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Rapid modulation of gut microbiota 
composition by hypothalamic circuits  
in mice
 

In recent years, the gut microbiota and derived metabolites have emerged 
as relevant players in modulating several brain functions, including 
energy balance control1–3. This form of distant communication mirrors 
that of metabolic hormones (for example, leptin, ghrelin), which convey 
information about the organism’s energy status by exerting effects on 
diverse brain regions, including the master homeostatic centre, the 
hypothalamus4. However, whether the hypothalamus is also able to 
influence gut microbiota composition remains enigmatic. Here we present 
a study designed to unravel this challenging question. To this aim, we 
used chemogenetics5 (to selectively activate or inhibit hypothalamic 
pro-opiomelanocortin or agouti-related peptide neurons) or centrally 
administered leptin or ghrelin to male mice. Subsequently, we conducted 
microbiota composition analysis throughout the gut using 16S rRNA gene 
sequencing. Our results showed that these brain interventions significantly 
changed the gut microbiota in an anatomical and short-term (2–4 h) fashion. 
Transcriptomic analysis indicated that these changes were associated with 
the reconfiguration of neuronal and synaptic pathways in the duodenum 
concomitant with increased sympathetic tone. Interestingly, diet-induced 
obesity attenuated the brain-mediated changes triggered by leptin in 
gut microbiota communities and sympathetic activation. Our findings 
reveal a previously unanticipated brain–gut axis that acutely attunes 
microbiota composition on fast timescales, with potential implications for 
meal-to-meal adjustments and systemic energy balance control.

Over the last two decades, many studies have shown that changing the 
gut microbiota composition has the potential to positively influence 
the progression of several diseases1. Therefore, the gut microbiota is 
emerging as a crucial determinant for the maintenance and promo-
tion of host homeostasis and health1. This bacterial ecosystem is a 
complex and dynamic entity that produces many active compounds 
that are involved in a wide range of organismal functions. In the con-
text of energy balance, the availability and abundance of different 
bacterial-derived metabolites (for example, short-chain fatty acids, bile 

acid derivatives, endocannabinoids) may profoundly influence host 
metabolism and feeding behaviour via diverse brain mechanisms1,2,6. 
Indeed, the interaction of these metabolites with G protein-coupled 
receptors of enteroendocrine cells promotes indirect signalling to the 
brain through the release of gut hormones (glucagon-like peptide-1, 
peptide YY) and neurotransmitters (γ-aminobutyric acid, serotonin)1. 
Furthermore, growing evidence suggests that many bacterial-derived 
metabolites reach the bloodstream and exert direct effects on dis-
tal organs, including the brain7. Collectively, these data indicate that 
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The DREADD ligand clozapine N-oxide (CNO) was administered 
to selectively activate or inhibit POMC or AgRP neurons; gut lumi-
nal contents from four anatomically distinct segments (duodenum, 
jejunum, ileum and caecum) were collected 2 and 4 h later, followed 
by gut microbiota analysis (Fig. 1a). To assess how the composition 
of microbial communities changed upon brain manipulations, we 
implemented a tailored metagenomic profiling and statistical analysis 
pipeline (Fig. 1b). Microbiota community richness and evenness was 
evaluated according to the α-diversity using the Shannon index. We 
observed that modulation of the activity of AgRP or POMC neurons 
did not significantly modify this parameter (Fig. 1c–f). Beta diver-
sity analysis was performed to obtain the differential abundant taxa 
using the analysis of compositions of microbiomes with bias correc-
tion (ANCOM-BC) method11. Stimulation of AgRP neurons resulted 
in minor changes in the bacterial profile (Fig. 1g), while inhibition 
also induced slight changes in the gut microbiota composition of the 
jejunum and caecum (Fig. 1g). In contrast, activation of POMC neu-
rons predominantly increased or decreased several bacterial families 
in the duodenum, while inhibition significantly affected bacterial 
families in the jejunum, ileum and caecum (Fig. 1g). These changes in 
microbiome composition were not due to alterations in gut motility 
(Extended Data Fig. 2a–e). Collectively, our findings suggest that the 
acute chemogenetic manipulation of key populations of hypothalamic 
neurons (particularly POMC neurons) results in rapid changes in gut 
microbiota composition independent of food intake.

To investigate these findings under a more physiological context, 
we implemented two complementary strategies that progressed with 
the modulation of hypothalamic AgRP and POMC neurons: (1) sensory 
perception of food12–15 and (2) central administration of metabolic 
hormones (that is, ghrelin and leptin)4,12,16. Regarding the sensory 
aspect, overnight fasted C57BL/6J mice were exposed either to a caged 
inedible object (a wood dowel) or a caged food pellet that could be seen 
and smelled but not consumed (Fig. 2a). Mice were euthanized at a 
shorter time interval (1 h later), compatible with the acute food sensory 
effects on hypothalamic neurons12–15; luminal contents were obtained 
from the diverse gut regions for microbiota analysis. The diversity of 
the microbial communities was similar between experimental groups 
(Fig. 2b). Similarly, sensory detection of food did not cause changes in 
gut microbiota composition in any of the intestinal segments assessed 
(Fig. 2c). These results indicate that transient fluctuations in AgRP and 
POMC neuron activity in response to food perception are insufficient 
to influence the gut microbiome, suggesting that more sustained or 
intense stimuli may be required to induce noticeable changes. Never-
theless, we cannot exclude that the timing of sample collection could 
be contributing to the absence of changes in microbiota composition 
under these experimental conditions.

Next, we examined the effects of ghrelin and leptin, which are 
canonical metabolic hormones with opposite functions regarding 

certain metabolites produced by intestinal bacterial communities 
contribute to fine-tuning inflammation, glucose and lipid metabolism, 
and appetite via the so-called microbiota–gut–brain axis3.

This mode of communication used by the gut microbiota mirrors 
the strategies used by metabolic organs (stomach, white adipose tis-
sue or pancreatic beta cells, among others), which secrete hormones 
(ghrelin, leptin and insulin, respectively) that signal the whole-body 
energy status to the brain4. In turn, the brain integrates this informa-
tion and orchestrates a range of adaptive mechanisms. For example, 
pro-opiomelanocortin (POMC) and agouti-related peptide (AgRP) 
neurons located in the arcuate nucleus (ARC) of the hypothalamus can 
sense and amalgamate multiple dynamic cues conveyed by metabolic 
hormones (ghrelin, leptin), nutrients and sensory inputs4. According 
to this information, these neurons co-ordinately modulate appetite, 
energy expenditure and glucose and lipid metabolism via the auto-
nomic regulation of peripheral tissues, thus adjusting overall energy 
balance and metabolism4. On this basis, the brain also communicates 
with the gut and regulates key gastrointestinal functions (motility, 
permeability, pH, mucus production, immune response)8. However, 
whether the brain is also able to influence gut microbiota composition 
remains enigmatic.

This study was designed to unravel this challenging hypothesis. 
Our results unequivocally show that acute modulation of POMC or 
AgRP neuronal activity via chemogenetics, as well as the central deliv-
ery of the metabolic hormones ghrelin and leptin, changes gut micro-
biota composition in a short-term and anatomically specific fashion. 
Together, our findings reveal a new and unexpected brain–gut axis 
that acutely attunes microbiota composition on rapid timescales, 
with potential implications for meal–meal adjustments and systemic 
energy balance control. These observations represent a paradigm 
shift because they introduce the brain as an active modulator of 
microbiome plasticity and composition in response to metabolic  
signals.

