
tarate goes backward along a reductive branch of the TCA cycle, while 
another part follows the usual oxidative branch leading to fumarate or 
succinate (Fig. 2). Succinate dehydrogenase (SDH) deficiency is associ
ated with several forms of cancer [12]. In human hepatocellular carci
noma, a low level of SDHB subunit induces an accumulation of succinate 
which slows down the degradation of hypoxia-inducible factor HIF1α 
which in turn promotes the Warburg effect [13]. The oxidative branch 
started at αKG then stops at succinate. The role of succinate in the 
activation of pro-tumoral signaling pathways and in the Warburg effect 
suggests new therapeutic targets to regulate its concentration [14]. 

The metabolic rewiring of cancer cells can be seen as a superposition 
of the usual oxidative TCA cycle with parts of the reductive TCA (rTCA) 
cycle. The latter is the metabolic core of the most archaic cells [2,15] 
and is almost as ancient as life itself. In a reductive environment, this 
cycle can become active in parallel with its modern, oxidative version. 
Indeed, there are many reports on the involvement of the reductive TCA 
cycle in cancer growth [16–18]. 

3. Cancer thermodynamics 

It is often stated that cancer results from an accumulation of muta
tions in somatic cells: the expression of proto-oncogenes is activated 
whereas that of tumor suppressor genes is inhibited, regardless of the 
nature of carcinogenic factors [7,19]. Unregulated oncoproteins activate 
proteases which destroy the extracellular matrix, deteriorate the cell-cell 
contacts and promote the epithelial-mesenchymal transition [7]. How
ever, nuclear graft experiments [20,21] suggest that the phenotype of 
oncogenic mutations is subject to modifications by cytoplasm. Conse
quently, DNA mutations are not “the primary cause of cancer” (if such a 
thing exists) and these observations cast some doubts on the purely 

genetic approach of cancer [22]. In the following, we will describe the 
role of electron flow in the transition between catabolism and anabo
lism, and advocate for the importance of this step in the process of 
tumorigenesis. 

3.1. Conductances and forces 

In a linear electric network, the electric current, Ia, in each branch a, 
is a linear function of the tensions, Ub, in all the branches, b, of the 
network: Ia =

∑
bLabUb. The coefficients Lab are the conductances of the 

network. This is a generalisation of the usual Ohm’s Law, I = GU, valid 
for a single ohmic (i.e. linear) conductor, of conductance G. In linear, 
near equilibrium thermodynamics [23,24] the currents, Ja, can be re
action rates, particle currents, heat fluxes, etc. The forces, Xb, that drive 
these currents can be concentration differences or temperature gradi
ents, affinities of chemical reactions, membrane potentials, etc. The 
linearity hypothesis states that there exists a matrix, L = [Lab], of 
(generalised) conductances such that: 

Ja =
∑

b
LabXb. (1)  

The power dissipated by the network of physico-chemical processes, P :

=
∑

cXcJc, is then a quadratic function of X: 

P =
∑

ab
XaLabXb. (2)  

In a cell, the expression of genes modulates the concentration of various 
enzymes such as catalysts, hence modifies only the kineticsof chemical 
reactions. Therefore, genetics modifies the matrix L of conductances. On 
the other hand, the thermodynamical forces, Xb, are gradients of phys
ical quantities or affinities of chemical reactions, A =

∑
iνi( − μi /T), 

where the chemical potentials, μi, of reactants and products depend on 
their respective concentrations and on the temperature, T. The stoi
chiometric coefficients, νi, are fixed by the process under consideration. 
The genetic approach to cancer focuses on the modification of the 
conductance coefficients, Lab, whereas the metabolic approach tries to 
modify the thermodynamical forces, Xb. 

In mechanics, Newton’s law states that forces are the cause of the 
change of motion. Similarly, the generalized forces, X, can be considered 
as a cause of the currents, J. However, causality relations are difficult to 
identify in biology because life is based on the existence of positive 
feedback loops, where effects reinforce causes. When possible, the 
identification of phenomenological forces provides an effective causal 
structure to a system of biological processes. These cyclic dissipative 
processes have their own dynamics and form a network whose topo
logical stability underlies the existence of life itself. 

3.2. A reduced environment drives tumor growth 

Cancer cells evolve in a reduced environment [25]. In order to 
quantify this statement we define the redox shifts: 

ρ := log
(
[NADH]

[NAD+]

)

ρp := log
(
[NADPH]

[NADP+]

) (3)  

where the logarithm can be taken in any fixed basis. ρ and ρp are ther
modynamical forces and their variations drive the system away from 
equilibrium [23]. Let ρ′ and ρ′

p be their counterparts in cancer cells. 
According to [26], the ratio [NADH]/[NAD+] can be multiplied by five 
and [NADPH]/[NADP+] can be multiplied by ten in cancer cells. During 
the cell cycle, ρ′ and ρ′

p undergo larger variations than ρ and ρp, 

respectively. In particular, the S-phase shows a high peak of ρ′ and ρ′
p 
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Fig. 1. Electron and phosphate flows in a toy model of metabolism. The two black dots represent the electron pairs extracted from NADH or FADH2 and P∗ represents 
high energy phosphate carriers (mainly ATP). 
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whereas ρ and ρp follow almost flat curves. The pentose-phosphate 
pathway produces ribulose-6-phosphate (R5P) needed for nucleic acid 
synthesis, as well as NADPH which participates in the creation of a 
reduced environment and drives fatty acid synthesis for membrane 
formation. This is in accordance with computer modelling, which sug
gests a redox switch in cancer cells [27,28]. Indeed, biosynthetic path
ways are active when reduced cofactors are present in high 
concentrations (Table 1). 

