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P H Y S I O L O G Y

Evidence for a neuromuscular circuit involving 
hypothalamic interleukin-6 in the control of skeletal 
muscle metabolism
Carlos Kiyoshi Katashima1†, Thayana de Oliveira Micheletti2†, Renata Rosseto Braga1, 
Rodrigo Stellzer Gaspar1,3, Ludger J. E. Goeminne4, Alexandre Moura-Assis3, Barbara Moreira Crisol1,  
Rafael S. Brícola1, Vagner Ramon R. Silva1, Camila de Oliveira Ramos5, Alisson L. da Rocha6,7, 
Mariana Rosolen Tavares8, Fernando Moreira Simabuco8, Valquiria Aparecida Matheus9, 
Lucas Buscaratti10, Henrique Marques-Souza10, Patricia Pazos11, David Gonzalez-Touceda11, 
Sulay Tovar11, María del Carmen García11, Jose Cesar Rosa Neto12, Rui Curi13,14,  
Sandro Massao Hirabara14, Patrícia Chakur Brum15, Patrícia Oliveira Prada2, 
Leandro P. de Moura1,16, José Rodrigo Pauli1,16, Adelino S. R. da Silva6,7, Dennys Esper Cintra5, 
Licio A. Velloso2,3, Eduardo Rochete Ropelle1,2,3,16*

Hypothalamic interleukin-6 (IL6) exerts a broad metabolic control. Here, we demonstrated that IL6 activates the 
ERK1/2 pathway in the ventromedial hypothalamus (VMH), stimulating AMPK/ACC signaling and fatty acid oxidation 
in mouse skeletal muscle. Bioinformatics analysis revealed that the hypothalamic IL6/ERK1/2 axis is closely associated 
with fatty acid oxidation– and mitochondrial-related genes in the skeletal muscle of isogenic BXD mouse strains 
and humans. We showed that the hypothalamic IL6/ERK1/2 pathway requires the 2-adrenergic pathway to modify 
fatty acid skeletal muscle metabolism. To address the physiological relevance of these findings, we demonstrated 
that this neuromuscular circuit is required to underpin AMPK/ACC signaling activation and fatty acid oxidation af-
ter exercise. Last, the selective down-regulation of IL6 receptor in VMH abolished the effects of exercise to sustain 
AMPK and ACC phosphorylation and fatty acid oxidation in the muscle after exercise. Together, these data 
demonstrated that the IL6/ERK axis in VMH controls fatty acid metabolism in the skeletal muscle.

INTRODUCTION
The hypothalamus regulates metabolic processes (1, 2) and functions 
of peripheral organs and glands such as the liver (3), white adipose 

tissue (4), brown adipose tissue (5), thyroid gland (6), and others. 
Neuronal activity in the ventromedial hypothalamus (VMH) con-
trols energy expenditure and skeletal muscle metabolism, includ-
ing fatty acid oxidation and glucose metabolism (7, 8). In this 
context, hormones and neuropeptides, such as leptin and orexin, 
can modify muscle metabolism in murine models by stimulating 
VMH neurons (7, 9).

The central action of interleukin-6 (IL6) exerts distinct func-
tions in the metabolism of mammals (10–12). Hypothalamic IL6 
has been implicated in controlling energy expenditure (13) and 
food consumption (10, 11). The metabolic improvements induced 
by physical exercise require the hypothalamic IL6 action in obese 
rodents (14). Here, we hypothesized that hypothalamic IL6 might 
control skeletal muscle metabolism. Thus, we sought to determine 
the existence of a neuromuscular circuit involving hypothalamic 
IL6 action in the VMH nucleus toward skeletal muscle metabolism.

RESULTS
Hypothalamic IL6 stimulates fatty acid metabolism 
in skeletal muscle
An interaction graph using the Genotype-Tissue Expression (GTEx) 
human database (15) from 81 individuals revealed a positive associ-
ation (red lines) between hypothalamic IL6 gene expression and 
lipid metabolism– and mitochondrial-related genes in the skeletal 
muscle (Fig. 1A). No correlation was observed between the hypo-
thalamic IL6 gene and glucose metabolism– and protein synthesis–
related genes (Fig. 1A). Hypothalamic IL6 gene expression showed 
a positive correlation (red lines) with lipid metabolism–related 

1Laboratory of Molecular Biology of Exercise (LaBMEx), School of Applied Sciences, 
University of Campinas (UNICAMP), Limeria, São Paulo 13484-350, Brazil. 2Faculty of 
Medical Sciences, Department of Internal Medicine, University of Campinas (UNICAMP), 
Limeira, São Paulo, Brazil. 3Laboratory of Cell Signaling, Obesity and Comor-
bidities Research Center, University of Campinas (UNICAMP), Limeira, São Paulo, 
Brazil. 4Laboratory of Integrative Systems Physiology, Interfaculty Institute of Bioen-
gineering, École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland. 5Lab-
oratory of Nutritional Genomic, School of Applied Sciences, University of Campinas 
(UNICAMP), Limeira, São Paulo 13484-350, Brazil. 6Postgraduate Program in Rehabil-
itation and Functional Performance, Ribeirão Preto Medical School, University of São 
Paulo (USP), Ribeirão Pretol, São Paulo, Brazil. 7School of Physical Education and 
Sport of Ribeirão Preto, University of São Paulo, Ribeirão Preto, São Paulo, Brazil. 
8Multidisciplinary Laboratory of Food and Health (LabMAS), School of Applied Sciences 
(FCA), University of Campinas (UNICAMP), Limeira, São Paulo, Brazil. 9Department of 
Genetics, Evolution, Microbiology and Immunology, Institute of Biology, University 
of Campinas (UNICAMP), Limeira, São Paulo, Brazil. 10Department of Biochemistry 
and Tissue Biology, Institute of Biology, University of Campinas (UNICAMP), Limeira, 
São Paulo, Brazil. 11Department of Physiology, Research Center of Molecular Medi-
cine and Chronic Diseases (CIMUS) and CIBER Fisiopatología Obesidad y Nutrición 
(CB 06/03), Instituto de Salud Carlos III (ISCIII, Ministerio de Economía y Competitividad 
(MINECO), University of Santiago de Compostela, Santiago de Compostela 15782, 
Spain. 12Immunometabolism Research Group, Institute of Biomedical Sciences, Uni-
versity of São Paulo (USP), São Paulo 05508-900, Brazil. 13Department of Physiology 
and Biophysics, Institute of Biomedical Sciences, University of São Paulo (USP), São 
Paulo 05508-900, Brazil. 14Institute of Physical Activity Sciences and Sports, Cruzeiro 
do Sul University, São Paulo 01506-000, Brazil. 15School of Physical Education and 
Sport, University of São Paulo (USP), São Paulo 05508-030, Brazil. 16CEPECE—Center 
of Research in Sport Sciences, School of Applied Sciences, University of Campinas 
(UNICAMP), Limeira, São Paulo 13484-350, Brazil.
*Corresponding author. Email: eduardoropelle@gmail.com
†These authors contributed equally to this work.

