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Uncovering the role of glycogen in brown adipose tissue

The presence of glycogen in the brown adipose tissue (BAT) has been described 60 years ago. However, the role of this energetic storage in brown adipocytes has been long time underestimated. We have recently shown that during brown adipocyte differentiation in the embryo, glycogen accumulates and is degraded by glycophagy, a dynamic essential for lipid droplets biogenesis. Recent studies have shown that the storage and degradation of triglycerides in BAT are not essential for the activation of BAT in response to cold exposure in adults, and that glycogen can compensate for their absence. In this review, we report the recent advances related to the importance of glycogen in brown adipocytes.

Introduction

Cold exposure and hyperphagia leads to non-shivering thermogenesis by the BAT.

For a long time, it was believed that BAT was only present in newborns and young, but not in adults in non-hibernating animals. However, several studies have demonstrated the presence of a functional BAT in adult humans, which can be activated by cold exposure [START_REF] Cypess | Identification and importance of brown adipose tissue in adult humans[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]. Human BAT shares common characteristics with the well-studied interscapular BAT in mice, at cellular and molecular levels.

One of the main characteristics of BAT, as well as white adipose tissue (WAT), is the presence of lipid droplets (LD) in the cytoplasm. WAT and BAT are different in many ways, both in terms of metabolism and embryonic origin (reviewed in [START_REF] Sanchez-Gurmaches | Emerging Complexities in Adipocyte Origins and Identity[END_REF]). While WAT is involved in lipid storage and fatty-acid release during fasting, BAT produces heat. Non-shivering thermogenesis is mediated by the stimulation of β-adrenergic receptors in brown adipocytes.

The specific presence of the uncoupling protein, UCP1, located in the inner membrane of the mitochondria of brown adipocytes serves to decouple the mitochondrial respiratory chain from ATP production, involved in heat production. When BAT is stimulated by exposure to cold, for example, it becomes metabolically active because thermogenesis requires energy substrates. In this review, we will focus on the latest research on energy storage and use in BAT. Contrary to what might be expected from a lipid-rich tissue, the storage of carbohydrates in the form of glycogen and its metabolism play an important role in BAT, changing our conventional view of this tissue.

Lipolysis during BAT activation

LDs are cytoplasmic organelles containing lipids stored as triglycerides (TG) and cholesterol. They are surrounded by a single layer of phospholipids, in which a number of specific proteins such as perilipins are incorporated. While white adipocytes contain a single LD occupying the majority of the cytoplasm, brown adipocytes contain a multitude of small LDs. This difference is explained at the molecular level by the involvement of different factors that specifically control LD formation in white and brown adipocytes. For example, in white adipocytes, FSP27 is expressed at the surface of two LD and allows their fusion, therefore promoting the formation of larger LDs. In the brown adipocytes, the expression of the FSP27 isoform is responsible of the inhibition of LD fusion, resulting in the presence of multiple small LDs [START_REF] Nishimoto | CIDE Family-Mediated Unique Lipid Droplet Morphology in White Adipose Tissue and Brown Adipose Tissue Determines the Adipocyte Energy Metabolism[END_REF]. Many proteins on the surface of LD are involved in lipolysis, such as lipases and lipase regulators, which allow the formation of free fatty acids (FA) that are available when needed.

After exposure to cold, plasma glycerol increases. This observation led to the conclusion that the majority of calories used come from fat oxidation [START_REF] Alexander | Energy metabolism in the starved new-born lamb[END_REF]. In addition, the lack of increase in plasma FFAs during cold exposure indicates that hydrolyzed TGs have been metabolized by cells [START_REF] Dawkins | Non-shivering thermogenesis and brown adipose tissue in the human new-born infant[END_REF]. In humans, the activation of BAT by short-term cold exposure accelerated plasma TG clearance through increased lipid absorption in BAT [START_REF] Bartelt | Brown adipose tissue activity controls triglyceride clearance[END_REF]. Moreover, the niacin-induced inhibition of intracellular lipolysis impairs cold-induced thermogenesis [START_REF] Blondin | Inhibition of Intracellular Triglyceride Lipolysis Suppresses Cold-Induced Brown Adipose Tissue Metabolism and Increases Shivering in Humans[END_REF].

Altogether, these results therefore unveil the importance of lipolysis in BAT during cold exposure.