To initially assess whether the brain influences gut microbiota 
composition, we chemogenetically modulated the activity of hypo-
thalamic AgRP and POMC neurons. These populations of neurons are 
plausible candidates to mediate brain–gut communication because of 
their crucial role in systemic metabolic control4. To this aim, we used 
designer receptors exclusively activated by designer drugs (DREADD) 
technology5. AgRPCre/+9 or POMCCre/+10 mice, as well as AgRP+/+ or POMC+/+ 
as controls, were bilaterally injected with an adeno-associated virus 
(AAV) vector encoding excitatory hM3Dq (AAV8-hSYN-DIO-hM3D(Gq)- 
mCherry) or inhibitory hM4Di (AAV8-hSYN-DIO-hM4D(Gi)-mCherry) 
DREADDs in the ARC (Fig. 1a). Subsequent studies were conducted 3 
weeks later to ensure adequate AAV expression. Validation of the fidel-
ity of AAV infection and the effectiveness of DREADD performance on 
AgRP and POMC neurons was confirmed via immunofluorescence 
studies (Extended Data Fig. 1a–h).

Fig. 1 | Activity modulation of AgRP and POMC neurons influences gut 
microbiota composition. a, Diagram illustrating the approach to express the 
excitatory (hM3Dq) or inhibitory (hM4Di) DREADDs in AgRP and POMC  
neurons. b, Schematic representation of the data processing and analysis 
workflow. c,d, Microbial α-diversity (Shannon index) of gut microbiota from 
vehicle and AgRP neuron-activated mice and vehicle (c) and AgRP neuron-
inhibited mice 2 or 4 h after CNO injection (d). Sample sizes in c: 2 h control n = 7 
in the duodenum, jejunum and caecum, and n = 6 in the ileum; 2 h activated 
n = 8 in the duodenum, jejunum and ileum, and n = 6 in the caecum; 4 h control 
n = 8 in duodenum and jejunum, and n = 7 in the ileum and n = 6 in the caecum; 
4 h activated n = 8 in the duodenum, jejunum, ileum and caecum. Sample sizes 
in d: 2 h control n = 7 per gut section; 2 h inhibited n = 9 per gut section; 4 h 
control n = 7 per gut section; 4 h inhibited n = 8 in the duodenum, jejunum and 
ileum, and n = 7 in the caecum. e,f, Microbial α-diversity (Shannon index) of gut 
microbiota from vehicle and POMC neuron-activated mice (e) and vehicle and 
POMC neuron-inhibited mice (f) 2 or 4 h after CNO injection. Sample sizes in e: 2 h 

control n = 7 per gut section; 2 h activated n = 8 per gut section; 4 h control n = 8 
per gut section; 4 h activated n = 8 per gut section. Sample sizes in f: 2 h control 
n = 7 in the duodenum, jejunum and ileum, and n = 6 in the caecum; 2 h inhibited 
n = 9 per gut section; 4 h control n = 7 per gut section; 4 h inhibited n = 7 in the 
duodenum, jejunum and ileum, and n = 6 in the caecum. *q = 0.0212. All box plots 
display the range from the first to the third quartile (box) and the median (centre 
line), while the whiskers extend to the minimum and maximum values. Statistical 
significance was determined using a one-way analysis of variance (ANOVA), 
followed by false discovery rate (FDR) adjustment. g, Heatmap representations 
from the ANCOM-BC analysis at the family level. Data are represented by 
the effect size (log fold change). Microbial taxa with statistically significant 
differences between the control and treated group at 2 and 4 h after CNO 
injection in specific gut sections are shown. Stars indicate statistically significant 
differences compared to the control group; q values for the differences depicted 
in the heatmaps are provided in Supplementary Table 1.

http://www.nature.com/natmetab


Nature Metabolism

Letter https://doi.org/10.1038/s42255-025-01280-3

* *

Meta-data Taxonomic
data

Abundance
table

Technical and biological

- Bacteria - Family level 

Domain
Kingdom

Phylum
Class

Order
Family

Genus
Species

(Cyanobacteria 
removal)