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversidade de Sao Paulo on D

ecem
ber 14, 2022

mailto:eduardoropelle@gmail.com


Katashima et al., Sci. Adv. 8, eabm7355 (2022)     29 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 14

Fig. 1. Hypothalamic IL6 induces fatty acid oxidation in muscle. (A) Interaction and (B) Pearson’s correlation graphs show the correlation between hypothalamic IL6 
gene expression and several genes of human skeletal muscle. Gray line represents no correlation. Pearson’s correlation r ≥ |0.5| and P < 0.05 (n = 81). n.s., not significant. 
(C) Factor loading plot: angles more than 90° between gene vectors represent a negative correlation. (D) Interaction and (E) Pearson’s correlation graphs. Pearson’s cor-
relation r ≥ |0.35| and P < 0.05 (n = 34). (F) PCA value was obtained using Acadsb, Cpt1c, Mrpl41, Pcca, and Uqcrc relative expression in the muscle of BXD mice. (G) Heatmap 
graph using hypothalamic and muscle transcripts from six different BXD mouse strains. (H) Factor loading plot (biplot) by using BXD cohort. (I) Experimental design using 
male C57BL6/J mice. (J) Oxygen consumption during 3 hours after recombinant IL6 intracerebroventricular (icv) microinjection (200 ng) (n = 11 to 14). (K) ACC and AMPK 
phosphorylation in the soleus muscle mice (n = 5). (L) Cpt1 and Ppar mRNA in the soleus muscle 3 hours after recombinant IL6 intracerebroventricular microinjection 
(n = 6 to 10). (M) Palmitic acid oxidation assay in the soleus muscle in mice intracerebroventricularly injected with IL6 (n = 6 to 10). (N to P) Determination of fatty acid 
fractions in the gastrocnemius muscle 3 hours after recombinant IL6 intracerebroventricular microinjection. Unpaired t test was used in (J) to (L) and (N) to (P). One-way 
analysis of variance (ANOVA) was used for statistical analysis in (M). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus saline.
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genes (Fig. 1B, top panels) and a negative correlation (green lines) 
with lipid biosynthesis–related genes (Fig. 1B, bottom panels). These 
data were confirmed by a two-factor analysis (Fig. 1C).

We next used analyses using system data from a mouse genetic 
reference population derived from crosses of C57BL/6J and DBA/2J 
inbred strains, named BXD (16), geared toward multiscalar integra-
tion of traits. This dataset also showed positive interaction between 
hypothalamic Il6 gene expression and gene sets involved in fatty 
acid oxidation in the skeletal muscle (red lines). Conversely, nega-
tive interaction (green lines) was observed between hypothalamic 
Il6 gene expression and expression of some markers of lipid biosyn-
thesis in the skeletal muscle of BXD mice (Fig. 1, D and E). There 
was no interaction between hypothalamic Il6 gene expression and 
glucose metabolism– or protein synthesis–related genes (Fig. 1D). 
Principal components analysis (PCA) confirmed a strong positive 
correlation between hypothalamic Il6 levels and lipid oxidation– 
and mitochondrial-related genes in the muscle (Fig. 1F). The heat-
map graph revealed that specific strains of BXD mice with low levels 
of hypothalamic Il6 gene expression (BXD63, BXD90, and BXD65a) 
displayed high levels of transcripts related to skeletal muscle lipid 
biosynthesis (Fig. 1G). Conversely, BXD families with high levels of 
hypothalamic Il6 gene expression (BXD43, BXD99, and BXD84) 
present high lipid oxidation– and mitochondrial-related genes in 
the skeletal muscle (Fig. 1G). The two-factor loading plots con-
firmed that the hypothalamic Il6 gene expression is positively cor-
related with fatty acid oxidation markers (Acadsb, Cpt1c, Mrpl41, 
Pcca, and Uqcrc) and showed a negative correlation with markers of 
lipid biosynthesis (Srebp1c and Scd1) in the skeletal muscle of strains 
of genetically diverse BXD mice (Fig. 1H).

Beyond the genetic variation and correlative analyses, we tested 
our hypothesis experimentally by using intracerebroventricular mouse 
recombinant IL6 microinjection in C57BL6/J mice (Fig. 1I). Re-
combinant IL6 (200 ng) increased oxygen consumption (Fig. 1J) 
and stimulated critical markers involved in fatty acid oxidation 
in the soleus muscle, including acetyl–coenzyme A carboxylase 1 
(ACCSer79) and AMP-activated protein kinase (AMPKThr172) phos-
phorylation (Fig. 1K) and carnitine palmitoyltransferase I (Cpt1) 
and peroxisome proliferator–activated receptor  (Ppar) gene ex-
pression (Fig. 1L). Recombinant IL6 intracerebroventricular infu-
sion induced transient fatty acid oxidation in the soleus muscle, 
peaking 3 hours after the central injection (Fig. 1M). To assess the 
impact of hypothalamic IL6 on skeletal muscle lipid metabolism, 
mass spectrometry analysis was performed using the same experi-
mental design. The central action of IL6 markedly reduced the 
amount of fraction of saturated (C15:0, C16:0, C17:0, and C18:0), 
monounsaturated (C18:1, C18:1t, and C20:1), and polyunsaturated 
(18:2, 18:3, and 20:3) fractions of fatty acids in the skeletal muscle 
(Fig. 1, N to P, and fig. S1A). Similar to the soleus muscle, high lev-
els of AMPK phosphorylation were detected in the gastrocnemius 
muscle (fig. S1B). This effect was more discrete in the adipose tissue 
once IL6 central injection increased AMPK phosphorylation in ep-
ididymal, but not subcutaneous, adipose tissue (fig. S1, C and D).

It has been described that residual endotoxin contaminations in 
commercial recombinant proteins are sufficient to elicit biological 
effects in recipient cells (17). To confirm that central IL6, but not the 
residual lipopolysaccharide (LPS), stimulates AMPK/ACC phos-
phorylation in the skeletal muscle, mouse recombinant IL6 was 
intracerebroventricularly injected in wild-type and endotoxin non-
sensitivity mice (TLR4KO) (18, 19). This experiment demonstrated 

that IL6 intracerebroventricular injection increased AMPK phos-
phorylation in the soleus muscle of both wild-type and TLR4KO 
mice (fig. S1E), confirming the specificity of IL6 biological effect in 
this neuromuscular circuit.

Central IL6 enhances the muscle lipid metabolism through 
hypothalamic ERK stimulation
Previous studies have shown a functional connection between VMH 
and muscle metabolism (7, 8). In addition, extracellular signal–
regulated kinase 1/2 (ERK1/2) in VMH elicits signals from the central 
nervous system toward the skeletal muscle (20). Curiously, IL6 can 
induce ERK1/2 phosphorylation in neuronal cells (21, 22). Thus, we 
monitored IL6/ERK signaling in our model. We found the presence 
of IL6 receptor (IL6R) in different hypothalamic nuclei, particularly 
in the arcuate and ventromedial nuclei (fig. S1, F and G). Next, re-
combinant IL6 was injected directly into VMH of mice on one side, 
and a vehicle was injected into the contralateral VMH of the same 
animal. This experimental approach demonstrated IL6 injection–
induced ERK1/2Thr202/Tyr204 phosphorylation in VMH of mice 
(Fig. 2A). This finding was confirmed by Western blotting analysis 
in hypothalamus and isolated VMH samples from IL6 intracerebro-
ventricularly injected mice (Fig. 2, C and D).

Confocal microscopy revealed positive cells for ERK1/2 phos-
phorylation in IL6R-expressing neurons in the VMH of mice (fig. 
S2A). We found several phospho-ERK (pERK)–positive stainings 
in neurons of VMH after recombinant IL6 injection (Fig. 2B). In 
addition, recombinant IL6 stimulated ERK1/2 phosphorylation in 
Neuro2A (N2A) cells (Fig. 2E). Together, our data showed the potential 
of IL6 in stimulating ERK1/2 phosphorylation in neuronal cells.

