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N E U R O S C I E N C E

Astrocytic GLUT1 reduction paradoxically improves 
central and peripheral glucose homeostasis
Carlos G. Ardanaz1,2, Aida de la Cruz3, Paras S. Minhas4, Nira Hernández-Martín5,6,  
Miguel Ángel Pozo5,7,8, M. Pilar Valdecantos9,10,11, Ángela M. Valverde9,10, Palmira Villa-Valverde12, 
Marcos Elizalde-Horcada13, Elena Puerta1,2, María J. Ramírez1,2, Jorge E. Ortega14,15,16,  
Ainhoa Urbiola2,17, Cristina Ederra2,17, Mikel Ariz2,17,18, Carlos Ortiz-de-Solórzano2,17,  
Joaquín Fernández-Irigoyen19, Enrique Santamaría20, Gerard Karsenty21,  
Jens C. Brüning22,23,24,25, Maite Solas1,2*

Astrocytes are considered an essential source of blood-borne glucose or its metabolites to neurons. Nonetheless, the 
necessity of the main astrocyte glucose transporter, i.e., GLUT1, for brain glucose metabolism has not been defined. 
Unexpectedly, we found that brain glucose metabolism was paradoxically augmented in mice with astrocytic GLUT1 
reduction (GLUT1ΔGFAP mice). These mice also exhibited improved peripheral glucose metabolism especially in obe-
sity, rendering them metabolically healthier. Mechanistically, we observed that GLUT1-deficient astrocytes exhibited 
increased insulin receptor–dependent ATP release, and that both astrocyte insulin signaling and brain purinergic 
signaling are essential for improved brain function and systemic glucose metabolism. Collectively, we demonstrate 
that astrocytic GLUT1 is central to the regulation of brain energetics, yet its depletion triggers a reprogramming of 
brain metabolism sufficient to sustain energy requirements, peripheral glucose homeostasis, and cognitive function.

INTRODUCTION
The precise coupling between energy production and energy de-
mand is still an important conundrum regarding brain metabolism. 
The brain is one of the most energy-demanding organs in the body 
and shows an urgent reliance on glucose. Despite representing only 
2% of the body weight, the human brain accounts for approximately 
25% of the total resting body glucose consumption (1, 2). Arterial 
blood-borne glucose is the obligatory and major energy source for 
the brain (3). Alternative substrates can also be metabolized by the 
brain, but none of them can fully replace glucose (4). Brain glucose 
supply is critical for memory acquisition and consolidation at the 
hippocampal level (5, 6). Besides, central nervous system (CNS) 
glucose availability is also sensed by specialized hypothalamic cir-
cuits that monitor the body energy state and regulate systemic glu-
cose metabolism accordingly (7, 8). This suggests that central energy 
metabolism is intimately linked not only to local brain activity but 
also to peripheral metabolism.

Brain glucose supply is controlled by glucose transporters (GLUTs). 
Specifically, to reach brain cells, blood glucose is transported across 

endothelial membranes via GLUT1. Endothelial cells are ensheathed 
by the endfeet of astrocytes, whose major GLUT is also GLUT1 (9, 
10). Thus, astrocytes are located in a privileged position to control 
the access of glucose into the brain (11). Although glucose can be 
delivered directly to neurons, which express GLUT3 and GLUT4 (12, 
13), one of the most popular theories explaining brain glucose 
dynamics is the astrocyte-neuron lactate shuttle (ANLS) (14). The 
ANLS model postulates that neuronal activity increases astrocytic 
glucose uptake and glycolysis, producing lactate. This lactate is subse-
quently exported to the extracellular space and imported by neurons 
via monocarboxylate transporters (MCTs). Once in neurons, lactate is 
oxidized to produce adenosine 5′-triphosphate (ATP). The ANLS 
hypothesis is supported by multiple studies, demonstrating a lactate 
gradient from astrocytes to neurons in vivo (15) or the astrocytic re-
lease of lactate upon arousal-induced cortical activity (16). However, 
the ANLS theory has faced a long-term controversy (17, 18), as evi-
dence has arisen that neuronal activation prompts neuronal glucose 
consumption without lactate uptake (19, 20), active synapses require 
glucose consumption to maintain neurotransmitter vesicle recycling 
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and efficient synaptic transmission (12, 21), and brain rhythms fea-
turing high energy expenditure are only fully sustained by glucose 
and not lactate (21, 22).

Recent mounting evidence shows that, although traditionally 
considered as mainly glycolytic, astrocytes can adapt their metabo-
lism depending on the nature of the available fuel. It is therefore 
increasingly accepted that these glial cells can be metabolically adapt-
able, allowing them to switch between consuming different sub-
strates (23–25). Despite the progressive acceptance of this newly 
adopted “astrocytic resilience” idea within the principles underlying 
brain energetics, the question of whether brain glucose metabolism 
can be sustained in the absence of astrocytic glucose transport re-
mains unexplored. Although astrocytes are highly glycolytic and 
play a key role in the central regulation of energy homeostasis (25–29) 
and learning (30–33), the necessity of GLUT1, i.e., the main astro-
cytic GLUT, for the astrocytic contribution to these processes has 
never been studied. Here, we aimed to tackle these questions by gen-
erating a mouse model lacking GLUT1 specifically in astrocytes and 
assessing its abilities regarding systemic energy homeostasis and 
cognition, as well as the molecular and cellular features underlying 
these competences.

RESULTS
GLUT1 is necessary for glucose uptake and metabolism 
in astrocytes
To elucidate the contribution of GLUT1 to astrocytic glucose up-
take and cellular metabolism, we cultured primary astrocytes from 
Slc2a1flox/flox mice and induced GLUT1 depletion via transfection 
with a Cre-expressing plasmid [GLUT1 knockdown (KD) cells]. 
Successful depletion of GLUT1 in astrocytes was confirmed by reduc-
tions of both Slc2a1 mRNA expressions (Fig. 1A) and GLUT1 protein 
levels (Fig. 1, B and C) that resulted in a marked reduction of glucose 
uptake (Fig. 1D). Coherently, GLUT1 KD astrocytes exhibited lower 
extracellular lactate concentration over 7 days (Fig. 1E) and a dimin-
ished lactate release upon stimulation with glucose after starvation 
(Fig. 1F). Furthermore, real-time extracellular flux analysis revealed 
that GLUT1 KD astrocytes exhibited reduced glycolytic rate (Fig. 1, 
G to I). In view of this glycolytic deficiency, we assessed mitochon-
drial respiration, finding that GLUT1 KD astrocytes showed intact 
basal respiration but failed to reach the same degree of maximal res-
piration exhibited by control astrocytes (Fig. 1, J and K). Noteworthy, 
GLUT1 KD astrocytes were able to maintain a total ATP production 
rate comparable to that of control astrocytes (Fig. 1L). Thus, we hy-
pothesized that in basal conditions, GLUT1 KD astrocytes are able 
to meet cellular energy demands using fuels other than glucose. 
GLUT1 KD astrocytes exhibited increased glutamine dependency 
(Fig.  1M) paired with largely unaltered fatty acid dependency 
(Fig. 1N). This higher reliance on glutamine oxidation was further 
corroborated by experiments indicating enhanced glutamine oxida-
tion capacity (Fig. 1O). Overall, these results indicate that GLUT1 is 
fundamental for astrocytic glucose uptake and metabolism but not to 
maintain total ATP production.

GLUT1 reduction alters astrocytic reactivity and morphology
Given the essential contribution of GLUT1 to astrocytic metabolism 
shown above, we examined the effects of astrocytic GLUT1 KD 
within the mammalian brain (Fig. 2A). To demonstrate that astro-
cytes underwent Cre recombination subsequently resulting in a 

drop in GLUT1 levels, we purified astrocyte cell surface antigen-2 
(ACSA-2+) cells from the brains of adult mice (fig. S1A) and con-
firmed that Slc2a1 mRNA expression (Fig. 2B) and GLUT1 protein 
levels (Fig.  2, C and D) were significantly decreased in ACSA-2+ 
cells of GLUT1∆GFAP mice. In this scenario, it is tempting to postu-
late a potential compensation for the loss of GLUT1 by increased 
expression of other Slc2a members. Contrarily, the other members 
of the GLUT gene family showed unaltered mRNA expression in 
purified astrocytes upon GLUT1 decline, as well as a very low 
mRNA expression compared to that of Slc2a1 (fig. S1B).

Astrocytes undergo a pronounced phenotypic transformation 
after brain injury and/or disease. To evaluate whether such a phe-
notype shift could be also occurring after GLUT1 depletion, we as-
sessed their gene expression profile and morphology. The gene 
expression analyses showed that GLUT1∆GFAP astrocytes adopt a 
distinct molecular state, suggesting higher astrocytic reactivity 
(fig. S1C). This genetic signature modification was further accom-
panied by clear morphological alterations (Fig. 2E). GLUT1∆GFAP 
astrocytes display increased total process length (Fig. 2F), increased 
number of processes (Fig.  2G), and process thickness (Fig.  2H). 
However, despite the increased process arbor complexity, indicated 
by the large number of intersections in GLUT1∆GFAP astrocytes at 
the same radius (Fig.  2I), the Sholl analysis pointed out that en-
hanced complexity occurs at the same distance from the soma in 
GLUT1∆GFAP astrocytes (Fig. 2I). Together, these data indicate that 
GLUT1 KD triggers an increase of astrocytic process ramification 
but not elongation.

Astrocyte-specific GLUT1 depletion enhances brain glucose 
utilization notwithstanding a lower astrocytic 
glucose uptake
Despite the privileged position of astrocytes to control glucose 
access into the brain, whether astrocytic GLUT1 is fundamental 
for brain glucose metabolism in vivo remains unknown. To address 
this question, we subjected GLUT1∆GFAP and control mice to 18F-
fluorodeoxyglucose positron emission tomography (18F-FDG–PET) 
scanning. Notably, GLUT1∆GFAP mice brains exhibited an enhanced 
18F-FDG–PET signal, not only at the whole-brain level (Fig. 3, A 
and B) but also in all individually analyzed brain regions (Fig. 3C). 
In light of this unexpected observation, we assessed whether this 
phenomenon was paired with increased brain glucose levels. To this 
end, we examined cerebrospinal fluid (CSF) glucose levels 30 min 
after intraperitoneal injection of glucose (2 g/kg) or vehicle (2 g/kg; 
saline), failing to find any differences in CSF glucose levels between 
GLUT1∆GFAP and control mice (Fig. 3D).