- Gut section - Time point

- α-diversity: rarefaction
  and Shannon index

- β-diversity: ANCOM-BC

c

e

d

f

hM3Dq hM4Di

hM3Dq hM4Di

2 h
after CNO

4 h
after CNO

CNO

11:008:00 9:00

AgRP+/+ or AgRPCre/+mice

POMC+/+ or POMCCre/+ mice

Fasting

a

At
op

ob
ia

ce
ae

Eg
ge

rt
he

lla
ce

ae

Eu
ba

ct
er

ia
ce

ae

Duodenum

4 h
2 h

Ti
m

e

D
es

ul
fo

vi
br

io
na

ce
ae

C
or

yn
eb

ac
te

ria
ce

ae

Er
ys

ip
el

ot
ric

ha
ce

ae

M
ur

ib
ac

ul
ac

ea
e

O
do

rib
ac

te
ra

ce
ae

Po
rp

hy
ro

m
on

ad
ac

ea
e

Pr
ev

ot
el

la
ce

ae
Ru

m
in

oc
oc

ca
ce

ae
St

re
pt

oc
oc

ca
ce

ae
Su

tt
er

el
la

ce
ae

H
el

ic
ob

ac
te

ra
ce

ae
La

ch
no

sp
ira

ce
ae

Ileum
−4−2024

Jejunum
−4−2024

Caecum
−4−2024

4 h
2 h

4 h
2 h

4 h
2 h

Ak
ke

rm
an

si
ac

ea
e

Ba
ci

lla
le

s_
In

ce
rt

ae
_S

ed
is

_X
I

Bi
fid

ob
ac

te
ria

ce
ae

C
am

py
lo

ba
ct

er
ac

ea
e

C
lo

st
rid

ia
le

s_
In

ce
rt

ae
_S

ed
is

_X
III

C
or

yn
eb

ac
te

ria
ce

ae
Er

ys
ip

el
ot

ric
ha

ce
ae

Is
os

ph
ae

ra
ce

ae
La

ch
no

sp
ira

ce
ae

La
ct

ob
ac

ill
ac

ea
e

M
ur

ib
ac

ul
ac

ea
e

Ph
re

at
ob

ac
te

ra
ce

ae
Ps

eu
do

m
on

ad
ac

ea
e

Sp
hi

ng
om

on
ad

ac
ea

e

Ac
et

ob
ac

te
ra

ce
ae

Ak
ke

rm
an

si
ac

ea
e

Al
ca

lig
en

ac
ea

e
C

al
di

lin
ea

ce
ae

Eg
ge

rt
he

lla
ce

ae
In

tr
as

po
ra

ng
ia

ce
ae

La
ct

ob
ac

ill
ac

ea
e

M
et

hy
lo

ba
ct

er
ia

ce
ae

M
ic

ro
ba

ct
er

ia
ce

ae
O

do
rib

ac
te

ra
ce

ae
O

xa
lo

ba
ct

er
ac

ea
e

Po
rp

hy
ro

m
on

ad
ac

ea
e

Ru
m

in
oc

oc
ca

ce
ae

St
re

pt
oc

oc
ca

ce
ae

Ae
ro

co
cc

ac
ea

e
Br

ad
yr

hi
zo

bi
ac

ea
e

C
yt

op
ha

ga
ce

ae
D

ei
no

co
cc

ac
ea

e
La

ch
no

sp
ira

ce
ae

La
ct

ob
ac

ill
ac

ea
e

M
yc

ob
ac

te
ria

ce
ae

N
oc

ar
di

oi
da

ce
ae

Pe
pt

os
tr

ep
to

co
cc

ac
ea

e
Rh

od
an

ob
ac

te
ra

ce
ae

−4−2024

g

3 weeks

b

AgRP
activation

AgRP
inhibition

POMC
activation

POMC
inhibition

Filtering

Outlier identification

Statistical analysis

Visualizations

log fold change

AgRP activation

POMC activation

Control
Activated

Control
Activated

Duodenum

Je
junum

Ile
um

Cae
cum

2 h 4 h
6

5

4

3

2

1

0

6

5

4

3

2

1

0

Duodenum

Je
junum

Ile
um

Cae
cum

Sh
an

no
n 

in
de

x

Duodenum

Je
junum

Ile
um

Cae
cum

2 h 4 h
6

5

4

3

2

1

0

6

5

4

3

2

1

0

Duodenum

Je
junum

Ile
um

Cae
cum

Sh
an

no
n 

in
de

x

_

AgRP inhibition

POMC inhibition

2 h 4 h

2 h 4 h Control
Inhibited

Duodenum

Je
junum

Ile
um

Cae
cum

6

5

4

3

2

1

0

6

5

4

3

2

1

0

Duodenum

Je
junum

Ile
um

Cae
cum

Sh
an

no
n 

in
de

x _

_

_

_
_

_

_

_
_

_ _

_

_ _

_

_

*

Control
Inhibited

Duodenum

Je
junum

Ile
um

Cae
cum

6

5

4

3

2

1

0

6

5

4

3

2

1

0

Duodenum

Je
junum

Ile
um

Cae
cum

Sh
an

no
n 

in
de

x

_

http://www.nature.com/natmetab


Nature Metabolism

Letter https://doi.org/10.1038/s42255-025-01280-3

energy homeostasis16. To do so, we administered saline, leptin or ghre-
lin into the lateral ventricle of the brain of 8-week-old C57BL/6J mice 
(Fig. 3a). Validation of hormonal interventions was confirmed via FOS 
staining in hypothalamic sections (Extended Data Fig. 3a,b). Luminal 
contents from the duodenum, jejunum, ileum and caecum were col-
lected 2 and 4 h after the injection (Fig. 3a). While ghrelin-associated 
α-diversity showed no significant differences between groups, leptin 
treatment led to significant changes in this parameter in certain gut 
regions (Fig. 3b,c). For β-diversity, similar to AgRP neuronal activation, 
ghrelin resulted in modest alterations in bacterial families (Fig. 3d). In 
contrast, leptin treatment led to notable variations in the composition 
of the microbiota across the various intestinal sections analysed. Indeed, 
changes were primarily observed in the ileum and caecum after 2 h of 
treatment, whereas the main changes at 4 h were evident in the duode-
num (Fig. 3d). The latter anatomical changes were reminiscent of the 
effects seen after POMC neuronal activation. Interestingly, while ghrelin 
did not significantly affect gut motility, central leptin administration 
strongly inhibited this parameter (Extended Data Fig. 4a–e). Altogether, 
these results suggest that satiety signals contribute to reshaping the 
bacterial composition of the gut in a swift and anatomically selective 
manner. In the case of leptin, part of these changes may be the conse-
quence of alterations in gut transit. This aligns with previous studies 
showing that leptin influences gastrointestinal motility17, which can in 
turn affect microbial communities and dynamics in the gut.

For a comprehensive overview and precise identification of inter-
actions between diverse treatments and gut sections, we visualized 
differentially abundant taxa using a chord diagram (Fig. 3e). This analy-
sis revealed that the most significant brain-induced effects on gut 
microbiota composition were observed in the duodenum and were 
mediated by both chemogenetic POMC neuron activation and central 
leptin (Fig. 3e). Therefore, we subsequently focused our attention on 
this specific gut segment and hormonal treatment.

Central leptin resistance is a hallmark of obesity16. To assess 
whether leptin resistance compromises the leptin-driven changes in 
the gut microbiota profile, we fed C57BL/6J mice with a high-fat diet 
(HFD) for 12 consecutive weeks (Fig. 4a). As expected, this dietary 
regime caused significant weight gain, hyperglycaemia and plasma 
hyperleptinaemia (Extended Data Fig. 5a–c) indicative of leptin resist-
ance. Notably, central leptin delivery in these animals (Fig. 4a) did not 
trigger the microbiota changes previously observed across the intes-
tine of lean mice (Fig. 4b). No changes in α-diversity were observed 
(Extended Data Fig. 5d). Collectively, these results indicate that func-
tional leptin signalling in the brain is required to drive short-term gut 
microbiota changes.

Changes in microbiota communities entail alterations in metabolic 
pathways and the production of metabolites that impact host health3. 
To define the metabolic and functional signatures of the microbial com-
munities in the duodenum induced by central leptin administration, 
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Fig. 2 | Sensory perception of food does not shape gut microbiota 
composition. a, Schematic representation of the food sensory perception 
paradigm. b, Microbial α-diversity (Shannon index) of gut microbiota from mice 
exposed to an inedible object (n = 6 samples per gut section) or inaccessible food 
pellet for 60 min (n = 7 samples per gut section). The box plot displays the range 
from the first to the third quartile (box) and the median (centre line), while the 

whiskers extend to the minimum and maximum values. Statistical significance 
was determined using a one-way ANOVA, followed by FDR adjustment.  
c, Heatmap representation from the ANCOM-BC analysis at the family level.  
Data are represented according to the effect size (log fold change). Stars indicate 
microbial taxa with statistically significant differences (*q = 0.0144) between an 
inedible object and an inaccessible food pellet after 60 min of exposure.
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Fig. 3 | Central ghrelin or leptin administration causes rapid changes in gut 
microbiota composition. a, Schematic representation of the experimental 
outline for brain delivery of leptin and ghrelin. b,c, Microbial α-diversity 
(Shannon index) of gut microbiota from mice treated with ICV ghrelin (b) or 
leptin (c) at 2 or 4 h after treatment. Sample sizes in b: 2 h vehicle n = 9 per gut 
section; 2 h ghrelin n = 10 per gut section; 4 h vehicle and ghrelin n = 10 per 
gut section. Sample sizes in c: 2 h vehicle n = 8 per gut section; 2 h leptin n = 7 
in the duodenum, jejunum and caecum, and n = 8 in the ileum; 4 h vehicle and 
leptin n = 8 in the duodenum, jejunum and caecum, and n = 7 in the ileum; 
2 h (ileum, **q = 0.0036; caecum, *q = 0.0101); 4 h (duodenum, *q = 0.0152; 
jejunum, *q = 0.0269). All box plots display the range from the first to the third 
quartile (box) and the median (centre line), while the whiskers extend to the 

minimum and maximum values. Statistical significance was determined using 
a one-way ANOVA, followed by FDR adjustment. d, Heatmap representations 
from the ANCOM-BC analysis at the family level. Microbial taxa with statistically 
significant differences between control and treated group at 2 and 4 h after 
treatment in specific gut sections are shown. Data are represented by the effect 
size (log fold change). Stars indicate statistically significantly differences 
compared to the control group; q values for the differences depicted in the 
heatmaps are provided in Supplementary Table 1. e, Chord diagram where 
the width of the links represents the strength of the interaction between the 
treatment and the gut section in which the microbial changes are observed. 
AgRPact, activation of AgRP neurons; AgRPinh, inhibition of AgRP neurons; 
POMCact, activation of POMC neurons; POMCinh, inhibition of POMC neurons.
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we used predictive tools of metagenome functions based on 16S rRNA 
sequencing data18,19. This analysis revealed 472 metabolic pathways, 
among which 79 exhibited significant differences (Extended Data 
Fig. 6). Most pathways reflected an enrichment in biosynthetic pro-
cesses (amino acids, cofactors, carriers, vitamins, carbohydrates, 
lipids, precursor metabolites and energy) with few representations of 
degradative categories (Extended Data Fig. 6). It is important to note 
that some of the biochemical products of these pathways (for example, 
certain amino acids, acetate) have been associated with central acute 
effects on appetite in rodents20–23.

To validate these predictions, we performed liquid chromatogra-
phy (LC)–tandem mass spectrometry (MS/MS) metabolomics on the 
duodenal content from mice centrally treated with vehicle or leptin. 
Vehicle and leptin samples formed distinct clusters (Extended Data 
Fig. 7a). We identified 89 metabolites, 19 of which were significantly 
altered between groups (Fig. 4c,d). Leptin treatment notably increased 
amino acids and related metabolites (Fig. 4d), partially validating 
functional predictions for amino acid metabolism (Extended Data 
Fig. 6). Additionally, metabolites such as pyridoxic acid, trigonelline, 
pantothenic acid and riboflavin (Fig. 4d) support microbial contribu-
tions to vitamin biosynthesis pathways predicted by Phylogenetic 
Investigation of Communities by Reconstruction of Unobserved States 
(PICRUSt2) plug-in (Extended Data Fig. 6).