To test whether the hypothalamic IL6/ERK1/2 axis is involved in 
skeletal muscle lipid metabolism, PD98059, a mitogen-activated 
protein kinase (MAPK) kinase (MEK)/ERK signaling pharmacological 
inhibitor, or saline was intracerebroventricularly administered 30 min 
before the intracerebroventricular microinjection of recombinant 
IL6, as detailed in the experimental design (Fig. 2F). Notably, 
PD98059 abolished hypothalamic IL6-induced ACC and AMPK 
phosphorylation (Fig. 2G) and fatty acid oxidation (Fig. 2H) in the 
soleus muscle. We also evaluated the interaction between hypotha-
lamic ERK1/2 signaling and lipid metabolism in the skeletal muscle 
of humans. The interaction and heatmap graphs confirmed a con-
sistent association between hypothalamic ERK1 and ERK2 gene 
expression and several genes involved in fatty acid metabolism in 
human skeletal muscle (Fig. 2, I to K), but not glucose metabolism 
or protein synthesis (Fig. 2I). Together, bioinformatics and experi-
mental data demonstrated that the hypothalamic IL6/ERK axis controls 
AMPK/ACC signaling and fatty acid oxidation in the soleus muscle.

Hypothalamic IL6 stimulates the adrenergic signaling 
toward the skeletal muscle
Next, we investigated the involvement of the sympathetic nervous 
system in this neuromuscular circuit. It has been shown that hypo
thalamic ERK signaling plays a critical role in controlling sympathetic 
flow (23, 24). The in silico analysis confirmed that hypothalamic 
IL6 gene expression is strongly associated with firing rate–related 
transcripts in mice and humans (fig. S2, B and C). Next, the dener-
vation experiment was performed. The left hindlimb of mice was 
denervated, and the contralateral paw was used as control. Two 
days after surgeries (cannula implant and denervation), the animals 
received mouse recombinant IL6 (200 ng) intracerebroventricular 
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Fig. 2. Evaluation of hypothalamic IL6/ERK axis. (A) Phospho-ERK1/2Thr202/Tyr204 (pERK1/2Thr202/Tyr204) staining in VMH 30 min after vehicle or recombinant IL6 injections. 
Scale bar, 100 m. (B) pERK1/2 (red) staining in neurons (green) in VMH (n = 4). Scale bars, 100 m. Top panels, digital zoom (dZoom). White arrowheads indicate double 
staining. Scale bars, 10 m. (C) pERK1/2Thr202/Tyr204 30 min after recombinant IL6 intracerebroventricular microinjection (200 ng) in the whole hypothalamus (n = 5) and 
(D) in the ventromedial nucleus (n = 5 to 6). (E) pERK1/2Thr202/Tyr204 in N2A cells after recombinant IL6 incubation (50 ng/ml) for 60 min (n = 5). (F) Schematic view of the 
experiment. (G) ACCSer79 and AMPKThr172 phosphorylation in the soleus muscle (n = 4). (H) Palmitic acid oxidation in the soleus muscle (n = 8 to 15). (I) Interaction and 
(J) heatmap graphs show the positive correlation between hypothalamic ERK1/2 gene expression and genes related to lipid, glucose, and protein metabolism in the 
skeletal muscle of humans. Pearson’s r ≥ |0.35| and P < 0.05. n = 81. (K) Factor loading plot shows that hypothalamic ERK1/2 gene expressions positively correlate with 
genes related to fatty acid oxidation in the human muscle as seen on a factor loading plot, where angles less than 90° between gene vectors represent a positive correla-
tion. Unpaired t test was used in (C) to (E). One-way ANOVA was used for statistical analysis in (G) and (H). *P < 0.05, **P < 0.01, and ***P < 0.001 versus saline and #P < 0.05 
and ###P < 0.001 versus IL6.
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microinjection, and the soleus muscles were removed, as demon-
strated in the experimental design (Fig. 3A). The surgical denerva-
tion reduced the ability of the central action of IL6 to phosphorylate 
ACC and AMPK in the soleus muscle of mice (Fig. 3B), demon-
strating that the hypothalamic IL6 requires an intact autonomic 
nervous system to alter muscle metabolism.

Notably, -adrenergic signals mediate the ACC phosphorylation 
and fatty acid oxidation in the skeletal muscle in response to 

intrahypothalamic injections of leptin (9) or the synthetic inhibitor 
of fatty acid synthase C75 (25). On the basis of this information, we 
sought to determine the involvement of -adrenergic signaling in 
this neuromuscular circuit. The interaction graph revealed that the 
hypothalamic IL6 gene is positively correlated with the expression 
of gene set linked to -adrenergic signaling in the skeletal muscle of 
humans, including ADRA2C, CREM, ADCY3, PDE4B, PDE4D, 
and AK4 genes (Fig. 3C). These data were also confirmed by 

Fig. 3. Evaluation of 2A/2C adrenoceptor on fatty acid oxidation in muscle. (A) Experimental design. Denervation (sciatic nerve) and cannula implantation in the 
third ventricle were performed on the same procedure day. (B) Western blot shows ACCSer79 and AMPKThr172 phosphorylation in the soleus muscle 3 hours after intrace-
rebroventricular infusion of recombinant IL6 (200 ng) (n = 4, **P < 0.01 versus saline and ###P < 0.001 versus intact + IL6). (C) The interaction graph shows the positive 
correlation (red lines) between hypothalamic IL6 gene expression and the gene set related to -adrenergic signaling in the muscle of humans. (D) Pearson’s correlation 
was performed using GTEXv5 human brain hypothalamus Refseq (Sep 15) RPKM log2 and GTEXv5 human muscle-skeletal Refseq (Sep 15) RPKM log2 datasets. Red lines 
represent positive correlation (n = 81). (E) Factor loading plot (biplot) using the same datasets. (F) Wild-type (WT) and male 2A/2C KO were intracerebroventricularly 
injected with recombinant IL6, and 3 hours later, the skeletal muscle was examined. (G) Western blot shows ACCSer79 and AMPKThr172 phosphorylation in the soleus mus-
cle 3 hours after intracerebroventricular infusion of recombinant IL6 (200 ng) (n = 4, ***P < 0.001 and ****P < 0.0001 versus wild type + saline and ##P < 0.01 and 
####P < 0.0001 versus wild type + IL6). (H) Palmitic acid oxidation (n = 8 to 10, ***P < 0.001 versus wild type + saline). (I) Serum levels of IL6 (n = 7 to 11). One-way ANOVA 
was used for statistical analysis in (B) and (G) to (I).
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Pearson’s correlations (Fig. 3D) and two-component analysis (Fig. 3E). 
In the BXD cohort, we found that 2 adrenoceptor subunits (Adra2c, 
Adra2a, and Adra2b), but not 1 subunits, were highly expressed in 
the skeletal muscle of strains with high expression of hypothalamic 
Il6 gene expression (fig. S3, A to C).

To investigate whether 2 adrenoceptor subunits are involved in 
the control of muscle metabolism upon intrahypothalamic IL6 in-
fusion, mice lacking both 2A and 2C adrenoceptors [2AC 
knockout (KO)] were generated. Wild-type and 2AC KO mice 
received an intracerebroventricular microinjection of recombinant 
IL6, and the soleus muscles were removed 3 hours later for analyses 
(Fig. 3F). The central microinjection of recombinant IL6 stimulated 
ACC and AMPK phosphorylation in the muscles of wild-type, but 
not 2AC double KO, mice (Fig. 3G). Furthermore, recombinant 
IL6 intracerebroventricular administration failed to stimulate fatty 
acid oxidation in the skeletal muscle of 2AC KO mice (Fig. 3H). 
There was no difference in the IL6 serum levels between wild-type and 
2AC KO mice or after intracerebroventricular IL6 microinjection 
(Fig. 3I). Together, these data demonstrate that 2A and 2C receptor 

subunits are involved in the terminal sympathetic flow in muscle 
fibers, integrating the peripheral actions of hypothalamic IL6.

