Understanding temperature production and regulation in endotherm organisms becomes a 17 crucial challenge facing the increased frequency and intensity of heat strokes related to global 18 warming. Mitochondria, located at the crossroad of metabolism, respiration, Ca 2+ homeostasis 19 and apoptosis, were recently proposed to further act as cellular radiators, with an estimated 20 inner temperature reaching 50°C in common cell lines. This inner thermogenesis might be 21 further exacerbated in organs devoted to produce consistent efforts as muscles, or heat as 22 brown adipose tissue, in response to acute solicitations. Consequently, pathways promoting 23 respiratory chain uncoupling and mitochondrial activity, such as Ca 2+ fluxes, uncoupling 24 proteins, futile cycling and substrate supplies, provide the main processes controlling heat 25 production and cell temperature. The mitochondrial thermogenesis might be further amplified 26 by cytoplasmic mechanisms promoting the over-consumption of ATP pools. 27

Considering these new thermic paradigms, we discuss here all conventional wisdoms linking 28 mitochondrial functions to cellular thermogenesis in different physiological conditions.

Body temperature in endotherms, such as mammals, is crucial for the management of 31 most biological functions. The ability to produce internal heat and maintain a constant body 32 temperature was acquired during animal evolution, and is closely linked to original processes 33 controlling energy metabolism. Indeed, an increased metabolic rate in endotherm species 34 produces sufficient heat to raise body temperature, even at rest (Legendre et Davesne 2020). 35

Thermodynamics laws help to understand the link between heat production and energy 36 metabolism. Energetic metabolism combines catabolic reactions, which break down molecules 37 into smaller units, and anabolic reactions, which promote the synthesis of complex molecules 38 from smaller units. Catabolic reactions are spontaneous and exergonic, i.e. more energy is 39 released than consumed, whereas anabolic reactions are non-spontaneous endergonic 40 reactions, requiring energy input from exergonic reactions. However, the coupling between 41 exergonic and endergonic reactions is imperfect, and a significant fraction of the energy 42 dissipates as heat [START_REF] Ricquier | Fundamental mechanisms of thermogenesis[END_REF]Chouchani, Kazak, and Spiegelman 2018). 43

In eukaryotic cells, mitochondria have a crucial role in ATP and heat productions, as 44 the conjunction of most exergonic and endergonic reactions lies in this organelle especially 45 The most efficient way to increase thermogenesis consists in uncoupling. Mitochondrial 90 uncoupling is a general term referring to any pathway that enables H + reentry into the matrix 91 independently of ATP production. Thus, uncoupling induces futile cycle, linking H + leak through 92 the inner mitochondrial membrane (IMM), via endogenous H + conductance pathways, and 93 subsequent backward H + pumping by ETC in order to maintain the Δp across the IMM. This 94 H + leak leads to a decreased in ATP production, favoring heat production, consistent with the 95 energy conservation law (Ricquier 2006) (Figure 3). This energy-dissipating cycling accounts 96 for a varying proportion of cellular metabolism, depending on the tissue type, but involves 97 remarkable energetic costs in endotherms, as up to 25% of rat basal metabolic rate can be 98 related to H + leak (D. F. Rolfe et Brown 1997; D. F. Rolfe et al. 1999). H + leak may be a 99 constitutive process related to IMM biochemical features, termed basal H + leaks, or induced in 100 specific conditions requiring thermogenesis. 101

Basal H + leak is an unregulated process, which depends on the H + driving force (Δp), 102 being negligible at low potential at maximal phosphorylating rates, while increasing exponentially as Δp rises (Nicholls 1974; Martin D. [START_REF] Brand | The Efficiency and Plasticity of Mitochondrial Energy Transduction[END_REF]. Although poorly 104 understood, the mechanisms of basal H + leak depend on IMM physicochemical properties, 105 such as its fatty acid composition. For instance, the amount and saturation of cardiolipin (Hoch 106 1992), together with the ω6/ω3 fatty acid ratio increase basal H+ leak intensity (Bobyleva et 107 al. 1997;[START_REF] Pehowich | Thyroid Hormone Status and Membrane N-3 Fatty Acid Content Influence Mitochondrial Proton Leak[END_REF] [START_REF] Fontaine | Effect of Polyunsaturated Fatty Acids Deficiency on Oxidative 885 Phosphorylation in Rat Liver Mitochondria[END_REF][START_REF] Brand | Proton 800 conductance and fatty acyl composition of liver mitochondria correlates with body 801 mass in birds[END_REF]). However, this 108 concept remains debated (Hulbert et Else 2004), since no difference was found in H + 109 conductance in liposomes prepared from liver mitochondria from different species, despite a 110 three-fold difference in the unsaturation index of the phospholipid fatty acyl groups (Martin D. 111

Brand et al. 2005).

Alternatively, the magnitude of H + current across the IMM also correlates 112 with the abundance of the adenine nucleotide translocase (ANT), a transmembrane IMM 113 channel protein shuttling ADP for ATP [START_REF] Shabalina | Carboxyatractyloside Effects on Brown-Fat Mitochondria Imply That the Adenine Nucleotide Translocator Isoforms ANT1 and ANT2 May Be Responsible for Basal and Fatty-Acid-Induced Uncoupling Respectively[END_REF]). ANT may account for 50-70% 114 of basal H + leak in muscle mitochondria (Martin D. [START_REF] Brand | The Efficiency and Plasticity of Mitochondrial Energy Transduction[END_REF]). The related molecular 115 mechanism still remains elusive, but is independent of ANT ATP/ADP exchange activity. Thus, 116

the basal H + leak may be related to IMM lipid composition and to the amount of restricted 117 transmembrane carriers, such as ANT [START_REF] Shabalina | Carboxyatractyloside Effects on Brown-Fat Mitochondria Imply That the Adenine Nucleotide Translocator Isoforms ANT1 and ANT2 May Be Responsible for Basal and Fatty-Acid-Induced Uncoupling Respectively[END_REF][START_REF] Jastroch | Mitochondrial Proton and Electron Leaks[END_REF]. 118

