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Metabolic alterations associated with inflammation include increased recruitment of glycolysis (lactate release) and repression of mitochondrial oxidative phosphorylation. Inflammation causes hyperosmolar conditions in the extracellular medium vice versa. This prompted us to evaluate the consequences of hyperosmolar conditions on cellular bioenergetics. In this study we demonstrate that the setting of hyperosmolar conditions has the immediate consequence to decrease cellular respiration. The primary target is the mitochondrial ADP into ATP phosphorylation step (and thus likely the complex V of respiratory chain). Then to avoid ATP depletion and cell death, compensatory mechanisms ought to take place with its own different consequences if engaged to glycolysis or not. Hyperosmotic conditions increase greatly the ability for glucose to initiate the repression of cellular respiration within seconds. This fast repression of cellular respiration by glucose is considered to reflect the "Crabtree effect". We confirmed this fact with special considerations to cell viabilities and cell volume modifications after application of different chemicals in osmotic challenges. Our observations raise therefore the question of the role of hyperosmolarity of external medium in the setting of the inflammatory metabolic profile.

Water is the most important molecule for life and OSMOSIS is the selective transport of water.

In physiology, osmosis primarily happens by permeation of water through the cell pores that have a selective filter that is narrow enough to permit only a single row of water molecules to pass through. These pores are always open and non-gated. Water can move in either direction, depending upon its "concentration" gradient (water will move toward the region of higher solute concentration, i.e. from hypotonic solution to hypertonic solution, eventually producing an isotonic solution). Cells in hypotonic solutions swell as water moves across the membrane into the cell, whereas cells in hypertonic solutions shrivel as water moves out of the cell.

1.2) Osmolarity/Osmolality

Osmolarity is the total number of moles of solute particles dissolved in a given volume of water Units = Osmolal (Osm): 1 Osm = 1 mole particle/ Liter of water, it is expressed in osmoles per liter (osmol/L or OsM) or, for very dilute physiological solutions, milliosmoles/liter (mOsm) and Osmolality is the total number of moles of solute particles dissolved in a Kg of water. Units = Osmolal (Osm): 1 Osm = 1 mole particle/ Kg of water. Osmolality depends on the number of solute particles, not the specific type of solute particles. Physiologists often use the terms "osmolarity" and "osmolality" interchangeably. Osmolality is usually used in clinical situations because it is easy to estimate people's body water content by weighing them.

Plasma and other body fluid osmolarities are between 270 to 300 mOsm/L but Urine osmolality has an extreme range of 50 to 1400 mOsm/kg water, but average is about 500 to 800 mOsm. After an overnight fast, the urine osmolality should be at least 3 times the serum osmolality.

If the concentration of solutes in the given fluid is very low, then osmolarity and osmolality are considered to be equivalent. When all body fluids have an osmolarity near 300 mOsm/L, the osmotic pressure of the two fluid compartments are equal = no net water movement occurs. This is called isosmotic or isotonic.

Solutions 270-300 mOsm/L = Isotonic (e.g., 0.9% Sodium Chloride) Solutions >300 mOsm/L = Hypertonic (e.g., Dextrose 5% in 0.9% Sodium Chloride) Solutions <270 mOsm/L = Hypotonic (e.g., Dextrose 2.5% in Water) To convert between molarity and osmolarity, use the following equation:

Molarity (mol/L) × particles/molecule (osmol/mol) = osmolarity (osmol/L)

For example, to compare the molarities of glucose and sodium chloride, with their osmolarities: One mole of glucose molecules dissolved in enough water to create 1 liter of solution yields a 1 molar solution (1 M). Because glucose does not dissociate in solution, the solution has only one mole of osmotically active particles: 1 M glucose × 1 Osmole/mole glucose = 1 OsM glucose. Sodium Chloride, however, dissociates when placed in solution. At body temperature, a few NaCl ions fail to separate, so instead of 2 ions per NaCl, the dissociation factor is about 1.8. Thus, one mole of NaCl dissociates in solution to yield 1.8 moles of particles (Na + , Cl -, and NaCl). The result is a 1.8 OsM solution: 1 mole NaCl/L × 1.8 osmol/mol NaCl =1.8

osmol/L NaCl. Osmolarity describes only the number of particles in the solution. It says nothing about the composition of the particles. A 1 OsM solution could be composed of pure glucose or pure Na + and Cl -or a mixture of all three solutes. The normal osmolarity of the human body ranges from 280 to 296 milliosmoles per liter (mOsm). In this thesis, to simplify calculations, we will round that number up slightly to 300 mOsm.

1.3) Tonicity Describes the Volume Change of a Cell

Tonicity (tonikos, pertaining to stretching) is a physiological term used to describe a solution and how that solution would affect cell volume if the cell were placed in the solution and allowed to come to equilibrium. If a cell placed in the solution gains water at equilibrium and swells, we say that the solution is hypotonic to the cell. If the cell loses water and shrinks at equilibrium, the solution is said to be hypertonic.

If the cell in the solution does not change size at equilibrium, the solution is isotonic (Table 1. 1). By convention, we always describe the tonicity of the solution relative to the cell. How, then, does tonicity differ from osmolarity?

1. Osmolarity describes the number of solute particles dissolved in a volume of solution. It has units, such as osmoles/liter. The osmolarity of a solution can be measured by a machine called an Osmometer. Tonicity has no units; it is only a comparative term.

2. Osmolarity can be used to compare any two solutions, and the relationship is reciprocal (solution A is hyperosmotic to solution B; therefore, solution B is hyposmotic to solution A). Tonicity always compares a solution and a cell, and by convention, tonicity is used to describe only the solution-for example, "Solution A is hypotonic to red blood cells."

3. Osmolarity alone does not tell you what happens to a cell placed in a solution.

Tonicity by definition tells you what happens to cell volume at equilibrium when the cell is placed in the solution.

4. A hyposmotic solution is always hypotonic, no matter what its composition. The cell will always have a higher concentration of nonpenetrating solutes than the solution, and water will move into the cell.

5. An isosmotic solution may be isotonic or hypotonic. It can never be hypertonic because it can never have a higher concentration of nonpenetrating solutes than the cell. If all solutes in the isosmotic solution are nonpenetrating, then the solution is also isotonic. If there are any penetrating solutes in the isosmotic solution, the solution will be hypotonic. For example, coconut water, it is not an ideal intravenous (IV) solution, it is isosmotic to human plasma but is hypotonic, with Na + concentrations much lower than normal extracellular fluid (ECF) [Na + ] and high concentrations of glucose and fructose, along with amino acids.

6. Hyperosmotic solutions may be hypertonic, isotonic, or hypotonic. Their tonicity depends on the relative concentration of nonpenetrating solutes in the solution compared to the cell, as described previously.

7. Following table (Table 1.2) lists some common IV solutions and their approximate osmolarity and tonicity relative to the normal human cell.

Saline = NaCl 5%Dextrose = glucose = D5

Briefly: Hyperosmolar solution is the solution with a higher number of particles per kg of water compared with a hypoosmolar solution that includes the lower number of particles per Kg/water. 

1.5) Aquaporins

Aquaporins (AQPs) are selective (i.e., their structure is such that only water will pass through) and bidirectional pores and are responsible for maintaining water homeostasis and solute transfer. They are small integral membrane water transport proteins that allow water to flow through cell membranes in response to osmotic gradients in cells (Fig. 1.1). AQPs consist of monomers that are approximately 30kDa, possessing 6 transmembrane alpha-helical domains [START_REF] Verkman | Structure and function of aquaporin water channels[END_REF].

The AQP family in mammals consists of thirteen unique members denoted AQP0-AQP12 [START_REF] Nagaraju | Aquaporins: their role in gastrointestinal malignancies[END_REF]. AQPs belong to a highly conserved group of membrane-spanning proteins called the major intrinsic proteins that are found in practically all living organisms. Additionally, AQPs are found in dozens of different tissue types throughout the human body as mentioned in Table 1.3.

Table 1.3. Aquaporin Tissue Distribution.

AQP Member Tissue Type

Human erythrocytes express large amounts of AQP1, AQP3 and AQP9 which play roles in bidirectional transfer of water and small solutes across cell membranes.

AQP3, AQP7, AQP9, and AQP10 are also called aquaglyceroporins since they are permeable to both glycerol and water. Activity and expression of various AQPs is usually analyzed to determine the effectiveness of new drugs, assessing membrane permeability and regulation of energy homeostatsis. Various conditions such as phosphorylation, pH, pressure, temperature, solute gradients, and more, play a role in the gating process of AQPs. A thorough examination of AQPs shows that each AQP type plays a meaningful role such as facilitating migration, invasion, metastasis, proliferation, drug resistance, and subsequent prognosis in specific cancer type(s) [START_REF] Dajani | Water transport proteins-aquaporins (AQPs) in cancer biology[END_REF].

Molecular-dynamic simulations based on the AQP1 crystal structure suggest tortuous, single-file passage of water through a narrow <0.3 nm pore, in which steric and electrostatic factors prevent transport of protons and other small molecules [Tajkhorshid et al., 2002]. There are reports that AQP1 transports cations and gases such as carbon dioxide and ammonia, AQP7 and AQP9 transport heavy metal salts such as arsenite, and AQP6 transports chloride at low pH [START_REF] Verkman | More than just water channels: unexpected cellular roles of aquaporins[END_REF]. The Aquaporin provides a pathway for water molecules that makes the membrane permeable only to water (semipermeable).

2) Hyperosmotic Effects

2.1) Hyperosmolarity in medical history

History of the hyperosmotic implications in human health was started by Dialysis concept in Peritoneal disorders. Osmosis involves water moving from an area of low solute concentration to an area of high solute concentration across a semi-permeable membrane. Dialysis is different to this, and involves the separation of small molecules from large molecules. Put more simply, dialysis is the movement of molecules in solute (e.g., glucose) and osmosis is the movement of the solvent (water) itself. The theoretical foundation for dialysis is attributed to Thomas Graham (1805-1869), a professor in the field of chemistry in Scotland, and known for his famous 'Graham's law of effusion' [Gottschalk et al.,1λλ7]. He described the principles of diffusion and osmosis and introduced the concept of a semi-permeable membrane. In 1877 in Germany, Georg Wegner experimented with intraperitoneal administration of hypo-and hypertonic solutions in rabbits and observed that the intraperitoneal volume either decreased or increased depending on the tonicity of the solution [START_REF] Wegner | Chirurgische Bemerkungen über die Peritonealhöhle, mit besonderer Berücksichtigung der Ovariotomie[END_REF]. These experiments were confirmed by the famous English physiologist Ernest Starling and his collaborator Alfred Tubby, and they also concluded that the intraperitoneal transport of solutes was bidirectional, mainly to blood and not to the lymphatics [START_REF] Starling | On absorption from and secretion into the serous cavities[END_REF] (Fig 1 .2).

In 1923 Georg Ganter published his investigations in animals and a few humans [START_REF] Ganter | Über die Beseitigung giftiger Stoffe aus dem Blute durch Dialyse[END_REF]. He performed exchanges of intraperitoneally administered saline solutions and observed near-equilibrium of non-protein nitrogen after dwell times of 3 hours in combination with improvement of blood urea nitrogen levels. Also the uremic symptoms of the animals and humans improved transiently, but as the treatment could not be continued the patients died. A few decades later, in 1946, Howard Frank, Arnold Seligman and Jacob Fine, after first having experimented on dogs, were successful in treating a patient with acute renal failure with intermittent peritoneal dialysis (PD) for 7 days [START_REF] Frank | Treatment of uremia after acute renal failure by means of peritoneal irrigation[END_REF]. In 1961 Fred Boen, having previously worked in Amsterdam and known for his work on peritoneal transport kinetics [START_REF] Boen | Kinetics of peritoneal dialysis[END_REF], started one of the first long-term PD programs in Seattle.

Permanent peritoneal access and peritonitis were the main obstacles for use on a larger scale. Despite his collaboration with Henry Tenckhoff, who designed a peritoneal catheter for permanent use [START_REF] Tenckhoff | A bacteriologically safe peritoneal access device[END_REF] which is even today the most commonly used peritoneal access, in 1977 not even 800 patients were treated worldwide with intermittent PD. Of all structures present in the peritoneal membrane, the capillary endothelium offers the rate-limiting hindrance for solute and water transport for the diffusive and convective transport of solutes and osmosis.

The peritoneal transport of both solutes and water can accurately be described by a three-pore model [START_REF] Rippe | Fluid and electrolyte transport across the peritoneal membrane during CAPD according to the three-pore model[END_REF]. Only the ultra-small pore has been anatomically identified as the water channel aquaporin-1 [START_REF] Pannekeet | Demonstration of aquaporin-CHIP in peritoneal tissue of uremic and CAPD patients[END_REF] and during a 4 hours dwell time is responsible for around 40-50% of the total amount of ultrafiltration during glucose-induced osmotic free water transport.

In the same year (1968) in France, Labram presented the syndrome of hyperosmolarity in 5 cases of Diabetes [START_REF] Labram | Critical studies on hyperglycemic syndrome with hyperosmolarity and without acidoketosis. A propos of 5 cases[END_REF]. In 1975, Hyperosmolar Coma was described, for some little time it has been known that hyperosmolar coma is a clinical condition which may arise from various causes and yet is based on a fundamental pathophysiological disturbance: extracellular hyperosmolarity, usually accompanied by hyperglycemia or hypernatremia. The clinical and biological picture is easily recognizable and requires immediate and massive rehydration with hypotonic solutions. Ginsberg-Fellner treated successfully a 15-month-old girl for substantial hyperosmolarity in the absence of ketosis at the onset of permanent insulin-requiring diabetes mellitus. Hypotonic solutions containing small amounts of glucose and subcutaneous administration of low doses of insulin were empolyed. Potassium was added to the hydrating solutions during the second hour of treatment. In the next three months, two recurrences of this syndrome were verified and successfully treated in a similar manner [START_REF] Ginsberg-Fellner | Recurrent hyperosmolar nonketotic episodes in a young diabetic[END_REF]. Robertson described in detail the role of Antidiuretic hormone (ADH) in osmoregulation and presented the neurogenic disorders due to osmoregulation perturbation in blood [START_REF] Robertson | Neurogenic disorders of osmoregulation[END_REF]. In 1984, Yonemura described the effects of "Osmotic Stress" in Eye. The hyperosmolarity response of the ocular standing potential was examined in 14 eyes of 7 cases of Harada's disease [START_REF] Madachi-Yamamoto | Retinal pigment epithelium disorder in Vogt-Koyanagi-Harada disease revealed byhyperosmolarity response of ocular standing potential[END_REF]. In 1999 Management of the hyperosmolar hyperglycemic syndrome was well realized by Potassium, Magnesium, Phosphate and B-complex vitamins [START_REF] Matz | RManagement of the hyperosmolar hyperglycemic syndrome[END_REF] and in 2007, Messmer officially declared the osmoprotection as a new therapeutic strategy in Dry eye syndrome (one of the most common disorders encountered in daily ophthalmological practice). Hyperosmolarity of the tear film is one of the key pathogenetic factors in the development of acommonly subclinical -inflammation of the ocular surface, the lacrimal gland and the tear film in dry eye syndrome. Osmoprotective agents act through compatible solutes to prevent a hyperosmolar tear film from damaging the ocular surface [Messmer, 2007]. After Messmer the relation of inflammation and hyperosmolarity in ocular disorders was transformed to a dynamic field that nowadays the antiinflammatory strategies are among the most reliable treatments for osmoprotection of the eye [START_REF] Liu | Zidovudine protects hyperosmolarity-stressed human corneal epithelial cells via antioxidant pathway[END_REF]. Abolhassani and Schwartz in 2008, officially declared that Hyperosmolarity can induce pro-inflammatory cytokine responses in colorectal and bladder epithelial cells. They proposed by microarray profiling a molecular mechanism for hyperosmotic-induced inflammation in animal models and on different cell lines [Abolhassani et al., 2008]. For them, inflammation appears to be the simple consequence of a shift of methylation of Protein Phosphatase 2A (PP2A) which in turn activates Nuclear Factor Kappa B (NF-kB) [START_REF] Schwartz | Hyperosmotic stress contributes to mouse colonic inflammation through the methylation of protein phosphatase 2A[END_REF]. In 2009, they demonstrated that Long-term hyperosmotic culture extends normal macrophage half-life, from 44 days to 102 days, and alters the expression of p53, Bcl-2 and Bax and suggested that inflammation and hyperosmolarity are closely related phenomena if not synonymous [Schwartz et al., 2009]. From 2006-2013, Häussinger and Reinehr completed the pathways of CD95 mediated apoptosis and demonstrated the clear effects of hyperosmolarity on cell damage processes [START_REF] Reinehr | Hyperosmotic activation of the CD95 death receptor system[END_REF]] and [START_REF] Reinehr | The Src family kinases: distinct functions of c-Src, Yes, and Fyn in the liver[END_REF].

2.1.1) Chemicals or solutions used in hyperosmolar studies

From 1970, many researchers focused their studies on the effects of hyperosmolarity in vitro and in vivo. They mimicked hyperosmotic microenvironment for the primary or immortalized cell lines by small, inert and simple chemicals or solutions which had been frequently doubled or tripled in osmolal intensity compared with normotonic environments. We see in more than one hundred articles that they applied double or triple 300 mOsm for a strong impact and about 30% to 50% added to 300 mOsm for a mild impact of hyperosmolarity. In the Table 1.4, some of these studies have been listed. 2.2) Hyperosmolarity-induced cell damages (Some proposed mechanisms)

2.2.1) CD95 mediated cell death and Apoptosis

CD95 (also known as Fas) belongs to the TNF (Tumour Necrosis Factor)-receptor superfamily. In 1997, it has been shown that when exposed to an agonistic anti-CD95 mAb (APO1-3), the aggregated receptor recruits the adaptor protein FADD (Fas-Associated protein with Death Domain), which then binds caspase-8/-10 and ultimately elicits the apoptotic signal and the death of the cell. This complex was designated the DISC for Death Inducing Signaling Complex [START_REF] Kischkel | Cytotoxicity-dependent APO-1 (Fas/CD95)-associated proteins form a deathinducing signaling complex (DISC) with the receptor[END_REF].

The CD95 ligand, CD95L (also known as FasL or CD178) is a transmembrane "cytokine" belonging to the TNF family. CDλ5L, is expressed primarily at the surface of activated T lymphocytes and NK cells, where it contributes to the elimination of infected and transformed cells. However, CD95L is also found under inflammatory conditions, at the surface of epithelial cells, macrophages or dendritic cells [START_REF] Lavrik | Regulation of CD95/Fas signaling at the DISC[END_REF].

Apoptosis triggered by Fas-Fas ligand binding plays a fundamental role in the regulation of the immune system. Its functions include:

1. T-cell homeostasis: the activation of T-cells leads to their expression of the Fas ligand. T cells are initially resistant to Fas-mediated apoptosis during clonal expansion, but become progressively more sensitive the longer they are activated, ultimately resulting in DISC. Humans and mice with deleterious mutations of Fas or Fas ligand develop an accumulation of aberrant T-cells, leading to lymphadenopathy, splenomegaly, and lupus erythematosus [START_REF] Brint | Life in the Fas lane: differential outcomes of Fas signaling[END_REF];

2. Cytotoxic T-cell activity: Fas-induced apoptosis and the perforin pathway are the two main mechanisms by which cytotoxic T lymphocytes induce cell death in cells expressing foreign antigens [START_REF] Chen | Regulation of the proinflammatory effects of Fas ligand (CD95L)[END_REF]];

3. Maternal tolerance: Fas ligand may be instrumental in the prevention of leukocyte trafficking between the mother and the fetus, although no pregnancy defects have yet been attributed to a faulty Fas-Fas ligand system [Hahne et al., 1996];

4. Tumor counter-attack: Tumors may over-express Fas ligand and induce the apoptosis of infiltrating lymphocytes, allowing the tumor to escape the effects of an immune response. The up-regulation of Fas ligand often occurs following chemotherapy, from which the tumor cells have attained apoptosis resistance [START_REF] O'connell | The Fas counterattack: Fasmediated T cell killing by colon cancer cells expressing Fas ligand[END_REF] and [START_REF] Fouqué | The CD95/CD95L signaling pathway: a role in carcinogenesis[END_REF].

From 2006, Häussinger and Reinehr demonstrated through the publication of several original papers [START_REF] Reinehr | Hyperosmotic activation of the CD95 death receptor system[END_REF]] and [START_REF] Reinehr | Hyperosmotic activation of the CD95 system[END_REF], the definitive effect of hyperosmolarity on CD95 pathway. They profited the Rat hepatocyte models and proved CD95 translocation and activation in hyperosmotic media. Whereas CD95 in normOsmotically exposed rat hepatocytes is localized inside the cells and exhibits no detectable membrane localization, this death receptor is rapidly targeted to the plasma membrane in response to hyperosmotic exposure, CD95L, or bile acids. Hyperosmotic exposure leads to an almost instantaneous increase of ceramide levels, which was sensitive to inhibition of the acidic sphingomyelinase (ASM) (Fig. 1.3). Hepatocyte shrinkage increases the cytosolic Cl -concentration not only because of the almost immediate osmotic water efflux in response to hyperosmolarity, which has a concentrative effect on cytosolic chloride concentration, but also because of the ionic mechanisms of volume regulatory increase. The latter involves a hyperosmotic activation of Na + /H + exchange and Na + /K + -ATPase together with HCO3 -/Cl -exchange, resulting in net accumulation of Na + , K + , and Cl -in rat hepatocytes. Because the vesicular proton pump is activated directly by Cl -one may suggest that the hyperosmotically induced increase in the cytosolic Cl -concentration may increase the activity of the vacuolar H + -ATPase and that the resulting endosomal acidification may activate ASM, which then finally leads to an increase in the intracellular ceramide concentration. The subsequent ceramide formation then activates a atypic protein kinase C (PKCζ). The latter leads to an activating serine phosphorylation of the NADPH oxidase regulatory subunit p47phox, which is followed by the generation of reactive oxygen species (ROS).

ROS formation triggers activation of the Src family kinase Yes [START_REF] Reinehr | The Src family kinases: distinct functions of c-Src, Yes, and Fyn in the liver[END_REF], which then associates with and activates the epidermal growth factor receptor (EGFR) [START_REF] Reinehr | CD95 death receptor and epidermal growth factor receptor (EGFR) in liver cell apoptosis and regeneration[END_REF]. EGFR then dissociates from Yes and associates with CDλ5, which leads to EGFR-tyrosine kinase-mediated CDλ5 tyrosine phosphorylation, which is a prerequisite for CD95 oligomerization and microtubule-dependent translocation of CDλ5 to the plasma membrane, which allows for subsequent FADD and caspase 8 recruitment to the CD95, that is, DISC formation (Fig. 1.3).

2.2.2) ROS Production and Oxidative Stress

Reactive oxygen species (ROS), including superoxide anion (O2 -), hydrogen peroxide (H2O2), and hydroxyl radical (•OH) are normally produced during cellular energy production in aerobic cells and are removed by antioxidant enzymes, such as superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), and peroxiredoxins (Prxs). ROS can be generated either by the mitochondrial electron transport chain or by the NADPH oxidase (NOX) complex in the plasma membrane and cytosol [START_REF] Forman | Reactive oxygen species and cell signaling: respiratory burst in macrophage signaling[END_REF]. Stimulation of ROS was first reported in neutrophils and macrophages and named "the respiratory burst" due to the brief necessity of oxygen. ROS influence many physiological processes including hormone biosynthesis, intracellular signaling and host defense against different pathogens [START_REF] Dröge | Free radicals in the physiological control of cell function[END_REF].

Parallel to the works of Reinehr and Häussinger (Section 2.2.1), that demonstrated the ROS production in hyperosmotic treated hepatocytes, Eisner and his colleagues [START_REF] Eisner | Hyperosmotic stress-dependent NF B activation is regulated by reactive oxygen species and IGF-1 in cultured cardiomyocytes[END_REF] showed that hyperosmotic stress generated ROS in cultured cardiac myocytes. Hyperosmotic stress induced NF-B activation by induction of ROS production and ROS is destructive. NaCl or Urea mediated hyperosmolarity causes oxidative stress with elevation of ROS [START_REF] Yang | Hypertonic induction of COX-2 in collecting duct cells by reactive oxygen species of mitochondrial origin[END_REF] and [START_REF] Zhang | High urea and NaCl carbonylate proteins in renal cells in culture and in vivo, and high urea causes 8oxoguanine lesions in their DNA[END_REF]. ROS can modify DNA bases by forming 8-oxoguanine and can carbonylate proteins. Carbonylation affects protein stability and function, notably inhibiting enzyme activity. Carbonylated proteins are not repaired. Instead, they undergo accelerated degradation by proteasomes and are replaced [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

Because there are fluctuating concentrations of ROS in different compartments of the cell, the regulation of permeability is important to control signaling. The permeability of H2O2 is controlled by AQPs that contribute to the gradient. AQPs that are able to transport considerable amounts of H2O2 are AQP1, AQP3, AQP5, and AQP9 denoted peroxiporins [START_REF] Wu | Aquaporins with selectivity for unconventional permeants[END_REF]. AQP8 has been speculated to play a role in regulating the mitochondrial transport of H2O2 out of the mitochondria-one of the largest sources of ROS [START_REF] Bienert | Specific aquaporins facilitate the diffusion of hydrogen peroxide across membranes[END_REF].

Early investigators determined that ROS play an important role in damaging proteins, lipids and DNA, it should be therefore being believed to be tumorigenic by promoting genomic instability [START_REF] Ames | Oxidants, antioxidants, and the degenerative diseases of aging[END_REF].

2.2.3) Cell Cycle Arrest and DNA Damage

Acute elevation of NaCl from 300 to 600 mOsmol/kg H2O causes DNA strand breaks and produces rapid arrest in all phases of the cell cycle [START_REF] Dmitrieva | High NaCl causes Mre11 to leave the nucleus, disrupting DNA damage signaling and repair[END_REF]. Initiatiton of DNA replication in the cells in G1 do not proceed, replicating DNA in those in S would be stopped and division of those in G2 do not. Time of arresting is shortest in G1 and S, so cells accumulate in G2. The rate of proliferation of adapted cells is directly related to the osmolality [START_REF] Michea | Cell cycle delay and apoptosis are induced by high salt and urea in renal medullary cells[END_REF]. Arresting time provides cells to adapt to higher osmolality by accumulation of compatible organic osmolytes. Cells will die in the absence of such protective adaptation.

Activation of p53 in delay in G1 and S depends on high NaCl [START_REF] Dmitrieva | p53 tumor suppressor protein protects renal inner medullary cells from hypertonic stress by restricting DNA replication[END_REF] (Fig. 1.4). So it seemed logical that, the DNA breaks would be repaired during the transient cell cycle arresting after high NaCl, but they are not. Numerous DNA breaks persist in cells that have adapted to high NaCl and reentered the cell cycle [START_REF] Dmitrieva | Cells adapted to high NaCl have many DNA breaks and impaired DNA repair both in cell culture and in vivo[END_REF] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF]. Restoration high NaCl to isotonic condition in culture and in vivo results in DNA repair [START_REF] Dmitrieva | High NaCl causes Mre11 to leave the nucleus, disrupting DNA damage signaling and repair[END_REF] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

2.2.4) Translation and Transcription Inhibition

High NaCl can reversibly inhibits synthesis of DNA, RNA, and protein in cultured cells [START_REF] Robbins | Comparison of mitotic phenomena and effects induced by hypertonic solutions in HeLa cells[END_REF]. Synthesis recovery occures within 10 minutes if NaCl is lowered and cells adapt to hypertonicity. Increasing osmolality to 50% (450 mOsmol/kgH2O) by NaCl inhibits synthesis of mRNA precursor, whereas higher osmolality inhibits synthesis of ribosomal and transfer RNA (Fig. 1.4) [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

Hypertonicity also inhibits protein synthesis. This inhibition (happened in several minutes) is not related to the type of solute added (NaCl, KCl or sucrose), and reverses when restoration to isotonic condition occurs. Inhibition was observed in HeLa cells [START_REF] Saborio | Selective and reversible inhibition of initiation of protein synthesis in mammalian cells[END_REF] and in chicken embryo fibroblasts [START_REF] Petronini | Adaptive response of cultured fibroblasts to hyperosmolarity[END_REF]. Increase of intracellular inorganic ions during hypertonic condition inhibits translation, but this inhibition diminishes when the inorganic ions are replaced by compatible organic osmolytes [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

2.2.5) Mitochondrial depolarization

Adding NaCl to increase osmolality to 700 mOsmol/kgH2O (but not 500 mOsmol/kgH2O) causes mitochondrial depolarization, increasing nuclei condensation and caspase-9 activity in kidney epithelial cells in mice (mIMCD3).

Increasing the osmolality by as little as 60 mOsmol/kgH2O depolarizes mitochondria in the Vero cells, whereas increasing it by 200 mOsmol/kgH2O does not in mIMCD3 cells. At 600 mOsmol/kgH2O mitochondria rapidly fragment in Vero cells, but the effect reverses when NaCl is lowered [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF] (Fig. 1.4).

2.2.6) Cytoskeletal Rearrangement in Response to Hypertonicity

Remodeling and polymerization of the actin filaments in cytoskeleton is induced by hypertonicity, although, the remodeling form changes between cell types [START_REF] Bustamante | Regulatory volume increase is associated with p38 kinase-dependent actin cytoskeleton remodeling in rat kidney MTAL[END_REF].

Integrins are transmembrane receptors that facilitate cell-extracellular matrix.

Integrin α1 1 is a collagen-binding receptor that is widely expressed in renal cells.

The 1 mRNA and protein is increased in MDCK cells by hypertonicity [START_REF] Sheikh-Hamad | Hypertonic induction of the cell adhesion molecule beta 1-integrin in MDCK cells[END_REF]. This increasing in expression integrin is involved in the osmoprotective transcription factor TonEBP/OREBP also known as NFAT5 [START_REF] Low | Integrin and cytoskeletal involvement in signalling cell volume changes to glutamine transport in rat skeletal muscle[END_REF]] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

Phosphatidylinositol phosphate 5-kinase (PIP5K) kinase is a phosphoinositide [START_REF] Yamamoto | Hypertonic stress increases PI (4,5) P2 levels by activating PIP5KI[END_REF] that participate in signaling events that control cytoskeletal dynamics, cell proliferation, intracellular membrane trafficking, and many other cellular functions and contributes to hypertonicity-induced cytoskeletal rearrangement. Its lipid kinase activity catalyzes phosphorylation of inositol 4phosphate (Ins-4-P) on the D5 position of the inositol ring, producing inositol 4,5bisphosphate (Ins-4,5-P2). Hypertonicity increases Ins-4,5-P2 and the resultant increase of Ins-4,5-P2 contributes to the ensuing cytoskeletal rearrangement [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

3) Organic Osmolytes

3.1) Regulatory Volume Increase (RVI) and Osmolytes

Dynamic changes happen in cell volume in many physiological and pathological processes. Regulatory volume increase (RVI) is termed to cell shrinkage when cells undergo hypertonic condition, so transporters are activated that mediate uptake of water and inorganic ions to restore cell volume. This regulatory machinery increases cell volume back to normotonic state within minutes [START_REF] Wehner | Cell volume regulation: osmolytes, osmolyte transport, signal transduction[END_REF] or over a period of hours [START_REF] Yancey | Living with water stress: evolution of osmolyte systems[END_REF], but the concentration of intracellular ions remains abnormally high and remaining high ionic strength disturbs intracellular macromolecules [START_REF] Wehner | Cell volume regulation: osmolytes, osmolyte transport, signal transduction[END_REF]. In mammals, the compatible organic osmolytes are sorbitol, glycine, betaine (betaine), myo-inositol (inositol), taurine, and glycerophosphocholine (GPC) [START_REF] Bagnasco | Predominant osmotically active organic solutes in rat and rabbit renal medullas[END_REF] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

In human renal and intestinal epithelia, there is an enzyme known as sodiumhydrogen antiporter or sodium-hydrogen exchanger (NHE) that is a membranebound protein involved in volume and pH-regulation of vertebrate cells. The activity of different types of this enzyme is toughly regulated by osmolarity of cell microenvironment. They adapt cell volume accompanied by affecting on intracellular pH [START_REF] Soleimani | Effect of long-term hyperosmolality on the Na1/H1 exchanger isoform NHE-3 in LLC-PK1 cells[END_REF]] and [START_REF] Bookstein | Unique Sodium-Hydrogen Exchange Isoform(N HE-4) of the Inner Medulla of the Rat Kidney Is Induced by Hyperosmolarity[END_REF].

CHO (PC120) cells, has deficiency in RVI because lack of NHE-1 exchanger, which is specific susceptible to hypertonicity-induced apoptosis. Reconstituting them with NHE-1, restores RVI and protects them [START_REF] Maeno | Dysfunction of regulatory volume increase is a key component of apoptosis[END_REF] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

3.2) Sorbitol

Sorbitol is a sugar alcohol with a sweet taste which the human body metabolizes slowly. It can be obtained by reduction of glucose, catalyzed by aldose reductase (AR). It is converted to fructose by sorbitol dehydrogenase. AR activity increases by hypertonicity and TonEBP/OREBP (NFAT5) is responsible for it (increase of AR) [START_REF] Grunewald | Rat renal expression of mRNA coding for aldose reductase and sorbitol dehydrogenase and its osmotic regulation in inner medullary collecting duct cells[END_REF]. AR is also activated in oxidative stress. In addition, AR is activated during ischemic heart, and rat hearts would be protected from ischemia-reperfusion injury by inhibitors of AR or sorbitol dehydrogenase [START_REF] Hwang | Central role for aldose reductase pathway in myocardial ischemic injury[END_REF].

3.3) Betaine

A Betaine in chemistry is any neutral chemical compound is synthesized from choline both in liver and kidney. The rate of this compound synthesis is not significantly affected by hypertonicity, just hypertonicity provides it some transporters to carry it into the cells from the extracellular fluid [START_REF] Kempson | Inhibition of the renal betaine transporter by calcium ions[END_REF]. The osmoregulated betaine transporter is Betaine/GABA transporter (BGT1) [START_REF] Kempson | Inhibition of the renal betaine transporter by calcium ions[END_REF]. It couples transport of betaine to that of Cl and Na.

Gradients of these ions energize the transport, providing a driving force that can concentrate betaine from micromolar levels in the plasma to millimolar levels within the cells [START_REF] Yamauchi | Cloning of a Na -and Cl -dependent betaine transporter that is regulated by hypertonicity[END_REF] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

3.4) Inositol

Inositol or more precisely myo-inositol, is a carbocyclic sugar that is abundant in brain and other mammalian tissues and is synthesized by renal cells. During hypertonicity it is transported into the cells not synthesized. The number of inositol transporters are increased by hypertonicity. Following its cloning, the transporter was named SMIT (sodium myo-inositol transporter). SMIT couples transport of inositol to that of Na in a 1:2 ratios. The Na gradient energizes the transport, providing a driving force that can concentrate inositol from micromolar levels in the plasma to millimolar levels with the cells. Hypertonicity elevates the transcription of the SMIT gene, followed by increase in its mRNA and transport activity [START_REF] Yamauchi | Hypertonicity stimulates transcription of gene for Na -myo-inositol cotransporter in MDCK cells[END_REF] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

3.5) Taurine

Taurine is an organic compound that is widely distributed in animal tissues and is regulated by tonicity in renal cells in vivo and in cell culture. In rat renal inner medullas with high NaCl solutions, it is twice as great as they are infused with low

NaCl solutions [START_REF] Nakanishi | Osmotically regulated taurine content in rat renal inner medulla[END_REF]. Accumulation of taurine could be due to increased synthesis or transport into cells. Of the two possibilities, hypertonicityinduced accumulation of taurine appears to be mainly via transport, rather than synthesis [START_REF] Uchida | Molecular cloning of the cDNA for an MDCK cell Na -and Cl -dependent taurine transporter that is regulated by hypertonicity[END_REF] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

3.6) GPC (GlyceroPhosphoCholine)

GPC is synthesized from phosphatidylcholine (PC), and is broken down into choline and α-glycerophosphate by GPC-choline phosphodiesterase (GPC-PDE). It is in cells of renal inner medullas and is catalyzed by a phospholipase activity that is increased by high NaCl. It accumulates in renal cells in tissue culture in response to either high NaCl or high urea. In inner medullas of rats when they are thirsted, phospholipase activity increases [START_REF] Kwon | Osmotic regulation of synthesis of glycerophosphocholine from phosphatidylcholine in MDCK cells[END_REF] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

In mIMCD3 cells, high NaCl raises Neuropathy target esterase (NTE) mRNA, which is a phospholipase B that catalyzes production of GPC from PC [START_REF] Zablocki | Accumulation of glycerophosphocholine (GPC) by renal cells: osmotic regulation of GPC: choline phosphodiesterase[END_REF]. In addition, high NaCl also decreases degradation of GPC by reducing the activity of GPC-choline phosphodiesterase, and the reduced degradation of GPC contributes to its increased abundance [START_REF] Zaccheo | Neuropathy target esterase and its yeast homologue degrade phosphatidylcholine to glycerophosphocholine in living cells[END_REF] and [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF].

