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Psychological stress changes both behaviour and metabolism to protect
organisms. Adrenaline is animportant driver of this response. Anxiety
correlates with circulating free fatty acid levels and can be alleviated by a
peripherally restricted B-blocker, suggesting a peripheral signal linking
metabolism with behaviour. Here we show that adrenaline, the 33 agonist
CL316,243 and acute restraint stress induce growth differentiation factor
15 (GDF15) secretion in white adipose tissue of mice. Genetic inhibition of
adipose triglyceride lipase or genetic deletion of -adrenergic receptors
blocks 3-adrenergic-induced increases in GDF15. Increases in circulating

GDF15 require lipolysis-induced free fatty acid stimulation of M2-like
macrophages within white adipose tissue. Anxiety-like behaviour

elicited by adrenaline or restraint stress is eliminated in mice lacking the
GDF15 receptor GFRAL. These data provide molecular insights into the
mechanisms linking metabolism and behaviour and suggest that inhibition
of GDF15-GFRAL signalling might reduce acute anxiety.

Theincidence of anxiety disorders has rapidly increased over the last
two decades, and anxiety is now the most prevalent psychiatric disor-
der, affecting nearly 30% of the Western population at some point’.
Acute stress-induced anxiety helps maintain the arousal and vigilance
required to avoid repeated exposures to dangerous conditions?’. Cat-
echolamines, namely noradrenaline and adrenaline (international
nonproprietary names: norepinephrine and epinephrine, respectively),
are critical to coordinating the central and peripheral responses to
psychological stress®®,

Central noradrenaline, particularly from the locus coeruleus, is
known to control acute anxiety-like behaviour®*. Interestingly, acute
peripheral administration of adrenaline also produces anxiety’~,
despite adrenaline not crossing the blood-brainbarrier, and this effect
is abolished by the B-blocker propranolol'®**. Central mechanisms
could explain the effects of propranolol, which readily crosses the

blood-brain barrier; however, treatment with practolol, a 3-blocker
that does not cross the blood-brain barrier, elicits similar anxiolytic
effects'. These studies suggest that there may be peripheral endocrine
signalslinking -adrenergic signalling with behaviour that have yet to
beidentified.

Growth differentiation factor 15 (GDF15) is adistant member of the
transforming growth factor- superfamily that circulates at low levels
under normal physiological conditions but is elevated during cellular
stress and mitochondrial diseases™". GDF15 signals through its recep-
tor, glial-cell-derived neurotrophic factor receptor a-like (GFRAL),
which is found exclusively in the brainstem"”. GDF15-GFRAL signal-
ling leads to behavioural changes, including reduced food intake’®,
nausea'’ and aversive'*?° and anxiety-like behaviours®* %, These effects
may involve activation of the sympathetic and hypothalamic-pitui-
tary-adrenal (HPA) axes™ 2, both of which are classic responses to
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psychological stress. In this study, we aimed to identify potential links
between peripheral B-adrenergic activity and anxiety. We show that
B-adrenergic stimulation activates adipocyte lipolysis, which promotes
the secretion of GDF15 from adipose tissue-resident macrophages,
ultimately linking changes in peripheral metabolism with behaviour.

Results

Psychological stress increases GDF15 through -adrenergic
signalling

Adipose tissue isamajor endocrine organ that links metabolism with
neuronal circuits and is acutely sensitive to changes in -adrenergic
signalling>'°>?’, We treated mice with saline or adrenaline injected
intraperitoneally (IP) (Fig. 1a). In agreement with previous studies,
adrenaline induced anxiety-like behaviour without affecting overall
activity levels (Fig. 1b). To identify adipose-derived endocrine signals,
we collected gonadal white adipose tissue (gWAT) and serum 1 h after
treatment with saline or the same dose of adrenaline from another
cohort of mice. As anticipated”, adrenaline produced marked and
distinct separationin principal componentanalysis (Fig.1c), with the
most upregulated differentially expressed genes (DEGs) associated
with the unfolded protein response and thermogenic and adaptive
gene signatures (Fig. 1d and Extended Data Fig. 1a). From this gene
set, wethenisolated genes encoding secreted protein products (that
is, ligands)° and found that Gdf15 was the most highly upregulated
(P=6.59 x10™®) secreted factor, showing a >4 log,-fold increase in
adrenaline-treated mice compared with saline-treated mice (Fig.1leand
Extended DataFig. 1b); indeed, Gdf15was one of the most upregulated
genes in gWAT. Corresponding with elevations in gWAT Gdf15 mRNA,
GDF15 protein in serum was increased nearly five-fold within 1h and
remained elevated up to 4 h after injection (Fig. 1f). Reverse transcrip-
tion followed by qPCR confirmed that adrenaline produced an approxi-
mately eight-fold increase in Gdf15in gWAT without affecting Gdf15in
theliver, kidney, subcutaneous inguinal WAT (iWAT) or brown adipose
tissue (Fig. 1g). Gdf15 expression was slightly increased in the lung and
heart but was undetectable in skeletal muscle (Fig. 1g). Consistent
with lower gWAT mass, serum GDF15 levels were lower in age-matched
female mice thanin male mice, but the relative response to adrenaline
was similar between sexes (Extended Data Fig. 1c). Adrenaline also
induced asimilarincreasein GDF15whether mice were housed at room
temperature or thermoneutrality (Extended Data Fig. 1d). These data
indicate that adrenaline leads to marked increases in gWAT and serum
GDF15in mice.

Previous studies characterizing GDF15-null mice found that
these animals exhibit less anxiety-like behaviour in open-field and
elevated-plus tests”*2. Psychological stress can be acutely induced in
mice by changing their cages, whereas chronic single housing for 3 days
isaformoflong-term psychological stress*. We found that, consistent
with adrenaline injection, acute cage change increased serum GDF15
levels; however, single housing did not (Fig. 1h). Consistent with our
observations in mice that chronic stress and GDF15 are not linked,
two-sample Mendelian randomization (2SMR) of GDF15 within the
UK Biobank and serum GDF15 in children who were overweight and
obese did not show associations with anxiety (Extended Data Fig. 2a-c).
Although coding polymorphisms affect the measurement of circulat-
ing GDF15 in humans®, these data suggest that adrenergic-induced
GDF15 may be involved in acute but not chronic psychological stress.

Anacute psychological stress thatreliably increases adrenalinein
miceis physical restraint®. We observed increased circulating adrena-
line following acute physical restraint, although the levels were lower
thanafter treatment withIPinjected adrenaline (Extended DataFig. 1e).
Adrenaline signalsin adipose tissue through B-adrenergic receptors®.
Therefore, to examine whether psychological stress induces GDF15
through B-adrenergic receptors, we physically restrained wild-type
(WT) mice and mice lacking ,, 3, and 3; adrenergic receptors (Adrb1,
Adrb2and Adrb3triple knockout (BR™")) in 50-ml conical tubes (Fig. 1i).

Restraint of WT mice increased serum and gWAT GDF15; however,
this response was eliminated in BR”~ mice (Fig. 1j,k). Baseline GDF15
levels were indistinguishable between genotypes and, importantly,
lipopolysaccharide (LPS) increased serum GDF15 levels* and lowered
blood glucose levels similarly in WT and BR”” mice (Extended Data
Fig.3a,b), demonstrating that these mice have anintact GDF15 response
to non-f3-adrenergic stimuli. These results show that psychological
stress increases GDF15 and that this is dependent on -adrenergic
signalling.

ATGL s critical for promoting B-adrenergic-induced GDF15
Lipolysisisamajor regulator of the transcriptional responses within adi-
posetissue” and isincreased by B-adrenergic-induced activation of adi-
posetriglyceridelipase (ATGL), the rate-limiting enzyme for the release
of free fatty acids from WAT*. To determine whether ATGL is respon-
sible for regulating GDF15 secretion from adipose tissue, we treated
adipocyte-specific ATGL-knockout mice (AdATGL™") and their floxed
littermate controls (AdATGL"") with IP injected saline or CL316,243
(CL), apotentand selective f3-adrenergic agonist. ATGL expression was
~90% lower in gWAT of AAATGL™ mice (Fig. 2a). CL increased serum
nonesterified fatty acids and markers of the unfolded proteinresponse,
Atf4 and Chop, in gWAT of AdATGL"°* animals (Fig. 2b-d). These
responses were eliminated in AAATGL™ mice despite B-adrenergic
signalling remaining intact, as evidenced by the similar increase in
Ppargcla expression and phosphorylation of cAMP-dependent pro-
tein kinase (PKA) substrates in AAATGL ™" and floxed mice (Fig. 2¢,f).
Consistent with our observations in BR”” mice, basal GDF15 levels
were similar between AdATGL"" and AAATGL™~ mice; however,
CL-inducedincreases in circulating and gWAT GDF15 were eliminated
in AAATGL ™" mice (Fig. 2g,h). Treatment with IP injected cilostamide,
aphosphodiesterase-3inhibitor thatleads toincreased cellular cAMP
levels, exaggerated the effects of CL on circulating GDF15levels (Fig. 2i),
supportingtheinvolvement of the 33 adrenergic receptor-cAMP-ATGL
pathway in stimulating GDF15.

Physical restraint stress promotes adipose tissue lipolysis®.
Serum glycerol was increased in AAATGL™ but not in AAATGL ™"
miceinresponsetoacute tuberestraint (Fig. 2j). Similarly, circulating
GDF15levelswereincreased in AAATGL™"*but not in AdATGL ™" mice
(Fig. 2k). We tested the behavioural response to acute restraint stress
in these mice, but AAATGL™" mice became hypoglycaemic following
restraint, and this was associated with marked reductions in overall
activity during open-field tests (Extended DataFig. 4a-c), an effect that
was likely secondary to the defectin adipose tissue lipolysis.

