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Highlights
NAM supplementation enhances body energy metabolism in diet-induced obese mice
White adipose tissue beiging and oxidative metabolism is induced upon NAM administration
NAM administration prevents white adipose tissue inflammation
NAM supplementation manipulation ameliorates fatty liver
In brief
Méndez-Lara et al. show that NAM supplementation prevents weight gain by inducing NAD+ content and white adipose tissue beiging. An increased number of brown and beige/brite adipocyte clusters, protein abundance of Ucp1, mitochondrial activity, adipose NAD+, EL ANALSISIS DE SENSIBILIDAD A INSULINA NO ES ESPECIFICO DE TABinsulin sensitivity, and induced Ampk levels was observed in white adipose tissue of treated mice. Hepatic steatosis was prevented and inversely related to decreased gene expression of Cd36. The effect of NAM in diet-induced obese mice also ameliorated the inflammatory phenotype by increasing circulating levels and adipose gene expression of adiponectin and IL-10. 

Abstract
[bookmark: OLE_LINK1]Interventions that boost NAD+ availability are of potential therapeutic interest for obesity treatment. The potential of nicotinamide (NAM), the amide form of vitamin B3 and a physiological precursor of NAD+, in preventing weight gain has not previously been studied in vivo. Other NAD+ precursors have been shown to favorably decrease weight gain in vivo; however, their impact on adipose tissue was not described. Here we show that NAM supplementation protected against diet-induced obesity by augmenting global body energy expenditure. The manipulation markedly altered adipose morphology and metabolism, particularly in inguinal (i) white adipose tissue (iWAT). An increased number of brown and beige/brite adipocyte clusters, protein abundance of Ucp1, mitochondrial activity, adipose NAD+, insulin sensitivity, and induced Ampk levels was observed in iWAT of treated mice. Notably, a significant improvement in hepatic steatosis and inflammation was also observed in NAM high-dose (HD)-treated mice. These data indicate that NAM is a nutrient supplement that influences whole-body energy expenditure by driving changes in the adipose phenotype. Thus, NAM is a novel and attractive dietary supplement for preventing obesity and associated complications.
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1. Introduction SOBRA CASI UNA PAGINA DE INTRODUCCION, HAY QUE ACORTARLA SIMPLIFICANDO FRASES Y NO DETALLANDO CARACTERISTICAS NO ESENCIALES DE LOS ESTUDIOS QUE SE PUEDEN ENCONTRAR EN LAS CITAS SI SE LEEN
Obesity is a complex, chronic disease [1] and a main public health concern worldwide [2], whichand is defined as an imbalance of energy between whereby the energy intake (i.e, food consumption) exceeds theand energy expenditure (i.e., basal metabolism, physical activity and adaptive thermogenesis) [3]. 
In the last two decades there has been a remarkable increase in our understanding of adipose biology and obesity. The white adipose tissue (WAT) is designed as the main long-term, energy-reservoir organ and actively controls energy homeostasis [4]. Given its energy buffering capacity and endocrine function, healthy WAT manages excess energy storage by controlling both energy intake and expenditure [4].
However, in obesity, WAT becomes severely dysfunctional and generally undergoes pathological remodeling and metabolic derangements, which in turn helps triggersing uncontrolled pro-inflammatory responses in this tissue [5]. Compelling evidence suggest that an altered management of excess free fatty acids (FFA) by WAT results in metabolic stress and toxicity (lipotoxicity) in adipocytes (lipotoxicity) and other relevant cell types, including myocytes, hepatocytes, and immune cells [4]. 
Systemic chronic, low-grade inflammation is another hallmark of diseased WAT in obesity [4]. Indeed, it is frequently characterized by moderate elevations in proinflammatory cytokines withandconcomitant reductions in anti-inflammatory cytokines, as well asnd infiltration and proinflammatory responses of different immune cell types, including macrophages, in this tissue [4]. Notably, chronic inflammation in WAT during obesity has a major impact on adipocyte metabolism and adipose tissue function. PASAMOS DE REFERENCIA 4 A LA 6, Y LUEGO A LA 10: REVISAR 
DE ESTA FRASE SOLO DEJARIA LA REFERENCIA 6 COMO CITA DE LA FRASE PREVIAThus, increased macrophage infiltration is further linked to decreased mitochondrial content and activity [6].
Obesity is a largely preventable disease [10]. However, the effectiveness of existing pharmacological and/or dietary initiatives forto long-treat treatment of obesity failed at long term, which at least in part could be due to the fact that such strategies which do not target adipose tissue, a. This situation that  is beginning to change, specifically as several recent studies have pointed to novel approaches targeting adipose tissue [10]. 
Pharmacological and nutritional interventions directly or indirectly targeting mitochondrial function by stimulating mitochondrial biogenesis and function confers protection against diet-induced obesity (DIO) [7]. In this contextAmong them, the role of nicotinamide adenine dinucleotide (NAD)+ has emerged as a signaling molecule that plays a major regulatory role in many cell functions, including inflammation and energy metabolism, by modulating the action of protein such as sirtuins, which use NAD+ as a coenzyme [7, 8]. IDn the context of obesity, different lines of evidence suggest that strategies leading to increasing adipose tissue NAD+ could be a target for treating obesity. For instance, cellular NAD+ decline is a DIO hallmark for DIO and induces the development of many of the ailments associated with this condition [9-15]. Conversely, tissue content of NAD+ raises in response to exercise [16-19] or calorie restriction interventions [20], both of which are interventions associated with metabolic health benefits, including decreasing body weight. FurthermoreIn support of this, supplementation with NAD+ precursors, such as nicotinamide riboside (NR) and mononucleotide nicotinamide (NMN), has been proven beneficial in increaseding energy metabolism and preventeding body weight gain in vivo by improving mitochondrial function, and conferings protection against metabolic DIO complications  [10, 12, 21]. Despite the wealth of data in rodents and humans showing the efficacy of NAD+ precursors on adipose tissue energy metabolism [15], the mechanisms accounting for the broad spectrum of their health benefits of such interventions are still poorly understood. Indeed, the impact of these molecules on the biology/physiology of different adipose tissues, i.e., brown (BAT) and white adipose tissues (WAT), haswas not been addressed in any of these studies.
