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Catabolic pathways, such as mitochondrial oxidative phosphorylation will generate
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oxidize NADH in NAD + . Consequently, both ATP and NAD + are central molecules to allow growth which will depend on their respective availability. Cell energy metabolism hence refers to metabolic pathways involved in ATP synthesis linked to NADH turnover. ATP synthesis occurs either through substrate-level phosphorylation (glycolysis and Krebs cycle, Scheme 2) or through oxidative phosphorylation (Scheme 3). NADH can be oxidized either by fermentation (lactate dehydrogenase in mammals, alcohol dehydrogenase in yeast) or by the respiratory chain which is localized in the mitochondrial inner membrane (complex I in mammals, inner and out NADH dehydrogenases in yeast). Glycolysis is a cytosolic pathway that catabolizes glucose into pyruvate and produces 2 ATP per glucose catabolized. Mitochondrial oxidative phosphorylations are located in the mitochondrial inner membrane, which contains all the proteins involved in this process i.e. the transformation of redox energy into phosphate potential (that is the free energy of ATP synthesis) with the proton electrochemical potential across the membrane as an intermediary. The respiratory chain is defined as an ensemble of complexes (I, II, III, and IV), some of which (I, III & IV) couple redox reaction to proton extrusion. Such complexes are called coupling sites and generate the proton electrochemical potential. The yeast Saccharomyces cerevisiae mitochondria are slightly peculiar since they do not exhibit a complex I but have a number of external and internal dehydrogenases in the inner mitochondrial membrane that give their electrons via the quinones pool to the complex III. Substrate oxidation leads to electron transfer through the respiratory chain, with the terminal electron acceptor being oxygen. The respiratory flux thus reflects the substrate oxidation flux. The proton motive force is consumed by the phosphorylating systems (ATPsynthase, ATP/ADP carrier and Pi/H + carrier) that lead to ATP production.
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2.2 Short term relationships between the two energetic pathways: glycolysis and mitochondria

Thermodynamic control

Glycolysis and mitochondrial oxidative phosphorylation are intertwined through thermodynamic and kinetic constraints. From a thermodynamic point of view, two forces are involved in both pathways: the cytosolic ∆G redox (NADH/NAD + ) and the cytosolic ∆G p (ATP)/(ADP.Pi). In glycolysis, this thermodynamic control lies at the level of kinases and glyceraldehyde 3 phosphate dehydrogenase. In oxidative phosphorylation, cytosolic ∆G p and mitochondrial ∆G p are connected through mitochondrial carriers (ANT and Pi) that depend on the mitochondrial membrane proton electrochemical potential for their functioning. Mitochondrial respiratory chain can participate to two mechanisms of cytosolic NADH oxidation: either by direct oxidation of cytosolic NADH (yeast, see Scheme 3A) or by accepting electrons from a cytosolic dehydrogenase (such as glycerol 3 phosphate dehydrogenase). Moreover, due to the different organization of mitochondrial NADH dehydrogenases in mammals and yeast Saccharomyces cerevisiae, their response to the ∆G redox is very different. In mammals ( Scheme 3B), NADH can only be oxidized by the respiratory chain in the mitochondrial matrix which implies that reduced equivalent must be imported through mechanisms such as the malate/aspartate shuttle (Scheme 4) to be oxidized by a NADH dehydrogenase on the internal face of the inner mitochondrial membrane. Whereas in yeast, the existence of a NADH dehydrogenase on the external face of the inner membrane allows for direct oxidation of cytosolic NADH. Of note, the shuttles such as the malate/aspartate shuttle depend on the mitochondrial membrane proton electrochemical potential for their functioning since glutamate/aspartate exchange is electrogenic. The thermodynamic connection between glycolysis and oxidative phosphorylation has been proposed for some time [START_REF] Veech | Cytosolic Phosphorylation PotentialCytosolic phosphorylation potential[END_REF][START_REF] Carmona | Effect of glycerol and dihydroxyacetone on hepatic lipogenesis[END_REF][START_REF] Berry | Regulatory role of reducing-equivalent transfer from substrate to oxygen in the hepatic metabolism of glycerol and sorbitol[END_REF][START_REF] Siess | Control of pyruvate carboxylase activity by the pyridinenucleotide redox state in mitochondria from rat liver[END_REF]. Further, it should be stressed that it has been shown on near-equilibrium metabolic pathways segments that such a thermodynamic control exists [START_REF] Erecinska | Thermodynamic relationships between the oxidationreduction reactions and the ATP synthesis in suspensions of isolated pigeon heart mitochondria[END_REF][START_REF] Erecinska | Regulation of Cellular Energy MetabolismRegulation of cellular energy metabolism[END_REF][START_REF] Erecinska | Homeostatic regulation of cellular energy metabolism: experimental characterization in vivo and fit to a model[END_REF]. However, some enzymatic steps of metabolic pathways are far from equilibrium or irreversible which implies that these enzymes play a key role in the kinetic control of these metabolic pathways. These are key steps targeted for kinetic regulation by substrates or products of the metabolic pathway.
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Kinetic control

As stated above, another degree of complexity is that molecules involved in the thermodynamic control of glycolysis and oxidative phosphorylation are also involved in the kinetic control of some enzymatic reactions. It is well known that in glycolysis, enzymatic steps working far from equilibrium are kinetically regulated by a number of metabolites, some of which being involved in thermodynamic forces (ATP, ADP, Pi, NAD + , NADH). This has also been shown for cytochrome oxidase (oxidative phosphorylation complex IV) which works far from equilibrium and is well known to be regulated by ATP and ADP [START_REF] Helling | Phosphorylation and Kinetics of Mammalian Cytochrome c OxidasePhosphorylation and kinetics of mammalian cytochrome c oxidase[END_REF]. A well-known example of

