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Introduction

Overweight and obesity are a consequence of an energy imbalance, which leads to an increase in white fat mass. Brown adipocytes and their activation are promising targets for the treatment of human obesity [START_REF] Kopecky | Expression of the mitochondrial uncoupling protein gene from the aP2 gene promoter prevents genetic obesity[END_REF][START_REF] Langin | Recruitment of brown fat and conversion of white into brown adipocytes: strategies to fight the metabolic complications of obesity?[END_REF], because these cells show high metabolic activity under stimulated conditions in both rodents and adult humans [START_REF] Cannon | Brown adipose tissue: function and physiological significance[END_REF][START_REF] Chondronikola | Brown Adipose Tissue Improves Whole Body Glucose Homeostasis and Insulin Sensitivity in Humans[END_REF][START_REF] Feldmann | UCP1 ablation induces obesity and abolishes diet-induced thermogenesis in mice exempt from thermal stress by living at thermoneutrality[END_REF][START_REF] Ouellet | Brown adipose tissue oxidative metabolism contributes to energy expenditure during acute cold exposure in humans[END_REF][START_REF] Yoneshiro | Recruited brown adipose tissue as an antiobesity agent in humans[END_REF]. Thermogenic adipocytes are found in discrete brown adipose tissue (BAT) depots as brown adipocytes and are interspersed in white fat depots as 'brite/beige' adipocytes [START_REF] Enerback | Human brown adipose tissue[END_REF][START_REF] Harms | Brown and beige fat: development, function and therapeutic potential[END_REF]. Depending on their anatomical location, thermogenic adipocytes found in humans display a molecular signature of either classical brown or brite/beige fat cells [START_REF] Cypess | Identification and importance of brown adipose tissue in adult humans[END_REF][START_REF] Cypess | Anatomical localization, gene expression profiling and functional characterization of adult human neck brown fat[END_REF][START_REF] Jespersen | A classical brown adipose tissue mRNA signature partly overlaps with brite in the supraclavicular region of adult humans[END_REF][START_REF] Sharp | Human BAT possesses molecular signatures that resemble beige/brite cells[END_REF][START_REF] Van Marken Lichtenbelt | Cold-activated brown adipose tissue in healthy men[END_REF][START_REF] Virtanen | Functional brown adipose tissue in healthy adults[END_REF][START_REF] Wu | Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human[END_REF][START_REF] Zingaretti | The presence of UCP1 demonstrates that metabolically active adipose tissue in the neck of adult humans truly represents brown adipose tissue[END_REF].