3.7) Glycerol

Glycerol also called glycerine or glycerin is a simple polyol compound and accumulated in hypeosmolarity condition by increasing its generation and decreasing its efflux [START_REF] Hohmann | Osmotic adaptation in yeast: control of the yeast osmolyte system[END_REF]. This increasing is a signal for activation of (HOG)

MAPK pathway, which activates transcription factors that increase expression of two key enzymes in glycerol biosynthesis from the glycolytic intermediate dihydroxyacetone phosphate [START_REF] Burg | Ferraris Intracellular Organic Osmolytes: Function and Regulation[END_REF]. For huge evidences in hyperosmotic shock adaptation in yeast, the glycerol accumulation and HOG pathway have been discussed in the sections 4. 1,4.2 and 4.3 of chapter 3 (Metabolism).

CHAPTER TWO: INFLAMMATION (To set on fire)

A Tissue Stress Response

1) History

The first to define the clinical symptoms of "inflammation" was the Roman doctor

Cornelius Celsus in the 1st century AD. These symptoms came to be known as the four cardinal signs of inflammation: rubor et tumor cum calore et dolore (redness and swelling with heat and pain). The physiological basis of the four cardinal signs of inflammation was revealed much later by Augustus Waller (1846) and Julius Cohnheim (1867), who discovered leukocyte emigration from the blood vessels and other vascular changes characteristic of an acute inflammatory response. Analyzing living tissues under the microscope, Cohnheim observed vasodilation, leakage of plasma, and migration of leukocytes out of blood vessels and into the surrounding tissue [START_REF] Majno | Cells, Tissues, and Disease, Second Edition[END_REF]. The fifth cardinal sign, functio laesa (disturbance of function), was added by Rudolph Virchow in 1858 in his book Cellular pathology [START_REF] Majno | The Healing Hand -Man and wound in the ancient world[END_REF]. Another major milestone was the discovery of phagocytosis by Elie Metchnikoff and his theory of cellular immunity developed in 1892. Metchnikoff emphasized the beneficial aspects of inflammation and pointed out the key role of macrophages and microphages (neutrophils) both in host defense and in the maintenance of tissue homeostasis [START_REF] Tauber | Metchnikoff and the phagocytosis theory[END_REF]. Subsequent advances included the identification of different classes of inflammatory mediators, the pathways that control their production, and their mechanisms of action. In the past few decades, the spectrum of prevailing inflammatory conditions has shifted from acute inflammatory reactions in response to wounds and infections to chronic inflammatory states that accompany, for example, type 2 diabetes, atherosclerosis, asthma, neurodegenerative diseases such as multiple sclerosis, rhinitis, ischemia-reperfusion injury, and cancer.

2) Definitions

2.1) Inflammation

It is a beneficial host reaction to tissue damage and has the essential primary purpose of restoring tissue homeostasis:

"Trying to Dilute, Destroy or otherwise Neutralize the Offending Agents"

The cardinal signs of inflammation are intrinsically associated with events including vasodilatation, edema and leukocyte trafficking into the site of inflammation. If uncontrolled or unresolved, inflammation itself can lead to further tissue damage and give rise to chronic inflammatory diseases and autoimmunity with eventual loss of organ function such as asthma, atherosclerosis, rheumatoid arthritis, multiple sclerosis, rhinitis and ischemia-reperfusion injury [START_REF] Nathan | Nonresolving inflammation[END_REF], [ [START_REF] Van-Assche | Gene therapy targeting inflammation in atherosclerosis[END_REF] and [START_REF] Chung | Inflammatory biomarkers in severe asthma[END_REF]. The acute inflammatory response is normally terminated once the triggering insult is eliminated, the infection is cleared, and damaged tissue is repaired.

2.2) Resolution

Endding of the inflammatory response and moving to homeostatic state is an active and highly adjusted procedure known as the resolution of inflammation. Resolution is an active process involving biochemical mediators and signaling pathways controlling:

1. Termination of the inflammatory response (mainly by diminishing granulocyte recruitment and reversing vasodilatation and vascular permeability);

2. Switching from pro-inflammatory mediator generation to production of proresolution mediators;

3. Turning off signaling pathways associated with cytokine production and leukocyte survival;

4. Apoptosis of recruited inflammatory cells;

5. Phagocyte clearance of apoptotic cells (especially by macrophages in a nonphlogistic process); and 6. Switching from pro-inflammatory cell phenotypes to pro-resolution phenotypes (especially relevant to macrophages). This switch, in turn, orchestrates a transition from neutrophil to monocyte recruitment that results in clearance of the dead cells and other debris and initiation of tissue repair at the affected site [START_REF] Serhan | Resolution of inflammation: the beginning programs the end[END_REF]].

2.3) Chronic inflammatory diseases

If the inflammation is not terminated by the acute inflammatory response or continues for any reason, the resolution phase might not be induced and it is possible that chronic inflammatory state may ensue. This state is in chronic infections, persistent allergens, unrepaired tissue damage, indigestible foreign particles, or endogenous crystals, such as monosodium urate [START_REF] Majno | Cells, Tissues, and Disease, Second Edition[END_REF]. . The chronic inflammatory response in these cases is typically localized to the site where the inflammatory inducer is present and often results in different types of local tissue remodeling. For example, persistent infection can lead to the formation of granulomas and the generation of tertiary lymphoid organs at the site of infection.

Similarly, persistent airway inflammation induced by allergens can lead to respiratory epithelial tissue remodeling resulting in asthma [START_REF] Medzhitov | Inflammation 2010: new adventures of an old flame[END_REF].

Furthermore, in some of chronic inflammatory states have been explained the induction factor is not well defined and seems not to involve in infection or tissue damage. These inflammatory states are important because they associated with many diseases of industrialized countries, like type II, diabetes obesity, atherosclerosis, neurodegenerative diseases, and cancer. In these cases of chronic inflammation there appear to be vicious cycles connecting inflammation and the pathological process it accompanies. Thus, obesity can result in inflammation, whilst chronic inflammation can improve obesity-associated diabetes in part by inducing insulin resistance.

[ [START_REF] Straub | Chronic inflammatory systemic diseases: An evolutionary trade-off between acutely beneficial but chronically harmful programs[END_REF] and [START_REF] Medzhitov | Inflammation 2010: new adventures of an old flame[END_REF]. Traditionally, antiinflammatory therapies control chronic inflammation and have focused on strategies to decrease or neutralize the level of pro-inflammatory mediators and/or inhibit the recruitment of leukocytes and their activation. These therapies include non-steroidal anti-inflammatory drugs (NSAID), glucocorticoid (GC) receptor agonists (synthetic GCs) and antibodies or inhibitors targeting specific pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α and interleukin (IL)-1 [START_REF] Gilroy | Inflammatory resolution: new opportunities for drug discovery[END_REF], [START_REF] Serhan | Resolving inflammation: dual antiinflammatory and pro-resolution lipid mediators[END_REF].

3) Nature of Inflammatory Response

The inflammatory response is a spatially and temporally orchestrated event in which cells and mediators collaborate to neutralize and eliminate the damaging stimuli to allow maintenance of homeostasis [Medzhitov, 2008]. A typical inflammatory response consists of four components:

1. Inflammatory inducers;

2. The sensors that detect them;

3. The inflammatory mediators induced by the sensors; and 4. The target tissues that are affected by the inflammatory mediators (Table 2.1).

Each component comes in multiple forms and their combinations function in distinct inflammatory pathways. The type of pathway induced under given conditions depends on the nature of the inflammatory trigger. Thus, bacterial pathogens are detected by receptors of the innate immune system, such as Toll-like receptors (TLRs), which are expressed on tissue-resident macrophages and induce the production of inflammatory cytokines (e.g., TNF, IL-1, IL-6) and chemokines [e.g., Monocyte Chemoattractant Protein (MCP-1) and IL-8], as well as prostaglandins.

These inflammatory mediators then act on target tissues, including local blood vessels, to induce vasodilation, extravasation of neutrophils, and leakage of plasma into the infected tissue [START_REF] Medzhitov | Inflammation 2010: new adventures of an old flame[END_REF] (Fig. 2.1). 

3.1) Steps in inflammation development

The first step of the inflammatory cascade is primarily a vascular response with hyperemia and increase in permeability of the vessel wall. Initially, transient This process is mediated predominantly by selectins (glycoprotein adhesion molecules) present on leukocytes (e.g., L-selectin) and on endothelial cells (e.g., P and E-selectin) and their carbohydrate ligands. Integrins promote firm adhesion of activated leukocytes to endothelial cells by binding to their ligands, including intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1). Subsequently, leukocytes crawl on endothelial cells until they find appropriate spots where they migrate into the interstitium [Phillipson et al., 2006].

Migration into tissue relies on integrins and other cell adhesion molecules, including platelet endothelial cell adhesion molecule 1 (PECAM-1) present in intercellular junctions [START_REF] Kubes | Introduction: the complexities of leukocyte recruitment[END_REF] and [START_REF] Petri | The physiology of leukocyte recruitment: an in vivo perspective[END_REF]. Leukocytes rolling on the endothelium are now capable of interacting with chemoattractant factors, including complement factor 5a (C5a), IL-8, platelet-activating factor (PAF), eotaxin/CCL11 and leukotriene (LT) B4, which sit on the luminal surface of the endothelium. The activation of relevant chemoattractant receptors on the rolling leukocyte results in up-regulated expression and affinity of integrins such as CD11/CD18 family and very late antigen-4 (VLA-4) [START_REF] Sallusto | Chemokines and leukocyte traffic[END_REF]. Neutrophils recruited from the circulation, tissue-resident macrophages, and mast cells seek and destroy invading pathogens. This process is aided by plasma components, including antibodies and complement. In addition, IL-1, TNF, and IL-6 can have systemic effects when secreted in sufficient amounts. They induce liver cells (hepatocytes) to produce acute phase proteins such as C-reactive protein and coagulation factors, and they activate brain endothelium to produce prostaglandins, including the major proinflammatory prostaglandin, PGE2. Locally produced PGE2, in turn, induces specific populations of neurons in the central nervous system to promote so-called sickness behavior: fever, anorexia, fatigue, sleepiness, and social withdrawal [START_REF] Pecchi | Prostaglandins and sickness behavior: old story, new insights[END_REF].

Once in the tissue, leukocytes can be further activated and become an important source of a range of substances which include colony stimulating factors, cytokines, chemokines, lipid mediators and reactive oxygen species (ROS).

Ideally, the initial inflammatory response to protect the host is self-limiting and progresses to complete resolution (Table 2.2). However, if dysregulated acute inflammation can progress to a more chronic situation that can eventually result in scarring and fibrosis. Thus, the induction of granulocyte apoptosis could be of potential benefit in the control of acute inflammatory diseases [START_REF] Savill | Apoptosis in resolution of inflammation[END_REF], [START_REF] Hallett | Novel pharmacological strategies for driving inflammatory cell apoptosis and enhancing the resolution of inflammation[END_REF], [START_REF] Alessandri | Induction of eosinophil apoptosis by the cyclin-dependent kinase inhibitor AT7519 promotes the resolution of eosinophil-dominant allergic inflammation[END_REF] and [START_REF] Vago | Annexin A1 modulates natural and glucocorticoid-induced resolution of inflammation by enhancing neutrophil apoptosis[END_REF] (Fig 2 .2).

Table 2.2.

The key modalities of cell death and their role in inflammation resolution. It is considered the most desirable form of cell death for successful resolution and is an important event in the resolution of acute inflammation which limits tissue injury caused by leukocytes at sites of inflammation. Regulated clearance of apoptotic cells leads to shutdown of cellular activity and inhibition of inflammation.

Necroptosis

RIP1 (also known as RIPK1) and RIP3 (also known as RIPK3)

It is considered programmed necrosis associated with caspaseindependent cell death.

It has been reported that necroptosis contributes to inflammatory diseases.

Autophagy

Bcl-2, Bcl-XL, Beclin1, ATG5- ATG12, ATG8 (LC3) 
Auto-digestive process that promotes delivery of intracellular components from the cytoplasm to lysosomal or vacuolar compartments Not clearly determined.

Necrosis

No signal determined

It is characterized by a gain in cell volume, swelling of organelles, plasma membrane rupture and subsequent loss of intracellular contents It has been traditionally correlated with enhanced inflammation and tissue injury.

NET-osis

Neutrophil Extracellular Traps (NETs)

It is a form of pathogeninduced cell death involving disintegration of the nuclear envelope, mixing of cytoplasmic and nuclear materials, and loss of internal membranes and cytoplasmic organelles

Not clearly understood

Pyroptosis

Caspase-1dependent

Involves cellular lysis and release of the cytosolic contents to the extracellular space.

It is predicted to be inherently inflammatory and coincides with interleukin-1 (IL-1 ) and IL-18 secretion. In Figure 2.2 you consider to the orchestrated series of events in a successful selfresolving acute inflammatory process. Tissue injury (sterile or following infection) leads to recognition of molecular pattern by resident cells (tissue macrophage, Dendritic cells and epithelial cells) that rapidly produce several pro-inflammatory mediators (1).

In this productive phase of inflammation, mediators act by promoting vasodilatation and consequent increase of local blood flow, and modifying endothelial wall permeability. These events are accompanied by hyperemia and exudation of plasma proteins and fluid (edema). Endothelial cells are also activated to express cell adhesion molecules (selectins and integrins) and to present chemoattractant mediators which will allow the capture and extravasation of leukocytes (2)(3)(4).

Polymorphonuclear leukocytes (mainly neutrophils) are the first cells that extravasate into inflamed tissues (2) followed by mononuclear cells (3).

With progression of the inflammatory response, there is intense leukocyte influx into inflamed tissue. These cells can be activated and become an important source of a range of mediators, including growth factors, cytokines, chemokines, lipid mediators and ROS (5), which will allow infiltrating leukocytes to perform their effector functions in tissues. In the transition phase of inflammation, despite the intense leukocyte accumulation, PMNs under the action of pro-resolving signals (mediated by pro-resolving mediators and decreased levels of survival modifying agents) start undergoing apoptosis (6) followed by phagocytosis by tissue macrophages (efferocytosis) (7).

This process involves several signals that lead to attraction, binding and removal of apoptotic cells by macrophages. During efferocytosis, macrophage phenotypes switch from M1 to M2-phenothype (8).

M2 (or M2-like) macrophages are highly efferocytic and produce anti-inflammatory molecules [such as IL-10 and Transforming growth factor beta (TGF-)] and proresolving mediators (9).

Such mediators have the potential to inhibit additional PMN recruitment, intensify monocyte migration and amplify efferocytosis. M2 macrophages then switch to Mresolution (Mres) phenotype (10), which display reduced phagocytosis, but, instead, produce anti-fibrotic and anti-oxidant proteins that limit tissue damage and fibrosis. Such events, pave the way to the resolution phase of inflammation. The increased production of pro-resolving mediators, anti-inflammatory and anti-fibrotic agents by resolution macrophage (Mres), lymphocyte repopulations (11) and lymph node drainage or apoptosis of macrophage (12) close the inflammatory process and restore tissue homeostasis.

3.2) Principal inflammatory elements

3.2.1) Reactive oxygen species (ROS)

Besides the relevance of ROS for an adequate anti-microbial response, ROS may also damage host DNA, lipids, and proteins and therefore lead to cellular injury and 3.2.2) Cytokine Interleukin 10 (IL-10)

IL-10 belongs to the class II family of α-helical cytokines and regulates innate and adaptive immunity [START_REF] Moore | Interleukin-10 and the interleukin-10 receptor[END_REF]. This cytokine is secreted by several cell types including macrophages, monocytes, dendritic cells, granulocytes, epithelial cells, keratinocytes, mast cells, B lymphocytes and regulatory T cells [START_REF] Saraiva | The regulation of IL-10 production by immune cells[END_REF]. Upon binding of IL-10 to the tetrameric IL-10 receptor (IL-10R), Jak1 and Tyk2 are stimulated which in turn stimulate the transcription factor STAT3 which is responsible for the majority of IL-10 mediated immune responses [START_REF] Glocker | IL-10 and IL-10 receptor defects in humans[END_REF]. Other mechanisms have also been implicated in the biological effects of IL-10 such as inhibition of NF-B, up-regulated expression of the suppressor of cytokine signaling 3 (SOCS3) protein, down-regulation of TLR4 and activation of PI3K [START_REF] Schottelius | Interleukin-10 signaling blocks inhibitor of kappa B kinase activity and nuclear factor kappa B DNA binding[END_REF], [START_REF] Saraiva | The regulation of IL-10 production by immune cells[END_REF]. IL-10 modulates inflammatory mediator production by neutrophils, monocytes, and macrophages, limiting the secretion of pro-inflammatory cytokines such as TNF-α, IL-1, IL-6, IL-8

and IL-12 [START_REF] Cassatella | Interleukin 10 (IL-10) inhibits the release of proinflammatory cytokines from human polymorphonuclear leukocytes. Evidence for an autocrine role of tumor necrosis factor and IL-1 beta in mediating the production of IL-8 triggered by lipopolysaccharide[END_REF]. Taken together, these findings suggest that the IL-10 (produced either by phagocytes from the engulfment of apoptotic cell or other sources) may contribute to the resolution of the inflammatory process by prevention of longevity induced by bacterial products, decreased pro-inflammatory and increased anti-inflammatory cytokine production and enhanced macrophage ability to phagocytose apoptotic cells. Bak. There is a substantial body of evidence supporting the notion that neutrophils and eosinophils express Bcl-2 family proteins and the balance between the expression of the pro-apoptotic and anti-apoptotic members represents a relevant factor determining the lifespan of granulocytes [START_REF] Weinmann | Bcl-Xl-and Bax-alpha-mediated regulation of apoptosis of human neutrophils via caspase-3[END_REF].

4) Hyperosmolarity is a pro-inflammatory shock

4.1) Mechanism

Most researches about osmotic challenge have concentrated on the kidney because in the renal concentrating mechanism, extracellular osmolarity can be led to an excess of 1200 mOsm/kg [START_REF] Yancey | Organic osmolytes as compatible, metabolic and counteracting cytoprotectants in high osmolarity and other stresses[END_REF], but recent studies have recognized that many tissues, specially those that are metabolically active, respond to hyperosmotic stress.

Furthermor, the cornea, liver, gastrointestinal tract, intervertebral discs, and joints are undergoing hyperosmotic states under non-pathogenic conditions [START_REF] Aramburu | Brx shines a light on the route from hyperosmolarity to NFAT5[END_REF]]. As a result, cells and tissues have osmosensors and signaling systems that monitor and adjust fluid osmolarity, but no specific mammalian osmosensor has yet been identified. It is possible that none exists [START_REF] Burg | Ferraris Intracellular Organic Osmolytes: Function and Regulation[END_REF]. For example, lymphoid tissues and liver are hyperosmotic in compare with serum under physiological conditions [Go et al., 2004]. These tissues express NFAT5 which is the dominant transcription factor activated in response to cellular hyperosmotic condition. [START_REF] Neuhofer | Role of NFAT5 in inflammatory disorders associated with osmotic stress[END_REF] and [START_REF] Yoon | NFAT5 is a critical regulator of inflammatory arthritis[END_REF]. As above mentioned, hyperosmolarity triggers the secretion of pro-inflammatory cytokines from immune and epithelial cells. A small increasing in extracellular osmolarity above the physiological range is necessary to evoke cytokine secretion [START_REF] Neuhofer | Role of NFAT5 in inflammatory disorders associated with osmotic stress[END_REF] and also many osmolytes synthesized in response to hyperosmotic condition can decrease inflammation [START_REF] Kim | Effects of mannitol and dimethylthiourea on Helicobacter pylori-induced IL-8 production in gastric epithelial cells[END_REF].

A number of diseases such as diabetes, inflammatory bowel disease, hypernatremia, and dry eye syndrome are related to local and systemic elevations in extracellular fluid osmolarity [START_REF] Vernia | Organic anions and the diarrhea of inflammatory bowel disease[END_REF], [START_REF] Schilli | Comparison of the composition of faecal fluid in Crohn's disease and ulcerative colitis[END_REF], [START_REF] Pan | TRPV1 activation is required for hypertonicity stimulated inflammatory cytokine release in human corneal epithelial cells[END_REF] and [START_REF] Neuhofer | Role of NFAT5 in inflammatory disorders associated with osmotic stress[END_REF] and firmly linked to inflammatory processes. Local and systemic hyperosmolarity may contribute notably to acute and chronic inflammation [Schwartz et al., 2009] and [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF].

4.1.1) MAPK (mitogen-activated protein kinase) pathway

In most mammalian cell types and tissues there is an evidence showed the presence of active adaptive response pathways to hyperosmotic shock. B and T cells, myoblasts, fibroblasts, macrophages, neurons, epithelial cells and vascular smooth muscle cells, all show reaction against hyperosmotic shock through the use of similar intracellular system and signaling pathways [START_REF] Lee | Osmotic stress inhibits proteasome by p38 MAPK-dependent phosphorylation[END_REF] and [START_REF] Saito | Regulation of the osmoregulatory HOG MAPK cascade in yeast[END_REF]. While the signaling pathways mediating the mammalian cellular response to hypertonicity are not completely understood, studies indicate the involvement of a large heteromeric protein complex. Proteins in this complex are protein kinases (MAPK14). A kinase anchor protein 13 (AKAP13, also termed Brx)

is accompanied by the complex and serves as a guanine exchange factor (GEF) [START_REF] Kino | The guanine nucleotide exchange factor Brx: a link between osmotic stress, inflammation and organ physiology and pathophysiology[END_REF] and [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF]. Recent studies have showed the requirement of this GEF for the cellular response to hyperosmotic shock through triggering of the MAPK14 signaling cascade. Cells shape changes caused by hyperosmolarity may start the first signal in pathway activation and presence of a focal adhesion protein within this complex is mentioned for this possibility [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF] (Fig. 2.6).

4.1.2) Nuclear Factor of the Activated T cells-5 (NFAT5)

Activation of NFAT5 by phosphorylation is a function of signaling through the above pathways. As previously explained NFAT5 is a tonicity-responsive element binding protein (TonEBP) or an osmotic response element binding protein (OREBP), and is taking account as the main transcription factor activated in response to osmotic stress. An increase in intracellular ionic strength caused by extracellular hypertonicity appears to directly influence a transactivation domain (TAD) found within the C-terminus of NFAT5 [START_REF] Burg | Cellular response to hyperosmotic stresses[END_REF] and [Brocker et al., 2012].

Studies (in vitro) showed that this TAD is adjusted osmotically through a tonicitydependent phosphorylation case. Nuclear translocation and dimerization are also necessary for transactivation of NFAT5 target genes. A nuclear localization signal, nuclear export signal, and auxiliary export domain were identified within the amino terminus of NFAT5 [START_REF] Tong | Regulation of nucleocytoplasmic trafficking of transcription factor OREBP/TonEBP/NFAT5[END_REF] and [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF].

In addition, contribution of ATM kinase activity to nuclear translocation of NFAT5

was shown [START_REF] Zhang | Ataxia telangiectasiamutated, a DNA damage-inducible kinase, contributes to high NaClinduced nuclear localization of transcription factor TonEBP/OREBP[END_REF] and [START_REF] Ho | The role of NFAT5/TonEBP in establishing an optimal intracellular environment[END_REF]. Activation of NFAT5 leads to nuclear translocation and later regulation of target genes, which include those associated with osmolyte transport and synthesis, antioxidant defense, as well as many molecular chaperones [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF] (Table 2.3).

Some tissues, like kidney, brain, and thymus expressed NFAT5 [START_REF] Lee | TonEBP stimulates multiple cellular pathways for adaptation to hypertonic stress: organic osmolyte-dependent and -independent pathways[END_REF]. As mentioned previously, NFAT5 phosphorylation occurs when extracellular osmolality increases. The following proteins involved in NFAT5 phosphorylation are:

Casein kinase 1, cyclin-dependent kinase 5 (CDK5), ATM kinase, c-Abl kinase, phosphatidylinositol 3-kinase class IA, Fyn kinase, MAPK14, and protein kinase A [START_REF] Xu | Phosphorylation by casein kinase 1 regulates tonicity-induced osmotic response element-binding protein/tonicity enhancerbinding protein nucleocytoplasmic trafficking[END_REF] and [START_REF] Gallazzini | High NaClinduced activation of CDK5 increases phosphorylation of the osmoprotective transcription factor TonEBP/OREBP at threonine 135, which contributes to its rapid nuclear localization[END_REF].

NFAT5 is the responsible protein for up-regulating of a number of genes that have an impact on wide aspects of biological processes in a different cell types and tissues. However, studies have showed that hypertonicity-independent regulation of NFAT5 by cytokines, growth factors, and ROS, implying NFAT5-mediated gene regulation may represent a more universal response mechanism to various cellular signals and stressors [START_REF] Halterman | Tonicity-independent regulation of the osmosensitive transcription factor TonEBP (NFAT5)[END_REF] and [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF] (Fig. 2.6) (Table 2.3). [START_REF] Neuhofer | Role of NFAT5 in inflammatory disorders associated with osmotic stress[END_REF] and [START_REF] Halterman | Tonicity-independent regulation of the osmosensitive transcription factor TonEBP (NFAT5)[END_REF]. 

NFAT5 Target Genes not Directly Involved in Osmoadaptation

4.2) Extracellular hypertonicity as an inflammatory stimulus

As explained in section 4.1, some diseases are known to be caused by disturbance in extracellular osmolarity like tissue burns, dehydration, heat stroke, diabetes mellitus, diabetes insipidus, hypernatremia, and uremia [START_REF] Neuhofer | Role of NFAT5 in inflammatory disorders associated with osmotic stress[END_REF], [START_REF] Wu | Red blood cell osmotic fragility in chronically hemodialyzed patients[END_REF]], [START_REF] Mitono | Acute hypoosmolality attenuates the suppression of cutaneous vasodilation with increased exercise intensity[END_REF] and [START_REF] Ito | Plasma hyperosmolality augments peripheral vascular response to baroreceptor unloading during heat stress[END_REF] and it is interesting that all of these disorders are accompanied by inflammation and cytokine secretion. In asthma and cystic fibrosis, fluid hyperosmolarity is accepted to play an inflammatory role [START_REF] Neuhofer | Role of NFAT5 in inflammatory disorders associated with osmotic stress[END_REF].

TNF, IL1 , IL6, ILκ, and IL1κ are pro-inflammatory cytokines related to hyperosmotic shock-related pathologies [Schwartz et al., 2009], [START_REF] Yano | Elevated serum interleukin-18 levels might reflect the high risk of hospitalization in patients on peritoneal dialysis[END_REF] and [START_REF] Bird | Organ-specific inflammation following acute ethanol and burn injury[END_REF]. Studies showed that important role for hypertonicity in the inflammatory response in in vitro. TNF, IL1 , IL6, and ILκ are directly secreted from a different of cell types by hyperosmotic stress [Schwartz et al., 2009]. Most of these cytokines, including IL1, IL6, and IL18, contain NFAT5 binding sites within their promoter regions, suggesting the potential for their direct up-regulation in response to hypertonicity [START_REF] Neuhofer | Role of NFAT5 in inflammatory disorders associated with osmotic stress[END_REF] and [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF] (Fig. 2.6).

4.2.1) Eye disease

In ocular tissues keeping osmolarity is an important aspect. Eye is filled with fluid, and osmolality is a key feature to keep eye health. The first part of eye which is constantly exposed to the external environment is cornea and tear secretion is necessary for its function. There are two aspects of dry eye disease: increasing in tear osmolarity and ocular surface inflammation. As a fact, a key diagnostic for this syndrome is tear hyperosmolarity [START_REF] Lemp | Tear osmolarity in the diagnosis and management of dry eye disease[END_REF].

We explained before that hyperosmolarity indicates an inflammatory stimulus. In this disease tear osmolarity increased to 344 mOsm/L on average. Studies using in vitro has showed, tear hyperosmolarity activates many of downstream pathways like in other tissues, which involve MAPK14, JNK MAP kinase, and NF-B and hypertonic solutions trigger the release of the pro-inflammatory cytokines IL6 and IL8 from corneal epithelial cells in vitro [START_REF] Pan | TRPV1 activation is required for hypertonicity stimulated inflammatory cytokine release in human corneal epithelial cells[END_REF]. On the corneal surface of the eyes of mice, IL1 and TNF is increased by hypertonic saline solution [START_REF] Neuhofer | Role of NFAT5 in inflammatory disorders associated with osmotic stress[END_REF]. Diabetic retinopathy is often developed in patients with diabetes and results in retinal damage and probable blindness [Kertes & Johnson, 2007].

Sorbitol accumulation [high activity of Aldose Reductase (AR)] is caused by osmotic stress and, has a a role in microvascular complications accompanied by diabetic retinopathy [START_REF] Lorenzi | The polyol pathway as a mechanism for diabetic retinopathy: attractive, elusive, and resilient[END_REF]. As noted, hyperosmotic stress and NFAT5 activation are stimulus of AR expression and AR catalyzes the reduction of glucose to sorbitol. Most of studies are related to the activity of AR to diabetic retinopathy, and AR suppressors are a therapeutic target in this syndrome [START_REF] Obrosova | Aldose reductase/polyol inhibitors for diabetic retinopathy[END_REF].

4.2.2) Insulin resistance and diabetes

Increasing plasma osmolarity is related to impaired glucose tolerance and diabetes [START_REF] Stookey | High prevalence of plasma hypertonicity among community-dwelling older adults: results from NHANES III[END_REF]. Patients indicating high blood glucose (hyperglycemia) and high blood sodium and potassium (electrolyte hypertonicity) were shown to be more prone (four times) to develop diabetes than patients with hyperglycemia only [START_REF] Stookey | Hypertonic hyperglycemia progresses to diabetes faster than normotonic hyperglycemia[END_REF]. This study proposes that high plasma tonicity is an important factor to disease development [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF].

Hyperosmotic shock has been indicated to suppress interferon-(IFN-) expression in blood lymphocytes [START_REF] Lang | Inhibition of interferon-expression by osmotic shrinkage of peripheral blood lymphocytes[END_REF]. IFN has a critical role in arrangement of immune response to viral and intracellular bacterial infections. Hyperosmotic stress is possible that contribute to the increased susceptibility to infection found in hyperglycemia patients. Studies showed that when glucose level is high (in vitro), inflammation is enhanced during infection by way of hyperosmotic stress-induced cytokine release [START_REF] Otto | Hyperosmotic stress enhances cytokine production and decreases phagocytosis in vitro[END_REF]. It has also been found that osmoregulatory pathways are impaired when chronic oxidative stress accompanied by glucose metabolism [START_REF] Chan | Synergistic effect of osmotic and oxidative stress in slow-developing cataract formation[END_REF]. Insulin resistance may also caused by hyperosmotic shock [Gual et al., 2003a].

In Adipocytes and skeletal myocytes, blood glucose levels are regulated by insulin by stimulating translocation of SLC2A4 glucose transporters (also known as Glut4)

to the plasma membrane, which resulting in increased glucose transport into the cell.

Activation of receptor kinase and phosphorylation of cellular proteins depend on binding of insulin [START_REF] Saltiel | Insulin signalling and the regulation of glucose and lipid metabolism[END_REF]. Furthermore, long-term osmotic challenge resulted in insulin receptor substrate-1 (IRS1) degradation and insulin resistance develops through diminished (IRS1) [Gual et al., 2003b].

These results affected on the mechanisms under hyperosmolarity caused insulin resistance and prove a physiological role during the beginning and development of diabetes [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF].

4.2.3) Inflammatory bowel disease

Inflammatory bowel disease (IBD) is a group of inflammatory diseases of the colon and small intestine. Crohn's disease and ulcerative colitis are the two types of inflammatory bowel disease. The small intestine and large intestine are affected in Crohn's disease, as well as the mouth, esophagus, stomach and the anus, while the colon and the rectum are affected in ulcerative colitis. Briefly we can say IBD is an inflammatory disease that affects gastrointestinal tract. The epithelial lining of the colon and rectum are involved in Ulcerative colitis but in Crohn's disease lesions found anywhere along the gastrointestinal tract and involves multiple cell layers [START_REF] Melgar | Acute colitis induced by dextran sulfate sodium progresses to chronicity in C57BL/6 but not in BALB/c mice: correlation between symptoms and inflammation[END_REF] and [START_REF] Vertzoni | Characterization of the ascending colon fluids in ulcerative colitis[END_REF].

Hyperosmolarity in the colon is caused by dextran sulfate sodium (DSS) feeding, which in turn elicits inflammation. Other studies in rats showed that making hyperosmolar challenge by using alanine, mannitol, or NaCl has similar results, and propos any hypertonic compound may have pathological consequences [Abolhassani et al., 2008]. These results confirme findings in human patients with IBD, including neonatal necrotizing enterocolitis, Crohn's disease, and ulcerative colitis, where high osmolarity in fecal fluid in the colon is noted [Schwartz et al., 2009] (Fig. 2.7), [START_REF] Vernia | Organic anions and the diarrhea of inflammatory bowel disease[END_REF] and [START_REF] Schilli | Comparison of the composition of faecal fluid in Crohn's disease and ulcerative colitis[END_REF].

Besides, high osmolarity in the fecal in Crohn's disease patients indictes a close relation with disease intensity [START_REF] Vertzoni | Characterization of the ascending colon fluids in ulcerative colitis[END_REF]. In physiological conditions, in the gastrointestinal tract both pro-and anti-inflammatory cytokines are presente. The pro-inflammatory cytokines are checked by anti-inflammatory cytokines [Brocker et al., 2012].

NFAT5 activation is also observed in human intestinal cells studies after treatment with hyperosmotic solutions [START_REF] Kosuge | Discovery of osmosensitive transcriptional regulation of human cytochrome P450 3As by the tonicity-responsive enhancer binding protein (nuclear factor of activated T cells 5)[END_REF]. Pro-inflammatory cytokines which are released in IBD patients including TNF, IL1, IL6, and IL18 [START_REF] Lissner | The multifaceted role of the inflammasome in inflammatory bowel diseases[END_REF]. Hyperosmotic stress and epithelial cell cytokine release on IBDs is determined an important therapeutic target for the treatment of these diseases [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF] (Fig. 2.7).

4.2.4) Cardiovascular disease

Hypertension also known as high blood pressure (HBP), is a risk factor for coronary heart disease. Blood pressure can be increased by osmoreceptor activativity in the central nervous system through sympathetic nerve activity [START_REF] Toney | Hyperosmotic activation of CNS sympathetic drive: implications for cardiovascular disease[END_REF].

NFAT5 is activated, by a high salt diet in in rats' macrophages [START_REF] Machnik | Macrophages regulate salt-dependent volume and blood pressure by a vascular endothelial growth Factor-C-dependent buffering mechanism[END_REF]. NFAT5 was also shown to be activated by hypertonicity in isolated vascular smooth muscle cells [START_REF] Halterman | Tonicity-independent regulation of the osmosensitive transcription factor TonEBP (NFAT5)[END_REF]. NFAT5 also appears to have a role in the heart, as in cardiac myocytes, degradation of NFAT5 was found to be a key event mediating doxorubicin cytotoxicity [START_REF] Ito | Degradation of NFAT5, a transcriptional regulator of osmotic stress-related genes, is a critical event for doxorubicin-induced cytotoxicity in cardiac myocytes[END_REF] and [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF].

Hypertonic media in myocytes causes NF-B and caspase activation through a mechanism involving ROS [START_REF] Eisner | Hyperosmotic stress-dependent NF B activation is regulated by reactive oxygen species and IGF-1 in cultured cardiomyocytes[END_REF] and [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF]. This would suggest that oxidative stress, ROS production and apoptosis in cardiac myocytes through a p53-dependent manner in the cells are elicited by hyperosmotic stress. Increasing AR expression in cardiomyocytes was observed after hyperosmotic challenge with sorbitol [START_REF] Galvez | Aldose reductase induced by hyperosmotic stress mediates cardiomyocyte apoptosis: differential effects of sorbitol and mannitol[END_REF]. Cardiac tissues and skeletal muscle are rich in Taurine, so cells take in this free amino acid (osmolyte) in response to hyperosmotic stress, in order to increase extracellular osmolarity [START_REF] Ito | Taurine depletion caused by knocking out the taurine transporter gene leads to cardiomyopathy with cardiac atrophy[END_REF] and [START_REF] Schaffer | Physiological roles of taurine in heart and muscle[END_REF].