The malate-aspartate shuttle. The malate-aspartate shuttle allows for the translocation of reducing equivalents across the mitochondrial inner membrane. This shuttle is required because the mitochondrial inner membrane is impermeable to NADH. The shuttle consists of four enzymes : malate dehydrogenase in the mitochondrial matrix and cytosol, aspartate aminotransferase in the mitochondrial matrix and cytosol, malate-alpha-ketoglutarate antiporter in the inner membrane, glutamate-aspartate antiporter in the inner membrane kinetic interrelation between glycolysis and oxidative phosphorylation is the Crabtree effect. This effect is defined as the inhibition of cellular oxygen consumption upon glucose addition to cells [START_REF] Crabtree | Observations on the carbohydrate metabolism of tumours[END_REF]. Since it occurs within seconds, this regulation is a kinetic regulation and authors have been trying to understand which of the metabolite(s) common to both pathways is (are) involved in that process and/or which glucose induced signaling molecule(s) could regulate oxidative phosphorylation. Studies have revealed three main possible mechanisms for the induction of the Crabtree effect: 1-glucose addition induces a competition between glycolysis and oxidative phosphorylation for some metabolites (such as ADP, Pi; [START_REF] Gatt | Regulatory mechanisms in carbohydrate: I. Crabtree effect in reconstructed systems[END_REF]); 2-glucose addition induces an increase in cytosolic Ca 2+ which itself induces an increase in matrix Ca 2+ which inhibits ATPsynthase [START_REF] Wojtczak | Effect of glucose and deoxyglucose on the redistribution of calcium in Ehrlich ascites tumour and Zajdela hepatoma cells and its consequences for mitochondrial energetics Further arguments for the role of Ca 2 + in the mechanism of the Crabtree effect[END_REF] 3-glucose addition induces an important glycolytic flux which changes the concentrations of these metabolic pathway intermediaries, some of which have an indirect, such as NADH on porin [START_REF] Zizi | NADH Regulates the Gating of VDAC, the Mitochondrial Outer Membrane Channel[END_REF] or direct regulation effect such as G6P and F16bP on mitochondrial respiratory chain that was evidenced in our laboratory [START_REF] Lemus | The role of glycolysis-derived hexose phosphates in the induction of the Crabtree effect[END_REF][START_REF] Díaz-Ruiz | Mitochondrial oxidative phosphorylation is regulated by fructose 1,6-bisphosphate: A possible role in Crabtree effect induction?Mitochondrial oxidative phosphorylation is regulated by fructose 1,6bisphosphate: a possible role in Crabtree effect induction?[END_REF]. Moreover, mathematical modeling of yeast glycolysis and oxidative phosphorylation, showed that an inhibition of oxidative phosphorylation as a function of the ratio Fructose-1,6-bisphosphate/Glucose-6-phosphate was mandatory to simulate the Crabtree effect. The plot of all our data and data of the literature on mammalian cells are remarkably plotted on the same curve which reinforces both our results and the interest of using a theoretical model to integrate data from different origins [START_REF] Lemus | The role of glycolysis-derived hexose phosphates in the induction of the Crabtree effect[END_REF].

Channeling

Some metabolic networks are organized, partly or as a whole (metabolon). This supramolecular organization, called channeling, allows for better kinetic efficiency, allows to avoid the release of potential harmful or "fragile" metabolic intermediaries and avoids competition processes (in terms of substrates or inhibitors) since intermediaries are not released in the bulk phase but transferred from one enzyme''s active site to another''s.

Further, as pointed out by Srere [START_REF] Srere | Complexes of sequential metabolic enzymes[END_REF], about 80% of the metabolic intermediates have just one use in the cell. If these intermediates each had to fill the water volume of the cell to attain its operating concentration it would be quite a wasteful process. Atkinson [START_REF] Atkinson | Cellular energy metabolism and its regulationCellular Energy Metabolism and its Regulation[END_REF] has suggested that a limiting factor in cell structure is its solvation capacity. Sequential multienzyme complexes and their channeling capabilities would allow to overcomeovercoming this difficulty. Here we will shortly review where channeling has been shown to be involved in the regulation of cell energy metabolism.

Channeling of cytosolic NADH in yeast

In the yeast Saccharomyces cerevisiae, it has been shown that intermediaries from glycolysis such as NADH were channeled to the mitochondrial NADH dehydrogenase located on the external face of the inner membrane (see Scheme 3). Indeed, based on kinetic studies on isolated mitochondria and permeabilized spheroplasts, it was shown that on permeabilized spheroplasts, the K app of the mitochondrial NADH dehydrogenase for NADH was much lower (better affinity) when NADH was produced by glycolysis (from fructose 1,6-biphosphate) than when it was externally added. This suggests a channeling process which was shown to go through mitochondrial porin, located in the external mitochondrial membrane [START_REF] Rigoulet | Organization and regulation of the cytosolic NADH metabolism in the yeast Saccharomyces cerevisiae[END_REF][START_REF] Avéret | Yeast mitochondrial metabolism: From in vitro to in situ quantitative studyYeast mitochondrial metabolism: from in vitro to in situ quantitative study[END_REF]. This process increases respiratory chain efficiency for glycolytic NADH oxidation, a crucial step of cell energy metabolism. Further, this increase in efficiency is reinforced by the electron competition process that favors external NADH oxidation by the respiratory chain when present simultaneously with other substrates [START_REF] Bunoust | Competition of Electrons to Enter the Respiratory ChainCompetition of electrons to enter the respiratory chain[END_REF][START_REF] Rigoulet | Electron competition process in respiratory chain: Regulatory mechanisms and physiological functionsElectron competition process in respiratory chain: regulatory mechanisms and physiological functions[END_REF].

