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            Abstract
Brown adipose tissue (BAT) is specialized in energy expenditure, making it a potential target for anti-obesity therapies1,2,3,4,5. Following exposure to cold, BAT is activated by the sympathetic nervous system with concomitant release of catecholamines and activation of β-adrenergic receptors1,2,3,4,5. Because BAT therapies based on cold exposure or β-adrenergic agonists are clinically not feasible, alternative strategies must be explored. Purinergic co-transmission might be involved in sympathetic control of BAT and previous studies reported inhibitory effects of the purinergic transmitter adenosine in BAT from hamster or rat6,7,8. However, the role of adenosine in human BAT is unknown. Here we show that adenosine activates human and murine brown adipocytes at low nanomolar concentrations. Adenosine is released in BAT during stimulation of sympathetic nerves as well as from brown adipocytes. The adenosine A2A receptor is the most abundant adenosine receptor in human and murine BAT. Pharmacological blockade or genetic loss of A2A receptors in mice causes a decrease in BAT-dependent thermogenesis, whereas treatment with A2A agonists significantly increases energy expenditure. Moreover, pharmacological stimulation of A2A receptors or injection of lentiviral vectors expressing the A2A receptor into white fat induces brown-like cells—so-called beige adipocytes. Importantly, mice fed a high-fat diet and treated with an A2A agonist are leaner with improved glucose tolerance. Taken together, our results demonstrate that adenosine–A2A signalling plays an unexpected physiological role in sympathetic BAT activation and protects mice from diet-induced obesity. Those findings reveal new possibilities for developing novel obesity therapies.
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                    Figure 1: Activation of human and murine brown adipocytes by adenosine.[image: ]


Figure 2: BAT activation by A2A receptors.[image: ]


Figure 3: Adenosine release in BAT.[image: ]


Figure 4: A2A stimulation prevents diet-induced obesity and induces browning.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Effects of adenosine receptors in different species.
a, b, Relative mRNA expression was analysed in (a) human brown adipocytes (BA) and (b) human white adipocytes (WA) after 8 h treatment with adenosine (BA: 70 nM; WA: 1,200 nM) for 8 h. c, Lipolysis in primary human brown adipocytes treated with adenosine and/or noradrenaline (NE). d, e, Glycerol release in response to increasing concentrations of adenosine in primary murine white adipocytes after (d) knockdown of the adenosine A1 receptor with shRNA or (e) inhibition of A1 receptor with PSB-36 (150 nM) f, Adenosine-induced lipolysis in murine brown adipocytes in the presence or absence of noradrenaline. n = 4; *P < 0.05. Error bars, s.e.m.


Extended Data Figure 2 Thermogenic marker expression in A2A−/− and WT brown adipocytes.
a, b, Murine brown adipocytes (a) or white adipocytes (b) were treated with adenosine (BA: 1 nM; WA: 100 nM) or the A2A agonist CGS21680 (150 nM) for 8 h and gene expression of indicated thermogenic markers was analysed. n = 5; *P < 0.05. Error bars, s.e.m.


Extended Data Figure 3 Expression and function of adenosine receptors.
a, Lipolysis in murine brown adipocytes treated with either adenosine alone or after pre-treatment with A2A (MSX-2) and A2B (PSB-603) receptor antagonists. b, c, cAMP levels (b) and oxygen consumption (c) of murine brown adipocytes treated with either noradrenaline, adenosine or receptor antagonists and agonists. d, Lipolysis of BAT explants treated with noradrenaline, adenosine or A2A agonist (CGS21680). e, Expression of adenosine receptors in mature murine brown adipocytes and white adipocytes compared to respective pre-adipocytes. f, Adenosine receptor expression in BAT of Syrian golden hamster. n = 3 (a–e); n = 8 (f); *P < 0.05. Error bars, s.e.m.


Extended Data Figure 4 Differentiation of A2A−/− brown adipocytes.
a, Quantification of neck area surface temperatures of newborn WT and A2A−/− littermates. b, Oxygen consumption in control and A2A−/− mice at thermoneutrality (30 °C). c, Body weight of A2A−/− and WT mice. d, e, Locomotor activity of mice analysed at 30 °C (d) or 4 °C (e). f, Representative immunohistochemistry of BAT of WT and A2A−/− littermates stained with either haematoxylin and eosin or antibody against UCP1. g, Representative Oil Red-O staining of differentiated WT or A2A−/− brown adipocytes. h, Representative immunoblots of adipogenic (PPARγ, aP2) and thermogenic marker (UCP1) expression in WT and A2A−/− brown adipocytes. cGMP, 100 µM cGMP. i, Quantification of UCP1, aP2 and PPARγ protein levels. j, Lipolysis after treatment of WT or A2A−/− brown adipocytes with CGS21680. n = 3 (a–e, i, j); *P < 0.05. Error bars, s.e.m.