4.2.5) Liver disease

Osmotic stress has also an important role in in liver disorders. Protein turnover in the liver is affected by hepatic hydration [START_REF] Haussinger | Cellular hydration state: an important determinant of protein catabolism in health and disease[END_REF]. High urea concentrations, amino acid starvation, high levels of sodium in the blood (hypernatremia) and oxidative stress are the factors which can cause shrinkage of hepatocytes [START_REF] Haussinger | Osmosensing and osmosignaling in the liver[END_REF]. Hepatocellular dehydration is occured by cell shrinkage that caused increasing proteolytic activity. On the other side, hyperosmotic conditions is reduced hepatic protein synthesis [START_REF] Stoll | Liver cell volume and protein synthesis[END_REF]. The osmolarity of mouse liver is approximately 35 mOsm/kg greater than serum, suggesting this organ is physiologically functioning under slightly hypertonic conditions [START_REF] Brocker | The role of hyperosmotic stress in inflammation and disease[END_REF]. Hepatocytes would be sensitive to apoptosis by hyperosmotic shock and proposing that high osmolarity in hepatic could be affected drug-induced liver injury [START_REF] Schliess | Expression and regulation of the Na + /K + -2Clcotransporter NKCC1 in rat liver and human HuH-7 hepatoma cells[END_REF].

CHAPTER THREE: METABOLISM IN SHOCK

1) What is "METABOLISM"?

In 1944, Erwin Schrödinger (Nobel Prize-winning Austrian physicist who developed a number of fundamental results in the field of quantum theory), published a book named "What is Life" and explained that when a system can suck the ORDER from environment, it can go towards a live system [START_REF] Schrödinger | What is Life[END_REF]. "Life seems to be orderly and lawful behavior of matter, not based exclusively on its tendency to go over from order to disorder, but based partly on existing order that is kept up" [START_REF] Schrödinger | What is Life[END_REF].

LIVING MATTER EVADES THE DECAY TO EQUILIBRIUM:

if a glass filled with pure water and a second one filled with sugared water are placed together in a hermetically closed case at constant temperature, it appears at first that nothing happens, and the impression of complete equilibrium is created. But after a day or so it is noticed that the pure water, owing to its higher vapor pressure, slowly evaporates and condenses on the solution. The latter overflows. Only after the pure water has totally evaporated has the sugar reached its aim of being equally distributed among all the liquid water available [START_REF] Schrödinger | What is Life[END_REF].

IT FEEDS ON 'NEGATIVE ENTROPY':

How does the living organism avoid decay? The obvious answer is: By eating, drinking, breathing and (in the case of plants) assimilating. The technical term is metabolism. The Greek word means change or exchange. Exchange of what?

Originally the underlying idea is, no doubt, exchange of material. (E.g., the German for metabolism is Stoffwechsel) That the exchange of material should be the essential thing is absurd. Any atom of nitrogen, oxygen, sulphur, etc., is as good as any other of its kind; what could be gained by exchanging them? For a while in the past our curiosity was silenced by being told that we feed upon energy. Every process, event, happening -call it what you will; in a word, everything that is going on in Nature means an increase of the entropy of the part of the world where it is going on. Thus a living organism continually increases its entropy -or, as you may say, produces positive entropy -and thus tends to approach the dangerous state of maximum entropy, which is of death. It can only keep aloof from it, i.e. alive, by continually drawing from its environment negative entropy -which is something very positive as we shall immediately see. What an organism feeds upon is negative entropy. Or, to put it less paradoxically, the essential thing in metabolism is that the organism succeeds in freeing itself from all the entropy it cannot avoid producing while alive. An isolated system or a system in a uniform environment (which for the present consideration we do best to include as the part of the system we contemplate)

increases its entropy and more or less rapidly approaches the inert state of maximum entropy. We now recognize this fundamental law of physics to be just the natural tendency of things to approach the chaotic state (the same tendency that the books of a library or the piles of papers and manuscripts on a writing desk display) unless we obviate it [START_REF] Schrödinger | What is Life[END_REF].

ORGANISM MAINTAINED BY EXTRACTING 'ORDER' FROM THE ENVIRONMENT Organism feeds upon negative entropy', attracting, as it were, a stream of negative entropy upon itself, to compensate the entropy increase it produces by living and thus to maintain itself on a stationary and fairly low entropy level. Energy is needed to replace not only the mechanical energy of our bodily exertions, but also the heat we continually give off to the environment. And that we give off heat is not accidental, but essential. For this is precisely the manner in which we dispose of the surplus entropy we continually produce in our physical life process. This seems to suggest that the higher temperature of the warm-blooded animal includes the advantage of enabling it to get rid of its entropy at a quicker rate, so that it can afford a more intense life process [START_REF] Schrödinger | What is Life[END_REF].

2) Mitochondrial oxidative phosphorylation vs Glycolysis

Energy need of living organism are covered through conversion of energy extracted in the environment into a form assimilable by the cell, which for the largest part lies in the phosphate link between the second and third phosphorus atom of the ATP molecule, hydrolysis of this bond ATP  ADP+Pi releases the energy to feed the cellular needs. Strategies to achieve this aim are multiple and prokaryotic world shows the largest spectrum of possibilities. Eukaryotes and particularly animals are confined to a narrower spectrum of metabolic possibilities. Animals collect energy through feeding (ingesting other living organisms) followed at the end by oxidation of their complex carbon containing molecules. The best know example is the use of glucose by animal cells to generate ATP by glycolysis followed by oxidative phosphorylation (OXPHOS) or lactic fermentation [START_REF] Zheng | Energy metabolism of cancer: Glycolysis versus oxidative phosphorylation[END_REF], but the contribution ratio of these pathways for producing total ATP is different and depends on cells type, growth states and microenvironments. So glycolysis and OXPHOS are coupled to serve the cellular energetic balance [Pfeiffer et al., 2001].

The oxygen-independent metabolic pathway (glycolysis) occurs in the cytosol and produces two ATPs. At the end of glycolysis, pyruvate is a fuel for OXPHOS. Under aerobic conditions, in the mitochondria, pyruvate is oxidized to acetyl CoA which combines with oxaloacetate to start the tricarboxylic acid (TCA) cycle and OXPHOS. This whole process of glucose oxidation releases CO2 and H2O as final products and regenerates around 30 ATPs per glucose. Lactic fermentation is the reduction of pyruvate into lactate in the cytoplasm by lactate dehydrogenase (LDH).

Lactate is then excreted into the extracellular space through monocarboxylate transporters (MCTs) [START_REF] Zheng | Energy metabolism of cancer: Glycolysis versus oxidative phosphorylation[END_REF] (Table 3.1).

In normoxia or hypoxia condition, normal cells (some cancer cells) use glycolysis as a source for producing energy, which is termed aerobic glycolysis [START_REF] Koppenol | Otto Warburg's contributions to current concepts of cancer metabolism[END_REF]. The prevailing thought for many years was that OXPHOS is the ultimate mode of energy production and that glycolysis is a default mode utilized only when there is lack of adequate oxygen. The end product of glycolysis, lactate, was traditionally seen as a harmful by-product that the organism has to recycle. However this common thought did not take into account that although OXPHOS is clearly more efficient it carries a price: utilization of oxygen creates potentially toxic byproducts, reactive oxygen species (ROS) [START_REF] Balaban | Mitochondria, oxidants, and aging[END_REF]; it is also a much more complex process and therefore more prone to errors. The net gain of ATP is 24

Therefore, the potential ability to utilize both forms of energy production, while selecting the optimal one for a given situation should provide the most efficient, fast and safe energy production. Glycolysis should therefore be the preferred energy source not only under hypoxic conditions and stresses, but also when: 1) rapid energy production is required (e.g., intense muscle exercise); β) "Safer" (less ROS)

energy production is required (e.g., in resting vulnerable cells that have decreased energy requirements such as quiescent stem cells).

In contrast to many unicellular organisms including yeast, which have evolved mechanisms allowing them to grow and survive in the absence of oxygen, animals fully rely on cell respiration. This is so because the roughly 10 14 cells present in a human are not only highly specialized and energy expensive but cell density is also high, requiring efficient delivery of food and oxygen and removal of carbon dioxide through the body's circulation.

Thus, provision of a constant energy supply through glycolysis alone is not feasible in animals under healthy conditions (theoretically, one would have to eat constantly), but there are conditions in which energy is primarily derived from glycolysis, such as seen in the fetus during the first half of the pregnancy [START_REF] Morriss | Effect of oxygen concentration on morphogenesis of cranial neural folds and neural crest in cultured rat embryos[END_REF] and in cancer, where it is known as the Warburg effect [START_REF] Warburg | Uber den Stoffwechsel der Carcinomzelle[END_REF], [Warburg, 1956]. In both examples, the rest of the body provides glucose and disposes of the end product of the glycolytic pathway, lactate, to sustain growth as long as possible.

For its own survival and that of the mother, the fetus later must switch to aerobic energy production, whereas cancer if not stopped would eventually starve its host to death.

Cell respiration takes place in the mitochondria, organelles the size of bacteria (2-4 m). The number of mitochondria varies significantly among cell types. For example, it was estimated that mammalian hepatocytes and oocytes contain 800 and 100,000 mitochondria, respectively. Human mitochondria have two membranes and contain their own DNA encoding 13 proteins, all of which are located in the inner mitochondrial membrane and are part of the oxidative phosphorylation (OXPHOS) machinery (respiratory complexes I, III, IV, or V and genes for 12S and 16S rRNAs and for 22 tRNAs) [START_REF] Hockenbery | Mitochondria and Cell Death[END_REF].

such as glycogen (e.g., glycolysis under hypoxic conditions in which lower blood flow results in limited extracellular glucose);

2. the level of expression and activity of key enzymes and other proteins, involved in glycolysis, the Krebs cycle and OXPHOS; and

3. the competing utilization of nutrients as cellular building blocks.

The interplay between the above will determine the level of ATP Turnover as well as the balance between glycolysis and OXPHOS and the total energy yield, which can be anywhere from 2 molecules of ATP per glucose molecule under pure glycolysis in the cytosol to over 100 ATP molecules under maximal efficiency of fatty acid oxidation in the mitochondria (Fig 3 .3). In recent years, the critical role of mitochondrial carrier proteins in this metabolic balancing act is emerging, which determine the cytosol/mitochondrial ratio of metabolic intermediates. Two of the best recent examples are the mitochondrial pyruvate carrier, which regulates entry of pyruvate into the mitochondria [START_REF] Bricker | A mitochondrial pyruvate carrier required for pyruvate uptake in yeast, Drosophila, and humans[END_REF] and [START_REF] Herzig | Identification and functional expression of the mitochondrial pyruvate carrier[END_REF] and uncoupling protein 2 (UCP2), which exports C4 metabolites out of mitochondria, regulating glucose and glutamine oxidation [START_REF] Vozza | UCP2 transports C4 metabolites out of mitochondria, regulating glucose and glutamine oxidation[END_REF]. In addition, the adenine nucleotide translocator 1 (ANT1)

protein was demonstrated to play an important role in the metabolic balancing act, specifically in the context of exercise [START_REF] Kawamata | adPEO mutations in ANT1 impair ADP-ATP translocation in muscle mitochondria[END_REF]. et al., 2011] and [START_REF] Sheibani | Inhibition of stress mediated cell death by human lactate dehydrogenase B in yeast[END_REF]. The major compound is lactate to keep electron balance and is the final product of anaerobic glycolysis. High levels of lactate in presence of oxygen in different types of tumors have been one of the hints for alternative roles of lactate [START_REF] Draoui | Lactate shuttles at a glance: from physiological paradigms to anti-cancer treatments[END_REF]. This is Warburg effect or 'aerobic glycolysis' where pyruvate from glycolysis is converted to lactate instead of being oxidized by TCA [Warburg et al., 1927] and [START_REF] Sheibani | Inhibition of stress mediated cell death by human lactate dehydrogenase B in yeast[END_REF].

A switch to aerobic glycolysis is a regulated process that appears to facilitate rapid growth likely due to the fact that ATP can be produced in sufficient quantities without a need to increase oxidative phosphorylation. In addition to being energetically favorable, bypassing increases in mitochondrial respiration may serve to decrease potential mitochondrial apoptotic inducing responses. Alternatively, a local increase in lactic acid may create a mild stress that sets up a pre-condition like situation that serves to induce hormetic responses and illicit anti-apoptotic protective processes [START_REF] Portt | Anti-apoptosis and cell survival: a review[END_REF] and [START_REF] Sheibani | Inhibition of stress mediated cell death by human lactate dehydrogenase B in yeast[END_REF]. This could account for the observed increased resistance to apoptosis that is a common hallmark of cancer cells [START_REF] Sheibani | Inhibition of stress mediated cell death by human lactate dehydrogenase B in yeast[END_REF]. Interestingly, several studies have proposed that lactate itself can be metabolized in the mitochondria [START_REF] Brooks | Role of mitochondrial lactate dehydrogenase and lactate oxidation in the intracellular lactate shuttle[END_REF], suggesting that lactate can also serve as a cellular source of energy. Lactate in the circulation leads to recruitment of more muscle cells (via neural regulation) and improved muscle contraction (via increased catecholamines). It also leads to increased respiratory drive providing better oxygen supply and better disposal of the increased CO2 produced by the contracting muscle [START_REF] Philp | Lactate--a signal coordinating cell and systemic function[END_REF].

3.2) Warburg Effect

3.2.1) History

In the 1920s, Otto Warburg observed that even in normaxia, tumors consume lot of glucose compared to normal cells surrounding and he is termed aerobic glycolysis [Warburg, 1925] and [START_REF] Warburg | Uber den Stoffwechsel der Carcinomzelle[END_REF]. However, he mentioned that respiration alone could preserve tumor viability. So, he concluded by elimination of glucose and oxygen, tumot can be killed [Warburge et al., 1927]. Herbert Crabtree also studied the heterogeneity of glycolysis in tumors. He confirmed Warburg's observations, but he found that the importance of respiration in tumors was different. He concluded that tumor cells have aerobic glycolysis and variation between them depends on their genetic or environment [Crabtree, 1929].

Warburg also suggested that the root of aerobic glycolysis is mitochondrial dysfunction [Warburg, 1956]. He hypothesized that this phenomenon is the primary cause of cancer and Efraim Racker termed it the Warburg Effect in the early 1970s, who also pointed out that previous data show respiratory capability of tumors. {The Warburg Effect is defined as an increase in the rate of glucose uptake and preferential production of lactate, even in the presence of oxygen.} [Liberti & Locasale, 2016] (Fig. 3.4).

Racker mentioned that the origins of the Warburg Effect is from imbalances in intracellular pH to lead in defects in ATPase activity [START_REF] Racker | Bioenergetics and the Problem of Tumor Growth: An understanding of the mechanism of the generation and control of biological energy may shed light on the problem of tumor growth[END_REF]. It was later observed by Racker, Jeffrey Flier and Morris Birnbaum that aerobic glycolysis was a controlable process that can be directly regulated by growth factor signaling. By that time, the discovery of oncogenes led to the conclusion that aberrant regulation of growth factor signaling is an initiating event in oncogenesis. It is now apparent that targeting both aerobic glycolysis and mitochondrial metabolism may be required [START_REF] Liberti | The Warburg Effect: How Does it Benefit Cancer Cells?[END_REF].

3.2.3) Biosynthesis

Increasing glucose consumption as a carbon source for cell proliferation, is an adaptation mechanism to serve the biosynthetic requirements of uncontrolled proliferation [START_REF] Lunt | Aerobic glycolysis: meeting the metabolic requirements of cell proliferation[END_REF] and [START_REF] Levine | The control of the metabolic switch in cancers by oncogenes and tumor suppressor genes[END_REF].

This additional carbon is used for production of lipids, nucleotides, and proteins and can be reroute into many pathways that come from glycolysis. In addition to the usage of additional carbon from enhanced glucose metabolism for cellular building blocks, a now famous argument is that rather than having a rate-limiting demand for ATP, proliferating cells are in greater need of reducing equivalents in the form of NADPH. Increased glucose uptake allows for greater synthesis of these reducing equivalents in the oxidative branch of the pentose phosphate pathway, which are then used in reductive biosynthesis, most notably in de novo lipid synthesis [START_REF] Liberti | The Warburg Effect: How Does it Benefit Cancer Cells?[END_REF] and [START_REF] Ward | Metabolic reprogramming: a cancer hallmark even warburg did not anticipate[END_REF].

Regeneration of NAD + from NADH in the pyruvate to lactate step that completes aerobic glycolysis, is another proposed mechanism to account for the biosynthetic function of the Warburg Effect. In this scenario, NADH that is produced by glyceraldehyde phosphate dehydrogenase (GAPDH) must be consumed to regenerate NAD + to keep glycolysis active. This high rate of glycolysis allows for supply lines to remain open that can, for example, siphon 3-phosphoglycerate (3PG) to serine for one-carbon metabolism-mediated production of NADPH and nucleotides [START_REF] Lunt | Aerobic glycolysis: meeting the metabolic requirements of cell proliferation[END_REF], [START_REF] Vander Heiden | Understanding the Warburg effect: the metabolic requirements of cell proliferation[END_REF] and [START_REF] Liberti | The Warburg Effect: How Does it Benefit Cancer Cells?[END_REF].

These proposals together conclude that the Warburg Effect supports a metabolic environment that allows for the rapid biosynthesis to support growth and proliferation [START_REF] Liberti | The Warburg Effect: How Does it Benefit Cancer Cells?[END_REF]].

3.2.4) Microenvironment

As previously explained, the Warburg Effect might be benefitial for cell growth in a multicellular environment. Low pH is caused by high glucose metabolism in the microenvironment, because of lactate production [START_REF] Estrella | Acidity generated by the tumor microenvironment drives local invasion[END_REF]. This acidification to cancer cells are multi purpose, it means H + ions released from cancer cells spread into environment and let them to be more invasiveness [START_REF] Gatenby | A reaction-diffusion model of cancer invasion[END_REF].

3.2.5) Cell signaling

Direct signaling is given to tumor cells by Warburg effect [Wellen & Thompson, 2009] and [START_REF] Wellen | A two-way street: reciprocal regulation of metabolism and signalling[END_REF]. This suggestion is interesting because it indicates a direct role of altered glucose metabolism in development of tumorigenesis through this signal transduction modifying other cellular activities. Two areas of signaling function are the generation and modulation of reactive oxygen species (ROS) and the modulation of chromatin state [START_REF] Liberti | The Warburg Effect: How Does it Benefit Cancer Cells?[END_REF]. Keeping the proper balance of ROS is necessary [START_REF] Sena | Physiological roles of mitochondrial reactive oxygen species[END_REF] 

3.3) Crabtree Effect

In 1929, Herbert G. Crabtree found that, in contrast to normal tissues like liver and kidney where glucose slightly increased the respiration of tissue slices or was without effect, the rate of oxygen uptake by sarcomas, carcinomas and other malignant cells and tissues was inhibited by some 10%. This inhibition in some cases was higher up to 50%. It has been subsequently shown that the "Crabtree effect" is not a peculiarity of malignant tissues, as it has also been observed in some normal tissues like spermatozoa, proliferating thymocytes, intestinal mucosa and mammalian embryos. A common feature of all these tissues, both malignant and normal, is a high proliferation rate and /or high glycolysis [Wojtczak,1λλ6]. {"Crabtree effect" in fact is the ability of some tissues to repress oxidative phosphorylation in response to glucose presence by short-term mechanisms} [Crabtree, 1929]. Mechanistically it is different from the Warburg effect, as the latter is given by several long-term adaptations that reprogram cell metabolism to aerobic glycolysis. Both effects are part of the general mechanism that redirects metabolic flux towards fermentation in tumors. The elucidation of the Crabtree effect could explain why some tumors display a preference for fermentation in spite of the oxygen availability on a shortterm basis. Several mechanisms have been proposed for the Crabtree effect induction, such as limitation of respiratory substrate, inhibition of ATP synthase and changes in cytoplasmic phosphate potential and pH. Although it seems that this induction is due to a combination of several factors rather than only one of them [START_REF] Rodríguez-Enriquez | Multisite control of the Crabtree effect in ascites hepatoma cells[END_REF]. One of the intermediates of this pathway (fructose 1,6-biphosphate) inhibits mitochondrial respiratory chain and induces a decrease in respiration [START_REF] Díaz-Ruiz | Mitochondrial oxidative phoshphorylation is regulated by fructose 1, 6biphosphate: a possible role in Crabtree effect induction?[END_REF]. This may also provide a relationship between the Warburg and the Crabtree effects, as during the "aerobic glycolysis" fructose 1,6biphosphate is highly accumulated in tumor cell cytoplasm [START_REF] Díaz-Ruiz | Tumor cell energy metabolism and its common features with yeast metabolism[END_REF].

So, it is possible that the Crabtree effect is induced as one of the early metabolic events in tumorigenesis, leading to the establishment of the Warburg effect. This could also provide the grounds for an integrative model for explaining the glycolytic phenotype of tumors [Díaz-Ruiz et al., 2011] (Fig. 3.5).

4) Metabolic response to hyperosmotic stress

4.1) High osmolarity glycerol (HOG) pathway

In order to adapt and be alive, all living cells dynamically respond to environmental stress and alteration in the osmolarity of their surrounding is a basic challenge.

Hypertonicity causes water efflux and consequently intracellular ion imbalances.

The hyperosmotic stress response has been intensively studied in the budding yeast Saccharomyces cerevisiae [START_REF] Pastor | Mitochondrial Function Is an Inducible Determinant of Osmotic Stress Adaptation in Yeast[END_REF].

Saccharomyces grow strong, where, there is a plenty of sugar, for example, on decomposing fruits. In dry fruits, sugar is concentrated and this high sugar concentration creates a dilemma to the yeast, because it brings brings inappropriate osmotic conditions which are harmful for survival. High osmolarity causes water lost and high concentration of cytosolic ions (especially Na + ), and consequently cell shrinkage, which are all harmful for cell growth. Yeast can grow in media containing more than 40% (2.2 M) glucose [START_REF] Watanabe | Selection of stress-tolerant yeasts for simultaneous saccharification and fermentation (SSF) of very high gravity (VHG) potato mash to ethanol[END_REF] and [START_REF] Saito | Response to Hyperosmotic Stress[END_REF],

which is absolutly providing dangerous osmotic condition. In response to this high osmolarity, yeast tries to adapt, so it stops cell cycle progression, adjustment of transcription and translation patterns, and the synthesis and retention of the compatible osmolyte glycerol. These responses for adaptations are controlled by the high osmolarity glycerol (HOG) signaling pathway, that Hog1 MAP kinase (MAPK) cascade is the centeral core of it. HOG pathway controls regulation of plasma membrane cation transporters, the modulation of translation efficiency, the controlled cell cycle arrest during stress, the transcriptional activation of more than 150 genes in the nucleus and the production of osmolytes as a long term adaptation [START_REF] Saito | Response to Hyperosmotic Stress[END_REF].

4.2) Hog1 signaling Mechanisms

In different eukaryotic organisms, like fungi and yeast, MAPK cascades signaling are used in most intracellular signal transduction pathways [START_REF] Chen | MAP kinases[END_REF]. This signal comes from either branch converges on a common MAPKK (Pbs2), which is the specific activator of the Hog1 MAPK [START_REF] Brewster | An osmosensing signal transduction pathway in yeast[END_REF] and [START_REF] Saito | Response to Hyperosmotic Stress[END_REF]. The Sln1 branch activates the redundant Ssk2 and Ssk22 MAPKKKs, which then activate Pbs2. The Sho1 branch activates the Ste11 MAPKKK, which also activates Pbs2 [START_REF] Posas | Osmotic activation of the HOG MAPK pathway via Ste11p MAPKKK: Scaffold role of Pbs2p MAPKK[END_REF]] and [Saito & Posas, 2012] (Fig 3.6).

When it is activated, a significant part of the Hog1 MAPK is transferred into the nucleus, although Hog1 targets are also in the cytoplasm. For adaptation osmotic balance is re-established, and Hog1 activity decrease to near basal levels, and Hog1 is sent out to the cytoplasm [START_REF] Saito | Response to Hyperosmotic Stress[END_REF].

In contrast to the Sln1 branch, the activation mechanism of the Sho1 branch is still more or less defined. In vivo, Sln1 seems to respond to changes in turgor pressure (the pressure exerted by water inside the cell against the cell wall). High external osmolarity in yeast causes decreasing in turgor pressure and consequently cell shrinkage. Studies showed that the HOG pathway is activated by turgor pressure more than water efflux [START_REF] Tamás | Stimulation of the yeast high osmolarity glycerol (HOG) pathway: evidence for a signal generated by a change in turgor rather than by water stress[END_REF] (Fig. 3.7). 

4.3) Hog1 signaling Mechanisms (Downstream)

Hog1 activity in response to osmostress provides a short-and long-term responses for cell adaptation. Short-term adaptation is fullfilled by changes in glycerol accumulation, whilst, Long-term adaptation is involved in transcriptional and translational regulation of the genome [START_REF] Albertyn | GPD1, which encodes glycerol-3-phosphate dehydrogenase, is essential for growth under osmotic stress in Saccharomyces cerevisiae, and its expression is regulated by the high-osmolarity glycerol response pathway[END_REF]. High osmolarity is known to lead to water efflux, cell shrinkage, and a temporary prevention of growth until adaptation happens. The important strategy for living under high osmolarity is to produce and accumulate compatible osmolytes such as glycerol to keep the water balance and reestablish the volume cell. The important metabolic enzymes that are involved in glycerol, trehalose, and glycogen metabolism is upregulated in response to Hog1 activation. [START_REF] Hohmann | Osmotic adaptation in yeast: control of the yeast osmolyte system[END_REF]. In hihg osmolarity, accumulation of Glycerol occures in the first minute and after 30 minutes there is a considerable accumulation of glycerol [START_REF] Klipp | Integrative model of the response of yeast to osmotic shock[END_REF]. Rapid increasing in generation of glycerol cannot be resulted in risingin the transcription of specific genes, so there shoould be mechanisms other than transcriptional regulation to permit such a rapid response. There are two key mechanisms: changes in carbon metabolism and changes in glycerol transport [START_REF] Saito | Response to Hyperosmotic Stress[END_REF].

4.3.1) Metabolic adjustments

Cells need to metabolic regulation in order to adapt to osmotic stress. Cells must redirect carbon resources should be redirected to elevate production of glycerol, so there is significant modulation of central carbon metabolism during osmo-adaptation. The activity of the 6-phosphofructo-2-kinase, Pfk2, which is responsible for controlling the levels of fructose-2,6-bisphosphate (F2,6BP), a key activator of glycolysis, is regulated by the Hog1 MAPK [Dihazi et al., 2004] and [START_REF] Saito | Response to Hyperosmotic Stress[END_REF].

4.3.2) Glycerol transport

Fast importing and exporting of glycerol is mediated by specific channel proteins (because of low permeability of the lipid bilayer for glycerol). Rates of importing and exporting is a mechanism thatcan change glycerol content inside of the cell. Thus, regulation of this flux through the membrane is another critical point for the initial accumulation of glycerol upon osmostress [START_REF] Hohmann | Yeast osmoregulation[END_REF]. As a result, the accumulation of glycerol is a critical factor for adaptation in high osmolarity, that is adjusted by several mechanisms with different kinetics and different quantitative contributions to achieve proper adaptation to osmostress [START_REF] Saito | Response to Hyperosmotic Stress[END_REF].

CHAPTER FOUR: INSTRUMENTAL ANALYSIS OF AEROBIC GLYCOLYSIS AND OXPHOS 1) Warburg Apparatus

The Warburg apparatus is a manometric respirometer which was used for decades in biochemistry for measuring oxygen consumption of tissue homogenates or tissue slices. The Warburg apparatus has its name from the German biochemist Otto

Heinrich Warburg (1883Warburg ( -1970) ) who was awarded the Nobel Prize in physiology or medicine in 1931 for his "discovery of the nature and mode of action of the respiratory enzyme" [Nobelprize.org, 1931]. The aqueous phase is vigorously shaken to equilibrate with a gas phase, from which oxygen is consumed while the evolved carbon dioxide is trapped, such that the pressure in the constant-volume gas phase drops proportionally to oxygen consumption (Fig. 4.1). The Warburg apparatus was introduced to study cell respiration, i.e. the uptake of molecular oxygen and the production of carbon dioxide by cells or tissues. Its applications were extended to the study of fermentation, when gas exchange takes place in the absence of oxygen. Thus the Warburg apparatus became established as an instrument for both aerobic and anaerobic biochemical studies [START_REF] Oesper | The history of the Warburg apparatus: Some reminiscences on its use[END_REF] and [START_REF] Koppenol | Otto Warburg's contributions to current concepts of cancer metabolism[END_REF].

The respiration chamber was a detachable glass flask (F) equipped with one or more sidearms (S) for additions of chemicals and an open connection to a manometer (M; pressure gauge). A constant temperature was provided by immersion of the Warburg chamber in a constant temperature water bath (WB). At thermal mass transfer equilibrium, an initial reading is obtained on the manometer, and the volume of gas produced or absorbed is determined at specific time intervals. A limited number of 'titrations' can be performed by adding the liquid contained in a side arm into the main reaction chamber. A Warburg apparatus may be equipped with more than 10 respiration chambers shaking in a common water bath. Since temperature has to be controlled very precisely in a manometric approach, the early studies on mammalian tissue respiration were generally carried out at a physiological temperature of 37 °C. Warburg's concept of reduced respiration as a cause of cancer was controversial at the time of the original publication, and remains controversial up-to-date in discussions of the Warburg effect. In addition, some confusion is caused the recent literature when no clear distinction is made between the Crabtree effect [START_REF] Gnaiger | Anaerobic metabolism in aerobic mammalian cells: information from the ratio of calorimetric heat flux and respirometric oxygen flux[END_REF]] and the Warburg effect.

2) High-Resolution Respirometry (HRR) with the OROBOROS Oxygraph-2k

A New methodological standards have been set by high-resolution respirometry HRR with the OROBOROS Oxygraph-2k (O2k; Fig. 4.2A: OROBOROS INSTRUMENTS, Austria; http://www.oroboros.at) [START_REF] Gnaiger | Bioenergetics at low oxygen: dependence of respiration and phosphorylation on oxygen and adenosine diphosphate supply[END_REF], [START_REF] Gnaiger | Control of mitochondrial and cellular respiration by oxygen[END_REF]. The principle of closed-chamber HRR is based on monitoring oxygen concentration, c O2 , in the incubation medium over time, and plotting oxygen consumption by the biological sample (JO2) and c O2 , continuously while performing the various titrations in a respirometric protocol [START_REF] Gnaiger | Oxygen conformance of cellular respiration. A perspective of mitochondrial physiology[END_REF], [START_REF] Gnaiger | Capacity of oxidative phosphorylation in human skeletal muscle: new perspectives of mitochondrial physiology[END_REF].

Each O2k with two independent chambers, sensors, and the electronics are shielded by a copper block and stainless steel housing (Fig. V is applied to reduce O2 that diffuses from the incubation medium to the cathode through the membrane. O2 is reduced to water, generating a current (hence amperometric) that is linearly proportional to O2 partial pressure, pO2, in the stirred experimental solution. After current-to-voltage conversion and amplification, the raw signal is obtained (1 V/ m A; with further amplifi cation by gain settings of 2 or 4).

Data sampling at time intervals of 2 s is sufficient for routine applications, 1 s is recommended for kinetic experiments, and it can be reduced to 0.2 s for applications with high sample concentrations. 100 data points are averaged at each data sampling interval. The limit of detection of oxygen concentration extends to 0.005 µM (5 nM) O2. A standardized calibration of the linear oxygen sensor includes quality control of signal stability (noise and drift; static two-point sensor calibration) and dynamic calibration of the sensor response time [START_REF] Kuznetsov | Mitochondrial defects and heterogeneous cytochrome c release after cardiac cold ischemia and reperfusion[END_REF]. For storage, fill up the clean O2k-chambers completely with 70% ethanol, with the POS and stirrers remaining in the assembled chamber, and the stopper loosely inserted and covered by a lid. Storage in 70% ethanol between experiments can be extended over periods of months, keeping the chamber sterile and the POS immediately ready to use [Hütter et al., 2004].

2.1) A summary protocol 2.1.1) Air calibration (100%)

1. After switching on the instrument, set the experimental temperature, wash with purified water (Milli Q) while the stirrer is on (750 rpm or 12.5 Hz is optimal), and add 2.2 mL experimental medium. Insert the stoppers slowly to their volumecalibrated position (2-ml effective volume, plus 0.08 ml to fill the stopper capillary).

Siphon off excess medium ejected through the stopper capillary with the integrated suction system (Fig. 4.2 A).

2. Lift the stoppers slightly to introduce an air space above the stirred aqueous medium (open position with stopper spacer), and allow for sufficient time to obtain temperature stability and oxygen equilibration between the gas and aqueous phases.

The gas volume has to be exchanged for air, if the medium has not been near air saturation initially, to ensure a well-defined pO2 in the gas phase during air equilibration. Equilibration is a slow process, but stability should be reached within 30-60 min.

3. The signal at air saturation provides the first calibration point, with raw signal R1.

During this period, the slope of O2 over time must be less than 0.5-1. pmol/s per ml, indicating proper signal stability of the POS. Air calibrations are performed daily before starting an experiment.

2.1.2) Zero calibration (0%)

Titrate 100 µL freshly prepared 10 mM solution of sodium dithionite to fully exhaust the dissolved oxygen concentration to zero. The zero signal, R0, should be <3% of R1, but most importantly, R0 must be stable (higher stability and lower noise than at air saturation). Occasional checks over a period of months are sufficient, except in studies of oxygen kinetics, when short term zero drift must be accounted for by internal zero calibration after oxygen depletion by mitochondrial respiration, for resolution in the nanomolar oxygen range [START_REF] Gnaiger | High phosphorylation efficiency and depression of uncoupled respiration in mitochondria under hypoxia[END_REF]].

2.1.3) Basal Respiration

Cellular Basal respiration and growth is supported by exogenous substrates in culture media [Gnaiger et al., 1998]. In media without energy substrates respiration is based on endogenous substrates (Fig. 4.3B). Physiological energy turnover in itact cells and the degree of coupling determines the oxygen consumption rate by mitochondria in this basal satae "B" of intact cells. The maximum capacity of oxidative phosphorylation (analogous) to mitochondria state 3) cannot be studied by external addition of ADP to intact cells, since the plasma membrane is impermeable to ADP and many mitochondrial substrates. In contrast, evaluation of metabolic effects on cellular respiration like the Crabtree effect are possible only in intact cells [START_REF] Scandurra | Cell respiration under hypoxia: facts and artefacts in mitochondrial oxygen kinetics[END_REF] (Fig. 4.4).

2.1.4) Leak State

Following stabilization of B, ATP synthesis is inhibited by oligomycin (Fig. 4.3B).

In this nonphosphorylating or resting LEAK state (L; analogous to State 4), LEAK respiration reflects intrinsic uncoupling as: i) compensation for the proton Leak at maximum mitochondrial membrane potential, ii) proton slip (decoupled respiration),

iii) electron slip which diverts electrons toward reactive oxygen species (ROS) production, and (iv) cation cycling (Ca 2+ , K + ) [START_REF] Koppenol | Otto Warburg's contributions to current concepts of cancer metabolism[END_REF][START_REF] Gnaiger | Anaerobic metabolism in aerobic mammalian cells: information from the ratio of calorimetric heat flux and respirometric oxygen flux[END_REF]. Monitoring L should be limited to <5 min (Fig. 4.3B), to avoid secondary effects on coupling and respiratory capacity (Fig. 4.4).

2.1.5) ETS Capacity

Uncoupler titration with the titration-injection micropump or manually injection (Fig. 

2.1.6) Non mitochondrial (respiratory chain) oxygen cosumption

Rotenone, Antimycin A and cyanide inhibit complex I, III and IV respectively (Fig. 1. Wash Chamber(s) and stopper(s) with W4%

2. Fill the chamber with Ethanol, insert the stopper, the surplus of ethanol will go out/around the external side of the stopper and pop out of the injection port, stop and don't push down the stopper to the final β mL volume.

3. Remove ethanol carefully and rinse the chamber with purified water three times.

When doing so if you put the stoppers appart (upside down) ethanol on the external side will dry quickly, you may consider them clean. However, do not forget to check/rinse the injection channel.

Stop the experiments:

1. Wash Chamber and stopper with W4%

2. Fill the chamber with Ethanol, insert the stopper, and leave for hours/days.

3) XF96 Extracellular Flux Analyzer

The Seahorse Bioscience XF96 Extracellular Flux Analyzer (Fig. et al., 2018]. An integrated drug delivery system allows sequential addition to wells of compounds stored in four injection ports (A, B, C, D in Fig 4 .5E) at user-defined intervals.

3.1) Transient Microchamber

A unique feature of the XF technology is its ability to make accurate and repeatable measurements in as little as five minutes. This is accomplished by isolating an extremely small volume (less than γ L) of media above the cell monolayer present 

3.2) Preparing Sensor Cartridge for the XF96 Assay

For optimum data quality and consistency, Seahorse Bioscience recommends hydrating XF96 Sensor Cartridges overnight using the following procedure:

1. Add β00 L of Seahorse Bioscience XFλ6 Calibrant pH 7.4 to each well of a

Seahorse Bioscience 96-well Utility plate.

2. Place sensor cartridge on top of plate and store at 37 ºC without CO2 overnight or for up to 72 hours. If cartridge is being hydrated for more than 24 hours, wrap parafilm around the edges to prevent evaporation.