To evaluate whether B-adrenergic signalling increases GDF15 in
a cell-autonomous manner, we cultured and differentiated mouse
white adipocytes before treating them with CL and the ATGL inhibi-
tor ATGListatin®. As expected, CL increased glycerol release in the
medium, and this was blocked by ATGListatin; however, neither CL
nor ATGListatin altered GDF15 levels in the medium (Fig. 21,m). These
data suggest that GDF15 is unlikely to be derived from adipocytes in
response to adrenergic stimulation.

As adipocyte-specific ablation of ATGL inhibited GDF15 secre-
tion butisolated adipocytes did not secrete GDF15 in response to CL,
we hypothesized that another cell type within adipose tissue might
be responsible for GDF15 secretion. To test this, we fractioned gWAT
and iWAT into adipocytes and the stromal vascular fraction (SVF).
Consistent with our hypothesis and recent studies®, Gdf15 expression
was higher in the SVF of both WAT depots but particularly in gWAT
(Fig. 2n). Moreover, in response to IP injected adrenaline, Gdf15 was
increasedin only the SVF (Fig. 20), whereas therelated cytokine, Fgf21,
was increased in only the adipocyte fraction (Extended Data Fig. 5a).
Appropriate separation was confirmed as leptin was found only in
the adipocyte fraction (Extended Data Fig. 5b). These results point
towards ATGL-dependent intercellular communication mediating
B-adrenergic-induced adipose tissue GDF15 secretion.
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Fig. 1| Acute psychological stress and adrenergic signalling increase GDF15
levels from gWAT. a, Schematic of acute vehicle and adrenaline treatment

and analyses. b, Top: time in the centre and total distance travelled during an
open-field test1h following treatment with adrenaline (n =14) or saline (n =13).
Bottom: representative images of movements of individual mice. Data are
presented as mean + s.e.m. with Pvalues calculated using an unpaired two-tailed
ttest. ¢, Principal component analysis of gWAT samples from saline-treated
(n=6)and adrenaline-treated (n = 6) mice using VST data from DESeq2.

d, Gene-concept network diagram indicating the corresponding enriched

Gene Ontology (GO) terms according to DEGs between saline-treated (n = 6)
and adrenaline-treated (n = 6) gWAT. e, Volcano plot showing DEGs identified
between saline- and adrenaline-treated gWAT. The P-adj was calculated using
the Benjamini-Hochberg method. FC, fold change. f, Time course of circulating
GDF15 before and after adrenaline (n = 5 mice) or saline (n = 3) treatment. Data
are presented as mean + s.e.m. with Pvalues calculated using an unpaired
two-tailed t test. g, Tissue screen of Gdf15in mice1h after adrenaline (n = 8) or

saline (n =9) treatment. Data are expressed relative to the saline-treated liver.
Data are presented as mean + s.e.m. with Pvalues calculated using an unpaired
two-tailed ¢ test. ND, not detected; BAT, brown adipose tissue. h, Serum GDF15
levels in mice from the following groups: maintained in their home cage (n =5),
with cage change for 30 min (n = 8), group-housed (n = 6) or single-housed for 3
days (n = 8). Dataare presented as mean + s.e.m. with Pvalues calculated using
anunpaired two-tailed t test. i, Schematic of an acute restraint testin WT and
Adrb1, Adrb2 and Adrb3 triple knockout (BR™") mice. j, Serum GDF15 levelsin

WT and BR”" mice following 4 h of tube restraint (WT n=10, BR”" n=14) orthe
control condition (WT n=9,BR” n=12). Dataare presented as mean + s.e.m.
with Pvalues calculated using a two-way ANOVA with post hoc testing and Tukey’s
correction. k, gWAT Gdf15 expression levelsin WT and BR”” mice following 4 h of
tube restraint (WT n=6,BR™ n=7) or the control condition (WT n=5,BR” n=6).
a.u., arbitrary units. Data are presented as mean + s.e.m. with Pvalues calculated
using a two-way ANOVA with post hoc testing and Tukey’s correction.

Macrophages are the primary source of serum GDF15

To determine the probable cell type secreting GDF15 in adipose tis-
sue, we analysed publicly available single-cell RNA-sequencing
(scRNA-seq) data of cells from gWAT of CL-treated mice*’. Cells were
dividedinto either lineage marker positive (Lin) (including monocytes,

macrophages and B cells) or Lin™ (including fibroblasts and adipo-
cytes). Gdf15 was primarily expressed in Lin* cell types, especially in
macrophages (Fig. 3a,b), with negligible expressioninany Lin" cell type,
including adipocytes (Extended Data Fig. 5¢). In response to CL treat-
ment, there was increased Gdf15 expression only in the macrophage

Nature Metabolism | Volume 7 | May 2025 | 1004-1017

1006


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-025-01264-3

a b 0.0001 C 00095 d 0.0015
~ 5 25 <0.0001 - 0.0174 ) 0.0005
2 . angt%/&e; <0.001 AdATGLox ”o AdATGL I/ ox z 15 AdATGLIeox 3 AdATGLIeox
%5 o - AdATGL™ s - AdATGL™ - - AJATGL™ 35 , - AJATGL™
2@ 3 € 15 £2 10 2g
< @ £ <3 O3
£5 £ 10 g3 s
=% oo . ERS 5 BRI
X =z o O 52
<Z( 1 < s
4 z x
g 0 £ O €0
Saline CL316,243 Saline CL316,243 Saline CL316,243 Saline CL316,243
e f AdATGL"™"  AdATGL™ g h
B A Y 0.0035 00001
Genotype: 0.565 Genotype: 0.238 .

S 15 1CL: <0.0001 5 CL: <0.0001 | 150kDa = 60 0.0029 1,500 o
. g : <0. AdATGLI/Mx o 3 : <0. 3 AdATGL O ox <0.0001 - AdATGLMox
S c £2 = - . -
86 . - AdATGL™ S 2 L5 . - AdATGL AdATGL
S 2w o%® 32
a8 55 £% 2 ¢

Q
%, < o < ~ g <

g £ g —_ z

£ g 0+ X X

Saline CL316,243 Saline CL316,243 L 25 k0a Saline CL316,243 Saline CL316,243
TUbuun @
50 kDa
White adipocytes

i <0.0001 J | <0.0001  0.0001 m

1500 <0.0001 Vehicle ) Control 300 o Cr061 Control

’ Cilostamide 2 floxfflox 3T < ATGL:Om!
— . £ AdATGL g_% - CL316,243 (9] - CL316,243

E 1000 S - AdATGL™ 235 o S 200

2 o} =a Lo

B =
5 2 g o =g
2 500 ] gE © 5 100
a £ >0 3
o 3 (ol 2
o 9 - o
(%] 0
O 'L&b Control Restraint
& ©"
N \r:s\
@)
k n o
= 0.049639 2 0.0186
3 cg . £3 60 : i
AdATGL'mxmml AdATGL™ ~ £ 25 ,—‘ % § 8 Adipocytes _g % : izllne ’
E 8 201 . 84 - SVF 8% renatine
ES o
8 2§ s . 5o ge w0
) 2% 10 s < g 4 <8
l‘l h restraint 5 o9 * =] £3 Depot: <0.01 Z2 5,
-h restrain - i o ion:
[9) % 0.5 E S 2 Fractlon:<0.01 § _g 0.9219
Collect serum T o0 — 53 58 —
Control Restraint e s N °3 © 0L o
&= N ) ’
\@\\ ,\0\’ = gWAT iWAT Adipocytes SVF
V@V 3
Vb

Fig. 2| Adipocyte ATGL is critical for adrenergic-induced GDF15 secretion
from the SVF. a-g, gWAT Atgl expression (a), serum nonesterified fatty acids
(NEFA) (b), gWAT Atf4 expression (c), gWAT Chop expression (d), gWAT Ppargcla
expression (e), gWAT phosphorylated PKA substrates with a representative
Western blot image (f) and gWAT Gdf1S expression in AAATGL1/™x (salinen =5,
CLn=7)and AdATGL™" (saline n =7, CL n = 6) mice (g). Data are presented as
mean + s.e.m. with Pvalues calculated using a two-way ANOVA with post hoc
testing and Tukey’s correction. h, Circulating GDF15 levels in AAATGL/ % (saline
n=5,CLn=7)and AAATGL™ (saline n=7,CL n = 6) mice. Dataare presented as
mean +s.e.m. with Pvalues calculated using a two-way ANOVA with post hoc
testing and Tukey’s correction. i, Top: serum GDF15 after 1 h of CL and cilostamide
cotreatment in mice (n = 6 per group). Data are presented as mean + s.e.m. with
Pvalues calculated using a two-way ANOVA with post hoc testing and Tukey’s
correction. Bottom: schematic of the acute restraint testin AAATGL"/1* and
AdATGL™ mice.j, Serumglycerol levels in AdAATGL™™* mice (controln =6,
restraint n = 6) and AAATGL™" mice (control n =13, restraint n = 11) following
restraint. Data are presented as mean + s.e.m. with Pvalues calculated using a

two-way ANOVA with post hoc testing and Tukey’s correction. k, Left: serum
GDF15in AdATGL™"**mice (control n = 6, restraint n = 6) and AAATGL™”" mice
(control n =13, restraint n = 11). Right: graph showing the fold change. Dataare
presented as mean +s.e.m. with Pvalues calculated using a two-way ANOVA
(left) and an unpaired two-tailed ¢ test (right). 1, Glycerol levels in medium from
white adipocytes treated with CL and/or ATGListatin (n = 9 per group; individual
data points from three independent experiments). Data are presented as

mean ts.e.m. with Pvalues calculated using a two-way ANOVA with post hoc
testing and Tukey’s correction. m, GDF15 levels in medium from white adipocytes
treated with CL and/or ATGListatin (n =9 per group; individual data points from
threeindependent experiments). Data are presented as mean + s.e.m. with
Pvalues calculated using atwo-way ANOVA. n, Gdf15 expression in adipocytes
and SVF from gWAT (n = 6) and iWAT (n =5) of mice. Data are presented as

mean + s.e.m. with Pvalues calculated using a two-way ANOVA. o, Gdf15
expression in adipocytes and SVF from gWAT 1 h after saline (n = 7) or adrenaline
(n=9) treatment. Data are presented as mean + s.e.m. with Pvalues calculated
using a two-way ANOVA with post hoc testing and Tukey’s correction.

