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Objectives. -The mineralocorticoid receptor (MR), a hormone-activated transcription factor, besides its role in controlling hydroelectrolytic homeostasis, exerts pro-adipogenic and anti-thermogenic effects, inhibiting mitochondrial-uncoupling protein UCP1 expression in brown adipocytes. The aim of this study was to gain insight into the molecular mechanisms by which MR participates in such metabolic regulation. Methods. -We evaluated in vivo MR effects on cold-induced UCP1 expression in MR-overexpressing mice. Expression profiles of several transcriptional coregulators were analyzed during differentiation of the brown adipocyte T37i cell line. Given that UCP1 expression is inversely controlled by catecholamines/retinoic acid and corticosteroids, we investigated the mechanisms of MR's inhibitory effect on UCP1 transcription in T37i cells. Chromatin immunoprecipitation (ChIP) experiments enabled us to explore MR interaction with UCP1 promoter regions. Results. -Cold-induced UCP1 expression was blunted in the brown fat of MR-overexpressing mice. Along with induction of increasing mRNA levels for specific adipocyte markers during T37i differentiation, MR coactivator transcript levels significantly increased in intermediate states of differentiation, whereas expression of MR corepressors transiently increased approximately 2-fold. Such a simultaneous transient peak in coregulator expression is consistent with physiologically relevant cooperation occurring during brown adipogenesis. ChIP demonstrated that, after retinoic acid stimulation and aldosterone exposure, MR and PPAR␥ concomitantly bind to specific UCP1 promoter motifs. Conclusion. -Our studies demonstrate that MR exerts a pivotal metabolic role by controlling energy expenditure, and provide novel information on how MR participates in the regulation of brown adipocyte function.

Résumé

Objectifs. -Le but de cette étude était de mieux comprendre les mécanismes moléculaires sous-tendant les effets métaboliques du récepteur minéralocorticoïde (MR), un facteur de transcription qui exerce un rôle pro-adipogénique et anti-thermogénique en inhibant l'expression de la protéine découplante mitochondriale de type 1 UCP1. Méthodes. -L'expression d'UCP1, induite par le froid, a été étudiée dans un modèle de souris transgéniques surexprimant le MR. Nous avons également déterminé le profil d'expression de certains corégulateurs au cours de l'adipogenèse en utilisant les cellules T37i, une lignée murine préadipocytaire brune. La précipitation de la chromatine (ChiP) a permis d'évaluer la capacité du MR à interagir avec certaines séquences régulatrices du promoteur d'UCP1. Résultats. -Nous montrons que la surexpression du MR in vivo inhibe l'expression d'UCP1 induite par le froid dans le tissu adipeux brun. Le profil d'expression de certains coactivateurs/corégulateurs du MR diffère clairement en fonction du caractère transitoire ou soutenu de leur niveau d'expression au cours de l'adipogenèse brune, témoignant d'une