3. Turn on instrument and overnight with XF96 software running and logged in to ensure temperature is at 37 ºC on the day of the assay. 3. Allow the cells to grow overnight in a cell culture incubator. Monitor growth and health of cells using an inverted microscope.

3.4) Day of Experiment 

3.6) Running the experiment

Load sensor cartridge and Utility plate into the right side of the instrument tray (Fig.

4.6B

). After calibration is complete, replace Utility plate with the pre-incubated cell plate. Note that the sensor cartridge remains in the instrument during this exchange.

Once calibration is complete and the assay has begun, the "Results" button can be clicked to view the data while it is being collected. The XF viewer allows the data to be displayed in several graphic formats (Graph Appearance in Fig. When the run is complete, the user will be prompted to remove the cell plate and sensor cartridge from the XF96 Analyzer. All data will be automatically exported to the export file set up at the beginning of the assay [START_REF] Tang | Metformin facilitates BG45-induced apoptosis via an anti-Warburg effect in cholangiocarcinoma cells[END_REF].

3.7) Normalization Function

To use the normalization tool, some method to normalize cell count or cell activity must be used (typically after the XF assay has been performed). This could be an assay to ascertain cell number, total protein content, total DNA content, or total mitochondrial number. This could also be an ATP assay or cell viability assay.

Experimental Works 1) Our pretexts & premises

In about ten years ago, Dr. Schwartz and Dr. Abolhassani [START_REF] Schwartz | Hyperosmotic stress contributes to mouse colonic inflammation through the methylation of protein phosphatase 2A[END_REF], (Abolhassani et al., 2008) declared that hyperosmolarity can launch inflammatory phenotypes that may be traced to certain metabolic players such as PP2A. This High osmolarity, either caused by DSS or mannitol, is responsible for diarrhea, fecal blood, and inflammation of the anus. Hyperosmotic concentration of DSS led to a high increase in clinical and macroscopic scores in a similar way to mannitol. These phenomena also were traced to PP2A activation [START_REF] Schwartz | Hyperosmotic stress contributes to mouse colonic inflammation through the methylation of protein phosphatase 2A[END_REF], (Abolhassani et al., 2008).

Although, they proved the reciprocal effect of inflammation in the creation of hyperosmolar microenvironments by measuring the osmolarity of fluids in the inflamed tissues -after β00λ, they didn't follow the detailed mechanisms of involved metabolic pathways. The question of "how metabolism can be affected by hyperosmolarity," remained without answer.

Following the literature from 2010 to 2016, I could not find the quantitative and kinetic studies on detailed metabolic events face to a harsh hyperosmotic shocks. The laboratory of Dr. Bouillaud was a great chance to start these studies in quantitative and characteristic levels. In this laboratory, instrumentally well equipped, we could easily concretize the following strategies on the basis of the hypothesis "Hyperosmolarity has an effect on cellular respiration", and run their related experiences:

 Measuring the oxygen consumption rate with Oroboros (Chapter four, section 2)

and determine the effect of osmotic shock in presense and absence of glucose; were my great chance for study of metabolic pathways after hyperosmotic shock. As well the flow cytometry techniques helped us for evaluation of morphological changes after shocks and for normalization of our results. Seahorse XF Assay Medium (102365-100) were obtained from Agilent.



2) MATERIALS AND METHODS

2.1.1.1) We selected D-Mannitol (Molecular Weight 182.17) as an osmocompatible chemicals for the majority of the experiences following arguments:

i) High concentrations of inorganic salts such as NaCl or KCl may perturb the function of enzymes or other proteins [START_REF] Noulin | Two types of K+ channels at the basolateral membrane of proximal tubule: inhibitory effect of taurine[END_REF], whereas organic solutes do not [START_REF] Yancey | Living with water stress: evolution of osmolyte systems[END_REF].

ii) Mannitol is electroneutral and can not be transported passively across cell membrane. It exerces its effect without changing membrane potential [START_REF] Iwasa | Swelling of nerve fibers associated with action potentials[END_REF]. Cells were grown as a monolayer in P150 or T-75 tissue culture flasks in a humidified incubator (5% CO2, 95% air) at 37 °C and passaged upon reaching 80% confluency, once to twice weekly. To minimize over-trypsinization, passaging was performed using 0.05% Trypsin-EDTA (from GIBCO, Life Technologies Carlsbad CA-USA). Rat liver mitochondria were obtained from male 5 weeks-SPF Wistar rats # 150 g (Janvier Labs 53940 Le Genest St Isle France), animals were sacrificed following the national and local guidelines (Authorization number B75-14-02), immediatly after the sacrifice, the liver is removed, weighted (3-4 g) and put into a small glass (placed on ice) containing the isolation sucrose buffer with BSA 4 °C (300 mM sucrose, 5 mM tris base, 1 mM EGTA, pH 7.4). The liver is chopped finely with scissors and washed 2-3 times in sucrose buffer (depending on how much blood is still present). At this stage the volume is not important.

The liver pieces are transferred into the potter glass and add the required volume of sucrose buffer to have a ratio of liver to buffer approx. 1:6 v/v minus 500 µL that is kept for washing the potter glass after homogenisation. The sample is gently homogenised in sucrose buffer with BSA using a hand-held glass/teflon homogeniser. The lowest speed must be used i.e. 50-60 rpm/min. The homogenised liver is then transferred to a glass tube (Corex 15 mL). Wash the potter glass with the remaining 500 µL sucrose buffer with BSA and add it to the previous material in the Corex tube. Centrifuge at 600 g for 10 min at 4 °C without brake (= Sorval rotor SS34, code 05, 2250 rpm). The supernatant corresponds to the homogenate containing the cytosol, mitochondria and peroxisomes. Carefully remove the supernatant with a 1000 pipette without disturbing the loose pellet, and place it into a new Corex glass tube. This sample corresponds to the liver homogenate. For mitochondria isolation, centrifuge liver homogenate at 8600 g for 10 min at 4°C without brake (= Sorval rotor SS34, code 05, 8500 rpm). Carefully discard the supernatant with a 1000 µL pipette. Ressuspend the pellet containing the mitochondria with a thin glass baguette without adding any sucrose buffer.

When the sample appears to be homogeneous, measure the volume. Add sucrose buffer without BSA so that the final volume of mitochondria is 1/10 of the homogenate volume used to isolate mitochondria. For example, if 2 mL of homogenate is used, then the final volume of mitochondria should be 200 µL.

Homogenize again with the glass baguette and then with a 200 µL pipette whose yellow cone is cut with scissors (this is to avoid any pressure that could damage the mitochondria). This final sample corresponds to crude mitochondria. Transfer half of the volume obtained in the last step into a new eppendorf tube. Centrifuge this eppendorf at 5000g for 10 min at 4 °C without brake. This step aims to further purify the preparation of isolated mitochondria and so, this supernatant corresponds to the biggest and heaviest mitochondria. This final sample (supposedly) corresponds to pure mitochondria. The final mitochondrial pellet was resuspended in the same buffer (# 50-100 mg protein/mL final concentration). Concentration in proteins was obtained by the BCA method with BSA as a standard.

2.1.4) Solutions

Neutral red stock solution:

 4 mg/mL of neutral red in purified water (Milli Q). Store up to 2 months at room temperature (20-30 °C) protected from light by foil:  Dilute 1:100 the neutral red stock solution with culture medium and centrifuge 10 minutes at 1500 rpm or filter it.

Neutral red destaining solution:

 Mix of 50% ethanol 96% (CARLO ERBA Val de Reuil-France), 49% deionized water, 1% glacial acetic acid (Sigma-Aldrich St Louis-USA).

Lactate measuring solutions: 

2.2) Methods

2.2.1) Measurement of oxygen consumption

Cell oxygen consumption was measured using an Oroboros Oxygraph-2k at 37 °C as recommended by the manufacturer. Cells were harvested using trypsin and resuspended in their respective growing medium or modified DMEM without serum in presense or absence of glucose and presence of 1mM pyruvate. Cell density was estimated from optical density (600 nm). 2 mL of a suspension of cells (#10 6 /mL) were placed in each chamber of the respirometer at 750 rpm stirrer speed, and allowed to equilibrate for 5 minutes before starting experiment. After recording the basal rate of oxygen consumption in pmol O2/ (second × mili Liter). The osmotic stress was triggered in one of the chamber by adding solid mannitol directly in the medium. We challenged cells with two different final concentrations of mannitol: 150 or 300 mM (450 or 600 mOsmole final).

Inhibitors and uncouplers were used to provide information on the mechanisms underlying cellular oxygen consumption. The extend of oxygen consumption explained by mitochondrial oxidative phosphorylation (ATP production) was deduced from the inhibition of oxygen consumption caused by oligomycin (#1 µM final) an inhibitor of the complex V (F0F1 ATP synthase). The complex III inhibitor (antimycin) abolished oxygen consumption due to mitochondrial respiratory chain and the remaining oxygen consumption represents other (non mitochondrial) oxygen consumption processes. The difference between oligomycin and antimycin inhibition represents the activity of the mitochondrial respiratory chain activity that is explained by other processes than ATP turnover rate, because proton Leakage across inner membrane explains most of it the term "Leak" is used. Increasing concentrations (0.5-7 µM) of the uncoupler Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) were used to find the optimal concentration triggering a maximal oxygen consumption rate (OCR), which allowed to deduce a maximal possible mitochondrial respiration rate. The oxygen consumption rates were expressed with regard to the number of cells (pmol O2/ (second × Million cells).

2.2.2) Extracellular Flux (XF) Analysis of Cellular Metabolic

Characteristics

We used the Seahorse Extracellular Flux Analyzer XF96 (Seahorse Bioscience, North Billerica, MA, USA). CHO cells were inoculated at 30,000 cells per well in XF96-plate in normal medium (F12) for 12 hours to attach and before running the experiment, the growth medium removed and refresh cells with warmed DMEM XF medium (HCO3 -free modified DMEM, Seahorse Bioscience with pH set to 7.4) which contained: i) glucose (10 mM glucose, 1mM Pyruvate), ii) glucose free (1 mM pyruvate) or iii) galactose (10 mM galactose, 1 mM pyruvate) and incubated for 30-60 minutes at 37 °C in air. HT29 cells were inoculated at 3×10 4 cells per well in XF96-plate in normal medium (DMEM high glucose) for 12 hours to attach and before running the experiment, the growth medium removed and refresh cells with warmed DMEM XF medium (HCO3 -free modified DMEM, Seahorse Bioscience with pH set to 7.4) which contained: i) glucose (25 mM glucose, 1 mM pyruvate) or ii) glucose free (1 mM pyruvate). Hyperosmotic stress was triggered by injecting concentrated mannitol solution dissolved in DMEM XF assay medium to reach the final desired concentrations 150 and 300 mM (450 and 600 mOsm final) two injection ports (45 µL) were used successively. DMEM (XF assay medium) were injected into each well. To follow up modifications of cellular bioenergetics with time following the osmotic challenge several cycles of measurement (Mix 4 minutes, measurement 3 minutes) were performed with increasing (3, 13 and 23 minutes) time delay between them.

The OCR (pmol O2 per minute in each well) represents for its largest part the mitochondrial respiration. The acidification of the external medium (ECAR: Extra Cellular Acidification Rate or PPR: Proton Production Rate) is thought to reflect the lactate release linked to anaerobic glycolysis. In order to represent medium acidification with units consistent with OCR, we used PPR (pmol H + per minute) instead of ECAR (mpH unit per minute). Cellular bioenergetics relies for its largest part to the ATP turnover. Conversion of OCR and PPR into an ATP turnover rate (pmoles/min) based on a basic metabolic knowledge would provide a maximal possible value for ATP turnover rates as OCR and PPR reflect also other processes than ATP production. With regard to PPR a simplistic view would be that one proton equals one lactate corresponding to one ATP, similarly with OCR one would merely take into account the ATP/O ratio expected to be close to 2.5 (5 for ATP/O2) hence five time the OCR is estimation for a maximal possible ATP turnover rate caused by mitochondrial respiration. Accordingly, we use hereafter a representation with PPR and 5×OCR on the same graph and with the same units (pmoles/min). Of course this does not constitute an accurate description of cellular bioenergetics, but we believe that it provides a less imprecise representation than the separate report for OCR and ECAR with their different units or the use of a fold stimulation factor based on their value before additions.

In order to compare Oroboros and Seahorse data in a same unit, we converted the unit of Seahorse OCR values (pmoles/min) to (pmole/second. millions cell) by dividing by 60 (second) and number of cells inoculated in each well. Usually 12 wells were utilized for each single group (same metabolic and osmotic conditions).

2.2.3) Verification of solutions osmolarity with Osmometer

For preparing the hypertonic solutions, we considered the osmolality of medium is 300 mOsm and based on the concentration of required osmolarity, the osmolyte was weighed and added to the medium. For example, for preparing mannitol 600 mOsm in 1 mL medium, 0.055 g of mannitol was dissolved in a little medium and bring it to the desired volume (1 mL). We verified our hypertonic solutions with Osmometer (roebling 0-1000 mOsm). The machine is calibrated with purified water (Milli Q) and the sensor is washed with purified water and dried gently. 100 µL of sample in a 1.5 mL microtube is put in apparatus and pushed the piston down. When measuring is over the piston should be moved upward. The ice in the bottom of the microtube should be melted then the microtube is removed. The sensor is washed with purified water and dried gently and covered with empty microtube.

2.2.4) Measuring FSC and SSC

In order to observe the volume changes during hyperosmolar condition, we measured Forward-scattered light (FSC) proportional to cell-surface area or size and Side-scattered light (SSC) proportional to cell granularity or internal complexity.

Hence during measuring cell oxygen consumption with Oroboros Oxygraph-2k as explained in part 3.2.1, we took 50 µL samples at zero time and different times (5,10,15,20,30,40,[START_REF] Hardy | Amyloid deposition as the central event in the aetiology of Alzheimer's disease[END_REF]60,70,80, 100 minutes) after adding mannitol 300 mM (600 mOsm final). Samples were put in 96 well plate and were measured with flow cytometer. Measuring parameters were as: FL3 > 670 nm; Fast Rate; Flow rate: 66 L/min; Core sizeμ ββ m; reading β0 L.

2.2.5) Permeabilization of Cell Membrane

CHO cells (#106 /mL) in a 3 mL of 1X Sucrose buffer were placed in each chamber of the respirometer (Oroboros Oxygraph-2k), and allowed to equilibrate for 5 minutes before starting experiment. After recording the basal rate of oxygen consumption in pmol/s.millions, add reagents as following:

1. Mannitol 300 mM (600 mOsm in final); 2. Add 10 mM glucose and 1mM glutamine; 3. Add rotenone (#1 µM in final) in order to block complex I in mitochondria, then add Succinate (#7 mM in final) and ADP (#1.25 mM in final); 4. Titration with digitonin 8 mM to obtain optimal concentration triggering a maximal oxygen consumption rate (OCR); 5. Injection of oligomycin (#1 µM final) to block complex V, and injection of antimycin (#4.5 µM final) to block complex III.

2.2.6) Measurement of Respiration in isolated mitochondria

For measurement of oxygen consumption, mitochondria were resuspended in mitochondrial respiration buffer (KCl 100 mM, Sucrose 40 mM, TES 10 mM, MgCl2+6H2O 5 mM, EGTA 1 mM, BSA 0.4%, K-Pi 20 mM) # 0.5 mg/mL final.

Measurement were made at 25 °C, mitochondrial respiration was initiated by addition of the substrates glutamate/malate (5 mM final), then ADP (1.25 mM final) was added to stimulate respiration and evaluate the Respiratory Control Ratio:

(Oxygen consumption in presence of substrate and ADP) / (oxygen consumption in absence of ADP or in presence of oligomycin), for a fresh preparation 15<RCR<20 and if the value falls below ten the preparation is discarded. Because of this high RCR these mitochondrial preparations retain a decent coupling state when conserved overnight at 0 °C (5<RCR <15) and could be used the day after. Hypertonic conditions were obtained either by the use of a 2X respiration buffer so that the composition of the respiring medium was unaltered. Alternatively, similarly to cell studies hypertonic conditions were obtained by addition of mannitol 300 mM to the 1X mitochondrial respiration buffer. Experiments were usually paired with one chamber of the Oβk used as the reference "isotonic control" to which the same other additions [substrate, ADP, poisons (oligomycin #1 µM final, KCN #1 mM final and uncoupler (CCCP # 0.5-2.5 µM final)] were made.

2.2.7) Measuring Glucose consumption and Lactate production

Lactate release was derived from three different experimental schemes:

1. Considering the proton production rate (PPR) values from Seahorse as lactate production;

2. CHO cells were plated onto 24-well plates at a density of 30,000 to 200,000 cells per well. After 12 hours, refresh with DMEM XF assay medium with 10 mM glucose and 1 mM pyruvate then they were treated by mannitol 600 mOsm (in final) for 0-6 hours in air incubator 37 °C. 500 µL of medium was taken from each well, were centrifuged at 10,000 g for 5 minutes and supernatants were kept in -20 °C for the day of running the experiment.

3. CHO cells (#10 6 /mL) in a 3 mL of DMEM XF with 10 mM glucose and 1 mM pyruvate were placed in each chamber of the Oxygraph-O2k. Cells were allowed to equilibrate for 5 minutes before starting experiment. After recording the basal rate of oxygen consumption in pmol/s.millions. 100 µL from cell suspension was taken in 0, 10,30,60,90,120,180,240, 300 minutes after adding solid mannitol in one of the chamber in the medium and were centrifuged at 10,000 g for 15 minutes and supernatants were kept for kept in -20 °C for the day of running the experiment (measuring glucose consumption and lactate release over 0 to 6 hours).

We used enzymatic assay kits; Hexokinase (HK for measuring glucose concentrations) and Lactate dehydrogenase (LDH for measuring lactate concentrations).

Glucose was measured with the kit ABX Pentra, Glucose HK PC kit (HORIBA group, ref. A11A01667), glucose, standards and samples were thawed, 150 µL reagent Glucose HK was added to each well. The 96-well plate was incubated for 5 minutes at 37 °C and the absorbance was read at 340 nm. It was considered as absorbance in zero time. 5 µL of standard/sample were added to each well and incubated for 5 minutes at 37 °C. Final absorbance was read at 37 °C. Lactate was measured using lactate dehydrogenase (LDH) using homemade solutions and standards. Lactate measuring solutions: Mix 1 (1 mL 0.2 M Tris-Hydrazine, 12 mM EDTA buffer (pH 9), 100 µL NAD + 6 mg/300 µL) and Mix 2 [100 µL LDH, 200 µL 3.2 M (NH4)2SO4 (pH 6.5)]. Measurement: standards and samples were thawed, 250 µL reagent Mix1 was added to each well plus 15 µL of sample and covered with foil after incubation 5 min at 37 °C the zero time for absorbance at 340 nm was read, then 7 µL of Mix2 was added to each well and covered with foil, after incubation for 30 minutes at 37 °C (gentle agitation), the 340 nm absorbance was read. In both procedures for calculations was consideredμ ΔAbs = Abs (final) -Abs (zero time).

The same procedure (as above) was done for 2 other experiments: in absence of glucose and in presense of galactose.

2.2.8) Cytotoxicity (Viability)

2.2.8.1) With Neutral Red

CHO cell viabilities were assessed by colorimetric method. The neutral red uptake cytotoxicity was carried out from the guidelines mentioned by [START_REF] Repetto | Neutral red uptake assay for the estimation of cell viability/cytotoxicity[END_REF]. Briefly, this assay was based on the ability of viable cells to uptake neutral red. The cationic dye penetrates cell membranes by nonionic passive diffusion and concentrates in the lysosomes, where it binds by electrostatic hydrophobic bonds to anionic and/or phosphate groups of the lysosomal matrix. The dye is then extracted from the viable cells using an acidified ethanol solution, and the absorbance of the solubilized dye is quantified using a spectrophotometer. The uptake of neutral red depends on the cell's capacity to maintain pH gradients, through the production of ATP. At physiological pH, the dye presents a net charge close to zero, enabling it to penetrate the membranes of the cell. Inside the lysosomes, there is a proton gradient to maintain a pH lower than that of the cytoplasm. Thus, the dye becomes charged and is retained inside the lysosomes.

Cells were seeded at a concentration of 5000 cells per well in 96 well plates in normal medium (F12) and left for 12 hours (37 °C 5%CO2) to attach. Then growth medium was replaced by warmed DMEM XF medium (HCO3 -free modified DMEM, Seahorse Bioscience with pH set to 7.4) in "glucose" (10mM glucose, 1 mM Pyruvate) or "glucose free" (1 mM pyruvate) conditions. Cells were exposed to 600 mOsm (mannitol) or not (control) for 0, 2, 4, 6 and 8 hours at 37 °C in air, the medium was removed and the following additions were made (volumes will be indicated per well): 100 µL of neutral red (diluted 1:100 in cell culture medium) followed by 4 hours of incubation. The neutral red medium was removed cells were washed with 150 µL PBS two times and 150 µL of neutral red destaining solution was added. The microplates were covered with foil and shaken gently for 30 minutes in room temperature and the absorbance was read at 540 nm in a microliter plate reader spectrophotometer. Chromosomes that are dividing or replicating will not be stained with this dye.

When the experiment with Seahorse was done (after 16 hours), media from cells were removed (from Seahorse 96 well plate) and washed with 1X PBS. 100 µL of 0.01% SDS was added to each well and microplate was frozen at -20 °C. The plates were frozen after addition of SDS and accumulated for batch analysis. Comparative analysis should always be done in batch format, as there will be variability in staining from day to day. The microplate was completely thawed at 37 °C for ~10 minutes. 100 µL of Hoechst stain solution was added. Hoechst should always be added just before staining. Plate was covered with tinfoil and shaked at 37 °C for 1 hour in the dark. After incubation (gentle agitation) plate was read with fluorescent plate reader, Ex/ Em (with DNA) = 355/465 nm using DNA marker as a standard with different concentrations (0, 0.0625, 0.125, 0.25, 0.5, 1 µg) [10 5 

cells = 1µg

DNA]. So we analyzed DNA content data of each well with the standard curve and compared to the number of cells at the zero time (30,000 cells/well) for knowing about the percentage of viable cells. 

2.2.9) Statistical analysis

RESULTS

Repression of cellular oxygen consumption by hyperosmotic stress

Oxygen consumption was assessed in CHO cells in complete culture medium by using an Oroboros Oxygraph 2k in the short term (less than 60 minutes) and in the midterm (between 80-140 minutes) after adding mannitol as a polyol osmolyte with two different concentrations 150 and 300 mM (450 milliOsmole and 600 milliOsmole in final). Both concentrations (Fig. 1A and1B) showed the acute repression in respiration and the severity of the osmotic challenge after adding mannitol. In this figure, we showed before osmotic challenge (zero time), after adding the mannitol in 5-10 minutes, in short (less than 60 minutes) and midterms (80-140 minutes). We normalized oxygen consumption rates to pmol/s× Million cells in the chamber. The inhibition of respiration caused by hyperosmotic conditions persists for hours with a doubling of the osmolarity of the external medium (Fig. 1C). Increasing in osmotic pressure caused decreasing in cellular oxygen consumption, but the subsequent evolution depends on the severity of the osmotic challenge: 600 mOsm results in a sustained inhibition, while 450 mOsm causes a transient decrease followed by a return to normal oxygen consumption rate.

It means a milder osmotic challenge (50% increase in osmolarity: 450 mOsm final) caused the same initial oxygen consumption decrease but it appeared at least partially reversible with time (Fig. 1C). This acute repression was observed after adding another osmolytes like Polyethylen glycol 400 which was done in Oroboros or NaCl in Seahorse (Fig. 2A). In NaCl graphs, we converted the unit of Seahorse OCR values (pmoles/min) to Oroboros unit (pmol/second×Millions cells). In order to be sure of this decreasing in respiration after adding osmolyte, our experiments were shared with other different cell types like HEK-293, HT29 and SH-SY5Y (Fig. 2B) and we observed this effect could be reproduced the same results as CHO cells; repression in respiration after adding 300 mM mannitol (600 mOsm final). This decrease was observed in complete culture medium with experiments with a Clark electrode (Fig. 1) as well as with the extracellular flux analyzer "Seahorse" using a modified DMEM and without serum (Fig. 3). The same results of the intensity of osmotic condition in different times; before and after adding mannitol or NaCl were observed in a Seahorse Extracellular Flux Analyzer in CHO cells (Fig. 3A in mannitol and 3C in NaCl). HT29 cells result in Seahorse was also shown in Fig. 3B. With regard to the oxygen consumption rate (OCR) the Seahorse produced values in pmol/minutes that after conversion into pmol/(second×Million cells) appeared consistent with the rates measured in the O2k (Fig. 1). Long term experiments in the Seahorse showed that the repression of OCR caused by 600 mOsm in the external medium remains present after six hours, and actually lasted longer (Fig. 3), with no difference whether CHO or HT29 cells in mannitol or CHO cells in NaCl were considered.

We also checked the effect of FBS serum on respiration with Clark electrode, and we observed that the serum (10% FBS) increased the respiration in presence of glucose (Fig. 4). Hence we changed our experiments medium in Oroboros with modified DMEM without serum to have the same conditions with Seahorse. This deductive explication is justified by our observations of Seahorse results. In fact we can see repression of respiration by glucose in OCR which can not be observed in Orobors results with complete growing medium.

with regard to fast kinetic or precise quantitation of rates but it offers other advantages: i) it deals with attached cells hence in a more physiological state; ii) it makes possible long-term experiments because cells remain attached and cyclic renewal of the resources (oxygen substrates) by dilution of the small volume of the medium exhausted by each measurement period; iii) in addition to oxygen consumption (OCR) the Seahorse evaluates the extracellular acidification rate. This extracellular medium acidification rate that could be expressed with two different units: ECAR (Extra Cellular Acidification Rate directly related to pH sensitivity of the fluorescent probe) in mpH/min or PPR (Proton Production Rate) in pmolH + /min calculated by software. The advantage of the PPR over ECAR is that it is expressed in the same units (pmol H + per minutes in the well) than the OCR so that direct comparison of the fluxes could be made (Fig. 6A, 7A, 8A, 9A, 10A). Use of inhibitors of mitochondrial respiratory complexes demonstrates that for its largest part OCR represents mitochondrial respiration. The acidification of the external medium is thought to reflect the lactate release linked to anaerobic glycolysis.

Absence of glucose in the extracellular medium (Fig. 7,9) is a mean to illustrate the contribution of glycolytic lactate production to PPR; it also forces cells to rely on oxidative phosphorylation to feed their ATP turnover rate. A milder way to reach the same result is to replace glucose by galactose (Fig. 10), whose injection in the glycolytic pathway involves rate limiting conversion steps that do not authorize compensation by a fast rate of glycolysis for the poor ATP yield of when compared to full oxidation. The strong dependence on glucose the PPR rate is evidenced here, for example with CHO cells (Fig. 6A, 7A, 8A, 9A and 10A): First the resting values (before osmotic stress) for PPR were in the range 400-500 (values in pmoles/min) in presence of glucose (Fig. 6A,7A) and around 100 in its absence (Fig. 8A,9A).

Second, in the short term after mannitol addition PPR peaked to values close to 700 in presence of glucose while the maximal rate in its absence reached at most 200.

Cellular bioenergetics relies for its largest part on the ATP turnover. A basic metabolic knowledge would state that one proton equals one lactate corresponding to one ATP, similarly with OCR one would take into account the ATP/O ratio expected to be close to 2.5 (5 for ATP/O2). This is an oversimplification as OCR and PPR reflect also other processes than ATP production, hence the PPR rate and five times the OCR, approximate the maximal value for ATP turnover rates. Of course this does not constitute an accurate description of cellular bioenergetics (Fig. 6B, 7B, 8B, 9B, 10B), but we believe that it provides a less imprecise representation than the separate report for OCR and ECAR with different units or the use of a fold stimulation factor based on their value before additions. This representation indicates that in presence of glucose, the contribution of anaerobic glycolysis to ATP turnover is roughly equivalent to that of oxidative phosphorylation in CHO cells before osmotic shock (Fig. 6B, 7B, 8B, 9B). In contrast, under hyperosmotic shock glycolysis becomes dominant (Fig. 6B dark red histograms). The decrease in OXPHOS ATP turnover is likely to be underestimated here since the greater contribution of the Leak to cellular oxygen consumption is not taken into account.

Qualitatively this change increase in glycolytic ATP and decrease in OXPHOS ATP is reproduced with HTβλ cells but from a different "starting point". Finally, removal of glucose or its replacement by a same concentration of galactose modified deeply the balance between PPR and OCR and the response to hypertonic shock (Fig. 8, 9, 10).

To strengthen the conclusion of an increase in anaerobic glycolysis under hypertonic condition (mannitol 600 mOsm) direct measurement of glucose consumption and lactate release were undertaken in addition to the PPR measurement in the Seahorse.

Two experimental settings were used: incubation in plates followed by glucose and lactate dosage (Fig. 11A) or sampling during kinetic experiments in the O2k in presence or absence of glucose (Fig. 11C,11D) and in presence of galactose (Fig. 11E). Experimental limitations had the consequences that no steady state with a constant lactate increase over time could be observed/obtained but the lactate concentration in the surrounding medium became higher under hyperosmotic condition (Fig. 11A, 11B, 11C), which remains consistent with a higher lactate release under hyperosmotic condition. In absence of glucose or in presence of galactose, we didn't observe lactate production (Fig. 11C,11D).

In cellulo mitochondrial bioenergetics

The use of specific inhibitors of mitochondrial oxidative phosphorylation allowed evaluation of different contributions to the cellular oxygen consumption (see materials and methods section). The non-mitochondrial oxygen consumption remained always very low and no consistent changes were observed (Fig. 13,14).

The rest represents the spontaneous mitochondrial oxygen consumption of cellular respiration and is supposed to sum energy lossμ "Leak" with a sustained mitochondrial ATP production rate that contributes for a large part to the cellular ATP turnover (Fig. 6,8,10). In other words, the term Leak illustrates the fact that this is a loss of energy explained both by direct proton permeability of the mitochondrial inner membrane and by ions exchanges (K + , Ca β+ , …) using the proton motive force to maintain ionic balance in/out mitochondria. This Leak rate is usually modest with regard to the stimulated rates of respiration when ATP turnover or uncoupling takes place. In addition, a maximal possible mitochondrial oxygen consumption rate "ETS" (for Electron Transport System) might be recruited by optimal concentration of an uncoupler. Hyperosmotic conditions (mannitol 600 mOsm) caused a large and significant decrease in the mitochondrial ATP production rate for CHO cells both in presence of glucose (Fig. 13C,14) as well as in its absence (Fig. 15A). A similar decrease was observed with three other cell lines in presence of glucose (Fig. 13C). When the other components of mitochondrial activity (ETS and Leak) were considered the picture becomes less consistent: the Leak was found to be significantly increased only in absence of glucose (Fig. 15A) and while the ETS seemed to be affected similarly to ATP turnover in presence of glucose (Fig. 13E,14) no evidence for this was observed in its absence (Fig. 15A).

Another mode of representation is to consider a given rate as a reference. This cancels variability in sampling/experiments and thus improves the discriminating power with regard to mitochondrial behavior. For practical reasons the basal rate appears the more reasonable choice: it is always known (first measurement) its stability with time makes its determination more accurate and finally with regard to the relative yield in ATP for respiring cells it provides the direct figures (see later).

With this representation (Fig. 15B,15C) the relative contributions of Leak and of ATP to cellular respiration appear unaffected by the presence/absence of glucose with a similar degradation of the mitochondrial energy conversion process (ratio ATP/Leak) by hyperosmotic conditions. These relative units should be considered with caution because of the risk of misleading or incomplete conclusions. For example, this same "endpoint" in the increase of ratio ATP/Leak hides that it results from different modifications of mitochondrial activity: a significant decrease in basal rate and in ATP turnover rate with no/little change in Leak in presence of glucose (Fig. 13A-D , 14) while in absence of glucose the same relative decrease in ATP turnover is associated to a doubling of the Leak rate (Fig. 15A) resulting in a modest decrease for the basal rate. Similarly, these relative units converted almost equal values for the absolute rates for ETS (Fig. 15A) into a significant increase (Fig. 15B) while at the opposite the difference suspected in presence of glucose disappears (Fig. 13E,15C). The rate determinations used for these evaluations were made within 60 minutes after mannitol addition when considered in the longer term (60-150 minutes) the basal rate in absence of glucose appeared unchanged (Fig. 8A). However, our experiments suggest that the increase in Leak persists over time (Fig. 16).

experiments (Guedouari & Bouillaud unpublished results

). The small difference in state 4 rate (oligomycin) reached significance when expressed as "Leak" (Fig. 18D).

The mitochondrial respiration buffer aims to maximize mitochondrial coupling because it is an index for integrity of mitochondrial structure/function. This is obtained by removal of free fatty acids (BSA), absence of Calcium (EGTA), inhibition of potassium proton antiporter (magnesium ion). Then the Leak represents ten percent or less of the ADP phosphorylation rate both in isotonic and hypertonic buffer. Extremely well coupled mitochondria, like here, would rather amplify the relative effect of any factor able to increase Leak and this prevents to extrapolate the fold increase observed here (almost two times Fig. 18C) to less coupled preparations (Fig. 15A). Kinetic experiments were realized in which the sequence of events leading to full development of inhibition of cellular respiration by hyperosmotic conditions was settled: First, addition of mannitol followed by glucose (to be compared to the same addition of glucose in isotonic conditions) and Second, permeabilization of the cells with digitonin to evaluate the performances of their mitochondria in a controlled environment (Fig. 19). Then the inhibition of mitochondrial respiration was to some extent retained after permeabilization since the maximal phosphorylating rate in presence of ADP, succinate and optimal concentration of digitonin was found to be lower when cells were exposed to hypertonic conditions before glucose addition (Red dots in Fig. 19A).

In contrast, the Leak rate (after oligomycin) appeared unchanged (Fig. 19A,19C).

The comparison between intact and permeabilized cells provides few indications

about the mechanisms involved in the glucose effect. First, the persistence of the inhibiting effect on the fast rate excludes a diffusible factor that would be diluted in the external medium by a factor of two to three orders of magnitude upon permeabilization; Second, the mitochondrial targets include the activities involved in the succinate driven ATP phosphophorylation: complexes II -V of the oxidative phosphorylation pathway and transporters (succinate and phosphate entry, ADP/ATP exchange); Third, the factors increasing leak in intact cells are lost or nullified by the composition of the permeabilization medium.

DISCUSSION

Inflammation, hyperosmolarity and metabolic switch?

The present study exposed different cell types to hyperosmotic stress and evaluated the metabolic response to it. The main conclusion of our observations would be that: "Hyperosmotic stress increases the competition that glycolysis exerts on respiration". The pertinence of this observation with regard to the relationships between inflammation and metabolic modifications [START_REF] Liu | Fueling the flameμ bioenergy couples' metabolism and inflammation[END_REF] appears clearly. This raises the issue to what extent the metabolic shift associated to the "inflammatory profile" might result from the reaction to changes brought in the physical properties (here osmotic pressure) of extracellular medium at the inflammatory site. This effect could be exerted on incoming immune cells independently of (or potentiating) the action of specific inflammation mediators.

The competition between glycolysis and respiration

This is a long debated issue. In this matter the "Warburg effect" (persistence of high rate of glycolysis in presence of oxygen) and its relationships with the cancerous state is probably the best known example [Warburg, 1956]. The reference to an established state (cancerous or inflammatory) highlights that this is considered within a time scale compatible with long-term changes implying for example modifications of gene expression and rewiring of metabolism towards a cellular program such as cellular proliferation in the case of cancer. In contrast, in the experiments shown here the effect of glucose is immediate (less than a minute) and this inhibition of respiration by glucose in the short term is known as the "Crabtree effect" [Crabtree, 1929] whose molecular mechanisms are still under debate but exclude timeconsuming processes such as changes in gene/protein expression. The proposed explanations are either a direct competition between glycolysis and respiration for common metabolic intermediates (ADP, Phosphate) or the inhibition of respiration by intracellular messengers [START_REF] Lemus | The role of glycolysis-derived hexose phosphates in the induction of the Crabtree effect[END_REF]] and references within. There are several candidates such as calcium [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] and/or intermediates of glycolysis and notably Fructose 1-6 biphosphate, which has been shown to inhibit mitochondrial respiration at the level of complexes III and IV [START_REF] Díaz-Ruiz | Mitochondrial oxidative phoshphorylation is regulated by fructose 1, 6biphosphate: a possible role in Crabtree effect induction?[END_REF]. The relevant would be the ratio between Glucose 6 phosphate (activator) and fructose 1-6 bi-Phosphate [Rosas [START_REF] Lemus | The role of glycolysis-derived hexose phosphates in the induction of the Crabtree effect[END_REF].

In our experiments the inhibited state established in intact cells was to some extent preserved after permeabilization (Fig. 19). Permeabilization has the consequence that the cytosolic small molecules thought to be involved (see above) are expected to be either: i) diluted in the large experimental volume (glycolytic intermediates); ii) provided in saturating amount (Pi, ADP) or iii) under tight control (Calcium).