Besides this basal H + leak, the most important uncoupling process corresponds to an 119 induced and regulated Δp decrease, termed inducible H + leaks, and related to the expression 120 of specific mitochondrial carrier proteins, like the uncoupling proteins (UCPs). The best 121 characterized process of thermogenesis arises from UCP1, which is required for the inducible 122 The in vitro superoxide production was estimated at 0.12-2% of O2 consumption in isolated 254 mitochondria [START_REF] Kudin | Characterization of Superoxide-Producing Sites in Isolated 956 Brain Mitochondria *[END_REF]). However, experimental conditions may lead to 255 overestimated values, leading to lower in vivo superoxide production (Michael P. Murphy 256 2009). Therefore, it is unlikely that this process significantly contributes to substantial heat 257 production. Nevertheless, electron and H + leaks are intricately related, as ROS production is 258 As mentioned earlier, the OXPHOS efficiency, which mainly depends on the H + leak, is 294 a major element in the regulation of mitochondrial heat production. However, energy can also 295 be dissipated through mechanisms that do not involve mitochondrial uncoupling but stimulate 296 cellular ATP hydrolysis. Increasing H + flux through the ATP synthase to sustain ATP synthesis 297 thereby stimulates both the substrate oxidation rate and inherent energy loss as heat (Figure 298 4). 299 300 a) Futile cycling 301

Mechanisms that increase ATP turnover include ATP-consuming futile cycles, such as 302 the creatine/phosphocreatine (Cr/PCr) cycle and the calcium import/export cycle, which can 303 be regulated by adjusting these cycle rates to cellular ATP requirements. Their dependence 304 on ATP production underlines that mitochondrial oxidations coupled to ATP synthesis, not just 305 uncoupling, may play a role in heat production (Figure 4). When ATP is used to drive cellular mechanical or metabolic pathways, the consecutive 400 decrease in the mitochondrial ATP/ADP ratio rises ATP synthesis rate by F0F1-ATP synthase, 401 which elevates mitochondrial oxidative metabolism and inherent heat production. Thus, 402 mitochondrial thermogenesis is likely to vary depending on chronic or acute ATP global needs. 403

For example, in muscles exposed to challenging efforts requiring tremendous high energetic 404 input, myocytes mitochondria will exhibit higher OXPHOS rates than in resting conditions 405 The equilibrium between ATP production and consumption represents a major cellular 407 challenge, in order to maintain a physiological energy balance, whatever the internal or 408 external solicitations. ATP hydrolysis results in ADP and inorganic phosphate, ADP being 409 recycled by the adenylate kinase to ATP + AMP, according to the reaction 2ADP ↔ ATP + 410 AMP. Thus, following ATP consumption, both ADP/ATP and AMP/ATP ratios increase and are 411 sensed by the AMP-activated protein kinase (AMPK). Once activated, the AMPK activates 412 enzymes involved in catabolism, glucose uptake and mitochondrial biogenesis (Hardie, Ross, 413 et Hawley 2012). In this respect, AMPK activation stimulates metabolism favoring heat 414 production, as suggested by its crucial involvement in BAT thermogenesis (Q. Wang et al. 415 2021). 416

In parallel, sirtuin 3 (SIRT3), which is a mitochondrial NAD + -dependent deacetylase, 417 reconciliation between theory and practice was suggested by the observation of picosecond temperature-difference spikes, compatible with the 50°C temperature of mitochondria. Indeed, 465 when these picosecond spikes were averaged over time, a 10°C difference of temperature 466 was observed between mitochondria and cytoplasm, consistent with the maintenance of a 467 chronic steady-state temperature gradient, rather than acute picosecond heat spikes (Fahimi 468 et Matta 2021). Moreover, the concept of transient heat release was also observed 469 experimentally, as a transient heat shock of ≈7.5°C was observed during proton uncoupling 470 using the chemical uncoupler BAM15 [START_REF] Rajagopal | Transient Heat Release during Induced Mitochondrial Proton Uncoupling[END_REF]). Nevertheless, more convincing 471 physical explanations remain to be identified to support the concept of "hot" mitochondria" 472

(Macherel et al. 2021). 473

Finally, the optimal range of temperature for the CIV and possibly the ATPase activities 474 could be 50°C, suggesting that the optimal condition for the respiratory chain is close to the 475 high local temperature, and parallels the thermogenic function of mitochondria (Chrétien et al. 476 2018). However, this result is surprising and does not agree with previous observations. For 477 example, incubating the CIV of beef heart at 43-45°C lead to a decrease the H + /e -stoichiometry 478 close to 0 (Sone et Nicholls 1984). The positive influence of high temperature on respiratory 479 chain complexes and ATP synthase remains to be determined but if this result was confirmed, 480 links between heat and energy productions might represent a virtuous cycle: ATP production 481 promotes heat production, and heat production could in turn favor ATP production. Moreover, 482 this concept also reflects our questioning about the origin of mitochondrial endosymbiosis. 483 Indeed, phylogenetic elements suggest that mitochondria ancestors were thermophile α-484 probacteria (Nasr et al. 2019). Otherwise, it was suggested that proto-mitochondria 485 endosymbiont permitted an internal heat production into the archaeal ancestor host, who lived 486 in high temperature environment, allowing it to colonize cooler biotopes (Dunn 2017). Thus, 487 the understanding of mechanisms of mitochondrial temperature regulations is a research field 488 to explore and some answer track begin to emerge. Indeed, mitochondrial heat production was 489 recently associated with Δ9-fatty acid desaturase DESAT1 activity which introduces a double 490 bond at the Δ9 position of the acyl moiety of acyl-CoA, leading to the enhancement of F1Fo-491

ATPase-dependent mitochondrial respiration and consistent heat production (Murakami et al. 492

2022). 493

Recent advances highlighted the large thermal heterogeneity at subcellular scales, exemplified 496 by a possible physiological temperature of 45-50°C into mitochondria, promoting mitochondria 497 as the cell radiators. Understanding how these radiators regulate and is regulated by heat 498 production is intimately related to the generation and dissipation of the H + gradient through the 499 IMM and its connection or not to the ATP synthesis and consumption. At the crossroads 500 between physics and cell biology, emerging studies are now required to determine 501 thermogenesis levels in the different cellular compartments, and heat flows throughout the cell. 502

Ultimately, mechanisms regulating mitochondrial thermogenesis could result in identifying 503 novel heat-related messengers regulating crucial cellular processes.

Highlights: 505

Beyond its role as the principal source of ATP production, mitochondria can be considered as 506 cellular radiators, with a possible local temperature of 50°C. This physiological contribution to 507 heat production is regulated by many mechanisms targeting mitochondrial activity levels, and 508 can be further stimulated by uncoupling the respiratory chain and membrane potential from 509 ATP synthesis, to respond to drastic cold stresses. In addition, exergonic reactions using large 510 ATP amounts in cell functions, like muscle shivering or Ca 2+ leak from the SR, can contribute 511 to generate heat by inducing an over-stimulation of mitochondrial activity to replenish ATP 512 pools. Cell variations in thermal flows might thus promote heterogeneous subcellular 513 temperature gradients that might contribute to novel regulatory pathways controlling cell 514 physiology.