Given the abundance of white adipose tissue (WAT) in humans, there is growing clinical interest in understanding how brite adipocytes develop, especially since their emergence has been associated with protection against obesity and metabolic dysfunctions in rodents [START_REF] Cederberg | FOXC2 is a winged helix gene that counteracts obesity, hypertriglyceridemia, and diet-induced insulin resistance[END_REF][START_REF] Cohen | Ablation of PRDM16 and Beige Adipose Causes Metabolic Dysfunction and a Subcutaneous to Visceral Fat Switch[END_REF][START_REF] Leonardsson | Nuclear receptor corepressor RIP140 regulates fat accumulation[END_REF][START_REF] Seale | Prdm16 determines the thermogenic program of subcutaneous white adipose tissue in mice[END_REF]. Brite adipocytes are derived either from progenitors, or for a large proportion of cells, through direct conversion of mature white adipocytes [START_REF] Lee | Cellular origins of cold-induced brown adipocytes in adult mice[END_REF][START_REF] Rosenwald | Bi-directional interconversion of brite and white adipocytes[END_REF][START_REF] Wang | Tracking adipogenesis during white adipose tissue development, expansion and regeneration[END_REF]. This mechanism of conversion highlights the plasticity of adipocytes in response to specific physiological situations [START_REF] Cinti | Transdifferentiation properties of adipocytes in the adipose organ[END_REF][START_REF] Lee | Adipose tissue plasticity from WAT to BAT and in between[END_REF]. Compared to white adipocytes, brown and brite adipocytes possess a higher mitochondrial content and express the uncoupling protein 1 (UCP1), which facilitates a proton leak and the uncoupling of the respiratory chain [START_REF] Nedergaard | UCP1: the only protein able to mediate adaptive non-shivering thermogenesis and metabolic inefficiency[END_REF][START_REF] Shabalina | UCP1 in brite/beige adipose tissue mitochondria is functionally thermogenic[END_REF]. This phenomenon results in a high oxidative capacity and increased energy expenditure, which leads to thermogenesis. Conversely, white adipocytes contain fewer mitochondria but their function is essential for adipocyte differentiation and function [START_REF] Vernochet | Adipose-specific deletion of TFAM increases mitochondrial oxidation and protects mice against obesity and insulin resistance[END_REF]. Mitochondria are dynamic organelles that display morphological changes, such as fusion/fission events, which represent an adaptation to the needs of the cell [START_REF] Liesa | Mitochondrial dynamics in the regulation of nutrient utilization and energy expenditure[END_REF]. The increased mass of mitochondria, important for brown adipocyte function, and involves a coordinated interaction between the nuclear and mitochondrial genomes. Mitochondria continuously undergo fusion and fission events: conditions requiring high mitochondrial ATP synthesis are associated with mitochondrial elongation [START_REF] Liesa | Mitochondrial dynamics in the regulation of nutrient utilization and energy expenditure[END_REF][START_REF] Gomes | During autophagy mitochondria elongate, are spared from degradation and sustain cell viability[END_REF], whereas, bioenergetic stress induces mitochondrial fragmentation, which may lead to apoptosis [START_REF] Liesa | Mitochondrial dynamics in the regulation of nutrient utilization and energy expenditure[END_REF][START_REF] Molina | Mitochondrial networking protects beta-cells from nutrient-induced apoptosis[END_REF]. However, mitochondrial fission may not be deleterious per se in brown adipocytes. Indeed, adrenergic stimulation of rodent brown adipocytes induces substantial changes in the mitochondrial architecture, including a high rate of fragmentation [START_REF] Twig | The interplay between mitochondrial dynamics and mitophagy[END_REF][START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF]. This phenomenon favors enhanced mitochondrial uncoupling and energy expenditure. Taken together, these observations highlight the importance of mitochondrial biogenesis and dynamics in the function of brite and brown adipocytes.

The in vivo discrepancies between mice and humans in terms of the amount and location of brite fat cells, as well as the difficulty in routinely obtaining fresh human samples, underline the need to decipher the mechanisms regulating brite adipocyte formation and activity in human cells [START_REF] Beranger | In vitro brown and "brite"/"beige" adipogenesis: human cellular models and molecular aspects[END_REF].

Herein, we have characterized the properties of the mitochondria during the conversion of human white to brite adipocytes using the human Multipotent Adipose Derived Stem Cell (hMADS) model [START_REF] Elabd | Human multipotent adipose-derived stem cells differentiate into functional brown adipocytes[END_REF]. We found that human brite adipocyte mitochondria had an enhanced oxidative capacity and sustained fission, which was driven by DRP1.

Materials and Methods

Reagents

Culture media and buffer solutions were purchased from Lonza Verviers (Verviers, Belgium), fetal bovine serum, insulin and trypsin from Invitrogen (Cergy Pontoise, France), hFGF2 from Peprotech (Neuilly sur Seine, France). Other reagents were from Sigma-Aldrich Chimie (Saint-Quentin Fallavier, France).