population (Fig. 3a). Because macrophage populations in adipose
tissue are highly heterogeneous*, we used established gene signa-
tures to identify three major clusters of macrophage populations:
classically activated M1-like (Adgrel/F480 and iNos/Cd86/Cd80),
alternatively activated M2-like (Adgrel/F480 and Cd163/Argl) and
macrophages that express Adgrel/F480 but no other markers for M1-
or M2-like activation (Fig. 3c). We observed that CL led to the accu-
mulation of both M1- and M2-like macrophages in gWAT, as noted in

the original report*°. CL increased Gdf15 in M2-like Adgrel/F480- and
Cd163/ArgI-positive macrophagesto agreater degree than observedin
Mi-like macrophages (Fig. 3c,d). We subsequently examined whether
increases in Gdf15also occurred after acute treatment with adrenaline
byisolating F4/80" cells from the SVF of gWAT (Extended Data Fig. 5d).
Consistent with the scRNA-seq results, we found that Gdf15 expres-
sion was higher in F4/80" cells than in other cells within the SVF and
thatadrenalineinduced increasesin Gdf15in F4/80" cells without any
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change in F4/80" cells of the SVF (Fig. 3e). Taken together, these data
demonstrate that macrophages are the primary source of GDF15in
response to 3-adrenergic-induced lipolysis.

Fatty acids are the primary mediators of the transcriptional
response to adipocyte lipolysis®. To determine whether fatty acids
are responsible for GDF15 secretion from macrophages, we turned
to bone marrow-derived macrophages (BMDMs) polarized with
LPS +interferon-y (IFNy) (M1-like activation) or interleukin-4 (IL-4)
(M2-like) or left untreated (MO) (Fig. 3f)*2. We then treated BMDMs
with two of the most abundant fatty acid species that are increased in
the circulation by B-adrenergic agonists*’, namely oleate, an unsatu-
rated fatty acid, and palmitate, asaturated fatty acid. We alsoincluded
tunicamycin, acompound that activates the unfolded proteinresponse
andisknowntoincrease GDF15 (refs. 44,45). Inline with our scRNA-seq
results, palmitate and tunicamycin stimulated the secretion of GDF15
only in MO and M2-like macrophages but not in M1-like macrophages
(Fig. 3g). Similar results were seen at the transcriptional level, with
Gdfi5expressionbeingincreased by palmitate onlyin MO and M2-like
macrophages (Fig. 3h). These results align with earlier work showing
thatadipocytes preferentially secrete palmitate, whichis acritical regu-
lator of macrophage metabolism*¢. Macrophage polarization was con-
firmed by the expression levels of Argl and iNos, which were elevated
inM2-and M1-like macrophages, respectively (Extended Data Fig. Se).
Under basal conditions, GDF15 secretion into the medium was similar
between M1-like and M2-like polarized cells, both of which showed
greater GDF15levels thanunpolarized MO cells (Extended Data Fig. 5f).
Importantly, treatment of macrophages with adrenaline did not affect
GDF15 secretion (Extended Data Fig. 5g), indicating that adrenergic
signalling does not directly stimulate macrophage GDF15 secretion.

We then used these scRNA-seq data to compare the M1-and M2-like
macrophage populations to identify possible mechanisms behind the
M2-like-specific palmitate-induced GDF15 secretion. M2-like mac-
rophages are known to use fatty acid metabolism to a greater degree
than M1-like macrophages; consistent with this, our analysis of the
scRNA-seq data found that fatty acid metabolic processes (Fig. 3i)
and fatty acid transporters (Extended Data Fig. 5h) were upregulated
in M2- compared with M1-like macrophages. Many fatty acid trans-
porters are upregulated by the transcription factor peroxisome
proliferator-activated receptor-y (PPARY), whichis enriched in M2-like
macrophages*' and was recently shown to increase the secretion of
GDF15 from hepatocytes when activated®’. To determine whether
PPARYy is involved in controlling the secretion of GDF15, we treated
M2-like BMDMs with rosiglitazone, a PPARy agonist, and TO070907,
a PPARy antagonist. We observed that rosiglitazone increased GDF15
levels in the medium and that this effect was blocked by T0070907

(Fig. 3j). T0070907 also blocked palmitate-induced GDF15 secretion
from M2-like macrophages (Fig. 3k). Together, these data show that
palmitate drives the secretion of GDF15 specifically from macrophages
polarized to an alternative M2-like phenotype through a mechanism
that probably involves PPARy.

Feeding mice a diet high in saturated fatty acids can promote
anxiety-like behaviour (reviewed inref. 48). Exogenous delivery of fatty
acids such as palm oil by acute oral gavage increases the expression of
GDF15 in the kidney and other tissues, and this leads to elevations in
serum GDF15, an effect that peaks after 4 h (ref. 49). We tested whether
anoral gavage of palm oil can produce anxiety-like behaviour after 4 h
and, if so, whether this effect is blunted in mice lacking the receptor
for GDF15, GFRAL (Gfral™™ mice). In contrast to adrenaline injection
or tuberestraint, treatment with palm oil did not increase anxiety-like
behaviour in either genotype (Extended Data Fig. 6a). We next tested
the effects of a high-fat diet predominantly composed of palm oil for
4 weeks and found similarly increased anxiety-like behaviour in both
WT and Gfral” mice (Extended Data Fig. 6b,c). These results suggest
that GDF15-GFRAL signallingis notinvolved in mediating anxiety-like
behaviour in response to acute or chronic exogenous fatty acids.

GDF15 promotes anxiety-like behaviour through GFRAL

GDF15 regulates food intake and energy expenditure through its
receptor, GFRAL"™'®?, the expression of which is isolated to the area
postrema and nucleus tractus solitarius of the hindbrain". To date,
no other ligands besides GDF15 have been shown to signal through
GFRAL. To establish whether GFRAL signallingisimportant for mediat-
ing anxiety-like behaviour, we treated WT or GFRAL-knockout (Gfral™")
micewithIPinjected adrenaline (asin Fig.1a) 1 h before open-field tests.
Adrenaline again induced anxiety-like behaviour in WT mice, but this
response was lost in Gfral”~ mice (Fig. 4a) without affecting total activ-
ity (Fig. 4b). Anxiety is also reflected by nonambulatory movements,
such as grooming®. Further supporting that GFRAL is necessary for
the behavioural responses to acute stress, nonambulatory movements
wereincreased in WT but notin Gfral” miceinresponsetolPinjected
adrenaline (Extended Data Fig. 7a); again, total physical activity was
notaltered by adrenaline (Extended Data Fig. 7b). Other responses to
adrenaline, including food intake, energy expenditure and substrate
use, were similar between genotypes (Extended Data Fig. 7c-e).

We next tested whether GFRAL is important for the behavioural
responses to psychological stress by applying acute physical restraint
before the open-field test. As expected’, restraint stress reduced the time
spent in the centre, but, remarkably, this response was lost in Gfral”~
mice (Fig. 4c). Importantly, this effect was independent of genotypic
differences in the total activity levels during the open-field test, which

Fig. 3| Adipocyte lipolysis mediates GDF15 secretion from alternatively
activated M2-like macrophages through fatty acids. a, Top: ¢-distributed
stochastic neighbour embedding plot of stromal vascular cells from gWAT of
mice treated with CL for 3 days. Clustering identified ten major cell types or
states. cDCs, conventional dendritic cells; NKT, natural killer T; NK, natural killer;
VECs, vascular endothelial cells. Bottom: data were queried for cell clusters
expressing GdfI5. exp., expression. b, Heat map showing the expression of Gdf15
and other cell-identifying factors in the various cell populations identified
inscRNA-seq data. ¢, Data were queried to determine Gdf15 expressionin the
identified macrophage populations. d, Median normalized average Gdf15
expression in the M2-like, M1-like and macrophage populations from CL-treated
mouse scRNA-seq data. The box-and-whisker plot is defined by the median
(centre line) with the first quartile (Q1, lower line), third quartile (Q3, upper line),
maximum (Q1 - 1.5 x interquartile range) and minimum (Q3 + 1.5 x interquartile
range). Whiskers:1.5 x (Q3 - Ql). Pvalues were calculated using aone-way ANOVA
with Benjamini-Hochberg correction for multiple tests. e, Gdf15 expression
inmouse F4/80" and F4/80" fractions (n =3 per group). Data are presented as
mean +s.e.m. with Pvalues calculated using a two-way ANOVA with post hoc
testing and Tukey’s correction. f, Experimental schematic of the isolation,

activation and treatment of BMDMs. g, GDF15 levels in medium from BMDMs
treated with fatty acids (n = 3) or tunicamycin (n = 2). Individual data points
represent triplicates from three independent experiments. Data are presented
asmean +s.e.m. with Pvalues calculated using a two-way ANOVA with post hoc
testing and Tukey’s correction. h, GdfI5 expression in BMDMs treated with fatty
acids (n=3) or tunicamycin (n = 2). Data points represent triplicates from three
independent experiments. Data are presented as mean + s.e.m. with Pvalues
calculated using a two-way ANOVA with post hoc testing and Tukey’s correction.
i, GO enrichment analysis of M1- and M2-like macrophage populations from
scRNA-seq data. The P-adj was calculated using the Benjamini-Hochberg
method. j, GDF15 levels in medium from M2-like BMDMs treated with
rosiglitazone (Rosi) or T0070907 (TO07) (n =9 per group). Individual data points
represent triplicates from three independent experiments. Data are presented
asmean +s.e.m. with Pvalues calculated using a one-way ANOVA with post hoc
testing and Tukey’s correction. k, GDF15 levels in medium from M2-like BMDMs
treated with palmitate (Palm) or T0070907 (T007) (n =9 per group). Individual
data points represent triplicates from three independent experiments. Data are
presented as mean + s.e.m. with Pvalues calculated using a one-way ANOVA with
post hoc testing and Tukey’s correction. fcreated using BioRender.com.

