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The dual GLP-1/glucagon receptor agonist
G49 mimics bariatric surgery effects by
inducing metabolic rewiring and inter-organ
crosstalk

A list of authors and their affiliations appears at the end of the paper

Bariatric surgery is effective for the treatment and remission of obesity and
type 2 diabetes, but pharmacological approaches which exert similar meta-
bolic adaptations are needed to avoid post-surgical complications. Here we
showhowG49, an oxyntomodulin (OXM) analog and dual glucagon/glucagon-
like peptide-1 receptor (GCGR/GLP-1R) agonist, triggers an inter-organ cross-
talk between adipose tissue, pancreas, and liver which is initiated by a rapid
release of free fatty acids (FFAs) by white adipose tissue (WAT) in a GCGR-
dependent manner. This interactome leads to elevations in adiponectin and
fibroblast growth factor 21 (FGF21), causing WAT beiging, brown adipose tis-
sue (BAT) activation, increased energy expenditure (EE) and weight loss. Ele-
vation ofOXM, under basal andpostprandial conditions, and similarmetabolic
adaptations after G49 treatment were found in plasma from patients with
obesity early after metabolic bariatric surgery. These results identify G49 as a
potential pharmacological alternative sharing with bariatric surgery hormonal
and metabolic pathways.

In the last two decades, glucagon-like peptide-1 receptor (GLP-1R) and
glucagon receptor (GCGR) dual agonists (dualAGs) have emerged as
potential pharmacological approaches to treat obesity and overcome
the risks associated with bariatric surgery1, as well as limitations in
implementing a healthy life-style in population living with obesity. The
native peptide oxyntomodulin (OXM), which increases in plasma after
Roux-en-Y gastric bypass (mRYGB) bariatric surgery2,3, activates both
GLP-1R and GCGR although with reduced affinity compared with their
cognate ligands4. However, its short half-life in circulation limits its
therapeutic utility5 and, therefore, more stable dualAGs have been
developed. Pocai et al.6 demonstrated reductions in body weight,
hyperglycemia, total fat mass, hepatic steatosis, and improvement of
insulin sensitivity inmice upon diet-induced obesity (DIO) treatedwith
a dualAG for 2 weeks. In a subsequent study, they found superior
efficacy by increasing GCGR tone in dualAGs, but with adverse con-
sequences in glucose control7, emphasizing the importance of devel-
oping a balanced activity across GLP-1R and GCGR. Another study

showed reductions in bodyweight, but not in glycatedhemoglobinA1c
(HbA1c), in patients with obesity treated with JNJ-64565111 dualAG8.
Reductions in blood glucose together with increased energy expen-
diture (EE) and decreased food intake, resulting in loss of fat mass,
were reported for a different dualAG (chimeric GLP-1/GCG peptide)
following one-month treatment9 and for BI456906 dualAG in DIOmice
treated during 4 weeks and in phase 1 and 2 trials10,11. Another dualAG
administered for 8 weeks also decreased body weight, food intake and
fat mass, as well as reduced blood glucose and improved glucose
tolerance and lipid metabolism12.

We have demonstrated the beneficial effect of G49, a dualAG, in
resolving metabolic-dysfunction associated steatohepatitis (MASH)
and improving liver regeneration under this pathological condition in
C57BL/6J mice by targeting multiple homeostatic mechanisms
including inflammation, oxidative/endoplasmic reticulum stress,
mitochondrial dysfunction, and shifting glucose metabolism13. Like-
wise, another dualAG named cotadutide (MEDI0382) was more
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effective than obeticholic acid in improving liver metabolism and
ameliorating MASH and fibrosis in C57BL/6J or ob/ob mice on a high
trans-fat/fructose/cholesterol diet14, as well as decreased liver inflam-
mation and apoptosis in adipocytes15. In a clinical setting, cotadutide
improved postprandial glucose excursions and reduced body weight
and hepatic fat in obese or overweight individuals with obesity or
overweight people with type 2 diabetes16,17, showing the potential to
deliver clinically meaningful effects. In a phase 2b trial, cotadutide
reduced glycemia and body weight and improved metabolic-
dysfunction associated steatotic liver disease (MASLD)18. On the
other hand, the dual GLP-1-glucose-dependent insulinotropic peptide
(GIP) receptor agonist LY3298176 (Tirzepatide) provided substantial
and sustained reductions in body weight in a 72-week trial in indivi-
duals with obesity19. Remarkably, addition of GCGR co-agonism to
GLP-1/GIP increased EE in obese mice20,21 and in a phase 2 trial showed
improvements in weight loss of 15% in 60%, 75% and 83% adults with
obesity receiving 4, 8 and 12mg, respectively22.

Despite these preclinical and therapeutic advancements in gut-
derived peptides, particularly multiagonists, the molecular mechan-
isms driving metabolic reprogramming and remodeling of target tis-
sues in the context of an inter-organ crosstalk that leads to fat mass
reduction and increased EE have not been addressed. In this work, by
using different in vivo approaches, we provided evidence of white
adipose tissue (WAT) lipolysis as a trigger of the G49 dualAG action.
Together with its subsequent effects on the pancreas-liver axis and
beige/brown fat, G49 orchestrates a coordinated metabolic repro-
gramming that increased EE and promotes body weight loss and
metabolic fitness.

Results
One-week treatment of DIO mice with G49 rapidly increases
lipolysis and induces a beiging immune signature in
visceral WAT
In our previous study,we reported the efficacy of G49 (100nmol/kg) in
DIO mice treated for 3 weeks in reducing steatosis and hepatic
inflammation in parallel with a reduction in body weight and
improvement in liver regeneration13. Herein we focused in deci-
phering, at the molecular level, the metabolic reprogramming
triggered by G49 on its target tissues, an issue not investigated
before with a multiagonist. Initially, a dose-response study was
conducted in male mice fed a high-fat diet (HFD) for 12 weeks
followed by G49 treatment (s.c. injection every 2 days) for 1 week.
Figure 1A shows that G49 (100 nmol/kg) acutely reduced body
weight (15.6 ± 1.27%) to levels comparable with those of age-
matched mice fed a chow diet (CHD). Notably, food intake was
reduced after the first G49 injection concurrently with an increase
in cFos-positive POMC neurons in the arcuate (ARC) nucleus of
the hypothalamus (Fig. S1B–D). Food intake progressively nor-
malized, and no differences were observed between vehicle and
G49-treated mice after 1 week of treatment (Figs. 1A and S1B),
time at which the percentage of activated POMC neurons was
reduced (Fig. S1C, D). A higher dose of G49 (500 nmol/kg)
strongly reduced body weight and suppressed cumulative food
intake in DIO mice, but this treatment was not further considered
to comply with animal welfare guidelines, whereas a lower dose
(20 nmol/kg) reduced weight loss by 6.9 ± 0.89% (Fig. 1A).
Remarkably, a correlation was observed between the initial body
weight and body weight loss during 1-week treatment with G49
(100 nmol/kg) in different cohorts of DIO mice (Fig. 1B). Body
weight loss in the absence of a reduction in cumulative food
intake was also found in DIO female mice treated with G49 for
1 week (Fig. S2A, B). When we conducted the 1-week treatment
with G49 in male mice on a reversed light/dark cycle (RC), body
weight loss was more pronounced compared to that of mice on
normal cycle (20.1 ± 0.49% versus 16.1 ± 0.72%) in parallel with a

reduction in cumulative food intake (Fig. S2D). To decipher the
specific effects of G49 in switching metabolism independently of
its anorexigenic effect, subsequent studies were conducted in
male mice treated with this dualAG at 100 nmol/kg during the
light phase.

Metabolic profiling revealed substantial decreases in blood glu-
cose, plasma insulin, and glucagon in DIOmice receiving G49 treatment
(Fig. 1C). Analysis of body composition showed a reduction in total and
visceral fat concurrently with a reduction in epididymal (eWAT) and
subcutaneous inguinal (iWAT) WAT weight, adipocyte size, and an
increase in adiponectin levels in eWAT and plasma of DIOmice treated 1
weekwithG49 (Fig. 1D–G). Interestingly, the increase in adiponectinwas
observed as early as 24h post-injection (Fig. S2E). The efficacy of G49 in
reducing blood glucose and adiposity was also found in female mice
(Fig. S2C) and in male mice housed at thermoneutrality (Fig. S2F–I).

Next, the effect of G49 was compared to that of a single GLP-1R
agonist (Fc-GLP1)23. Mice were injected Fc-GLP1 at 50nmol/kg, a dose
adjusted to account for differences in binding affinity to GLP-1R
compared to G49 (100 nmol/kg) (Fig. S1A). Comparable peptide
plasma levels were found in DIO mice 24 h-post injection of each
peptide (105.1 ± 18.33 nM for Fc-GLP1, n = 6 and 121.7 ± 12.88nM for
G49, n = 5). After 1 week of treatment, Fc-GLP1-injected mice showed
an attenuated loss of body weight (11.0 ± 0.46% versus 19.2 ± 1.02) and
adiposity compared to mice receiving G49 (Fig. S3A). This phenotype
was accompanied by reduced cumulative food intake (Fig. S3B) and an
increase in cFos positive POMC neurons (Fig. S1C, D) in mice treated
with Fc-GLP1, but not G49. Notably, a lesser reduction in blood glucose
was found in Fc-GLP1-treated animals during 1 week (Fig. S3C).

Detailed evaluation of reduction in eWAT depots as early as 6 h
post-G49 injection revealed a decrease in total and visceral fat that
correlated with the initial visceral fat content (Fig. 1H, I). Further,
plasma free fatty acids (FFAs) peaked at 6 h post-G49 treatment
(Fig. 1J), pointing to a lipolytic effect of this dualAG. At the molecular
level, eWAT lipolysis, monitored by protein kinase A (PKA)Thr197 and
hormone sensitive lipase (HSL)Ser660 phosphorylation (Fig. 1K), sup-
ported the release of FFAs by this fat depot. This lipolytic molecular
signature was also found in iWAT, but not in brown adipose tissue
(BAT) (Fig. S4A, B). Lipolysis was also evident by an increase in glycerol
released to the medium in eWAT explants frommice treated with G49
and sacrificed after 6 h and confirmed by ex vivo treatment of eWAT
explants fromDIOmicewithG49 (500nM) for 4 h (Fig. 1L,M).Notably,
glucagon, used at 10 nM, increased lipolysis in eWAT explants
(Fig. 1M). Likewise, treatment of isolated adipocytes from eWAT with
G49 increased glycerol and FFA release (Fig. 1N). Further, G49
increased glycerol release in human mesenchymal stem cells (hMSC)-
derived adipocytes and in human explants from omental fat (Fig. 1O,
P). By contrast, elevation of FFAs was not observed in Fc-GLP1-treated
mice for 6 h (Fig. S3D).

Histological evaluation of eWAT sections at 6 h post-G49 injection
revealed rapid changes in adipocyte featureswith increased number of
smaller adipocytes together with presence of TUNEL positive cells
and elevations in fibroblast growth factor 21 (Fgf21) mRNA levels
(Fig. 2A, B). Remodeling of eWAT by G49 was also assessed by a
transient increase in Acta2, Tgfb, andMmp9mRNA levels that declined
at day 7 (Fig. 2B). Surprisingly, F4/80 and Tyrosine Hydroxylase (TH)
positive immune cells were found in some eWAT areas in mice treated
with G49 for 6 h (Fig. 2C) and gene expression analysis revealed
upregulatedmRNA levels of M2markers (Arg1, Il10, Tgfb) as well as Th
(Fig. 2D). Likewise, an increase of Th mRNA at 6 h and a peak of Il14,
Il10, and Il13 that declined at 24 h post-G49 treatment were found in
the stromal vascular fraction (SVF). Flow cytometry analysis of the SVF
of eWAT fromG49-treated animals for 6 h confirmed a beiging-related
immune signature. This was evidenced by infiltration of eosinophils
determined as SiglecF+/Cd11b+/Cd11c− cell population, particularly the
IL4+ subpopulation, as previously described24 (Fig. 2E). Also an increase
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in M2 (Cd206+) subpopulation, concomitantly with a decrease in M1
(Cd11c+) cells gated fromthemacrophages (Cd11b+F4/80+) (Fig. 2F) and
a reduction in neutrophil infiltration (Cd11b+Ly6g+) (Fig. 2G) were
found. Interestingly, G49 increased the Cd206+/Cd11c+ ratio in the
neutrophil population (Fig. 2H). Likewise, invariant NKTs
(TCRβ+NK1.1+Cd3+), also related to the beiging process25, were
increased in eWAT from G49-treated mice (Fig. 2I).

One-week treatment of DIO mice with G49 induces a transient
lipid overload in the liver, increases ketogenesis and
FGF21 levels
Due to the rapid increase (1–6 h) in circulating FFAs in G49-treated
mice (Fig. 1J), we measured liver triglycerides (TGs) which were ele-
vated at 3–12 h post-injection, peaking at 6 h, in parallel with an
increase in hepatic neutrophil infiltration (Fig. 3A), and coincidentwith
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an increase in lipid accumulation analyzed by H&E and oil-red O
staining of liver sections, liver-to-body weight ratio, and alanine ami-
notransferase (ALT) activity (Fig. 3B–D). To assess a contribution of de
novo lipogenesis to this transient hepatic lipid overload, Srebf1 and
Fasn mRNA levels were analyzed and both were elevated at 6 h post-
G49 treatment (Fig. 3E). This peak was coincident with a rise in plasma
insulin (Fig. 3F), which was also observed by ex vivo treatment of
pancreatic islets from DIO mice with G49 (500nM) for 1 or 24 h
(Fig. 3G). Treatment with Fc-GLP1 induced a lower insulin peak
(Fig. S3E) suggesting a contribution of FFAs as insulin secretagogues as
reported26. Both transient hepatic lipid overload (Fig. 3A, B) and lipo-
genic gene expression (Fig. 3E) decreased thereafter in parallel with an
increase in circulating TGs that reached maximal levels at 24 h and
decreased to basal levels at 48 h post-G49 treatment (Fig. 3H). To
characterize the overall impact of these acute metabolic effects we
conducted indirect calorimetry. DIO mice were placed into metabolic
cages 2 days prior receiving the first dose of G49 and metabolic
parameters were recorded for the following 3 days. As shown in Fig. 3I,
a rapid decrease in the respiratory exchange ratio (RER) was detected
6 h post-first and second injection of G49, and this effect was main-
tained in the following day in both light and dark phases. Interestingly,
RER decreased in mice receiving G49 concurring with a concomitant
increase in hepatic Cpt1a and Ppara mRNAs (Fig. 3J) and fatty acid
oxidation (FAO) (Fig. 3K). Accordingly, elevations in hepatic Hmcs2
(encoding mitochondrial 3-hydroxy-3-methylglutaryl CoA (HMG-CoA)
synthase) expression and blood ketone bodies were observed 12 h
post-first G49 dose (Fig. 3L), time-point coincident with the drop of
insulin (Fig. 3F). These changes in ketogenic markers were augmented
by the second injection, peaking at 72 h, but decreased thereafter
concomitantly with reduced hepatic TG content (Fig. 3A). An increase
in blood ketone bodies was also found in femalemice treatedwithG49
for 72 h (Fig. S2C). Since liver ketogenesis is a major source of FGF2127,
we studied the modulation of this hepatokine by G49 via GCGR based
on previous work28. Fgf21 expression in liver tissue and FGF21 plasma
levels reached significant increases at 12 h post-first G49 dose followed
by a similar regulatory pattern than that of ketogenic parameters
(Fig. 3M). Since ketogenesis was not elevated inmice receiving Fc-GLP1
(Fig. S3F), these results point to a major contribution of GCGR in the
eWAT (lipolysis)-pancreas (insulin secretion)-liver (FAO/ketogenesis/

FGF21) interactome as an early event in G49 action that drives the
metabolic flexibility described in this study.

Next, in vitro experiments in primary hepatocytes from DIO mice
were performed to unravel possible cell autonomous effects of G49.
G49 (500 nM) treatment for 16 h increased Cpt1a mRNA levels and
FAO, an effect concurrent with increased FGF21 levels released to the
culture medium and Sir2 expression, a gene related to mitochondrial
function (Fig. S5A–C). Further, in primary mouse hepatocytes isolated
from DIO mice, pre-treatment with G49 increased insulin sensitivity
manifested by elevations in insulin-induced AKTSer473 phosphorylation
(Fig. S5D).

Activation of BAT, WAT beiging and increased energy expendi-
ture in DIO mice treated with G49
Due to the rapid effect of G49 in eWAT we questioned whether 1-week
treatment with this dualAG was also able to activate BAT and WAT
beiging. Elevation of 2 °C in the BAT skin area following 1-week G49
treatment was found in parallel with an increase in thermogenic-
related genes (Cpt1b, Dio2, CoxIVi1, Ucp1, Th, Fgf21) and protein levels
of UCP1 andTH in BAT (Fig. 4A–D). Interestingly, neitherUCP1 nor BAT
temperature were increased by Fc-GLP1 (Fig. S3G, H). A more detailed
analysis revealed that BAT temperature and thermogenic-related
genes were already elevated by G49 at day 3 (Fig. S5E, left panel), a
time-point atwhichmice presented a significant increase in EE (in both
light and dark phases) (Fig. 4E). G49 treatment for 3 days increased
basal and maximal respiration in BAT explants (Fig. 4F). To further
asses the essential role of UCP1 in BAT activation by G49, a cohort of
UCP1−/− and UCP1+/+ mice fed a HFD were treated for 1 week. Both
groups exhibited similar reductions in body weight up to 72 h post-
G49 injection. However, UCP1−/− mice did not lose weight beyond this
time-point (Fig. 4G). Moreover, G49-treated UCP1−/− mice showed
elevations in FFAs (at 6 h) and FGF21 (at 72 h) (Fig. 4H). Of note, these
mice also exhibited elevated basal FGF21 in plasma as previously
reported29. As expected, no features of BAT activation were found at
the end of the treatment in mice lacking UCP1 (Fig. 4I).

