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SUMMARY

The combination of aging populations with the obesity pandemic results in an alarming rise in non-commu-
nicable diseases. Here, we show that the enigmatic adenosine A2B receptor (A2B) is abundantly expressed in
skeletal muscle (SKM) as well as brown adipose tissue (BAT) and might be targeted to counteract age-related
muscle atrophy (sarcopenia) as well as obesity. Mice with SKM-specific deletion of A2B exhibited sarcope-
nia, diminished muscle strength, and reduced energy expenditure (EE), whereas pharmacological A2B acti-
vation counteracted these processes. Adipose tissue-specific ablation of A2B exacerbated age-related pro-
cesses and reduced BAT EE, whereas A2B stimulation ameliorated obesity. In humans, A2B expression
correlated with EE in SKM, BAT activity, and abundance of thermogenic adipocytes in white fat. Moreover,

Context and Significance

In both aging and obesity, the function of muscle and brown adipose tissue declines, predisposing humans to frailty and
metabolic disorder. Here, researchers in Bonn, Germany, and their colleagues show that adenosine, a metabolite and
signaling molecule, can improve muscle function and brown fat during aging and obesity. Importantly, they find that a syn-
thetic molecule that specifically activates the adenosine “A2B” receptor restores the function of muscle and brown fat in
aged and obese mice to the levels of young, lean mice. This work establishes that activation of a single receptor/pathway
(i.e., the adenosine/A2B pathway) has the potential to induce healthy aging and to tackle metabolic disease.
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A2B agonist treatment increased EE from human adipocytes, myocytes, and muscle explants. Mechanisti-
cally, A2B forms heterodimers required for adenosine signaling. Overall, adenosine/A2B signaling links mus-
cle and BAT and has both anti-aging and anti-obesity potential.

INTRODUCTION

Aging and metabolism are closely linked (Barzilai et al., 2012): ag-
ing is associated with metabolic decline, whereas metabolic inter-
ventions (i.e., caloric restriction) can delay age-related processes
and expand life expectancy (Masoro, 2005). A major health issue
in the elderly is the loss of skeletal muscle (SKM) mass and
strength, a process termed sarcopenia (Sayer et al., 2008). Sarco-
penia has important metabolic consequences: SKM is not only
responsible for energy expenditure (EE) during physical activity
but also contributes largely to EE at rest. Consequently, reduced
muscle function can lead to an imbalance in energy homeostasis
and obesity (Batsis and Villareal, 2018). Thus, aging is associated
with an increase in obesity (Jura and Kozak, 2016), and the prev-
alence of obesity in combination with sarcopenia (i.e., sarcopenic
obesity) (Batsis and Villareal, 2018) is rising in adults aged 65 years
and older. Sarcopenic obesity is a high-risk geriatric syndrome
associated with frailty, immobility, and increased mortality (Batsis
and Villareal, 2018). These two trends—aging populations and
obesity pandemic—are per se enormous burden for human
health; however, since they are developing increasingly in parallel,
they are becoming major threats to the health of ever more individ-
uals and the health systems.

Here, we set out to identify signaling pathways that might be
used to ameliorate aging processes and metabolic diseases.
Given the importance of cAMP signaling for both SKM and
adipocyte function, we focused on G protein-coupled receptors
(GPCRs) signaling via G protein. In addition, GPCRs have high
medical relevance because they constitute the major target of
currently available drugs (Hauser et al., 2017). Since systemic
stimulation of cAMP signaling via beta2- and beta3-adrenergic
receptors (beta2- and beta3-AR) is associated with significant
cardiovascular side effects including hypertension and athero-
sclerosis (Cypess et al., 2015; Sui et al., 2019), the identification
of alternative pathways is not only of biological interest, but also
has translational potential.

In this study, we focus on the adenosine A2B receptor
because we found that this receptor is the most highly expressed
Gs-coupled GPCR common to both BAT and SKM. Previous
studies of our lab and others (Gnad et al., 2014; Ruan et al.,
2018) have shown that the extracellular nucleoside adenosine
plays an important role in BAT and that the adenosine A2A re-
ceptor directly activates EE (Gnad et al., 2014) as well as induces
release of the “batokine” FGF21 (Ruan et al., 2018). However,
the function of the other Gs-coupled adenosine receptor A2B
in BAT and SKM was enigmatic. Strikingly, we show that specific
ablation of A2B in SKM and BAT recapitulated important aspects
of aging including reduced muscle strength and mass as well as
reduced BAT-dependent EE and “whitening,” respectively. In
contrast, stimulation of A2B counteracted aging effects in SKM
and BAT. Moreover, A2B increased EE and reduced diet-
induced obesity (DIO), which was unexpected in the light of
BAT activation via A2A. Therefore, we set out to identify
the mechanisms of A2B signaling and found that these two

Gs-coupled GPCRs form heterodimers that are functionally
required for adenosine-mediated activation of BAT. In humans,
A2B stimulation increased EE from both primary myocytes and
muscle explants. Overall, this study offers not only mechanistic
insight into adenosine receptor interaction and A2B function
but also how aging and metabolic disease are linked and might
be tackled by addressing a single GPCR.

RESULTS

Adenosine Receptor A2B Signaling in SKM

Analysis of Gs-coupled GPCRs in murine SKM and BAT revealed
that A2B is abundantly expressed in both tissues (Figure 1A; Ta-
ble S1). Compared to other tissues, A2B was also most highly
expressed in SKM and BAT (Figure S1A). Adenosine is an extra-
cellular signaling molecule regulating tissue physiology by
signaling via four different adenosine receptors (AdoRs): A1l
and A3, which are Gj-coupled, and A2A and A2B, which are
Gs-coupled and stimulate cAMP production. Interestingly, con-
tracting SKM tissue and activated BAT have both been shown
to release adenosine (Gnad et al., 2014; Hellsten et al., 1998).
On a cellular level, A2B was by far the most highly expressed
adenosine receptor in murine C2C12 SKM cells (Figure S1B).
Adenosine-induced intracellular cAMP production of C2C12
cells was abrogated by blocking A2B with the specific A2B
antagonist PSB603 (Figure 1B), indicating that this AdoR is of
high relevance for adenosine signaling in SKM.

To analyze the role of A2B in SKM in vivo, we generated SKM-
specific A2B knockout mice (SKMA2B-KO) (Figure S1A; Table S2)
and found reduced muscle mass compared to control mice (Con-
A2B) (Figure 1C). In contrast, stimulation of A2B in wild-type mice
with the highly specific A2B agonist Bay 60-6583 (Eckle et al.,
2007) significantly increased muscle mass (Figure 1D) and lean
mass (Figure S1C). Aging results in a reduction in muscle strength,
which is predictive of physical disability in older people (Rantanen
et al,, 1999). We measured forelimb grip strength, which is a
readout for aging-associated physiological decline of SKM in vivo
(Takeshita et al., 2017), and found 10% reduced strength in young
SKMA2B-KO mice. In aged SKMA2B-KO animals, grip strength
was decreased by 18% compared to control mice (Figure 1E).
In contrast, treatment of wild-type mice with A2B agonist
completely restored grip strength to levels of young control
mice (Figure 1F). Furthermore, specific muscle force (mN/mm?)
measured in isolated SKM of young SKMA2B-KO was signifi-
cantly reduced by 26% (Figure 1G), while age-related decline of
specific force was further augmented in SKM explants deficient
in A2B (Figure 1G). In contrast, treatment of 2-month-old wild-
type mice with A2B agonist significantly increased specific mus-
cle force by 15% (Figure 1H). Although muscle force declined dur-
ing aging, A2B activation significantly increased muscle force by
16% and 24% in 14- and 20-month-old wild-type mice, respec-
tively, reaching levels of young control mice (Figure 1H). Impor-
tantly, pharmacological A2B stimulation had no effect on muscle
mass and specific force of A2B-deficient mice, showing the
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Figure 1. A2B Signaling in Skeletal Muscle
(A) GPCR mRNA expression in murine BAT and SKM (abbreviations in Table S10; n = 3).
(B) cCAMP levels in C2C12 pre-treated with A2A (MSX-2; 300 pM) or A2B (PSB603; 150 nM) antagonist prior to adenosine (1 uM) stimulation (n = 6).
(C and D) ANCOVA of SKM/body weight of SKMA2B-KO and Con-A2B mice (C) or mice treated with A2B agonist for 4 weeks (D) (n = 6).

(E and F) Forelimb grip strength of young (2 month) and old (16 month) SKMA2B-KO and Con-A2B (E) or aged mice treated with A2B agonist (F).
(G and H) Specific force of SKM explants from SKMA2B-KO and Con-A2B mice (G) or mice treated with A2B agonist for 4 weeks (H) (n = 6).

() mRNA abundance of satellite marker genes in SKM of SKMA2B-KO and Con-A2B mice (n = 5).
(J) Satellite cells in SKM of SKMA2B-KO and Con-A2B mice (n = 6).
(K) 4-hydroxynonenal (4-HNE) in SKM of SKMA2B-KO and Con-A2B mice (n = 8).

(L) Senescence-associated beta-galactosidase activity in SKM of SKMA2B-KO and Con-A2B mice (n = 6).

(M-0) Expression of senescence (M), mitochondrial (N), and oxidative metabolism marker genes (O) in SKM of SKMA2B-KO and Con-A2B mice (n = 6).
(P) Oxygen consumption over 24 h at 23°C of SKMA2B-KO and Con-A2B mice (n = 6).
(Q) Oxygen consumption of SKM explants acutely treated with A2B agonist (300 nM) or Forskolin (1 uM) (state 1, endogenous; state 2, ADP; state 3, succinate;

state 4, oligomycin; uncoupled, FCCP; n = 6).