hMADS cell culture

The establishment and characterization of hMADS cells has been described [START_REF] Elabd | Human multipotent adipose-derived stem cells differentiate into functional brown adipocytes[END_REF][START_REF] Rodriguez | Adipocyte differentiation of multipotent cells established from human adipose tissue[END_REF][START_REF] Rodriguez | Transplantation of a multipotent cell population from human adipose tissue induces dystrophin expression in the immunocompetent mdx mouse[END_REF][START_REF] Zaragosi | Autocrine fibroblast growth factor 2 signaling is critical for self-renewal of human multipotent adipose-derived stem cells[END_REF]. Cells were used between passages 14 and 25, all experiments were performed at least 3 times and cells were free of viruses and mycoplasma. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS, 15 mM Hepes and 2.5 ng/ml hFGF2. Cells were triggered for differentiation on the second day post-confluence (designated as day 0) in DMEM/Ham's F12 media supplemented with 10 µg/ml transferrin, 10 nM insulin, 0.2 nM triiodothyronine, 1 µM dexamethasone and 500 µM isobutyl-methylxanthine. Two days later, the medium was changed (dexamethasone and isobutyl-methylxanthine removed) and 100 nM rosiglitazone were added. At day 9, rosiglitazone was withdrawn to enable white adipocyte differentiation. Rosiglitazone (100 nM) or GW7647 (300 nM) were added at day 14 to promote white to brite adipocyte conversion and cells were used at day 18.

Transfection experiments were performed using HiPerfect (QIAGEN, France) at day 14 of differentiation. Cells were incubated with a mixture containing HiPerfect and siRNA (50 nM) in DMEM. Four hours later, it was supplemented with F12 medium containing 20 µg/ml transferrin, 20 nM insulin, and 0.4 nM triiodothyronine. siRNA against human DRP1 is from Ambion (Life Technologies, Courtaboeuf, France) and validated to specifically target DRP1 (ID #: s19560).

Western blot analysis

Proteins were extracted and blotted as previously described [START_REF] Pisani | The omega6-fatty acid, arachidonic acid, regulates the conversion of white to brite adipocyte through a prostaglandin/calcium mediated pathway[END_REF]. Primary antibody incubation was performed overnight at 4°C (anti-UCP1, Calbiochem, #662045, dilution 1:750; and tubulin, Sigma #T5201, dilution 1:2000; anti-DRP1, Cell Signaling #5391, dilution 1:1000; anti-phosphoDRP1(Ser616), Cell Signaling #4494, dilution 1:1000; anti-citrate synthase, Abcam #ab96600, dilution 1:10000) and then detected with HRP-conjugated anti-rabbit or anti-mouse immunoglobulins (Promega, Charbonnières-les-Bains, France). Detection was performed using Chemiluminescent HRP Substrate (Millipore, Molsheim, France). OD band intensities were evaluated using PCBas Software.

For mitochondrial complex quantitation, equal amounts of cell proteins were separated using gradient SDS-PAGE (10-20%) and blotted onto nitrocellulose membranes. Saturated membranes were incubated overnight with a 1:1000 dilution of total OXPHOS human Western blot antibody cocktail (#MS601, Mitosciences) followed by 60 min incubation with HRPconjugated anti-mouse immunoglobulins. Chemiluminescence obtained after addition of Clarity ECL Western blotting substrate (BioRad, Marnes-la-Coquette, France) was detected using a ChemiDoc MP Imaging System (Bio-Rad) and quantified with Image Lab 5.0 software (Bio-Rad).

Immunostaining analysis

Cells were fixed with PAF 4% for 10 min, permeabilized with 0.1% Triton X-100 for 10 min, and then sequentially incubated with primary antibody overnight at 4°C (anti-UCP1, Calbiochem, #662045, dilution 1:100; anti-TIMM23, BD Biosciences #611222, dilution 1:500; anti-cytochrome C, SantaCruzBT #sc-13560, dilution 1:100) and with the relevant secondary antibody coupled to Alexa-488 or Alexa-594 (Invitrogen, dilution 1:500) for 30min at RT. Cells were finally mounted and visualized with an Axiovert microscope (Carl Zeiss, Le Pecq, France) under oil immersion and pictures were captured and treated with AxioVision software (Carl Zeiss). The mitochondrial network was analyzed using Fiji software [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF].

Isolation and analysis of RNA

These procedures were carried out according to MIQE recommendations [START_REF] Bustin | The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments[END_REF]. Total RNA was extracted using TRI-Reagent (Euromedex, Souffelweyersheim, France) according to the manufacturer's instructions. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was conducted as described previously [START_REF] Pisani | Differentiation of Human Adipose-Derived Stem Cells into "Brite" (Brown-in-White) Adipocytes[END_REF]. The expression of selected genes was normalized to that of TATA-box binding protein (TBP) and 36B4 housekeeping genes and then quantified using the method. Primer sequences are available upon request.