Next we evaluated a possible cell-autonomous effect of G49 in
brown adipocytes (BA). Seahorse analysis of differentiated BA treated
with G49 for 16 h showed an increase in mitochondrial respiration
(Fig. S6A). Moreover, G49 increased Cpt1b gene expression and FAO

Fig. 1 | One-week treatment of DIO mice with G49 rapidly increases lipolysis in
eWAT and white adipocytes. A Body weight (BW) evolution (CHD, n = 8; HFD,
n = 5; H +G49 20nmol/kg, n = 6; H +G49 100nmol/kg, n = 9; H+G49 500nmol/kg,
n = 6), final body weight (CHD, n= 8; HFD, n= 6; H +G49 20nmol/kg, n = 6; H +G49
100nmol/kg, n = 8; H +G49 500nmol/kg, n = 5) and cumulative food intake (n = 3).
BW change: p values in Source data file. Final BW: HFD vs. H +G49 100nmol/kg,
**p =0.0024; HFD vs. H +G49 500nmol/kg, ***p <0.0001; CHD vs. HFD,
$$$p <0.0001; CHD vs. H +G49 20nmol/kg, $$$p =0.0010. Cumulative food intake:
HFD vs. H +G49 500nmol/kg, ***p <0.0001. Two-way repeated measures (RM)
ANOVA with Bonferroni post hoc test for BW evolution. One-way ANOVA with
Bonferroni post hoc test for final BW and cumulative food intake. B BW loss vs.
initial BW (independent cohorts in different colors), Pearson correlation test (n= 45,
p =0.0009). C Blood glucose (n= 7), plasma insulin (n = 7) and glucagon (n = 7 in
CHD and HFD; n = 9 in H+G49) at 1 week. Glucose: HFD vs. H +G49, ***p <0.0001;
CHD vs. HFD, $$$p <0.0001. Insulin: HFD vs. H +G49, ***p <0.0001; CHD vs. HFD,
$$$p <0.0001. Glucagon: HFD vs. H +G49, ***p <0.0001; CHD vs. HFD, $$$p <0.0001.
One-way ANOVA with Bonferroni post hoc test. DMRI images, total fat, visceral fat
and leanmass (n = 6 at initial; n = 6 at 1 week, samemice). Total fat: HFD vs. H +G49,
Final ***p <0.0001; Initial vs. Final, H +G49 +++p <0.0001. Visceral fat: HFD vs.
H +G49, Final **p =0.0084; Initial vs. Final, H +G49 +++p =0.0001. Two-way RM
ANOVA with Bonferroni post hoc test. E eWAT and iWAT weight (HFD, n = 22;
H +G49, n = 20). eWAT, ***p <0.0001; iWAT, ***p <0.0001. Unpaired two-tailed
t-test. F eWAT and iWATH&E images and adipocyte area (eWAT n = 8; iWAT n = 9 in
HFD, n= 8 in H +G49). Scale bar 100 µm. eWAT adipocyte area, ***p =0.0007; iWAT
adipocyte area, ***p <0.0001. Unpaired two-tailed t-test. G eWAT Adipoq mRNA

(HFD, n = 10; H +G49, n = 8), adiponectin protein (HFD, n= 7; H +G49, n = 8) and
plasma adiponectin (HFD, n= 6; H +G49, n = 7) levels. Adipoq mRNA, **p =0.0060;
eWAT adiponectin, **p =0.0038; plasma adiponectin, **p =0.0023. Unpaired two-
tailed t-test.HMRI of total and visceral fat before and 6h post-G49 injection (n = 12
at initial; n = 12 at 6 h, samemice). Total fat, ***p <0.0001; Visceral fat, ***p <0.0001.
Paired two-tailed t-test. I ΔVisceral fat vs. initial visceral fat (n = 12 at initial; n= 12 at
6 h, samemice), p =0.0022. Pearson correlation test. J Plasma FFAs (t0, n = 9; t1–3 h
n = 6; t6h, n = 15; t24 h, n = 11). Time vs. t0: 1 h, *p =0.0365; 3 h, **p =0.0018; 6 h,
***p <0.0001. One-way ANOVA with Bonferroni post hoc test. K Representative
Western blots and quantification: p-PKAThr197/PKA (HFD, n= 10; t3–6 h, n = 9),
p-HSLSer660/HSL (HFD, n = 9; t3 h, n = 10; t6 h, n = 9). p-PKAThr197: 6 h vs. 0 h,
***p <0.0001. p-HSLSer660: 3 h vs. 0 h, **p =0.0021; 6 h vs. 0 h, **p =0.0040.One-way
ANOVA with post hoc test. L Glycerol released during 4 h in eWAT explants (vehicle
or G49, 6 h) (HFD, n = 7; H +G49, n= 9). ***p <0.0001 vs. HFD. Unpaired two-tailed t-
test. M Glycerol release in eWAT explants untreated (EXP C, n = 6) or treated (EXP
G49, n = 8) with G49 (500 nM) or glucagon (EXP GCG, n = 6) (10 nM) for 4 h. EXP C
vs. EXP G49, **p =0.0052; EXP C vs. EXP GCG, **p =0.0011. One-way ANOVA with
post hoc test. N Glycerol (ADIP C, n= 7; ADIP G49, n = 9) and FFA release (ADIP C,
n = 9; ADIP G49, n = 12) in mouse adipocytes (500 nM G49, 4 h). Glycerol,
**p =0.0026. FFA, ***p <0.0001. Unpaired two-tailed t-test. O Glycerol release in
hMSC-derived adipocytes (500nM G49, 4 h) (n = 5 independent cell vials).
**p =0.0056. Unpaired two-tailed t-test. P Glycerol release in human WAT explants
(500 nM G49, 24 h) (n = 4, explants from independent individuals). ***p =0.0008.
Unpaired two-tailed t-test. Data are mean± SEM. Source data are provided as a
Source Data file.
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and up-regulated lipolysis, thermogenic gene expression (Ucp1,
Ppargc1a, Sir2) and UCP1 protein levels in BA (Fig. S6B, C). To further
investigate the effects of liver-derived FGF21 (Fig. 3M) in response to
G49 in BAT activation, we performed crosstalk experiments in cell
culture. Treatment of differentiated BA with medium supplemented
with the serum collected frommice receiving G49 for 72 h, which was

enriched in FGF21 (Fig. 3M), increased Ucp1 mRNA and UCP1 protein
levels (Fig. S6D).

The rapid metabolic response of DIO mice to G49 due to eWAT
remodeling (Fig. 2A, B) led us to study the beiging process. Increases in
angiogenesis (Vegf) and beiging-related genes (Cidea, Prdm16, CoxIVi1,
Ucp1, Th, Cpt1a) were found in eWAT ofmice receiving G49 for 1 week
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(Fig. 4J), some of which were elevated as early as 48–72 h after the first
injection (Fig. S5E, right panel), and these changes in eWAT also con-
curred with higher UCP1 and TH protein content (Fig. 4K). UCP1
expressionwasalsoanalyzed in iWATofG49-treatedmiceand a similar
improvement was found (Fig. 4L).

The increase of circulating OXM and FGF21 levels in patients
after mRYGB correlate with body weight loss
Since OXM is one of the incretins elevated after bariatric surgery, we
measured fasting OXM levels in plasma of individuals with severe
obesity before and4weeks after restrictiveormetabolic gastric bypass
(mRYGB) bariatric surgery. As previously reported30, mRYGB resulted
in greater bodyweight loss after 1 year compared to restrictive surgery
(Fig. 5A). Fasting OXM levels increased at 4 weeks only in patients
undergoing mRYGB (Fig. 5B) and were associated with body weight
loss one year after surgery. This correlation was confirmed in an
independent cohort (Fig. 5C). In the confirmatory cohort we also
analyzed the meal-related response of OXM before and 4 weeks after
bariatric surgery and patients showed a flat response during the meal
test which was restored 4 weeks post-bariatric surgery (Fig. 5D).
Notably, a correlation was observed between OXM response, mea-
sured as area under the curve (AUC) during the meal test, and the loss
of body weight after one year. Interestingly, these associations were
not found between body weight loss one year after surgery and GLP-1
plasma levels under basal and in response to the meal test (Fig. 5E, F).

We attempted to further explore the translation of data from the
effects of G49 described above by measuring non-esterified FFAs,
FGF21 and adiponectin levels in serum from patients with obesity 4
weeks after bariatric surgery. FFAs increased and positively correlated
with 4-weekbody weight loss in mRYGB patients (Fig. 5G). Moreover,
FGF21 increased exclusively in patients undergoing mRYGB and,
importantly, it significantly correlated with the fat mass before sur-
gery, plasma TG levels 4 weeks after surgery and one year-bodyweight
loss and reduction of waist circumference (Fig. 5H). In agreement with
the transient lipid overload found in DIO mice treated with G49
(Fig. 3A), plasma gamma-glutamyl transferase (GGT) activity was
transiently elevated in patients undergoing mRYGB at 4 weeks post-
surgery and correlated with serum FGF21 (Fig. 5I, J). The increase in
serum FGF21 was also found in the independent cohort (Fig. 5K).
Likewise, serum adiponectin was elevated in patients undergoing
mRYGB 4 weeks after surgery and correlated with 1-year body weight
loss (Fig. 5L).Whereas insulin levelsdecreased in the 2bariatric surgery
groups, the decrease in glucagonwasmore evident inmRYGBpatients
(Fig. 5M). These results point to a translational relevance of the pre-
clinical data in G49-treated DIO mice.

Hepatic FGF21 andadiponectin are required to fully achieveBAT
activation by G49
To gain more insights into FGF21 as a mediator of G49 actions in
BAT activation, a cohort of hepatocyte-specific FGF21-deficient

(FGF21Alb-KO) mice and their controls (AlbCre) fed a HFD were treated
with G49 for 1 week. Of note, no differences in body weight were
observed up to 48 h of treatment (Fig. 6A). Interestingly, body
weight stabilized in G49-treated FGF21Alb-KO mice in the period of
3–7 days. G49 did not change cumulative food intake in either
genotype treated for 1 week, although an increase in food intake in
FGF21Alb-KO regardless G49 treatment was observed (Fig. 6A), as
reported in mice with global FGF21 deletion31. Notably, at 6 h post-
G49 injection, plasma FFAs and insulin increased in both geno-
types (Fig. 6B, C). However, in FGF21Alb-KO mice, blood ketone
bodies were not elevated at 72 h compared to the effect of G49 in
the AlbCre group (Fig. 6D). These results concurred with a partial
reduction of eWAT and iWAT depots and a lower effect of G49 in
increasing in UCP1 protein levels in BAT (Fig. 6E, F). Likewise,
marked differences were found in the effect of G49 on BAT tem-
perature (Fig. 6G). Surprisingly, plasma FGF21 levels in G49-
treated FGF21Alb-KO mice increased after 72 h (Fig. 6H), suggesting
an extrahepatic contribution to circulating FGF21 in response to
G49. In this regard, Fgf21 mRNA levels were upregulated in eWAT
and iWAT from FGF21Alb-KO mice at 72 h of G49 treatment (Fig. 6I).
Noteworthy, Fgf21 mRNA upregulation was not observed in BAT.

Next, FGF21 reconstitution was conducted by injecting recombi-
nant murine FGF21 (0.05mg/kg) in HFD-fed FGF21Alb-KO mice at 48, 60
and 72 h post-G49 injections. This injection period was chosen based
on the transient elevation of plasma FGF21 in DIOmice in response to
G49 (Fig. 3M). The efficacy of exogenous FGF21 administration was
verified by analyzing its levels in plasma (Fig. 6J). Under these experi-
mental conditions, G49 reduced body weight in the period 3–7 days of
treatment (Fig. 6K) and markedly increased UCP1 protein levels and
BAT temperature (Fig. 6L, M).

Since adiponectin, which is elevated in plasma in G49-treated
mice (Figs. 1G and S2E), decreases hepatic lipogenesis and increa-
ses β-oxidation through adipoR-mediated PPARα32, we next
addressed its contribution to G49 effects in DIO mice. To achieve
this, a cohort of DIO adiponectin-deficient (Adipoq−/−) and control
(Adipoq+/+) mice were treated with G49 for 1 week. As found in G49-
treated FGF21Alb-KO mice (Fig. 6A), body weight stabilized in the
period of 3–7 days in Adipoq−/− mice (Fig. S7A). In these mice, this
effect was reflected by the lower reduction in visceral fat at 1 week
of treatment compared to Adipoq+/+ mice (Fig. S7B). The analysis of
plasma FFAs at 6 h post-G49 injection revealed similar elevations in
both genotypes of mice pointing to preservation of WAT lipolysis
(Fig. S7C). However, hepatic FAO and plasma FGF21 analyzed at 72 h
post-G49 injection were reduced in Adipoq−/−mice (Fig. S7D, E) and,
in agreement, G49-mediated increase in BAT temperature was
reduced and no increase in UCP1 protein levels was found
(Fig. S7F). Overall these results demonstrate that elevations in
FGF21 and adiponectin are required to fully achieve BAT activation
and weight loss by G49.

Fig. 2 | A single dose of G49 rapidly induces a beiging immune signature in
eWAT from DIO mice. A Representative H&E staining images and morphometric
analysis of adipocyte area (n = 8 mice in HFD and H +G49). Scale bar 100 µm.
Representative TUNEL images and quantification (HFD, n = 5; H +G49, n = 8). Scale
bar 50 µm. ***p <0.0001. Unpaired two-tailed t-test. B Fgf21 mRNA (HFD, n = 5;
H +G49, n = 6) **p =0.0015. Unpaired two-tailed t-test. mRNA levels of remodeling-
related genes (Acta2, HFD, n = 8; 6 h, n = 6; 1 week, n = 8; Tgfb, HFD, n = 9; 6 h, n = 6;
1 week, n = 7; Mmp9, HFD, n = 8; 6 h, n = 7; 1 week, n = 6) in eWAT from DIO mice
treated with G49 for 6 h or 1 week. Acta2: 0 h vs. 6 h, **p =0.0023. Tgfb: 0 h vs. 6 h,
**p =0.0012.Mmp9: 0 h vs. 6 h, ***p =0.0001.One-wayANOVAwithBonferroni post
hoc test. C Representative F4/80 and TH immunostaining images in eWAT (n = 4).
Scale bar 100 µm. D Gene expression-related beiging signature analyzed 6 h after
G49 injection. Left panel eWAT: Arg1, HFD, n = 8; H +G49, n = 7, ***p <0.0001; Il10,
HFD, n = 7; H +G49, n = 8, ***p =0.0003; Tgfb, HFD, n = 8; H +G49, n = 8,

**p =0.0021; Th, HFD, n = 6; H +G49, n = 7, **p =0.0012. Unpaired two-tailed t-test.
Middle panel SVF: Th, HFD, n = 6; H +G49, n = 7, *p =0.0149. Unpaired two-tailed
t-test. Right panel SVF gene expression at different time-points Il4, 0 h, n = 6; 6 h,
n = 7; 24 h, n = 5; 72 h, n = 6. Il10, 0 h, n = 6; 6 h, n = 6; 24 h, n = 5; 72 h, n = 6. Il13, 0 h,
n = 5; 6 h, n = 7; 24 h, n = 5; 72 h, n = 7. Il4: 0 h vs. 6 h, **p =0.0015. Il10: 0 h vs. 6 h,
***p =0.0007. Il13: 0 h vs. 6 h, **p =0.0017. One-way ANOVA with Bonferroni post
hoc test. E–I Immune cell populations in SVF from eWAT at 6 h post-G49 injection
(n = 6 in HFD; H +G49). SiglecF+Cd11b+Cd11c− (**p =0.0099) and IL4+ cells
(***p <0.0001) (E), Cd11b+F4/80+Cd206+ and Cd11b+F4/80+Cd11c+ cells and ratio
between these populations (**p =0.0036) (F), Cd11b+Ly6g+ cells (*p =0.0331) (G),
Cd11b+Ly6g+Cd206+ and Cd11b+Ly6g+Cd11c+ cells and ratio between these popula-
tions (**p =0.0031) (H), and TCRβ+NK1.1+Cd3+ cells (**p =0.0024) (I). E–I Unpaired
two-tailed t-test. Data are mean ± SEM. Source data are provided as a Source
Data file.
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Both GCGR and GLP-1R are necessary for the full effect of G49 in
body weight loss and BAT activation
We next performed experiments aimed to identify the relative
contribution of GCGR and GLP-1R to the rapid responses of G49
mediated by the inter-organ crosstalk that favors EE through BAT/
beiging activation. To achieve this, we blocked GLP-1R or GCGRwith
the antagonists exendin 9-39 (Ex9-39) and des-His1-[Glu9]-

Glucagon (1-29) amide (GCGRant), respectively. A cohort of DIO
mice was randomized in 8 experimental groups. Half of themice did
not receive G49 and were distributed in groups receiving: vehicle
(HFD), GCGR antagonist (H + GCGRant), GLP-1R antagonist (H + Ex9-
39) and the 2 antagonists (H + Ex9-39 + GCGRant). The other half
received G49 with or without antagonists as follows: H + G49,
H + Ex9-39 + G49, H + GCGRant + G49 and H + Ex9-39 + GCGRant +
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G49. Mice received the first dose of each or both antagonists 3 h
prior to G49 administration and injections were repeated every day
up to day 7 (Fig. S8A). We first tested the effect of the antagonists
either alone or in combination in DIO mice due to their potential
effects by blocking endogenous glucagon or GLP-1. Regarding mice
injected Ex9-39, no significant effects on body weight and food
intake were found (Fig. S8B, C), as well as in metabolic parameters
(Fig. S8D, E). By contrast, mice receiving GCGRant either alone or in
combination with Ex9-39 showed 6.8 ± 0.46% and 6.0 ± 0.67% body
weight loss, respectively, that was not related to changes in food
intake (Fig. S8B, C) although metabolic parameters did not change
except plasma FGF21 that was decreased in the presence of
GCGRant (Fig. S8D, E). Of note, no changes in EE were found in DIO
mice receiving either antagonist (Fig. S8F). Next, we analyzed the
effect of G49 in the presence of the receptor antagonists. To achieve
this, we compared data from G49-treated mice in the presence of
either or both antagonists to their respective control groups
(antagonists in the absence of G49). As shown in Fig. 7A, adminis-
tration of G49 together with Ex9-39 resulted in less body weight loss
at day 7 (9.3 ± 0.85% in H + Ex9-39 + G49 versus 23.2 ± 1.45% in
H + G49). Likewise, body weight loss in mice receiving G49 plus
GCGRant was 8.8 ± 0.73%. However, G49 failed to decrease body
weight in the presence of both antagonists, suggesting the con-
tribution of both receptors to achieve the full effect of G49 in
reducing obesity. Importantly, although G49 did not affect cumu-
lative food intake at day 7 (Fig. 1A), in the presence of GCGRant it
suppressed cumulative food intake by 26.1 ± 1.84% versus the HFD
group (Fig. 7B), reinforcing the modulation of food intake by G49
through the GLP-1R. Regarding adiposity and estimated weight
of total and visceral fat mass and eWAT and iWAT weight, which
markedly decreased at day 7 by G49 as expected (Fig. 7C, D), its
administration with antagonists, either alone or in combination,
totally blocked this effect. Of note, the effect of G49 plus GCGRant
regarding body weight loss and visceral adiposity was in line with
the effect of Fc-GLP1 (Fig. S3A). Moreover, eWAT beiging signature
(Fig. 7E), BAT activation (Fig. 7F, G) and EE (Fig. 7H) were suppressed
in mice injected G49 in the presence of either or both antagonists
although in BAT the blockade of GCGR maintained G49-mediated
increase in ThmRNA levels. The relevance of both GLP-1R and GCGR
in the effects of G49 during 1-week treatment in reducing body
weight and adiposity was reinforced by an alternative experimental
approach in which receptors were blocked with monoclonal

antibodies (mAb). In this protocol, mAbs were administered 24 h
before the first G49 injection (Fig. S9A–D).

GCGR-mediated effects of G49 are essential for triggering the
inter-organ crosstalk between WAT and liver
Due to the superior efficacy of G49 in targeting obesity compared to
Fc-GLP1 we focused on deciphering the role of GCGR in the inter-
organ crosstalk responsible for the full effects of this dualAG. Of
note, the GCGRant was able to block the effect of glucagon in ele-
vating glucose levels in lean mice (Fig. S10A), as well as the effect of
G49 in increasing hepatic gluconeogenic gene expression in DIO
mice after 1-week treatment (Fig. S10B). Notably, the combination
of G49 plus GCGRant abolished the acute effects of G49 in reducing
total and visceral adiposity at 6 h post-injection and FFA elevation
(Fig. 8A, B). By contrast, G49 retained its effect in elevating FFAs in
the presence of Ex9-39 in line with the absence of FFA elevation by
Fc-GLP1 (Fig. S3D), pointing to a GCGR-mediated effect on G49
action in triggering WAT lipolysis. This was supported by the loss of
the beige immune signature of the SVF from eWAT and also by the
reduced glycerol released by eWAT explants treated ex vivo with
G49 plus GCGRant (Fig. 8C, D). A step further, the peak in insulin
secretion induced by G49 subsequently to WAT lipolysis was par-
tially blocked by the GCGRant and, as expected, Ex9-39 totally
abolished this increase (Fig. 8E). Likewise, Fasn and Srebf1mRNA
levels in the liver were reduced by the presence of GCGRant (Fig. 8F)
and, accordingly, hepatic lipid overload and ALT elevation were not
observed (Fig. 8G). Moreover, the peaks of circulating TGs (24 h)
(Fig. 8H), hepatic Cpt1a andHmcs2mRNAs and blood ketone bodies
(72 h) (Fig. 8I) induced by G49 were also abolished by the GCGRant.
Notably, injection of DIO mice with G49 plus GCGRant abrogated
the increase in plasma FGF21 (Fig. 8I). Interestingly, blockade of
GLP-1R by Ex9-39 retained almost 50% of the G49 effects on the
transient elevation of TGs levels at 24 h (Fig. 8H) and FGF21 levels at
72 h (Fig. 8I), but only reduced G49-mediated increases in plasma
ketone bodies by 32.5%. These results suggest the essential con-
tribution of GLP-1R-mediated insulin secretion in the pancreas-liver
axis necessary for the subsequent effects of G49. In agreement with
the above-mentioned effects of the blockade of GCGR in BAT acti-
vation (Fig. 7F, G), DIO mice treated with G49 in the presence of
GCGRant did not present an increase in UCP1 protein levels (Fig. 8J).