Exercise stimulates central IL6 production and hypothalamic 
ERK activation and induces prolonged fatty acid oxidation 
in the skeletal muscle
After that, we sought to evaluate this neuromuscular circuit under 
physiological conditions. It has been demonstrated that a single 
bout of exercise can underpin subsequent resting lipid oxidation for 
many hours in humans (26–28). Intriguingly, high levels of IL6 
were observed in the hypothalamus of exercised fish (29) and mice 
(14), and IL6 is also produced in the central nervous system of hu-
mans in response to exercise (30). Thus, we monitored the contri-
bution of this neuromuscular mechanism in the control of fatty acid 
oxidation in the skeletal muscle after exercise.

We evaluated the central and peripheral IL6 production and fat-
ty acid metabolism in the skeletal muscle after the acute swimming 
protocol, as illustrated (Fig. 4A). High levels of Il6 mRNA were 
found in the hypothalamus immediately (0 hours) after the acute 

Fig. 4. Exercise stimulates hypothalamic IL6/ERK axis. (A) Experimental design. (B) Hypothalamic Il6 gene expression immediately after the exercise protocol (n = 5, 
*P < 0.05 versus Rest). (C) Il6 gene expression in the gastrocnemius muscle after the exercise protocol (n = 5 to 6, *P < 0.05 versus Rest). (D) Serum levels of IL6 (n = 7 to 8, 
***P < 0.001 versus Rest). pERK1/2Thr202/Tyr204 in (E) hypothalamus (n = 4) and (F) VMH (n = 5). (G) pERK staining (red) in VMH of mice (n = 4). Scale bars, 100 m. (H) pERK 
(red) and NeuN (green) double staining in VMH of exercised mice (n = 5). Scale bars, 50 m. dZoom from the orange rectangles highlighting double staining in neuronal 
(white arrows) and nonneuronal cells (yellow arrows) (n = 5). Scale bars, 10 m. Unpaired t test was used in (B) and (D) to (F). One-way ANOVA was used for statistical 
analysis in (C). *P < 0.05, ***P < 0.001, and ****P < 0.0001 versus Rest.
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exercise (Fig. 4B). However, no difference was found in other brain 
regions, such as the hippocampus and cortex (around the parietal 
region) (fig. S4, A and B). In addition, acute exercise did not change 
Il6ra gene expression in the hypothalamus (fig. S4C).

This swimming protocol showed that peripheral IL6 was pro-
duced later in comparison to hypothalamus, given that the Il6 
mRNA in the gastrocnemius muscle was significantly increased 
120 min (2 hours) after the acute exercise (Fig. 4C). No difference 
was found in Il6 mRNA levels in the soleus muscle of exercised mice 
(fig. S4D). No changes were found in IL6 serum levels in the first 
2 hours after the exercise protocol (fig. S4E). IL6 serum levels were 
significantly detected 3 hours after the exercise (Fig. 4D).

Consistent with the hypothalamic IL6 production in response to 
exercise, ERK1/2Thr202/Tyr204 phosphorylation was also increased 
immediately after exercise in the hypothalamic tissue (Fig. 4E), 
including in VMH (Fig. 4F). Immunofluorescence assay confirmed 
the presence of ERK1/2Thr202/Tyr204 phosphorylation in VMH of 
exercised, but not control, mice (Fig. 4G). Furthermore, several 
positive pERK cells were found in neurons of VMH in exercised 
mice, as indicated by white arrows (Fig. 4H). We also detected the 
presence of pERK-positive cells in nonneuronal cells of VMH in 
response to exercise, as indicated by yellow arrows (Fig. 4H).

In terms of fatty acid metabolism in the skeletal muscle in re-
sponse to exercise, AMPK and ACC phosphorylation were still in-
creased in the soleus muscle 3 hours after exercise (fig. S4F). RNA 
sequencing analysis was performed to confirm the presence of the 
oxidative profile in the skeletal muscle 3 hours after the acute exer-
cise. Several genes involved in the mitochondrial function, lipid 
metabolism, and adrenergic signaling were up-regulated (fig. S4G), 
whereas, among 99 genes that were up-regulated in response to 
exercise, almost half of these genes are related to the mitochondrial 
activity (24 genes), lipid metabolism (15 genes), and adrenergic sig-
naling (7 genes) (fig. S4, G and H).

Swimming exercise protocols are typically used as stressful stim-
ulus for mice (31). IL6-null mice (IL6KO) were submitted to the 
same swimming exercise protocol to address the interference of 
swimming-induced stress in this neuromuscular mechanism. In con-
trast to wild-type mice, the swimming exercise protocol failed to 
stimulate ERK1/2 phosphorylation in the hypothalamus and flopped 
to sustain ACC and AMPK phosphorylation 3 hours after exercise 
in the muscle of IL6KO mice (fig. S5, B and C), confirming that 
endogenous IL6 levels, but not stress-associated factors, are re-
quired to elicit this neuromuscular response. Beyond the swimming 
exercise, we also monitored the central levels of IL6 and AMPK 
phosphorylation after a moderate-intensity acute treadmill running 
protocol (fig. S5D). Like the swimming exercise, treadmill running 
increased hypothalamic IL6 accumulation (fig. S5E) and induced 
prolonged AMPK phosphorylation in the soleus muscle (fig. S5F), 
reinforcing the activation of this neuromuscular system under dif-
ferent exercise models. These data collectively demonstrated that the 
hypothalamic IL6/ERK axis plays a critical role in controlling muscle 
metabolism under physiological conditions.

Hypothalamic IL6 controls muscle fatty acid oxidation 
after exercise
To explore the relevance of IL6 action specifically in the hypothala-
mus, exercised mice received anti–IL6 antibody (IL6 AB) intracere-
broventricular microinjections 30 min before and immediately 
after the exercise session, and the muscle samples were analyzed 

3 hours later, as illustrated in the experimental design (fig. S6A). 
This experiment revealed that anti–IL6 AB intracerebroventricular 
microinjections abolished fatty acid oxidation after exercise in the 
skeletal muscle (fig. S6B).

We confirmed these preliminary findings by using a versatile tool 
for genome editing, targeting IL6R specifically in VMH of mice us-
ing lentiviral vector [short hairpin RNA (shRNA)] microinjection. 
Five distinct lentivirus clones targeting the hypothalamic IL6R were 
tested. The TRCN94 lentivirus was the most efficient, reducing hy-
pothalamic IL6R protein content by approximately 40% compared 
to a nontarget scramble vector (fig. S7A). Next, bilateral microinjec-
tions of TRCN94 were then performed to deliver IL6R lentivirus 
specifically in VMH (IL6R KDVMH). Three days after the lentivirus 
transduction, food consumption was normalized, and no difference 
was found in food intake between scramble and IL6R KDVMH mice 
(fig. S7B). We confirmed that this lentiviral transduction was re-
stricted to VMH, reducing the IL6R content in VMH without af-
fecting the presence of this receptor in adjacent hypothalamic 
nuclei, including in the arcuate nucleus (Fig. 5, A to D). Seven days 
after lentivirus microinjection in VMH, the animals were submitted 
to an acute exercise session. The double-staining assay revealed the 
abundance of pERK1/2-positive cells in neuronal cells of VMH in the 
scramble group submitted to acute exercise (Fig. 5E, second panel). 
However, exercise did not promote the same effect in IL6R KDVMH 
mice (Fig. 5E, last panel). Quantitative analysis considering pERK1/2-
positive cells in neuronal and nonneuronal cells restricted to VMH 
demonstrated that, while exercise increased pERK1/2-positive cells 
in hypothalamic cells of scramble group, very few positive cells were 
found in VMH of IL6R KDVMH exercised mice (Fig. 5F).

High levels of AMPK and ACC phosphorylation were observed 
3 hours after exercise in the soleus muscle of control (scramble), but 
not IL6R KDVMH, mice (Fig. 5G). Last, mass spectrometry analysis 
was performed 3 hours after the exercise protocol and confirmed 
that exercise markedly reduced the amount of fraction of saturated, 
monounsaturated, and polyunsaturated fatty acid fractions in the 
skeletal muscle of control (scramble), but not IL6R KDVMH, mice 
(Fig. 5, H to J, and fig. S7C).