Extended Data Figure 5 Respiration of A2A−/− and WT cells and tissues.
a, b, Murine brown adipocytes (BA) (a) or white adipocytes (WA) (b) or freshly isolated BAT (c) and iWAT (d) from WT or A2A−/− animals were treated with adenosine (brown adipocytes and BAT: 1 nM; white adipocytes and iWAT: 100 nM) or the A2A agonist CGS21680 (150 nM) and respiration was measured. n = 4; *P < 0.05. Error bars, s.e.m.


Extended Data Figure 6 Effect of A2A agonist on energy expenditure.
a, b, Oxygen consumption (a) and locomotor activity (b) in mice treated with A2A agonist (PSB-0777). c, locomotor activity of mice shown in Fig. 2d, e. d, e, Whole body oxygen consumption in mice treated with noradrenaline or CGS21680 with propranolol pre-treatment. f, PET/MRI imaging of mice that were treated with vehicle, noradrenaline and PSB-0777 before injection of FDG. Arrows indicate interscapular area demonstrating increased uptake of radioactivity by BAT. g, Localization of the area shown in (f). h, i, Expression of A2A in BAT of mice exposed to 4 °C or room temperature (control) (h) and brown adipocytes after incubation with noradrenaline (1 µM) or cAMP (200 µM) (i). j, Locomotor activity of mice shown in Fig. 2g, h. k, Abundance of noradrenaline in mice exposed to 4 °C treated with or without A2A antagonist MSX-3. n = 3 (a–f, h–k); *P < 0.05. Error bars, s.e.m.


Extended Data Figure 7 ATP and adenosine levels in BAT and brown adipocytes after stimulation.
a, b, Concentration of ATP (a) and adenosine (b) in BAT isolated from CD73−/− and WT mice subjected to EFS. c, d, Concentration of ATP (c) and adenosine (d) in BAT treated with phenoxybenzamine (10 μM) or vehicle. e, ATP concentrations in supernatant of murine brown adipocytes after treatment with noradrenaline in presence or absence of propranolol. n = 3; *P < 0.05. Error bars, s.e.m.


Extended Data Figure 8 A2A agonist protects mice from diet-induced obesity.
a, Weight of iWAT and gWAT. b, c, Food intake (b) and locomotor activity (c) of mice on HFD depicted in Fig. 4a–c. d, Locomotor activity of mice shown in Fig. 4d. e, Area under the curve of glucose tolerance. f, g, Thermogenic marker in BAT (f) or iWAT (g). h, Abundance of noradrenaline in BAT and iWAT. i, Alternatively activated macrophage markers in BAT. n = 6; *P < 0.05. Error bars, s.e.m.


Extended Data Figure 9 In vivo effects of A2A agonists or lentiviral A2A expression.
a, PGC1α expression in iWAT of mice treated with A2A agonist (CGS21680) or CL316,243 for 10 days. b, Schematic representation of lentiviral constructs. c, d, PGC1α expression (c) in murine white adipocytes infected with either control virus (rrl) or LVA2A treated with adenosine or CGS21680 and lipolysis (d) after treatment with adenosine, CGS21680, MSX-2 (A2A antagonist) or adenosine deaminase (ADA). e–h, Expression of A2A (e), adipocyte diameter (f), proinflammatory cytokines (g) and thermogenic marker genes (h) six weeks after injection of LVGFP or LVA2A into iWAT. n = 4 (a), n = 3 (c–h); *P < 0.05. Error bars, s.e.m.
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        Editorial Summary
A novel brown-fat activation pathway
Following cold-exposure, brown adipose tissue (BAT, the energy-burning fat tissue that is a possible anti-obesity target) is activated by the sympathetic nervous system, releasing noradrenaline and stimulating β-adrenergic receptors. Previous studies reported inhibitory effects of the purinergic transmitter adenosine in BAT from hamster or rat. Here, treatment of mice with adenosine A2A receptor agonists is shown to stimulate energy dissipation via brown fat and to protect mice from diet-induced obesity. This work suggests that the previously overlooked adenosine/A2A signalling pathway have a fundamental role in energy homeostasis and could provide a target for anti-obesity therapeutics.
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