Considering the controversy on the role of GCGR in mediating
eWAT lipolysis33 and taking into account that the blockade of GCGR

Fig. 3 | G49 induces a rapid and transient lipid overload in the liver and
increases ketogenesis and FGF21. A TGs (t0, n = 9; t1–3 h, n = 7; t6 h, n = 9; t12 h,
n = 5; t24h,n = 7; t48–72 h,n = 6; t168 h,n = 7) andCd11b+Ly6g+ cells (n = 6) in livers.
Liver TGs: 0 h vs. 3 h, +++p <0.0001; 0 h vs. 6 h, +++p <0.0001; 0 h vs. 12 h,
+++p =0.0004; 0 h vs. 72 h, +p =0.0118; 0 h vs. 168 h, +++p <0.0001. One-way ANOVA
with Bonferroni post hoc test. Cd11b+Ly6g+ cells, ***p <0.0001. Unpaired two-tailed
t-test. B Representative H&E (Scale bar 500 µm) and oil red O (Scale bar 50 µm)
staining images (n = 4).C Liver-to-bodyweight ratio (t0, n = 12; t1 h, n = 6; t3 h, n = 7;
t6 h, n = 15; t12–24h, n = 6; t48–72 h, n = 5; t168 h, n = 10). 0 h vs. 6 h, ++p =0.0023;
0 h vs. 24 h, +p =0.0172; 0 h vs. 48h, +p =0.0106; 0 h vs. 168 h, +++p <0.0001. One-
wayANOVAwith Bonferroni post hoc test.D Plasma ALT (t0,n = 8; t6 h,n = 9; t24 h,
n = 7; t168 h, n = 8). 0 h vs. 6 h, +++p =0.0004; 0 h vs. 168 h, ++p =0.0016. One-way
ANOVA with Bonferroni post hoc test. E mRNA levels (HFD, n = 6; t6 h, n = 6;
t1 week, n = 7). Srebf1: 0 vs. 6 h, ***p <0.0001. Fasn: 0 vs. 6 h, ***p <0.0001. One-way
ANOVA with Bonferroni post hoc test. F Plasma insulin (t0, n = 7; t6 h, n = 10,
t12–168 h, n = 6). 0 h vs. 6 h, +++p <0.0001. One-way ANOVA with Bonferroni post
hoc test. G GSIS in pancreatic islets from DIO mice treated ex vivo with G49 (n = 4
islets from independentmice). Left panel. HFD vs. H +G49: 16.7mM, ***p <0.0001;
2.8 vs. 16.7mM: HFD, +p = 0.0277; H +G49, +++p <0.0001. Right panel. HFD vs.
H +G49: 16.7mM, ***p <0.0001; 2.8 vs. 16.7mM: HFD, +++p < 0.0001; H +G49,
+++p <0.0001. Two-way ANOVA with Bonferroni post hoc test. H Plasma TGs (t0,
n = 8; t1–3 h, n = 6; t6 h, n = 9; t12 h, n = 6, t24–48h, n = 8; t72 h, n = 6; t168 h, n = 8).
0 h vs. 24 h, +++p <0.0001; 0 h vs. 168 h, +++p =0.0002. One-way ANOVA with

Bonferroni post hoc test. I RER during 3 days of treatment (n = 4 HFD; H +G49).
Light: HFD vs. H +G49: ***p <0.0001 at day 3; H +G49: day 0 vs. day 3, ++p =0.0059.
Dark: HFD vs. H +G49: *p =0.0246 at day 1, **p =0.0042 at day 3. RER analyzed 6 h
after first and second G49 injection (n = 4). HFD vs. H +G49: **p =0.0066 after 6 h.
Two-way ANOVA with Bonferroni post hoc test. J Cpt1a (t0, n = 6; t12–24h; n = 8;
t48–168 h, n = 7). 0 h vs. 24 h, +p =0.0247; 0 h vs. 72 h, +++p =0.0001; 0 h vs. 168 h,
+++p <0.0001. Ppara (t0, n = 7; t6 h, n = 9; t12 h, n = 6; t24 h, n = 5; t48 h, n = 6; t72 h,
n = 5; t168 h,n = 6). 0 h vs. 48 h, ++p =0.0015; 0 h vs. 72 h, +++p <0.0001; 0 h vs. 168 h,
+++p <0.0001.One-wayANOVAwith Bonferroni posthoc test.K Fatty acid oxidation
(FAO) in livers at 72 h (HFD, n = 7; H +G49, n = 8). ASM, **p =0.0068; CO2,
**p =0.0037. Unpaired two-tailed t-test. L Hmcs2 (t0, n = 6; t6 h, n = 9; t12–24h,
n = 6; t48–168 h, n = 7). 0 h vs. 12 h, ++p =0.0045; 0 h vs. 24 h, +++p =0.0001; 0 h vs.
48h, ++p =0.0063; 0 h vs. 72 h, +++p <0.0001; 0 h vs. 168 h, +++p =0.0002. Blood
ketone bodies (HFD t0, n = 15; t6 h, n = 11; t12–72 h, n = 10; t168 h, n = 9 and H+G49
t0, n = 10; t6 h, n = 12; t12–72 h, n = 10; t168 h, n = 8). HFD vs. H +G49: 12 h,
***p <0.0001; 24 h, ***p<0.0001; 48h, **p =0.0026; 72, 168 h, ***p <0.0001. Two-
way ANOVA with Bonferroni post hoc test.M Fgf21 (t0, n = 5; t12–168, n = 7). 0 h vs.
12 h, +p =0.0432; 0 h vs. 24 h, +++p <0.0001; 0 h vs. 48h, +p =0.0289; 0 h vs. 72 h,
++p =0.0070; 0 h vs. 168 h, +p =0.0255. Plasma FGF21 (t0, n = 6; t12–168 h; n = 7). 0 h
vs. 12 h, ++p =0.0078; 0 h vs. 24 h, ++p <0.0064; 0 h vs. 48h, +++p =0.0002; 0 h vs.
72 h, +p =0.0101; 0 h vs. 168 h, +p =0.0258. Brown–Forsythe andWelchANOVAwith
Dunnett’s T3 post hoc test. Data are mean± SEM. Source data are provided as a
Source Data file.
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suppressed FFA elevations by G49 and its subsequent effects in the
liver, WAT lipolysis was measured in global Gcgr−/− mice. It is note-
worthy to highlight that those mice are resistant to obesity34 and,
therefore, lipolysis wasmeasured in leanmice. As shown in Fig. 8K, a
single injection of G49 did not elevate plasma FFAs at 1–6 h inGcgr−/−

mice. These results were confirmed in WAT explants treated with
G49 for 4 h (Fig. 8L). In order to investigate cell autonomous effects

of G49 in WAT lipolysis, we isolated white adipocytes and, as shown
in Fig. 8M, those from Gcgr−/− mice did not respond to G49 in
inducing lipolysis. These results point to a potential role of G49
through GCGR engagement in inducing early WAT lipolysis in DIO
mice. In fact, glucagon administration to lean mice led to an
increase of circulating FFAs at 6 h post-injection and, importantly,
this effect was not detected at 1 h (Fig. S5F).
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WAT lipolysis mediated by G49 is essential for BAT activation
and weight loss
Due to the rapid lipolytic effect of G49 in DIO mice (Fig. 1J, K), we
blocked thismetabolic process with Atglistatin (ATGLi), an inhibitor of
adipose triglyceride lipase (ATGL)35. To achieve this, DIO mice were
treated with ATGLi by oral gavage 3 h prior to G49 injection and mice
were sacrificed at 72 h. At this time-point, ATGLi reduced the effect of
G49 in body weight loss (5.7 ± 0.31% versus 11.8 ± 0.51%) (Fig. 9A)
despite its marked effects in the inhibition of cumulative food intake
(43.6 ± 0.91% in H +G49+ATGLi group and 28.30 ± 2.61% in H+G49
group versus each vehicle). This effect concurred without reduction in
fat depots (Fig. 9B). As expected, the peak of plasma FFAs and the
reduction in total and visceral fat at 6 h post-G49 injectionwere absent
in G49 plus ATGLi-treated mice (Fig. 9C, D). Detailed analysis of eWAT
revealed the absence of the eWAT beiging signature at this early time-
period in G49-treated mice in the presence of ATGLi (Fig. 9E), sug-
gesting that lipolysis is required for eWAT remodeling and the beiging
signature by G49. To determine if lipolysis triggers eWAT beiging
immune signature in response to G49, DIO mice were injected G49
after receiving an irradiation to deplete immune cells (Fig. S10C). As
shown inFig. S10D, the elevationof FFAswaspreserved, indicating that
lipolysis is necessary for the immunomodulation in eWAT induced
by G49.

Further, plasma insulin was partly reduced by G49 in ATGLi-
treated mice due to preserved GLP-1R-mediated effect on insulin
secretion (Fig. 9F). In the liver, the lipid overload found in G49-treated
mice was absent in mice co-treated with ATGLi and Srebf1 and Fasn
mRNAs were reduced (Fig. 9G). Likewise, the increase in markers of
FAO and ketogenesis in the liver, as well as blood ketone bodies, were
not observed in mice co-treated with ATGLi (Fig. 9H). Notably, G49-
mediated Fgf21 mRNA upregulation in the liver was also abolished
(Fig. 9I) and the analysis of BAT revealed suppression of G49 effects on
UCP1 expression and BAT temperature (Fig. 9J, K).

Since the ATGLi blocks lipolysis in other tissues, including the
liver, we conducted the G49 treatment in mice with Atgl deletion
exclusively in adipocytes (ATGLadipoCre) to elucidate the effect of G49 in
WAT lipolysis-mediated beiging signature in eWAT and to decipher
whether WAT lipolysis accounts for BAT activation and weight loss
upon G49 treatment. HFD-fed ATGLadipoCre mice treated with G49 for 1
week presented attenuated bodyweight loss than their vehicle-treated
controls (ATGLflox/flox) (8.7 ± 0.93% versus 16.2 ± 0.82%) without reduc-
tion in adiposity (Fig. 10A, B). Moreover, the pattern of reduction in
food intake by G49 was similar in both genotypes (Fig. S11A), pointing

to a contribution of reduced food intake to the residual weight loss in
ATGLadipoCre mice. As occurred with the ATGLi, in ATGLadipoCre mice
plasma FFAswere not elevated and visceral and total adiposity was not
affected by 6 h treatment with G49 (Fig. 10C, D). Moreover, the G49-
mediated elevation of plasma insulin was partially abolished in
ATGLadipoCre mice (Fig. 10E), as occurred with the G49/GCGRant co-
treatment (Fig. 8E) and, notably, in these mice plasma ALT was not
elevated (27.2 ± 3.01U/L in ATGLadipoCre +G49 versus 37.3 ± 2.48U/L in
ATGLadipoCre vehicle group, n = 5) compared to the elevations found in
the control group (71.5 ± 6.92U/L in ATGLflox/flox +G49 versus
37.2 ± 2.91 U/L in ATGLflox/flox vehicle group, n = 5). Regarding the eWAT
beiging immune signature, the elevations of the anti-inflammatory
Il10, Il13 and ThmRNAs, as readouts, found in ATGLflox/flox were absent
in the SVF of ATGLadipoCre mice (Fig. 10F) and the immune cell infiltrates
were not observed (Fig. 10G). Likewise, G49-mediated effects in
increasing hepatic Cpt1a expression, FAO, Hmsc2 expression, blood
ketone bodies and also Fgf21 expression in liver and FGF21 plasma
levels were lost in ATGLadipoCre mice (Fig. 10H, I). In this line, the drop in
RER measured at 6 h post-first and second G49 injection was not
observed in ATGLadipoCre mice (Fig. 10J). Then, we analyzed BAT acti-
vation and the effect of G49 in elevatingUcp1mRNA and protein levels
and BAT temperature was blunted in ATGLadipoCremice (Fig. 10K, L) and,
in agreement, G49 failed to increase EE (Figs. 10M and S11B). Similar
weight loss, elevations in FFAs and BAT activation by G49 were
observed in AdipoCre control mice (Fig. S11C–E). Remarkably, com-
parable results regarding BAT activation were found in mice treated
with Fc-GLP1 in which eWAT lipolysis was not elevated (Fig. S3D, G, H).
Finally, the effect of G49 in leanmicewasmild and changeswere found
only in the short-term body weight loss, the early lipolytic response
and the reduction of eWAT (Fig. S12).

Discussion
Bariatric surgery is currently the most effective treatment for obesity
and type 2 diabetes remission although post-operative complications
often occur increasing mortality and morbidity risks. Therefore,
pharmacological alternatives are highly needed. One of the key fea-
tures of bariatric surgery benefits is the recovery in the response to
gut-derived peptides36, including OXM, the native dualAG, that posi-
tively impacts on whole-body metabolism and energy balance3,37,38.
Our results herein confirmed the postprandial elevations of OXM
previously reported 4 weeks after mRYGB2. In addition, in two inde-
pendent cohorts, higher basalOXMwas found at this early time-period
post-mRYGB and associated with body weight loss. Moreover,

Fig. 4 | Effect of 1-week treatment ofDIOmicewithG49 inBAT.ARepresentative
thermography images and maximal BAT temperature (HFD, n = 9; H +G49, n = 11).
HFD vs. H +G49: final, ***p =0.0006; Initial vs. final: H +G49, +++p <0.0001. Two-
way ANOVA with Bonferroni post hoc test. B Thermogenic-related genes in BAT at
1 week: Cpt1b (HFD n = 7; H +G49, n = 8), ***p <0.0001; Dio2 (HFD n = 7; H +G49,
n = 6), ***p <0.0001; CoxIVi1 (HFD, H +G49, n = 7), ***p <0.0001; Ucp1 (HFD n = 9,
H +G49, n = 10), ***p =0.0003; Th (HFD, H +G49, n = 7), *p =0.0128; Fgf21 (HFD,
n = 6; H +G49, n = 7), *p =0.0242. Unpaired two-tailed t-test. C Representative BAT
UCP1 images at 1 week (n = 4). Scale bar 200 µm. D Representative Western blots
andquantification. UCP1 (HFDn = 17; H +G49,n = 18), ***p <0.0001. TH (HFDn = 17;
H +G49, n = 21), ***p <0.0001. Unpaired two-tailed t-test. E Energy expenditure (EE)
(n = 4 HFD; H +G49). Light: HFD vs. H +G49: day 2, ***p =0.0004; day 3,
***p <0.0001. day 0 vs. day 2: H +G49, +++p <0.0001. day 0 vs. day 3: H +G49,
+++p <0.0001. Dark:HFD vs. H +G49: day 2, ***p <0.0001; day 3, ***p <0.0001. day 0
vs. day 2: H +G49, +++p =0.0001. day 0 vs. day 3: HFD, +p = 0.0177; H +G49,
+++p <0.0001. Two-way ANOVA with Bonferroni post hoc test. F Seahorse in BAT
explants frommice treated 72 h with G49 (HFD, n = 6; H +G49, n = 8 explants from
independent mice). Basal, *p =0.0101; Maximal, *p =0.0151. Unpaired two-tailed
t-test. G BW evolution in UCP1+/+ and UCP1−/− mice (UCP1+/+ n = 8, UCP1+/+ + G49,
n = 9; UCP1−/− n = 4, UCP1−/− +G49, n = 5). Mixed-effect analysis test with Bonferroni
post hoc test. p values detailed in Source data file.H Plasma FFAs at 6 h (n = 5 at 0 h;

n = 5 at 6 h, same mice). UCP1−/− vs. UCP1−/− +G49: 6 h, ***p <0.0001; 0 h vs. 6 h:
UCP1−/− +G49, +++p <0.0001. Plasma FGF21 at 72 h (UCP1+/+ n = 6, UCP1+/+ + G49,
n = 6; UCP1−/− n = 5, UCP1−/− +G49, n = 6). Vehicle vs. G49: UCP1+/+, ***p <0.0001;
UCP1−/−, ***p <0.0001; UCP1+/+ + G49 vs. UCP1−/− +G49, ###p <0.0001. Two-way
ANOVA with Bonferroni post hoc test. UCP1+/+ vs. UCP1−/−, $p =0.0409 with
unpaired two-tailed t-test. IRepresentative thermography images andmaximalBAT
temperature after 1-week (UCP1+/+ n = 5, UCP1+/+ + G49, n = 5; UCP1−/− n = 4, UCP1−/
− +G49, n = 5). UCP1+/+ vs. UCP1+/+ + G49, ***p <0.0001; UCP1+/+ vs. UCP1−/−,
$p =0.0103; UCP1+/+ + G49 vs. UCP1−/− +G49, ###p <0.0001. Two-way ANOVA with
Bonferroni post hoc test. J Beiging-related genes at 1 week (Cidea, HFD, n = 5;
H +G49, n = 7, *p =0.0303. Prdm16, HFD, n = 6; H +G49, n = 7, *p =0.0416. CoxIVi1,
HFD, n = 5; H +G49, n = 7, ***p =0.0005. Vegf, HFD, n = 8; H +G49, n = 8,
***p =0.0005.Ucp1,HFD,n = 7; H +G49,n = 9, **p =0.0064. Th, HFD,n = 6;H +G49,
n = 7, **p =0.0047. Cpt1a, HFD, n = 7; H +G49, n = 7, ***p =0.0004. Unpaired two-
tailed t-test. K eWAT UCP1 representative Western blot and quantification (HFD,
n = 15; H +G49, n = 20, ***p <0.0001) and TH (HFD, n = 7, H +G49; n = 8,
**p =0.0018). Unpaired two-tailed t-test. Representative eWATUCP1 images (n = 4).
Scale bar 100 µm. L Representative iWAT UCP1 Western blot and quantification
(HFD, n = 9; H +G49, n = 13). **p =0.0029. Unpaired two-tailed t-test. Representa-
tive iWAT UCP1 images (n = 4). Scale bar 100 µm. Data aremean± SEM. Source data
are provided as a Source Data file.
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postprandial OXM was elevated in patients with obesity as early as
4 weeks post-mRYGB and this response correlated with body weight
loss after one year. Of note, the above-mentioned study showed ele-
vation of basal and postprandial OXM levels 6 months post-mRYGB.
Herein we show these beneficial effects at an early time-period after
surgery, suggesting that OXM secretion by the gut is rapidly elevated
following mRYGB and might play a key role in body weight loss.