Therefore, the inhibition should be explained either by "imprinting" on mitochondrial respiration or by the fact that inhibitory molecule(s) does not diffuse freely. This might be explained by a restricted diffusion in the cytosolic space (metabolic channeling) or sequestration inside the mitochondrial matrix.

Hypertonic inhibition of mitochondrial oxidative phosphorylation

The kinetic experiments in the short term (Fig. 5,13,14,15) and recording of respiration in the long term (Fig. 6-10) substantiated the deleterious effect of glucose on cellular respiration in the hypertonic medium. However, all adverse effects of hypertonic medium cannot be accounted for by this glucose mediated inhibition of respiration: i) Experiments in the long term in absence of glucose (Fig. 8) showed some decrease in cellular oxygen consumption right after the setting of hypertonic conditions followed by full restoration (CHO) or not (HT29); ii) However with time slow decline in OCR took place in both cases, it is likely to reflect a loss in cellular viability as shown with CHO cells (Fig. 12B);

iii) Finally, the ratio between Leak and ATP rates was similarly affected under hyperosmotic conditions independently from glucose presence (Fig. 15B,15C).

There are arguments to identify the phosphorylating step (ADP into ATP) as the target and hence a decrease in the activity of mitochondrial complex V: In hypertonic conditions and absence of glucose, the ATP rate is decreased (Fig. 15A), this rate depends on activity of this complex V and of the redox complexes (I-IV). In contrast, the maximal rate in presence of uncoupler depends only on the redox complexes (I-IV) and is unchanged (Fig. 15A). This identifies the state catalyzed by complex V as the target.

An alternative explanation would be that the increased Leak is the cause for ATP rate decrease, we consider it unlikely:

Firstly, the Leak was increased by a different extent in presence/absence of glucose (Fig. 13D,15A) while the effect on ATP rate was similar (Fig. 13C,15A); Secondly, the ETS results from a maximal stimulation of respiration by uncoupler (large increase in Leak) and remains well above the basal rate. This indicates a "respiratory reserve" presumably able to compensate the increase in Leak by an increase in basal rate, which was not observed (Fig. 15A). Actually, we rather consider the large increase in Leak in absence of glucose as a secondary event in response to complex V inhibition (see below).

In short term experiments (Fig. 5) a large decrease in oxygen consumption was recorded immediately after mannitol addition. It cannot be fully accounted for by a massive inhibition of oxidative phosphorylation because addition is expected deteriorate rate measurement. However, restoration of a subnormal oxygen consumption rate takes too much time to be explained by this addition artifact (compare black/red trace in Fig. 19A,16). Similarly, but with a different timescale in the Seahorse experiment (Fig. 8) the first two rates after mannitol injections were lower than the subsequent ones.

These observations suggest an initial hit on cellular respiration followed by a slow process of restoration of a subnormal rate, likely to reflect adaptive mechanisms. One of the earliest event of the inflammatory reaction is the vascular response that takes place within few minutes [START_REF] Wedmore | Control of vascular permeability by polymorphonuclear leukocytes in inflammation[END_REF] and [Acute Inflammation: https://courses.washington.edu/conj/inflammation/acuteinflam.htm] and is expected to cause osmolarity change at the inflammatory site. Therefore, the events recorded here in the short term (Fig 1C,5) remain within a physiologically relevant time frame.

The increase in osmolarity in the external medium propagates to the intracellular space within little time by shrinkage then followed by increase in intracellular solutes to restore cell volume (Fig. 20) [Wehner, 2004], [Hoffmann, 2009] and [START_REF] Oehler | Influence of heat shock on cell volume regulation: protection from hypertonic challenge in a human monocyte cell line[END_REF]]. A first line hypothesis would be a direct impact of hyperosmolarity on mitochondrial function. Exposure of isolated mitochondria to the hypertonic respiration buffer resulted in modest increase for ETC and Leak rate with no adverse effect on the phosphorylation rate (Fig. 18) and therefore no evidence for a complex V inhibition. For the reasons explained before (risk with extrapolation, and pattern of inhibition of respiration in cells) we consider doubtful that the increase in Leak observed with isolated mitochondria would represent the causative effect within cells. A likely explanation is that the mitochondrial respiration buffer does not authorize the relevant effect to take place. This has the consequence that neither increase in osmotic pressure nor mitochondrial shrinkage are the primary cause for inhibitory effect on mitochondrial oxidative phosphorylation and one should consider more indirect consequences of them. According to literature [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] modification in calcium concentration/activity could be an explanation.

Bioenergetic adaptative strategies under hyperosmotic conditions

The imbalance caused by a decreased ATP production that would not match the ATP consumption rate needs a short-term response otherwise cellular ATP level (ATP/ADP ratio) would drop and lead to cell death. Two possible strategies: i) increased ATP synthesis by other pathways than oxidative phosphorylation and ii) a proportionate decrease in ATP consumption. Usually, only the first is considered and for different reasons on the sole ground of glycolysis (Fig. 21B) but the ATP formation by the Krebs cycle during the full oxidation of Acetyl-CoA into CO2 includes a phosphorylation step of GDP into GTP (convertible into ATP by nucleotide kinases) that is independent from the activity of complex V (Fig. 21C). In contrast with glycolysis, these two other compensatory mechanisms: decrease in ATP consumption and "Krebs ATP" are not dependent on glucose. Therefore, based on our observations we propose the following scheme for cellular adaptation to the inhibition of oxidative phosphorylation (complex V) by extracellular hyperosmotic conditions (Fig. 22).

In absence of glucose both a reduced ATP consumption rate (Fig. 17) and an increased Krebs-ATP rate would be recruited. For the latter re-oxidation of coenzymes (NADH in Fig. 21) is required. If the mitochondrial complex V is inhibited this re-oxidation step is controlled by the intensity of the Leak (Fig. 21C).

In this respect the increased Leak (Fig. 15A) and partial uncoupling would reflect an adaptive phenomenon enhancing mitochondrial Acetyl-CoA oxidation to promote Krebs-ATP than constituting an aggravating factor (Fig. 22).

Presence of glucose authorizes an immediate glycolytic response with a relatively milder impact on ATP turnover (Fig. 17).

The association of glycolysis with hyperosmolarity would result in amplification of the Crabtree effect (Fig. 21B,22) that would further impact on mitochondrial activity. With a sustained glucose supply this inhibition of respiration could persist over time and possibly carry on independently from hyperosmolarity. Therefore, the exposure to hypertonic conditions could prime a durable inhibition of respiration with increased dependence on alternate bioenergetics: glycolysis and more (see above) and cause cellular accoutumance to it, which may result in a full blown "Warburg effect". 

Introduction

In vertebrates, cells are surrounded by the interstitial medium that is renewed by a flux from arterial capillaries to venular capillaries and lymphatic drain. Balance between pressures (oncotic and hydrostatic) and fluxes results in a steady state where cells are maintained in an isosmotic environment. Disturbance in this balance would expose cells to osmotic challenge and particularly to hyperosmotic conditions as a consequence of increased oncotic pressure mostly caused by vascular leak [1], [2]. Hyperosmotic conditions may also result from degradation of macromolecules or from exposure to hypertonic solutions. Adaptation to hyperosmotic conditions is the physiological state in the kidney. With regard to many other cell types/organs the relationships between hyperosmotic conditions and pathological states may have been overlooked [3].

Actually, reports in the literature indicate that hyperosmolarity would result in inflammation [1], [2], [4]- [10]. Hyperosmolarity has been reported in several inflammatory diseases. These include Crohn's disease and ulcerative colitis [11], as well as the inflammatory bowel disease (IBD) of the newborn and neonatal necrotizing enterocolitis [10] or inflammatory pleural effusion [12]. Any chemical, providing sufficient osmolarity can induce an inflammation [1], [2], [10]. The same osmolarity of chemically unrelated molecules, such as alanine, sodium chloride or mannitol, induce similar pro-inflammatory cytokine secretion [10]. Symmetrically, the increased permeability of capillaries and degradation of macromolecules during inflammation causes hyperosmolarity and therefore one may expect intricate relationship between the two including the possibility that hyperosmolarity could mediate/cause some of the effects described as consequences of inflammation. Hyperosmolarity has also been measured in tumors [13], [14], [15] . This increased oncotic pressure (osmotic pressure exerted by proteins in plasma) has been mostly studied because it prevents the delivery on target of antineoplastic drugs. Distribution of antineoplastic agents within tumors remains one of the major challenges in cancer chemotherapy because distribution is hampered by high interstitial oncotic pressure [14], [15]. Finally, the relationships between inflammation and cancer are well established [16][17][18] and led to the estimation that inflammation would contribute to about 25% of all cancer cases worldwide [17].

At the level of the whole organism, mammals are ultimately fully dependent on oxidative metabolism (mitochondrial ATP production). However, at the cellular level, lactic fermentation might become an important contributor. This lactic fermentation is the conversion of one molecule of glucose into two molecules of lactate (final product) with formation of two ATP and no oxygen consumption. The term "glycolysis" will be used here for it as opposed to the terms "(mitochondrial) respiration" or oxidative phosphorylation (OxPhos). The balance between respiration and glycolysis is a long-standing issue with regard to cancer since the formulation of "Warburg hypothesis" [19], which evolved towards a metabolic reprogramming in cancer see [20] for review. The same applies to the relationships between inflammation and metabolic profile [21]. It results a triad inflammation/metabolism/cancer for which it is first appropriate to remind that metabolic energy (ATP turnover) is an absolute requirement for cellular activities/survival.

In contrast with the inflammatory profile, the response of the cellular energy metabolism to hyperosmotic condition is poorly documented [10]. Accordingly, in this study we aimed to evaluate the consequences of hyperosmotic stress on cellular energy metabolism. Our results demonstrate this influence from minutes to hours after the induction of the hyperosmotic challenge. While quantitative differences appeared, our observations indicate that the response is shared between different cell types and different osmolytes (Mannitol, NaCl and Polyethylene glycol). While most experiments used the 600 mOsm final concentration (doubling of osmotic pressure) alterations were already detectable with a milder hyperosmotic challenge (450 mOsm).

The main conclusion is that hyperosmotic conditions alters cellular bioenergetics and enhance the deleterious effect of glycolysis on respiration.

Materials and Methods

Reagents and equipment

Mannitol (M4125), Glucose (G6152), Galactose (G5388), Oligomycin (O4876), Technologies Carlsbad CA-USA) supplemented with 10% (v/v) inactivated fetal bovine serum (FBS), 50 U/ml penicillin, 50 µg/ml streptomycin. All cultures were incubated at 37 °C in a humidified incubator with 5% CO 2 .

Measurement of oxygen consumption

For measurement in the oxygraph O2k the cells were harvested using trypsin and resuspended in their respective growing medium. Cell density was estimated from optical density (600 nm). 2 ml of a suspension of cells (#10 6 cells/ml) were placed in each chamber of the respirometer, and allowed to equilibrate for 5 minutes before closure of the chamber to start respiration rate measurement. After recording the basal rate of oxygen consumption in pmol O 2 /(second × milliLiter), the osmotic stress was triggered: chambers were open and solid mannitol was added in one of the chamber to increase osmolarity with minimal disturbance in final volume/composition. We challenged cells with two different final concentrations of mannitol: 150 or 300 mM (450 or 600 mOsmole final).

Inhibitors and uncouplers were used to provide information on the mechanisms underlying cellular oxygen consumption. The extend of oxygen consumption explained by mitochondrial oxidative phosphorylation (ATP production) was deduced from the inhibition of oxygen consumption rate (OCR) caused by oligomycin (#1 µM final) an inhibitor of the complex V (FoF1 ATP synthase). At the opposite an optimal concentration of the uncoupler [Carbonyl cyanide m-chlorophenyl hydrazone (CCCP 0.5-7 µM)] increased OCR to a maximal value thought to represent the maximal possible recruitment of mitochondrial respiratory enzymes.

Finally, the addition of the complex III inhibitor (antimycin #4.5 µM final) abolished oxygen consumption due to mitochondrial respiratory chain and the remaining oxygen consumption represents other (non mitochondrial) oxygen consumption processes.

The difference (oligomycin-OCR) -(antimycin-OCR) represents the activity of the mitochondrial respiratory chain that is explained by other processes than ATP turnover rate. The Mitchell's chemiosmotic theory states that proton leakage across inner membrane explains most of it and therefore the term "Leak" is used. The difference between the maximal OCR in presence of uncoupler and antimycin-OCR indicates the maximal activity for the mitochondrial Electron Transfer System (ETS) hence activity of complexes I-IV of the mitochondrial OxPhos pathway.

The OCR were expressed with regard to the number of cells (pmol O 2 /(second × million cells).

Extracellular Flux (XF) Analysis of Cellular Metabolic Characteristics

CHO cells were inoculated at 30,000 cells per well in XF96-plate in normal medium (F12) for 12 hours to attach and before running the experiment, the growth medium removed and refresh cells with warmed DMEM XF medium (HCO 3 -free modified DMEM, Seahorse Bioscience with pH set to 7.4) which contained: i) glucose (10 mM glucose, 1mM Pyruvate), ii) glucose free (1 mM pyruvate) or iii) galactose (10 mM galactose, 1 mM pyruvate) and incubated for 30-60 minutes at 37 °C in air. HT29 cells were inoculated at 30,000 cells per well in XF96plate in normal medium (DMEM high glucose) for 12 hours to attach and before running the experiment, the growth medium removed and refresh cells with warmed DMEM XF medium (HCO 3 -free modified DMEM, Seahorse Bioscience with pH set to 7.4) which contained: i) glucose (25 mM glucose, 1 mM Pyruvate) or ii) glucose free (1 mM pyruvate). Hyperosmotic stress was triggered by injecting concentrated mannitol solution dissolved in DMEM XF assay medium to reach the final desired concentrations 150 and 300 mM (450 and 600 mOsmole final) two injection ports (45 µl) were used successively. In the isosmotic control wells the same volume of DMEM (XF assay medium) was injected. To follow up modifications of cellular bioenergetics with time following the osmotic challenge several cycles of measurement (Mix 4 minutes, measurement 3 minutes) were performed with increasing (3, 13 and 23 minutes) time delay between them.

In order to compare Oroboros and Seahorse data in a same unit, we converted the unit of Seahorse OCR values (pmoles/min) to (pmole/second. millions cell) by dividing by 60 (second) and number of cells inoculated in each well. Usually 12 wells were utilized for each single group (same metabolic and osmotic conditions).

Permeabilized cells

CHO cells (#10 6 /ml) were resuspended in respiration buffer (KCl 100 mM, Sucrose 40 mM, TES 10 mM, MgCl 2 + 6H 2 O 5 mM, EGTA 1 mM, BSA 0.4%, K-Pi 20 mM) and were placed in each chamber of the respirometer (Oroboros Oxygraph-2k). After equilibration (#5 minutes) and recording the basal rate of oxygen consumption in pmol/s. millions, add reagents as following: 1) mannitol 300 mM (600 mOsm final); 2) 10 mM glucose and 2 mM glutamine; 3) rotenone (#1 µM final) in order to block complex I in mitochondria, 4) Succinate (#7 mM final) and ADP (#1.25 mM final)Then perform titration with digitonin 8 mM to obtain optimal concentration triggering a maximal oxygen consumption rate (OCR); finally inject inhibitors: oligomycin (#1 µM final) to block complex V, and antimycin (#4.5 µM final) to block complex III.

Mitochondrial preparation

Rat liver mitochondria were obtained from male 5 weeks-SPF Wistar rats #150 g (Janvier Labs 53940 Le Genest St Isle France), animals were sacrificed following the national and local guidelines (Authorization number B75-14-02), 3-4 g of liver tissue were homogenized in the mitochondrial preparation buffer (300 mM sucrose, 5 mM tris base, 1 mM EGTA, pH 7.4) and mitochondria were prepared by differential centrifugation. The final mitochondrial pellet was resuspended in the same buffer (#50-100 mg protein/ml final concentration). Concentration in proteins was obtained by the BCA method with BSA as a standard. For measurement of oxygen consumption, mitochondria were resuspended in respiration buffer #0.5 mg/ml final.

Measurement were made at 25 °C, mitochondrial respiration was initiated by addition of the substrates glutamate/malate (5 mM final), then ADP (1.25 mM final) was added to stimulate respiration and evaluate the Respiratory Control Ratio (RCR): (Oxygen consumption in presence of substrate and ADP) / (oxygen consumption in absence of ADP or in presence of oligomycin), for a fresh preparation 15<RCR<20 and if the value falls below ten, the preparation is discarded.

Because of this high RCR these mitochondrial preparations retain a decent coupling state when conserved overnight at 0 °C (5<RCR<15) and could be used the day after. Hypertonic conditions were obtained either by the use of a 2X respiration buffer so that the composition of the respiring medium was unaltered. Alternatively, similarly to cell studies hypertonic conditions were obtained by addition of mannitol 300 mM to the 1X respiration buffer. Experiments were usually paired with one chamber of the O2k used as the reference "isotonic control" to which the same other additions (substrate, ADP, poisons) were made.

Measuring Glucose consumption and Lactate production

Lactate release was derived from three different experimental schemes: 1) Considering the proton production rate (PPR) values from Seahorse as lactate production. 2) after incubation in plates: CHO cells were inoculated in 24-well plates at a density of 30,000 to 200,000 cells per well. After 12 hours, a new medium (DMEM XF assay medium with 10 mM glucose and 1 mM pyruvate) was added before mannitol exposure (300 mM = 600 mOsm final) for 0 to 6 hours. 500 µL of medium was taken from each well, centrifuged at 10,000 g for 5 minutes and the supernatants were kept at -20 °C before glucose and lactate measurements. 3) During O2k experiments with CHO cells resuspended at #10 6 cells/ml of medium (DMEM XF with 10 mM Glucose and 1mM pyruvate) of which 3 ml were introduced in each chamber of the oxygraph O2k. Cells were allowed to equilibrate for 5 minutes before starting experiment. 100 µl samples from cell suspension were taken off during the time course of the experiment. These samples were centrifuged at 10,000 g for 15 minutes and supernatants were kept at -20 °C before glucose and lactate measurements.

Glucose was measured with the kit ABX Pentra, Glucose HK PC kit (HORIBA group, ref. A11A01667), standards and samples were thawed, 150 µl reagent Glucose HK was added to each well. The 96-well plate was incubated for 5 minutes at 37 °C and the absorbance was read at 340 nm. It was considered as absorbance in zero time. 5 µL of standard/sample were added to each well and incubated for 5 minutes at 37 °C. Final absorbance was read at 37 °C. Lactate was measured using lactate dehydrogenase (LDH) using homemade solutions and standards. Lactate measuring solutions: Mix 1 (1 mL 0.2 M Tris-Hydrazine, 12 mM EDTA buffer (pH 9) + 100 µl NAD + 6 mg/300 µl) and Mix 2 (100 µl LDH + 200 µl 3.2 M (NH 4 ) 2 SO 4 (pH 6.5)). Measurement: standards and samples were thawed, 250 µl reagent Mix 1 was added to each well plus 15 µl of sample and covered with foil after incubation 5 min at 37 °C the zero time for absorbance at 340 nm was read, then 7 µl of Mix 2 was added to each well and covered with foil, after incubation for 30 minutes at 37 °C (gentle agitation), the 340 nm absorbance was read. In both procedures for calculations was considered: ΔAbs = Abs(final) -Abs(zero time).

Cytotoxicity

CHO cell viability as assessed by colorimetric method, the neutral red uptake cytotoxicity Repetto et al. [22]. Neutral red stock solution 4 mg/ml and Neutral red destaining solution (50% ethanol 96%, 49% deionized water, 1% glacial acetic acid (Sigma-Aldrich St Louis-USA). The uptake of neutral red depends on the cell's capacity to maintain pH gradients, through the production of ATP. CHO cells were inoculated at 5000 cells per well in 96 microplate in normal medium (F12) and left for 12 hours (37 °C 5%CO 2 ) to attach. Then growth medium was replaced by warmed DMEM XF medium (HCO 3 -free modified DMEM, Seahorse Bioscience with pH set to 7.4) in "glucose" (10 mM glucose, 1 mM Pyruvate) or "glucose free" (1 mM pyruvate) conditions. Cells were exposed to 600 mOsm (mannitol) or not (control) for 2, 4, 6 and 8 hours at 37 °C in air, the medium was removed and the following additions were made (volumes will be indicated per well): 100 µl of neutral red (diluted 1:100 in cell culture medium) followed by 4 hours of incubation. The neutral red medium was removed, cells were washed with 150 µl PBS two times and 150 µl of neutral red destaining solution was added. The microplates were shaken gently for 30 minutes in room temperature and the absorbance was read at 540 nm. 

Data treatment and statistical analysis

Results

Cellular oxygen consumption and lactate release

When respiring CHO cells were subject to an osmotic shock (abrupt increase in osmotic pressure) an immediate decrease in cellular oxygen consumption (respiration) took place (Fig This is likely to represent increased lactate release. This conclusion was supported by other measurements using enzymatic determination of lactate in the extracellular medium, which showed higher release and concentration of lactate during hypertonic stress (Fig 6). In the long term a decline in both OCR and PPR was evidenced and the examination of the wells with hypertonic conditions gave indications of cell death. To evaluate cellular viability, we used the neutral red procedure ( Fig 7), which confirmed that the hypertonic conditions are deleterious for cellular survival. Interestingly the neutral red uptake was more preserved in absence of glucose (Fig 7B) than in its presence (Fig 7A).

In cellulo mitochondrial bioenergetics

The cellular OCR is altered by different mitochondrial poisons that inhibit respiratory complexes (oligomycin, antimycin in Furthermore computation of these different rates shows the quantitative importance of different contributors to the cellular OCR. Mitochondrial oxygen consumption is by far the largest (#90% Suppl. Fig 3). In absence of poisons/uncouplers this basal rate could be split into oxidative phosphorylation (OxPhos) and leak. In addition, the maximal rate for mitochondrial substrates oxidation (ETS) is evaluated. See material and methods section for calculations. The figure 8 shows the relative effect of hyperosmolar conditions on these different mitochondrial rates. The mitochondrial basal OCR is decreased to about 60% of the control isotonic rate. Clearly, the OxPhos rate is the target of the inhibitory effect of hyperosmolar conditions (Fig 8) while the leak rate is conserved or increased (ratio between one and two). When the uncoupled rate (ETS) is considered the effect recalls that on mitochondrial basal rate with the noticeable exception of CHO in absence of glucose with which the uncoupled rate is unaffected by hyperosmolarity (ratio = 1) and significantly different from the effect in presence of glucose (ratio = 0.59). The basal rate in absence of glucose under hyperosmotic conditions evolved with time. In the short term a repression could be observed that appeared milder than in presence of glucose (figures 2, 3, 5) in the long term it vanished with CHO cells (CHO in Fig 5). However, increase in leak and decrease in OxPhos are likely to persist even when the basal OCR is restored to almost control value (Suppl. Fig 1). The relative contribution of OxPhos and leak to basal cellular oxygen consumption (Suppl. Fig 3) shows that hyperosmolarity through decrease in OxPhos and/or increase in leak inverted their relative contribution to the cellular OCR when compared to the isosmotic situation.

Cellular ATP turnover

In the figures 4 and 5 the oxygen consumption rate and acidification rate are represented with the same units (pmol / min), which allows comparison between oxidative phosphorylation and glycolysis rates (Fig 4A,5A,Suppl Fig 5A). Basic biochemical knowledge states that one glucose engaged into glycolysis releases two lactates (two protons) and generates two ATP hence the PPR rate equals the cellular glycolytic ATP production rate (turnover). A classical value for the ATP/O ratio is 2.5 (2.5 molecules of ATP generated by OxPhos for each oxygen atom consumed) hence the ATP/O 2 ratio would be 5 and OxPhos ATP turnover would be approximated by 5 X OCR. The ATP turnover rates calculated according to these principles are shown (Fig 4B,5B,Suppl. Fig 5B). These values are overestimated: an assumption was that 100% of OCR is convertible into ATP rate, which is inexact because of the contribution of the leak. Similarly, the PPR rate would to a certain extent reveal other processes than lactate release.

Possible corrections are: i) to subtract the PPR obtained in absence of glucose ( Fig 

Isolated mitochondria and permeabilized cells

We addressed the issue of a direct impact of hypertonic conditions on mitochondria in experiments with isolated rat liver mitochondria ( Fig 10) Actually, this difference rather results from the constant decrease of the stimulated rates in isotonic control (grey trace in figure 10A). We propose that it reflects better preservation of the activity of isolated mitochondria with time in hypertonic buffer (Guedouari & Bouillaud unpublished results). The small difference in state 4 rate (oligomycin) reached significance when expressed as "leak" (Fig 10D ). Kinetic experiments were realized in which the sequence of events leading to full development of inhibition of cellular respiration by hyperosmotic conditions was settled first (Mannitol 300mM and glucose 10mM present) afterwards permeabilization of the cells with digitonin allowed evaluation of the performances of their mitochondria in a controlled environment (Fig 11). The inhibition of mitochondrial respiration was to some extent retained after permeabilization since the maximal phosphorylating rate in presence of ADP, Succinate and optimal concentration of digitonin was found to be lower with cells exposed to hypertonic conditions (black dots in 

Discussion

Inflammation, hyperosmolarity and metabolic switch?

The present study exposed different cell types to hyperosmotic stress and evaluated the metabolic response to it. A main conclusion of our observations would be that: "Hyperosmotic stress increases the competition that glycolysis exerts on respiration". The pertinence of this observation with regard to the relationships between inflammation and metabolic modifications [21] appears clearly. This raises the issue to what extent the metabolic shift associated to the "inflammatory profile" might result from the reaction to changes brought in the physical properties (here osmotic pressure) of extracellular medium at the inflammatory site. This effect could be exerted on incoming immune cells independently of (or potentiating) the action of specific inflammation mediators. One of the earliest event of the inflammatory reaction is the vascular response that takes place within few minutes [23], [24] and is expected to cause osmolarity change at the inflammatory site. Therefore, the events recorded here in the short term (figures 1-3) remain within a physiologically relevant time frame.

The competition between glycolysis and respiration

This is a long debated issue. In this matter the "Warburg effect" (persistence of high rate of glycolysis in presence of oxygen) and its relationships with the cancerous state is probably the best known example [19]. The reference to an established state (cancerous or inflammatory) highlights that, this is considered within a time scale compatible with long-term changes implying for example modifications of gene expression and rewiring of metabolism towards a cellular program such as cellular proliferation in the case of cancer [20]. In contrast, here the effect of glucose is immediate (less than a minute) and this inhibition of respiration by glucose in the short term is known as the "Crabtree effect" [25] whose molecular mechanisms are still under debate but exclude time-consuming processes such as changes in gene/protein expression. The proposed explanations are either a direct competition between glycolysis and respiration for common metabolic intermediates (ADP, Phosphate) or the inhibition of respiration by intracellular messengers [26] and references within. There are several candidates such as calcium [27] and/or intermediates of glycolysis and notably Fructose 1,6 bisphosphate, which has been shown to inhibit mitochondrial respiration at the level of complexes III and IV [28]. Actually, the relevant parameter would be the ratio between Glucose 6 phosphate (activator) and fructose 1,6 bisphosphate [26].

In our experiments the inhibited state established in intact cells was to some extent preserved after permeabilization (Fig 11). Permeabilization has the consequence that the cytosolic small molecules thought to be involved (see above) are expected to be either i) diluted in the large experimental volume (glycolytic intermediates), ii) provided in saturating amount (Pi, ADP) or iii) under tight control (Calcium). Therefore, the inhibition should be explained either by "imprinting" on mitochondrial respiration or by the fact that the inhibitory molecule(s) generated in living cells does not diffuse freely. This might be explained by a restricted diffusion in the cytosolic space (metabolic channeling) or sequestration inside the mitochondrial matrix.

Hypertonic inhibition of mitochondrial oxidative phosphorylation

The kinetic experiments in the short term (figures 1, 3) and recording of respiration in the long term (figures 4, 5) substantiated the deleterious effect of glucose on cellular respiration in the hypertonic medium. All adverse effects of hypertonic medium cannot be accounted for by a glucose-mediated inhibition of respiration as the impact on oxidative phosphorylation process was similar in presence/absence of glucose (Fig 8,9). The mitochondrial basal rate results from the concerted activity of the oxidative pathway with the phosphorylation machinery, which actually controls the extent of OCR above the leak rate. In contrast, under maximal uncoupling the OCR depends only from the maximal activity of the oxidative pathway. Hence, when OxPhos is impacted by hyperosmolar conditions and not the uncoupled rate (CHO in absence of glucose) the phosphorylation step is the target. When the uncoupled rate is also (but less) affected it means that both are affected (all cells in presence of glucose). Therefore, inhibition of OxPhos occurs in presence and absence of glucose (Fig 8,9,Suppl Fig 1) whereas inhibition of the oxidative pathway takes place only in presence of glucose, fully consistent with known targets for the Crabtree effect: the mitochondrial redox complexes III and IV.

The oxidative pathway encompasses all steps from the entry of substrate into the cell to the oxygen consumption at level of mitochondrial cytochrome oxidase (complex IV) hence all metabolism. In contrast there are few players on the phosphorylation side: the mitochondrial ATP synthase (complex V), and transporters assuring ATP/ADP and phosphate transport between mitochondria and the cytosol, one or more of them could be the target of hyperosmolarity with as a final result a decreased phosphorylation (Complex V) activity. The increase in osmolarity in the external medium propagates to the intracellular space within little time by shrinkage then followed by increase in intracellular solutes to restore cell volume [29]- [31]. A first line hypothesis would then be a direct impact of hyperosmolarity on mitochondrial function.

Exposure of isolated mitochondria to the hypertonic respiration buffer resulted in modest increase for ETS and leak rate with no adverse effect on the phosphorylation rate ( Fig 10). The conclusion is that neither increase in osmotic pressure nor mitochondrial shrinkage is the primary cause for inhibitory effect on mitochondrial oxidative phosphorylation. Complex V was shown to be sensitive to calcium [27] hence modification in intracellular calcium concentration/activity might be involved. In this respect one should recall that cell shrinkage (loss of water) leads to a proportionate increase in all intracellular solute concentrations. However, one should not forget that the basal mitochondrial respiratory rate reflects the physiological rate of ATP usage by the cell. Thus, an alternative scenario would be that the first effect of hyperosmolar conditions is to dictate a lower cellular ATP usage, which of course would escape to the mitochondrial experiments presented above. This would be consistent with the fact that loss of water is a shared strategy to generate forms of life with minimal metabolic requirements. We would not consider this alternate explanation further here because the increase in glycolysis (Fig 4,6) and also in leak (Fig ) would rather fit with an adaptative response to replace a suddenly deficient mitochondrial ATP production. Nevertheless, a reduced cellular ATP turnover ought to take place under hyperosmotic conditions (Fig 9).

Bioenergetics adaptive strategies under hyperosmotic conditions

The imbalance caused by a decreased ATP production that would not match the ATP consumption rate needs a short-term response otherwise cellular ATP level (ATP/ADP ratio) would drop and lead to cell death (necrosis) within short time. Two possible strategies: i) increased ATP synthesis by other pathways than oxidative phosphorylation and ii) a proportionate decrease in ATP consumption. Usually, only the first is considered and for different reasons on the sole ground of glycolysis (Fig 12B). However, the full oxidation of Acetyl-CoA into CO 2 by the Krebs cycle includes a phosphorylation step of GDP into GTP (convertible into ATP by nucleotide kinases) that is independent from the activity of complex V (Fig 12). In contrast with glycolysis, these two other compensatory mechanisms: decrease in ATP consumption and "Krebs ATP" are not dependent on glucose. The figure 12 illustrates our proposals about cellular adaptation to the inhibition of oxidative phosphorylation (and Presence of glucose authorizes an immediate glycolytic response with a relatively milder impact on ATP turnover (Fig 9). The association of glycolysis with hyperosmolarity results in amplification of the Crabtree effect (figures 12B, 13) that would further impact on mitochondrial activity. Therefore, in presence of glucose exposure to hypertonic conditions primes a durable inhibition of respiration and may in the mid/long term result into a full-blown "Warburg effect".

Legend to figures

Figure 1: Oxygen consumption rates of CHO cells in hyperosmotic conditions.

A) Representative experiments with CHO cells, X axis: time (minutes), the arrow indicates the time of mannitol dissolution in one of the two chambers of the O2k oxygraph, grey dots: 150 mM (450 milliOsmoles final) and black dots 300 mM (600 milliOsmoles). The other chamber is used to record oxygen consumption rate of the isotonic control. The Y axis is therefore the cellular oxygen consumption rate (OCR) expressed as the ratio with the control trace for each time point (every two seconds).

B) Mean values for cellular oxygen consumption rate expressed in pmoles O2 / (second × million cells) in the short term after mannitol addition (<60 minutes) and in the mid term (80-140 minutes): control isotonic condition #300 mOsm (white) , 450 mOsm (150 mM mannitol) grey, 600 mOsm (300 mM mannitol) black. The OCR in pmol O 2 / (second × million cells) were determined over the same period for both chambers of the oxygraph O2k. In one chamber (white bars) cells were kept in their isotonic medium, in the other chamber mannitol 300 mM final (600 mOsm) was added (black bars). The basal OCR in both chambers before mannitol addition is shown and scales have been adjusted for their alignment and comparison of relative variations caused by inhibitors (oligomycin, antimycin) and uncoupler (CCCP). All rates were obtained within about one hour after the osmotic shock (see supplementary figure 1 for an example). Below the indication of the cell line the statistical significance is indicated when the stimulated rates of cellular respiration (basal and CCCPmax) are compared between hyperosmotic conditions and isosmotic control (Wilcoxon signed-ranked test, * P≤0.05 ** P<0.01). Supplementary figures 2 and 3 are derived from the same original data with normalization according to two different internal reference rates. C) Superposition of the traces above for 10 mM glucose addition (black traces in A and B), Grey dots: isotonic and black dots hypertonic (600 mOsm) conditions. The hypertonic trace has been truncated (end of Mannitol to glucose period) to align glucose addition in both traces.

Figure 4: OCR and PPR with CHO or HT29 cells in presence of glucose.

A) OCR and PPR values (pmol / minute), X axis is Time in minutes, circles OCR and triangles PPR, isotonic conditions white symbols, hypertonic black, symbols. The number of experiments (indicated in part B) refers to the number of independent "Seahorse experiments" in which for each time the measurement of 24/12 wells with identical conditions was averaged to give a single value. Accordingly, errors bars refer to the standard deviation for the independent experiments with no reference to variation between different wells in one experiment B) Interpretation in term of cellular ATP turnover rates (see text). A vertical dotted arrow separate values obtained before and values after mannitol Addition. Before mannitol addition four to six time measurements were made. Standard deviation integrates therefore the number of experiments and time. Mean values are shown in the short term 10-60 minutes after mannitol addition or for the long term (6 hours) mean value over the whole period of time (10 min -6 hours). Empty histogram and light grey: isotonic conditions, dark histograms hypertonic conditions, white and black OCR, grey PPR. Legend of histograms is recalled below the figure :     OX: OxPhos [oxidative phosphorylation (5×OCR)]; Gly: Glycolytic [anaerobic glycolysis (PPR)]; Iso: Isotonic; Hyper: Hypertonic (600 mOsm). (C) Endogenous cellular OCR in presence of mannitol and glucose, and after permeabilization with succinate and ADP and in this latter case estimated contributions of phosphorylation (ATP) and leak rates.

Figure 12: Cellular ATP production circuits.

A) Normal cellular bioenergetics in presence of glucose, ATP is produced by two pathways, 1) glycolysis that produces two ATP per glucose and releases two lactates, 2) oxidative metabolism by which glucose is converted into carbon dioxide CO 2 with the intermediate Acetyl-CoA (ACoA) whose oxidation into CO 2 release one ATP (two ACoA and ATP per glucose oxidized). This complete oxidation causes reduction of coenzymes; a large majority is NADH whose reoxidation by the mitochondrial respiratory chain redox complexes (I-IV) generates a proton gradient (H + ) across mitochondrial inner membrane. Use of this proton gradient is shared between ATP production by mitochondrial complex V and leak. In healthy cells/organisms the respiratory rate is controlled by the rate of proton return (complex V + Leak) with return by complex V as the major pathway.

For the sake of simplicity in the following schemes (B, C) a complete inhibition of complex V is figured. Actually, a partial inhibition is thought to take place. B) In presence of glucose the inhibition of complex V would cause glycolytic compensation and the increased glycolytic rate results in the Crabtree effect with inhibition of mitochondrial redox complexes. C) In absence of glucose the oxidation of ACoA constitutes the ATP source. This is dependent on the re-oxidation of coenzymes and increase in leak would therefore improve ATP production.

Figure 13: Establishment of a sustained inhibition rate of respiration (see text).