Mitochondrial DNA quantification

DNA was extracted using a DNA extraction kit (Macherey-Nagel EURL, France). 2 ng of the total DNA were used for qPCR analysis, and the mitochondrial DNA content was calculated from the ratio of the DNA of the NADH dehydrogenase subunit 1 gene (mitochondrial gene) to that of lipoprotein lipase gene (a nuclear gene) as previously described [START_REF] Bordicchia | Cardiac natriuretic peptides act via p38 MAPK to induce the brown fat thermogenic program in mouse and human adipocytes[END_REF].

Oxygen consumption analysis

For respiration analysis, hMADS cells were seeded in a 24 multi-well plate (Seahorse) and differentiated as described previously [START_REF] Loft | Browning of human adipocytes requires KLF11 and reprogramming of PPARgamma superenhancers[END_REF]. The oxygen consumption rate (OCR) of 18-day-old differentiated cells was determined using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience). Uncoupled and maximal OCR were determined using oligomycin (1.2 µM) and FCCP (1 µM). Rotenone and Antimycin-A (2 µM each) were used to inhibit mitochondrial respiration. All parameters were calculated as described previously [START_REF] Brand | Assessing mitochondrial dysfunction in cells[END_REF].

Electron microscopy

hMADS adipocytes were fixed in 1.6% glutaraldehyde in 0.1 M phosphate buffer. They were rinsed with cacodylate buffer, then post-fixed in osmium tetroxide (1%) and reduced with potassium ferrycyanide for 1 h. After a water wash, cells were dehydrated with several incubations in increasing concentrations of ethanol and embedded in Epon resin. Eighty nanometer sections were contrasted with uranyl acetate and lead citrate and then observed with an electron microscope (JEOL JEM 1400) operating at 100 kV. Electron microscopy pictures displaying omental adipose tissue of patients with pheocromocytoma were described in a previous study [START_REF] Frontini | Whiteto-brown transdifferentiation of omental adipocytes in patients affected by pheochromocytoma[END_REF].

Statistical analysis

Data were expressed as mean values ± SEM. They were analyzed using InStat3 software (GraphPad Software, CA, USA) by a one-way ANOVA followed by a Student-Newman-Keuls post-test, or a Student's t-test to assess any statistical differences between experimental groups.

Differences were considered statistically significant when p < 0.05.

Results

hMADS brite adipocytes display increased mitochondriogenesis and mitochondrial activity

hMADS cells are able to differentiate into white adipocytes and then convert into functional brite adipocytes when they are treated with rosiglitazone or GW7647, specific agonists of and respectively [START_REF] Pisani | Differentiation of Human Adipose-Derived Stem Cells into "Brite" (Brown-in-White) Adipocytes[END_REF][START_REF] Barquissau | White-to-brite conversion in human adipocytes promotes metabolic reprogramming towards fatty acid anabolic and catabolic pathways[END_REF]. The expression of genes encoding UCP1 (Figure 1a-b) and other classical brown/brite adipocyte markers, such as carnitine-palmitoyltransferase 1B (CPT1B) and cell death-inducing DFFA-like effector A (CIDEA) (Figure 1c) was significantly higher in hMADS brite adipocytes upon or activation. Likewise, the expression of genes encoding mitochondrial membrane components and respiratory chain subunits displayed similar trends or significant increases the activated hMADS brite adipocytes (Figure 1c). Mitochondrial DNA content, a marker of mitochondriogenesis, was higher in brite compared to white adipocytes (Figure 2a). Levels of the respiratory chain complex proteins were increased (Figure 2b, Supplementary Figure 1a). Specifically, complex II, III and V protein contents were higher in brite adipocytes, while no significant difference was found for complexes I and IV (Figure 2b).

These results suggested an increase in mitochondrial activity in hMADS brite adipocytes.