In order to better understand the underlying mechanisms, many studies have analyzed the consequences of lipases deletion in different mouse models. In constitutive adipose triglyceride lipase (ATGL)-deficient mice, BAT contains larger LDs and its weight is increased [START_REF] Haemmerle | Defective lipolysis and altered energy metabolism in mice lacking adipose triglyceride lipase[END_REF]. These mice are unable to adapt to cold thus confirming the importance of lipolysis for BAT activity. These results also suggest that other lipases, such as HSL, cannot compensate for the absence of ATGL, which has been confirmed by other studies [START_REF] Osuga | Targeted disruption of hormone-sensitive lipase results in male sterility and adipocyte hypertrophy, but not in obesity[END_REF][START_REF] Schreiber | Cold-Induced Thermogenesis Depends on ATGL-Mediated Lipolysis in Cardiac Muscle, but Not Brown Adipose Tissue[END_REF][START_REF] Wang | The adipose tissue phenotype of hormone-sensitive lipase deficiency in mice[END_REF].

The inability to mobilize lipid stores in constitutive ATGL-deficient mice increases the use of glucose as an energy source. However, this is not sufficient to withstand exposure to cold and these mice die prematurely due to cardiac dysfunction [START_REF] Haemmerle | Defective lipolysis and altered energy metabolism in mice lacking adipose triglyceride lipase[END_REF].

The inability to respond to cold was initially attributed to defective lipolysis of BAT, until mice deficient in ATGL, specifically in adipocytes, were then generated. The absence of ATGL, in both white and brown adipocytes, induces the conversion of BAT into a WAT-like tissue and also impairs cold-induced thermogenesis [START_REF] Ahmadian | Desnutrin/ATGL is regulated by AMPK and is required for a brown adipose phenotype[END_REF]. But wat is the specific role of ATGL in brown adipocytes? Later studies have then discriminated the specific role of lipolysis in WAT and BAT, based on mouse models in which ATGL or its activator CGI-58 (LDassociated protein that acts as a coactivator of ATGL) have been specifically deleted in BAT.

Contrary to what might have been expected, the results show that brown adipocyte lipolysis is not essential for BAT, which is still able to adapt to cold exposure [START_REF] Schreiber | Cold-Induced Thermogenesis Depends on ATGL-Mediated Lipolysis in Cardiac Muscle, but Not Brown Adipose Tissue[END_REF][START_REF] Shin | Lipolysis in Brown Adipocytes Is Not Essential for Cold-Induced Thermogenesis in Mice[END_REF]. However, in absence of FA provided from food, lipolysis is required in the WAT to release the fuel substrates indispensable for thermogenesis. Lipolysis in WAT also promotes insulin secretion, which is essential for efficient lipid and glucose uptake by the BAT [START_REF] Heine | Lipolysis Triggers a Systemic Insulin Response Essential for Efficient Energy Replenishment of Activated Brown Adipose Tissue in Mice[END_REF]. In addition, the release of long chain FA by the WAT activates the nuclear receptor HNF4 in the liver, which induces hepatic carnitilation. In turn, plasmatic acylcarnitine stimulates BAT thermogenesis [START_REF] Simcox | Global Analysis of Plasma Lipids Identifies Liver-Derived Acylcarnitines as a Fuel Source for Brown Fat Thermogenesis[END_REF]. Altogether, these studies unveil the importance of organ crosstalk through the production of hormones and metabolites for BAT thermogenesis.

As previously shown in constitutive ATGL-deficient mice, the inhibition of lipolysis specifically in BAT reprograms this tissue to combust more glucose, as indicated by the increase of Glut1 expression and glucose uptake in CGI-58-KO mice during cold exposure [START_REF] Shin | Lipolysis in Brown Adipocytes Is Not Essential for Cold-Induced Thermogenesis in Mice[END_REF]. As a consequence, a bolus of glucose only induces a minor increase of blood glucose during cold exposure and this is associated with a better metabolic profile. On the contrary, in humans, inhibition of intracellular lipolysis by the administration of niacin alters glucose absorption in BAT [START_REF] Blondin | Inhibition of Intracellular Triglyceride Lipolysis Suppresses Cold-Induced Brown Adipose Tissue Metabolism and Increases Shivering in Humans[END_REF]. Compared to mice studies, niacin supplement is not specific to BAT and the inhibition of lipolysis in other organs can explain these differences. In addition, differences in BAT activity between humans and rodents have been reported. For instance, while in rodents BAT thermogenesis is mediated by  3 -adrenergic receptor, in humans, this is the  2 -adrenergic receptor that is involved in lipolysis and thermogenesis [START_REF] Blondin | Human Brown Adipocyte Thermogenesis Is Driven by β2-AR Stimulation[END_REF].