3.3. Mitochondrial impairment increases the cytoplasmic pH 

In a metal, electrons can move collectively to build an overall electric 
current under the action of an electric field. In semiconductors, electrons 
and holes (electron deficiencies, of positive charge) are the free charge 
carriers and move in opposite directions. In an aqueous solution, there 
are neither free electrons nor holes, but anions and cations can move in 
opposite directions to generate an electric current transfered to the 
outside, as in a battery. In a metabolic network, the charge carriers are of 
different types: organic substrates with reduced or oxidized carbon 
atoms ; reduced coenzymes (NADH, FADH2, NADPH) ; electron carriers 
embedded in the inner mitochondrial membrane (quinones, cyto
chromes). These various molecules undergo thansformations that allow 
the electrons to reach their final destinations: O - H bonds (de novo water 
formation) or C - C bonds (synthesis of biomolecules). 

An altered electron transport chain leads to an accumulation of 
reduced cofactors and builds up a reduced environment. This increased 
electronic density in the valence shell of carbon atoms modifies the 
usage of the TCA cycle, some of its steps being processed backward with 
respect to the oxidative cycle [10,29]. This reduces the overall formation 
of CO2 and carbonic acid (H2CO3), hence the cytoplasmic pH increases. 
This alkalinisation of the cytoplasm is correlated with the increase of the 

concentrations of reduced cofactors. Indeed, the intracellular pH in the 
cancer cells oscillates between 7.2 and 7.5. The increase of internal pH is 
parallel to a decrease of external pH, due to the release of lactic acid by 
cancer cells [30]. Lactic acid is a nutrient for the surrounding immune 
cells and for the vascular cells [31,32]. This acidification of the extra
cellular environment favors the cells that are best adapted to these 
hostile conditions. Therefore, correcting the intracellular pH may be an 
adjunct to a metabolic treatment [33]. Interestingly, it has been shown 
that a change in pHi from 7.1 to 7.5 may help cancer cells to retain 
pyruvate kinase M2 (PK-M2) maximally active and responsive to 
FBP-mediated allosteric activation, resulting in lactate production and 
enhanced cell proliferation [34]. It is well known that PK-M2 is 
expressed in cancer cells and leads to the diversion of pyruvate at the last 
step of glycolysis to lactate dehydrogenase, thus increasing the lactate 
yield [7]. The export of lactic acid lowers the pH of the extracellular 
environment. Moreover, one can observe an increased survival when 
molecules which prevent proton extrusion from the tumor cells are 
combined with standard chemotherapy [35–37]. 

3.4. ROS and lactate as wastes of cancer cells 

What is the fate of oxygen that can not catch electrons at the end of 
the respiratory chain ? The strongest oxidant in the cell, O2 will catch 
electrons elsewhere and form H2O2 and reactive oxygen species (ROS): 
O•−

2 , HO•, etc. Glutathione (GSH) reduces these reactive oxygen species 
and generates the dimer GSSG. NADPH reduces GSSG to form NADP+, 
which oxidizes G6P and 6PG along the pentose-phosphate pathway 
(Fig. 8). This glutathione redox cycle uses NADP+ as an electron carrier 
for this pathway and produces ribose-5-phosphate (R5P), an essential 
ingredient of nucleotides. 

Lactate produced by strongly glycolytic cancer cells can be either 

Fig. 2. Glutamine feeds the TCA cycle with α-ketoglutarate, a part of which is reduced into citrate and another oxidized into succinate. Nitrogen is released in NH3 or 
is available for amino-acid synthesis. The transhydrogenase (Trans-H) bound to the mitochondrial membrane makes an electric short-circuit between the oxidative 
branch and the reductive branch of the modified TCA cycle. 
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Fig. 3. When the electric conductance of the mitochondrial respiratory chain is too low, the electrons flow in the upper branches of the circuit, through cytosolic 
NADP shuttles and mitocholdrial NAD shuttles. High energy phosphates (P∗ = ATP, GTP, etc.) produced by glycolysis are consumed by the biosynthesis of fatty acids. 
NUC = nucleotides. 
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oxidized into CO2 by other cells (in the brain), or transiently accumu
lated within the cell or excreted to form lactic acid. It constitutes an 
oxygen debt that is to be reimbursed in the short term. In contrast, 
biosynthesis of lipids is an oxygen debt in the long term because the 
ultimate degradation of stored fatty acids requires a postponed oxida
tion into carbon dioxide. 