Oxygen consumption analysis (Supplementary Figure 1b) demonstrated that hMADS brite adipocytes displayed higher basal and maximal mitochondrial respiration compared to white fat cells (Figure 2c), as expected given the increase in uncoupled respiration typical of UCP1 activity (Figure 2c). This increased uncoupling respiration was mainly due to the higher expression of UCP1 in brite fat cells. Expression of other protonophoric proteins (i.e. UCP2, UCP3, SLC25A4, SLC25A5 and SLC25A6) was low and/or unchanged in white and brite adipocytes (data not shown and see references [START_REF] Pisani | Differentiation of Human Adipose-Derived Stem Cells into "Brite" (Brown-in-White) Adipocytes[END_REF][START_REF] Loft | Browning of human adipocytes requires KLF11 and reprogramming of PPARgamma superenhancers[END_REF]).

hMADS brite adipocytes display UCP1 + round-shaped mitochondria

Mitochondria are able to modulate their morphology from a tubular (fused) to a round (fragmented) shape. These morphological adaptations relate to mitochondrial division and, in various situations, correlate with changes in activity or stress. A recent study performed in rodent brown adipocytes showed that the mitochondria acquired a round shape upon UCP1 activation [START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF]. Thus, the mitochondrial morphology was analyzed by transmission electron microscopy.

Undifferentiated hMADS cells contained a majority of long tubular mitochondria, while hMADS white adipocytes displayed a mix of tubular and partially fragmented mitochondria (Figure 3a and 3b). In contrast, brite adipocytes exhibited round-shaped mitochondria, suggesting sustained fission activity (Figure 3c and3d). Moreover, mitochondria of brite adipocytes displayed laminar cristae (i.e. arranged from side to side of the organelle) (Figure 3c and3d) compared to the white ones, which were shorter and linear (Figure 3a and 3b) [START_REF] Frontini | Distribution and development of brown adipocytes in the murine and human adipose organ[END_REF]. Analysis of each condition showed that 81 ± 11 % and 89 ± 6 % (mean ± sem) of the mitochondria displayed a round-shaped morphology in brite adipocytes treated with rosiglitazone and GW7647, respectively. In contrast, only 22 ± 6 % exhibited this morphology in white adipocytes.

This mitochondrial morphology looked like the one described in vivo in murine activated brown adipocytes [START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF]. To determine the relevance of these results in vivo in humans, we analyzed omental WAT of patients with pheocromocytoma by transmission electron microscopy [START_REF] Frontini | Whiteto-brown transdifferentiation of omental adipocytes in patients affected by pheochromocytoma[END_REF]. In these patients, WAT surrounding the tumor displayed activated brite adipocytes due to the high catecholamine secretion by the tumorigenic adrenal gland [START_REF] Frontini | Whiteto-brown transdifferentiation of omental adipocytes in patients affected by pheochromocytoma[END_REF]. Interestingly, mitochondria of these adipocytes displayed the same fragmented morphology and laminar cristae found in hMADS brite adipocytes, which highlights the relevance of this in vitro model (Figure 3e).

We performed immunostaining experiments in hMADS adipocytes, to assess the co-localization of UCP1 and TIMM23 (an inner mitochondrial membrane protein used as a mitochondrial marker). Interestingly, UCP1-positive mitochondria displayed a fragmented state while tubular structures were observed in UCP1-negative mitochondria (Figure 4a). These observations were confirmed using another mitochondrial marker, cytochrome c (Figure 4b). Analysis of the mitochondrial morphology in UCP1-positive and UCP1-negative cells showed that up to 90% of UCP1-positive adipocytes only contained mitochondria with a round-shaped morphology, while the remaining were of both phenotype (Figure 4d and Supplementary Figure 2). In contrast, 60%

of the mitochondria in UCP1-negative adipocytes adopted a tubular network, and less than 5% displayed a fragmented phenotype (Figure 4d and Supplementary Figure 2).