Glucose NADH Is cancer a genetic disease or a metabolic alteration? his issue has been subject to debates in the history of cancer 1,2 . he genomic hypothesis of cancer originally raised with the discovery of a proto-oncogene tyrosine-protein kinase (Src) responsible of cancer in chicken. J. Michael Bishop and Harold E. Varmus, two Nobel Prize winners (1989) discovered in 1979 that mutations in src gene in normal chickens can lead to cancer 3 . hen, the genomic area of cancer reached its peak with the complet sequencing of the human genome by the International Human Genome Sequencing Consortium in 2001 4 . his has opened new markets for the pharmaceutical industry while deining new approaches in cancer therapy. For instance synthetic drugs such as Cisplatin and 5-Fluorouracil where introduced and are now part of the chemotherapeutic regimen. However, the limited success of these chemotherapeutic agents opened avenues for new strategies. New thoughts wave has emerged with a disruptive synthetic review aiming at redeining "he hallmarks of Cancer" and the common rules that govern the reprogramming of normal cells into malignant cancers 5 . Hanahan and Weinberg described common molecular machinery involved in regulating cell proliferation, diferentiation and death. Indeed, dysfunctions on the internal "machine" or on its environment lead to the same deleterious phenotype: "sustaining proliferative signaling, evading growth suppressors, resisting cell death, replicative immortality, sustained angiogenesis, and activating invasion and metastasis". More recently, the same authors proposed an updated version of the previous review where they added "two emerging hallmarks", including "reprogramming of energy metabolism and evading immune destruction 6 ". hese new concepts have been the subject of numerous studies these last years 7 , including those from our research group 8-11 .
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To the question of whether cancer is a genetic disease or a metabolic alteration, hypothesis enabled explaining how cancer cells' metabolic reprogramming confer them an advantage from normal cells 12-14 . Our studies among others contributed rehabiliting past studies from the german Nobel Prize winner, Otto Warburg, who introduced the idea of metabolic alteration in cancer cells 15 . In his seminal article, Warburg (1956) presented the concepts of "uncoupling of respiration" and "aerobic glycolysis" occurring in cancer cells, to explain that cancer cells rely on the cytoplasmic fermentation of glucose to lactic acid for energy (ATP) synthesis rather than the oxidative phosphorylation 16 . Otto Warburg explained this observation as a phenotypic expression of deleterious mitochondria.

his characteristic of cancerous cells, labeled as the Warburg efect, has been the subject of extensive investigations the past years 17 . he Warburg efect confers a metabolic advantage to the cancerous tissue compared to normal somatic cells. his has been described as a consequence of the hybridic aspect of cancer cells metabolism where anabolism and catabolism occur simultaneously 14 . Carbon substrates are catabolized and intermediate compounds used as primary source for building blocks synthesis (lipids, proteins and nucleic acids), essential for cell growth 18-20 . his hybrid metabolism explains why targeting one pathway with a chemoterapeutic agent is barely enough to stop tumor growth. Indeed, metabolic and epigenetic reprogramming of cancer cells confer a metabolic plasticity in their central carbon metabolism (CCM), which could explain their acquired resistance to current chemotherapies.

To this end, an interesting approach would be to target the CCM using metabolic drugs known to inhibit speciic enzymes. Among enzymes of the CCM, both pyruvate dehydrogenase (PDH) and ATP citrate lyase (ACL) play key role in metabolic reprogramming of cancer cells 18 . PDH enzymatic complex converts pyruvate to acetyl-CoA and fuels the tricarboxylic acid cycle in normal cells. In cancer cells, PDH has been shown to be inhibited whereas ACL is overexpressed. ATP citrate lyase converts cytoplasmic citrate to oxaloacetate and acetyl-CoA, a precursor for lipid synthesis. Other key enzymes playing pivotal role on cancer metabolism are lactate dehydrogenase (LDH) and enzymes involved on the electron transfer chain (ETC) reactions. Indeed, metabolic therapies targeting these enzymatic reactions involved in carbon resources fermentation could limit their uptake by the tumor in order to vanish the Warburg phenotype.

We used Alpha Lipoic Acid (ALA) and Hydroxycitrate (HCA), two old drugs from the pharmacopoeia targeting PDH and ACL, respectively. Interestingly, we managed to show that combination of ALA and HCA deeply inhibits cultures of three cancer cell lines (MBT-2 bladder carcinoma, B16-F10 melanoma and LL/2 lung carcinoma) 21 . hese results agree with that from Hatzivassiliou and colleagues who reported the inhibition of cancer cells growth when using speciic silencing RNA (SiRNA) to vanish ACL protein expression 22 . Similarly, a study from Bonnet and colleagues (2006) demonstrated the eicacy of a small molecule, Dichloroacetate, in restoring PDH activity in cancer cells 23 . Taken together, these experimental results show the potential of targeting enzymes involved in programming the Warburg efect. hese therapeutic approaches show a similar eicacy as for conventional therapies but without any side efects. Furthermore, we have also investigated the eicacy of our drug combination, namely METABLOC (ALA and HCA), used in synergy with standard chemotherapy drugs such as Cisplatin or Methotrexane 24 . We reported an enhanced delay in tumor growth when Cisplatin and Methotrexane are applied in combination with METABLOC. A standardized screening method allow identifying the best drug combinations to asses their efects on cancer cells metabolism and tumor growth 25 . A pre-clinical investigation thus consisted to further evaluate the efect of METABLOC combined to new drugs (Metformin and Diclofenac) on the growth of transplanted LL/2 Lewis lung carcinoma into mice. he choice of these two drugs is based on their reported positive efect at slowing tumor growth. Metformin is an old drug commonly used in type II diabeties [Diabetes Prevention Program Research Group]. Emerging studies are showing the positive efect of using Metformin in cancer therapy 26-28 . Since Metformin is used as an hypoglycemic drug in type II diabeties, it slows down insulin secretion and cell proliferation by decoupling mitochondrial respiration throughout the ETC. Interestingly, retrospective epidemiological studies have shown that diabetic patients with long-term Metformin treatment have a reduced risk of developing cancer 26,29 . Moreover, another pre-clinical study showed an anti-proliferative efect of Metformin on tumor xenograt in mice 30 . Diclofenac is also an old drug currently used as an anti-inlammatory agent. Recent studies mentioned the potential use of Diclofenac in cancer treatment 31-33 . For instance, [START_REF] Gottfried | New aspects of an old drug-diclofenac targets MYC and glucose metabolism in tumor cells[END_REF] showed that Diclofenac impairs the Warburg efect by targeting glucose transport into cancer cells and inhibiting lactate dehydrogenase (LDH) and monocarboxylate Transporter 1 (MCT1). his results in decreased glucose uptake and lactate secretion.

In this work, we injected xenograt of LL/2 Lewis lung carcinoma cells into the peritoneal cavity of mice and we tested the efect of diferent combinations of drugs on the tumor volume evolution. Results show a decrease in LL/2 tumor volume when METABLOC is administrated in combination with Diclofenac and Metformin. he METABLOC efect is enhanced when Metformin is used at high-dose. Results are compared to the case of administration of a classic chemotherapeutic agent (Cisplatin), as a positive control. We also set up a kinetic metabolic model of tumor growth in order to characterize the efect of metabolic therapies on tumor metabolism. he model was not only able to simulate tumor growth in accordance with experimental data, but also allowed to simulate inhibition of growth ater application of the metabolic therapy. his approach to kinetic modeling of tumor growth opens avenues to the identiication of new metabolic targets.

Results

High-dose Metformin and Diclofenac slightly induce tumor regression. We irst analyzed the efect of exposing groups of C57BL/6 mice (n = 10) bearing the LL/2 Lewis lung tumor xenograt to chronic low and high-dose of Metformin and Diclofenac. As control, we also designed groups for chronic injection of Phosphate Bufer Saline (PBS), Cisplatin (chemoterapeutic drug) and METABLOC (calcium hydroxycitrate + lipoic acid). Results are reported in Fig. 1. Mice group treated with PBS, as negative control, reaches a tumor volume of 4000 mm 3 , whereas the group treated with Cisplatin (positive control) have half of the tumor volume at day 59 (Fig. 1a,b). We also applied chronic dose of METABLOC, already used in our previous studies. his combination of calcium citrate (HCA) and lipoic acid (ALA) does reduce tumor growth, as reported in our previous works (Fig. 1c). High-dose of Metformin and Diclofenac slightly delay tumor growth from day 10 to day 59 ater cell inoculation (Fig. 1e,g). Low-dose metformin also delays tumor growth but not low-dose diclofenac (Fig. 1d,f). Metformin shows a dose-response efect on tumor volume (3500 mm 3 for low-dose and 3300 mm 3 for highdose). his is not the case of Diclofenac-treated group where the high-dose Diclofenac slightly reduces the tumor volume (mean value = 3300 mm 3 ) but the low-dose group is similar to PBS at day 59 (Fig. 1). Experiments were METABLOC and high-dose Metformin combination slows and inhibits tumor growth. METABLOC combination with high-dose Metformin and Diclofenac signiicantly delays LL/2 carcinoma progression in mice compared to PBS or METABLOC treatment (Fig. 2b,c). METABLOC with low-dose Metformin also have a positive efect whereas its combination with low-dose diclofenac has poor efect (Fig. 2d). Among these curves, only METABLOC and high-dose Metformin treated group shows a regression in tumor volume (Fig. 2b). he mean tumor volume is signiicantly decreased from day 45 to day 59 in the case of METABLOC + Metformin (high-dose) combination (p < 0.005). The tumor has a better response to our combination compared to Cisplatin treatment (p < 0.001). High-dose Metformin clearly enhances our previous METABLOC combination (Hydroxycitrate + Lipoic acid).

High-dose Diclofenac enhances Metformin efect in inhibiting tumor growth. We went further in our investigation and treated a group of mice (n = 10) with full combination of METABLOC + Metformin (low and high-dose) + Diclofenac. Addition of high-dose Diclofenac to METABLOC + high-dose Metformin improves the tumor response to treatment (Fig. 2e). Tumor volume starts regressing at day 45 in METABLOCS (METABLOC + Metformin (high-dose) + Diclofenac (high-dose)) treated group whereas that regression is observed at day 52 for METABLOC + Metformin (high-dose) (Fig. 2b). Combination with low-dose Metformin is less pronounced. METABLOCS significantly decreases tumor growth at day 59 compared to METABLOC + high-dose Metformin (p < 0.001) (Fig. 2b). Compared to Cisplatin-treatment, METABLOC has less efect but tumor cell sensitivity increases when the last is combined with metformin and then with Metformin + Diclofenac. Combinations of these old and low-cost drugs are two-times more eicient than the classic chemotherapeutic agent. Our new inding is that a combination of METABLOC (Hydroxycitrate + Lipoic acid) and high-dose Metformin strongly inhibits growth of tumor xenograft inoculated to a group of mice (n = 10).

In silico metabolic therapy simulates tumor growth inhibition. A kinetic metabolic model (see the metabolic network in Fig. 3 and the system of diferential equations in methods) has been set up from previous models describing the simulation of Chinese Hamster Ovary cells (CHO) growth on diferent media for the production of monoclonal antibodies 34 . Here, our model is irst used to simulate the growth of a tumor xenograt implanted to a group of mice. hen, the model was used to simulate the impact of in silico metabolic therapy -METABLOC -Metformin -Diclofenac on tumor growth. his model is not only useful for simulating The model simulates adequately tumor xenograft growth in mice for the most efficient treatment strategy (Fig. 4a). he predicted tumor volume is within the standard deviations of experimental tumor volume. he model predicts a tumor volume evolution from 154 mm 3 to 3900 mm 3 , in line with the experimental data (154 ± 16 to 4076 ± 297 mm 3 ). It is important to note that model predictions are only based on total tumor cell volume and blood network of capillaries. Results thus conirming model ability to describe tumor growth. For the model integrating metabolic therapy, the therapeutic molecules are supplied within the blood inlet lux (F) feeding the capillaries blood volume (i.e. tumor cells microenvironment). hese molecules are known to speciically target speciic enzymatic pathways; with the known efects on cell metabolism that are explicitly described in the model. Model simulations describe the inhibition of tumor growth by metabolic therapy (METABLOC + Metf ormin + Diclofenac) Fig. 4b. Both experimental and predicted data of tumor evolution show a reduced growth phase from t0 (10 days ater tumor inoculation) and reach a plateau at day 35. Model simulations show a growth plateau at around 873 mm 3 as for the experimental data (873 ± 70 mm 3 ). However, the model does not simulate the decrease in tumor volume. his is probably due to the occurence of apoptosis in the tumor, a phenomenon that is not described in the model.

The metabolic model predicts reversed Warburg efect upon metabolic therapy. In a recent work 35 , we reported concentrations of key metabolites involved in energy management throughout the central carbon metabolism. Concentrations of adenosine triphosphate (ATP), nicotinamide adenine dinucleotide (NAD), and nicotinamide adenine dinucleotide phosphate (NADP) have been measured in normal and cancer cells, extracted from fresh human colon tissues. Our results showed high NAD + -to-NADH and NADP + -to-NADPH redox ratios in cancer cell populations compared to normal proliferating cells. Interestingly enough, our model also predicts the high throughput aerobic glycolysis, commonly known as the Warburg efect, observed in cancer cells (Fig. 5(a,c)). Consumption of glucose by the tumor cells is linear, until reaching limitation level at the end of the 25th day and totally consumed 59 days ater incubation. his accelerated glycolysis results in a massive www.nature.com/scientificreports www.nature.com/scientificreports/ results in decreased lactate secretion and accumulation (Fig. 5(b,d)). NAD + -to-NADH redox ratio is low and decreases with metabolic therapies. hese observations are both signatures of a reduced glycolytic lux or the reverse Warburg efect.

Conclusion

Metabolic therapies have been used to study tumor xenograph growth in mice. We experimentally showed that the combination of METABLOC, high-dose Metformin and Diclofenac inhibits the tumor growth. We proposed a dynamic metabolic model of the tumor which simulates the efects of the metabolic therapies on tumor evolution and tumor cell metabolism. his model also predicts tumor regression, a lower glycolytic lux and lactic acid secretion upon metabolic treatments. Intracellular NAD + /NADH redox ratio is low and decreases, as a consequence of reduced glycolytic lux. Indeed, the oxidative phosphorylation may be rewired from the fermentation pathway, favoring mitochondrial respiration and inversed Warburg efect. Our model supports our experimental results and it can also be use to test new combination of metabolic treatments. hese results pave the way for new strategies in metabolic therapy and in silico metabolic drug design.

Methods

Cell culture. he LLC/1 cell-line ATCC ® CRL-1642 (LGC Standards, Molsheim-France) cultivated in the medium DMEM Glutamax I (Invitrogen-Gibco) with 10% of FBS (Eurobio) and 1/10000 IU of Penicillin/ Streptomycin (Sigma Aldrich P4333) were injected into the peritoneal cavity of mice at 5 million cells per mouse in a 150 shot and within 12 days of incubation, when tumors reached 130 mm 3 , mice were randomized and the treatments were started.

Metabolic treatment. Lipoic acid (Sigma Aldrich T1395), calcium hydroxycitrate(IWDO) and cisplatin (Sigma Aldrich 479306) were dissolved in PBS and injected intraperitoneally (i.p.) two times per day (2X/D) for lipoic acid and calcium hydroxycitrate, 1X/2D for cisplatin at 10 mg/kg, 250 mg/kg and 1 mg/kg, respectively. Drops of ethanol were added to completely dissolve lipoic acid in PBS solution. Diclofenac sodium (Sigma-Aldrich 93484) at 3 mg/kg and 30 mg/kg adjusted in 25 µL/mL (LOW) and 250 µL/mL (HIGH) of drinking water were administered orally (Per Os). A mouse drinks about 3 mL water per day. Metformin (Sigma-Aldrich 1396309) at 2.5 mg/kg, 12.5 mg/kg and 25 mg/kg adjusted in 20 µ/mL (LOW), 100 µL/mL (MEDIUM) and 200 µL/mL (HIGH) of drinking water were also administered orally.

Animal handling. Mice were divided in a weight-normalized manner into the groups of 10 animals per group. Forty eight groups of 6-8 weeks old inbred male C57BL/6 mice (mean weight: 21.15 ± 1.11 g) were obtained from Pasteur Institute, Iran. hey were housed ive to a cage with access to autoclaved mouse chow and water ad libitum. hey were kept in a room under controlled temperature (22 °C), humidity (55%) and light (lights on 7 h00 am-7 h00 pm). All animals received human care in compliance with the Guide for the The metabolic network. he metabolic network presented here and displayed in Fig. 3 has been modi- ied from previous models of Chinese Hamster Ovary cells (CHO) and mouse myeloid derived suppressor cells (MD-SCs) 34,36-39 . It includes 35 enzymatic reactions describing the fate of 52 metabolites. We distinguished two compartments: external (i.e. blood microenvironment of tumor cells) and intracellular cell metabolites, with the cell as a unique compartment. he network integrates pathways of the central carbon metabolism (CCM) such as glycolysis, the pentose phosphate pathway, the tricarboxylic acid cycle, lipogenesis, the oxidative phosphorylation and pathways of amino acid metabolism. In this CCM, glucose and amino acids are the main sources of carbon and nitrogen for cell proliferation and biomass synthesis. For further details see 34 .

Minimal cut sets of the metabolic networks. he concept of minimal cut set has been introduced to determine the minimal set of reactions whose deletion completely blocks a target 40 . In our metabolic network, there are 1058 minimal cut sets which prevent the tumor growth (X). hey have been calculated with CellNetAnalyzer 41,42 and we have selected the shortest. Twenty of them have their size lower than two and only 6 are of size one: VHK, VG6PDH, VCS, VACL, VPALM, Vgrowth. As our therapy is not a genetic modiication, the inhibition of one of them will not totally prevent the tumor growth. his structural analysis shows that the diclofenac which inhibits the hexokinase (VHK), and the hydroxycitrate which inhibits the ATP citrate lyase (VACL), should have a negative impact on the tumor growth.

Dynamic modeling of tumor volume. he tumor volume includes cancer cells and the network of capillaries (Fig. 6). he model was established on the basis of mass balances on metabolites and tumor cells concentration. he tumor cells are continuously perfused from a network of capillary of total volume V b , which is considered as a perfectly mixed stirred-tank reactor (CSTR). he blood composition within the tumor volume was thus considered homogeneous. In a perfusion system the cells are retained within the vessel.

he tumor is continuously fed from the network of capillaries, with a global blood low rate (F) of composition C 0 at tumor inlet. For simpliication purposes, the variation of the blood low with tumor growth was neglected. Here, C and C 0 are the vectors of tumor blood concentrations and blood concentrations in metabolites at tumor inlet, respectively (in mM), and m is the vector of concentrations of tumor cells intracellular metabolites (in mM). S c and S m are the stoichiometric matrices of the reactions involving the extracellular and intracellular metabolites, respectively. he r term is the speciic rates vector (in mM/h in cells and mmol/10 6 cells/h in capillaries) of each reaction in the metabolic network, whilst µ and µ blood are the cells and capillaries speciic growth or volume

Introduction

While aging is the greatest risk factor for dementia, several pieces of evidence suggest that exposure to traumatic brain injury (TBI) increases the likelihood of developing neurodegenerative diseases later in life, including Alzheimer's disease and Parkinson's disease [1,2]. A common denominator among these neurodegenerative disorders is the abnormal accumulation of misfolding proteins, such as 42 amino acid-long form of the amyloid b peptide (Ab 1-42 )andtauprotein, hallmark proteinopathies of Alzheimer's disease [3],and a-synuclein, a key neurodegenerative biomarker in Parkinson's disease. First described nearly a century ago in boxers as "punch drunk" or "dementia pugilistica" [4],chronictraumatic encephalopathy is a progressive neurodegeneration characterized by a widespread brain deposition of Ab,t a u , and a-synuclein [5][6][7]. The frequent association found between chronic traumatic encephalopathy and other neurodegenerative disorders suggests that repetitive mild TBI (rmTBI), the most common form of head injury in humans, can promote the accumulation of multiple proteins and trigger the development of TBI-induced neurodegenerative disease [8].

As it remains unclear how abnormal protein accumulation after TBI relates to the reported increased risk of Alzheimer's disease and Parkinson's disease, we speculate on the potential relevance of mechanical stress triggering neurodegeneration as a direct consequence of cascades initiated at the time of impact, reflected by initial changes in Ab, tau, and a-synuclein concentrations in brain tissues [9]. Preclinical rmTBI studies using transgenic mice models of amyloidosis or tauopathy produce elevated brain Ab 1-42 or tau levels, respectively, with increased protein deposition [10,11]. To further elucidate how mechanical stress triggers neurodegeneration, we propose an rmTBI-induced mechanical stress model that can significantly increase brain levels of multiple proteins associated with the development of neurodegenerative diseases. To this end, we expose wildtype BALB/c mice to multiple paradigms of rmTBI using a weight-drop mechanism [12] and long-term exposure to mechanical stress. Post-injury brain levels of Ab 1-42 , tau, and a-synuclein were measured by sandwich enzymelinked immunosorbent assay (ELISA).

Methods

Animal care and maintenance

The subjects of these experiments were 5 to 6-week-old male BALB/c mice, weighing 19-24 g (n 5 156; Nosco Pharmaceuticals, Paris, France). Animal handling and experimentation were performed in accordance with the European Community's guidelines regarding the care and use of laboratory animals. Mice were housed in a vivarium (10 per cage) under a 12 h light/12 h dark cycle and given access to pellet food and water ad libitum. Mice were allowed to adapt to the vivarium for at least 1 week before the experimental procedures. They were randomized into injured and sham mice groups (six mice per group). After the injury, animals were rapidly returned to their home cages for recovery.

Mechanical stress model of rmTBI

To assess the impact of mechanical stress on changes in brain levels of Ab, tau, and a-synuclein, a mice model of human rmTBI was used as previously described [13,14]. Animal models of rmTBI approximate the conditions associated with repeated concussion encountered in contact sports [14]. Major modifications were implemented to test multiple injury paradigms in mice [12] without causing skull fracture, intracranial bleeding, or seizures [14] after long-term exposure to injury. The essential components and overall arrangement of the rmTBI apparatus consist of a simple weight-drop device illustrated in Fig. 1. Animals were placed into 50-mL conical polypropylene tubes, 30 mm in diameter and 115 mm in length, and featuring an opening of w1 ! 1 cm, large enough to allow for ventilation and exposure of the cranial scalp. The head was positioned at the cone end [15], subtending a narrow angle of 60 that restrained head mobility. At the caudal end of the tube, a flat-top screw cap restrained the mouse from moving, and a hole kept the tail out of the tube. The head and body were thus carefully stabilized, obviating the need for anesthesia [16]. The tube was held by a frame and placed at an angle, so that the midline of the scalp was perpendicular to a vertical hollow guide tube 17 mm in caliber placed right above it. The falling weights consisted of stainless steel marbles weighing 13.5 or 20 g that were dropped vertically through the hollow guide tube, 20 or Fig. 1. Schematic illustration of the weight-drop device showing the essential components of the apparatus that comprised a vertical guide tube for the dropped weight situated above the mouse stage. Mice were restrained in a 50-mL conical polypropylene tube of 30 mm in diameter and 115 mm in length equipped with an w1 ! 1 cm opening large enough to expose the cranial scalp. The falcon tube was held by a frame and oriented at an angle, so that the scalp midline was perpendicularly oriented under a vertical hollow guide tube. Stainless steel marbles of 13.5 or 20 g drop vertically through the path of the hollow guide tube of 20 or 40 cm in height delivering the impact to the dorsal aspect of the skull. 40 cm in height, delivering the impact to the dorsal aspect of the skull.

Injury regimens and schedules

Animals were randomized into 24 groups of injured mice and two sham groups (n 5 156; six mice per group), enabling us to explore different rmTBI regimens in a comparative fashion (Fig. 2). Mice randomized to injury underwent one of the 24 injury regimens that generate a range of combinations of impact intensity (dropping of 13.5 or 20-g weights, from 20 and 40-cm heights), frequency (once, twice, or 4!/day), and duration of exposure (10 or 20 weeks). Mice were tested during a regular animal house visit performed at 8 am, 12 am, 4 pm, and 7:30 pm for 4!/day schedules, at 8 am and 4 am for 2!/day schedules, and at 12 am for 1!/day schedule.

Impact intensity was quantified by the amount of kinetic energy that the falling weight possesses due to its motion at the time of impact. Assuming that air resistance is negligible, energy input was calculated using classical mechanics formulae, E 5 (m$g$h), where E is the mechanical energy expressed in Joules (J), m is the mass (13.5 or 20 g), g is the acceleration due to gravity (9.8 m/s 2 ), and h is the drop height (20 or 40 cm). The weights and drop heights were estimated below the threshold intensity of previous models that involved zero mortality (40 g) and minimal observable neurological and behavioral effects in subsequent repeated injury regimens [12][13][14]. The calculated low-energy impacts generated were of 0.03 J (13.5 g 2 20 cm), 0.04 J (20 g 2 20 cm), 0.05 J (13 g 2 40 cm), and 0.08 J (20 g 2 40 cm).

Mice showed no post-traumatic neurological abnormalities, such as stereotyped muscle spasticity or irregular limb movements, following head impacts. Respiratory distress, including postimpact gasping/heaving, was also not observed. However, after final injury, signs of lethargy, tendency of social isolation, or increased aggression could be recognized in approximately 15% of mice that sustained impacts of 0.08 J. Assessment of the systematic neurological and behavioral outcome was outside the scope of the present study, taking into account the subconcussive nature of head impacts in this model. The animals were euthanized at day 10 after final injury, and brain tissues were processed as reported in the next section. Control animals had the same age as experimental animals at the time of sacrifice and underwent the same procedures except the weight drop.

2.4. ELISA quantitation of brain Ab 1-42 peptides, total tau, and a-synuclein proteins Forebrains were rapidly frozen after dissection and stored at 220 C. They were solubilized with T-PER (Pierce) in the presence of protease inhibitor (Roche) and phosphatase inhibitor mixtures (Sigma-Aldrich). The homogenates were centrifuged at 10,000 rpm for 200 min at 4 C. The supernatants were collected and stored at 280 C. The pellets were resuspended in 70% formic acid and centrifuged as in the previous step. The supernatants were collected and stored at 280 C. Formic acid fractions were measured for insoluble fragments. Soluble and insoluble levels of Ab 1-42 and total tau (phosphorylated and nonphosphorylated forms) as well as soluble levels of a-synuclein were quantitatively assessed in the whole brain by a sandwich ELISA (Invitrogen; Camarillo, CA, USA and Millipore; Billerica, MA, USA) as per the manufacturer's directions. Data were expressed in picograms and per milliliter of homogenate. For a-synuclein, loading samples were diluted twice to obtain a final concentration over the entire range of the assay. ELISA analysis was performed on samples of tissue homogenates from two mouse brains, generating three samples per group (as n 5 6 mice/group) and a total of 78 samples for the 26 rmTBI groups. versus sham were evaluated by Mann-Whitney-Wilcoxon test. Furthermore, a two-way weighted analysis of variance, assuming that the homogeneity of variances was violated, followed by Tukey's post-hoc comparison tests were performed to assess the effect of exposure to rmTBI versus sham, the effect of duration of exposure in experimental 10-and 20-week groups, and their interaction. Given the high variability in outcome data between injured groups (n 5 72) compared with sham (n 5 6), a logarithmic transformation was employed to conduct the analysis on protein levels. Hence, a three-way analysis of variance was performed among experimental rmTBI groups to test main and interaction effects for impact en-ergy, frequency, and duration of exposure. Effect sizes were calculated using the omega squared estimate. All tests were corrected for multiplicity using Bonferroni method. Statistical analysis was performed using R 3.3.2 software.

Statistical analyses

Results

Ab 1-42 , total tau, and a-synuclein levels as a function of rmTBI parameters

Mice were exposed to repeated subconcussive head impacts using a 13.5 or 20-g weight dropped from 20 to There was a highly significant main effect of energy impact (Ab 1-42 , F 3,62 5 41.4; tau, F 3,62 5 29.8; and a-synuclein, F 3,62 5 37.2; P , .001) and duration of exposure ( Ab 1-42 , F 1,62 5 296; tau, F 1,62 5 300; anda-synuclein; F 1,62 5 740; 40 cm to impart different forces of impact ranging from 0.03 to 0.08 J. Table 1 summarizes the results regarding brain concentrations of Ab 1-42 , total tau, and a-synuclein assessed quantitatively by ELISA in all groups 10 days after final injury as a function of rmTBI parameters. The Kruskal-Wallis test revealed significant intergroup differences among sham, 0.03, 0.04, 0.05, and 0.08 J impact groups (Ab 1-42 , P , .001; tau, P 5 .004; a-synuclein, P , .001); sham, 1!,2 !, and 4!/day groups (Ab 1-42 , P 5 .001; tau, P 5 .004; a-synuclein, P , .001); and sham, 10-and 20week groups (Ab 1-42 , tau, and a-synuclein, P , .001). Supplementary Table S1 shows median, minimum, and maximum values for protein levels and fold changes relative to sham, for the purpose of comparison, as a function of the 24 rmTBI paradigms. Among all experimental groups, injured mice receiving 20 g -40 cm impacts 4!/day for 20 weeks (560 impacts) had the highest levels of Ab 1-42 (92.2 pg/mL), tau (3738.3 pg/mL), and a-synuclein (258.7 pg/mL) compared with sham, representing a fold increase of w5.0, 3.4, and 30.2, respectively.

Prolonged rmTBI increases brain levels of Ab 1-42 , total tau, and a-synuclein

The effect of exposure to rmTBI versus sham, the effect of duration of exposure between 10-and 20-week experimental groups, and their interaction were highly significant for all protein levels (P ,.001). The effect of rmTBI exposure on protein levels for 10-and 20-week rmTBI groups compared to controls are shown in Fig. 3A-3C. In sham mice, there was no significant time-dependent difference in brain levels of Ab 1-42 (P 5 .464), total tau (P 5 .841), or a-synuclein (P 5 .572) between the 10-week group and the 20-week group. After 10 weeks of sustaining rmTBI, injured mice (n 5 36) had increased Ab 1-42 ,t a u ,a n da-synuclein levels (P , .001) compared to sham mice (n 5 3). The effects of rmTBI on the 20-week group (n 5 36) was also significant compared to sham (P , .001). Moreover, the 20-week group had significantly higher levels of Ab 1-42 ,t a u ,a n da-synuclein compared to the 10-week group (P , .001). The minimum amount of impact energy required to achieve significant differences between rmTBI and sham groups was 0.03 J for Ab 1-42 (P 5 .001), tau (P 5 .003), and a-synuclein (P .001).

Cumulative and dose-dependent effect of rmTBI on brain levels of Ab 1-42 , total tau, and a-synuclein

The main and interaction effects of rmTBI parameters are represented in Fig. 4A-4C and Fig. 5A-5C. The results of the final three-way analysis of variance showed a highly significant main effect of impact energy (Ab 1-42 , F 3,62 5 41.4; tau, F 3,62 5 29.8; a-synuclein, F 3,62 5 37.2; P , .001), frequency (Ab 1-42 , F 2,62 5 13.8; tau, F 2,62 5 18.9; a-synuclein; F 2,62 5 26.3;P ,), and duration of exposure (Ab 1-42 , F 1,62 5 296.6; tau, F 1,62 5 299.6; a-synuclein; F 1,62 5 739.9; P , .001). Energy ! exposure interaction was significant for Ab 1-42 (F 3,62 5 7.2, P ,.001 [Fig. 4A]) and tau (F 3,62 5 21.3,P ,.001 [Fig. 4B]), but not for a-synuclein (F 3,62 5 0.7, P 5 1.0 [Fig. 4C]). No significant interaction effects were found regarding energy ! frequency (Ab 1-42 , P 5 .105; tau, P 5 .275; a-synuclein, P 5 .801) or for frequency ! exposure (Ab 1-42 , P 5 1.0; tau, P 5 .178; a-synuclein, P 5 1.0). For all proteins, the duration of exposure had the major effect size (Ab 1-42 , u 2 5 0.55; tau, u 2 5 0.54; asynuclein, u 2 5 0.76). These results suggest the possibility of a dose-dependent and cumulative influence of prolonged rmTBI on brain levels of Ab 1-42 , total tau, and a-synuclein.

Discussion

Implications of the results

In the present study, we investigated the effect of mechanical stress induced by rmTBI on the key molecular biomarkers of neurodegenerative disorders. We hypothesized that mechanical stress triggers and/or accelerates neurodegeneration as a direct consequence of biochemical cascades initiated at the time of impact, reflected by initial changes in tau and a-synuclein concentrations in brain tissues. To test this hypothesis, we chose a mechanical stress model [17] that allowed us to create multiple regimens of repeated subconcussive brain injury [12][13][14] in nontransgenic animals. Thus, the duration of exposure to injury used in our study was considerably greater than that typically used in other rmTBI studies [18].T h e increasing effect of impact energy and frequency of injuries (Figs. 4 and5) suggests a dose-dependent influence of rmTBI on Ab 1-42 ,t a u ,a n da-synuclein levels [19][20][21][22][23][24]. The highly significant effect of duration of exposure to rmTBI (Fig. 3) in addition to the energy ! exposure interaction for Ab 1-42 and t-tau (Fig. 4) also suggest a cumulative effect of mechanical stress on biomarker levels.

Comparison with results from prior TBI studies

Mechanical stress, induced by TBI, accelerates the production of Ab 1-42 in transgenic mice that express mutant human amyloid precursor protein (APP) [10,[25][26][27]. In one study, APP mutation has shown to induce a fourfold increase in soluble brain Ab 1-42 levels in aging transgenic APP mice [10]. Our mechanical stress model induced a fivefold increase in Ab 1-42 , in the absence of amyloid-type mutation. Shorter weight-drop regimens of 5 to 8 days of exposure to rmTBI in nonmutated mice have not demonstrated a significant increase in brain Ab levels, measured by ELISA [18,28]. Controlled cortical impact injury, in turn, can induce a two to threefold increase in Ab 1-42 in APP transgenic mice [29,30] and a 50% increase in Ab 1-42 in wild-type mice.

The microtubule-associated protein tau has six isoforms in humans, and it is a normal constituent of axons. After TBI, tau dissociates from the microtubules and is dispersed by interneuronal transfer and via glial to glial spread [31,32]. Several studies have used transgenic mice in the assessment of tau pathology after TBI. Most of these models used the controlled cortical impact mechanism to demonstrate increased total tau, cleaved-tau, and/or phosphorylated-tau immunoreactivity within the first postinjury weeks [9]. Controlled cortical impact also induces severity-dependent increased cleaved-tau levels in the cortex and hippocampus of injured rats, 1.5-to eightfold higher compared with shams [33]. Unlike our results, one study using wild-type mice subjected to rmTBI (4!/day, 1 day/week for 4 weeks) did not reproduce postinjury tau changes [11].

Brain concentrations of a-synuclein largely reflect cell death occurring after TBI as a result of the primary injury and widespread postinjury neurodegeneration [34].I na study using 24-month-old mice that underwent cortical impact injury, a-synuclein immunoreactivity increased in the neutrophil of the cortex, stratum, and hippocampus [35]. With an in vitro scratch injury model and in vivo mouse weight-drop model, Surgucheva et al. [36] showed that TBI causes alterations in the expression and localization of synucleins near the impact-damaged area. Before the injury, a-synuclein is diffused in the cytoplasm of neurons. After the injury, it forms punctate structures in the cytoplasm that keep increasing for up to 24 h. It is known that the extent of a-synuclein fibrillation, which precedes aggregation, depends on the initial protein concentration [37]. A key point highlighted in our study is the disproportionate changes in a-synuclein levels (30.2-fold increase) relative to the changes in brain concentrations of Ab 1-42 and tau (5-and 3.4-fold increase respectively) compared to sham mice. It suggests that the effect of mechanical stress on a-synuclein levels is considerably more significant than on Ab 1-42 and tau levels.

Possible biological interpretations

Amyloidosis, tauopathy, and synucleinopathy may be influenced by independent and/or common risk factors. Biochemical processes that initiate these proteinopathies may occur in parallel, and their onset and rate could be under the influence of environmental risk factors [38], such as mechanical stressors [39]. Neuronal structures are highly vulnerable to mechanical insults, even to physiological cellular energy loads [40]. Concerning amyloidosis, not only does Ab accumulate after TBI but so do the necessary APP enzymes responsible for Ab production: BACE1 protein (b-secretase) and the g-secretase complex protein presenilin-1 [41][42][START_REF] Chen | Long-term accumulation of amyloid-beta, beta-secretase, presenilin-1, and caspase-3 in damaged axons following brain trauma[END_REF]. We hypothesize that transmembrane enzymes BACE and presenilin-1 are mechanosensitive enzymes, as TBI causes changes in cell membrane integrity [START_REF] Arun | Distinct patterns of expression of traumatic brain injury biomarkers after blast exposure: role of compromised cell membrane integrity[END_REF], and membrane deformation strongly relates to Ab concentrations [START_REF] Pannuzzo | Analytical model and multiscale simulations of Ab peptide aggregation in lipid membranes: towards a unifying description of conformational transitions, oligomerization and membrane damage[END_REF]. Structurally, an injured axon can undergo progressive ultrastructural changes after mechanical stress, including microtubule fragmentation, leading to degradation of the cytoskeleton. Thus, it is possible that tau fragmentation [START_REF] Higuchi | Tau and axonopathy in neurodegenerative disorders[END_REF] in acute brain injury will somehow increase protein concentration in brain tissues. It raises the possibility that mechanical stress might trigger molecular pathways that result in the overproduction of proteins prone to pathological accumulation in neurodegenerative disease including tau, Ab 1-42 , and a-synuclein.