*p < 0.05. Data are shown as mean + SEM (A and P), scatterplot (C and D), or boxplot (with median) and whiskers (1.5 interquartile range) (B, E-O, and Q) and
analyzed using two-tailed Student’s t test (K-O), ANCOVA (C and D), or ANOVA with Newman-Keuls post hoc test (B, E-J, and Q).

See also Figure S1.

specificity of the agonist used for our experiments (Figures S1D

and S1E).

An important hallmark of sarcopenia is declining regenerative
capacity of SKM (Garcia-Prat and Muioz-Canoves, 2017). Mus-
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cle regeneration requires muscle-specific stem cells termed sat-
ellite cells (Garcia-Prat and Mufioz-Canoves, 2017). Analysis of
satellite marker genes revealed significantly decreased expres-
sion of Pax3, Pax7, and CD34 in muscle of aged SKMA2B-KO
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mice compared to control mice (Figure 1l). Vice versa, A2B stim-
ulation of aged wild-type mice significantly increased satellite
marker gene expression (Figure S1F). Consequently, satellite
cell number was significantly reduced in old SKMA2B-KO mice
compared to Con-A2B (Figure 1J) but significantly elevated in
aged wild-type mice stimulated with an A2B agonist (Fig-
ure S1G). Of note, isolated satellite cells abundantly express
A2B compared to other adenosine receptors (Figure S1H). Aging
and senescence (i.e., gradual deterioration of tissue function) of
SKM are related to the accumulation of oxidized lipids (Marzani
et al., 2005), and lipoperoxide plasma levels positively correlate
with frailty in humans (Inglés et al., 2014). Analysis of lipoperox-
ide abundance in SKM showed significantly elevated 4-hydrox-
ynonenal levels—a product of cellular lipid peroxidation—in
aged SKMA2B-KO compared to Con-A2B (Figure 1K), while
SKM from 20-month-old wild-type mice treated with A2B
agonist contained significantly less lipoperoxide (Figure S1l).
Moreover, activity of senescence-associated beta-galactosi-
dase (SA-BetaGal)—a functional readout of senescence (Keyes
et al., 2005)—was significantly increased in SKM deficient for
A2B (Figure 1L). In contrast, stimulation of A2B significantly
reduced SA-BetaGal activity in SKM of aged wild-type mice (Fig-
ure S1J). Further analysis revealed that marker genes of senes-
cence (p16, p21, and eMyHC) (Sousa-Victor et al., 2014) were
significantly upregulated in aged SKMA2B-KO (Figure 1M), but
significantly reduced in 20-month-old wild-type mice treated
with A2B agonist (Figure S1K).

Mammalian SKM consists of different fiber types: myosin
heavy chain (MyHC) isoforms llb and lIx are expressed in glyco-
lytic fibers, while MyHCI and MyHClla fibers have oxidative and
mixed properties, respectively (Ferraro et al., 2016; Schiaffino
and Reggiani, 2011). Fiber type expression analysis of
SKMA2B-KO muscle revealed significantly decreased MyHClla
and llb expression (Figure S1L), whereas A2B treatment signifi-
cantly increased expression of MyHClla and llb by 123% and
151%, respectively (Figure STM). In line with these data, we
found increased staining for type lla and llb isoforms after histo-
logical analysis of SKM sections from A2B-treated wild-type
mice (Figure S1N). SKM is rich in mitochondria and oxidative
metabolism is an important determinant of muscle function
and energy consumption (Zierath and Wallberg-Henriksson,
2015). There is evidence that mitochondrial function and meta-
bolic supply are impaired in aged muscle (Gouspillou et al.,
2014). A2B-deficient SKM showed significantly downregulated
expression of genes involved in mitochondrial biogenesis and
function (PGC1a, Nrf1, Tfam, and Cox-1) (Figure 1N), in oxidative
metabolism (Cpt1, Pdk4, ATP citrate lyase, Fabp3, and UCP-3)
(Figure 10), as well as in differentiation and contractile apparatus
(MyoD, Mef2c, and alpha1-actin) (Figure S10), whereas pharma-
cological A2B stimulation had the opposite effects (Figures S1P-
S1R). These A2B effects in SKM tissue were mirrored in C2C12
myocytes (Figures S1S and S1T).

Analysis of whole-body EE revealed significantly decreased
oxygen consumption in SKMA2B-KO (Figures 1P and S1U),
whereas acute A2B stimulation significantly elevated EE of
wild-type SKM explants (Figure 1Q) and in vitro (Figure S1V).

Together, these data show that A2B plays a major role in SKM
maintenance and function. A2B deficiency promotes senes-
cence and aggravates aging of SKM, leading to decreased mus-
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cle strength and mass as well as reduced EE of aging muscle.
Importantly, A2B stimulation counteracts four hallmarks of sar-
copenia: loss of muscle function and mass, increased senes-
cence, and declining regenerative capacity. Additionally, A2B
activation enhances resting oxidative metabolism and EE in
muscle.

A2B Signaling in BAT Activation and Aging

Adenosine has been previously shown to activate murine and
human BAT (Gnad et al., 2014). Since not much was known
about the role of A2B in BAT, we studied the function of this
Gs-coupled receptor in thermogenic adipose tissues. Moreover,
BAT shares several features with SKM and contributes to sys-
temic basal metabolism by virtue of its high EE capacity (En-
erback, 2010; Kajimura et al., 2015; Nedergaard et al., 2011).
BAT abundance in human adults inversely correlates with BMI
(van Marken Lichtenbelt et al., 2009); however, human BAT func-
tion decreases during aging (Cypess et al., 2009).

To test the relevance of A2B for BAT function and in age-
related processes, we generated adipose tissue-specific A2B
knockout mice (ATA2B-KO) (Figure S2A), which exhibited no
significant difference in basic metabolic parameters (Table
S3) compared to control mice (Con-A2B). Initially, we studied
the role of A2B for physiological BAT-dependent EE. BAT activ-
ity in ATA2B-KO newborn mice was significantly decreased as
measured by infrared thermography (Figure 2A) compared to
Con-A2B animals. Moreover, whole-body oxygen consumption
was significantly reduced by 31% in adult ATA2B-KO
compared to Con-A2B mice after cold exposure (Figures 2B
and S2B), while EE was similar between the two genotypes
at thermo-neutrality (Figures S2C and S2D). Conversely, phar-
macological stimulation of A2B significantly increased uptake
of 2-deoxy-2-["®F]-fluoro-D-glucose (['®F]FDG), the “gold stan-
dard” for BAT quantitation, into BAT (Figures 2C and 2D). Ox-
ygen consumption was increased 3-fold by A2B activation in
wild-type mice, but no effect of the A2B agonist was observed
in A2B-deficient mice (Figures S2E and S2F) or after blockade
of A2B signaling with the specific A2B antagonist PSB603
(1 mg/kg) (Figures S2G and S2H), demonstrating again the
specificity of the A2B agonist. Moreover, acute pharmacolog-
ical blockade of A2B prior to cold exposure significantly
reduced oxygen consumption by 43% (Figure S2I). Together,
these data show that A2B is crucial for physiological BAT acti-
vation and BAT-mediated EE can be induced via A2B
stimulation.

BAT abundance decreases and negatively correlates with
BMI, especially in older subjects, indicating a protective role of
human BAT against age-associated obesity (Cypess et al.,
2009). Hence, we analyzed aging marker genes sirtuins (Sirt1
and Sirt3) and Forkhead box protein A3 (Foxa3), which are
down- and upregulated in aging, respectively (Brown et al,,
2013; Ma et al., 2014). In A2B-deficient murine BAT, we found
significantly decreased levels of Sirt1 and Sirt3 (Figure 2E).
Foxa3 levels are increased in BAT during aging, and in BAT of
ATA2B-KO, Foxa3 was significantly upregulated (Figure 2E).
Markers of cellular senescence Caveolin1, Activin A, p16, and
p21 were significantly upregulated in the absence of A2B (Fig-
ure 2E). Age-induced oxidative stress impairs adipogenesis
and thermogenesis in brown fat (Cui et al., 2019). Levels of
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Figure 2. The Role of A2B in BAT Activation and Aging

(A and B) Interscapular surface temperature quantified by infrared thermography (A) and relative oxygen consumption at 4°C (B) of ATA2B-KO and Con-A2B mice

(n=5).

(C and D) PET/MRI ['®F]FDG uptake imaging (C) and quantification (D) of mice treated with vehicle, NE (1 mg/kg), or A2B agonist (0.1 mg/kg) (n = 4). Arrows

indicate interscapular BAT.

(E) Expression of aging markers in BAT of ATA2B-KO and Con-A2B mice (n = 6).

(F and G) Abundance of malondialdehyde (F) and senescence-associated beta-galactosidase activity (G) in BAT of ATA2B-KO and Con-A2B mice (n = 6).

(H) Expression of oxidative metabolism and BAT whitening marker genes of ATA2B-KO and Con-A2B mice (n = 6).

() Representative H&E stain of BAT of aged ATA2B-KO and Con-A2B mice (scale bar, 100 um).

(J and K) Time course (J) and average (K) of whole-body O, consumption of ATA2B-KO and Con-A2B mice at 23°C (n = 5).

*p < 0.05. Data are shown as mean + SEM (J) or boxplot (with median) and whiskers (1.5x interquartile range) (A, B, D-H, and K) and were analyzed with two-tailed
Student’s t test (A, B, E-H, and K) or ANOVA with Newman-Keuls post hoc test (D).

See also Figure S2.

malondialdehyde (MDA), a marker of oxidative stress and lipid
peroxidation, were more abundant in A2B-deficient BAT (Fig-
ure 2F). Furthermore, activity of SA-BetaGal was significantly
increased in BAT from ATA2B-KO mice (Figure 2G), showing
that loss of A2B enhances senescence of BAT.