In addition to the above-mentioned NAD precursors, Nnicotinamide (NAM) is also a physiological precursor of NAD+. However, its contribution in boosting energy metabolism in adipose tissue and body weight gain still remains largely unknown. Although a growing body of evidences supports a role for NAM as an anti-diabetic agent [22] that improves glucose tolerance [14, 23] whichand ameliorates non-alcoholic fatty liver disease [24] in vivo, its potential contribution to body weight reduction remaineds to be characterizedelusive in vivo. We therefore tested the hypothesis that administration of NAM in vivo protects against diet-induced obesity.
2. Materials and methods
[bookmark: _Hlk39425847][bookmark: _Hlk38299174]All animal procedures were reviewed and approved by the Institutional Animal Care Committee and Use Committee of the Institut de Recerca de l’Hospital de la Santa Creu i Sant Pau (Procedure id 10434), and the methods were conducted in accordance with the approved guidelines. The effect of NAM supplementation was conducted in male (strain C57BL/6J) mice. Two doses of NAM (high dose 1%; and low dose 0.25%) were given via drinking water to mice, starting at the same time as the of initiation of high-fat diet feeding. The biochemical measures were determined using commercial kits adapted to a COBAS c501 autoanalyzer as described [25]. NAM was analyzed using high-performance liquid chromatography (HPLC) with mass spectrometry (MS). NAD+/NADH and adenosine monophosphate (AMP) in adipose tissues were determined using a commercial assay kits (from Abcam and Buffalo University, respectively) according to the manufacturer’s instructions. The design of the intervention is shown in Supplementary Figure 1. Systemic concentrations of cytokines (IL10, IL6, IL4 and TNF-a) were analyzed on a Luminex using xMAP® technology (Millipore Corporation, Billerica, MA). ACABAS DE DECIR QUE LO HAS MIRADO CON LUMINEX: Adipokines were measured using enzyme-linked immunosorbant assay kits (ELISA; Invitrogen). RNA samples from tissues were extracted and reverse transcribed and relative mRNA levels of each gene determined by real time qPCR. Western blots were performed following standard procedures using specific antibodies against Ucp1 and total and phosphorylated AMP‐activated protein kinase (p‐AMPK), respectively. Palmitate β-oxidation measurement in isolated mitochondria was performed as described [26]. White and brown adipose tissue and hepatic biopsies were taken for histological evaluation (hematoxylin and eosin staining) in paraffin embedded sections using a light field microscope. Measurements of oxygen consumption (VO2) and CO2 production (VCO2) were performed using an indirect calorimetry system (Oxymax/CLAMS, Columbus Instruments). Magnetic resonance imaging (MRI) and spectroscopy (MRS) analysis was performed using a 7T Bruker BioSpec 70/30 USR (Bruker BioSpin GmbH, Ettlingen, Germany) system. Data are mean ± SEM. Two-tailed student’s-tests were used for single comparisons and analysis of variance (ANOVA) with Newman-Keuls post-hoc tests for multiple comparisons. The relationships between different variables were determined by calculating Pearson’s or Spearman’s correlation coefficients, as appropriate. Statistical significance was assumed if P<0.05. Any additional details Methods are available in the online version of the paper (Supplementary Methods).
3. Results 
[bookmark: _Toc19562898]NAM sSupplementation with NAM causes body weight gain prevention
In order to determine the effects of NAM on preventing diet-induced obesity, mice were first fed a high-fat diet and treated with two different concentrations of NAM for 12 consecutive weeks. To test doses of NAM translatable to humans, NAM was added to drinking water. NAM was well-tolerated by mice as shown by similar water intake rates among the different groups of treatments (Table 1). Plasma levels of NAM were steadily elevated in NAM treated groups (NAM LD: 6.5-fold, P<0.05, NAM HD: 18-fold, P<0.05) compared with untreated mice (Figure 1, panel A; ) showing a dose-dependent shape which was concomitant to the administered dose, respectively. Circulating NAM in NAM HD mice was roughly proportional to the daily ingested dose of NAM (Table 1). Blood chemistry panels, including tests of liver and kidney function,  and urine did not detect any sign of NAM obvious toxicity from NAM at either dose (Table 1, Supplementary Tables 1 and 2). and these included tests of liver and kidney function.
Final body weight or volume (ME REFIERO A FIG 1 PANEL C) was significantly reduced only in mice receiving the highest dose of NAM compared with untreated mice (Table 1 and, Figure 1, panels B and C). The average percentage of body weight prevention reduction normalized to untreated mice was 10.2% (REVISALO, A MI ME SALE UN 19,8%) (P<0.05) in NAM HD-treated mice. Consistently, Tthe final body weight of mice correlated inversely with its circulating plasmatic NAM (Spearman r = 0.76599, P<0.05) (Supplementary Figure 2, panel A). Body weight gain prevention was mainly attributed to body fat reduction was (69.5% 29.5%, P<0.05) in NAM HD-treated mice and 35,8% in NAM LD respect to (NAM HD: 31.50 ± 5.52%, P<0.05) compared with that untreated mice (Table 1). (Untreated: 44.70 ± 3.10%, from MRI analysis). This , and was mainly attributed to body fat gain prevention and, to a lesser extent, also toin decreased total lean mass (Table 1). Consistently, NMR and fat mass depot analysis (Figure 1, panels D, E and F) showed similar information and total fat pad was directly associated with body weight in these mice (Spearman r = 0.9522, P<0.05  (Supplementary Figure 2, panel B) (Table 1, Figure 1, panels D, E and F). In contrast, bBody fat fraction in NAM LD-treated mice (45.64 ±17.50%) often did not differ (P=0.65) from untreated mice. Consistently, the fat pad of different regions was significantly reduced in mice treated with NAM (Figure 1, panel F) total fat pad was directly associated with body weight in these mice (Spearman r = 0.9522, P<0.05) Fat pad reduction was accompanied by a concomitant reduction (59.5%, P<0.05) in the cross-sectional area of adipocyte from NAM HD-treated mice (Figure 1, panel G).