Nature Metabolism | Volume 7 | May 2025 | 1004-1017

1008


http://www.nature.com/natmetab
https://biorender.com

Article

https://doi.org/10.1038/s42255-025-01264-3

were similarly reduced regardless of genotype (Fig. 4d). Anxiety-like
behaviour was distinct from food intake or nausea, both of which are
altered by stress and can be controlled by GDF15 (ref.19), given that the
samerestraint protocol did not affect chow or kaolin clay consumptionin

WT or Gfral” mice (Extended Data Fig. 7f,g); stress-induced hypophagia
and nausea have both been attributed to glucagon-like peptide 1 (refs.
51-53).Insupport of the anxiogenic effects of GDF15, asingle intraperi-
tonealinjection of apharmacological dose of GDF15 (ref. 26) produced
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Fig. 4| GDF15 regulates behavioural and physiological responses to acute
psychological stress through multiple anxiogenic brainregions. a, Timein
the centre during the open-field test following treatment with saline (WTn =5
mice, Gfral” n=6) oradrenaline (WT n=6, Gfral’~ n=6). Dataare presented
asmean +s.e.m. with Pvalues calculated using a two-way ANOVA with post hoc
testing and Tukey’s correction. b, Top: total movement during the open-field
test following treatment with saline (WT n =5, Gfral”’~ n=6) or adrenaline (WT
n=6,Gfral”” n=6).Bottom: representative images of movements of individual
mice. Data are presented as mean + s.e.m. with Pvalues calculated using a
two-way ANOVA with post hoc testing and Tukey’s correction. ¢, Left: schematic
ofthe acuterestraint test. Right: time in the centre during the open-field test
following 4 h of tube restraint (WT n =11 mice, Gfral”~ n=8) or the control
condition (WT n=10, Gfral’"n=9). Dataare presented as mean + s.e.m. with
Pvalues calculated using a two-way ANOVA with post hoc testing and Tukey’s
correction. d, Total distance travelled during the open-field test following
restraint (WT n=11mice, Gfral”~ n=9) or the control condition (WT n=10,

M2-like macrophage

Control Restraint

Gfral’ n=9).Dataare presented as mean + s.e.m. with Pvalues calculated using
atwo-way ANOVA. e, Top: quantification of c-Fos* cells in the bed nucleus of the
stria terminalis (BNST), central amygdala (CeA) and paraventricular nucleus of
the hypothalamus (PVN) of mice 90 min following treatment with IP injected
GDF15. Bottom: representative pictures of the staining (n = 4 per group). Data
are presented as mean + s.e.m. with Pvalues calculated using an unpaired two-
tailed ¢ test. Scale bar, 200 pm. 3V, third ventricle; ac, anterior commissure; BLA,
basolateral amygdala; LV, lateral ventricle. f, Serum corticosterone following
restraint (WT n=9 mice, Gfral’ n=8) or the control condition (WTn=9,
Gfral’ n=8).Dataare presented as mean + s.e.m. with Pvalues calculated using
atwo-way ANOVA with post hoc testing and Tukey’s correction. g, Serum GDF15
after treatment with CRH (WT n=5mice, Gfral’" n=6) or vehicle (WTn=3,
Gfral” n=4).Dataare presented as mean +s.e.m. with Pvalues calculated using
atwo-way ANOVA with post hoc testing and Tukey’s correction. h, Schematic
summary of the mechanism of GDF15-mediated anxiety-like behaviour. h created
using BioRender.com.

anxiety-like behaviourinthe open-field and light-dark box tests without
affecting overall physicalactivity (Extended DataFig. 7h,i). Critically, the
anxiogenic effects of GDF15 persisted following repeated daily exposure,
suggesting that tachyphylaxis did not occur (Extended Data Fig. 7j-1),
similar towhat we and others have shown for food intake and body weight
loss with repeated GDF15 treatment®***,

Several brainregions areinvolvedinthe acute stress response”**>*,
To determine the neurobiological substrates of GDF15-induced

anxiogenesis, we measured Fos, an immediate early gene associated
with neuronal activation, in several structures known to be involved
instress-related behaviours. The locus coeruleus is the main source of
noradrenaline inthe mammalian brainandis one of the first structures
recruited following stressful stimuli***". Given that GDF15’s metabolic
effects were recently shown to be dependent on B-adrenergic activity®,
thelocus coeruleusrepresented a particularly relevant target. However,
high-dose GDF15 did not increase c-Fos expressionin locus coeruleus
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noradrenergic neurons (Extended Data Fig. 8a) nor in the medial pre-
frontal cortex and basolateral amygdala, both downstream projections
of the locus coeruleus known to drive anxiogenesis (Extended Data
Fig.8b)**®. In contrast, GDF15showed increased activity in the central
amygdala and the bed nucleus of the stria terminalis (Fig. 4e), each of
which has well-established roles in anxiogenesis®* . Consistent with
other studies, we also observed activation within the paraventricular
nucleus of the hypothalamus (Fig. 4e)>°*,

High levels of circulating GDF15 can activate corticotropin-
releasing hormone (CRH) neurons within the paraventricular nucleus
ofthe hypothalamus and activate the HPA axis, leading to the secretion
of corticosterone in mice”****, We explored whether GDF15-GFRAL
signalling is important for activating the HPA axis under more physi-
ological conditions by applying physical restraint stress to WT and
Gfral” mice. Expectedly, restraint stress increased circulating cor-
ticosterone in both genotypes, reflecting activation of the HPA axis,
but significantly less so in Gfral”~ mice (Fig. 4f), despite circulating
GDF15levelsbeing modestly elevated by restraint stressin both geno-
types (Extended DataFig. 8c). CRHis critical indriving stress-induced
behavioural responses, such as anxiety and aversion®*°. Intriguingly,
exogenous CRH led to a marked increase in circulating GDF15 levels
(Fig.4g), further demonstrating the involvement of GDF15 and GFRAL
inthe stress response. Importantly, exogenous CRHincreased adreno-
corticotropic hormone (ACTH) and corticosterone levels, whereas
dexamethasone decreased corticosterone levels similarly in WT and
Gfral’” mice, suggesting that there was no impairment in HPA axis
signalling (Extended Data Fig. 8d-f).

Together, these datasupporttherole of GDF15inregulating acute
stress-induced anxiety-like behaviour (Fig. 4h), possibly through the
recruitment of multiple anxiogenic brain regions*, and emphasize that
GDF15-GFRAL signalling is transmitted broadly throughout the brain
despite the brainstem-localized receptor expression.

Discussion

Mammals have evolved many mechanisms for detecting and avoid-
ing noxious stimuli such as foodborne toxins, bacterial infections and
allergens'®®8, GDF15 has been linked to all of these by inducing nausea,
emesis (or pica) and aversive behaviour'>***°, However, in addition to
physical stimuli, psychological stress produces its own set of physiologi-
cal and behavioural responses intended to protect the organism. The
fight-or-flight responseis aclassic example of psychological stress lead-
ingtometabolicresponses that mobilize endogenous energy stores from
adipose tissue™®’° and elicit behavioural responses such as anxiety®’.
For decades, there has been evidence that adipose tissue lipolysis and
peripheral adrenergic activity are associated with feelings of anxiety'* ™,
but the link between these responses has remained elusive.

Here, weidentified amechanismwhereby adrenergicactivation of
adipocytelipolysis promotes the secretion of GDF15from M2-like alter-
natively activated macrophages within adipose tissue, which, throughits
receptor, GFRAL, is critical for appropriate behavioural and physiologi-
calresponses to acute psychological stress. These results are consistent
with previous studies in which chronically supraphysiological levels of
GDF15 promoted anxiety-like behaviour whereas lifelong deletion of
GDF15 reduced anxiety”*2. We also identified various anxiogenic brain
regions, including the central amygdala, bed nucleus of the stria termi-
nalis and paraventricular nucleus, that could be involved in mediating
theseresponses. GDF15, atleast at high circulating levels, hasbeen shown
to reduce physical activity’’, produce anxiety-like behaviour**** and
activate the B-adrenergic®?*® and HPA axes****. Indeed, optogenetic
activation of GFRAL-expressing neurons is sufficient to activate the HPA
axisand increase the circulating cortisol levels®.