It seems though that electron flow, carried by the NADH/NAD+

shuttles, could be involved in the carcinogenesis processes and the 
Warburg effect. However, no clear interpretation or causal relation be
tween electron flow and cancer phenotype emerges yet. The funda
mental driver of cellular growth in cancer cells is not glucose 
fermentation. Instead, the latter is a secondary effect of the saturation of 
the malate-aspartate shuttle (MAS), the glycerol-3-phosphate shuttle 
(G3PS) and the mitochondrial NADH shuttles [38]. Furthermore, when 
the need for NAD+ exceeds the need for ATP, cells start aerobic 
glycolysis and the activation of pyruvate dehydrogenase (PDH) in
creases the ratio [NADH]/[NAD+], which inhibits cell growth. Howev
er, no clear picture has been established yet for the consequences of the 
saturation of these shuttles (MAS and G3PS) and a higher demand of 
NAD+. Herein, we dig deeper, at the electronic level to try to elucidate 
the role of redox shifts in carcinogenesis. 

4. Cancer electronics 

Since cells extract their energy from nutrients by a sequence of redox 
reactions, the main actors of cellular metabolism are the electrons of the 
valence shell of these organic molecules. We will focus on carbon atoms, 
the only ones whose oxidation number changes significantly. For 
instance, the carbon atom of CO2 has oxidation number ω = +4 and will 
be represented by a box containing four holes (∘), whereas acetate, 
CH3COO− , is represented by two adjacent boxes: one with three holes 
for the carboxyl group (ω = + 3) and the other with three dots (•) for 
the methyl group (ω = − 3). For ammonia and the amino group, — 
NH2, ω = − 3 (Table 2). 

We define the average oxidation number, ω, of the carbon atoms of an 
organic molecule by the following formula: 

ω =
Number of holes (∘) − Number of electrons ( • )

Number of carbon atoms (□)
(4)  

ω increases during catabolism and decreases during anabolism. We can 
represent the main metabolic pathways in a diagrammatic form in order 
to keep track of these electrons. Our box diagrams represent the flow of 
electrons during glycolysis (Fig. 6), ketogenesis (Fig. 7) and along the 
pentose-phosphate pathway (Fig. 8). 

4.1. Glycolytic electric network 

Glycolysis and lactic fermentation form a universal sequence of re
actions (Fig. 6). Glycolysis polarizes the carbon skeleton and splits it in 
two pyruvate molecules. After pyruvate, two routes are possible: either 
oxidize and decarboxylate pyruvate into acetate, or give back two 
electrons to pyruvate and make lactate. The latter option is redox neutral 
whereas the former feeds the pool of NADH. An increase of the ratio 
[NADH]/[NAD+] then favors the production of lactic acid due to the 
relative lack of NAD+ to oxidize pyruvate into acetate. 

4.2. The pentose-phosphate pathway 

After phosphorylation of glucose, G6P can either be isomerized into 
F6P or follow a longer process, the pentose-phosphate pathway (PPP) 
that extracts six CO2 molecules from six G6P and provides two G3P, four 
F6P, twelve pairs of electrons and a single inorganic phosphate, Pi 
(Fig. 8). This “1/6 carbon tax” taken from glycolysis by PPP replenishes 
the pool of cytoplasmic R5P that is necessary for nucleic acid synthesis. 
Moreover, the electrons thus extracted are carried away by NADPH, 
which is used in cytoplasmic biosynthesis reactions. 

4.3. Aminoacid biosynthesis 

Two of the key metabolic alterations that occur in cancer are the 
increased production of lactate via the glycolytic pathway and the 
enhanced utilization of glutamine to maintain the anabolic activities of 
tumor cells [39]. Indeed, It has been shown that under glucose depri
vation, lactate and glutamine enhance NADPH generation via isocitrate 
dehydrogenase 1 (IDH1) and malic enzyme 1 (ME1), respectively. 
Lactate participates in the production of isocitrate, and malate derived 
from glutamine in the mitochondria is used to generate NADPH in the 
cytosol [40]. This represents a key source of NADPH for the highly 
proliferative cancer cells deprived of glucose and which cannot rely 
heavily on the pentose-phosphate shunt. Moreover, glutamine meta
bolism is a nitrogen donor for nucleotide and amino acid synthesis. 
Acetyl-CoA, a byproduct of this process, feeds lipid biosynthesis as well 
as the TCA cycle which maintains NADPH production. Rapidly prolif
erating tumor cells exhibit the Warburg effect resulting in a shift in 
glucose carbon away from the TCA cycle. Consequently, the flow of 
glutamine increases to maintain anabolic processes and support rapid 
cell growth with increased NADPH and ammonia generation [41]. 
Moreover, it has been shown that, when the electron transport chain is 
impaired, utilization of NADH is perturbed, which leads to cytosolic 
reductive carboxylation of glutamine and hence cytosol-confined NADH 
recycling in a reaction catalyzed by malate dehydrogenase 1 (MDH1) 

Fig. 4. In a steady state, the rate of entropy production, Φ, reaches a local minimum. The metabolism can be mainly catabolic (A) or mainly anabolic (B). In case C, 
the metabolism is strongly anabolic. 
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[42]. 