Introduction

Increasing energy expenditure could represent an interesting strategy to treat or prevent metabolic diseases, stimulating interest on brown adipose tissue (BAT) physiology [START_REF] Nedergaard | The browning of white adipose tissue: some burning issues[END_REF][START_REF] Schrauwen | Combatting type 2 diabetes by turning up the heat[END_REF]. The main role of BAT is non-shivering thermogenesis via uncoupling protein 1 (UCP1) [START_REF] Ricquier | Respiration uncoupling and metabolism in the control of energy expenditure[END_REF]. UCP1 expression is under the control of several signaling pathways including insulin, retinoic acid (RA) derivatives, catecholamines, and of specific transcription factors such as retinoic acid receptor (RXR), PPAR␥ (peroxisome proliferator-activated receptor-␥), and the coactivator PGC-1␣ (PPAR-␥ coactivator-1␣), which is strongly induced by cold exposure or ␤-adrenergic stimulation [START_REF] Barbera | Peroxisome proliferator-activated receptor alpha activates transcription of the brown fat uncoupling protein-1 gene. A link between regulation of the thermogenic and lipid oxidation pathways in the brown fat cell[END_REF]. BAT re-emerges as an important metabolic player in humans regulating energy homeostasis and thermogenesis. Numerous studies have shown that changes in BAT activity could profoundly affect body composition, energy and glucose homeostasis [START_REF] Cederberg | FOXC2 is a winged helix gene that counteracts obesity, hypertriglyceridemia, and diet-induced insulin resistance[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] Gadea | Hibernoma: a clinical model for exploring the role of brown adipose tissue in the regulation of body weight?[END_REF][START_REF] Kopecky | Expression of the mitochondrial uncoupling protein gene from the aP2 gene promoter prevents genetic obesity[END_REF][START_REF] Lowell | Development of obesity in transgenic mice after genetic ablation of brown adipose tissue[END_REF] and lipid metabolism [START_REF] Boon | Peripheral cannabinoid 1 receptor blockade activates brown adipose tissue and diminishes dyslipidemia and obesity[END_REF][START_REF] Van Dam | Salsalate activates brown adipose tissue in mice[END_REF]. Understanding how regulatory factors control brown adipocyte commitment and function is thus a critical challenge. We demonstrated that the mineralocorticoid receptor (MR), a steroid receptor belonging to the nuclear receptor superfamily of transcription factors, besides its role in electrolyte and water homeostasis, acts as a pro-adipogenic and anti-thermogenic factor that inhibits mitochondrial UCP1 expression [START_REF] Penfornis | The mineralocorticoid receptor mediates aldosteroneinduced differentiation of T37i cells into brown adipocytes[END_REF][START_REF] Viengchareun | Mineralocorticoid and glucocorticoid receptors inhibit UCP expression and function in brown adipocytes[END_REF]. Transgenic mouse model expressing the SV40 large T Antigen (TAg) under the control of the proximal promoter of the human MR (hMR, NR3C2) gene (P1-Tag) died prematurely from a malignant liposarcoma originating from BAT [START_REF] Zennaro | Hibernoma development in transgenic mice identifies brown adipose tissue as a novel target of aldosterone action[END_REF]. Moreover, T37i cells, derived from this hibernoma, are capable of undergoing terminal differentiation into brown adipocytes, which express UCP1 upon adrenergic or retinoic acid stimulation as well as endogenous functional MR [START_REF] Zennaro | Hibernoma development in transgenic mice identifies brown adipose tissue as a novel target of aldosterone action[END_REF]. We have previously shown that aldosterone, via MR activation, was able to induce differentiation of T37i cells into mature brown adipocytes [START_REF] Penfornis | The mineralocorticoid receptor mediates aldosteroneinduced differentiation of T37i cells into brown adipocytes[END_REF]. Interestingly, aldosterone treatment induced a marked decrease in isoproterenol-and retinoic acid-stimulated UCP1 mRNA levels in a time-and dose-dependent manner [START_REF] Viengchareun | Mineralocorticoid and glucocorticoid receptors inhibit UCP expression and function in brown adipocytes[END_REF]. MR interacts with coregulators (coactivators and corepressors) to modulate target gene transcription [START_REF] Yang | Interactions of the mineralocorticoid receptor -within and without[END_REF][START_REF] Billan | Cistrome of the aldosterone-activated mineralocorticoid receptor in human renal cells[END_REF]. Some coregulators influence positively or negatively the transcription of nuclear receptor target genes, and are thus potential candidates involved in the balance between energy storage and expenditure [START_REF] Mouchiroud | Transcriptional coregulators: fine-tuning metabolism[END_REF]. Here, we aim at studying in vitro coregulator expression during T37i differentiation to identify MR transcriptional complexes by chromatin immunoprecipitation experiments. Our studies demonstrate in vivo the inhibitory effects of MR on UCP1 expression in the BAT and clarify the molecular mechanisms of MR inhibitory actions in T37i brown adipocytes.

Materials and methods

Animals

Two-week-old wild type (WT) and transgenic (Tg) male mice overexpressing hMR [START_REF] Menuet | Alteration of cardiac and renal functions in transgenic mice overexpressing human mineralocorticoid receptor[END_REF] were kept on a 12 h-12 h lightdark cycle in a temperature-controlled colony room. Mice were exposed to cold (4 • C) or to room temperature (RT; 24 • C) for 4 h and euthanized. Interscapular BAT was collected, weighted and proceeded for subsequent gene/protein expression studies. The animal facility was granted approval (No. C94-043-12), given by the "Ministère de l'Agriculture, de l'Agroalimentaire et de la Forêt". All mouse experimental procedures were approved by the local Ethics Committee CAPSUD No. 26, project No. 3106.