Overall, these studies show that lipolysis is essential during cold exposure but that it is dispensable in brown adipocytes. This is due compensation mechanisms between the use of intracellular triglyceride stores, glucose and circulating FAs. Circulating FFA and triglyceride rich lipoproteins (TRL) are two extracellular sources of FAs metabolized by the BAT. Different FFA transporters are involved in the absorption of FFA such as CD36, while the uptake of FAs from TRL requires the activity of the lipoprotein lipase (LPL) [START_REF] Weinstock | Lipoprotein lipase controls fatty acid entry into adipose tissue, but fat mass is preserved by endogenous synthesis in mice deficient in adipose tissue lipoprotein lipase[END_REF]. The LPL is expressed and secreted by brown adipocytes and its expression increases in BAT following cold exposure in rodents [START_REF] Bartelt | Brown adipose tissue activity controls triglyceride clearance[END_REF] and humans [START_REF] Chondronikola | Brown Adipose Tissue Activation Is Linked to Distinct Systemic Effects on Lipid Metabolism in Humans[END_REF]. Inhibition of LPL activity by the specific inhibitor tetrahydrolipstatin significantly affects the uptake of FA into brown adipocytes under cold conditions [START_REF] Bartelt | Brown adipose tissue activity controls triglyceride clearance[END_REF]. In adipocyte-specific LPL knockout mice, the activity of BAT is not affected. This is probably due to the compensatory increase of glucose uptake and de novo lipogenesis [START_REF] Bartelt | Effects of adipocyte lipoprotein lipase on de novo lipogenesis and white adipose tissue browning[END_REF]. In conclusion, there is a strong metabolic flexibility in the use of different energetic substrates by BAT despite the fact that brown adipocytes have their own energy reserves in the form of LD (Figure 1). This raises the question of the role of these TG stored in LD in BAT. Are they degraded by other mechanisms during BAT activation or are they not essential for BAT?

Which role for lipid droplets in BAT?

Cold exposure has been shown to activate lipophagy in BAT, providing an alternative way to the cytosolic lipases ATGL and HSL for the degradation of TG [START_REF] Martinez-Lopez | Autophagy in the CNS and Periphery Coordinate Lipophagy and Lipolysis in the Brown Adipose Tissue and Liver[END_REF]. However, a recent study has demonstrated that LD are not essential in BAT for thermogenesis, thanks to a mouse model in which the two DGAT (Aacyl CoA:diacylglycerol acyltransferase) enzymes, DGAT1 and DGAT2, have been specifically deleted in mature brown adipocytes, through the expression of Ucp1 Cre [START_REF] Chitraju | Lipid Droplets in Brown Adipose Tissue Are Dispensable for Cold-Induced Thermogenesis[END_REF]. DGATs are enzymes required for TG synthesis and their absence therefore impairs the storage of lipids and the formation of LD [START_REF] Bhatt-Wessel | Role of DGAT enzymes in triacylglycerol metabolism[END_REF]. Despite the absence of LD in DGAT1/2 knock-out (KO) mice, temperature is maintained in acute or chronic cold exposure. Which energetic substrates do they use? In the two previous studies on ATGL-deficient mice specifically in BAT [START_REF] Schreiber | Cold-Induced Thermogenesis Depends on ATGL-Mediated Lipolysis in Cardiac Muscle, but Not Brown Adipose Tissue[END_REF][START_REF] Shin | Lipolysis in Brown Adipocytes Is Not Essential for Cold-Induced Thermogenesis in Mice[END_REF], it was shown that brown adipocytes use glucose and FAs from the diet or from their release by WAT. This is also the case in this study, as shown indirectly by the reduction in plasma TG and glucose. However, authors also show that glycogen compensates for the lack of lipid reserves. Indeed, at room temperature, BAT-specific DGAT1/2 KO mice contain five times more glycogen than the BAT of control mice [START_REF] Chitraju | Lipid Droplets in Brown Adipose Tissue Are Dispensable for Cold-Induced Thermogenesis[END_REF]. This excess glycogen is consumed by BAT during cold exposure, since the difference in glycogen content between control and KO mice disappeared after 6 hours of cold exposure.