We next evaluated the neuroactive potential of the gut micro-
biota, after central leptin intervention, by examining the presence 
of gut–brain modules (GBMs) involved in the synthesis or degrada-
tion of neuroactive compounds24. Our findings revealed that intrac-
erebroventricular (ICV) leptin administration was associated with 
reduced representation of several GBMs, including those involved in 
neurotransmitter synthesis (for example, γ-aminobutyric acid and 
glutamate) and the production of neuroactive metabolites (for exam-
ple, quinolinic acid, vitamin K2 and p-cresol) (Extended Data Fig. 7b). 
While highly speculative, these results suggest that activation of the 
brain–gut–microbiota axis via ICV leptin administration may tran-
siently attenuate the reciprocal communication from the microbiota 
to the brain.

In an attempt to unveil potential mechanisms mediating the rapid 
reconfiguration of gut microbiota composition after central leptin 
delivery, we conducted RNA sequencing (RNA-seq) analysis of the 
duodenum under this experimental condition. We also included an 
antibiotic treatment to isolate the effects of the microbiota on tran-
scriptomic changes. We concentrated on the 2-h time point, assuming 
that potential transcriptomic changes in the duodenum should precede 
any alterations in microbiota if they are causally linked (Fig. 4e). To gain 
insights into the functional characteristics and biological implications 
of central leptin administration across all experimental groups, we con-
ducted a Gene Ontology (GO) analysis of the transcriptomic dataset. 
This uncovered a significant enrichment of common pathways between 
the control (water) and antibiotic treatment groups after ICV leptin 
administration, including ‘Neuronal signalling and synaptic processes’, 
‘Cellular signalling, transport and ion regulation’, ‘Developmental and 

differentiation processes’ and ‘Hormonal regulation, blood circulation 
and metabolism’ (Fig. 4f). Additionally, leptin administration enhanced 
pathways related to ‘Immune response and antigen processing’ in the 
antibiotic-treated group (Fig. 4f). These results indicate that central 
leptin delivery engages in neuronal communication processes in the 
duodenum independently of the gut microbiota, underscoring the 
establishment of dynamic brain–gut communication mechanisms.

The sympathetic nervous system (SNS) has a crucial role in regu-
lating diverse metabolic functions that are essential for maintaining 
energy balance and physiological homeostasis25. In particular, the 
melanocortin system and leptin signalling influence the function of 
several peripheral tissues via the SNS26,27. Sympathetic neurons sig-
nal, via catecholamines (mainly adrenaline and noradrenaline), to 
α-adrenergic or β-adrenergic receptors in target cells. In this context, 
we next set out to determine whether central leptin modulates the 
duodenal content of adrenaline and noradrenaline. We found that 
while leptin did not change the concentration of noradrenaline in 
the duodenum 2 h after administration, it increased adrenaline levels 
(Fig. 4g,h), suggesting increased duodenal sympathetic tone. This is 
congruent with the transcriptomic data, reflecting the recruitment 
of pathways related to neuronal signalling and synaptic transmission 
(Fig. 4f). Interestingly, mice fed with an HFD did not exhibit a rise in 
duodenal adrenaline induced by central leptin (Fig. 4g). These results 
suggest that intact leptin signalling is necessary to mediate brain– 
gut sympathetic communication. This aligns with the attenuated 
changes in microbiota composition previously observed under the 
HFD regime (Fig. 4b).

This study represents a new standpoint and a paradigm shift in 
microbiota biology and metabolic research for several reasons. First, 
we provide evidence that the direct action of metabolic hormones in 
the brain (for example, leptin) and modulation of key neurons impli-
cated in energy balance control (for example, POMC neurons) result 
in acute and anatomically specific alterations in gut microbiota com-
position. Our findings uncover a new and unexpected layer of com-
munication between the brain and the gut microbiota, with potential 
physiological significance (in managing the postprandial state) and 
pathophysiological relevance.

Second, our work builds on previous studies demonstrating 
rapid changes in gut microbiota composition induced by diurnal 
rhythmicity28,29, dietary manipulations30,31 and neurological insults, 
including stress32–34. Notably, our data extend these observations by 
offering gut-region-specific insights into gut microbiota composition 
that are independent of food intake and nutrient availability. Indeed, 
most of the current knowledge on gut microbiota biology stems from 
studies of faecal samples, which is an appropriate non-invasive strategy 
that can be sampled easily and repeatedly. However, the faecal microbi-
ota composition provides a snapshot of the overall microbial diversity 
of the entire gastrointestinal tract. This approach precludes the analysis 
of regional variations and potential rapid changes (for example, 2 h) in 
microbiota composition, which is important to understand how micro-
bial communities adapt to specific niches and their contribution to host 

Fig. 4 | Leptin signalling is necessary to induce short-term alterations in the 
gut microbiota. a, Schematic representing the experimental outline of central 
leptin treatment under HFD conditions. b, Heatmap representations from the 
ANCOM-BC analysis at the family level. Data are represented by the effect size 
(log fold change). Microbial taxa with statistically significant differences between 
vehicle-treated and leptin-treated groups in mice fed with standard diet (SD) (left 
heatmap) and mice fed with an HFD (right heatmap) at 2 and 4 h after treatment 
in specific gut sections are shown (n = 7–10 mice per group). Stars indicate 
statistically significant differences compared to the control group; q values for 
the differences depicted in the heatmaps are provided in Supplementary Table 
1. c, Volcano plot displaying statistically significant differences in metabolites 
in the duodenal luminal content between mice centrally treated with vehicle or 
leptin (red, upregulated; blue, downregulated; black, no changes; n = 6 mice per 

group). d, Bar plot visualization of significantly changed metabolites (log2 fold 
change). e, Schematic representing the experimental outline of the antibiotic 
and central leptin treatment study. f, Sankey plot of the top 50 overrepresented 
GO pathways and related biological categories for the leptin versus vehicle 
groups comparing untreated (water, left) or antibiotic-treated (right) conditions 
(n = 6–14 mice per group). The GO pathways are ordered according to ascending 
P value. Details on GO categories and P values are provided in Supplementary 
Table 2. g,h, Adrenaline (g) and noradrenaline (h) levels in the duodenum of 
mice fed with standard or HFD 2 h after central leptin treatment. Sample sizes 
in g: vehicle (n = 6); leptin, vehicle HFD and leptin HFD (n = 8). Sample sizes in 
h: n = 8 per group. g,h, Data are represented as the mean ± s.e.m. *P = 0.0313, 
***P = 0.0006, ****P < 0.0001. Statistical significance was determined using a two-
way ANOVA followed by Tukey’s test.
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health. Considering that the small intestine serves as the primary site 
for nutrient digestion and absorption, it is reasonable to anticipate that 
nutrients can rapidly influence gut microbiota activity and composition 
in this gut segment. Our experimental design, centred around 2-h and 
4-h intervals, reinforces this idea and emphasizes the importance of 
analysing specific regions and using short time points.

Third, our study also underscores the dynamic nature of the gut 
microbiome in response to immediate metabolic cues. Therefore, 
it is tempting to speculate that the rapid brain-mediated changes in 
gut microbiota may have a meal–meal relevance with a direct impact 
on systemic metabolism. While food intake is vital for the provision 
of energy and nutrients, it is also a significant stressor that disrupts 
homeostasis35. Indeed, these microbiome changes could contribute 
to multiple postprandial physiological aspects, including nutrient 
absorption, immune function, maintenance of the gastrointestinal 
barrier and integrity, and production of bioactive metabolites, as 
well as metabolism and appetite regulation. Our findings indicating 
that leptin-induced changes in bacterial functional pathways can be 
associated with changes in metabolites that acutely modulate appe-
tite support this idea. The dynamic brain–gut reshaping of microbial 
communities could represent an evolutionary strategy to handle the 
postprandial situation and fine-tune appetite, thus maximizing meta-
bolic benefits and reducing homeostatic stress.