4.4. Ketogenic pathways 

Ketogenesis starts from acetyl-CoA and synthesizes in a few steps 
aceto-acetate (ACE-ACE), 3-hydroxybutyrate (3HB) and acetone (ACT). 
Ketogenesis can use part of the acetyl-CoA and NADH accumulated after 
glycolysis to produce exportable and usable fuel for most of our cells. 
Ketogenesis is a pseudo-respiration since it generates CO2 and drives a 
few electrons away from the cell (Fig. 7). This complementarity of 
ketogenesis with respect to glycolysis, the TCA cycle and the respiratory 
chain is at the basis of the ketogenic diet for cancer. However, for a 
ketogenic diet to be efficient, it is necessary to lower the electron flow 
also at the top of glycolysis, by reducing drastically the glucose con
centration and the total energy intake. According to [43], a hypocaloric 
ketogenic diet is a powerful tool to lighten the burden of cancer. How
ever, the possibility that some cancer cells use ketone bodies as fuel 

Fig. 5. Case (a) shows the full cellular oxidation of one glucose molecule. In case (b), the reduction/oxidation cycle of MeB bypasses complex III in the mitochondrial 
respiratory chain. In case (c), the redox cycle of MeB takes place without contribution of any mitochondrial complex. MeBH oxidation by dioxygen generates H2O2 

eliminated by catalase. 

Table 1 
Anabolic processes are enhanced by high concentrations of reduced coenzymes 
NADH and NADPH.  

The role of NADPH and NADH in some anabolic processes 

Anabolic Process Main end 
products 

Coenzymes Enzymes 

Gluconeogenesis Glucose NADH G3P-dehydrogenase 
De novo fatty acid 

synthesis 
Fatty acids NADPH Fatty acid synthase 

Cholesterol synthesis Cholesterol NADPH HMG-CoA reductase 
Steroid synthesis Steroids NADPH Steroid-21 mono- 

oxygenase 
Non-essential amino 

acids 
Alanine, etc. NADPH Glutamate 

dehydrogenase  

R. Attal et al.                                                                                                                                                                                                                                    
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suggests that blocking this pathway, for instance via the inhibition of 
succinyl-CoA transferase (SCOT/OXCT1) and β-hydroxybutyrate dehy
drogenase (BDH1), may have therapeutic effects [44–46]. Note that the 
carbon atoms of ketone bodies have a negative average oxidation 
number: ω = − 4/3 for acetone and ω = − 1/2 for 3-hydroxybutyrate. 
This makes ketone bodies an electron sink which lowers the intracel
lular redox shift. 

4.5. Mitochondrial respiratory chain 

Viewed as an electric circuit, the mitochondrial respiratory chain is 
(almost) linear: 

FADH2
↓

NADH → FMNH2 → CoQ → CYT(b/c/c1/a/a3)→H2O
(5)  

NADH gives its two labile electrons to FMN. FMNH2 and FADH2 give 
their electrons to the coenzyme-Q (CoQ = ubiquinone). These electrons 
go through cytochromes b, c, c1, a, a3, sequentially. At the end of the 
respiratory chain, dioxygen takes these electrons and free protons to 
form water. Each electron transport chain is equivalent with a single 
ohmic conductor and the mitochondrial network is equivalent with a 
large number of such conductors in parallel, with CoQ and H2O as 
common end points. The conductance of each branch of this electric 
circuit depends on the efficiency of the enzymes and coenzymes, on the 
mobility of electron carrying molecules (in particular, that of CoQ in the 
mitochondrial membrane), on the lipidome of the inner mitochondrial 
membrane and on many other physical or chemical factors. For instance, 
if the length of cardiolipin alkyl chains is not adequate, the cytochromes 
do not fit properly in the membrane and can not play correctly their role 
of electron carriers [43,47]. 

4.6. Catabolic electric network 

We now assemble the aforementioned pathways in a simplified 
model of metabolism where the only nutrients are glucose (GLUC) and 
fatty acids (FAT), as in Fig. 1 which represents an electric circuit (solid 
lines) coupled with a phosphate circuit (dashed lines) and a circuit of 
coenzymes (dotted lines, when the latter are oxidized). The electrons are 
extracted from the valence shell of organic substrates and carried by 

Table 2 
Box diagrams and oxidation numbers of the main functional groups.  

Functional group Oxidation number Box diagram 

CH4 ω = − 4 

— CH3 ω = − 3 

— CH2 — ω = − 2 

— CH = ω = − 1 

— CHOH — ω = 0 

— COH ω = + 1 

— CO — ω = + 2 

— COOH ω = + 3 

CO2 ω = + 4 

— NH2 ω = − 3 

Fig. 6. The motion of electrons (•), holes (∘) and phosphates (P/P∗) during 
glycolysis and fermentation. 
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hydrogen atoms transported by coenzymes. This network is character
ized by the recycling of NAD, NADP and FAD which play the role of 
electronic shuttles between various oxidizing branches of the network 
and the ultimate respiratory chain. These cycles define the steady state 
of the cellular metabolism. When the electric conductance of the respi
ratory chain is normal, the electrons can be transported by the various 
carriers located on the inner mitochondrial membrane and finally 
reduce oxygen into water. 