We have recently shown that during embryonic development, LD are formed before Ucp1 expression [START_REF] Mayeuf-Louchart | Glycogen Dynamics Drives Lipid Droplet Biogenesis during Brown Adipocyte Differentiation[END_REF]. Consequently, by using the Ucp1 Cre for deletion of Dgat1/2 deletion, Chitraju and colleagues did not abrogate LD biogenesis in the embryo. The KO neonates probably consumed their TG during their first exposure to cold but were unable to re-form it afterwards. While this study shows that glycogen can substitute for LD during cold exposure, additional mouse models are needed to determine the role of LD at birth, during the first cold exposure of life, when the presence of glycogen has also been described [START_REF] Napolitano | The fine structure of brown adipose tissue in the newborn mouse and rat[END_REF][START_REF] Revel | Identification of glycogen in electron micrographs of thin tissue sections[END_REF].

Long-standing evidence of the presence of glycogen in BAT

The 18 FDG-PET/CT scanning technique is used to detect active BAT, illustrating how BAT is a large consumer of glucose. Different studies based on cultured brown adipocytes treated with siRNA or genetic mouse models deficient in genes encoding glucose transporters or glycolytic enzymes have shown the requirement of glucose for BAT thermogenesis (reviewed in [START_REF] Hankir | Brown adipocyte glucose metabolism: a heated subject[END_REF][START_REF] Mcneill | Substrate Utilization by Brown Adipose Tissue: What's Hot and What's Not?[END_REF]). In addition, numerous studies have highlighted that the glucose is stored as glycogen in BAT. Already, in the 1950/60s, the presence of glycogen granules was described in BAT by electron microscopy [START_REF] Napolitano | The fine structure of brown adipose tissue in the newborn mouse and rat[END_REF][START_REF] Revel | Identification of glycogen in electron micrographs of thin tissue sections[END_REF]. In 1952, Fawcett et al.

showed in adult rats that BAT is composed of a lower fat content and a higher glycogen content than WAT (Fawcett 1952), and these results were subsequently confirmed in rabbits [START_REF] Dawkins | Non-shivering thermogenesis and brown adipose tissue in the human new-born infant[END_REF]. It was also reported that glycogen is produced from glucose in BAT in a same way as it occurs in skeletal muscle [START_REF] Creasey | Enzymes concerned in the synthesis of glycogen from glucose in the brown adipose tissue[END_REF].

The presence of glycogen in adult BAT has also been reported. During the reacclimation period at neutral temperature following 3 weeks of cold exposure, there is a transient increase in glycogen content [START_REF] Farkas | A dramatic accumulation of glycogen in the brown adipose tissue of rats following recovery from cold exposure[END_REF]. Then the amount of glycogen decreases again 3 weeks afterwards, but is still higher than before cold exposure. This glycogen accumulation depends on the activation of Akt and the inactivation of GSK-3, which improves glycogen synthesis [START_REF] Jakus | Cooperation between BAT and WAT of rats in thermogenesis in response to cold, and the mechanism of glycogen accumulation in BAT during reacclimation[END_REF]. The same concept of a transient increase of glycogen has also been described for refeeding after fasting [START_REF] Tuerkischer | Glycogen and adipose tissue[END_REF]. This transient accumulation of glycogen in the BAT during re-feeding is followed by an increase in the LD in brown adipocytes [START_REF] Carmean | Refeeding-induced brown adipose tissue glycogen hyper-accumulation in mice is mediated by insulin and catecholamines[END_REF][START_REF] Carmean | Glycogen Repletion in Brown Adipose Tissue upon Refeeding Is Primarily Driven by Phosphorylation-Independent Mechanisms[END_REF]. It has been proposed that the rapid degradation of glycogen could provide glycerol-3-phosphate, a monoglyceride precursor, thereby replenishing lipid stocks [START_REF] Carmean | Refeeding-induced brown adipose tissue glycogen hyper-accumulation in mice is mediated by insulin and catecholamines[END_REF][START_REF] Carmean | Glycogen Repletion in Brown Adipose Tissue upon Refeeding Is Primarily Driven by Phosphorylation-Independent Mechanisms[END_REF]. At a molecular level, the expression of two key enzymes for glycogen production, Glycogen synthase 1 (Gys1) and 2 (Gys2) are upregulated during cold exposure in BAT. This is accompanied by an increase in the expression of the Glycogen Phosphorylase L (Pygl) involved in glycogen degradation [START_REF] Hao | Transcriptome profiling of brown adipose tissue during cold exposure reveals extensive regulation of glucose metabolism[END_REF]. Gys and Pygl expressions are also upregulated in vitro upon -adrenergic stimulation, which activates brown adipocytes [START_REF] Hao | Transcriptome profiling of brown adipose tissue during cold exposure reveals extensive regulation of glucose metabolism[END_REF]. As far as we know, the function and importance of glycogen dynamics have never been studied in adult brown adipocytes. However, all of these studies suggest that the degradation of glycogen, which is transiently accumulated in brown adipocytes, provides the substrates required for de novo lipogenesis and LD replenishment.