Cell culture

T37i cells were cultured as previously described [START_REF] Zennaro | Hibernoma development in transgenic mice identifies brown adipose tissue as a novel target of aldosterone action[END_REF]. Differentiation was achieved by incubating cells with 2 nM triiodothyronine (Sigma-Aldrich, Saint Quentin Fallavier, France) and 20 nM insulin (Sigma-Aldrich) for 4-8 days. For UCP1 expression studies, cells were incubated with medium supplemented with 10% dextran charcoal-coated serum and treated or not with 10 nM aldosterone and with 1 M isoproterenol for 6 h or with 1 M RA or 1 M rosiglitazone overnight.

Gene expression analysis

Total RNA was extracted from BAT with QIAZOL (Qiagen, Courtaboeuf, France) and RNA Nucleospin Column (Macherey-Nagel, Hoerdt, France), and from T37i cells by TriReagent (Life Technologies, Villebon sur Yvette, France), respectively. Quantitative RT-PCR (RT-qPCR) was performed as described previously [START_REF] Viengchareun | Osmotic stress regulates mineralocorticoid receptor expression in a novel aldosterone-sensitive cortical collecting duct cell line[END_REF]. After DNAse I treatment and reverse transcription, samples were analyzed by RT-qPCR using the Power SYBR Green PCR Master Mix (Life Technologies) with the primers indicated (Supplementary Table S1) and a StepOne PCR System (Life Technologies). Relative expression in a given sample was calculated as a ratio (attomoles specific gene per femtomole 18S or 36b4). Results are mean ± SEM and normalized to the relative expression arbitrarily set at 1 for undifferentiated state or unstimulated condition.

Western Blot analysis

Protein extracts were processed for multiplex detection of MR protein together with ␣-tubulin for loading normalization; Blots on nitrocellulose membranes (LI-COR, Lincoln, NE, USA) were incubated for 1 h at room temperature (RT) in a blocking buffer (5% fat-free milk in Tris-buffer saline TBS with 0.1% Tween) before overnight incubation at 4 • C with a rabbit anti-MR 39 N antibody (1:1000 dilution) [START_REF] Viengchareun | Osmotic stress regulates mineralocorticoid receptor expression in a novel aldosterone-sensitive cortical collecting duct cell line[END_REF] and a mouse anti-␣-Tubulin antibody (1:5000 dilution, Sigma-Aldrich). After incubation for 1 h at RT with an IRDye 800-conjugated affinity purified anti-rabbit IgG second antibody (1:15,000 dilution, Life Technologies) and an IRDye 680-conjugated affinity purified anti-mouse IgG second antibody (1:15,000 dilution, Life Technologies), proteins were visualized with an Odyssey-Fc apparatus (LI-COR). Specific signals were normalized by ␣-Tubulin signals as determined by densitometry using the Image Studio software (LI-COR).

Chromatin Immunoprecipitation (ChIP) experiments

ChIP were performed with HighCell# ChIP kit (Diagenode, Seraing, Belgium) as described previously [START_REF] Billan | Cistrome of the aldosterone-activated mineralocorticoid receptor in human renal cells[END_REF]. Samples of sheared chromatin were resuspended in C1 buffer in a total volume of 500 l containing anti-MR 39 N antibody (7 g) or anti-PPAR␥ antibody (2 g) (Diagenode, C15410133), and 25 l of protein-A coated beads, and incubated overnight at 4 • C in a rotating shaker. Bead-antibody-chromatin complexes were eluted with 100 l of DNA Isolation buffer containing 1% of proteinase K for 15 min at 55 • C followed by inactivation at 100 • C for 15 min. DNA containing supernatants and input samples (1% of sheared chromatin samples) were assayed for qPCR analysis. Primer sequences for genomic qPCR are presented in Supplementary Table S1.

Statistical analysis

Data are means ± SEM. Mann-Whitney U test was used when appropriate to determine significant differences (Graph-Pad Software, San Diego, CA, USA). Values of P < 0.05 were considered statistically significant.