Supramolecular organization of the respiratory chain

It has been shown that mitochondrial complexes are associated into supramolecular ensembles in a whole range of organisms [START_REF] Schägger | Supercomplexes in the respiratory chains of yeast and mammalian mitochondria[END_REF][START_REF] Schägger | Respiratory Chain SupercomplexesRespiratory chain Supercomplexes, IUBMB Life[END_REF][START_REF] Wittig | Supercomplexes and subcomplexes of mitochondrial oxidative phosphorylation[END_REF]. As explained above, general functional advantages of supercomplexes compared to separated complexes would be catalytic enhancement, substrate channeling, sequestration of reactive intermediates, and structural stabilization of one specific complex by supercomplex formation. On mitochondria isolated from the yeast S. cerevisiae, structural studies have shown that the formation of yeast respiratory chain supercomplexes (i.e. association of complexes III and IV) depends on the growth conditions [START_REF] Schägger | Supercomplexes in the respiratory chains of yeast and mammalian mitochondria[END_REF]. However, to this day, the actual advantages of supercomplexes remain ambiguous. Structural and biophysical information are not in favor of catalysis enhancement by channeling substrates [START_REF] Milenkovic | The Enigma of the Respiratory Chain supercomplexThe enigma of the respiratory chain supercomplex[END_REF]. Moreover, structural information for these supercomplexes has been interpreted either in support [START_REF] Althoff | Arrangement of electron transport chain components in bovine mitochondrial supercomplex I1III2IV1[END_REF][START_REF] Sousa | Functional asymmetry and electron flow in the bovine respirasome[END_REF] or in dismissal [START_REF] Dudkina | Interaction of complexes I, III, and IV within the bovine respirasome by single particle cryoelectron tomography[END_REF][START_REF] Letts | The architecture of respiratory supercomplexes[END_REF]. A destabilization of these complexes has been shown in a yeast mutant deleted for the cardiolipid synthase, indicating that cardiolipids are necessary for the supramolecular organization of the respiratory chain [START_REF] Pfeiffer | Cardiolipin Stabilizes Respiratory Chain supercomplexes*Cardiolipin stabilizes respiratory chain supercomplexes*[END_REF][START_REF] Arnarez | Evidence for cardiolipin Binding Sites on the Membrane-Exposed Surface of the Cytochrome bc 1Evidence for cardiolipin binding sites on the membrane-exposed surface of the cytochrome bc 1[END_REF][START_REF] Arnarez | Molecular mechanism of cardiolipin-mediated assembly of respiratory chain supercomplexes †[END_REF]. Our study of such a mutant has shown that in the absence of any detectable supramolecular organization of the respiratory chain, the respiratory fluxes assessed for any substrates or substrates combinations are similar for the wild type and the cardiolipindeficient mitochondria. [START_REF] Rigoulet | Electron competition process in respiratory chain: Regulatory mechanisms and physiological functionsElectron competition process in respiratory chain: regulatory mechanisms and physiological functions[END_REF]. Consequently, there does not seem to be a kinetic advantage when mitochondrial respiratory chain is organized in supercomplexes. On the other hand, it has been shown that in Barth Syndrome Patients, mitochondrial supercomplexes were strongly destabilized and this was associated with energetic deficiencies [START_REF] Bashir | Impaired cardiac and skeletal muscle bioenergetics in children, adolescents, and young adults with Barth syndrome[END_REF][START_REF] Mckenzie | Mitochondrial Respiratory Chain supercomplexes Are Destabilized in Barth Syndrome PatientsMitochondrial respiratory chain supercomplexes are destabilized in Barth syndrome patients[END_REF]. Whether the energetic deficiency originates in super complexes destabilization is hard to conclude since cardiolipins have been shown to be required for some mitochondrial respiratory chain complexes activities.

Another way to look at these ensembles is that in oxidative phosphorylation protein-protein associations do not involve just the respiratory complexes (respirasomes) but include proteins that sequester sections of the internal membrane, optimizing delta pH formation and consequently phosphorylation of ADP as well as nucleotide transport and ion gradients within a secluded space [START_REF] Plecita-Hlavata | The International Journal of Biochemistry Integration of superoxide formation and cristae morphology for mitochondrial redox signalingThe international journal of biochemistry integration of superoxide formation and cristae morphology for mitochondrial redox signaling[END_REF][START_REF] Strauss | Dimer ribbons of ATP synthase shape the inner mitochondrial membrane[END_REF]. In the mentioned papers, the well-known role of ATPsynthase dimers along with other cristae-shaping proteins was investigated in terms of oxidative phosphorylation functionality (ATPsynthesis, electron transfer, ROS production, local membrane proton electrochemical potential…). Because numerous relationships have been reported for cristae morphology and metabolic, physiological, or pathological states, it deems necessary to integrate this aspect of mitochondrial physiology to mitochondrial bioenergetics studies.

ATP channeling in the heart (Scheme 5)

Mitochondria in cardiac muscle cells are highly organized following a "crystal-like" pattern [START_REF] Vendelin | Methods in cell physiology mitochondrial regular arrangement in muscle cells: a " crystal-like " pattern[END_REF][START_REF] Beraud | Mitochondrial dynamics in heart cells: very low amplitude high frequency fluctuations in adult cardiomyocytes and flow motion in non beating Hl-1 cells[END_REF]. In these muscle cells, each sarcomere that consumes ATP has a mitochondrion that synthesizes ATP and which, together with the phosphotransfer system -compartmentalized isoforms of creatine kinase-and the feed-back metabolic signaling, creates the intracellular energy unit [START_REF] Saks | Structure -function relationships in feedback regulation of energy fl uxes in vivo in health and disease: Mitochondrial InteractosomeStructurefunction relationships in feedback regulation of energy fl uxes in vivo in health and disease: mitochondrial Interactosome[END_REF]. When adenine nucleotides diffusion is restricted (channeling), the energy of the phosphorylation potential is exported from heart mitochondria by phosphocreatine which is produced by mitochondrial creatine kinase (MtCK) from mitochondrial ATP and creatine (Scheme 5). The role of these functional and structural supercomplexes is to increase the efficiency of the oxidative ATP synthesis and peripheral ATP hydrolysis. These structures represent a type of supramolecular organization that operates far from equilibrium.
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Glycolysis channeling

The existence of a "team of glycolytic enzymes" bound to membranes in erythrocytes and yeast was proposed quite some time ago [START_REF] Green | Association of integrated Metabolic Pathways with MembranesAssociation of integrated metabolic pathways with membranes[END_REF]. This was later confirmed in skeletal muscle where glycolytic enzyme associations with cytoskeleton elements were described [START_REF] Clarke | On the association of glycolytic enzymes with structural proteins of skeletal muscle[END_REF]. Glycolytic enzymes that interact with cytoskeletal elements have been shown to be aldolase and phosphofructokinase, which are stabilized by microtubules, optimizing their combined activity [START_REF] Raïs | Quantitative characterization of homo-and heteroassociations of muscle phosphofructokinase with aldolase[END_REF]. Moreover, in Chinese Hamster Ovary Cells (CHO), glyceraldehyde-3-phosphate dehydrogenase and lactate dehydrogenase participate in a glycolytic metabolon bound to actin [START_REF] Hudder | Organization of Mammalian Cytoplasm[END_REF]. Convincing evidence regarding channeling of the glycolytic pathway was obtained by adding radioactive glucose to cells and showing that in permeabilized cells, there is no dilution of this glucose from endogenous substrates [START_REF] Clegg | Glucose Metabolism and the Channeling of Glycolytic Intermediates in Permeabilized L-929 CellsGlucose metabolism and the channeling of glycolytic intermediates in Permeabilized L-929 cells[END_REF].