We have characterized at the molecular level a time-course com-
prising inter-organ crosstalk driving the metabolic adaptations
induced by G49, anOXM-like dualAG, with proven efficacy in reducing
body weight and improving insulin sensitivity in DIO mice as we pre-
viously reported13. Herein we demonstrated that G49 administered at
100nmol/kg acutely reduced bodyweight and adiposity during 1-week
treatment with superior efficacy than of Fc-GLP1 and in a range
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comparable to the effect of tirzepatide at this period of treatment
reported by Coskun et al.20 when administered in the reversed light/
dark cycle. Of relevance and related to the anorexigenic effect of Fc-
GLP1, food intake was reduced by G49 after the first injection, but it
was normalized progressively, no differences being observed at 1 week
between vehicle- and G49-treated mice. This differential effect of G49
and Fc-GLP1 was supported by the analysis of cFos positive POMC
neurons in the ARC, indicating that G49-mediated effects on EE sig-
nificantly contribute to the body weight loss. In this line, the present
work reports the short-term whole-body metabolic adaptations,
spatio-temporal coordination of the organ-specific responses, and the
contribution of each receptor to themetabolic effects of a dualAG, the
latter being achieved in vivo by using antagonists or mAbs to avoid
possible metabolic adaptations due to genetic deletion of Glp1r or
Gcgr39,40.

Importantly, we have unraveled a key role of visceral WAT, not
analyzed in-depth in previous studies, as an early target of our dualAG
that triggers subsequent metabolic responses in the pancreas and
liver, leading to BAT activation and WAT beiging. The fact that in DIO
mice visceralWAT rapidly responds toG49,monitored by (1) amarked
reduction of visceral fat mass that positively correlated with the initial
visceral fat mass; (2) elevations in PKA/HSL phosphorylation and
increases in plasma FFAs as early as at 3 h post-injection and, (3) the
efficacy in reducing body weight, points to a therapeutic opportunity
for morbid obesity. In this regard, Leitner et al.41 have recently repor-
ted a human “BATlas” in lean and obese individuals revealing that
obese men have substantial quantities of “brownable” fat in different
depots including those with abdominal location that may have a
greater potential for expansion upon an appropriate pharmacological
intervention.

Of relevance, the elevation of FFAs occurs transiently in a
GCGR-dependentmanner in DIOmice receiving an injection of G49,
as evidenced by co-administration with the GCGR antagonist and by
the lack of effect of Fc-GLP1 in this response. In agreement, G49 also
induced lipolysis at 6 h post-injection in lean wild-type, but not
Gcgr−/− mice. The lipolytic effect of G49 was also found ex vivo in
mice and human WAT explants and, importantly, this effect was
absent in WAT explants from Gcgr−/− mice. This rapid elevation of
FFAs paralleled to a peak in plasma insulin, likely due to a direct
effect of G49 in the pancreas via GLP-1R as OXM does42. This effect
was demonstrated by the increase in glucose-stimulated insulin
secretion in islets fromDIOmice treated ex vivo with G49. Also, new

insights on the already known acute effect of FFAs as insulin
secretagogues43 have arisen from a recent study inmice treatedwith
a β3-agonist demonstrating insulin secretion in a WAT lipolysis-
dependent manner26, pointing to an indirect effect of G49 in
enhancing insulin secretion throughWAT lipolysis that likely boosts
the GLP-1R-mediated effect as reflected by the lower insulin secre-
tagogue effect of Fc-GLP1, as well as by the reduced effect of G49
when administered to mice lacking ATGL in adipose tissue. In fact,
the transient elevation of plasma insulin by G49 was reduced by
blockade of its direct insulin-secretagogue capacity (Ex9-39) or by
suppressing the secretagogue action of FFAs (GCGRant). The lipo-
lytic effect of G49 was autonomous as demonstrated in primary
adipocytes and hMSC-derived adipocytes. Notably, adipocytes
from Gcgr−/− mice failed to induce lipolysis upon G49 treatment,
suggesting a lipolytic action, at least in part, via GCGR as it will be
discussed below. In this regard, the role of the GCGR in mediating
lipolysis is controversial. Whereas clinical studies using physiolo-
gical doses of glucagon did not find elevation in plasma FFAs in
humans44, supraphysiological glucagon administration increased
FFA concentration45. In subsequent studies glucagon was shown to
induce lipolysis in healthy human volunteers, patients with type 1
diabetes, mice and rats with STZ-induced diabetes, adipocytes iso-
lated from diabetic and non-diabetic animals46 and, in agreement
with our results, in human adipocytes fromhealthy volunteers47. It is
noteworthy to highlight that Vasileva et al.33 recently reported that
adipocyteGcgr expression did not affect fasting-induced lipolysis in
lean mice and the lack of effect of glucagon in lipolysis ex vivo in
WAT explants from wild-type or adipocyte-specific GCGR-deficient
mice. In our settings, glucagon, even used at a supraphysiological
dose (100 nmol/kg), did not increase lipolysis at 1 h, time at which
Vasileva and co-workers analyzed lipolysis using glucagon at
5 μg/kg (approx. 1.3 nmol/kg). However, our results show that glu-
cagon increased lipolysis in vivo at 6 h. Likewise, glucagon used at
10 nM increased ex vivo lipolysis in WAT explants at 4 h whereas
Vasileva et al. analyzed ex vivo lipolysis at 1 h. Regarding G49, when
administered either to lean or DIOmice, it increased lipolysis at 6 h,
but not at 1 h post-injection. Further, G49 failed to induce lipolysis
in vivo in Gcgr−/− mice and ex vivo in WAT explants or adipocytes
from Gcgr−/− mice at the time-periods in which we found a lipolytic
effect in wild-type controls. Altogether, our results, not contra-
dictory with this previous study, shed light to the role of GCGR in
G49-mediated WAT lipolysis. However, we cannot exclude central

Fig. 5 | Elevation of plasma OXM, FGF21 and adiponectin in patients upon
bariatric surgery. A BW loss 1 year after restrictive (n = 20 individuals) andmRYGB
surgery (n = 10 individuals). ***p =0.0004, unpaired two-tailed t-test. B Plasma
OXM before (Pre) and 4 weeks after (Post) restrictive (n = 20 individuals) and
mRYGB (n = 8 individuals, ***p =0.0004, paired two-tailed t-test) surgery and cor-
relation with BW loss 1 year after mRYGB (n = 8 individuals, p =0.0301, Pearson
correlation test).CPlasmaOXMbefore (Pre) and4weeksafter (Post)mRYGB (n = 13
individuals Pre and Post, **p =0.0029, paired two-tailed t-test) and correlation with
BW loss 1 year after mRYGB in an independent cohort (n = 13 individuals,
p =0.0304, Pearson correlation test).D PlasmaOXMduringmeal test 4 weeks after
mRYGBandarea under the curve (AUC) (left andmiddle panels) (n = 13 individuals).
AUC: ***p <0.0001, paired two-tailed t-test. Correlation with 1-year BW loss (right
panel) (n = 13 individuals, p =0.0042, Pearson correlation test). E Plasma GLP-1
before (Pre) and 4 weeks after (Post) restrictive (n = 29 individuals, **p =0.0010)
and mRYGB (n = 12 individuals (Pre), n = 14 individuals (Post) surgery and correla-
tion with BW loss 1 year after mRYGB (n = 13 individuals). F Plasma GLP-1 during
meal test 4 weeks after mRYGB (n = 14 individuals) and correlation with 1-year BW
loss (n = 13 individuals).G Plasma FFAs before (n = 17 restrictive, n = 12mRYGB) and
4 weeks after restrictive or mRYGB bariatric surgery (n = 16 individuals restrictive,
n = 12 individuals mRYGB). mRYGB: ***p <0.0001, unpaired two-tailed t-test. Cor-
relation with 4-week BW loss in mRYGB (n = 12 individuals, p =0.0099, Pearson
correlation test). H Serum FGF21 before and 4 weeks after restrictive or mRYGB

bariatric surgery (n = 28/12 individuals restrictive and mRYGB, respectively).
mRYGB, *p =0.0176, paired two-tailed t-test. Correlations between serum FGF21
levels at 4 weeks after surgery with initial fat mass (p =0.044) and plasma TGs
4 weeks after surgery (p =0.0012). Correlations between serum FGF21 levels at
4 weeks after surgery and BW loss (p =0.0281) and reduction in waist cir-
cumference (p =0.0009) after 1 year in mRYGB (n = 14). Pearson correlation test.
I Plasma GGT activity before (Pre) (n = 28 individuals restrictive, n = 15 individuals
mRYGB) and 4 weeks after (Post) (n = 27 individuals restrictive, n = 14 individuals
mRYGB) surgery. Restrictive, *p =0.0154;mRYGB, *p =0.0126, unpaired two-tailed
t-test. J Correlation of plasma GGT with serum FGF21 4 weeks after mRYGB (n = 13
individuals, p =0.0302, Pearson correlation test). K Serum FGF21 in the indepen-
dent cohort (n = 12 individuals, ***p =0.0002, paired two-tailed t-test). L Serum
adiponectin before and 4 weeks after restrictive or mRYGB bariatric surgery and
correlation of serum adiponectin 4 weeks after mRYGB surgery and 1-year BW loss
(n = 29/13 individuals in restrictive and mRYGB groups, respectively). mRYGB,
***p =0.0001, paired two-tailed t-test. Correlation (n = 13 individuals), p =0.0048,
Pearson correlation test. M Plasma insulin (n = 29 individuals restrictive,
***p =0.0004, n = 15 individuals mRYGB, ***p <0.0001, paired two-tailed t-test) and
glucagon (n = 30 individuals restrictive, **p =0.0026, n = 15 individuals mRYGB,
***p =0.0002, paired two-tailed t-test) before (pre) and 4 weeks after restrictive or
mRYGB surgery. Data are mean± SEM. Source data are provided as a Source
Data file.
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G49 effects mediated by GCGR as reported in the case of
glucagon48,49.

The observation of immune cell infiltration in eWAT as early as 6 h
post-G49 injection that resembled the eWAT features reported by
Fabriano et al.50 in calorie-restricted mice, prompted us to analyze in
detail the SVF. In agreement with results in iWAT from mice under
cold-exposure24 or caloric restriction50, enrichment in eosinophils and,

importantly, a rise of the IL4+ subpopulation, was found in both SVF
and eWAT from G49-treated DIO mice together with elevated Il4 and
Il13 gene expression, a M2 immune signature related to beiging50.
Taken together, our results strongly suggest an effect of G49 in the
recruitment of eosinophils and macrophages populations into eWAT,
thereby promoting eosinophil-driven M2 polarization of macro-
phages.As expected,we found increasedThmRNA inSVFand eWATas
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early as 6 h post-G49 injection, together with the presence of infil-
trated TH+ cells in eWAT sections. On the other hand, SVF from G49-
treatedmicewas enriched in iNKTs, an effect that concurredwith a rise
in Fgf21 in eWAT. This population has been analyzed in detail by Lynch
et al.25 that found reductions in body weight and adiposity in mice
treated with α-galactosyl ceramide (α-GalCer) that presented enrich-
ment in iNKTs in WAT, an effect abolished by depleting this immune
population. Moreover, this study showed that the presence of acti-
vated iNKTs in iWAT was paralleled to local increases in FGF21 and, in
this line, mice deficient in Fgf21 treated with α-GalCer failed to
decrease body weight. Interestingly, these authors also found that
iNKTs activation is required for maximal weight loss effect in liraglu-
tide therapy that also concurredwith an increase in Fgf21 expression in
eWAT. At present, we can not certainly assess the putative mechanism
of recruitment of M2macrophages/eosinophil/iNKTs in eWAT by G49.
In this regard, a role for lipolysis in adipose tissue macrophages
recruitment and accumulation has been demonstrated in DIO mice
with calorie restriction51 and, more importantly, the above-mentioned
study shows synchronized temporal changes between the peaks in
plasma FFAs and macrophage number in eWAT, an effect suppressed
in global Atgl−/− mice. In this line, the immune signature in eWAT in
response to G49 was absent in mice with defective lipolysis either by
co-treatment of G49 with Atglistatin or GCGRant. These data were
supportedby the absenceofM2-like profile in the SVF fromATGLadipoCre

mice.Moreover, thepreservationofG49-induced lipolysis in irradiated
mice supports the hypothesis that FFAs and, potentially, other
adipocyte-derived lipid species promote the recruitment of immune
cells related to eWAT beiging. Thus, considering our results in con-
junction with previous studies24,25, eWAT beiging in response to G49
could be due, at least in part, to an early switch of the immune sig-
nature in this fat depot triggered by lipolysis. Additionally, the pre-
sence of TUNEL positive cells in eWAT at 6 h post-G49 injection
suggests that apoptosis due to excessive FFA release might also con-
tribute to the recruitment of immune cells. In this regard it has been
shown that apoptotic cell clearance induces the expression of various
M2-activation-associated molecules in macrophages including IL-10,
TGFβ andCD20652. Remarkably, G49-mediatedbeigingwasblockedby
GCGRant or Atglistatin that, in addition to lipolysis, also suppressed
the increase in Ucp1 expression in eWAT, again linking lipolysis with
eWAT browning. Moreover, the fact that the elevation of Th in eWAT
was counteracted by Ex9-39 suggests a GLP-1R-mediated contribution

to this effect probably via sympathetic innervation, also important to
increase Ucp1mRNA and protein expression in eWAT. Altogether, our
results support a key role of lipolysis in inducing dualAG-mediatedM2-
like immune signature and eWAT beiging although this relevant issue
deserves further investigation in the setting of dualAG therapy.

The increase in circulating FFAs found in DIO mice after G49
injection also concurred with a hepatic lipid overload likely because of
either FFA uptake, since the study of Heine et al.26 showed accumula-
tion of TGs in the liver at 4 h post-injection of a β3-receptor agonist
that was absent in Atgl−/− mice, and/or insulin-mediated de novo lipo-
genesis due to elevated Srebf1 and Fasn hepatic gene expression
detected at 6 h post-G49 injection. Interestingly, this transient TG
increase paralleled with neutrophil infiltration as demonstrated in
neutropenicmice53. We addressed the rapid clearance of this transient
hepatic lipid accumulation that could be due to the strong and acute
activation of lipid export, manifested by the rise of plasma TGs that
transiently peaked at 24 h post-injection. Interestingly, GCGR antag-
onism totally suppressed this response in agreement with the sup-
pression of eWAT lipolysis. Moreover, GLP-1R antagonism partly
reduced plasma TGs and this effect could be explained by the GLP-1R-
mediated insulin secretagogue effect of G49 that likely accounts for
insulin-mediated de novo lipogenesis rather than a direct effect of G49
actions in the liver through the GLP-1R which is nearly absent as
reported54. On the other hand, expression levels of hepatic Cpt1a,
Ppara, Hmcs2 and Fgf21, and circulating ketone bodies and FGF21
found highly elevated at 72 h in G49-treated mice are indicative of the
contribution of FFA catabolism and ketogenesis to the lipid clearance.
This was confirmed by elevated FAO in primary hepatocytes and livers
of G49-treated mice. Furthermore, lipid utilization was clearly reflec-
ted by the rapid decrease in RER in mice receiving G49. These results
are in line with the previous work of Pocai et al.6 that showed elevated
hepatic Cpt1a and Fgf21, and plasma β-hydroxybutyrate in DIO mice
treated with an OXM-like molecule with comparable GCGR affinity to
G49. Likewise, our results demonstrating increased in vivo FAO inG49-
treated DIO mice extend previous data of Boland et al.14 on the
enhancement of mitochondrial functionality and the upregulation of
FAO-related genes by the dualAG Cotadutide which alleviates steato-
hepatitis in mice. Although not directly supported, the above-
mentioned study suggests that this rapid metabolic switch was medi-
ated by the GCGR. Importantly, our results directly demonstrate
lipolysis and GCGR-mediated effects of G49 in ketogenesis and plasma

Fig. 6 | Hepatic FGF21 is required to fully achieve BAT activation by G49. A BW
evolution (AlbCre n= 6, AlbCre +G49 n= 10; FGF21Alb-KO n= 4, FGF21Alb-KO +G49 n = 6).
Two-way RM ANOVA with Bonferroni post hoc test. p values detailed in Source data
file. Cumulative food intake (n = 4 except in FGF21Alb-KO n= 3). AlbCre vs. FGF21Alb-KO:
$$$p <0.0001; AlbCre+G49 vs. FGF21Alb-KO +G49, $$$p <0.0001. Cumulative food intake
evolution. Two-way RM ANOVA with Bonferroni post hoc test. p values detailed in
Source data file. B Plasma FFAs (AlbCre n= 6, AlbCre +G49 n= 6; FGF21Alb-KO n= 7,
FGF21Alb-KO +G49 n= 7). 0 vs. 6 h: AlbCre, ***p =0.0002; FGF21Alb-KO, ***p <0.0001.
C Plasma insulin (n = 6 except AlbCre +G49 t0, n = 5). 0 vs. 6 h: AlbCre, ***p <0.0001;
FGF21Alb-KO, ***p <0.0001; AlbCre vs. FGF21Alb-KO: 6 h, ###p <0.0001. D Blood ketone
bodies (n= 6 at t0; n= 6 at t72 h). 0 vs. 72 h: AlbCre, ***p <0.0001; AlbCre vs. FGF21Alb-KO:
72 h, ###p <0.0001. E eWAT and iWAT weight at 1-week (n = 6 except FGF21Alb-KO

n= 4). eWAT: AlbCre vs. AlbCre +G49, ***p =0.0002; FGF21Alb-KO vs. FGF21Alb-KO +G49,
***p =0.0007; AlbCre vs. FGF21Alb-KO: $$p =0.0040; AlbCre +G49 vs. FGF21Alb-KO +G49,
##p =0.0011. iWAT: AlbCre vs. AlbCre +G49, ***p <0.0001; FGF21Alb-KO vs. FGF21Alb-KO +
G49, ***p =0.0005; AlbCre +G49 vs. FGF21Alb-KO +G49, ##p =0.0021. F Representative
BAT UCP1 images (n= 3). Scale bar 100 µm. Western Blot and quantification
(AlbCre n= 9, AlbCre +G49, n= 9; FGF21Alb-KO n= 7, FGF21Alb-KO +G49, n = 10) at 1 week.
AlbCre vs. AlbCre +G49, **p =0.0097; AlbCre +G49 vs. FGF21Alb-KO +G49, #p =0.0292.
G Representative thermography images and maximal BAT temperature (n= 5
AlbCre +G49; n = 5 FGF21Alb-KO +G49), ##p =0.0014. Unpaired two-tailed t-test.
H Plasma FGF21 (AlbCre +G49 t0 and 72 h, n = 6, FGF21Alb-KO +G49 t0h, n =9 and 72 h,
n= 10) AlbCre +G49 t0 h vs. AlbCre +G49 72 h, ***p <0.0001; FGF21Alb-KO+G49 t0 h vs.
FGF21Alb-KO + G49 72 h, p =0.0520; AlbCre +G49 t0 h vs. FGF21Alb-KO+G49 t0 h,

$$p =0.0020; AlbCre +G49 72 h vs. FGF21Alb-KO +G49 72 h, ###p <0.0001. I Fgf21 in
eWAT (AlbCre, AlbCre +G49 n = 6; FGF21Alb-KO n = 4, FGF21Alb-KO +G49 n= 5), iWAT (AlbCre

n= 6, AlbCre +G49 n = 5; FGF21Alb-KO n = 4, FGF21Alb-KO +G49 n= 6) and BAT (AlbCre n = 5,
AlbCre +G49 n = 6; FGF21Alb-KO n = 5, FGF21Alb-KO +G49 n = 6) at 72 h. eWAT: FGF21Alb-KO

vs. FGF21Alb-KO +G49, ***p <0.0001; AlbCre +G49 vs. FGF21Alb-KO +G49, ###p <0.0001.
iWAT: FGF21Alb-KO vs. FGF21Alb-KO +G49, **p =0.0033; AlbCre +G49 vs. FGF21Alb-KO +G49,
#p =0.0282. BAT: AlbCre vs. + AlbCreG49, *p =0.0325; AlbCre +G49 vs. FGF21Alb-KO +G49,
#p =0.0143. Two-wayANOVAwith Bonferroni post hoc test in (A (middle),B–F,H, I).
J–M FGF21Alb-KO mice received recombinant murine FGF21 at 48, 60 and 72 h post-
G49 injection. J Plasma FGF21 (FGF21Alb-KO n= 4, FGF21Alb-KO +G49, n= 5, FGF21Alb-KO +
G49+ FGF21, n = 6). FGF21Alb-KO vs. FGF21Alb-KO +G49, *p =0.0221; FGF21Alb-KO vs.
FGF21Alb-KO +G49 + FGF21, ***p <0.0001; FGF21Alb-KO +G49 vs. FGF21Alb-KO +
G49+ FGF21, ###p <0.0001. Brown–Forsythe and Welch ANOVA with Dunnet’s T3
post hoc test. K BW (FGF21Alb-KO n= 4, FGF21Alb-KO +G49, n= 6, FGF21Alb-KO +
G49+ FGF21, n= 6). Two-way RM ANOVA with Bonferroni post hoc test. p values are
detailed in Source data file. L Representative BAT UCP1 Western blot and quantifi-
cation (FGF21Alb-KO n = 5, FGF21Alb-KO +G49, n = 6, FGF21Alb-KO +G49+ FGF21, n = 6).
FGF21Alb-KO vs. FGF21Alb-KO +G49 + FGF21, ***p <0.0001; FGF21Alb-KO +G49
vs. FGF21Alb-KO +G49+ FGF21, ###p <0.0001. M BAT temperature (FGF21Alb-KO n = 3,
FGF21Alb-KO +G49, n =4, FGF21Alb-KO +G49 + FGF21, n= 5). FGF21Alb-KO vs. FGF21Alb-KO +
G49+ FGF21, ***p =0.0002; FGF21Alb-KO +G49 vs. FGF21Alb-KO +G49 + FGF21,
###p =0.0008. One-way ANOVA with Bonferroni post hoc test in (L, M). Data are
mean ± SEM. Source data are provided as a Source Data file.
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FGF21 elevation, the latter likely derived from the liver in agreement
with a recent study demonstrating glucagon-induced upregulation of
Fgf21 mRNA translation associated with suppressed activity of the
mechanistic target of rapamycin complex 155. In addition, Inagaki
et al.56 reported an effect of hepatic FGF21 in inducing WAT lipolysis,
suggesting that the early lipolytic effect ofG49 canbeboostedby liver-

derived FGF21 whose increase in plasma was detected from 12 h post-
injection peaking at 72 h. Moreover, an autocrine effect of WAT FGF21
can also contribute to G49 lipolysis.