Clinical trials with GDF15 analogues did not report increases in
anxiety”>”*. However, while our paper was in review, a study was pub-
lished inwhich plasma proteomics conducted inindividuals from the
UK Biobank demonstrated that GDF15is the circulating factor with the

strongest association with anxiety in humans compared with more than
3,000 other measured proteins”. Herein, we show that GDF15-GFRAL
signallingis a critical component of responses to acute psychological
stress, including anxiety-like behaviour and HPA axis activation.

Someimportant limitations to the current data should be consid-
ered. First, the M1-and M2-like macrophage distinction is an oversimpli-
fication of the highly heterogeneous macrophage populations. Other
publications haveidentified distinct macrophage subpopulations that
secrete GDF15, at least in skeletal muscle™, so it will be interesting to
determine whether a particular subpopulation is responsible for the
fatty acid-dependent secretion of GDF15 demonstrated here. Moreover,
it will need to be determined how palmitate drives GDF15 secretion
from macrophages and whether endogenous adipocyte-derived pal-
mitate is sufficient to elicit this response. It is appealing to speculate
that fatty acid-sensing PPARs, which have been shown to regulate GDF15
(ref.47), could be involved, but this will need to be confirmed in vivo.

Despitetherapidincreaseinthe rates of anxiety, thereisadearth
of new targets for its treatment. The interactions between the brain
and peripheralimmune cellsin the development of stress have been a
growing area of interest””’, but previous studies have focused largely
onclassicinflammatory cytokines. Here, we provide additional insights
into theseinteractions by identifying anew pathway forimmune-brain
crosstalk mediated by adrenergic-induced ATGL-dependent lipolysis
and M2-like macrophage-secreted GDF15. These results raise the pos-
sibility that blocking GDF15-GFRAL signalling could mitigate acute
stress-induced anxiety.

Methods

Mice

Germline GFRAL-knockout mice (Gfral”") were generated as previously
described, with breeding pairs provided by R. Seeley®. Mice lacking
1, B2 and B3 adrenergic receptors (BR”") were generated as previ-
ously described?®°, Adipocyte-specific ATGL-knockout animals were
generated by crossing Adipog-Cre mice with Atgl/Pnpla2-floxed mice®';
Atgl/Pnpla2™"* littermates were used as controls. Animal studies
were carried out at McMaster University (210104), the University of
Toronto (21-467 and 24-0362H) or Washington University in St. Louis
(20-0139). All animals used in the study were housed and cared for in
accordance with the Guidelines for Animal Use at McMaster University
and were approved by the McMaster University Animal Ethics Research
Board or the ethics boards of their respective facilities. All mice were
group-housed ona12-hlight-dark cycle with ad libitum access to food
and water. The animals were housed either in a HEPA-filtered unit at
room temperature or in specific pathogen-free microisolators at 29 °C
and 40-60% relative humidity. Experiments were performed on mice
at ages between 16 and 24 weeks. All mice were male unless stated
otherwise, including for cell isolations.

Experiments were performed, and mice were killed in a fed state
between 09:00 and 12:00. Terminal blood was collected by cardiac
puncture, and blood from live animals (for example, time-course GDF15
levels) was collected fromatail vein. Blood samples were centrifuged at
8,000gfor10 minat4 °C after clotting at room temperature for 30 min,
and the supernatant was collected. Tissues were collected following
anaesthetization with ketamine (75 mg kg™) and xylazine (10 mg kg™).
Tissues were frozen at —80 °C until future analyses.

Male WT and Gfral” mice were placed on a high-fat, high-fructose
diet (40 kcal% fat (mostly palm oil), 20 kcal% fructose with 0.02% cho-
lesterol; Research Diets, D19101102) starting at 12-20 weeks of age for
4 weeks. Palm oil (Sigma-Aldrich, 70905) was gavaged at ~09:00 as
described previously*.

Mouse drug treatments

Adrenaline hydrochloride (Sigma-Aldrich, E4642) was diluted in saline
andinjectedIP (-09:00) atadose of 0.5 mg per kg body weight based on
previousstudies®>**, CL (Sigma-Aldrich, C5976) was dilutedinsaline and
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injected IP (-09:00) at a dose of 1 mg per kg body weight®. Cilostamide
(Sigma-Aldrich, C7971;10 mg per kg body weight, injected IP) was pre-
pared in10% DMSO and 5% Kolliphor®. All control mice received saline
IPinjected at the same volume. Recombinant human GDF15 (5nM kg%
Novo Nordisk) or vehicle was injected IP at ~-09:00 (ref. 26). To test for
tachyphylaxis, we injected mice with either vehicle or GDF15 (5 nM kg™)
for9daysat~09:00.Chow diet was measured daily. On the 10th day, mice
were injected with either vehicle or GDF15 (5nM kg™), and open-field
tests were performed 1 h later (described below). LPS (Sigma-Aldrich,
0111:B4, L2630) was injected IP at a dose of 2 mg kg™ starting at 09:00,
and control mice were injected with saline. CRH (Sigma-Aldrich, C3042)
was injected IP at ~-09:00 at a dose of 90 pg kg™, and blood was col-
lected from a tail vein at 0.5 and 3 h after injection®. Dexamethasone
(Sigma-Aldrich, D4902) wasinjected IPat-09:00 atadose of 100 pg kg7,
and blood was collected fromatail vein 6 h following injection®.

Human paediatric anxiety samples

Childrenwith obesity whowere enrolledinthe Canadian Pediatric Weight
Management Registry at the McMaster site were included in this study.
Study participants with an available fasting blood sample at their initial
visitand aclinical diagnosis of anxiety but without antipsychotic or anti-
depressant medications (n = 23) were compared with those without any
diagnosis of anxiety and also free from the use of medications (n=24).
Control participants and those with anxiety were matched for age
(12.50 £ 2.97 and 12.44 + 2.86 years), sex (12/11and 12/12 male-to-female
ratio), body weight (87 + 31.88 and 88 + 35.32 kg) and body mass index
(33.18 + 6.41 and 34.08 + 8.07 kg m2). Serum GDF15 was assessed from
previously frozen samplesin duplicate, as described below.

Separation of adipose tissue fractions

Each gWAT or iWAT sample was combined from two mice. WAT was
collected, quickly rinsed in warm PBS, minced and incubated in col-
lagenase (10 mM HEPES-Krebs-Ringer buffer, 4% BSA, 1.5 mg ml™
collagenase typel (Gibco,17100017)) at 37 °C with gentle agitation for
30 min (gWAT) or 45 min (iWAT). Tissues were filtered (100 pm), and
fractions were separated by repeated centrifugation at 500gfor 5 min.
F4/80" cells were isolated using acommercially available kit as per the
manufacturer’sinstructions (EasySep Mouse F4/80 Positive Selection
Kit; STEMCELL Technologies, cat.no.100-0659) along with an EasySep
magnet (cat. no.18000).

Adipocyte differentiation

Immortalized mouse white adipocytes were generated as previously
described®. Preadipocytes were grown to confluence in DMEM sup-
plemented with 1% GlutaMAX, 1% penicillin-streptomycin, 10% FBS,
insulin (20 nM) and T3 (1 nM; differentiation medium). Confluent cells
wereincubated for 48 hindifferentiationmedium further supplemented
with isobutylmethylxanthine (0.5 mM), dexamethasone (0.5 pM) and
indomethacin (0.125 mM; induction medium). All chemicals were from
Sigma, and experiments were performed within 20 passages following
immortalization.

Adipocyteswerethentreated witheither CL (10 pM; Sigma-Aldrich,
C5976), ATGListatin (40 pM; Sigma-Aldrich, SML1075), neither of the
compounds (control) or acombination of the two compounds for
24 hinserum-free DMEM supplemented with 1% BSA (Sigma-Aldrich,
cat.no.A8806). Medium was collected, and excess lipids and cellular
debris were removed by centrifugation. Cells were washed with PBS and
snap-frozen either in TRIzol for RNA extraction or in cell lysis buffer for
protein content quantification using BCA. Lipolysis was assessed by
measuring glycerollevels inthe medium using acommercially available
kit (Cayman Chemical, cat. no.10010755).

BMDM isolation, differentiation and polarization
Femurs and tibias were collected from mice and cleaned of remaining
muscle and soft tissues, and both ends of each bone were removed®.

The bone marrow was extracted by centrifugationat1,900g for 5 min.
The marrow was resuspended in 1 ml DMEM (Wisent, cat. no. 319-
005-CL, 25 mM glucose) and strained through a 40-pum cell strainer
into a 50-ml Falcon tube. Cells were cultured for 4 h at 37 °C and 5%
CO,. Afterincubation, nonadherent cells were collected and combined
with M-CSF (20 ng mlI™; Peprotech, 315-02) to stimulate macrophage
differentiation and plated for 7 days in DMEM (Wisent, cat. no. 319-
005-CL) supplemented with FBS (10%, Wisent, cat. no. 098150) and
penicillin-streptomycin (1%, Invitrogen). After differentiation, cells
were washed, collected and plated onto 12-well plates (1 x 10® cells per
ml) and left to adhere overnight.