Our transcriptomic data suggest that brain–gut communication 
occurs through the reorganization of the neuronal and synaptic archi-
tecture of the duodenum, independent of gut microbiota. In line with 
this, we also noted a local increase in sympathetic mediators indicat-
ing enhanced SNS activity. Notably, this effect was attenuated under 
HFD feeding, implying that obesogenic states may disrupt adequate 
brain–gut communication. Nevertheless, we cannot rule out the poten-
tial involvement of circulating factors (hormones, peptides) released 
by the brain that directly or indirectly mediate the communication 
between the brain and the gut. This would depict a complex scenario in 
which multiple factors could act in conjunction with neural pathways 
or independently to influence gut microbiota and function.

Despite this study providing a new dimension in the way that the 
brain communicates with the periphery, it is important to recognize 
some limitations. We used pharmacological interventions (that is, 
exogenous administration of hormones and DREADD ligand in line 
with those commonly used in the literature), aimed at eliciting robust 
responses. While our studies were consistently conducted at the same 
time during the light phase, we believe that the pharmacological treat-
ments used would drive the same observed outcomes regardless of 
time of day. The dissection of the functional relevance and mechanistic 
insights of brain-mediated variations in gut microbiota are challenged 
by the inability to exclude confounding factors or define appropri-
ate biological readouts. The gut microbiota is highly responsive to 
changes in a wide range of environmental factors (for example, diet, 
drugs, stress). Thus, any manipulation or intervention aimed at study-
ing the hypothalamus–gut microbiota axis may alter the microbiota 
composition, making it difficult to isolate specific cause-and-effect 
relationships. Another constraint is that, although our findings are 
probably applicable also to females, all studies conducted thus far have 
exclusively involved male mice. The effects of female hormones on gut 
microbiota have been reported in several species, including rodents 
and humans36–39. This poses challenges in controlling hormonal fluctua-
tions and can represent a significant source of variability.

In summary, our findings uncover an unsuspected brain–gut 
connection that rapidly adjusts gut microbiota composition on short 
timescales, potentially participating in meal–meal adaptations and 
whole-body energy balance control. The identification of this new 
brain–gut axis represents an exciting point of departure in the field of 
neurogastroenterology and paves the way for new research to precisely 
delve into the mechanisms and their biological implications. Under-
standing this biological process may offer a potentially tractable target 

for a rapidly and transiently modulating gut microbiota composition. 
This approach would leverage the organism’s own adaptive responses, 
holding potential benefits for metabolic disorders such as type 2 dia-
betes and obesity.

Methods
Mouse husbandry and diets
Animal studies followed the ethical standards approved by the Ethics 
Committee of the University of Barcelona (390/19) and the Univer-
sity of Santiago de Compostela (15012/2023/014) in compliance with 
local, national and European legislation. Mice were group-housed 
(4–5 animals per cage) under a controlled environment (humidity 
30–80%; temperature 22–24 °C) under a 12-h light–dark cycle and with 
free access to water and standard diet (Teklad maintenance diet, 14% 
protein; 2014C, Envigo). In specific studies, HFD (60% kcal from fat, 
4.7 kcal g−1; cat. no. D12451, Research Diets) was provided ad libitum 
for 12 weeks (starting at 6 weeks of age). C57BL/6J, POMCCre/+10 and 
AgRPCre/+ mice9 were bred in-house. As controls, Cre− littermates were 
used and maintained under identical conditions. For the chemogenetic 
experiments, all mice received CNO to control for potential ligand 
effects. Mice were randomly assigned to experimental treatments. 
Samples were consistently collected at the same time of day to ensure 
the replicability of microbiome analyses40.

Food sensory paradigm
Eight-week-old C57BL/6J male mice were fasted overnight (16 h) and 
exposed to an inedible object (a wood dowel) or a standard chow pel-
let, both caged within a wire mesh that allowed the object or food to be 
seen and smelled but not consumed, as described previously15. Sixty 
minutes later, animals were euthanized for sample collection.

Stereotaxic surgery and cannulation
Eight-week-old C57BL/6J male mice (for the standard chow diet  
studies) or 18-week-old mice (for the HFD studies) were anaesthetized 
with 2.5% isoflurane in oxygen and placed in a stereotaxic frame. Head 
hair was shaved and the area cleaned with chlorhexidine. A stainless 
steel cannula was implanted in the right lateral ventricle (coordinates 
from Bregma: anteroposterior: −0.3 mm; mediolateral: +1.0 mm; dor-
soventral: −2.5 mm below the surface of the skull) and fixed to the skull 
with n-butyl cyanoacrylate. To improve recovery, the area was treated 
with bupivacaine (local infiltration, 1.25 mg ml−1); mice were placed on 
a heat pad (37 °C) until recovered from the anaesthesia.

Central hormonal treatments
The ICV leptin (L3772, Sigma-Aldrich) and ghrelin (4033076, Bachem) 
treatments were performed 3 days after cannula implantation. One 
hour after the start of the light period, mice were food-deprived for 2 h 
before treatment. At the time of the injection, the cannula was opened 
to administer leptin (3 µg per mouse), ghrelin (5 µg per mouse) or 
sterile saline for the controls, using a 25-µl syringe (Gas Tight Syringe, 
Hamilton Company). Animals were euthanized 2 or 4 h after the injec-
tion for sample collection.

Stereotaxic surgery for the chemogenetic studies
Eight-week-old POMCCre/+ and AgRPCre/+ male mice were anaesthetized 
intraperitoneally with ketamine/xylazine (100 mg kg−1 and 10 mg kg−1) 
and placed in a stereotaxic frame (Kopf Instruments). For pain relief, 
mice received buprenorphine intraperitoneally (0.3 mg kg−1) before 
surgery and every 12 h for 72 h after surgery. The skull was exposed and 
a small hole was drilled for AAV injection into the ARC. AAVs encoding 
excitatory (AAV8-hSYN-DIO-hM3D(Gq)-mCherry; 44361, Addgene; 
1.10 × 1,013 gc ml−1) or inhibitory (AAV8-hSYN-DIO-hM4D(Gi)-mCherry, 
44362, Addgene; 1.10 × 1,013 gc ml−1) DREADDs were injected bilater-
ally (300 nl per side) using a 33-G needle connected to a 5-μl syringe 
(NeuroSyringe, Hamilton Company) at 50 nl min−1 at the following 
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coordinates from Bregma: anteroposterior: −1.5 mm; mediolateral: 
±0.3 mm; dorsoventral: −5.8 mm below the surface of the skull. After 
8 min, the needle was retracted 1 mm and, after waiting 1 min, it was 
completely withdrawn. The incision was sutured with VetBond (3M) and 
mice were placed on a 37 °C heat pad until recovered from the anaesthe-
sia. Experiments were conducted at least 3 weeks after the injections.

Chemogenetic activation or inhibition of POMC or AgRP 
neurons
On the experimental days, food was removed one hour after lights-on; 
2 h later, mice were injected intraperitoneally with CNO (1 mg kg−1 
for activation or 3 mg kg−1 for inhibition; C4936, Tocris Bioscience) 
dissolved in sterile saline. Mice were euthanized 2 or 4 h later. The 
correct injection sites were confirmed in every mouse postmortem 
by assessing the mCherry signal under a fluorescence microscope 
(Nikon Eclipse Ni-U).

Immunofluorescence studies
POMCCre/+ and AgRPCre/+ mice were anaesthetized with ketamine/xylazine 
and perfused intracardially with saline (PBS) followed by ice-cold 4% 
buffered paraformaldehyde. Brains were dissected, post-fixed over-
night, cryoprotected with 30% sucrose, sectioned using a cryostat 
(RWD) at a 25-µm thickness; slices were stored at −20 °C.