FGF21 is secreted by the hepatocytes57 in a GCG-dependent
manner, a response necessary to reduce body weight and increase EE
by aGCGRagonist that lost its efficacy in global FGF21-deficientmice58.
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In this regard, we found elevations in plasma FGF21 from 12 up to 72 h
post-G49 injection. Of interest, our experiments administering G49 to
mice lacking hepatocyte FGF21 in which Fgf21 expression was found
elevated upon G49 treatment revealed an extra-hepatic contribution
to plasma FGF21 by eWAT and iWAT as reported59. This rise in plasma
FGF21 by G49 in FGF21Alb-KO mice is likely a compensatory mechanism
triggered by G49 since it was absent in those mice under basal
conditions.

FGF21 is a potent inducer of BAT thermogenesis and iWAT
browning and also improves insulin sensitivity and weight loss60.
FGF21 decreases postprandial TG-rich lipoproteins by enhancing
their catabolism in both WAT and BAT61. Similarly, the rise in
FGF21 in G49-injected mice concurred with a decrease in plasma
TGs and subsequent elevations in EE, BAT temperature and UCP1
in WAT and BAT. Our data in FGF21Alb-KO mice revealed that liver
FGF21 is necessary to achieve the full effect of G49 in BAT acti-
vation and body weight loss since the eWAT/iWAT-derived FGF21
is not able to fully compensate the effects of hepatic FGF21. These
results were strongly supported by the in vivo FGF21 rescue
experiment. Our study also provides mechanistic evidences on
the role of adiponectin in G49 actions in weight loss by pro-
moting hepatic FAO as reported32. Therefore, although the FGF21-
mediated effects are significant, a contribution of FGF21 to adi-
ponectin secretion62 cannot be excluded.

Notably, the increase in BAT temperature and EE was totally
suppressed by GCGR or GLP-1R antagonism, as well as by pharma-
cological ATGL inhibition or its deficiency in adipose tissue in parallel
to a reduction in UCP1 levels. Regarding GCGR-mediated G49 action,
the results could be explained by inhibition of the early inter-organ
crosstalk driven by eWAT lipolysis which is supported by the results
in ATGLadipoCre mice and by previous data demonstrating the
requirement of WAT lipolysis to release FFAs for energy combustion
during fasting and cold exposure63. In support of these results, a
study from Drucker´s laboratory found that Gcgr deficiency in BAT
does not impact on EE64. On the other hand, the contribution of GLP-
1R to BAT activation is likely secondary to G49 actions in the central
nervous system (CNS) (i.e., Th mRNA) where GLP-1Rs are highly
expressed in the hypothalamus54 and to the activation of GLP-1R-
mediated pancreatic insulin secretion-driven de novo lipogenesis
and the subsequent series of metabolic events discussed above. In
addition to the inter-organ crosstalk orchestrated by G49 that

ultimately leads to UCP-1-dependent BAT activation, our results
provide evidence of cell-autonomous effects in differentiated BA that
were manifested by increases in lipolysis, brown-related gene
expression profile, UCP1 protein levels, increased respiratory capa-
city and FAO.

Intriguingly, we found similarities in the metabolic reprogram-
ming induced by G49 treatment and metabolic bariatric surgery in
humans. In this regard, the translational relevance of this preclinical
study was demonstrated in patients with obesity by correlation of: (1)
circulating FGF21 levels 4 weeks after mRYGB with the initial fat mass
and one-year body weight reduction, (2) circulating FFAs with 4 week-
body weight loss in mRYGB patients and (3) circulating adiponectin
and OXM with weight loss. Of note, among different bariatric surgery
procedures, mRYGB has superior efficacy in reducing body weight,
being the choice for highly obese patients.

In summary, this study demonstrates that the superior efficacy of
dual GLP-1R/GCGR agonism versus single GLP-1 agonism in reducing
obesity in DIO mice involves WAT lipolysis and remodeling towards
beiging and UCP-1-dependent BAT activation. These data support an
inter-organ crosstalk driven by WAT lipolysis, likely through coop-
erative GCGR and FGF21-mediated lipolysis, adiponectin secretion and
liver-derived FGF21, in favoring EE and body weight loss. However,
cooperation with GLP-1R-related effects, both peripheral (i.e., insulin
secretion) or CNS-mediated is necessary to achieve G49 full pharma-
cological effects (Fig. S13). Thus, treatment with balanced dualAGs
could deliver metabolic improvements comparable with mRYGB bar-
iatric surgery but devoid of its complications.

Methods
Ethical information
In the human studies, the design and conduct complied with all rele-
vant regulations regarding the use of human study participants in
accordance with the criteria set by the Declaration of Helsinki. The
patients recruited from Bellvitge University Hospital and included in
this study provided written informed consent, as approved by the
corresponding ethics committee of the institution (CEICcodePR143/11
to NV). For the study of lipolysis in hMSC, hMSC were obtained from
subcutaneous abdominal adipose tissue from subjects undergoing
elective laparoscopic surgery that was approved by the local Com-
mittee of theAragón regional government (CEIC-A, 20/2014 to JMA-M)
and an informed consent was signed by all donors. For the study of

Fig. 7 | BothGCGRandGLP-1Rmediate the inter-organ crosstalk andmetabolic
effects of G49 in DIOmice. A BW (H+G49, n = 11 and n = 6 in other groups). Two-
way RM ANOVA with Bonferroni post hoc test. p values are detailed in Source data
file. B Cumulative food intake (n = 4 in all groups). HFD vs. H +GCGRant +G49,
***p <0.0001; H +G49 vs. H +GCGRant +G49, ###p <0.0001. One-way ANOVA with
Bonferroni post hoc test.CRepresentativeMRI images.DQuantification of total fat
and visceral fat (HFD, n = 5; H +G49, n = 4; H + Ex9-39+G49, n = 5; H +GCGRant +
G49, n = 5; H + Ex9-39 +GCGRant +G49, n = 4), eWAT weight (n = 10 in HFD and
H+G49; n = 6 for other groups) and iWAT weight (n = 10 in HFD and H+G49; n = 6
in H+ Ex9-39 +G49 and H +GCGRant +G49; n = 5 in H + Ex9-39+GCGRant +G49)
at 1 week. Total fat: HFD vs. H +G49, ***p =0.0002; H +G49 vs. H + Ex9-39 +G49,
###p =0.0004; H +G49 vs. H +GCGRant +G49, ###p =0.0003; H +G49 vs. H + Ex9-
39+GCGRant +G49, ###p <0.0001. Visceral fat: HFD vs. H +G49, **p =0.0034;
H +G49 vs. H + Ex9-39+G49, ##p =0.0028; H +G49 vs. H +GCGRant +G49,
#p =0.0102; H +G49 vs. H + Ex9-39+GCGRant +G49, ###p =0.0003. eWAT weight:
HFD vs. H +G49, ***p =0.0001; H +G49 vs. H + Ex9-39 +G49, ##p =0.0028; H +G49
vs. H +GCGRant +G49, ###p <0.0001; H +G49 vs. H + Ex9-39+GCGRant +G49,
##p =0.0037. iWAT weight: HFD vs. H +G49, ***p <0.0001; H +G49 vs. H + Ex9-
39+G49, ###p =0.0006; H +G49 vs. H +GCGRant +G49, ###p <0.0001; H +G49 vs.
H + Ex9-39 +GCGRant +G49, ###p <0.0001. One-way ANOVA with Bonferroni post
hoc test. E eWATUcp1 (n = 6 inHFD, H +G49, H + GCGRant +G49 and n = 5 in other
groups) and Th (n = 6 in HFD, H + Ex9-39 + G49 and H +GCGRant + G49; n = 7 in
H +G49; n = 5 in H + Ex9-39+GCGRant + G49) mRNAs at 1 week. Ucp1: HFD vs.
H +G49, *p =0.0200; H +G49 vs. H + Ex9-39 +G49, #p =0.0163; H +G49 vs.

H +GCGRant +G49, #p =0.0175; H +G49 vs. H + Ex9-39+GCGRant +G49,
#p =0.0139. Th: HFD vs. H +G49, *p =0.0300; H +G49 vs. H + Ex9-39+G49,
#p =0.0496; H +G49 vs. H + Ex9-39+GCGRant +G49, #p =0.0308. Kruskal–Wallis
with Dunn’s post hoc test. F Representative thermographic images and max-
imal BAT temperature at 1 week (n = 5 in HFD andH+G49; n = 8 inH + Ex9-39+G49
and H + GCGRant +G49; n = 6 in H+ Ex9-39+GCGRant +G49). HFD vs. H +G49,
***p <0.0001; H +G49 vs. H + Ex9-39 +G49, ###p < 0.0001; H +G49 vs.
H +GCGRant +G49, ###p <0.0001; H +G49 vs. H + Ex9-39+GCGRant +G49,
###p <0.0001. One-way ANOVA with Bonferroni post hoc test. G BAT Ucp1 (n = 6
exceptH + Ex9-39+G49, n = 7) and Th (HFD,n = 8;H +G49, n = 9; H + Ex9-39 +G49,
n = 6; H +GCGRant +G49 and H + Ex9-39+GCGRant +G49 n = 7) at 1 week. Ucp1:
HFD vs. H +G49, **p =0.0029; H +G49 vs. H + Ex9-39 +G49, ##p =0.0032; H +G49
vs. H +GCGRant +G49, ###p =0.0008; H +G49 vs. H + Ex9-39+GCGRant +G49,
##p =0.0043. One-way ANOVA with Bonferroni post hoc test. Th: HFD vs. H +G49,
***p =0.0007; HFD vs. H +GCGRant +G49, **p =0.0092; H +G49 vs. H + Ex9-
39+G49, ##p =0.0073; H +G49 vs. H + Ex9-39 +GCGRant +G49, #p =0.0101.
Kruskal–Wallis with Dunn’s post hoc test.H EE at 1 week (n = 4 except in H +G49 in
dark n = 5). Light: H +G49 vs. H + Ex9-39+G49: day 2, #p =0.0306; day 3,
###p <0.0001; day 4, ###p <0.0001; H +G49 vs. H +GCGRant +G49: day 2,
##p =0.0084; day 3, ###p =0.0003; day 4, ###p <0.0001; day 0 vs. day 4: H +G49,
++p =0.0054. Dark: H +G49 vs. H + Ex9-39 +G49: day 4, ###p < 0.0001; H +G49 vs.
H +GCGRant +G49: day 3, #p =0.0388; day 4, ###p <0.0001; day 0 vs. day 4:
H +G49, +++p <0.0001. Two-way ANOVA with Bonferroni post hoc test. Data are
mean ± SEM. Source data are provided as a Source Data file.
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lipolysis in explants, human adipose tissue samples were obtained
from the National Adipose Tissue Collection, registered under refer-
ence C.0003609 in the National Biobank Registry of the Instituto de
Salud Carlos III (https://biobancos.isciii.es/ListadoColecciones.aspx?
id=C.0001665) and with University Hospital Joan XXIII Ethics Com-
mittee approval number CEIC 54c/2009 (to JV). All donors signed an
informed consent. All animal procedures conformed to European

Union Directive 2010/63/EU and Recommendation 2007/526/EC
regarding the protection of animals used for experimental and other
scientific purposes, enforced in Spanish law under Real Decreto 53/
2013. Protocols were approved by the Consejo Superior de Investiga-
ciones Científicas (CSIC) Ethics Committee (PROEX 325/15, 007/19,
026.5/24, 083.5/24) and the Spanish National Center for Cardiovas-
cular Research (CNIC, PROEX 215/18).
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Human studies
Sexwas not considered in the human studies. Agewas only considered
for inclusion and exclusion criteria.

The participants in the bariatric surgery study recruited at Bell-
vitge University Hospital were enrolled in a registered clinical trial
(ISRCTN14104758, https://doi.org/10.1186/ISRCTN14104758) and the
primary outcomes have been published in Casajoana et al.30. Briefly,
patients were consecutively recruited from the diabetes outpatient
clinic of the hospital. Inclusion criteria were as follows: age between 18
and 60 years, BMI 35–43 kg/m2, type 2 diabetes on hypoglycemic
agents alone, insulin or both. Exclusion criteria were as follows: type 1
diabetes or positivity for anti-glutamic acid decarboxylase auto-
antibodies, secondary forms of diabetes, acute metabolic complica-
tions, liver disease, renal dysfunction or patients under anticoagulant
treatment, previous bariatric surgery, congenital or acquired
abnormalities of the digestive tract, pregnancy, nursing or desired
pregnancy in the 12 months following inclusion, and corticoid use by
oral or intravenous route formore than 14 consecutive days in the last
3 months. In the first cohort (interventional study), patients (15 men,
30 women) were randomly assigned 1:1:1 to undergo metabolic Roux-
en-Y gastric bypass (mRYGB), Sleeve gastrectomy (SG), or Greater
curvature plication (GCP) (the latter two referred as restrictive). The
randomization process was performed using a computer software
program that generates a random sequence. Allocationof patients was
assigned by simple randomization with stratification according to
baseline levels of HbA1c (greater or lower/equal to 7%). In the con-
firmatory cohort (observational study), all patients (4 men and 9
women) were submitted to mRYGB surgery.

Metabolic RYGB combines restriction, by creating a small
(100mL) gastric pouch, with hypo-absorption, accomplished by
creating a 200 cm biliopancreatic limb and a 100 cm alimentary limb.
In classic RYGB the gastric pouch is smaller, with approximately 30 to

45mL, and the biliopancreatic limb is shorter of 60-cm and alimentary
limb of 150-cm. SG is a restrictive technique consisting of a gastric
volume reduction to 150mLby resecting the stomachover a 36 French
catheter beginning 4 cm from the pylorus and ending at the angle of
His. GCP is a reversible restrictive technique with no stomach resec-
tion, in which an invagination of the greater gastric curvature is per-
formed with two running non-absorbable sutures, calibrated over a 36
French catheter. A physical examination with determination of
anthropometrical parameters and a complete biochemical analysis
was performed before bariatric surgery and at months 1, 3, 6, and 12
following the procedure. Body composition was analyzed by dual-
energy X-ray absorptiometry (Hologic QDR 4500; Hologic Inc., Wal-
tham, MA) before and 12 months after surgery. Blood was collected
before and 4 weeks after surgery and frozen at −80 °C.

Before and4weeks aftermRYGB aMeal ToleranceTest (MTT)was
performed in the confirmatory cohort in the morning after an over-
night fast, with no food or drink (except for water) after 8 p.m. of the
preceding day. Diabetes treatment excluding insulin was withdrawn
1 week before the test. An intravenous line was established in the
antecubital vein for venous blood sampling. Patients ingested a stan-
dardized liquid meal beverage (16% proteins, 49% carbohydrates, and
30% lipids [320 kcal]; Iso-source, Nestle Health Science) over 5min.
Bloodwas sampled beforemeal ingestion (time0min) and 30, 60, and
120min after meal ingestion and plasma OXM was analyzed as
described65.

For analyzing lipolysis in human explants, omental fat pads (from 2
men and 2women) were collected in ice-cold Dulbecco’sModified Eagle
Medium (DMEM) containing penicillin (100U/mL) and streptomycin
(100 µg/mL). Explants were placed under sterile conditions in 60 cm
plates with prewarmed (37 °C) DMEM containing penicillin and strep-
tomycin. Connective tissue and blood vessels were removed by dissec-
tion before cutting the tissue into small pieces (approx. 5mg). Explants

Fig. 8 | GCGR-mediated effects of G49 in the inter-organ crosstalk between
WAT and liver. A Representative MRI images, total and visceral fat (H+G49, n = 4;
H +GCGRAnt +G49, n = 5) and eWAT weight (HFD, n = 5; H +G49, n = 9; H +
GCGRAnt, n = 7; H +GCGRAnt +G49, n = 12). Total fat: H +G49 vs. H +GCGRAnt +
G49: 6 h, ##p =0.0077; t0h vs. 6 h: H +G49, +++p =0.0001. Visceral fat: H +G49 vs.
H +GCGRAnt +G49: 6 h, ##p =0.0022; t0h vs. 6 h: H +G49, +++p <0.0001.
eWAT weight: HFD vs. H +G49, *p =0.0186; H +G49 vs. H +GCGRAnt +G49,
###p <0.0001. For total and visceral fat, Two-way RM ANOVA with Bonferroni post
hoc test. For eWAT, Two-way ANOVAwith Bonferroni post hoc test. B Plasma FFAs
(HFD t0h, n = 10, 6 h, 24 h, n = 5; H +G49, t0 h, n = 10, 6 h, 24 h, n = 9; H + Ex9-
39+G49, n = 6; H +GCGRAnt +G49, t0h, n = 5, 6 h, 24 h, n = 6). HFD vs. H +G49:
6 h, ***p <0.0001; HFD vs. H + Ex9-39+G49: 6 h, ***p <0.0001. 0 h vs. 6 h: H +G49,
+++p <0.0001; H + Ex9-39+G49, +++p <0.0001; H +G49 vs. H +GCGRAnt +G49: 6 h,
###p <0.0001. C eWAT representative H&E images (Scale bar 500 µm) and immune
cells in SVF at 6 h (Cd11c−Cd206+: HFD, n = 5; H +G49, n = 6; H +GCGRAnt, n = 6;
H +GCGRAnt +G49, n = 7; Cd11c+Cd206−: HFD, n = 5; H +G49, n = 7; H +GCGRAnt,
n = 6; H +GCGRAnt +G49, n = 7; TCRβ+NK1.1+: HFD, n = 5; H +G49, n = 6; H +
GCGRAnt, n = 7; H +GCGRAnt +G49, n = 7; SiglecF+: HFD, n = 4; H +G49, n = 7;
H +GCGRAnt, n = 6; H +GCGRAnt +G49, n = 7). Cd11c−Cd206+: HFD vs. H +G49,
***p <0.0001; H +G49 vs. H +GCGRAnt +G49, ###p <0.0001. Cd11c+Cd206−: HFD
vs. H +G49, *p =0.0189; HFD vs. H +GCGRAnt, ***p =0.0004; H +G49 vs.
H +GCGRAnt + G49, ###p <0.0001. TCRβ+NK1.1+: HFD vs. H+G49, **p =0.0043;
H +G49 vs. H +GCGRAnt +G49, ###p <0.0001. SiglecF+: HFD vs. H +G49,
***p <0.0001; H+G49 vs. H +GCGRAnt +G49, ###p <0.0001. D Glycerol in eWAT
explants (500 nMG49, 4 h) without or with GCGR antagonist (1 µM) (n = 8, explants
from independent mice). HFD vs. H +G49, ***p <0.0001; H +G49 vs.
H +GCGRAnt +G49, ###p <0.0001. E Plasma insulin (n = 6 in HFD and H+G49,
H + Ex9-39 +G49 and H+GCGRAnt +G49, 0 h, n = 5, 6 h, n = 6). HFD vs. H +G49:
6 h, ***p <0.0001; HFD vs. H +GCGRAnt +G49: 6 h, **p =0.0048; t0 h vs. 6 h:
H +G49, +++p <0.0001; H +GCGRAnt +G49, +p =0.0351. H +G49 vs. H + Ex9-
39+G49: 6 h, ###p <0.0001; H +G49 vs. H +GCGRAnt +G49: 6 h, ###p <0.0001.
F mRNAs at 6 h (Fasn; n = 5, Srebf1, n = 5 except in H +G49, n = 6). Fasn: HFD vs.
H +G49, ***p <0.0001; HFD +G49 vs. H +GCGRAnt +G49, ###p <0.0001. Srebf1:
HFD vs. H +G49, ***p =0.0002; H +G49 vs. H +GCGRAnt +G49, ###p <0.0001.