Moreover, this channeling process has been shown to be dynamic in yeast where withdrawal of the carbon source results in detachment of glycolytic enzymes from the cytoskeleton and in actin reorganization [START_REF] Espinoza-Simon | In Saccharomyces cerevisiae, withdrawal of the carbon source results in detachment of glycolytic enzymes from the cytoskeleton and in actin reorganization[END_REF].

Long-term regulation of mitochondrial metabolism

There are two ways, non-exclusive, to regulate mitochondrial oxidative phosphorylation within cells. It can be regulated kinetically, allowing an increase or a decrease in ATP synthesis flux in response to modulation in ATP demand. It can also be regulated by increasing or decreasing the « amount » of mitochondria within the cell (hereby defined as the number of mitochondrial respiratory chain units). Indeed, for a constant flux through respiratory chains, doubling the amount of respiratory chains per cell will double the flux per cell. Both processes have been evidenced in proliferating cells. In C6 glioma cells, a decrease in oxidative phosphorylation activity has been shown when cells reach confluence. This is due to a decrease in complex I specific activity through phosphorylation of one of its subunits, without any change in mitochondrial amount [START_REF] Pasdois | Contribution of the phosphorylable Complex I in the Growth Phase-Dependent Respiration of C6 glioma Cells in VitroContribution of the phosphorylable complex I in the growth phase-dependent respiration of C6 glioma cells in vitro[END_REF]. In the yeast Saccharomyces cerevisiae grown on non-fermentable substrate, growth yield is constant thanks to a strict and linear relationship between growth rate and oxidative phosphorylation activity. Moreover, oxidative phosphorylation activity in this model is strictly controlled by the number of respiratory chain units, assessed by the amount of mitochondrial cytochromes in the cells [START_REF] Dejean | Growth yield homeostasis in respiring yeast is due to a strict mitochondrial content adjustment[END_REF].

Evaluation of mitochondrial amount

A number of studies have evidenced a modulation of cellular oxidative phosphorylation activity either in yeast during diauxic shift [START_REF] Bartolomeo | Absolute yeast mitochondrial proteome quantification reveals trade-off between biosynthesis and energy generation during diauxic shift[END_REF][START_REF] Henson | Formation of yeast mitochondria. II. Effects of antibiotics on enzyme activity during derepression[END_REF][START_REF] Lamb | The biogenesis of mitochondria 4.The differentiation of mitochondrial and cytoplasmic protein synthesizing systems in vitro by antibiotics[END_REF][START_REF] Cartledge | Subcellular Fractionation by Differential and Zonal Centrifugation of Aerobically Grown Glucose-de-repressed Saccharomyces carlsbergensisSubcellular fractionation by differential and zonal centrifugation of aerobically grown glucose-de-repressed Saccharomyces carlsbergensis[END_REF][START_REF] Görts | Effects of Antibiotics on the Development and Stability of mitochondria1 Enzymes in Sacchnromyces cerevisiaeEffects of antibiotics on the development and stability of mitochondria1 enzymes in Sacchnromyces cerevisiae[END_REF][START_REF] Mahler | Selective effects of chloramphenicol, cycloheximide and nalidixic biosynthesis of respiratory enzymes in yeast[END_REF] or in mammals in different tissues, during development and cell differentiation, and in various physio-pathological situations [START_REF] Akimoto | Exercise Stimulates Pgc-1α Transcription in Skeletal Muscle through Activation of the p38 MAPK PathwayExercise stimulates Pgc-1α transcription in skeletal muscle through activation of the p38 MAPK pathway[END_REF][START_REF] Giordano | Efficient mitochondrial biogenesis drives incomplete penetrance in Leber's hereditary optic neuropathy[END_REF][START_REF] Kim | Resveratrol induces hepatic mitochondrial biogenesis through the sequential activation of nitric oxide and carbon monoxide production[END_REF][START_REF] Rossignol | Energy Substrate Modulates Mitochondrial Structure and Oxidative Capacity in Cancer CellsEnergy substrate modulates mitochondrial structure and oxidative capacity in Cancer cells[END_REF][START_REF] Weber | Cultivation in Glucose-Deprived Medium Stimulates Mitochondrial Biogenesis and Oxidative Metabolism in HepG2 hepatoma CellsCultivation in glucose-deprived medium stimulates mitochondrial biogenesis and oxidative metabolism in HepG2 hepatoma cells[END_REF][START_REF] Benlamara | Distinctive Krebs cycle remodeling in iPSC-derived neural and mesenchymal stem cells[END_REF][START_REF] Fernández-Vizarra | Tissuespecific differences in mitochondrial activity and biogenesis[END_REF][START_REF] Dai | Mitochondrial Maturation in Human Pluripotent Stem Cell Derived cardiomyocytesMitochondrial maturation in human pluripotent stem cell derived cardiomyocytes[END_REF][START_REF] Kim | Protein composition of the muscle mitochondrial reticulum during postnatal development[END_REF][START_REF] Benard | Physiological diversity of mitochondrial oxidative phosphorylation[END_REF]. However, in order to decipher the origin and molecular mechanisms involved in this process, a robust evaluation and definition of mitochondrial content and activity in cells is required. The question raised here is how to best define mitochondrial content in a cell. A number of parameters can be assessed such as their number, their size, their volume, the amount of mitochondrial cytochromes, the amount of mitochondrial DNA, the amount of lipids, proteins or enzymatic activities. Here we will briefly review the different parameters that are assessed as well as their advantages and drawbacks.