For double POMC and FOS immunofluorescence in mCherry+ 
specimens, hypothalamic slices containing the ARC were blocked with 
2% donkey serum in KPBS + 0.1% Triton X-100 + 3% BSA and incubated 
overnight at 4 °C with rabbit anti-FOS antibody (1:300 dilution, 226008, 
Synaptic Systems) in blocking solution. After washing in KPBS + 0.1% 
Triton X-100, slices were incubated for 2 h with donkey anti-rabbit Alexa 
Fluor 647 antibody (1:300 dilution, A32795, Thermo Fisher Scientific) 
in KPBS + 0.1% Triton X-100 + 3% BSA. After washing in KPBS + 0.1% 
Triton X-100, slices were blocked with 2% donkey serum in KPBS + 0.4% 
Triton X-100 and incubated with rabbit anti-POMC precursor antibody 
(1:1,000 dilution; H-029-30, Phoenix Pharmaceuticals) for 16 h at 4 °C. 
Finally, slices were incubated with donkey anti-rabbit Alexa Fluor 488 
antibody (1:200 dilution, Thermo Fisher Scientific) for 1.5 h at room 
temperature followed by nucleus counterstaining and mounting with 
ProLong Diamond Antifade mountant (P36971, Invitrogen). Imaging 
was performed using a Nikon Eclipse Ni-U fluorescence microscope. 
Representative images are maximum-intensity projections generated 
using ImageJ Fiji (National Institutes of Health) and equally adjusted 
for brightness and contrast. FOS+POMC+ neuron cells were manually 
counted in a blinded fashion using ImageJ Fiji. Three mice per genotype 
were analysed by averaging the percentage of FOS + POMC neurons 
across four images per mouse.

For FOS immunofluorescence in mCherry+ specimens, hypotha-
lamic slices containing the ARC were blocked with 2% donkey serum in 
KPBS + 0.1% Triton X-100 + 3% BSA and incubated with rabbit anti-FOS 
antibody (1:300 dilution, 226008, Synaptic Systems) in blocking solu-
tion overnight at 4 °C. After washing in KPBS + 0.1% Triton X-100, slices 
were incubated for 2 h with donkey anti-rabbit Alexa Fluor 488 antibody 
(1:300 dilution, A32790, Thermo Fisher Scientific) in KPBS + 0.1% Triton 
X-100 + 3% BSA, followed by nucleus counterstaining and mounting 
with ProLong Diamond Antifade mountant. Imaging was performed 
using a Nikon Eclipse Ni-U fluorescence microscope. Representative 
images are maximum-intensity projections generated using ImageJ 
Fiji and equally adjusted for brightness and contrast. FOS+ neuron 
cells were manually counted in a blinded fashion using ImageJ Fiji. 
Three mice per genotype were analysed by averaging the percentage 
of FOS + POMC neurons across four images per mouse.

For the hormonal studies, C57BL/6J male mice were fasted 2 h 
before the ICV injection with vehicle, leptin or ghrelin. Ninety min-
utes after the injection, mice were anaesthetized with ketamine/
xylazine and perfused intracardially with saline followed by ice-cold 
10% neutral-buffered formalin. Brains were dissected and post-fixed 

overnight, cryoprotected with 30% sucrose, and cut using a cryostat 
(Epredia) at a 30-μm thickness; slices were stored at −20 °C. Hypotha-
lamic slices containing the ARC were blocked with 2% goat serum in 
Tris-buffered saline (TBS) + 0.3% Triton X-100 + 0.25% BSA and incu-
bated with chicken anti-FOS antibody (1:4,000 dilution, 226009, Syn-
aptic Systems) in blocking solution overnight at 4 °C. After washing in 
TBS + 0.1% Triton X-100, slices were incubated for 2 h at room tempera-
ture with a goat anti-chicken Alexa Fluor 488 antibody (1:1,000 dilution, 
ab150169, Abcam) in TBS + 0.3% Triton X-100 + 0.25% BSA. Slices were 
washed with TBS + 0.1% Triton X-100 followed by nucleus counterstain-
ing and mounting with Fluoro-Gel with Tris Buffer (17985-10, Electron 
Microscopy Sciences) + 4′,6-diamidino-2-phenylindole (1:1,000 dilu-
tion, cat. no. D9542, Sigma-Aldrich). Imaging was performed using a 
Leica TC-SP5-X-AOBS confocal microscope. Representative images 
were equally adjusted for brightness and contrast. Neuron cells positive 
for FOS were manually counted in a blinded fashion using ImageJ Fiji.

Body weight and blood glucose measurements
Body weight was measured using a precision scale. Blood samples were 
collected from the tail vein after overnight (16 h) fasting. The blood 
glucose concentration was measured using a glucose meter (Nova 
Pro Biomedical).

Leptin measurement
Leptin was measured in plasma using a Mouse/Rat Leptin Quantikine 
ELISA Kit (Bio-Techne). Blood samples were collected in Microvette 
500 lithium heparin tubes and centrifuged at 2,000g for 15 min at 4 °C. 
Plasma was used for the analysis.

Gut motility measurements
Motility experiments were conducted according to a previously 
described protocol41. Briefly, cage food was removed 1 h after lights-on; 
2 h later mice were injected intraperitoneally with CNO or ICV injected 
with ghrelin or leptin. Thirty minutes after CNO injection or 150 min 
after the hormonal interventions, each mouse received 200 μl of a ster-
ile 5 mg ml−1 fluorescein isothiocyanate-dextran (70,000 MW, 46945, 
Sigma-Aldrich) solution in PBS, administered via oral gavage. Mice were 
euthanized 90 min later and gastrointestinal tracts were immediately 
collected and placed in ice-cold PBS for 30 s to inhibit motility. Tracts 
were dissected into 12 segments: stomach, small intestine (partitioned 
into eight equally sized segments) and colon (with caecum first dis-
sected out; the remaining portion was divided into two equally sized 
segments). Each of the 12 segments was flushed with 2 ml of PBS. The 
intestinal flushes were subjected to serial dilutions. Fluorescence was 
measured using an Infinite M Nano+ 200 PRO (Tecan Ibérica Instru-
mentación). Absolute fluorescence levels were estimated using a dilu-
tion series of a fluorescein isothiocyanate-dextran solution of known 
concentration. Data analysis was performed as described in ref. 41.

Antibiotic treatment
Mice were treated with a combination of ampicillin and neomycin, 
two broad-spectrum antibiotics that are poorly (ampicillin) or not 
(neomycin) absorbed, thus minimizing systemic effects. One day after 
surgery, mice were divided into water or antibiotic treatment (ampicil-
lin 1 g l−1; neomycin 0.5 g l−1 in drinking water) groups. This procedure 
allowed us to investigate the contribution of the gut microbiota to the 
host phenotype42–44. After 48 h of treatment, saline or leptin (3 µg) was 
delivered ICV and mice were euthanized 2 h later. The duodenum was 
collected and snap-frozen in liquid nitrogen. Frozen samples were 
processed for RNA isolation and RNA-seq as described below.

Catecholamine measurement
Catecholamines were measured in duodenal sections using an Epineph-
rine/Norepinephrine ELISA Kit (2-CAT High Sensitive ELISA BA E-5400R, 
Labor Diagnostika Nord). For extraction, tissues were digested in 0.01 N 
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HCl-0.3 mg ml−1 ascorbic acid buffer using a homogenizer. Samples 
were centrifuged at 3,400g for 20 min at 4 °C and the supernatants 
were used for subsequent analysis.

16S rRNA gene sequencing of intestinal luminal content
Samples of mucus and luminal content were collected from the duode-
num, jejunum, ileum and caecum of each mouse at selected time points 
for subsequent analysis of microbiota composition. Metagenomic 
DNA was extracted using a QIAamp Fast DNA Stool Mini Kit (cat. no. 
51604, QIAGEN), according to the manufacturer’s instructions with 
minor modifications45.