Although plasma glucose or insulin levels in NAM-treated mice did not significantly differ from untreated mice (Table 1), NAM treatment improved glucose tolerance in mice treated with the highest dose of NAM (21%, P<0.05) compared with untreated mice (Figure 1, panels H and I). and Nno changes were observed displayed in insulin sensitivity between groups (Figure 1, panels J and K). Notably, Pplasma concentrations of FFA were significantly decreased in NAM-treated mice compared with untreated mice (Table 1), whereas total cholesterol and triglycerides did not differ among groups (Table 1). 
The decreased adiposity in the shown by HFD-fed animals fed the HFD was accompanied ofwith an elevation in circulating adiponectin in NAM HD mice (1.4-fold, P<0.05) compared with untreated mice (Table 1). In contrast, plasma leptin concentrations were concomitantly reduced in NAM HD mice (79.1%, P<0.05) compared with untreated mice (Table 1)., in correlation with adipose tissue mass. SE DEDUCE DE LO ANTERIOR:Additionally, the ratio adiponectin-to-leptin was commensurately increased in NAM HD mice (data not shown).	Comment by Laura Julve: Estos datos han sido eliminados de la figura 1  y traspasados a la Tabla 1. Tenemos pendiente determinar los niveles séricos de adiponectin y leptin también en la condición NAM LD. Desafortunadamente, la recepción de los kits sufrió un retraso y cuando llegaron cerraron el IR por la COVID-19. Estos datos los hemos pasado a la Tabla 1.
[bookmark: OLE_LINK4]NAM administration reduces inflammation in adipose tissue
Histological analysis of WAT revealed the presence of characteristic crown-like structures (CLS) in untreated mice (Figure 1, panel L). Of note, the number of CLS was significantly diminished (85%, P<0.05) in WAT from NAM HD mice diminished (300  30 CLS/10,000 adipocytes) compared with untreated mice (45  8 CLS) (Figure 1, panel L). Consistently, two gene markers of macrophage infiltration were significantly reduced in WAT of NAM HD mice (Cd68: ~40%, P<0.05) compared with untreated mice (Figure 1, panel M), thus suggesting that macrophage infiltration in adipose tissue would be decreased by NAM. Additionally, gene expression analysis revealed a significant elevation (~2.7-fold, P<0.05) in the relative mRNA levels of Il10 in WAT of NAM-HD mice presented significant elevation (~2.7-fold, P<0.05) whereas (Figure 1, panel M). However, the mRNA levels of Tnfa did not differ among groups (Figure 1, panel M). Overall, these data might be revealing an anti-inflammatory effect by NAM in WAT of NAM HD mice. Therefore, Pplasma levels of several pro- and anti-inflammatory cytokines were also measured (Figure 1, panel N). Circulating concentrations of Plasma IL-10 showed a close-to-significant trend to be increased, while plasma IL-6 was marginally decreased in NAM HD mice.	Comment by Laura Julve: Antonio Zorzano sugirió evitar asimetrías en la exposición de resultados y por eso dijo de completar esta figura incluyendo también la condición experimental NAM LD. Karen se ocupó de realizar esta tarea, tal vez solucione sus problemes con su portàtil podremos añadir el dato correspondiente a LD a este panel.	Comment by Laura Julve: Josep Villena va suggerir eliminar la menció del gen Ucp2 perquè no el considera un marcador d’inflamació en adipós. De fet, Ucp2 és mitocondrial. Inicialment el vam incloure perquè en Francesc Villarroya ens va dir que la seva expressió era abundant en macròfags i segons com la seva expressió en resposta a tractament en aquest teixit anava lligada a la d’altres indicadors de macròfags.
NAM administration ameliorates fatty liver
NAM did not alter the liver weight of the liver (Table 1, Figure 1, panel F). PConsistently, plasma levels of ALT and AST in NAM-treated mice did not differ either from those of untreated mice (Supplementary Table 2). Interestingly, NAMthe supplementation with NAM prevented HFD-induced hepatic steatosis (Figure 2, panels A and B) as seen by the decreased intracellular lipid droplets (39.9%, P<0.05) in histological preparations in NAM HD mice histological preparations (i.e., intracellular lipid droplets) and MRS analysis and MRS analysis (MRS: -(69.5%, P<0.05), respect untreated mice; histological preparation: -39.9%, P<0.05, respectively) in NAM HD mice (Figure 2, panels A and B). FurthermoreInterestingly, the liver fat fraction directly correlated to both whole-body fat volume (Spearman r = 0.9301, P<0.05) and whole-body volume  and whole-body volume  (Spearman r = 0.7552, P<0.05) (Figure 2, panels C and D). Notably, Consistently, the hepatic mRNA levels of Cd36 and Fgf21 and the plasma concentration of Fgf21 were respectively reduced, especially in NAM HD mice (Cd36: -51%, P<0.05; Fgf21: -39%, P<0.05;, Fgf21: (-83%, P<0.05,respectively)  in treated mice (Figure 2, panel E and F). Notably, circulating concentrations of Fgf21 were significantly decreased (-83%, P<0.05) only in NAM HD mice (Figure 2, panel F).	Comment by Laura Julve: L’Antonio Zorzano va suggerir incloure la condició experimental NAM LD en el panel A de la figura per eliminar l’asimetria de resultats. Això últim està pendent d’incorporar per la Karen. 	Comment by Laura Julve: Antonio Zorzano sugirió resaltar la novedosidad de este anàlisis, por la tecnologia empleada. Para mi es solo instrumental. ¿Supongo que sugiere describir la metodologia empleada? Podemos decirle a Silvia Lope que describa de qué modo se podría 	Comment by Laura Julve: Josep Villena diu que cal justificar la seva determinació; mentre que l’Antonio Zorzano va comentar incloure l’expressió gènica de gens amb paper en la lipogènesi. L’     Antonio també va mostrar reserves en mostrar la concentració plasmàtica d’Fgf21.