Confounding factors

Some limitations to our study should be considered. First, while Ab 1-42 , tau, and a-synuclein exist in a number of different forms, including oligomeric (Ab and a-synuclein) and phosphorylated forms (tau and a-synuclein), the assay used in this study was primarily designed for the detection of the total concentration of the protein. A high brain level of Ab 1-42 is a necessary condition for aggregation and accumulation, but it is not sufficient [START_REF] Mucke | High-level neuronal expression of a 1-42 in wild-type human amyloid protein precursor transgenic mice: synaptotoxicity without plaque formation[END_REF]. So, we could not evaluate the threshold level of Ab 1-42 , as well as the tau and a-synuclein concentrations necessary to cause lesions, as biochemical changes may not persist at chronic time points after injury [START_REF] Turner | Modeling chronic traumatic encephalopathy: the way forward for future discovery[END_REF]. It was outside the scope of this study to specifically identify Ab, tau, or a-synuclein pathology by immunohistochemistry methods that guarantee eliability and consistency inr terms of results in protein accumulation.

Human postmortem studies on rmTBI can show combinations of proteinopathies, indicating that the neuropathology of TBI is best described as a polypathology [8]. Modulation of Ab secretion by a-synuclein exemplifies the cooperation between amyloid and Lewy pathology [49]. The synergy between the Ab and tau pathophysiology has been largely documented in the "amyloid cascade hypothesis," which states that the accumulation of Ab peptide is the cause of a cascade of reactions that lead to tau pathology [START_REF] Hardy | Amyloid deposition as the central event in the aetiology of Alzheimer's disease[END_REF]. Thus, the ability of a-synuclein, Ab,o rt a ut o directly or indirectly affect each other through interaction processes might contribute to the overlap of increasing levels of these biomarkers in our study. Finally, the ELISA methods employed in different studies, in terms of the antibodies and the detection method used, and the different protocols for sample collection and processing could account for discrepancies in concentration measurements in brain homogenates [START_REF] Emmanouilidou | Assessment of a-synuclein secretion in mouse and human brain parenchyma[END_REF].

Conclusion

The main finding to emerge from this rmTBI study in nontransgenic mice is a dose-dependent and cumulative influence of prolonged rmTBI exposure on brain levels of Ab 1-42 , total tau, and a-synuclein. These observations raise the possibility that rmTBI-induced mechanical stress could trigger and/or accelerate neurodegeneration as a direct or indirect consequence of biochemical cascades initiated at the time of impact, reflected by initial changes in Ab 1-42 , tau, and a-synuclein concentrations in brain tissues. Human postmortem studies of chronic traumatic encephalopathy confirmed coaccumulation of these three proteins in brain tissues [7]. Otherwise, epidemiological, neuropathological, and microstructural studies largely support the notion of mechanical stress-induced neurodegeneration, and further investigations should provide more mechanistic insights into this hypothesis. The central carbon metabolism (CCM) is a metabolic blueprint shared by almost all living organisms. It consists of a complex series of enzymatic reactions that convert carbon sources (carbohydrates, proteins, lipids) into biomass and energy [1]. The core of the CCM is composed of glycolysis, the pentose phosphate pathway (PPP), the tricarboxylic acid cycle (TCA), and the fatty-acid pathway (Figure 1). The shift either from oxidative catabolism (energy production) to reductive anabolism (biomass synthesis), or from anabolism to catabolism, appears to be controlled by bio-oscillators, playing the role of co-enzymes [2]. These bio-oscillators include reductive and oxidative (redox) couples, such as nicotinamide adenine dinucleotide (NAD + /NADH) and nicotinamide adenine dinucleotide phosphate (NADP + /NADPH), the universal energy carrier, adenosine triphosphate (ATP), the transmembrane potential (TMP), and, finallyeast, the intracellular pH (pHi). The dynamics of these internal biological rhythms are shown to oscillate when eukaryotic cells enter proliferation [2][3][4]. These orchestrated oscillations ensure genome duplication and cell membrane synthesis prior to cell division [5,6]. The CCM combines enzymatic reactions that convert carbon sources into biomass precursors. This figure shows the five main pathways forming the CCM: glycolysis, the pentose phosphate pathway, the tricarboxylic acid cycle (TCA), lipogenesis, and beta-oxidation. Two opposite metabolic demands are at the core of the CCM: anabolic reactions, which consist in biomass synthesis, and catabolic reactions, leading to the breakdown of macromolecules for energetic use. These two aspects of cell metabolism are managed by biochemical oscillators, including redox couples, such as nicotinamide adenine dinucleotide (NAD + /NADH) and nicotinamide adenine dinucleotide phosphate (NADP + /NADPH), and the universal energy carrier, adenine triphosphate (ATP/ADP). Transitions in CCM are reported to depend on these bio-oscillators. The NAD + /NADH ratio measures the glycolytic flux (glycolysis, PPP, and oxidative phosphorylation (OXPHOS). A high NADP + /NADPH ratio rewires glucose oxidation to the pentose phosphate pathway, whereas a low NADP + /NADPH ratio triggers lipogenesis. The ATP/(ADP + Pi) ratio senses the metabolic state of the cell and may lead to metabolic switches in the CCM.

The eukaryotic cell cycle has been shown to be a redox cycle [7][8][9][10]. When resting cells are committed to division, it enters the first growth phase (G1). Then follows genome duplication in the S phase and the second growth phase (G2), prior to mitosis (M). As opposed to proliferating cells, differentiated cells have a basal oxidative metabolism. Pyruvate converted from glucose or acetyl-CoA obtained from beta-oxidation of fatty acids are degraded by the TCA cycle (Figure 1) [11]. The oxidative phosphorylation of acetyl-CoA into mitochondria yields large amounts of ATP and releases carbon dioxide and water as waste products [2]. Thus, contrary to differentiated cells, rapidly proliferating cells, such as stem cells or cancer cells, use the aerobic glycolysis for ATP synthesis, even in the presence of oxygen. This is known as the "Warburg effect", in reference to the Nobel laureate Otto Heinrich Warburg who first reported the high glycolytic flux in proliferating tumors [12][13][14]. In G1 of the cell cycle, the shift from pyruvate to lactate may be conditioned by the NAD + /NADH ratio and is thought to support the high glycolytic demand in cancer cells [5,12]. Thus, the Warburg effect may also be characterized by a high NAD + /NADH ratio. In the S phase, the CCM may shift to the PPP, the main route to nucleotide synthesis [4,5]. High metabolic flux through the PPP supplies enough NADPH to protect proliferating cells against oxidative stresses and triggers lipid synthesis in G2 [15][16][17]. Moreover, mitochondria activity is key to cell decision-making and cell cycle progression [18]. These organelles were first considered as a mere "powerhouse" of the eukaryotic cell, before the pioneering studies that deciphered their key role in such processes as cell development, cell survival, cell division, and cell death [18]. Regarding cell division, investigations support and highlight the idea of intertwined relationships between morphological changes in mitochondria and their signaling activity [18][19][20]. Subsequently, it has been demonstrated that energetic transitions occurring in the cell cycle are intrinsically related to mitochondrial ability to sense state parameters, such as pHi and the ATP/ADP ratio [21][22][23].

These measurements of pHi, ATP/ADP, and redox species are reported in several species, in different environmental conditions, but lack consistencies (pHi variations are contradictory [3,4,22]) and comprehensive overview of bio-oscillators variation (in yeast or human cancer cells [4,11,22]). Therefore, there is a need for a comprehensive analysis of changes in pHi, ATP/ADP, NAD + /NADH, and NADP + /NADPH during the proliferating cell cycle for healthy and cancerous human cells. Such analysis is a first step towards a holistic understanding of the coupling between electrochemistry and metabolism, and could ultimately lead to a better understanding of the principles operating current metabolic therapies and to identify new ones [24]. In this work, we studied the redox and energetic variations in freshly isolated normal and cancer cells extracted from human patients and controls (n = 8).

Results

Human normal and cancer cells have been extracted from their respective tissues and isolated in five populations by the method of elutriation. This segregation, based on cell density, resulted in suspensions of cells in G0, G1, G1/S transition, S and G2/M transition phase of the cell cycle. By applying fluorometric measurements in each cell suspension, both in the normal and cancerous population, we managed to quantify the amount of ATP, NAD + , NADH, NADP + , NADPH, as well as the intracellular pH (pHi). Figures 2 and3 show experimental results obtained from eight patients (n = 8) for both the normal and the cancerous region of the colon. 14); (C) the NADP + /NADPH ratio slightly increases from G0 (0.13 ± 0.05) to G1 (0.32 ± 0.04) in the normal cell population and stays stable. For the cancer cell population, a major peak is observed in S (5.68 ± 2.68); and (D) the intracellular pH (pHi) of cancer cells is alkaline and globally more acidic for normal cells. It oscillates from G0 (pH = 6.87 ± 0.10) to G1/S (pH = 7.29 ± 0.13), and then shows a marked decrease in S (pH = 6.78 ± 0.10). The cancerous cell population loses the pHi drop in the S phase and is much more alkaline (pH = 7.50 ± 0.12).

ATP Concentration Is Reduced in Colon Cancer Cells

The average ATP concentration (averaging over the various cell cycle phases) is about twice lower in colon cancer cells than in normal cells (Figure 2). This low energetic state characterizing cancer cells is already known from the literature where Otto Warburg first reported that rapidly-proliferating cells preferentially use the aerobic glycolysis/fermentation for ATP synthesis instead of oxidative phosphorylation [12][13][14]. Nevertheless, much less is known about the ATP concentration at the scale of one cell cycle. Thus, we report an oscillatory ATP concentration through all phases of a normal cell cycle (Figure 3A). Its concentration is found to be higher in G0 (9.25 ± 0.40 pmoles/µg of protein). Then, follows a decrease in G1 (6.63 ± 0.30 pmoles/µg of protein), and reaches a value of 5.85 ± 0.57 pmoles/µg of protein in G1/S. The ATP concentration increases from the G1/S transition to the S (8.29 ± 0.62 pmoles/µg of protein) phase, prior to a drop at the G2/M transition (4.18 ± 0.29 pmoles/µg of protein). In the colon cancer cell population the oscillatory phenotype of ATP concentration observed in their normal counterpart is lost. It slightly increases from G0 (3.49 ± 0.25 pmoles/µg of protein) to G1/S (4.6 ± 0.19 pmoles/µg of protein) and decreases through the S phase, until reaching a lower value in G2/M (3.25 ± 0.11 pmoles/µg of protein). These results, reported at the scale of one cell cycle, may suggest a global shift in ATP turnover in the cancer cell population compared to normal cells. Using the same method we also investigated the reductive and the oxidative (redox) status of the colonic normal and cancer cells.

Colon Cancer Cells Have a Reductive Energetic Status

The nicotinamide adenine dinucleotide redox couple (NAD + /NADH) is a marker of catabolism, whereas its phosphorylated counterpart (NADP + /NADPH) is responsible for anabolism and antioxidant stress. Here, we aimed at describing the redox signature of the cancer cell population, compared to normal cells, both isolated from fresh human colon. These results show a divergent redox profile in cancer and normal cell populations. (Figures 2B and 3B,C). Figure 2B shows the average of NAD + /NADH and NADP + /NADPH cancer/normal ratios for all phases of the cell cycle. NAD + /NADH ratio is higher in the cancer cell population (mean ratio = 5.31 ± 3.76) (Figure 2B). Considering these redox species individually, we note that NAD + concentration is higher in cancer cells (Appendix Figure A1C), whereas its reductive counterpart has a lower concentration in the same cell population (Appendix Figure A1D). NAD + /NADH ratio oscillates throughout the cell cycle in these normal colon cell populations (Figure 3B). In normal cells, the catabolic ratio (NAD + /NADH) slightly increases from G0 (mean ratio = 5.59 ± 1.56) to the G1/S transition phase (mean ratio = 9.28 ± 2.54) prior to a drop in S (mean ratio = 5.44 ± 1.43), and another increasing phase in G2/M (mean ratio = 9.25 ± 1.09). The anabolic couple (NADP + and NADPH) quantification is also reported. The NADP + /NADPH profiling ratio over the cell cycle is similar to the NAD + /NADH couple. The anabolic ratio is higher in cancer cells compared to the normal cell population (mean ratio = 11.15 ± 11.71) (Figure 2B). Thus, the cancer cell population shows anabolic ratio variations with more pronounced amplitudes (Figure 3C). It decreases from G0 (mean ratio = 2.91 ± 3.60) to G1 (mean ratio = 2.08 ± 0.48) and the G1/S transition phase (mean ratio = 1.16 ± 0.27). A major spike on the anabolic ratio is observed in S (mean ratio = 5.68 ± 2.68) followed by a second drop in G2/M (mean ratio 1.37 ± 0.60). An increased NADP + /NADPH ratio in cancer cells compared to normal ones may be related to the increased demand for nucleotide synthesis, lipogenesis, or/and reduction in oxidative stress. This is consistent with higher NADP + and a decreased NADPH concentrations reported in cancer cells (Appendix Figure A1E,F). All taken together, these results are consistent with higher metabolic fluxes reported in the cancer population where a high NAD + /NADH ratio may sustain the aerobic glycolysis and an elevated NADP + /NADPH ratio would meet the anabolic demand for building blocks synthesis. Nevertheless, additional experiments, such as lactate quantification and oxidative stress measurements, are needed to fully confirm these assumptions.

The Intracellular pH of Cancer Cells Is Alkaline

In normal cell population, the pHi is slightly acidic, whereas the cancer cell population has an alkaline pHi (mean ratio = 1.05 ± 0.04) (Figure 2A). Thus, the pHi exhibits an oscillatory phenotype at the scale of one normal cell cycle, contrary to the cancer cell population where the pHi oscillation is reduced and plateaued at an alkaline value (Figure 3D). More precisely, normal cells have an acidic pHi in G0 (pH = 6.87 ± 0.10), which increases through G1 (pH = 7.19 ± 0.09) and G1/S G0 (pH = 7.29 ± 0.13). The intracellular pH drops in the S phase (pH = 6.78 ± 0.10). Then, it increases from the S phase to the G2/M transition (pH = 7.09 ± 0.08), prior to another drop during mitosis. These observations are in line with data from the literature [25,26].

Reduced Mitochondrial Membrane Potential in Immortal Cancer Cell Lines

Here, the goal was to depict possible correlations between alkaline pHi, low ATP concentration, the reductive metabolism (increased redox ratios), and lower mitochondria activity already hypothesized in cancer cells [13,14]. Indeed, mitochondria is often considered as the "powerhouse" of the cell since ATP is synthesized through the oxidative phosphorylation. Misregulations in this organelle may lead to cell death or metabolic diseases, such as cancer [12,19,22,[27][28][29]. We did not manage to carry out these experiments in colon cells for lack of fresh colon cancer cells from patients. Instead, we used well-known human and mouse cell lines. Results are reported in Appendix Figuer A2A. What is clear from these results is the low mitochondrial membrane potential (MMP) reported in cancer cell lines compared to the normal primary cells. Thus, decreased MMP in cancer cells may explain the low ATP concentration observed in colon cancer cells, as well as in cancer cell lines.

Discussion

One of the main metabolic divergences between quiescent and proliferating cells is the pathway responsible for adenosine triphosphate (ATP) synthesis (Figure 1). In quiescent cells, ATP is synthesized during the oxidative phosphorylation (OXPHOS). Proliferating cells, such as stem cells, preferentially use the fermentative pathway for ATP synthesis in a "transient high throughput" manner, defined as the Warburg effect [13,14,25]. In the same manner as normal proliferating cells, cancer cells use the aerobic glycolysis (Warburg effect) for ATP synthesis in a "sustained high throughput" manner [30].

Here we hypothesized that the sustained fermentative character of cancer cell population may be correlated with shifts in redox potential and poor mitochondrial activity. As such, we quantified redox couples (NAD + /NADH, NADP + /NADPH) and ATP concentration at different phases of the cell cycle (G0, G1, G1/S, S, and G2/M) in normal and cancer colon cell populations. We also quantified the intracellular pH (pHi), which is a marker of high metabolic activity and measured the mitochondrial membrane potential (MMP) in the cell lines. These results bring a comprehensive understanding which needs additional study to fully support our hypothesis: we confirmed the general assumption of less effective ATP turnover in cancer cells. The redox ratios NAD + /NADH and NADP + /NADPH found in cancer cells support an enhanced glycolytic demand for sustained cell proliferation. Although the high NADP + /NADPH ratio in cancer cells is consistent with nucleotide demand for biomass synthesis, such a higher ratio may also imply a lower rate of synthesis for fatty acids, which are required for membrane synthesis. While a lower membrane synthesis may, at first sight, appear incompatible with a higher rate of biomass synthesis, such an incompatibility might actually be resolved by a change in cell shape. Moreover, both alkaline pHi and low mitochondrial membrane potential (MMP) in cancer cells may explain the Warburg effect. Different hypotheses could be addressed. Considering the generation of ATP by the movement of hydrogen ions across the inner mitochondrial membrane during cellular respiration, one would conclude that alkaline pHi may lead to a reduced ATP synthesis. Indeed, reduced oxidative phosphorylation and lower CO 2 release may lead to less cytosolic acidification. Figure 3 showed ATP concentration, NAD + /NADH, NADP+/NADPH ratios, and pHi oscillation in normal and cancer colon cell populations (n = 8) throughout the cell cycle. ATP concentration is shown to be low in cancer cells compared to normal ones. On the contrary, the redox couple ratios (NAD + /NADH, NADP + /NADPH) are both very high in cancer cell populations. Indeed, a high catabolic ratio (NAD + /NADH) showed in Figures 2B and3B, especially in the S phase for the cancer cell population, which may explain a high glycolytic flux for building blocks synthesis [12]. Similarly, the anabolic ratio (NADP + /NADPH) is found to be high in cancer cells. Thus, lower ATP concentration in cancer cells, compared to normal cells and the hybrid metabolism (high catabolism and anabolism) materialized by both high NAD + /NADH and NADP + /NADPH ratios, may explain the already reported metabolic advantage of cancer cells [31]. We also tried to capture the intracellular pH (pHi) dynamics in both normal and cancer colon cell population. Indeed, as described above, the pHi of normal proliferating cells is globally acidic, whereas it is alkaline in cancer cells. Moreover, the pHi exhibits an oscillatory phenotype in normal cells and is flat in cancer cells. In order to explain these oscillations, additional experiments in pHi variation and a dynamic model of the central carbon metabolism is needed. Nevertheless, evidence has been reported [30], and recent findings highlighted, the relationship between pHi, chromatin remodeling, and the transcriptional activity in proliferating cells. Indeed, McBrian (2013), showed that pHi regulates histone acetylation which, in turn, conditions gene transcription [32][33][34]. He showed that alkaline pHi induces histone acetylation, whereas acidic pHi is linked to a deacetylated histone and, by extension, to a silenced transcription. Interestingly, deacetylation of histone is known to be a NAD-dependent mechanism [35]. Thus, it is likely that pHi and NAD + regulate cell transcriptional activity and cell fate decision. Puysségur (1985) showed the existence of a pHi threshold of 7.2, which conditions entry into the S phase. Moreover, [START_REF] Aerts | Cytoplasmic pH and the regulation of the Dictyostelium cell cycle[END_REF] demonstrated that an increase in pHi results in both increased protein synthesis and DNA replication [26]. He reported the optimal protein and DNA synthesis being correlated with an alkaline pHi of 7.4. Busa [36] showed that pHi oscillations are master regulators of the embryonic cells' decision-making to stay in dormancy or to enter the cell cycle [36]. He reported that an acidic pHi is linked to dormancy, whereas an alkaline pHi is a characteristic of rapidly proliferating cells-a hallmark of cancerous tissues. All of these data taken together, we propose a swaddling between the metabolic blueprint of the central carbon metabolism (CCM) (Figure 1) and the energetic demand for cell proliferation. These bio-oscillators, including ATP, pHi, and redox couples (NAD + /NADH, NADP + /NADPH) seem to coordinate switches in the CCM during normal cell proliferation. Misregulations on these balances could have a drastic impact on the integrity of the eukaryotic cell cycle, which could result in uncontrolled growth, such as in cancer. Results obtained with different normal and cancer cell lines reported lower MMP in cancer cells compared to normal cells (Appendix Figure A1A). To our knowledge, this is the first time experimental results have characterized the redox status of cancer cells by considering oscillations in the central carbon metabolism, where the energetic markers (ATP, pHi, and TMP) and, more importantly, the redox species (NAD + /NADH and NADP + /NADPH), may explain the Warburg effect mechanisms.

Materials and Methods

Cell Suspension Preparation and Centrifugal Elutriation

Normal and cancerous segments of 12 to 18 cm of the upper colon from eight 57-62 year-old female patients with tumors (adenocarcinoma) were obtained from the internal ward of the gastroenterology-surgical unit at the Teheran Medical Sciences University Imam Khomeini Hospital in Iran (Nosco Pharmaceuticals' partnership, Paris, France). The epithelial and intraepithelial lymphocytes (IEL) were detached, as described previously [37]. The normal and cancerous colon segments from each patient were quickly made into a loop, inverted, and then incubated in a saline solution with 5 mM EDTA (Sigma-Aldrich, St. Louis, MO, USA) at 4 • C, while shaking gently to dislodge the colon crypts. The isolated crypts were then collected and incubated for 30 min at 37 • C in phosphate-buffered saline (PBS) solution without calcium containing 10% trypsin-EDTA (Gibco-Life Technologies, Cergy Pontoise, France). The cells were used for fresh culture. The isolated cell suspension of the colon epithelium (colonocytes) was distributed into 15-mL Falcon tubes containing 3 mL of cold fetal calf serum (Eurobio, Montpellier, France) and centrifuged for 5 min at 750 rpm. Percoll (Sigma-Aldrich, St. Louis, MO, USA) solutions (70% and 44%) were prepared for the isolation of human IEL and enterocytes. Up to 40 million epithelial cell-IEL suspensions were loaded per 15-mL tube by resuspending with 8 mL of 44% isotonic Percoll. This cell suspension was underplayed with 4 mL 70% isotonic Percoll. The gradients were centrifuged at 1500 rpm for 20 min (without breaks) at room temperature. Upon centrifugation, cells were collected in five fractions. Isolated cells of the epithelial cell layer of human colonocytes were centrifuged in a 50-mL Falcon tube for 5 min at 750 rpm and resuspended in 50 mL of MEM-alpha modification with L-glutamine medium (Sigma-Aldrich, St. Louis, MO, USA). After passing through the double chamber, the cell sample was transferred to the elutriation chamber with the elutriation buffer at a flow rate of 10 mL/min. A Beckmann Coulter centrifuge (Villepinte, France, model J-6M) with two JE-6B and E-10M rotors containing the 40 and 50-mL elutriation chamber and a Masterflex L/S digital pump (Cole-Parmer Instrument Co., Barrington, IL, USA) was used. Before each elutriation run, 200 mL of 70% ethanol was run though the elutriation chamber at about 60 mL/min (washing flow rate) to sterilize the system. This was sequentially followed by a wash with 500 mL of water, with 500 mL of PBS at approximately 60 mL/min and 2000 rpm to check for leaks and bubbles in the system. The loading/washing buffers addition of the enzyme regent to the intracellular extract, light emission is detected by a luminometer at 560 nm. The assay of total intracellular (cytosol and organelles) NAD(P) and NAD(P)H were performed individually following the Promega protocol. For both couples, cells are lysed with dodecyltrimethyl ammonium bromide (DTAB) and treated to neutralize their counterparts. To measure the oxidized forms (NAD + and NADP + ) the extract is treated with 25 µL of 0.4 N HCl and heated at 60 • C for 15 min. Then follows a 10 min incubation at room temperature and the addition of 25 µL of Trizma ® (Sigma-Aldrich, St. Louis, MO, USA) base. NAD + and NADP + are measured using a NAD/NADH-Glo™ (Charbonnières, France) assay and NADP/NADPH-Glo™ assay, respectively. To quantify the reduced forms (NADH and NADPH), the extract is incubated at 60 • C for 15 min and then another 10 min incubation at room temperature. Fifty microliters of HCl/Trizma ® solution is added to the extract. Similarly to the oxidized forms, NADH and NADPH are measured using a NAD/NADH-Glo ™ assay and a NADP/NADPH-Glo™ assay, respectively. The specificity of each assay (NAD or NADP) is related to the cycling enzymes used. In the presence of each species, a reductase reduces a proluciferin reductase to luciferin. The intensity of light detected by a luminometer is proportional to the amount of each metabolite.

Conclusions

The metabolic description of the cancer phenotype introduced by Otto Warburg has been supported by numerous studies focusing on the fermentative aspect of it. Far fewer studies have examined the reductive and oxidative status of cancer cells in order to explain their metabolic reprogramming and the resulting hybrid metabolism where catabolism and anabolism occur at the same time. Consequently, we reported low ATP concentration, high NAD + /NADH and NADP + /NADPH ratios, and low mitochondrial membrane potential in cancer cells, compared to normal proliferating cells. These results give new perspectives on aerobic glycolysis, or the Warburg effect. Therapies should focus on improving the oxidative phosphorylation in cancer cells. Drugs such as dichloroacetate [38,39], hydroxycitrate, and lipoic acid [24,40] have been used to increase mitochondrial yield for ATP and decrease cancer growth in rodents and humans.
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 11 Fig. 1.1. Schematic diagram of an Aquaporin protein (water channel) imbedded in a lipid bilayer membrane separating two solutions with different water concentrations.The Aquaporin provides a pathway for water molecules that makes the membrane permeable only to water (semipermeable).
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 33 Fig. 3.3. The central carbon metabolism (CCM) combines enzymatic reactions that convertcarbon sources into biomass precursors. This figure shows the five main pathways forming the CCM: glycolysis, the pentose phosphate pathway, the tricarboxylic acid cycle (TCA), lipogenesis, and beta-oxidation. The NAD + /NADH ratio measures the glycolytic flux: glycolysis, PPP, and oxidative phosphorylation (OXPHOS). A high NADP + /NADPH ratio rewires glucose oxidation to the pentose phosphate pathway, whereas a low NADP + /NADPH ratio triggers lipogenesis. The ATP/(ADP + Pi) ratio senses the metabolic state of the cell and may lead to metabolic switches in the CCM[START_REF] Moreira | The Redox Status of Cancer Cells Supports Mechanisms behind the Warburg Effect[END_REF].
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Fig 3 . 6 .

 36 Fig 3.6. MAPK phosphorylation cascade [Saito & Posas, 2012].
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 37 Fig. 3.7. Upstream events of HOG Pathway: Pbs2 integrates signals from two major independent upstream osmosensing mechanisms, which leads to the activation of specific MAPKKKs. Under osmostress, activated Pbs2 activates the Hog1 MAPK, which induces a set of osmo-adaptive responses [De Nadal et al., 2002].

  4.2). Angular insertion of the oxygen sensor into the cylindrical glass chamber (Fig. 4.3) places the polarographic oxygen sensor into an optimum position for stirring. Integrated electronic control includes Peltier temperature regulation (2-45 °C, stability ±0.001 °C), stirrer control, an electronic barometric pressure transducer for air calibration, and the optional automatic titration-injection micropump TIP2k (Fig. 4.2A). Dissolved oxygen concentration is measured amperometrically by Clark-type polarographic oxygen sensors (POS) (Fig.4.2B), containing a gold cathode and Ag/AgCl anode connected electrically by a KCl electrolyte, and separated from the sample by an O2 -permeant FEP membrane (0.25µm). A polarization voltage of 0.8

4 .

 4 3A), which yields the maximum stimulated respiration (Fig. 4.3B). As a measure of the capacity of the electron transport system (ETS) in nonpermeabilized cells (state E), and quantitatively describes the dependence of respiration on uncoupler concentration. Uncoupler titration, removes the electrochemical back pressure on the proton pumps (Complexes CI, CIII, and CIV) and stimulates respiration maximally as a measure of ETS capacity (Fig. 4.4).

  at the bottom of each well. Cellular oxygen consumption (respiration) and proton excretion (glycolysis) cause rapid, easily measurable changes to the concentrations of dissolved oxygen and free protons in this "transient microchamber" which are measured every few seconds by solid state sensor probes residing 200 microns above the cell monolayer. The instrument measures the concentrations for 2-5 minutes then calculates the OCR and ECAR, respectively. Once a measurement is completed, the probes lift which allows the larger medium volume above to mix with the medium in the transient microchamber, restoring cell values to baseline. Typically, a cycle lasts 5-8 minutes. Metabolic rates are typically measured 3-4 times before addition and are reported in pmol/min for OCR (and PPR) and in mpH/min for ECAR. When additions impact on metabolic pathways the OCR and ECAR (PPR) are subject to changes. This procedure describes recommendations for seeding adherent cell types for use with the XF96 Analyzer[Invernizziet al., 2012].

4 .

 4 When working with a new or unknown cell line, start with a 2 minutes mix and 5 minutes measure cycle. Verify instrument protocol commands, export preferences and any instrument settings that may have changed.3.3) Preparing Cell Plate for XF96 Assay 1. Harvest and re-suspend the cells to desired final concentration to seed in κ0 L of growth medium. Optimal cell seeding numbers vary widely, though are typically between 5,000 -40,000 cells per well. In our hands the optimal volume to inoculate is κ0 L of cell suspension per well (Fig.4.5D). It is advised to introduce background correction wells, in our case we used line A (wells A1-A12) and H (wells H1, H12) in which medium only (no cells) is introduced. After inoculation the plate should not be moved and therefore we allowed it to rest at room temperature in the tissue culture hood for one hour. This promotes even cell distribution at the bottom of the well and reduce edge effects. Monitor adherence using an inverted microscope.

3. 5 )

 5 Loading the XF Sensor Cartridge with Compounds The XF96 Sensor Cartridge has a single Analyte Sensor Spot on the bottom of each probe that measures oxygen consumption and extracellular acidification. Each well has four injection ports, designated Port A, B, C, D (blue circle in Fig. 4.5E). The Cartridge Lot Number is on the front of the cartridge and the Bar Code is on the back. The sensor cartridge is loaded into the instrument with the Bar Code facing the back (lot number facing front). The notch in the plate and cartridge denotes the LOWER LEFT corner of the plate/cartridge (see red circle in Fig. 4.5E). Typically, baseline (basal) OCR and ECAR rates are measured three or four times before adding inhibitors, stimulants, substrates, or compounds by way of the drug delivery ports. A drug Loading Guide (Figure 4.5F) is provided with the XF96 cartridges. It allows access to either all A ports or all B and either all C ports or all D ports while covering the sensor hole to prevent accidentally dispensing compounds into the sensor hole. The guide was designed for using Rainin β50 l pipette tips (Rainin product # RT-20S). Tips should be inserted vertically with no angle (Fig. 4.6A), and the solution dispensed using gentle. Load 15-45 µL pre-warmed compounds (diluted in XF Assay media) at pH 7.4 into appropriate ports on the sensor cartridge. Usually wells are loaded with a solution 10x concentrated with regard to the desired final concentration therefore the loaded volume should be slightly increased for the successive injection steps. It is advised to load all the 96 ports (including background correction wells) with either compound or media control, This improves the accuracy of background correction and since ejection into wells occurs through air blowing from over the injection ports it prevents the tendency of the air current to be diverted through empty ports with the risk of partial/failed injections.

  protein phosphatase enzyme in eukaryotes has its targets in MAPK cascades (Chapter 2, section 4.1.1) (Chapter 3, section 4.2). They showed that hyperosmotic solutions enhanced the production of IL-8 and induced pro-inflammatory cytokines transcription (Chapter 2, section 4.2.3). In vivo, Myeloperoxydase (MPO) enhanced activity was accompanied by an increased Macrophage-Inflammatory Protein-2 (MIP-2) transcription and in vitro, NF-kappaB was activated after methylation and activation of PP2A in the presence of a variety of hyperosmotic shocks by mannitol, NaCl and xylitol. They demonstrated that okadaic acid (Inhibitor of PP2A) prevented the cytokine induction after hyperosmotic shocks. These observations present Hyperosmolarity as a crisis situation for cell metabolism. Their next experiences on IBD mouse models by dextran sodium sulfate (DSS) prepared the direct evidences for metabolic implication of hyperosmolarity. While low osmolar concentrations of DSS or mannitol have no demonstrable effect on colonic inflammation, but high osmolarity DSS and mannitol induced inflammation.



  Measuring the oxygen consumption rate with Oroboros and determine the effect of osmotic shock by different polyols and chemicals (Polyethylen Glycol or NaCl);  Measuring the oxygen consumption rate with Oroboros and determine the effect of osmotic shock in different cell types;  Measuring the oxygen consumption rate and extra cellular acidification with Seahorse (Chapter four, section 3) in presence and absence of glucose with mannitol and NaCl and compare with the results of Oroboros;  Measuring glucose consumption and lactate production;  Measuring the oxygen consumption rate in permeabilized cells and isolated mitochondria; Measuring the viability and cell size modifications after hyperosmotic shocks and their relation to metabolic parameters.Some cell lines and models were well known and well manipulated in Dr. Bouillaud laboratory. Among them, we used CHO (Chinese Hamster Ovary) cell line as an epithelial primary like cell with an exceptionally very low rate of spontaneous transformation (Chinese hamster has a small size and low chromosomal number in laboratory mammals). Availability of well-established methods and necessary knowledge for interpretation of outputs from two particular apparatus for quantitative measurements of OXPHOS in this laboratory (Oroboros and Seahorse)

  cyanide m-chlorophenyl hydrazone (CCCP#C2759), Digitonine (D5628), Galactose, Glucose (G6152), Glutamic acid (G1626), KCN (60178), Malic acid (M7397), Mannitol (M4125), Oligomycin (O4876), Polyethylen glycol 400 (P-3265), Rotenone (R8875) and Succinic acid (S5049) were obtained from Sigma-Aldrich St Louis-USA, Ethanol 96% (CARLO ERBA Val de Reuil-France), Sodium pyruvate 100 mM from PAA, NAD (10127965001), Lactate dehydrogenase (10127230001) from ROCHE, and DNA 1kb ladder (15615016) from Invitrogen.



  MIX I (250 µL/sample):1 mL 0.2 M Tris-Hydrazine, 12 mM EDTA buffer (pH=9) + 100 µL NAD + 6 mg/300 µL  MIX 2 (7 µL/sample): 100 µL LDH + 200 µL 3.2 M (NH4)2SO4 (pH 6.5) Respiration Buffer:  2X Sucrose buffer was contained KCl 100 mM + Sucrose 40 mM + TES 10 mM + MgCl2 (6H2O 5 mM) +EGTA 1 mM + BSA 0.8%, K-Pi 40 mM, (Sigma-Aldrich St Louis-USA).  2X Glucose buffer was contained KCl 100 mM + Glucose 40 mM + TES 10 mM + MgCl2 (6H2O 5 mM) +EGTA 1 mM + BSA 0.8%, K-Pi 40 mM, (Sigma-Aldrich St Louis-USA). Hoechst stain solution: For 60 mL (enough for six 96 microplates)  58.8 mL of 1 M NaCl  600 µL of 0.1 M EDTA  600 µL of 1 M Tris pH 7.4  24 µL of 10 mg/mL Hoechst 2.1.5) Equipment  Quantitation of extracellular fluxes (oxygen consumption, acid release) used the "Seahorse" extracellular flux analyzer XF96 (Seahorse Bioscience, North Billerica, MA, USA).  High resolution respirometry was performed with the oxygraph O2k (Oroboros Instruments, Innsbruck-Austria).  Measurements in 96 well plates and absorbance/fluorescence readings used a microtiter plate reader spectrophotometer (TECAN Infinite 200M, Männedorf-Switzerland).  Solution osmolarity was verified with Osmometer (roebling 0-1000 mOsm, West Germany).  For measuring particle's relative size FSC , relative granularity or internal complexity (SSC) used Accuri C6 Flow Cytometer (BD Biosciences San Jose, California 95131, USA).

2. 2 . 8 . 2 )

 282 With Bisbenzimide H 33342 (Hoechst) Bisbenzimide Hoechst 33342 (B2261 Sigma-Aldrich St-Louis, USA), water soluble, is a specific stain for AT-rich regions of double-stranded DNA and has been shown to displace several known DNA intercalators. This fluorescent dye has been used in sorting living cells based on DNA content (cell membrane-permeant, minor groovebinding blue fluorescent DNA stains), used in flow cytometry for the determination of DNA content, and for the visualization of chromatin distribution in living cells.