Importantly, BAT from ATA2B-KO showed decreased expres-
sion of VEGF-A, a major proangiogenic cytokine, as well as
reduced expression of genes important for mitochondrial function
and oxidative metabolism (Figure 2H), a pattern reminiscent of BAT
changing its phenotype toward white fat, a process also termed
“whitening” (Shimizu et al., 2014). In line with these expression
data, histological analysis of BAT from aged ATA2B-KO mice re-
vealed enlarged fat droplets compared to BAT from Con-A2B (Fig-
ure 2l), indicating enhanced BAT whitening in the absence of A2B.
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To study whether pharmacological activation of A2B might
counteract aging processes in BAT, we treated 20-month-old
wild-type mice with the A2B agonist. A2B stimulation had signif-
icant beneficial effects on the expression of markers for aging and
senescence, restoring expression to levels similar to those
observed in young animals (Figures S2J and S2K). Notably, levels
of MDA (Figure S2L) and SA-BetaGal activity (Figure S2M) were
significantly decreased in BAT from wild-type mice treated with
A2B agonist, indicating reduced oxidative stress, lipid peroxida-
tion, and tissue senescence. Overall, these changes in marker
genes were accompanied by changes in BAT function: whole-
body oxygen consumption of aged ATA2B-KO mice was signifi-
cantly reduced compared to aged Con-A2B animals (Figures 2J
and 2K), while locomotor activity was unaffected (Figure S2N).
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In summary, these data indicate that loss of A2B aggravates—
while A2B stimulation alleviates—aging-related processes and
whitening in murine BAT.

Molecular Mechanisms: A2B Heterodimerization and Its
Role in Adenosine Signaling

The finding that A2B activates BAT was unexpected given our
previous finding that A2A stimulation results in BAT activation
(Gnad et al., 2014). Therefore, we studied the mechanisms of
A2B signaling. In light of the short half-life of adenosine in vivo,
we so far used A2B-specific small molecule agonists. To study
the physiological significance and molecular mechanisms of
A2B signaling for adenosine-induced effects, we used our estab-
lished murine in vitro brown adipocyte (BA) model (Haas et al.,
2009). To further delineate the role of A2B and A2A for adenosine
signaling in BAs, we first simultaneously blocked A2B and A2A,
which fully abrogated adenosine-mediated lipolysis (Figure S3A).
Next, we analyzed lipolysis after pharmacological blocking of the
individual receptors: as expected (Gnad et al., 2014), we found
strongly decreased sensitivity to adenosine in BAs treated with
an antagonist specific for A2A (Figure S3B).

Surprisingly, adenosine-mediated BA activation was sup-
pressed when cells were pre-treated with an antagonist specific
for A2B (Figure 3A). Moreover, adenosine-induced oxygen con-
sumption was lost in BAT isolated from ATA2B-KO mice (Fig-
ure 3B), as well as after acute pharmacological blockade of A2B
(Figure S3C). Similar data were obtained with BAs deficient for
A2B (Figure S3D) or A2A (Figure S3E). Together, these data show
that both adenosine receptors mediate adenosine effects in murine
BAs and that A2B has a permissive effect on A2A-mediated aden-
osine signaling. This complete dependence of adenosine-induced
effects on A2B was unexpected since adenosine can enhance mu-
rine and human BAT activity via the adenosine A2A receptor (Gnad
et al., 2014; Lahesmaa et al., 2019; Ruan et al., 2018).

Regarding the molecular mechanism and the interaction be-
tween A2B and A2A, a previous report indicated that overex-
pressed A2B inhibits signaling of A2A (Hinz et al., 2018); thus,
ablation of A2B should increase rather than suppress adenosine
effects. Interestingly, the stimulatory effect of an A2A-specific
agonist (CGS21680; 1 mg/kg) on EE was fully blunted in
ATA2B-KO mice (Figures 3C and S3F) as well as after pharmaco-
logical blockade of A2B in vivo (Figures S3G and S3H). There-
fore, we analyzed the molecular interaction between A2B and
A2A in more detail to scrutinize the permissive role of A2B in
adenosine signaling. Bioluminescence resonance energy trans-
fer (BRET) analysis showed specific molecular A2B/A2A interac-
tion in both murine and human BA as well as in C2C12 myocytes
(Figures 3D, S3I, and S83J). In situ proximity ligation assay re-
vealed co-localization of endogenous A2B and A2A receptors
in BAT (Figure 3E). Molecular modeling indicated that transmem-
brane (TM) regions 5 and 6 of both receptors could be critical for
heterodimerization (Figures 3F, S3K, and S3L). To test the role of
TM5 and 6 for heterodimerization directly, peptides derived from
TM regions 5 and 6 of both receptors were applied, which abro-
gated adenosine-induced BA activation (Figure 3G), demon-
strating the functional relevance of these regions/interactions.
Moreover, site-directed mutagenesis of amino acid residues
predicted in silico (Figure 3H) blunted A2B/A2A BRET signals
(Figure 3l). No differences in A2B-activated lipolysis between
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control and A2A-deficient BA and BAT explants were detected,
indicating that A2B can activate EE independently of A2A (Fig-
ures S3M and S3N).

A2B Stimulation Counteracts Diet-Induced Obesity

Given the importance of A2B for EE in both SKM and BAT of lean
mice, we asked whether the A2B stimulation could be used to
treat DIO. A2B is expressed abundantly in both murine SKM
and BAT of obese mice (Figures S4A and S4B), indicating that
A2B could be targeted to increase EE also in obesity. Diet-
induced weight gain was significantly reduced by A2B stimula-
tion (Figure 4A) accompanied by improved glucose tolerance
(Figures 4B and S4C), while food intake was similar (Figure S4D).
Importantly, A2B stimulation had no adverse effects on heart rate
(Figure 4C) and blood pressure (Figures S4E and S4F), whichis in
stark contrast to previous studies focusing on beta-AR stimula-
tion (Cypess et al., 2015). Moreover, analysis of clinical chemistry
parameters showed no significant differences between vehicle
and A2B agonist-treated mice (Table S5).

A2B agonist-treated DIO mice exhibited a significant increase
in muscle and lean mass (Figures 4D, S4G, and S4H). Addition-
ally, the major physiological readout for muscle function—mus-
cle force—as measured in vivo and ex vivo was significantly
increased in A2B agonist-treated obese mice (Figures 4E and
4F). These functional effects were mirrored by significantly
increased expression of MyHCI, lla, and llb (Figure S4l), as
well as of MyoD, Mef2c, and alphai-actin (Figure S4J). Parallel
to the increase in muscle mass, white adipose tissue (WAT)
mass was reduced in A2B agonist-treated mice on high-fat
diet (HFD) (Figures 4G and S4K). Although BAT mass was not
affected (Figure S4L), BAT exhibited increased thermogenic (Fig-
ure 4H) and mitochondrial marker gene (Figure 4l) expression.
Moreover, whitening of BAT was reduced in A2B-treated mice
on HFD (Figure 4J). Notably, A2B agonist treatment induced
browning of WAT as indicated by increased expression of
UCP-1—the master thermogenic protein specifically expressed
in brown/beige adipocytes (Figures 4K, 4L, and S4M). This
browning effect was cell autonomous, since thermogenic genes
were significantly upregulated in primary white adipocytes after
A2B stimulation (Figure S4N). Recently, mast cell inactivation
has been described to promote browning of WAT in mice (Zhang
etal., 2019). Furthermore, A2B signaling has been linked to mast
cell activation. However, conflicting data have been published
(Hua et al., 2013; Ryzhov et al., 2008). Mast cell activation after
pharmacological stimulation with Bay 60-6583 had no effect
on mast cell degranulation (Figure S40). Moreover, C48/80-
induced mast cell degranulation was unaffected by A2B agonist
treatment (Figure S40), further underlining the cell-autonomous
effect of A2B on beige fat. Overall, A2B treatment strongly
increased whole-body EE in mice on HFD by 49% (Figure 4M),
while locomotor activity was not affected (Figure S4P).

Taken together, pharmacological A2B stimulation counteracts
HFD-induced obesity by positively affecting whole-body EE.
Moreover, A2B treatment results in increased mass and force
of SKM, thermogenic capacity of BAT, and browning of WAT.

A2B in Human BAT and SKM
Finally, the role of A2B was studied in human BAT and SKM. Hu-
man BAT biopsies exhibited high A2B expression in lean
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Figure 3. A2B Heterodimerization

(A) Lipolysis of murine BA treated with adenosine in the presence or absence of A2B antagonist (PSB603; 150 nM) (n = 6).
(B) O, consumption of BAT explants deficient for A2B and treated with adenosine (1 uM) (n = 6).

(C) O, consumption of ATA2B-KO and Con-A2B mice injected with vehicle or A2A agonist (CGS21680; 1 mg/kg) (n = 5).
(D) BRET analysis of A2A-RLuc and A2B-YFP or A2A-RLuc and Ghrelin-YFP in murine BAs (n = 4).

(E) Representative image after A2B/A2A proximity ligation assay in murine BAT.

(F) In silico model of A2B/A2A quaternary structure.

(G) Lipolysis of murine BA treated with adenosine (1 uM) in the presence of indicated TM peptides (100 uM) (n = 4).

(H) In silico model of amino acid residues involved in A2B/A2A heterodimerization.

() A2B/A2A BRET after site-directed mutagenesis of residues identified in (H) (n = 4).

*p < 0.05. Data are shown as boxplot (with median) and whiskers (1.5% interquartile range) (A-C and G) or mean + SD (D and I) and analyzed using two-tailed

Student’s t test (A) or ANOVA with Newman-Keuls post hoc test (B, C, and G).