To elucidate brain glucose kinetics upon astrocytic GLUT1 re-
duction in a deeper manner, we performed dynamic PET (dPET) 
studies. While static PET provides a simple snapshot of radiophar-
maceutical concentration, dPET with tracer kinetic modeling re-
veals the temporal dynamics of radiopharmaceutical incorporation 
and metabolism. dPET analysis showed that during the incorpora-
tion period (first 20 min), GLUT1∆GFAP mice showed improved glu-
cose kinetics (fig. S2, A to D) which were maintained along the time, 
showing a significantly higher 18F-FDG flux (ki) during the entire 
scan period (60 min; fig. S2E).

PET scans do not offer cellular resolution. Thus, one of the central 
questions that arises in this scenario is the identity of the cell type respon-
sible for the enhanced glucose metabolism that occurs in GLUT1∆GFAP 
brains. Although the decreased 2-deoxyglucose-6-phosphate (2-DG6P) 
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Fig. 1. GLUT1 is fundamental for astrocytic glucose uptake and metabolism but not to maintain total ATP production. (A) Slc2a1 mRNA expression levels in pri-
mary cultured astrocytes without [control (Ctrl)] or with (GLUT1 KD) Cre recombination (n = 8 to 9 independently isolated astrocyte cultures). (B) GLUT1 protein expression 
level representative Western blot image and (C) quantification [optical density (OD)] in primary cultured astrocytes in Ctrl and GLUT1 KD cells (n = 6 independently iso-
lated astrocyte cultures). (D) Glucose uptake in Ctrl and GLUT1 KD cultured astrocytes (n = 17 independent wells). (E) l-Lactate release in culture medium in Ctrl (Ctrl) and 
GLUT1 KD cultured astrocytes (in mM; n = 6 independently isolated astrocyte cultures). (F) l-Lactate release in culture medium after glucose starvation and subsequent 
glucose stimulation (in mM; n = 20 independent wells). (G) Glycolytic flux assessed by extracellular acidification rate (ECAR) in Ctrl and GLUT1 KD cultured astrocytes (n = 9 
independent wells). FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; R, rotenone; AA, antimycin A. (H) Glycolysis-derived proton efflux rate (GlycoPER) as-
sessment and (I) quantification of basal and compensatory glycolysis in Ctrl and GLUT1 KD cultured astrocytes (n = 6 independent wells). 2-DG, 2-deoxiglucose. (J) Mito-
chondrial respiration evaluation by oxygen consumption rate (OCR) and (K) quantification of mitochondrial respiration evaluation in Ctrl and GLUT1 KD cultured astrocytes 
(n = 9 independent wells). (L) Glycolysis- and mitochondrial respiration–derived ATP production rate in Ctrl and GLUT1 KD cultured astrocytes (n = 9 independent wells). 
(M) Glutamine dependency and (N) fatty acid dependency assay (n = 9 independent wells). (O) Glutamine oxidative capacity assessment (n = 9 independent wells). Data 
are presented as means ± SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P < 0.001, as determined by two-tailed Student’s t test in all cases.
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uptake observed in cell culture (Fig. 1D) and the lack of GLUT com-
pensation observed in fig. S1B suggests that GLUT1-depleted astro-
cytes could not show an improved glucose metabolism, we decided to 
question whether astrocytic glucose uptake in  vivo is altered upon 
GLUT1 decrease. In an attempt to test this hypothesis, we decided to 
perform a cell-specific readout of metabolic fluxes in GLUT1∆GFAP 
mice. To this end, we infused [U-13C]glucose to control and 
GLUT1∆GFAP mice for 3 hours via the femoral vein, isolated astrocytes 
2 hours later, and measured labeled metabolites from the glycolytic 
pathway (Fig. 3E). KD of GLUT1 in astrocytes reduced the in vivo 
astrocytic incorporation of 13C-glucose (Fig. 3F) and decreased the 
incorporation of 13C-glucose into glycolytic cycle intermediates, con-
sistent with decreased glucose flux within the astrocyte (fig. S2, F to I).

To further explore the metabolic change induced by the lower 
astrocytic glucose flux, we performed a metabolomics study in 
control and GLUT1∆GFAP mice. Hippocampus and hypothalamus 
(key areas for the present study) were analyzed. An unsupervised 
principal components analysis (PCA) was applied to the 1H nuclear 

magnetic resonance (NMR) spectra of the control and GLUT1∆GFAP 
mice hippocampi or hypothalami, showing an absence of clustering 
patterns between samples. A supervised partial least squares dis-
criminant analysis (PLS-DA) was then applied to identify a discrim-
inatory metabolic pattern between both groups, finding a clear 
grouping along the scores, indicative of a radically different meta-
bolic pattern between control and GLUT1∆GFAP mice hippocampi 
(Fig. 3G) and hypothalami (Fig. 3H). The resonances identified as 
significantly different by PCA loadings analysis were individually 
integrated for metabolic quantification. The most significantly 
changed metabolite appeared to be lactate, showing reduced levels 
in GLUT1∆GFAP brains compared to controls (Fig. 3I).

In an attempt to elucidate the global impact of the enhance-
ment in glucose metabolism observed in GLUT1∆GFAP mice, we 
undertook a proteomic profiling of both control and GLUT1ΔGFAP 
brains. We were able to identify 2329 proteins and performed 
weighted gene coexpression network analysis (WGCNA) identify-
ing a total of 27 modules of proteins that were highly coexpressed 
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Fig. 2. Inducible in vivo depletion of astrocytic GLUT1 modifies astrocyte morphology. (A) Strategy used to generate mice lacking GLUT1 transporter specifically in 
astrocytes (GLUT1ΔGFAP) and their Ctrl littermates (GLUT1f/f). Created with BioRender.com. (B) GLUT1 mRNA levels, (C) protein expression level quantification (OD), and 
(D) representative Western blotting image in Ctrl and GLUT1ΔGFAP mice after ACSA-2+ fluorescence-activated cell sorting (FACS)–mediated separation of astrocytes (n = 5 to 
6 mice per group). (E) Representative glial fibrillary acidic protein (GFAP; red)–4′,6-diamidino-2-phenylindole (DAPI; blue) cell micrograph and its respective reconstruc-
tion obtained from stratum radiatum astrocytes of Ctrl and GLUT1ΔGFAP mice (representative image of n = 6 per group). Scale bar, 50 μm. (F) Quantification of the pro-
cesses’ total length, (G) number of processes, (H) GFAP process volume, and (I) Sholl analysis representing the astrocyte complexity (n = 6 animals per group and 10 
astrocytes per animal). Data are presented as means ± SEM. *P ≤ 0.05 and ***P ≤ 0.001, as determined by two-tailed Student’s t test. ip, intraperitoneal.
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across our cohorts of mice (fig. S3A). Only 1 of the 27 modules 
(termed “blue module”) exhibited a high correlation with geno-
type (fig. S3, B to D). Crucially, gene ontology (GO) analysis of the 
blue module revealed that the first 10 GO Biological Processes 
showing significant fold enrichment were all related to cell energy 
metabolism (Fig. 3J). Considering that this proteomic profiling 
was not performed in purified astrocytes but in brain tissue con-
taining all brain cell types, this result suggests that disrupting only 
astrocytic glucose metabolism is sufficient to shift the whole ener-
getic profile of the brain.

Astrocytic GLUT1 depletion induces neither brain 
angioarchitecture alteration nor blood-brain 
barrier breakdown
Ablation of GLUT1 in blood-brain barrier (BBB) endothelial cells 
induces serious brain angioarchitecture and BBB integrity altera-
tions (34). As astrocytic endfeet are an essential component of the 
BBB, we examined whether astrocytic GLUT1 KD could also induce 
such alterations. After demonstrating that the Cre/LoxP strategy 
used does not induce GLUT1 down-regulation in endothelial cells 
(fig. S4, A to C), our data revealed an absence of serum-borne proteins 

Ct
rl

GL
UT
1∆
GF
AP

0

50

100

150

200

SU
V 
m
ea
n 
(%

)

*

0 2 4 6 8 10

ATP metabolic proc.
Generation of precursor metabolites and energy

Energy derivation by oxidation of organic compounds
Electron transport chain

Respiratory electron transport chain
Cellular respiration

Oxidative phosphorylation
ATP synthesis coupled electron transport

Aerobic respiration
Tricarboxylic acid cycle

Fold enrichment

Hy
po
tha
lam

us

Hi
pp
oc
am
pu
s

Fr
on
tal
 co
rte
x

Ce
reb
ell
um

0

100

200

300

%
 In
je
ct
ed
 d
os
e

Ctrl

GLUT1∆GFAP* ** *
*

Gluc- Gluc+0

2

4

6

8

C
SF

 g
lu
co
se
 (m

m
ol
/
l)

**

Hippocampus Hypothalamus0.011

0.012

0.013

0.014

0.015

La
ct
at
e 
(a
.u
.)

Ctrl

GLUT1∆GFAP 
*

*

Ctrl GLUT1∆GFAP 
0.0

0.5

1.0

1.5

2.0

G
lu
co
se
 (n
or
m
al
iz
ed
 to
 C
trl
)

A B C D

E F G H

JI

Fig. 3. Inducible in vivo depletion of astrocytic GLUT1 enhances CNS glucose utilization and shifts the whole energetic profile of the brain. (A) PET images of 
representative mice showing brain 18F-FDG signal, (B) the quantification of positron emission [mean standardized uptake value (SUV)], and (C) ex vivo counting of 
radioactivity in dissected brain samples (n = 8 mice per group). (D) CSF glucose presence 30 min after intraperitoneal vehicle or glucose injection in Ctrl and GLUT1ΔGFAP 
mice (n = 4 to 5 mice per group). (E) Schematic representation of U-13C-glucose infusion and subsequent astrocyte sorting. Created with BioRender.com. (F) Quantifi-
cation of U-13C-glucose in sorted astrocytes (n  =  9 to 10 mice per group). (G) Hippocampal and (H) hypothalamic PLS graphs of comparison between Ctrl and 
GLUT1ΔGFAP mice. The graph shows the dispersion of the different individuals by genotype, where a clear grouping of the Ctrl group and GLUT1ΔGFAP is seen, meaning 
differences in the metabolic profile of both groups (n = 9 mice per group). (I) Quantification of hippocampal and hypothalamic lactate levels in metabolomics studies 
(n = 9 mice per group). (J) Weighted gene coexpression network analysis (WGCNA) blue module gene ontology (GO) Biological Processes showing significant fold 
enrichment when comparing Ctrl and GLUT1ΔGFAP mice (n = 6 per group). Data are presented as means ± SEM. *P ≤ 0.05 and **P ≤ 0.01, as determined by two-tailed 
Student’s t test (B to D and F) and two-way analysis of variance (ANOVA) (I). a.u., arbitrary units.

https://BioRender.com
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[immunoglobulin G (IgG) and fibrin] in capillary-depleted brains of 
GLUT1∆GFAP mice similar to that observed in control mice (fig. S4D). 
Besides, we could not find IgG (fig. S4E) or fibrin (fig. S4F) leaking 
out of vascular (lectin+) areas, arguing against the possibility of BBB 
leakage in GLUT1∆GFAP mice. Consistently, the expression of the 
gap-junction proteins occludin (fig. S4, G, I and J) and zonulin-1 
(ZO-1; fig. S4, H, I and J) was also unaltered, supporting the idea of 
an intact BBB integrity. Furthermore, we examined the brain micro-
vascular structure by quantifying the length of vascular networks. 
Again, no significant changes were found between GLUT1∆GFAP and 
control mice (fig. S4K) in fractional vascular volume (fig. S4L) and/
or vascular length (fig. S4M).