Fully differentiated BMDMs were then polarized either with
100 ng mlI™' LPS (Sigma-Aldrich, L2630) + 20 ng mI IFNy (Peprotech,
315-05) to an M1-like phenotype or with 20 ng mI™ IL-4 (Peprotech,
214-14) to an M2-like phenotype for 24 h (ref. 42). Following polari-
zation, cells were treated with either sodium palmitate (500 uM,
Sigma-Aldrich, P9767), sodium oleate (500 uM, Sigma-Aldrich, 07501),
tunicamycin (5 ng ml™!, Cayman Chemical, 11089-65-9), rosiglitazone
(1 uM; Sigma-Aldrich, R2408) or TO070907 (1 uM; Sigma-Aldrich,
T8703) for another 24 hin DMEM (Wisent, 319-005-CL) supplemented
with 1% fatty acid and endotoxin-free BSA (Sigma-Aldrich, cat. no.
A8806). Medium was collected after 24 h and frozen at —80 °C until
analysis. Cells wererinsed in PBS and collected either in TRIzol for RNA
extraction (see below) or in cell lysis buffer for protein quantification
using BCA.

RNA isolation, cDNA synthesis and qPCR

Tissues were homogenized in TRIzol reagent. An RNeasy kit (Qiagen,
cat.no. 74106) was used for subsequent total RNA extractionand puri-
fication according to the manufacturer’sinstructions. cDNA synthesis
was performed using the SuperScript IV Reverse Transcriptase kit
(Invitrogen, cat.no.18090010) following the manufacturer’s instruc-
tions. cDNA expression for specific genes was detected by qPCR
using the AmpliTaq Gold DNA Polymerase kit (Applied Biosystems,
cat. no. N8080241). Relative mRNA levels were quantified with the
AC; method using mouse Ppia (Mm02342430_gl) as an endogenous
control, except for adipocyte and SVF comparisons for which Polr2a
was used (Mm00839502_m1). The gene-specific primers used were as
follows: Gdf15(MmO00442228_m1), Atf4(MmO00515324_m1), Chop/Ddit3
(MmO1135937_g1), iNos (Mm00440502_m1), Argl (Mm00475988_m1),
Ppargcla(MmO01208835_m1), Emr1/F480/Adgrel (Mm00802529_m1),
Fgf21 (Mm07297622_g1), Atgl/Pnpla2 (Mm00503040_m1) and Lep
(MmO00434759_ml). All probes were purchased from Thermo Fisher.

RNA-seq and analyses

For RNA-seq, mice were injected with adrenaline (0.5 mg kg™ IP at
09:00) and gWAT was collected after 1 h. RNA was extracted as
described above. Raw RNA-seq FASTQ datawereimported into Galaxy
for quality control and processing steps. The FastQC tool was used to
check read quality, and the Cutadapt tool was used to trim adaptor
sequences and remove low-quality reads. The remaining reads were
aligned to the mm10 Mus musculus reference genome with the HISAT2
tool and quantified with the featureCounts tool. These counts datawere
imported into R for differential expression analysis with the DESeq2
package to detect DEGs (adjusted Pvalue (P-adj) < 0.05). Principal com-
ponent analysis was performed in R using variance stabilizing trans-
formation (VST)-normalized data from the DESeq2 analysis. Pathway
analysis was performed with the GSEA software in combination with
MSigDB gene sets. A list of human genes encoding secreted proteins
(ligands) was obtained from the HUGO Gene Nomenclature Committee
website. Mouse genes orthologous to these human ligand-encoding
genes were obtained using the g:Profiler tool. A heat map was created
with DEGs belonging to this group of ligand-encoding genes in Rwith
the pheatmap package, using z-scored VST-normalized data. These
genes were also highlighted in a volcano plot, which was created with
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the Enhanced Volcano packageinR, using fold-change and P-adj values
fromthe DESeq2 analysis.

Single-cellRNA-seq

ThescRNA-seq data used for the analyses described in this article were
obtained from the National Center for Biotechnology Information
Sequence Read Archive under reference number SRP145475 (ref. 40).
Cell Ranger was used to perform sample qualification, alignment,
filtering, counting and aggregation using the Linux system or R and
RStudio software. Clustering and gene expression were visualized with
the 10X Genomics Loupe Browser (v.6.5.0).

2SMR using GWAS summary data

2SMRwas performed using the exposure and outcome from two nono-
verlapping and independent datasets to conduct the summary-level
instrument-exposure analysis and the instrument-outcome asso-
ciation analysis. 2SMR was performed using the R package TwoSa-
mpleMR (v0.5.6)°°. To verify the causal effect of GDF15 on nerves,
anxiety, tension or depressionin humans, we performed 2SMR using
the exposure dataset (GDF15, GWAS ID: ebi-a-GCST90011998, sample
size: 21,758)°? and outcome dataset (nerves, anxiety, tension or
depression, GWAS ID: ebi-a-GCST90013910, sample size: 407,746)°>.
We identified genetic variants (single-nucleotide polymorphisms)
associated with blood GDF15 protein levels in the GWAS catalogue
dataset based on cis-protein quantitative trait loci (within 500 kb
of the GdfI5 gene) and further selected proxy single-nucleotide
polymorphisms by linkage disequilibrium clumping (P,=5x 1078,
clump =TRUE, P,=1x107, r,=0.01, kb =10,000). After dropping
duplicate exposure-outcome summary sets, we further performed
sensitivity analyses, including heterogeneity statistics, horizontal
pleiotropy and leave-one-out analysis. After confirming that there
was no heterogeneity or horizontal pleiotropy, we next performed
Mendelian randomization analysis and visualized the results using
the scatter plot and forest plot functions in the R package TwoSam-
pleMR. The inverse-variance weighted method was used to assess
the significance of the causal effect of the exposure on the outcome.
2SMR was performed using R and RStudio.

Serum and medium analyses

Serum and cell-based GDF15 levels were measured by ELISA (R&D Sys-
tems, DY6385) as per the manufacturer’s instructions'®*, Serum corti-
costerone (Thermo Fisher, EIACORT), adrenocorticotropic hormone
(Abcam, ab263880) and adrenaline (Abnova, KA1882) were measured
following the manufacturer’sinstructions.

c-Fos immunofluorescence and quantification

C57BL/6) mice were injected with GDF15 (5 nM kg™) or vehicle;
90 min later, the mice were anaesthetized with a mixture of keta-
mine (69.57 mg ml™?), xylazine (4.35 mg ml™) and acepromazine
(0.87 mg ml™) IPand perfused with 10 ml of 0.1 M phosphate buffer (PB)
followed by 25 ml of 4% paraformaldehyde (PFA) in 0.1 M PB. The brains
were removed, postfixed overnight (4% PFAin 0.1 M PB) and keptat4 °C
in 30% sucrose solution until cutting. Coronal sections (40 um) were
obtained using a microtome (Leica SM 2000R) and serially collected
in PBS. Sections were washed in PBS (3 x 10 min) and preincubated in
PBS containing Triton X-100 (0.3%) and normal goat serum (5%) for
1h. Sections were then incubated overnight at room temperature
in PBS containing Triton X-100 (0.3%), normal goat serum (1%) and
rabbit anti-c-Fos (1:1,000, Cell Signaling Technology). Sections were
then washed in PBS (3 x 10 min), incubated with Alexa Fluor 488 goat
anti-rabbit secondary antibody (1:400, Invitrogen) in PBS containing
Triton X-100 (0.3%) and normal goat serum (1%) for 2 h,and washed in
PBS (3 x 10 min). Sections were finally serially mounted in Vectashield
medium with DAPI (Vector Laboratories). Image acquisition was per-
formed using Zeiss Axio Scan 7.

Western blotting

Proteins were extracted using lysis buffer containing 50 mM HEPES (pH
7.4),150 mM NaCl,100 mM NaF, 10 sodium pyrophosphate, 5 mMEDTA,
250 mM sucrose, 1 mM DTT, 1 mM sodium orthovanadate, 1% Triton
X-100 and cOmplete Protease Inhibitor Cocktail (Roche). The total
protein concentrationin the samples was measured by the BCA protein
assay. Protein concentrations were adjusted and diluted in4x SDS sam-
plebuffer. Proteins were separated using SDS-PAGE gels and transferred
to poly(vinylidene difluoride) membranes. After blocking for 1 h with 5%
BSAin TBST atroom temperature, membranes were incubated with the
primary antibodies overnight at4 °C (phosphorylated PKA substrates
(1:1,000, Cell Signalling #9624) or tubulin (1:1,000, Abcam #ab4074)).
After washing, membranes were incubated with asecondary antibody at
roomtemperature for1 h. Protein bands were visualized with the Fusion
FX7 system (MBI) and quantified using ImageJ software.

Tube restraint and stress tests

Mice were putinto 50-ml Falcon tubes (beginning at -09:00) with holes
atboth ends so the tail was exposed and there was sufficient air flow’.
Controlmiceremainedin their home cage with food and water removed
attheinitiation of tube restraint. Immediately following tube restraint,
mice were either anaesthetized for tissue collection or submitted to
open-field test protocols (see below).

Alternatively, social isolation was induced by individually housing
previously group-housed mice for 3 days and comparing them with
their continually group-housed littermates®. In the cage-switch model,
mice were removed from their home cage and placed in an identical
cage with the dirty bedding of nonlittermate males®. Nondisturbed
socially housed littermates were applied as the controls.

To assess stress-induced food intake and nausea, we provided
mice with kaolin clay (Research Diets, K50001) in addition to their
regular diet for 3 days before testing. Mice wererestrained (starting at
~09:00) for4 handreturned to their cages (group-housed) with access
to standard chow and kaolin clay pellets, which were weighed before
and after 18 h (-09:00 the following day).