G Representative H&E images (Scale bar 100 µm), liver TGs (n = 5) and plasma ALT
at 6 h (n = 4 HFD and H+GCGRAnt; n = 5 H+G49 and H+GCGRAnt +G49). TGs:
HFD vs. H +G49, ***p <0.0001; H +G49 vs. H +GCGRAnt +G49, ###p <0.0001. ALT:
HFD vs. H +G49, ***p =0.0001; H +G49 vs. H +GCGRAnt +G49, ###p <0.0001.
H Plasma TGs (HFD, n = 8; H +G49 t0, n = 9, t24h, n = 8; H + Ex9-39 +G49 and
H+GCGRAnt +G49, n = 5). HFD vs. H +G49: 24 h, ***p =0.0002; t0h vs. 24 h:
H +G49, +++p <0.0001; H +G49 vs. H + Ex9-39+G49: 24h, ##p = 0.0031; H +G49 vs.
H +GCGRAnt +G49: 24h, p =0.0725. I Cpt1a and Hmcs2 (HFD, H +G49, H +
GCGRAnt,n = 4; H +GCGRAnt +G49,n = 5), blood ketone bodies (n = 6) and plasma
FGF21 at 72 h (HFD, n = 5; H +G49 n = 7; H + Ex9-39+G49, n = 6; H +GCGRAnt +
G49, n = 5). Cpt1a: HFD vs. H +G49, ***p <0.0001. H +G49 vs. H +GCGRAnt +G49,
###p <0.0001. Hmcs2: HFD vs. H +G49, ***p <0.0001; H +G49 vs. H +GCGRAnt +
G49, ###p <0.0001. Ketone bodies: HFD vs. H +G49, ***p <0.0001; HFD vs. H + Ex9-
39+G49, ***p <0.0001; H +G49 vs. H + Ex9-39 +G49, ###p <0.0001; H +G49 vs.
H +GCGRant +G49, ###p <0.0001. FGF21: HFD vs. H +G49, ***p <0.0001; HFD vs.
H + Ex9-39 +G49, **p =0.0082; H +G49 vs. H + Ex9-39+G49, ###p <0.0001;
H +G49 vs. H +GCGRant +G49, ###p <0.0001. J Representative BAT UCP1 images
(n = 3). Scale bar 250 µm. Western Blot and quantification (H+GCGRAnt, n = 6;
H +GCGRAnt +G49, n = 9). K Plasma FFAs (n = 6 Gcgr+/+; Gcgr−/−, individual mice
were analyzedat each time).Gcgr+/+ vs.Gcgr−/−: 6 h, ###p <0.0001.Gcgr+/+: t0hvs. 6 h,
+++p <0.0001.Gcgr−/−: t0h vs. 3 h, +p =0.0497. Two-way RMANOVAwith Bonferroni
post hoc test. L Glycerol and FFAs in eWAT explants (500 nM G49, 4 h) (n = 6,
explants from independent mice). Glycerol: Vehicle vs. G49: EXP Gcgr+/+,
***p <0.0001; EXP Gcgr+/+ vs. EXP Gcgr−/−: Vehicle, $$$p =0.0010; G49, ###p <0.0001.
FFAs: Vehicle vs. G49: EXP Gcgr+/+, ***p <0.0001; EXP Gcgr+/+ vs. EXP Gcgr−/−: G49,
###p <0.0001.MGlycerol (ADIPGcgr+/+,n = 6; ADIPGcgr+/+ +G49,n = 12; ADIPGcgr−/−,
n = 6; ADIP Gcgr−/− +G49, n = 10) and FFAs (ADIP Gcgr+/+, n = 6; ADIP Gcgr+/+ +G49,
n = 10; ADIP Gcgr−/−, n = 6; ADIP Gcgr−/− +G49, n = 10) released by adipocytes
(500 nM G49, 4 h). Glycerol: Vehicle vs. G49: ADIP Gcgr+/+, ***p =0.0002; ADIP
Gcgr+/+ vs. ADIP Gcgr−/−: G49, ###p =0.0002. FFAs: Vehicle vs. G49: ADIP Gcgr+/+,
**p =0.0017; ADIP Gcgr+/+ vs. ADIP Gcgr−/−: G49, ###p <0.0001. C, D, F, G, L, M Two-
way ANOVA with Bonferroni post hoc test. B, E, H, I One-way ANOVA with Bon-
ferroni post hoc test. Data are mean ± SEM. Source data are provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-024-54080-w

Nature Communications |        (2024) 15:10342 18

https://doi.org/10.1186/ISRCTN14104758
www.nature.com/naturecommunications


were cultured in DMEMwith 2mM L-glutamine, penicillin, streptomycin
and 2% FFA-free bovine serum albumin (BSA) in the presence or absence
of G49 (500nM) for 24h. Supernatants were collected, and the amount
of glycerol was quantified spectrophotometrically at 540nm with the
free glycerol reagent colorimetric kit.

Drug description
G49 (HSQGTFTSDYSKYLEEEAVRLFIC (40 kDa PEG) WLMNT-amide
acetate salt, (AstraZeneca), is a PEGylated analog of OXM exhibiting
dual GLP-1R/GCGR agonist activity. The peptide is PEGylated with a
40 kDa polyethylene glycol moiety to extend circulation lifetime13.
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Fc-GLP1 is a Fc-amidederivedpeptide basedonnaïveGLP-1 (GLP-1(7-36)
NH2 sequence HGEGTFTSDVSSYLEGQAAKEFIAWLVKGG-linker-Fc66.

Mice and treatments
C57BL/6J male and female mice were purchased from Charles River
(SanCugat del Valles, Spain). For the generationof FGF21Alb-KOmice, the
FGF21loxP (B6.129S6(SJL)-Fgf21tm1.2Djm/J) line was crossed with
B6.Cg-Tg(Alb-cre)21Mgn/J (AlbCre) mice (Jackson laboratory). AlbCre

mice were used as controls. The generation of ATGLadipoCre was pre-
viously described63. ATGLflox/flox and Adiponectin-Cre (AdipoCre) mice
were used as controls. Adiponectin KO (Adipoq−/−) (B6;129-Adi-
poqtm1Chan/J), UCP1 KO (UCP1−/−) (B6.129-Ucp1tm1Kz/J) mice and their
respective wild type controls were purchased from the Jackson
Laboratory. Allmicewerebackcrossed to theC57BL/6J background for
10 generations. Experiments with genetically modified mice were
performed in male mice. Both male and female mice were housed
under controlled conditions of 12 h:12 h light-dark cycles and at 22 °C
temperature and 45–55% humidity and fed ad libitum a standard
rodent chow diet (CHD) or high fat diet (HFD) (60% of calories from
fat) for 12 (males) or 24 (females)weeks starting atweek 8 of age. In the
experiments using both CHD and HFD-fed mice, CHD-fed mice were
age-matched to HFD-fed mice. We also used global Gcgr+/+ and Gcgr−/−

mice, kindly provided by D. Perez-Tilve (University of Cincinnati,
USA)67, fed a CHD. One cohort of HFD-fed C57BL/6J male mice was
housed at 30 °C to conduct the treatment at thermoneutrality.
Another cohort of DIO mice was treated on reversed light/dark cycle.

Mice received subcutaneous (s.c.) injections ofG49 (20–500nmol/
kg) or vehicle (50mMsodiumphosphate, 300mMmannitol, pH 6.9) or
Fc-GLP1 (50nmol/kg) or vehicle (saline) every 2 days for the indicated
time-periods up to 1 week. In the experiments with GLP-1R or GCGR
antagonists, DIO C57BL/6J male mice were randomized in groups to
receive the different treatments. One group was treated daily via i.p.
with des-His1-[Glu9]-Glucagon (1-29) amide, a glucagon receptor
antagonist (GCGRant), at 1mg/kg as reported68 in the absence or pre-
sence of G49 for 1 week. The first injection was administered 1 h before
the first dosing of G49. Other cohort was treated daily with the GLP-1R
antagonist (GLP-1ant) Ex9-39 (25 nmol/kg, i.p.)69 in the absence or pre-
sence of G49. A third cohort of mice was co-treated with both antago-
nists in the absence or presence of G49. In experimentswithGLP-1R and
GCGR blocking monoclonal antibodies, DIO mice were treated 24 h

before G49 treatment with GCGRmAb (6mg/kg, i.p.) and/or with GLP-
1RmAb (19.2mg/kg, i.p.)70 and further injected G49 every 2 days for
1 week. In experiments with the ATGLi, mice received Atglistatin, dis-
solved in olive oil (1.25mg/mice), by oral gavage 3h before G49
injection35. Another cohort of DIO mice was irradiated with a dose of
900 rads (9Gy) by a cesium γ-source as described71. After 24h mice
were injected 200μL of clodronate- or buffer phosphate saline (PBS)-
loaded liposomes (www.clodronateliposomes.com) by retroorbital
injection. Animals were injected cefovecin (0.04mg/g) two days before
and after irradiation. The circulating immune population was analyzed
at 4 days post-irradiation in a hemocytochrometer (Elements HT5.
Heska). Then, mice received a single G49 injection (s.c.) and were
sacrificed at 6 h.

Measurement of drug concentration in plasma
The concentration of Fc-GLP1 and G49 present in mouse plasma
samples was estimated from the cAMP accumulation assay for agonist
activity against the human GLP-1R expressing CHO cell line. Reference
Fc-GLP1 and G49 peptides were spiked into a 0.2% final concentration
of naïve mouse plasma in assay buffer (pH 7.4 HBSS supplemented
with 25mMHEPES, 0.1% BSA, and 0.5mM 3-isobutyl-1-methylxanthine
(IBMX)) at a known concentration to generate a standard curve to
determine the amount of active peptide in each related plasma test
sample. All samples were serially diluted in assay buffer in duplicate
and incubated with the cells for 30min at room temperature (RT)
before detection with the cAMP dynamic 2 HTRF assay as described
previously72. Plasma test samples were plotted using the same top
concentration as the equivalent reference. EC50 values obtained using
this method were then used to calculate: sample ratio = sample EC50/
EC50 reference peptide-spiked plasma sample and estimated con-
centration = Known top concentration of peptide- spiked plasma
sample/sample ratio.

cAMP accumulation agonist potency assay
cAMP accumulation assays for G49 and Fc-GLP1 were performed as
described above. In brief, serial dilutions of G49 and Fc-GLP1 in assay
buffer (as above) were added in duplicate to CHO cells recombinantly
expressing human GLP-1R and incubated for 30min at RT before
detection with the cAMP dynamic 2 HTRF assay. EC50 values were
determined by 4-parameter non-logistical fit analysis.

Fig. 9 | ATGLi blocks G49-mediated BAT activation and reduces its effect in
body weight loss. A BW evolution (HFD, n = 4; H +G49, n = 11; H + ATGLi, n = 6;
H +G49+ATGLi, n = 16). Two-way RM ANOVA with Bonferroni post hoc test. p
values are detailed in Source data file. Cumulative food intake (HFD, n = 4; H +G49,
n = 5; H +ATGLi, n = 4; H +G49 +ATGLi, n = 5). HFD vs. H +G49, **p =0.0010; H +
ATGLi vs. H +G49+ATGLi, ***p <0.0001; H +G49 vs. H +G49+ATGLi, #p =0.0447.
B eWAT (HFD, n = 9; H +G49, n = 9; H +ATGLi, n = 6; H +G49 +ATGLi, n = 12) and
iWAT (HFD, n = 8; H +G49, n = 9; H+ATGLi, n = 6; H +G49+ATGLi, n = 11) weight at
72 h. eWAT: HFD vs. H +G49, ***p =0.0001; H +G49 vs. H +G49+ATGLi,
###p <0.0001. iWAT: HFD vs. H +G49, **p =0.0022; H +G49 vs. H +G49+ATGLi,
###p <0.0001. C Plasma FFAs at 6 h (HFD, n = 6; H +G49, n = 9; H+ATGLi, n = 6;
H +G49+ATGLi, n = 11). HFD vs. H +G49, ***p < 0.0001; H +G49 vs.
H +G49+ATGLi, ###p <0.0001. D Representative MRI images (upper panel) and
total and visceral fat (HFD, n = 4; H +G49, n = 5; H +ATGLi, n = 5; H +G49+ATGLi,
n = 4) (lower panel). Total fat: HFD vs. H +G49, ***p <0.0001; H +G49 vs.
H +G49+ATGLi, ###p <0.0001. Visceral fat: HFD vs. H +G49, ***p <0.0001; H +G49
vs. H +G49+ATGLi, ###p <0.0001. E Representative eWAT H&E images (scale bar
500 µm) (n = 5) and immune cells in SVF at 6 h (Cd11c−Cd206+ and Cd11c+Cd206−:
HFD, n = 5; H +G49, n = 6; H +ATGLi, n = 5; H +G49+ATGLi, n = 7; TCRβ+NK1.1+ and
SiglecF+: HFD, n = 5; H +G49, n = 7; H +ATGLi, n = 5; H +G49+ATGLi, n = 7).
Cd11c−Cd206+: HFD vs. H+G49, ***p <0.0001; H +G49 vs. H +G49 +ATGLi,
###p <0.0001. Cd11c+Cd206−: HFD vs. H +G49, ***p <0.0001; H +G49 vs.
H +G49+ATGLi, ###p =0.0006. TCRβ+NK1.1+: HFD vs. H +G49, ***p <0.0001;
H +G49vs. H +G49+ATGLi, ###p =0.0002. SiglecF+: HFD vs. H +G49, ***p <0.0001;

H +G49 vs. H +G49+ATGLi, ###p <0.0001. F Plasma insulin (H +G49, t0, 6 h, n = 6;
H +G49+ATGLi t0h, n = 6, t6 h, n = 11). 0 h vs. 6 h: H +G49, ***p < 0.0001; H +
G49+ATGLi, ***p <0.0001; H +G49 vs. H +G49 +ATGLi: 6 h, ###p <0.0001.
G Representative H&E images (scale bar 250 µm) (n = 4) and mRNAs in liver at 6 h
(Srebf1, HFD, n = 5; H +G49, n = 6; H+ATGLi, n = 5; H +G49+ATGLi, n = 6; Fasn; HFD,
n = 5; H +G49, n = 6; H+ATGLi, n = 5; H +G49+ATGLi, n = 7). Srebf1: HFD vs.
H +G49, ***p <0.0001; H +G49 vs. H +G49 +ATGLi, ###p <0.0001. Fasn: HFD vs.
H +G49, ***p <0.0001; H +ATGLi vs. H +G49 +ATGLi, *p =0.0233; H +G49 vs.
H +G49+ATGLi, ###p <0.0001.H Cpt1a (HFD,n = 5; H +G49, n = 6; H +ATGLi, n = 5;
H +G49+ATGLi, n = 6), Hmcs2 (HFD, n = 4; H +G49, n = 5; H +ATGLi, n = 4; H +
G49+ATGLi, n = 6) and blood ketone bodies (HFD, n = 5; H +G49, n = 6; H +ATGLi,
n = 5; H +G49 +ATGLi, n = 6) at 72 h. Cpt1a: HFD vs. H +G49, ***p <0.0001; H +G49
vs. H +G49+ATGLi, ###p <0.0001. Hmcs2: HFD vs. H +G49, ***p <0.0001; H +G49
vs. H +G49+ATGLi, ###p <0.0001. Blood ketone bodies: HFD vs. H +G49,
***p <0.0001; H +G49 vs. H +G49+ATGLi, ###p <0.0001. I Fgf21 at 72 h (HFD, n = 4;
H +G49, n = 5; H+ATGLi, n = 4; H +G49+ATGLi, n = 6) HFD vs. H +G49,
***p <0.0001; H +G49 vs. H +G49+ATGLi, ###p <0.0001. J BAT Ucp1 (n = 5 except
H +G49+ATGLi n = 11), representative UCP1 Western blot and quantification
(n = 6 in all groups) and representative BAT UCP1 images (Scale bar 250 µm) (n = 3)
at 72 h. Ucp1: HFD vs. H +G49, ***p <0.0001; H +G49 vs. H +G49+ATGLi,
###p <0.0001. UCP1 protein levels: HFD vs. H +G49, ***p = 0.0007; H +G49 vs.
H +G49ATGLi, ##p =0.0058. K Representative thermographic images and quanti-
fication of Δmaximal BAT temperature (n = 4 in A (right)–K Two-way ANOVA with
Bonferroni post hoc test. Source data are provided as a Source Data file.
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Indirect calorimetry
Indirect calorimetry was carried out using a 16-chamber TSE
PhenoMaster monitoring system (TSE Systems GmbH, Germany).
Mice were placed in acclimatization cages with one mouse per
cage. Acclimation started 72 h before the beginning of the
experiment and the recording was monitored for 5 consecutive
days. During the experiment mice were on a 12 h light-dark

cycle and RT was maintained at 22 ± 2 °C. Food and
water were provided ad libitum in appropriated devices that
allow measurement of cumulative food intake and drink
consumption. Oxygen consumption (VO2) and carbon dioxide
production (VCO2) of individual mice were recorded every 30 or
60min over 5 days and EE and RER were calculated using the TSA
Systems software.
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Measurement of BAT temperature
The skin temperature surrounding BAT was recorded with an infrared
camera (FLIR B335: Compact-Infrared-Thermal-Imaging-Camera). Pic-
tures were captured and temperature measured at different time-
points of treatment and analyzed with a specific software package
(FLIR-Tools-Software, FLIR).