Effects of NAM administration on energy expenditure
Body weight gain prevention by NAM was not accompanied by significant changes in the daily food consumption of NAM-treated mice, as treated mice consumed the same amount of calories as untreated mice (Table 1, Figure 3, panel A). It is worthy to note that food intake was measured before body weights diverged to eliminate confusions by body-weight differences [11]. Additionally, fecal triglycerides did not differ among groups (NAM HD: 1.74 ± 0.43 µmol/g vs. Un: 1.52 ± 0.36 µmol/g, P=0.98). Therefore, increased energy expenditure rather than decreased food intake or steatorrhea may explained the fatless in NAM HD mice. Our data supports the notion that NAM enhances energy expenditure. Indeed, feed efficiency (body weight change per kcal of food eaten) was significantly reduced (84.6%, P<0.05) only in NAM HD mice (Figure 3, panel B). Increased energy expenditure was directly demonstrated by indirect calorimetry . The 24-h VO2 and the respiratory exchange ratio (RER) of NAM HD mice were significantly higher (VO2: 20% during day and night , (Figure 3, panel C) P<0.05.; RER in NAM HD mice was increased: 2.4% during day and 3.6% during night, (P<0.05) respectthan that of untreated mice (Figure 3, panels D and DE; Supplementary Figure 2, panels C and D), respectively, while NAM-LD treated mice only showed a significant VO2 increase during night (VO2: 10%, P<0.05; RER: 2.3%, P<0.05) (Figure 3, panels CE and DE; Supplementary Figure 2, panels C and D). RER was inversely related to either body weight (day: Spearman r = -0.6731, P<0.05; night: Spearman r = -0.6082, P<0.05) andor fat pad (day: Spearman r = -0.5985, P<0.05; night: Spearman r = -0.5857, P<0.05) (Supplementary Figure 2, panels E and F). Data from energy expenditure analysis in different groups of mice were Ancova corrected prior to comparison among different group pairs (Figure 3, panel E). Energy expenditure in NAM LD mice did not differ from untreated mice, but was significantly increased in NAM HD mice (1.4-fold, P<0.05) compared with untreated mice ATENCIÓN: EN LA FIGURA LA SIGNIFICATIVIDAD NO ESTA REPRESENTADA (Figure 3, panel E). Additionally, Llocomotor activity did not differ among groups (Supplementary Figure 2, panel G).
[bookmark: _Toc19562901]NAM administration induces WAT beiging 
Since we observed an increase in energy expenditure, we reasoned that NAM might first promote increased iBAT activity. Interestingly, NAM impacted on iBAT morphology and physiology. NAM manipulation did not influence iBAT mass (Figure 4, panel A). The Aanalysis of iBAT from NAM HD showed that brown adipocytes had much less accumulation of lipid vesicles (0.6-fold, P<0.05) than untreated mice (Figure 4, panel B). Notably, mitochondrial fatty acid -oxidation was also elevated (1.3-fold, P<0.05) in iBAT of NAM HD mice compared with untreated mice (Figure 4, panel C). This finding was not associated with changes in the expression of mitochondrial genes (Figure 4, panel D). Similarly, the relative protein abundance of Ucp1 in iBAT of NAM HD mice did not differ from untreated mice (Figure 4, panel E, left bar chart subpanel). However, corrected levels of Ucp1 by total iBAT protein were significantly increased in theseNAM HD mice (1.9-fold, P<0.05) (Figure 4, panel E, right bar chart subpanel), suggesting an hyperplasia of iBAT hyperplasia. 	Comment by Laura Julve: L’Antonio Zorzano va indicar que modifiquéssim l’odre d’exposició dels resultats de  manera que primer mostréssim l’estudi en iBAT i a continuació l’estudi d’iWAT (iWAT beiging).
[bookmark: OLE_LINK3]Under certain conditions adipose thermogenesis may be activated and contribute to energy expenditure. Beige adipocytes, which may be found in WAT, can functionally mimic the metabolic actions of classical brown adipocytes, including thermogenesis [27]. AsWith inguinal (i)WAT, is the a subcutaneous fat depot, being the most readily beiged in C57BL/6 mice [28, 29], we also investigated whether NAM-mediated increased energy expenditure was might be associated with WAT beigingincreased thermogenesis in this tissue. NAM HD administration in mice markedly altered adipose morphology (Figure 5, panel A), promoting the appearance of small-sized adipocytes. containing multiple smaller lipid vesicles. The number of clusters of small-sized adipocytes containing multiple lipid vesicles was abundantly present in iWAT of NAM HD mice compared with untreated mice, suggesting a shift into a brown-like phenotype. Indeed, NAM administration stimulated a brown/beige fat thermogenic gene program of this inguinal fat depot. In addition to the above-mentioned upregulation of iWAT Pgc1a and Pgc1b genes, relative iWAT Ucp1 mRNA levels (10.4-fold, P<0.05) and Ucp1 protein abundance were significantly increased in NAM HD mice (Ucp1: 10.4-fold, P<0.05; Ucp1: 2.5-fold, P<0.05) compared with untreated mice (Figure 5, panels B and C).	