As stated above, when cultured on glucose the yeast Saccharomyces cerevisiae exhibits a low mitochondrial content before the diauxic shift whereas this content increases greatly during and after this shift. Early studies from Yotsuyanagi et al have shown by electronic microscopy that before the diauxic shift, the yeast Saccharomyces cerevisiae exhibited very few mitochondria. Upon the diauxic shift, the amount of mitochondria increased and looked like a network of interconnected filaments that correlated with the increase in cellular oxidative phosphorylation activity [START_REF] Yotsuyanagi | Study of yeast mitochondria. I. Variations in mitochondrial ultrastructure during the aerobic growth cycle[END_REF]. Later on, serial section and 3D reconstruction showed that before the diauxic shift mitochondria would account for about 3% of the cellular volume and up to 10--12% after the diauxic shift [START_REF] Stevens | Mitochondrial structure[END_REF]. A very recent study confirmed by 3D reconstruction of confocal images that mitochondria represent around 5% of cellular volume when grown in glucose, and this volume increases to 11% during diauxic shift and up to 35% during growth in ethanol [START_REF] Bartolomeo | Absolute yeast mitochondrial proteome quantification reveals trade-off between biosynthesis and energy generation during diauxic shift[END_REF]. Fluorescent proteins addressed to the mitochondrial compartment have also been used in mammalian cells to assess mitochondrial volume and this parameter correlates well with other mitochondrial markers such as citrate synthase or mitochondrial DNA amount [START_REF] Costanzini | Mitochondrial Mass Assessment in a Selected Cell Line under Different Metabolic ConditionsMitochondrial mass assessment in a selected cell line under different metabolic conditions[END_REF].

Mitochondrial volume has also been assessed, either with radioactive probes [START_REF] Espié | Energetics of isolated hepatocyte swelling induced by sodium co-transported amino acids[END_REF][START_REF] Espié | Energetics of swelling in isolated hepatocytes: a comprehensive study[END_REF] or fluorescent probes [START_REF] Chevrollier | Standardized mitochondrial analysis gives new insights into mitochondrial dynamics and OPA1 function[END_REF].

However, fluorescent probes have been shown to be highly sensitive to mitochondrial potential, pH and ROS and thus should be used with caution [START_REF] Cottet-Rousselle | Cytometric assessment of mitochondria using fluorescent probes[END_REF][START_REF] Doherty | Measurement of Mitochondrial Mass by Flow Cytometry during Oxidative Stress[END_REF][START_REF] Glancy | Visualizing Mitochondrial Form and Function within the CellVisualizing mitochondrial form and function within the cell[END_REF]. While the number and/or size or interconnectivity of mitochondrial tubules measured in numerous studies is highly dependent on the cell type and physiological conditions [START_REF] Rossignol | Energy Substrate Modulates Mitochondrial Structure and Oxidative Capacity in Cancer CellsEnergy substrate modulates mitochondrial structure and oxidative capacity in Cancer cells[END_REF][START_REF] Dagda | Loss of PINK1 function promotes mitophagy through effects on oxidative stress and mitochondrial fission[END_REF][START_REF] Sauvanet | Energetic requirements and bioenergetic modulation of mitochondrial morphology and dynamics[END_REF][START_REF] Wiemerslage | Quantification of mitochondrial morphology in neurites of dopaminergic neurons using multiple parameters[END_REF][START_REF] Duvezin-Caubet | Proteolytic Processing of OPA1 Links Mitochondrial Dysfunction to Alterations in Mitochondrial Morphology *Proteolytic processing of OPA1 links mitochondrial dysfunction to alterations in mitochondrial morphology *[END_REF], the overall mitochondrial volume within a cell can be very informative (see above).

However, it has been shown that the mitochondrial compartment might not vary as a whole but that there could be specific enrichment of some components and metabolic pathways [START_REF] Bartolomeo | Absolute yeast mitochondrial proteome quantification reveals trade-off between biosynthesis and energy generation during diauxic shift[END_REF][START_REF] Benlamara | Distinctive Krebs cycle remodeling in iPSC-derived neural and mesenchymal stem cells[END_REF][START_REF] Kim | Protein composition of the muscle mitochondrial reticulum during postnatal development[END_REF][START_REF] Schmitt | Why to compare absolute numbers of mitochondria[END_REF][START_REF] Fecher | Cell-type-specific profiling of brain mitochondria reveals functional and molecular diversity[END_REF] hinting that the volume of the organelle might be useful but not sufficient to depict the amount of material depending on the question addressed. Another approach would be to quantify mitochondrial proteins or lipids such as cardiolipin that only belong to the mitochondrial membrane. Quantification of cardiolipin for instance proved useful but often relies on fluorescent probes with the limits stated above [START_REF] Kim | Resveratrol induces hepatic mitochondrial biogenesis through the sequential activation of nitric oxide and carbon monoxide production[END_REF][START_REF] Doherty | Measurement of Mitochondrial Mass by Flow Cytometry during Oxidative Stress[END_REF][START_REF] Jacobson | Intracellular distribution of the fluorescent dye nonyl acridine orange responds to the mitochondrial membrane potential: implications for assays of cardiolipin and mitochondrial mass[END_REF][START_REF] Maftah | 10-N nonyl-acridine orange: A fluorescent probe which stains mitochondria independently of their energetic state10-N nonyl-acridine orange: a fluorescent probe which stains mitochondria independently of their energetic state[END_REF][START_REF] Petit | 10N-Nonyl acridine orange interacts with cardiolipin and allows the quantification of this phospholipid in isolated mitochondria[END_REF]. Quantification of individual mitochondrial proteins in situ or by western blot is predominantly used [START_REF] Pasdois | Contribution of the phosphorylable Complex I in the Growth Phase-Dependent Respiration of C6 glioma Cells in VitroContribution of the phosphorylable complex I in the growth phase-dependent respiration of C6 glioma cells in vitro[END_REF][START_REF] Giordano | Efficient mitochondrial biogenesis drives incomplete penetrance in Leber's hereditary optic neuropathy[END_REF][START_REF] Rossignol | Energy Substrate Modulates Mitochondrial Structure and Oxidative Capacity in Cancer CellsEnergy substrate modulates mitochondrial structure and oxidative capacity in Cancer cells[END_REF][START_REF] Benard | Physiological diversity of mitochondrial oxidative phosphorylation[END_REF]. However, attention should be paid to the fact that conclusions drawn will depend on the proteins probed and as said before there could be specific enrichment of some metabolic pathways. It might be insightful to use protein markers from different mitochondrial compartments and processes, for instance components of the oxidative phosphorylation and metabolic pathways, but also of house-keeping functions such as protein import, chaperones, or mtDNA maintenance and expression. Proteomics approaches may be necessary to appreciate the overall differential regulation of mitochondrial proteins [START_REF] Kim | Protein composition of the muscle mitochondrial reticulum during postnatal development[END_REF]. The amount of mitochondrial DNA has often been shown to correlate well with the amount of mitochondria and mitochondrial proteins [START_REF] Giordano | Efficient mitochondrial biogenesis drives incomplete penetrance in Leber's hereditary optic neuropathy[END_REF][START_REF] Kim | Resveratrol induces hepatic mitochondrial biogenesis through the sequential activation of nitric oxide and carbon monoxide production[END_REF][START_REF] Rossignol | Energy Substrate Modulates Mitochondrial Structure and Oxidative Capacity in Cancer CellsEnergy substrate modulates mitochondrial structure and oxidative capacity in Cancer cells[END_REF][START_REF] Fernández-Vizarra | Tissuespecific differences in mitochondrial activity and biogenesis[END_REF][START_REF] Costanzini | Mitochondrial Mass Assessment in a Selected Cell Line under Different Metabolic ConditionsMitochondrial mass assessment in a selected cell line under different metabolic conditions[END_REF][START_REF] Deveaud | Regional differences in oxidative capacity of rat white adipose tissue are linked to the mitochondrial content of mature adipocytes[END_REF]. Last but not least, when one is interested in the activity of oxidative phosphorylation, the amount of mitochondrial cytochromes is a robust and quantitative measurement of mitochondrial complexes [START_REF] Dejean | Growth yield homeostasis in respiring yeast is due to a strict mitochondrial content adjustment[END_REF][START_REF] Vanneste | Molecular proportion of the fixed cytochrome components of the respiratory chain of Keilin-Hartree particles and beef heart mitochondria[END_REF][START_REF] Onishi | The Response of the Respiratory Chain and Adenine Nucleotide System to Oxidative Phosphorylation in Yeast MitochondriaThe response of the respiratory chain and adenine nucleotide system to oxidative phosphorylation in yeast mitochondria[END_REF][START_REF] Estabrook | Studies on the content and organization of the respiratory enzymes of mitochondria[END_REF]. However, this requires significant amounts of biological material and might not be applicable to all models and conditions. Mitochondrial citrate synthase (a matrix enzyme) is often used as a marker of mitochondrial amount [START_REF] Mogensen | Cycling efficiency in humans is related to low UCP3 content and to type I fibres but not to mitochondrial efficiency[END_REF][START_REF] Larsen | Biomarkers of mitochondrial content in skeletal muscle of healthy young human subjects[END_REF][START_REF] Rabøl | Reduced skeletal muscle mitochondrial respiration and improved glucose metabolism in nondiabetic obese women during a very low calorie dietary intervention leading to rapid weight loss[END_REF] and to this day has proven a quite relevant measurement. Of note, while only a mitochondrial citrate synthase isoform is found in mammals, an additional cytosolic isoform of the enzyme is present in yeast. Nevertheless, this activity proved also relevant in yeast grown on non-fermentable substrate as it correlated well with cytochromes measurements [START_REF] Bouchez | Labile " heme critically regulates mitochondrial biogenesis through the transcriptional co-activator Hap4p in Saccharomyces cerevisiae[END_REF].