Together, our findings demonstrate that the hypothalamic IL6/
ERK axis in VMH drives fatty acid metabolism in the skeletal mus-
cle (fig. S7D), and this neuromuscular circuit seems to be critical to 
underpin fatty acid oxidation in the skeletal muscle after exercise.

DISCUSSION
We reported that hypothalamic IL6/ERK signaling induces fatty acid 
oxidation in the skeletal muscle. We demonstrated that ERK signal-
ing in VMH mediates IL6-induced AMPK and ACC phosphoryla-
tion and fatty acid oxidation in oxidative muscles. Evidence for 
the involvement of the -adrenergic system in the connection of the 
central action of IL6/ERK signaling to fatty acid metabolism in the 
skeletal muscle was reported. Notably, we demonstrated that 2A 
and 2C receptors play a crucial role in this physiological mechanism 
(fig. S7D). The physiological relevance of these findings was ob-
served in fatty acid metabolism in the skeletal muscle after exercise.

Several studies have demonstrated that the central or peripheral 
action of IL6 controls energy expenditure and lipid metabolism in 
animals and humans (13, 32–34). Wallenius and colleagues (13) re-
ported that central, but not peripheral, IL6 injection increased energy 
expenditure in mice. Moreover, the microinjection of recombinant 
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Fig. 5. Hypothalamic IL6 controls muscle fatty acid oxidation after exercise in mice. (A) Illustration for VMH microinjections and a representative picture of a coronal 
view of a mouse brain, demonstrating the blue dye staining confirming the anatomical localization of bilateral microinjections in VMH (bottom). KD, knockdown. (B) IL6R 
(red) in the arcuate nucleus and VMH 7 days after VMH lentivirus injection (n = 5 to 6). Scale bars, 100 m. (C) dZoom from the orange rectangles highlighted in (B) shows 
the presence of IL6R (red). Scale bars, 50 m. DAPI, 4′,6-diamidino-2-phenylindole. (D) IL6R-positive cells in the arcuate and ventromedial nuclei (n = 5 to 6, **P < 0.01 
versus scramble). (E) Top panels: Colocalization of ERK1/2 phosphorylation (red) in neurons (green) of VMH (n = 3 to 5). Scale bars, 50 m. Bottom panels: dZoom from 
the orange rectangles highlighted in the top panels shows the presence of pERK1/2 in neuronal cells. Scale bars, 10 m. (F) Positive cells for pERK1/2 in neuronal and 
nonneuronal cells in VMH of mice (n = 6, *P < 0.05 versus scramble at rest). (G) ACC and AMPK phosphorylation in the soleus muscle (n = 3, *P < 0.05 versus scramble at 
rest). (H to J) Determination of fatty acid fractions in the gastrocnemius muscle (n = 4 to 6). Unpaired t test was used in (D) and (F). One-way ANOVA was used for statistical 
analysis in (G) and (H).
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IL6 into the lateral cerebral ventricle increased the body temperature 
in rats (35). The IL6-deficient mouse displayed lower oxygen con-
sumption during exercise (36). The present study demonstrated that 
recombinant IL6 intracerebroventricular injection increased oxygen 
consumption and fatty acid oxidation in the soleus muscle of mice. 
These findings collectively illustrate the critical role of the central 
IL6 in the control of energy homeostasis and peripheral metabolism.

VMH neurons have been extensively associated with skeletal 
muscle metabolism. For instance, the central action of orexin A in 
VMH induced glucose uptake in the skeletal muscle of mice (7). 
The stimulation of the hypothalamic ERK1/2 pathway has also been 
involved in controlling glucose metabolism in the skeletal muscle. 
ERK and its upstream kinase MEK regulate the leptin-induced in-
crease in glucose uptake and insulin sensitivity in oxidative fibers in 
the skeletal muscle of mice through activation of the melanocortin 
system in VMH (20). Our study demonstrated that specific ERK1/2 
activation in VMH through the IL6 action induced AMPK and 
ACC phosphorylation and fatty acid oxidation in the soleus muscle 
of mice. Beyond VMH, IL6 also plays a critical role in controlling 
metabolism by acting in other hypothalamic nuclei. For example, in 
the arcuate nucleus, IL6 action is associated with adiposity control 
in mice (37). Moreover, IL6 activity in the paraventricular nucleus 
(PVN) induces several beneficial metabolic effects even under con-
ditions of leptin resistance (10). These studies strongly suggest that 
hypothalamic IL6 controls various metabolic effects by acting in 
specific hypothalamic nuclei.

In our study, we found that physical exercise stimulated ERK 
phosphorylation in neuronal and nonneuronal cells in the hypo-
thalamus of mice. Consistent with these data, positive pERK neu-
rons were detected in different hypothalamic nuclei of wild-type, 
but not IL6-deficient, mice after a stressful stimulus (38). These data 
establish that hypothalamic IL6/ERK signaling activation can be ob-
served in different physiological conditions. However, it is essential to 
mention that IL6 can induce ERK1/2 phosphorylation of neuronal 
cells through IL6 trans-signaling (21, 22). The IL6 trans-signaling 
pathway occurs when the IL6 and soluble IL6R (sIL6R) complex 
(IL6/sIL6R) activates glycoprotein 130 (gp130) (39). IL6 trans-
signaling mediates several metabolic effects of IL6 in peripheral tis-
sues and the central nervous system (10, 39). For instance, Timper 
and colleagues (10) reported that IL6 controls energy and glucose 
homeostasis through gp130 expression in the PVN of obese animals, 
independently of IL6R. However, the role of IL6 trans-signaling was 
not monitored in the present study.

Hormonal and neural factors mediate the interaction between the 
central nervous system and muscle metabolism and function. In this 
context, the sympathetic outflow plays an essential role in the control 
of the activity of peripheral tissues, such as adipose and hepatic tissue 
and skeletal muscle (7, 40, 41). It has been shown that denervation of 
the sciatic, femoral, and obturator nerves abolishes the increase in 
AMPK phosphorylation in the skeletal muscle observed in intracere-
broventricular leptin-injected mice (9). Our results demonstrated 
that the hypothalamic IL6/ERK axis induced fatty acid oxidation in 
the skeletal muscle through sympathetic outflow and the 2-adrenergic 
pathway, involving the 2A and 2C receptors. These findings agree 
with results reported by others since the stimulation of the -adrenergic 
pathway, but not the -adrenergic pathway, is involved in AMPK 
activation in the skeletal muscle (9). However, the precise mechanism 
by which 2A and 2C receptors induce AMPK and ACC phosphoryl
ation in the skeletal muscle is unclear.

We and others previously demonstrated that acute exercise pro-
moted a prolonged AMPK and ACC phosphorylation in the skele-
tal muscle of rodents (42–44). Similar data were found in different 
studies involving exercised humans (45–47). In addition, a single 
bout of exercise can underpin subsequent resting lipid oxidation for 
many hours in humans (26–28). These findings seem to be strongly 
associated with the physiological phenomenon informally called 
“afterburn.” Human studies showed that AMPK/ACC signaling re-
mained activated in the skeletal muscle for 60 and 120 min (47, 48). 
Our results demonstrated that both IL6 intracerebroventricular in-
jection and exercise increase AMPK and ACC phosphorylation and 
fatty acid oxidation in the skeletal muscle of mice up to 3 hours 
afterward. Curiously, tocilizumab, an IL6R blocker, induces abnor-
mal lipid metabolism accumulation and disrupts fatty acid mobili-
zation in the adipose tissue of lean and obese exercised subjects 
(49, 50). Together with our findings, these data demonstrate that 
targeting IL6 signaling may disturb the lipid metabolism affecting 
metabolic health.