Systemic glucose homeostasis is improved upon 
astrocyte-specific GLUT1 depletion
To determine whether astrocytic GLUT1 is involved in maintaining 
whole-body glucose homeostasis, we investigated whether mice 
lacking GLUT1 in astrocytes display metabolic alterations. To this 
end, we performed experiments in mice fed with either a normal 
chow diet (NCD) or a high-fat diet (HFD) to account for how 
GLUT1∆GFAP mice cope with a metabolic challenge. Although no 
significant differences between genotypes were observed in either 
body weight (fig.  S5A) or body composition (fig.  S5B), we noted 
marked differences in feeding behavior. Specifically, GLUT1∆GFAP 
mice showed a greater ability to curb the fasting-elicited hyperpha-
gic response (Fig. 4A), and they exhibited an increased suppression 
of hyperphagia in response to intraperitoneal glucose administra-
tion (Fig. 4B). Furthermore, HFD-fed GLUT1∆GFAP mice showed an 
enhanced capacity to readjust systemic glucose levels after intraper-
itoneal glucose injection–induced hyperglycemia (Fig.  4C) com-
pared to HFD-fed control mice, without changes in systemic insulin 
sensitivity (fig. S5C). Nevertheless, the improved glucose tolerance 
in HFD-fed GLUT1∆GFAP mice was coupled with a pronounced in-
crease in glucose-stimulated pancreatic insulin secretion (Fig. 4D). 
Thus, we analyzed the histological features of GLUT1∆GFAP mice 
pancreatic islets. We observed that HFD-fed GLUT1∆GFAP mice is-
lets did not display the hyperplasic features typically shown by 
HFD-fed mice (Fig. 4E) but were indistinguishable from NCD-fed 
mice islets (fig. S5, D and E). This effect is not due to the possibility 
of a nonspecific GLUT1 targeting in the islet of Langerhans of the 
pancreas, as no glial fibrillary acidic protein (GFAP) expression was 
found in this tissue (fig. S5F).

The impact of astrocytic GLUT1 KD on the modulation of sys-
temic energy metabolism was further substantiated when we as-
sessed systemic substrate usage via indirect calorimetry in mice. 
Metabolism under astrocytic GLUT1 decrease shifts from a prefer-
ential carbohydrate usage to predominant fat utilization (Fig. 4F and 
fig. S5G), a phenomenon that is accompanied by a higher energy 
expenditure observed in GLUT1∆GFAP mice fed on a HFD (Fig. 4G 
and fig. S5H).

The above analyzed metabolic features are controlled by glucose-
sensing proopiomelanocortin (POMC) neurons in the arcuate nu-
cleus of the hypothalamus (ARC) (35–38). Noteworthy, it has been 
shown that astrocytes regulate POMC neuron activation (25, 39). 
Hence, we evaluated the activity response of ARC POMC neurons 
using c-Fos immunoreactivity, uncovering that GLUT1∆GFAP mice 
displayed a markedly higher number of c-Fos+ POMC cells com-
pared to control animals (Fig.  4, H and I). The increased POMC 
activity could be directly linked to the lower GFAP levels observed 

in the ARC of GLUT1∆GFAP mice, which results in a lower POMC 
coverage (Fig. 4J and fig. S5, I and J).

Brown adipose tissue (BAT) represents a core organ in control of 
glucose homeostasis. Hematoxylin and eosin (H&E) staining of 
BAT sections revealed that HFD-fed GLUT1∆GFAP mice did not 
present the typical obesity-related increased BAT adiposity, as ob-
served in HFD-fed control mice, but displayed a morphology simi-
lar to that observed in NCD-fed mice (Fig. 4K). Considering that 
this phenotype could be correlated with a higher BAT activity, we 
examined the mRNA expression (Fig. 4L) and protein levels (fig. S5, 
K and L) of BAT uncoupling protein 1 (UCP1), finding that both 
were markedly up-regulated in GLUT1∆GFAP mice, especially when 
subjected to HFD feeding. Furthermore, we measured BAT activity 
by determining core body temperature during a cold exposure, find-
ing that HFD-fed GLUT1∆GFAP mice were the most efficient group 
generating heat (Fig. 4M). All these results showing a higher BAT 
activity are intimately aligned with the higher energy expenditure 
exhibited by HFD-fed GLUT1∆GFAP mice (see Fig. 4G). It is known 
that glucose-mediated activation of locus coeruleus tyrosine hy-
droxylase (TH) neurons is necessary to increase BAT activity upon 
HFD feeding, preventing obesity (40). In our hands, the number of 
c-Fos+–TH cells observed in GLUT1∆GFAP mice was, albeit nonsig-
nificantly, increased (fig. S5, M and N), potentially contributing to 
the BAT phenotype and activity observed in those mice.

Considering that GFAP is also expressed in other tissues besides 
the CNS (41), we next investigated whether the reduction of GLUT1 
specifically in ARC astrocytes is sufficient to elicit the beneficial ef-
fects observed in whole-brain GLUT1∆GFAP mice. To this end, we 
used adeno-associated virus (AAV)–mediated Cre recombination to 
delete GLUT1 specifically in GFAP+ astrocytes within the ARC 
(ARC-GLUT1∆GFAP mice). First, we confirmed that AAV delivery oc-
curred specifically in the ARC and that Cre-expressing, AAV-infected 
cells were GFAP+, i.e., astrocytes and not neurons (Fig.  4N and 
fig. S5O). ARC-specific astrocytic GLUT1 decrease elicited a pheno-
type that corresponded to that observed in whole-brain GLUT1∆GFAP 
mice, exhibiting a tendency toward decreased hyperphagia (fig. S5P) 
and improved glucose handling (Fig. 4O), paired with a markedly 
increased glucose-stimulated pancreatic insulin secretion (Fig.  4P) 
upon HFD. ARC-GLUT1∆GFAP did not recapitulate the BAT thermo-
genesis phenotype (fig. S5Q), indicating that astrocytic GLUT1 deple-
tion in other areas, such as locus coeruleus, is required for this effect.

Astrocytic activation increases brain glucose metabolism in 
GLUT1∆GFAP mice
Given that brain glucose metabolism is strongly correlated with cog-
nitive proficiency (42, 43), we examined the ability of GLUT1∆GFAP 
mice to properly establish memory. After excluding locomotor 
activity alterations (fig. S6A), we tested recognition memory using 
the novel object recognition (NOR) task. Both NCD- and HFD-fed 
GLUT1∆GFAP mice were as competent as control mice at recogniz-
ing the familiar object (fig.  S6B), with a slight improvement of 
GLUT1∆GFAP mice in the 24-hour task. We then compared the ability 
of the different groups of mice to adequately establish spatial memo-
ry in the Morris water maze (MWM) task. GLUT1∆GFAP mice were 
as efficient as control mice on spatial memory acquisition (fig. S6C) 
and memory retention (fig. S6D).

Given the slightly improved cognitive abilities upon astrocytic 
GLUT1 diminishment, we aimed to investigate its underlying histo-
logical correlates. First, we explored c-Fos immunoreactivity in the 
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with BioRender.com. (O) GTT and quantification AUC and (P) GSIS in ARC-specific astrocytic GLUT1-ablated (ARC-GLUT1ΔGFAP) mice [n = 5 to 10 in (O); n = 4 in (P)]. Data are 
presented as means ± SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001, as determined by repeated-measurement ANOVA (A, C, D, M, O, and P) and two-way ANOVA followed by 
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dentate gyrus of the hippocampus, finding a markedly higher num-
ber of c-Fos+ cells in GLUT1∆GFAP group compared to controls 
(Fig. 5, A and B). Accordingly, while Golgi-Cox staining revealed no 
differences between NCD-fed control and GLUT1∆GFAP mice hip-
pocampal spine density, it evidenced that HFD-fed control mice had 
a slightly lower spine density, and this effect was reverted in HFD-
fed GLUT1∆GFAP mice (Fig. 5, C and D).

As exposure to a cognitive-demanding training might affect brain 
glucose metabolism, we subjected all mice groups to 18F-FDG–PET 
scanning immediately after the last MWM probe trial. Our data re-
vealed increased 18F-FDG brain signal in MWM-trained control 
mice compared to naïve control mice, and this enhancement was 
even larger in MWM-trained GLUT1∆GFAP mice (Fig. 5, E and F).

Learning and memory paradigms induce astrocytic activation 
(44). Therefore, we assessed whether an artificially induced astrocytic 
activation using chemogenetics could also cause an increase in brain 
glucose metabolism in GLUT1∆GFAP mice. To this end, we expressed 
the Gq-coupled human M3 muscarinic receptor (hM3Dq) in astro-
cytes of the CA1 area of the hippocampus, allowing for their activa-
tion by a designer drug [i.e., Clozapine-N-oxide (CNO)]. Noteworthy, 
astrocytic Gq-like activation induced a marked increase in glucose 
metabolism specifically in the hippocampus and not in other non-
stimulated areas (Fig.  5, G and H). Considering that GLUT1 KD 
astrocytes show decreased glucose uptake (see Fig. 3F), other cells 
rather than astrocytes must be responsible for the increased brain glu-
cose metabolism observed after GLUT1∆GFAP stimulation. On the 
basis of our data, it is tempting to speculate that the cell type respon-
sible for the improved glucose metabolism could be neurons, as 
markedly higher c-Fos activity is observed in the hypothalamus 
(Fig. 4H) and the hippocampus (Fig. 5A) of GLUT1∆GFAP mice. This 
could imply that upon stimulation, GLUT1∆GFAP astrocytes commu-
nicate more efficiently with neighboring neurons than control astro-
cytes. Astrocytes can modulate neuronal activity through multiple 
mechanisms, with the release of gliotransmitters being the main one. 
Therefore, we decided to elucidate whether gliotransmitter release is 
induced when GLUT1 is depleted from astrocytes.