In conclusion, although all parameters outlined above are of interest for assessing mitochondrial content when taken individually, the choice of best suited parameters strongly depends on the model and question addressed.

Moreover, it is advisable to use a combination of parameters, as illustrated in some studies cited throughout this section, in order to avoid any bias and to raise more robust conclusions.

The Warburg effect: an example of long term mitochondrial oxidative phosphorylation regulation

O. Warburg conducted one of the first studies on tumor energy metabolism. His early discoveries pointed out that cancer cells display a decreased respiration and an increased glycolysis proportional to the increase in their growth rate, suggesting that they depend mainly on fermentative metabolism for ATP generation. Because the repression of oxidative metabolism occurs even if oxygen is plentiful, this metabolic phenomenon was named "aerobic glycolysis". Warburg later proposed that dysfunctional mitochondria are the root of aerobic glycolysis [START_REF] Warburg | On the origin of cancer cells[END_REF] and further hypothesized that this event is the primary cause of cancer. The first consequence of these mitochondrial defects is a decrease in oxidative phosphorylation activity [START_REF] Warburg | On respiratory impairment in cancer cells[END_REF]. The increase in glycolytic flux and fermentation concomitant to the decrease in oxidative phosphorylation compensates for the ATP synthesis decrease by oxidative phosphorylations as well as NADH oxidation through fermentation. As stated above, the decrease in oxidative phosphorylation evidenced in cancer cells has been proposed to be due to defective mitochondria. However, it has been shown that this decrease can also be linked to a decrease in the cellular amount of mitochondria (without mitochondrial defects). Skildum et al. have shown, in breast cancer cell lines, that an increase in mitochondrial biogenesis decreased cell proliferation and increased cell sensitivity to drugs, thanks to an increase in oxidative phosphorylation activity [START_REF] Skildum | Mitochondrial amplification selectively increases doxorubicin sensitivity in breast cancer cells with acquired antiestrogen resistance, Breast Cancer Res Treat[END_REF]. Jiang et al. have shown that in Warburg positive cells, addition of non-dysfunctional mitochondria induces a decrease in glycolytic flux as well as in cell proliferation which reinforces the idea that a decrease in oxidative phosphorylation induces the Warburg metabolic switch [START_REF] Jiang | Exogenous normal mammary epithelial mitochondria suppress glycolytic metabolism and glucose uptake of human breast cancer cells, Breast Cancer Res Treat[END_REF]. Fantin et al. have shown that in the absence of fermentation, a decrease in tumor cell proliferation as well as an increase in oxidative phosphorylation could be evidenced [START_REF] Fantin | Attenuation of LDH-A expression uncovers a link between glycolysis, mitochondrial physiology, and tumor maintenance[END_REF]. This suggests that the cellular redox balance is a key player in the Warburg effect [START_REF] Locasale | Review Metabolic Flux and the Regulation of Mammalian Cell GrowthReview metabolic flux and the regulation of mammalian cell growth[END_REF]. Nonetheless, there is a considerable body of evidence that challenges the paradigm of the purely "glycolytic" cancer cell [START_REF] Moreno-Sanchez | Energy metabolism in tumor cells[END_REF]. Some glioma, hepatoma and breast cancer cell lines possess functional mitochondria and they obtain their ATP mainly from oxidative phosphorylation [START_REF] Pasdois | Contribution of the phosphorylable Complex I in the Growth Phase-Dependent Respiration of C6 glioma Cells in VitroContribution of the phosphorylable complex I in the growth phase-dependent respiration of C6 glioma cells in vitro[END_REF][START_REF] Martin | Energetic and morphological plasticity of C6 glioma cells grown on 3-D support; effect of transient glutamine[END_REF][START_REF] Guppy | Contribution by different fuels and metabolic pathways to the total ATP turnover of proliferating MCF-7 breast cancer cells[END_REF][START_REF] Rodríguez-Enríquez | Control of cellular proliferation by modulation of oxidative phosphorylation in human and rodent fast-growing tumor cells[END_REF]. This points out that the metabolic plasticity observed in vitro may have an impact on tumor physiology in vivo.