See also Figure S3.

subjects, while A2B expression was significantly less abundant
in BAT from overweight individuals (Figure 5A; Table S6). Inter-
estingly, A2B expression in human BAT significantly inversely
correlated with age (Figure 5B), as well as with total body fat
mass (Figure 5C), and positively correlated with UCP-1 expres-
sion (Figure 5D). Human BAT activity was directly measured in
the same cohort of human subjects using ['®F]FDG imaging. Hu-
man subjects with low detectable BAT activity (low BAT; Figures
5E and 5F) had lower levels of A2B expression in BAT than sub-
jects with high BAT activity (high BAT; Figures 5E and 5F). A2B
expression significantly correlated with glucose uptake in high
BAT subjects (Figure 5G). On a cellular level, primary human
BA lipolysis was significantly activated by A2B stimulation (Fig-
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ure S5A) and by adenosine in an A2B-dependent manner (Fig-
ure S5B). To further study whether A2B expression differs be-
tween human BAT and WAT, subcutaneous WAT biopsies
from a cohort of 405 individuals were analyzed. Similar to human
BAT, a significant inverse correlation of A2B expression with BMI
was found (Figure S5C). Further histological analysis of WAT
from 10 individuals of this cohort with the highest and lowest
A2B expression (Table S7) revealed significantly decreased hu-
man adipocyte cell diameter—a measure for lipid load and hy-
pertrophy—when A2B expression was high (Figures 5H and
S5D). Expression of UCP-1 and other marker genes selective
for human thermogenic and beige cells Tbx1, Cidea, and
P2rx5 (Jespersen et al., 2013; Ussar et al.,, 2014) positively
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Figure 4. A2B Treatment Counteracts DIO

Twelve-week DIO study with A2B stimulation: body weight (A), glucose tolerance (B), heart rate (C), correlation of muscle mass/body weight (D), weight lift (E),
ex vivo specific muscle force (F), inguinal WAT mass (G), thermogenic (H) and mitochondrial (I) marker gene expression in BAT, representative H&E (top) or UCP-1
(bottom) stain of BAT (J) and inguinal WAT sections (K) (scale bar, 100 pum), UCP-1 immunoblot of inguinal WAT (L), and O, consumption at 23°C (M). n = 5 per
group. *p < 0.05. Data are shown as mean + SEM (A-C), scatterplot (D), or boxplot (with median) and whiskers (1.5x interquartile range) (E-I and M) and analyzed
using ANCOVA (D) or ANOVA with Newman-Keuls post hoc test (A, C, E-l, and M).

See also Figure S4.

correlated with A2B expression in human WAT (Figures 51 and
S5E-S5G). In summary, these data indicate that A2B expression
correlates with EE of human BAT as well as with human WAT
browning and that individuals with low A2B levels might be
more prone to obesity.

To study A2B function in aging of human SKM, we first studied
A2B expression in muscle biopsies from overweight or obese
type 2 diabetic subjects (cohort 1) and found declining A2B
expression with age (Figure 5J; Table S8). Similar results were
obtained in SKM biopsies from highly competitive former master
athletes (cohort 2; Figure S5H; Table S9). In contrast to A2B, no

correlation between age and expression of the Ggs-coupled
beta2- or beta3-AR, which have inotropic effects (references in
Cairns and Borrani, 2015), could be detected (Figure S5I). Impor-
tantly, A2B expression positively correlated with basal oxygen
consumption in human SKM explants (Figure 5K), whereas no
significant correlation between EE and expression was found
for beta2- or beta3-AR, respectively (Figures S5J and S5K).
Further analyses revealed that A2B expression positively corre-
lated with marker genes of oxidative metabolism (Figures 5L
and S5L) and satellite marker Pax7 (Figure S5M), whereas A2B
abundance negatively correlated with expression of senescence
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Figure 5. A2B Signaling in Human BAT and SKM

(A) Adenosine receptor expression in human BAT of lean (n = 8) and overweight subjects (n = 4).

(B-D) BAT A2B expression correlated with age (B), total body fat mass (C) (n = 12), or UCP-1 expression (D) (n = 11).

(E) Representative PET/ MRI image of ['®F]FDG uptake of one low BAT and high BAT subject from (D).

(F) A2B expression in low BAT and high BAT subjects.

(G) Correlation of ['®F]FDG uptake with A2B expression of high BAT subjects (n = 5).

(H and ) Mean adipocyte diameter (n = 405) (H) and A2B/UCP-1 correlation (I) from 10 subjects with high or low A2B expression, respectively, in subcutane-
ous WAT.

(J) Correlation of A2B expression with age in human SKM (n = 9).

(K) Basal and succinate-fueled O, consumption in human SKM correlated with A2B expression (n = 6).

(L and M) Correlation of A2B expression with oxidative marker Cpt1 (L) or senescence marker p16 (M) in SKM (n = 9).

(N) Glucose uptake of primary human myocytes treated with A2B agonist (300 nM), insulin (100 nM), or both (n = 5).

(O) O, consumption of human SKM explants treated with A2B agonist (300 nM) (n = 3).

*p < 0.05. Data are shown as mean + SEM (F), scatterplot (B-D, G, and I-M), or boxplot (with median) and whiskers (1.5 X interquartile range) (A, H, N, and O). (H)
also shows outliers. Data were analyzed with ANOVA with Newman-Keuls post hoc test (A and N), Pearson correlation coefficient (B-D, G, and I-M), or two-tailed
Student’s t test (H and O).

See also Figure S5.

markers p16 and p21 (Figures 5M and S5N). On a cellular level, composition, oxidative metabolism, glucose uptake and utili-

A2B activation significantly enhanced expression of markers for ~ zation, and EE.

oxidative metabolism (Figure S50) and myocyte differentiation

(Figure S5P), as well as of satellite marker genes (Figure S5Q) DISCUSSION

in primary human myocytes. Moreover, MyHCI, MyHClla, and

IIb isoform expression was significantly upregulated after stimu- SKM and adipose tissue are closely linked via multiple signaling

lation with an A2B agonist (Figure S5R). These data show that pathways, and inter-organ communication is an evolving

A2B expression inversely correlates with aging-related pro- concept for regulation of both tissues and whole-body energy

cesses and senescence in human SKM. homeostasis (Bostrom et al., 2012; Dong et al., 2016; Kalinkovich
Functionally, pharmacological A2B stimulation significantly  and Livshits, 2017; Kong et al., 2018; Trayhurn et al., 2011). The

elevated basal and insulin-stimulated glucose uptake of pri- main physiological function of BAT is non-shivering thermogen-

mary human myocytes (Figure 5N). Moreover, adenosine esis as a response against cold in newborn and infants. More-

and A2B stimulation significantly increased glycolysis, reach-  over, active BAT is also present in human adults. Adipocytes

ing up to 66% and 78% of the maximal glycolytic rate, with brown-like features have also been found in human WAT

respectively (Figure S5S). Also, stimulation of A2B signifi- and these (so-called beige or brite) adipocytes (Kajimura et al.,

cantly enhanced EE in human myocytes (Figure S5T). Impor-  2015; Pfeifer and Hoffmann, 2015) contribute to whole-body

tantly, treatment of human SKM biopsies with A2B agonist re- metabolism (Wu et al., 2012).

sulted in significantly increased EE (Figure 50). Thus, A2B BAT also has endocrine functions and secretes adipokines—

activation enhances human muscle quality including fiber so-called batokines (Villarroya et al., 2017)—that can affect
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SKM insulin signaling (Nicholson et al., 2018). The batokine FGF-
21 is of particular interest, since it has been shown to increase
glucose uptake in murine SKM and human myocytes (Mashili
et al., 2011). In addition, inflamed adipose tissue releases pro-in-
flammatory cytokines that play a major role in SKM insulin resis-
tance (Zamboni et al., 2008). There is also evidence that the
crosstalk between BAT and muscle regulates exercise capacity
and BAT-dependent EE: inactivation of BAT by housing mice in
thermoneutrality induces expression of myostatin—a known in-
hibitor of myogenesis and SKM function—in BAT, thereby
reducing exercise capacity (Kong et al., 2018). Vice versa,
several exercise-regulated myokines like irisin, meteorin-like,
or B-aminoisobutyric acid are potent inducers of WAT browning
in rodents (Pedersen and Febbraio, 2012; Stanford and Good-
year, 2016). Nevertheless, the effect of exercise on browning of
human WAT is still debated (Stanford and Goodyear, 2016).

Our studies indicate that adenosine might also be involved in
the crosstalk between muscle and BAT. Adenosine is released
by both BAT activation and SKM contraction (Gnad et al.,
2014; Hellsten et al., 1998) and might serve as an autocrine
enhancer of both processes in a positive feedforward manner.
SKM is in close vicinity to supraclavicular BAT and subcutane-
ous WAT, which is the major site of beige/brite adipocytes (Rose-
nwald and Wolfrum, 2014).

Adenosine signaling in muscle is linked to the sympathetic ner-
vous system (SNS). The SNS enhances SKM contraction and
has pro-hypertrophic effects (Berdeaux and Stewart, 2012;
Roatta and Farina, 2010) via norepinephrine-mediated beta2-
AR activation (references in Berdeaux and Stewart, 2012). How-
ever, long-term administration of beta2-AR agonists has
detrimental effects on the heart (Moore et al., 1994), thereby hin-
dering its use against sarcopenia. Apart from norepinephrine,
neurons of the SNS release other transmitters including ATP.
ATP is quickly metabolized to adenosine, which itself signals
through four receptor subtypes: A1, A2A, A2B, and A3 (Fredholm
et al., 2001, 2011; Ralevic and Burnstock, 1998). These recep-
tors are coupled to either G; (A1 and A3) or G5 (A2A and A2B) pro-
teins that inhibit or activate cAMP production, respectively
(Fredholm et al., 2001). In human SKM tissue, A2A and A2B re-
ceptors are highly expressed (Lynge and Hellsten, 2000). Our
data show that A2B is the most highly expressed adenosine re-
ceptor in human and murine SKM cells and that A2B mediates
the largest part of the adenosine-induced increase in cAMP.
In vivo, both young and old SKM-specific A2B knockout mice ex-
hibited a significant decrease in muscle mass. Conversely, treat-
ment of mice with a specific A2B agonist significantly increased
muscle mass in young and aged wild-type mice. Importantly,
A2B stimulation for 4 weeks in aged mice brought muscle
mass back to levels observed in young mice.