Outstanding Questions box 516

 Although robust experiments led to the conclusion that mitochondria temperature 517 reaches 50°C in vitro in HEK293 and human fibroblast cell lines, there is a crucial need 518 to confirm this observation in alternative cell models, and in vivo. 519  In this respect, generating novel thermosensitive probes highly sensitive to faint 520 temperature changes located in the different cellular components are mandatory to 521 better explore dynamic changes and distribution of cellular temperature, and heat 522 

Box 1: ATP production during OXPHOS 591

The electron transfer chain (ETC) includes multi-subunits complexes embedded within 592 the inner mitochondrial membrane (IMM), which are functionally and physically linked together: 593 the complex I (CI, NADH Ubiquinone Reductase), complex II (CII, succinate ubiquinone 594 reductase), complex III (CIII, ubiquinol cytochrome c reductase) and complex IV (CIV, 595 cytochrome c reductase). The ETC transfer the electron energetic potential from NADH/NAD+ 596 (CI) and FADH2/FAD+ (CII) to the electrochemical proton gradient known as the proton motive 597 force (p). This process involves a series of oxidoreductase reactions in which electron flows 598 sequentially "downhill" along the ETC from a reduced to an oxidized state, ending to molecular 599 oxygen reduction into a water molecule. Free energy release during electron transfer drives 600 the proton pumping across the IMM at complexes CI, CIII, and CIV, resulting in the proton 601 gradient, p. The p consists in the charge (∆ψm) and chemical (∆pH) components, and drives 602 the endergonic ATP synthesis when the H + flow back to the matrix and many transports 603 through the inner mitochondrial membrane [START_REF] Hatefi | The Mitochondrial Electron Transport and Oxidative Phosphorylation 904 System[END_REF]. The ATP synthesis module includes, 604 in addition to the ATP synthase, the adenylate carrier (ANT) to exchange the ADP/ATP and 605 the inorganic phosphate carrier (PiC). When p energy potential is used by the ATP synthase, 606 the coupling between substrate oxidation and ATP synthesis is maximized. However, if H + leak 607 back across the IMM through alternative H + conductance pathways, coupling efficiency is 608 decreased, resulting in heat production at the expense of ATP synthesis. 609

Theoretically, the oxidation of one mole of glucose, which contains 2871 kJ of energy, 612 produces 38 moles of ATP (2 by glycolysis, 2 by the TCA cycle and 34 by OXPHOS), which 613 represents 1368kJ (≈48%) (ΔG°' ATP=36kJ/mol at 37°C, pH=7.5 and I 0.2 (Phillips, George, 614 et Rutman 1969), plus ≈1503 kJ (≈52%) dissipated as heat (Figure 1) (Cleri 2016). 615

Alternatively, fatty acid breakdown by β-oxidation also provides NADH and FADH2 to the 616 mitochondrial respiratory chain (P. [START_REF] Nguyen | Liver Lipid Metabolism[END_REF]). On the same principle, the oxidation 617 of one mole of palmitate, which contains 9800kJ of energy, produces theoretically 129 moles 618 of ATP, which represents 4644kJ (≈47%), plus 5156kJ (≈53%) dissipated as heat. These 619 values are obtained by considering an historical mechanistic P/O ratio, which represent the 620 amount of moles of ADP phosphorylated to ATP per two electrons transferred to oxygen, of 3 621 per NADH and 2 per FADH2 (Nath 2016, 20). 622 However, it is now widely accepted that the mechanistic efficiencies are lower. 623

Considering the mechanism of F-ATPase and its H + /ATP ratio of 2.7 in mammals, the 624 P/O ratio should be lowered to 1.8 in vivo. Thus, ATP/heat production balance is even lower 633 than the predicted 40%/60% in physiological conditions (Figure 1B). Uncoupling Protein 1 (UCP1) activation induces H + leak, which dissipates the Δp thereby 683 uncoupling substrate oxidation from ATP synthesis while increasing thermogenesis. The 684 Adenine nucleotide translocator (ANT), in addition to its main function as ATP/ADP carrier, can 685 also act as H + transporter. ANT-mediated H + leak requires protonatable Free Fatty Acids 686 (FFA), which would act as cofactors. FFA-dependent H + leak competes with nucleotide exchange activity in the ANT translocation pathway, switching from H + leak, promoting heat 688 production, to ATP/ADP translocation, promoting ATP production. e -slip at CIV and H + slip at 689 ATP synthase could lower the P/O ratio. ROS production through e -leak deflects electron 690 transfer occurring from NADH (CI) or FADH2 (CIII) oxidations. The glycerol-3-phosphate (G3P) 691 shuttle catalyzes an apparent exchange of cytosolic NADH for mitochondrial FADH2, directly 692 transferring electrons to CIII via the ubiquinone. This reduces the H + /O2 stoichiometry from 693 

  through the oxidative phosphorylation (OXPHOS) (Lowell et Spiegelman 2000; Ricquier a) Proton leak mechanisms 89