Results

Impact of cold exposure on UCP1 expression in BAT of MR overexpressing mice

We have previously shown that aldosterone, via MR activation, was able to induce differentiation of T37i cells into mature brown adipocytes [START_REF] Penfornis | The mineralocorticoid receptor mediates aldosteroneinduced differentiation of T37i cells into brown adipocytes[END_REF] and to inhibit UCP1 expression in vitro [START_REF] Viengchareun | Mineralocorticoid and glucocorticoid receptors inhibit UCP expression and function in brown adipocytes[END_REF]. To examine whether MR overexpression was capable of affecting UCP1 expression in vivo, we used the transgenic mouse model (Tg) that overexpresses hMR under the control of its own proximal promoter [START_REF] Menuet | Alteration of cardiac and renal functions in transgenic mice overexpressing human mineralocorticoid receptor[END_REF]. We investigated whether hMR transgene was expressed in the BAT of Tg mice and analyzed the consequences on endogenous murine MR (Nr3c2, mMr) expression. As expected, hMR transcripts were only detected in BAT of Tg mice but not of WT animals (Fig. 1A), without change in mMr transcript levels (Fig. 1B). We examined UCP1 expression in the BAT of these animals upon cold exposure, a condition known to increase UCP1 gene expression. Two-week-old WT and Tg mice were submitted to cold exposure (4 • C) or RT (24 • C) for 4 h. As shown in Fig. 1C, UCP1 mRNA levels were slightly but significantly induced after cold exposure in WT mice, whereas this effect was blunted in Tg mice. This finding provides support for the anti-thermogenic effect of MR in vivo.

Induction of adipogenic markers and corticosteroid receptors expression during T37i differentiation

In order to further evaluate the molecular mechanisms involved in MR-dependent UCP1 repression, we used the T37i cell model that recapitulates brown adipocyte function [START_REF] Zennaro | Hibernoma development in transgenic mice identifies brown adipose tissue as a novel target of aldosterone action[END_REF]. During differentiation induced by insulin and triiodothyronine for 8 days, T37i cells progressively accumulated small lipid droplets, characteristic of mature brown adipocytes (Fig. 2A). This was accompanied by an increase in PPAR␥ and UCP1 expression (Fig. 2B), with a maximal expression in differentiated brown adipocytes (Day 8). Along with the induction of adipogenic markers, MR expression and its closely related receptor, the glucocorticoid receptor (GR) were also significantly induced at the differentiated state by approximately 15-and 2.5-fold, respectively (Fig. 2B). Western Blot analysis showed that MR protein level increased by 2-3-fold at intermediate state (Fig. 2C) and by 5-fold in mature adipocytes (Fig. 2D), as compared to undifferentiated state.

Expression profile of several MR coregulator mRNAs during T37i differentiation

Expression profile of coactivators and corepressors was also evaluated during T37i differentiation (Fig. 3). Interestingly, some MR coactivators (Fig. 3A-C) and corepressors (Fig. 3D-G) exhibited a distinct pattern of expression. Pgc-1␣ expression progressively increased during T37i differentiation with a 400-fold induction (Fig. 3A). Src-1 expression also increased during T37i maturation, yet its maximal expression occurred earlier than that of Pgc-1␣, at the intermediate state (10-fold induction, Fig. 3B), and remained unchanged until the differentiated state. By contrast, Src-3 expression only displayed a transient 2-fold induction at intermediate state of differentiation (Fig. 3C). Likewise, MR corepressors (NcoR, Rip140, Pias1), displayed a very similar expression pattern (Fig. 3D-F). Their expression levels were transiently increased by 2-3-fold at intermediate state of differentiation then returned to basal levels in differentiated brown adipocytes. Pias3 expression also followed a transient and moderate 1.3-fold induction (P < 0.01) at intermediate state (Fig. 3G), while its expression level at differentiated state was down-regulated by 2-fold as compared to the undifferentiated state. Such a transient and simultaneous peak of coregulator expression is consistent with a coordinated cooperation occurring during brown adipogenesis. 