Comment by Laura Julve: L’Antonio Zorzano va dir que idealment havíem de reproduir tot l’estudi fet en iWAT també en eWAT o prWAT (un altre representant). També em va preguntar si havíem fet alguna cosa amb múscul esquelètic. Li vaig contestar que només es va avaluar la beta oxidació mitocondrial en múscul esquelètic i en eWAT i que es va trobar consistentment elevada en ambdós teixits de ratolins tractats amb NAM HD.	Comment by Laura Julve: En relació al comentari anterior, he afegit un parell de treballs que recolzen l’ús de l’iWAT com a representant de teixit adipós amb predisposició al beiging per justificar el perquè d’utilitzar iWAT en el present estudi.	Comment by Laura Julve: D’acord amb el criteri de l’Antonio Zorzano, s’ha separat el bloc de resultats iBAT del d’iWAT.
Mitochondrial -oxidation of fatty acids was significantly elevated in iWAT (NAM LD: 1.9-fold, P<0.05; NAM HD: 1.4-fold, P<0.05) of NAM-treated mice (Figure 54, panel D), suggesting that this tissue was metabolically more active in treated  mice. Consistent with this view, the expression of genes involved in mitochondrial homeostasis, Pgc1a, Ppargc1b, Mfn2 were either elevated (Pgc1a: 3-fold, P<0.05; Pgc1b: 2.5-fold, P<0.05; Mfn2: 4.3-fold, P<0.05) or marginally elevated (Cpt1b: 2.6-fold, P<0.07) upon NAM HD treatment (Figure 5, panel BNO ESTA EN LA FIGURA, CAMBIARLA O DECIR DONDE ESTA ESA INFORMACION, EN LA SUPLEM FIGURE 3, QUE NO SE CITA EN ESTOS RESULATADOS ESTAN  LAS CORRELACIONES DE ESTOS GENES CON  RER PERO SU NO EXPRESION AISLADA Y COMPARADA ENTRE GRUPOS).
Given that NAM may be a main substrate for NAD+ synthesis, we directly evaluated the in vivo efficacy of NAM to increase NAD+ in vivo in iWAT. NAM treatment dose-dependently increased both total NAD and NAD+ content in iWAT (Figure 5, panel D) compared with untreated mice. TOf note, the NAD+/NADH ratio was also higher in iWAT from HD NAM-treated mice (Figure 5, panel E). NAM treatment did not influence the relative mRNA levels of adipose nicotinamide phosphoribosyltransferase (Nampt), which can contribute to the increase in NAD+ after chronic NAM supplementation, or NAM riboside kinase (Nmrk)1, but augmented (2.9-fold, P<0.05) the expression of nicotinamide N-methyltransferase (Nnmt) (Figure 5, panel GC) compared with untreated mice. Thus,We suggest that NAD+ elevations in adipose tissue could be due to an elevated bioavailability of NAM in this tissue due to an increased synthesis from NAD. 
Because AMP-activated protein kinase (AMPK) cascade is has recently been demonstrated to be a critical regulator important in potentially regulating the metabolic activity of brown and beige adipose tissue [30, 31], we directly examined the protein abundance of phosphorylated (active) AMPK in iWAT. Our data revealed that the Aadipose content of phosphorylated AMPK was indeed increased (2.2-fold, P<0.05) in iWAT of NAM HD mice (Figure 5, panel HG). Interestingly, the adipose content of AMP was significantly augmented (3.2-fold, P<0.05) in NAM HD mice compared with untreated mice (Figure 5, panel I (CAMBIAR ORDEN DE LAS LETRAS DE PANELES EN LA FIGURA) J), consistently with its known allosteric regulation on AMPKactivator of AMPK. Phosphorylated AMPK was correlated to Ucp-1 (Pearson r = 0.59, P<0.05) (Figure 5, panel K).	Comment by Laura Julve: L’Antonio Zorzano va quedar sorprès per dues coses: [i] d’una banda, la relació entre ATP-ADP-AMP en adipós (condició untreated) i, de l’altra, [ii] l’augment en AMP induït per la NAM.
Ambdós aspectes els va trobar “problemàtic” el primer, “fascinant” el segon.
[i] Em va convidar que confirmés els valors obtinguts de nucleòtids en WAT amb altres publicacions. Segons la seva experiència, a múscul esquelèticla relació ATP:ADP es 20:1, i la d’ATP:AMP (5:1) i per tant això els valors relatius obtinguts en WAT serien aberrants. De totes maneres em va dir que ell no sabia si els nostres eren els valors que s’esperaria trobar en WAT i em va convidar a fer una cerca. És el que he fet. No hi ha molts treballs que reportin valors de tots tres nucleòtids en adipós. Els valors varien en funció del treball, possiblement pel mètode emprat.  En un he trobat valors (nmol/mg proteïna): ATP=12 :ADP=4: AMP=0.4. D’aquest treball la relació ATP:ADP és de 3:1 i la d’ATP:AMP és de 30:1; en un altre estudi una relació ATP:ADP (4:1). He trobat altres treballs en què només determinen ATP i per tant no podem calcular proporcions.
 [ii] L’augment en AMP per part de la NAM: Què explica aquest augment? Va suggerir que potser el metabolisme de les adenosines estigués modulat per la NAM? i Si fos el cas, de quina manera? He trobat que l’adenosina podria ser un.producte de degradació de NAD.
Em va traslladar els seus dubtes en mostrar aquestes dades si no resolíem els dubtes abans indicats; va afegir però que l’augment d’AMP era interessant i que el perfil era similar al observat al dels nivells de NAD+ i que qui sap si ambdues coses podrien estar relacionades.