Importance of glycogen in LD biogenesis during brown adipocyte differentiation

We have recently shown that glycogen plays an important role in the development of BAT [START_REF] Mayeuf-Louchart | Glycogen Dynamics Drives Lipid Droplet Biogenesis during Brown Adipocyte Differentiation[END_REF]. During brown adipocyte differentiation, the glycogen appears at 14.5 days of embryogenesis (E14.5), before the formation of LDs that form in the immediate vicinity of glycogen clusters as early as 15.5. From E15.5 to E18.5, the amount of glycogen decreases as the size of the LDs increases (Figure 2). This implies that, at the end of embryonic development, the fetus has numerous large LDs that can be used at birth. The requirement of glycogen for LD formation has been demonstrated using Gys1KO embryos in which the deletion of glycogen synthase 1 completely blocks LD formation. Similar results were obtained in human preadipocytes treated with siRNA for Gys1.

In this study, we also showed that glycogen degradation is essential for this process.

It occurs through an autophagy-related mechanism named glycophagy. Glycophagy involves the protein STBD1 (Starch binding domain protein 1) that links glycogen and interacts with GABARAPL1 (GABA Type A Receptor Associated Protein Like 1) at the surface of the glycophagosome (37) (Figure 2). The fusion of the glycophagosome with the lysosome induces the degradation of glycogen into glucose-1-Phosphate by the acid -glucosidase (GAA) enzyme. The inhibition of autophagy and the knocking down of Stbd1 in primary brown adipocytes impairs LD biogenesis in embryonic brown adipocytes. Overall, our results show that glycogen production and degradation are essential for the biogenesis of LD in brown adipocytes [START_REF] Mayeuf-Louchart | Glycogen Dynamics Drives Lipid Droplet Biogenesis during Brown Adipocyte Differentiation[END_REF]. Interestingly, in white adipocytes, glycogen also accumulates during differentiation but the deletion of Glycogen synthase 1 does not affect LD formation [START_REF] Mayeuf-Louchart | Glycogen Dynamics Drives Lipid Droplet Biogenesis during Brown Adipocyte Differentiation[END_REF].

Electron microscopy pictures indicates that the close proximity of glycogen and LD found in brown adipocytes is not observed in white adipocytes, in which LD and glycogen clusters are spatially separated. Further studies are needed to understand the difference in glycogen dynamics and LD formation between white and brown adipocytes.

Conclusion

Are the mechanisms involving glycogen in lipid storage during development and reacclimation during BAT activation in adults similar? Further studies are needed to answer this question. To date, there are no indications on the specific role of LDs in BAT at birth. At birth the BAT is full of LD and we have shown that this is due to the biogenesis of LD from glycogen during embryonic development. Is the same process repeated after the first exposure to cold at birth? The number and size of LDs increase during postnatal development in BAT [START_REF] Liu | Comprehensive Analysis of the Characteristics and Differences in Adult and Newborn Brown Adipose Tissue (BAT): Newborn BAT Is a More Active/Dynamic BAT[END_REF] and the presence of glycogen has been described in the BAT of neonates [START_REF] Napolitano | The fine structure of brown adipose tissue in the newborn mouse and rat[END_REF][START_REF] Revel | Identification of glycogen in electron micrographs of thin tissue sections[END_REF]. We can hypothesize that after the first cold exposure at birth, glycogen accumulates and is involved in the replenishment of LD in BAT. Similar mechanisms are probably also recapitulated when BAT is activated in adult. New genetic models of glycogen modulation in adult brown adipocytes will allow in the future to better understand the role of glycogen in BAT physiology. More generally, the development of new conditional and inducible mouse models will help to decipher the relative contribution of fatty acids and carbohydrates in the BAT. 
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