Inhibitory effect of aldosterone on UCP1 expression in brown adipocytes

We previously demonstrated that via MR activation, aldosterone acts as an anti-thermogenic factor by inhibiting UCP1 expression [START_REF] Viengchareun | Mineralocorticoid and glucocorticoid receptors inhibit UCP expression and function in brown adipocytes[END_REF]. To confirm these findings, we used the more sensitive and quantitative technique of RT-qPCR. We examined the effect of aldosterone treatment on UCP1 expression induced by catecholamines (isoproterenol) or retinoic acid (RA) (Fig. 4), at different states of differentiation. As shown in Fig. 4A, UCP1 expression levels were very low in T37i cells at the intermediate state, irrespective of the presence of aldosterone. Upon isoproterenol stimulation, a 1000-fold increase in UCP1 expression was observed. Simultaneous treatment of T37i cells with isoproterenol and aldosterone for 6 h led to a 40% reduction in UCP1 expression. We performed the same experiment by incubating cells for 18 h with rosiglitazone (1 M), UCP1 expression is very low under basal conditions and after aldosterone exposure alone (Fig. 4B). Rosiglitazone stimulation induced a 20-fold increase in UCP1 expression, which was partially but significantly prevented in the presence of aldosterone. Similar analysis was performed using RA treatment for 18 h (Fig. 4C). Under basal conditions, UCP1 was expressed at very low levels. RA induced a dramatic increase in UCP1 expression (100-fold as compared to basal conditions) that was reduced by 20% in the presence of aldosterone (Fig. 4C). At the differentiated state, basal level of UCP1 mRNA in differentiated T37i cells was higher than that of intermediate state. Treatment with RA increased UCP1 expression by 600-fold, while co-incubation with aldosterone induced a similar significant 20% inhibition in UCP1 expression (Fig. 4D).

MR recruitment on UCP1 regulatory sequences

To identify the molecular mechanisms by which MR could repress UCP1 gene expression, we performed ChIP experiments using anti-PPAR␥ or anti-MR antibodies on T37i cells at intermediate state of differentiation after an overnight stimulation by RA with or without aldosterone. We examined a well-characterized enhancer region of the 5 -flanking region of the mouse UCP1 gene, which contains critical key regulatory cis-elements, including binding sequence for PPAR␥ (PPRE) as well as CRE half-sites and NF-E2 motifs, located 2.5 kb upstream of the transcription start site of UCP1 gene (Fig. 5A) [START_REF] Rim | Regulatory motifs for CREB-binding protein and Nfe2l2 transcription factors in the upstream enhancer of the mitochondrial uncoupling protein 1 gene[END_REF]. Upon RA exposure, a 100-fold enrichment of PPAR␥ binding on UCP1 promoter was observed as compared to control condition (IgG), quantified by genomic qPCR (Fig. 5B). In the presence of aldosterone, PPAR␥ recruitment was further increased up to 370-fold as compared to IgG condition and by 4fold compared with RA exposure alone. These results indicated that PPAR␥ was recruited on PPRE-containing sequences of UCP1 promoter in T37i cells and suggested that MR activation ). Results are expressed as mean ± SEM and values measured under isoproterenol or retinoic acid conditions were arbitrarily set to 1. *** P < 0.001, isoproterenol alone or retinoic acid alone vs isoproterenol + aldosterone or retinoic acid + aldosterone conditions. # P < 0.05; ## P < 0.01; ### P < 0.001 as compared to corresponding stimulated conditions in the absence of aldosterone. Aldo: aldosterone; Iso: isoproterenol; RA: retinoic acid. by aldosterone stimulates this recruitment. We performed similar experiments using an anti-MR antibody (39 N). In presence of RA, MR was already bound to UCP1 regulatory sequence with a 39-fold enrichment compared to control condition (Fig. 5B). This recruitment was enhanced upon aldosterone treatment by a 136-fold factor as compared to basal conditions. These results support the hypothesis that after RA stimulation, MR, possibly via interaction with PPAR␥-RXR hetero-complexes, binds directly or indirectly to UCP1 regulatory sequences. Importantly, this recruitment is further enhanced after aldosterone exposure, associated with concomitant transrepression of UCP1 expression (see also Fig. 4 for comparison).