4. Discussion
The results presented provide proof of the concept that NAM can prevent a diet-induced obesity and related complications. Noteworthy, NAM administration very notably prevented both body weight and adiposity gain after a HFD. The mechanisms implicated ivolve byinvolve increases ining whole-body energy expenditure, atas well as by stimulating WAT beiging, and eliciting the metabolic activity in iWAT, while reducing adipose inflammation. Importantly, NAM administration also ameliorated fatty liver and, modestly, glucose tolerance in treated mice.
[bookmark: _Toc19562916]Effect of NAM on adipose beiging	Comment by Laura Julve: Josep Villena suggereix començar tot mostrant els efectes de NAM sobre la prevenció d’obesitat degut a un augment de l’energy expenditure; i continuar discutint la raó d’aquest augment en energy expenditure and iBAT activation.
Adaptive thermogenesis is the main iBAT function, especially in rodents [32]. Our data did not reveal changes in the relative gene expression or protein abundance of Ucp1 in this tissue. Nevertheless, Ucp1 corrected by the total protein amount in the iBAT deposit was indeed increased in  HD NAM-treated mice, suggesting that NAM increases iBAT hypertrophic activity rather than the “relative” Ucp1 levels SEGUN EL PANEL DE LA FIG 4 NO HAY HIERPTROFIA DEL TEJIDO. Consistently, Hhistological examination showed that brown adipocytes from iBAT of NAM HD mice were much less loaded with lipids than the untreated mice, suggesting that this tissue would be more active in treated mice. Also, s in the case of iWAT, mitochondria in iBAT might bewere more somewhat more metabolically more active in NAM HD treated mice than in untreated mice, as revealed by the enhanced -oxidation of fatty acids, but this does not seem to require increasedalbeit in the absence of differences in the gene expression of mitochondrial markers of lipolysis orand biogenesis. These data might suggest NAM would be rather boosting mitochondrial activity, possibly by increasing beiging.
NAM administration prevented HFD-induced iWAT hypertrophy, as revealed by the reduced cross-sectional size of white adipocytes, and induced beiging, as shown by an increased abundance of multilocular adipocyte clusters embedded in iWAT, with and a concomitant upregulation of Ucp1, a known marker of BAT adipocytes [33]. Supporting to this finding, the relative mRNA levels of some molecular targets commonly involved in the WAT beiging (i.e., Pgc1a, Pparg) [34] were significantly upregulated or showed a trend to be induced in the inguinal fat depot of NAM HD mice.  It is of note, that iIncreased Pgc1a also leads to increased oxidative metabolism (SI NO ES EL MECANISMO QUE VEMOS, NO HACE FALTA CITARLO:and mitochondrial biogenesis and increased oxidative capacity) in WAT protecting from HFD-induced obesity in mice [35, 36]. Consistently, our data revealed enhanced WAT mitochondrial -oxidation of fatty acids lipolysis in this tissue inof NAM HD-treated mice. 	Comment by Laura Julve: Josep Villena suggereix citar papers que relacionin beiging i BAT activation en reduir el pes corporal i adipositat.
NAD+ plays a key role in cellular energy metabolism, as it can be reduced to NADH, which provides reducing equivalents to the mitochondrial electron transport chain to fuel oxidative phosphorylation [7]. Additionally, NAD+ also acts as a coenzyme for a wide range of enzymes, such as the sirtuins, particularly Sirt1, involved in the regulation of energy metabolism [7]. SignificantlyNoteworthy, AMPK is expressed in many tissues, including WAT [37].  and the Pphosphorylated (at Thr172) levels of the α1 isoform of AMPK [37] were increased in iWAT of HD NAM treated mice. Additionally, Aactivated AMPK also leads to enhanced oxidation of fatty acids by enhancing mitochondrial functions [38]. Consistently, mitochondrial fatty acid oxidation (YA LO HEMOS DICHO: was enhanced) in WAT of NAM HD mice in correlatedion with a dose-dependent increase of NAD+ in this tissue. (DONDE ESTAN ESTOS DATOS??, NO LOS HE VISTO) In relation to the potential action of Sirt1 in explaining AMPK activation, it is worth to note that LKB1, which phosphorylates AMPK, is also a target of Sirt1 [39], and conceivably contribute to AMPK activation.	Comment by Laura Julve: Josep Villena indica si es podria demostrar expressió o activitat Sirt1 a través d’una altra manera, la forma acetil·lada d’alguna de les seves dianes per western blot  Ell n’és conscient de què hio vam intentar i fracassar provant de detectar ac-NFkB en iWAT; sembla que no hi ha bons anticossos i esdevé necessari fer immunoprecipitació d’NFkB per enriquir la mostra. Això està aturat de moment. En Carles cantó va utilitzar la superòxid dismutasa (SOD) com a diana de Sirt1. En un moment donat, he pensat en comentar-li quan contactem amb ell si ens ho podria la persona que ho va fer o ens passés la manera per fer-ho “in-house”.
ESTE PARRAFO ESTA COLGADO ENTRE DISCUSION DE AMPK Y DEBE IR MAS ABAJO): ((The effect of NAM in augmenting the NAD+ content of WAT differed from that observed in independent studies using other NAD+ intermediates, NMN and NR [10, 12]. Although we do not know the basis of such differences, they could be likely attributed to the type of NAD+ precursor used and dose-related issues. Importantly, in these other studies, NAD+ precursors did not induce beiging in WAT of treated mice [10, 12].
Accumulating evidence suggests that the thermogenic activities of iBAT are activated by AMPK [40]. Indeed, cold-induced BAT activation results in the phosphorylation of AMPK to begin to increase thermogenesis. Beyond BAT, activated AMPK also upregulates Ucp1 and induces beiging in WAT [41], and, conceivably, it could enhance iWAT beiging in NAM HD mice. Interestingly, the protection against diet-induced obesity by thermogenesis induced upon AMPK activation may also involve the contribution Ucp1-independent mechanism in subcutaneous WAT [42]. Our data shows that the relative protein abundance of Ucp-1 was directly related to that of p-AMPK, thereby suggesting that thermogenesis could be rather induced by Ucp-1-dependent mechanisms in our treated mice.