Analysis of body composition
Images were acquired in a Bruker Biospec 47/40 spectrometer (Bruker
Biospin GmbH) located at the Bioimaging Center (Bioimac) (Complu-
tense University of Madrid, Spain). The MRI system works at a 4.7
Teslas and is equipped with a 12 cm shielded gradient coil with a
maximum gradient strength of 450 mT/m. A 70-mm volume radio-
frequency (RF) coil, acting as a transmitter and receiver, was used for
these experiments. Mice were anaesthetized with a mixture of oxygen
and isoflurane and placed in prone position inside the RF coil. Animal
respiration and temperature were monitored throughout the experi-
ment using a 1035 MR-compatible monitor system (SA Instruments
Inc., Stony Brook).

First, 2D spin-echo T1 weighted (T1WI) images covering the whole
body of the mouse were acquired. The parameters for this sequence
were: repetition time (TR) = 1 s; echo time (TE) = 10ms; slice thick-
ness = 1.0mm; field of view (FOV) = 10 × 5 cm2; matrix size = 256 × 128:
number of averaged experiments (NA) = 2. Thirty coronal slices were
acquired in 4min. Then, the spectrometer frequency was centered on
the fat signal, and the same images as abovewere acquired, but awater
suppression sequence, consisting of three narrow-band saturation
pulses each followed by a spoiling gradient, was applied on the water
signal, so only the fat signal was visible in the images. Images were
processed using the ImageJ 1.52 package (NIH). First, the fat tissue was
segmented from the water-suppressed images to determine the

weight of the fat. Next, the fat tissue volume was calculated by multi-
plying the total number of voxels representing this fat tissue by the
volume of each voxel. Subsequently, this fat volume wasmultiplied by
the fat density to estimate the weight of the fat.

Immortalized brown preadipocytes and differentiation
Briefly, primary brown preadipocytes were isolated from inter-
scapular BAT of C57BL/6J lactating mice. BAT was chopped in
0.2% (w/v) collagenase type I solution dissolved in DMEM sup-
plemented with penicillin (100 U/mL), streptomycin (100 µg/mL),
2 mM glutamine, 10mM HEPES, and 1.5% BSA, incubated at 37 °C
for 30min in a stirring bath and filtered through a 250 µm silk
filter. Then, the infranatant was poured through a 25-µm silk filter
and and centrifuged at 720 × g for 10min. The pellet was washed
with culture medium (DMEM supplemented with penicillin,
streptomycin, 2 mM glutamine, 10mM of HEPES, 10% newborn
calf serum (NCS), and 3 nM insulin) and cells were plated. Once
the brown preadipocytes reached 70–80% confluence, they were
infected with retroviral particles encoding SV40 Large T antigen
in culture medium containing 20% heat-inactivated fetal bovine
serum (FBS) and polybrene (8 μg/mL) for 48 h. Selection with
puromycin (1 μg/mL) was performed in 10% FBS culture medium.
Immortalized brown preadipocytes were maintained in DMEM
supplemented with penicillin, streptomycin, 10mM HEPES, 2 mM
glutamine and 10% heat-inactivated FBS. For differentiation, cells
were plated in 10% FBS-DMEM (as above) supplemented with 1 nM
T3 and 20 nM insulin (medium 1) until reaching the confluence.
Next, cells were cultured during 2 days in induction medium
containing medium 1 plus 0.5 μM dexamethasone, 0.5 mM IBMX,
0.125M indomethacin and 1 μM rosiglitazone. Then, cells were
switched to medium 1 for 5 additional days after which they

Fig. 10 | Deletion of ATGL in WAT suppresses the effects of G49 in BAT acti-
vation and reduces its efficacy in weight loss. A BW evolution (ATGLflox/flox,
n = 11; ATGLflox/flox + G49, n = 13; ATGLadipoCre, n = 8; ATGLadipoCre + G49, n = 12).
Mixed-effect analysis test with Bonferroni post hoc test. p values are detailed
in Source data file. B Representative MRI images and total and visceral fat
(n = 4 ATGLflox/flox, n = 4 ATGLadipoCre, same mice analyzed before and after
1 week of treatment). Total fat: ATGLflox/flox vs. ATGLflox/flox + G49, ***p < 0.0001;
ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ###p < 0.0001. Visceral fat: ATGLflox/flox

vs. ATGLflox/flox + G49, ***p < 0.0001; ATGLflox/flox + G49 vs. ATGLadipoCre + G49,
###p < 0.0001. C Plasma FFAs at 6 h (n = 6 ATGLflox/flox; ATGLflox/flox + G49;
ATGLadipoCre; ATGLadipoCre + G49). ATGLflox/flox vs. ATGLflox/flox + G49, ***p < 0.0001;
ATGLadipoCre vs. ATGLadipoCre + G49, *p = 0.0102; ATGLflox/flox vs. ATGLadipoCre,
$p = 0.0295; ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ###p < 0.0001. D MRI ana-
lysis of total and visceral fat (n = 4 ATGLflox/flox; ATGLflox/flox + G49; ATGLadipoCre;
ATGLadipoCre + G49, each mouse was analyzed before and 6 h post-G40 injec-
tion). ΔTotal fat: ATGLflox/flox vs. ATGLflox/flox + G49, ***p < 0.0001; ATGLflox/flox +
G49 vs. ATGLadipoCre + G49, ###p < 0.0001. ΔVisceral fat: ATGLflox/flox vs. ATGLflox/

flox + G49, ***p < 0.0001; ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ###p < 0.0001.
E Plasma insulin at 6 h (ATGLflox/flox, n = 8; ATGLflox/flox + G49, n = 10; ATGLadipoCre,
n = 7; ATGLadipoCre + G49, n = 10). ATGLflox/flox vs. ATGLflox/flox + G49, ***p < 0.0001;
ATGLadipoCre vs. ATGLadipoCre + G49, **p = 0.0097; ATGLflox/flox + G49 vs.
ATGLadipoCre + G49, ###p < 0.0001. F mRNAs in eWAT SVF at 6 h (Il10, ATGLflox/flox,
n = 8; ATGLflox/flox + G49, n = 11; ATGLadipoCre, n = 9; ATGLadipoCre + G49, n = 11; Il13,
ATGLflox/flox, n = 8; ATGLflox/flox + G49, n = 10; ATGLadipoCre, n = 8; ATGLadipoCre + G49,
n = 9; Th, ATGLflox/flox, n = 5; ATGLflox/flox + G49, n = 7; ATGLadipoCre, n = 5;
ATGLadipoCre + G49, n = 5). Il10: ATGLflox/flox vs. ATGLflox/flox + G49, ***p < 0.0001;
ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ###p < 0.0001. Il13: ATGLflox/flox vs.
ATGLflox/flox + G49, ***p < 0.0001; ATGLflox/flox + G49 vs. ATGLadipoCre + G49,
###p < 0.0001. Th: ATGLflox/flox vs. ATGLflox/flox + G49, *p = 0.0142. G Representative
eWAT H&E images at 6 h (Scale bar 250 µm) (n = 4). H Hepatic Cpt1a expression
at 72 h (n = 4 in ATGLflox/flox; ATGLflox/flox + G49; ATGLadipoCre; ATGLadipoCre + G49) and
FAO (ATGLflox/flox, n = 6; ATGLflox/flox + G49, n = 7; ATGLadipoCre, n = 8;
ATGLadipoCre + G49, n = 8). Cpt1a: ATGLflox/flox vs. ATGLflox/flox + G49, *p = 0.0312;
ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ##p = 0.0090. ASM: ATGLflox/flox vs.
ATGLflox/flox + G49, ***p = 0.0003; ATGLflox/flox + G49 vs. ATGLadipoCre + G49,

###p = 0.0005. CO2: ATGL
flox/flox vs. ATGLflox/flox + G49, **p = 0.0015;

ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ###p = 0.0002. I Hmcs mRNA (n = 4 in
each group), blood ketone bodies (n = 6 in each group), Fgf21 mRNA (n = 4 in
each group) and plasma FGF21 (ATGLflox/flox, n = 5; ATGLflox/flox + G49, n = 6;
ATGLadipoCre, n = 5; ATGLadipoCre + G49, n = 6) at 72 h. Hmcs2: ATGLflox/flox vs.
ATGLflox/flox + G49, *p = 0.0129; ATGLflox/flox + G49 vs. ATGLadipoCre + G49,
##p = 0.0041. Blood ketone bodies: ATGLflox/flox vs. ATGLflox/flox + G49,
***p < 0.0001; ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ###p < 0.0001. Fgf21:
ATGLflox/flox vs. ATGLflox/flox + G49, ***p < 0.0001; ATGLflox/flox + G49 vs.
ATGLadipoCre + G49, ###p < 0.0001. Plasma FGF21: ATGLflox/flox vs. ATGLflox/flox + G49,
***p < 0.0001; ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ###p = 0.0002. J RER dur-
ing 3 days of treatment and before and 6 h after first and second injections
(n = 4 in ATGLflox/flox and ATGLadipoCre). Light: ATGLflox/flox + G49 vs.
ATGLadipoCre + G49: day 1, #p = 0.0236; day 2 and day 3, ###p < 0.0001; ATGLflox/

flox + G49: day 0 vs. day 2, ++p = 0.0025; day 0 vs. day 3, ++p = 0.0052. Dark:
ATGLflox/flox + G49 vs. ATGLadipoCre + G49: day 1, ##p = 0.0024; day 2, ###p = 0.0009;
day 3, ###p < 0.0001. RER (6 h): ATGLflox/flox vs. ATGLadipoCre: 6 h, ###p = 0.0003; t0
h vs. 6 h: ATGLflox/flox, ++p = 0.0048. K Representative BAT H&E images (Scale bar
250 µm) (n = 4), Ucp1 (ATGLflox/flox, n = 4; ATGLflox/flox + G49, n = 6; ATGLadipoCre,
n = 4; ATGLadipoCre + G49, n = 6) and representative UCP1 Western blot and
quantification (ATGLflox/flox, n = 10; ATGLflox/flox + G49, n = 8; ATGLadipoCre,
n = 9; ATGLadipoCre + G49, n = 10). Ucp1: ATGLflox/flox vs. ATGLflox/flox + G49,
***p = 0.0006; ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ###p < 0.0001. UCP1 pro-
tein levels: ATGLflox/flox vs. ATGLflox/flox + G49, ***p < 0.0001; ATGLflox/flox + G49 vs.
ATGLadipoCre + G49, ###p < 0.0001. L Representative thermography images and Δ

maximal BAT temperature at 1 week (ATGLflox/flox, n = 5; ATGLflox/flox + G49, n = 5;
ATGLadipoCre, n = 4; ATGLadipoCre + G49, n = 5). ATGLflox/flox vs. ATGLflox/flox + G49,
***p = 0.0002; ATGLflox/flox + G49 vs. ATGLadipoCre + G49, ###p = 0.0002. M Energy
expenditure at 1 week (n = 4). Light: ATGLflox/flox + G49 vs. ATGLadipoCre + G49: day
3, ##p = 0.0024. Dark: ATGLflox/flox + G49 vs. ATGLadipoCre + G49: day 1, #p = 0.0129;
day 2, #p = 0.0317; day 3, ###p = 0.0006. ATGLflox/flox + G49: day 0 vs. day 1,
+p = 0.0264; day 0 vs. day 2, ++p = 0.0044; day 0 vs. day 3, +++p = 0.0002.
B–F, H–M Two-way ANOVA with Bonferroni post hoc test. Data are mean ±
SEM. Source data are provided as a Source Data file.
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exhibited a fully differentiated phenotype and were used for
experiments.

hMSC culture and treatment
hMSC were obtained from subcutaneous abdominal adipose tissue of
2 obese obese male subjects (BMI: 30–41 kg/m2) undergoing elective
laparoscopic surgery. Fat biopsies from washed in PBS, minced with a
scalpel and disaggregated with digestion medium containing low
glucose DMEM, 10mg/ml BSA, 1.5mg/ml type IV collagenase and 0.6%
antibiotic mixture for 40–50min at 37 °C and agitation. After cen-
trifugation, the pellet was resuspended in red cell lysis buffer (150mM
NaH4Cl, 10mMNaHCO3, 1.27mMEDTA) and incubated for 2min at RT
with gentle manual agitation and centrifuged again. The pellet was
washed with PBS, resuspended in low glucose DMEM medium sup-
plementedwith 10%FBS and 1% antibioticmixture, plated in 25 cm2 cell
culture flasks and expanded. Isolated hMSC were tested by
fluorescence-activated cell sorting analysis using specific antibodies to
detect mesenchymal markers73 and then frozen. For experiments, 5
independent vials of hMSCwere thawed in 10%FBS-lowglucoseDMEM
medium at 37 °C and 5% CO2. When reaching confluence, hMSC were
differentiated into adipocytes using an adipogenic cocktail containing
500μM IBMX, 1.67μM insulin, 1μM dexamethasone, 1μM rosiglita-
zone and 10% FBS-high glucose DMEM medium for 6 days, removing
the media after 3 days and adding new adipogenic cocktail. After
9 days, cellswere incubatedwith 10%FBS-high glucoseDMEMmedium
for 3 days. Adipocytes were then treated with G49 (500nM) for 4 h.

Primary mouse hepatocytes
Primary mouse hepatocytes were isolated from non-fasting male
C57BL/6J mice after 12 weeks fed on a HFD and receiving or not G49
treatment by a two-step collagenase perfusion. Livers were cannulated
through the inferior vena cava via the right atrium and perfused with a
calcium- and magnesium-free HBSS containing 10mM HEPES, 0.5mM
EGTA followed by perfusion with Williams E medium containing
50mMHEPES and type IV collagenase. The liver was removed, minced
in DMEM and Ham’s F-12 medium (1:1) supplemented with 2mM glu-
tamine, 15mM glucose, 20mMHEPES, 100 U/ml penicillin, 100 µg/mL
streptomycin and 1mM sodium pyruvate (attachment medium) and
the hepatocytes were filtered through a 100 µm cell strainer. After
centrifugation at 60 × g for 5min at RT, the hepatocyte pellet was
resuspended in attachment medium and mixed with an isotonic Per-
coll solution (1:1) followedby centrifugation at 230× g for 10min at RT.
After washing, cells were seeded on collagen-coated plates and cul-
tured in attachment medium in 6-well plates under humidity condi-
tions in 95% air and 5% CO2 at 37 °C for 24h before treatment.

Isolation and culture of pancreatic islets
Mice were sacrificed by cervical dislocation and the pancreas was
excised after infusing the animal in the common bile duct with 3–4mL
of Collagenase P solution (13.5 U/mL) derived from Clostridium histo-
lyticum mixed with HBSS (1:14) following the procedure reported by
Carter et al.74. The perfusion was performed with a 30-gauge needle
secured to a 5mL syringe. After successful infusion and removal of the
pancreas from themouse, pancreatawere further incubated in a 50mL
Falcon tube with the collagenase solution for 10–12min at 37 °C in a
water bath. Following incubation, 10mL of ice-cold HBSS medium
were added to the tubes and pancreata weremechanically digested by
vigorous shaking. Then, pancreatic tissue was divided into different
tubes and washed in several steps with ice-cold HBSS isolation med-
ium. Islets were then handpicked under a stereomicroscope (Leica
M80; Leica microsystems) using a 10 µL pipette. Freshly isolated islets
were transferred into Falcon 35mm sterile dishes and cultured o/n in
Roswell Park Memorial Institute medium (RPMI-1640) containing
5.6mM glucose supplemented with 10% FBS, 100U/mL penicillin,
100 µg/mL streptomycin, 10mM HEPES, 2mM L-glutamine, 1mM

sodiumpyruvate and 50 µM β-mercaptoethanol. The islets were plated
at a density of 100 islets in 3mL of medium. The day after, islets were
treated with 500 nM of G49 for 1 or 24 h.

Isolation of mature adipocytes from eWAT
Floating mature adipocytes were isolated from eWAT depots of DIO
mice or globalGcgr+/+ andGcgr−/−mice. Briefly, eWATwasweighted and
placed in ice-cold phosphate buffer (PB). The tissue was transferred to
a petri dish with PBS, blood vessels were removed, and tissue was
minced with scissors to obtain pieces around 1mm. Then, tissue
fragments were transferred to a conical tube with digestion buffer (PB,
2.5mM glucose, 2.5mg/g of Type I collagenase and 0.1% FFA-free BSA)
and incubated for 20min at 37 °C on a bath shaker. Following tissue
digestion, the suspensionwaspassed through a 150-μmmeshCellTrics
filter followed by an equal volume of PB and centrifuged at 400× g for
1min. After centrifugation, the adipocytes formed a layer at the top of
the liquid. This layer was collected andwashed twicewith 3 volumes of
PB. Finally, floating adipocytes were collected and treated with G49 in
PBS-0.1% BSA for 4 h at 37 °C on a bath shaker. After treatment, the
reaction was stopped on ice for 15min. Culture media were collected
and glycerol and FFAs were quantified spectrophotometrically with
colorimetric kits and normalized to the protein amount of each
sample.

Preparation of protein lysates and Western blot
For BAT samples, a piece of tissue was lysed in lysis buffer (50mM
HEPES pH 7.5, 1% Triton X-100, 50mM tetrabasic sodium pyropho-
sphate, 100mM sodium fluoride, 10mM EDTA, 10mM sodium o-
vanadate, 1mM phenylmethanesulfonyl fluoride and 10μg/mL pro-
tease inhibitors pH 7.4–7.6, using a tissue homogenizer (0003737000;
IKA). After centrifugation at 98,560 × g for 40min at 4 °C, the super-
natant was centrifuged at 16,000 × g for 20min at 4 °C. The resulting
supernatant was centrifuged at 16,000 × g for 7min at 4 °C and the
final supernatant was collected. For eWAT and iWAT samples, a piece
of tissue was chopped with scissors in ice-cold lysis buffer and
homogenized passing the lysate through a 23G syringe 5–10 times. The
homogenate was centrifuged as in BAT samples. Liver tissue was lysed
with the buffer used for BAT tissue. The homogenates were cen-
trifuged twice at 98,560 × g for 40min at 4 °C and the resulting
supernatants were collected. Protein content was quantified using the
BCA dye method.

For cell samples, BA and hepatocytes were lysed in lysis buffer
(10mM Tris pH 7.5, 5mM EDTA, 50mM HCl, 30μM sodium pyr-
ophosphate, 50mMNaF, 100mMsodiumo-vanadate, 1%TritonX-100,
1mM PMSF and 10μg/mL protease inhibitors), pH 7.4–7.6. Then, cells
were centrifuged twice at 11,200 × g for 20min at 4 °C. Protein content
was quantified using the Bradford dye method.

Protein extracts (15–75μg) were boiled at 95 °C for 5min in
loading buffer (100mM Tris pH 6.8, 10% glycerol, 4% sodium dodecyl
sulfate (SDS), 0.2% bromophenol blue and 2mM β-mercaptoethanol)
and subjected to 8–12% SDS polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to polyvinylidene difluoride (PVDF)
membranes. Once transferred, Ponceau solution (0.1% Ponceau and 5%
acetic acid in water) was added to the membranes to visualize protein
loading. After washingwith Tris-buffered saline (TBS)-0.05%Tween-20
(TBS-T), membranes were blocked with 6% skimmed milk powder in
TBS-T buffer for 2 h at RT and incubated with primary antibodies
(Supplementary Data 1) at 4 °C waving o/n. After 4–5 washes with TBS-
T, membranes were incubated with the corresponding secondary
antibody for 1 h waving at RT. Membranes were developed with che-
miluminescent substrate and different exposure times were per-
formed for each primary antibody with radiographic films in a
radiology cassette (AGFA, Mortsel, Belgium) or developed in a Che-
miDoc imager (Bio-Rad Laboratories). Blots were normalized using
antibodies against housekeeping proteins. Densitometry values were

Article https://doi.org/10.1038/s41467-024-54080-w

Nature Communications |        (2024) 15:10342 23

www.nature.com/naturecommunications


determined using ImageJ 1.52 or ImageLabSoftware (version 6.0.1, Bio-
Rad Laboratories). The original Western blots are included as Source
Data File.