Open-field and light-dark box tests

Mice were moved toanisolated room the evening before open-field test-
ing to minimize stress on the day of testing. Immediately following 4-h
tube restraint or 1 h following exogenous GDF15 injection (SnM kg™ IP)
or 1h following exogenous adrenaline treatment (0.5 mg kg™ IP), mice
were placedinthe centre of abox (40 x 40 x 40 cm, black walls and white
plastic bottom). Mice remained in the box in the same isolated room,
and videos were recorded using a camera (GoPro, 1080p resolution and
asamplerate of 3 frames per second) mounted to the ceiling. Videos were
recorded for 20 min. The two-dimensional mouse pose was analysed using
DeepLabCut* to extract the locations of arenaboundaries and anatomi-
callandmarks (nose, left ear, right ear, tail base). The DeepLabCut model
(ResNet50 architecture) was trained using 20 distinct frames (k-means
clustering) from20input videos for atotal of 200,000 epochs, resultingin
ameantestingerror of 3.74 pixels across all tracked positional landmarks.
Weighted spatial means of all four anatomical points taken to represent
the location of the centre of the head were then analysed using custom
MATLAB (v2022b) scripts for the time spent in the centre (>8 cm from
thearenaboundaries), time spentinthe periphery (<8 cmfromonearena
boundary), timespentinthe corners (<8 cmfromtwo arenaboundaries)
and total distance moved during the test. Afterwards, the mice were
returned to their home cages, and the boxes were thoroughly cleaned
and left to dry before subsequent rounds. The boxes in which groups
(that is, WT/GFRAL, control/restraint, control/GDF15, etc.) were placed
were systematically rotated to control for any possible differencesin box
positioning during recording. Alternatively, mice were placed into an
automated open-field test system (Opto-Varimex-5 Auto-Track, Columbus
Instruments) for 20 min, and the time spent in the centre and periphery
and the total movement were analysed using equipment software.
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For light-dark box testing, mice were placed into the ‘light’ area
and videos were recorded using a camera (GoPro, 1080p resolution
and asample rate of 3 frames per second) for 10 min. The videos were
analysed manually by ablinded assessor for the time spent by the mice
inthelight area.

Behavioural and metabolic activity

Metabolic and behavioural monitoring was conducted using the Pro-
methion system (Sable Systems International). Data were collected
following acclimation to the system for 24 h. After acclimation, mice
were injected with adrenaline (0.5 mg kg™ IP) at 09:00, after which the
mice remained in the system for another 24 h. Data on food intake,
physical activity and nonambulatory movements (beam breaks), oxy-
gen consumption (VO,), carbon dioxide production (VCO,), respiratory
exchange ratio (VCO,/VO,) and energy expenditure (kcal h™) were
collected at 15-minintervals.

Statistics

Statistical analyses were performed using GraphPad Prism (version 10)
or Rsoftware (RNA-seq). Data were analysed using an unpaired t test,
a one-way analysis of variance (ANOVA) or a two-way ANOVA. When
significant interactions were detected through ANOVA, subsequent
post hocanalyses were reported with appropriate corrections; where
no post hoc correction is stated, there was no interaction detected.
Correlational analyses were performed with Pearson’s correlation. No
statistical methods were used to predetermine sample sizes, but our
samplesizesare similar to those reported in previous publications's*.
Normality was tested using the Shapiro-Wilk test. Outliers were
defined as points outside 2 s.d. away from the group mean. All data
are presented as mean + s.e.m. withindividual data points. Differences
were considered significant when P < 0.05.

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

Data availability

Datathat support the findings of this study are available from the cor-
responding author onrequest. Bulk RNA-seq data have been deposited
under accession code GSE267183.scRNA-seq datawere obtained from
the National Center for Biotechnology Information Sequence Read
Archive reference number SRP145475. Source data are provided with
this paper.

Code availability

The code for RNA-seq analysis and 2SMR is available on request.
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Extended Data Fig. 1| Sex- and housing temperature-independent effects of
exogenous epinephrine on GDF15. a) Pathway analysis from RNA-sequencing
of gWAT following 1-hr epinephrine treatment. n = 6 per group. b) Heat map
showing ligand-encoded genes from RNA-sequencing of gWAT following 1-hr
epinephrine treatment. n = 6 per group. ¢) Circulating GDF15 from age-matched
male (saline n =9, epinephrine n = 9) and female mice (saline n = 10, epinephrine
n=1I)following 1-hr epinephrine with fold-change relative to baseline levels
(inset). Data presented as mean + s.e.m. with p-values calculated using 2-way

Hours post-Epinephrine

ANOVA with post-hoc test and Tukey’s correction and unpaired two-tail t-test,
respectively. d) Time-course of circulating GDF15 post-saline (RTn=5, TN
n=4)orepinephrine (RTn=35, TN n=35) inmice housed at room temperature

(RT ~22°C) or thermoneutrality (TN ~ 29 °C) for 4 weeks. n = 4-5/group. Data
presented as mean +s.e.m. with p-values calculated using 2-way ANOVA at each
time point. e) Serum epinephrine in control (n = 9 mice), 1-hr post IP epinephrine
(n=7),and 4-hr physical restraint (n = 8). Data presented as mean + s.e.m. with
p-values calculated using 1-way ANOVA with post-hoc test and Tukey’s correction.
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Extended Data Fig. 2| Chronic psychological stress not associated with
elevated circulating GDF15 levels in humans. a) Serum GDF15 levels in children
with overweight and obesity with (n =23) or without (n = 24) diagnosis of
anxiety. Data presented as mean + s.e.m. with p-values calculated using unpaired
two-tail t-test. b) Scatter plot of the SNP-effect on GDF15 and single nucleotide
polymorphism (SNP)-effect on nervous anxiety tension or depression in humans
by using two sample Mendelian Randomization (2SMR). Data presented as mean
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methods. c) Single SNP analysis of GDF15 on anxiety and depression in humans,
Data presented as mean + error bars indicate 95% CI, n = 407,746 participantsin
UK Biobank.
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Extended Data Fig. 5| Macrophages are the most likely source of GDF15 within
adipose tissue. a) Fgf21 expression in mouse adipocyte and SVF from gWAT
post-saline (n =4 per group) or epinephrine (n =5 per group). Data presented as
mean +s.e.m. with p-values calculated using 2-way ANOVA with post-hoc test and
Tukey’s correction. b) Leptin expression in mouse adipocyte and SVF from gWAT
post-saline (n =3 per group) or epinephrine (n =4 per group). Data presented as
mean +s.e.m. with p-values calculated using 2-way ANOVA. c) t-SNE plot of Lin-
stromal vascular cells from gWAT of control mice and mice treated with CL for 3
days. Clustering identified 6 major cell types/states. Clusters are highlighted in
different colors. The data set was queried for cells expressing Gdf15. Heatmap
shows expression of Gdf15 and other cell-identifying factors in the various
identified cell populations. d) F480/Adgrel expression in mouse F480+and
F480-fractions of SVF from gWAT 1-hr post-epinephrine treatment (0.5 mg/

kg). Data presented as mean +s.e.m. with n = 3 per group. p-values calculated
using 2-way ANOVA. e) Argl and Nos2 expression in bone marrow-derived

macrophages (BMDMs) polarized to either M1-like or M2-like. n = 6 per group.
Individual data points represent duplicates from 3 independent experiments.
Data presented as mean +s.e.m. with p-values calculated using 1-way ANOVA
with post-hoc test and Tukey’s correction. f) GDF15 levels in media from BMDMs
polarized to either M1-like or M2-like for 24-hrs. n = 3 per group. Individual data
points represent triplicates from 3 independent experiments. Data presented
as mean *s.e.m. with p-values calculated using 1-way ANOVA with post-hoc test
and Tukey’s correction. g) GDF15 levels in media from M2-like BMDMs treated
with epinephrine (1 M) or tunicamycin (5 ng/mL) for 24-hrs. n = 3 per group.
Individual data points represent triplicates from 3 independent experiments.
Data presented as mean +s.e.m. with p-values calculated using 1-way ANOVA
with post-hoc test and Tukey’s correction. h) Volcano plot showing fatty acid
transporters identified between M1- and M2-like macrophage populations from
scRNA-seq data.
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Extended Data Fig. 7| GDF15-GFRAL signalling is important for behavioural
responses to epinephrine. a) Non-ambulatory movements, b) Total physical
activity, c¢) Total food intake, d) respiratory exchange ratio (RER), e) Energy
expenditurein WT (saline n =4, epinephrine n = 4) and Gfral” mice (salinen=4,
epinephrine n=4). Data presented as mean + s.e.m. with p-values calculated

using 2-way ANOVA with post-hoc test and Tukey’s correction. f) Chow intake (18-

hrs) following tube restraint in WT (control n =7, restraint n = 7) and Gfral "
mice (control n =10, restraint n = 9). Data presented as mean + s.e.m. with
p-values calculated using 2-way ANOVA. g) Kaolin clay intake (18-hrs) following
tube restraintin WT (control n = 7, restraint n = 7) and Gfral " mice (control
n=10,restraintn = 9). Data presented as mean + s.e.m. with p-values calculated
using 2-way ANOVA. h) Time in center and total distance during open-field test
following GDF15 treatment with representative images showing movement of
individual mice. n = 9 per group. Data presented as mean + s.e.m. with p-values