Discussion

In the kidney, MR plays a key role in hydroelectrolytic homeostasis [START_REF] Viengchareun | The mineralocorticoid receptor: insights into its molecular and (patho)physiological biology[END_REF]. However, MR is also expressed in non-epithelial tissues such adipose tissues where it promotes adipogenesis [START_REF] Penfornis | The mineralocorticoid receptor mediates aldosteroneinduced differentiation of T37i cells into brown adipocytes[END_REF][START_REF] Caprio | Pivotal role of the mineralocorticoid receptor in corticosteroid-induced adipogenesis[END_REF][START_REF] Rondinone | Aldosterone stimulated differentiation of mouse 3T3-L1 cells into adipocytes[END_REF][START_REF] Desarzens | Adipocyte glucocorticoid receptor has a minor contribution in adipose tissue growth[END_REF]. We previously demonstrated that aldosterone through MR activation exerts an anti-thermogenic activity [START_REF] Viengchareun | Mineralocorticoid and glucocorticoid receptors inhibit UCP expression and function in brown adipocytes[END_REF] in vitro by using the T37i cell line [START_REF] Zennaro | Hibernoma development in transgenic mice identifies brown adipose tissue as a novel target of aldosterone action[END_REF]. Therefore, we wanted to investigate the MR inhibitory effect on UCP1 expression in vivo, by using previously characterized MR-overexpressing mice (Tg) [START_REF] Menuet | Alteration of cardiac and renal functions in transgenic mice overexpressing human mineralocorticoid receptor[END_REF]. Cold exposure during 4 h, a condition known to stimulate catecholamine release, modestly but significantly increased UCP1 expression in BAT of 2-week-old WT mice, whereas this induction was blunted in Tg mice, in accordance with in vitro studies and providing support for an anti-thermogenic role of MR in vivo. In vitro, T37i cells represent a suitable cell-based system to characterize in vitro MR coregulators involved in proadipogenic and anti-thermogenic effects of MR because these cells express endogenous mMR and recapitulate after differentiation the functions of brown adipocytes [START_REF] Penfornis | The mineralocorticoid receptor mediates aldosteroneinduced differentiation of T37i cells into brown adipocytes[END_REF]. Here, we show that expression profile of coregulators is variable during brown adipogenesis. We confirm that aldosterone inhibits catecholamineor PPAR␥ agonist-stimulated UCP1 expression and demonstrate by ChIP that MR and PPAR␥ interact with UCP1 promoter sequences.

T37i cells undergo full adipocyte maturation accompanied by morphological changes and induction of Ppar␥ and UCP1, in accordance with previous studies [START_REF] Penfornis | The mineralocorticoid receptor mediates aldosteroneinduced differentiation of T37i cells into brown adipocytes[END_REF]. We show that GR expression is induced by 2-fold whereas MR expression is drastically induced (15-fold at the mRNA level and 5-fold at the protein level) during brown adipogenesis. Likewise, this was also observed in 3T3-L1 white adipocytes with a lower GR induction [START_REF] Caprio | Pivotal role of the mineralocorticoid receptor in corticosteroid-induced adipogenesis[END_REF].

We characterize MR coregulator expression during brown adipocyte differentiation. This is the first study analyzing such a MR coregulator expression in brown adipocytes, although this was already reported in white adipocytes [START_REF] Fu | A Nuclear Receptor Atlas: 3T3-L1 adipogenesis[END_REF]. During adipocyte maturation, expression of Pgc-1␣, a key coregulator of BAT development [START_REF] Puigserver | A cold-inducible coactivator of nuclear receptors linked to adaptive thermogenesis[END_REF], increases as early as 3 days of differentiation. At the intermediate state, its expression is induced by 30-fold compared to basal level and by 400-fold at the differentiated state. Induction of Pgc-1␣ expression seems to occur before UCP1 surge, in accordance with its role in brown adipogenesis [START_REF] Fu | A Nuclear Receptor Atlas: 3T3-L1 adipogenesis[END_REF]. While Src-1 expression drastically increases at the intermediate state and is maintained at the differentiated state, Src-3 is transiently induced by 2.5-fold at intermediate state. This result may reflect a different involvement of these two p160 coregulators in brown adipogenesis, as depicted in white adipogenesis. Indeed, in mouse embryonic fibroblasts derived from Src-3 null (Src-3 -/-) animals exhibited an altered white adipocyte differentiation, whereas Src-1 knockdown did not change their differentiation [START_REF] Louet | Oncogenic steroid receptor coactivator-3 is a key regulator of the white adipogenic program[END_REF].