H

  + leak in brown and beige adipocytes. Conversely to heat shock proteins whose expression 123 is induced by a hot stress, UCP1 expression is driven by a cold stress (A. D.Nguyen et al. 124 2018). UCP1 mediates H + transport from the intermembrane space back to the matrix, 125 consistently decreasing the Δp. This process induces a tremendous activation of oxidations to 126 restore the Δp. Thus, once activated, UCP1 uncouples substrate oxidation from ATP 127 production, converting most energy in heat (Ricquier 2017). Since UCP1 discovery (Lin et 128 Klingenberg 1980), its key role in heat production in the brown adipose tissue (BAT) was 129 evidenced (Ricquier 2017). As of today, UCP1 is considered a major thermogenesis player in 130 BAT adaptive thermogenesis. 131While mitochondria from BAT specifically produce heat through uncoupling, H + leak is 132 not a distinctive property of the mitochondria of the specialized thermogenic tissues. For 133 instance, hepatocyte coupling efficiency in a broad range of species was found in the range of 134 75-80% of the ideal value (M. D. Brand 2005), with H + leak accounting for up to 26 and 22% 135 of the oxygen consumption in resting and active rat hepatocytes, respectively (M. D. Brand et 136 al. 1994; D. F. Rolfe et al. 1999). Similar coupling efficiencies were observed in other cell 137 types (Buttgereit, Brand, et Müller 1992; Jekabsons et Nicholls 2004), while in perfused 138 rat muscle, H + leak could account for up to 55% of the mitochondrial oxygen consumption in 139 resting condition (D. F. S. Rolfe et al. 1999) and up to 38% in contracting fibers (D. F. Rolfe ones can have a consistent contribution to heat production. The molecular identity of the 142 uncoupling protein in non-thermogenic tissues has been a long matter of debates. On the basis 143 of their sequence similarities, four additional UCP isoforms UCP 2 to 5 were discovered, with 144 restricted expression patterns in tissues such as heart, kidney, pancreas, neurons, smooth 145 muscles and skeletal muscles (Mao et al. 1999; Boss et al. 1997; Yu et al. 2000; Fleury et 146 al. 1997). However, the functions of these UCPs are imperfectly known (Ježek et al. 2018). 147 Although UCP3 has a possible in vivo effect on thermal homeostasis (Riley et al. 2016), UCP2 148 to 5 could regulate superoxide production (Ježek et al. 2018). Notably, the low contents of 149 UCP2 to 5 in tissues do not allow a strong uncoupling, as does UCP1 in BAT. Indeed, the 150 range of UCP1 uncoupling in BAT mitochondria is ≈55 mV, while UCP2 uncoupling in lung is 151 lower than 12.5 mV (Jezek et al. 2004). Moreover, respiration analyses first pointed ANT as 152 the main actor of the induced H + leak in skeletal muscle and liver (Andreyev AYu et al. 1989; 153 M. D. Brand 2005). These results were further confirmed by direct patch-clamp measurements 154 on IMM from several tissues such as skeletal muscle, heart, liver and kidney, using both 155 pharmacological and genetic (ANT1/ANT2-deficient mice) approaches (Bertholet et al. 2019). 156 The ANT-mediated uncoupling requires protonatable free fatty acids, which would act as 157 cofactors in H + translocation. The ubiquitous and high expression of ANT in many cell types 158 may promote increased energy expenditure, i.e. in diet-induced thermogenesis. Thus, two 159 proteins are nowadays considered as thermogenic uncoupling proteins: the ubiquitously 160 expressed ANT and the fat-specific UCP1. 161 Finally, proton re-entry also accompanies metabolite and ion transports, therefore 162 increasing conductance of any ion through the IMM could dissipate the Δp and uncouple the 163 substrate oxidation by ETC from ATP synthesis. The most significant example is the 164 mitochondrial Ca 2+ cycling, which requires electrogenic ion-exchange and consequently 165 induces mitochondrial uncoupling (Filadi et Greotti 2021). Furthermore, activities of K + 166 channels and electrogenic transporters embedded in the IMM (O'Rourke 2007; Urbani et al. 167 2021), can also induce uncoupling and reduce the OXPHOS efficiency, while supporting heat 168 production However, induced-H + leak appears to be the only regulated mechanism specifically 169 dedicated to thermogenesis. 170 171 b)

  leading to energy dissipation by F0F1-ATPsynthase as heat (Giovanna Lippe et al. 2019). 227 The dissipative pathways and their modulation are still not well understood. 17β-estradiol, at 228 micromolar concentrations, can also induces an "intrinsically slipping state" of F0-ATP 229 synthase, resulting in a decreased ATP/O ratio (Moreno et al. 2013). Oxidative 230 posttranslational modifications occur at a selective cysteine in ATP synthase subunits, which 231 may act as a redox sensor modulating ATP synthase function (S.-B. Wang et al. 2011). 232 Oxidation of thiol residues located in F0 (Zanotti et al. 1992; Yagi et Hatefi 1987) and the 233 formation of a disulphide bond between subunits b of two adjacent F-ATP synthase monomers 234 (G Lippe, Dabbeni Sala, et Sorgato 1988) induce uncoupling of ATP synthase. 235 Thus, if slipping does not seem to be directly involved in the regulation of 236 thermogenesis, these mechanisms could induce some heat production under cellular stress 237 conditions. 238 239 b) Electron leak 240 A decreased coupling efficiency can also occur through electron leaks, when electrons 241 "escape" the ETC pathway prior to the oxygen reduction by the cytochrome c oxidase, to 242 generate superoxide (O2 •-) (Chouchani, Kazak, et Spiegelman 2018; Jastroch et al. 2010). 243 Within ETC, the sites of superoxide production are mainly associated to complex I (CI) and 244 secondly to complex III (CIII). Mitochondrial enzymatic complexes such as the 245 dihydrolipoamide dehydrogenase, the flavoenzymes α-glycerophosphate dehydrogenase, or 246 the electron-transferring flavoprotein:Q oxidoreductase (ETFQOR) of fatty acid β-oxidation 247 were also reported to produce ROS. (St-Pierre et al. 2002; Tretter et Adam-Vizi 2007). 248 Briefly, electron leaks in CI can occur at high NADH/NAD + ratio eliciting an increased level of 249 reduced FMN cofactor and O2 •-production, or during reverse electron transport (Jastroch et al. 2010). Electron leaks in CIII can occur when Qi site inhibitors prevent electron removal from 251 the complex during the Q-cycle, leading to QH • formation in Q0 site and O2 •-production 252 (Jastroch et al. 2010). 253

  highly sensitive to H + leak-related Δp decrease (Michael P. Murphy 2009), while superoxide 259 production can indirectly impact mitochondrial heat production by regulating H + leak (cf. proton 260 leak regulation) (Figure 3). Moreover, mitochondrial superoxide production is increased by 261 heat stress (Belhadj Slimen et al. 2014). 262 263 c) Substrate utilization 264In addition to the H+ leak amplitude, the OXPHOS efficiency also differs according to 265 the catabolic routes feeding the ETC. Besides complex I which catalyzed NADH oxidation, 266 several ETC oxidoreductases are unable to pump protons, particularly the complex II, the 267 glycerol phosphate dehydrogenase and the ETFQOR linked to fatty acid oxidation (Adeva-268 Andany et al. 2019). Depending on whether the ETC is fed on NADH or a FAD prosthetic 269 group, the H + /O2 stoichiometry will differ :10H + /2e -or 6H + /2e -, respectively (M. D. Brand 270 2005), ultimately modifying the ATP/O stoichiometry and thus, mitochondrial heat production. 271 One main example could be the two NADH shuttles. 272 Indeed, 2 NADH per glucose molecule are formed in the cytosol during glycolysis which cannot 273 cross the IMM, but have to be transported by two major shuttles into the mitochondrial matrix: 274 (i) the malate-aspartate shuttle, which exchanges cytosolic NADH for mitochondrial NADH to 275 supply the CI (Borst 2020), and (ii) the glycerol-3-phosphate (G3P) shuttle, which catalyzes 276 an apparent exchange of cytosolic NADH for mitochondrial FADH through the cross talk 277 between the NADH-dependent cytosolic G3P dehydrogenase (G3PDH) and the FADH-278 dependent mitochondrial G3PDH (mG3PDH). mG3PDH, located on the outer surface of the 279 inner mitochondrial membrane directly transfers electrons to CIII via the ubiquinone pool 280 (Mráček, Drahota, et Houštěk 2013). This last shuttle is less efficient, since only 2 ATPs are 281 generated per oxygen reduced, the remaining energy being dissipated as heat (Dawson et 282 Cooney 1978). Thus, the use of the G3P shuttle may promote heat production (Figure 3). The 283 relative activity of these two shuttles is tissue dependent, G3P shuttle being highly active in 284 muscle, BAT and brain (Mráček, Drahota, et Houštěk 2013). In this respect, using calorimetry 285 and high resolution respirometry, Masson et al. 2017 demonstrated that mGPDH substrate 286 flight muscles of bumblebees. The authors hypothesized that these insects use the 288 mitochondrial G3P pathway to facilitate heat production in flight muscles (Masson et al. 2017). 289 Transgenic mice lacking the mG3PDH showed a slight reduction in obligatory thermogenesis, 290 compensated by increased BAT facultative thermogenesis (DosSantos et al. 2003). 291 292 III. Increasing mitochondrial heat production by increasing respiration rates 293