Previously, we demonstrated that different types of acute exer-
cise, such as swimming and treadmill running, increased the Il6 
mRNA levels in the hypothalamus of mice (14) Similarly, stress 
protocols up-regulated Il6 mRNA expression in rat hypothalamus 
(38, 51). In addition, a high capacity of hypothalamic microglial 
cells of mice to produce IL6 under several acute or chronic circum-
stances has been demonstrated (52). Furthermore, human brain IL6 
production was confirmed after acute prolonged exercise (30). Col-
lectively, these studies strongly suggest the ability of hypothalamic 
cells to produce IL6 under physiological and pathophysiological 
conditions. Regarding the source of IL6 in exercised mice, a time-
course study revealed the rapid accumulation of Il6 mRNA in the 
hypothalamus, confirming the ability of hypothalamic cells to 
produce IL6 in response to exercise. Recently, an interesting study 
using in situ hybridization method reported that IL6 could be pro-
duced in neurons, astrocytes, and microglia in the lateral parabra-
chial nucleus of mice (12). In the present study, we demonstrated 
that exercise rapidly increased Il6 mRNA levels in the hypothalamus 
and stimulated ERK phosphorylation in neuronal and nonneuronal 
cells; however, we did not assess which cell type is responsible for 
the hypothalamic production of IL6 in response to exercise. In ad-
dition, beyond the central production, we may consider that muscle-
derived IL6 can also reach the central nervous system.

Last, our study demonstrated that the hypothalamic IL6/ERK 
axis increases AMPK and ACC phosphorylation and stimulates fatty 
acid oxidation in the skeletal muscle. Pharmacological, physiological, 
and genetic approaches revealed that the -adrenergic system me-
diates the communication between the hypothalamic IL6/ERK1/2 
axis and AMPK/ACC signaling in the muscle. The findings point 
out that the reported neuromuscular circuit plays an important 
role in regulating fatty acid metabolism in the skeletal muscle.

MATERIALS AND METHODS
N2A cells
N2A cells, derived from mouse neurons, were cultivated in Dulbecco’s 
modified Eagle’s medium (DMEM)/HamF12 (1:1) supplemented 
with 10% (v/v) fetal bovine serum (FBS) and streptomycin/penicillin 
(100 U/ml). Cells were cultivated at 37°C in a humidified atmo-
sphere containing 5% CO2. N2A cells were subjected to neurite differ-
entiation before treatments by incubation with medium containing 
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2% FBS for 24 hours. Cells were treated with IL6 (50 ng/ml) for 
60 min. For protein extraction, cells were resuspended in lysis buf-
fer [50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, and 1% 
Triton X-100] containing protease and phosphatase inhibitor cock-
tails (Roche). Lysates were incubated on ice for 15 min and centri-
fuged at 12,000g for 10 min at 4°C. Supernatants were collected and 
stored for immunoblotting analysis.

Animals
C57BL6/J, IL6KO mice, and 2A/2C adrenoceptor KO (2AC KO) 
male mice were used. C57BL6/J mice were obtained from the Uni-
versity of Campinas Central Breeding Center. IL6-KO, TLR4KO, 
and 2AC KO were from the University of São Paulo. Male wild-
type and congenic 2A/2C KO (53) mice with C57BL6/J genetic 
backgrounds were from the University of São Paulo.

Mice were kept in individual cages with controlled temperature 
(22° to 24°C) and light and dark cycles (12  hours). Lights were 
turned on at 6 a.m. and turned off at 6 p.m. They had ad libitum 
access to standard rodent chow (Quimtia, Nuvilab) and water. All 
experimental protocols were subjected to the University of Campinas 
Animal Ethics Use Committee (#2849-1 and #4563-1/2017). The 
number of animals used in each experiment was described in the 
figure legends.

Physical exercise protocols
Swimming exercise
Four animals per turn were acclimated to the water for three con-
secutive days, 10 min a day, in plastic containers of 40 cm in length, 
30 cm in width, and 45 cm in depth. The water temperature was 
maintained at approximately 33°C during the entire protocol. Af-
terward, part of the acclimated animals was subjected to a single 
bout of exercise. The swimming protocol was composed of four ses-
sions of 30 min with 5-min intervals in between, for a total of 2 hours, 
as previously described (14).
Treadmill running
Five animals were acclimated to treadmill apparatus for five consecu-
tive days, 10 min/day, 10 m/min without inclination. Next, the incre-
mental load test was performed to determine the exhaustion velocity, 
as previously described (54). Forty-eight hours later, the animals per-
formed an acute exercise that consisted of two sessions of 60 min at 
60% of exhaustion velocity, separated by 20 min of interval.

Serum IL6 determination
IL6 serum levels were determined using an enzyme-linked immu-
nosorbent assay (ELISA) kit (Pierce Endogen, Rockford, IL), fol-
lowing the manufacturer’s recommendations.

Cannula implantation
Animals were anesthetized with ketamine (100 mg) and diazepam 
(0.07 mg) (0.2 ml/100 g body weight). The procedure started when 
corneal and paw pain reflexes were abolished. Animals were posi-
tioned at the stereotaxic coordinates, and a 1-cm intraparietal incision 
was performed after cranial trichotomy and antisepsis. Afterward, 
the periosteum was divulsed, and with the exposed skullcap, the 
bregma was visualized for the stereotaxic coordinates. Cannula im-
plantation was aimed at the third ventricle of mice weighing 25 to 
30 g [coordinates: AP (antero-posterior): −1.8 mm, L (lateral): 0.0 mm, 
DV (dorsoventral): −5.0 mm] according to the stereotaxic atlas. After 
a 1-week recovery period, the positioning of the intracerebroventricular 

cannula was confirmed by a positive drinking response after ad-
ministration of angiotensin II (40 ng); animals that did not drink water 
after angiotensin injection were not included in the experiment.

Intracerebroventricular microinjections
Recombinant IL6
Intracerebroventricular IL6 mouse recombinant microinjection (200 ng) 
from Sino Biological (50136-MNAE) was performed between 5:00 
and 6:00 p.m., as previously described (14).
IL6 neutralizing antibody
Animals were randomly selected for intracerebroventricular micro-
injection containing saline or rabbit antiserum against IL6 (IL6 AB). 
Anti–IL6 AB (100 ng) from Santa Cruz Biotechnology was performed 
30 min before and immediately after the exercise protocol, as previ-
ously published (14).
PD98059
Mice were randomly selected for intracerebroventricular micro-
injection containing saline or PD98059 (60 M), a selective, cell-
permeable inhibitor of the MEK, as previously described (55). PD98059 
was performed 30 min before the intracerebroventricular recombi-
nant IL6 microinjection.

VMH IL6R lentivirus transfection
Five different shRNA-based lentiviral clones [The RNAi Consortium 
(TRC); titer, 106] targeting IL6R [TRCN 0000057 (LV1), TRCN 
0000059 (LV2), TRCN 0000089 (LV3), TRCN 0000093 (LV4), and 
TRCN 0000094 (LV5)] or scramble (SHC 016 V, pLKO.1-puro 
nonmammalian shRNA control) (SCR) from Sigma-Aldrich (St. 
Louis, MO, USA) were tested for IL6R knockdown in preliminary 
experiments, as previously described (56). Mice were submitted for 
stereotaxic surgery (Ultra Precise, model 963, Kopf). Lentiviral shRNA 
particle (LV5) was administered bilaterally (1 l/min) into VMH 
following the coordinates: AP, −1.4 mm; L, ±0.4 mm; DV, −5.4 mm. 
Injection of Evans blue and dissection of the region of interest pro-
vided anatomical control of the stereotaxic procedure.