Brain purinergic signaling is essential for improved glucose 
homeostasis and memory preservation in astrocytic 
GLUT1-ablated mice
Several studies have shown that astrocytes can secrete a series of 
neurotransmitters, including glutamate, d-serine, and ATP, which 
are able to modulate the activity of nearby neurons (45–48). We 
studied the release of those gliotransmitters in GLUT1 KD astro-
cytic cell cultures, failing to find changes in serine (Fig.  6A) and 
glutamate (Fig. 6B) release to the cell media. ATP stands among the 
main bioactive molecules released by astrocytes (49), and according 
to our data, astrocytes maintain total ATP production rate despite 
GLUT1 depletion (Fig.  1L). This discovery led us to investigate 
whether GLUT1-ablated astrocytes also maintained their ability to 
release ATP. GLUT1 KD primary astrocytes featured increased ATP 
release to the extracellular medium (Fig. 6C) compared to control 
cells. Consistently, microdialysis-isolated interstitial fluid of freely 
moving GLUT1∆GFAP mice presented a larger increase in ATP con-
centration within the first 30 min after intraperitoneal glucose ad-
ministration compared to control mice (Fig.  6D). To discard that 
this effect was not a consequence of the animal stress triggered by 
manipulation while injecting glucose, a cohort of mice were saline 
or glucose injected, demonstrating that saline administration did 

not induce any rise of ATP levels in the interstitial fluid (fig. S7A). 
Therefore, we hypothesized that enhanced brain purinergic signal-
ing could be essential for the systemic glucose homeostasis improve-
ment and memory preservation displayed by GLUT1∆GFAP mice. 
We found that acute intracerebroventricular administration of 
pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid (PPADS; 
Fig. 6E), a nonselective P2 purinergic antagonist, totally abrogated 
both the improved glucose-induced suppression of feeding in NCD 
(fig.  S7B) or HFD (Fig.  6F) and the enhanced glucose tolerance 
shown by vehicle-treated GLUT1∆GFAP mice [NCD (fig. S7C) and 
HFD (Fig. 6G)]. Moreover, PPADS-treated GLUT1∆GFAP mice ex-
hibited worsened memory in both the NOR [NCD (fig. S7D) and 
HFD (Fig. 6H)] and MWM tasks particularly on HFD (Fig. 6, I to K; 
data in NCD: fig. S7, E and F). Together, these results demonstrate 
that brain-specific purinergic signaling is necessary for the im-
proved peripheral metabolism and memory persistence phenotypes 
upon astrocyte-specific GLUT1 reduction.

Astrocytic insulin receptor mediates enhanced ATP release 
and its depletion impairs glucose homeostasis and memory
Astrocytic insulin signaling is essential for insulin-dependent ATP 
release by astrocytes (48). We found that fluorescence-activated cell 
sorting (FACS)–purified astrocytes from GLUT1∆GFAP mice brains 
exhibited increased insulin receptor (IR) expression (Fig. 7A). It is 
thus plausible that astrocyte IR overexpression upon GLUT1 decline 
mediates enhanced astrocytic insulin-stimulated ATP release. To 
test this hypothesis, we crossed Insrflox/flox (named IRf/f) mice with 
hGFAP-CreERT2+/− to obtain the hGFAP-CreERT2+/−:IRf/f (named 
IR∆GFAP group) line. Tamoxifen-induced IR depletion was con-
firmed in sorted astrocytes (fig. S8A). Crucially, IR∆GFAP mice failed 
to increase brain interstitial fluid ATP concentration triggered by 
intraperitoneal glucose administration (which prompts a physiolog-
ical insulin release) to the same extent as GLUT1∆GFAP (Fig. 7B).

To further test the relevance of astrocytic IR for energy homeo-
stasis and cognition, we studied glucose metabolism and memory 
formation in IR∆GFAP mice. In agreement with previous studies (25), 
we found that IR∆GFAP mice displayed reduced brain glucose utiliza-
tion assessed by 18F-FDG–PET (fig. S8, B to G) and decreased glu-
cose concentration in the CSF (fig.  S8H). Metabolically, although 
gaining the same body weight as control mice (fig.  S8I), IR∆GFAP 
mice displayed reduced glucose-induced suppression of hyperpha-
gia (fig. S8J) and lower glucose tolerance (fig. S8K) in the presence 
of unaltered insulin sensitivity (fig. S8L). Provided that brain insulin 
signaling has an important role in memory and learning (6, 50, 51) 
and that its disruption has been linked to cognitive dysfunction 
(52–54), we examined recognition and spatial memory in IR∆GFAP 
mice. Compared to control mice, although exhibiting identical loco-
motor activity (fig. S8M), IR∆GFAP mice were less efficient in memo-
rizing objects in the NOR task (fig.  S8N) and exhibited impaired 
spatial memory (fig. S8, O and P).

Given the necessity of astrocytic IR for glucose-stimulated in-
creases of brain ATP concentrations demonstrated above (Fig. 7B), 
we hypothesized that insufficient brain purinergic signaling could 
be one of the causes underlying the aberrant metabolic and cogni-
tive phenotypes presented by IR∆GFAP mice. Acute intracerebroven-
tricular administration of 2-methylthio-ATP (2-MeSATP), a nonselective 
P2 purinergic agonist (Fig. 7C), was sufficient for IR∆GFAP mice to 
recover control mice–like suppression of hyperphagia in NCD 
(fig. S8Q) and in HFD (Fig. 7D), which was absent in vehicle-treated 
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Ctrl and GLUT1ΔGFAP mice subjected to HFD after saline or PPADS intracerebroventricular injection (n = 6 to 10 per group). (G) GTT in saline-treated or PPADS intracerebro-
ventricularly treated Ctrl and GLUT1ΔGFAP mice on HFD and AUC quantification (n = 7 to 12 per group). (H) Recognition memory assessment by NOR task of HFD-fed Ctrl 
and GLUT1ΔGFAP mice after saline or PPADS intracerebroventricular administration (n = 6 to 9 per group). (I) Spatial memory evaluation by MWM acquisition phase, 
(J) retention phase, and (K) a representative image of the swimming path of saline-treated or PPADS intracerebroventricularly treated Ctrl and GLUT1ΔGFAP mice on HFD 
(n = 5 to 9 per group). Data are presented as means ± SEM. *P ≤ 0.05, as determined by two-tailed Student’s t test (A to C), repeated-measurement ANOVA (D, G, and I) 
and two-way ANOVA followed by Tukey [(F and G) AUC and (H and J)].
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IR∆GFAP mice. 2-MeSATP administration also reverted the glucose 
intolerance shown by IR∆GFAP mice [NCD (fig.  S8R) and HFD 
(Fig. 7E)]. Furthermore, the impairments in spatial memory abili-
ties exhibited by vehicle-treated IR∆GFAP mice were corrected upon 
intracerebroventricular 2-MeSATP treatment in NCD (fig. S8, S and 
T) and in HFD (Fig. 7, F and G). Together, these results provide the 
first evidence of the relevance of astrocytic IR for spatial memory 
and demonstrate that brain-specific purinergic stimulation is suffi-
cient to rescue the aberrant glucose metabolism and cognitive defi-
cits elicited by astrocyte-specific IR decrease.

Enhanced astrocytic insulin signaling in GLUT1-ablated 
astrocytes is indispensable for improved glucose 
homeostasis and memory preservation
In line with above-mentioned evidence of a higher IR expression in 
GLUT1-deficient astrocytes, an enhanced insulin-stimulated ATP 
release was observed in cultured GLUT1 KD astrocytes, and this 
effect was totally abrogated by concomitant treatment with S961, a 
specific IR antagonist (Fig. 8A). Besides, insulin treatment did not 
trigger an increased ATP release in cultured IR KD astrocytes, 
confirming the necessity of IR for insulin-stimulated ATP release 
(Fig. 8A).

Taking all these data into consideration, we examined whether 
insulin signaling is necessary for the metabolic and cognitive im-
provements observed in GLUT1∆GFAP mice. Acute intracerebroven-
tricular S961 administration blunted the improved fasting-induced 
hyperphagia [NCD (fig.  S9A) and HFD (Fig.  8B)] and enhanced 
glucose tolerance found in GLUT1∆GFAP mice [NCD (fig. S9B) and 
HFD (Fig. 8C)]. These results evidence that GLUT1∆GFAP mice re-
quire fully operative brain insulin signaling to display their im-
proved systemic glucose homeostasis. However, considering that 
S961 can antagonize the IR present in most brain cell types (10), 
these data are unable to differentiate the specific contribution of as-
trocytic IR to the phenotype of GLUT1∆GFAP mice. To address this 
relevant question, we crossed IR∆GFAP with GLUT1∆GFAP mice to 
generate hGFAP-CreERT2+/−:Slc2a1f/f:Insrf/f (named GLUT1-IR∆GFAP) 
mice, in which tamoxifen administration induces concomitant de-
pletion of GLUT1 and IR exclusively from astrocytes (Fig.  8D). 
First, microdialysis experiments showed that GLUT1-IR∆GFAP failed 
to increase brain ATP levels upon intraperitoneal glucose injection 
(Fig.  8E) to the same extent as GLUT1∆GFAP mice. Moreover, 
18F-FDG–PET studies revealed that GLUT1-IR∆GFAP mice not only 
lacked the characteristic that enhanced 18F-FDG signal present in 
GLUT1∆GFAP mice but also featured diminished brain glucose utili-
zation similar to what is observed upon isolated IR deficiency 
(Fig. 8, F and G, and fig. S9, C to F). Besides, concomitant depletion 
of IR and GLUT1 in astrocytes, without inducing body weight dif-
ferences (fig.  S9G), abolished the beneficial effects regarding 
both food intake (Fig. 8H) and glucose tolerance observed in 
GLUT1∆GFAP mice (Fig.  8I), without altering insulin sensitivity 
(Fig. 8J). Last, GLUT1-IR∆GFAP mice failed to maintain the spatial 
memory acquisition (Fig. 8K) and retention (Fig. 8L) observed in 
GLUT1∆GFAP mice, in the absence of locomotor activity alterations 
(fig. S9H).