Library preparation and sequencing of the V4 variable region of the 
16S rRNA gene was performed by the Mr. DNA Lab, using the illCUs515F 
(GTGYCAGCMGCCGCGGTAA) and new806RB (GGACTACNVGGGT 
WTCTAAT) primer pair and 2 × 250 bp paired-end Illumina MiSeq 
sequencing technology (30 cycles). FASTQ data of demultiplexed 
samples were downloaded from the Illumina BaseSpace Sequence Hub 
using the BaseMount tool.

Paired-end reads were merged using USEARCH46,47 with a maxi-
mum number of ten mismatches in the alignment. VSEARCH48 was used 
to strip primer sequences, globally trim the reads to 252 bp and filter 
the reads using an expected error threshold of 1. Reads containing wild-
card bases were removed. Dereplication was performed, after which the 
unique sequences were denoised with UNOISE3 (ref. 49). Trimmed and 
quality-filtered reads were aligned with VSEARCH using a pairwise 97% 
sequence identity threshold onto the predicted zero-radius operational 
taxonomic unit (ZOTU) sequences to generate an OTU table. The table 
was converted to the BIOM format50. SINTAX was used to taxonomically 
classify the ZOTU sequences51 with the Ribosomal Database Project 
Training Set v.18 and a bootstrap cut-off value of 0.8.

Analysis of gut microbiota composition and abundance
We began by merging the working tables into a phyloseq R package 
object per experiment (v.4.0.3) (https://www.R-project.org/), includ-
ing sample, taxonomic classification and count data. To minimize host 
DNA contamination, we preprocessed the data to work with bacteria 
only. We also removed taxa with Cyanobacteria phylum annotations 
to avoid food and water contamination biases. One technical outlier 
(total counts below 30,000) was removed (Supplementary Fig. 1). No 
biological outliers were based on (1) extremely different α-diversity 
score and (2) clear dissimilarities in the principal coordinate analysis 
distribution compared with the rest of the group components (based 
on Bray–Curtis dissimilarity).

The statistical analysis included clustering, α-diversity, 
β-diversity and effect size analysis; α-diversity was conducted using 
ZOTUs, completed by first rarefying the samples library sizes in each 
experiment to the minimum sample depth of that experiment without 
replacement. This was implemented using the phyloseq R package. 
The Shannon index was used to represent α-diversity along with the 
application of a linear model, followed by an ANOVA and FDR post-hoc 
adjustment (using the stats and car R packages). Data clustering was 
conducted using principal coordinate analysis of all data (using the 
phyloseq R package), including gut section, activation or treatment 
by tissue section or taxa. Differential abundance analysis for each 
gut segment, time point and treatment was performed to obtain 
the differential abundant taxa by implementing the ANCOM-BC 
method (using the ancombc function from the ANCOM-BC R pack-
age)11. ANCOM-BC uses log-ratio transformation and corrects the 
bias induced by the differences among samples. Absolute abundance 
data were modelled using a linear regression framework. The method 
also accounted for zero inflation. To control the FDR across tests, the 
Benjamini–Hochberg correction was applied, with taxa considered 
significantly different when Padj (q) was less than 0.05. Data visualiza-
tion was performed using the RColorBrewer, ggplot2, pheatmap and 
circlize packages in R.

Prediction of microbial metabolic functions
PICRUSt2 (ref. 52) was used to predict the metabolic signatures of the 
microbial communities within the QIIME2 environment52. Rarefied 
pathway abundances were further analysed in STAMP53 using a Welch 
test between groups. The MetaCyc Metabolic Pathway Database was 
used to decipher the ontology of pathways.

Metabolomics
A Dionex Ultimate 3000 RS LC system coupled to an Orbitrap mass 
spectrometer (Q Exactive, ThermoHESI-II Fisher Scientific) equipped 
with a heated electrospray ionization (HESI-II) probe was used. Sol-
vents were of LC–MS grade quality (Merck). The luminal content from 
the duodenum was collected 4 h after leptin treatment and stored 
at −80 °C until analysis. Metabolomic profiling was performed as 
reported previously with minor variations54. Briefly, 50 µl of water 
and 700 µl of acetone, acetonitrile and methanol (1:1:1, v/v/v), con-
taining 2.5 µM Metabolomics Amino Acid Mix Standard (Cambridge 
Isotope Laboratories), were added to each sample (34 ± 8.6 mg). After 
incubation and centrifugation, 600 µl of the supernatant were dried 
under vacuum. The leftover supernatants of all samples were pooled 
and used for the quality control (QC) samples. Dried supernatants 
were reconstituted in 70 µl of methanol and acetonitrile (1:1, v/v) for 
LC–MS/MS analysis.

Metabolites were separated on a SeQuant ZIC-HILIC column 
(150 × 2.1 mm, 5 μm; Merck) using water with 5 mM ammonium acetate 
as eluent A and acetonitrile/eluent A (95:5, v/v) as eluent B, both contain-
ing 0.1% formic acid. The gradient elution was set as follows: isocratic 
step of 100% B for 3 min, 100% B to 60% B in 15 min, held for 5 min, 
returned to initial conditions in 5 min and held for 5 min. The flow rate 
was 0.5 ml min−1. Data acquisition was carried out with data-dependent 
MS/MS scans (top ten).

Compound Discoverer 3.3 (Thermo Fisher Scientific) was used 
for data processing. Metabolites were identified based on exact mass, 
retention time, fragmentation spectra and isotopic pattern. We used an 
in-house fragmentation library54, a microbiome-specific library55 and 
the online library mzCloud. QC-based normalization was performed. 
The area under the peak was additionally normalized to the appropri-
ate internal standard and sample weight. QC at four concentrations 
ensured signal stability and linearity. Partial least squares discriminant 
analysis was conducted using the mixOmics package (v.6.28.0) in R. 
Group differences were assessed using the Mann–Whitney U-test and 
FDR correction. Metabolites were considered significant when Padj 
(q) was less than 0.05 and the absolute fold change greater than 1.25. 
Visualizations were generated using the ggplot2 package in R.

Neuroactive potential
Gut–brain modules (GBMs) were inferred as described in ref. 24. Briefly, 
GBMs were inferred from the orthologue abundance table obtained 
with PICRUSt2, using the web application GOmixer (http://www.rae-
slab.org/gomixer/). The detection threshold was set at 66% coverage 
and a minimum median difference of 5.0. Data were scaled according to 
sample abundance and the mean of observed reactions was used as an 
abundance estimator. GBMs were considered significant when P < 0.05 
and were represented using the ggplot2 package in R.

RNA-seq and analysis
Duodenal mRNA was isolated using the TRIzol reagent (cat. no. 
15596026, Invitrogen) according to standard protocols. Quantifica-
tion and integrity analysis of RNA were performed using an Agilent 
2100 Bioanalyzer (Agilent RNA 6000 Nano Kit, Agilent Technologies). 
Strand-specific RNA libraries were generated using 150 ng of total 
RNA with the Illumina Stranded RNA Prep Ligation Kit with Ribo-Zero 
Plus according to the manufacturer’s instructions. Libraries were 
sequenced on an Illumina NextSeq 2000 in paired-end mode (read 
length of 2 × 50 bp). Forty million paired-end reads were generated 
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for each sample and condition. Sequencing was conducted at the 
Genomics Facility of the Institut d’Investigacions Biomèdiques August 
Pi i Sunyer.

Raw reads passed the QC established in the FastQC software 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and 
mapped to the reference genome mm10 using HISAT56. Gene counts 
were acquired using featureCounts57. The expression read matrix 
cut-off was set at an average of ten and read counts were normalized to 
counts per million using the R package EdgeR (v.3.42.0). Differentially 
expressed genes (DEGs) were calculated using the limma (v.3.60.4) R 
package from Bioconductor, applying batch correction. Significant 
DEGs were those with P < 0.05 and an absolute fold change value greater 
than 1.5. A principal component analysis plot was generated using the 
ggfortify (v.0.4.16) and ggplot2 (v.3.4.4) R packages. Pathway enrich-
ment analysis of the DEGs was performed using AmiGO 2 (https://
amigo.geneontology.org/amigo); significant annotations (P < 0.05) 
were selected. The top 50 significant pathways were manually curated 
into biological categories represented in the Sankey plot generated 
using the ggaluvial (v.0.12.5) R package.