One of the most remarkable features of SKM is its plasticity
and its capacity to regenerate (Dumont et al., 2015), which
strongly depends on muscle satellite cells (Dumont et al,
2015). Treatment of mice with the A2B agonist significantly
increased the number of muscle satellite cells. Age-related
changes in muscle are not confined to a mere decline in muscle
mass but also include a decline in muscle quality and function
(Barbat-Artigas et al., 2012). In addition, decline in strength
rather than muscle quantity is associated with the development
of disability and overall mortality (Newman et al., 2006). It is of
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special interest in this context that treatment with the A2B
agonist restored muscle force in aged mice to levels of young
mice. Thus, our data indicate that A2B plays an unexpected pro-
tective role in aging muscle. The role of beta-AR signaling during
aging SKM is debated. Some studies report no age-related alter-
ation in beta-AR signaling (Elfellah et al., 1989; Kendall et al.,
1982), whereas other studies suggest an age-dependent loss
of beta-AR responsiveness (Ford et al., 1992, 1995). In our
hands, beta2- and beta3-AR abundance in human SKM did
not correlate with age. Functionally, basal EE from muscle did
not correlate with beta-AR expression. In contrast, those sub-
jects with high A2B expression exhibited high basal SKM-depen-
dent EE, indicating that high A2B expression in human SKM
might protect from age-related decline of SKM function. Aerobic
capacity and mitochondrial function decline with aging in hu-
mans (Fleg et al., 2005; Short et al., 2005), especially in tissues
with high energy demand (Boengler et al., 2017) like SKM and
BAT. A2B activation significantly elevated genes involved in
mitochondrial biogenesis and function, as well as in oxidative
metabolism in murine SKM and in primary human myocytes.
SKM takes up a large proportion of glucose (Richter and Har-
greaves, 2013) and therefore loss of muscle mass is a risk factor
for insulin resistance (Bijlsma et al., 2013; McGregor et al., 2014).
Stimulation of A2B induced glucose uptake in primary human
muscle cells comparable to insulin and had an additive effect
on insulin-mediated glucose uptake.

Overall, our studies show that the A2B signaling pathway has a
major positive effect on muscle and counteracts age-related
decline in SKM mass and function. In parallel, A2B signaling en-
hances EE in murine and human myocytes and SKM biopsies.

Regarding the role of adenosine in BAT, it is well established
that adenosine is a major regulator of cAMP signaling and lipol-
ysis in adipose tissues. During SNS activation, adenosine is
released in BAT. Moreover, BAs in cell culture release adenosine
after activation of cAMP signaling (Gnad et al., 2014). In WAT,
adenosine signals mainly via the G;-coupled A1 receptor and,
therefore, adenosine reduces cAMP levels and lipolysis (Gnad
et al., 2014; Johansson et al., 2008). In BAT, the picture is
more complicated since there are important species differences:
adenosine inhibits BAT activation in hamster whereas it activates
lipolysis and EE in human and murine BAT (Gnad et al., 2014).

Although much of our knowledge of BAT is based on mouse
studies, there is an ongoing debate about differences between
murine and human BAT, especially regarding the “identity” of
BAT in human adults in relation to murine classical BAT and
beige fat. The composition of human BAT and the type of adipo-
cytes present in thermogenic fat depots appear to depend on
age (Kajimura et al., 2015): adipocytes found in interscapular
BAT of human infants express markers that are characteristic
of classical BAs (Lidell et al., 2013). In contrast, BAT depots of
adult humans are generally more heterogeneous, containing
UCP1-positive and -negative adipocytes (Cypess et al., 2013;
Virtanen et al., 2009). Moreover, the anatomic localization plays
an important role: BAs have been detected in autopsy studies to
be more concentrated around deeper organs of the body,
consistent with the function of a “thermogenic jacket” (Heaton,
1972). Adult supraclavicular BAT appears to more closely
resemble murine beige adipocytes (Shinoda et al., 2015; Wu
et al., 2012), while other BAT depots—including cervical and
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perirenal regions—consist of adipocytes that express classical
brown markers like ZIC1 (Cypess et al, 2013; Kajimura
et al., 2015).

So far, not much was known about the physiological function
of the A2B receptor in BAT. Adipose tissue-specific ablation of
A2B resulted in an abrogation of BAT function with reduced
body temperature in newborn mice, as well as a decrease in
whole-body O, consumption by approximately 30%.
Conversely, treatment with the A2B agonist increased murine
BAT activity and O, consumption. Given the protective role of
A2B signaling in age-related decline of SKM, we also studied
its role in BAT during aging. BAT function and BAT mass decline
with aging and obesity (Enerback, 2010; Kajimura et al., 2015),
and BAT takes on the appearance of white fat, a process known
as “whitening.” Overall, A2B-deficient BAT exhibited a pheno-
type that can be summarized as advanced aging and increased
“whitening,” which was reflected in reduced EE.

Given our findings of A2B-mediated increase of EE in SKM and
BAT, we studied whether A2B might also be relevant in obesity.
Impressively, the A2B agonist increased whole-body oxygen
consumption by 49%, resulting in a significant reduction of
WAT mass and improved glucose metabolism. Moreover, A2B
agonist-treated animals on HFD exhibited a significant increase
in SKM mass and strength. In parallel, A2B agonist treatment
improved DIO-induced whitening of BAT and enhanced brown-
ing of WAT. Moreover, A2B agonist treatment induced thermo-
genic genes in primary murine white adipocytes, showing a
cell-autonomous effect of A2B on browning. Recently, a role of
mast cells has been described in browning of murine WAT and
mast cell inactivation promotes browning of subcutaneous
WAT concomitant with increased energy expenditure (Zhang
et al., 2019). Conflicting reports have been published about the
role of A2B on mast cell activation: analysis of mast cells from
A2B-deficient mice revealed a pro-inflammatory role of A2B
(Ryzhov et al., 2008). In contrast, a study using a combination
of pharmacological stimulation with the unspecific adenosine re-
ceptor agonist NECA and genetic models showed that A2B re-
duces mast cell degranulation (Hua et al., 2013). Using the spe-
cific A2B agonist Bay 60-6583, we found no effect of A2B
stimulation on mast cell degranulation. Apart from the direct ef-
fect of A2B on EE in brown/beige fat and SKM, A2B should have
further additive positive effects on obesity-induced inflammation
by promoting alternative macrophage maintenance (Csoka
et al., 2014) and insulin signaling (Johnston-Cox et al., 2012).

In human BAT, we found that A2B expression positively corre-
lates with UCP-1 abundance and high BAT activity. In contrast,
A2B abundance negatively correlates with aging. Interestingly,
A2B was significantly downregulated in overweight subjects,
whereas the inhibitory A1 receptor was significantly upregulated.
Together, this altered ratio of inhibitory A1 and stimulatory A2B
might be unfavorable for BAT-mediated EE in human obesity.

Of note, A2B stimulation had no adverse effects on heart rate
and blood pressure in contrast to previous studies using beta-AR
stimulation to enhance EE (Cypess et al., 2015). Analysis of a
broad range of clinical chemistry parameters revealed no signif-
icant changes between vehicle and A2B agonist-treated mice,
indicating no adverse effects. Together these data indicate that
the adenosine/A2B pathway might be an important alternative
to beta-adrenergic drugs. Regarding the selectivity of the A2B
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agonist used in this study: Bay 60-6583 is the most specific
A2B agonist (ECsg 2.83 nM; Baraldi et al., 2008) currently avail-
able and frequently used in in vitro and in vivo studies. Although
previous competition binding assays (Alnouri et al., 2015) for ro-
dent A1 and A2B heterologously overexpressed in CHO cells
indicate binding of Bay 60-6583 to the A1 receptor at very high
concentrations, further studies (Eckle et al., 2007) on the func-
tional relevance of a potential cross-activation of A1 by Bay
60-6583 clearly showed no significant effect even at concentra-
tions far beyond the 300 nM used in our study. Nevertheless, to
address the physiological relevance of a potential interaction of
Bay 60-6583 with A1 receptor in BAs, we performed dose-
response analysis using lipolysis as functional readout. Impor-
tantly, no shift in dose response was observed following A2B
stimulation after short hairpin RNA (shRNA)-mediated A1 knock-
down (ECsg 2.64 nM versus 2.74 nM; Figure S5U). Together,
these data show that there is no significant contribution of A1
at the Bay 60-6583 concentrations used in our experiments.

Given the dominant role of A2B in adenosine signaling, we
further scrutinized its interaction with other adenosine receptors.
AdoR homo- and heterodimers have been described (Canals
et al., 2004; Carriba et al., 2007; Ciruela et al., 1995, 2001; Ginés
etal., 2000). Heterodimers between Gs-coupled GPCRs are scarce
and have so far been reported only after overexpression (Breit
et al., 2004; Fuenzalida et al., 2014; Lavoie et al., 2002). An interac-
tion between A2A and A2B was previously postulated because
overexpression of A2A in HEK cells improved cell surface expres-
sion of A2B (Moriyama and Sitkovsky, 2010). However, we did not
observe a reduction in A2B protein levels of A2A-deficient BAT
membranes (Figure S30). Although a recent report showed that
A2B negatively modulates A2A pharmacology in overexpressing
Hela and Jurkat cells (Hinz et al., 2018), we found in primary adi-
pocytes and SKM cells that A2B is necessary for adenosine/A2A
signaling. Importantly, we identify the major domains and amino
acid residues within transmembrane regions 5 and 6 of the recep-
tors that are required for heterodimerization. On a molecular level,
A2B might be important for the conformation of the adenosine/A2A
agonist binding site of A2A. Moreover, A2B might be necessary for
the assembly of the cAMP-signalosome downstream of A2A.