hMADS brite adipocytes display increased DRP1 activation

To determine the mechanisms responsible for fragmentation of brite/beige adipocyte mitochondria, we first analyzed the expression levels of genes involved in mitochondrial fission and fusion. mRNA expression analysis using datasets from omics analyses, available from the Gene Expression Omnibus (GEO) [START_REF] Edgar | Gene Expression Omnibus: NCBI gene expression and hybridization array data repository[END_REF] under accession numbers GSE71293 [START_REF] Barquissau | White-to-brite conversion in human adipocytes promotes metabolic reprogramming towards fatty acid anabolic and catabolic pathways[END_REF] and GSE59703 [START_REF] Loft | Browning of human adipocytes requires KLF11 and reprogramming of PPARgamma superenhancers[END_REF], demonstrated no significant induction of fission gene expression, such as DNM1L (also named DRP1) or FIS1, nor were fusion and mitophagy genes such as OPA1, MFN2, PINK and PARK2 induced (Supplementary Figure 3a and3b).

As DRP1 was recently shown to control the fission of mitochondria in rodent brown adipocytes [START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF], we assessed the phosphorylation of DRP1 on serine 616 (known to activate the human protein) in human white and brite adipocytes. Western blotting experiments clearly showed an increase in DRP1 phosphorylation in both rosiglitazone and GW7647-derived brite adipocytes compared to white fat cells (Figure 4d and Supplementary Figure 4).

DRP1 knock-down impaired mitochondrial uncoupling respiration in brite adipocytes

To investigate the involvement of DRP1 in human brite adipocyte metabolism, we decreased DRP1 expression using a siRNA approach. hMADS cells were transfected at day 14 of differentiation with 50 nM of DRP1-targeted siRNA, or with a relevant siRNA control, and subsequently either converted into brite adipocytes or not. DRP1 protein levels decreased by 50% (Figure 5a and Supplementary Figure 5a), without affecting cell mitochondriogenesis per se, as citrate synthase and chain respiratory complex level were not affected (Figure 5b-c and Supplementary Figure 6). Additionally, DRP1 knock-down did not reduce adipogenesis and white to brite adipocyte conversion, as was demonstrated by the absence of significant changes in UCP1 mRNA and protein levels (Figure 5c, Supplementary Figure 6) in siDRP1-compared to siCTRL-treated cells. Similarly, CPT1B and perilipin 1 and 5 mRNA levels were not affected (Figure 5c). We then analyzed respiration in DRP1 knock-down cells (Figure 6a). hMADS brite adipocytes transfected with DRP1 siRNA displayed lower basal (Figure 6b) and uncoupled (Figure 6c) respiration compared to cells transfected with control siRNA. However, maximal respiration (Figure 6d) and the spare respiratory capacity (Figure 6e) were not significantly affected. Thus, a decrease in DRP1 expression disrupted mitochondrial UCP1-dependent oxygen consumption.

In brite adipocytes, UCP1 uncoupling activity is dependent on mitochondrial fatty acid transport, as fatty acids are both oxidized as a substrate [START_REF] Calderon-Dominguez | Fatty acid metabolism and the basis of brown adipose tissue function[END_REF] and required for UCP1 activation [START_REF] Shabalina | Within brown-fat cells, UCP1-mediated fatty acid-induced uncoupling is independent of fatty acid metabolism[END_REF].

Inhibition of CPT1B activity, the major fatty acid transporter of adipocyte mitochondria, by acute Etomoxir treatment (50 µM, 2 hours), reduced fatty acid oxidation and the UCP1 uncoupling activity in hMADS brite adipocytes (Figure 7a and [START_REF] Barquissau | White-to-brite conversion in human adipocytes promotes metabolic reprogramming towards fatty acid anabolic and catabolic pathways[END_REF][START_REF] Calderon-Dominguez | Carnitine Palmitoyltransferase 1 Increases Lipolysis, UCP1 Protein Expression and Mitochondrial Activity in Brown Adipocytes[END_REF]). CPT1B inhibition did not affect expression of mitochondrial proteins such as citrate synthase, UCP1 and respiratory chain complex proteins (Figure 7b and Supplementary Figure 6a and6b). Interestingly, the treatment of brite adipocytes with Etomoxir decreased DRP1 phosphorylation (Figure 7c and Supplementary Figure 6c). These results highlight the relationship between the DRP1 and UCP1 activities in hMADS brite adipocytes.