A more finalist way of analyzing the Warburg effect is to investigate its added value to promote cell growth. A review of the literature shows that the possible benefits of this energy metabolism rewiring for cancer cell growth are not clear. Aerobic glycolysis is inefficient in terms of ATP synthesis yield when compared with mitochondrial respiration. However, in mammals, the rate of glucose metabolism through aerobic glycolysis is 10 to 100 higher than complete oxidation of glucose by mitochondrial oxidative phosphorylation. One could thus hypothesize that one of the functions of the Warburg effect would be to support the rapid production of ATP that can be rapidly tuned to support the demand for ATP synthesis. It has also been proposed that intense aerobic glycolysis was necessary to ensure the supply of glycolytic intermediates as building blocks to biosynthetic pathways. To this day, and despite numerous studies, the possible advantages of this metabolic rewiring are still under investigation. From a metabolic point of view, the fermenting yeast Saccharomyces cerevisiae and tumor cells share several features [START_REF] Diaz-Ruiz | Tumor cell energy metabolism and its common features with yeast metabolism[END_REF][START_REF] Diaz-Ruiz | The Warburg and Crabtree effects: On the origin of cancer cell energy metabolism and of yeast glucose repressionThe Warburg and Crabtree effects: on the origin of cancer cell energy metabolism and of yeast glucose repression[END_REF]. In both cell proliferation. The role of oxidative phosphorylation in the presence of glucose, and fermentation is a good model to study the Warburg effect, where all parameters can be reconstituted. However, contrary to what was proposed by Warburg and in accordance with a number of reports from the literature, we show that in this model mitochondria are not dysfunctional: there are fewer mitochondria respiratory chain units per cell. Identification of the molecular mechanisms involved in this process allowed us to dissociate the parameters involved in the Warburg effect and we showed that oxidative phosphorylation repression is not mandatory to favor cell growth. Last but not least, we were able to show that cellular ATP synthesis flux does not control cellular growth rate [START_REF] Bouchez | The Warburg effect: Repression of mitochondrial metabolism is not a prerequisite to promote cell proliferationThe Warburg Effect: Repression of Mitochondrial Metabolism Is Not a Prerequisite to Promote Cell Proliferation[END_REF].

The input of modeling to the study of cell energy metabolism

The control of oxidative phosphorylation

The fundamental question that was tackled is: what step controls oxidative phosphorylation? Based on Metabolic Control Theory (MCT), this was beautifully answered by two groups, one in Amsterdam [START_REF] Groen | Quantification of the contribution of various steps to the control of mitochondrial respiration[END_REF] and the other in Magdeburg [START_REF] Bohnensack | Rate-controlling steps of oxidative phosphorylation in rat liver mitochondria. A synoptic approach of model and experiment[END_REF]. MCT addresses a simple question: how is the whole flux of a metabolic network such as oxidative phosphorylations, (respiration or ATP synthesis) modulated when a single step (cytochrome c oxidase for instance) is modulated? The theory initiated for linear pathway [START_REF] Heinrich | A linear steady-state treatment of enzymatic chains. general properties, control and effector strength[END_REF][START_REF] Heinrich | Linear theory of enzymatic chains; its application for the analysis of the crossover theorem and of the glycolysis of human[END_REF][START_REF] Kacser | The control of flux[END_REF] and in all its generality by Christine Reder naturally defines the control coefficient C i F of a step i on a flux F at steady-state as C i F = ΔF/ Δv i , where ΔF is the change induced by the change Δvi in vi [START_REF] Reder | Metabolic Control Theory: A Structural ApproachMetabolic control theory: a structural approach[END_REF]. This is a quantitative measure of the control of a step on the whole flux at a given steady state. In order to induce a variation of vi, it is necessary to change a parameter influencing vi which can be, for instance, the enzyme concentration Ei, an inhibitor of Ei, the temperature etc.… So that the definition of

C i F is C i F = (ΔF/Δp i )/(Δv i / Δp i ) = (∂F/∂p i )/(∂v i /∂p i ))
where p i is a parameter which specifically acts on v i . This is at the same time a mathematical definition and an experimental one when ΔF and Δp i are experimentally measured under the effect of Δp i (for details on the theory, see [START_REF] Fell | Understanding the Control of Metabolism Protland P[END_REF][110][START_REF] Heinrich | The Regulation of Cellular Systems[END_REF][START_REF] Mazat | How Can Two Steps Simultaneously Control a Flux?How can two steps simultaneously control a flux?[END_REF][START_REF] Cornish-Bowden | Control of metabolic processesControl of Metabolic Processes[END_REF]).

One of the most important result of this theory is that, in a metabolic network, the sum of control coefficients of all the steps on a flux F at steady-state in this network is equal to one:

C 1 F + C 2 F + …. + C n F = 1
where n is the number of steps in the network.

The control coefficient of the different steps of oxidative phosphorylations on mitochondrial respiration were measured for the first time in [START_REF] Groen | Quantification of the contribution of various steps to the control of mitochondrial respiration[END_REF][START_REF] Bohnensack | Rate-controlling steps of oxidative phosphorylation in rat liver mitochondria. A synoptic approach of model and experiment[END_REF] and showed three important results: (i) that the control of the respiratory rate can be shared among several steps, namely the adenylate carrier, the dicarboxylate carrier, respiratory substrate supply and the proton leak, (ii) that the sum of control coefficient amounts to nearly one and (iii) that the distribution of control coefficients varies according to the steady-state i. e. the physiological conditions. These results were confirmed on yeast [114], on brain in pathological situations [START_REF] Rigoulet | Redistribution of the flux-control coefficients in mitochondrial oxidative phosphorylations in the course of brain edema[END_REF], on mammalian muscle [START_REF] Letellier | Control of oxidative phosphorylation in rat muscle mitochondria: implications for mitochondrial myopathies[END_REF] and on other pathways such as fermentation. In that case, four main controlling steps were evidenced: glucose and lactate transport, hexokinase and phosphofructokinase [START_REF] Tanner | Four key steps control glycolytic flux in mammalian cells[END_REF]. Pyruvate kinase can also have a significant control depending on the conditions.