Provided that the effects of astrocytic IR reduction were rescued 
by acute intracerebroventricular administration of the 2-MeSATP, 
we decided to treat GLUT1-IR∆GFAP mice with this same compound. 
Crucially, intracerebroventricular administration of 2-MeSATP was 
sufficient to revert both the inability to properly control peripherally 

induced hyperglycemia [NCD (fig. S9I) and HFD (Fig. 8M)] and the 
memory deficits shown by GLUT1-IR∆GFAP mice [NCD (fig. S9, J 
and K) and HFD (Fig. 8, N and O)].

Together, these results indicate that enhanced IR expression in 
GLUT1∆GFAP mice is a necessary feature to improve glucose homeo-
stasis and to maintain memory. In addition, these results also show 
that brain-specific purinergic stimulation is sufficient to rescue the 
metabolic and cognitive deficits induced upon concomitant GLUT1 
and IR depletion in astrocytes.

DISCUSSION
It is well established that GLUT1 is the transporter mediating glu-
cose access across the BBB into the brain. Particularly, the lethality 
of mice with inducible ablation of GLUT1 in the BBB vascular endo-
thelial cells has highlighted the crucial role for endothelial GLUT1 
expression in the control of brain glucose uptake and energetics (55, 
56). Astrocytic GLUT1-containing endfeet cover almost the entire 
surface of the blood vessels (57) with over than 99% of the astrocytes 
being connected to blood vessels (58). Given these features and the 
well-accepted ANLS hypothesis, according to which astrocytes must 
metabolize glucose and export lactate to neurons for the latter to 
meet energy needs (14), one could hypothesize that ablating GLUT1, 
the main GLUT expressed in these cells, would lead to a breakdown 
of brain glucose uptake and metabolism. Against these expectations, 
our data indicate that a partial astrocytic GLUT1 reduction results 
in a paradoxical enhancement of brain glucose utilization. In light of 
the decreased glycolysis observed upon GLUT1 decline in cultured 
astrocytes together with the finding that both astrocytic glucose up-
take and glycolytic pathway usage are significantly reduced in vivo 
upon GLUT1 diminishment, it is tempting to speculate that other 
brain cell types could be responsible for the increased glucose me-
tabolism observed in GLUT1∆GFAP mice. This idea has been already 
suggested by modeling studies predicting that most of the glucose 
diffuses from endothelial cells independently of astrocytic endfeet 
and throughout the extracellular fluid to more distant brain cells, 
facilitating rapid GLUT3-mediated uptake into neurons (13). The 
validity of this model has been elegantly proven in  vivo, showing 
that upon stimulation, glucose consumption by neurons is markedly 
increased, shifting to a highly glycolytic profile to account for the 
elevated energy demand (20). However, compelling criticisms of the 
current interpretation of these studies are the following: (i) One of 
the above-mentioned studies was conducted primarily on a highly 
specialized type of neuron (dentate granule cells of the hippocam-
pus) that constitutes a minority of the brain’s neuronal population 
and exhibits a unique morphology that is significantly different 
from most cortical or hippocampal neurons. (ii) The other study 
was based on kinetic parameters taken from granule cerebellar cells 
that can behave in a very different manner compared to other cell 
types, and (iii) it is presumptuous to assume that neuronal glucose, 
taken up in an activity-dependent manner, is metabolized primarily 
through glycolysis. Specifically, glucose uptake does not necessarily 
imply glycolytic metabolism. Instead, neuronal stimulation may 
preferentially direct glucose metabolism through the pentose 
phosphate pathway (PPP), aligning with the established view of 
neurons as cells with limited glycolytic activity. Crucially, research 
has shown that neurons undergo continuous degradation of 
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3, thereby 
actively suppressing glycolysis and promoting glucose oxidation via 
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the PPP, as it has been elegantly demonstrated by studies conducted 
by J. P. Bolaños’ group (59, 60).

In addition to the neuronal hypothesis, microglial cells have been 
identified as central regulators of the 18F-FDG–PET brain signal. 
Microglia adopt a glycolytic phenotype under inflammatory activa-
tion (61–63), and recent studies show that microglial glucose uptake 
exceeds that of neurons and astrocytes in various neurodegenerative 
disease models (64). Although this increased uptake is observed in 
neurodegeneration, it raises the possibility that microglial states in-
fluence brain glucose metabolism even in healthy brains. While the 
present study did not assess microglial activity, it is plausible that 
heightened microglial activity could contribute to the enhanced 
18F-FDG–PET signal in GLUT1∆GFAP mice brains.

Consideration must be given to another prominent glycolytic 
cell type: oligodendroglia. Oligodendrocytes exhibit high glycolytic 
activity, with their glycolytic products rapidly metabolized in white 
matter tracts (65). Notably, activation of oligodendroglial N-methyl-
d-aspartate receptors (NMDAR) by glutamate enhances both GLUT1 
presence in the oligodendrocyte plasma membrane and glucose im-
port. This mechanism allows oligodendrocytes to transfer glycolysis-
derived lactate to neuronal axons, thereby supporting axonal energy 
metabolism (66). Consequently, it is plausible that oligodendrocytes 
could up-regulate GLUT1 following astrocytic GLUT1 ablation, 
compensating for the glucose uptake deficiency in astrocytes and 
thus explaining the enhanced brain glucose metabolism observed in 
GLUT1∆GFAP mice. In this context, oligodendrocytes would likely 
increase the donation of glycolytic-derived lactate to axons, improv-
ing axonal energy efficiency. This enhanced energy efficiency could 
support increased neuronal activity without inducing metabolic 
stress, thereby explaining the heightened neuronal activity observed 
in the brains of GLUT1∆GFAP mice.

Ultimately, whether glucose consumption is elevated by neurons, 
microglia, oligodendrocytes, or a combination of these and/or other 
cells, our findings underscore the pivotal role of astrocytic GLUT1 
in maintaining brain energy homeostasis. Our discoveries that brain 
glucose metabolism is not simply maintained but enhanced in 
GLUT1∆GFAP mice and that a network of energy metabolism–related 
proteins is shifted in our proteomic profiling indicates that astro-
cytic GLUT1 is important enough to trigger a reprogramming of the 
overall brain metabolism sufficient to sustain energy requirements 
upon its depletion.

Moreover, mice lacking GLUT1 in astrocytes exhibited improved 
abilities regarding glucose homeostasis. Glucose-sensing POMC 
neurons in the ARC are well established as central mediators of sati-
ety (67), being also able to regulate insulin secretion (38) and 
glucose metabolism (36, 68). POMC neuron glucose sensitivity be-
comes impaired in HFD-induced obesity, losing their glucose ho-
meostasis regulatory properties (68). Previous studies have reported 
that alterations in the glial distribution surrounding hypothalamic 
POMC neurons can influence their ability to respond to glucose 
fluctuations (39). Likewise, glucose-sensing TH neurons in the 
locus coeruleus increase body energy expenditure during HFD-
induced obesity by prompting BAT activation (40). Our data reveal 
that, particularly, HFD-fed animals benefit from astrocytic GLUT1 
reduction, exhibiting enhanced glucose homeostasis in comparison 
to HFD-fed control animals. Provided that the loss of GLUT1 
specifically in astrocytes of HFD-fed animals induced enhanced 
glucose-stimulated activation of both ARC POMC neurons and 
locus coeruleus TH neurons, this leads us to argue that astrocytic 

GLUT1 decrease ameliorated the glucose sensing of these neuronal 
populations that could be linked to the observed lower astrocytic 
synaptic coverage, highlighting its importance of these neuronal 
populations in the activation of peripheral processes that facilitate 
glucose metabolism such as insulin secretion or BAT activity, re-
spectively.

Brain glucose metabolism and cognitive proficiency are inti-
mately correlated (42, 43). Although it has been established that as-
trocytic lactate is needed for memory formation (33) and that BBB 
endothelial cell GLUT1 ablation triggers cognitive breakdown (34), 
the necessity of astrocytic GLUT1 for cognitive performance has 
never been tested. Notably, far from experiencing a cognitive break-
down, mice lacking GLUT1 in astrocytes were able to form and 
retain memories, even showing both more active hippocampal neu-
rons and cognitive task–elicited brain glucose metabolism in PET 
studies compared to control mice. All of these features can be con-
sidered as a readout of healthy memory neurocircuits, arguing 
against the presupposition that astrocytic GLUT1 is as necessary as 
endothelial GLUT1 to fuel cognitive abilities and against the neces-
sity of astrocytic glycolysis for memory formation.

In light of the metabolic and cognitive improvement observed, 
which could be directly linked to the enhanced POMC and hippo-
campal neuronal activation (as reflected by increased c-Fos activi-
ty), our hypothesis arguing for the improved neuronal glucose 
metabolism upon astrocytic GLUT1 deficiency became potentially 
more relevant. Specific increased hippocampal PET signal following 
astrocytic chemogenetic activation of astrocytes in that area points 
toward the same conclusion. Pursuing this idea, we speculated that 
GLUT1∆GFAP astrocytes could be communicating more efficiently 
with other surrounding cells. Astrocytes convey information to 
neighboring cells via the release of gliotransmitters (49). We found 
that GLUT1 KD resulted in an enhanced capacity of astrocytes to 
release ATP. It has been described that IR activation by insulin in 
astrocytes mediates ATP exocytosis (48), and we found elevated IR 
levels in GLUT1-ablated astrocytes, which were responsible for 
maintaining astrocytic insulin-dependent ATP release. Thus, both 
the combination of enhanced glucose-stimulated insulin release and 
astrocytic IR overexpression may cooperate to elicit higher ATP re-
lease. This model is further supported by our data, indicating that 
the beneficial effect of astrocyte GLUT1 reduction is reversed by 
both the inhibition of purinergic signaling and simultaneous IR 
depletion, the effect of which can be overcome by the activation of 
purinergic signaling.

Collectively, this study uncovered a central role of astrocytes or-
chestrating brain energy metabolism. Specifically, astrocytic GLUT1 
reduction induces an “astrocytic glucose scarcity” situation with 
lower astrocytic glucose uptake and glycolysis. In this scenario, a 
fundamental astrocytic reprogramming is conducted with IR over-
expression and improved ATP release. Further, the enhanced puri-
nergic signaling could propagate direct or indirect signals to neurons 
(and/or other brain cells), indicating the necessity of a higher meta-
bolic rate (that could be obtained from higher glucose metabolism) 
and inducing its activity, which is translated into improved periph-
eral energy metabolism and preserved cognition.