The transition from respiratory catabolism to fermentary anabolism 
can be induced by a decrease of the electron flow in the respiratory 
chain. This phenomenon can have many causes, among which: (a) the 
reversible, immediate kinetic inhibition of the electron transport chain 
by a high glucose concentration (Crabtree effect [48]). (b) the number of 
mitochondria can be low ; (c) the phospholipids which form the inner 
mitochondrial membrane (cardiolipins) can be defective and the contact 
between the successive electron carriers can be altered [43,47] ; (d) the 
total area of the inner membranes of the mitochondrial network can be 
reduced, as can be seen in electron microscopy of mitochondria from 
cancer cells [43] ; (e) a saturation of the aspartate-malate shuttle and/or 
the glycerol-3-phosphate shuttle across the mitochondrial membrane 
[38] ; (f) any combination of the previous factors. The lowering of this 
electronic conductance reduces the mitochondrial production of ATP by 
OxPhos and enhances the cytoplasmic production of ATP by glycolysis 
through the retrograde response [43]. When the electron current in the 
ACE → H2O branch is weak, NADH accumulates and inhibits the action 
of PDH, the current from pyruvate to acetyl-CoA is low and pyruvate is 
reduced into lactate and regenerates NAD+. This NAD shuttle establishes 
an electronic short circuit which accelerates glycolysis. A high glycolysis 
rate facilitates a higher flow along the pentose-phosphate pathway, 
which increases the cytoplasmic ratio [NADPH]/[NADP+]. The syn
thesis of fatty acids from ACE, NADPH and ATP is then favoured over the 
mitochondrial β-oxidation. 

4.7. TCA cycle in cancer cells 

The carboxylic acids which participate in the TCA cycle form a 
universal core of the metabolism of all known forms of life [2,49]. 
Healthy plant cells can use this cycle in different flux modes according to 
the cell type and physiological context [50]. In a healthy animal cell 
working in an oxidizing environment, this cycle is used as a catabolic 
machine to oxidize acetate and send electrons to the mitochondrial 
respiratory chain. In the strongly reducing atmosphere of the early Earth 
and until the accumulation of oxygen in the atmosphere, about two 
billion years ago, the TCA cycle could work backward as an anabolic 
machine [49,51]. In a cancer cell, the reducing environment may 
reverse some steps of the TCA cycle [10,16,29]. When the output of the 

process is fumarate or succinate, the latter are exported to the cytosol 
where they inhibit prolyl-hydroxylase, which degrades HIF1α. The latter 
promotes aerobic glycolysis and the excess of fumarate or succinate, due 
to the electronic short-circuit in the TCA cycle, thus triggering the 
Warburg effect [52]. 

Glutamine metabolism is a target of critical importance in the 
treatment of cancer because glutamine provides α-ketoglutarate and 
pushes the TCA cycle in both directions, oxidative and reductive, in 
some cancer cells [16,53,54]. In melanoma cells, both isoforms 1 and 2 
of isocitrate dehydrogenase are used to reduce αKG into isocitrate [17]. 
An electric short-circuit is thus created between an oxidative branch and 
a reductive branch of the TCA cycle (Figs. 2 and 11). Moreover, the 
production of ammonia by deamination of glutamine has a devastating 
effect on distant muscle tissue which releases aminoacids, in particular 
glutamine. The latter produces more ammonia and this process initiates 
the vicious cycle of cachexia [43,52]. These partial reversals of the TCA 
cycle come with electric short-circuits between an oxidative branch and 
a reductive branch, through a NADH shuttle (Fig. 10) or through a 
double NADH-NADPH shuttle mediated by transhydrogenase. This sit
uation is similar to the cytoplasmic short-circuit between the 
pentose-phosphate pathway and the fatty acid synthesis, where the 
electrons are carried by NADPH (Fig. 3). 

4.8. Anabolic electric network 

When the conductance of the respiratory chain is low and the cellular 
metabolism becomes strongly glycolytic, the electron flows are modified 
in several ways. In this transition, some currents are slowed down and 
others are enhanced but most importantly this new mode is character
ized by several cycles (Figs. 10 and 3) triggered by the redox shift:  

• Cycle A is the ATP shuttle between glycolysis and fatty acid synthesis 
;  

• Cycle B is the NADP shuttle between the pentose-phosphate pathway 
and the fatty acid synthesis ; 

• Cycle C is the NADP shuttle between oxidation of malate into py
ruvate and the fatty acid synthesis ;  

• Cycle D is the NAD shuttle between glycolysis and the cytosolic 
reduction of oxaloacetate into malate.  

• Cycle E is the NAD shuttle between the oxidative and reductive 
branches of the TCA cycle.  

• Cycle F is the double shuttle (NAD and NADP) induced by oxidation 
and reduction of α-ketoglutarate produced by glutamine (Fig. 2). 

These positive feedback loops reinforce each other and enhance 
various anabolic processes. Indeed, the partial reversal of the TCA cycle 