calculated using unpaired two-tail t-test. i) Time in light during light-dark box
test following vehicle (n = 8) or GDF15 treatment (n = 9). Data presented as mean
+s.e.m. with p-values calculated using unpaired two-tail t-test. j) Daily chow food
intake throughout repeated GDF15 (5 nM/kg IP). n = 12 per group. Data presented
as mean *s.e.m. with p-values calculated using 2-way ANOVA with post-hoc test
and Tukey’s correction. k) Time in the center during open-field test following
GDF15 treatment (5 nM/kg IP) with representative images of movement of
individual mice. n = 6 per group. Data presented as mean + s.e.m. with p-values
calculated using 2-way ANOVA. Chr. GDF15: Chronic GDF15.1) Total distance
traveled during open-field test following GDF15 treatment (5 nM/kg IP) with
representative images showing representative movement of individual mice.
n=6pergroup. Data presented as mean + s.e.m. with p-values calculated using
2-way ANOVA. Chr. GDF15: Chronic GDF15.
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two-tail t-test. Scale bar=200 um. 4 V: 4" ventricle, LC: locus coeruleus, TH:
tyrosine hydroxylase. b) Quantification of c-Fos positive cells in the PFC and
BLA 90-min following GDF15 treatment (5 nm/kg IP), with representative
pictures of the staining. n =4 per group. Data presented as mean £ s.e.m. with
p-values calculated using unpaired two-tail t-test. Scale bar=200 pum. BLA:
basolateral amygdala, cc: corpus callosum, mPFC: medial prefrontal cortex.
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¢) Serum GDF15in WT (control n = 9, restraint n = 9) and Gfral ™ mice (control
n=_8,restraint n=38). Data presented as mean + s.e.m. with p-values calculated
using 2-way ANOVA with Tukey’s post-hot correction. d) Serum corticosterone
in WT (control n =4, CRH n = 6) and Gfral " mice (control n =4, CRHn = 6). Data
presented as mean * s.e.m. with p-values calculated using 2-way ANOVA at each
timepoint. e) Serum adrenocorticotropic hormone (ACTH) in WT (controln=4,
CRH n = 6) and Gfral ™ mice (controln =4, CRH n = 6). Data presented as mean =
s.e.m. with p-values calculated using 2-way ANOVA at each timepoint. f) Serum
corticosterone 6-hr post treatment with dexamethasone (Dexa, 100 pg/kg IP).
n=4pergroup. Data presented as mean + s.e.m. with p-values calculated using
2-way ANOVA.
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|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection immunofluorescence images were acquired using Zeiss Axio Scan 7.
Protein bands for Western blotting were visualized with the MBI Fusion FX7 system.

Data analysis For Two-sample Mendelian Randomization analysis, we used TwoSampleMR R package (v0.5.6) from https://mrcieu.github.io/twosampleMR/.
For RNA-Seq analyses, we used MultiQC (v1.12), trim galore (v0.6.5-1), Salmon (v1.10.1), DESeq2 (v1.38.3), GOstats (v2.64.0), KEGG.db
(v3.2.3), cnetplots for R. RNA Sequencing visualizations were performed in R.
The single cell RNA-Seq data used for the analyses described in this article were obtained from the NCBI Sequence Read Archive under
reference number SRP14547526. The Cell Ranger was used to perform sample qualifying, alignment, filtering, counting, and aggregation using
the Linux system or the R and RStudio software. Clustering and gene expression were visualized with 10X Genomics Loupe Browser (v.6.5.0).
Statistical analyses were performed in Prism (version 10), R (Version 4.2.3), or RStudio software (Version 1.3.1056).
MATLAB (v2022b) were used for analyses of open-field tests.
Western Blot images were quantified using Image J software

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

FASTQ files from these scRNA-seq libraries areavailable at the Pique-Regi labwebpage(http://piquelab.grid.wayne.edu/), as well as the Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/sra/) (SRA: SRP145475). Scripts for data processing are available through GitHub (https://github.com/RBBurl1227).
The data that support the findings of this study are available from the corresponding author upon request

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Unless otherwise states only male mice were used in this study. For mouse experiments where male and female mice were
compared, age-matched litter mates were used.
Biological sex was considered, and reported, where possible in human analyses.

Reporting on race, ethnicity, or Not Applicable
other socially relevant

groupings

Population characteristics Children with obesity who were enrolled in the Canadian Pediatric Weight management Registry (CANPWR) at the McMaster
site were included in this study. Study participants with an available fasting blood sample at their initial visit and a clinical
diagnosis of anxiety but without use of antipsychotic or antidepressant medications (n=23) were compared to those without
any diagnosis of anxiety and also free from use of medications (n=24). Participants were matched for age (12.50+/-2.97 and
12.44+/-2.86 years of age), sex (12/11 and 12/12 male/female), body weight (87+/-31.88 and 88+/-35.32 kg), and body mass
index (33.18+/-6.41 and 34.08+/-8.07) between control and participants with anxiety, respectively.

Recruitment Not Applicable

Ethics oversight Animal studies were carried out at McMaster University (210104), University of Toronto (21-467 and 24-0362H), or

Washington University in St. Louis (20-0139). All animals used in the study were housed and cared for in accordance with the
Guidelines for Animal Use at McMaster University and were approved by the McMaster University Animal Ethics Research
Board or their respective facilities Ethics Boards.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical test was used to determine sample size but sample size for all animal studies were based on well-established protocols
previously performed in authors' labs (Wang et a., Nature, 2023; Day et al. Nature Metabolism, 2019; McCall et al. 2015, Nueon; McCall et al.
2017, eLife; Blondin et al. 2022, Cell Metabolism) and provide adequate power to detect the substantial effect while ensuring no more
animals that necessary were used. In vitro sample size were based on previous experience (Townsend et al. 2021, FASEB; Day et al. 2019,
Nature Metabolism). Sample size was also informed by animal availability, homogeneity, and consistency of characteristics of selected
animals.

Data exclusions  Data were excluded only if statistically confirmed as outlier: 1 sample from BAT in Figure 1G; 2 mice Figure 1H; 1 mouse from Figure 3B, 1
mouse from Extended Data Figure 1A.
One participant was excluded from pediatric analysis as it was inappropriately included by human error.
Exclusions did not affect interpretation of results.

Replication Nearly all experiments were completed across at least 2 independent cohorts. All cell-based experiments are from 3 independent
experiments. All attempts at replication were successful.
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Randomization  Prior to experimentation animals were randomly assigned to groups. For human participants the recruitment, collection, and sample selection
was completed by a blinded researcher. Participants were matched by researcher prior to analysis.

Blinding Investigators were blinded to experimental groups during tissue collection. During behavioural tests blinding was not possible during
experiment as drug administration was required by subsequent behavioural analyses of tests was performed by blinded researcher.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXOOXOO s
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Plants

Antibodies

Antibodies used Phosphorylated PKA substrates (1:1000 dilution, Cell Signalling Technology, Catalogue #9624, lot 10)
beta-tubulin (1:1000 dilution, Abcam, catalogue number #ab4074)
c-Fos (1:1000 dilution, Cell Signaling Technology Cat# 2250s)
TH (1:1000dilution, Aves Lab, Cat#TYH)

Validation All antibodies were used in accordance to the manufacturer guidelines.

Western blotting remains one of the most common scientific methods for monitoring protein expression in cells or tissue. The
accuracy of western blot results relies heavily of the quality of the primary antibody employed in the immunoblotting. Cell Signaling
Technology (CST) provides the highest quality primary and secondary antibodies available for western blotting. CST™ antibodies are
produced in-house and validated extensively according to a rigorous protocol.

Validation Steps Include

Examination of several cell lines and/or tissues of known expression levels allows accurate determination of species cross-reactivity
and verifies specificity.

Treatment of cell lines with growth factors, chemical activators or inhibitors, which induce or inhibit target expression, verifies
specificity. Phosphatase treatment confirms phospho-specificity.

The use of siRNA transfection or knockout cell lines verifies target specificity.

Side-by-side comparison of lots to ensures lot-to-lot consistency.

Optimal dilutions and buffers are predetermined, positive and negative cell extracts are specified, and detailed protocols are already
optimized, saving valuable time and reagents.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Bone marrow-derived macrophages were isolated from mice and confirmed by gene expression signatures, as done
previously in our lab (Day et al. 2023, Cell Reports; Morrow et al. 2022, Cell Metabolism)
White adipocytes were generated and differentiated as previously described by our lab (Mottillo et al. 2016, Cell Metabolism
10.1016/j.cmet.2016.06.006)

Authentication Cell lines were authenticated by appropriate gene signatures and physiological responses herein.

Mycoplasma contamination Not Applicable

Commonly misidentified lines  Not Applicable
(See ICLAC register)
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Germline GFRAL knockout mice (Gfral-/-), b1, b2, b3-adrenergic receptors triple knockout mice, Atgl/Pnpla2-floxed and Atgl/Pnpla2
knockout mice used in this study were on a C57bl/6j background, all males unless otherwise stated, and between the ages of 16-24
weeks for experiments. Mice were housed in temperature controlled either ambient (~22C at 40-60% relative humidity) or
thermoneutral conditions (~29C).

Wild animals No wild animals were used.
Reporting on sex Unless otherwise stated only male mice were used in this study.

Field-collected samples  No field-collected samples were used.
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Ethics oversight Guidelines for Animal Use at McMaster University and were approved by the McMaster University Animal Ethics Research Board
(AUP 210104) or their respective facilities Ethics Boards

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Clinicaltrials.gov identifier NCT02811289.

Study protocol Full protocols for experiments have been previously published.
Pediatric samples : Morrison et al. 2014, BMC Pediatrics, 10.1186/1471-2431-14-161

Data collection Please see previous publications for detailed descriptions of data collection and outcomes.

Qutcomes Please see previous publications for detailed descriptions of data collection and outcomes.
Plants

Seed stocks Not Applicable

Novel plant genotypes  Not Applicable

Authentication Not Applicable
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