Histological and morphometric analysis, oil red O (ORO) stain-
ing and immunostaining
Hematoxylin and eosin (H&E) staining was performed in paraffin sec-
tions of BAT, eWAT, iWAT and liver frommice. The tissue was fixed in
4%-paraformaldehyde (PFA) for 24 h, washed twice with PBS and
dehydrated with ascending ethanol solutions, incubated with xylene
and then embedded in paraffin. Blocks were cut in 5 µm sections. Prior
to H&E staining or immunohistochemistry, sections were depar-
affinized in xylene and hydrated in descending ethanol solutions and
distilled water. The slides were stained with Mayer’s hematoxylin for
15–20min and eosin for 1min. After dried and mounted, images were
captured with an Axiophot light microscope (Zeiss, Oberkochen,
Germany).

For immunohistochemistry, sections were heated for 20min in
100mM sodium citrate buffer (pH 6.0) and 0.05% Tween-20. After
washing with PBS, endogenous peroxidase was blocked by incubation
with a solution of 9% H2O2 in 10% methanol for 10min at RT. Tissue
sections were then incubated in 6% BSA and 2% horse serum in PBS-
0.1% Triton X-100 for 1 h at RT to block nonspecific binding. Sections
were incubated with primary antibodies at 4 °C o/n. The sections were
washed with PBS and incubated with biotinylated secondary anti-
bodies for 1 h at RT. After washing with PBS, the slides were incubated
with DAB-immunoperoxidase staining. After washing 5minwith water,
sections were counterstained with hematoxylin solution for 10 s and
rinsed again with water. After dehydrated and xylene incubation, the
sections were assembled with Depex, covered with coverslips and
dried o/n. After dried and mounted, images of the samples were cap-
tured with an Axiophot light microscope (Zeiss).

For ORO staining pieces of liver were fixed o/n in 4%-PFA and
cryoprotected in subsequent gradients of 15% and 30% sucrose in
PBS at 4 °C. Samples were quickly frozen in Tissue-Tek® Optimum
Cutting Temperature (OCT) compound and sectioned at 5 µm using
a Leica CM3050 S cryostat. Tissue slices were fixed in ice cold 10%
formaldehyde for 10min and washed twice in distilled water. Then,
samples were fixed in 1,2 propylene glycol for 10min at RT. Slices
were stained in 0.7% ORO solution shaking for 7min. After washing
twice in 87% glycerol, sections were counterstained with hematox-
ylin solution for 5 s, rinsed again with tap water and mounted in
Aquatex. Tissue slides were then left at RT for 10min and the
remaining OCT was washed with PBS. Slides were then placed in
60% isopropanol for 15 s before being placed in filtering ORO
solution (60% isopropanol in water) for 15min. After washing the
slides with PBS, they were stained with Carazzi’s hematoxylin for
1 min. The excess of the hematoxylin was washed with PBS, after
which the slides were mounted in 50% glycerol (in PBS) and sealed.
After drying, the images were captured with an Axiophot light
microscope (Carl Zeiss).

Brain slice immunofluorescence
Mice were anesthetized with ketamine/xylazine 80/5mg/kg (i.p.)
and transcardially perfused with ice-cold PBS followed by 4% PFA in
PBS. Brains were extracted and post-fixed overnight in 4% PFA at
4 °C, and then exposed to 30% sucrose in PBS. Brains were sectioned
to a thickness of 40 µm using a sliding freezing microtome (Leica
SM2010 R) and preserved in cryoprotectant solution (25% glycerol
and 30% ethylene glycol in PBS). Free-floating brain slices were
washed in PBS. For immunostaining, slices were then incubated in
10mM sodium citrate (pH 8) in PBS at 60 °C for 30min and washed
in PBS. Thereafter, all slices were incubated for 2 h in blocking
buffer (1% BSA and 0.1% Triton-X-100 in PBS) at RT, and incubated
overnight at 4 °C with primary antibodies diluted in blocking buffer.

Anti-POMC and anti-c-Fos antibodies were used (Supplementary
Data 1). Slices were then washed in PBS and incubated for 2 h at RT
with secondary antibodies diluted in 1% BSA in PBS under light-
protected conditions. Goat anti-guinea pig IgG conjugated to Alexa
FluorTM 488 and donkey anti-rabbit IgG conjugated to Alexa
FluorTM 546 antibodies were used. After a final washing in PBS for
10min, cells were mounted with DAPI Fluoromount-G® Mounting
Media. All images were acquired using a confocal laser scanning
microscope (LSM 800 with Airyscan, Zeiss), and the ZEN 2 Blue
Edition software (Zeiss).

TUNEL analysis
Paraffin-embedded eWAT biopsy sections were stained using Dead-
EndTM Fluorimetric TUNEL system according to the manufacturer’s
instructions. After immunostaining, eWAT sections were mounted
with fluorescent mounting medium and images were taken using a
confocal microscope LSM710.

Quantitative real time polymerase chain reaction
Total RNA from tissues or cells was extracted using TRIzol Reagent.
Reverse transcription was performed using the High-Capacity cDNA
Reverse Transcription Kit according to the manufacturer’s instruc-
tions. Quantitative PCR (qPCR) was performed with 50ng of cDNA
mixed with Power SYBR GreenMaster Mix for primers or with Taqman
Universal Master Mix II for Taqman probes. Amplification was con-
ducted in a 7900HT Fast-Real Time PCR System (Life Technologies).
Primer sequences and TaqMan probes are listed in Supplementary
Data 1. The relative changes in gene expression were calculated using
the 2−ΔΔCt (cycle threshold) quantification method, normalized to
expression levels of the Rplp0 (Ribosomal protein, large, P0). Data
analysis is based on the ΔΔCt method with normalization of the raw
data to housekeeping genes.

Lipolysis assay inbrownandwhite adipocytes andWATexplants
Differentiated BA were treated for 4 h with or without 500nM G49 in
Krebs-Ringer Modified Buffer (KRB) (1118.5mM NaCl, 4.75mM KCl,
1.92mM CaCl2, 1.19mM KH4PO4, 1.19mM MgSO4(H2O)7, 25mM
NaHCO3, 10mM HEPES, 6mM D-Glucose, 4% BSA pH 7.4). Isolated
white adipocytes were stimulated for 4 h with or without 500nM G49
in PBS-0.1% BSA. Culture media were collected and glycerol and FFAs
were quantified spectrophotometrically with the free glycerol reagent
colorimetric kit and NEFAs assay kit and normalized to the protein
amount of each sample.

Epididymal fat pads from mice were placed in 60 cm plates with
prewarmed (37 °C) DMEM containing 100U/mL penicillin and
100 µg/mL streptomycin. Connective tissue and blood vessels were
removed by dissection before cutting the tissue into small pieces.
Explants were cultured in DMEM with L-glutamine (2mM), 100U/mL
penicillin, 100 µg/mL streptomycin and 2% FFA-BSA in presence or
absence of G49 (500 nM) for 4 h. Supernatants were collected and the
amount of glycerol was quantified spectrophotometrically with the
free glycerol reagent colorimetric kit.

Biochemical determinations
For human studies, serum levels of human FGF21, and plasma levels of
OXM, adiponectin, GLP-1, insulin and glucagon were analyzed in a
subsample of patients included in each surgical group by ELISA
immunoassay according to the instructions of manufacturer. Plasma
GGT levels were measured colorimetrically using automated tests.
FFAs were measured as detailed above.

In animal studies, serum levels of mouse FGF21 and plasma levels
of adiponectin, insulin and glucagon were measured by ELISA immu-
noassay according to the instructions of manufacturer. Plasma TG
levels were measured using a colorimetric assay, plasma ALT levels
were determined using Reflotron strips accordingly with the
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manufacturer’s instructions and plasma FFAs were measured as
detailed above. All measurements were performed according to the
manufacturer’s instructions. Glucose and ketone bodies were mea-
sured in blood collected from the tail vein.

Determination of intrahepatic triglyceride content
Mouse livers were collected and immediately frozen and stored at
−80 °C. Liver sampleswere thoroughly homogenized for 30 s in 500 µL
of 20mM phosphate buffer (equimolar mix of K2HPO4 and KH2PO4)
and then 400 µL were mixed with 1mL of a 1:1 v/v chloroform/metha-
nol mixture, vortexed and then samples were rotated in a wheel for
60min at RT for 30min. After adding 500 µL chloroform and 165 µL
0.74% KCl to each sample, the samples were manually mixed for 30 s
and centrifuged for 5min at 500 × g at RT. The bottom organic phase
was separated and 500 µL 1:1 v/v chloroform/methanol was added to
the samples, vortexed, and centrifuged. Again, the bottom organic
layer was isolated and evaporated at RT in a hood. The following day,
the pellets were resuspended in isopropyl alcohol and TGs were
quantified with a colorimetric kit.

Isolation and analysis of liver neutrophils by flow cytometry
Non-parenchymal liver cells (NPCs) were isolated based on the
protocol reported by González-Rodriguez et al.75 with slight mod-
ifications. Briefly, mice were sacrificed by cervical dislocation and
livers were removed, washed in PBS at 37 °C and then transferred to
5mL of HBSS. After, livers were grinded with syringe plunged in a
100 μmcell strainer and the homogenate was centrifuged at 500 × g
for 5 min at RT. The pellets were resuspended in 36% Percoll solu-
tion in HBSS supplementedwith heparin at 100 U/mL, transferred to
another tube and centrifuged at 800 × g for 20min without break at
RT. Supernatant was discarded and pellets were incubated in
Ammonium-Chloride-Potassium buffer (ACK) (0.15 mM NH4Cl,
10mM KHCO3 and 0.5 M EDTA, pH 7.3) for 5min at RT and cen-
trifuged at 500 × g for 5min at 4 °C. Pellets were washed twice with
ice cold HBSS and finally resuspended in 80 µL HBSS. Cells were
incubated with Cd45-FITC (rat IgG), Cd11b-(Mac1)-PECy7 (rat
IgG2b,κ), and Ly6g-PE (rat IgG2a,κ) antibodies (Supplementary
Data 1) for 20min at RT. Flow cytometry data were acquired with a
FACSCanto II (BD Biosciences, Madrid, Spain) and data analysis was
performed using Cytomics FC500with the CXP program and Kaluza
Analysis Software.

Isolation and analysis of eWAT stromal vascular fraction by flow
cytometry
Mice were sacrificed by cervical dislocation and eWAT was isolated.
One gram of tissue was collected and washed in ice-cold PBS. Then,
tissue samples were chopped with scissors in digestion buffer
(HBSS supplemented with Ca and Mg and 0.5% FFA-BSA), trans-
ferred to a conical tube and mixed (10:1 v/v) with collagenase
solution (10mg/mL Collagenase Type II) and incubated at 37 °C in a
water bath for 20–45min with orbital shaking until the digestion
was completed. Then, 50 µL of 10mM EDTA was added and incu-
bation continued for a further 10min. The homogenates were fil-
tered through 100 µm cell strainers and filters were washed twice
with FACS buffer (1 mM EDTA, 25mM HEPES, 1% FBS in PBS) and
centrifuged at 500 × g for 10min at 4 °C. Pellets were incubated in
0.5 mL of ACK buffer for 5min and centrifuged at 500 × g for 10min
at 4 °C. Pellets were then resuspended in FACS buffer and incu-
bated with Cd45-FITC (rat IgG2b), Cd45-Brillant Violet 570 (rat
IgG2b,κ), Cd11b-APC (rat IgG2b,κ), Cd11b-(Mac1)-PERCy5.5 (rat
IgG2b,κ), F4/80-PECy7 (rat IgG2a,κ), Ly6g-APC-Cy7 (rat IgG2a,κ),
Cd11c-PE (hamster IgG), Cd11c-APC (hamster IgG), Cd206-FITC (rat
IgG2a,κ), Cd3-PECy7 (hamster IgG), SiglecF-PCy7 (rat IgG2a,κ),

NK1.1-APC (mouse IgG2a,κ), Cd8-Brilliant Violet 421 (rat IgG2a,κ),
Cd4-PERCy5.5 (rat IgG2b,κ), TCRβ-FITC (hamster IgG) and IL4-PE
(rat IgG1) antibodies (Supplementary Data 1) or their corresponding
isotype controls for 20min at RT. Flow cytometry data were
acquired with a FACSCanto II (BD Biosciences, Madrid, Spain) and
data analysis was performed using Cytomics FC500 with the CXP
program. Gating strategy is detailed in Fig. S14.

Ex vivo glucose-stimulated insulin secretion (GSIS) in
pancreatic islets
After G49 treatment, pancreatic islets were incubated in KRB with
2.8mMglucose and0.25%BSA, pH7.4 for 1 h at 37 °C in an atmosphere
of 5% CO2. Thereafter, batches of 3 islets per condition were trans-
ferred into a 96-well plate containing 200 µL KRB per well followed by
the addition of 2.8 and 16.7mM glucose (final concentrations) and the
plate was incubated at 37 °C for 1 h. After that, 100 µL of the super-
natant (medium) was collected and stored at -20 °C until the analysis.
Insulin concentration was determined with themouse insulin ELISA kit
following manufacturer’s instructions and values were normalized per
islet number.

Measurement of cellular bioenergetics profile in BAT explants
and brown adipocytes
Oxygen consumption rate (OCR) was measured in BAT explants from
DIO mice treated with G49 or vehicle for 72 h with XF Seahorse tech-
nology. BAT was excised and cut using a scalpel into 9mg pieces and
then placed into a tube containing DMEM supplemented with 25mM
glucose and 25mM HEPES. Samples were kept in this medium (wash
medium) until measurement of respiration. The Seahorse capture
screens (Agilent Technologies)werepre-wet inwashmedium in a small
petri dish to remove air bubbles. A pair of sterile forceps was used to
position the screens (ring facing up) in a new empty small petri dish,
and 9mg of BAT was placed on the screen with forceps. Then, the
Seahorse capture screen insert tool (Agilent Technologies) wasused to
pick up the tissue‐containing screens from the petri dish and to place
them in an XF24 Islet CaptureMicroplate (Agilent Technologies). Once
in position, 450 µL of assaymedium (DMEMsupplementedwith 25mM
glucose) was added to the samples. For a typical bioenergetic profile, a
set of inhibitors of key components of cellular respiration was added:
24 µg/mL oligomycin A, 0.8 µM of the uncoupler FCCP and a mix of
5 µM rotenone and 15 µM antimycin A.

For analysis of OCR in BA, cells were differentiated in customized
Seahorse 24-well plates and then treated with G49 or vehicle for 16 h.
Before any measurement, cells were incubated for one hour with XF
Assay Medium (Seahorse Bioscience) plus 5mM glucose. We followed
theprotocol and injection strategies of theMito StressAssay (Seahorse
Bioscience). The concentrations of the inhibitors were: 2 µM oligo-
mycin A, 2 µMuncoupler FCCP and amix of 10 µM rotenone and 10 µM
antimycin. OCRwas calculated by plotting the O2 tension ofmedia as a
function of time (pmol/min) and data were normalized by the protein
concentration measured in each individual well by the Bradford
method. Calculations were performed using the Seahorse Wave Pro
Software (Agilent).

Fatty acid oxidation assay in mouse hepatocytes and brown
adipocytes
Palmitate oxidation to CO2 and acid-soluble material (ASM),
essentially acyl-carnitine, Krebs cycle intermediates and acetyl-
CoA, were measured in primary mouse hepatocytes and differ-
entiated BA in presence or absence of 500 nM G49. The day of the
assay, cells were washed in KRB-HEPES buffer (KRBH buffer: 135mM
NaCl, 3.6mM KCl, 0.5mM NaH2PO4, 0.5 mM MgSO4, 1.5 mM CaCl2,
2 mM NaHCO3, and 10mM HEPES, pH 7.4) and 0.1% BSA,
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preincubated at 37 °C for 30min in KRBH-1% BSA and washed again
in KRBH-0.1% BSA. Cells were then incubated for 3 h at 37 °C with
fresh KRBH containing 25mM glucose and 8mM carnitine, 2.5 mM
palmitate and 1 μCi/mL [1-14C] palmitate bound to BSA. Oxidation
measurements were performed as previously described76 with
minor modifications by trapping the radioactive CO2 in a 1 cm2

Whatman paper soaked with 40 µL 0.1 N KOH using parafilm-sealed
system. The reaction was stopped by the addition of 40% perchloric
acid through a syringe that pierced the parafilm. The following day,
the system was opened and the papers were left to dry out, before
transferring them into tubes with 5mL scintillation liquid. An
amount of 300 µL of the reaction mix with perchloric acid was
removed and centrifuged at maximum speed for 10min. Then,
150 µL of the supernatant, which contained the ASM, were trans-
ferred into a tube containing 5mL scintillation liquid. After 2 h of
stabilization, samples were analyzed and data for CO2 are expres-
sed as: nmol palmitate mg−1 prot h−1 = (cpm sample – cpm blank) * 80 /
(total cpm *mg prot * h). The results for ASM are expressed as: nmol
palmitate mg−1 prot h−1 = (cpm sample – cpm blank) * 80 * (352/150) /
(total cpm *mg prot * h).

FAO assay in liver tissue
Frozen (liquid nitrogen) liver pieces (30mg) were homogenized in
cold homogenization STE buffer (25mM Tris-HCl, 500 nM sucrose,
1 mM EDTA-Na2 pH 7.4) and sonicated for 10 s. Then, the homo-
genates were centrifuged at 420 × g for 10min at 4 °C and the
supernatant was collected. Five hundred µg of protein from the liver
homogenates were used for the assay in a volume of 60 µL. The
reaction started by adding 340 µL of assay buffer containing: 0.7%
BSA/500 μM palmitate/0.4 μCi (0.5 µCi/ml) [1-14C]-Palmitic acid,
100mM sucrose, 10mM Tris-HCl, 5 mM KH2PO4, 0.2mM EDTA,
80mMKCl, 1 mMMgCl2, 2 mM L-carnitine, 0.1 mMmalate, 0.05mM
coenzyme A, 2mMATP and 1mMDTT to the samples. Samples were
incubated for 30min at 37 °C in Eppendorf tubes with a Whatman
paper circle in the cap. The reaction was stopped by adding 200 µL
of 3Mperchloric acid, after adding 1MNaOH in to theWhatman cap
to collect all the evaporated 14CCO2. After 1 h, the Whatman caps
were removed and the associated radioactivity to CO2 was mea-
sured in a scintillation counter. Radioactivity associated to acid
soluble metabolites (ASM) was measured after centrifugation at
maximum speed for 10min by taking the supernatant which con-
tained ASM in a scintillation counter. Results are expressed as nmol/
g liver tissue/h.

Statistical analysis
Data are expressed as the mean ± SEM. Normal distribution was
assessed by two different tests, Shapiro–Wilk and Kolmogorov–
Smirnov. To determine the effects of G49 in the different experi-
mental protocols, one-way ANOVA or Brown–Forsythe Welch
ANOVA or Kruskal–Wallis, two-way ANOVA or two-way repeated
measures (RM) ANOVA or Mixed-effect analysis tests, followed by
Bonferroni or Dunnett T3 or Dunn’s post hoc tests was carried out.
Specific statistical analysis is detailed in figure legends. To analyze
the differences between two independent variables paired or
unpaired two-tailed t tests were performed. In order to establish
correlation between parameters a simple linear regression test was
accomplished. Pearson correlation test was used for correlations. p
values correspond to post hoc test. All statistical analyses were
performed using the GraphPad Prism software version 10.0
(GraphPad Software Inc.). Differences were considered statistically
significant at p < 0.05, p < 0.01 and p < 0.001. Except for repeated
measure (RM) tests, measurements were taken from distinct sam-
ples. The ex vivo or in vitro experiments were conducted in inde-
pendent biological samples.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that the data generated in this study are provided
within the article and its Supplementary Information files. Source data
are provided with this paper.
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