Reagents and antibodies
Reagents for SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and 
immunoblotting were from Bio-Rad Laboratories (Hercules, CA). Tris, 
aprotinin, adenosine triphosphate (ATP), dithiothreitol, phenylmethyl-
sulfonyl fluoride, Triton X-100, Tween 20, glycerol, and bovine serum 
albumin (BSA) (fraction V) were from Sigma Chemical Co. (St. Louis, 
MO). Nitrocellulose paper (BA85, 0.2 mm) was from Schleicher & 
Schuell (Keene, NH). Ketamine hydrochloride was from Cristália 
(Itapira SP, Brazil). The chemiluminescent kit was from Thermo Fisher 
Scientific (Rockford, IL, USA). The following antibodies were used: 
Anti-IL6 (M-19) and anti–-tubulin (B-7) were from Santa Cruz 
Biotechnology; anti-pERK1/2 (Thr202/Tyr204), anti-p44/42 MAPK 
(ERK1/2), anti-pACC (Ser79), anti-ACC, anti–pAMPK (Thr172), anti-
AMPK, and anti–-tubulin were from Cell Signaling Technology. 
Secondary antibodies were from Thermo Fisher Scientific. Recombi-
nant IL6 was from Calbiochem (San Diego, CA, USA). PD98059 was 
from LC Laboratory (Woburn, MA). Unless otherwise specified, routine 
reagents were purchased from Sigma Chemical Co. (St. Louis, MO). 
The doses administered in each experimental group are given below.

Immunoblotting
After the respective treatments, animals were anesthetized. Samples 
from the hypothalamus and soleus muscle were obtained, minced 
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coarsely, and homogenized immediately in solubilization buffer 
containing 100 mM tris (pH 7.6), 1% Triton X-100, 10 mM Na3VO4, 
100 mM NaF, 10 mM Na4P2O7, 4 mM EDTA, 150 mM NaCl, aprotinin 
(0.1 mg/ml), and phenylmethylsulfonyl fluoride (35 mg/ml) using a 
Polytron PTA 20S generator (model PT 10/35, Brinkmann Instruments, 
Westbury, NY) operated at maximum speed for 30 s and clari-
fied by centrifugation. All the samples from all groups were sub-
jected to SDS-PAGE and blotted onto a nitrocellulose membrane. 
The membranes were incubated for 12 hours at 4°C with primary 
antibody after blockade with 5% nonfat milk in tris-buffered saline 
with Tween 20  (TBST) (10 mM tris, 150 mM NaCl, and 0.02% Tween 
20) for 90 min at room temperature. After the secondary antibody 
incubation, the signal was detected for 60 min in a 3% nonfat milk–
TBST solution, treated with 2 ml of SuperSignal West Pico Chemilu-
minescent Substrate, exposed to photosensitive RX film from Kodak, or 
visualized using G:Box from SynGene. Band intensities were quanti-
fied by optical densitometry using UN-SCAN-IT gel 7.1 (Silk Scientif-
ic Inc.). Ponceau staining from Sigma-Aldrich (St. Louis, MO, USA) 
was also used to monitor the loading control for each sample.

mRNA isolation and real-time PCR
Total RNA was extracted using TRIzol reagent (Life Technologies), 
according to the manufacturer’s recommendations. Total RNA was 
rendered genomic DNA free by digestion with ribonuclease-free 
deoxyribonuclease (RQ1, Promega, Madison, WI, USA). Real-time 
polymerase chain reaction (PCR) and mRNA isolation were per-
formed using a commercial kit (GAPD, 4352338E) for mouse and 
TaqMan gene expression assays for mouse IL6 (Mn00446190_m1), 
and using the following primers: Cpt1, 5′-TCGAATCAAGAATGG-
CATCCT-3′ (forward) and 5′-GAGATGTCCACCTTGCAGTAGTTG-3′ 
(reverse); Ppar, 5′-TTAGAGGAGAGCCAAGTTGAAGTTC-3′ 
(forward) and 5′-GCAGGCCACAGAGCGCTAA-3′ (reverse); 
Il6ra, 5′-TGCAGTTCCAGCTTCGATACCG-3′ (forward) and 
5′-TGCTTCACTCCTCGCAAGGCAT-3′ (reverse).

Oxygen consumption determination
O2 consumption was measured using an indirect open circuit calo-
rimeter (CLAMS, Oxymax Deluxe System, Columbus Instruments, 
Columbus, OH, USA). Mice were adapted 1 day before the experi-
ment. Measurements were performed for 3 hours after intracere-
broventricular IL6 microinjection.

Palmitate oxidation in soleus muscle
The animals were euthanized, and their soleus muscles were isolat-
ed and incubated as previously described (57). Briefly, mice were 
sacrificed by cervical dislocation, and their soleus muscles were 
carefully and quickly isolated, kept under resting tension with stain-
less steel clips, and preincubated in a buffered Krebs-Ringer bicar-
bonate (TBKR) containing 5.6 mM glucose (pH 7.4) for 30 min in a 
heated bath to 35°C with 95% O2 and 5% CO2, with continuous 
shaking (90 oscillations/min). After this period, the muscles were 
transferred to other vials containing the same buffer but added with 
[U-14C]palmitate (0.2 Ci/ml) and 100 M unlabeled palmitate. 
The latter was previously diluted in ethanol (80 mM solution) be-
fore adding the incubation buffer. NaOH solution (2 M) was added 
to a microtube isolated from the inside of the bottle to adsorb 
14CO2. The muscles were incubated for 2 hours under the same 
conditions. At the end of the incubation, muscles were briefly 
washed in cold TBKR (4°C), dried on filter paper, frozen in liquid 

nitrogen, and subsequently weighed. The flasks were hermetically 
sealed to measure the oxidation of [U-14C]palmitate as previously 
described (58).

Mass spectrometry analysis for fatty acid determination
For fatty acid profile determination, 150 l of tissue homogenates 
was taken in a screw cap glass tube containing 25 g of internal 
standard (tridecanoic acid, C13:0). After that, 1  ml of 0.5  M 
NaOH-methanol was added, and the sample was boiled at 100°C for 
15 min. After cooling the samples, 2 ml of BF3-methanol was add-
ed, and the sample was boiled at 100°C for 20 s. The sample was 
again cooled to room temperature, and 1 ml of isooctane was added. 
The tubes were shaken, and 5 ml of saturated NaCl solution was 
added. After phase separation, the supernatant was collected and 
evaporated with nitrogen gas to concentrate the fatty acid methyl 
esters (FAMEs). FAME was resuspended in 50  l of hexane for 
chromatographic analysis (59). Chromatographic analyses were 
performed using a gas chromatograph–mass spectrometer (model 
GCMS-QP2010 Ultra, Shimadzu). A fused silica capillary column 
(Stabilwax; length, 30 m; internal diameter, 0.25 mm; thickness, 
0.25 m; Restek, USA) was used to inject 1  l of the sample at 
250°C. High-grade pure helium (He) was used as the carrier gas 
with a constant flow rate of 1.3 ml/min with a split injection of 2:1. 
The oven temperature was programmed from 80° to 175°C at a rate 
of 5°C/min, followed by another gradient of 3°C/min to 230°C, 
which was maintained for 10 min. Mass conditions were as follows: 
ionization voltage, 70 eV; ion source temperature, 200°C; full scan 
mode in the mass range of 35 to 500 with a velocity of 0.2 s per scan.