Statistical analysis
We used statistical methods (https://www.datarus.eu/en/applications/
granmo/) along with previous experience to predetermine sample 
sizes. Data collection and analysis were not performed blind to the con-
ditions of the experiments, except for image acquisition and analysis. 
Data exclusion was based on the ROUT method (1% threshold). Data 
are presented as the mean ± s.e.m. or as individual biological repli-
cates. Statistical analyses were performed using Prism 8.0 (GraphPad 
Software) and R v.4.4.0. Data distribution was assumed to be normal. 
Statistical significance was determined with an unpaired one-tailed 
or two-tailed Student’s t-test, one-way or two-way ANOVA followed by 
an appropriate post-hoc test, as indicated in the figure legends. The 
number of samples (n) are indicated in the figure legends. P ≤ 0.05 was 
considered statistically significant.

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

Data availability
The RNA-seq datasets generated and analysed during the study are 
available at the Gene Expression Omnibus repository under accession 
no. GSE266230. The clean reads were mapped to the reference genome 
assembly GRCm38 from GCA_000001635.2. The metagenomic data 
have been deposited in the Sequence Read Archive under accession 
no. PRJNA1107501. The metabolomics data have been deposited in the 
Metabolomics Workbench under project no. PR002229. Source data 
are provided with this paper.
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Extended Data Fig. 1 | Assessment of chemogenetic modulation of AgRP 
and POMC neurons. a–d. Schematic of the approach to express the excitatory 
(hM3Dq) or inhibitory DREADDs (hM4Di) in AgRP and POMC neurons (n = 3 mice 
per group). The representative images show mCherry reporter expression in ARC 
coronal sections. a, b. Assessment of chemogenetic activation (A) or inhibition 
(B) of AgRP neurons in AgRP+/+ and AgRPCre/+ mice expressing hM3Dq or  
hM4Di two hours after CNO injection. Representative images of FOS (green), 
mCherry (red), and DAPI nuclei counterstaining (blue) are shown. Scale bar: 
50 μm. c, d. Assessment of chemogenetic activation (C) or inhibition (D) of POMC 
neurons in POMC+/+ and POMCCre/+ mice expressing hM3Dq or hM4Di two hours 
after CNO injection. Representative images of FOS (magenta) and POMC (green) 
immunostaining, mCherry (red) and DAPI nuclei counterstaining (blue) are 

shown. Scale bar: 50 μm. e, f. Quantification of FOS-positive cells in AgRP+/+ and 
AgRPCre/+ mice expressing hM3Dq (n = 3 mice per group) (E; *p = 0.0205 hM3Dq, 
2 h; **p = 0.0015 hM3Dq, 4 h) or hM4Di (F; *p = 0.0162 hM4Di, 2 h; *p = 0.0274 
hM4Di, 4 h) two or four hours after CNO injection. g, h. Quantification of FOS-
positive POMC neurons in POMC+/+ and POMCCre/+ mice expressing hM3Dq  
(n = 3 mice per group) (G; ****p < 0.0001 hM3Dq, 2 h; ****p < 0.0001 hM3Dq, 4 h) 
or hM4Di (H; **p = 0.0022 hM4Di, 2 h; **p = 0.037 hM4Di, 4 h) two or four hours 
after CNO injection. Statistical significance was determined with a two-tailed 
t test. hM3Dq: AAV8-hSYN-DIO-hM3D(Gq)mCherry; hM4Di: AAV8-hSYN-DIO-
hM4D(Gi)mCherry; CNO: Clozapine-N-Oxide. Data in panels E-H are represented 
as mean ± SEM.
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Extended Data Fig. 2 | Modulation of AgRP or POMC neuron activity does not 
induce alterations in gut motility. a. Diagram illustrating the experimental 
outline for the analysis of gut motility. b–e. Loess curve of intestinal FITC 
distributions after chemogenetic activation of AgRP (B-C; n = 6 mice per group) 
and POMC (D-E; n = 7 mice in POMC(-) group and n = 8 mice in POMC(+) group) 

neurons. X-axis represents different gut segments from stomach to colon. Dot 
plots represent the geometric mean (g) of FITC proportion. Data are represented 
as mean ± SEM. Statistical significance was determined using the Wilcoxon test, 
followed by Benjamini-Hochberg correction. CNO: Clozapine-N-Oxide. FITC: 
Fluorescein Isothiocyanate.

http://www.nature.com/natmetab


Nature Metabolism

Letter https://doi.org/10.1038/s42255-025-01280-3

Extended Data Fig. 3 | Validation of neuronal activity after central ghrelin 
or leptin administration. a, b. Representative immunofluorescence images 
showing FOS staining (green) in the arcuate nucleus of the hypothalamus after 
intracerebroventricular delivery of ghrelin (A) or leptin (B) (n = 5 mice per 

group). Nuclei were stained with DAPI (blue). Scale bar: 100 μm. Quantification 
is also shown. Data is represented as mean ± SEM. Statistical significance was 
determined with a one-tailed t test. *p = 0.0244, **p = 0.0027.
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Extended Data Fig. 4 | Central leptin administration modulates gut motility.  
a. Diagram illustrating the experimental outline for the analysis of gut motility. 
b–e. Loess curve of intestinal FITC distributions after intracerebroventricular 
ghrelin (b, c) and leptin (d, e) administration (n = 7 mice per group). X-axis 
represents different gut segments from stomach to colon. Dot plots represent 

the geometric mean (g) of FITC proportion. Data are represented as mean ± SEM. 
Statistical significance was determined using the Wilcoxon test, followed by 
Benjamini-Hochberg correction. D, section 1, **p = 0.002; section 2, **p = 0.002; 
section 11, **p = 0.009. E, **p = 0.0041. FITC: Fluorescein Isothiocyanate.
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Extended Data Fig. 5 | High fat diet feeding causes overweight, 
hyperglycaemia and plasma hyperleptinemia. a–c. Body weight (A), blood 
glucose (B), and plasma leptin levels (C) of mice fed with a standard diet (SD)  
or a high-fat diet (HFD) for 12 weeks. Data is represented as mean ± SEM  
(A, SD n = 14 mice and HFD n = 16 mice; B, SD n = 8 mice and HFD n = 7 mice; C, SD 
n = 8 mice and HFD n = 6 mice). Statistical significance was determined with a 

two-tailed t test. ****p < 0.0000. d. Microbial α-diversity (Shannon index) of the 
gut microbiota in vehicle- and centrally leptin-treated mice following 12 weeks 
of HFD, assessed at two- and four-hours post-treatment (n = 10 mice per group). 
Boxplots display the range from the first to the third quartile (box) and the 
median (centre line), while the whiskers extend to the minimum and maximum 
values.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Prediction of significantly altered functional pathways 
using PICRUSt2 analysis in the duodenum of leptin-treated mice. A total of  
79 pathways exhibited statistically significant changes in the duodenum between 
vehicle-treated and leptin-treated mice at four hours post-treatment. Bar plots 
on the left side illustrate the mean proportion (%) of each functional pathway, 

while dot plots on the right side depict the differences in mean proportions (%) 
between the two groups (n = 8 mice per group). Statistical differences between 
groups were assessed using Welch’s t-test, and the significance of each pathway 
is indicated by the corresponding p-values. Pathways are grouped according to 
specific functional categories, visually represented by a colour code.
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Extended Data Fig. 7 | Metabolomics and neuroactive potential analysis.  
a. Partial Least Squares Discriminant Analysis (PLS-DA) of duodenal 
metabolomics data showing differential clustering between vehicle- and 
leptin-treated groups (n = 6 mice per group). b. Bar plot illustrating statistically 

significant differences in gut-brain modules (GBMs) between leptin- and 
vehicle-treated groups (n = 8 mice per group). Data are presented as proportional 
differences, along with corresponding p-values.
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