Discussion

Brown and brite adipocytes have drawn considerable attention because of their role in the control of energy balance and metabolism in humans. In vivo and in vitro studies in rodents have shed light on the mechanisms involved in differentiation, function and activation of these thermogenic-competent adipocytes. In this work, we have characterized the mitochondrial phenotype of human brite adipocytes using hMADS cells, which recapitulate as an in vitro model for the conversion of white into brite adipocytes [START_REF] Elabd | Human multipotent adipose-derived stem cells differentiate into functional brown adipocytes[END_REF][START_REF] Pisani | Differentiation of Human Adipose-Derived Stem Cells into "Brite" (Brown-in-White) Adipocytes[END_REF][START_REF] Barquissau | White-to-brite conversion in human adipocytes promotes metabolic reprogramming towards fatty acid anabolic and catabolic pathways[END_REF][START_REF] Ghandour | IPreceptor and PPARs trigger the conversion of human white to brite adipocyte induced by carbaprostacyclin[END_REF], which has been described in vivo in mouse white fat depots [START_REF] Rosenwald | Bi-directional interconversion of brite and white adipocytes[END_REF][START_REF] Barbatelli | The emergence of cold-induced brown adipocytes in mouse white fat depots is determined predominantly by white to brown adipocyte transdifferentiation[END_REF].

The shift from a white-to brite-adipocyte phenotype involves profound changes in the mitochondrial metabolic state [START_REF] Shabalina | UCP1 in brite/beige adipose tissue mitochondria is functionally thermogenic[END_REF]. Expression and activation of UCP1 were followed by the increase of oxygen consumption, which was required to maintain ATP synthesis while uncoupling. In addition to higher uncoupling, this increased oxidative capacity in brite adipocytes relied upon active mitochondriogenesis (characterized by a higher mitochondrial DNA content), enhanced respiratory chain activity (characterized by increased maximal respiration and protein levels) and a modification in substrate preference towards fatty acids (increased levels of CPT1B, increased complex II respiratory component and fatty acid oxidation) [START_REF] Barquissau | White-to-brite conversion in human adipocytes promotes metabolic reprogramming towards fatty acid anabolic and catabolic pathways[END_REF]. Interestingly, the phenotypic modifications in brite adipocytes not only compensated for a decrease in ATP synthesis due to UCP1 uncoupling, but they also endowed brite fat cells with sensitivity to specific stimuli. This latter observation was clearly characterized by the enhanced spare respiratory capacity in brite adipocytes. This parameter illustrated the capacity for substrate supply and electron transport to respond to an increase in energy demand [START_REF] Brand | Assessing mitochondrial dysfunction in cells[END_REF]. White adipocytes displayed a very low spare respiratory capacity and thus a poor ability to increase their mitochondrial activity. In contrast, the brite adipocytes were able to sharply increase their oxygen consumption and mitochondrial activity in order to respond to specific stimulation, and thus to increase uncoupling and perform thermogenesis as expected.

In addition to the increased mitochondrial content, previous studies have documented an association between mitochondrial fragmentation and energy expenditure [START_REF] Liesa | Mitochondrial dynamics in the regulation of nutrient utilization and energy expenditure[END_REF][START_REF] Molina | Mitochondrial networking protects beta-cells from nutrient-induced apoptosis[END_REF], which has been confirmed recently in mouse-derived brown adipocytes [START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF]. In these cells, mitochondrial fragmentation enhanced mitochondrial uncoupling and energy expenditure and was triggered by the DRP1 activity through its phosphorylation at Ser600. Herein, we demonstrated that mitochondrial fragmentation was associated with UCP1 expression in human adipocytes, as UCP1-positive mitochondria preferentially displayed a round shape, while UCP1-negative mitochondria formed tubular elongated structures. At this stage, hMADS cells treated by PPAR agonists expressed UCP1 and displayed an active brite phenotype, characterized by an increase in uncoupled respiration and oxidative phenotype [START_REF] Barquissau | White-to-brite conversion in human adipocytes promotes metabolic reprogramming towards fatty acid anabolic and catabolic pathways[END_REF]. We cannot rule out an effect of PPAR pathway activation on mitochondria fragmentation, due to the simultaneous occurrence of PPAR activation, UCP1 expression and activation in hMADS cells. Nevertheless, fragmented mitochondria were not found in undifferentiated hMADS cells treated by rosiglitazone, excluding an effect of PPAR activation on fission events (data not shown).