In sharp contrast, corepressors have a transient and cyclic expression with a 1.5-to 3-fold induction at the intermediate state compared to basal state, while their expression level in mature adipocytes returns to basal level, except for Pias3. Of particular interest, peak expression at intermediate state coincides with a critical step during adipogenesis i.e the onset of lipid droplet accumulation. Thus, corepressor expression is at the highest level prior to lipid droplet formation and then decreases progressively along with adipocyte maturation. This is consistent with previous studies demonstrating that NcoR or RIP140 could inhibit adipogenesis [START_REF] Hampl | Steroids and thermogenesis[END_REF][START_REF] Yu | The nuclear receptor corepressors NCoR and SMRT decrease peroxisome proliferator-activated receptor gamma transcriptional activity and repress 3T3-L1 adipogenesis[END_REF] and UCP1 promoter activity [START_REF] Fritah | The metabolic coregulator RIP140: an update[END_REF]. Finally, such a transient and simultaneous peak of coregulator expression is consistent with a functional balance occurring during brown adipogenesis. Further studies are required to determine which coregulators are essential for brown adipocyte differentiation.

We next examine the main function of brown adipocytes in the BAT i.e., thermogenesis, and its regulatory mechanisms, notably by aldosterone-activated MR. We show that aldosterone treatment leads to a 20 to 40% reduction in UCP1 mRNA expression induced by isoproterenol, rosiglitazone or RA. We previously demonstrated that aldosterone inhibits UCP1 transcription through a MR-mediated mechanism [START_REF] Viengchareun | Mineralocorticoid and glucocorticoid receptors inhibit UCP expression and function in brown adipocytes[END_REF]. MR-mediated inhibition of UCP1 expression by aldosterone could be due to some kind of squelching mechanism of PPAR␥ partner through a functional interaction between MR and PPAR␥. We used ChIP to determine if MR could physically interact with some regulatory sequences of UCP1 gene. PPAR␥ recruitment is significantly enhanced on UCP1 promoter motif following RA exposure but, importantly, it is further enhanced in the presence of aldosterone. These results clearly indicate that PPAR␥ binds to PPRE-containing sequences of UCP1 promoter in T37i cells and suggest that MR activation by aldosterone modulates this recruitment. MR also binds to the same genomic target sequence of UCP1 promoter while aldosterone enhances MR recruitment. Collectively, our findings suggest that aldosterone-activated MR promotes binding of transcriptional complexes onto a BAT-specific UCP1 enhancer, thus modifying the functional properties of the active preinitiation complexes and altering UCP1 gene expression. It could be hypothesized that coregulator recruitment is affected either through enhanced interaction with corepressors or via reduction of the recruitment of specific coactivators, or both, modifying the dynamics and the composition of functional transcriptional preinitiation complexes, as depicted in Fig. 6A andB. Indeed, it was described that RIP140 could directly inhibit UCP1 promoter activity [START_REF] Fritah | The metabolic coregulator RIP140: an update[END_REF] and could interact with another nuclear receptor such as LXR (Liver X Receptor) to repress UCP1 expression [START_REF] Wang | Liver receptor alpha is a transcriptional repressor of the uncoupling protein 1 gene the brown fat phenotype[END_REF]. Several lines of evidence suggest that PPAR␥ recruits the transcriptional corepressors NCoR and SMRT to downregulate PPAR␥-mediated transcriptional activity [START_REF] Yu | The nuclear receptor corepressors NCoR and SMRT decrease peroxisome proliferator-activated receptor gamma transcriptional activity and repress 3T3-L1 adipogenesis[END_REF].

Taken together, we provide evidence that MR, both in vivo and in vitro, is involved in the transrepression of UCP1 in brown adipocytes. Thus, it is very likely that in vivo, adipose tissue MR mediates glucocorticoid effects [START_REF] Caprio | Pivotal role of the mineralocorticoid receptor in corticosteroid-induced adipogenesis[END_REF]. Indeed, GR has a relative minor contribution in adipose tissue growth [START_REF] Desarzens | Adipocyte glucocorticoid receptor has a minor contribution in adipose tissue growth[END_REF], this suggests that MR could largely contribute to the anti-thermogenic activity of glucocorticoids [START_REF] Hampl | Steroids and thermogenesis[END_REF].

Altogether, our results demonstrate for the first time a transient and simultaneous peak of coregulator expression during brown adipogenesis and show that UCP1 expression is inhibited by MR in vitro and in vivo. Our findings indicate that MR exerts a metabolic role by inhibiting UCP1 expression and provide novel information on how MR regulates brown adipocyte function. Further studies are required to determine the nature of coregulators responsible for brown adipocyte development and their precise involvement in the anti-thermogenic effect of corticosteroids. We also demonstrate a new interaction of MR and PPAR␥ on DNA regulatory sequences, emphasizing a novel mechanism of MR signaling that may potentially occur on other genes as well as in different cellular contexts.