306 307Futile

 306 Cr/PCr cycle 308Creatine Kinase (CK) catalyzes the reversible reaction: PCr2-+ MgADP-+ H +  309MgATP2-+ Cr and can either utilize PCr to regenerate ATP or synthesize PCr to generate 310 ADP. The CK/PCr system displays tissue-and cell-specific CK isoforms with defined 311 subcellular locations, connecting sites of ATP utilization (ATPases) with sites of ATP 312 production, i.e. mitochondria, through PCr/Cr shuttling (Figure4). The mitochondrial mtCK is 313 located in the intermembrane space and is tightly coupled to ATP-synthesis and respiratory 314 chain activity via the ANT, consuming ATP and releasing PCr and ADP. Thus mtCK maintains 315 a high local ADP/ATP ratio and high phosphorylating rates in mitochondria (For review, see 316Wallimann, Tokarska-Schlattner, et Schlattner 2011). This process is crucial in cells with 317 high energy and/or fluctuating requirements such as striated muscles, brain and neuronal cells 318 (T Wallimann et al. 1992; Theo Wallimann et al. 2007). However, this energy transfer 319 mechanism has recently been involved in the stimulation of heat production through substrate 320 oxidation and futile cycle of creatine dephosphorylation in thermogenic fat cells (Chouchani, 321 Kazak, et Spiegelman 2018). This futile cycle, associated with low creatine and ADP 322 concentrations, drives ATP hydrolysis, resulting in the stimulation of mitochondrial respiration 323 (Kazak et al. 2015; Bertholet et al. 2017; Chouchani, Kazak, et Spiegelman 2018). In 1995; Wakatsuki et al. 1996). This process initially described in mitochondria isolated from 326 beige fat of cold-exposed animals, and later in all adipose tissues, is considered as a key 327 effector of non-shivering thermogenesis (Chouchani, Kazak, et Spiegelman 2018). In this 328 respect, the deletion of the glycine aminotransferase prevents creatine biosynthesis, (Adipo-329 Gatm KO mice) and results in cold intolerance, independently of UCP1 protein abundance 330 (Kazak et al. 2017). This creatine phosphorylation-dependent heat production process seems 331 to be regulated by the tissue nonspecific alkaline phosphatase (TNAP) which hydrolyses 332 phosphocreatine to initiate a futile cycle of creatine dephosphorylation and phosphorylation in 333 mitochondria (Sun et al. 2021). Today, even if several in vivo studies demonstrated the 334 implication of the creatine futile cycle in thermogenesis, further studies are required to 335 understand its molecular process and regulations. 336 337 Futile calcium cycling 338 Ca 2+ plays a central role in cell signaling and is involved in the regulation of multiple 339 cellular functions related to the metabolism (Glancy et Balaban 2012; Rizzuto et al. 2012). 340 Ca 2+ homeostasis is driven by the ER and mitochondria. The latter one is a "sink" accumulating 341 large amounts of Ca 2+ in its matrix, by direct ER-mitochondria Ca 2+ transfer (Filadi et al. 2018) 342 through the Mitochondrial Calcium Uniporter (MCU) (Rossi, Pizzo, et Filadi 2019). An 343 increase in the matrix Ca 2+ concentration results in activation of three rate-limiting enzymes 344 dehydrogenases in feeding electrons at complex I (CI): pyruvate (PDH), α-ketoglutarate 345 (αKGDH), and isocitrate (ICDH) dehydrogenases (McCormack, Halestrap, et Denton 1990). 346 PDH activation occurs through the dephosphorylation of the catalytic subunit by a Ca 2+ -347 dependent phosphatase (R M Denton, Randle, et Martin 1972), which leads to an increase 348 of pyruvate oxidation generating NADH for CI and acetyl-CoA for the TCA cycle. αKGDH and 349 ICDH dehydrogenases are directly activated by Ca 2+ binding, thereby enhancing TCA cycle 350 flux (Rutter et Denton 1988; Richard M. Denton 2009). Finally, the two redox shuttles are 351 activated by Ca 2+ , the G3P (see section II.B.c) (Hansford et Zorov 1998) and by two 352 mitochondrial metabolite transporters, aralar1 and citrin, which are isoforms of the malate-353 aspartate shuttle (Contreras et al. 2007). Thereby, Ca 2+ also stimulates the mitochondrial 354 NADH re-oxidation generated by glycolysis. Whether the activity of complex V (ATP synthase) 355 rises directly in response to elevated mCa 2+ is a matter of debate (Wescott et al. 2019). Thus, 356 Ca 2+ plays an integrative role, increasing reduced equivalent (NADH and FADH2) availability 357 and enhancing the electron flow through the ETC, which supports mitochondrial energy 358 metabolism in parallel to the activation of ATP consuming processes in the cytosol (Jouaville 359 et al. 1999; Balaban 2009) with downstream consequences on heat production. Ca 2+ mainly 360 couples activation of oxidative metabolism with increased ATP use for cellular works, such as muscle contraction. Alternatively, another important process of non-shivering thermogenesis 362 (NST) was recently discovered in skeletal muscle and implies futile ATP hydrolysis (Blondin 363 et Haman 2018). This mechanism is based on futile Ca 2+ cycling and ATP hydrolysis in the 364 sarcoplasmic-reticulum (SR) or endoplasmic-reticulum (ER), and involves the transmembrane 365 Ca 2+ -ATPase (SERCA) and the sarcolipin (Sln), a small peptide controlling SERCA-mediated 366 ATP turnover in muscle (Gamu et al. 2014). In physiological conditions, SERCA couples ATP-367 hydrolysis to Ca 2+ sequestration in the SR/ER (L. de Meis 2002). However, the direct binding 368 of Sln to SERCA decreases the coupling efficiency between ATP hydrolysis and Ca 2+ pumping 369 back, thereby promoting both ATP hydrolysis and Ca 2+ accumulation in the cytosol (Smith et 370 al. 2002; Chouchani, Kazak, et Spiegelman 2018). This leads to heat production by the 371 SERCA ATPase activity and the activation of the Ca 2+ -dependent pathways regulating muscle 372 metabolism and mitochondrial activity (see below) (Sahoo et al. 2013). In this respect, 373 overexpression of Sln in mice fed with high fat diet increases the metabolic rate: their muscle 374 show enhanced oxidative capacity along with a rise of mitochondrial biogenesis and fatty acid 375 transport protein expression (Pant, Bal, et Periasamy 2016). Clarke et al. (2012), further 376 hypothesized that changes in calcium cycling and mitochondrial function may be involved in 377 post-prandial heat production (Clarke et al. 2012). ATP-consuming Ca 2+ futile cycling was also 378 shown to contribute to beige fat energy expenditure and systemic glucose homeostasis in 379 response to cold exposure through activation of the ryanodine receptor 2 (RyR2), promoting 380 the extrusion of ER-calcium. In addition of the futile ATP consumption responsible for energy 381 dissipation, lower efficiency of SERCA2b leads to higher Ca 2+ import into mitochondria, 382 enhanced tricarboxylic acid and pyruvate dehydrogenase activity, and finally ATP synthesis 383 for ATP-dependent thermogenesis (Ikeda et al. 2017). Interestingly, in BAT, SERCA 1 was 384 localized at the fusion sites between the ER and mitochondrial outer membranes, and where 385 it induces SERCA/RyR mediated Ca 2+ futile cycling. This Ca 2+ increases stimulates the rate of 386 respiration and heat production both in coupled and uncoupled mitochondria, which can be 387 inhibited by rotenone, KCN, and CI and CIV inhibitors, demonstrating the key role of ETC 388 activation by Ca 2+ in this thermogenesis (Leopoldo de Meis et al. 2010). 389 390 Consequently, dysregulations of mitochondrial Ca 2+ signaling are featuring pathologies, 391 such as neuronal, cardiac and muscle disorders, as well as diseases related to excessive body 392 temperature. In this respect pathologic variants affecting Ca 2+ channels, are causing malignant 393 hyperthermia (MHT) and exertional heat stroke (EHS) (Rosenberg et al. 2015