Understanding this astrocytic energetic reprogramming upon 
glycolytic scarcity could open unexplored horizons for the treat-
ment of central and peripheral diseases, for instance, obesity and 
neurodegenerative disorders, which course with energetic altera-
tions. Those diseases intimately related to a “brain energy gap,” are 



Ardanaz et al., Sci. Adv. 10, eadp1115 (2024)     18 October 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

15 of 22

often improved with alternative diets such as ketogenic diets, which 
cause reductions on the brain’s reliance on glucose as a fuel. How-
ever, the negative long-term consequences of ketogenic diets (espe-
cially in the periphery) may far outweigh any potential short-term 
benefits (69). In this scenario, we offer a vision where the beneficial 
effect of decreased glucose availability could be achieved by limiting 
the glucose uptake only in a specific brain cell type, i.e., astrocytes. 
Therefore, we propose the astrocytic decreased glycolytic capacity as 
a future therapeutic approach for energetic diseases such as obesity 
or neurodegeneration.

MATERIALS AND METHODS
Genetic mouse models
GLUT1f/f mice
Slc2a1flox/flox (named GLUT1f/f) mice (70) were provided by J.C.B. 
(Max Planck Institute for Metabolism Research, Cologne, Germany), 
with the permission of G.K. (Columbia University, NY, USA).
IRf/f mice
Insrflox/flox (named IRf/f) mice (71) were purchased from The Jackson 
Laboratory [B6.129S4(FVB)-Insrtm1Khn/J; strain# 006955; RRID:IMSR_
JAX:006955].
hGFAP-CreERT2 mice
hGFAP-CreERT2 mice (72) were purchased from The Jackson Laboratory 
[B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J; strain# 012849; RRID:IMSR_
JAX:012849].
GLUT1ΔGFAP mice
hGFAP-CreERT2 mice were mated with GLUT1f/f mice to obtain 
hGFAP-CreERT2:GLUT1f/f mice (named GLUT1ΔGFAP), and subse-
quently, breeding colonies were maintained by mating GLUT1f/f 
mice with hGFAP-CreERT2:GLUT1f/f mice. The hGFAP-CreERT2 al-
lele was maintained in heterozygous conditions, whereas the floxed 
GLUT1 allele was maintained in homozygous conditions. Animals 
were kept on a C57BL/6J background. Cre-dependent depletion of 
the floxed GLUT1 allele was accomplished by tamoxifen (Sigma-
Aldrich, #T5648) administration [75 mg/kg, intraperitoneally (ip), 
every 24 hours for 5 consecutive days] at 8 weeks of postnatal age, as 
described below (see the “Tamoxifen treatment” section).
IRΔGFAP mice
hGFAP-CreERT2 mice were mated with IRf/f mice to obtain hGFAP-
CreERT2:IRf/f mice (named IRΔGFAP), and subsequently, breeding colo-
nies were maintained by mating IRf/f mice with hGFAP-CreERT2:IRf/f 
mice. The hGFAP-CreERT2 allele was maintained in heterozygous 
conditions, whereas the floxed IR allele was maintained in homozy-
gous conditions. Animals were kept on a C57BL/6J background. 
Cre-dependent depletion of the floxed IR allele was accomplished by 
tamoxifen (Sigma-Aldrich, #T5648) administration (75 mg/kg, ip, 
every 24 hours for 5 consecutive days) at 8 weeks of postnatal age, 
as described below (see the “Tamoxifen treatment” section).
GLUT1-IRΔGFAP mice
hGFAP-CreERT2:GLUT1f/f mice were mated with IRf/f mice to ob-
tain hGFAP-CreERT2:GLUT1f/f:IRf/f mice (named GLUT1-IRΔGFAP), 
and subsequently, breeding colonies were maintained by mating 
GLUT1f/f:IRf/f mice with hGFAP-CreERT2:GLUT1f/f:IRf/f mice. The 
hGFAP-CreERT2 allele was maintained in heterozygous conditions, 
whereas the floxed GLUT1 and floxed IR alleles were maintained in 
homozygous conditions. Animals were kept on a C57BL/6J back-
ground. Cre-dependent depletion of the floxed GLUT1 and IR al-
leles was accomplished by tamoxifen (Sigma-Aldrich, #T5648) 

administration (75 mg/kg, ip, every 24 hours for 5 consecutive days) 
at 8 weeks of postnatal age, as described below (see the “Tamoxifen 
treatment” section).
Tamoxifen treatment
To excise LoxP sites by Cre recombination, 8-week-old hGFAP-CreERT2:
GLUT1f/f, hGFAP-CreERT2:IRf/f, and hGFAP-CreERT2:GLUT1f/f:IRf/f 
mice were subjected to tamoxifen administration. Briefly, tamoxifen 
was dissolved at 55°C in a 10% ethanol–90% peanut oil (Sigma-
Aldrich, #P2144) solution at a concentration of 20 mg/ml. This solu-
tion was used to inject mice tamoxifen (75 mg/kg, ip) daily for 
5 consecutive days. To maintain the same experimental conditions, all 
the corresponding control groups (GLUT1f/f, IRf/f and GLUT1f/f:IRf/f) 
also received the tamoxifen treatment.
Animal care
All animal procedures were conducted in compliance with the 
European and Spanish regulations (2003/65/EC; 1201/2005) for 
the care and use of laboratory animals and approved by the ethical 
committee of the University of Navarra (ethical protocol num-
ber 076-19).

Primary mouse astrocyte cultures
Astrocyte isolation and culture
Astrocytes from the hippocampi, hypothalami, and cortices were 
isolated from GLUT1f/f or IRf/f mice pups at postnatal day 0 to 4 to 
perform astrocytic primary cell cultures. For a detailed method, see 
Supplementary Text.
Astrocyte transfection and selection
Astrocytes were transfected with either control plasmid (“pCMV-
Myc-GFP” plasmid; Addgene, #83375) or pCMV-Cre-GFP (green fluo-
rescent protein) plasmid (“Cre Shine” plasmid; Addgene, #37404). 
For detailed methods, see Supplementary Text.

Real-time cell metabolic analysis
Extracellular metabolic flux dynamics were measured in primary 
astrocytes using the XFp Extracellular Flux Analyzer (“Seahorse,” 
Agilent Technologies). The day before the assay, astrocytes were 
seeded in XFp plates at a density of 20,000 cells per well and main-
tained in complete culture medium for 24 hours. Thereafter, 1 hour 
before the assay, cells were transferred to Seahorse XF DMEM 
Medium (Agilent Technologies) supplemented with 10 mM glu-
cose, 2 mM glutamine, and 1 mM pyruvate and were kept in this 
medium during the whole assay. All results were normalized by pro-
tein content, which was quantified using the Bio-Rad Protein Assay 
(Bio-Rad) according to the manufacturer’s instructions.

With this technology, mitochondrial respiration and glycolysis, 
glycolytic rate and ATP production, fuel dependency, and glutamine 
capacity were evaluated (for detailed methods, see Supplemen-
tary Text).

l-Lactate release
l-lactate release was assessed with the EnzyChrom Lactate Assay Kit 
(BioAssay Systems, #ECLC-100) following the manufacturer’s in-
structions (for detailed methods, see Supplementary Text).

2-Deoxyglucose uptake
Glucose uptake by cultured primary astrocytes was studied using 
the colorimetric Glucose Uptake Assay Kit (Abcam, #ab136955) 
according to the manufacturer’s instructions (for detailed methods, 
see Supplementary Text).
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ATP determination
To assess the ability of primary astrocytes to release ATP and the 
ATP content in in vivo microdialysed samples, the luciferase-based 
ATP Determination Kit (Invitrogen, #A22066) was used following 
the manufacturer’s instructions (for detailed methods, see Supple-
mentary Text).

Serine release determination
The ability of primary astrocytes to release serine was evaluated us-
ing the fluorescent DL-Serine Assay Kit (Abcam, #ab241027) fol-
lowing the manufacturer’s instructions (for detailed methods, see 
Supplementary Text).

Glutamate release determination
The ability of primary astrocytes to release glutamate was measured 
using high-performance liquid chromatography with electrochemi-
cal detection (DECADE, Antec Leyden; for detailed methods, see 
Supplementary Text).

18F-FDG–PET
Static PET studies
2-Deoxy-2-[18F]fluoro-d-glucose (18F-FDG) and PET were used to 
assess brain glucose metabolism. Briefly, mice were fasted over-
night, and the following morning, 18F-FDG [9.5 millionbecquerel 
(MBq) ± 0/6 in 80 to 100 μl] was injected intravenously. After an 
uptake period of 50 min, mice were anesthetized with 2% isoflu-
rane in 100% O2 gas and placed in a small PET tomograph (Mosaic, 
Philips). Mice were subsequently subjected to a 15-min PET acqui-
sition. Images were reconstructed, applying dead time, decay, and 
random and scattering corrections. Images were semiquantitatively 
analyzed using the PMOD v3.2 software (PMOD Technologies 
Ltd.), expressing values in standardized uptake value (SUV) units, 
using the formula SUV = [tissue activity concentration (Bq/cm3)/
injected dose (Bq)] × body weight (g). 18F-FDG metabolism was 
assessed by drawing two spherical volumes of interest (VOIs) for 
each image, including the entire brain and the reference organ (liv-
er). Semiautomatic delineation was applied with a threshold of 50% 
of the maximum or minimum voxel value to obtain new VOIs that 
delimited brain or the reference organ, respectively. The average 
SUV (SUVmean) of the voxels within the VOIs was calculated, and 
SUVmean ratios were calculated by dividing brain SUVmean by refer-
ence organ SUVmean. After PET acquisition, mice were euthanized, 
and their brains were dissected to assess ex vivo radiotracer incor-
poration across brain areas (hypothalamus, hippocampus, frontal 
cortex, and cerebellum). A gamma counter (Hidex Automatic 
Gamma Counter, Hidex Oy) was used to perform ex vivo counting 
of radioactivity in the samples, which were dissected by the same 
experimenter and corrected by sample weight. Ex vivo radiotracer 
incorporation was expressed as percentage of the injected dose.
dPET studies
dPET/CT (computed tomography) studies were acquired using a 
small animal PET/CT scanner (Albira ARS PET/CT dual scanner, 
Bruker, Spain) for 60 min. The animals’ blood glucose levels were 
measured before catheterizing the lateral tail vein by inserting a 
34-gauge needle connected to a cannula. CNO (3 mg/kg, ip) or saline 
(intraperitoneally) was injected 10 min before the tracer 18F-FDG 
(6.14 MBq in 200 μl, intravenously; Curium Pharma, Madrid), while 
the animals were under inhalation anesthesia (2% isoflurane in oxy-
gen flow of 1 liter/min). All images were reconstructed using the 

maximum likelihood expectation maximization (MLEM) algorithm. 
The iterative reconstruction of the PET data comprises 32 frames of 
5 × 2 s, 4 × 5 s, 3 × 10 s, 8 × 30 s, 5 × 60 s, 4 × 300 s, and 3 × 600 s.