Fig. 1 .Fig. 2 .

 12 Fig. 1. Effect of cold exposure on UCP1 expression in vivo. Expression of human MR (hMR) in BAT (A) from WT mice (n = 6) and Tg mice (n = 6) and (B) murine MR (mMR) in BAT, analyzed by RT-qPCR. hMR expression was restricted to Tg mice without modification of endogenous MR (mMR) expression. Results are means ± SEM and values measured in Tg mice were arbitrarily set to 1. (C) In 2-week-old WT mice, UCP1 expression was induced after a 4 h cold exposure as compared to animals maintained at room temperature. This adrenergic stimulation of BAT UCP1 expression was blunted in Tg animals. Results are expressed as mean ± SEM (n = 18 for WT RT, n = 15 for WT cold, n = 19 for Tg RT and n = 45 for Tg cold). * P < 0.05, RT vs cold exposure, NS: not significant.
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 3 Fig. 3. Expression profile of MR coregulators during T37i differentiation. (A) Expression of PGC-1␣ was drastically induced during T37i differentiation. (B) Expression of SRC-1 was induced at the intermediate state of differentiation and its expression level remained unchanged up to the differentiated state. (C) SRC-3 expression was transient with a peak at the intermediate state. (D) NcoR, (E) RIP140, (F) PIAS1 were transiently induced at intermediate state of differentiation, then returned to basal levels. (G) PIAS3 expression was transient during T37i differentiation with a peak at intermediate state, followed by a reduction lower than basal level. Undifferentiated state = U, Intermediate state = I, Differentiated state= D. Results are expressed as mean ± SEM (n = 10 for NcoR and PIAS1, n = 12 for RIP140, n = 17 for SRC-1, n = 18 for SRC-3 and PIAS3). * P < 0.05; ** P < 0.01; *** P < 0.001, I or D state vs U state. # P < 0.05; ### P < 0.001 as compared to U state.
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 4 Fig. 4. Inhibitory effect of aldosterone on catecholamine-or retinoic acid-induced UCP1 expression. (A) Aldosterone (10 nM) inhibited by 40% UCP1 expression induced by isoproterenol (1 M) (n = 17). (B) At intermediate state, rosiglitazone (1 M), a PPAR␥ agonist, induced a marked increase in UCP1 expression. This effect was partially inhibited by aldosterone (10 nM) (n = 18). (C) Aldosterone (10 nM) inhibited by 20% UCP1 expression induced by retinoic acid (1 M) (n = 6) at the intermediate state of differentiation of T37i cells. (D) At differentiated state, simultaneous treatment of T37i cells with retinoic acid and aldosterone for 18 h led to a 20% reduction in UCP1 expression (n = 6). Results are expressed as mean ± SEM and values measured under isoproterenol or retinoic acid conditions were arbitrarily set to 1. *** P < 0.001, isoproterenol alone or retinoic acid alone vs isoproterenol + aldosterone or retinoic acid + aldosterone conditions. # P < 0.05; ## P < 0.01; ### P < 0.001 as compared to corresponding stimulated conditions in the absence of aldosterone. Aldo: aldosterone; Iso: isoproterenol; RA: retinoic acid.

Fig. 5 .

 5 Fig. 5. MR recruitment on UCP1 promoter. (A) Nucleotide sequence and schematic representation of BAT-specific region of the UCP1 gene [20]. (B) In presence of RA (1 M), PPAR␥ and MR were recruited onto the UCP1 promoter sequence as determined by ChiP experiments. Recruitment of PPAR␥ and MR on UCP1 promoter sequence significantly increased upon aldosterone exposure. Results are means ± SEM of 2 independent experiments performed in triplicate and values measured in IgG condition were arbitrarily set to 1. # P < 0.05, (vs. IgG condition), ** P < 0.01 (RA+ aldosterone vs. RA alone).

Fig. 6 .

 6 Fig. 6. Schematic representation of MR recruitment on UCP1 promoter. (A) Recruitment of a corepressor of preinitiation transcriptional complex including MR and PPAR on regulatory sequences of the murine ucp1 promoter region. (B) Alternatively or concomitantly, the recruitment of a unknown coactivator might be prevented on such a transcriptional complex, leading in both cases to a transrepression of ucp1 transcription.
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