(

  McLaughlin et al. 2020), and consequently will produce more heat (Yamada 2017). 406

  acts as a cellular energetic sensor of the NADH/NAD + ratio (Nogueiras et al. 2012). During 418 the OXPHOS process, FADH2 and NADH are oxidized in FAD and NAD + , which can lead to 419 SIRT3 activation. Once activated, SIRT3 regulates many mitochondrial protein activity involved 420 in metabolism, through post translational modifications (Nogueiras et al. 2012). For example, 421 SIRT3 deacetylates and activates TCA cycle enzymes, the glutamate dehydrogenase (GDH), 422 SDHA subunit of the CII and NDUFA9 from the CI (Schlicker et al. 2008; Cimen et al. 2010; 423 Ahn et al. 2008; Shi et al. 2005). Furthermore, it has been suggested that SIRT3 mediated 424 deacetylation in mitochondria is essential for UCP1-dependant BAT thermogenesis though the 425 regulation of many substrate uptake and oxidation upstream of UCP1 (Sebaa et al. 2019). 426 However, the links between SIRT3 and heat production in other tissues are not yet clarified. Recent data disclosed that mitochondria could form "hot spots", namely micro-domains 429 where the temperature greatly exceeds the body temperature set point of 37°C. Thanks to a 430 variety of fluorochromes such as inorganic dyes, synthetic polymers or genetically-encoded 431 fluorescent proteins, different studies have reported a temperature gradient between 432 mitochondria and the cytoplasm (reviewed by (Macherel et al. 2021). In HeLa cells, 433 mitochondrial uncoupling with FCCP protonophore (carbonyl cyanide-4-(trifluoromethoxy) 434 phenylhydrazone), leads to an increase of 6-9°C of the mitochondrial temperature (Nakano et 435 al. 2017), while oleic acid as an alternative nutrient source or ionomycin, a calcium ionophore, 436 increase temperature by ~2°C (Di et al. 2021). 437 Moreover, in HEK293 and human fibroblast cell lines grown in standard conditions, 438 mitochondrial temperature surprisingly reaches a maximal temperature of 50°C, without any 439 exogenous stimulation to promote uncoupling (Chrétien et al. 2018). Although the precise 440 measurement of mitochondrial temperature differs depending on the nature of the method and 441 the experimental conditions used, the fact that mitochondria is the most important source of 442 heat production, acting as a cellular radiator, raises many conceptual questions. 443 First, a high intra-mitochondrial temperature challenges the activity and stability of 444 proteins and DNA, together with the IMM fluidity (Slimen et al. 2016). In this respect, the 445 presence of mitochondrial Heat Shock Protein 70 (HSP70), the high GC composition of the 446 mitochondrial genome and the abundance of cardiolipins in the IMM might represent 447 evolutionary adaptive mechanisms, coping with high local temperatures (Nasr et al. 2019). 448 Second, a mitochondrial temperature of 45-50°C must generate an important 449 intracellular temperature gradient, which is predicted to be physically unsustainable across 450 cells, according to theoretical rates of heat transfer through aqueous media (Baffou et al. 451 2014; 2015). However, the previous theoretical models assumed that mitochondria are 452 spherical organites producing heat at their surface, a concept which contrasts with the 453 existence of the outer and inner mitochondrial membranes, the latter forming dynamic cristae 454 appearing as radiator lamellae, whose structure evolves according to the energetic state (Lane 455 2018; Joubert et Puff 2021). In addition, the IMM is an impermeable lipid bilayer composed 456 of densely packed proteins and a peculiar phospholipid composition, including cardiolipins 457 (Claypool et Koehler 2012), which might define a heat retention compartment (Lane 2018). 458 Since the emergence of the concept of hot mitochondria, several studies have strengthened 459 this concept with new experimental approaches to assess their temperature. For example, 460 using a nanohybrid heater-thermometer combining fluorescent nanodiamond and 461 polydopamine, variations in thermal conductivity were disclosed within a single cell (Sotoma 462 et al. 2021), allowing the characterization of transient temperature spikes. A further 463