  Data were treated with GraphPad Prism 7.04 (GraphPad Software La Jolla CA 92037 USA) or Microsoft Excel (Microsoft Corporation Redmond 98052 WA USA). The non-parametric test (Mann-Whitney) was used to assess statistical significance with p < 0.05, of at least three independent experiments, data are shown as mean values ± SD.

PERSPECTIVES 1 .

 1 Mechanistic of respiration repression with the first objective to identify the mediators and targets of this glucose mediated mitochondrial inhibition and thus to confirm the Crabtree effect. The more recent experiments evaluated whether repression would be caused by a diffusible factor, with the indication that the repressing factor resists to permeabilization of plasma membrane; 2. Incubating normal rat liver in the presence of F16bP and check the accumulation of F16bP in itact cells; 3. Search of factors/molecules susceptible to interfere with it such as redox active molecules like methylene blue; 4. Indirect consequences such as plasma membrane potential and protein synthesis rate; 5. Evaluation whether it takes place in inflammatory models.

  Antimycin A (A8674) and Carbonyl cyanide m-chlorophenyl hydrazone (CCCP C2759), KCN (60178), Rotenone (R8875), ADP (A4386), ATP (A7699), Succinic acid (S5049), Glutamic acid (G1626), Malic acid (M7397), Digitonine (D5628) and Polyethylene glycol 400 (P-3265) were obtained from Sigma-Aldrich St Louis-USA, ethanol 96% (CARLO ERBA Val de Reuil-France), Sodium pyruvate 100 mM from Gibco, NAD (free acid, grade I, ref. 10127965001) and Lactate dehydrogenase (ref. 10127230001) from Roche. Seahorse XF Assay Medium (102365-100) were obtained from Agilent. Quantitation of extracellular fluxes (oxygen consumption, acid release) used the "Seahorse" extracellular flux analyzer XF96 (Seahorse Bioscience, North Billerica, MA, USA). High-resolution respirometry was performed with the oxygraph O2k (Oroboros Instruments, Innsbruck-Austria). Measurements in 96 well plates and absorbance readings used a microtiter plate reader spectrophotometer (TECAN Infinite 200M, Männedorf-Switzerland). Cell culture CHO cell line were cultured in F-12 Nutrient Mix (1X) GlutaMax (HAM) supplemented with 10% (v/v) inactivated fetal bovine serum (FBS), 50 U/ml penicillin, 50 µg/ml streptomycin (all from GIBCO, Life Technologies Carlsbad CA-USA). SH-SY5Y, HEK-293 and HT29 cell line were cultured in Dulbecco's modified Eagle's medium high-glucose (DMEM, Life

  Data were treated with GraphPad Prism 7.04 (GraphPad Software La Jolla CA 92037 USA) or Microsoft Excel (Microsoft Corporation Redmond 98052 WA USA). The nonparametric tests (Mann-Whitney) and the Wilcoxon Signed-Ranks test (Vassarstats.net) were used to assess statistical significance with p < 0.05, of at least three independent experiments, data are shown as mean values ± SD.

  1A). The inhibition of respiration caused by hyperosmotic conditions persists for hours with a doubling of the osmolarity of the external medium (Fig 1 black dots/histograms). A milder osmotic challenge (50% increase in osmolarity: 450 mOsm final) caused the same initial oxygen consumption decrease but it appeared at least partially reversible with time (Fig 1 grey dots/histograms). This decrease was observed in complete culture medium with experiments with a Clark electrode (Fig 1A, 1B) as well as with the extracellular flux analyzer "Seahorse" using a modified DMEM and without serum (Fig 1C). The oxygen consumption rate of three other cell lines was similarly affected by the hyperosmotic shock (Fig 2, Suppl. Fig 1-3) and this effect could be reproduced with two other osmolytes: Polyethylene glycol and sodium chloride (Suppl.

Fig 4 )

 4 Fig 4). In short term experiments, the sequential addition of osmolyte (Mannitol) and glucose

Fig 2 )

 2 Fig 2). Interruption of the mitochondrial oxidative pathway by the inhibition of mitochondrial

  5). ii) by taking into account the actual contribution of OxPhos to cellular OCR (Suppl. Fig 3) indicating that in isosmotic conditions OxPhos represents 71% of basal cellular OCR and that it dropped to 31-32% under hyperosmotic stress. Two estimations for the Cellular ATP turnover rates (sum of glycolytic ATP and OxPhos ATP) are shown with and without these corrections (Fig 9) with the conclusion that the total cellular ATP turnover rate was lower in absence of glucose and that consideration of the decrease in OxPhos% (Suppl Fig 3) diminishes considerably the cellular ATP turnover rate in absence of glucose under hypertonic conditions, which in the short-mid term (<4h) cannot be explained by cell death (Fig 7B).

  . The effect of hyperosmolarity on mitochondrial volume (shrinkage) could be evidenced by measurement of the change in optical density of the mitochondrial suspension (Fig 10A). Hyperosmolarity was caused either by the use of a 2X mitochondrial respiration buffer or by addition of an osmolyte to the 1X respiration buffer (Fig 10B). When the usual states of mitochondrial respiration were considered (Fig 10B, 10C) there was no evidence for repression of stimulated rates (ADP, CCCP, Fig 10B). A mild increase in the uncoupled state (CCCP Fig 10C) was found to be statistically significant.

  Fig 11A) when compared to the isotonic control (grey dots in Fig 11A).

  presumably complex V) by extracellular hyperosmotic conditions in presence (Fig 12B) or absence of glucose (Fig 12C). In absence of glucose both a reduced ATP consumption rate (Fig 9) and an increased Krebs-ATP rate would be recruited. For the latter re-oxidation of coenzymes (NADH in Fig 12) is required. If the mitochondrial complex V is inhibited this re-oxidation step is controlled by the leak (Fig 12C). In this respect the increased leak (Fig 8, Suppl Fig 3) would rather reflect an adaptive phenomenon enhancing mitochondrial Acetyl-CoA oxidation to promote Krebs-ATP than constituting an aggravating factor because of respiration uncoupling.

  Figures on bars refer to the number of independent experiments. C) Oxygen consumption rate of CHO cells in the extracellular flux analyzer "Seahorse" Values were averaged over different period of time relative to mannitol addition as indicated below the X axis. The oxygen consumption rate is expressed as above in pmol O2 / (second × million cell) after conversion of the units given by the instrument (pmol / min) The number of independent experiments is shown on the bars, in each single experiment measurements were obtained by averaging the values obtained in 12 wells (** p< 0.01; *** p<0.001; **** p<0.0001).

Figure 2 :

 2 Figure 2: Cellular mitochondrial bioenergetics.

Figure 3 :

 3 Figure 3: Repression of OCR by mannitol and glucose in the short term.

Figure 5 :

 5 Figure 5: OCR and PPR with CHO or HT29 cells in absence of glucose.

Figure 6 :

 6 Figure 6: Glucose and lactate measurements in the medium Top: Plate experiments, on the left are shown the mean values (±SD) at time zero and two

Figure 9 :

 9 Figure 9: Cellular ATP turnover in CHO cells.

Figure 10 :

 10 Figure 10: Isolated rat liver mitochondria. A) Representative experiment dots represent the oxygen consumption rate and lines the optical

Figure 11 :

 11 Figure 11: Inhibition of cellular OCR by glucose is maintained after cell permeabilisation.

   

  years, cancer research succeeded with sensitive detection methods, targeted drug delivery systems, and the identiication of a large set of genes diferently expressed. However, although most therapies are still based on antimitotic agents, which are causing wide secondary efects, there is an increasing interest for metabolic therapies that can minimize side efects. In the early th century, Otto Warburg revealed that cancer cells rely on the cytoplasmic fermentation of glucose to lactic acid for energy synthesis (called "Warburg efect"). Our investigations aim to reverse this efect in reprogramming cancer cells' metabolism. In this work, we present a metabolic therapy speciically targeting the activity of speciic enzymes of central carbon metabolism, combining the METABLOC bitherapeutic drugs combination (Alpha Lipoic Acid and Hydroxycitrate) to Metformin and Diclofenac, for treating tumors implanted in mice. Furthermore, a dynamic metabolic model describing central carbon metabolism as well as luxes targeted by the drugs allowed to simulate tumors progression in both treated and non-treated mice, in addition to draw hypotheses on the efects of the drugs on tumor cells metabolism. Our model predicts metabolic therapies-induced reversed Warburg efect on tumor cells.

Figure 1 .

 1 Figure 1. Xenograt tumor evolution in mice under metabolic therapies. Treatments started at day twelve ater tumor inoculation in mice. he thin curves represent tumor volumes for each single mouse. he red bold curves are the mean values of all the thin curves. (a) Phosphate-bufered saline (PBS) is used as a control. (b) he chemotherapeutic agent, Cisplatin, slows down tumor growth. (c) Tumor growth is slightly reduced under METABLOC therapy. (d-g) Low-dose and high-dose Metformin and Diclofenac have no signiicant efects on tumor evolution.

  growth, but it also allowed us to characterize the metabolic phenotypes the tumor developing in mice with time.

Figure 2 .

 2 Figure 2. Tumor evolution under metabolic therapy combinations. he thin curves represent tumor volumes for each single mouse. he red bold curves are the mean values of all the thin curves. (a) METABLOC + lowdose Metformin slows down tumor growth. (b) METABLOC + high-dose Metformin signiicantly reduces tumor evolution and inhibits tumor growth at day 50 from cell inoculation. (c,d) METABLOC + low-dose and high-dose Diclonenac has no signiicant efect on tumor growth inhibition. (e) METABLOC + high-dose Metformin and Diclofenac drastically inhibits tumor growth and reverses the tumor curve.

Figure 3 .

 3 Figure 3. he metabolic network. he core metabolism of cancer cells integrates glycolysis, the pentose phosphate pathway, the citric acid cycle, lipogenesis and amino acids metabolism. Biomass synthesis is described as the incorporation of amino acids, intermediate metabolites and palmitic acid. he metabolic therapy includes Diclofenac as hexokinase and lactate dehydrogenase inhibitor; alpha-Lipoic acid (ALA) as pyruvate dehydrogenase activator; Hydroxycitrate (HCA) as ATP citrate lyase inhibitor; Metformin as ATP synthase inhibitor and NAD leakage activator. Notations: ACCOA: Acetyl-CoenzymeA, ACCOA: Acetyl-CoenzymeA, ACL: ATP-citrate lyase, ADP: Adenosine diphosphate, AK: Adenylate kinase, AKG: α-ketoglutarate, ALA: Extracellular alanine, AMP: Adenosine monophosphate, ARG: Extracellular arginine, ASN: Asparaginase, ASP: Extracellular aspartate, ATP: Adenosine triphosphate, CIT: Citrate, CO 2 : Carbone dioxide, DICLO: Extracellular diclofenac, EGLC: Extracellular glucose, EGLN: Extracellular glutamine, EGLU: Extracellular glutamate, F6P: Fructose-6-Phosphate, FADH2: Flavine adenine dinucleotide, FUM: fumarate, G6P: Glucose-6-phosphate, GAP: Glyceraldehyde 3-phosphate, concentration, GlnT: Glutamine synthetase, GLU: Glutamate, GLY: Extracellular Glycine, H 2 O: Hydrogen dioxide, HCIT: Extracellular hydroxicitrate, HIS: Extracellular histidine, HISARGTA: Histidine/arginine transamination, ILE: Extracellular isoleucine, LA: Extracellular lipoic acid, LAC: Extracellular lactate, LEU: Extracellular leucine, LYS: Extracellular lysine, MAL: Malate, ME: Malic enzyme, Metformin: Extracellular metformin, NAD: Nicotinamide adenine dinucleotide (Oxidized), NADH: Nicotinamide adenine dinucleotide (reduced), NADP: nictoniamide adenine dinucleottide phosphate, NADPH: nictoniamide adenine dinucleotide phosphate (reduced), NH 4 : Extracellular ammonia, OXA: Oxaloacetate, PALM: Palmitate, PEP: Phosphoenolpyruvate, Pi: inorganic phosphate, PK: Pyruvate kinase, PPRibP: Nucleotide synthesis, PYR: Pyruvate, R5P: Ribulose-5-phosphate, SER: Extracellular serine, SUC: succinate, SUCCOA: Succinyl coenzyme A, THR: Extracellular threonine, TYR: Extracellular tyrosine, VAL: Extracellular valine.

Figure 4 .

 4 Figure 4. Predictions of the tumor growth in control and underin silico metabolic therapy. (a) he kinetic model of tumor metabolism simulates tumor volume in line with the experimental data. (b) Under metabolic therapies (METABLOC combined with diclofenac and high dose of Metformin), the model predicts tumor inhibition and its volume regression, as determined experimentally.

Figure 5 .

 5 Figure 5. Simulated blood metabolites (glucose and lactate) and simulated redox ratio (NAD + /NADH) in tumor (a) and tumor treated with metabolic drugs (b). Simulated luxes of lactate dehydrogenase (VLDH) and respiration (Vresp) in tumor (c) and tumor treated with metabolic drugs (d). (a) Lactic acid is irst eliminated by the blood low and then accumulates with tumor growth. NAD + /NADH ratio decreases upon glucose exhaustion. (b) Under metabolic therapy glucose uptake slows down, as well as lactic acid secretion. NAD + / NADH ratio decreases with tumor growth. (c) he high value of VLDH and the decrease of the respiration lux are markers of the Warburg efect in the tumor. (d) he negative lux of VLDH which corresponds to lactate uptake and the increase of the respiration lux both translate a reverse Warburg efect.

  Care and Use of Laboratory Animals [DHEW Publication No. (NIH) 85-23, from 1985 with all next updates, Oice of Science and Health Reports, DRR/NIH, Bethesda, MD 20205]. he experimental protocols were approved by the company Nosco Pharmaceuticals.

Fig. 2 .

 2 Fig. 2. Study flow diagram. Abbreviations: Ab 1-42 , amyloid b 1-42 ; ELISA, enzyme-linked immunosorbent assay.

Fig. 3 .

 3 Fig. 3. Enzyme-linked immunosorbent assay testing for (A) Ab 1-42 , (B) total tau, and (C) a-synuclein in brain homogenates 10 days after final injury. In sham mice, there was no difference in brain levels of Ab 1-42 (P 5 .464), total tau (P 5 .841), or a-synuclein (P 5 .572) in 10-versus 20-week groups. After 10 and 20 weeks of sustaining rmTBI, injured mice had increased Ab 1-42 , tau, and a-synuclein (n 5 36, P , .001) than sham mice. Compared with the 10-week group, animals subjected to 20 weeks of rmTBI have significantly more Ab 1-42 , total tau, and a-synuclein (P , .001). Abbreviations: Ab 1-42 , amyloid-b 1-42 ; rmTBI, repetitive mild traumatic brain injury. * P , .001.

Fig. 4 .

 4 Fig.4. Main and interaction effects of impact energy and duration of exposure on log-transformed values of (A) Ab 1-42 , (B) total tau, and (C) a-synuclein levels. There was a highly significant main effect of energy impact (Ab 1-42 , F 3,625 41.4; tau, F 3,625 29.8; and a-synuclein, F 3,62 5 37.2; P , .001) and duration of exposure (Ab 1-42 , F 1,62 5 296; tau, F 1,62 5 300; and a-synuclein; F 1,62 5 740; P ,.001). Energy ! duration of exposure interaction was significant forAb 1-42 (F 3,62 5 7.2, P , .001) and tau (F 3,62 5 21.3,P , .001) but not for a-synuclein (P 5 1.0). Abbreviation: Ab 1-42 , amyloid-b 1-42 .

  Fig.4. Main and interaction effects of impact energy and duration of exposure on log-transformed values of (A) Ab 1-42 , (B) total tau, and (C) a-synuclein levels. There was a highly significant main effect of energy impact (Ab 1-42 , F 3,625 41.4; tau, F 3,625 29.8; and a-synuclein, F 3,62 5 37.2; P , .001) and duration of exposure (Ab 1-42 , F 1,62 5 296; tau, F 1,62 5 300; and a-synuclein; F 1,62 5 740; P ,.001). Energy ! duration of exposure interaction was significant forAb 1-42 (F 3,62 5 7.2, P , .001) and tau (F 3,62 5 21.3,P , .001) but not for a-synuclein (P 5 1.0). Abbreviation: Ab 1-42 , amyloid-b 1-42 .

Fig. 5 .

 5 Fig.5. Main effects of daily frequency of impacts on log-transformed values of (A) Ab 1-42 , (B) total tau, and (C) a-synuclein levels. There was a highly significant main effect of impact frequency on Ab 1-42 ,(F 2,62 5 13.8, P , .001), total tau (F 2,62 5 18.9, P , .001), and a-synuclein (F 2,62 5 26.3; P , .001) levels. No significant interaction effects were found for frequency versus impact energy (Ab 1-42 , P 5 .11; tau, P 5 .28; and a-synuclein, P 5 .8) nor frequency versus duration of exposure (Ab 1-42 , P 5 .11; tau, P 5 .28; and a-synuclein, P 5 .8). Abbreviation: Ab 1-42 , amyloid-b 1-42 .

Figure 1 .

 1 Figure 1. The central carbon metabolism (CCM). The CCM combines enzymatic reactions that convert

Figure 1 .

 1 Figure1. The central carbon metabolism (CCM). The CCM combines enzymatic reactions that convert carbon sources into biomass precursors. This figure shows the five main pathways forming the CCM: glycolysis, the pentose phosphate pathway, the tricarboxylic acid cycle (TCA), lipogenesis, and beta-oxidation. Two opposite metabolic demands are at the core of the CCM: anabolic reactions, which consist in biomass synthesis, and catabolic reactions, leading to the breakdown of macromolecules for energetic use. These two aspects of cell metabolism are managed by biochemical oscillators, including redox couples, such as nicotinamide adenine dinucleotide (NAD + /NADH) and nicotinamide adenine dinucleotide phosphate (NADP + /NADPH), and the universal energy carrier, adenine triphosphate (ATP/ADP). Transitions in CCM are reported to depend on these bio-oscillators. The NAD + /NADH ratio measures the glycolytic flux (glycolysis, PPP, and oxidative phosphorylation (OXPHOS). A high NADP + /NADPH ratio rewires glucose oxidation to the pentose phosphate pathway, whereas a low NADP + /NADPH ratio triggers lipogenesis. The ATP/(ADP + Pi) ratio senses the metabolic state of the cell and may lead to metabolic switches in the CCM.

Figure 2 .

 2 Figure 2. Comparison of the energetic status of normal and cancer cells. These histograms represent

Figure 2 .

 2 Figure 2. Comparison of the energetic status of normal and cancer cells. These histograms represent the average of ATP, pHi, NAD + /NADH, NADP + /NADPH cancer/normal ratios over the cell cycle. Raw data for all experiments are reported in the Appendix Section. (A) In normal cells, the average ATP concentration over the cell cycle is higher compared to the cancer cell population (ratio = 0.60 ± 0.19).The intracellular pH (pHi) of cancer cells is slightly higher than normal cells (ratio = 1.05 ± 0.04); and (B) the redox ratios (NAD + /NADH and NADP + /NADPH) are five and ten time higher in cancer cells compared to the normal cell population(5.31 ± 3.76 and 11.15 ± 11.71, respectively).

Figure 3 .

 3 Figure 3. Redox signatures of normal and cancer cells during cell cycle progression. (A) In normal Figure 3. Redox signatures of normal and cancer cells during cell cycle progression. (A) In normal cells, the ATP concentration oscillates during the cell cycle: it is high in G0 (9.25 ± 0.40 pmoles/µg of protein) and S (8.29 ± 0.62 pmoles/µg of protein) and lower in G1/S (5.85 ± 0.57 pmoles/µg of protein) and G2/M (4.18 ± 0.29 pmoles/µg of protein). In cancer cells, ATP concentration is about twice lower in G0 (3.49 ± 0.25 pmoles/µg of protein), slightly increases from G0 to G1/S (4.6 ± 0.19 pmoles/µg of protein), and decreases from G1/S to G2/M (3.25 ± 0.11 pmoles/µg of protein); (B) in normal cells, the NAD + /NADH ratio oscillates between 5 and 10. For the cancerous cell line, the ratio increases from G0 (31.03 ± 1.54) and reaches a maximum value of 55 in S. Then, it declines at the G2/M transition (14); (C) the NADP + /NADPH ratio slightly increases from G0 (0.13 ± 0.05) to G1 (0.32 ± 0.04) in the normal cell population and stays stable. For the cancer cell population, a major peak is observed in S (5.68 ± 2.68); and (D) the intracellular pH (pHi) of cancer cells is alkaline and globally more acidic for normal cells. It oscillates from G0 (pH = 6.87 ± 0.10) to G1/S (pH = 7.29 ± 0.13), and then shows a marked decrease in S (pH = 6.78 ± 0.10). The cancerous cell population loses the pHi drop in the S phase and is much more alkaline (pH = 7.50 ± 0.12).
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 11 Tonicity of Solutions.

	Solution	Cell Behavior When Placed in the Solution	Description of the Solution Relative to the Cell
	A	Cell swells	Hypotonic
	B	Cell doesn't change size	Isotonic
	C	Cell shrinks	Hypertonic
	1.4) Tonicity vs Osmolarity (The meaning of Hyperosmolarity)

Table 1 . 2 .

 12 Lists some common IV solutions.

	Solution	Also Known as	Osmolarity	Tonicity
	0.9% saline	Normal saline	Isosmotic	Isotonic
	5% dextrose in 0.9% saline	D5-normal saline	Hyperosmotic	Isotonic
	5% dextrose in water	D5W	Isosmotic	Hypotonic
	0.45% saline	Half-normal saline	Hyposmotic	Hypotonic
	5% dextrose in 0.45% saline	D5-half-normal saline	Hyperosmotic	Hypotonic

Table 1 . 4 .

 14 Examples for chemicals/solutions used for hyperosmolar studies.

	Chemicals/ Solutions	Target Osmolarities (mOsm)

Table 2 .

 2 

1. Examples of inflammatory pathways: A generic inflammatory pathway consists of inducers, sensors, mediators and effectors. Inducers of inflammation can be classified as exogenous (LPS & Allergens) or endogenous (Urate Crystals & Collagen).

Table 2 .

 2 

	3. NFAT5 (tonicity-responsive enhancer binding protein) (TonEBP) in
	different cell types

Pathologies Associated with Local Hypertonicity and Inflammation Disorder Osmolality (mOsm/kg H2O)

  

	Target gene	Cell type	Function
			B lymphocyte proliferation,
	B cell activating factor (BAFF)	B lymphocytes	differentiation, and IgG
			production
	beta1,3-Glucuronosyltransferase-I (GlcAT-I)	Nucleus pulposus cells (intervetebral disk)	Glycosaminoglycan synthesis
	Cyclooxygenase-2 (COX-2)	Renal medullary cells	Prostaglandin synthesis
	Cytochrome p450 2E1, 3A	Hepatocytes	Drug metabolism
	HIV replication	Macrophages	Binding of NFAT5 to LTR required
	S100A4/metastasin	Cancer cells	Tumor metastasis
	Myocyte differentiation	Myoblasts	Cyr61
	TNF-α, lymphotoxin-	T lymphocytes	Immune responses
	VEGF-C	Macrophages	Lymphangiogenesis
	Corneal inflammation in dry eye syndrome	330-365 (tear film)
	Diabetes mellitus		310-350 (serum)
	Exercise-induced airway inflammation in obstructive pulmonary disorders	350 (bronchial fluid)
	Hypernatremia		340 (serum)
	Inflammatory bowel disease	490 (faeces)

Systemic Disorders with Proven Involvement of NFAT5 Target Genes Condition/Disorder Target gene

  

	Diabetic microvascular lesions	Aldose reductase Inflammatory cytokines
		Genes involved in osmoadaptation
	Adaptive immunity	Immune modulatory cytokines
		B cell activating factor (BAFF)
	Salt-sensitive hypertension	VEGF-C

Table 3 . 1 .

 31 Scholar comparison between Glycolysis and OXPHOS.

	BASIS	GLYCOLYSIS	OXPHOS
	Starts with	Break down of glucose into pyruvate	Oxidize Pyruvate into CO2

  3.1) Lactate: Regulatory and signalling molecule The final product of glycolysis is pyruvate. It is converted to lactate by the lactate dehydrogenase (LDH). Lactate dehydrogenase catalyzes interconversion of pyruvate and lactate with concomitant interconversion of NADH and NAD + . In anoxia or

hypoxia, TCA cannot more catabolize pyruvate, so resulting in accumulation of NADH, and consequently NADH cannot be more oxidized due to the anaerobic block in TCA, so there is reduction of NAD + . This stopped catabolism of glucose and consequently blocked ATP production. The re-routing of pyruvate to lactate by LDH circumvents this by utilizing NADH and regenerating of NAD + [Diaz-Ruiz

  carried out at room temperature (or 25 °C). Thus later studies on isolated mitochondria were shifted to the artifical temperature of 25 °C. Today, the importance of investigating mitochondrial performance at in vivo temperatures is recognized again in mitochondrial physiology. Incubation times of 1 hour were typical in experiments with the Warburg apparatus, but were reduced to a few minutes up to 20 minutes, following Chance and Williams, due to rapid oxygen depletion in closed, aqueous phase oxygraphs with high sample concentrations. Today, incubation times of 1 hour are typical again in high-resolution respirometry, with low sample concentrations and the option of reoxygenations. Between 1908 and 1914, Warburg was affiliated with the Naples Marine Biological Station, also known as the Stazione Zoologica, in Naples, Italy.

The Warburg apparatus has been replaced by polarographic instruments introduced by Britton Chance in the 1950s. Since

Chance and Williams (1955) 

measured respiration of isolated mitochondria simultaneously with the spectrophotometric determination of cytochrome redox states, a water chacket could not be used, and measurements were

  .1.7) Washing the Oroboros chambers and stoppersThe O2k measurement chamber is made with different materials (glass and plastics).

	Experiments involve aqueous phase buffer/medium to which cells/organelles are
	added and finally drugs. The problem is to avoid that what was in the «experiment
	before» impacts (spoils) your next experiment. A recurrent problem is the
	contamination with mitochondrial poisons (Oligomycin, Rotenone, and Antimycin)
	poorly soluble in water and prone to bind to surfaces and notably plastics. At the
	opposite if in your sequence of experiments, the risk of contamination is null then
	washing might be simplified and even omitted. This simplification should be
	justified and/or validated by experiments.

4.3B

). Addition of one or several of these inhibitors functionally get away mitochondria from respiration and this organelle practically exit from energy transformation circuits.

[START_REF] Steinlechner-Maran | Respiratory defect as an early event in preservation-reoxygenation injury of endothelial cells[END_REF] 

(Fig.

4

.4).

2

The three washing liquids: Water 4% Ethanol (W4%): This solution is used to remove what is left after removal of the experimental mix. The principle is to use an aqueous mixture to wash out the buffer, 4% alcohol prevents the risk of precipitating the hydrophobic and poorly soluble compounds. Washing abundantly with this rinsing solution is expected to eliminate 99% of contaminating materials. This solution should be prepared with demineralized water to spare expensive MilliQ water. The 4% ethanol is approximative (>1% and <10%).

Ethanol (90-100%): It is used to eliminate rests of hydrophobic poisons that would remain stuck to the walls/plastics. Leaving the Chamber & stopper in Ethanol is the best procedure for long term storage of the O2k chambers. MilliQ water: It is used to remove all traces of ethanol and ions before the next experiment. From one experiment to another:

  FBS), 50 U/mL penicillin, 50 µg/mL streptomycin (all from GIBCO, Life Technologies Carlsbad CA-USA).

	2.1.2) Cell Culture
	CHO cell line were cultured in F-12 Nutrient Mix (1X) GlutaMax (HAM)
	supplemented with 10% (v/v) inactivated fetal bovine serum (FBS), 50 U/mL
	penicillin, 50 µg/mL streptomycin (all from GIBCO, Life Technologies Carlsbad
	CA-USA). In following table in the next page, you consider different types of cells
	implicated in these experiments.

SH-SY5Y, HEK-βλγ and HTβλ cell line were cultured in Dulbecco's modified Eagle's medium high-glucose (DMEM) supplemented with 10% (v/v) inactivated fetal bovine serum (

Table 1 . 1 .

 11 List of different Cell lines.

	Description	CHO	HEK-293	HT29	SH-SY5Y
		Cricetulus			
	Organism	griseus, hamster,	Homo sapiens, human	Homo sapiens, human	Homo sapiens, human
		Chinese			
	Tissue	ovary	embryonic kidney	colon	bone marrow
	Morphology	epithelial-like	epithelial	epithelial	epithelial
	Culture Properties	adherent	adherent	adherent	mixed, adherent and suspension
	Gender	female	fetus	Female (44 years adult)	Female (4 years)
	Complete Growth Medium	F-12	DMEM High Glucose +Pyruvate	DMEM High Glucose +Pyruvate	DMEM High Glucose +Pyruvate
	Disease	-	-	colorectal adenocarcinoma	Neuroblastoma
	2.1.3) Rat liver mitochondria		

Table 1

 1 Ab 1-42 , total tau, and a-synuclein brain concentrations (pg/mL) stratified by rmTBI parameter P values indicate statistically significant group differences (P , .05) calculated using Kruskal-Wallis test corrected from multiplicity of tests using Bonferroni procedure.The minimum amount of impact energy required to achieve significant differences between rmTBI and sham groups (Mann-Whitney-Wilcoxon test; Ab 1-42 , P 5.001, tau; P 5.003; and a-synuclein, P .001).

			Impact energy					Frequency/day				Duration of exposition	
			0.03 J	0.04 J	0.05 J	0.08 J								
		Sham	13.5 g 20 cm	20 g 20 cm	13 g 40 cm	20 g 40 cm	P value* 1!	2!	4!	P value* 10 weeks	20 weeks	P value*
	N	6	18	18	18	18		24	24	24		36	36	
	Ab 1-42													
	Median	18.8	28.6 z	39.5	39.3	46.1	,.001	32.2	37.4	38.9	.001	29.9	46.0	,.001
	(Q1, Q3)	(18.2, 20.1)	(23.6, 36.1)	(31.0, 57.2)	(30.4, 44.5)	(33.6, 69.7)		(25.4, 44.5)	(32.7, 50.5)	(31.8, 50.5)		(23.8, 33.2)	(39.4, 59.2)	
	Fold-change y	-	1.52	2.10	2.09	2.09		1.71	1.99	2.07		1.47	2.50	
	Total Tau													
	Median	1082	1309 z	1633	1467	1692.0	.004	1313	1403	1500	.004	1230	1930	,.001
	(Q1, Q3)	(1061, 1113)	(1208, 1393)	(1262, 2072)	(1224, 1857)	(1274, 2841)		(1205, 1754)	(1261, 1969)	(1304, 2245)		(1139, 1314)	(1526, 2215)	
	Fold-change y	-	1.21	1.51	1.37	1.6		1.21	1.30	1.39		1.14	1.76	
	a-synuclein													
	Median	8.0	64.2 z	64.9	84.0	117.8	,.001	58.6	80.1	87.3	,.001	44.8	150.4	,.001
	(Q1, Q3)	(7.1, 8.7)	(35.0, 99.7)	(41.3, 109)	(51.4, 157)	(59.2, 165)		(38.6, 103)	(44.7, 135)	(53.9, 162)		(35.4, 53.6)	(100, 164)	
	Fold-change y	-	8.04	8.12	10.50	14.7		7.34	10.0	10.9		6.4	17.6	
	Abbreviations: rmTBI, repetitive mild traumatic brain injury; J, Joules; Q1, first quartile; Q3, third quartile.						

*y Fold change represents the ratio between injured and sham protein levels (median).
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Abstract

Metabolic alterations associated with inflammation include increased recruitment of glycolysis (lactate release) and repression of mitochondrial oxidative phosphorylation.

Inflammation causes hyperosmolar conditions in the extracellular medium. This article compares cellular bioenergetics in isosmotic or hyperosmotic medium. The setting of hyperosmolar conditions has the immediate consequence to decrease cellular respiration. A first target is the mitochondrial ADP into ATP phosphorylation step (and thus likely the complex V of respiratory chain). This is accompanied by a decreased cellular ATP turnover and/or increased glycolytic flux leading to lactate release depending on the presence or not of glucose. Hyperosmotic conditions increase greatly the ability for glucose to repress cellular respiration. Kinetic experiments showed that this effect takes place within seconds after glucose addition. This fast repression of cellular respiration by glucose is considered to reflect the Crabtree effect. Our observations raise therefore the question of the role of hyperosmolarity of external medium in the setting of the inflammatory metabolic profile. The neutral red cellular uptake was measured after incubation for period of times ranging from zero to eight hours (X axis) in isotonic (empty circles) or hypertonic (black dots) media in presence (A) or absence of glucose (B). The cellular viability was expressed relative to the value for neutral red uptake at time zero in the same medium as the 100% reference. In one experiment each value is the average from 12 readings (12 wells). The values shown here are the mean values ±SD (# min-max) for the two independent experiments. 
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Competing Interests: he authors declare no competing interests. are contained in the buffer reservoir connected to the Masterflex pump via a T-valve. After a pressure check, the fluid is reversed into a bubble chamber to avoid air bubbles in the rotor. Subsequently, the sample with the cell suspension and the elutriation buffer was forced into the elutriation chamber.

The separation of the cell suspension in the elutriation chamber was controlled virtually through the viewing point in the rotor. During the loading phase platelets and contaminating erythrocytes were already eluted from the elutriation chamber (fraction 1). Once all the cells were loaded and accumulated in the elutriation chamber (after approximately 10 min), the flow rate was increased to 20 mL/min at a constant rotor speed of 2000 rpm. The elutriated lymphoid cells were collected (fraction 2). Thereafter, the flow rate was increased to 40 mL/min (at a constant rotor speed of 2000 rpm) to elutriate the epithelial cell fraction (fraction 3, in three tubes of 45 mL each). At the end of the procedure, we obtained about 500 million epithelial cells that must be resuspended in 4 L of the medium. The median cell volumes for G1, S, and G2/M cells were respectively 620, 950, and 1260 µm 3 and the corresponding rotor speeds (E-10M rotor containing the 50-mL elutriation chamber) for cell separation were 1160-1050 rpm, 1000-950 rpm, and 900-850 rpm, respectively. We started centrifugation at 2000 rpm and gradually reduced the speed against a 40 mL/min force of injection. Prolonged centrifugation permits separation of cells from these three categories and we collected five fractions of 12-15 million cells. For this study, informed consent was obtained from all subjects. All of the methods involving human subjects were performed in accordance with the standard practice procedures, regulations, and guidance, and were approved by the Teheran Imam Khomeini Hospital.

Fluorescence and Luminescence Measurements

All fluorescence and luminescence measurements have been made using a NOVOstar multifunctional microplate reader from Isogen Life Science (Utrecht, The Netherlands) and were analyzed using BMG Labtech software V1.30 R9 (Offenburg, Germany).

pHi Measurement

Intracellular calibration of the fluorescence response to total cytosolic pH indicators was performed using K + /H + ionophore nigericin (Invitrogen, Cergy Pontoise, France), which causes equilibration of intracellular and extracellular pH in the presence of a depolarizing concentration of extracellular K + . After dissolving nigericin in 354 µL anhydrous Dimethyl Sulfoxide (DMSO) to make a 20 mM solution, it was mixed with 100 µL of Valinomycin (Sigma-Aldrich, St. Louis, MO, USA), used as an ionophore, to make a 1000× stock solution (10 mM each) for cell loading dye components. For cell acidification, we used the NH 4 + /NH 3 (20 mmol/L) prepulse technique. We used the Cell Meter Fluorometric Intracellular pH (pHi) Assay KitTM (AAT Bioquest ® , Sunnyvale, CA, USA). Cells were dispatched overnight in MEM alpha medium at 80,000 cells/well/100 µL for a 96-well plate. Stock solutions were made and the pH assay was run for 20 min by monitoring the fluorescence at Ex/Em = 490/535 nm (cut-off at 515 nm).

Reduced Mitochondrial Membrane Potential in Immortal Cancer Cell Lines

In all assays, we loaded the wells with 200,000 cells and the results were normalized using total protein concentrations in eight independent experiments (n = 8) corresponding to eight patients. All procedures followed the kit instructions: ENLITEN ® ATP Assay System (Promega FF2000; Charbonnières, France) for ATP quantification, NADP + /NADPH and NAD + /NADH assays were run using the NADP/NADPH-Glo Bioluminescent Assay kit (Promega G9082) and the NAD/NADH-Glo Bioluminescent Assay kit (Promega G9072), respectively. The assay of total intracellular (cytosol and organelles) ATP quantification, luciferase is used as the catalyzing enzyme of the ATP reaction with D-Luciferin. ATP being the limiting component of the reaction, the intensity of the emitted light is proportional to the amount of ATP. ATP extraction from cells is primordial and each step must limit ATP degradation. Briefly, ATP extraction is carried out with trichloroacetic acid reagent which releases ATP from the cell population and prevents ATP degradation by potential enzymes. After