The fragmentation of mitochondria was associated with increased phosphorylation of DRP1 at Ser616, the equivalent of murine Ser600, which is known to promote mitochondrial fission by CDK1/cyclin B [START_REF] Knott | Impairing the mitochondrial fission and fusion balance: a new mechanism of neurodegeneration[END_REF]. Interestingly, in hMADS brite adipocytes and mouse brown adipocytes [START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF],

DRP1 regulates UCP1 activity as a decrease in DRP1 expression specifically disrupted mitochondrial uncoupling and associated basal respiration. Of note, fission did not modulate the total mitochondrial oxidative capacity of the cells, since DRP1 knock-down did not significantly change maximal respiration. Our results focused on Ser616 phosphorylation of DRP1, but we cannot exclude other modifications. Indeed, DRP1 can be modulated by numerous posttranslational modifications, such as Ser637 phosphorylation, which inhibits DRP1 activity [START_REF] Chang | Cyclic AMP-dependent protein kinase phosphorylation of Drp1 regulates its GTPase activity and mitochondrial morphology[END_REF],

and N-acetyl-glucosamine glycosylation, which potentiates DRP1 activity by inhibition of Ser637 phosphorylation [START_REF] Gawlowski | Modulation of dynamin-related protein 1 (DRP1) function by increased O-linked-beta-N-acetylglucosamine modification (O-GlcNAc) in cardiac myocytes[END_REF].

Our work is consistent with findings in mice, and confirms that mitochondrial fission in human adipocytes may be considered as a physiological adaptation, instead of a purely deleterious mechanism. In rodents, an increase of DRP1 phosphorylation was found in activated BAT and the blocking of mitochondrial fission mildly reduced uncoupled respiration [START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF]. Herein, we have shown in human brite fat cells that DRP1 phosphorylation correlated with UCP1 expression and that DRP1 knock-down abrogated the increase of uncoupled respiration, which returned to the level found in white adipocytes. DRP1 regulated the activity of brite and brown adipocytes, but did not appear to control the acquisition of the thermogenic phenotype. Indeed, in rodents, it has been demonstrated that mitochondrial fragmentation was only observed after catecholamine stimulation [START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF]. Similarly, we have shown that DRP1 knock-down did not modify UCP1 expression but only uncoupled respiration. Thus, the link between UCP1 activity and DRP1

activation is yet to be characterized.

As mitochondria morphology is controlled by cycles of fission and fusion events [START_REF] Twig | The interplay between mitochondrial dynamics and mitophagy[END_REF], and a fragmented morphology might be due to decreased fusion events in addition to increased fission. In contrast to results reported in rodents [START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF], our data are not in favor of inhibition of fusion events in this process, as several key components associated with fusion did not display any variation at either RNA or protein levels (data not shown). Nevertheless, further studies are required to characterize the mitochondrial fusion mechanism more precisely in hMADS adipocytes.

We also showed that mitochondrial fragmentation was accompanied by morphological changes in cristae during white to brite adipocyte conversion. Indeed, cristae within white adipocyte mitochondria tended to be linear and short while the cristae of brite adipocyte mitochondria displayed a longer, laminar and curved shape. Given the link between cristae structure and ATP synthase dimerization, these changes in the curvature of the cristae could be related to reduced coupled respiration in favor of uncoupled respiration [START_REF] Wikstrom | Hormone-induced mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy expenditure[END_REF][START_REF] Paumard | The ATP synthase is involved in generating mitochondrial cristae morphology[END_REF].

Conclusion

In conclusion, our data demonstrated that profound mitochondrial modifications occurred during human white to brite adipocyte conversion, and that the mitochondrial fission process described in mouse brown adipocytes also occurs in humans. blots are displayed in Supplementary Figure 5b and6.
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