 535 

 535 If the different mechanisms involved in cellular thermogenesis are now well identified, 524 future important challenges will consist in identifying local thermostats or thermal 525 sensors, and how they control the ON-OFF switch to modulate or not mitochondrial 526 heat production. 527  Are there any physiological pathways that are controlled by temperature gradients and 528 heat flows within or in-between different cellular compartments? 529  How enzymatic activities from mitochondrial matrix proteins can cope with a local 530 temperature of 50°C remains an open avenue? 531  One might questions the existence of all mechanisms described in this review, in 532 endotherm or ectotherm animal species, or in other eukaryote phyla, and in mammals 533 that escaped endothermy, like the naked mole-rat (Heterocephalus glaber) from 534 Ethiopia. In this respect, there is an important challenge to understand heat over-production in 536 live-threatening pathological conditions as malignant hyperthermia, exertional heat 537 strokes, as well as local heat production in processes like inflammation and 538 tumorigenesis. Glossary 540 Adenine nucleotide translocase (ANT): mitochondrial ADP/ATP carrier that 541 exchanges ATP with ADP across the inner mitochondrial membrane. 542 Adenosine triphosphate (ATP) / Adenosine diphosphate (ADP): key molecules in 543 the management of cellular energy. The hydrolysis of ATP to ADP provides energy to 544 drive most chemical reactions involved in all cellular processes. 545 Brown adipose tissue (BAT): adipose tissue subtype which main function is to ensure 546 thermogenesis, through lipolysis of adipocytes, in mammals. 547  Calcium (Ca 2+ ): ions that participate in many signaling pathways, as a second 548 messenger regulating biological functions such as muscle contraction, nerve 549 conduction and metabolism. 550  Exertional Heat Stroke (EHS): severe pathological life threatening reaction 551 characterized by a drastic increase in body temperature during a physical exertion, high 552 external temperatures or both. 553  Endoplasmic reticulum (ER)/Sarcoplasmic reticulum (SR): organelles involved in 554 protein synthesis and folding, and lipid synthesis, which also constitute the main 555 intracellular Ca 2+ store, essential for muscular cell contraction. 556  Electron-transferring flavoprotein (ETF): flavoprotein that function as an electron 557 acceptor for dehydrogenases. 558 Heat shock protein (HSP): family of proteins involved in cellular stress response such 559 as un-physiological heat, cold, UV light or tissue damages. 560 Inositol triphosphate receptor 3 (IP3R): membrane glycoprotein complex localized in 561 ER/SR that acts as a Ca 2+ channel activated by inositol trisphosphate (IP3). 562  Malignant Hyperthermia (MHT): severe reaction in response to volatile anesthetic 563 agents whose symptoms result in pathological muscle rigidity, fever and heart rate. 564  Mitochondrial calcium uniporter (MCU): mitochondrial transmembrane protein 565 described as the main actor in mitochondrial calcium uptake. 566 Nicotinamide adenine dinucleotide (NADH/NAD + ): reduced and oxidized form of a 567 coenzyme involved in redox reactions that carry electrons from one reaction to another. 568  Non-shivering thermogenesis (NST): Process related to an increase in metabolic 569 heat production that is not associated with muscle activity. 570 Oxidative phosphorylation (OXPHOS): an aerobic metabolic pathway where NADH 571 and FADH2 are oxidized by a series of protein complexes within the mitochondria to 572 produce ATP. membrane space than in the matrix, which results from the respiratory chain activity 575 and serving as the driving force for ATP synthesis by the mitochondrial ATP synthase. 576 Reactive oxygen species (ROS): reactive chemicals formed from O2, such as O2 •-, 577 that play a role in cell signaling and homeostasis, in addition to causing cellular 578 damages by altering DNA, proteins or lipids, when over-produced. 579  Sarco-/endoplasmic reticulum Ca 2+ -ATPase (SERCA): a Ca 2+ ATPase that 580 transports Ca 2+ from the cytosol into the ER/SR lumen by hydrolyzing ATP. 581  Sarcolipin (Sln): small peptide regulating SERCA activity. 582 Sirtuin 3 (SIRT3): a NAD-dependent deacetylase localized in mitochondria regulating 583 many metabolic functions. 584  Tricarboxylic acid cycle (TCA cycle): a series of chemical reactions occurring in the 585 mitochondrial matrix where the oxidation of Acetyl-CoA, derived from carbohydrates, 586 lipids, and proteins, provides reduced cofactors to feed the OXPHOS. 587  Uncoupling proteins (UCPs): mitochondrial inner membrane proteins acting as 588 transporters to dissipate H + gradient and generate heat, leading to mitochondrial 589 stimulation.

  calculated P/O ratio is 2.7 for NADH and 1.6 for FADH2 (Watt et al. 2010), which approaches 625 the experimental observed values of 2.5 and 1.5 (Hinkle 2005). According to these new P/O 626 values, glucose oxidation result in the generation of only 30 -32 (≈40%), rather than 38, moles 627 of ATP (Figure 1A) (for a highly readable review, see (Salway 2004). The comparable value 628 for palmitate oxidation has been lowered from 129 to 106 ATP. 629 Moreover, estimates of coupling efficiency in cells and intact tissues indicate an overall 630 effective efficiency in rats of 75%-80% (M D Brand, Harper, et Taylor 1993; D. F. S. Rolfe 631 et al. 1999) because of uncoupling mechanisms (detailed in section II.) meaning that effective 632

Box 3 :

 3 Diseases associated to altered control of body temperature involve Ca 2+ 635 channels. 636 Malignant hyperthermia (MHT) and exertional heat strokes (EHS) are two human acute 637 diseases related to a hyperpyrexia that are also encountered in other mammalian species, like 638 dog and swine. Both diseases induce body over-heating and severe or even fatal outcomes, 639 almost always associated to rhabdomyolysis and brain damages, and elevated creatine kinase 640 activity in serum. MHT mendelian transmission was evidenced for long, and is today 641 associated to 4 loci (Malignant Hyperthermia Susceptibility; MHS 2, 3, 4 and 6), in addition to 642 variants in 3 genes: RYR1 (MHS1), CACNA1S (MHS5) and TRPV1 (Rosenberg et al. 2015; 643 Abeele et al. 2018). Surprisingly, genetic analysis of EHS predisposition also revealed 644 susceptibility variants in RYR1 and TRPV1 genes (Bosson et al. 2020; Laitano, Murray, et 645 Leon 2020), but different from the ones identified in MHT, suggesting an alternative 646 pathological mechanism. Interestingly, the function of RYR1, CACNA1S and TRPV1 proteins 647 are all intimately related to their channel structure involved in calcium trafficking (Kushnir, 648 Wajsberg, et Marks 2018; Beam, Loudermilk, et Kisor 2017; Abeele et al. 2018), 649 suggesting that disruption of Ca 2+ intracellular fluxes and homeostasis are causative of 650 uncontrolled thermogenesis.
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Figure 4 :