[bookmark: _Hlk39101146]AMPK activation may be driven by Sirt1-dependent and independent mechanisms may be involved in AMPK activation in vivo [43]. Intriguingly, adipose tissue NAD+ elevations were accompanied by a rise of adipose tissue content of AMP. The increase of AMP in WAT of treated mice is unknown, but it could be at least partly explained by different mechanisms. First, NAD+, which may be a main intracellular source of adenosine [44],[45], can conceivably increase endogenous production of adenosine, and hence contribute to the intracellular AMP pool [46] in this tissue. Additionally, adenosine may be also formed by the hydrolysis of S-adenosylhomocysteine (SAH), which could be augmented by the action of Nnmt. Nnmt catalyzes the transfer of a methyl group of S-adenosylmethionine (SAM) to NAM and produces SAH and me-NAM [47, 48]. In this regard, plasma concentrations of me-NAM and mRNA levels of Nnmt were upregulated in WATwere commensurately elevated in our NAM treated mice. In line with this, relative mRNA levels of Nnmt were upregulated in WAT of treated mice. Although Nnmt activity was not eventually determined and elevations of mRNA levels may not necessarily reflect the protein function, previous reports indicatesuggest that Nnmt function may parallel mRNA levels in adipose tissue [11]. Finally, ADP-ribosyl produced by the cluster of differentiation (CD)38, which also uses NAD+ as a substrate [49], can subsequently be degraded to AMP [50, 51].	Comment by Laura Julve: Ho he inclòs en resposta a un dels comentaris anteriors fet per l’Antonio Zorzano. Sé que pot sonar molt especulatiu i potser s’hauria de resumir. Sisplau
The effect of NAM in augmenting the NAD+ content of WAT differed from that observed in independent studies using other NAD+ intermediates, NMN and NR [10, 12]. Although we do not know the basis of such differences, they could be lattributed to the type of NAD+ precursor used and dose-related issues. Importantly, in these other studies, NAD+ precursors did not induce beiging in WAT of treated mice [10, 12]))
Contribution of NAM-mediated induces an anti-inflammatory potential to adipose phenotype
Inflammatory signalling has only recently been recognized as playing a role in adipose beiging [52], even though it is a well-known, relevant component of the adipose alterations in obesity [53]. In this regard, Iit is noteworthy that chronic exposure to β-adrenergic agonists not only induces adipose beiging [54-56], but, also inhibit the production of proinflammatory cytokines, such as Tnfa, and stimulate the production of anti-inflammatory cytokines, such as IL-10 [57]. The proliferation of (M2) activated macrophages is also a key feature related to WAT beiging [52, 58]. In agreement with this view, it would be feasible to propose that the induction of beiging by NAM in iWAT in treated mice could be related with the well-known NAM-mediated anti-inflammatory NAM effects [59, 60]. Indeed, the gene expression of Il10, an anti-inflammatory target and, a key molecular marker of M2 macrophages in mice [61], was upregulated in adipose tissue of NAM HD mice. Also, the relative mRNA levels of Cd68, a marker of macrophage infiltration, wasere also downregulated in WAT from NAM HD mice. Consistently, the number of CLS, which commonly accumulate in fat depots from obese mice [62], were also diminished in WAT from NAM HD mice.
Several evidences support a role for adiponectin in alleviating chronic adipose tissue inflammation [63, 64]. Indeed, adiponectin induces the production of the anti-inflammatory IL-10,  display M2 polarization under the influence of adiponectin.in human myeloid cells, including macrophages and leukocytes [65-68], inhibits the release of proinflammatory cytokines [69, 70], and reduces obesity-induced macrophage infiltration and inflammation [71]. Additionally, macrophages [68] display M2 polarization under the influence of adiponectin. In agreement with a previous report [14],. Pplasma concentrations of adiponectin were elevated in response to NAM manipulation in NAM HD mice. It would be thus, attractive to suggest that plasma NAM-mediated elevations of this adipokine might contribute to the polarization of macrophages towards an M2 (i.e. anti-inflammatory) phenotype and hence elicit adaptive thermogenesis in WAT of NAM HD mice [58] [65-68]  [58]. Supporting the potential favorable impact of adiponectin in thermogenesis, AMPK also appears activated by adiponectin [72].
Our NAM HD mice also displayed a modest improvement of glucose tolerance compared with untreated mice. Adiponectin is also a widely recognized insulin signaling sensitizer [73]. Our data are consistent with a previous report [14], whereby NAM-mediated improved glucose tolerance and increased circulating levels of adiponectin in treated obese rats. Intriguingly, in this case [14], NAM treatment did not induce reduction in body weight. A possible explanation of this finding could be the differences in the experimental model and design used between the latter study and ours.
Taken together, our data, i.e., NAD+ elevations, enhanced energy expenditure as a result of increased beiging of iWAT and oxidative capacity of iBAT support combined mechanisms to explain adipose gain prevention in NAM HD mice. Reduced WAT accumulation together with tissue and systemic alleviated inflammation as a result of NAM treatment may also contribute to improve glucose homeostasis.
NO SE DISCUTE MEJORA DE HIGADO GRASO: hay que poner alguas frases al respecto
Limitations of the study
Supplemented water was replaced weekly. Although we did not confirmed whether NAM remained intact in drinking water at room temperature for a 7-day period, plasma concentration of NAM exhibited a dose-dependent elevation in treated mice.
Plasma concentration of NAM was not measured at the beginning of the study; however, genetically identical mice in the untreated group of DIO mice had significantly lower plasma concentration of NAM than NAM-treated mice. Although NAM content was not determined in adipose tissue, our data strongly supports the notion that NAM administration favorably influenced NAD+ biosynthesis in iWAT. Additionally, NAM manipulation might possibly influence the NAD+ content in iBAT and possibly other fat depots 
as well as tissues with a role in energy metabolism, such as skeletal muscle.