A two-compartment FDG kinetic model was used to analyze the 
dynamics of 18F-FDG in the brain. Along with the VOIs of the dif-
ferent brain areas, another spherical VOI of the vena cava (3 mm) 
was created in the sixth frame of each animal to determine the blood 
input function, and its time-activity curve was fitted to a three-
exponential whole-blood model. The model was evaluated by apply-
ing a lumped constant of 0.67 and the corresponding plasma glucose 
levels (in mM) of each animal. The hippocampal VOI time-activity 
curve was corrected by minimizing chi-square values and fitted to 
whole blood, with blood volume fraction set to physiological levels 
(vB = 2%). The kinetic parameter K1 (ml min−1 ml−1) represents the 
transport rate of 18F-FDG from the arterial plasma to the intercel-
lular space and k2 (1/min), the opposite direction. k3 (1/min) 
represents the phosphorylation of 18F-FDG inside cells, and in this 
particular model, the dephosphorization rate is not considered 
(k4 = 0). In addition, this model includes a rate constant that indi-
cates the flow of the radiotracer through the two compartments (ki).

In vivo U-13C-glucose isotope tracing
U-13C-glucose infusion
Nonradioactive 13C-labeled glucose (0.8 M) was infused through 
the femoral vein at a steady rate of 4 μl/min over the course of 3 hours, 
while the mice were anesthetized with isoflurane. After 2 hours, 
mice were euthanized, and astrocytes were isolated by flow cytom-
etry (see the “Fluorescence-activated cell sorting” section) and pro-
cessed by liquid chromatography–mass spectrometry (LC-MS) for 
measurement of metabolites.
LC-MS measurement of metabolites
The LC-MS method involved hydrophilic interaction chromatogra-
phy coupled to the Q Exactive Plus mass spectrometer (Thermo 
Fisher Scientific). The LC separation was performed on a XBridge 
BEH Amide column (150 mm × 2.1 mm, 2.5-μm particle size; 
Waters). Solvent A is 95%:5% H2O:acetonitrile with 20 mM am-
monium bicarbonate, and solvent B is acetonitrile. The gradient 
was 0 min, 85% B; 2 min, 85% B; 3 min, 80% B; 5 min, 80% B; 6 min, 
75% B; 7 min, 75% B; 8 min, 70% B; 9 min, 70% B; 10 min, 50% B; 
12 min, 50% B; 13 min, 25% B; 16 min, 25% B; 18 min, 0% B; 23 min, 
0% B; 24 min, 85% B; and 30 min, 85% B. Other LC parameters were as 
follows: flow rate, 150 ml/min; column temperature, 25°C; injection 
volume, 10 ml; and autosampler temperature, 5°C. The mass spec-
trometer was operated in both negative- and positive-ion mode for 
the detection of metabolites. Other MS parameters were as follows: 
resolution of 140,000 at a mass/charge ratio (m/z) of 200, automatic 
gain control target at 3 × 106, maximum injection time of 30 ms, and 
scan range of m/z of 75 to 1000. Data were analyzed using MAVEN 
software, and isotope labeling was corrected for natural 13C abun-
dance in the tracer experiments.

Assessment of body composition
Lean and fat mass body composition were analyzed using the 
EchoMRI-100H Analyzer (EchoMRI) according to the manufac-
turer’s instructions (for detailed methods, see Supplementary Text).

Fasting-induced hyperphagic response
Feeding behavior was assessed with fasting-refeeding experiments. 
To this end, the afternoon before the test day, bedding material was 
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changed, and mice were fasted overnight for 12 hours. At about 
8:00 a.m., food was added, and its consumption was measured for 
the following 4 hours.

To assess glucose suppression of fasting-induced hyperphagia, 
mice were fasted overnight for 12 hours. The following day, mice 
were injected with either vehicle (0.9% saline) or glucose (2 g/kg 
body weight) intraperitoneally at 8:00 a.m., and food was provided 
30 min after. Subsequently, food was weighted every hour for 4 hours 
to measure consumption.

In all cases, food intake was expressed as kcal (NCD = 2.7 kcal/g; 
HFD = 5.21 kcal/g), consumption corrected per animal body weight 
in grams (kcal/g BW).

Glucose and insulin metabolic tests
Glucose tolerance test
Sixteen- to 17-week-old mice were subjected to a fasting period of 
6 hours. After the fasting period, a subtle puncture in the tail of each 
animal was performed, and a drop of tail blood was collected with a 
handheld glucometer (Accu-Chek) to measure fasting glucose levels 
(mg/dl). Then, mice received an intraperitoneal injection of d-
glucose in 0.9% saline at a dose of 2 g/kg body weight. Blood glucose 
levels were measured by tail puncture at the following time points: 
15, 30, 60, and 120 min after injection.
Insulin tolerance test
Sixteen- to 17-week-old mice were subjected to a fasting period of 
1 hour, after which a subtle puncture in the tail of each animal was 
performed, and a drop of tail blood was collected with a handheld 
glucometer (Accu-Chek) to measure glucose levels. Then, they 
were intraperitoneally injected with insulin (Actrapid, Novo Nord-
isk) in 0.9% saline at a dose of 0.75 U/kg body weight. Glucose 
levels were measured at the following time points: 15, 30, and 60 
min after injection.
Glucose-stimulated insulin secretion
Sixteen- to 17-week-old mice were subjected to a fasting period of 
6 hours, after which a subtle puncture in the tail of each animal was 
performed, and a blood sample (minimum quantity: 12 μl of blood) 
was collected. Then, mice received an intravenous injection of d-
glucose in 0.9% saline at a dose of 1 g/kg body weight. Blood sam-
ples (12 μl) were collected at the following time points: 2, 5, 15, and 
30 min after injection. Blood glucose levels were measured at each 
time point using a handheld glucometer (Accu-Chek) to ensure 
that glucose levels first increased after injection and subsequently 
decreased. Mice that failed to increase blood glucose levels during 
the test were discarded. Blood samples were immediately centri-
fuged (10 min and 3500 rpm), and the resulting supernatant (se-
rum) was collected and stored at −80°C until the determination of 
insulin levels.

Indirect calorimetry
Before treatment, animals were randomly selected and individu-
ally housed in chambers at 22° to 24°C with free access to food 
and water. After 48 hours of habituation to the chamber, the mice 
were housed for 5 days at 24°C. Oxygen consumption (VO2) and 
carbon dioxide production (VCO2) of individual mice were mea-
sured every 30 min over 5 days in LabMaster metabolic cages 
(TSE Systems). Energy expenditure was calculated with an abbre-
viated Weir equation, and respiratory exchange rate was calcu-
lated as VCO2/VO2.

Serum and CSF analyses
Serum insulin levels
Serum was collected as described above (see the “Glucose-stimulated 
insulin secretion” section). Insulin levels were assessed by enzyme-
linked immunosorbent assay (ELISA) using the Ultra Sensitive 
Mouse Insulin ELISA (Crystal Chem, #90080) according to the 
manufacturer’s instructions.
CSF glucose levels
Eighteen-week-old mice received an intraperitoneal injection con-
taining either vehicle (0.9% saline) or glucose (2 g/kg body weight). 
After 30 min, mice were anesthetized using intraperitoneal ketamine/
xylazine (80/5 mg/kg, respectively) and placed in a stereotaxic appa-
ratus (David Kopf Instruments) to facilitate microdissection. Mice 
were carefully microdissected to expose the dura above the cisterna 
magna. CSF was collected from the cisterna magna by using a glass 
microcapillary. Once collected, samples were microscopically inspected 
to detect and discard blood-contaminated samples. Noncontami-
nated samples were immediately frozen and stored at −80°C until 
glucose determination. Glucose levels were assessed using the colo-
rimetric Glucose Assay Kit (Abcam, #ab65333) according to the 
manufacturer’s instructions.

Cold exposure
Core body temperature was measured in 18- to 20-week-old ani-
mals using a rectal probe attached to a digital thermometer (Panlab, 
Harvard Apparatus). Immediately after the first temperature mea-
surement (−1 hour), mice were fasted, and a second measurement 
was performed 1 hour later (0 hour). Immediately, mice were placed 
into a 4°C room, in which they were kept for the following 4 hours. 
During this time, temperature was measured hourly.

Behavioral tasks
All behavioral experiments were carried out between 8 a.m. and 
12 p.m. Researchers were blind to mice genotypes and treatments. 
All tests were undertaken in the same mice cohort at the age of 18 
to 22 weeks.
Open field
To examine locomotor activity, mice were individually placed in a 
light-toned, wood-made open field (35 cm by 35 cm; height, 45 cm), 
being allowed to move freely for 30 min. The room was dimly illu-
minated, and a video-tracking system (EthoVision XT, Noldus In-
formation Technology) was used to record all animal activity and to 
analyze the total distance traveled (in cm) for each mouse during 
the 30-min period.
Novel object recognition
The NOR task was used to test cognition and, particularly, to exam-
ine recognition memory, as previously described (for detailed meth-
ods, see Supplementary Text) (73, 74).
Morris water maze
The MWM was used to test spatial memory and to evaluate the 
working and reference memory functions as previously described 
(for detailed methods, see Supplementary Text) (55).

AAV injection
AAV5-hGFAP-Cre–internal ribosomal entry site (IRES)–GFP injec-
tion in the ARC was performed following coordinates anteroposte-
rior (AP), −1.5 mm; mediolateral (ML), ±0.3 mm; and dorsoventral 
(DV), −5.7 mm (for detailed methods, see Supplementary Text). For 
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chemogenetic studies AAV8-GFAP-hM3D(Gq)-mCherry viral vector 
was injected at the coordinates from the bregma corresponding to the 
hippocampal CA1: AP, −2.1 mm; LM, ±1,6 mm; and DV, −1,5 mm 
(for detailed methods, see Supplementary Text).