 4 Figure 4: Mitochondrial respiration rate regulators impacting mitochondrial heat 697 production 698 ATP-dependent futile cycles promote high ATP turnover, thereby increasing OXPHOS rate 699 and inherent energy-loss as heat. Creatine Kinases (CK) connect the ATP-consumption to 700 ATP-production sites through PhosphoCreatine (PCr)/Creatine (Cr) shuttle. Within 701 mitochondria, mtCK in the intermembrane space is coupled to ADP phosphorylation through 702 ANT, maintaining high ADP/ATP ratio within the mitochondrial matrix. Futile cycle of creatine 703 dephosphorylation drives ATP hydrolysis, consequently increasing OXPHOS rate. Ca 2+ cycling 704 by SERCA in reticulum endoplasmic increases both ATP hydrolysis and Ca 2+ accumulation in 705 the cytosol. ATP hydrolysis promotes mitochondrial ATP re-synthesis while high substrate 706 oxidation flux is sustained thanks to Ca 2+ accumulation in mitochondria through mitochondrial 707 calcium uniporter (MCU). Metabolic energy sensors such as (SIRT3) can also stimulate 708 substrate supply and respiratory chain activity, by modulating the activity of TCA cycle 709 enzymes and respiratory chain complexes. 710

(Chouchani, 174 Kazak, et Spiegelman 2018; Cohen et Kajimura 2021; Bertholet et Kirichok 2021). The 175

  

	172 173 176	Proton leak regulation Regulations of H + leak have been extensively studied in BAT, where UCP1-dependent thermogenesis prevails especially during adaptive non-shivering thermogenesis regulation of UCP1 activity is not detailed in this review, but lipid and hormonal signaling as well as redox control are relevant pathways involved in UCP1-related inducible uncoupling. thermogenesis (

Mills et al. 2018; Schneider et al. 2016; Chouchani et al. 2016; Lettieri- 179 Barbato 2019) (reviewed by Chouchani, Kazak, et Spiegelman 2017). Indeed, 180

  

	181	thermogenesis activation in mouse BAT by cold temperature (4°C) or β-adrenergic stimulation
	182	results in elevated production of mitochondrial superoxide, hydrogen peroxide and lipid
		hydroperoxides (

Stier et al. 2014). Furthermore

  

	183	, genetic and pharmacological elevations of
	184	adipocyte ROS levels promote thermogenesis, while in vivo pharmacological depletion of
	185	mitochondrial lipid peroxides and superoxides impairs BAT thermogenic respiration

(Chouchani, Kazak, et Spiegelman 2018). Mechanistically

  

	186	, thermogenic activation by
	187	mitochondrial ROS is mediated through reversible cysteine modifications of target proteins

(Chouchani et al. 2016). For

  

	188	example, UCP1 Cys253 is targeted by oxidation, which increases
		UCP1 response to fatty acid (FA) during thermogenesis

(Chouchani et al. 2016). In this 189

  

	190	respect, free long chain FAs are widely described as essential components of H + leak
		activation by UCP1 and ANT

(reviewed by Bertholet et Kirichok 2021). Indeed, free cytosolic 191 FAs can reach millimolar concentrations during active lipolysis in BAT (J. Nedergaard et 192 Lindberg 1979), while micromolar concentrations are sufficient to activate H + leak via UCP1 193 or ANT in vitro (Garlid et al. 1996; Brustovetsky et Klingenberg 1994). Conversely, free 194 purine

  nucleotides, such as ATP and ADP, are described as the main physiological inhibitors 195 of H + leak (for a detailed review, see (

Bertholet et Kirichok 2021)). Note

  

	196	that there is a
	197	competition between nucleotide exchange and FA-dependent H + leak in the ANT translocation
	198	pathway. Thereby, in non-thermogenic tissues, ANT activity could switch from H + leak,
	199	promoting heat production, to ATP/ADP translocation, promoting ATP production, and
		consequently act as a modulator of heat in energy

balance (Bertholet et al. 2019). 200 Finally, T3 and T4 thyroid hormones (TH) are also involved in mitochondrial uncoupling 201 (Yehuda-Shnaidman, Kalderon, et Bar-Tana 2014). Indeed, TH treatment is associated to 202 decreased IMM potential in human lymphocyte (Mihara et al. 1999) and to an excessive 203 increased TCA cycle flux, compared to the level of ATP synthesis (Johannsen et al. 2012). 204

  

	205	Even if TH mode of action in promoting mitochondrial uncoupling remains elusive, TH may
		favor Ca 2+ release by IP3 receptors on the endoplasmic reticulum membrane

(Yehuda- 206 Shnaidman, Kalderon, et Bar-Tana 2014; Teixeira, dos Santos, et Pazos-Moura 2020). 207

  

	208	Finally, H + leak increases the temperature which could itself enhance H + leak process and
	209	decreases OXPHOS efficiency. Indeed, in liver mitochondria of Bufo bufo, the increase of
		temperature promotes H +

leak (Monternier et al. 2014; Roussel et Voituron 2020). 210 211 (B). Heat production through modulation of H + pump stoichiometry 212

  

	215	a) Electron and H + slip ratio (Figure 3). "Electron slip" refers to electron transfer without H + pumping (decrease of the H + /e -stoichiometry) through the cytochrome c oxidase (CIV)

(Papa et al. 1991; Babcock et 216 Wikström 1992; Ferguson-Miller 1996; Kadenbach 2003; Wikström et Springett 2020). 217

  

	218	Electron slip may represent a protection against ROS production at high Δm, but currently,
	219	little information is available on the use of this mechanism in a physiological context. However,
	220	evidences indicate that its contribution in the regulation of mitochondrial efficiency and heat
		production is negligible (

M. D. Brand, Chien, et Diolez 1994; M. P. Murphy 1989; Porter et 221 Brand 1995; Kadenbach 2003). 222

  

	223	"H + slip", or F0F1-ATP synthase uncoupling, refers to reduced coupling between the
	224	F1 catalytic activities and the H + translocation by F0. The H + /ATP stoichiometry can be
	225	predicted from the ratio of catalytic β subunits number and that of H + binding c subunits, c/β
		(

Steigmiller, Turina, et Gräber 2008).

  However, the actual H + /ATP stoichiometry can vary, 226
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