Channeling and supercomplexes

In the metabolic control theory, it is supposed that enzymes and metabolites are free to interact according to the collision theory. This is why the control coefficients are most of the time weak. The inhibition of a step increases the concentration of substrates which usually tends to increase the reaction rate, such that a new steady-state is reached with an intermediate value of the whole flux between 0 and Δv i : the variations of metabolites concentrations buffer the changes in enzymes activities. This condition of free interactions between the enzymes and their substrates and products is mandatory for the fundamental summation theorem i.e. the sum of control coefficient equal to 1. Conversely, in the case of channeling and supercomplexes, the sum of control coefficient can vary from less than one to the total number of steps because inhibiting one step in a supercomplex inhibits all the steps [START_REF] Kholodenko | Metabolic channelling and control of the flux[END_REF]. This property was elegantly exploited experimentally to evidence a partial supramolecular organization of the respiratory chain [START_REF] Bianchi | The mitochondrial respiratory chain is partially organized in a supercomplex assembly[END_REF]. In this work the authors, using bovine heart mitochondria and submitochondrial particles showed a possible association of complexes I and III (sum of control coefficient > 1) while the other complexes (II and IV) appear functionally independent. Similar results were obtained on the yeast Saccharomyces cerevisiae at the cellular level [START_REF] Boumans | The Respiratory Chain in Yeast Behaves as a Single Functional UnitThe respiratory chain in yeast behaves as a single functional unit[END_REF].

MCT has been a great tool to solve the long-standing riddle of the control of oxidative phosphorylation. The consideration of oxidative phosphorylations in pathologies in term of MCT has also been fruitful to understand the "threshold effect" in mitochondrial diseases [START_REF] Letellier | The kinetic basis of threshold effects observed in mitochondrial diseases: a systemic approach[END_REF][START_REF] Rossignol | Mitochondrial threshold effects[END_REF] and is still fruitful in the search for the best targets (the most controlling steps) of anti-cancer drugs for instance [START_REF] Tanner | Four key steps control glycolytic flux in mammalian cells[END_REF] and parasites [START_REF] Saavedra | Drug Target Selection for Trypanosoma cruzi Metabolism by Metabolic Control Analysis and Kinetic ModelingDrug target selection for Trypanosoma cruzi metabolism by metabolic control analysis and kinetic modeling[END_REF].

Modeling the Warburg effect

There have been several attempts to model the Warburg effect in order to better understand the forces at work in this effect and whether they were required for cancer cell proliferation. Minimal models were particularly interesting because they revealed the fundamental constraints leading to the Warburg effect [START_REF] Pfeiffer | Cooperation and competition in the evolution of ATPproducing pathways[END_REF][START_REF] Möller | Linear programming model can explain respiration of fermentation products[END_REF][START_REF] Dai | A Flux Balance of Glucose Metabolism Clarifies the Requirements of the Warburg EffectA flux balance of glucose metabolism clarifies the requirements of the Warburg effect[END_REF][127]. The simplest models, combining three reactions representing glycolysis and the bifurcation towards lactate or oxidative phosphorylation, showed that aerobic glycolysis is favored in presence of large amounts of glucose [START_REF] Pfeiffer | Cooperation and competition in the evolution of ATPproducing pathways[END_REF][START_REF] Möller | Linear programming model can explain respiration of fermentation products[END_REF]. On the contrary, when glucose is scarce, oxidative phosphorylation is favored. A more realistic model was developed taking into account not only the bifurcation of pyruvate but also the necessary reoxidation of NADH [START_REF] Dai | A Flux Balance of Glucose Metabolism Clarifies the Requirements of the Warburg EffectA flux balance of glucose metabolism clarifies the requirements of the Warburg effect[END_REF]. By sampling at random a large number of flux ensembles of this simple metabolic network at steady state, these authors analyzed how cell proliferation rate, ATP production and NADH oxidation are intertwined. In many instances they found a combination of fluxes illustrating the Warburg effect, but they also evidenced situations in which proliferating cells do not necessarily exhibit the Warburg effect. This result is in accordance with recent data from our laboratory showing that repression of mitochondrial metabolism is not a prerequisite to promote cell proliferation [START_REF] Bouchez | The Warburg effect: Repression of mitochondrial metabolism is not a prerequisite to promote cell proliferationThe Warburg Effect: Repression of Mitochondrial Metabolism Is Not a Prerequisite to Promote Cell Proliferation[END_REF]128].

Concluding remarks

Studies of cell energy metabolism and more particularly the relationships between glycolysis and oxidative phosphorylations mostly relied on thermokinetic analyses with great focus on the role of intermediaries, their peculiarities (glycolysis and oxidative phosphorylations are not equivalent in terms of NADH/NAD + turnover)

and the availability of substrates (glucose, oxygen etc..) for these pathways. Further, what was investigated in depth was how these pathways adjusted to modulations either of energy (the phosphate potential) or in redox constraints (the redox potential). The underlying trend was that ATP synthesis fluxes adjusted to ATP consumption fluxes and/or redox constraints. Recent studies have shown that when both glycolysis and oxidative phosphorylations are active simultaneously, the fluxes through these pathways and their interdependencies do not seem controlled by the ATP synthesis flux required for cellular functions. Moreover, predominance of one pathway over the other seem to mostly depend on the cell physiology i.e. whether the cell is proliferating or not for example. It still deems necessary to elucidate the relationships between cell energy metabolism and a number of cellular functions that require energy.

  Channeling in the heart. Respiration, ATP synthesis and ATP export through the inner mitochondrial membrane via adenine nucleotide transporter (ANT) are tightly coupled to trans-phosphorylation of ATP to PCr by MtCK and export of PCr into the cytosol by the outer membrane voltage-dependent anion channel (Porin).
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