Core body temperature was not directly evaluated in this work, but iBAT histology, and protein abundance of Ucp1 suggested enhanced metabolic activity and adaptive thermogenesis.

This work provides quantifiable evidence that NAM may exerts beneficial effects on weight gain prevention. However, the contribution of other tissues also important in metabolic homeostasis, such as skeletal muscle, were not evaluated [10, 21]. (REVISAR, CONFIRMAR Y EN U CASO PONER REFERENCIAS:) In a preliminary analysis, we found increased evaluated muscle fatty acid β-oxidation and, also there are previous studies on NAM effects in this tissue. 
Mitochondrial fatty acid oxidation was enhanced in WAT of NAM HD mice; however, the direct analysis of glucose oxidation in WAT is of interest.
Core body temperature was not directly evaluated in this work, but iBAT histology, and protein abundance of Ucp1 suggested enhanced metabolic activity and adaptive thermogenesis.
Conclusion
Dietary supplementation with NAM to mice prevented body weight gain and adiposity by boosting energy expenditure, with this being mainly attributed to enhanced energy demand and beiging in WAT. Interestingly, this effect was accompanied by an amelioration of WAT inflammation and fatty liver.
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Table 1. Effect of NAM administration on gross parameters and plasma
	
	Untreated
	NAM LD
	NAM HD
	P

	Gross parameters
	
	
	
	

	Body weight [g]
	35.04 (1.47)
	32.86 (4.06)†
	28.11 (1.28)*
	<0.05

	Final weight gain [g]
	11.40 (2.17)
	7.32 (0.75)*†
	3.48 (1.01)*
	<0.05

	Fat Pad [g]
	4.55 (1.55)
	2.55 (0.50)*†
	1.31 (0.19)*
	<0.05

	Lean Weight [g]
	31.17 (1.26)
	28.54 (1.36)*
	27.11 (1.14)*
	<0.05

	Liver weight [g]
	1.21 (0.26)
	1.08 (0.28)
	1.06 (0.22)*
	<0.05

	Liver-to-body weight ratio
	0.03 (0.00)
	0.03 (0.00)
	0.04 (0.00)
	<0.05

	Diet intake [g/day]
	2.74 (0.63)
	2.92 (0.22)
	2.99 (0.56)
	0.34

	Water intake [g/day]
	4.95 (1.58)
	4.17 (0.77)
	4.39 (1.26)
	0.31

	Calculated dose [g/kg/day]
	
	0.32 (0.08)
	1.40 (0.26)
	

	Biochemical parameters
	
	
	
	

	Glucose [mM]
	13.18 (1.85)
	12.92 (2.16)
	15.19 (1.47)
	0.13

	Insulin [ng/mL]
	0.48 (0.07)
	0.39 (0.05)
	0.39 (0.07)
	0.63

	Total cholesterol [mM]
	3.97 (1.07)
	3.71 (0.53)
	3.88 (0.10)
	0.30

	Triglycerides [mM]
	0.83 (0.31)
	1.01 (0.40)
	1.44 (0.57)
	0.16

	FFA [mM]
	0.85 (0.11)
	0.67 (0.05)*
	0.54 (0.10)*
	<0.05

	
	
	
	
	

	Adiponectin [ng/mL]
	75.96 (11.13)
	n. d.
	105.40 (15.80)
	<0.05

	Leptin [ng/mL]
	30,809 (16,913)
	n. d.
	6,540 (4,311)
	<0.05


biochemistry.


Results are expressed as the means (standard deviation) (n = 8 mice per group). All analyses were made at three months of age. At the age of two months the mice were challenged to high-fat diet and NAM manipulation for three months. Food intake was measured at the end of the study as described in the Materials and Methods section. Differences between the mean values were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate; differences were considered significant when P<0.05. Specifically, # P<0.05 vs. non-obese group, * P<0.05 vs. untreated group; or † P<0.05 vs. NAM LD-treated mice. Abbreviations used: NAM LD, low-dose, NAM-treated mice; NAM HD, high-dose, NAM-treated mice, FFA, free fatty acids; HDL, high-density lipoprotein; n. d., not determined.







[bookmark: _Toc19871098]Supplementary Table 1. Transitions used in QqQ shown by different metabolites.
	Metabolite
	RT (min)
	1st Transition (CE (V))
	2nd Transition (CE (V))

	N-Me-Nicotinamide
	0.76
	137 → 80 (24)
	137 → 108 (16)

	d4-Nicotinamide (IS)
	0.91
	127 → 84 (24)
	127 → 81 (28)

	Nicotinamide
	0.93
	123 → 80 (20)
	123 → 53 (32)





	
	
	DIO
	
	

	
	untreated
	NAM LD
	NAM HD
	P

	NAM [µM]
	17.80 (30.32)
	177.50 (84.94)*†
	568.40 (51.45)*
	<0.05

	Me-NAM [ µM ]
	2.2e-004 (1.6e-004)
	2.5e-004 (9.2e-005)†
	7.1e-0.004 (2.3e-004)*
	<0.05

	Creatinine [mM]
	0.03 (0.00)
	0.03 (0.00)
	0.03 (0.00)
	0.23

	BUN [M]
	7.58 (2.00)
	6.94 (1.60)
	8.69 (1.93)
	0.23

	AST [U/L]
	152.8 (61.04)
	173.1 (66.15)
	124.6 (58.06)
	0.56

	ALT [U/L]
	59.18 (46.07)
	39.17 (17.77)
	21.98 (6.49)
	0.27

	Urine Creatinine [mM]
	3.33 (0.54)
	3.14 (0.86)
	3.35 (1.83)
	0.85


 Supplementary Table 2. Effect of NAM on hepatic and renal parameters in DIO mice.  Results are expressed as the means (standard deviation) (n = 8 mice per group). At the age of two months the mice were challenged to high-fat diet and NAM manipulation for three months. Plasma concentration of NAM and me-NAM were given in relative units (n = 5-6 mice per group). Differences between the mean values were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest; differences were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group. Abbreviations used: AST, aspartate aminotransferase; ALT, alanine aminotransferase; BUN, blood urea nitrogen; NAM LD, low-dose, NAM-treated mice; NAM HD, high-dose, NAM-treated mice.
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