Taken together, our data demonstrate that the adenosine/A2B
signaling pathway plays a central role in maintaining SKM mass
and function. Stimulation of A2B counteracted age-related and
obesity-associated sarcopenia and restored SKM function and
mass to juvenile levels. In parallel, A2B activation was also
relieving age- and obesity-related decline in BAT function and
induced browning of WAT. Together, our data indicate that tar-
geting this single receptor might be a novel, holistic approach to-
ward healthy aging and metabolic balance.

Limitations of Study

The A2B receptor is not only expressed in SKM and BAT but also
in several other organs including brain, liver, and lung, albeit at
lower levels. Thus, the effects of the A2B agonist observed in vivo
might not be confined to SKM and BAT. Although we observed
no adverse effects after prolonged pharmacological A2B stimu-
lation in mice, the widespread expression of A2B might be a
problem concerning potential side effects of A2B agonists in hu-
mans. Although the A2B agonist used had no effect in A2B null
adipocytes and in BAT and SKM of global knockout mice, not
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all agonist studies were performed in tissue-specific knockouts.
The fact that we observed significant differences in the expres-
sion of adenosine receptors in BAT of overweight human sub-
jects, but not in obese mice, indicates that there could be spe-
cies differences. While our data point to a positive role of
adenosine/A2B in aging of muscle and BAT, future work is
required to study its role in longevity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-UCP-1 ThermoFisher Custom made

Mouse monoclonal anti-AdoR A2A (7F6-G5-A2) Santa Cruz #sc-33261

Goat polyclonal anti AdoR A2B (R-20) Santa Cruz #sc-7507

Goat polyclonal anti AdoR A1 (C-19) Santa Cruz #sc-7500

Mouse monoclonal anti-Actin (AC-74) SigmaAldrich #A2228; RRID: AB_476743
Mouse monoclonal anti CD71 (3B8 2A1) Santa Cruz sc-32272; RRID: AB_627167
Myosin Heavy Chain 1 DSHB BA-F8-c

Myosin Heavy Chain 2A DSHB BF-F3-c

Myosin Heavy Chain 2B DSHB SC-71-c

Bacterial and Virus Strains

Lentivirus shControl This study N/A

Lentivirus shA1 This study N/A

Biological Samples

Human BAT biopsies Turku PET Centre, Finland N/A

Human WAT sample collection

University of Leipzig, Germany

approval number:
017-12-23012012

Human SKM samples University of Cologne N/A

and Dusseldorf, Germany
Chemicals, Peptides, and Recombinant Proteins
Bay 60-6583 Tocris #4472
PSB 603 Tocris #3198
CGS 21680 Tocris #1063
A2A TM4 RRRQRRKKRGYAKGIIAICWVLSFAIGLTPMLGW Biomatik Custom made
A2A TM5 MNYMVYFNFFACVLVPLLLMLGVYL YGRKKRRQRRR Biomatik Custom made
A2A TM6 RRRQRRKKRGYLAIIVGLFALCWLPLHIINCFTFF Biomatik Custom made
A2B TM4 RRRQRRKKRGYARGVIAVLWVLAFGIGLTPFLGW Biomatik Custom made
A2B TM5 MSYMVYFNFFGCVLPPLLIMLVIYIYGRKKRRQRRR Biomatik Custom made
A2B TM6 RRRQRRKKRGYLAMIVGIFALCWLPVHAVNCVTLF Biomatik Custom made
Critical Commercial Assays
DuoLink PLA Kit SigmaAldrich N/A
Piccolo General Chemistry 13 Hitado 114-400-0029
Piccolo Lipid Plus Hitado 114-400-0030
Piccolo Metlyte 8 Hitado 114-400-0023
Piccolo Basic Metabolic Plus Hitado 114-400-0031
4-HNE assay Abcam ab238538
Experimental Models: Cell Lines
Ca2C12 ATCC CRL-1772
Human skeletal muscle cells Promo Cell C-12530
Human brown adipocytes Jespersen et al., 2013 N/A
hMADS Rodriguez et al., 2005 N/A
Experimental Models: Organisms/Strains
Adenosine A2B receptor knockout mouse Eckle et al., 2007 N/A

HSA-Cre

Jackson Laboratories

Strain 025750

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Adipog-Cre Jackson Laboratories Strain 010803
A2Bfloxed Aherne et al., 2015 N/A

Oligonucleotides

Gs-coupled GPCR primer

A2B 5'-gtggaacagtaaagacagtg; 5'-ccatgaagattttgatgtag This study N/A

Adrb3 5'-gagactacagaccataacc; 5'-atgctagcagttacacag This study N/A

Drd1 5'-tcaatcagaaagttccttta; 5'-ggcattaaaagcataaataa This study N/A

Mc4r 5'-tggacaggtatttcactatc; 5'-gaacatgtggacatagagag This study N/A

Tshr 5'-accaggaatatgaagaagat; 5'-acacaccgtgtagtcatagt This study N/A

Recombinant DNA

A2Amut (F257A; F258A) This study N/A

A2Bmut (L258A; F259A) This study N/A

Software and Algorithms

Modeler 9.18 software Marti-Renom et al., 2000 https://salilab.org/modeller/
Graph pad prism V7 Graph pad software https://graphpad.com

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alexander
Pfeifer (alexander.pfeifer@uni-bonn.de).

Materials Availability
This study generated adipose-tissue and skeletal muscle-specific A2B null mice. Availability of A2B floxed mice is restricted due to
a MTA.

Data and Code Availability
This study did not generate/analyze datasets or codes. The data that support the findings of this study are available from the corre-
sponding author upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
WT male C57BL/6 mice at indicated ages were purchased from Janvier.

A2B—/— mice (C57BL/6 background) were provided by M. Idzko, Freiburg, Germany. Only male A2B—/— and A2B+/+ littermates
were analyzed.

ATA2B-KO (A2Bfloxed/floxed;AdipoCre+) and Con-A2B (A2Bfloxed/floxed;AdipoCre-) mice were generated by breeding
A2Bfloxed/floxed mice (generated by Holger K. Eltzschig) with Adiponectin-Cre (Jackson Laboratories) mice to produce
A2Bfloxed;AdipoCre+ heterozygous mice. Heterozygous mice were bred with A2Bfloxed/floxed. Male littermates were randomly as-
signed to experimental groups. A2Bfloxed/floxed as well as AdipoCre mice have a C57BL/6 background.

SKMA2B-KO (A2Bfloxed/floxed;HSA-Cre+) and Con-A2B (A2Bfloxed/floxed;HSA-Cre-) mice were generated by breeding
A2Bfloxed/floxed mice with HSA-Cre (Jackson Laboratories; strain 025750; C57BL/6 background) to produce A2Bfloxed;HAS-
Cre+ heterozygous mice. Heterozygous mice were bred with A2Bfloxed/floxed. Tamoxifen (100 mg/kg) was injected once daily
for five consecutive days. Male mice were analyzed at 2 month (young) or 16 months (old/aged) of age.

HFD (60% energy from fat) and control diet was purchased from Ssniff (HFD: EF D12492, #E15741-347; control diet: EF D12450B,
#E15748-047). Mice were maintained on a daily cycle of 12 h light (0600 to 1800) and 12 h darkness (1800 to 0600), at 23 + 1°C, and
were allowed free access to chow and water.

For the HFD study, 8-week-old male mice were injected i.p. once daily with A2B agonist Bay 60-6583 (1 mg/kg) for twelve weeks.
Health status was checked daily and included measuring of body weight, observation of unprovoked behavior and responses to
external stimuli, as well as assessment of physical appearance.

For muscle analysis/sarcopenia, male mice of indicated ages were injected once daily i.p. for four weeks with 1mg/kg Bay 60-6583.

Sample sizes for all in vivo experiments are given in the Figure legends.
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All animal studies were performed in accordance with national guidelines and were approved by the Landesamt fir Natur, Umwelt
und Verbraucherschutz, Nordrhein-Westfalen, Germany.

Human Studies
Human BAT Studies (Turku, Finland)
Human PET imaging studies and human biopsy procedures were performed at the Turku PET Centre, Finland. The subjects who
signed separate informed consent for biopsies were included to this study and altogether they are part of two separate imaging study
cohorts. The study protocol was reviewed and approved by the ethics committee of the Hospital District of Southwest Finland and
was conducted according to the principles of the Declaration of Helsinki. Exclusion criteria included regular use of any medication,
use of tobacco or nicotine products, and any significant chronic disease such as asthma, diabetes, thyroid disease or cardiovascular
disease. The age of the subjects ranged from 18 to 54 years and all subjects were male. Therefore, the influence of sex cannot be
reported.
Human WAT Sample Collection (Leipzig, Germany)
The human sub-study was approved by the ethics committee of the University of Leipzig (approval number: 017-12-23012012) and
all subjects gave written informed consent before taking part in the study. Paired samples of abdominal, omental visceral and sub-
cutaneous adipose tissue were obtained from 405 Caucasian men (n = 119) and women (n = 286), who underwent open abdominal
surgery as described previously (Guiu-Jurado et al., 2016). The age ranged from 16 to 93 years and BMI from 19 to 76 kg/m?. Adipose
tissue was immediately frozen in liquid nitrogen and stored at —80°C. RNA was extracted from adipose tissue by using RNeasy Lipid
Tissue Mini Kit (QIAGEN). Quantity and integrity of RNA was monitored with NanoVue plus Spectrophotometer (GE Healthcare). 1 pug
total RNA from each sample was reverse-transcribed with standard reagents (Life Technologies) and cDNA was analyzed with Tag-
Man probe-based quantitative real-time polymerase chain reaction using QuantStudio 6 Flex Real-Time PCR System (Life Technol-
ogies). Human A2B expression was measured using the following probe: human A2B (Hs00386497_m1). Human A2B mRNA expres-
sion was calculated relative to the mRNA expression of hypoxanthine guanine phosphoribosyltransferase 1 (HPRT1)
(Hs01003267_m1). We tested for a potential influence of sex on the significant correlations between A2B expression in subcutaneous
WAT, BMI and body weight. After adjusting for sex, correlations between subcutaneous A2B and BMI (adjusted r = —0.163, p < 0.001)
and between subcutaneous A2B and body weight (adjusted r = —0.148, p < 0.01) remained significant suggesting that sex does not
affect the observed correlations.
Human SKM Biopsy Procedure and Sample Collection (Cologne/Dusseldorf, Germany)
Biopsies were obtained from the middle portion of the M. vastus lateris between the spina iliaca anterior superior and the lateral part of
the patella. Alocal anesthetic injection (xylocaine) was set. A 2 cm incision was made through skin and fascia and tissue was gathered
2,5 cm below the fascia using the percutaneous needle biopsy technique. Muscle samples were freed from blood and non-muscle
material, frozen in liquid nitrogen and stored at —80°C for further analysis. This study/biopsy acquisition was approved by the local
ethics committees and all subjects gave written informed consent before taking part. For Cohort 1, the age of subjects ranged from 33
to 74 years and all subjects were male. Therefore, no influence of sex can be reported. For Cohort 2, biopsies were obtained from 7
male and 5 female donors with an age ranging from 39 to 61 years. There was no influence of sex on the results of our analysis.
Subject information for all human studies can be found in Tables S6-S9.