Intracerebroventricular injections
Cannulation
Sixteen- to 17-week-old mice were subjected to brain cannulation 
(intralateral ventricular cannulation) with the following coordi-
nates: AP, −0.4 mm; ML, +1.0 mm; and DV, −2 mm. Immediately, 
dental acrylic was applied to adhere the guide cannula to the skull 
surface (for detailed methods, see Supplementary Text).
Drug administration
For intracerebroventricular injections, a Hamilton syringe was used 
to administer 1 μl of 2 mM PPADS (Tocris), S961 (1.5 μg/μl; Phoenix 
Pharmaceuticals), or 20 μM 2-MeSATP (Tocris) over a 5-min period 
(for detailed methods, see Supplementary Text).
In vivo microdialysis
Eighteen-week-old mice were subjected to in vivo microdialysis. 
An intracerebral guide cannula (Microbiotech/se AB, #MAB 
4.15.IC) was implanted to the frontal cortex using the following 
coordinates: AP, +2.0 mm; ML, +0.3 mm; and DV, −3.3 mm. Im-
mediately, dental acrylic was applied to adhere the guide can-
nula to the skull surface. A dialysis probe with a cuprophane 
membrane (Microbiotech/se AB, #MAB 4.15.2.Cu) was inserted 
through the guide cannula, and animals were subjected to a sta-
bilization period by being perfused with artificial CSF for 2 hours 
at a rate of 0.5 μl/min using a glass Hamilton syringe connected 
to an infusion pump. After the 2-hour stabilization period, sam-
ples started being collected every 30 min for 1 hour through a tube 
connected to the probe to measure basal ATP levels. After 1 hour of 
sample collection, mice were injected glucose intraperitoneally 
(2 g/kg body weight), and samples were collected every 30 min 
for another 1-hour period (for detailed methods, see Supplemen-
tary Text).

Cell sorting
Fluorescence-activated cell sorting
To isolate astrocytes from brains, a modified version of previously 
described protocols (75, 76) was followed (for detailed methods, see 
Supplementary Text).
Magnetic-activated cell sorting
To isolate astrocytes from brains, ensuring a gentle and not reactivity-
triggering process for an accurate astrocyte reactivity gene profile 
analysis, MACS was performed (for detailed methods, see Supple-
mentary Text).

Quantitative polymerase chain reaction
RNA extraction from cell samples was performed using the RNeasy 
Micro Kit (QIAGEN) or Maxwell RSC simplyRNA Tissue Kit (Pro-
mega) according to the manufacturer’s instructions. RNA extraction 
from BAT samples was performed using the TRI Reagent (Sigma-
Aldrich). Subsequently, RNA samples were subjected to retrotrans-
cription using the High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems). Quantitative real-time polymerase chain re-
action (PCR) was performed on CFX384 Touch Real-Time PCR 
Detection System (Bio-Rad). TaqMan Universal PCR Master Mix 
(Applied Biosystems) was used with TaqMan Probes for Gapdh, 
Insr, Slc2a1, Slc2a2, Slc2a3, Slc2a5, and Ucp1 (see table S1). iQ SYBR 

Green Supermix Reagent (Bio-Rad) was used with the SYBR probes 
detailed in the table  S1. Sequences for the probes used to assess 
mRNA expression of the different transporters of the GLUT family 
were obtained from (77).

Sequences for the probes used to assess mRNA expression of as-
trocyte reactivity genes were obtained from (78). Relative quantifi-
cation of the gene expression of all targets with respect to the control 
group was performed by a comparative method (2−ΔΔCt). Gapdh 
was used as an internal control for all experiments except for the 
experiment assessing the mRNA expression of astrocyte reactivity 
genes where Actb was used as internal control.

Brain capillary depletion
To assess protein specifically in brain capillaries and in capillary-
depleted brains, brain capillaries were separated using the previ-
ously described brain capillary depletion technique (79–81) 
with minor modifications (for detailed methods, see Supple-
mentary Text).

Western blotting
The Western blotting studies following primary antibodies and dilu-
tions were used: anti-GLUT1 (1:1000), anti-UCP1 (1:1000), anti-
fibrinogen (1:1000), anti–ZO-1 (1:1000), anti-occludin (1:1000). 
β-Actin (1:5000) was used as internal loading control (for detailed 
methods and antibody catalog numbers, see Supplementary Text 
and table S1).

Histology
Pancreas and BAT immunohistochemistry
Mice faster for 6 hour were euthanized, and both BAT and pan-
creas were carefully dissected. BAT and pancreas were formalin 
fixed, paraffin embedded, and cut in 3-μm thick sections. Brown 
fat sections were stained with H&E for routine histology. In addi-
tion, immunohistochemistry was applied using the following pri-
mary antibodies: rabbit monoclonal anti-UCP1 (1:4000), rabbit 
monoclonal anti-insulin (1:80,000), and rabbit monoclonal anti-
GFAP (1:200; for detailed methods and antibody catalog numbers, 
see Supplementary Text and table S1).
Brain slice immunofluorescence
Free-floating brain slices were stained with the following primary 
antibodies: anti-POMC (1:1000), anti-TH (1:1000), anti–c-Fos 
(1:500), anti-GFAP (1:1000), anti-GFP (1:1000), anti-NeuN (1:1000), 
anti-fibrin (1:1000), anti–ZO-1 (1:200), and anti-occludin (1:200). 
Lycopersicon esculentum lectin conjugated with fluorescein (1:200) 
was incubated together with the secondary antibody. All images were 
acquired using a confocal laser scanning microscope (LSM 800 with 
Airyscan, Zeiss) and the ZEN 2 Blue Edition software (Zeiss). For 
detailed methods and antibody catalog numbers, see Supplementary 
Text and table S1.

Astrocyte morphometric analysis
Imaging of astrocytes located in the stratum radiatum was per-
formed using brain slice immunofluorescence of GFAP+ cells and 
confocal laser scanning microscopy (see the “Brain slice immuno-
fluorescence” section) with a 63× objective. Sholl analysis of as-
trocytic processes was performed semiautomatedly using Fiji, 
including the plugin “SNT” (https://imagej.net/plugins/snt), as 
described previously (for detailed methods, see Supplementary 
Text) (82).

https://imagej.net/plugins/snt
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Dendritic spine density analysis
Golgi-Cox staining and image acquisition
For dendritic spine density analysis, the FD Rapid GolgiStain Kit 
(FD Neuro Technologies) was used according to the manufacturer’s 
instructions (for detailed methods, see Supplementary Text).
Dendritic spine quantification
Dendritic spines were analyzed using the Reconstruct software (83), 
as previously described (for detailed methods, see Supplementary 
Text) (84).

Whole-brain clearing and three-dimensional blood 
vessel analysis
Vessel staining of cleared mouse brain slices
Mice were transcardially perfused with phosphate-buffered saline 
(PBS; pH 7.4) and 10 ml of 4% paraformaldehyde in PBS. Brains 
were dissected and then postfixed with 4% paraformaldehyde over-
night. Then, 500-μm-thick brain slices were sectioned using a vibra-
tome (VT1000S, Leica) and maintained in PBS solution at 4°C for 
tissue clearing. Sections were cleared following the CUBIC protocol 
(for detailed methods, see Supplementary Text) (85).
Two-photon excitation microscopy
Images were collected using a Zeiss LSM 880 (Carl Zeiss, Jena, 
Germany) equipped with a two-photon femtosecond pulsed laser 
(Mai Tai DeepSee, Spectra-Physics, USA), tuned to a central wave-
length of 800 nm using a 25× objective (LD LCI Plan-Apochromat 25x/ 
0.8, Carl Zeiss). Tile and z-stack scans from 500-μm sections were 
acquired in the non-descanned mode after spectral separation and 
emission refiltering using a 500- to 550-nm BP filter for lectin signal.
Vessel image analysis
Vessel quantification in fluorescent three-dimensional (3D) image 
stacks was carried out using an automatized homemade Fiji plugin. 
First, 3D images were preprocessed by means of a background sub-
traction operation followed by a tubeness filter (86) to enhance 
tube-like structures. Then, vessels were segmented by thresholding 
the image using a constant threshold value across all images. The 
resulting binary mask was further refined by means of a median fil-
ter and small particle removal, and the total vessel volume (in μm3) 
and vessel density (as percentage of tissue occupied by vessels) were 
calculated. The segmentation mask was lastly skeletonized in 3D, 
and the resulting skeleton was analyzed (87) to quantify the number 
of vessels, the average vessel length (in μm), and the normalized ves-
sel length (in m/mm3).

Metabolomic studies
High-resolution magic angle spinning (HR-MAS) 1H NMR spec-
troscopy permits the direct analysis of intact tissues to obtain highly 
resolved spectra. Because the technique requires only small amounts 
of tissue (typically 5 to 20 mg), it is possible to define the biochemi-
cal profile for localized regions in heterogeneous tissues such as the 
brain. In this study, multivariate statistical algorithms were used to 
classify HR-MAS 1H NMR spectra of the hippocampus and hypo-
thalamus and identify distinct metabolic profiles for these tissues.
NMR data acquisition
Hippocampal and hypothalamus samples were examined using HR-
MAS operating at 4°C to minimize tissue degradation. 1H-NMR 
spectroscopy was performed in the ICTS Bioimagen Complutense 
(Universidad Complutense, Madrid, Spain) at 500.13 MHz using a 
Bruker AVIII500 HD spectrometer (11.7 T) (for detailed methods, 
see Supplementary Text).

2D experiment
1H, 13C 2D experiments were performed to carry out the compo-
nents assignments (for detailed methods, see Supplementary Text).
Pattern recognition
In this study, multivariate statistical algorithms were used to classify 
HR-MAS 1H NMR spectra of these samples and identify distinct 
metabolic profiles for the tissues (for detailed methods, see Supple-
mentary Text).

Proteomic analysis
For detailed methods of protein extraction, MS/MS library genera-
tion, quantitative analysis, and weighted protein coexpression net-
work analysis, see Supplementary Text.

Statistical analysis
All values were expressed as means ± SEM. Statistical analyses were 
conducted using GraphPad Prism (version 9.3.1). Statistical details 
of experiments can be found in the figure legends. Unless otherwise 
specified in the figure legends, datasets with only two independent 
groups were analyzed for statistical significance using unpaired, 
two-tailed Student’s t test. Datasets with more than two groups were 
analyzed using one-way analysis of variance (ANOVA), followed by 
Tukey post hoc test. Datasets with two independent factors were 
analyzed using two-way ANOVA, followed by Tukey post hoc test. 
Two-way repeated-measures ANOVA was performed to detect sig-
nificant interactions between genotype and time, and multiple com-
parisons were analyzed following Tukey’s post hoc tests. All P values 
below or equal to 0.05 were considered significant (*P  ≤  0.05, 
**P ≤ 0.01, and ***P ≤ 0.001).
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