Fig. 7. Ketogenesis produces three ketone bodies: aceto-acetate (ACE-ACE), acetone (ACT) and 3-hydroxy-butyrate (3HB).  
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Fig. 8. The pentose-phosphate pathway can be decomposed in two oxidative steps, from G6P to Ru5P and X5P, followed by three non-oxidative steps, to F6P and 
G3P. Legend: G6P = Glucose-6-phosphate, 6PGδL = 6-Phosphoglucono-δ-lactone, 6PG = 6-Phosphogluconate, Ru5P = D-Ribulose-5-phosphate, X5P = Xylulose-5- 
phosphate, R5P = D-Ribose-5-phosphate, G3P = D-Glyceraldehyde-3-phosphate, SH7P = D-Sedoheptulose-7-phosphate, F6P = D-Fructose-6-phosphate, E4P = D- 
Erythrose-5-phosphate. 
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Fig. 9. In catabolic mode, the TCA cycle pumps electrons into the NADH and FADH2 pools and carbon is fully oxidized into CO2.  
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Fig. 10. In a reducing environment, the TCA cycle can be partially reversed: the pyruvate → fumarate branch is described backward with respect to the fully 
oxidative (clockwise) TCA cycle. Cycle E denotes the NAD shuttle between the oxidative and reductive branches. 
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Fig. 11. In some cancer cells, a high influx of glutamine feeds the TCA cycle in α-ketoglutarate. A part of the latter is decarboxylated and oxidized into succinate 
while the other part is carboxylated and hydrogenated to form isocitrate. Acetyl-CoA and succinate are the end products of this partially reversed TCA cycle. Cycle E’ 
denotes the NAD shuttle between the oxidative and reductive branches. 
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feeds the pools of precursors of amino-acids necessary to build proteins 
and clogs the route of electrons to oxygen. Moreover, when the acetyl- 
CoA pool is replenished by the reduction of αKG, the electrons flow 
uphill toward fatty acid synthesis with the help of NADPH. 

Lack of oxygen at the level of complex IV increases the electronic 
pressure through a higher concentration of NADH. This forces the 
transfer of electrons from excess NADH to NAPDH. An increased con
centration of NADPH favors fatty acid synthesis with formation of 
NADP+. The excess NADP+ is reduced into NADPH by forming R5P in 
the pentose-phosphate pathway, refilling the NADPH pool, which fuels 
fatty acid synthesis. This positive feedback loop (Cycle B in Fig. 3) is, of 
course, a central hallmark of cancer: uncontrolled proliferation of cells 
with damaged DNA due to ROS, in parallel with a massive oxidative 
stress induced by the redox shift. 

4.9. Metabolism as a bistable electric network 

Animal cells result from the symbiosis of a cytoplasm and mito
chondria that occured about two billion years ago [55,56]. This duality 
is the origin of a metabolic bistability, where the electrons can flow 
either toward oxygen through mitochondria or toward biomass forma
tion in the cytoplasm. In quiescent cells, the mitochondria take over the 
cytoplasm by channeling the electrons to the respiratory chain, but as 
soon as this electric conduction is impaired, the proliferative phenotype 
of the anaerobic cytoplasm changes the cellular behaviour. 

This dissipative electric network stores part of the incoming energy 
flow in high energy phosphate bonds (P∗), in reduced coenzymes and in 
C - C bonds of biomolecules. In a steady state, the electrons follow the 
path of highest probability and chemical reactions of extremal entropy 
production [57]. As a function of the electron current, J, from acetate to 
fatty acids the rate of entropy formation, Φ(J), must have two minima: 
one for J = J∗+ > 0 when fatty acid catabolism (β-oxidation) dominates 
biosynthesis, and another one for J = J∗− < 0 when anabolism dominates 
catabolism. Such a situation, with two stable extrema, is observed in 
non-linear electric networks containing tunnel diodes [58] and many 
systems that undergo a saddle-node transition [59]. Therefore, we 
conjecture that the metabolism of animal cells can be represented by an 
electric network with a similar bistability phenomenon. When the 
asymmetry of the curve Φ(J) is too strong, a minimum fuses with the 
neighbour maximum and only one minimum remains, with J∗ < 0 cor
responding to a strongly glycolytic metabolism (Fig. 4C). 

5. Redox sensitivity of the mTOR signaling pathway 

Because of this bistability, cancer cells lean progressively toward 
uncontrolled anabolism. Indeed, the redox shift implied by the insuffi
cient conductance of the mitochondrial network favors the synthesis of 
all the molecular building blocks of a new cell, but it is also necessary to 
coordinate higher synthesis processes in order to make a complete 
daughter cell from these molecules. An obvious candidate for the bio
logical switch between two steady metabolic states glycolysis and 
respiration (OxPhos) is the mTOR system (mechanistic, or mammalian, 
Target Of Rapamycin) which is a central actor in the coordination of cell 
growth. In particular, its complex raptor-mTOR is sensitive to the con
centration of nutrients. 

Both embryonic stem cells and cancer cells appear to have activated 
mTOR signaling and both are energy fuelled essentially by cytoplasmic 
glycolysis, whereas the differentiated, non-dividing, working cells are 
fuelled by mitochondrial OxPhos. While mTOR is turned on, the speed 
and error rates in protein biosynthesis increase proportionally. Errors in 
the process of protein biosynthesis cause imperfect folding which sen
sitizes misfolded protein to oxidative damage (e.g., the irreparable 
carbonylation) leading to misfunction and/or toxic function by small 
pore-like aggregates. Indeed, both increase in chaperone levels and 
aggregate accumulation are among the hallmarks of cancer. Presumably 

to protect the proteome from excessive oxidation, normal yeast cells use 
the TOR system to turn-off mitochondrial OxPhos when proteins are 
misfolded. Now, since cancer cells display a several-fold increase in 
protein carbonylation (compared to nearby healthy cells), whereas 
embryonic stem cells display the lowest measured levels of protein 
carbonylation [60], either ROS production is reduced in embryonic stem 
cells or the fidelity of protein biosynthesis is improved. This point merits 
experimental test. According to [61], thiol oxidants induce activation of 
the raptor-mTOR pathway that correlates with a destabilization of the 
raptor-mTOR interaction, whereas a reducing reagent inhibits the pathway, 
and this correlates with a stabilization of the interaction. Consequently, it 
seems that the triggers of mTOR in cancer cells are the reactive oxygen 
species rather than the excess reduced cofactors. 