Cells

Primary Human and Murine Adipocyte Culture

SVF cells from interscapular BAT from newborn mice of mixed sex were isolated and differentiated as described previously (Gnad
et al., 2014) using collagenase digestion buffer [123 mM Na*, 5 mM K+, 1.3 mM Ca2*, 131 mM Cl—, 5 mM glucose, 1.5% (w/v) bovine
serum albumin (BSA), 100 mM HEPES, 0.2% (w/v) collagenase type Il (pH 7.4)]. After 30 min incubation at 37°C with regular shaking,
tissue remains were removed by filtration using a 100-um nylon mesh and cells were placed on ice for 30 min. The infranatant with the
preadipocytes was filtered through a 30-pm nylon mesh and centrifuged at 700 x g for 10 min. The pellet was re-suspended and cells
expanded in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 IU penicillin,
streptomycin (100 pg/mL) (P/S), 4 nM insulin, 4 nM triiodothyronine, 100 mM HEPES, and sodium ascorbate (25 pg/mL), and grown
at 37°C and 5% CO.. For differentiation, cells were cultured in DMEM (GIBCO, #61965) containing 100 IU/mL penicillin, 100 pg/mL
streptomycin, 10% FBS (heat-inactivated), 20 nM insulin as well as 1 nM Trijodothyronin-Na at 37°C and 5% CO.. For induction, 1 uM
Dexamethasone and 0.5 mM IBMX were added to this differentiation medium once for 2 days.

Primary human BA were isolated as described (Jespersen et al., 2013) and cultured in 60mm culture dishes containing DMEM/F12,
10% FBS, 1% Penicillin/Streptomycin (all from Invitrogen) and 1nM acidic FGF-1 (ImmunoTools). Cells were incubated at 37°C with
5% CO,. Adipocytes were induced two days after full confluence with DMEM/F12 containing 1% Penicillin/Streptomycin, 0.1 uM
dexamethasone (Sigma-Aldrich), 100 nM insulin, 200 nM rosiglitazone(Sigma-Aldrich), 540 uM isobutylmethylxanthine (Sigma-
-Aldrich), 2 nM T3 (Sigma-Aldrich) and 10 ng/mL transferrin (Sigma-Aldrich). After three days of differentiation, isobutylmethylxanthine
was removed from the cell culture media. The cell cultures were left to differentiate for an additional nine days. Data were obtained
from cells of one male and one female donor.

hMADS cells were obtained from the stroma of human adipose tissue and differentiated as described previously described (Ro-
driguez et al., 2005). Briefly, 200 mg adipose tissue from the pubic region fat pad of a 4-month-old male donor was dissociated for
10 min in DMEM containing antibiotics (100 U/mL of penicillin and 100 g/mL of streptomycin), 2 mg/mL collagenase, and 20 mg/mL
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bovine serum albumin. Then, the crude SVF was separated from the adipocyte fraction by low speed centrifugation (200 g, 10 min).
The adipocyte fraction was discarded and cells from the pelleted SVF were seeded onto uncoated tissue culture plates (Greiner) at
1,000-3,500 cells/cm2 in low glucose DMEM (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum, 2.5 ng/mL
FGF2 and antibiotics as described before. After reaching 70% confluence, adherent cells were dissociated (0.25% trypsin EDTA;
Invitrogen) and re-seeded at 1,000-3,000 cells/cm2 for expansion. Cells were cultured at 37°C with 5% CO2. For differentiation,
confluent cells were cultured in DMEM/Ham’s F12 media (50:50 v/v) supplemented with 10 ng/mL transferrin, 100 uM ascorbic
acid 2-sodium, 0.85 pM insulin, 20 nM sodium selenite, 0.2 nM triiodothyronine, 1 uM dexamethasone, 100 uM isobutyl-methylxan-
thine and 1 uM rosiglitazone. 3 d later, the medium was changed (dexamethasone and isobutyl-methylxanthine were omitted).

METHOD DETAILS

BAT ['®F]JFDG-PET imaging

Healthy male subjects participated in ['®F]FDG -PET/MRI scans to quantify glucose uptake of BAT. Before the scans, the study sub-
jects fasted overnight and avoided strenuous exercise for a minimum of 24 h. Imaging was performed during cold exposure using a
3T Philips Ingenuity TF PET/MR scanner (Philips Health Care). Prior to the PET scan the subject lay in a supine position between two
cooling blankets (Blanketrol Ill, Cincinnati Sub-Zero) with chilled flowing water for two h. Blanket temperature was determined and
adjusted individually to maintain a subjectively cold temperature but avoid muscle shivering (average temperature 16.2 degrees).
Cooling was maintained during the PET scan with cool air conditioning and by placing iced gel packets on the upper body and
legs. 150 MBq of ['®F]FDG was injected intravenously and a 40-min dynamic PET scan of the cervical region was performed (using
frames 7 x 60's,6 x 300s, 1 x 180 s). Eight consecutive modified 2-point Dixon sequences (mDixon) were used to provide anatom-
ical reference in the whole-body area and for calculating signal fat fraction (SFF) maps. Image analysis was performed using Carimas
2.9 software (Turku PET Centre, Turku, Finland). Regions of interest were manually drawn on the fused PET/MR images in supracla-
vicular areas of adipose tissue, confirmed with MR SFF maps. Glucose uptake was quantified using the Patlak linearization model
(Patlak and Blasberg, 1985). High BAT and low BAT groups were determined by the cold-induced BAT glucose uptake values, where
high BAT subjects had a glucose uptake of < 3.0 mmol/100 g/min, as previously described (Orava et al., 2011).

Human BAT Biopsy Procedures

Twelve subjects gave written informed consent for acquiring tissue biopsies from the supraclavicular neck region. Biopsies of BAT
were taken by a plastic surgeon through one skin incision in standard operating room conditions. Anatomical location of BAT was
verified with individual ['®F]FDG -PET/MR or ['°0]H,0-PET/CT images. If the glucose uptake was low (as in the overweight subjects),
the SSF MRI-images were used to localize BAT in the supraclavicular area. Using these images, the location of the BAT depot was
determined by measuring its distance from the suprasternal notch and the surface of the skin. Using these coordinates, the biopsies
were obtained by a plastic surgeon (Lahesmaa et al., 2019; Virtanen et al., 2009). After removal, samples were immediately snap-
frozen into liquid nitrogen and stored in —70 degrees until analysis.

Skeletal Muscle Isolation and Force Measurement

Extensor digitorum longus (EDL) muscles from the hind limbs of mice were isolated tendon-to-tendon, immersed into an organ bath
containing Krebs buffer (118 mM NaCl, 3.4 mM KCl, 0.8 mM MgS04, 1.2 mM KH2PO4, 11.1 mM glucose, 25 mM NaHCo3, 2.5 mM
CaCl2) and bubbled with carbogen at RT. Muscles were aligned between the clamp of a lever arm and the hook of a force transducer
of a myograph (Sl Instruments). Then, Muscles were stretched until a single pulse elicited maximum force during a twitch stimulation.
Twitch stimulations were recorded (2 V, 1 ms) for 2 minutes and force was measured. Total muscle cross-sectional area was esti-
mated by dividing the muscle mass by the product of the muscle length, muscle length to fiber length ratios (0.44 for EDL) and
the density of mammalian muscle (1.06 mg/mm?®). Specific force was calculated as force/total cross sectional area (MN/mm2)

In Vivo Weight Lift
After 12-week CD or HFD with daily A2B ago treatment, mice underwent weight lifting assay as described (Deacon, 2013) to deter-
mine muscle strength. Mice lifted weight (chain links connected to steel wool) ranging from 15 g to 94 g.

Forelimb Grip Test

Mice were lowered over the grid keeping the torso horizontal and allowing only forepaws to attach to the grid. Then, mice were gently
pulled back by the tail ensuring mice grid the top portion of the grid and the torso remain horizontal and record the maximal grip
strength value. 3 forelimb grip strength measurements were performed per mouse.

Measurement of Endogenous Respiration

Skeletal muscle cells or tissue were treated as indicated 15 min before oxygraph measurements (Oxygraph 2K; Oroboros Instru-
ments). Samples were transferred to the oxygraph chamber containing 2 mL incubation medium (0.5 mM EGTA, 3 mM MgCl2
6H20, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose and 1 g/I BSA, pH 7.1). In vitro respi-
ration levels were recorded when reaching a steady state followed by addition of substrates (State 1: endogenous; state 2: ADP; state
3: succinate; state 4: oligomycin; uncoupled: FCCP). Respiration rates were normalized to total protein content
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Glucose Uptake Assay
Glucose uptake was measured with murine and human SKM cells using glucose uptake kit from Abcam (#136956) according to man-
ufacturer’s instructions.