Immunofluorescence staining
Ad libitum–fed animals were perfused with 4% paraformaldehyde 
transcardially. The brains were immersed in 10% (w/v) sucrose and, 
after 24  hours, transferred to 30% (w/v) sucrose. After that, they 
were embedded in optimal cutting temperature (OCT) compound 
(Sakura Finetek, Torrance, CA) and cut into 20-m coronal sections 
using a cryostat. The sections were incubated in blocking solution 
in PBS (0.2% of Triton X-100) and 5% BSA for 2 hours at 21°C and 
then incubated overnight at 4°C in mouse anti-NeuN (1:300; Millipore, 
MAB377), anti-IL6R (1:200; Santa Cruz Biotechnology, sc660), 
anti–phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (D13.14.4E) 
XP Rabbit mAb #4370 (Cell Signaling Technology), and anti–SF-1 
antibody (A-1; 1:200; Santa Cruz Biotechnology, sc-393592). After 
washing in PBS, sections were placed in secondary donkey anti- 
mouse fluorescein isothiocyanate (1:500; Santa Cruz Biotechnology, 
sc 2010) and goat anti-rabbit Alexa Fluor 546 (1:500; Thermo Fisher 
Scientific, CA, USA) for 2 hours and mounted with VECTASHIELD 
Mounting Medium with 4′,6-diamidino-2-phenylindole (DAPI) 
(#H-1200, Vector Laboratories Inc., Burlingame, CA, USA). The 
images were acquired with a confocal laser microscope (LSM 780, 
Zeiss, Jena, Germany). Digital/electronic zoom of highlighted areas 
was performed when necessary.

Confocal microscopy
Briefly, after fixation with 4% paraformaldehyde, the slides were 
washed with PBS, then incubated for 10 min with glycine (0.1 M), 
and treated for 30 min with 4% BSA solution (Sigma-Aldrich). The 
slides then were incubated overnight at 4°C with a recombinant 
mouse immunoglobulin G (IgG) antibody against IL6R (D-8, sc-
274259, Santa Cruz Biotechnology) and a recombinant rabbit IgG 
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antibody against phospho-p44/42 MAPK (ERK1/2, 4370, Cell Sig-
naling Technology), both diluted in 1% BSA. The slides were washed 
and incubated for 2 hours with secondary antibodies (Alexa Fluor 
488–conjugated, catalog number A32723, Thermo Fisher Scientific, 
Waltham, MA, USA; Alexa Fluor 594–conjugated donkey anti-rabbit 
IgG, catalog number A21207, Thermo Fisher Scientific, Waltham, 
MA, USA) diluted 1:500 in 1% BSA. Cells were washed and stained 
with DAPI (catalog number SC3598, Santa Cruz Biotechnology, 
Dallas, TX, USA) for nuclear labeling. Microscopic images were 
acquired using Zeiss LSM 880 with Airyscan on an Axio Observer 7 
inverted microscope (Carl Zeiss, Jena, Germany) with a C Plan-
Apochromat 63×/1.4 oil differential interference contrast objective 
lens with 4× optical zoom. Before visual inspection of the images, 
raw .czi files were automatically processed into deconvoluted Airyscan 
images using Zen Black 2.3 software. DAPI staining was visualized 
with conventional confocal imaging using a 405-nm laser line for 
excitation and a pinhole set to 1 Airy unit.

Arc and VMH cell counting
Sections from the immunofluorescence assay were used to determine 
ERK1/2 phosphorylation in VMH of mice transfected with IL6R 
shRNA (LV5) or scramble. Images were obtained, isolating only 
Arc or VMH in the images. Five images per group were counted 
blindly by two independent researchers using ImageJ software 
1.48v. The average of each image was used to obtain the group mean.

Hypothalamic VMH dissection
The microdissections were performed according to previous studies 
(9, 60, 61). Fresh whole brains were dissected using a specific steel 
matrix for mouse brains. Slices (1 mm) were cut following the sag-
ittal orientation. The cuts were made using ultrathin blades (6 × 
10−5 mm thick), and the first sections from the midline of the brain 
were used for the microdissection of VMH/DMH (dorsomedial hy-
pothalamus) using a microscope and following the mouse brain atlas 
coordinates. VMH was quickly frozen in liquid nitrogen for further 
protein analysis.

Denervation experiment
For the denervation experiments, mice were anesthetized with ket-
amine (100 mg) and diazepam (0.07 mg) (0.2 ml/100 g body weight). 
The procedure started when corneal and paw pain reflexes were 
abolished. Denervation and cannula implantation surgeries were per-
formed in the same procedure. The left hindlimb muscles were 
carefully denervated by excising approximately 4 mm of the sciatic 
nerve. The animals were used in the experiment 48 hours later, and 
the contralateral paw was used as control.

BXD hypothalamus microarray processing
Correlation analyses were performed using hypothalamic mRNAs 
of the BXD inbred family [Hypothalamus Affy MoGene 1.0 ST 
(Nov10) and EPFL/LISP BXD CD Muscle Affy Mouse Gene 1.0 ST 
(Dec11) RMA] (16), except for fig. S2B. These datasets are accessi-
ble on GeneNetwork (www.genenetwork.org) (62). The Pearson’s 
and Spearman’s correlation graphs were built using Prism graph, 
and the heatmap graphs were obtained using the GENE-E software.

For fig. S2B, we downloaded the log2-transformed, RMA (robust 
multichip average)-normalized (63), rescaling BXD hypothalamus 
microarray intensity data from the 89 BXD mouse hypothalami from 
Andreux et al. (16) from the National Center for Biotechnology 

Information Gene Expression Omnibus (accession number GSE36674). 
A complete overview of the data and its preprocessing pipeline can 
be found at GeneNetwork.org (GN accession ID GN317). These 89 
samples come from 50 different murine BXD strains, where tissues 
from two mice of the same strain and sex were pooled. We regressed 
these preprocessed gene expressions to select outcome firing rate–
related genes on the preprocessed gene expressions of Il6 through 
ordinary least squares regression. The P values associated with the effect 
of preprocessed Il6 expression were corrected with the Benjamini- 
Hochberg false discovery rate procedure and reported as q values.

GTEx hypothalamus normalized gene expression processing
GTEXv5 human brain hypothalamus Refseq (Sep 15) RPKM (reads 
per kilobase million) log2 and GTEXv5 human muscle-skeletal 
Refseq (Sep 15) (15) were used, except for fig. S2C. These datasets 
are accessible on GeneNetwork (http://www.genenetwork.org). The 
Pearson’s and Spearman’s correlation graphs were built using Prism 
graph, and the heatmap graph was obtained using the GENE-E soft-
ware. For fig. S2C, we accessed the normalized, log-transformed 
(with offset 1) RNA sequencing gene read counts in the hypothalami 
of 170 deceased human subjects from the GTEx project (15) version 
8 through accession number dbGaP phs000424.v8.p2 (see www.
gtexportal.org/home/documentationPage for a complete overview 
of the data and its processing pipeline). We regressed these pre-
processed gene expressions in GTEx hypothalamus for the human 
homologs of the firing rate–related genes on the IL6 preprocessed 
gene expressions through ordinary least squares regression. The 
P values associated with IL6 expression were corrected with the 
Benjamini-Hochberg false discovery rate procedure and reported 
as q values. All individual values used in bioinformatics analysis are 
described in supplementary tables.

Statistical analysis
The results were expressed as means  ±  SD. Immunoblot results 
were presented as direct comparisons between the groups. Data 
were analyzed by Student’s t test or one-way analysis of variance 
(ANOVA), as appropriate, with post hoc Bonferroni or Tukey tests 
for multiple unpairwise comparisons of the means. The level of sig-
nificance adopted was P < 0.05. Statistica 6.0 software was used for 
the analysis. Pearson’s and Spearman’s correlations were used for 
the bioinformatics analysis, and r and P values are described in the 
figures or figure legends. The number of animals/samples used in 
each experiment is described in the figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7355

View/request a protocol for this paper from Bio-protocol.
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