6. Methylene blue, O2 consumption and ATP turnover 

Several researches suggest that even if mitochondria work properly 
in some cancer cells there is an increased demand for NAD+ and the 
Warburg effect is a signature of this overload [38,62,63]. This obser
vation points to the need for agents which can accept electrons from 
NADH or FADH2 and relieve this overload, such as chlorine dioxide or 
methylene blue (MeB). The effects of methylene blue on cellular respi
ration have been observed for a long time. We propose here a simple 
electronic interpretation of its mode of action. Being an acceptor/donor 
molecule [64] MeB can act as an electronic bridge in parallel with the 
mitochondrial electron transport chain. 

6.1. Oxygen consumption 

Spontaneous oxidation of MeBH in presence of oxygen is fast. This 
explains the blue bottle experiment in which non-enzymatic oxidation of 
glucose with reduction of MeB into MeBH takes place. However, MeB 
remains in oxidized form (blue) because it is quickly reoxidized by 
molecular oxygen. If the reaction mixture is not subject to shaking, ox
ygen becomes exhausted with time, MeBH accumulates and the solution 
becomes colorless. Vigorous shaking restores oxygen levels and the blue 
color. The reoxidation reaction is: 

MeBH + O2 + H+ → MeB+ + H2O2. (6)  

Within cells MeBH could act as an electron donor to the mitochondrial 
cytochrome-c. The reduced cytochrome-c is the substrate for the respi
ratory enzyme cytochrome oxidase with consumption of oxygen and 
generation of water, with lower oxygen consumption and without pro
duction of the oxygen reactive species H2O2: 

MeBH +
1
2
O2 + H+ → MeB+ + H2O. (7)  

Cytochrom-c oxidation takes place as usual. Proton pumping occurs and 
contributes to the proton gradient used by ATP synthase to phosphor
ylate ADP into ATP. When cellular (or animal) oxygen consumption is 
stimulated by MeB both reactions 6and 7 are conceivable. However, 
MeB is an antidote to cyanide which is a poison of cytochrome oxidase 
necessary for reaction 7. Moreover, the oxygen consumption of 
mammalian cells in presence of MeB remains fast and almost unchanged 
when cells have been poisoned by cyanide or with cells genetically 
deficient in cytochrome oxidase [65]. Therefore, although other, yet 
unknown reaction schemes may contribute to MeBH reoxidation, it is 
likely that reaction 7 could ensure fast reoxidation of MeBH within cells 
and outside. Release of H2O2 cannot constitute a criterion to quantitate 
contribution of reaction 7. Nor does it constitute a serious threat for a 
massive oxidative stress, because most cells are rich in catalase [66] that 
consumes H2O2 through the reaction: 

H2O2 →
1
2
O2 + H2O. (8) 
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The sum of reactions 6 and 8equals reaction 7, so that on the ground of 
oxygen consumption these two pathways for MeBH reoxidation cannot 
be distinguished. Reaction 7 is the oxygen consumption step during 
normal oxidative metabolism of substrates like glucose or fatty acids. 
Notably, stimulation of oxygen consumption by MeB in an animal does 
not alter the ratio between carbon dioxide release and oxygen con
sumption [65]. Therefore, MeB could simulate increase or appearance of 
mitochondrial respiration although no mitochondrial respiratory en
zymes would be involved. For example, oxygen consumption of cells 
genetically deficient in mitochondrial respiratory enzymes shows a great 
amplification by MeB with a maximal rate comparable to cells with 
normal mitochondrial respiration [65]. 

6.2. Oxidative metabolism 

The cellular oxidation of glucose with modifications brought by 
different schemes of MeB reduction/oxidation pathways are considered 
(Fig. 5). Reoxidation schemes have been described above. With regard to 
reduction contribution of enzymes while any NAD or FAD using enzyme 
is a candidate for MeB reduction, the mitochondrial complex I deserves 
specific consideration because transfer of electrons from NADH to MeB 
by this enzyme is associated to proton pumping hence contributes to 
ATP formation. The MeB reduction/oxidation cycle also takes place and 
with equal intensity in cells genetically deficient in respiratory com
plexes [65] hence without contribution of mitochondria (Fig. 5c). In
termediate situations are examined (Table 3) with different 
consequences on ATP formation and sensitivity to mitochondrial inhi
bition. Maximal observed stimulation of oxygen consumption of the 
basal metabolic rate is approximately multiplied by three. This would be 
more than enough to restore a normal ATP turnover with all schemes 
involving mitochondrial contribution (Table 3). Because substrate 
linked ATP formation steps of metabolism are not affected by the yield 
(actually coupled state) of oxidative phosphorylation, the efficiency of 
metabolism stimulation increases as coupling decreases. In the example 
presented (Fig. 3) a ×3 increase for the reaction scheme in absence of 
mitochondrial oxidative phosphorylation (fig. 5c) would restore be
tween (3 × 4)/34 ≃ 35% and (3 × 4)/20 = 60% of the original ATP 
turnover rate. 