Beta-Hexosaminidase Release/Degranulation Assay

PMCs were re-suspended at concentration 2x10° cells/mL in solution containing (mM): NaCl 130; KCI 5; CaCI2 1.4; MgCI2 1; glucose
5,6; HEPES 10, 0,1% Bovine Serum Albumine (Fraction V); pH 7.4 adjusted with NaOH. The cells were seeded in a V-bottom 96-well
plate (100ul/well) and 25ul solution of corresponding agonists/antagonists was added. The PMCs were incubated 45 min at 37°C.
After a short centrifugation step (1000 g for 5 min at 4°C) the cell lysates (solubilized with 1% Triton-X during 5 min at room temper-
ature) and supernatants were incubated separately with 2 mM of a colorigenic substrate 4-Nitrophenyl N-acetyl-B-D-glucosaminide
for 1 h at 37°C. The reaction was stopped by adding 200 mM glycine (pH 10.7 with NaOH). The absorbance (405nm) of the resulting
probes was quantified using a NanoQuant infinite M200pro (Tecan, Switzerland) spectrophotometer. The percentage of 3-hexosa-
minidase release was calculated as a ratio of absorbance of the supernatant to the total (sum of supernatant and lysate) B-hexosa-
minidase content.

Glycolysis
Glycolysis was measured with murine and human SKM cells using glucose uptake kit from Abcam (#197244) according to manufac-
turer’s instructions.

Senescence-Associated Beta-Galactosidase Activity Assay

BAT and SKM were homogenized with lysis buffer containing 5 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
[CHAPS], 40 mM citric acid, 40 mM sodium phosphate, 0.5 mM benzamidine, and 0.2 5mM phenylmethanesulfonyl xuoride [PMSF],
pH 6.0). Enzyme activity was then measured as described previously (Gary and Kindell, 2005) .

Lipolysis Assay
Differentiated adipocytes were washed twice with lipolysis medium (Life Technologies, DMEM21603) supplemented with 2% w/v
fatty acid—free BSA (Sigma-Aldrich) followed by incubation with lipolysis medium containing indicated substances at 37°C and
5% CO, for two (murine) or four (human) h.

Cell culture media were collected, incubated 5 min at 37°C with free glycerol reagent (Sigma-Aldrich) and absorption was
measured at 540 nm. Glycerol release was calculated with glycerol standard (Sigma-Aldrich) and normalized to protein content.

Immunoblot
Protein amount from all samples was quantified using Bradford assay followed by concentration normalization before western blot
experiments. Western blot was carried out following standard procedures.

RNA Isolation and qPCR

Total RNA was isolated from cells or tissues using Trizol (Invitrogen). Reverse transcription was performed using ProtoScript || (NEB)
gPCR was performed with SYBR-Green (Roche) using a HT7900 machine (Applied Biosystems). Expression levels were calculated
as delta Ct values relative to house-keeping genes mHPRT (hypoxanthine guanine phosphoribosyl transferase) or hTBT (TATA-box
binding protein) serving as control.

Bioluminescence Resonance Energy Transfer

HEK293T cells or adipocytes were transiently co-transfected with a constant amount of cDNA encoding A2A fused to RLuc and
increasing amounts of cDNA encoding A2B-YFP. To quantify A2B-YFP expression, cells (20 ng protein) were distributed in 96-
well microplates (black plates with a transparent bottom) and fluorescence was read in the Fluo Star Optima Fluorimeter using a
10 nm bandwidth excitation filter at 400 nm reading. Protein fluorescence expression was determined as fluorescence of the sample
minus the fluorescence of cells expressing the BRET donor alone. For BRET measurements, the equivalent of 20 ng of cell suspen-
sion were distributed in 96-well microplates (Corning 3600, white plates) and 5 uM coelenterazine H (Molecular Probes) was added.
After 1 min the readings were collected using a Mithras LB 940 (Berthold Technologies) that allows the integration of the signals de-
tected in the short-wavelength filter at 485 nm and the long-wavelength filter at 530 nm. To quantify A2A-RLuc expression lumines-
cence readings were performed after 10 min of adding 5 uM coelenterazine H.

Peptide Design

Peptides containing transmembrane regions of A2B andA2A fused to the YGRKKRRQRRRPQ sequence of the HIV-1 transactivation
of transcription protein (tat), were purchased from Biomatik.
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Pharmacological Activation of Energy Expenditure

8-week-old male C57BL/6 WT, ATA2B-KO or Con-A2B mice were injected subcutaneously with A2A agonist CGS21680 (1 mg/kg)
five minutes before measurement. Oxygen consumption was measured for 120 s every 6 min with Phenomaster (TSE Systems).
Time-course and relative increase (relative to respective t = 0) are shown.

Physiological Activation of Energy Expenditure
8-week-old male C57BL/6 WT were injected subcutaneously with PSB603 (1 mg/kg) and directly put into Phenomaster cages at 4°C.
Animals were measured for 100 s every 5 min for 1 h.

PET/MRI of BAT Activation

PET/MRI (nanoScan PET-MRI, Mediso Medical Imageing Systems, Hungary) studies were performed on 8-week-old male C57BL\6
WT mice. Subcutaneous injection of vehicle, NE (1 mg/kg) or Bay 60-6583 (0.1 mg/kg) was performed one minute before i.p. injection
of 14.7 + 0.4 MBq of ['®F]FDG into conscious animals. Anesthesia was induced 10 min before start of the PET protocol. The PET/MRI
scan was performed 60-75 min p.i. of ['®F]FDG followed by static data reconstruction (3D ordered-subset expectation maximization,
4 iterations, 6 subsets, MRI-based attenuation correction). As a measure of activity, the tracer accumulation was expressed as mean
standardized uptake value (SUV).

Body Composition Analysis
Body composition was analyzed using a table Bruker Minispec.

Glucose Tolerance Test

Animals were fasted for 5 h. Eight pl/g body weight of glucose solution (2.5 g/mL) were injected i.p. and glucose was measured at
indicated time points post injection. Tail vein was punctured and blood was analyzed with Accu Check (Aviva Nano) analyzer and
dipsticks (Roche).

Thermography
Thermographic images were taken from newborn littermates at room temperature with an infrared camera (IC060, Trotec) and
analyzed with IC-Report software 1.2 (Trotec).

Satellite Cell Isolation
Satellite cells were isolated from leg muscles of A2B+/+ and A2B—/— as well as from WT mice treated once daily with Bay 60-6583
(1mg/kg) for four weeks as described (Motohashi et al., 2014).

Immunohistochemistry and PLA

Five-micrometre paraffin-embedded BAT and WAT sections were blocked with 2.5% normal goat serum-PBST (phosphate-buffered
saline + 0.1% Tween-20) for 1 h at room temperature. Primary antibody (UCP-1, 1:50) was applied overnight at 4°C. After washing
three times with PBST, secondary antibody against rabbit (SignalStain Boost IHC, Cell Signaling) was applied for 1 h at room tem-
perature and developed with DAB Kit (Vector Laboratories) according to the manufacturer’s instructions. Standard hematoxylin and
eosin (H&E) staining was performed on 5-um paraffin-embedded BAT and WAT sections. PLA was performed with 10 um BAT cryo-
sections using DuoLink (Sigma-Aldrich) with A2B (C-20) and A2A (7F6-G5-A2) antibodies from Santa Cruz and Topro3 (ThermoFisher
Scientic) as counter stain for nuclei.

Molecular Modeling

The A2A/A2B heterotetramer consists of two homodimers of the human A2A (Uniprot entry P29274) and A2B (UniProt: P29275) re-
ceptors. Each homodimer contains inactive and active, Gs-bound, protomers. The inactive A2A protomer was modeled from the A2A
crystal structure (PDB: 5NM4) (Weinert et al., 2017) and the active A2A protomer was modeled from the structure of A2AR in complex
with mini-Gs (PDB: 6GDG) (Garcia-Nafria et al., 2018). The structures of inactive and active A2B protomers were modeled from the
respective A2A structures (these receptors share 47% of sequence identity and 59% of sequence similarity) using Modeler 9.21. The
globular a-helical domain of the a-subunit was modeled in the “closed” conformation. To identify the arrangement of A2A and A2B
protomers in the heterotetramer, we used TAT-fused synthetic peptides. These experiments predicted the TM4/5 interface for homo-
and TM5/6 interface for hetero-dimerization. The TM4/5 interfaces for both A2A and A2B homodimers were modeled as observed in
the structure of the 5-HT2C receptor (PDB: 6BQG) (Peng et al., 2018), whereas the TM5/6 heteromeric interface was modeled as
observed in the structure of the p-opioid receptor (PDB: 4DKL) (Manglik et al., 2012).

Site-Directed Mutagenesis

Site-directed mutagenesis of F257A/F258A in A2A and L258A/F259A in A2B was performed with Q5-Kit (NEB). Primer were designed
using NEBaseChanger Software (NEB).
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QUANTIFICATION AND STATISTICAL ANALYSIS

To determine the group size necessary for sufficient statistical power, power analysis was performed with PS Power and Sample Size
Calculation Software using preliminary data and all experiments were designed and powered to a minimum of 0.8 as calculated.

Normal distribution of data was tested using D’Agostino-Pearson omnibus test. P values below 0.05 were considered significant.
Statistical analysis and data plotting was performed with GraphPad prism 7 software. Data are represented as scatter blots, bar
graphs showing mean + SEM and individual data points or boxplots (with median) and whiskers (1.5x interquartile range), except
of BRET data which are represented as mean + SD; Please refer to Figure legends for description of sample sizes and statistical
test performed.
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