6.3. Hydrogen peroxide issue 

When the cyanide resistant schemes (Table 3) are considered H2O2 
release becomes intense because it is linearly linked to metabolic rate. 
Several factors should then be considered to explain why cells and or
ganisms could accommodate with high flux of H2O2: 

(1) As mentioned before, the high activity and affinity of catalase 
present in many cell types could explain cellular tolerance to this 
oxidant [66]. 

(2) Because of the permeability of biological membranes to oxidized 
or reduced MeB, the MeBH reoxidation is likely to be faster in the 
extracellular medium and/or blood where oxygen concentration is 

higher. Therefore, H2O2 generation would occur remote from sensitive 
intracellular targets. 

(3) H2O2 formation bypasses the generation of superoxide ion, O•−
2 , a 

reactive oxygen species of extremely short lifetime in presence of 
cellular targets hence with highest potential of damages. 

However, H2O2 generation might explain the antiparasitic effect of 
MeB if the target organism is deficient in antioxidant defenses and un
able to cope with the H2O2 generation rate to which it is exposed. A 
major electron donor to MeB is glycolysis [65], which could therefore 
expose highly glycolytic cells to higher H2O2 generation. 

In a fully functional mitochondrial respiratory chain, without MeB, 
metabolism of each glucose molecule releases 6 CO2 and reduced co
enzymes (10 NADH and 2 FADH2). Their reoxidation by the mito
chondrial respiratory chain complexes I-IV consumes 6 O2 and generates 
12 H2O (rounded boxes enclose consumed molecules in Fig. 5). 

Table 3 indicates the possible combinations between redox events as 
described in Fig. 5 with their consequences on the ATP formation per 
glucose molecule. The highest value of ATP/GLU corresponds to theo
retical prediction with a 100% coupled oxidative phosphorylation. The 
lowest value is obtained if this coupling is lowered to 50%. The last 
column indicates the sensitivity to inhibitors of the mitochondrial res
piratory chain rotenone (complex I), antimycin (complex III) and cya
nide (complex IV). Electron transfer to MeB in complex I occurs before 
the site of inhibition by rotenone and is therefore insensitive to this 
inhibitor. It is assumed that MeB electron transfer accepts/feeds 100% of 
flux for complexes I, II and IV. If not, ATP yield would increase as well as 
the sensitivity to inhibitors. 

7. Conclusion and perspectives 

In this hypothesis article, we have adopted a nanoscopic point of 
view which suggests that the conductance along the electron transport 
chains and across the mitochondrial membrane plays an important role 
in the altered metabolism that can be observed in some cancer cells. This 
modification enhances the oxidative stress and elevates the cytoplasmic 
pH, two major causes of oxidative protein damage. In cancer cells, the 
electrons can follow two kinds of short-circuits: (1) the cytoplasmic 
short-circuits established between glycolysis or the pentose-phosphate 
pathway and fatty acid synthesis and (2) the mitochondrial short- 
circuits between an oxidative branch and a reductive branch of the 
TCA cycle. From this point of view, the main actors of cellular meta
bolism are the valence electrons provided by the carbon atoms of sub
strates and the cellular metabolism is modeled by an electronic network. 
In some domain of its parameters compatible with animal life this 
network is bistable, working either as an anabolic machine producing 
biopolymers (and possibly a daughter cell) or as a catabolic machine 
producing water and carbon dioxide. We suggest that this thermody
namical bistability is at the core of the Warburg effect. In this language, 
cancer can be described as an electronic disease. The different metabolic 
abnormalities and the existence of cancer cells with normal metabolism 
in some tumor ecosystems hides a simple principle: cancer diverts 
electrons away from oxygen to satisfy its anabolic needs. This electronic 
rewiring is characterized by cycles (shuttles) which transfer electrons 
from oxidative branches to reductive branches of the metabolic network. 
Hence, identifying and unplugging electronic bottlenecks is an essential 
task of oncology. Unless the bottleneck at the pyruvate end is opened by 
lipoic acid and unless electrons that were not received by oxygen are 
drained by acceptor/donor molecules (like methylene blue) cancer cells 
will survive and proliferate. Unless the glutamine fermentation pathway 
is strongly inhibited [43], cachexia will remain a fatal consequence of 
these mitochondrial short-circuits. The purpose of the present work is 
neither to find the cause of the Warburg effect nor to propose a cure. It is 
a proposal to change the scale of observation and think about cancer as a 
modification of a thermodynamical, electronic network. It is a theoret
ical attempt to fit within physical principles the characteristics of cancer 
cells. 

Table 3 
ATP yield per glucose molecule and inhibitors of the mitochondrial respiratory 
chain, with and without MeB (ROT = rotenone, AMC = antimycine, CAT =
catalase).  

Scheme MeB reduction  MeB 
oxidation 

ATP/ 
GLU 

Inhibitors  

Others I II III IV Others   
A  + + + + 20 - 34 ROT, AMC & 

CN−

MeB  + + + 16 - 28 CN−

CB + + 11 - 17 CN−

BC  + + + 9 - 15 Fully resistant 
MeB +

CAT 
+ + 4 Fully resistant  
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